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Executive summary 
The Daly River has been identified as an exemplar of the potential future water demand in 
the region (Douglas et al. 2011). The Daly River catchment in the Northern Territory (NT) 
supports highly significant environmental, economic and Indigenous cultural values (Jackson 
2006; Hermoso et al. 2018). The river contains a highly diverse aquatic fauna, including two 
nationally threatened elasmobranchs, eight of the nine freshwater turtle species in the NT 
and over 90 species of fish within its freshwaters (Pusey et al. 2020). The river also supports 
important recreational and commercial fisheries and provides significant cultural value to its 
Indigenous people (Jackson 2006; Hermoso et al. 2018).  

Agricultural, forestry and mining development in the Daly catchment has been increasing 
over recent years, with concomitant increases in demand for its water resources. Future 
development has the potential to place increased pressure on the river system through direct 
impacts caused by water extraction and from indirect impacts arising from native vegetation 
clearing and land-use activities. The NT Water Allocation Planning Framework allocates at 
least 80% of river flow or aquifer in the Top End region at any time as environmental water. 
This precautionary approach occurs in the absence of science for more discrete 
environmental flow targets to be set, and currently provides a high level of protection for 
environmental values and security for water licence holders. However, recent assessments 
have found that some aquifers in the Daly catchment are over-allocated, and that further 
quantification of the environmental water requirements is urgently needed to support 
sustainable management (Northern Territory Government 2019a,b). 

This research project aimed to collate existing knowledge and develop new knowledge on 
critical flow-ecology relationships and risk-based scenario models for key environmental 
assets in the Daly River. Initial project scoping and design of the proposed research was 
conducted in strong collaboration with NT Government water policy staff and Traditional 
Owners, who provided critical guidance on the project’s direction and emphasis. The project 
was divided into nine linked objectives, and incorporated elements from two PhD theses.  

This report presents the research approach and outcomes from each of these objectives in 
separate sections, and provides key findings and a range of key environmental flow 
considerations for the Daly and Katherine rivers. Where possible, the flow considerations 
have been developed to be specific to reaches and discharge thresholds. In other cases, 
flow considerations are more general statements. These environmental flow considerations 
are intended to provide further insight for review of environmental flow rules in the 
catchment. 
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1. Introduction 

1.1 Background 

The rivers of northern Australia constitute one of the last remaining free-flowing and relatively 
unimpacted river networks in the world (Reidy-Liermann et al. 2012), and are among the 
least threatened globally by current human activities (Vörösmarty et al. 2010; Pusey et al. 
2011). Unsurprisingly these northern Australian rivers are considered the most biologically 
diverse and healthy aquatic systems in Australia, and support highly productive and diverse 
ecosystems of highly significant social, cultural and economic value (Jackson 2006; Pusey 
et al. 2011).  

However, there is growing attention on increasing agricultural production and mining within 
the region (Commonwealth of Australia 2015), which will increase the demand for water and 
place increasing pressure on the region’s rivers and biota. Environmental flows in rivers that 
have not been significantly affected by flow-alteration largely aim to protect critical flow 
components to avoid degradation of environmental values (Arthington et al. 2010; King et al. 
2015). Defining the environmental water requirements in the rivers of northern Australia is a 
critical challenge to avoid future degradation.  

The Daly River, Northern Territory (NT), has been identified as an ‘exemplar’ of the potential 
future water demand in the region (Douglas et al. 2011). The Daly River catchment supports 
highly significant environmental, economic and Indigenous cultural values (Jackson 2006; 
Hermoso et al. 2018). The river contains a highly diverse aquatic fauna, including two 
nationally threatened elasmobranchs, eight of the nine freshwater turtle species in the NT 
and over 90 species of fish within its freshwaters (Pusey et al. 2020). The river also supports 
important recreational and commercial fisheries and provides significant cultural value to its 
Indigenous people (Jackson 2006; Hermoso et al. 2018). Agricultural, forestry and mining 
development in the Daly catchment has been increasing over recent years, with concomitant 
increases in demand for its water resources. Much of this expansion will depend on using 
groundwater resources, where the depletion may alter the magnitude, timing and extent of 
dry-season flows in particular (Erskine et al. 2003).  

Future development has the potential to place increased pressure on the river system 
through direct impacts caused by water extraction and indirect impacts arising from native 
vegetation clearing and land-use activities. This and the environmental and Aboriginal 
cultural significance of the Daly River require ongoing planning and community engagement 
to ensure that outcomes reflect social, economic, Aboriginal cultural and environmental 
values (Northern Territory Government 2019a,b). The NT Water Allocation Planning 
Framework allocates at least 80% of river flow or aquifer in the Top End at any time as 
environmental water (in the absence of science or an agreed alternative under a Water 
Allocation Plan). This provides a high level of protection for environmental values and 
security for water licence holders. A recent assessment of water allocation arrangements in 
the catchment found that some aquifers are over-allocated, and that further quantification of 
the environmental and cultural water requirements of the system is urgently needed to 
support sustainable management (Northern Territory Government 2019a,b). 

A number of studies have highlighted flow-ecology linkages for some species in the river 
(Erskine et al. 2003; Bayliss et al. 2008; Stewart-Koster et al. 2011; Chan et al. 2012; 
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Jardine et al. 2012a,b; Pusey et al. 2018; Keller et al. 2019; Turschwell et al. 2019; Pusey 
et al 2020). Studies in the 1990s provided specific environmental flow recommendations for 
some ecological values in the river (Erskine et al. 2003), which have been incorporated into 
water allocation arrangements (Northern Territory Government 2019a,b). However, 
knowledge on the flow-related ecology of most species is limited, or could be better defined 
for critical species; improved knowledge is important to providing robust, evidence-based risk 
assessments for alternative water management scenarios (King et al. 2015; Horne et al. 
2019).  

This research project aimed to collate existing knowledge and develop new knowledge on 
critical flow-ecology relationships and risk-based scenario models for key environmental 
assets in the Daly River. Initial project scoping and design of the proposed research was 
conducted in strong collaboration with NT Government water policy staff and Traditional 
Owners, who provided critical guidance on the project’s direction and emphasis. A first step 
in the project was to review and synthesise previous knowledge and develop conceptual 
models to enable informed focus of the project (see Appendix 1).  

At project inception, future water increases in the catchment were largely focused on 
groundwater extraction, and hence the main priority and project emphasis was to determine 
the risk of reduced dry-season flows on the river’s ecology. However, as the project 
progressed, harvesting of off-stream, wet-season, flood flows have also been proposed in 
the catchment. Hence, where possible, our considerations and scenarios also consider flood 
flows and inundation events. 

1.2 Objectives 

This project aimed to determine the environmental water requirements for key biota and 
ecological processes in the Daly River catchment. The project is divided into nine linked 
objectives: 

1. Synthesise and construct conceptual models of pre-existing flow-ecology knowledge 
(Appendix 1) 

2. Determine floodplain inundation extent, frequency and hydrological thresholds (Section 2) 
3. Conduct hydrodynamic mapping of dry-season, riverine physical habitats (Section 3) 
4. Assess the dry-season habitat use by fishes and their vulnerability to water extraction 

(Section 4) 
5. Determine the dry-season food web of the main channel of the Katherine and Daly rivers 

(Section 5) 
6. Determine the movement of and habitat use by sooty grunter, with reference to flow 

requirements (Section 6, 8) 
7. Determine the movement of and habitat use by pig-nosed turtles, with reference to flow 

requirements (Section 7) 
8. Examine the flow requirements for successful breeding and recruitment of freshwater fish 

(Sections 9, 10). 

A further PhD student study on migration, growth and sex change of barramundi was also 
linked to this study (Section 11). 



 

Environmental water needs of the Daly River, Northern Territory | 4 

1.3 Study area 

The Daly River catchment is ~53,000 km2, is located in the wet-dry tropical climate region of 
northern Australia (Figure 1-1) and has a largely intact savanna ecosystem throughout the 
catchment (Schult & Townsend 2012). The catchment’s population is ~10,000 people, of 
whom 28% are Indigenous (Larson & Alexandridis 2009). The majority of the catchment 
occurs at elevations <100 m above sea level with only the headwaters occurring at >400 m 
above sea level in the ‘stone country’ of the Arnhem Land escarpment. The region supports 
a number of agricultural industries, including forestry, horticulture, cattle and hay-growing. 
Land tenure is a mix of freehold, leasehold and Aboriginal land (24%) (Northern Territory 
Government 2019b). Tourism is also an important economic driver in the region; for example, 
an average of 354,000 tourists visit the Katherine-Daly region each year (Tourism NT 2018). 

 

Figure 1-1. Map of the Daly River catchment study area. 
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Across the catchment, mean annual rainfall averages 1070 mm and is highly seasonal, with 
90% of rainfall occurring during the wet-season months (November–April) and negligible 
rainfall during the dry season (May–October). This strong seasonal climate results in the 
rivers having a characteristic wet-dry tropical flow regime (McDonald & McAlpine 1991) 
(Figure 1-2), with predictable and large wet-season flows with high inter-annual variability 
(Kennard et al. 2010).  

 
Figure 1-2. Schematic hydrological cycle of the Daly and Katherine rivers, showing conceptualised contribution of 
groundwater and surface waters to the total river flow. Upper panel shows a cross-section of the river channel at 
various flow stages.  

Flow in the Daly and Katherine rivers and some tributaries is perennial, and supported from 
significant groundwater inputs from three karstic groundwater aquifers (Tindall, Jinduckin and 
Oolloo) (Jolly 1984), resulting in a lengthy period of continuous and stable dry-season base 
flows (May–November). Groundwater enters from discrete springs, diffuse seepage and 
riverbed seepage. Flow in the Daly steps from 8 m3/s to 32 m3/s from groundwater 
contributions from five discrete concentrations of springs, commencing at the boundary of the 
Cretaceous sandstone and the Oolloo dolostone. The Oolloo dolostone consists of an upper 
massive unit and a lower bedded unit, with inflows of 13 m3/s and 3 m3/s, respectively (Tickell 
2002, 2011). In the wet season, the river is made up of rainwater of very low conductivity, 
whereas the river is dominated by highly buffered, highly ionic groundwater from the Oolloo 
limestone aquifer in the dry season. 

Components of this project were conducted during, and used data from, 2006 to 2019. The 
hydrology during this period varied between years, and included very strong wet seasons 
(2011, 2016) and prolonged dry seasons (e.g. 2019) (Figure 1-3). 

The Daly and Katherine rivers are sand-bed rivers that contain dispersed bedrock outcrops, 
mobile sand bars and gravel bars; river banks are typically steep, rising 15–20 m above the 
riverbed (Erskine et al. 2017; Wasson et al. 2010) (Figure 1-4). Riparian vegetation in the 
catchment is largely intact and natural, consisting of eucalypt woodlands, Melaleuca forests 
and closed monsoon rainforests (Lamontagne et al. 2005).  
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Figure 1-3. Mean daily discharge at (a) Wilden, Katherine River; (b) Upstream of Dorisvale, Daly River; and 
(c) Mount Nancar, Daly River, throughout the study period. Panel (b) annotated to show study periods for various 
project components.  
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(a) 

 
(b) 

 
(c) 

 

Figure 1-4. (a) The main channel of the Katherine River at Galloping Jack’s; (b) Daly River upstream of Oolloo 
Crossing; and (c) Daly River upstream of Daly River Crossing.  
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2. Floodplain inundation extent, frequency and 
hydrological thresholds 

Contributors: Shaun Levick, Stephanie Johnson 

2.1 Background and aims 

It is widely acknowledged that the extent, duration and frequency of floodplain inundation are 
the primary drivers of population productivity in tropical systems. A number of key 
environmental assets (e.g. barramundi catch, magpie geese nest abundance) have strong 
positive relationships with river flow and rainfall (Bayliss et al. 2012), but the relationships 
between rainfall and river flow and inundation patterns are poorly understood.  

The aim of this component of the project was to better understand the relationships between 
rainfall, river flow and floodplain inundation. Specifically, we aimed to: 

1. determine the areal extent of floodplain inundation under different rainfall regimes 
2. describe the empirical relationships between river height (flow) and the extent and 

duration of floodplain inundation for key regions in the Daly catchment 
3. determine the threshold floodplain connection discharge.  

2.2 Methods 

The key information required for delivering this component of the project was the areal extent 
of floodplain inundation (surface water) for different years, and for different times of each 
year. Once these spatial patterns had been mapped spatially through time, they could be 
explored further and compared with rainfall and river gauge height patterns.  

We adopted a satellite image analysis approach for assessing the spatial extent of floodplain 
inundation by using archives of historical imagery to establish long-term temporal patterns of 
surface water occurrence. We also explored recent developments in spaceborne imaging 
technology to provide higher-resolution insights over the shorter term. 

2.2.1 Historical trends 

The Landsat mission from NASA has played a pivotal role in providing multi-spectral imagery 
from space with a spatial resolution of 30 m since the 1970s (Wulder et al. 2012). NASA’s 
commitment to Landsat continuity has seen a number of different Landsat satellites 
operational in space, and a combination of Landsat 5 (launched 1984), Landsat 7 (1999) and 
Landsat 8 (2013) provides an archive of multi-spectral imagery over Australia from 1986 to 
the present, at bi-monthly intervals on average. The availability of this record provides an 
opportunity to quantify the presence of surface water over this time period at 30 m pixel 
resolution. 

2.2.2 Water observations from space 

Water Observations from Space (WOfS) is a collaborative initiative between Geoscience 
Australia, the CSIRO and the National Computational Infrastructure that provides surface 
water observations derived from satellite imagery for all of Australia. It is hosted through 
Digital Earth Australia and is built upon the Open Data Cube (ODC). The current WOfS 



 

Environmental water needs of the Daly River, Northern Territory | 9 

product (version 2.1.5) includes observations taken from 1986 to the present, from the 
Landsat 5, 7 and 8 satellites. WOfS covers all of mainland Australia and Tasmania. The 
WOfS product enables better understanding of where water is normally present in a 
landscape, where water is seldom observed and where inundation has occurred occasionally 
by building a time-series of water presence in the landscape for each pixel (Figure 2-1). The 
details of the WOfS algorithm and derived statistics are described by Mueller et al. (2016). 

 
Figure 2-1. Conceptual overview of water observations from space. The pixels in each tile are classified as ‘water’ 
or ‘not-water’. The classifications over time are aggregated into a summary layer that gives the proportion of times 
that water was detected. From Mueller et al. (2016). 

WOfS is based on a regression tree classifier that was trained and validated with 183,874 
water and non-water samples. WOfS classification accuracies range from 74% for complex 
situations (water mixed with vegetation) to 98% for more simple ones (large waterbodies and 
rivers) (Mueller et al. 2016). WOfS is an Australia-wide product and is a very large dataset, 
as each layer is provided in a 1-to-1 relationship with the input data. In order to work with this 
complex data in an efficient manner, we made use of the CSIRO’s Earth Analytics Science 
and Innovation (EASI) Hub. The EASI Hub is built upon the ODC, shares many features of 
the Digital Earth Australia implementation, and is more efficient and flexible for processing 
Big Data. 
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2.2.3 Normalised difference water index 

In addition to making use of the WOfS surface water classification layers, we also queried 
the raw imagery to calculate a spectral index of water probability for each available image. 
We extracted every available Landsat image (from the Landsat 5, 7 and 8 satellites) that 
intersected the study region from January 1986 to December 2020, in the EASI Hub cloud-
based, distributed-processing environment. After masking out cloud cover, we retained 1,222 
scenes from Landsat 5 (1986–1999), 1,570 scenes from Landsat 7 (1999–2012) and 2,176 
scenes from Landsat 8 (2013–20). We computed the median surface reflectance value on a 
per-pixel basis across the entire catchment to serve as a common base map for subsequent 
analyses (Figure 2-2). 

Our processing chain mapped the probability of surface water at the pixel level, using the 
normalised difference water index (NDWI). The NDWI is a spectral index that utilises the 
ratio of the green (G) and near-infrared (NIR) wavelengths to identify waterbodies: 

𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 =  
(𝐺𝐺 − 𝑁𝑁𝑁𝑁𝑁𝑁)
(𝐺𝐺 + 𝑁𝑁𝑁𝑁𝑁𝑁)

 

NDWI values range from −1 to 1, with values >0.3 having a high probability of being open 
water (McFeeters 1996). The use of this index has proven to be reliable in a number of 
studies around the globe for floodwater mapping (Feyisa et al. 2014; Mueller et al. 2016; 
Yamazaki et al. 2015). 

NDWI was calculated for each image in the raster stack, enabling patterns of NDWI to be 
explored over time and space. Across the whole study site, this amounted to 4,968 Landsat 
images, and for a given location, there were 711 images in the time-series (equating to 
21 images per year per location). As such, the Landsat archive provides an avenue of 
accessing patterns of historical floodplain inundation with a temporal resolution of every 
16 days on average. This resulting raster stack can be queried for any reach of the 
catchment, enabling the retrieval of the actual image for a given date, or the median 
reflectance over a date range (e.g. Figure 2-3). 

Maps of NDWI for a given date were then stacked in time and queried on a per-pixel basis to 
retrieve the number of months in which water was present in a pixel over the full time period 
(771 images). The product of this analysis is a map of inundation frequency, which reveals 
spatial patterns in the presence of surface water over time – akin to those produced by 
WOfS. 

Our dual approach to the analysis of the historical Landsat imagery allowed us to make use 
of both classified surface water layers with well validated accuracy (WOfS) and temporal 
trends in the underlying spectra (NDWI). 

  



 

Environmental water needs of the Daly River, Northern Territory | 11 

 
Figure 2-2. Overview of the Daly River catchment area of study. True-colour rendering of the median reflectance 
value of every available Landsat image for the catchment. Coordinate reference system: UTM52S WGS84. 

 

 

 
Figure 2-3. True-colour rendering of a subset of a Landsat 8 image, showing the heterogeneity of the floodplain 
environment. Coordinate reference system: UTM52S WGS84. 
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2.2.4 Hydrological data 

Historical rainfall and stream discharge data were acquired from the Bureau of Meteorology 
(bom.gov.au/nt/flood/rain_river.shtml). We used data available from the three lowest 
catchment gauges – Police Station, Mount Nancar and Gourley – and from three central 
reaches – Oolloo Crossing, Dorisvale and Katherine Railway Bridge. 

We used the river discharge data to generate flow duration curves at key points along the 
river, following procedures developed by Digital Earth Australia (Krause et al. 2021). Flows 
for each day were ranked from highest to lowest flow, enabling the exceedance probability to 
be estimated. Exceedance refers to the percentage of the time the river was at that flow or 
higher, and is calculated as follows: 

𝑃𝑃 = 100 ∗
𝑀𝑀

𝑛𝑛 + 1
 

where 

• P = the probability that a given flow will be equalled or exceeded (% of time) 

• M = the ranked position on the listing  

• n = the number of events for the period of record. 

Considering the river discharge data in terms of exceedance enabled us to extract the 
historical imagery that related to particular river-flow conditions, rather than by day alone. 
Plots derived from this analysis can therefore be used to examine events where the stream 
gauge reported values greater than, or less than, a specific threshold.  

2.3 Results and discussion 

2.3.1 Linking hydrology with historical inundation patterns 

The generation of NDWI images from the Landsat archive enabled calculation and 
visualisation of the maximum spatial extent of floodplain inundation for different reaches of 
the Daly River (e.g. Figure 2-4). These spatial patterns provide an overview of which parts of 
the landscape have a higher probability of being inundated than others, and by stacking 
these probabilities through time it was possible to quantify the frequency of inundation 
(Figure 2-5).  

  

http://www.bom.gov.au/nt/flood/rain_river.shtml
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Figure 2-4. Surface water probability map derived from the Landsat archive, showing maximum spatial extent of 
surface water (darker blues indicate higher probability). Topographic relief is derived from 30 m data from the 
Shuttle Radar Topography Mission (SRTM). Coordinate reference system: UTM52S WGS84. 

 

 
Figure 2-5. Frequency of inundation map. Blue colours represent areas that have consistently contained water 
over the last 33 years. Shades of green show dynamics zone, while areas in yellow have very periodic presence 
of surface water. Topographic relief is derived from 30 m data from the Shuttle Radar Topography Mission 
(SRTM). Coordinate reference system: UTM52S WGS84. 

  



 

Environmental water needs of the Daly River, Northern Territory | 14 

The frequency of inundation patterns largely followed our expectations, with river channels 
and billabongs showing the most consistent inundation through time, with less frequent 
wetting on the floodplains. The tropical context of the Daly River provided some unique 
challenges to the NDWI mapping, such as the high sediment loads in the lower reaches of 
the river and interruptions in the satellite image time-series due to high cloud cover. 
Nonetheless, given the length of the time-series and the systematic coverage, the Landsat 
archive provides useful insight into inundation trends and was rich enough to provide clear 
imagery for a broad range of corresponding flow discharge conditions. 

In the upper reaches of the catchment (Katherine Railway Bridge; Figure 2-6), flow was 
largely confined to the main channel under lower-flow conditions (10–100 m3/s [cumecs], 
50% exceedance probability). However, as flow increased (100–1,000 cumecs, 20% 
exceedance probability), the tributaries and waterholes swelled enough to enable detection 
from space. Sustained wetting of the adjacent floodplains was only associated in the imagery 
with very-high-flow conditions (>1,000 cumecs, 2% exceedance probability). Similar patterns 
were observed in the central reaches at Dorisvale (Figure 2-7) and Oolloo Crossing (Figure 
2-8), whereby floodplain inundation was only detectable from the satellite imagery when the 
probability of discharge exceedance was ~5% (>1,000 cumecs). The pattern in the lower 
catchment (discharge measured at Mount Nancar) was slightly different, however, with 
records of floodplain inundation associated with lower discharges and higher exceedance 
probabilities (Figure 2-9). 

The floodplain inundation patterns in the lower catchment (Figure 2-9) therefore appear to be 
less tightly coupled to the main channel discharge than are the upper and central reaches. 
Higher frequency of inundation on the lower floodplain was still associated with very high 
flows, but periods of floodplain inundation were also recorded under considerably lower-flow 
conditions. This pattern could be an artefact of temporal lags, whereby surface water resides 
on the floodplain for longer periods and is thus still present once flow in the main channel has 
subsided. Alternatively, this pattern could be driven by local rainfall on the floodplain itself, or 
flow coming in from the adjacent tributaries that feed directly onto the floodplain. 
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Figure 2-6. Relationship between inundation patterns and river discharge at Katherine Railway Bridge. Inundation 
frequency (left panel) is plotted from the corresponding periods of water discharge rate, indicated by the red bar 
on the flow duration curve (right), following procedures developed by Digital Earth Australia Sandbox (Krause 
et al. 2021). 
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Figure 2-7. Relationship between inundation patterns and river discharge at Dorisvale. Inundation frequency (left 
panel) is plotted from the corresponding periods of water discharge rate, indicated by the red bar on the flow 
duration curve (right panel). 
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Figure 2-8. Relationship between inundation patterns and river discharge at Oolloo Crossing. Inundation 
frequency (left panel) is plotted from the corresponding periods of water discharge rate, indicated by the red bar 
on the flow duration curve (right panel). 
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Figure 2-9. Relationship between inundation patterns and river discharge at Mount Nancar. Inundation frequency 
(left panel) is plotted from the corresponding periods of water discharge rate, indicated by the red bar on the flow 
duration curve (right panel). 
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2.3.2 Limitations and avenues for future research  

Analysis of the full Landsat archive provided a high degree of flexibility for querying spatio-
temporal patterns in water inundation over time. However, despite the relatively high spatial 
(30 m) and temporal (16 days) resolution of this archive, smaller water features in both time 
and space might have gone undetected, especially during periods of high cloud cover. As 
such, while this data cube provides useful historical context that covers a broad range of 
rainfall conditions, its limitations need further exploration, particularly with regard to informing 
understanding of the relationships between rainfall, river discharge and floodplain inundation. 
In particular, the degree of cloud cover during the wet season presents a major challenge to 
conducting this type of analysis in northern Australia’s tropical climate. 

To gain insight into what might be missed from Landsat-based analyses, we also explored 
higher-resolution radar data from the European Space Agency’s Copernicus program. The 
European Space Agency has led the way forward in defining a new era of earth observation, 
building constellations of satellites to address global monitoring needs (Showstack 2014). 
Sentinel-1 was among the first successes of the Copernicus program, launching a radar 
satellite (Sentinel-1a) in 2013 and its twin (Sentinel-1b) in 2016. The two Sentinel-1 satellites 
operate C-band synthetic aperture radar (SAR) sensors, and orbit opposite each other in 
constellation to provide redundancy and improve revisit time (Torres et al. 2012). A big 
advantage of SAR sensors is their ability to penetrate cloud cover and capture imagery under 
a broader range of atmospheric conditions than optical sensors. SAR backscatter is also very 
sensitive to water, making it a good candidate for surface water and flood mapping 
(Westerhoff et al. 2013).  

We used the ODC to query the available Sentinel-1 images for the lower Daly River 
catchment, which are available every 10 days on average. Our processing chain consisted of 
extracting the ‘vertical transmit – vertical receive’ (VV) backscatter intensity channel, applying 
terrain corrections and speckle filters, and classifying the presence of standing water on a 
per-pixel basis using a backscatter intensity threshold. Spatial investigation of the Sentinel-1 
data record showed good potential for informing inundation research with patterns of flooding 
showing up clearly during peak times of the wet season, despite a high degree of cloud 
clover (Figure 2-10). Our classification of inundated water extent identified imagery from 
1 February 2018 as containing greater than usual surface water. Examination of the VV 
backscatter intensity image from that date (Figure 2-10b) shows floodplains of the lower Daly 
fully inundated with water. On this day, the area was covered with 80% cloud cover and 
optical satellites could not capture these patterns. Prior to the floodplains filling up, only small 
amounts of water were present on the south-eastern edge of the image (late January; Figure 
2-10a). Patterns of drainage off the floodplain can also be observed over the next few weeks 
of the record (Figure 2-10c,d). These findings highlight the need for high temporal resolution 
data to capture the finer details of floodplain inundation dynamics, and particularly for 
establishing thresholds for floodplain connection to the main channel. 
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Figure 2-10. Sentinel-1 C-band synthetic aperture radar imaging of the lower Daly River. Dark blue areas of the 
VV backscatter intensity image indicate surface water. Image sequence progresses from 20 January 2018 (a) 
through to 25 February 2018 (d). Coordinate reference system: UTM52S WGS84. 

2.4 Summary and recommendations 

• Periods of extensive floodplain inundation correlate well with peak discharge events of 
less than 10% exceedance probability.  

• Floodplain inundation behaviour changes throughout the catchment. Discharge is a good 
indicator of floodplain inundation in the middle-to-upper reaches of the Daly and 
Katherine rivers. However, in the lower reaches, inundation of the floodplain is influenced 
by main river channel discharge, rainfall and tributary inflows. Further analysis of spatial 
and temporal inundation patterns is required in the lower reaches to further progress 
quantitative ecological linkages of discharge or inundation to ecological responses.  

• WOfS is a valuable resource, but the hard classifier (water/non-water) has some 
drawbacks when trying to interpret correlations with rainfall and river discharge – 
reverting to the original imagery data or spectral indices (NDWI) is often insightful. 

• The Landsat satellite record provides important context and historical trends, providing 
good insight into frequency of inundation patterns. However: 
o The 30 m spatial resolution is too coarse for detecting fine-scale water features 

(particularly in the confined upper reaches). 
o The temporal resolution (11–16 days) is too coarse for interpreting dynamic 

hydrological conditions such as floodplain–river connection discharge. 
• We recommend a multi-sensor approach for future investigation, that integrates both 

Sentinel-1 (SAR) and Sentinel-2 (multi-spectral) data into an analysis framework with the 
Landsat archive to provide higher spatial and temporal resolution. 
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3. Hydrodynamic mapping of dry-season, riverine physical 
habitats  

Contributors: Peter Waugh, Julia Schult, Peter Dostine, Brett Miller (University of 
NSW) 

3.1 Background 

Reduced river flow in Australia’s Top End may result from poor wet-season recharge of key 
groundwater storages, or through abstraction from groundwater or surface water resources 
for consumptive use. A key consideration for water-use planning aimed at balancing 
consumptive use for economic development with environmental and cultural requirements is 
to understand the impact of reduced river flow on ecosystem function, including habitat 
availability and connectivity, for key species to ensure in-stream ecosystems remain viable. 

We used hydrodynamic models to explore how habitat availability was affected at various 
flow scenarios at two specific reaches, Wilden on the Katherine River and Mentabie on the 
Daly River. Hydrodynamic models are commonly used to describe water elevations, depths 
and velocities along a selected reach at various flows; however, these models must be 
sensitive enough to adequately represent the hydraulic parameters required at a scale 
suitable for selected indicator species. Hydraulic requirements of selected species for the 
Daly River Environmental Flow project required the development of high-resolution 
hydrodynamic models, ideally capable of representing changes in depth of 0.1 m at high 
spatial resolutions suitable for identifying hydraulic changes over riffle sections within the 
Wilden and Mentabie study areas. 

3.2 Aims and objectives 

This project component aimed to: 

1. develop a high-resolution digital elevation model (DEM) of the study reaches suitable for 
the development of a high-resolution hydrodynamic model for the Wilden and Mentabie 
study areas 

2. develop high-resolution hydrodynamic models for each study area that will allow 
differentiation of key habitat parameters, including water depth and velocity, under 
different flow scenarios at a scale suitable for study species for which preferential habitat 
data has been collected 

3. test a range of flow scenarios to determine available habitat and identify potential barriers 
to movement for key study species (Sections 7 and 8). 

3.3 Survey and mapping methods 

Generating a broadscale DEM over an entire model reach to a high resolution and accuracy 
is complicated due to the size of the model domain, complexity of riffle sections and the 
difficulty of undertaking bathymetric surveys over shallow, fast-moving water. Figure 3-1 
shows two typical riffle sections surveyed in the Mentabie study area. Interpolation of the 
riverbed between surveyed point data introduces smoothing into the modelled surface that, 
while broadly representative of riffle sections, may not reflect the complexity of the riffle, 
inadequately representing the required hydraulic processes.  
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Figure 3-1. Photos of two riffle sections surveyed and modelled within the Mentabie study area. 

Higher-resolution bathymetric surveys improve the representation of the modelled surface to 
the actual surface, allowing a better representation of surface complexity. Figure 3-2 
illustrates the difference between a modelled surface and the actual surface. Hydraulic 
impacts resulting from the heterogeneity of the modelled surface can be addressed through 
modification of the bed friction parameter (Mannings ‘n’) in the hydrodynamic model, allowing 
better representation of hydraulic processes and more realistic water elevations and 
velocities through the model domain. Ideally, different bed friction parameters should be 
applied to represent different in-stream habitats within the modelled reach (riffle, pool, control 
etc.), allowing better representation of the hydraulic effects over different habitat features in 
the modelled reach. 

 
Figure 3-2. Effect of interpolating between surveyed points. The non-uniform shape of the bed is represented by 
straight lines between the surveyed points 1–5. Loss of detail between surveyed points is apparent. Image from 
Kalnach et al. 2013. 



 

Environmental water needs of the Daly River, Northern Territory | 23 

Industry standard bathymetric survey techniques were used to collect a series of longitudinal 
and lateral transects across the study reaches. For both study areas, the number of transects 
varied according to river width and section type. Riffle and control sections were surveyed at 
higher resolution than pool sections due to the increased complexity of riffle habitats, and 
their importance to connectivity and as potential barriers to movement of study species 
across the riffle and control sections. 

Depth measurements were taken using a SonTek M9 Hydrosurveyor instrument coupled with 
a Trimble R10 differential global navigation satellite system (DGNSS) antenna for position 
and elevation data (Figure 3-3). GNSS position and height data were collected for each 
depth point so that river surface and bed elevation could be calculated in Australian height 
datum (AHD). Minor variations in surface elevation readings through the various survey 
sections were post-processed to provide an averaged, uniform water surface elevation for 
each section from which riverbed elevations were recalculated. Only GNSS height data with 
a 2σ measurement uncertainty (95% confidence interval [CI]) of <0.030 m were used to 
produce the post-processed water elevation surface. 

 

Figure 3-3. (a) Bathymetric survey equipment, and (b) survey of non-navigable areas. 

Additional shallow area and above-water survey data were collected using DGNSS and 
range pole to better define non-navigable riffle sections and water’s edge, and to establish 
bank gradients to provide additional context to channel geometry. A light detection and 
ranging (LiDAR) device was available for part of the Mentabie Reach survey allowing high-
resolution topographic point data collection of the above-waterline bank and channel 
features. The resulting LiDAR point cloud combined with the bathymetric point cloud provides 
a far more detailed representation of the river edge and bank gradient, particularly in areas 
difficult to access using boat-mounted survey equipment, and too dangerous to manually 
stake out due to the presence of crocodiles in the survey area. Figure 3-4a shows the 
combined LiDAR and bathymetric survey point cloud for a section of the Mentabie Reach. 

a b 
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Figure 3-4. (a) Combined LiDAR and bathymetric point cloud, and (b) GNSS base station setup. 

Survey control for the Wilden study area was provided by an established benchmark at a 
river gauging station located at the upstream end of the study area. Due to the remote 
location of the Mentabie study area and lack of survey control infrastructure, survey control 
was created through establishment of a series of benchmarks through the study area using 
GNSS precise point positioning (PPP). Position and elevation corrections were provided to 
the survey vessel from a base station set up over one of these benchmarks (Figure 3-4b). 
Inertial movements from the survey vessel were compensated for using the M9 
Hydrosurveyor internal sensors. 

All data was collected or uploaded into the HYPACK bathymetric software suite to process. 
Corrections to the depth measurement datum (water surface elevation) were applied to 
bathymetric datasets, data spikes and other spurious data were removed, and a continuous 
point cloud for each study location was produced. Point clouds were thinned for data 
processing and interpolation.  

Qualitative data assurance was provided through the crossover pattern of overlaying 
transects to ensure consistent depth readings were recorded over common positions. 
Systemic data uncertainty from instrument movement/mounting inaccuracy was calculated 
using the instrument specifications and by reducing the effect of vessel instability when 
measuring depth of transducer deployment through repeatable readings. Vertical uncertainty 
due to variations in GNSS observations were managed through adoption of the mean 
observed antenna elevation and calculation of 95% CI values using only readings below the 
observation quality-control threshold of σ < 0.015 m (or 2σ < 0.030 m). All riverbed levels 
were recalculated using the adopted antenna height for each section to ensure depth 
readings were calculated from the common GNSS elevation. 

a b 
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Overall relative accuracy of the point cloud data was calculated as being within +/− 0.100 m 
(Table 3-1) for bathymetric data points, while absolute accuracy is likely to be within the 
+/− 0.150–0.250 m range due to standard conversion uncertainty from the GNSS ellipsoid to 
AHD (provided by Geoscience Australia). 

Table 3-1. Sources of measurement uncertainty. 

Source of uncertainty  Magnitude of uncertainty  

Control point position (PPP) = 2σ  +/− 0.050 m  

95% CI for observed variability for adopted water 
surface level 

+/− 0.080 m  

Depth transducer precision  +/− 0.020 m  

Ellipsoid to AHD conversion  +/− 0.100 m  

Validation water-level measurement = 2σ  +/− 0.050 m  

AHD = Australian height datum, PPP = precise point positioning 

LiDAR data was registered into the horizontal (GDA94) and vertical (AHD) datum using 
surveyed reference points collected specifically for LiDAR registration using PPP, with 
calculated water surface elevation derived from the averaged GNSS measurements. 

3.4 Hydrodynamic model development 

A high-resolution hydrodynamic model was constructed for each study location using the 
RMA2 finite element modelling package (King 2006). RMA2 has been widely used to 
calculate water levels and flow distributions in waterways and floodplains for over 30 years. 
A series of in-stream low-flow scenarios were modelled for each study location to determine 
the impacts of reduced stream flows on preferred habitat availability for various study 
species. Full hydrodynamic modelling reports are shown in Appendix 2 and Appendix 3. 

3.4.1 Wilden Reach 

Bathymetric and DGNSS survey data for the Wilden Reach were processed in ArcGIS 
software to produce a 1.0 m × 1.0 m DEM over the 1.5 km long study area. A fine-resolution 
(~1.0 m) triangular mesh was developed through the model domain to represent localised 
channel features and riffles. The model was run in steady state (non-variable flow) conditions 
for each of the provided flow scenarios driven by a constant upstream flow boundary 
condition and constant downstream water elevation. 

The main parameters applied to the model were eddy viscosity and bed friction. Eddy 
viscosity was set to 0.5 based on development of models for similar systems, while bed 
friction was applied using a Manning’s ‘n’ value of 0.030 for the main flow channel, 0.055 for 
vegetated overbank areas and 0.040 for riffle sections. 

Modelled outputs were generated for each flow scenario at a 0.5 × 0.5 m grid resolution for 
water depth, velocities, bed shear and Froude number. 
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3.4.2 Mentabie Reach 

Point cloud data from the bathymetric survey, LiDAR and DGNSS survey for the Mentabie 
Reach was processed in ArcGIS using the ‘Spline’ interpolation tool to generate a 5.0 × 
5.0 m DEM of the 16 km long study area. A finite element mesh of <5.0 × 20.0 m was 
generated throughout the model domain to determine water elevations, depth and velocity 
over the constructed DEM during a series of low-flow scenarios. A global bed friction factor of 
Manning’s ‘n’ = 0.030 was used to represent channel roughness throughout the model. This 
is a mid-range value for natural slow-moving channels with deeper sections.  

Significant groundwater contributions occur along the Mentabie Reach, which can more than 
double the river discharge between the modelled input and output boundaries. For the 
purpose of modelling, it was assumed that diffuse groundwater discharges occur evenly 
along the entire length of the modelled reach. Figure 3-5a shows groundwater inflows from a 
typical spring that occurs throughout the study area, while Figure 3-5b shows groundwater 
emerging from the riverbed. Different flow scenarios included either an average (mean) or 
low (10th percentile) scenario based on recorded groundwater inflow contributions to reflect 
periods of low groundwater recharge or over-extraction of groundwater.  

  

Figure 3-5. (a) Typical spring along Mentabie Reach, and (b) in-stream groundwater contributions. 

Modelled outputs were generated at a 1.0 × 1.0 m grid due to file size and overall DEM 
resolution being insufficient to justify the higher 0.5 × 0.5 m resolution. Outputs for each 
scenario included water depth, water surface elevation, velocity, Froude number and bed 
shear.  

3.5 Model scenarios 

3.5.1 Wilden 

Ten flow scenarios were run through the Wilden model to test habitat parameters for the fish 
sooty grunter (Hephaestus fuliginosus) through the Wilden Reach. These ranged from 
0.5 m3/s to 12 m3/s. Table 3-2 lists the flow scenarios tested for the Wilden model. All flow 
scenarios considered all water within the reach to be contributed through the upstream inflow 
boundary, with no groundwater or tributary contributions known to occur through the Wilden 
model domain. 

b a 
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Table 3-2. Flow scenarios used for Wilden Reach. *Scenario 6 is the water level when fieldwork for juvenile sooty 
grunter habitat determination was conducted. 

Model reference scenario number Upstream inflow (m3/s) Downstream water-level boundary 
1  0.50 75.95 
2 1.00 76.06 
3 1.50 76.07 
4 2.00 76.11 
5 2.50 76.15 
6 2.76* 76.18 
7 4.00 76.27 
8 6.00 76.40 
9 8.00 76.51 
10 12.00 76.70 

3.5.2 Mentabie 

Ten flow scenarios were also run through the Mentabie model to test habitat parameters for 
sooty grunter and the pig-nosed turtle (Carettochelys insculpta). Table 3-3 shows the inflow 
boundary and groundwater contribution scenarios tested for the Mentabie model. 

Table 3-3. Flow scenarios used for Mentabie Reach. 

Model reference 
scenario number 

Inflow at top of 
reach (m3/s) 

Groundwater inflow 
(m3/s) 

Outflow at the bottom of 
reach (m3/s) 

1  1.0 9.8 10.8 
2 2.0 9.8 11.8 
3 3.0 9.8 12.8 
4 4.0 3.2 7.2 
5 4.0 9.8 13.8 
6 5.0 9.8 14.8 
7 6.0 3.2 9.2 
8 6.1 9.8 15.9 
9 8.1 9.8 17.9 
10 10.2 9.8 20.0 

3.5.3 Model validation 

Validation measurements were undertaken for the Wilden and Mentabie models in 2019 and 
2020, respectively, after two poor wet seasons led to extreme low-flow conditions along the 
Katherine River, and to a lesser extent the Daly River. Collection of water elevations, cross-
sections, velocity and flow measurements allowed some of the modelled scenarios to be 
confirmed against observed levels. 

Validation measurements at Wilden Reach were taken when discharge was at 1.7 m3/s, 
midway between Scenarios 3 and 4. Observed velocities and water levels were consistent 
with modelled outputs at all but one position. This was due to localised hydraulic complexities 
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derived from rocks and in-stream features specific to that position. Overall, the modelled 
results were consistent with observed results and the model is considered to accurately 
represent conditions within the Wilden Reach for each of the modelled scenarios. 

The Mentabie model was more difficult to validate due to the length of the reach and multiple 
flow inputs, including the upstream input boundary and groundwater inflows along the length 
of the reach. Representative scenarios were selected to match expected in-stream 
conditions at each validation location; however, the likelihood of both the hydrological and 
hydrogeological conditions matching the modelled conditions at the same time is low. As 
such, validation of the selected scenarios requires some interpolation to ensure validation 
results are compared to the most suitable modelled parameters at the validation location.  

Further complication to validation of the Mentabie Reach model resulted from a significant 
flood event that occurred through the study area between the time of survey and time of 
validation measurements, potentially leading to discrepancies between observed and 
modelled results due to changes in river geomorphology. The Daly River is highly dynamic 
and this is possibly the reason for inconsistent water elevations for the upstream model input 
boundary. Figure 3-6 demonstrates changes at this location over a period from 2014 to 2017. 

  

Figure 3-6. (a) Modelled upper riffle in Mentabie Reach showing the modelled outputs overlaying a pre-
September 2014 satellite image of the area; (b) The large sandbank that had established at the same location by 
2017 when the bathymetric work was undertaken. 

In Figure 3-6a, modelled depths are overlaid on a satellite image taken prior to September 
2014. The modelled output reflect the river channel in 2017 when the bathymetric survey was 
performed, although the imagery shows a different wetted area in the channel. Figure 3-6b 
shows the sandbank at the time of the bathymetric survey in 2017, demonstrating the highly 
dynamic nature of the study area over 4 to 5 years.  

Validation measurements for the Mentabie model, including observed water elevations, 
depth and velocity measurements, were collected along with total flow. Measured flow at the 

b 

a 
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upstream end of the model was 7.0 m3/s, resembling Scenario 8, while downstream flow was 
12.9 m3/s, resembling Scenario 3. The groundwater contribution of 5.9 m3/s was between the 
average and lower groundwater inflow scenarios modelled. Scenario 5 was considered to 
most accurately represent conditions through the middle of the Mentabie Reach at the time 
of validation measurements.  

Water elevation measurements were undertaken using GNSS PPP and incur a 
measurement uncertainty of +/− 0.050 m, putting cumulative uncertainty between surveyed 
water elevations and verification water elevations at up to +/− 0.180 m. Modelled water 
elevations throughout the Mentabie Reach were generally within the expected uncertainty of 
surveyed water elevations (white and green shading in Table 3-4), with the exception of 
modelled elevations being notably higher at the model input boundary and uppermost riffle 
section (up to 0.260 m higher than surveyed), and the model output boundary and lowest 
modelled riffle section at Black Bull Yard (0.8 m higher than surveyed at the output 
boundary). A comparison of modelled versus observed parameters for several validation 
locations is shown in Table 3-4. 

Table 3-4. Validation checks of Mentabie model at 1 Downstream Black Bull Yard riffle, 2 500 m upstream Black 
Bull Yard, 3 Riffle upstream Stray Creek, 4 Cross-section 1 Pool 4, 5 Upstream Hill Spring, 6 125 m downstream of 
Top of Mentabie Reach, 7 Upstream Mentabie Reach. Red shading indicates where observed validation 
parameters did not match modelled parameters well, green shading indicates where observed validation 
parameters were a very good match with modelled, and white shading is where observed and modelled values 
were around the uncertainty limit (and therefore are acceptable values).  

Scenario Mentabie model Observed validation Bathymetric 
survey 

  Water 
elevation 
(mAHD) 

Maximum 
depth (m) 

Mean 
velocity 
(m/s) 

Water 
elevation 
(mAHD) 

Maximum 
depth (m) 

Mean 
velocity 
(m/s) 

Minimum bed 
elevation 
(mAHD) 

31 33.20 1.30 0.1 32.43 – – 31.3 
32 33.26 0.83 0.43 33.24 0.84 0.39 32.5 
53 33.90 0.48 1.60 34.00 

(est.) 
0.47 1.35 33.5 

54 34.60 1.68 0.14 34.50 3.75 0.16 32.0 
55 35.50 1.16 0.27 35.22 1.42 0.23 33.7 
86 35.90 0.83 0.50 35.64 1.79 0.52 32.8 
87 35.95 1.47 0.08 35.69 – – 35.1 

mAHD = metres above Australian height datum, DS = downstream, est. = estimate, US = upstream 

The upstream anomaly appears to be largely due to geomorphological changes to the 
unstable sandbar and channel during the 2018 flood event as modelled water elevations for 
Scenario 10 correspond well to discharge and water elevation measured at the time of the 
bathymetric survey at the input boundary. The use of a global roughness value rather than 
attributing localised roughness values to different stream sections may also be a contributing 
factor. The downstream anomaly appears to be largely governed by a common output water 
elevation that was the same for every model scenario (33.2 m) and was significantly higher 
(0.4 m) than the measured water elevation at the time of the bathymetric survey. 

Despite these exceptions, modelled water depths and velocities were a good match for 
validation measurements throughout the modelled reach. Validation measurements taken 
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500 m upstream of the Black Bull Yard riffle matched the modelled outputs very well. A 
significant riffle upstream of Stray Creek (53) was well represented by the model, despite the 
riffle being difficult to measure due to poor GNSS reception and water depths being below 
the measurement range of the instrument (0.25 m) for much of the transect. During the 
validation survey, depths along the transect were no greater than 0.5 m at their deepest point 
and typically 0.2 m along most of the transect, with measured maximum measured water 
velocity of 1.5 m/s.  

Scenarios 54 and 55 are representative of average conditions along most of the Mentabie 
Reach where riffles and controls have less influence on the river. The measured parameters 
collected during the validation surveys demonstrate that the model accurately represents 
observed conditions. The modelled bed elevation discrepancy for Scenario 55 is most likely 
an artefact of the changed geomorphology due to the 2018 flood event. 

3.6 Results and discussion 

Results from the modelled reaches are provided as a series of high-resolution gridded spatial 
overlays. Each flow scenario resulted in five overlays, including water elevation, water depth, 
water velocity, bed shear stress and Froude number. These outputs effectively describe the 
hydraulic conditions for each grid unit across the entire study area for each scenario 
modelled. 

Validation measurements of the various modelled outputs from the Wilden model show water 
velocities and depths are consistent with those observed during the validation surveys. In 
particular, riffle sections are well represented for depth and velocity relative to pool sections, 
with associated parameter values reflecting both observed and expected values. Similarly, 
Mentabie Reach validation depths and velocities through riffles are consistent with those 
observed during the surveys (with the exception of the lower Black Bull Yard riffle), and are 
well represented relative to pool sections. Modelled parameter values correlate well to 
observed and expected values throughout the model. While water elevations are not always 
well represented in the model, water depth and velocity are typically well represented and 
are the key determinants for habitat suitability.  

The downstream riffle at Black Bull Yard appears to be significantly affected by the standard 
model output water elevation condition, which is the same for every modelled scenario, and 
is 0.4 m higher than the observed water level during the bathymetric survey, when observed 
flow was greater than that of any of the modelled scenarios. While depths through the Black 
Bull Yard riffle are well represented, water velocities are lower than observed. Additionally, 
the modelled channel through Black Bull Yard riffle is wider than surveyed, probably due to 
incorrect linking of survey points during creation of the DEM. Other limitations with both 
models include the assumption that water velocity is the same at the surface and the bed. In 
fact, the velocity profile varies throughout the depth range, with average velocity typically 
found at 0.6 × water depth. In an open channel, water velocity at the surface is greater than 
that in the bottom half of the water column and, as such, it is likely that surface velocity is 
greater than, and bed velocity is less than, the average velocities calculated in the model 
results. The stated water velocity for each grid is the average velocity and is considered a 
reasonable approximation of water velocity throughout the water column. 

Despite the model limitations and some concern about the adequacy of a global roughness 
parameter used to describe the entire Mentabie Reach, model results from both models are 
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considered to be a very good representation of hydraulic conditions within the study areas, 
particularly for water depth and velocity which are the key parameters for habitat suitability. 
Validation measurements of selected scenarios demonstrate the approach taken for data 
collection and model development resulted in accurate model scenario runs, and the models 
are suitable for the assessment of habitat parameters under the differing flow conditions. It is 
acknowledged that geomorphological conditions within the river will change over time, with 
the model becoming less representative of the physical conditions within both the Wilden and 
Mentabie reaches. Nevertheless, the modelled conditions should be considered indicative of 
normal conditions within the river, and the utility of the modelled outputs should be 
considered valid for the near to medium term unless significant changes occur within the 
catchment. 

By developing hydrodynamic models that realistically represent physical parameters such as 
water depth and velocity under different flow scenarios, robust testing of the impacts of flow 
reductions (including from water extraction) on those parameters can be undertaken. When 
cross-referenced with the eco-hydrological habitat requirements of aquatic species, expected 
impacts of flow reductions on those species can be determined. This provides a methodology 
to test the direct impact of flow reductions on aquatic species for individual waterways or 
waterway reaches.  

Establishing the eco-hydrological requirements of key ‘umbrella’ species, and modelling the 
incidence of those parameters under various flow scenarios, can support water planning 
initiatives by establishing impacts-based flow thresholds to guide environmental flow 
determinations. High-resolution hydrodynamic modelling allows expected impacts of reduced 
flows on fish abundance and species assemblages to be assessed, resulting in a science-
based approached to water management. 
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4. Dry-season habitat use by fishes and their vulnerability 
to water extraction 

Contributors: Alison King, Krystle Keller, Osmar Luiz, David Crook, Peter Dostine 

Aim 1 of this research has been published: Keller, K., Allsop, Q., Brim Box, J., Buckle, D., 
Crook, D. A., Douglas, M. M., Jackson, S., Kennard, M. J., Luiz, O. J., Pusey, B. J., 
Townsend S. A., & King, A. J. (2019). Dry season habitat use of fishes in an Australian 
tropical river. Scientific Reports 9(1), 5677. https://doi.org/10.1038/s41598-019-41287-x  

4.1 Background 

Riverine fish are closely associated with physical habitat attributes at a range of spatial 
scales, which can vary considerably within and between reaches and river systems 
(Grossman et al. 1998; Webb et al. 2011). For example, water depth and flow velocity are 
hypothesised to be important factors influencing habitat use by fishes, along with other 
physical attributes such as substrate composition, submerged vegetation, and wood and root 
masses (Gorman & Karr 1978; Jowett 1993; Jackson et al. 2001). Alterations to river flow 
(whether natural or artificial) can affect the availability of habitat quantity and quality, and in 
turn influence fish species composition (assemblage), distribution and abundance.  

In the wet-dry tropics of northern Australia, the effect of flow on habitat is particularly evident 
at the end of the dry season, when water levels are at their lowest and factors such as 
competition and predation can strongly influence the resulting fish community structure 
(Magoulick 2000; Pusey et al. 2018). The combination of persistent, predictable flows and 
habitat complexity are thought to be important in promoting and maintaining species 
specialisation and diversification in tropical rivers (Gorman & Karr 1978; Willis et al. 2005; 
Rayner et al. 2008). However, knowledge of fish habitat requirements across northern 
Australia is sparse, and therefore our ability to predict likely outcomes of changed water 
discharge scenarios and how they might influence fish habitat availability is limited. 

4.2 Aims and objectives 

This project component aimed to: 

1. determine the dry-season habitat use by freshwater fishes in the Daly River, using a 
data-rich, multi-year dataset to quantify fish–habitat associations during the dry season 

2. predict the change in area of suitable habitat available for fishes at two reaches 
representative of the Katherine River (Wilden Reach) and Daly River (Mentabie Reach) 
under various dry-season discharge scenarios. 

4.3 Methods 

Methods for the first aim are described in detail in Keller et al. (2019) but are briefly 
described here. We used fish abundance data collected using electrofishing, from surveys at 
six sites from Katherine township to Oolloo Crossing, conducted biannually (early and late 
dry season) over a 10-year period (2006–2015). At each sampling point, fish habitat 
characteristics within the area of fishing location were quantitively described.  

https://doi.org/10.1038/s41598-019-41287-x
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A total of 22 taxa, with six taxa separated into juvenile and adult life stages, were prevalent 
enough in our data for further analysis of their habitat use, resulting in 54,739 taxa–habitat 
data points. Fish habitat variables were assessed for their potential to influence the 
abundance of each fish taxon across electrofishing shots using boosted regression trees 
(BRTs). For each taxon, partial dependence functions were fitted for the top two most 
influential variables to visualise relationships between fish abundances and each variable. 
Hierarchical cluster analysis with complete linkage distance was also used to group fish taxa 
abundance and habitat variables into habitat guilds.  

We utilised the taxa-specific partial dependence plots from the BRT modelling to assess the 
change in suitable habitat available for each taxon with various water scenarios at the two 
modelled hydrodynamic reaches (see Section 3). Only taxa that had either depth or velocity 
identified as the first- or second-most important contributing variable following the BRT 
analyses (see Keller et al. 2019) were used in this analysis. We assessed the partial 
dependence plot for each taxon and developed habitat selection criteria for each (Table 4-1). 
These habitat suitability criteria were then used to query and extract the amount of suitable 
habitat available for each taxon at each water-level scenario from the Wilden and Mentabie 
hydrodynamic model reaches (Table 4-2, Table 4-3; also see Section 3). Plots were then 
created to describe the change in suitable habitat available for each taxon relative to base 
water scenarios (e.g. average dry-season flow or existing environmental flow rules). 

Table 4-1. Habitat suitability criteria for each taxon, determined from the partial dependence plots of Keller et al. 
(2019). J = juvenile, A = adult, – parameter not important in models. Note that some taxa in Keller et al (2019) 
were not used here as velocity and depth were not important predictors of habitat use. 

Scientific name Common name Velocity (cm/s) Depth (cm) 
Amniataba percoides Barred grunter – 20–130 
Craterocephalus stercusmuscarum Flyspecked hardyhead – >230 
Craterocephalus stramineus Blackmast 0–30 0–30 
Glossamia aprion Mouth almighty – 60–130 
Glossogobius spp. Gobies – 0–85 
Hephaestus fuliginosus Sooty grunter (J) >45 0–80 
Hephaestus fuliginosus Sooty grunter (A) – >90 
Lates calcarifer Barramundi (J) – >80 
Lates calcarifer  Barramundi (A) – >100 
Leiopotherapon unicolor Spangled perch – 0–90 
Planiliza ordensis Diamond mullet – >80 
Melanotaenia australis Rainbowfish 0–30 >95 
Mogurnda mogurnda Northern trout gudgeon 0–15 0–40 
Neoarius spp. Forktailed catfish >25 – 
Neosilurus ater Black catfish – >80 
Nematalosa erebi Bony bream – >75 
Oxyeleotris lineolata Sleepy cod (A) 0–35 – 
Strongylura krefftii Longtom – >75 
Syncomistes butleri  Butler’s grunter (J) >50 – 
Syncomistes butleri Butler’s grunter (A) 0–75 >75 
Toxotes chatareus Sevenspot archerfish – >90 
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Table 4-2. Model hydrology scenarios used in Wilden Reach hydrodynamic modelling using upstream inflows at 
Wilden gauge, Katherine River. *Scenario 6 used as base water scenario, because 2.76 cumecs was the 
discharge when the juvenile sooty grunter tracking study was being undertaken (see Section 3) and is also within 
the band described as ‘average conditions’ for use in announced allocations for the Katherine Tindall Limestone 
Aquifer Water Allocation Plan 2019–2024 (modelled natural flow conditions [2.1–2.9 cumecs] at 1 November) 
(Northern Territory Government 2019a). 

Scenario number 
(Appendix 2) 

Upstream inflow 
(cumecs) 

Justification 

1 0.50 Extreme scenario 
2 1.00  
3 1.50  
4 2.00  
5 2.50 0.5 cumec intervals down from modelled average 
6 2.76 *Base water scenario: Represents average modelled 

natural flow on 1 November 
7 4.00  
8 6.00  
9 8.00  
10 12.00 Extreme scenario 

 

Table 4-3. Model hydrology scenarios used in Mentabie Reach hydrodynamic modelling using upstream inflows at 
Claravale Crossing gauge, Daly River. *Scenario 8 used as base water scenario, as it is the current 
environmental flow threshold at Claravale gauge based on research of pig-nosed turtles (Erskine et al. 2003, 
2004). Rule is water extractions should not exceed >8% discharge when flows <6.2 cumecs, and 20% when >6.2 
cumecs. #Low groundwater scenarios not used in this analysis (Northern Territory Government 2019b). 

Scenario 
number. 

(Appendix 3) 

Upstream 
inflow at 

Claravale 
(cumecs) 

Groundwater 
inflow 

scenario 
(cumecs) 

Outflow at 
bottom of 
modelled 

reach 
(Theyona 

gauge, 
cumecs) 

Justification 

1 1.0 9.8 10.8 Extreme scenario, half of lowest 
observed flow 

2 2.0 9.8 11.8 1 cumec intervals down from previous 
threshold 

3 3.0 9.8 12.8 1 cumec intervals down from previous 
threshold 

4 4.0 3.2 7.2 1 cumec steps for flows below 
threshold with low groundwater levels# 

5 4.0 9.8 13.8 
1 cumec steps for flows below 
threshold, with average groundwater 
input levels 

6 5.0 9.8 14.8 1 cumec steps for flows below 
threshold 

7 6.1 3.2 9.2 
1 cumec steps for flows below 
threshold with low groundwater input 
levels 

8 6.1 9.8 15.9 

*Base water scenario. At average 
groundwater input levels. Represents 
current environmental flow threshold at 
Claravale 

9 8.1 9.8 17.9 2 cumec steps above threshold 

10 10.2 9.8 20.0 
90th percentile of annual minimum dry-
season flows (1960–2019). Higher 
flows are not relevant to the project 
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4.4 Results 

4.4.1 Habitat use by fishes 

Twelve habitat variables were identified as the top two most important contributors to the 
BRT models for all taxa analysed. Water depth was the top habitat contributor variable for 
16 taxa, while velocity was the second-most important variable, occurring as one of the top 
two contributors for 12 taxa (Figure 4-1). Six taxa (L. unicolor, juvenile H. fuliginosus, 
M. mogurnda, juvenile O. selheimi, C. stramineus, Glossogobius spp.) were most abundant 
in shallow habitats (0–100 cm, while C. stercusmuscarum and P. ordensis were more likely 
to occur in deeper habitats (>200 cm), with the remainder abundant in moderate to deep 
habitats. Taxa that were most abundant in low-velocity habitats (0–30 cm/s) included adult 
O. lineolata, C. stramineus, G. aprion, M. australis, M. mogurnda, T. chatareus and adult 
S. butleri, while juvenile H. fuliginosus and P. ordensis were most abundant in fast-flowing 
habitats (>90 cm/s). The remaining taxa, juvenile S. butleri, N. ater and Neoarius spp., were 
most abundant in habitats with moderate to high velocities (30–90 cm/s). Submerged wood, 
root mass, leaf litter, rock, sand, fine gravel, coarse gravel, bedrock, filamentous algae and 
overhanging vegetation were the next most important contributors.  

Analysis of fish–habitat relationships revealed four distinct habitat-use guilds (Figure 4-2; 
Keller et al. 2019), comprising:  

Guild I: fishes occupying deep pools containing root masses and undercut banks (juvenile 
and adult O. lineolata (sleepy cod), M. australis, G. aprion, adult S. butleri, N. erebi, N. 
ater, Neoarius spp. and T. chatareus) 

Guild II: large-bodied fishes occupying deep pools containing wood (juvenile and adult 
L. calcarifer, adult H. fuliginosus, adult O. selheimi, S. krefftii and P. ordensis) 

Guild III: a mixed habitat-use guild of small-bodied fishes (L. triramus (freshwater sole), M. 
mogurnda, C. stercusmuscarum, juvenile O. selheimi, C. stramineus and A. percoides) 

Guild IV: small-bodied fishes occupying shallow riffles with high water velocities and coarse 
substrates (juvenile H. fuliginosus, juvenile S. butleri, Glossogobius spp. and L. unicolor). 
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Figure 4-1. Examples of partial dependence plots showing relationships between taxa abundance and habitat use 
for depth (top) and velocity (bottom) for Terapontidae species. See Keller et al. (2019) for more detail and other 
taxa–habitat use plots. 

 

 
Figure 4-2. Pictorial representation of four fish habitat guilds in the Daly River fish assemblage determined using 
cluster analysis (see Keller et al. [2019] for further details). 
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4.4.2 Optimal habitat availability with various water scenarios 

Water depth and velocity were important habitat descriptors for 18 species in the dry season 
(Table 4-1).  

At the Wilden Reach, declines in dry-season water discharge (relative to the average dry-
season low-flow discharge [2.8 cumecs]) reduced suitable habitat area for 10 taxa with depth 
habitat preferences (C. stercusmuscarum, N. ater, juvenile and adult L. calcarifer, 
M. australis, T. chatareus, S. krefftii, juvenile and adult H. fuliginosus, Glossogobius spp., 
adult S. butleri, N. erebi), and for three taxa with velocity preferences (Neoarius spp., and 
juvenile H. fuliginosus and S. butleri) (Figure 4-3). Water discharge scenarios resulted in little 
or no change in habitat area for some species (depth preference: A. percoides, 
C. stramineus, M. mogurnda, G. aprion, L. unicolor; velocity preference: C. stramineus, 
M. mogurnda, M. australis, adult O. lineolata, adult S. butleri). The greatest predicted loss of 
suitable habitat with declining discharge scenarios occurred for Neoarius spp., and juveniles 
of H. fuliginosus and S. butleri. Substantial declines of suitable habitat occurred for 
C. stercusmuscarum and juvenile H. fuliginosus and S. butleri with discharge <2 cumecs.  

At the Mentabie Reach, the predicted change in suitable habitat area declined for 10 taxa 
with depth preferences (G. aprion, juvenile and adult L. calcarifer, adult H. fuliginosus, S. 
krefftii, P. ordensis, adult S. butleri, N. erebi, N. ater, M. australis, C. stercusmuscarum) with 
lower-water-level scenarios below the current environmental flow rule of 6.2 cumecs (Figure 
4-4). This group of species were mostly large-bodied species with deeper water habitat 
requirements. For example, the amount of habitat suitable for adult barramundi (L. calcarifer) 
declined by nearly 20% at the lowest-water-level scenarios. Conversely, there was an 
increase in suitable habitat available for other species with shallow water preferences 
(i.e. T. chatareus, L. unicolor, Glossogobius spp., juvenile H. fuliginosus, C. stramineus, 
M. mogurnda). There were only eight taxa with specific velocity requirements, with four taxa 
(adult O. lineolata, M. australis, C. stramineus, adult S. butleri) demonstrating no change in 
availability of suitable habitat with decreasing water levels (Figure 4-4b). Three taxa had 
major declines in suitable habitat area related to velocity preferences, with the area of 
suitable habitat available for juveniles of both S. butleri and H. fuliginosus dropping by >40% 
at discharges <4 cumecs.  
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Figure 4-3. Predicted change in area of suitable habitat for various water scenarios at Wilden Reach, Katherine 
River (see Table 4-2) using (a) depth and (b) velocity preferences for 18 species of fish. Percent change in 
available habitat area calculated relative to average natural flow on 1 November (2.8 cumecs) (Northern Territory 
Government 2019a). 

b 

a 
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Figure 4-4. Predicted change in area of suitable habitat for various water scenarios at Mentabie Reach, Daly 
River (see Table 4-3) using (a) depth and (b) velocity preferences for 18 species of fish. Percent change in 
available habitat area calculated relative to current environmental flow rule (6.2 cumecs) using average 
groundwater levels. 

b 

a 
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4.5 Discussion and key findings 

The patterns of habitat use revealed in this study significantly improve our understanding of 
the habitat requirements of a range of fish taxa during the dry season in northern Australian 
rivers. The study quantified fish–habitat use associations for a large number of common taxa 
in the region and identified four distinct habitat-use guilds (Keller et al. 2019; Figure 4-5). The 
diversity of habitats utilised by fish highlights the importance of maintaining flows during the 
dry season and habitat complexity in this important river system. While a range of habitat 
variables were important descriptors of habitat for taxa, unsurprisingly water depth and 
velocity were key factors influencing dry-season habitat use by fish (Keller et al. 2019). 

 

Figure 4-5. Conceptual diagram of four fish habitat guilds in the Daly River. 
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We used the generated habitat suitability criteria for depth and velocity for 21 taxa/life stages 
to predict the change in suitable habitat under scenarios using hydrodynamic models in our 
two reference reaches (Wilden and Mentabie). Our findings suggest that not all species will 
be affected by a change in dry-season water discharge; however, a reduction in dry-season 
flows will reduce the amount of suitable habitat area available for some species, and will 
have a larger impact on species with strong associations with higher velocity flows and 
shallower depths.  

Three taxa – Neoarius spp. and juveniles of S. butleri and H. fuliginosus – were predicted to 
have major declines in suitable habitat area with decreasing flow conditions in both reaches. 
In the Wilden Reach, >20% loss of suitable habitat occurs for these species and 
C. stercusmuscarum at flows <2 cumecs (Wilden gauge). In the Mentabie Reach, >20% loss 
of suitable habitat occurred below 5 cumecs (Claravale gauge) for Neoarius spp. and 
juveniles of H. fuliginosus and S. butleri. All other species were predicted to experience 
either only marginal declines or no change in suitable habitat at lower discharges or, in a few 
cases, an increase in suitable habitat. 

Chan et al. (2012) previously incorporated fish–habitat relationships in predictions of the 
impact of reduced flows in the Daly River on barramundi and sooty grunter population 
abundance. They reported some impacts of dry-season water extraction on both species, 
particularly for juvenile sooty grunter, due to the amount of suitable riffle habitat declining. 
This study and the research described in Section 6 of this report confirm that juvenile sooty 
grunter are likely to be highly affected by water-level declines that result in reduction in 
suitable available habitat for the species. However, in using this approach, we suggest this 
outcome is also likely to be true for S. butleri and, to a lesser extent, Neoarius spp.  

The fish–habitat associations described allow scientists and managers to explore and predict 
habitat availability for the protection and conservation of critical habitats for fish. The fish 
habitat guild approach is useful in summarising and simplifying communication of fish 
habitat-use requirements to managers and the broader community.  
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5. Dry-season food web of the Katherine and Daly rivers 
Contributors: Simon Townsend, Tim Jardine (University of Saskatchewan), Julia 
Schult, Stuart Bunn (Griffith University), Alison King, James Wyatt 

5.1 Background 

Previous broadscale studies of food webs in wet-dry tropical rivers have shown that while 
stable isotope ratios of benthic invertebrates are generally tightly coupled to local in-stream 
sources of primary production (biofilms), those of fish are often less well-linked to local 
sources, especially in rivers with a long duration of floodplain inundation (Jardine et al. 
2012a,b; Warfe et al. 2013).  

In the Katherine and Daly rivers, the extreme seasonal flow patterns alternate between wet-
season floods and sustained dry-season baseflows. In the wet season, the drainage network 
is predominantly connected as a single system from its headwaters to its coastal floodplain. 
In contrast, during the dry season most low-order streams and some higher-order rivers 
cease to flow, riparian billabongs become isolated and the river’s floodplain drains to retain 
no water. Dry-season flow is groundwater-fed and limited to the main channel of the Daly 
and Katherine rivers and major tributaries that lie within the Daly groundwater basin.  

This highly seasonal and spatial pattern of flow, connectivity and floodplain inundation is 
reflected in a corresponding pattern of primary production. Potential food sources for the 
Daly River are algae and aquatic vegetation from the floodplain (wet season only) and from 
the river channels (mainly during the dry season for high-order rivers), as well as inputs from 
terrestrial vegetation and marine sources that are available all year. During the wet season, 
fish are highly mobile and utilise external resources originating from floodplain and marine 
production where there is hydrological connectivity to those habitats. Dry-season food webs 
are likely to rely more heavily on internal sources of primary productivity. 

Dry-season primary productivity in the Daly River is linked to flow regimes and the hydraulic 
environment (e.g. Rea et al. 2002; Townsend & Padovan 2005; Townsend et al. 2017). 
Reductions in dry-season flows caused by increased groundwater extraction for consumptive 
use and the associated hydraulic impacts, such as a decrease in wetted rapid and riffle areas 
and a reduction in current speeds, are likely to impact primary production and food webs 
through changes in the extent and distribution of available habitat. 

5.2 Aims and objectives 

This project component aimed to: 

1. develop a dry-season food web model for the Daly and Katherine rivers and identify 
key sources of primary production supporting invertebrates and fishes at two sites in 
the Daly River catchment, at a higher resolution than was achieved previously 

2. assess the dependency of the dry-season food web on river (main channel) and 
other, external carbon sources 

3. infer the potential impact of anthropogenically reduced dry-season flows on the river’s 
dry-season food web.  
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5.3 Methods 

The dry-season food web of the Daly and Katherine rivers was modelled using stable isotope 
ratios for carbon (δ13C) and nitrogen (δ15N), from a range of primary producers and 
consumers.  

Samples of all available local in-stream production sources and consumers were collected 
from two sites, Galloping Jack’s on the Katherine River and Oolloo Crossing on the Daly 
River, over the dry seasons of 2016 and 2017. Production sources included seston (particles 
suspended in the water column, including algae), biofilms (microscopic algae growing on 
submerged rocks [epilithon], sand [epipsammon], wood [epixylon] and plants [epiphyton]), 
filamentous macroalgae (Spirogyra spp., charophytes, blue-green algae, red algae), 
emergent and submerged aquatic vegetation, and leaf litter, all of which (except leaf litter) 
were classed as internal sources. Consumers included a range of aquatic insects, molluscs, 
shrimp and fish. Table 5-1 gives an overview of sample collection dates. All samples were 
processed and analysed according to protocols described in detail in Jardine et al. (2012a). 

Juvenile fish from the Daly River floodplain were collected in March 2020 to represent stable 
isotope values for floodplain resources. The use of primary consumers to determine a 
baseline for an entire habitat allows the integration of spatial and temporal variations in 
primary producers of that habitat (Jardine et al. 2017). Stable isotope values for savanna 
vegetation and coastal marine habitats were obtained from a previous study (Jardine et al. 
2017). Data for these latter, external sources of production were drawn from sampling done 
at Kakadu National Park.  

Both δ13C and δ15N were used to examine source proportions for consumers. For the model, 
sources were combined when they were related both taxonomically and isotopically (Phillips 
et al. 2005). This resulted in a 12-source model for Oolloo Crossing and an 11-source model 
for Galloping Jack’s. Mixing models were run in the program MixSIAR (Stock et al. 2018), 
which provides posterior distributions of potential source contributions to the diet of 
consumer species.  

Table 5-1. Sample collection dates (indicated with an X) for stable isotope analysis. 

 2016 2017 2020 

Taxon 

Ju
l 

Au
g 

Se
p 

O
ct

 

Ju
n 

Au
g 

Se
p 

O
ct

 

M
ar

 

Fish (river channel)    X X   X  
Fish (floodplain)         X 
Macroinvertebrates X X X  X X X   
Biofilm X X X  X X X   
Macroalgae  X X X  X X X   
Emergent and submerged 
macrophytes X X X  X X X   

Riparian vegetation   X    X   
Seston      X X   
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5.4 Results and discussion 

The dry-season diets of invertebrate species at both study sites were predominantly based 
on internal sources of production. The macroalga Spirogyra contributed substantially to 
invertebrate diets at both sites, as did charophytes (Daly River), and the submerged 
macrophyte Blyxia and red algae (Katherine River). Most invertebrate species had 
contributions from these sources of between 20% and 60% (Table 5-2, Table 5-3), with 
consistent patterns between the two sites. Only Hemipterans had a lower than 10% 
contribution from algal sources. Leaf litter never contributed more than 10% to invertebrate 
diets.  

External food sources were negligible for most invertebrate taxonomic groups, except for 
Pleidae that fed on resources from the surrounding savanna (33–47%; Table 5-2, Table 5-3, 
Table 5-4), and Palaemonid prawns and Cherabin that showed evidence of marine organic 
matter in their tissues (Table 5-2, Table 5-3, Table 5-5).  

Fishes used significantly more external sources than did invertebrates (Table 5-5, Table 5-6), 
consistent with earlier work by Jardine et al. (2017). Barramundi, catfishes and some of the 
grunters at both sites used significant proportions of marine sources (20–25%), while 
archerfish and sleepy cod had a large proportion of terrestrial sources in their diets (~30%; 
Table 5-2, Table 5-3).  

For macroinvertebrates, the proportions of internal and external resources were similar at 
both sites, while overall, fish had a higher reliance on external resources in the Katherine 
River compared to the Daly River at Oolloo Crossing. This may be related to differences in 
primary productivity between the two reaches. However, this pattern was not consistent for 
all fish species. For instance, sooty grunters used ~75% internal resources at Galloping 
Jack’s compared to only 58% at Oolloo Crossing (Table 5-6).  

 

  



 

Environmental water needs of the Daly River, Northern Territory | 45 

Table 5-2. Outputs from a 12-source model for consumers collected at Galloping Jack’s on the Katherine River, 
Northern Territory. Only the top-ranked food source providing the highest dietary contribution is shown for each 
consumer taxon. 

Taxon Common name  Feeding guild Top-ranked 
food source 

Proportion of 
top-ranked 
food source 

Ephemeroptera Mayflies Herbivore Red algae 0.34 
Elmidae Riffle beetles Herbivore Red algae 0.20 
Philopotamidae Finger net caddisflies Herbivore Red algae 0.24 
Leptoceridae Long-horned caddisflies Herbivore Spirogyra 0.13 
Bivalvia Mussels Herbivore Spirogyra 0.25 
Hydropsychidae Net-spinning caddisflies Herbivore Red algae 0.31 
Palaeomonidae Shrimp Herbivore Spirogyra 0.24 
Diptera True flies Herbivore Red algae 0.18 
Corixidae Water boatmen Herbivore Red algae 0.20 
Pyralidae Pyralid moths Herbivore Spirogyra 0.28 
Tipulidae Crane flies Predator Spirogyra 0.28 
Odonata Dragonflies Predator Red algae 0.17 
Dytiscidae Predaceous diving 

beetles 
Predator Savanna 0.28 

Pleidae Pygmy backswimmers Predator Savanna 0.47 
Nematalosa erebi Bony bream Herbivore Schoenoplectus 0.13 
Amniataba 
percoides 

Barred grunter Omnivore Schoenoplectus 0.17 

Neoarius graeffei Blue catfish Omnivore Marine 0.17 
Syncomistes 
butleri 

Butler’s grunter Omnivore Epiphyton + 
epixylon 

0.14 

Ambassis spp. Glassfish Omnivore Savanna 0.25 
Neoarius midgleyi Midgley’s catfish Omnivore Savanna 0.29 
Glossamia aprion Mouth almighty Omnivore Marine 0.16 
Melanotaenia 
australis 

Rainbowfish Omnivore Savanna 0.24 

Hephaestus 
fuliginosus 

Sooty grunter Omnivore Schoenoplectus 0.20 

Craterocephalus 
stramineus 

Strawman hardyhead Omnivore Schoenoplectus 0.14 

Lates calcarifer Barramundi Predator Savanna 0.18 
Oxyeleotris 
lineolata 

Sleepy cod Predator Savanna 0.26 

Megalops 
cyprinoides 

Tarpon Predator Savanna 0.28 
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Table 5-3. Outputs from a 12-source model for consumers collected at Oolloo Crossing on the Daly River, 
Northern Territory. Only the top-ranked food source providing the highest dietary contribution is shown for each 
consumer taxon. 

Taxon Common name  Feeding guild Top-ranked 
food source 

Proportion of 
top-ranked 
food source 

Pyralidae Pryalid moths Herbivore Charophyte 0.28 
Hydropsychidae Net-spinning caddisflies Herbivore Charophyte 0.27 
Palaeomonidae Shrimp Herbivore Spirogyra 0.33 
Gastropoda Snails Herbivore Spirogyra 0.30 
Diptera True flies Herbivore Spirogyra 0.47 
Corixidae Water boatmen Herbivore Charophyte 0.21 
Odonata Dragonflies Predator Spirogyra 0.54 
Notonectidae Backswimmers Predator Spirogyra 0.12 
Naucoridae Saucer bugs Predator Charophyte 0.21 
Dytiscidae Predaceous diving 

beetles 
Predator Savanna 0.16 

Hydrometridae Water treaders Predator Charophyte 0.12 
Pleidae Pygmy backswimmers Predator Savanna 0.33 
Macrobrachium 
rosenbergii 

Cherabin Omnivore Marine 0.24 

Nematalosa erebi Bony bream Herbivore Spirogyra 0.31 
Planiliza ordensis Diamond mullet Herbivore Spirogyra 0.12 
Amniataba 
percoides 

Barred grunter Omnivore Spirogyra 0.34 

Neosilurus ater Black catfish Omnivore Spirogyra 0.16 
Neoarius graeffei Blue catfish Omnivore Marine 0.30 
Syncomistes 
butleri 

Butler’s grunter Omnivore Spirogyra 0.34 

Ambassis spp. Glassfish Omnivore Spirogyra 0.36 
Neoarius midgleyi Midgley’s catfish Omnivore Marine 0.31 
Glossamia aprion Mouth almighty Omnivore Spirogyra 0.30 
Hephaestus 
fuliginosus 

Sooty grunter Omnivore Marine 0.35 

Leiopotherapon 
unicolor 

Spangled grunter Omnivore Spirogyra 0.33 

Craterocephalus 
stramineus 

Strawman hardyhead Omnivore Spirogyra 0.43 

Anodontiglanis 
dahli 

Toothless catfish Omnivore Marine 0.19 

Toxotes 
chatareus 

Sevenspot archerfish Predator Savanna 0.31 

Lates calcarifer Barramundi Predator Marine 0.32 
Strongylura 
krefftii 

Longtom Predator Marine 0.24 

Oxyeleotris 
lineolata 

Sleepy cod Predator Savanna 0.26 

Megalops 
cyprinoides 

Tarpon Predator Blue-green 
algae 

0.13 
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Table 5-4. Sum* proportions of internal (autochthonous – seston, biofilms, filamentous macroalgae, emergent and 
submerged aquatic vegetation) and external (allochthonous – leaf litter, floodplain, savanna, marine) sources to 
the diets of aquatic insects at two sites in the Daly River, Northern Territory. 

Oolloo Crossing Galloping Jack’s 
Taxon Internal External Taxon Internal External 
Ephemeroptera 0.95 0.03 Ephemeroptera 0.89 0.12 
Odonata 0.92 0.05 Hydropsychidae 0.89 0.11 
Diptera 0.89 0.08 Pyralidae 0.88 0.12 
Philopotamidae 0.85 0.10 Tipulidae 0.88 0.12 
Leptoceridae 0.85 0.09 Philopotamidae 0.85 0.15 
Pyralidae 0.83 0.12 Corixidae 0.84 0.17 
Ecnomidae 0.81 0.13 Diptera 0.82 0.18 
Hydropsychidae 0.81 0.13 Odonata 0.80 0.20 
Elmidae 0.80 0.13 Elmidae 0.79 0.21 
Corixidae 0.80 0.13 Leptoceridae 0.77 0.23 
Notonectidae 0.79 0.13 Dytiscidae 0.46 0.54 
Naucoridae 0.79 0.14 Pleidae 0.31 0.69 
Hydrometridae 0.72 0.19    
Dytiscidae 0.60 0.32    
Pleidae 0.50 0.44    

*Sum of probabilistic Bayesian estimates does not always equal 100%. 

Table 5-5. Sum* proportions of internal (autochthonous – seston, biofilms, filamentous macroalgae, emergent and 
submerged aquatic vegetation) and external (allochthonous – leaf litter, floodplain, savanna, marine) sources to 
the diets of non-insect invertebrates at two sites in the Daly River, Northern Territory. 

Oolloo Crossing Galloping Jack’s 
Taxon Internal External Taxon Internal External 
Palaeomonidae 0.86 0.09 Mussels 0.88 0.12 
Gastropoda 0.84 0.10 Shrimp 0.85 0.15 
Cherabin 0.60 0.35    

*Sum of probabilistic Bayesian estimates does not always equal 100%. 
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Table 5-6. Sum* proportions of internal (autochthonous – seston, biofilms, filamentous macroalgae, emergent and 
submerged aquatic vegetation) and external (allochthonous – leaf litter, floodplain, savanna, marine) sources to 
the diets of fishes at two sites in the Daly River, Northern Territory.   

Oolloo Crossing Galloping Jack’s 
Taxon Internal External Taxon Internal External 
Bony bream 0.83 0.10 Sooty grunter 0.75 0.25 
Glassfish 0.83 0.12 Barred grunter 0.73 0.27 
Mouth almighty 0.82 0.13 Strawman hardyhead 0.72 0.28 
Strawman hardyhead 0.82 0.14 Bony bream 0.71 0.29 
Butler’s grunter 0.79 0.16 Butler’s grunter 0.62 0.38 
Barred grunter 0.78 0.18 Mouth almighty 0.57 0.43 
Diamond mullet 0.77 0.14 Barramundi 0.49 0.52 
Black catfish 0.74 0.19 Blue catfish 0.48 0.52 
Tarpon 0.71 0.20 Rainbowfish 0.47 0.53 
Spangled grunter 0.67 0.30 Sleepy cod 0.47 0.53 
Sooty grunter 0.58 0.40 Tarpon 0.46 0.54 
Toothless catfish 0.55 0.38 Glassfish 0.42 0.58 
Blue catfish 0.52 0.42 Midgley’s catfish 0.41 0.59 
Longtom 0.51 0.42    
Barramundi 0.49 0.45    
Sleepy cod 0.46 0.47    
Midgley’s catfish 0.43 0.51    
Sevenspot archerfish 0.42 0.52    

*Sum of probabilistic Bayesian estimates does not always equal 100%. 

Given the high contributions of benthic macroalgae and macrophytes to diets of 
invertebrates, flow reduction is likely to have a significant effect on the dry-season food web 
through its effect on resource availability. Hydrodynamic modelling shows that a decrease in 
flow from 2 to 1 m3/s near Galloping Jack’s, Katherine River, could result in a decrease in 
area of suitable velocities for Spirogyra spp. by one third (Miller 2018). Such a reduction 
would have the potential to significantly reduce resource availability.  

However, the extent of impact of flow reduction on primary producers in the Daly River 
system is poorly understood and difficult to predict, since habitat requirements vary between 
primary producers. While some macrophytes and macroalgae such as Vallisneria nana and 
Spirogyra spp. prefer relatively high current speeds of 0.2–0.8 m/s (Townsend & Padovan 
2005; Rea et al. 2002), charophytes like Chara spp. and Nitella spp. can thrive in lower 
velocity areas (Schult, pers. obs.) and may be favoured by discharge reductions. 

While flow velocity is only one of several limiting factors that determine the occurrence and 
distribution of primary producers across a reach, hydrodynamic modelling of the 
Oolloo/Mentabie Reach (see Chapter 3, Miller 2020) indicates that the availability of optimal 
velocity habitat for Spirogyra spp. and Vallisneria reduces substantially with decreased 
discharge (Figure 5-1). On average, a flow reduction of 1 m3/s at the top of the reach results 
in an estimated 14% reduction in habitat availability.  
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Figure 5-1. Change in optimal velocity habitat availability for Spirogyra spp. in the Oolloo Reach with reduced 
flows.  

5.5 Key findings 

This study has improved our understanding of dry-season food webs in the Katherine/Daly 
system. The findings highlight that a mixture of internal and external resources support 
consumers, and emphasise the strong role for both locally produced algae and externally 
produced subsidies in this system.  

• The dry-season food web relies on both internal (e.g. in-stream algae) and external 
(floodplain and marine) resources. Invertebrates are generally more reliant on internal 
resources than fish.  

• Fish had a higher reliance on external resources in the Katherine River compared with 
the Daly River at Oolloo Crossing, while the proportions of internal and external 
resources were similar for macroinvertebrates. Site differences may be related to 
differences in internal resource availability with potential links to flow. 

• The relatively high reliance of some fish on external food resources, even during the dry 
season, may indicate that they possess a degree of resilience to reduced dry-season 
flows and changes in in-stream resources, as long as there is sufficient wet-season 
access to productive external habitats and sources of productivity. 

• Although fish overall were less reliant on in-stream resources, species that utilise a 
higher proportion of in-stream resources, such as sooty grunter, and some of the small-
bodied species may be more vulnerable to changes in in-stream resource availability due 
to flow reduction.  

• Flow is likely to have a significant effect on the dry-season food web through its impact 
on resource availability. High contributions of benthic macroalgae and macrophytes to 
diets of macroinvertebrates indicate that hydraulic shifts will differentially favour some 
species. For instance, a 20% reduction in flow would result in a 15% reduction in 
macroalgae (Spirogyra) habitat in the Oolloo Reach, potentially leading to significantly 
reduced availability of an important food resource.   
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6. Diel habitat preferences and minimum environmental 
flow requirements to protect habitat for juvenile sooty 
grunter 

Contributors: David Crook, Krystle Keller, Brendan Adair, Osmar Luiz, Alison King, 
Peter Waugh, Julia Schult, Peter Dostine, Simon Townsend 

This research has been published: Crook, D. A., Keller, K., Adair, B. J., Luiz, O. J., 
Waugh, P. S., Schult, J., Dostine, P. L., Townsend, S. A., & King, A. J. (2021). Use of 
radiotelemetry to quantify diel habitat preferences and minimum environmental flow 
requirements of a tropical riverine fish (sooty grunter Hephaestus fuliginosus). Ecohydrology 
14(5), e2290. https://doi.org/10.1002/eco.2290.  

6.1 Background 

Sooty grunter (also known as black bream; Figure 6-1) are distributed across the wet-dry 
tropics regions of Australia and southern New Guinea (Pusey et al. 2004). They are of high 
significance as a food source for Aboriginal people across northern Australia, including in the 
Daly River catchment (Finn & Jackson 2011; Jackson et al. 2014), and are also commonly 
targeted by recreational fishers (Pusey et al. 2004). Sooty grunter predominantly inhabit 
permanent river reaches, large intermittent streams and floodplain wetlands (Pusey et al. 
2020). 

Many of the rivers inhabited by sooty grunter are experiencing increased water-resource 
development for agriculture and mining, which impacts the flow regime and presents a range 
of threats to aquatic fauna, including fish (Stewart-Koster et al. 2011; King et al. 2015). In the 
Daly River catchment, a recent assessment of water allocation arrangements found that 
some aquifers are over-allocated and that further quantification of the environmental and 
cultural water requirements of the system is urgently needed to support sustainable 
management (Northern Territory Government 2019a,b). Dry-season river flows in the Daly 
catchment are entirely dependent on discharge from the underlying Tindall Limestone 
Aquifer and are influenced by the amount of abstraction from the aquifer allowed under water 
extraction licences. 

A particular concern for water management is that the availability of shallow, fast-flowing 
habitat may be reduced by increased groundwater abstraction in the dry season, a period 
when river flows are at their lowest and water abstraction is likely to have its greatest effects 
(King et al. 2015). Although previous research suggests that juvenile sooty grunter exhibit a 
strong preference for shallow, fast-flowing habitat during dry-season, low-flow periods (Chan 
et al. 2012; Keller et al. 2019), these studies have several potential limitations, in that they: 
1) did not consider diel variation in habitat use; 2) developed habitat suitability curves using 
data from different electrofishing methods (back pack in riffles, boat-mounted in other 
habitats); and 3) estimated habitat preference using fish abundance and habitat data that 
were not spatially matched. Given the importance of maintaining critical fish habitat as a 
controlling criterion for water management in the Daly River catchment, managers identified 
a need for further evaluation and quantification of relationships between river discharge and 
the availability of habitat for smaller size classes of sooty grunter during the dry season.  

https://doi.org/10.1002/eco.2290
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Figure 6-1. Juvenile sooty grunter. 

6.2 Aims and objectives 

The aim of this study was to quantify the diurnal and nocturnal habitat preferences of juvenile 
sooty grunter and to determine the effects of different water abstraction scenarios on habitat 
availability. We used radiotelemetry to obtain fine-scale locations of individual fish for day 
and night over a 10-day period. This information was integrated with a detailed hydrodynamic 
model of the study reach to identify preferred hydraulic habitat. The hydrodynamic model 
was then used to examine different river discharge scenarios to explore the potential effects 
of water management on the availability of preferred habitat for juvenile sooty grunter. 

6.3 Methods 

6.3.1 Study area 

The study was conducted in a representative reach ~1.2 km in length in the Katherine River 
at Wilden Station (Figure 6-2, Figure 6-4). At the time of tracking, the water surface width 
ranged from ~15 to 50 m with a maximum depth of 4.7 m. The proportion of mesohabitat 
types was visually estimated for each 10 m section of the focal reach to determine habitat 
availability. Mesohabitat classes were subjectively classified in the field as riffles (shallow, 
fast-flowing), runs (slow-flowing and of intermediate depth) or pools (deep, with slow or no 
discernible flow). Water quality was measured twice daily (early morning and mid-afternoon) 
and remained relatively constant over the study period (temperature 32.38 ºC ± 0.04 
(mean ± standard error [SE]); conductivity 0.623 μS/cm ± 0.003; dissolved oxygen 87.31% ± 
0.82, 6.32 mg/L ± 0.06; pH 7.66 ± 0.01). River discharge was steady over the 10-day tracking 
period, ranging from 2.7 to 2.9 m3/s (mean 2.8 m3/s). 
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Figure 6-2. Map of the study site on the Katherine River in the Daly River catchment, Northern Territory. 
Catchment of Katherine River (excluding Dry River and King River sub-catchments) is shown in dark grey. 

 

Figure 6-3. A riffle in the study reach.  
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6.3.2 Fish collection and tracking 

Twenty-nine sooty grunter (68–240 mm standard length [SL], mean = 136 mm, SE ± 9 mm) 
were caught by hook-and-line fishing from the focal reach in the Katherine River on 4–5 
October 2017. Sampling effort was spread across all mesohabitat types to minimise the 
potential for habitat bias. Radio transmitters (Lotek NanoTag NTQ-2, 0.31 g, 5–6 s on/off 
burst interval, ~33 days battery life) were surgically implanted into the peritoneal cavity under 
anaesthesia through an incision ~1.5 cm in length, using a syringe needle to exit the antenna 
of each transmitter ~1 cm posterior to the incision (Figure 6-4). 

 

 

Figure 6-4. Radio-tagged juvenile sooty grunter showing trailing antenna; inset shows size of transmitter. 

 

To record the locations of tagged fish, numbered markers were placed at 10 m intervals 
along the banks of the focal reach. A GPS coordinate (latitude/longitude) was recorded for 
each marker using a handheld GPS and exported to Google Earth (V7.1.5.1557) on a laptop 
computer. Day (11:00–14:00) and night (20:00–24:00) tracking surveys were conducted over 
10–20 October 2017 using a handheld 3-element Yagi antenna and a portable receiver 
(Figure 6-5). The locations of the fish were estimated by triangulation and adjustment of the 
receiver gain, and coordinates obtained for each location estimate by marking the location 
with reference to the numbered markers using a Google Earth map of the reach. Mesohabitat 
type and coordinates for each point location estimate were recorded for each tagged fish 
once during the day and night, and data were plotted and viewed in ArcGIS for processing 
and analysis. 
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Figure 6-5. Radio-tracking in the study reach. 

6.3.3 Reach bathymetry and hydrodynamic modelling 

A detailed bathymetric survey of the study reach was undertaken from a boat on 14–15 
March 2018 using a multi-beam depth sounder and GNSS to provide depth and position 
measurements along the reach. Bathymetric software was used to collect and process the 
data. Bathymetric transects and cross-sections were undertaken during a period of high flow 
(~129 m3/s) to ensure detailed data collection across all low- to mid-flow features including 
channel beds, shelves, banks and control features. The bathymetry data was then verified by 
surveyed spot heights collected on 25 June 2018 during a period of low flow (~5 m3/s). 
Bathymetry data and spot heights were processed to produce a triangulated irregular 
network (TIN) model of the channel geometry throughout the study reach. Hydrodynamic 
modelling of the study reach was undertaken by the University of New South Wales (Water 
Research Laboratory) using the RMA-2 finite element model. A fine-resolution (~1 m) 
triangular mesh was developed throughout the model domain to represent localised channel 
features and riffles in the bathymetric survey. The hydrodynamic model was used to estimate 
water depths and velocities within the reach for 10 management-relevant dry-season flow 
scenarios, including the river discharge at the time of fish tracking. 

6.3.4 Habitat preference analysis 

Mesohabitat (riffle, run, pool) preference was examined for the day and night periods using 
selection ratio analysis (Design II, Manly et al. 2002). Selection ratios (Wi = used/available) 
were calculated for each fish, with values >1 indicating positive selection and values <1 
indicating avoidance. Selection indices with simultaneous Bonferroni confidence intervals 
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(CIs) were used to analyse the degree of selectivity for each mesohabitat type across all fish. 
Selection ratios with Bonferroni‐adjusted 95% CIs that did not include 1 were considered to 
be statistically significant (i.e. α = 0.05). 

Hydraulic microhabitat preference was modelled using generalised additive mixed-effect 
models (GAMMs) with fish detections as the dependent variable and the explanatory habitat 
variables water velocity and water depth. Fish identity was included as a random factor to 
account for the lack of independence caused by multiple individual detections. A total of 
317 presence data points were collected from 17 radio-tracked fish (164 locations during the 
day and 153 locations at night; Table 6-1). Explanatory habitat variables for water velocity 
and depth were extracted for each fish location from the hydrodynamic model for a river 
discharge representative of the period of fish tracking (2.8 m3/s). We extracted 10,000 
random data points for water depth and velocity from the hydrodynamic model for Scenario 6 
(2.8 m3/s) to use as background data in the GAMMs. Data points near the river edge with 
depth values equal to or below zero and missing velocity values were removed, which 
resulted in 6,535 background data points. The same set of background data was used to 
contrast both day and night occurrence data in two separate models, as well as in a 
combined day-night model. To test if sooty grunter habitat preferences change between day 
and night, time of day was used as factor to test for interactions with the habitat explanatory 
variables. The predicted response values of each model were standardised between 1 
(maximum response value) and −1 (minimum response value). 

6.3.5 Effects of river discharge on habitat availability 

The availability of preferred sooty grunter habitat under different flow scenarios was 
examined based on data from the combined day-night GAMM model for Scenario 6 (river 
discharge at the time of the radio-tracking survey). Habitat suitability criteria were established 
by extracting values of preferred depth and velocity using a selectivity cut-off of zero. This 
cut-off assumes that any value above zero is preferred habitat and is positively correlated 
with occurrence; conversely, values below zero represent habitat that is avoided and thus 
negatively correlated with occurrence. The area of preferred habitat for each flow scenario 
was calculated in square metres based on the proportion of 100,000 random points within 
the reach meeting the habitat suitability criteria multiplied by the total wetted area for each 
scenario. R version 3.3.2 (R Development Core Team 2016) was used to run the selection 
ratio analyses using the R package ‘adehabitatHS’ (Calenge 2018) and the GAMM models 
were fitted using the ‘mgcv’ package (Wood 2017). Data were extracted from the 
hydrodynamic models using the point sampling tool plugin in the open-source software QGIS 
(version 3.8.2, www.qgis.org) with the GRASS extension (version 7.6.1). 
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6.4 Results 

Seventeen (59%) of the 29 radio-tagged fish were located during the 10-day radio-tracking 
monitoring period (Table 6-1, Figure 6-6). The remaining 12 (41%) fish were unable to be 
detected, despite repeated attempts to locate the fish by searching for tagged fish ~2 km 
upstream and downstream of the focal reach. Reasons for the failure to locate these fish are 
unclear, but could include transmitter failure, predation or rapid, large-scale movement away 
from the study reach. The extent of movement (linear distance along the river channel) by 
individual fish ranged from 18 m to 578 m, with most of the 17 tracked fish remaining within 
the focal reach over the entire 10-day tracking period (Table 6-1). Seven (41%) of the 
tracked fish exhibited movements of <100 m. Although most fish utilised the same general 
area of the study reach both day and night, four (Fish IDs 17, 22, 28 and 40; 117–205 mm 
SL) made repeated movements of up to ~350 m between distinct day and night areas during 
the study. 

Table 6-1. Details of the 17 radio-tagged sooty grunter tracked during the 10-day period.  

Fish ID Standard length (mm) No. of locations  
(day, night) 

Extent of movement (m) 

11 142 10, 10 42 
14 134 8, 10 71 
17 145 10, 10 278 
18 125 10, 10 62 
20 240 9, 10 297 
21 134 10, 8 67 
22 117 10, 9 326 
23 134 9, 8 578 
26 68 10, 10 172 
28 132 9, 9 264 
29 125 10, 10 111 
31 132 8, 8 97 
32 110 10, 9 18 
34 124 10, 3 141 
36 133 10, 10 54 
37 115 8, 10 134 
40 205 9, 10 363 
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Figure 6-6. Map of the focal reach showing velocity, depth and fish locations during the day (top) and night 
(second from top) during the 10-day radio-tracking period. Different coloured dots represent different individual 
fish.  

Sooty grunter exhibited a significant overall preference for riffles during the day and riffles 
and runs at night (Table 6-2, Figure 6-7). Pool habitats were used much less frequently than 
their proportional availability in the reach, in both the day and night (Table 6-2), although two 
fish (including the largest fish tagged in the study) showed positive selection of pool habitat 
during the day (Fish ID 20 and 23; 240 mm and 134 mm SL, respectively; Figure 6-7a). 
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Table 6-2. Selection ratios for the availability and use of mesohabitats for day and night over the 10-day tracking 
period.  

Day       
Habitat Available (%) Used (%) Wi SE Lower CI Upper CI 
Pool 0.60 0.16 0.27* 0.12 −0.01 0.54 
Riffle 0.09 0.40 4.44* 0.87 2.18 6.33 
Run 0.31 0.44 1.42 0.22 0.92 1.99 
Night       
Habitat Available (%) Used (%) Wi SE Lower CI Upper CI 
Pool 0.60 0.10 0.17* 0.08 −0.01 0.35 
Riffle 0.09 0.34 3.78* 0.95 1.37 5.90 
Run 0.31 0.56 1.81* 0.29 1.14 2.53 

CI = confidence interval, SE = standard error, Wi is the selection ratio (used/available), * P<0.05. 

 

 
Figure 6-7. Mesohabitat use (proportion of radiolocations) by individual sooty grunter over the 10-day radio-
tracking period for day (top) and night (bottom). Dashed lines show the availability of each mesohabitat type 
within the focal reach. Positive selection by an individual fish is indicated when the proportion of radiolocations in 
a mesohabitat (bars) exceeds the availability of that mesohabitat type within the focal reach (dashed lines). 
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The GAMM analysis of hydraulic microhabitat preference showed a significant effect of 
velocity and depth on the probability of sooty grunter presence for both day and night 
(Table 6-3, Figure 6-8). The effect of time of day was not significant at P<0.05 in the 
combined day-night GAMM and inclusion of the day-night parameter did not improve model 
fit (Table 6-3). On this basis, preferred hydraulic habitat criteria were defined using the 
combined day-night model as locations with velocities of 0.26–1.42 m/s and depths <0.69 m 
(Figure 6-8). River discharge scenarios based on the outputs of the hydrodynamic model 
showed that the estimated area of preferred habitat was highest at a discharge of 8 m3/s, 
with habitat declining both above and below this, and rapidly below 2.0 m3/s (Figure 6-9a,b). 

Table 6-3. Parameters of the generalised additive mixed-effect model of the daytime habitat selection by juvenile 
sooty grunter as a function of water velocity and depth, with fish individual identity as a random effect. The first 
model (A) split the data into day detections and night detections. The second model (B) combined all data and 
tested the significance of daytime as an explanatory factor. Estimated degrees of freedom (edf), estimate 
(± standard error), test statistics (F- and t-values); probability (P) in bold denotes significance at P<0.05. 

Model A 
 

   

Day 
Velocity edf = 4.42 F = 32.68 P<0.001 
Depth edf = 1 F = 40.35 P<0.001 

Night 
Velocity edf = 4.02 F = 40.02 P<0.001 
Depth edf = 1 F = 33.28 P<0.001 

Model B 
 

   

Combined day-night 
Velocity edf = 5.03 F = 56.6 P<0.001 
Depth estimate = −1.18 (± 0.16) t = −5.35 P<0.001 
Daytime estimate = −0.07 (± 0.12) t = −0.66 P=0.50 

 

 
Figure 6-8. Partial-effect plots of the effect of habitat explanatory variables on the probability of detection during 
daytime (A, C) and night-time (B, D). Habitat selectivity of radio-tagged sooty grunter in relation to habitat depth 
(m) and velocity (m/s) for the combined day-night generalised additive mixed-effects model (E). 

E) 
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Figure 6-9. Availability of preferred hydraulic habitat for sooty grunter (a), and percentage reductions in the area 
of preferred habitat relative to the maximum available area (b) under different river discharge scenarios in the 
focal reach. River discharge at the time of fish tracking is shown in black. 

6.5 Discussion 

The results of the study demonstrate that juvenile sooty grunter exhibit a strong preference 
for shallow, fast-flowing hydraulic habitat during the dry season. These findings are broadly 
compatible with those of previous studies by Chan et al. (2012) and Keller et al. (2019), who 
both concluded that juvenile sooty grunter prefer shallow, fast-flowing riffle areas and that 
preservation of riffles during the dry season is critical to the viability of sooty grunter 
populations. However, while Chan et al. (2012) emphasised the importance of riffle habitat 
for juvenile sooty grunter, their analyses suggested optimal velocities of 0–0.6 m/s and 
depths of 0.3–0.6 m (Table 6-4). The preference for slow to moderate velocities reported by 
Chan et al. (2012) differs from the current analysis and Keller et al. (2019), which both 
suggest a strong decline in habitat suitability at low velocities (Table 6-4). Similarly, neither 
the current study nor Keller et al. (2019) found a decline in habitat suitability below 0.3 m 
depth, as reported by Chan et al. (2012) (Table 6-4). The habitat associations reported by 
Keller et al. (2019) based on BRT modelling overlap with the current study’s results, although 
the values for preferred depth (<0.8 m) and velocity (>0.4 m/s) cover a broader range than 
the values generated from our analyses (Table 6-4). 
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Table 6-4. Comparison of hydraulic habitat preference values derived from three studies of juvenile sooty grunter.  

Study Preferred 
depth (m) 

Preferred 
velocity 
(m/s) 

Fish size 
(SL mm) 

Data source Criteria used 

Chan et al. 
(2012) 

0.3–0.6 <0.6 <150 Backpack and boat-
mounted elecrofishing, 
55 sites, 1–6 surveys 
per site over 3 years 

>0.7 optimal habitat 
suitability criterion 

Keller et al. 
(2019) 

<0.8 >0.4 <150 Backpack and boat-
mounted elecrofishing, 
6 sites, 20 surveys per 
site over 10 years 

Positive values in 
partial dependence 
plots from boosted 
regression tree 
modelling 

Current 
study – day-
night 
combined 

<0.69 0.26–1.42 68–240 
(median: 
132) 

Radiotelemetry, 10-day 
period, single site 

Generalised 
additive mixed-
effects modelling, 
predictive response 
>0 

SL = standard length 

One of the key differences between the current study and previous studies of sooty grunter 
habitat preference is that our analysis was based on individual fish locations for which depth 
and velocity were estimated simultaneously. This allowed us to generate a three-dimensional 
surface (Figure 6-8) to explore the interactive effects of depth and velocity on habitat 
preference. In contrast, Chan et al. (2012) and Keller et al. (2019) generated habitat 
preference/use curves independently for depth and velocity based on reach-scale catch per 
unit effort and habitat availability data. From these habitat preference curves, Chan et al. 
(2012) derived optimal habitat metrics for depth and velocity based on >0.7 suitability 
criterion using the approach described by Groshens and Orth (1994). Locations within the 
river that exceeded the 0.7 suitability criterion for both depth and velocity were classified as 
‘optimal’ habitat using a hydrodynamic model, and the availability of optimal habitat was then 
assessed under different flow management scenarios. The different methodological 
approaches likely explain at least some of the variation in the hydraulic habitat preference 
estimates across the three studies. Other possible factors include the characteristics of the 
study site(s), different data collection methods, the spatial resolution and extent of sampling, 
and the different statistical techniques employed. Despite differences in hydraulic habitat 
preference estimates, however, the strong preference by juvenile sooty grunter for riffle 
mesohabitat is consistent across the studies. 

Based on the hydraulic habitat preference criteria from our analyses, a series of water 
management scenarios was examined to explore the effects of water abstraction on the 
availability of habitat for sooty grunter (Figure 6-9). These analyses showed that preferred 
habitat declined sharply as dry-season river discharge reduced. At flows of 0.5 m3/s, habitat 
availability was reduced by ~61% compared with the flows experienced during the radio-
tracking study (2.8 m3/s). Hydrology data collected at the study site since 2008 show that 
minimum dry-season flows seldom fell below 2 m3/s and typically ranged from ~2.5 to 
3.0 m3/s (Figure 6-10), suggesting that severe habitat limitation for sooty grunter due to low 
flows has been rare over the past decade. In 2019 and 2020, however, dry-season minima 
dropped well below 2 m3/s after poor wet-season rainfall, with a resulting reduction in 
preferred juvenile sooty grunter habitat of ~13% compared with conditions during the 
radio-tracking survey in October 2017 (Figure 6-10). 
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Our analysis suggests that this level of water abstraction, to flows <2 m3/s at Wilden gauge, 
reduces the area of preferred juvenile sooty grunter habitat by ~14% compared with 
modelled natural flows during that period. Thus, while the seasonal scaling of announced 
allocations reduces the amount of water that can be abstracted during dry periods, water 
abstraction continues to exacerbate the loss of preferred sooty grunter habitat during dry 
periods under this management regime. The potential impacts of this habitat loss are not 
limited to sooty grunter, as several other fish species in the study area are also strongly 
associated with riffle habitats (e.g. Syncomistes butleri, Glossogobius spp.; Keller et al. 
2019). With predictions of increased temperatures and variability in rainfall across northern 
Australia resulting from anthropogenic climate change (Moise et al. 2015), it appears likely 
that habitat limitation for riffle-dwelling fishes at the end of the dry season will become 
increasingly prevalent in the future. This will require additional management interventions – 
for example, environmental flow rules to meet the minimum habitat requirements of key taxa 
– to protect the ecological and cultural values of the system. 

 
Figure 6-10. Dry-season flows at Wilden Station study site for 2008–2020. Discharge above 12 m3/s is not shown. 
Long-dashed grey line shows discharge at the time of the radio-tracking survey. Short-dashed grey line shows 
discharge of 2 m3/s, below which preferred habitat for sooty grunter declines rapidly. 

The reduction in habitat area under low flows has important implications for management of 
water in the Katherine River and the underlying Tindall Limestone Aquifer. The current water 
allocation plan (Northern Territory Government 2019a) does not consider the environmental flow 
requirements of specific fauna or flora, but instead protects a proportion of river flows to meet 
non-consumptive (environmental and cultural) water requirements. This proportion varies 
between 87% and 70% of modelled natural flow, depending on seasonal conditions (Table 6-5), 
with annual water allocations announced at the start of the dry season based on modelled 
natural end-of-dry-season flows. In dry conditions (as experienced in 2019/20), where modelled 
natural end-of-dry-season flows are 1.81–2.10 m3/s, 20% of the groundwater discharge is 
accessible for consumptive use (predicted impacted flow 1.45–1.68 m3/s) (Table 6-5). 
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Table 6-5. Flow information (based on modelled natural flows at Wilden Station) used in annual allocations of 
water for consumptive use from the Katherine Tindall Limestone Aquifer (reproduced from Northern Territory 
Government 2019a).  

River-
flow 
scenario 

Proportion of 
modelled flow to 
be reserved for 
non-consumptive 
requirements 

Modelled natural 
1 November flow 
(unimpacted flow) 

Resultant flow to be 
preserved for non-
consumptive use 
(impacted flow) 

Allowable impact of 
consumptive use 
(total level of 
extraction) 

cumecs ML/day cumecs ML/day cumecs ML/day 

Very dry 87% 1.73–
1.80 

149–
156 

1.51–
1.57 

130–135 0.22–
0.23 

19–20 

Dry 80% 1.81–
2.10 

156–
181 

1.45–
1.68 

125–145 0.36–
0.42 

31–36 

Average 70% 2.11–
2.90 

182–
251 

1.48–
2.03 

128–175 0.63–
0.87 

55–75 

Wet 70% 2.91–
3.60 

251–
311 

2.04–
2.52 

176–218 0.87–
1.08 

75–93 

Very wet 70% 3.61–
4.47 

312–
386 

2.53–
3.13 

218–270 1.08–
1.34 

94–116 

Interestingly, the estimated area of preferred habitat did not continue to increase at higher 
river discharges (12 m3/s). While the focus of our study was to identify minimum flows 
required to protect critical fish habitat, this finding raises the important point that artificially 
high flows during the dry season could pose potential risks to populations of riffle-dwelling 
fishes, as shallow riffles may become drowned out with increasing river height. This issue 
does not have immediate relevance for river management in the Daly River catchment given 
the current absence of major dams or other flow-regulating infrastructure. However, 
artificially elevated flows are prevalent in many regulated river systems around the world 
(Poff & Zimmerman 2010) and, with major water-resource development on the horizon, this 
may become an important consideration for water management in northern Australia in the 
future. 

6.6 Conclusions 

The results of the study have utility as supporting information for the development of 
environmental flow rules to manage water allocations in the Daly River catchment and, 
potentially, other catchments across the range of sooty grunter (Figure 6-11). While some of 
our findings are likely to have broad geographic applicability (e.g. preference for riffle and run 
mesohabitats; see also Pusey et al. 2004), previous studies have shown that hydraulic 
microhabitat criteria for fish cannot necessarily be transferred across regions (Gebhard et al. 
2017). Location-specific hydraulic habitat criteria may therefore be required for evaluations of 
the microhabitat requirements of sooty grunter in different regions. Further, as fish behaviour 
and habitat preference may change under different river flows (Vilizzi et al. 2004), application 
of the hydraulic habitat criteria presented here also needs to consider dependencies between 
habitat preference and river discharge. Our objective was to quantify the habitat 
requirements of sooty grunter during the critical late dry-season period: our conclusions 
regarding habitat preference cannot necessarily be directly transferred to other times of year 
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or different hydrological conditions (e.g. high-flow periods during the wet season). Finally, 
although the identification of flows required to preserve hydraulic habitat for fish is critical for 
effective environmental flow management, it is only one of a much broader set of ecological 
requirements that must be met to support resilient fish populations into the future (Rolls et al. 
2012; Railsback 2016; Poff et al. 2017). 

 

Figure 6-11. Simple conceptual diagram of the effect of lower water levels on juvenile sooty grunter habitat. 
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7. Movement of and habitat use by pig-nosed turtles, with 
reference to flow requirements 

Contributors: Peter Dostine, David Crook, Krystle Keller, Dion Wedd, Alison King 

This research is being prepared as a separate publication. 

7.1 Background 

Understanding the spatial ecology of mobile and migratory aquatic taxa is fundamental to the 
sustainable management of rivers, as altered flow regimes may disrupt connectivity and fail 
to provide the ecological requirements of riverine animals (Crook et al. 2015). In the wet-dry 
tropics of northern Australia, the pig-nosed turtle, Carettochelys insculpta, is an iconic 
species that is potentially vulnerable to the impacts of flow regime alteration (Doody 2002; 
Erskine et al. 2003; Georges et al. 2008a,b). The species is listed as Endangered on the 
International Union for Conservation of Nature (IUCN) Red List (Eisemberg et al. 2018) and 
is of great social and cultural significance to First Nations Traditional Owners of the region 
(Jackson et al. 2012, 2014). While some Australian populations of pig-nosed turtles are 
located within protected areas such as Kakadu National Park in the Alligator Rivers Region, 
populations in the Daly River are subject to potential impacts from ongoing agricultural 
development in the catchment and increasing pressure for groundwater extraction to support 
agricultural development (King et al. 2015). Such development is likely to alter the flow 
regime, potentially leading to reduced dry-season discharge, disruption of hydrologic 
connectivity, elevated nutrients, loss of key nesting habitat and altered thermal regime 
(Erskine et al. 2003; King et al. 2015). 

The ecology of the pig-nosed turtle has been well-documented by research studies since the 
late 1980s in Papua New Guinea (Georges et al. 2008a,b; Eisemberg et al. 2015), Kakadu 
National Park (Georges et al. 1989; Georges & Kennett 1989) and the Daly River (Georges 
1992; Doody et al. 2001, 2002, 2003a,b, 2006, 2009a,b; Welsh et al. 2017). Several aspects 
of the species’ ecology in the Daly River, including relatively small body size, biennial 
reproduction, extensive home range and use of thermal springs, are purported to be linked to 
the low energy content of the species’ primarily plant-based diet (Georges et al. 2008a,b). 

Doody et al. (2002) used radio-tracking to describe patterns of movement and habitat use by 
pig-nosed turtles between August and December (i.e. during and after the breeding season) 
along an 11 km stretch near Oolloo Crossing in the Daly River. Females had significantly 
longer linear home ranges than males (8.3 ± 2.88 km vs 3.2 ± 1.32 km). Males had 
significantly larger linear home ranges, and were significantly more active, when females 
were gravid compared to when reproductive females were not gravid. Females usually 
nested within their normally occupied home range, which included several nesting beaches, 
and rarely made extensive forays outside of the home range for nesting. Within a home 
range, turtle activity was focused on ‘activity hotspots’ including foraging areas (often 
focused on dense beds of ribbonweed, Vallisneria nana), thermal springs and nesting 
beaches. Thermal spring basking behaviour was observed to occur during the cooler months 
of May to September (Doody 2002), and has been hypothesised to facilitate an extended 
foraging period (Davies 2005). 
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7.2 Aims and objectives 

We sought to describe the timing and extent of large-scale movements of pig-nosed turtles 
within the core habitat of the species in the Daly River. This work sought to build on previous 
studies of the spatial ecology of the species in the Daly River. There are several key 
differences between this study and the radio-tracking study by Doody et al. (2002). We used 
acoustic telemetry to collect continuous data over approximately two years, in two study 
areas of the Daly River; the first area (Oolloo) overlapped the study area of the previous 
study, and the second (Mentabie) was in the upper reaches of the species’ core distribution 
in the river. Both study areas included at least one significant flow control point that may 
impede movement by turtles at low flows. The specific aims of the study were to (i) identify 
seasonal patterns in the large-scale movement behaviour of male and female pig-nosed 
turtles in the Daly River, (ii) quantify flow conditions during passage events across specific 
control points in the river, (iii) model flow scenarios to predict connectivity thresholds in the 
river, and (iv) describe any implications of these results for the management of river flows 
and pig-nosed turtles in the Daly River. 

Initial additional research questions about specific habitat use by pig-nosed turtles and short-
term movement patterns were originally attempted in the project but had to be abandoned 
due to logistical issues. 

7.3 Methods 

7.3.1 Study area 

The Daly River contains a diverse turtle fauna (Price et al. 2000), including eight of the nine 
species of freshwater turtles present in the NT. The core habitat of pig-nosed turtles in the 
Daly River occurs from upstream of Stray Creek to upstream of the Douglas River 
confluence, where elevated water temperature, high spring inflow and extensive ribbonweed 
beds occur. The species is known to also occur upstream and downstream of this reach, but 
are not known to occur in the brackish tidal reaches of the lower Daly River below Daly River 
Crossing.  

There are several flow control points in the middle reaches of the Daly River, including riffles 
and road crossings at Dorisvale Crossing, Oolloo Crossing and Beeboom Crossing, that may 
impede longitudinal movements by pig-nosed turtles at low flows. Most control points occur 
in the reach upstream of Oolloo Crossing; there are few control points downstream of Oolloo 
Crossing (Figure 7-1). Earlier hydrological surveys identified 34 breakpoints (i.e. depths 
<0.5 m) between Dorisvale Crossing and Cattle Creek, downstream of Oolloo Crossing 
(Georges et al. 2002). Control points CP12 and CP13 were predicted to inhibit pig-nosed 
turtle movement at flows of <7.6 m3/s. 

7.3.2 Acoustic telemetry 

We deployed 35 VR2W-180Hz acoustic receivers (Vemco, Halifax, Canada) along the main 
channel of the Daly River to track movements of pig-nosed turtles. Receivers were attached 
to bankside trees by 4 mm plastic-coated stainless steel cable, weighted with a short length 
of anchor chain, and held upright in the water column by SHE-10 net floats. The acoustic 
array consisted of two sections: (i) a 37.7 km downstream section of 20 receivers accessed 
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from Oolloo Crossing (numbered 24–43), and (ii) a 26.3 km upstream section of 15 receivers 
(numbered 5–18) accessed from a site adjacent to Theyona gauging station on Black Bull 
Station and a site on Mentabie Station (Figure 7-1). Receivers were deployed at ~2 km 
intervals, except for receiver 9a, which was located between receivers 9 and 10 downstream 
of a large spring inflow and in an area known to be favoured by pig-nosed turtles. The 
intervening reach between these two sections (bracketed by receivers 18 and 24) could not 
be accessed to deploy receivers. Receivers in the downstream section were deployed in 
mid-July 2017, with two additional receivers (#42 and #43) deployed in mid-July 2018 to 
extend the downstream limit of the array; receivers in the upstream section were deployed in 
late June 2018. All receivers were removed on 25–28 September 2019. 
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(a) 

 

(b) 

 
Figure 7-1. (a) Map of the study area in the Daly River, showing distribution of the receivers in the upstream 
Mentabie sub-array (5–18) and the downstream Oolloo sub-array (24–43). Oolloo Crossing is located between 
receivers 29 and 30; (b) Longitudinal profile of water level and bed elevation (metres above Australian Height 
Datum) of the study region from bathymetric surveys conducted in June 2016. Potential control points were 
located between receivers 29 and 30 (Oolloo Crossing), and between receivers 12 and 13 (CP13), and receivers 
9A and 10 (CP12).  
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7.3.3 Turtle capture and tagging procedures 

We captured 29 pig-nosed turtles: 15 at the Oolloo site and 14 at the Mentabie site. At the 
Oolloo study site, turtles were captured using a throw-net or landing net after being spotted 
from a small boat. At the Mentabie study site, most turtles were captured using baited traps. 
Turtle body weight was measured using a top-loading balance (DS-671 Digital Weighing 
Scale, Teraoka, China); straight-line carapace length was measured using large calipers 
(Haglof, Sweden); and stretched tail length beyond the edge of the carapace was measured 
using calipers (Figure 7-2). The sex of turtles was determined based on tail morphology and 
size, or by detection of the male hemipenes. Gravid females were not distinguished from 
non-gravid females. No juvenile pig-nosed turtles were seen or captured during this study. 
The smallest individual in this study was an adult male with a carapace length of 30.2 cm. 

Pig-nosed turtles were tagged with V13 acoustic transmitters (Vemco, Halifax, Canada) by 
surgical implantation or by external attachment. Surgery was conducted in the field after 
training by wildlife veterinarians. Transmitters were inserted in the peritoneal cavity through 
the inguinal region of the right rear leg using approved surgical procedures. We administered 
doses of the antibiotic ceftazidime and the analgesic meloxicam by intramuscular injections 
in the foreleg prior to release at the point of capture. 

7.3.4 Data analysis 

The R software package V-Track (Campbell et al. 2012) was used to plot detection histories, 
and to calculate data on the timing and duration of residence and non-residence events, and 
the rate of movement. Residence events are defined as the period between the first and last 
transmission detected at a specific receiver. The timing of the event was initiated by the first 
detection at a new receiver and terminated if no further detections were recorded within a 
time-out window of 10 minutes. Non-residence events were defined as the period between 
the last and first detection between adjacent receivers.  

For each turtle we calculated the linear home range, defined as the distance between 
upstream and downstream limits of detection; the cumulative distance moved as estimated 
by non-residence events; and the number of non-residence events. Data on the number of 
detections, linear home range, cumulative distance moved and number of non-residence 
events are presented for each turtle. Distance moved per day was calculated for each turtle 
for each month and presented for selected turtles using box plots. Temporal variability in rate 
of movement in relation to water temperature is shown for selected turtles with sufficient 
data. 
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Figure 7-2. Pig-nosed turtle being measured for carapace length on surgery table. 

7.3.5 Movements by turtles across flow control points 

Data on non-residence events for all turtles were used to identify passage events across 
three hydraulic flow control points (shallow, fast-flowing riffles) in the reach. We determined 
the last and first time of detection of turtles at loggers bracketing control points, only using 
data where the difference between detection times was less than a day. For each passage 
event, we extracted data on concurrent mean daily flow at Dorisvale and Theyona flow 
gauging stations. Minimum flows for observed passage events at each riffle were identified 
from these analyses.  

7.3.6 Hydrodynamic modelling 

Hydrodynamic modelling of a 16 km reach centred on the Mentabie site was undertaken by 
the Water Research Laboratory of the University of New South Wales, with field data 
provided by the NT Department of Environment and Natural Resources (see Section 3). A 
hydrodynamic model was constructed using the RMA-2 finite element model (King 2006) 
(Section 3; Appendix 3), and used to simulate the distribution of depth and velocity under 
10 late dry-season flow scenarios (Table 7-1). Modelling outputs included raster files of depth 
and velocity with a cell size of 1 m2. ArcGIS was used to map fragmentation of the river 
channel under the 10 flow scenarios, using depth thresholds of >0.4 m and >0.5 m. 
Maximum depth at two control points within the modelled reach (referred to as ‘CP12’ and 
‘CP13’ in Georges et al. 2002) were derived using the interpolate line feature and rasters of 
the wetted area in each flow scenario. 
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Table 7-1. Parameters of 10 flow scenarios used in modelling of the distribution of depth and velocity in a 16 km 
reach centred on the Mentabie study area. All flows in cumecs. 

Scenario Dorisvale flow Flow at top of 
modelled reach 

Flow at bottom of 
modelled reach Spring inflow 

1 1 1.0 10.8 9.8 

2 2 2.0 11.8 9.8 

3 3 3.0 12.8 9.8 

4 4 4.0 7.2 3.2 

5 4 4.0 13.8 9.8 

6 5 5.0 14.8 9.8 

7 6 6.0 9.2 3.2 

8 6 6.1 15.9 9.8 

9 8 8.1 17.9 9.8 

10 10 10.2 20 9.8 

 

7.4 Results  

7.4.1 Detection histories 

A total of 843,824 detection records from 27 pig-nosed turtles were retrieved from the 
receiver array, with no detections recorded for two individuals (Table 7-2). The median period 
of detection (i.e. number of days between first and last detection) was 637.3 days (range 
41.5–755.8; n=14) for turtles tagged at Oolloo, and 147.5 days (range 30.1–360.2; n=13) for 
turtles tagged at Mentabie. There was a prominent gap in detection records in the early 
months of 2018 during high wet-season flows (Figure 7-3). The few detection records at this 
time tended to coincide with low-flow events within the wet season. There is no similar gap in 
records in the wet season of 2018/2019, which was characterised by much lower discharge 
than the previous year. Externally attached transmitters on turtles tagged at Mentabie appear 
to have been shed by most turtles by mid wet season. 
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Table 7-2. Sex, length, capture date, number of detections, detection period (i.e. number of days between first 
and last detection), cumulative distance moved, linear home range and number of non-residence events for 
29 pig-nosed turtles from two study locations in the Daly River. 

Reach ID Sex CL 
(cm) 

Capture 
date 

No. 
dets Days 

Cumulative 
distance 

(kms) 
LHR 

(kms) 
No. non-

residence 
events 

Oolloo 31441 M 30.2 11/7/17 38,788 755.8 56.2 26.1 24 
Oolloo 31443 F 40.5 1/8/17 50,195 749.8 255.2 14.2 75 
Oolloo 31442 F 33.3 12/7/17 79,050 676.9 49.7 2.1 24 
Oolloo 31466 F 39.0 1/8/17 56,155 657.4 101.7 12.2 29 
Oolloo 31467 F 37.2 1/8/17 55,447 653.2 70.3 6.1 34 
Oolloo 31438 M 35.1 11/7/17 64,405 638.0 469.6 8.1 238 
Oolloo 31440 M 35.0 11/7/17 59,385 634.8 368.2 6.0 190 
Oolloo 31444 M 35.1 1/8/17 6,186 600.1 56.8 4.0 28 
Oolloo 31439 M 36.5 11/7/17 47,903 655.6 292.1 3.8 146 
Oolloo 31446 F 37.8 2/8/17 7,979 636.5 338.3 23.5 126 
Oolloo 31445 M 34.2 2/8/17 3,076 543.2 107.2 4.2 42 
Oolloo 31447 F 37.2 14/8/17 21,845 602.7 86.2 4.2 33 
Oolloo 31463 F 39.0 14/8/17 42,715 462.6 22.4 1.9 12 
Oolloo 51849 F 37.2 12/5/17 0 – – – – 
Oolloo 51850 F 38.4 12/5/17 936 41.5 9.3 2.3 4 
Mentabie 24129 M 35.6 17/7/18 32,622 140.5 49.7 4.0 43 
Mentabie 24128 M 35.1 17/7/18 42,332 179.7 162.1 4.9 105 
Mentabie 24132 F 40.2 16/7/18 30,153 254.1 22.6 4.9 18 
Mentabie 24131 M 34.8 17/7/18 31,313 360.2 237.7 4.9 156 
Mentabie 24130 M 32.9 17/7/18 28,569 204.6 226.3 8.1 143 
Mentabie 24127 F 38.1 17/7/18 4,932 30.1 42.4 9.1 22 
Mentabie 24123 M 34.6 16/8/18 16,501 141.0 15.5 5.2 7 
Mentabie 24117 F 39.4 16/8/18 10,467 121.6 48.2 14.1 22 
Mentabie 24119 F 39.0 16/8/18 15,861 130.2 30.7 2.0 15 
Mentabie 24118 F 38.9 16/8/18 20,135 147.5 53.3 2.0 26 
Mentabie 24125 M 34.2 9/8/18 54,234 158.5 0 0 0 
Mentabie 24115 M 33.4 16/8/18 1,097 136.9 0 0 0 
Mentabie 24126 M 34.7 9/8/18 21,543 186.4 2.0 2.0 1 
Mentabie 24124 M 34.4 9/8/18 0 – – – – 

CL = straight-line carapace length, dets = detections, LHR = linear home range. 
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Figure 7-3. Detection histories for 27 pig-nosed turtles tagged with acoustic transmitters in the Daly River. 
Numbers on y axis are individual tag numbers on each monitored turtle. 

 

7.4.2 Movement patterns of selected individuals 

Detection patterns from individuals of both sexes from both sites revealed considerable 
heterogeneity in movement behaviour (Figure 7-4). Some males from both sites shared 
similar movement features, such as a lack of long-distance forays, periods of intense short-
range movement in the dry season, relative inactivity in the late dry season, and high site 
fidelity (Figure 7-4a,c). Three female pig-nosed turtles captured in the Oolloo study area 
undertook multiple long-distance excursions in the early and late wet seasons, with limited 
data on mid-wet-season behaviour, and a lack of intense repeated movements in the early to 
mid dry season (as shown by many males) (Figure 7-4b). 

There is a single unambiguous example of a female undertaking a long-distance movement 
foray beyond its normally occupied home range. Turtle #24117 moved 14 km downstream in 
late October, passing through a number of riffles or flow control points, before returning 
within the vicinity of its starting location a month later (Figure 7-5d). There was no evidence 
of substantial forays by male pig-nosed turtles beyond their normally occupied home range, 
with the exception of the anomalous behaviour exhibited by #31441, which, unlike all other 
tagged turtles, failed to return to its normally occupied reach after a substantial downstream 
movement.  

The complexity of movement behaviour by some individuals is well illustrated by #24130 
(Figure 7-5c). This individual was tagged at Mentabie on 17 July 2018, spent much of the 
mid to late dry season near or upstream of the boundary of the high temperature spring 
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inflow zone, and made several excursions beyond a probable nesting beach between 
receivers 7 and 8. This was followed by a phase of relative inactivity near receiver 9, and 
then movement downstream passing through a shallow riffle and sand-bed zone to receiver 
11 in the vicinity of patches of Vallisneria nana until the early wet season, followed by a 
return upstream to near the boundary of the warm water zone, with the last detection at site 
10 in the mid wet season. 

 

(a) Oolloo ♂ 

 
(b) Oolloo ♀ 

 
(c) Mentabie ♂ 

 
(d) Mentabie ♀ 

 

Figure 7-4. Movement plots for selected individual pig-nosed turtles of both sexes from Oolloo and Mentabie 
study areas. 
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There was considerable variability among individuals in total distance moved and linear 
home range (Table 7-2). There was no significant difference in linear home range between 
male and female pig-nosed turtles across reaches (W=55.5, p=0.23; female: 8.03 km ± 6.79 
SD [standard deviation], n=12; male:4.25 km ± 2.52 SD, n=13; Levene’s test of inequality of 
variances: F=11.01, d.f.=1, 23, p=0.003). 

There were major differences between sexes in the monthly patterns of activity (Figure 7-5). 
Males were highly active within the 5-month period from April to August (early dry season) 
and were typically confined to <2 km (i.e. the distance between receivers) at other times of 
the year, with limited longitudinal movement during wet-season months. In contrast, female 
pig-nosed turtles undertook only limited movements during the early dry season, the period 
of peak male activity. There was substantial movement activity by females during both the 
early and late phases of the wet season in 2017/2018 and 2018/2019 (Figure 7-5). The rate 
of movement during non-residence events for individual turtles was also different between 
the sexes (Figure 7-6). Male activity was concentrated in dry-season months during the 
period of cooler water temperatures; female activity was mostly concentrated in the late dry-
season and wet-season months. 

 

a) Oolloo 

 

b) Mentabie 

 
Figure 7-5. Box plots of monthly variation in mean daily distance moved by male and female pig-nosed turtles 
from (a) the Oolloo study reach of the Daly River from July 2017 to April 2019 (male turtle IDs = 31438, 31439, 
31440 and 31445; female turtle IDs = 31443, 31446, 31447 and 31466), and (b) the Mentabie study area of the 
Daly River.  
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Figure 7-6. Seasonal variation in rate of movement (m/s) of male (top) and female (bottom) pig-nosed turtles from 
the Oolloo study area of the Daly River (male turtle IDs = 31438, 31439, 31440 and 31445; female turtle IDs = 
31443, 31446, 31447 and 31466).  

 

7.4.3 Movement across flow control points 

There were 19 records of pig-nosed turtles moving between logger pairs bracketing flow 
control points (Table 7-3). Turtle #31446 crossed over the rock barrier at CP25 (Oolloo 
Crossing) on seven occasions in the 2017/2018 wet season from 26 November 2017 to 22 
April 2018, and on four occasions in the 2018/2019 wet season. The minimum flow at which 
turtles were observed to move across CP25 was 33.2 m3/s, with this crossing seemingly 
presenting a movement barrier to turtles during the mid to late dry season in most years. Two 
turtles, #24129 and #24130, crossed through the CP12 riffle on four occasions in the late dry 
season and early wet season, with a minimum mean daily flow at the time of crossing of 
9.2 m3/s (Dorisvale gauging station on 28 October 2018). Turtle #24117 crossed riffles 
including CP13 in the vicinity of the junction with Stray Creek on four occasions in the late 
dry season of 2018, with a minimum mean daily flow at the time of crossing of 9.9 m3/s 
(Dorisvale gauging station on 23 October 2018).  
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Table 7-3. Mean daily flow (m3/s) at Dorisvale gauging station (GS8140067) and Theyona gauging station 
(GS8140098) during passage of pig-nosed turtles across three flow control points (riffles) in the reach. Records 
with minimum flow values for each control point shown in bold. Flow at Oolloo predicted from the relationship 
between flow at Oolloo and Theyona. Q = discharge. 

Turtle ID Logger 
pair Control point Date Dorisvale 

Q m3/s 
Theyona 
Q m3/s 

Oolloo 
Q m3/s 

24129 9.5_10 CP12 13/8/18 11.3 20.2  
24129 10_9.5 CP12 13/8/18 11.3 20.2  
24130 9.5_10 CP12 28/10/18 9.2 18.2  
24130 10_9.5 CP12 3/12/18 48.5 74.3  
31446 29_32 CP25 (Oolloo) 26/11/17 44.6 59.2 60.3 
31446 30_29 CP25 (Oolloo) 8/12/17 42.6 58.8 59.9 
31446 29_30 CP25 (Oolloo) 19/12/17 256.0 287.7 274.1 
31446 30_29 CP25 (Oolloo) 21/12/17 68.3 89.4 88.5 
31446 29_30 CP25 (Oolloo) 25/12/17 167.4 118.5 115.8 
31446 29_31 CP25 (Oolloo) 12/4/18 40.4 51.3 52.9 
31446 30_29 CP25 (Oolloo) 22/4/18 29.1 40.5 42.8 
31446 30_29 CP25 (Oolloo) 17/2/19 49.0 64.7 65.4 
31446 29_30 CP25 (Oolloo) 18/2/19 65.0 68.4 68.9 
31446 29_30 CP25 (Oolloo) 10/4/19 15.9 30.3 33.2 
31446 30_29 CP25 (Oolloo) 11/4/19 54.0 37.1 39.6 
24117 12_13 CP13 12/9/18 10.2 18.8  
24117 13_12 CP13 13/9/18 10.3 18.8  
24117 12_13 CP13 23/10/18 9.9 18.9  
24117 13_12 CP13 21/11/18 14.6 26.2  

 

7.4.4 River fragmentation and movement thresholds  

Using modelled hydrodynamic flow scenarios, the maximum depth at control points declines 
with flow, with a marked difference between scenarios for high and low groundwater levels 
(Figure 7-7). For example, predicted depth at CP12 with a flow at Dorisvale of 6 m3/s and 
high groundwater level is 0.48 m, and at low groundwater level is 0.38 m. Both are less than 
the 0.5 m depth adopted as the threshold depth for passage by pig-nosed turtles through 
control points, and suggests that flows below 6 m3/s risk dry-season isolation of pig-nosed 
turtles in specific reaches. The current flow recommendation for Dorisvale Crossing is 
6.2 m3/s (Erskine et al. 2003).  
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Figure 7-7. Relationship between flow (m3/s) measured at Dorisvale and maximum depth at flow control points 
CP12 and CP13, at high and low groundwater (gw) levels, in the modelled reach in the Daly River. Depth derived 
from interpolated profiles.  

7.5 Discussion 

This study provides year-round information on the extent and timing of movements of adult 
pig-nosed turtles in the Daly River. The study highlights high variability in movement 
behaviour among individuals and confirms previous observations on sex-related differences 
(Doody et al. 2002). A high proportion of individuals of both sexes were resident (for >80% of 
the duration of residence times) within range of a single receiver. Few individuals ranged 
widely throughout the river, with the extreme example of female #31446 with a linear home 
range of 23.5 km. This is almost certainly a minimum estimate given the likelihood of 
unrecorded movements beyond the upper boundary of the receiver array (unpub data 
Dostine). Other females demonstrated wide-ranging behaviour during wet-season months. 
Despite this variability, the differences in temporal patterning in movement responses 
between sexes is unambiguous. Male pig-nosed turtles exhibited a consistent pattern of 
movement, with intense activity during the dry-season months of April to August, and 
relatively low activity from September to March. The timing of the cessation of intense activity 
by males in early September corresponds to an increase in mean daily water temperature 
and coincides with the reported commencement of nesting. Most large-scale movements by 
female pig-nosed turtles occurred in the late dry season and the wet season. The data 
presented here suggest that the period of active movement by females in the dry season 
occurs slightly later than for males. Males appear to be less active during the period that 
females are nesting. The biological explanation for these sex-based differences in the timing 
and extent of movements is not clear, but potentially relates to differential use of thermal 
springs for basking, and changes in the receptiveness of females to mating. 

Pig-nosed turtles use riverbed thermal springs during dry-season months, when there is a 
temperature differential between groundwater input (springs; ~30°C) and upstream derived 
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river water. Females may use springs more frequently than males (Doody et al. 2001). Of 
157 observations of turtles resting on thermal springs, 93.6% were of females (Doody et al. 
2001), though this result is biased by repeated observations of telemetered females. 
Individual females were observed to use thermal springs 79% and 85% of the time over a 
9.5-hour period of intensive radio-tracking. Furthermore, there is some evidence that gravid 
females use thermal springs more frequently than non-gravid females (Doody et al. 2001). A 
potential explanation for the observed patterns may be that males are excluded from thermal 
basking opportunities by the larger-bodied females and are forced to search more 
extensively for vacant or unattended hotspots. 

The average home ranges of males and females observed in this study are within the range 
of estimates from previous studies based on radio-tracking but cannot be directly compared 
given differences in methodology between studies. In a previous study, Doody (2002) used 
95% of radiolocation points to define the home range of individual turtles, that is, excluding 
2.5% of the number of points from the lower and upper range of values. Estimates of linear 
home range in the present study are derived at a much coarser scale and are likely to 
underestimate home range due to undetected movements beyond receivers at the boundary 
of the home range. Nevertheless, linear home range estimates are comparable between 
these studies: females 8.3 km versus 8.03 km; males 3.2 km versus 4.25 km. Several 
aspects of the movement ecology of this species remain to be explored, in particular, wet-
season habitat use, and habitat use and spatial ecology of hatchlings and juveniles.  

Published knowledge of wet-season habitat use by pig-nosed turtles is confined to 
observations of aerially tracked turtles, which clustered in flooded riparian forest in and near 
small tributary creeks during the wet season (Doody 2002). This study significantly extends 
our knowledge of the extent and frequency of movements of pig-nosed turtles within the river 
channel in wet-season months. Several females undertook long-distance forays in the early 
wet season, soon after the first minor flow pulses of the wet season, and again in the late wet 
season. However, floodplain movements may potentially occur throughout the entire wet 
season, and the lack of evidence of movements is probably due to poor detection on 
receivers within the channel system (not on the floodplain) during periods of high water 
levels. Alternatively, pig-nosed turtles may be occupying flooded riparian forest, as previously 
described for some individuals by Doody (2002). Flooded riparian habitats provide a range of 
resources not normally available during the dry season, including the fruit and figs of riparian 
trees, or roosts of flying foxes. Elsewhere within their range in the NT, pig-nosed turtles have 
been described to have a generalised diet including the fruit of riparian trees and carrion 
(Georges & Kennett 1989; Georges et al. 1989). Wide-ranging movements by females in the 
wet season may be searches for resources that are spatially discrete and temporally 
unpredictable. Opportunities to access these higher energy resources may be fleeting, and 
depend on fluctuating water levels as well as temporal and spatial variability in fruiting 
phenology (Bach 2002). There is evidence that reproductive parameters, such as egg and 
clutch size, and the timing of laying are positively related to the magnitude of the previous 
wet season (Doody 2002), and presumably also to the duration of the period of access to 
resources available in the flooded riparian zone. Male pig-nosed turtles in our study 
seemingly did not display similar patterns of movement as observed for females during the 
wet season, lending some support to the hypothesis that females require access to food-rich 
riparian habitats to support energy requirements for breeding. 
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The ecology of post-hatchling pig-nosed turtles is poorly known. Pig-nosed turtle nests are 
located on sandy banks adjacent to the river channel (Doody et al. 2003a,b). Hatching is 
triggered after termination of embryonic diapause by the flooding of nests in the early wet 
season (Doody 2002), and the high turbidity of these flows may offer protection from visual 
predators such as barramundi, Lates calcarifer (Abrahams & Kattenfeld 1997; Georges et al. 
2008a,b; Townsend 2019). However, the fate of post-hatchling juveniles is largely a mystery. 
It has been hypothesised that pig-nosed turtles have an amphidromous life cycle, where 
young are transported to estuarine or marine environments prior to a return migration. Sub-
adult individuals have been rarely observed despite extensive fieldwork in the Daly River 
over several decades. The smallest individual in this study measured 30.2 cm (carapace 
length), though Welsh et al. (2017) recorded the presence of juveniles (6 of 74 animals 
captured) in a dietary study in 1998, following record flooding of the Katherine River. The 
species most likely has periodic recruitment allied to major flood and resource pulses, driven 
by large wet-season events, as has been described for other species in northern Australia 
such as the freshwater sawfish (Lear et al. 2019) and barramundi (see Section 10; Crook et 
al. submitted). Elucidation of the relationship between pig-nosed turtle recruitment and inter-
annual variation in flow regime is a research priority. 

Groundwater inputs to the Daly River play a key role in the ecology of pig-nosed turtles. Dry-
season flow is maintained by groundwater from the Cretaceous sandstone, Oolloo dolostone 
and Tindall limestone aquifers (Northern Territory Government 2019b). The core habitat of 
pig-nosed turtles in the Daly River encompasses the zone with high spring inflows, warmer 
river temperature, and extensive, dense ribbonweed meadows, with the core habitat 
commencing at the boundary of the Cretaceous sandstone and Oolloo dolostone. The 
carbonate-rich spring waters precipitates suspended material in the water column in the early 
dry season, leading to high light attenuation into the water and subsequently driving strong 
primary production in the river (Webster et al. 2005). Groundwater inputs also influence the 
thermal regime of the entire river. This thermal spring input into the river is likely to provide a 
critically important resource for pig-nosed turtles, allowing them to bask on the warmer water 
patches at a local scale, and regulate and maintain their body temperature 
(thermoregulation). Thermal springs may also provide a critical resource for other aquatic 
taxa (see, for example, Laist & Reynolds 2005), such as potential increased growth rates for 
juvenile fish. The ecological importance of riverbed thermal springs in the Daly River requires 
further investigation. 

The ecological consequences of groundwater extraction for agriculture include reduced dry-
season flows, leading to habitat loss and disruption of functional connectivity (King et al. 
2015). Species that rely on flow-dependent habitats, and/or which move widely throughout 
the river to locate spatially isolated specific habitats (such as nesting beaches, feeding areas 
and basking areas for pig-nosed turtles), may be negatively impacted. For pig-nosed turtles, 
these impacts potentially include a decline in extent, or quality, of key feeding habitat; loss or 
decline in the number of thermal springs; and loss of access to nesting beaches. However, 
vulnerability to these impacts is not spatially uniform throughout the reach. Throughout most 
of the reach downstream of Oolloo Crossing, there are few flow control points and no 
impediments to movement. The upper reaches of the core habitat area around Mentabie 
Reach have higher gradients, with several control points and greater opportunity for 
disruption of connectivity. The extent of risk posed by disruption of connectivity may have 
been over-emphasised for the low-gradient reach of the core habitat area. In this zone, 
nesting frequently occurs within the occupied home range, and there were few substantial 
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movements outside normally occupied habitat (Doody et al. 2002). However, reduced flows 
will increase exposure of ribbonweed meadows on the pavements of the lower bedded units 
of Oolloo dolostone, with the threshold for rapid change in exposure estimated at 12 m3/s 
(Rea et al. 2002). Disruption of connectivity is more likely to occur in the upper, high-gradient 
reaches of the study area.  

The maintenance of healthy populations of pig-nosed turtles should be one of the key 
indicators of the success of water-resource management of the Daly River system. Indeed, 
meeting the strict habitat requirements of pig-nosed turtles is likely to provide protection to a 
range of species with less stringent requirements (Doody et al. 2000); therefore, the pig-
nosed turtle is an umbrella species. In general terms, water management should seek to 
avoid an increase in the frequency of low-flow years, maintain spring inflows and the thermal 
regime in the core habitat area, maintain variability in dry-season flows, and avoid decoupling 
of wet-season and dry-season flows. This project obtained limited data on the depth 
threshold for movement across riffles by pig-nosed turtles. A quantitative relationship 
between depth and the probability of passage requires data collected during periods of lower 
flows (and water levels) than were available during this study. Minimum flows at which 
passage movements were observed were 33.2 m3/s at Oolloo Crossing, 9.2 m3/s (measured 
at Dorisvale) at CP12 and 9.9 m3/s (measured at Dorisvale) for CP13. Oolloo Crossing 
probably presents a barrier to dry-season movement by pig-nosed turtles in most years. 
Modelled depths at control points CP12 and CP13 at this time were ~0.5 m, lending support 
to the threshold adopted in previous studies. Modelled depths are sensitive to regional 
groundwater levels, and flow recommendations need to be cognisant of the importance of 
variation in groundwater inputs. The current flow recommendation for faunal passage in the 
Daly River (Erskine et al. 2003) may require marginal upward revision during years of low 
groundwater levels. 

We recommend ongoing research on this species with a focus on the drivers of recruitment, 
the dynamics of ribbonweed meadow loss and recovery, wet-season habitat use, and the 
ecology of hatchlings and juveniles. In the absence of long-term data on population size or 
recruitment, we suggest that a cautious approach to water-resource management in the 
region is essential.  
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8. Broadscale movements of adult sooty grunter, with 
reference to flow requirements 

Contributors: David Crook, Peter Dostine, Krystle Keller, Dion Wedd, Brendan Adair, 
Alison King 

This research is being prepared as a separate publication.  

8.1 Background 

Many rivers across northern Australia are experiencing increased demands for consumptive 
water use for agriculture and mining, which has the potential to alter the flow regimes of 
rivers and to adversely affect aquatic fauna (King et al. 2015). The research described in this 
chapter focuses on the mid-reaches of the Daly River catchment: a region that has 
experienced a rapid increase in agricultural development (particularly irrigated horticulture) 
over recent decades. Dry-season river flows in the study area are entirely dependent on 
discharge from the underlying Tindall Limestone Aquifer and are influenced by the amount of 
abstraction allowed from the aquifer under water extraction licences. A recent assessment of 
water allocation arrangements in the catchment found that some aquifers are over-allocated 
and that further quantification of the environmental and cultural water requirements of the 
system is urgently needed to support sustainable management (Northern Territory 
Government 2019a,b). A particular concern for the sustainable management of the Daly 
River is that increased groundwater abstraction may reduce the amount of water flowing over 
shallow riffles in the dry season, potentially reducing habitat availability and longitudinal 
connectivity in the system and, thereby, adversely affecting fish, turtles and other aquatic 
fauna. 

The Daly River contains a diverse fish fauna of at least 94 species, including three 
elasmobranch species of conservation significance (Pusey et al. 2020). One of the most 
common and widespread fishes in the Daly River is the sooty grunter (also commonly known 
as black bream). This species can exceed 450 mm SL and occurs in permanent river 
reaches, large intermittent streams and floodplain wetlands across the wet-dry tropics of 
Australia and southern New Guinea (Pusey et al. 2004). Sooty grunter are of high 
significance as a food source for Aboriginal people across northern Australia (Finn & Jackson 
2011; Jackson et al. 2014) and are also commonly targeted by recreational fishers (Pusey 
et al. 2004). 

In the wet-dry tropics, male sooty grunter mature at ~200 mm fork length (FL) and females at 
250–320 mm FL (Pusey et al. 2004), and they appear to undertake an ontogenetic habitat 
shift, with small fish utilising shallow, fast-flowing riffle habitats and larger fish preferring 
deep, slow-flowing pools (Pusey et al. 2004; Chan et al. 2012; Keller et al. 2019; Crook et al. 
2021; Section 6 of this report). Although there are some previous anecdotal observations of 
sooty grunter movements (Bishop et al. 1995; Pusey et al. 2004), to our knowledge there 
have been no previous studies of individual-level movements for this species, and the 
frequency and spatial scales of movement remain unclear.  
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8.2 Aims and objectives 

The aim of this study was to address this important knowledge gap by using acoustic 
telemetry to document the broadscale movements of sooty grunter. The results of the study 
are discussed in relation to the potential vulnerability of sooty grunter to reduced flow 
connectivity that may result from future increases in consumptive water use in the Daly River 
catchment. 

8.3 Methods 

8.3.1 Acoustic receiver array 

An array of 35 acoustic receivers (VR2W-180 kHz, Vemco, Halifax, Canada) was deployed 
along the main channel of the Daly River (Figure 8-1) from January 2017 to May 2019. 
Receivers were attached to bankside trees by 4 mm plastic-coated stainless steel cable, 
weighted with a short length of anchor chain, and held upright in the water column by 
SHE-10 net floats. The acoustic array consisted of two sections: (i) a 37.7 km downstream 
section of 20 receivers accessed from Oolloo Crossing (‘Oolloo Reach’, numbered 24–43), 
and (ii) a 26.3 km upstream section of 15 receivers (‘Mentabie Reach’, numbered 5–18) 
accessed from a site adjacent to Theyona gauging station on Black Bull Station and a site on 
Mentabie Station (Figure 8-1 and Figure 8-2). Receivers were deployed at ~2 km intervals, 
except for receiver 9a, which was located between receivers 9 and 10 downstream of a large 
spring inflow. The intervening reach between these two sections could not be accessed to 
deploy receivers. Receivers in the downstream section were deployed in mid-July 2017, with 
two additional receivers (#42 and #43) deployed in mid-July 2018 to extend the downstream 
limit of the array; receivers in the upstream section were deployed in late June 2018 and 
removed 25–28 September 2019. 
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Figure 8-1. Google Earth image showing the study area in the Daly River and the distribution of the acoustic 
receiver array (yellow dots). 
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Figure 8-2. Longitudinal profile of water level and bed elevation (metres above Australian Height Datum) of the 
study region from bathymetric surveys conducted in June 2016. 

8.3.2 Fish collection and tagging 

Fish for tagging with acoustic transmitters were collected by angling using baited barbless 
hooks. SL of all fish was measured to the nearest 1 mm and weight measured to the nearest 
1 g. Transmitters (V7-1L, Vemco, Halifax, Canada) were surgically implanted into the 
peritoneal cavities of 31 sooty grunter on 10–13 July 2017 and 11–17 July 2018 (Table 8-1). 
Collected fish were anaesthetised with Aqui-S and placed in a V-shaped foam holding cradle 
lined with wetted absorbent cloth (Figure 8-3). The transmitters were disinfected by soaking 
in Betadine and then Hibitane, and rinsed with sterile saline prior to implantation. Five to six 
scales were removed from the ventral surface ~10 cm anterior to the anal vent and slightly 
offset from the midline. An incision of ~25 mm length was made in an anterior–posterior 
orientation into the peritoneal cavity using a sterilised scalpel. The transmitters were inserted 
into the peritoneal cavity through the incision, which was then closed with a single layer 
closure using 2–3 interrupted sutures placed into the musculature 3–4 mm beneath the skin 
(2.0 metric, absorbable monofilament, 26 mm swaged needle) (Figure 8-3). Betadine was 
then applied to the area. An assistant irrigated the gills using fresh river water throughout the 
procedure (~4 min). After the procedure, fish were held in fresh river water until normal 
posture and gill movement resumed and were then released at the site of collection.  
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Figure 8-3. Surgical implantation of acoustic transmitters into sooty grunter showing V-shaped foam holding 
cradle lined with wetted absorbent cloth used for surgery (top) and fish with sutures used to close the incision 
(bottom).  
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Table 8-1. Details of individual fish tracked during the study.  

Tagging date Tagging reach Fish ID Weight (g) FL (mm) SL (mm) 
12/7/17 Oolloo 630 101 174 146 
12/7/17 Oolloo 631 187 213 186 
10/7/17 Oolloo 632 670 320 268 
10/7/17 Oolloo 633 160 200 169 
12/7/17 Oolloo 634 155 208 172 
12/7/17 Oolloo 635 140 200 168 
12/7/17 Oolloo 636 530 284 240 
12/7/17 Oolloo 637 265 234 196 
12/7/17 Oolloo 638 171 203 173 
12/7/17 Oolloo 639 433 284 236 
12/7/17 Oolloo 640 161 205 173 
12/7/17 Oolloo 641 422 275 235 
12/7/17 Oolloo 642 156 209 175 
12/7/17 Oolloo 643 81 164 137 
13/7/17 Oolloo 644 402 276 233 
13/7/17 Oolloo 645 148 205 175 
17/7/18 Mentabie 9879 295 250 211 
17/7/18 Mentabie 9880 295 249 211 
17/7/18 Mentabie 9881 185 223 189 
11/7/18 Oolloo 9882 95 173 144 
16/7/18 Mentabie 9883 390 274 230 
16/7/18 Mentabie 9884 160 205 172 
17/7/18 Mentabie 9885 270 245 206 
17/7/18 Mentabie 9886 230 232 196 
17/7/18 Mentabie 9887 230 232 194 
17/7/18 Mentabie 9888 390 271 228 
17/7/18 Mentabie 9889 230 226 190 
11/7/18 Oolloo 9890 100 180 150 
11/7/18 Oolloo 9891 80 163 135 
11/7/18 Oolloo 9892 160 203 172 
11/7/18 Oolloo 9893 330 261 220 

FL = fork length, SL = standard length 
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8.4 Results and discussion 

8.4.1 General movement patterns 

Detections were recorded for 29 of the 31 sooty grunter tagged with acoustic transmitters 
over the course of the study (Table 8-2, Figure 8-4). A total of 328,219 detections was 
recorded, with individual fish being detected from 1 to 54,624 times (average detections = 
10,588). Aside from a single fish that was detected only once on the day it was tagged 
(Fish ID 9890), the minimum tracking duration was 93 days, and the maximum tracking 
duration was 382 days. 

Table 8-2. Summary of tracking results for sooty grunter in the Daly River.  

Tagging 
date 

Tagging 
reach 

Fish ID No. 
detections 

Final 
detection 

Tracking 
duration (d) 

Cumulative 
distance (km) 

Extent 
(kms) 

12/7/17 Oolloo 630 12,512 31/12/17 173 0 0 
12/7/17 Oolloo 631 665 26/7/18 379 43.4 21.7 
10/7/17 Oolloo 632 3,246 15/11/17 128 45.6 25.9 
10/7/17 Oolloo 633 251 31/12/17 175 28.3 28.3 
12/7/17 Oolloo 634 10,890 18/11/17 129 6.1 2.0 
12/7/17 Oolloo 635 436 11/5/18 304 31.6 12.1 
12/7/17 Oolloo 636 958 11/12/17 153 16.2 2.0 
12/7/17 Oolloo 637 38,691 4/1/18 177 0 0 
12/7/17 Oolloo 638 6,519 7/7/18 360 0 0 
12/7/17 Oolloo 639 78 12/10/17 93 0 0 
12/7/17 Oolloo 640 28,185 28/7/18 381 71.5 7.5 
12/7/17 Oolloo 641 7,883 28/7/18 382 7.6 3.8 
12/7/17 Oolloo 642 26,027 10/12/17 151 0 0 
12/7/17 Oolloo 643 17,084 28/7/18 382 31.9 16.0 
13/7/17 Oolloo 644 5,685 2/1/18 174 35.3 13.5 
13/7/17 Oolloo 645 140 11/1/18 182 14.2 9.7 
17/7/18 Mentabie 9879 3,740 20/12/18 156 0 0 
17/7/18 Mentabie 9880 22,383 23/6/19 342 0 0 
17/7/18 Mentabie 9881 132 19/11/18 126 9.1 9.1 
11/7/18 Oolloo 9882 0 – – – – 
16/7/18 Mentabie 9883 54,624 1/8/19 382 64.5 9.1 
16/7/18 Mentabie 9884 28,314 12/2/19 212 6.8 6.9 
17/7/18 Mentabie 9885 6,473 1/8/19 380 36.7 8.1 
17/7/18 Mentabie 9886 1,853 30/4/19 287 2.2 1.1 
17/7/18 Mentabie 9887 47 30/4/19 287 0 0 
17/7/18 Mentabie 9888 10,036 23/11/18 129 9.0 6.9 
17/7/18 Mentabie 9889 32,533 2/8/19 382 0 0 
11/7/18 Oolloo 9890 1 11/7/18 – 0 0 
11/7/18 Oolloo 9891 4,611 26/11/18 139 12.0 6.0 
11/7/18 Oolloo 9892 0 – – – – 
11/7/18 Oolloo 9893 4,222 21/11/18 134 57.6 57.6 
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A diversity of movement behaviours was exhibited by the tagged fish (Figure 8-4). The 
majority of fish exhibited limited movement over the study period, with 14 fish (48%) moving 
over longitudinal ranges of <5 km and an additional eight (28%) moving <10 km (Table 8-2, 
Figure 8-5). The remaining seven fish (25%) moved over extents >10 km, and of these, only 
one fish moved >30 km. This fish (9893, Figure 8-4) was recorded more than 4,000 times at 
the same location between July and November 2017, before undertaking a rapid 
downstream migration of >57 km out of the study reach on 18 November 2017. Two other 
fish (9881 and 9888, Figure 8-4) also made rapid downstream migrations out of the study 
reach at around the same time in late November 2018. 

The cumulative distance moved by tagged fish (i.e. the sum of distances between detections 
from different receivers) ranged from 0 (i.e. fish only detected on a single receiver, n=10) to 
71.5 km (Table 8-2). The fish with the highest cumulative movement of 71.5 km (640, 
Figure 8-4) made a series of return movements among three receivers in April 2018, but 
exhibited restricted movement at other times over the study period. Other fish with high 
cumulative movement distances were those that undertook large-scale movements over 
relatively short periods of time, most commonly during the early wet season (e.g. 632, 633, 
Figure 8-4). No fish exhibited wide-ranging behaviour for extended periods of time. The 
number of non-residence events (i.e. detections on a different receiver from the previous 
detection) was highest during increasing flows in the early wet season (November and 
December), although there were smaller peaks in non-residency on lower flows in April and 
August (Figure 8-6). 

Of the 16 fish that were tagged in the Oolloo Reach in July 2017, seven (44%) exhibited 
clear homing behaviour: that is, they moved away from established home ranges for a period 
of time before returning to their previous locations (631, 632, 635, 640, 641, 643, 644, 
Figure 8-4). Interestingly, only two (13%) of the 15 fish tagged in July 2018 in the Oolloo and 
Mentabie reaches exhibited evidence of homing behaviour (9883, 9885, Figure 8-4), despite 
these fish being tracked over similar lengths of time as the 2017 fish. The lack of movement 
away from established home ranges and subsequent homing behaviour is potentially related 
to the much lower river discharge in the 2018/2019 wet season than the previous year. As 
mentioned, non-residence events occurred most commonly during increasing flows in the 
early wet season, and it is possible that the lower flows in 2018/2019 provided less cues for 
large-scale movement by sooty grunter. 

Our findings of strong site fidelity, increased movement during high flows, and homing 
behaviour by sooty grunter are consistent with a concurrent acoustic tracking study of this 
species in Magela Creek on the East Alligator River system (Crook et al. 2021). In that study, 
~20% of sooty grunter tagged during the dry season in a main channel billabong in the upper 
reaches of Magela Creek migrated 20 km downstream into the sand channels within the 
Ranger Uranium Mine lease during the wet season. As flows began to decline towards the 
end of the wet season, these fish moved back upstream to their previous home ranges, 
where they spent the dry season. This pattern of large-scale movement followed by directed 
homing behaviour was repeated in consecutive years. The strong site fidelity, increased 
movement during high flows, and homing behaviour exhibited by sooty grunter are also 
consistent with previous studies of other species of riverine fish elsewhere in Australia 
(e.g. Golden perch, Macquaria ambigua, O’Connor et al. 2005; Murray cod, Maccullochella 
peeli peeli, Koehn et al. 2009; barramundi, Lates calcarifer, Crook et al. 2017) and 
internationally (channel catfish, Ictalurus punctatus, Pellet et al. 1998; striped bass, Morone 
saxatilis, Wingate & Secor 2007). 
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Figure 8-4. Movements of individual sooty grunter over time and in relation to river height (continues on following 
pages). 
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Figure 8-4 cont. 
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Figure 8-4 cont. 

  



 

Environmental water needs of the Daly River, Northern Territory | 93 

 
Figure 8-4 cont. 

 

 

 
Figure 8-5. Frequency histograms showing (a) the longitudinal extent of movement and (b) cumulative movement 
by tagged sooty grunter. 
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Figure 8-6. Frequency histograms showing (a) the total number of non-residence events and (b) number of fish 
exhibiting non-residency across months. 

8.4.2 Movement past shallow areas and low-flow barriers 

A primary aim of the current study was to determine the potential vulnerability of sooty 
grunter to reduced connectivity that may result from future increases in consumptive water 
use in the Daly River catchment. Although the tagged sooty grunter exhibited long periods of 
restricted movement and site fidelity, the acoustic tracking data also show that this species 
can exhibit high mobility at times, especially during the wet season. Previous studies of 
riverine fish with similar movement behaviours have shown that periods of high mobility 
serve important ecological functions by facilitating dispersal and colonisation of habitat at the 
river-catchment scale (Bond et al. 2015). To preserve these ecological functions, it is 
necessary to maintain sufficient flow across natural shallow parts of the channel (e.g. riffles) 
and low-flow barriers (e.g. road crossings) to provide connectivity for fish movement along 
the river channel (Rolls et al. 2012). 

To examine this issue, we identified the major shallow areas and low-flow barriers 
(i.e. control points) within the study reach and used the acoustic tracking data to determine 
the river discharge at the time that fish crossed each point (Table 8-3, Figure 8-7). This 
analysis showed that fish crossed four control points 19 times during the study. A major riffle 
between receivers 7 and 8 was crossed six times during the study at flows of 14.2 to 
139.0 m3/s (Claravale gauge). CP12 between receivers 9a and 10 was crossed five times 
during the study at flows of 12.8 to 56.5 m3/s (Claravale gauge) and CP13 was crossed once 
at a discharge of 13.5 m3/s (Claravale gauge). CP25 (Oolloo Crossing) between receivers 
29 and 30 was crossed seven times during the study at flows of 41.1 to 362.5 m3/s (estimate 
of flow at Oolloo Crossing, Table 8-3). These river discharges do not provide a conclusive 
estimate of the discharge necessary to maintain connectivity for sooty grunter in the Daly 
River; for example, it is possible that fish can cross the points at lower discharges than those 
we observed, or that movement was hampered (but not completely blocked) at the observed 
discharges. Nonetheless, the minimum discharges at which movement across potential low-
flow barriers occurred provides a starting point for developing flow criteria to maintain 
connectivity for fish. For instance, flow spells analysis could be conducted using recorded 
hydrologic time-series to examine the relative impact of modelled flow scenarios on 
connectivity for fish migration using the criteria presented in Table 8-3. 



 

Environmental water needs of the Daly River, Northern Territory | 95 

Table 8-3. Mean daily flow (m3/s) at Claravale gauging station (GS8140067) and Theyona gauging station 
(GS8140098) during passage of sooty grunter across control points. Records with minimum flow values for each 
control point shown in bold. Flow at Oolloo predicted from the relationship between flow at Oolloo and Theyona. 

DS = downstream, US = upstream 

Control 
point 

Receiver 
pair 

Fish 
ID Direction Date Claravale 

m3/s 
Theyona 

m3/s 
Oolloo 
m3/s 

Riffle 8_7 9893 US 21/11/18 14.5 26.1 29.2 
Riffle 8_7 9888 US 21/11/18 14.2 27.1 30.1 
Riffle 7_8 9883 DS 1/12/18 54.3 60.8 61.6 
Riffle 8_7 9883 US 21/12/18 92.9 132.7 129.0 
Riffle 7_8 9883 DS 2/1/19 139.0 88.7 87.8 
Riffle 8_7 9884 US 12/2/19 83.3 111.1 108.7 
CP12 9a_10 9885 DS 17/11/18 13.4 27.9 30.8 
CP12 10_9a 9885 US 19/11/18 12.8 31.7 34.4 
CP12 10_9a 9893 US 21/11/18 14.9 25.6 28.7 
CP12 9a_11 9885 DS 1/12/18 55.9 61.7 62.5 
CP12 11_9a 9885 US 11/4/19 56.5 35 37.5 
CP13 13_12 9893 US 20/11/18 13.5 27.6 30.6 
CP25 
(Oolloo) 

30_29 644 US 11/12/17 23.8 35.7 38.1 

CP25 
(Oolloo) 

29_30 633 DS 30/12/17 50.6 68.9 69.2 

CP25 
(Oolloo) 

29_30 641 DS 7/1/18 452.8 382.1 362.5 

CP25 
(Oolloo) 

33_29 631 US 10/4/18 42.9 53.6 54.9 

CP25 
(Oolloo) 

32_29 643 US 25/4/18 26.6 37.8 40.1 

CP25 
(Oolloo) 

29_32 631 DS 5/5/18 22.1 33.7 36.3 

CP25 
(Oolloo) 

32_29 9893 US 18/11/18 17.3 38.9 41.1 
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Figure 8-7. Frequency histogram showing (a) the total number of times control points were crossed by tagged fish 
and (b) number of tagged fish crossing control points across months. 

8.5 Conclusions 

This study demonstrates that adult sooty grunter in the Daly River exhibit long periods of 
restricted movement and site fidelity. However, ecologically important large-scale 
movements are undertaken by a substantial proportion of the population over the scale of 
10s of kms, especially during the wet season. To preserve the ecological functions provided 
by these movements into the future, it will be necessary to maintain sufficient flow across 
natural shallow parts of the channel (e.g. riffles) and low-flow barriers (e.g. road crossings) to 
provide connectivity along the river channel. The criteria presented in this report have the 
potential to be used as a starting point to examine the impact of future flow scenarios on 
connectivity for fish migration, thus supporting the development of environmental flow 
recommendations to protect fish populations in the Daly River. 
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9. Flow requirements for spawning of freshwater fish 
Contributors: Kyle Tyler, Alison King, David Crook, Mark Kennard, Dion Wedd 

This component was conducted as part of a PhD program by Kyle Tyler (CDU).  

Aim 1 of this research has been published: Tyler, K. J., Wedd, D., Crook, D. A., 
Kennard, M. J., & King, A. J. (2021). Hydrology drives variation in spawning phenologies and 
diversity of larval assemblages of Australian wet–dry tropical fish. Freshwater Biology 66(10), 
1949-1967. https://doi.org/10.1111/fwb.13802  

Aim 2 of this research is currently submitted to a peer-reviewed journal: Tyler, K. J., 
Wedd, D., Crook, D. A., Kennard, M. J., & King, A. J. (submitted). Predicting drivers of 
tropical riverine larval fish abundance and diversity. 

9.1 Background 

Tropical northern Australia has >110 freshwater fish species from a variety of taxonomic and 
life history strategy groups; however, the reproductive and early life history of most species in 
this region is poorly studied (King et al. 2013; Pusey et al. 2017). Several studies have 
highlighted the importance of both wet-season (high-discharge flows) and dry-season (low-
discharge flows) periods for spawning and recruitment of many fish species in tropical 
Australia (Bishop et al. 2001; Pusey & Kennard 2009; Warfe et al. 2011; King et al. 2020). 
However, descriptions of the timing of reproduction of freshwater fishes in this region are 
often transferred from other regions (Pusey et al. 2004) or use non-direct lines of evidence, 
such as length-frequency analysis, gonad staging and gonadosomatic indices (Bishop et al. 
2001; Pusey et al. 2018) to make inferences regarding spawning times and recruitment 
processes.  

King et al. (2020) conducted a preliminary study investigating spawning phenologies 
(calendar showing start, duration and end of spawning season) of freshwater fishes in the 
lower Daly River system; however, the sampling design was temporally limited (1 year) and 
restricted to only one perennially flowing reach (Daly River Crossing). Hydrological 
requirements for spawning, larval development and recruitment of the fish assemblage are 
crucial information needs for supporting future science-based water and species 
management, particularly in regions facing ongoing pressure for increased water extraction, 
which may alter river flows and groundwater dynamics (e.g. King et al. 2015; Pusey et al. 
2020). Therefore, the lack of knowledge on the variability of timing, peak abundance and 
hydrological, biotic and environmental determinants of reproduction, larval productivity, 
growth and recruitment for most freshwater fish species is a key barrier to informing 
ecologically sound development in the wet-dry tropical region (Stewart-Koster et al. 2011; 
King et al. 2013, 2015). 

9.2 Aims and objectives 

This project component consisted of three studies: 

1. Spawning phenologies and larval assemblages 
The first study investigated the temporal and spatial dynamics of fish spawning timing 
(phenologies) and larval fish assemblages at multiple perennially and intermittently 

https://doi.org/10.1111/fwb.13802
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flowing sites across the Daly River catchment. We aimed to identify (i) key periods for fish 
spawning throughout the annual wet–dry cycle; (ii) whether within-species (intraspecific) 
variation in spawning phenologies occurred in response to contrasting hydrological flow 
classes (i.e. perennial vs intermittently flowing reaches); and (iii) whether larval fish 
assemblages varied in response to hydrological conditions across both space and time. 

2. Larval fish productivity models 
The second study investigated larval fish abundance and diversity in the Daly River 
catchment as a function of primary and secondary production, structural habitat 
complexity, and physicochemical and hydrological variables. Specifically, we aimed to 
determine what is the relative importance and contribution of key hydrological, 
environmental and food productivity variables to total larval fish abundance and diversity. 

3. Comparison of larval fish growth rates 
The third study investigated whether there were spatial and temporal differences in the 
growth rates of larval fish in the Daly River catchment, and whether any growth 
differences may occur as the result of groundwater inputs to the river. We aimed to 
identify (i) whether larval growth rates differed between sites upstream and downstream 
of a region of groundwater outwelling (riverbed and channel-bank thermal springs) in the 
dry season; and (ii) whether any relationships identified in the dry season persisted in the 
wet season, when it was hypothesised that groundwater inputs would be less important 
due to the homogenisation of water quality during high flows.  
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9.3 Methods 

Methods are described in detail in Tyler et al. (2021) but are briefly described here. Larval 
and juvenile fish were collected using electrofishing, light traps and drift nets from eight 
sampling sites (night samples were also collected at three sites) distributed between 
perennial (four sites) and intermittent (four sites) reaches of the Daly River catchment 
(Figure 9-1, Figure 9-2). Samples were collected on a monthly (nine samples) to bi-monthly 
(two samples) basis over a 12-month period (September 2016 – September 2017) to cover 
one full hydrological cycle (dry season, dry–wet transition season, wet season and wet–dry 
transition season).  

 
Figure 9-1. Map of the Daly River catchment, Northern Territory, showing rivers, sampling locations and nearby 
cities. DRDC-P = Daly River, Daly Crossing (perennial); DROC-P = Daly River, Oolloo Crossing (perennial); 
DRCC-P = Daly River, Claravale Crossing (perennial); KaR-P = Katherine River (perennial); CR-I = Cullen River 
(intermittent); FR-I = Fergusson River (intermittent); ER-I = Edith River (intermittent), and KiR-I = King River 
(intermittent). 
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Figure 9-2. Photos of three of the four perennial sites – Daly River, Daly Crossing (a), Daly River, Oolloo Crossing 
(b) and Daly River, Claravale Crossing (c) – and three of the four intermittent sites – Fergusson River (d), Edith 
River and Cullen River (f) – during low/cease-to-flow conditions (i) and high-flow conditions (ii). 

9.3.1 Spawning phenologies and larval assemblages 

Spawning phenologies were produced using back-estimated spawning occurrence data from 
both larval (t-0:t-30 days) and juvenile (t-30:t-60 days) fish from all sampling methods and 
periods. Phenologies were then assessed as to whether taxa appeared to reproduce more 
during wet or dry periods and if taxa had differing phenologies between hydrological 
classifications (flow classes). Hill numbers were used to investigate larval taxonomic richness 
(Hill with q=0) and taxa diversity (Hill with q=1) (Chao et al. 2014) using daytime sweep net 
electrofishing (SNE) data only, so that sampling effort between sites and seasons was 
comparable. Larval richness and diversity were compared between flow classes and 
seasons using two-way analysis of variance (ANOVA) after log(x+1)-transforming values to 
conform with the ANOVA assumption of normality. Post-hoc tests (Tukey HSD) were 
performed on ANOVA models to identify which seasons had different mean values of 
taxonomic richness and diversity. 

Instantaneous multivariate larval assemblages and univariate larval abundances were 
compared across seasons and flow classes (perennial and intermittent) using multivariate 
generalised linear models (R package ‘mvabund’; Wang et al. 2012) with a negative binomial 
error distribution and an offset for variable sampling effort, performed on SNE data only. 
Models consisted of a full-data model to determine if larval abundances and assemblages 
differed between seasons (categorical factor = Season) or between flow classes (categorical 
factor = Flow-Class), and then models to conduct planned contrasts using data from each 
flow-class only to investigate variation between seasons within each flow-class, and data 
from each season only to investigate variation between flow classes. Pairwise testing was 
conducted to determine differences between seasons for models where that factor was 
significant (P≤0.05). Respective univariate models were constructed and pairwise testing 



 

Environmental water needs of the Daly River, Northern Territory | 101 

was performed for taxa with a significant Season result to determine how differences in their 
univariate abundance had influenced differences in the multivariate assemblage across 
seasons.  

9.3.2 Larval fish productivity models 

In conjunction with the fish sampling by electrofishing mentioned above, aquatic microfauna 
and phytoplankton were also sampled and were spatially and temporally coupled with 
quantitative measurements of habitat, and hydrological and water quality variables. 
Chlorophyll-a was used as a surrogate measure of phytoplankton abundance and was 
extracted from phytoplankton samples and quantified using methods adapted from the 
United States Environmental Protection Agency Method 445.0 (Arar & Collins 1997), which is 
a standard method for measuring extracted chlorophyll-a in marine and freshwater algae by 
fluorescence. Aquatic microfauna were screened (size range 75–1,000 µm) and quantified. 
Boosted regression trees (R packages ‘gbm’ and ‘dismo’; Hijmans et al. 2017; Greenwell 
et al. 2020) were used to identify which variables, from a pool of up to eight candidates 
(microfauna, chlorophyll-a, water depth, flow velocity, water temperature, habitat complexity, 
proportion of QMax.(maximum discharge) and River Wave Stage by Flow-Class [categorical 
variable ‘Wave_Stage_Type’]), were the most important for predicting total larval abundance 
and diversity (number of effective taxa; Hill number with q=1; Chao et al. 2014). Larval fish 
abundance was modelled with a Poisson loss function and included an offset to account for 
variable sampling effort, and larval diversity was converted to a rate per metre and then 
modelled with a Gaussian loss function. Model hyperparameters were selected after 
performing grid-searches of potential values to identify the combination that maximised the 
predictive ability of each model. Relative variable importance was compared for each model, 
and the effects of important variables (variables which contributed to >10% of decision splits) 
were interpreted using accumulated local effects (ALE) plots. Important variables that had 
important two-way interactions (interactions with a Friedman’s H-statistic >0.2) were 
interpreted using bivariate second-order ALE plots. 

9.3.3 Comparison of larval fish growth rates 

Larval C. stramineus (development stages flexion through to metalarvae) were sub-sampled 
from the fish larval collection retained for this project component. Samples were taken from 
larvae captured in November and March, which were allocated as being spawned in the late 
dry or late wet seasons, respectively. Only fish collected at Daly Crossing, Oolloo Crossing 
and Claravale Crossing (Figure 9-1) were used, as these sites corresponded to the location 
of groundwater ‘Outwelling’, and sites ‘Downstream’ and ‘Upstream’ thereof, respectively. 
Both sagittal otoliths were removed from each larva, flat-mounted sulcus-side down on a 
microscope slide with thermoplastic cement and photographed under light microscopy. Both 
otoliths of each fish were aged (in days) by counting the number of daily growth increments 
deposited after the hatch-check. The two-dimensional area of each otolith was determined by 
calibrating the length of the image scale in pixels and then calculating the number of pixels 
contained within the outline of the otolith in each image, as identified and enumerated 
through image processing routines in imageJ (Schindelin et al. 2012). Rates of daily increase 
in otolith area (growth rate; µm2/day) of fish were compared between sites in each season 
using two separate one-way ANOVAs after determining that the assumptions of ANOVA 
were met. Post-hoc tests (Tukey HSD) were performed on each ANOVA model to identify 
which sites had different mean larval growth rates. 
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9.4 Results  

9.4.1 Spawning phenologies and larval assemblages 

A total of 27 species from 13 families were recorded as reproducing during the study. 
However, difficulty in identifying some larval life stages lead to some species being pooled 
together (see Figure 9-3 for examples of variation between adult and larval morphologies), 
resulting in 12 taxonomic groups of larvae available for statistical modelling. Spawning 
phenologies for 28 taxa groups and life stages were constructed when these data were 
combined with back-calculated spawning times from juveniles (Figure 9-4). Fish reproduction 
occurred year-round at every site (Figure 9-4). Both larval and juvenile abundances mostly 
comprised C. stramineus (62.47% and 43.34%, respectively) and Melanotaenia spp. 
(rainbowfish; 31.56% and 18.85%, respectively), with no other individual taxon contributing 
>2% or >5% to the larval or juvenile catches, respectively (Figure 9-5). 

 
Figure 9-3. Example photos of some of the Daly River fish species showing how adult and larval morphologies 
may differ: Ambassis spp. (a), Arrhamphus sclerolepis (b) and Strongylura krefftii (c) as adults (i) and larvae (ii).  

Thirteen taxa (Ambassis spp., Ambassis sp. NW, Amniataba percoides, 
C. stercusmuscarum, C. stramineus, Glossamia aprion, Glossogobius spp., Hypseleotris 
spp., Oxyeleotris lineolata, Melanotaenia spp., Neosilurus hyrtlii, Strongylura krefftii and 
Syncomistes butleri) reproduced aseasonally (reproduction occurred in every season), and 



 

Environmental water needs of the Daly River, Northern Territory | 103 

the remaining 15 taxa reproduced within wet periods (late dry, wet and wet transition 
seasons; Figure 9-4). Twelve taxa predominantly spawned in perennial reaches, seven of 
them exclusively (C. stramineus, Nematolosa erebi, Neosilurus ater, S. krefftii and Toxotes 
chatareus, and Ambassis interrupta, Ambassis macleayi, Arrhamphus sclerolepis, 
Hypseleotris spp., Neoarius graeffei, Neoarius leptaspis and S. butleri exclusively), 
compared with eight taxa predominantly spawning in intermittent reaches, three exclusively 
(A. percoides, Mogurnda mogurnda, Oxyeleotris selheimi, N. hyrtlii and Neosilurus spp., and 
Glossogobius spp., Leiopotherapon unicolor and Hephaestus spp. exclusively; Figure 9-4).  

 

 
Figure 9-4. Spawning phenologies of fish taxa estimated from backdated larval (t-0:t-30 days) and juvenile 
(t-30:t-60 days) occurrences for perennial (Per.) and intermittent (Int.) flow classes. *Denotes incomplete 
sampling; therefore, non-detections linked to these time-points should be treated with caution: no sampling 
occurred in August 2016, and June and August 2017; Cullen River was not sampled in September, October and 
November 2016 and September 2017; and Daly River, Oolloo Crossing was not sampled in February 2017. 
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Figure 9-5. Percent contribution of taxa to total (all methods combined) larval (a) and juvenile (b) catch. 

Taxonomic richness and diversity differed significantly between seasons (F=4.861, p=0.004 
and F=5.986, p=0.001, respectively), with the wet–dry season having lower species richness 
than all other seasons, and the wet season being more diverse than the dry and dry–wet 
seasons (Figure 9-6). Perennial sites were significantly more diverse than intermittent sites 
(F=5.986, p=0.001; Figure 9-6b). 

Seasonal larval assemblages differed significantly, as did assemblages in each flow-class. 
Differences in season and flow-class assemblages were the result of significant differences 
in univariate abundances: C. stramineus was more abundant in perennial reaches in all 
seasons, and more abundant in the dry and dry–wet seasons than in the wet and wet–dry 
seasons, both overall and within perennial reaches alone; Melanotaenia spp. were more 
abundant in the dry and dry–wet seasons in intermittent reaches, more abundant in the dry 
and dry–wet than in the wet and more abundant in the dry than in the wet–dry seasons 
overall, and more abundant in the dry and dry–wet than in the wet season in intermittent 
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reaches alone; Terapontidae spp. were more abundant in intermittent reaches in the wet 
season, more abundant in the wet than any other season in perennial reaches, and more 
abundant in the dry–wet and wet than in the dry, wet and wet–dry seasons in intermittent 
reaches; and Ambassis spp. were more abundant in intermittent reaches in the dry–wet 
season.  

 
Figure 9-6. Boxplots of larval fish richness (a) and diversity (b) in each flow-class (i) and season (ii). Diamonds 
indicate the locations of mean values. Pairwise Tukey HSD comparisons are shown only when significant at the 
α = 0.05 level. 

9.4.2 Larval fish productivity models 

The model of larval abundance explained 57.59% of deviance in the cross-validation dataset, 
with three variables being >10% important and one important two-way interaction with an 
important variable (Figure 9-7a and Figure 9-8). Plots of ALE indicated that larval 
abundances were highest in warm (>30°C), moderate–highly complex (complexity index 
>0.35) habitats with abundant microfauna (>50/mL; Figure 9-8a). However, the effect of the 
abundance of microfauna on larval abundance was mediated by the proportion of QMax, 
whereby positive additive effects on larval abundance predictions occurred when microfauna 
were ~200–250/mL, irrespective of the proportion of QMax., and negative additive effects 
occurred irrespective of microfauna abundance when the proportion of QMax. was close to 
zero (Figure 9-8c). 
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Figure 9-7. Ranked variable importance for fish larval abundance (a) and diversity (b), with ‘important’ variables 
indicated where importance exceeded 10% (dashed line). 

The model of larval fish diversity explained 20.52% of deviance in the cross-validation 
dataset, with four variables being >10% important in the model (Figure 9-7). Plots of ALE 
indicated that larval diversity was highest during the Crest and then the Ascending Limb of 
the River Wave in perennial sites, and during the Ascending Limb, Crest and then the Trough 
stages in intermittent sites (Figure 9-8b). Larval diversity was also highest in moderate–
highly complex habitats (complexity index >0.35) and those with abundant microfauna 
(>50/mL) and slow flow velocities (<10 cm/s; Figure 9-8b).  

 

Figure 9-8. Accumulated local effects (ALE) of important variables for predicting larval fish abundance (a) and 
diversity (b), and second-order ALE for an important variable interaction for predicting larval abundance (c). 
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9.4.3 Comparison of larval fish growth rates 

Larval C. stramineus growth rates differed significantly between sites in the dry season 
(F=18.11, p<0.001), with mean growth in the Outwelling and Downstream sites significantly 
greater than in the Upstream site (Table 9-1). In the wet season, there was also a significant 
difference between sites (F=16.3, p<0.001), due to mean larval C. stramineus growth rates in 
the Downstream site being significantly greater than in the Upstream and Outwelling sites 
(Table 9-1).  

Table 9-1. Significance levels from pairwise comparisons of otolith growth rates between sites in the dry season 
and between sites in the wet season using Tukey HSD. Mean otolith growth rates (µm2/day) and standard 
deviations (SD) of the first and second site in each comparison are also reported to determine the direction of 
differences. Bold p-values indicate significance at the α = 0.05 level. 

Comparison Adjusted 
p-value 

Mean growth rate (first 
site; ± SD) 

Mean growth rate (second 
site; ± SD) 

Dry season 
Outwelling vs Upstream <0.001 780.3 ± 78.8 653.9 ± 68.7 
Downstream vs Upstream <0.001 799.7 ± 69.7 653.9 ± 68.7 
Downstream vs Outwelling 0.84 799.7 ± 69.7 780.3 ± 78.8 

Wet season 
Outwelling vs Upstream 0.47 571.2 ± 78.4 681.1 ± 206.1 
Downstream vs Upstream <0.001 1035.4 ± 159.6 681.1 ± 206.1 
Downstream vs Outwelling <0.001 1035.4 ± 159.6 571.2 ± 78.4 

9.5 Discussion 

This study demonstrated that the majority of freshwater fish in the region have spawning 
periods spanning multiple hydrological seasons (aseasonal), while other taxa have discrete 
spawning windows aligning with the onset of wet-season flow conditions. Indeed, some taxa 
may have spatially/hydrologically discrete spawning preferences, resulting in variations in 
spawning phenologies and larval assemblages, richness, diversity, productivity and growth 
between perennial and intermittent hydrological conditions. 

Increased river discharge is often implicated as an important cue to initiate spawning and to 
support successful recruitment for fish in wet-dry tropical rivers (e.g. Bishop et al. 2001; 
Pusey & Kennard 2009; Warfe et al. 2011; King et al. 2020). We found evidence of the 
potential importance of discharge increases in triggering spawning of 15 taxa. Similar 
findings have also been found in other tropical systems where there is a tendency for fish 
reproductive activity to precede or peak during the wet season (e.g. Paugy 2002). Periods of 
increased discharge in the wet season are assumed to facilitate rapid growth, development 
and dispersal of fish early life stages by providing the opportunity for increased food uptake 
and habitat availability and connectivity (Welcomme 1985; Bishop et al. 2001; Warfe et al. 
2011).  

While periods of increased discharge were important for many taxa, 17 taxa utilised low-
discharge periods for spawning, and for some taxa, low-discharge periods were utilised more 
than high-discharge periods. C. stramineus and Melanotaenia spp. had the most abundant 
larvae in all seasons, but their abundances were highest during periods of low or no flow, 
which concurs with the findings of King et al. (2020) for these taxa within the same 
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catchment, as well as elsewhere for Melanotaenia spp. (Milton & Arthington 1984; Pusey 
et al. 2001). Low-flow periods allow some species to take advantage of shallow, slack-water 
habitats that are abundant and which seemingly provide conditions that enhance 
concentrations of suitable prey, and provide suitable hydraulic conditions for larvae with low 
swimming abilities, refuge from predators, and optimal water physicochemistry, all of which is 
conducive to facilitating the rapid development and maximal survival of their larvae 
(Humphries et al. 1999, 2020).  

Potential preferences for spawning in different hydrological classes were found for at least 
19 taxa in this study, with differences in larval assemblages between these classes being 
mostly driven by C. stramineus and Melanotaenia spp., Ambassis spp. and Terapontidae 
spp. Larvae of C. stramineus were almost exclusively detected, and were more abundant, in 
perennially flowing sites, potentially indicating a flow requirement for this species’ 
reproduction. In contrast, larvae of both Melanotaenia spp. and Terapontidae spp. were 
detected at all sites and Ambassis spp. at most sites, but all were more abundant in 
intermittent sites. Small-bodied species, such as Melanotaenia spp., have been suggested to 
reproduce more intensely in upstream reaches of wet tropical river systems, where food is 
potentially more abundant during low-flow periods (Pusey et al. 2002); this concurs with the 
findings of this study, whereby high food abundance was correlated with high larval 
abundances. 

Climate change scenarios indicate the potential for the intensity of storm events to increase 
in the wet-dry tropics (Narsey et al. 2020), but for the duration of the wet season to be 
reduced (thus lengthening the dry season). Therefore, care should be taken not to compound 
climate change effects on stream flow, and subsequently the effects of altered stream flow 
on fish reproduction, by water extraction at rates such that river perenniality may be put at 
risk. Seven taxa were found to spawn only in perennially flowing sites (A. interrupta, 
A. macleayi, A. sclerolepis, Hypseleotris spp., N. graeffei, N. leptaspis and S. butleri). If 
perennial reaches of the Daly River were to begin to flow intermittently due to decreased 
water availability, either through climatic conditions or water extraction (King et al. 2015), 
reproductive outcomes for these seven taxa may be impacted. If perennial reaches are 
pushed into intermittency, it is possible that species that rely on flowing waters for 
reproduction may find it difficult to persist across the spatial extent and in the numbers that 
they do currently (Morrongiello et al. 2011). Indeed, we could predict that larval assemblages 
in perennial systems could shift towards those more reflective of intermittent reaches, 
resulting in less species-diverse adult assemblages (Pusey et al. 2020). Furthermore, 
reduced groundwater storage (i.e. reduced hydraulic head, potentially through groundwater 
extraction or reduced recharge) and associated declines in base flows in the river could also 
lessen the magnitude and duration of peak wet-season flows catchment-wide (King et al. 
2015; Pusey et al. 2020). Such dramatic changes to the hydrograph could reduce the time-
window available for access to essential habitats (i.e. floodplains or upstream nurseries) that 
are likely to be essential for high recruitment of wet-period spawners, such as A. interrupta, 
A. macleayi, A. sclerolepis, N. ater, N. graeffei and N. leptaspis, S. butleri and T. chatareus 
(see Section 10).  

Further evidence of the importance of protecting water levels during the late dry season 
came from our larval growth study, which found that growth of larval C. stramineus was 
significantly higher in areas of, or downstream of, groundwater discharge during this time 
period. Increased growth rates in areas of high groundwater connectivity, but not in other 
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areas, suggests that groundwater discharge has an influence on larval growth, with the effect 
potentially persisting for at least 60 km downstream. This outcome provides evidence that 
groundwater outwelling zones not only support increased primary productivity (Townsend & 
Padovan 2005; Burrows et al. 2020), but also secondary productivity (fish growth, in this 
study). Protecting groundwater-derived flows during the late dry season is also likely to be 
important for maximising not only larval growth, but also the survival and recruitment of 
various species during the late dry season. During the wet season, the importance of 
groundwater appears to diminish. During the wet season, fish at the downstream Daly River 
Crossing site had the highest rates of larval growth, which is likely to be driven by either 
(i) connectivity with local floodplains allowing fish and water connections to areas with high 
rates of primary and secondary productivity (Araujo-Lima & Oliveira 1998; Jardine et al. 
2012a,b; Crook et al. 2020), or (ii) increased residence time of the water in the catchment by 
the time it has been transported this far downstream, therefore having ample time to develop 
a sufficient nutrient pool to support elevated primary and secondary productivity (Vannote 
et al. 1980) at levels that support higher rates of larval growth. In any case, high larval 
productivity coincided in space and/or time with periods of high larval growth, and so these 
key periods need to be considered when designing water extraction rules so as to minimise 
any disturbance at these key periods and places. 

Fish larvae were most abundant where food was abundant, and the habitat was structurally 
complex and warm. Larval fish diversity was highest during periods of high flow and in 
complex habitats, and where food was abundant and the flow velocity was slow. These 
results indicate that the biotic (i.e. high food availability) and environmental mechanisms 
(i.e. warm and hydraulically benign conditions) predicted by both the low-flow recruitment 
hypothesis (Humphries et al. 1999) and flood pulse concept (Junk et al. 1989) to drive 
riverine larval productivity were important within this catchment. Interactions between larval 
food resources and river discharge indicates that, within rivers, larval productivity cannot be 
predicted or maximised through simple match-mismatch processes (Cushing 1975) between 
larvae and their food resources alone. More complex fundamental triad (Bakun 1996, 1998) 
and riverscape recruitment (Humphries et al. 2020) mechanisms may better predict riverine 
larval fish productivity. This study furthers our understanding of these complex relationships 
and supports calls for the adoption of a holistic riverscape approach, considerate of 
structural, environmental and biological processes, in any action of preservation or 
restoration of riverine fish productivity. 

This study provides new, and builds on existing, knowledge of how freshwater fish spawning 
phenologies and larval assemblages vary across seasons, and perennial and intermittent 
hydrological regimes of the Daly River catchment. Spawning occurred for many taxa 
throughout the annual wet–dry cycle, with clear periods of peak reproductive activity that 
varied among taxa. This highlights the diverse range of hydrological conditions utilised for 
fish reproduction in the catchment. This study also supports and reiterates the previous 
findings of King et al. (2020), highlighting the importance of the dry season as a spawning 
period for many fish taxa, and hence emphasising the importance of maintaining dry-season 
water levels. Larval assemblages also varied in response to contrasting hydrological regime 
classes, supporting the importance of obtaining local information and subsequently 
managing fishes and water resources at the catchment to sub-catchment scale, especially in 
the face of potentially additive effects of water-resource and climate change.  
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10. Flow requirements for successful recruitment of 
freshwater fish 

Contributors: Alison King, John Morrongiello (University of Melbourne), David Crook, 
Bradley Pusey, Michael Douglas, Quentin Allsop, Duncan Buckle, Dion Wedd, Thor 
Saunders 

10.1 Background 

The annual monsoonal rainfall pattern in northern Australia characterises the wet-dry 
hydrology cycle of the region’s rivers (Warfe et al. 2011; King et al. 2015). River flow is highly 
seasonal and annually predictable, but considerable inter-annual variability occurs in the 
timing, magnitude, duration and frequency of key hydrological events. The resulting wet-dry 
hydrological cycle is a dominant influence on the region’s aquatic ecology, with the wet 
season regarded as an important period of ecosystem productivity, dispersal and 
connectivity, and reproduction for many taxa (Warfe et al. 2011; Pusey et al. 2001, 2002, 
2011).  

The rivers of the wet-dry tropical region of northern Australia contain >110 species of 
freshwater fishes, from a variety of taxonomic groups and life history strategies (Pusey et al. 
2017). While the reproductive biology of most freshwater spawning species is poorly 
understood (King et al. 2013; Pusey et al. 2017), several studies have highlighted the likely 
importance of both high- and low-discharge periods for spawning and recruitment 
(e.g. Bishop et al. 2001; Pusey & Kennard 2009; Warfe et al. 2011; Pusey et al. 2020). 
Recent research has strengthened our understanding of spawning times of fishes in the 
region (King et al. 2020; Tyler et al. 2021), and has highlighted the predominance of both 
aseasonal spawners (spawn all year round) and taxa that spawn in the wet season only. 
However, except for barramundi (see for example Stewart-Koster et al. 2011; Turschwell 
et al. 2019; Crook et al. submitted), little is known about what influence wet-season or dry-
season hydrological conditions have on recruitment of many fish species. Given the 
increasing focus on expanding water developments in the region, understanding hydrological 
factors that promote strong recruitment outcomes, and therefore being able to predict the 
likely effects of water extraction, is of critical importance. 

10.2 Aims 

The aim of this study was to describe the influence of wet-season and dry-season 
hydrological characteristics on the abundance of juvenile freshwater fishes in the Daly River. 
This was achieved by relating the abundance of juvenile fish catches of 12 species from 
13 years of standardised survey data to various wet-season and dry-season hydrological 
characteristics. In addition, we used these models to explore the effects of hypothetical water 
extraction scenarios on the abundance of juvenile fish. 

10.3 Methods 

Fish assemblages were sampled from 2006 to 2018, in the early dry season (June) and late 
dry season (October), at nine sites in the Daly and Katherine rivers. Sites were sampled in a 
stratified random design throughout the perennial mainstem of the Daly River (eight sites) 
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and Katherine River (one site). Some sites were not consistently surveyed throughout the 
entire sampling period due to constraints on site access and changes in overall sampling 
program design. In total, we collated and analysed 167 sampling observations. River flows 
were variable both within and among years (Figure 1-3), and included years with both high 
(2011, 2016) and low (2015, 2017) wet-season discharge. 

Fish assemblages were sampled at multiple discrete locations (shots or replicates) at each 
site using a boat or backpack electrofishing, or a combination of both (Kennard et al. 2011; 
Stewart-Koster et al. 2011; Turschwell et al. 2019; Pusey et al. 2020). We selected 
electrofisher gear type based on depth and safety considerations, as the river contains 
estuarine crocodiles, and assume similar catchability among methods (Pusey et al. 2020). 
Between 10 and 20 electrofishing shots (generally 15 shots) of 5 minutes duration (i.e. 
constant effort across shots) were conducted at each site. Replicate samples within a site 
were taken to target the full range of habitats present (e.g. riffles, runs, pools, macrophyte 
beds, stretches of mid-channel open water, undercut banks and woody debris piles). 
Stunned fish were netted, removed from the water, and placed into an onboard recovery tank 
(boat) or aerated bucket (backpack electrofisher). All fish were subsequently identified, 
counted and measured (SL in mm) and then returned alive to the point of capture. The total 
number of fish from each species observed and reliably identified but not caught during each 
electrofishing shot was also recorded and included in the catch data.  

Twelve abundant species (Table 10-1) that were able to be designated as juveniles 
(assumed <1 year old) using SL or were species that only live for 1–2 years were used in the 
subsequent recruitment analysis.  

Table 10-1. Species used in recruitment analyses, noting the standard length (SL) used to designate juvenile 
status and spawning phenology (from Tyler et al. 2021). 

Scientific name Common name Juvenile designation used 
in this study Spawning phenology 

Craterocephalus stramineus Blackmast All individuals Aseasonal 
Melanotaenia australis Rainbowfish All individuals Aseasonal 
Oxyeleotris lineolata Sleepy cod SL <150 mm Aseasonal 
Strongylura krefftii Longtom SL <150 mm Aseasonal 
Syncomistes butleri Butler’s grunter SL <150 mm Aseasonal 
Ambassis spp. Glassfish All individuals Wet season 
Hephaestus fuliginosus Sooty grunter SL <150 mm Wet season 
Lates calcarifer Barramundi SL <300 mm Wet season 
Neoarius spp. Forktailed catfish SL <150 mm Wet season 
Neosilurus ater Black catfish SL <150 mm Wet season 
Oxyeleotris selheimi Giant gudgeon SL <150 mm Wet season 
Toxotes chatareus Sevenspot 

archerfish 
SL <150 mm Wet season 

Daily river discharge observations were available throughout the sampling period at four 
locations along the Daly River: Katherine (404 km upstream of river mouth), Dorisvale or 
Claravale crossing (298 km upstream), Beeboom (235 km upstream) and Mount Nancar 
(116 km upstream). All fish sampling sites were related to their nearest upstream river gauge 
and these daily flow data were used to calculate site-relevant flow variables. 
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10.3.1 Statistical approach: juvenile abundance–hydrology models 

Counts of juvenile fish per shot were modelled across sites and years as a function of 
environmental variables using a mixed-effects model fitted with a Poisson distribution. 
Random intercepts for site, and sampling trip nested within site, were included to induce 
correlations among catches from the multiple individual shots at a site on a given trip. These 
nested random effects accounted for catch variation associated with differences in time and 
date of sampling and spatio-temporal variation in unmeasured local environmental 
conditions. A random intercept for Year allowed for river-wide fluctuations in species’ 
abundance caused by larger-scale unmeasured environmental factors. Preliminary analyses 
indicated that our data were over-dispersed so we included an observation-level random 
effect in all models.  

We fitted both linear and quadratic terms for all continuous habitat and hydrological predictor 
variables (see Table 10-2 for variable descriptions). The wet season was defined as the first 
and last time the Q30 discharge was exceeded (i.e. discharge exceeded 30% of the time, 
based on the 30-year daily flow average for each gauging site). The dry season started on 
1 June each year and continued until the time of late-dry-season sampling. Early-dry-season 
catches were modelled as a function of hydrological conditions in the preceding wet. Late-
dry-season catches were modelled as a function of dry-season hydrology and early-season 
catch per unit effort (CPUE). As total discharge was strongly correlated to distance upstream 
in both the wet and dry season, we calculated site-specific discharge anomalies by 
subtracting a site’s observed annual discharge from its mean discharge across the study 
period. Hence, negative anomalies occurred in years with less total discharge than average 
and positive anomalies in wetter years than average. Some predictor variables were 
transformed (Table 10-2) to ensure homogeneity of variance and to reduce the influence of 
large outlier values.  

10.3.2 Statistical approach: Predicting the effects of water extraction on 
juvenile fish abundance 

We used the early and late juvenile abundance–hydrology models for four species to explore 
the potential impacts of flow abstraction on fish assemblages in the Daly River. The four 
species (O. lineolata, L. calcarifer, H. fuliginosus, C. stramineus) were chosen as they 
expressed different hydrological responses (see results). Water extraction scenarios were 
established based on discussions with water-resource managers in the NT Department of 
Environment, Parks and Water Security. The agreed scenarios for modelling included 10%, 
20% and 40% extraction of dry-season (May to October) and wet-season (November to 
April) river discharge. Extraction seasons were based on calendar dates rather than 
discharge thresholds as this enabled a clear interpretation of predictions in light of current, 
date-based flow management. We also modelled a wet-season extraction scenario in which 
water was only removed from the receding arm of the hydrograph according to 
environmental flow recommendations for the Daly River developed by Erskine et al. (2003). 

Three hydrologically distinct years were selected for examination, representing relatively low 
or dry (2014/2015), moderate or intermediate (2007/2008), and high or wet (2020/2011) 
annual discharge. We modified the daily hydrographs of gauges by ‘extracting’ the 
appropriate percentage (10%, 20%, 40%) from the daily flow records during the relevant 
seasons. The modified hydrographs per discharge extraction scenario were used to 
recalculate discharge and timing variables for the three focal years. DistanceUP was set to 
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the gauge closest to where each species was most abundant, and depth was estimated as 
the average shot depth for early and late samples across all sites associated to the relevant 
gauge. CPUE for the late-sample models was the average CPUE for a given species across 
all samples associated with a gauge. We used these new variables to predict the catch of 
each focal species. 

To facilitate prediction of the effects of water extraction, both early and late catch models for 
the four species needed to include DistanceUP and at least one hydrological variable. These 
variables were already present in the L. calcarifer early, O. lineolata early, H. fuliginosus 
early, and C. stramineus early and late models. We added DistanceUP to the L. calcarifer 
late models, and dryTotalAnom to the O. lineolata and H. fuliginosus late models.  

Table 10-2. Predictor variables used in early- and late-dry-season models. 

Period Variable New description and definition Unit Transformation 
applied 

Both 
DistanceUP Distance upstream of each site from mouth  km None 
Depth Average depth of shot cm Log 

Early 

Wet 
duration 

Wet-season duration (days) (wet season 
end – wet season start) 

days None 

Wet start First time Q30 flow was exceeded at each 
site, deviation from 1 January. (Q30 defined 
as flow exceeded 30% of the time, from 30-
year site average)  

days None 

Wet 
anomaly 

Anomaly of annual wet-season total flow. 
Calculated as deviation from site-specific 
average wet-season total flow during study 
period (2006–2018) 

cumecs/ 
season 

None 

Wet CV Coefficient of Variation of daily flow in wet 
season 

 Log 

Wet high 
spells 

Number of annual wet-season occurrences 
during which the magnitude of flow remains 
above a higher threshold defined as 3 times 
Mean Daily Flow (Kennard et. al. 2010). 
MDF calculated over study period (2006–
2018) 

 None 

Wet 
receding 

Flow of maximum wet-season flow/number 
of days from wet maximum to end of wet 
season (unit is change in discharge/day) 

Δ cumecs/ 
day 

Sqrt 

Late 

Fish catch Catch (juvenile or total, species-specific) of 
a given species from the corresponding 
early dry-season sample at site 

Fish/metre 4th root 
transformed; 
not log as zero 

Dry 
anomaly 

Anomaly of annual dry-season total flow 
(1 June to late-sample date). Calculated as 
deviation from site-specific average dry-
season total flow during study period 
(2006–2018) 

cumecs/ 
season 

None 

Dry CV CV of daily flow in dry season  Log  
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10.4 Results and discussion 

10.4.1 The influence of flow and habitat metrics on juvenile fish abundance 

Hydrological attributes are commonly described as major drivers of fish productivity and 
recruitment (see for synthesis Humphries et al. 2020). In our study, flow and flow timing 
variables were important predictors of juvenile abundance of 11 of the 12 taxa in the early-
dry-season models, but flow variables were only important for predicting abundance of four 
of the 12 taxa in the late dry season (Table 10-3, Figure 10-1 and Figure 10-2). Juvenile 
O. selheimi was the only taxon with no detectable link between abundance and a flow metric 
in either the wet or dry season (Table 10-3). All taxa displayed spatial variations in catch 
throughout the river valley (DistanceUP) and the juvenile abundance of 11 taxa was 
influenced by water depth. 

The relationships between wet-season flow variables and juvenile abundance in the early dry 
season varied considerably across the 12 taxa, with no common pattern evident among 
species that spawned in the same period (Table 10-3, Figure 10-1). For example, juvenile 
abundance of taxa that preferentially spawn in the wet season (wet-season spawners) would 
be hypothesised to increase during strong wet seasons (wet-season flow anomaly), as a 
result of increased food production and available habitat for young (e.g. Junk et al. 1989). 
However, our results demonstrate that all wet-season spawners do not respond in the same 
way to increased discharge. Wet-season total flow anomaly predicted juvenile catch of seven 
species, with wetter periods resulting in greater abundances of four species: L. calcarifer, 
S. krefftii and N. ater, with Neoarius spp. displaying a peak relationship around 
30,000 ML/day. In contrast, abundances of juvenile C. stramineus, H. fuliginosus and T. 
chatareus were negatively related to wet-season flow anomaly, that is, greater catches 
occurred in drier wet seasons.  

Lower variability in daily wet-season flow conditions (i.e. seasons characterised by more 
stable daily flow) was related to higher catches in three taxa (M. australis, S. krefftii and 
H. fuliginosus), while higher variability in daily flows increased catches of T. chatareus. The 
number of high-flow spells in the wet season was only important for three taxa, with higher 
catches predicted with greater number of spells for Neoarius spp. and T. chatareus, and a 
lower number of spells for S. krefftii. An early start of the wet season was related to higher 
juvenile catches of five taxa, and a delayed start predicted to increase the number of juvenile 
L. calcarifer only. The abundance of juvenile L. calcarifer peaked around 140 days wet-
season duration, whereas C. stramineus, M. australis, O. lineolata and T. chatareus were all 
predicted to have higher abundances with wet-season durations of <120 days. Two taxa, 
Ambassis spp. and M. australis, were predicted to have higher catches with greater rates of 
wet-season flow decline, while L. calcarifer, Neoarius spp. and N. ater had greater catches 
with slower declines in wet-season flows. 

The dry season is a natural period of declining and low flows in northern Australian rivers 
(Warfe et al. 2011). In lower-flow periods, two plausible mechanisms may influence juvenile 
fish abundance. Firstly, as flows decline there may be increased competition for available 
food and habitat resources for juvenile fish (reviewed in Magoulick & Kobza [2003]). 
Conversely, some taxa are able to take advantage of increased food concentrations and 
shallow protective habitats to enhance larval survival (Humphries et al. 1999, 2020; Pusey 
et al. 2001). In this study, the late-dry-season abundance of juveniles for all 12 taxa 
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increased when there were greater catches of that same taxon in the early dry season 
(Table 10-3, Figure 10-2). This result highlights that wet-season conditions, and hence the 
abundance of juveniles early in the dry season, is a very strong predictor of end-of-dry-
season outcomes for juvenile fish.  

Dry-season total flow anomaly predicted the late-dry-season abundance of four species 
(Table 10-3), but with varying patterns. Neoarius spp. and L. calcarifer juvenile abundance 
was greater in wetter dry seasons, while the abundance of S. butleri peaked at 1,500 ML/day 
and declined at both higher and lower flows (Figure 10-2). C. stramineus was the only taxon 
to show greater abundances with lower dry-season flows – potentially indicating a true low-
flow recruitment specialist (Figure 10-2). King et al. (2020) and Tyler et al. (2021) also both 
demonstrated increased abundance of larval C. stramineus in the dry season in the Daly 
River catchment. However, these studies also highlighted a similar low-flow spawning 
preference for Melanotaenia spp., which in this study of juvenile abundance showed no 
preference for dry-season flow characteristics. Such a discrepancy may reflect different 
processes operating at the larval versus juvenile life stage. No other species was influenced 
by dry-season flow characteristics, other than S. butleri which was more abundant in less 
variable, more stable, dry-season flow years. 
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Table 10-3. Summary of best model results explaining catch of juveniles of 12 species for early-dry catch, late-dry catch (without early-dry catch per unit effort [CPUE]) and late-
dry catch (with early-dry CPUE). Sign indicates whether there was a positive or negative effect, Q is a quadratic effect, blank cells indicate no effect for that variable. Species 
grouped by spawning period (aseasonal or wet season) as described by Tyler et al. (2021 [Section 9]). CPUE = catch per unit effort, CV = coefficient of variation. 

 

 

Species C. stramineus M. australis O. lineolata S. butleri S. kreftii Ambassis sp. H. fuliginosus L. calcarifer Neoarius sp. N. ater O. selheimi T. chatareus
Variable type Spawning period Aseasonal Aseasonal Aseasonal Aseasonal Aseasonal Wet Wet Wet Wet Wet Wet Wet

DistanceUP + (Q) + (Q) +  +(Q) - (Q) + (Q) - (Q) - + -
Depth - (Q) + (Q) + (Q) - + (Q) - (Q) + (Q) - (Q) -  + (Q)
Wet Anomaly - (Q) + - + + (Q) + - (Q)
Wet CV - (Q) - - (Q) +
Wet High Spells - + (Q) +
Wet Duration - - - (Q) - + (Q) - (Q)
Wet Receeding + (Q) + - - (Q) -
Wet Start - (Q) - + (Q)  - (Q) + - (Q)

Catch Early Dry CPUE + + + + + + + (Q) + + + + + (Q)
DistanceUP + (Q) + (Q) + + (Q) + (Q) +
Depth - (Q) + + (Q) - (Q) + (Q) + (Q) + (Q)
Dry Anomaly - + (Q) + +
Dry CV -Late Dry models

Habitat

Flow

Early Dry models

Habitat

Flow

Flow timing
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Figure 10-1. Response plots for early-dry-season catch models showing significant flow variables only for all 
species (see Table 10-3). 
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Figure 10-2. Response plots for late-dry-season catch models showing significant flow variables only for all 
species (see Table 10-3). 
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10.4.2 Predicting the effects of water extraction on juvenile fish abundance  

The four focal species displayed different predicted responses to the wet-season and dry-
season water extraction scenarios. In all species and scenarios, a greater percentage of flow 
being extracted resulted in greater predicted change in juvenile catch (Figure 10-3 – 
Figure 10-6). However, variation in model outcomes (95% CIs shown in plots) highlight a 
large range of potential outcomes for all species (indicated by wide intervals).  

Abundances of juvenile L. calcarifer were predicted to decline in all three extraction 
scenarios and at the three water levels (Figure 10-3), and produced similar declines in 
abundance irrespective of whether the water was extracted evenly, on the receding limb of 
the wet season or in the dry season. Juvenile L. calcarifer abundance was less affected 
across the scenarios in the dry year than in wetter flow years, likely due to already low 
abundance levels. Juvenile L. calcarifer abundance was most affected by water extraction in 
the dry season, with up to 75% declines in abundance in wet years. Similar findings have 
also been reported in a recent study examining young-of-year catch using otolith ageing 
techniques (Crook et al. submitted), demonstrating the strong linkage of total discharge to 
juvenile barramundi abundance.  

Our modelling predicted little change in the abundance of O. lineolata across water 
extraction scenarios and water levels (Figure 10-4). The early-dry-season abundance of 
O. lineolata increased in wet-season extraction scenarios in dry years relative to wet years; 
however, the trend was reversed in the late dry season, with wetter years displaying small 
declines in catch compared with dry years. This overall pattern reflects the relatively weak 
links between O. lineolata abundance and hydrology (Table 10-3).  

The effect of water extraction on the abundance of H. fuliginosus varied depending on the 
year type (wetter or drier). Modelling predicted that wet-season water extraction of 20% and 
40% would result in up to a 30% decline in catch of H. fuliginosus in dry years (Figure 10-5). 
However, this impact was negated if water was removed on the receding wet-season limb or 
in the dry season. A similar pattern of scenario sensitivity was demonstrated for 
C. stramineus. Here, wet-season water extraction in drier years had a bigger impact than 
wet-season water extraction in wetter years, while there was no strong abundance response 
to either receding-limb or dry-season water extraction (Figure 10-6). 
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Figure 10-3. Predicted catch (+/− 95% CI; a and d) and percentage change in juvenile catch (+/− 95% CI; b, c, e) of L. calcarifer for three levels of each extraction scenario 
(wet-season, receding wet-season and dry-season extraction) at Mount Nancar. 
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Figure 10-4. Predicted catch (+/− 95% CI; a and d) and percentage change in juvenile catch (+/− 95% CI; b, c, e) of O. lineolata for three levels of each extraction scenario 
(wet-season, receding wet-season and dry-season extraction) at Katherine. 
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Figure 10-5. Predicted catch (+/− 95% CI; a and d) and percentage change in juvenile catch (+/− 95% CI; b, c, e) of H. fuliginosus for three levels of each extraction scenario 
(wet-season, receding wet-season and dry-season extraction) at Katherine. 
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Figure 10-6. Predicted catch (+/− 95% CI; a and d) and percentage change in juvenile catch (+/− 95% CI; b, c, e) of C. stramineus for three levels of each extraction scenario 
(wet-season, receding wet-season and dry-season extraction) at Katherine. 
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10.5 Key findings 

• Wet-season flow conditions were a strong predictor of both early- and late-dry-season 
juvenile abundance for most species (only O. selheimi was not clearly influenced by 
flows). However, there was no consistent or predictable pattern among species with 
similar spawning times or life history attributes. 

• Wetter wet seasons resulted in a greater abundance of L. calcarifer, S. krefftii, and 
N. ater, with Neoarius spp. displaying a peak relationship around 30,000 ML/day. In 
contrast, greater abundances of juvenile C. stramineus, H. fuliginosus and T. chatareus 
occurred in drier wet seasons. 

• The variability in flows, the number of high-flow spells and the timing of wet-season onset 
also influenced juvenile abundance for some species. 

• Juvenile fish abundance at the end of the dry season was strongly predicted by wet-
season conditions and early dry-season abundance. 

• Abundance of juvenile L. calcarifer was predicted to decline in all three extraction and 
water-level scenarios. This outcome indicates that water extraction in either the wet 
season or dry season is likely to result in declines in abundance of juvenile L. calcarifer.  

• Wet-season water extraction of 20% and 40% was predicted to decrease juvenile 
abundance of H. fuliginosus by up to 30% in dry years, but this effect was not shown if 
water was removed on the receding wet-season limb or in the dry season. A similar 
finding was observed for C. stramineus. 
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11. Migration, growth and sex change of barramundi 
Contributors: Brien Roberts, David Crook, Alison King, David Morgan (Murdoch 
University), Thor Saunders, John Morrongiello (Melbourne University) 

This component was conducted as part of a PhD thesis by Brien Roberts (CDU). 

Aims 1 and 3 of this research have been published:  

Roberts, B. H., Morrongiello, J. R., King, A. J., Morgan D. L., Saunders, T. M., Woodhead, J., 
& Crook D. A. (2019). Migration to freshwater increases growth rates in a facultatively 
catadromous tropical fish. Oecologia 191, 253-260. https://doi.org/10.1007/s00442-019-
04460-7  

Roberts, B. H., Morrongiello, J. R., Morgan, D. L., King, A. J., Saunders, T. M., & 
Crook, D. A. (2021). Faster juvenile growth promotes earlier sex change in a protandrous 
hermaphrodite (barramundi Lates calcarifer). Scientific Reports 11, 2276. 
https://doi.org/10.1038/s41598-021-81727-1  

11.1 Background 

Migration is a fundamental aspect of the life history of many riverine fishes and enables 
individuals to exploit habitats and resources that are geographically separated from breeding 
grounds. However, a consistent theme of recent ecological research is that individual 
migratory behaviour is often highly variable within fish populations. This characteristic is 
frequently linked to enhanced fishery productivity and resilience, as life history diversity can 
result in bet-hedging in breeding success across time and space (e.g. Schindler et al. 2010). 
Such behavioural flexibility among individuals is often described as ‘partial migration’, where 
only a fraction of individuals migrate while the remainder spend their entire lives residing 
within breeding habitats (see Chapman et al. 2012). Importantly, migrants and residents may 
exhibit different growth rates, and hence differences in key fitness parameters such as 
size-at-age, age-at-maturity, fecundity and survival rates. Understanding the causes and 
consequences of migration is therefore essential for managing populations of migratory 
fishes, particularly for species that support important fisheries.  

There is a growing appreciation that the productivity of many riverine and coastal fish 
populations is inextricably linked to hydrology. In a diverse array of fishes, years with high 
flows are associated with increased growth rates and recruitment success (e.g. Staunton-
Smith et al. 2004; Morrongiello et al. 2014; Barrow et al. 2017; Crook et al. submitted). 
Recent evidence suggests that flow regimes may also influence the proportion of migratory 
phenotypes within populations. An extreme example of this occurs with the construction of 
dams or weirs that completely prevent fish passage, effectively eliminating migratory 
contingents within populations (Beechie et al. 2006). However, even minor barriers or 
changes to flow regimes may influence the proportion of migrants within fish populations 
(Branco et al. 2017). Given the increasing demand for freshwater resources in northern 
Australia, there is a pressing need to better understand the role of migration in shaping 
individual fitness and population dynamics, as well as how migration behaviour in fishes may 
be affected by changes to river hydrology.  

https://doi.org/10.1007/s00442-019-04460-7
https://doi.org/10.1007/s00442-019-04460-7
https://doi.org/10.1038/s41598-021-81727-1
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The barramundi (Lates calcarifer) is iconic to northern Australia, and represents the most 
commercially and culturally significant fishery in the region (Grey 1987). Barramundi 
lifecycles are both complex and variable among individuals. Barramundi are sequential, 
protandrous hermaphrodites, with most individuals spawning as males (3–5 years) prior to 
transitioning to females (6–8 years; Davis 1982); however, some are known to skip spawning 
as males and reproduce for the first time as females (Crook et al. 2017). Spawning occurs in 
the saline, lower reaches of estuaries and associated coastal areas during the monsoonal 
wet season, where larvae hatch and are thought to spend the first few months of life. In 
northern Australian populations, an unknown but significant proportion of young-of-year 
juveniles migrate upstream into the freshwater reaches of rivers and floodplain billabongs. 
Juveniles that forgo migration to freshwater at this time may occasionally do so in 
subsequent years, but usually spend their entire lives residing within saline habitats. Of those 
that undertake upstream migration, the duration of freshwater residency ranges from 1 to 
11 years before return migration to the saline spawning grounds (Crook et al. 2017).  

Given the species’ reliance on connectivity between floodplains, rivers and estuaries to 
complete their lifecycle, barramundi are likely to be highly vulnerable to hydrological 
disturbance. The present study was undertaken to explore how hydrological disturbances 
may impact key individual fitness parameters (e.g. growth, age at female maturity), and 
assess subsequent effects on population dynamics.  

11.2 Aims and objectives 

Broadly, the current project aimed to address the causes and consequences of migration in 
barramundi.  

Specifically, we aimed to: 

1. quantify the influence of migration to freshwater on barramundi growth rates across five 
geographically and hydrologically distinct river systems 

2. explore relationships between individual growth rates and female maturation schedules 
3. investigate relationships between environmental factors and the likelihood of juvenile 

barramundi migrating to freshwater. 

11.3 Methods 

11.3.1 Growth and salinity proxies 

We explored migration and growth in individual barramundi by analysing the microchemistry 
and microstructure, respectively, of sagittal otoliths (ear bones). Calcareous material is 
deposited incrementally on the otolith surface, a process that occurs continually throughout 
life at a rate that is correlated with somatic growth (Campana & Thorrold 2001). Analogous to 
growth rings in trees, the distances between annual growth rings (‘annuli’) laid down within 
otoliths may be measured to infer favourable years, and hence conditions, for growth 
(Morrongiello & Thresher 2015). Additionally, trace elements from ambient water are 
incorporated into the calcium carbonate matrix of otoliths. As this material is not 
physiologically reworked, otolith microchemistry may be analysed to infer the ambient water 
chemistry (in this case, salinity) experienced at different stages of fish life histories and thus 
the timing of migrations (Elsdon et al. 2008). While a variety of chemical constituents have 
successfully been employed to infer movements between chemically distinct habitats, the 
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current study analysed strontium stable isotope (87Sr/86Sr) ratios within otoliths to reconstruct 
the salinity histories for individual barramundi. Otolith 87Sr/86Sr were measured from the 
otolith core (representing the early life history), along the axis of growth, to the outer edge of 
the otolith (representing the end of life); see Figure 11-1 and Figure 11-2)  

 

Figure 11-1. Transverse otolith section from a >5-year-old barramundi, illustrating location of ablated laser 
transect and annual growth increments. 

 

 
Figure 11-2. Examples of core-to-edge transects of otolith 87Sr/86Sr ratios for an estuarine resident (blue unbroken 
line) and a freshwater migrant barramundi that entered freshwater in its first year and returned to the 
estuary/marine environment at age 5 (green unbroken line). Grey broken line represents salinity of 1 part per 
thousand (ppt) and the black broken line represents salinity of 35 ppt (i.e. sea water) based on water 87Sr/86Sr 
mixing models. Values of otolith 87Sr/86Sr above grey broken line infer freshwater residency and those below 
estuarine or marine residency. Corresponding diamonds indicate the location of annual growth increments along 
the ablated transect for each fish. 
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11.3.2 Study sites 

The study was conducted in Australia’s wet-dry tropical region in the NT and Western 
Australia. Barramundi otoliths were obtained from samples collected between 2001 and 2017 
from the estuarine and freshwater reaches of the Fitzroy, Daly, Mary and Roper rivers. 
Smaller numbers of samples were also collected from the South Alligator and McArthur 
rivers.  

11.3.3 Otolith preparation and analysis 

See Roberts et al. (2019) and Crook et al. (2017) for details on otolith 87Sr/86Sr and 
biochronological analysis. 

11.3.4 Growth analyses 

A mixed-effects modelling framework was developed to explore the effect of habitat type 
(i.e. saline vs freshwater) on growth. Otoliths from 131 individuals were analysed, and a 
proxy for annual growth was obtained by measuring otolith increments. Next, each growth 
year was assigned a categorical salinity value (based on 87Sr/86Sr values): ‘freshwater’ or 
‘estuarine’ if the year was spent entirely within either habitat type, or ‘mixed’ if a portion of the 
year was spent in both habitats. A suite of fixed and random factors were included in the 
modelling framework based on a priori expectations that an array of intrinsic (e.g. age, 
age-at-capture) and extrinsic (e.g. river, cohort) effects would be expected to influence 
individual growth rates (see Morrongiello & Thresher 2015). 

11.3.5 Sex change analyses 

A significant impediment to exploring individual variation in the timing of sex change is that 
the precise ontogenetic timing of sex change of a captured barramundi is unknown: an 
individual caught as a female may have transitioned a few weeks prior to capture, or several 
years previously. Similarly, a fish captured as a male might have imminently switched to 
female if it was not captured. To address this issue, growth analyses were focused on three 
separate comparisons between subsets of individuals. Firstly, to compare variation in the age 
at which individuals transitioned, growth trajectories were compared between individuals that 
had matured as females before their 5th birthday (young sex-changers) and individuals that 
remained males beyond age 5 (old sex-changers). Next, to explore variation in the size that 
individuals changed sex, growth trajectories were compared between individuals captured at 
<850 mm (small sex-changers) and individuals captured as males >850 mm (large sex-
changers).  

Finally, growth rates were compared between large (>850 mm) females and small 
(<850 mm) males. All else being equal, these subsets of individuals are assumed to be 
undertaking the same life history (i.e. normal progression from male to female), but captured 
at different ontogenetic stages. Thus, comparisons between these groups allows inferences 
as to whether barramundi that ultimately become large, highly fecund females are simply 
‘regular’ fish that were successful in surviving to an old age, or alternatively, whether large 
size is achieved via rapid juvenile growth.  



 

Environmental water needs of the Daly River, Northern Territory | 129 

11.3.6 Environmental drivers of migration analyses 

Relationships between a suite of environmental predictor variables and the likelihood of 
juveniles migrating to freshwater were explored. Each fish was assigned a binary migratory 
status according to whether a freshwater 87Sr/86Sr signature was detected prior to deposition 
of the first annulus within the otolith (0 = migrated; 1 = remained within estuary). A 
generalised linear mixed-effects model with a binomial distribution was fitted to the likelihood 
of migration as a function of the environmental predictor variables associated with the year in 
which each fish was spawned. To account for any river-specific effects, River was included 
as a random factor. See Roberts (2021) for environmental parameter descriptions. 

11.4 Results  

11.4.1 Effect of migration on growth rates 

The optimal random effects model structure included random intercepts for Age and FishID, 
and a random intercept for River*Year (see Roberts et al. 2019 for parameter descriptions 
and model results). The best-supported fixed effects structure included an Age*Salinity 
interaction (conditional R2: 0.68). Barramundi growth was highest in freshwater, intermediate 
in years spent partially within both fresh and saltwater (i.e. mixed), and lowest in estuarine 
waters. These habitat-specific differences in growth became less pronounced as fish grew 
older (Figure 11-3).  

 
Figure 11-3. Estimated age and salinity effects on growth. Shaded areas represent 95% confidence intervals. 
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11.4.2 Effect of growth on timing of female maturation  

Barramundi sex was more closely associated with length than age. Rapid juvenile growth 
was associated with decreased age of female transition, but did not appear to strongly 
influence the size at sex change. The largest females in the dataset had substantially faster 
growth rates than those that were captured as small males (Figure 11-4). 

 
Figure 11-4. Linear mixed-effects growth curves illustrating differences in size-at-age between different life history 
types. Blue lines, males; red lines, females. (a) old sex-changers and young sex-changers (i.e. effect of growth 
rate on age of sex change); (b) large sex-changers and small sex-changers (i.e. effect of growth rate on size at 
sex change); (c) large females and small males. Shaded areas represent 95% confidence intervals. 
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11.4.3 Environmental drivers of migration analyses 

Of the 168 barramundi that were subjected to microchemical analysis, 105 contained a 
freshwater 87Sr/86Sr signature between the otolith core and the first annulus, indicating that 
these individuals undertook upstream migration to freshwater during the first year of life. The 
optimal model structure included a random intercept for River and a fixed Australian 
Monsoon Index (AMI) effect. The likelihood of migrating to freshwater was negatively 
correlated with AMI (P=0.011), indicating that fish spawned in wet years were more likely to 
adopt resident life histories within the estuary (Figure 11-5). This effect was consistent 
across all of the study rivers.  

 

Figure 11-5. The likelihood of juvenile barramundi migrating to freshwater within the first year of life as a function 
of the Australian Monsoon Index. 

11.5 Discussion 

The results of this study demonstrate that migration to freshwater results in a growth 
advantage in barramundi (Roberts et al. 2019). This effect is likely driven by greater foraging 
success by barramundi in freshwater habitats compared with estuaries, which may in turn 
reflect increased access to floodplain-derived food resources. The floodplain rivers of 
northern Australia undergo annually predictable periods of inundation during the wet season 
(Douglas et al. 2005), which inject large-scale influxes of nutrients to aquatic food webs 
(‘flood pulse concept’, sensu Junk et al. 1989). Annual flooding events are thought to provide 
a seasonal abundance of food supplies to barramundi and other large-bodied fishes in 
freshwaters (Jardine et al. 2012a,b). Our results suggest that migratory barramundi that 
include a freshwater phase may obtain greater access to these highly productive food 
resources, and hence greater growth, than individuals that remain as estuarine residents. 
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As body size is positively correlated with a range of fitness traits of fish, our finding of 
increased growth in migratory barramundi suggests that migration may have important 
implications for individual fitness. However, although different migratory strategies may infer 
different growth trajectories, migrant and resident phenotypes may both represent viable 
reproductive strategies if lifetime reproductive output is equal among phenotypes, or if the 
optimal strategy depends on environmental conditions. Individual fitness may involve 
complex trade-offs between migration and reproduction. For example, individuals that 
migrate into freshwater for extended periods, delay reproduction and maximise energetic 
investment in growth may ultimately increase their chances of developing into large, highly 
fecund females (Roberts et al. 2021). However, delayed return to saline spawning habitats 
incurs a cost of elevated risk of mortality prior to spawning. In contrast, the adoption of more 
sedentary lives within estuaries may facilitate successful reproduction during the initial male 
phase, but may reduce the chances of developing into females later in life. Such trade-offs 
likely maintain the existence of diverse life histories within barramundi populations. 

Analyses of relationships between growth rate and the timing of sex change revealed that 
female maturation was more closely related to individual size, rather than age (Roberts et al. 
2021). Hence, barramundi that grew quickly achieved female status sooner than slow-
growing barramundi. Individuals that were captured as large females had faster juvenile 
growth rates than those captured as small males, indicating that rapid growth during the early 
years of life promotes larger size-at-age throughout ontogeny. Growth rates did not seem to 
have a strong effect on the size at which individuals changed sex. Ultimately, our results 
suggest that rapid growth increases individual fitness by simultaneously increasing age-
specific fecundity and the portion of ontogeny spent as a female.  

The apparent primacy of fast growth with respect to fitness suggests that extrinsic factors, 
rather than individual trade-offs, may be the primary driver of individual variation in sex-
change schedules. For example, individuals may achieve fast growth rates by encountering 
favourable environmental conditions or lower rates of competition during the early life history. 
Indeed, the protracted spawning season of barramundi (September–March) effectively gives 
early-spawned individuals a ‘head start’ of up to 6 months over late-spawned individuals 
within a cohort. In the first months of life, young barramundi become increasingly piscivorous 
as they grow, which may drive rapid increases in growth rates (Post 2003) and shape 
extreme size variability within cohorts. Early-spawned recruits, or recruits that encounter 
favourable habitats during the early life history, may therefore achieve a substantial size 
advantage, and in turn may attain female status at an earlier age.  

Analyses of relationships between environmental variables and the frequency of juvenile 
migration demonstrated a clear link between AMI and migration behaviour. In high-rainfall 
wet seasons, young-of-year barramundi were more likely to remain in the estuary, indicating 
that under these conditions, abundant resources within the estuary provide an incentive for 
recruits to forgo migration. In contrast, low-rainfall years were linked to higher rates of 
juvenile migration, suggesting that a paucity of resources within the estuary in dry years 
encourage barramundi to migrate in search of more productive habitats.  

As outlined above, variation in the proportion of barramundi migrants and residents within 
cohorts likely reflects temporal variation in the availability of suitable prey for juvenile 
barramundi within estuaries. Although floodplain-derived prey resources may generally be 
more readily available to barramundi residing within freshwaters than estuaries, this 
nutritional source also comprises a substantial portion of the diet of estuarine barramundi 
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(Jardine et al. 2012a). In wet years, estuaries are likely to receive a greater influx of energy 
from floodplains, which likely drives the higher rates of residency in these years.  

This study provides new insights into the drivers of migration by riverine fishes and highlights 
the complex interplay between life history characteristics and fitness. The results underscore 
the importance of preserving highly productive and hydrologically variable tropical freshwater 
habitats, especially in the face of increasing demand for water resources and a changing 
climate. If barramundi access to high-quality freshwater habitat and floodplain-derived 
resources is reduced by anthropogenic disturbances, then growth rates will likely decrease. 
Additionally, potential future changes to hydrology are likely to reduce inter-seasonal and 
inter-annual variability in flow regimes, which may potentially impact current levels of life 
history diversity within barramundi populations. In short, deleterious impacts to connectivity 
of floodplain rivers of northern Australia will likely cause the productivity of barramundi 
populations and their associated fisheries to decline. 
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12. Conclusions and environmental flow considerations 

12.1 Key findings and environmental flow considerations 

The key findings from this study are:  

• Floodplain inundation. The Landsat satellite record provided important context and 
historical trends, providing good insight into frequency of inundation patterns. However, 
there are some spatial and temporal resolution challenges that should be considered. We 
recommend a multi-sensor approach for future investigation, that integrates both 
Sentinel-1 (SAR) and Sentinel-2 (multi-spectral) data into an analysis framework with the 
Landsat archive to provide higher spatial and temporal resolution. 

• Floodplain inundation. Floodplain inundation behaviour changes throughout the 
catchment. Sustained wetting of adjacent floodplains in the Katherine River only occurred 
with very-high-flow conditions (>1,000 cumecs, 2% exceedance probability), and similarly 
at Dorisvale and Oolloo Crossing reaches (5% exceedance probability). The lower 
catchment, however, showed evidence of floodplain inundation with both high discharge 
(<10% exceedance probability) and lower discharges, indicating the presence of more 
rainfall-driven inundation. 

• Hydrodynamic mapping. High-resolution hydrodynamic models of both Wilden and 
Mentabie reaches were conducted and a series of in-stream low-flow (dry-season) 
scenarios were modelled for each study location to determine the impacts of reduced 
stream flows on preferred habitat availability for various study species. Model outputs are 
now retained by the NT Department of Environment, Parks and Water Security for use in 
future assessment work. 

• Hydrodynamic mapping. Each output layer can be used to identify total area and spatial 
distribution of favourable habitat conditions for each parameter, which can be used to 
determine the overall area of suitable habitats of interest. By correlating available 
in-stream habitat within the modelled reaches with habitat requirements of indicator 
species, minimum flow requirements for various biota and their sensitivity to reductions in 
river flow can be determined. 

• Hydrodynamic mapping. The approach taken to develop the hydrodynamic models and 
relate them to known eco-hydrological requirements for indicator species establishes a 
science-based methodology to determine ecological flow thresholds and establish 
environmental flow requirements for any waterway. The methodology is transferable, 
including the preferential habitat data for indicator fish species. Hydrodynamic modelling 
of representative reaches will be required for each waterway where this method is to be 
used. 

• Dry-season habitat use by fishes. Fishes of the Katherine and Daly rivers can be 
grouped into four distinct habitat-use guilds. The guilds respond broadly to important 
habitat elements such as water depth, velocity, and in-stream structures and bank shape. 
These habitat guilds can be used to simplify habitat-use requirements and potentially 
extrapolated to predict requirements of similar species or systems that currently have 
little ecological knowledge. 
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• Dry-season habitat use by fishes and vulnerability to water extraction. Reduced 
dry-season water levels are predicted to reduce the amount of available suitable habitat 
for some species. Three taxa – Neoarius spp., and juvenile S. butleri and juvenile H. 
fuliginosus – are predicted to undergo significant declines in suitable habitat with 
decreasing water discharge in both study reaches. A >20% loss of available suitable 
habitat occurred for these three species and for C. stercusmuscarum with discharge of <2 
cumecs (at Wilden gauge, Katherine River) and <5 cumecs (at Claravale gauge, Daly 
River). Other species either had no change, or marginal increases or declines with 
changed water levels. 

• Dry-season food web. Stable isotope analysis showed that a mixture of basal resources 
supports dry-season food webs in the Daly River, with a strong reliance on both internal 
(e.g. in-stream algae) and external (floodplain and marine) primary production. The flow 
of energy from external food sources into the riverine food web (i.e. energetic subsidy) 
highlights the importance of maintaining connectivity throughout the system to sustain a 
healthy ecosystem. 

• Dry-season food web. Dry-season flow is likely to have a significant effect on the 
riverine food web through its effect on resource availability, due to high contributions of 
benthic macroalgae and macrophytes in the diets of macroinvertebrates. For example, 
reductions in flow of 1 m3/s at Claravale Crossing will reduce available area for Spirogyra 
spp. and Vallisneria spp. by ~14%.  

• Dry-season food web. Invertebrates are generally more reliant on internal resources 
than fish. Fish generally had a higher reliance on external resources in the Katherine 
River compared with the Daly River at Oolloo Crossing, while the proportions of internal 
and external resources were similar for macroinvertebrates. Site differences may be 
related to differences in internal resource availability with potential links to flow. 

• Dry-season habitat preference for juvenile sooty grunter. Radio-tracking of juvenile 
sooty grunter and mapping their habitat preferences demonstrated a strong preference 
for shallow, fast-flowing hydraulic habitat during the dry season. This broadly confirms 
previous studies using indirect measures of habitat in the Daly River and is consistent 
with observations in other parts of the species’ range.  

• Vulnerability of juvenile sooty grunter habitat to water extraction. Preferred habitat 
for juvenile sooty grunter declined sharply as dry-season river discharge reduced. For 
example, at flows of 0.5 m3/s, habitat availability was reduced by ~61% compared with 
the flows experienced during the study (2.8 m3/s), while flows of <2 m3/s are predicted to 
reduce preferred habitat area by ~12%. 

• Movement of pig-nosed turtles. Broadscale acoustic tracking showed that most pig-
nosed turtles of both sexes underwent limited movements within their home ranges, with 
a few individuals ranging widely (maximum 23.5 km linear home range).  

• Movement of pig-nosed turtles. There were considerable sex-based differences in 
movements throughout the study reach. Male pig-nosed turtles exhibited a consistent 
pattern of movement, with intense activity during the dry-season months of April to 
August, and relatively low activity from September to March, with the cessation of activity 
seemingly coinciding with increased water temperatures that reduce the need for thermal 
basking on hot springs, and the commencement of female nesting. Most large-scale 
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movements by female pig-nosed turtles occurred in the late dry season and the wet 
season. 

• Use of thermal springs by pig-nosed turtles. Pig-nosed turtles use riverbed springs 
during dry-season months to assist in thermoregulation. In this study, turtles were more 
active in the early dry-season period, when the water temperature is colder, compared 
with the late dry season. Access to thermal hot springs is therefore a critical requirement 
for this species.  

• Core habitat of pig-nosed turtles. The core habitat of pig-nosed turtles in the Daly 
River encompasses the region between Claravale and Oolloo crossings, where high 
spring inflows, warmer river temperature and extensive, dense ribbonweed meadows 
occur. This region is a critical reach to be managed sensitively. 

• Habitat and movement requirements of pig-nosed turtles related to flow 
conditions. The risk of functional disconnection is highest in upper reaches of the study 
area (i.e. from Dorisvale to Oolloo Crossings). Hydrodynamic modelling suggested that 
minimum flows for passage may exceed current flow recommendations. The minimum 
discharges at which movement by pig-nosed turtles was observed across potential low-
flow barriers provide a starting point for developing flow criteria to maintain connectivity 
for pig-nosed turtles. 

• Habitat and movement of adult sooty grunter. Broadscale acoustic tracking showed 
that adult sooty grunter in the Daly River exhibit long periods of restricted movement and 
site fidelity. However, ecologically important large-scale movements are undertaken by a 
substantial proportion of the population over the scale of tens of kilometres (maximum 
>53 km), especially during the wet season.  

• Habitat and movement of adult sooty grunter. To preserve the ecological functions 
provided by large-scale movements, it will be necessary to maintain sufficient flow across 
natural shallow parts of the channel (e.g. riffles) and low-flow barriers (e.g. road 
crossings) to provide connectivity along the river channel. The minimum discharges at 
which movement by sooty grunter was observed across potential low-flow barriers 
provide a starting point for developing flow criteria to maintain connectivity for fish.  

• Freshwater fish spawning. Spawning calendars for ~26 species were described in the 
Daly River catchment. Most taxa had spawning periods spanning multiple hydrological 
seasons (aseasonal), while other taxa had discrete spawning windows aligning with the 
onset of the wet season. 

• Freshwater fish spawning. Fish utilised perennial and intermittently flowing reaches 
differently for spawning, with perennially flowing reaches supporting a more diverse larval 
assemblage. Therefore, a loss of fish species diversity may result if perennial-flow 
regimes were to be shifted more towards intermittency.  

• Larval fish abundance and diversity. Larval fish abundance was high during both high-
flow and low-flow periods, emphasising the importance of all hydrological seasons for fish 
reproduction. Larval fish diversity was highest during periods of high flow when wet-
period spawning taxa reproduced. Larval fish abundance and diversity was highest in 
structurally complex habitats, suggesting the importance of a diversity of in-stream and 
riparian habitat structures (i.e. macrophytes, wood, riparian trees and vegetation etc.) to 
support fish reproduction. 
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• Larval fish growth. Larval growth (indicator species C. stramineus) was fastest in, and 
downstream of, a groundwater discharge zone compared with upstream, highlighting the 
potential importance of maintaining groundwater-derived flows to the river channel during 
the late dry season to maintain fish productivity and growth. 

• Freshwater fish recruitment. Modelling of a range of hydrological variables to juvenile 
fish abundance demonstrated that wet-season flow variables were strong predictors of 
juvenile fish abundance for most species in the early dry season. However, the late-dry-
season juvenile abundance was related to both wet-season conditions and early-dry-
season abundance, and very minimally related to dry-season flow conditions. 

• Freshwater fish recruitment. Wetter wet seasons result in greater abundances of 
L. calcarifer, S. krefftii and N. ater, with Neoarius spp. displaying a peak relationship 
around 30,000 ML/day. In contrast, greater abundances of juvenile C. stramineus, 
H. fuliginosus and T. chatareus occurred in drier wet seasons. 

• Freshwater fish recruitment. Abundance of juvenile L. calcarifer was predicted to 
decline in all three extraction (wet season, wet receding limb and dry season) and water-
level (10%, 20% and 40%) scenarios. This indicates that water extraction in either the 
wet season or dry season is likely to result in declines in abundance of juvenile 
L. calcarifer.  

• Freshwater fish recruitment. Wet-season water extraction of 20% and 40% was 
predicted to decrease juvenile abundance of H. fuliginosus by up to 30% in dry years 
only, but the effect did not occur if water was removed on the receding wet-season limb 
or in the dry season. A similar finding was observed for C. stramineus. 

• Migration of barramundi. Otolith (ear bone) chemistry and microstructure analysis 
showed that migration to freshwaters results in a growth advantage in barramundi, 
highlighting the importance of maintaining open longitudinal and lateral connectivity for 
barramundi, and allowing access to floodplain and channel freshwater-derived food 
resources.  

• Migration of barramundi. Juvenile barramundi were more likely to remain in estuarine 
habitats during high-rainfall wet seasons; however, in low-rainfall years, juvenile 
barramundi were more likely to migrate into freshwaters in search of more productive 
growth habitats. This finding shows that changes to flow regimes have profound 
implications for growth and migration rates in barramundi and the productivity of the 
fisheries they support. 

This study has resulted in several new and important environmental flow considerations for 
the Daly and Katherine rivers that should be considered in future environmental flow studies 
and recommendations (Table 12-1). Where possible, the flow considerations have been 
developed to be specific to reaches and discharge thresholds, where there is suitable 
evidence to provide this. In other cases, flow considerations are more general statements. 

Importantly, while this study provides new evidence of the importance of flows for a number 
of key values of the Daly and Katherine rivers, it is not an environmental flows study, in which 
all values and threats would be considered and final environmental flow recommendations 
would consider all aspects of the river’s ecological functions.  
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Table 12-1. Daly River environmental flow considerations as outcomes from this study. 

Flow period/ 
component 

Relevant 
Daly River 
reach 

Environmental flow 
consideration 

Key function Line of evidence Confidence of 
evidence (high, 
medium, low) 

Risk considerations 

Early wet 
season 

Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Protect early flows of 
wet season 

Large-scale movements of 
female pig-nosed turtles 
and sooty grunter 
commence in early wet 
season 

Acoustic tracking data and 
coincident discharge data 

Medium Disruption of normal 
movement responses 

Early wet 
season 

Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Protect early flows of 
wet season 

Initiate hatching of pig-
nosed turtles 

Doody et al. (2001) High Later emergence of 
hatchlings during 
higher flows 

Wet season Katherine 
River 

~ >1,000 cumecs 
(Katherine Railway 
Bridge) required for 
sustained inundation 
of floodplain 

Main channel and 
floodplain connectivity 
Maintains wetlands 
through surface water 
connection and allows 
exchange of material and 
biota into main channel 

Water Observations from 
Space (WOfS) imagery 
analysis 

Medium Reduction of food and 
energy into main 
channel from 
floodplain resources  
Failure to connect and 
top-up wetland 
habitats  

Wet season Daly River ~ >1,000 cumecs 
(Claravale and 
Oolloo crossings) 
required for 
sustained inundation 
of floodplain 

Main channel and 
floodplain connectivity  
Maintains wetlands 
through surface water 
connection and allows 
exchange of material and 
biota into main channel 

WOfS imagery analysis Medium Reduction of food and 
energy into main 
channel from 
floodplain resources 
Failure to connect and 
top-up wetland 
habitats  
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Flow period/ 
component 

Relevant 
Daly River 
reach 

Environmental flow 
consideration 

Key function Line of evidence Confidence of 
evidence (high, 
medium, low) 

Risk considerations 

Wet season  Katherine 
and Daly 
rivers 

Ensure preservation 
of peak wet-season 
flows and recession  

Maximise access of fish to 
food resources of 
floodplains and return to 
main channel habitats  

In the dry season a high 
proportion of food sources 
for fish originates from 
previous wet-season 
resources (floodplain and 
marine derived) 

Medium If access to rich wet-
season food sources 
is restricted, fish that 
rely heavily on 
external resources 
may have poorer 
survival over the dry 
season 

Wet season  Daly 
catchment 

Minimise changes to 
the slope of rising 
and receding limbs 

Supports high larval 
productivity when these 
flows coincide with high 
primary and secondary 
productivity  

Larval fish productivity was 
highest in intermediate- to 
high-flow periods when 
flows coincided with 
intermediate to high levels of 
primary and secondary 
productivity 

Medium Reduction in larval 
productivity could 
result in lower 
numbers of functional 
species having strong 
recruitment 

Wet season  Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Maintain period of 
duration of overbank 
flows and access to 
off-stream resources  

Allows access to 
accumulate food 
resources for growth and 
to support reproduction for 
pig-nosed turtles 

Inferred from acoustic 
tracking data, supported by 
previous observations  

Low Low reproductive 
output, potentially 
reproductive failure  

Wet season  Daly and 
Katherine 
rivers 

In drier wet seasons 
(e.g. similar to 
2014/2015), 
protection of wet-
season flows is 
important to maintain 
recruitment of 
H. fuliginosus 

Supports breeding and 
recruitment of 
H. fuliginosus 

Wet-season water extraction 
of 20% and 40% was 
predicted to decrease 
juvenile abundance of 
H. fuliginosus by up to 30% 
in dry years, with the effect 
not shown if water was 
removed on the receding 
wet-season limb or in the 
dry season  
A similar finding was 
observed for C. stramineus 

Medium Reduced recruitment 
of key freshwater fish 
species 
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Flow period/ 
component 

Relevant 
Daly River 
reach 

Environmental flow 
consideration 

Key function Line of evidence Confidence of 
evidence (high, 
medium, low) 

Risk considerations 

Wet season 
and 
receding 
limb 

Daly and 
Katherine 
rivers 

Decreased wet-
season discharge 
increases risk of 
reduced recruitment 
of some fish species, 
including L. calcarifer 

Wet-season discharge 
supports greater 
abundances of juvenile 
L. calcarifer, S. krefftii, and 
N. ater, with Neoarius spp. 

Juvenile abundance of these 
species was highest in 
wetter years  
Abundance of L. calcarifer 
was strongly influenced by 
scenarios of wet-season 
extraction rates at 10%, 
20% and 40% levels 

Medium Reduced recruitment 
of key freshwater fish 
species 

Dry season  Katherine 
River 

Maintain 
>2.0 cumecs at 
Wilden gauge during 
dry season 

Protection of critical riffle 
habitat for juvenile sooty 
grunter (e.g. available 
habitat declines by 30% 
from 2 to 1 cumecs, and 
by 55% from 2 to 0.5 
cumecs) 

Targeted radio-tracking 
study of juvenile sooty 
grunter showed habitat is 
specifically linked to 
hydraulic features of the 
reach 

High Less available habitat 
and poor recruitment 
in low-water years  
Increased risk of 
population-level 
consequences with 
consecutive years of 
low flows 

Dry season  Katherine 
River  

Maintain 
>2.0 cumecs at 
Wilden gauge during 
dry season 

Protection of a diversity of 
habitats suitable for 
diversity of fish species  
Critical velocity and 
shallow habitat (riffles) for 
juvenile sooty grunter, 
Butler’s grunter and 
Neoarius spp. declines 
significantly with discharge 
<2.0 cumecs 

Depth and velocity habitat 
use calculated for a variety 
of species, linked to 
hydrodynamic model of 
habitat area under various 
water scenarios 

Medium Less available habitat, 
poor survival rates 
and poor recruitment 
in low-water years 
Increased risk of 
population-level 
consequences with 
consecutive years of 
low flows 
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Flow period/ 
component 

Relevant 
Daly River 
reach 

Environmental flow 
consideration 

Key function Line of evidence Confidence of 
evidence (high, 
medium, low) 

Risk considerations 

Dry season  Daly River Maintain >5 cumecs 
at Claravale gauge 
during dry season 

Protection of a diversity of 
habitats suitable for 
diversity of fish species  
Critical velocity and 
shallow habitat (riffles) for 
juvenile sooty grunter, 
Butler’s grunter and 
Neoarius spp. declines 
significantly with discharge 
<5.0 cumecs 

Depth and velocity habitat 
use calculated for a variety 
of species, linked to 
hydrodynamic model of 
habitat area under various 
water scenarios 

Medium Less available habitat, 
poor survival rates 
and poor recruitment 
in low-water years 
Increased risk of 
population-level 
consequences with 
consecutive years of 
low flows 

Dry season  Katherine 
and Daly 
rivers 

Decreased dry-
season flows reduce 
high-velocity habitat 
for Vallisneria spp. 
and filamentous algal 
growth  

Protect dry-season 
sources of productivity that 
support food webs during 
dry-season low flows 

High proportion of in-stream 
algal sources were present 
in many taxa in the dry 
season (especially 
invertebrates) (e.g. 1 cumec 
decline = 14% loss in 
suitable habitat for 
filamentous algae and 
Vallisneria spp.) 

Medium–low Less available habitat 
for dry-season 
production in low-
water years could 
lead to decreased 
resources to support 
food webs 
Potentially poor 
growth and survival of 
some taxa over dry 
season 

Dry season  Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Maintain high levels 
of thermal spring/ 
aquifer inflow to river  

Maintain thermal springs 
for basking by pig-nosed 
turtles, and maintain base 
flow levels for connectivity  

Inferred from acoustic 
tracking data, and supported 
by previous studies on 
basking behaviour 

Medium Reduced activity and 
body condition during 
cool dry-season 
months, potentially 
effects on timing of 
reproduction and 
overall body condition 

Dry season  Dorisvale 
Crossing to 
Douglas 
River 
confluence 

>6 cumecs at 
Dorisvale gauge, 
>12 cumecs at 
Oolloo Crossing 

Maintain river connectivity 
for pig-nosed turtles 

Hydrodynamic modelling of 
flow scenarios, with 
assumptions of critical depth 
for pig-nosed turtle passage 
across riffles 

Medium Failure to access 
critical resources in 
some reaches, 
especially upper 
reaches 



 

Environmental water needs of the Daly River, Northern Territory | 142 

Flow period/ 
component 

Relevant 
Daly River 
reach 

Environmental flow 
consideration 

Key function Line of evidence Confidence of 
evidence (high, 
medium, low) 

Risk considerations 

Dry season  Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Minimum Oolloo 
flows ~12–15 
cumecs 

Protect critical habitat of 
ribbonweed beds on 
Oolloo dolostone 
pavements 

Rea et al. (2002) Medium Loss or degradation 
of critical food 
resource 

Dry season Dorisvale 
Crossing to 
Douglas 
River 
confluence 

Minimum 19 cumecs 
at Oolloo Crossing to 
maintain river 
connectivity  

Minimum flow for 
movement of pig-nosed 
turtles 

Acoustic tracking data and 
coincident discharge data 

High Connectivity across 
Oolloo Crossing 
restricted to wet 
season 

Late dry 
season 

Perennial 
reaches of 
Daly 
catchment 

Ensure perennial 
connected flow 

Supports reproduction of a 
higher number of species 
than intermittent reaches 

Larval sampling at multiple 
sites in both perennial and 
intermittent reaches 
revealed lower taxa diversity 
of larval assemblages in 
intermittent reaches 

Medium Loss of taxa within 
some river reaches 
due to reduction of 
suitable spawning 
environments 

Late dry 
season 

Intermittent 
reaches of 
Daly 
catchment 

Maintain presence of 
water in late dry 
season 

Supports intermediate 
levels of larval productivity 
when low water levels 
support high rates of 
primary production in the 
late dry season 

Intermediate rates of larval 
fish production occurred in 
the late dry season when 
rates of primary productivity 
were also high 

Medium Reduction in larval 
productivity could 
result in lower 
numbers of functional 
species having strong 
recruitment prior to, or 
during, the wet 
season 

Late dry 
season 

Perennial 
reaches of 
Daly 
catchment 

Ensure persistence 
of groundwater 
inputs to Oolloo 
Reach 

Supports high larval 
growth rates at Oolloo 
Reach, and downstream 
thereof in the late dry 
season 

Comparison of growth rates 
of larval C. stramineus using 
otolith microstructure 
analyses between sites 
upstream and downstream 
of the Oolloo Reach 

Medium Lower growth rates 
could translate into 
reduced survival and 
recruitment of a 
potentially important 
food resource for 
piscivores 
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12.2 Future research priorities 

This research project has provided considerable new knowledge; however, it has also 
highlighted a number of priorities for future research: 

• A multi-sensor approach should be used for future investigations of floodplain inundation 
in the region. Analysis should integrate both Sentinel-1 (SAR) and Sentinel-2 (multi-
spectral) data into a framework with the Landsat archive to provide higher spatial and 
temporal resolution.  

• Satellite image analysis can provide reliable estimates of surface water areal extent, but 
has limited ability to infer depth and volume without the use of a high-quality digital terrain 
model. We recommend the prioritisation of high-resolution airborne LiDAR surveying of 
the river channels and floodplains for future research, to make these linkages explicit. 

• This study provided important correlative evidence of the importance of wet-season and 
dry-season flows for freshwater fish movement, spawning and recruitment in the Daly 
River catchment. Further research on the mechanisms, such as food and habitat 
availability, and predator control would be important future research avenues.  

• Fish populations were annually monitored in the Daly River over 2006–2019. These data 
have provided critical baseline information on the status and variability of populations 
over varying flow conditions. Future monitoring should be reinstated in the coming years 
to assess and ensure that current and future water developments in the region do not 
affect the fish population viability. 

• While the study detected movements of turtles during the wet season in the main 
channel, further research should be conducted on understanding the importance of 
floodplain habitat use by turtles during the wet season.  

• There has been limited research on the general ecology (e.g. habitat use, diet 
movements) of hatchling and juvenile pig-nosed turtles. Given the lack of evidence of 
recruitment of turtles, research on drivers of recruitment success and failure should be a 
particular focus.  

• The ecological importance of riverbed thermal springs in the Daly River requires urgent 
further investigation. This study has suggested these areas are likely to be important for 
growth and metabolism for fish and pig-nosed turtles. The location and extent of influence 
of these areas also needs to be determined. 
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Appendix 1. Preliminary conceptual modelling of existing 
flow-ecology knowledge for the Daly River 
Contributors: Krystle Keller, Simon Townsend, Peter Dostine, David Crook, Julia 
Schult, Alison King 

Background 

Determining important flow-ecology relationships to prioritise for research and management 
action is difficult when working in data poor systems, since a lot of information is required 
and it is difficult to determine what is and should be a priority. Conceptual models are a 
critical first step in developing Eflows, but they require knowledge of the system. Conceptual 
models describe our current understanding of system processes and dynamics, as well as 
the linkages or relationships between activities and ecosystem responses, and can also be a 
means by which stakeholders develop a common understanding of the system (Gross 2003; 
Stewardson and Webb 2010).  

Objectives 

The objective of this preliminary stage of the overall study was to review and synthesise the 
flow-ecology relationships of four identified key ecological assets (Vallisneria spp., pig-nosed 
turtle, sooty grunter and barramundi) from the Daly River, NT, as case studies during various 
flow regimes and provide recommendations on environmental flows and key priorities for 
future research for water management. 

Discrete conceptual models were developed by reviewing the literature and gaining expert 
opinion for each of the four hydrological periods (wet, dry, wet–dry and dry–wet transition 
periods). The models were developed into both box-arrow style diagrams and supporting 
tables describing flow-ecology relationship, measure of confidence and references used. 

These models were used to refine research questions for the remainder of the project, but 
could also be used to explore future critical research themes. Similar to other studies (e.g. 
Miller et al. 2018 and McGregor et al. 2017) this information could also be used to support 
expert opinion in the development of environmental flow recommendations until quantitative 
empirical data are available. These models however, should be updated as required, with 
any new studies. 
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Outcomes 

 

Fig. 1. Conceptual model for Vallisneria nana over four seasonal periods: wet–dry transition, dry season, dry–wet transition, wet season.   
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Table 1. Conceptual table for Vallisneria nana. Subjective measure of confidence: Low confidence = 1 study, 1 location. Particularly if 
correlative. Med = more than one study, experimental, mechanistic, High= three or more studies; experimental, mechanistic. Quality of evidence 
incorporates the type, amount, quality, consistency, and agreement between studies and is based on an assessment of the literature and/or 
authors’ opinion (e.g. King et al. 2015). 

Season Flow-ecology relationship Measure of confidence References  

Wet–dry 
transition 

Riverbed PAR (photosynthetically available 
radiation) increases due to reduced depth 
and improved water clarity due to increasing 
groundwater content of the river. Incident 
seasonal PAR however declines. Riverbed 
PAR exceeds compensation (photosynthesis 
= respiration) point for initiation of plant 
growth. Compensation point will be reached 
first in shallow waters. Timing of transition 
(therefore V. nana growth start) delayed by 
anthropogenically lowered GW. 

* Low-med (based on 
observations and 
conceptual model; 
possible other triggers 
such as temperature) 

 

Rea et al. 2002; Erskine et al. 2003; 
Townsend et al. 2017; S. Townsend, 
pers. obs. 

Wet–dry 
transition 

Change in nutrient water quality, high nitrate 
concentrations and low soluble phosphorus 
during the transition. Nutrient limitation of 
plant growth. 

* Low-med  

(Nutrient requirements for 
V. nana poorly known; 
relative importance of 
hyporheic and water 
column sources of 
nutrients not known) 

Rea et al. 2002; Blanch et al. 2005; 
Townsend et al 2017 
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Dry season Groundwater input supplies dry-season flows 
during the dry-season. Shallow habitat 
availability (<2 m) reduces with reduced flow. 
Dry-season flows further reduced by 
groundwater extraction. Water-level decline 
reduces habitat area (especially shallow 
areas along banks) and velocities, leading to 
potentially reduced biomass of V. nana 
during the dry season. 

* Low-med (based on 
published/anecdotal 
reports and observations) 

 

 

Rea et al. 2002; Erskine et al. 2003; 
S. Townsend, pers. obs. 

Dry season Continued increased water clarity and 
reduced depth increase PAR for V. nana 
photosynthesis during dry season. Growth 
most likely limited by nutrients.  

*Low-med (based on 
published/anecdotal 
reports).  

Rea et al. 2002; Erskine et al. 2003; 
Webster et al. 2005; Townsend et al. 
2011 

Dry season Prolonged duration of low flows and low 
velocity increases competition of V. nana for 
nutrients and space with Spirogyra and 
charophytes. 

* low (limited 
published/anecdotal 
reports) 

Townsend et al. 2017 

Inter-annual 
variation of 
groundwater-fed 
flow 

Length of the growing season dependent on 
the period of groundwater-fed flow. Long dry 
seasons will permit the greater accumulation 
of V. nana biomass, especially the rhizomes 
for wet-season survival. Short dry season, 
the reverse. 

* low (conceptual only) Townsend et al. 2017; S. Townsend, 
pers. obs. 
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Dry-wet transition Short-term flush of nutrients from episodic 
storm runoff events and increased velocity 
and magnitude enhances V. nana growth. 
Some Spirogyra removed from V. nana 
leaves.  

* low  S. Townsend, pers. obs. 

Wet season High wet-season flows and velocity removes 
V. nana leaves including some rhizomes. 
Poor water clarity prevents V. nana 
photosynthesis. Known that V. nana persists 
over the wet season as rhizome with old non-
photosynthetic leaves. Anecdotal reports of 
river remaining turbid after very big wet 
season. 

** Low- medium (limited 
published reports but 
frequently observed) 

Rea et al. 2002; Erskine et al. 2003;; 
Townsend et al 2017; S. Townsend, 
pers. obs. 

Wet season-high 
current speeds, 
depth and 
duration 

The magnitude (i.e. water depth and 
velocities) and duration will determine the 
survival of V. nana rhizomes and leaves to 
initiate dry-season growth, e.g. short duration 
of wet-season flows increases V. nana 
survival and growth, also removes competing 
plants. 

* low (conceptual only- 
based on observations 
and assumptions) 

Townsend et al. 2017; S. Townsend, 
pers. obs. 
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Fig. 2. Conceptual model for pig-nosed turtle over four seasonal periods: wet-dry transition, dry season, dry-wet transition, wet season. 
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Table 2. Conceptual table for pig-nosed turtle. Subjective measure of confidence: Low confidence = 1 study, 1 location. Particularly if 
correlative. Med = more than one study, experimental, mechanistic, High= three or more studies; experimental, mechanistic. Quality of evidence 
incorporates the type, amount, quality, consistency, and agreement between studies and is based on an assessment of the literature and/or 
authors’ opinion (e.g. King et al. 2015). 

 

Season Flow-ecology relationship Measure of confidence References  

Wet–dry 
transition/ Early 
dry season 

Ratio of SW:GW determines timing of 
increased water clarity and initiation of 
growth of Vallisneria, the primary food 
source for pig-nosed turtle. Persistence and 
quality of V. nana depends on GW input 
during the dry season. 

 low-medium confidence Georges et al. 2002; Rea et al. 2002; 
Erskine et al. 2003, Doody et al. 2003a  

 

 

 

Wet–dry 
transition/ Early 
dry season 

Low flows may reduce habitat suitability and 
food resources (including Vallisneria). 
Maintenance of habitat required for key 
resources. 

low confidence Rea et al. 2002 

Mid–late dry 
season 

Magnitude of GW determines the minimum 
water levels required for crossing barriers, 
particularly females accessing resources 
such as nesting banks and Vallisneria 
patches. 

low-medium confidence Georges et al. 2002; Erskine et al. 2003; 
Blanch et al. 2005; Georges et al. 2008a,b 
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Mid–late dry 
season 

Female nesting occurs mid–late dry 
season. Accelerated flow reduction from 
water extraction may also change the 
physical shape of the base of nesting 
banks, forming a ‘step’ which may prevent 
females from accessing nesting banks. 

 low confidence P. Dostine, pers. obs. 

Dry season Thermal basking in pig-nosed turtles 
possibly dependent on GW levels during 
dry season. PN turtle use riverbed springs 
to elevate body temperature for prolonged 
foraging on low nutrient diet, when spring 
temp is greater than river temperature. Loss 
of thermal basking results in constraints on 
foraging time, reduced body condition, and 
potential impacts on timing of egg 
laying/nesting due to water extraction. 

low-medium confidence Doody 2002 (Chapter 3); Georges et al. 
2002; Erskine et al. 2003; Chapter 3 Davies 
thesis 

Late dry season 
/Dry-wet 
transition 

Females nest prior to early wet-season 
flows (particularly when GW levels are 
maintained). Embryonic diapause enables 
hatchlings to emerge in synchrony with the 
onset of wet-season flows. Extraction of 
flows during the late dry season increases 
the potential of nest failure due to nests 
drying out earlier and becoming hotter. 
Moisture/ thermal regime of the banks also 
change. 

* low-medium confidence Georges & Kennett 1989; Doody et al. 2001 
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Wet season Magnitude of the previous wet-season flow 
influences nesting time and timing of 
hatching (e.g. turtles nested earlier after two 
large wet seasons and later following lower 
wet season flow). Larger wet seasons may 
allow prolonged access to resources only 
available during wet season including 
potentially critical wet-season resources 
e.g. fruiting riparian trees and (maybe) 
carrion (large wet-season flows also result 
in higher dry-season flows, and improved 
growing conditions for Vallisneria). 

*low-medium confidence Doody et al. 2001; Doody 2002; Georges 
et al. 2002; Doody et al. 2003a. Few data 
points.  

Wet season Magnitude of wet-season flows influences 
the reproductive output of individual 
females, larger flows produces larger 
clutches and heavier eggs. Increased 
survival of larger hatchlings. 

* low confidence Doody 2002; Doody et al. 2003b 

Wet season Extreme flood events reduce food 
availability and distribution (e.g. removal of 
Vallisneria beds) which reduces the female 
pig-nosed turtle body condition in the dry 
season. 

* low confidence Erskine et al. 2003; P. Dostine, pers. obs 
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Fig. 3. Conceptual model for sooty grunter over four seasonal periods: wet–dry transition, dry season, dry–wet transition, wet season  
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Table 3. Conceptual table for sooty grunter. Subjective measure of confidence: Low confidence = 1 study, 1 location. Particularly if 
correlative. Med = more than one study, experimental, mechanistic, High= three or more studies; experimental, mechanistic. Quality of evidence 
incorporates the type, amount, quality, consistency, and agreement between studies and is based on an assessment of the literature and/or 
authors’ opinion (e.g. King et al. 2015). 

 

Season Flow-ecology relationship Measure of 
confidence 

References  

Dry season A reduction in dry-season flow can lead to increased 
competition for habitat and food, which result in a 
reduction in fish abundance. The maintenance of 
relatively stable and predictable baseflow conditions in 
the Daly during the dry season may facilitate niche 
complementarity as a mechanism to avoid intense 
competitive interactions both between and within 
species. 

Low-med Pusey & Kennard, 2009; Davis et al. 
2011a,b 

Dry season Low flows provide shallow, fast‐flowing riffles which are 
critical habitats for sooty grunter and are important 
areas of production of invertebrate prey for the juveniles 
of this species. [There is an increased risk of] loss of 
preferred riffle habitat and impacts on fish abundances 
if the potentially further increased future water 
extraction entitlements were to occur. 

Low-med Pusey & Kennard, 2009, Chan et al. 2012 

Dry season Connectivity between suitable habitats is maintained if 
dry-season flows are high enough to maintain 
connectivity to allow adult movements.  

Low Crook, pers comm 
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Dry–wet 
transition season 

Rising water levels may stimulate spawning of sooty 
grunter. 

Low-med Merrick & Schmida 1984; Allen et al. 2002 

Dry–wet 
transition season 

In the perennial streams and rivers of the Wet Tropics 
region, reproduction occurs early in the year and before 
wet-season flooding.  

Low Hogan 1990 in Pusey et al. 2004 

Wet season Wet-season flooding provides enhanced and expanded 
larval habitat.  

Low Pusey et al. 2004 

Wet season High invertebrate densities in the greatly expanded 
array of intermittent riffles and runs during the wet 
phase may provide abundant food for adult and 
juveniles. 

Low-med Garcia et al. 2011; Davis et al. 2011, 2012 

Wet season Increased WS magnitude results in decreased number 
of juveniles. This may be due to poor spawning and 
recruitment success during periods of highly variable 
wet-season flows (two wet seasons prior). 

Low Stewart-Koster et al. 2011 

Wet season Increased WS magnitude, increased number of 
juveniles through increased food availability for 
juveniles. 

Low Pusey et al. 2004 

Wet season  Increased flow variability may reduce the quality of riffle 
spawning habitat by increasing turbulence and rapidly 
altering water levels which may desiccate eggs 
deposited in shallow marginal areas. 

Low Stewart-Koster et al. 2011 
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Fig. 4. Conceptual model for Barramundi over four seasonal periods: wet–dry transition, dry season, dry–wet transition, wet season  
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Table 4. Conceptual table for Barramundi. Subjective measure of confidence: Low confidence = 1 study, 1 location. Particularly if correlative. 
Med = more than one study, experimental, mechanistic, High= three or more studies; experimental, mechanistic. Quality of evidence 
incorporates the type, amount, quality, consistency, and agreement between studies and is based on an assessment of the literature and/or 
authors’ opinion (e.g. King et al. 2015). 

 

Season Flow-ecology relationship Measure of confidence References  

Wet–dry 
transition season 

Many juvenile barramundi move to 
permanent freshwater habitats generally 
at the end of the wet season. This may be 
due to the lowering of water levels in 
these habitats, coupled with the depletion 
of food sources. 

Low (speculative 
statements by studies) 

Russell & Garrett 1983, 1985 

Dry season Low flows can negatively affect juvenile 
recruitment by reducing the availability, 
quality and connectivity of habitats, as well 
as resource availability (i.e. food and 
space). Timing and magnitude of water 
abstraction can particularly reduce the 
abundance of the adult sub-population. 
The drawdown of pools via extraction 
further reduces the amount of suitable 
habitat available for barramundi, 
particularly in the late dry season. 

Low Staunton-Smith et al. 2004; 
Chan et al. 2012 

Dry season During extended periods of low flow when 
longitudinal movement by barramundi is 
restricted, local population densities 
increase, and food and refuge availability 

Low Chan et al. 2012 
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becomes limited. This can lead to an 
increase in predation (including 
cannibalism) and competition [among 
individuals], especially with reduced pool 
size. 

Dry season Reduced water quality during the dry 
season (high temperatures, reduced 
dissolved oxygen concentrations) due to 
low flows may result in fish mortality 
and/or reduced fish health via 
transmission of disease. The timing of any 
abstraction is assumed to further affect 
the system via changes in water quality for 
barramundi. 

High Russell and Garrett. 1983; 
Rimmer & Russell, 1998; Perna 
& Burrows 2005; Glencross & 
Felsing 2006; Bermudes et al. 
2010; Newton et al. 2010; Chan 
et al. 2012 

Dry-wet transition Initial high flows (relative to baseflow 
conditions) stimulate a proportion of 
mature adult barramundi to move 
downstream to spawn in the estuary. 
Spawning precedes the wet season and 
the onset of monsoonal flows i.e. before 
the main freshwater flows that occur after 
mid-December. Anthropogenic 
disturbance, including the extraction of 
flows has the potential to alter the 
frequency of life history contingents in 
barramundi populations. 

Low-medium Davis 1985a,b; Pusey & 
Kennard 2009; Griffin 1982 cited 
in Balston 2009; R. Garrett, 
pers. comm. 2000 in Halliday et 
al. 2012; R. Griffin, pers. comm. 
2005 in Halliday et al. 2012; 
Crook et al. 2016 
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Dry-wet transition Initial wet-season flows (high pulses 
relative to baseflow conditions) can lead to 
a reduction in water quality, e.g. low 
dissolved oxygen concentration, high 
organic matter, and increased likelihood of 
fish kills (including barramundi). 

Medium-high Bishop 1980; Pettit et al. 2012; 
Townsend 2003 

Wet season Duration and magnitude of freshwater 
flows (and/or rainfall) in rivers and across 
their associated flood plains delivers 
nutrients to the estuary, creates 
connectivity opportunities between 
habitats for adults and juveniles to access 
prey. Potential anthropogenic effects, 
such as fragmentation of floodplain 
habitats due to agriculture, dams and 
levees, and flow abstraction can also 
disrupt connectivity between habitats. 

Low-medium  Pusey & Kennard, 2009; Jardine 
et al. 2012a,b; Halliday et al. 
2012 

Wet season Barramundi recruitment and growth rates 
are positively correlated with high 
magnitude of river flows (or rainfall), as 
well as the duration and magnitude of the 
preceding wet-season discharge. 

Med-high Staunton-Smith et al. 2004; 
Robins et al. 2005, 2006; 
Bayliss et al. 2008; Halliday 
et al., , 2011, 2012; Stewart-
Koster et al. 2011; Tanimoto et 
al. 2012; Grubert et al. 2013 

Wet season Abundance and catchability of adult 
barramundi is significantly correlated to 
the magnitude of lagged river flow (1-5 
years, possibly due to enhanced growth 

Low-medium Robins et al. 2005; Bayliss et al. 
2008; Balston 2009; Halliday 
et al. 2012 
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and recruitment, see above). Both 
barramundi catch and population size 
appear highly sensitive to flow extraction; 
a high extraction rate correlates to 
negative impacts on both barramundi 
socio-economic and ecological 
assessment endpoints. 
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Appendix 2. Hydrodynamic modelling report: Wilden 
Reach, Katherine River 
Hydrodynamic modelling conducted by Water Research Laboratory, University of NSW. 
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Appendix 3. Hydrodynamic modelling report: Mentabie 
Reach, Daly River 
Hydrodynamic modelling conducted by Water Research Laboratory, University of NSW. 
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