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The rivers in northern Australia oscillate between high flows and flooding in the wet season and long periods of 

zero flow in the dry season. Each of these seasons presents a different challenge to the growth, reproduction and 

survival of fish. Wet season flood pulses create connectivity between the rivers, wetlands and estuary that are 

vital for the migration and reproduction of many fish species. During the dry season rivers break up into a series 

of disconnected waterholes where fish are confined until the next wet season. Their growth and survival at this 

time is primarily determined by the thermal regime in the waterhole. We describe how high-time-resolution (20 

min) waterhole temperature measurements made in the Flinders and Gilbert Rivers in tropical northern Australia 

were used to derive thermal frequency curves that show how often waterhole temperature exceeded any given 

temperature threshold. During the summer dry period, temperatures near the surfaces of waterholes were often 

above that suitable for the optimum growth of some tropical fish (31°C). At the bottom of waterholes this 

exceedance occurred less often, and in turbid waterholes that were stratified, temperatures rarely exceeded this 

threshold. Temperatures that could be lethal to some fish (34°C) also were exceeded at the surface of waterholes, 

but rarely, if ever, at the bottom of the waterholes. A hydrodynamic modeling framework that can quantify the 

start and duration of the flood pulse connectivity of off-stream wetlands is also described. This modelling 

illustrates the large differences in connectivity that occur between wetlands with different distances from the 

main river channels and also the profound impact of the size of the wet season flood. 

 

1 INTRODUCTION 

The rivers of northern Australia are highly ephemeral which, after wet season rainfall, high flow and overbank 

flooding, break up into a series of disconnected channel and off-channel waterholes for most of the dry season 

[1]. While many dry completely, remaining waterholes provide essential aquatic habitat for biota. For those 

aquatic fauna, such as fish, that find themselves in the waterholes, the next challenge is facing the vagaries of 

conditions, including access to sufficient food and shelter from predation. Indeed, one of the most critical threats 

is exposure to high temperatures, which directly affect habitat suitability for aquatic biota, as well as many 

important physical, chemical and biological processes. For many aquatic organisms, water temperature directly 

controls metabolic rate and therefore influences growth, resource allocation for reproduction, and ultimately 

population size [2]. Fish growth rates tend to increase with temperature up to an optimum (defined as their 

temperature preference, Tpref) provided there is sufficient food available. The presumptions are that as 

temperatures increases beyond this optimum, growth rates slow or cease as fish become more susceptible to 

environmental stresses and, ultimately, lethal effects (defined as the critical thermal maximum, CTmax). While 

understanding thermal regimes in freshwater ecosystems has been investigated in many parts of the world, the 

focus has been on permanent (flowing) water bodies, often in temperate zones; data available for dry, ephemeral, 

tropical waterholes and river channels are much more uncommon.   

The Flinders and Gilbert catchments in the southern Gulf of Carpentaria, northern Australia, have an 

extensive coastal floodplain and river channel network that supports a large number of ecologically and cultural 

important wetland values [3]. A defining feature of these catchments is that 90% of the annual rainfall occurs 

during the wet season (November to April inclusive) [1], producing large areas of flooding [4]. This annual flood 

pulse is necessary in reconnecting waterholes along the river channels, but also as water spreads across river 

banks it reconnects off-channel wetlands. The reconnection of waterholes during the flood pulse allows fish 

movement across the floodplain and to the ocean. The flood waters also refresh and cool the water on the 

floodplain, ready for the development of new waterholes in the next dry season. This paper summarises a hydro-

dynamic modelling framework developed to examine river system connectivity during the wet season [4], along 
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with a thermal exposure assessment to examine risk for fish that occupy the disconnected waterbodies that 

develop during every dry season [1]. 

 

2 HYDRODYNAMIC MODELLING OF CONNECTIVITY 

An integrated framework was devised to simulate floodplain inundation for different hydrological conditions, 

and to estimate off-channel and in-channel waterhole connectivity in both catchments. The framework consisted 

of four major model components: 1) lumped rainfall-runoff modelling to estimate local runoff from ungauged 

sub-catchments within the hydro-dynamic (HD) modelling domain; 2) node-link river system modelling to 

estimate inflows to the floodplain from upstream catchments; c) a physically based two dimensional HD model 

to simulate floodplain inundation; and 4) wetland connectivity analysis to quantify timing and duration of flow 

connection between identified off-channel wetlands and river waterholes [4]. The linkage and calibration of 

these models was important in order to obtain reliable results quantifying river channel inundation, floodplain 

inundation and off-channel wetland and in-channel waterhole connectivity. Two contrasting floods were 

examined: a small flood with a return period of 1 in 35 years (2011) and a larger flood which occurs 1 in 5 years 

(2009).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Comparison of the simulated inundation by HD model and flood maps derived from MODIS satellite 

imagery for selected days during the 2009 and 2011 floods events in the Flinders catchment under (grey colour 

in MODIS flood map represents cloud cover) [4]. 

 

The modelling revealed that changes in rainfall under a wetter (2009) and drier (2011) year produced large 

differences in flooded area (Figure 1), even though the duration of the two floods was similar at 35 and 34 days 

respectively. In 2009, the maximum area of inundation was 19,350 km2, or 24% of the Flinders floodplain. In the 

same year 31% of the Gilbert floodplain was inundated, but being smaller, this was only a third of the flooded 

area of the Flinders (6480 km2). In the drier 2011 wet season the flooded area was only half of that in 2009; 9000 

km2 in the Flinders and 4780 km2 in the Gilbert. The large differences in flooded area between 2009 and 2011 

produced marked differences in the duration of off-stream wetland connectivity to the main river channels. An 

example of this is given for 7 wetlands in the Flinders catchment, Figure 2. In the wetter year (2009) all the 

wetlands connected to the main river channel for between 7 and 34 days (mean duration 21 days). In contrast, 

only 4 wetlands connected in the drier year (2011) and the mean duration was only 9 days. This connectivity has 

important consequences for the ability of aquatic species to access these wetland habitats, or for individuals to 

return to the main channel.  
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Figure 2. Timing and duration of connectivity of selected wetlands in the Flinders River catchment for a large 

flood, which started on 21 January 2009 and a smaller flood which started on 9 March 2011. 

 

3 WATERHOLE TEMPERATURE AND SPECIES TOLERANCE  

To examine the thermal exposure risk in the dry season disconnected waterholes, continuous (20 min) surface 

(0.2 m depth) and bottom (0.1 m above bottom) water temperature loggers (Onset Corporation) were deployed in 

10 waterholes in each of the Flinders and Gilbert catchments representing different size, depth, water quality and 

river system connection [3]. Frequency distribution plots for the warmest time of the year (Oct 2012 - Jan 2013) 

were generated for each waterhole; an example for two clear waterholes of different depth is shown in Figure 3.  

 

 
 

Figure 3. The percentage of time: (a) surface (red); and (b) bottom (blue) water temperature exceed any given 

temperature threshold in the deep, turbid Flinders waterhole F01 (dashed lines) and the deep, clear Gilbert 

waterhole G05 (solid lines). The frequency curves are compiled from all 20 min recordings made in the 100 day 

period from 14 October 2012 to 21 January 2013. The exceedance of thresholds Tpref = 31 oC and CTmax = 34 oC 

is also shown. 

 

 



 4 

The Tpref and CTmax values reported [5] for two common freshwater fish in northern Australia (Bony bream 

(Nematalosa erebi), Tpref=31oC and Fly-specked hardyhead (Craterocephalus stercusmuscarum), CTmax=34 oC) 

were combined with the waterhole water temperature to assess frequency that fish may be exposed to unsuitable 

thermal regimes (Figure 3). Across all the waterholes examined those that remained deeper than ~0.5m 

throughout the dry season provided thermally suitable fish refugia, albeit at the bottom of the waterhole. 

However, surface temperatures in these waterholes often exceeded optimal and even lethal temperatures (as in 

Figure 3a above), so fish may have to continually migrate to cooler water at the bottom of these waterholes. The 

compromise is that in deep water, food supply or low dissolved oxygen levels may limit how long they could 

stay there [3]. Shallow waterholes present the greatest risk to aquatic species and can become thermally 

unsuitable well before they fully dry out. The risk to aquatic species in waterhole refugia is therefore primarily 

determined by depth, which for in-channel waterholes is set by the start and duration of the zero flow period or 

the time between flood pulses for off channel waterholes. For a given depth, turbidity can decrease the risk of 

exposure to undesirable temperatures. 

 

4 CONCLUSIONS 

In combining water movement modelling with thermal temperature data, we have been able to show how the 

risks to fish in monsoonal tropical catchments change from the wet season, when connectivity is of paramount 

importance, to the dry season when the thermal regimes in residual waterholes can become critical. Wet season 

connectivity determines when and how far fish can migrate in order to reach new food sources or suitable 

spawning grounds, which for some species may require time in the estuary or ocean. During the dry season fish 

become confined to disconnected waterholes, where their growth and survival are strongly influenced by 

temperature. At this time waterhole depth must not drop below ~0.5 m and the more turbid the water the more 

likely there will be a thermal refuge at the bottom of the waterhole.  

Our modelling framework also has the capacity to examine the potential impacts of climate change and/or 

proposed water resources developments. Climate impacts on wet season flooding can be simulated [3] as can the 

effect of increased air temperature on dry season waterhole thermal exposure risks [1]. Assessment of these wet 

and dry season risks using the tools outlined here will provide vital information to manage flood-dependent 

ecological processes in the region.  
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