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Abstract 

Temporary rivers and streams that naturally cease to flow can be found on every 

continent. Many others that were once perennial now also have temporary flow regimes 

due to the effects of water extraction or changes in land-use and climate, while others 

that used to run dry no longer do so due to water releases and waste water discharges. 

The dry beds of temporary rivers are an integral part of river landscapes and have: a role 

as seed and egg banks for aquatic biota; a unique diversity of aquatic, amphibious and 

terrestrial biota; a role as dispersal corridors; as temporal ecotones linking wet and dry 

phases; and as sites for the storage and processing of organic matter and nutrients. They 

also have a societal values, such as significance in human language and culture; 

agricultural uses; sources of sand and gravel for building purposes; and as places for 

recreation. ‘Traditional’ conceptual models of riverine ecosystem structure and function 

do not consider the dry phase. As a consequence, these models are incomplete and are 

thus not fully applicable to many parts of the world where temporary rivers are common 

and the dry phase is significant. 

 

For this thesis, I developed conceptual models of temporary river ecosystems that 

illustrate both wet and dry phases. I then investigated whether the invertebrate fauna of 

dry river beds were subsets of the riparian zone, or a unique assemblage. I monitored 

the temporal changes in invertebrate assemblages to determine how they responded as a 

river bed dried. Invertebrates were selected as they are ubiquitous, easy to collect, and 

can rapidly colonise newly-created habitats following events such as floods or droughts. 

I then examined the contribution of algae and terrestrial sources to dry river bed food 

webs using stable isotope analysis, and I conducted experiments using dead fish to 
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examine the potential rate of uptake by terrestrial consumers of aquatic material that 

may become available as a river dries. 

 

Dry river beds can be physically harsh places, and often differ substantially in substrate, 

topography, microclimate, and inundation frequency when compared to adjacent 

riparian zones. In this study, dry river beds experienced higher maximum and lower 

minimum temperatures than riparian zones, with some summer surface temperatures 

above the thermal tolerance of most eukaryotic organisms (60 °C). To investigate the 

geographical and climatic breadth of the prediction that dry river beds harbor unique 

invertebrate assemblages, sites were sampled in catchments with a diversity of substrate 

types, climate characteristics, and river flow regimes in Australia and Italy. The findings 

showed that dry river beds can be colonised by diverse assemblages of terrestrial 

invertebrates, which differ significantly in their composition to that of adjacent riparian 

assemblages, highlighting dry river beds as unique habitats. 

 

As a river bed dries, the invertebrate assemblages become more ‘terrestrial’ over time, 

with a shift from an aquatic-dominated assemblage to a terrestrial-dominated one; yet, 

dry river bed assemblages were found to remain unique from those in adjacent riparian 

zones, and are therefore not simply a subset of riparian assemblages. Invertebrate 

assemblages sampled in and near a drying river bed in south-east Queensland, Australia, 

were more similar to each other than to those sampled further into the riparian zone. 

Even after a river bed had been dry for four months, the terrestrial invertebrate 

assemblage did not converge with the assemblages found throughout the riparian zone. 

 

A drying river can mean certain death for many aquatic taxa, particularly those which 

do not have desiccation-resistant stages or the ability to move to water elsewhere. Dead 
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and dying aquatic biota stranded in dry river beds can become food for terrestrial 

consumers, with some biota representing a higher quality of food than others. Terrestrial 

consumers were found to have a low reliance upon filamentous algae as a food source, 

with some filamentous algal material remaining four months after the river bed had 

dried. Benthic algae have been shown to drive productivity in some aquatic systems. 

Stable isotope analysis revealed that algae were not subsidising the terrestrial food webs 

associated with dry river beds. Although not consumed, it appeared that dried 

filamentous algal mats played a role in providing a sheltered micro-climate for 

terrestrial invertebrates, and a drying refuge for some aquatic invertebrates. There was 

no evidence of terrestrial primary consumers eating material of aquatic origin; however, 

there was evidence of a brief ‘clean-up crew’ of terrestrial secondary consumers eating 

biota of aquatic origin following the drying of an isolated pool. 

 

Experiments using dead fish placed onto dry river beds showed that these can be a 

short-term food source for a range of terrestrial consumers, including mammals, birds, 

invertebrates, and microorganisms. In dry river beds in both south-east Queensland, 

Australia, and northern Italy, dead fish that were available to all possible consumers 

were typically consumed within one to four days. 

 

The dry phase of temporary rivers, and therefore dry river beds, is often associated with 

negative connotations by the public (Boulton et al. 2000), as they do not contain surface 

water that is useful to people, and they are present during droughts, which have 

detrimental consequences for people and ecosystems. Dry river beds have even been 

referred to as ‘biologically inactive’ or biological deserts (Stanley et al. 1997). 

However, this is certainly not the case: they do support a range of important human and 

ecological values. Unfortunately, they have been largely ignored by aquatic and 
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terrestrial ecologists, probably because they are perceived to be outside the domain of 

their respective disciplines. In light of their values, dry river beds need to be recognised 

and fully integrated into river management, monitoring programs, policy, and planning. 

Catchment-wide assessments of riverine health that ignore dry river beds are often 

unrepresentative of many riverine landscapes throughout the world. Dry river beds 

could be monitored and assessed using biological indicators, in the same way that 

indicators are currently used to assess aquatic ecosystem health. The results of this 

study provide a way forward for the recognition of dry river beds as habitats in their 

own right. Dry river beds must now be recognised as unique habitats in biodiversity 

surveys, included in catchment management plans, targeted in biological monitoring 

programs of river and catchment health, and ultimately, protected from future threats to 

their human and ecological values. 
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Chapter 1: General introduction 

 

 “Acknowledging that streams are ecosystems that vary in both space and time and 

fluctuate dramatically in size will facilitate the development of conceptual linkages to 

the ideas and models of terrestrial landscape ecology, a field in which these dynamics 

have already been incorporated, to the benefit of both disciplines.” – Stanley et al. 1997 

 

 

 

 

 

 

 

 

Figure 1-1 An arid landscape featuring a dry river bed in the Lake Eyre Basin, South Australia. 
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1.1 Terrestrial limnology: when the river runs dry 

‘When the river runs dry’, the title of a song by Australian rock music band Hunters & 

Collectors, refers to a global phenomenon. Temporary rivers – rivers that cease to flow 

and ‘run dry’ – have been described as more representative of the world’s rivers than 

well-studied systems with permanent flow (Williams 1988). They are geographically 

widespread, are not restricted to arid and semi-arid zones, and occur on every continent, 

including Antarctica (Larned et al. 2010). About half of the total river length in 

Australia (Williams 1983), Greece (Tzoraki et al. 2007), South Africa (Uys and 

O'Keeffe 1997) and the USA (Nadeau and Rains 2007) is subject to interruptions of 

flow, while in alpine, Arctic and Antarctic regions nearly all running waters are 

temporary (Howard-Williams et al. 1986). Temporary rivers are predicted to increase in 

their spatial and temporal extent due to the effects of land use and climate change as 

well as increased water extraction for human uses (Palmer et al. 2008). Despite this, the 

terrestrial phase of temporary rivers – dry river beds (e.g., Figure 1-1) – have been 

largely ignored in limnology due to a perception that they fall outside the domain of the 

discipline (Larned et al. 2010), and have even been described as ‘biologically inactive, 

dry channels’ (Stanley et al. 1997). This study will show that this is certainly not the 

case.  

 

In this thesis, I define dry river beds as the exposed bed in riverine channels where the 

water table no longer breaks the surface (c.f. Boulton 2003), not including the riparian 

zone (Figure 1-2). Dry river beds can be located in between patches of surface water, 

such as isolated pools or waterholes. Riparian zones can be distinguished from dry river 

beds by the presence of woody vegetation that is largely composed of species adapted to 
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such environments (Gregory et al. 1991). Riparian habitat can also be distinguished 

from dry river beds by an abrupt change in slope and substrate type (Figure 1-2). 

 

 

Figure 1-2 Diagram showing the distinction between two dry river beds and their adjacent riparian 

zones: a) a sand bed site, and b) a cobble bed site. Note that the distinction between the two habitats 

is not always clear, particularly with large, floodplain river channels. 

 

Limnology is the study of inland waters. What then, do we call the study of dry river 

beds that form once rivers dry up? Boulton and Suter (1986) described the study of the 

dry phase of temporary rivers as ‘terrestrial limnology’. Terrestrial research on the dry 

beds of temporary rivers and streams is a novel concept. A literature search using an 

online research tool (www.scopus.com), searching for the words ‘temporary river’ or 

‘temporary stream’ revealed that almost 90 % of papers had an aquatic focus and about 

75 % of papers appeared in journals with an aquatic focus. The same search using the 

words ‘intermittent river’, ‘intermittent stream’, ‘ephemeral river’ and ‘ephemeral 

stream’ revealed a similar trend. The study of temporary rivers and streams has grown 

exponentially during the last few decades, but an aquatic focus predominates (Figure 

1-3). 
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Figure 1-3 Cumulative numbers of scientific papers on temporary rivers and streams with an 

aquatic focus (blue), terrestrial focus (brown), or no specific focus (green), based on the results of a 

literature search. 

 

More than half a century ago, terrestrial ecologists recognised that the physical and 

biological features of dry river beds justified their study separately from the riparian and 

terrestrial ecosystems they traverse (Kassas 1952, Kassas and Imam 1954, Hillel and 

Tadmor 1962). Dry river beds differ from adjacent terrestrial habitats in their substrate 

composition, topography, microclimate, vegetation cover, and inundation frequency 

(Kassas 1952, Hillel and Tadmor 1962). They can be devoid of vegetation; however, in 

arid regions, they may be where the richest and greatest density of vegetation is found 

(Kassas and Imam 1954), resulting in a cooler micro-climate when compared to the 

surrounding landscape (Figure 1-1). Dry river beds are subjected to flow disturbances 

that mobilise, deposit and scour bed sediments (Fossati et al. 1999), and the channel 

itself can shift over time. They can be exposed to intense solar radiation, wind, extreme 

temperatures, and sudden inundation by flooding (Holm and Edney 1973, Reid et al. 

1998, Fossati et al. 1999), and can therefore be harsh places for biota, although some 

desert beetles can survive in dry river beds at temperatures of up to 50 °C (Holm and 
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Edney 1973, Roberts et al. 1991). Extreme environmental conditions, and the frequent 

and intense disturbances that characterize temporary rivers, would place strong selective 

pressure on the evolution of traits that permit the resistance and resilience of resident 

biota through both wet and dry phases. Indeed, the drying of pools in temporary rivers 

has been postulated to have led to the evolution of traits which allowed aquatic 

vertebrates to leave the water and colonise the land (Romer 1958) and may be 

responsible for the evolution of desiccation-resistance (Williams 2006). Dry river beds 

may well be home to specialised terrestrial assemblages adapted to their harsh, variable 

conditions. 

1.2 Values of dry river beds 

1.2.1 Societal values of dry river beds 

Dry river beds are recognised around the world in human language and culture, and 

feature in stories told by indigenous peoples. In the Dreamtime stories of some groups 

of Australian Aboriginal people, Tiddalik the Frog drank all of the water, leaving the 

rivers dry (Morton 2006). Dry river beds have been popularised in modern Australian 

culture: the Henley-on-Todd Regatta in the arid zone of Australia’s Northern Territory 

is the world’s only dry river boat race, where teams of ‘rowers’ race each other along a 

dry, sandy river bed (Figure 1-4).  
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Figure 1-4 Values of dry river beds: (a) cultural significance – the Henley-on-Todd Regatta (Todd 

River, Northern Territory, Australia); (b) vehicle transport route (Mitchell River, Queensland, 

Australia); (c) egg banks for aquatic biota, such as clam shrimp (Branchiopoda: Spinicaudata) 

(Northern Territory, Australia); (d) habitat for terrestrial biota, such as wolf spiders (Araneae: 

Lycosidae) (Northern Territory, Australia); (e) wildlife corridors (Tagliamento River, Friuli-

Venezia Giulia, Italy); and (f) storage sites for organic matter, such as leaf litter (Riera de Fuirosos, 

Catalonia, Spain). Photograph (a) reproduced with permission from www.henleyontodd.com.au, 

and photograph (f) is courtesy of Daniel von Schiller. Figure modified from Steward et al. (2012). 

 

Dry river beds can be places for people to find food and water. In Botswana, people 

‘fish’ for catfish aestivating in dry river beds (Sabel Year unknown). Water may be 

found by digging in dry river beds, and wells are often constructed within them 

(Jacobson et al. 1995). In Egypt, they are grazed by cattle and camels, medicinal plants 

are collected from them, and woody vegetation growing along the edges of the river bed 

http://www.henleyontodd.com.au/
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is harvested for fuel (Kassas and Imam 1954). Dry river beds can provide fertile 

substrates for agriculture, including intensive farming and greenhouse agriculture. Fruit 

and vegetables are grown in the dry beds of the River Ganga, India (Hans et al. 1999) 

and Wadi Allaqi, Egypt (Briggs et al. 1993), and in Mediterranean Spain it is common 

to find citrus orchards and other crops growing there (Gómez et al. 2005; D. von 

Schiller, personal communication). Gravel and sand are extracted from dry river beds 

for building materials. Dry river beds are also places of recreation where people camp, 

hunt, hike, ride, and enjoy nature (Gómez et al. 2005), and are places where children 

play (Sabel Year unknown). 

 

Dry river beds are used as routes for transportation, particularly in arid and semi-arid 

zones. They are used as walking tracks, vehicle tracks and even car parks (Salinas and 

Guirado 2002, Gómez et al. 2005). Dry river beds in Spain were used by shepherds as 

roads to move sheep from one place to another. In 1993 it was estimated that over 

100,000 camels were walked along dry river beds from Sudan to Egypt to be sold at 

market (Briggs et al. 1993). 

1.2.2 Ecological values of dry river beds 

Dry river beds contain a unique diversity of biota: including aquatic, semi-aquatic and 

terrestrial taxa. Some aquatic invertebrates, including aquatic snails, aquatic insects, and 

decapods, can persist for short-periods without water (Williams and Hynes 1976, 

Williams and Hynes 1977). Bunn et al. (1989) found that a species of aquatic snail 

occurred almost exclusively in temporary streams, and spent the dry phase within the 

stream bed. Desiccation-resistant stages of aquatic biota can also be present in river bed 

sediments after the river bed dries (Williams and Hynes 1976, Williams and Hynes 

1977). As the bed dries, a ‘clean-up crew’ (Abell 1984) of terrestrial biota may 

scavenge the leftover aquatic material during the transition from aquatic to terrestrial 
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(Larimore et al. 1959, Abell 1984, Boulton and Lake 1992b, Stanley et al. 1994, 

Williams 2006). The subsequent terrestrial assemblages that colonise dry river beds can 

be highly diverse, particularly in invertebrates (Wishart 2000).  

 

Aquatic plants can have desiccation-resistant fragments, tubers or seeds which can 

persist during the dry phase and grow or germinate when re-wetted (Brock and Rogers 

1998, Brock et al. 2003, Hay et al. 2008). Some cyanobacteria and algae have 

physiological attributes that allow them to resist desiccation for several years, and 

reactivate and grow upon re-wetting: for example, some taxa can survive the dry phase 

within dried microbial biofilms that establish on hard substrates during the wet phase 

(Robson et al. 2008), or as freeze-dried mats that naturally form during winter in the 

frozen river beds of Antarctica (McKnight et al. 2007). 

 

Dry river beds are egg ‘banks’ of aquatic invertebrates and banks of aquatic plant, algal, 

fungal and bacterial propagules. Organisms follow different strategies to survive in dry 

river beds (Williams 2006). Some organisms persist by having desiccation-resistant life 

history stages (Figure 1-4). Aquatic snails of some families can withstand desiccation 

by having tight-fitting opercula (Williams 1985), or by being encased in mud and 

secreting mucous (Larimore et al. 1959). Aquatic crustacean taxa from the orders 

Anostraca (fairy shrimp), Notostraca (shield shrimp) and Spinicaudata (clam shrimp) 

require, or benefit from, a desiccation phase in order for their eggs or cysts to hatch, 

with fairy shrimp living almost exclusively in temporary waters (Brendonck 1996, 

Timms 2004). Other aquatic invertebrates can take refuge in depressions in moist 

sediment where no free water is available, under woody debris, in crevices under rocks, 

boulders and stones, or they can burrow into the river bed (Stehr and Branson 1938, 

Larimore et al. 1959, Ilhéu et al. 2003). Experiments performed where dry floodplain 
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sediments were artificially inundated have yielded many aquatic invertebrate species 

emerging from diapause or quiescent stages (Jenkins and Boulton 2003), and have 

demonstrated the rapid recovery of microbial biofilm functioning (Zoppini and Marxsen 

2011). Some species of fish from Africa (Smith 1930) and Australia (Berra and Allen 

1989, Pusey 1989) can burrow into the substrate of river beds as they dry, and aestivate 

for months to years. This strategy may provide these fish with a competitive advantage 

over other fish that recolonise from upstream, downstream or lateral refugial pools 

when flow resumes. 

 

Dry river beds also provide habitat for plants. They are a refuge for plants in deserts, 

and have been described as linear oases (Figure 1-1) (Fossati et al. 1999). They can 

contain vegetation richer than other types of desert habitat, and support both annual and 

perennial plant species (Kassas and Imam 1954, Hillel and Tadmor 1962, Fossati et al. 

1999). They also provide important habitat for vertebrates. River beds are the most 

heavily utilised vertebrate habitat in the southern Kalahari, Africa (Mills and Retief 

1984), and are places where ungulates move in and out according to food availability 

(Bothma 1971). Dry river beds can provide abundant prey for mammals (Geffen et al. 

1992), and some mammals have been regarded as semi-permanent inhabitants of them 

(Coetzee 1969). Bird diversity in dry river beds can be high, and some species are 

largely restricted to dry river bed habitat (Broekhuysen et al. 1968). Amphibians inhabit 

dry river beds (Gibbs 1998) and they are also nesting sites for crocodiles (Kofron 1990) 

and turtles (Lovich and Meyer 2002). There is even fossil evidence that they once 

served as nesting grounds for Sauropod dinosaurs (Kim et al. 2009). 

 

Dry river beds act as migration and navigation corridors for biota (Figure 1-4) (Coetzee 

1969), increasing landscape connectivity. They can contain few obstructions, such as 
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vegetation, and the airspace above them is free for use by flying biota. If isolated 

waterholes are present in the river network, then travelling to them via dry river beds 

may be an efficient and successful method for animals to locate water. Dry river beds 

can also be safe corridors for the dispersal of biota in human-altered environments. The 

beds of small, shaded streams may provide a moister microclimate and more herbaceous 

cover than adjacent open areas, and are therefore more suitable for the movement of 

amphibians, which have physiological constraints (Gibbs 1998). In arid landscapes, the 

flying adult stages of aquatic insects may disperse along dry river corridors (Marshall et 

al. 2006a). 

 

Large amounts of organic matter may accumulate in dry river beds, and this can be 

colonised by a diverse and abundant terrestrial invertebrate community. When deposits 

of organic matter are mobilized during the onset of flow, a mass dispersal of terrestrial 

biota can occur. While many studies about the dispersal of plant propagules are 

available, almost nothing is known about the long-distance dispersal of terrestrial 

animals along river corridors. Long-distance dispersal may be accomplished as long as 

there are no physical barriers. Rafting or drifting on floating organic matter, particularly 

in advancing wetted fronts, may be an effective, long-distance dispersal method that 

increases the likelihood of biota arriving in suitable habitat (Robson et al. 2008). This 

mass passive dispersal may be particularly effective for weak dispersers such as 

springtails and ground-dwelling spiders, and therefore may be important for maintaining 

biological diversity along temporary river corridors. 
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1.3 Temporary rivers and connectivity in the landscape 

Rivers expand and contract over time in response to their flow regimes: longitudinally, 

laterally, and vertically (Stanley et al. 1997, Döring et al. 2007), and the greatest 

contraction is represented by the entire river bed becoming dry. Headwater streams in 

temperate, sub-tropical and tropical zones can cease to flow on a seasonal basis, leaving 

behind perennial pools in amongst dry sections of river bed (Figure 1-5). Water in these 

systems can continue to flow beneath the beds through subsurface paths. Dry river beds 

are not restricted to the headwaters, however, and can be found in the mid-reaches and 

lowlands of river networks (Figure 1-5). Many arid and semi-arid rivers can be dry 

along most of their length for most of the time, except for the presence of perennial, 

isolated pools (Hamilton et al. 2005). Rivers in these systems may flow only after heavy 

rain, or after receiving floodwaters from upstream. Although common in deserts, dry 

river beds can even be found in alpine regions. Almost 50 % of the 2 700 km-long 

Tagliamento River network (an alpine river in north-east Italy) is temporary (Döring et 

al. 2007). Furthermore, streams in Antarctica flow only for several months of the year, 

and are dry for the remainder (McKnight et al. 1999). 

 

As with their permanently-watered counterparts, the dry beds of temporary rivers are 

connected laterally to the riparian zone, floodplain, and adjacent terrestrial ecosystems 

(Ward 1989). These ecosystems can provide dry river beds with organic material and 

nutrient inputs, such as leaf litter, and can allow for the dispersal and migration of 

terrestrial biota between them. Dry river beds are also connected to the airspace above 

them, which can supply aerial propagules, dust, and debris, and can act as a corridor for 

aerial biota. During period of drought, water in temporary river systems may continue to 

flow beneath the dry beds through subsurface or parafluvial paths (Stanley et al. 1997). 

These regions, as well as moist sub-surface sediments, may act as refuges for aquatic 
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biota once surface water has dried (Williams and Hynes 1974, Boulton and Stanley 

1995). However, loss of surface water severs the hydrological connection between 

surface habitats and subsurface waters below, ceasing the important functions of up-

welling and down-welling zones (Boulton et al. 1998). 

 

 

Figure 1-5 Examples of drying in temporary rivers and how drying affects longitudinal aquatic 

connectivity. 

 

The timing and duration of wet and dry phases in temporary rivers can vary, and has led 

to further categorisation of these systems. ‘Seasonal’, ‘ephemeral’, ‘intermittent’, 

‘temporary’, and ‘episodic’ are terms that are directly related to the flow regime 

experienced by the corresponding riverine systems, and have been summarized in the 

literature (e.g., Uys and O'Keeffe 1997, Boulton and Brock 1999, Brock et al. 2003). 

Such terms can be used to define an entire river system, tributary, or reach. Seasonal 

rivers flow during certain times of the year and are dry at other times, and these phases 

are often predictable (Boulton and Brock 1999, Lake 2003). Ephemeral, intermittent and 

temporary are broad terms used to describe streams that experience both wet and dry 
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phases. Episodic rivers contain water briefly after an event, and are dry for most of the 

time (Uys and O'Keeffe 1997, Boulton and Brock 1999). 

1.4 Aquatic-terrestrial linkages in temporary rivers 

Rivers and their surrounding terrestrial environment are intimately linked. The margins 

of rivers are aquatic-terrestrial ecotones: that is, they are dynamic, transitional zones, 

which are neither spatially nor temporally stable; nor are they simply static zones where 

aquatic and terrestrial communities join (Pinay et al. 1990, Naiman et al. 1993). The 

boundaries of these ecotones are constantly changing as the shoreline expands and 

contracts due to fluctuating flow conditions (Stanley et al. 1997, Tockner et al. 2000, 

Döring et al. 2007), and the distribution of aquatic and terrestrial biota changes as a 

result. The transition of a temporary river bed from an aquatic habitat to a terrestrial one 

represents an important, but poorly explored, temporal aquatic-terrestrial ecotone. 

 

Many studies have investigated the terrestrial invertebrates of the aquatic-terrestrial 

interface (the ‘shoreline’ of rivers), and within riparian zones and floodplains. Predatory 

terrestrial invertebrates, including ground beetles (Carabidae) and wolf spiders 

(Lycosidae), are known to inhabit the shoreline habitat of rivers and streams worldwide 

(Ballinger et al. 2005) and feed predominately on emerging aquatic invertebrates or 

aquatic invertebrates washed ashore (Hering and Plachter 1997, Sanzone et al. 2003, 

Paetzold et al. 2005, Paetzold and Tockner 2005). 

1.4.1 Aquatic-terrestrial subsidies 

Terrestrial organic material can subsidise aquatic ecosystems (e.g., Vannote et al. 1980, 

Wallace et al. 1997, Nakano et al. 1999, Wallace et al. 1999, Power and Dietrich 2002) 

and may account for more than 99 % of the total energy input into some small streams 

(Fisher and Likens 1973). Invertebrates, leaves, flowers and fruits of terrestrial origin 
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readily enter aquatic food webs (e.g., Mason and Macdonald 1982, Cloe and Garman 

1996, Nakano et al. 1999, Armstrong and Booth 2005, Baxter et al. 2005, Chan et al. 

2008, Reid et al. 2008). During a flood or other hydrological event, terrestrial biota that 

fail to escape inundation, particularly the non-aerial taxa, may potentially provide a 

significant contribution of organic material to aquatic food webs – as highly nutritious 

food for newly-colonising aquatic biota (Wishart 2000). Wishart (2000) found that a 

large proportion of the terrestrial invertebrate biomass sampled in the dry beds of South 

African rivers would be unable to escape the onset of flow, contributing to the 

particulate organic matter input of these rivers. 

 

Dry river beds are hot spots for the transfer of energy and materials between aquatic and 

terrestrial ecosystems. Desiccated periphyton, phytoplankton and macrophytes, 

substrate biolfilms, dead fish and aquatic invertebrates, desiccation-resistant stages of 

aquatic biota, and conditioned organic matter may subsidize terrestrial ecosystems in a 

pulsed transfer of carbon and energy between the wet and dry phases (Boulton 2003). 

As a river dries, this aquatic material can be consumed by a ‘clean-up crew’ of 

terrestrial scavengers and predators (Larimore et al. 1959, Abell 1984, Boulton and 

Lake 1992b, Stanley et al. 1994, Williams 2006), such as invertebrates including ants, 

ground beetles (Carabidae) and rove beetles (Staphylinidae), and vertebrates such as 

foxes and birds (Stehr and Branson 1938, Larimore et al. 1959, Lake 2003). The 

abundance and richness of terrestrial colonists may be high during the transition 

between wet and dry phases, as food quantity and quality are likely to be high at this 

time. Some terrestrial biota may commence bioengineering that enriches the terrestrial 

ecosystem, such as ants forming nests and transporting organic material of aquatic 

origin into the dry river bed. 
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Fluxes of aquatic material can subsidize terrestrial consumers (Paetzold et al. 2006). 

Terrestrial invertebrates have been shown to play a critical role in linking aquatic and 

terrestrial food webs (Baxter et al. 2005, Paetzold et al. 2005). Emerging aquatic 

invertebrates can become a significant food source for terrestrial invertebrate consumers 

(Jackson and Fisher 1986, Sanzone et al. 2003, Paetzold and Tockner 2005, Paetzold et 

al. 2006) and reptiles such as riparian lizards (Sabo and Power 2002). Material of 

aquatic origin may contribute to terrestrial food webs as the wetted area contracts during 

drying. In one study, shore-dwelling grasshoppers were found to acquire almost all of 

their carbon from filamentous algae stranded at the shoreline (Bastow et al. 2002). 

Desiccated algae and macrophytes, dead fish and aquatic invertebrates, desiccation-

resistant stages of aquatic biota, and conditioned leaves and debris may subsidize 

terrestrial ecosystems; however, the significance of this contribution to terrestrial biota 

is poorly known. Existing research focuses on the aquatic-terrestrial linkages present 

during the wet phase. The transfer of aquatic-derived material to dry river bed 

ecosystems during the dry phase warrants further investigation. The rate at which 

aquatic material is consumed by terrestrial biota may provide information about the 

importance of this subsidy to terrestrial communities. 

1.5 Riverine conceptual models 

1.5.1 ‘Traditional’ models 

Conceptual models of general river ecosystem structure and function have largely been 

derived from studies in water-rich environments, in particular the temperate zones of the 

world including parts of Europe and North America, and the tropics (e.g., Vannote et al. 

1980, Ward and Stanford 1983, Junk et al. 1989). The freshwater biota of these zones 

has evolved in permanent, flowing water, where temperatures are often cool and ample 

oxygen is available. Flowing water provides connectivity between habitat patches, and 
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facilitates dispersal mechanisms such as drift (Allan 1995). Groundwater-surface water 

interactions in temperate zones may be significant, and the rivers may be strongly 

linked with the riparian zone, which acts as a regulator of primary production and a 

source of allochthonous inputs (Vannote et al. 1980). Flow is often predictable, seasonal 

and regular. Many riverine ecologists have concentrated their research on 

hydrologically and biologically stable systems (Stanley et al. 1997, Schwartz and 

Jenkins 2000). 

 

The River Continuum Concept (RCC) proposed by Vannote et al. (1980) provided one 

of the first conceptual frameworks of the structure and function of rivers, based on a 

river system acting as a continuum between upstream and downstream sections. Such a 

continuum is evident in flowing waters; however, the same cannot be said for 

discontinuous systems where upstream sections only interact with downstream sections 

during flow events of sufficient magnitude, which may occur infrequently. This model 

does not adequately describe temporary rivers and streams and their spatially and 

temporally discontinuous flow regime. 

 

The Serial Discontinuity Concept (SDC) (Ward and Stanford 1983) developed for 

regulated systems, may be applicable to other systems such as temporary rivers and 

streams that can be naturally discontinuous, although this concept focuses on the wet 

phase. The SDC proposes that dams result in upstream-downstream shifts in biotic and 

abiotic patterns and processes, due to interruptions of natural biophysical gradients 

(Ward and Stanford 1983). Hydrological interruptions occur as surface waters dry to 

isolated pools or dry altogether, and connectivity is lost (Lake 2003). Dams and weirs 

can cause river beds downstream of them to dry up by obstructing flow (Bishop and 

Bell 1978), and they can also flood river beds upstream of them that would naturally be 
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dry. These changes result in upstream-downstream shifts in biotic and abiotic patterns 

and processes; therefore, the SDC could be revised to include the natural discontinuities 

present during the dry phase of temporary rivers. 

 

The Flood Pulse Concept (FPC) (Junk et al. 1989) refers to floodplains of rivers as the 

aquatic-terrestrial transition zone, due to the shifting state between aquatic and 

terrestrial environments. An aquatic-terrestrial transition zone also exists, however, in 

temporary river channels as they shift from habitats containing water, to habitats where 

surface water has dried up. The pulsating nature of the spatial connection between the 

Amazonian floodplain and channel as described in the FPC, involving the movement of 

carbon, shares similarities with the temporal connection between wet and dry in 

temporary river beds. It has now been modified to include ‘dryland’ rivers that flow 

through arid and semi-arid zones (Walker et al. 1995). Wishart (2000) suggested that 

the FPC be expanded to include the aseasonal variations of temporary rivers and 

streams.  

1.5.2 Models relevant to temporary rivers 

One of the first conceptual models of a dry river bed was presented in the late 1970’s 

(Williams and Hynes 1977), based on data from temporary streams that tended to dry in 

summer in southern Ontario, Canada. The model focussed on drought refuges of aquatic 

biota, with a brief mention of the terrestrial biota that colonise once surface water dries. 

Since then, conceptual models have been provided for other aspects of temporary river 

systems (e.g., Stanley et al. 1997, Boulton 2003, Lake 2003) but these models do not 

represent all of the possible wet and dry phases that a temporary river channel can 

experience. Furthermore, all emphasise the wet phase of the river, suggesting that the 

wet phase is the norm, or even an ecologically desirable state, with drought considered 

to be a disturbance (Lake 2003). Yet, in many systems the antithesis is the case, with the 
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dry phase the norm, and the wet phase a disturbance to the terrestrial river bed 

ecosystem. 

 

Stanley et al. (1997) provided a conceptual model of the expansion and contraction of 

temporary desert rivers with regards to drying, based on observations of Sycamore 

Creek in Arizona’s Sonoran Desert, USA. Aquatic habitat loss associated with drying 

was discussed at different scales. At the reach scale, drying caused the loss of runs and 

riffles and their associated aquatic biota, with surface water confined to isolated pools. 

The nature of drying in constrained channels versus unconstrained channels was 

discussed. Desert rivers are prone to drying in unconstrained sections, and water loss 

can be rapid, with riffles, runs and pools drying in a day. In a 5-month period in Stanley 

et al.’s (1997) study area, the wetted length of channel reduced from 12 km to 4 km, 

with surface water restricted to the confined river sections. Surface water during the 

driest period of the study was completely lost from the lower alluvial reaches of the 

study area but remained in the transitional, canyon, and bedrock/boulder areas. Loss of 

surface water at the catchment scale was largely confined to the tributaries. Patterns of 

water loss and susceptibility to drying were discussed at each scale. However, the 

response of terrestrial biota to drying was not considered in this model. This model is 

not relevant to many Australian arid rivers, where surface water is not only restricted to 

confined river sections, but to waterholes throughout the river network (e.g., Hamilton 

et al. 2005). 

 

Boulton (2003) developed a conceptual model of the effects of drought on aquatic 

macroinvertebrate assemblages, based on observations from two contrasting 

environments: temporary streams that dried in summer in Victoria, Australia; and 

groundwater-fed chalk streams in England, where flow was strongly related to rainfall. 
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In Boulton’s model, as water level decreases, some aquatic habitats are lost, and aquatic 

macroinvertebrates associated with those habitats are lost from the system. Once all 

surface water is lost, aquatic macroinvertebrates utilize refuges where possible, such as 

the hyporheic zone. Further declines in aquatic taxon richness were expected if refuges 

were lost over time. Aquatic macroinvertebrates showed a nonlinear response to drought 

and rewetting, as habitats became available or were lost. Boulton’s model could be 

expanded to represent the overall ecology of temporary rivers by incorporating the 

effects of wetting and drying on terrestrial invertebrate assemblages, assuming 

terrestrial invertebrates also respond in a stepped way to the loss and gain of habitats. 

 

Lake (2003, 2011) distinguished different types of droughts in riverine ecosystems, 

based on a review of temporary river studies from around the world: seasonal droughts, 

which are regular and predictable; and supra-seasonal droughts, which occur due to the 

failure of adequate rainfall over a number of seasons. He then discussed two models of 

biological responses that can occur during droughts: a press disturbance and response 

during seasonal drought; and a ramp disturbance and response to a supra-seasonal 

drought. He then presented three conceptual models of drying: downstream drying, 

headwater drying and mid-reach drying; and discussed the associated issues with 

connectivity. It is clearly stated that the 2003 paper focusses on the responses of aquatic 

biota, principally invertebrates and fish, to drought. These models could be expanded to 

include the responses of terrestrial biota to drought. 

 

Larned et al. (2010) provided a review on the emerging issues in temporary river 

ecology, and discussed three key concepts. Firstly, the authors provided models of 

connectivity between aquatic metapopulations in temporary rivers, based on hydrology. 

The second model considered aquatic and terrestrial habitats together. The responses of 
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both aquatic and terrestrial biota to inundation and drying were illustrated. Taxon 

richness was represented as a function of habitat patch composition and flow. The third 

concept suggested flow pulses stimulate biogeochemical and physiological processes in 

temporary rivers. The authors also presented a model of the responses of aquatic and 

terrestrial organisms to the wetting and drying of temporary river channels, and this is 

the most inclusive conceptual model of temporary rivers to date. 

 

None of the models reviewed here fully encapsulate the dynamics of temporary rivers in 

terms of the responses of terrestrial biota and processes. This is addressed in Chapter 2, 

where I present a more holistic model that includes both aquatic and terrestrial biota and 

processes and their responses to wetting and drying in temporary rivers. This model is 

further refined in Chapter 7, based on findings of the investigations conducted in this 

study. 

1.6 Research questions and thesis structure 

This study aimed to develop a better ecological understanding of the dry phase of 

temporary rivers. A number of specific research questions were identified to address 

this aim: 

1. What is the composition and spatial and temporal variability of the terrestrial 

invertebrate assemblages inhabiting dry river beds?  

 Are they subsets of assemblages found in adjacent riparian zones, or are they 

unique assemblages? 

 How do dry river beds differ from adjacent riparian systems, in terms of 

invertebrates? 

 Which environmental variables are most strongly associated with patterns in 

the invertebrate assemblages? 
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2. How do the terrestrial invertebrates of dry river beds respond to changing 

hydrological conditions? 

 What happens to the terrestrial invertebrate assemblage inhabiting dry river 

beds as the wet and dry phases shift? 

 Does the dry river bed assemblage become similar to the riparian 

assemblages as the dry phase progresses? 

3. Do river beds offer a subsidy of food resources to terrestrial systems as they 

dry? 

 Do materials of aquatic origin subsidise dry river bed ecosystems during the 

dry phase? 

 Which terrestrial biota consume this material? 

 What are the basal sources of dry river bed food webs? 

4. What changes to natural resource management could be made to ensure that dry 

river beds are included in planning, management, assessment and policy? 

 

These questions have been addressed in each of the thesis chapters. 

 

Chapter 2 provides a holistic conceptual model of temporary river ecosystems, which 

discusses both the aquatic and terrestrial biota and processes associated with both the 

wet and dry phases. 

 

Chapter 3 describes the study area in terms of climate and hydrology to provide 

context for the rest of the thesis. Sites represent a variety of climatic types: a sub-

tropical river catchment in southeast Queensland, Australia; a semi-arid river catchment 

in southern Queensland, Australia; two river catchments located in the wet-dry tropics 

in northern Queensland, Australia; and an alpine river catchment in northern Italy. The 
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range of sampling areas provides a broader relevance to this study. Descriptive and 

experimental field studies were conducted to address the research questions, and are 

discussed in Chapters 4, 5, and 6. 

 

Chapter 4 describes the terrestrial invertebrate assemblages of dry river beds and 

riparian zones, and tests whether the terrestrial invertebrates of dry river beds are simply 

subsets of riparian assemblages, or whether they contain their own unique assemblages. 

Chapter 4 is based on the following published journal manuscript, but contains 

additional results that support this work further that were unavailable at the time of 

publication: 

 

Steward, A.L., Marshall, J.C., Sheldon, F., Harch, B., Choy, S., Bunn, S.E., Tockner, 

K. (2011). Terrestrial invertebrates of dry river beds are not simply subsets of riparian 

assemblages. Aquatic Sciences: 73, 551-566. 

 

Chapter 5 investigates the succession of terrestrial invertebrates in a river bed as it 

dried from July 2009 (winter) to December 2009 (summer), and then as it re-wet once 

flow resumed in August 2010. The chapter also investigates whether the dry river bed 

assemblage became “more terrestrial’ as time progressed. Dry river bed and riparian 

assemblages are compared along the drying gradient. 

 

Chapter 6 investigates the potential subsidy of aquatic sources to terrestrial ecosystems 

as temporary streams dry up. Sources of aquatic and terrestrial organic carbon were 

analyzed to determine whether they supported dry river bed food webs. Dry river bed 

food webs based on carbon and nitrogen stable isotopes are presented. Mixing models 

were used to assign probabilities against 3 potential basal food sources: algae, the leaves 
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of trees, and grasses. Experiments examining the fate of dead fish in dry river beds were 

then conducted to ascertain the potential contribution of aquatic material to dry river 

bed ecosystems. 

 

The final chapter, Chapter 7, draws together the conclusions from each of the chapters 

and discusses their implications for our scientific understanding of dry river beds. The 

results of the study are used to adapt and refine the conceptual model of invertebrates in 

temporary river ecosystems proposed in Chapter 2. Recommendations are provided to 

assist managers in incorporating the consideration of dry river beds into planning, 

ecosystem monitoring, environmental assessment, and policy. 

 

Ideas and information from the following published manuscript have been used 

throughout this thesis, in particular in Chapters 1 and 7: 

 

Steward, A.L., von Schiller, D., Tockner, K., Marshall, J.C. and S.E. Bunn. 2012. 

When the river runs dry: human and ecological values of dry riverbeds. Frontiers in 

Ecology and the Environment: 10, 202-209.
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Chapter 2: Towards a holistic conceptual model of 

temporary river ecosystems 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 2-1 Cycles of wetting and drying in the Riera de Fuirosos, Catalonia, Spain. Photographs 

courtesy of Daniel von Schiller.
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2.1 Introduction 

Temporary river ecosystems are dynamic and are associated with different aquatic and 

terrestrial habitat types through time: including flooded channels, riparian zones and 

floodplains, flowing water, isolated pools, and dry river beds (Figure 2-1). The habitats 

present at any one time can depend on the geology and geomorphology of the system, 

the preceding hydrological and climatic conditions, and anthropogenic impacts. 

Changes in habitat availability result in changes in the resident biota, and a succession 

of biota inhabiting temporary rivers can be observed: shifting from aquatic assemblages 

dominating the wet phases, to terrestrial assemblages dominating the dry phases. This 

‘terrestrialisation’ (sensu Lake 2011) of the channel was observed in England as river 

beds dried during a drought, where aquatic vegetation was replaced by terrestrial taxa 

(Holmes 1999, Westwood et al. 2006). Some aquatic biota may be present during both 

wet and dry phases: either in an active state or in a dormant, quiescent or diapause state 

(Harrison 1966, Williams and Hynes 1976). For example, Branchiopoda, such as 

Anostraca, have resting eggs or cysts which can survive years of drought, and some taxa 

even require a drying phase (Brendonck 1996). Conversely, some terrestrial biota may 

be present in the system during the wet phases through their tolerance of inundation 

(Andersen 1968), inundation-resistance of their eggs, or adaptations to their life history 

(Adis 1986, Adis and Sturm 1987, Adis 1992). 

  

As a river dries, a loss of aquatic habitat types results in a stepped response by aquatic 

macroinvertebrate communities (Boulton 2003), and the response of terrestrial 

invertebrate communities to the loss of terrestrial habitats is expected to be similar. 

Both aquatic and terrestrial invertebrate responses are presented in a conceptual model 

in Figure 2-2. As terrestrial habitats become available after a flood, such as the shoreline 
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habitat, an increase in terrestrial biota may be observed until no new habitats are 

formed. Aquatic taxa recolonize following a flood, and increase as habitat diversity 

increases. When a river ceases to flow (indicated by the first red dashed arrow), new 

terrestrial habitats may then be created, while aquatic habitats, such as riffles and runs, 

are lost. Some terrestrial habitats may also be lost, such as the interface with flowing 

water next to the shoreline, which can be important in supplying food to terrestrial biota 

(Hering and Plachter 1997, Bastow et al. 2002, Paetzold et al. 2005). Loss of surface 

water (indicated by the second red dashed arrow) can be devastating for some aquatic 

invertebrates, and they may die if they have not found drought refuges or migrated. 

Loss of surface water may create a mosaic of habitats that are suitable for both semi-

terrestrial biota and opportunistic terrestrial biota, resulting in an increase in the 

observed total terrestrial taxon richness. A combination of moist habitat patches and dry 

habitat patches may be present, including leaf litter, woody debris, algal mats, moist 

bare ground and dry bare ground. As moist habitats are lost, a loss of taxa that require 

moisture may occur, leaving a terrestrial community specialised for extended drought 

conditions (Williams and Hynes 1977). At the same time, aquatic biota with 

desiccation-resistant life stages may be present in the river bed sediments. 

 

 

Figure 2-2 Expected changes in aquatic (blue line) and terrestrial (brown line) invertebrate 

assemblages along a drying gradient in a temporary river channel (aquatic stage modified from 

Boulton 2003). 
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2.2 A holistic conceptual model of temporary river ecosystems 

Scientific research on rivers is understandably biased towards the study of aquatic biota, 

aquatic food webs, aquatic processes, and hydrology. Nearly all research on temporary 

rivers focuses on aquatic biota and processes during wet phases: flood, in-channel 

event, flow, and cease-to-flow periods (Figure 1-3). Most existing conceptual models of 

temporary rivers do not adequately describe both wet and dry phases, nor do they 

consider the aquatic and terrestrial ecosystems together. Here I present a holistic 

conceptual model of wet and dry phases of temporary river ecosystems that includes 

terrestrial communities. Conceptual models are widely used communication tools 

(Thomas et al. 2006) that can incorporate known information and speculative ideas. The 

models can then be qualified through targeted data collection. The models presented 

here are ‘snapshots’ in time; however, note that there is a transition between each phase 

that cannot be adequately represented in 2-dimensions – an animation could achieve 

this. 

2.2.1. The wet phase of temporary rivers 

During wet phases (flood event, in-channel event, flow, cease-to-flow), habitat 

availability for aquatic biota is at a maximum (Stanley et al. 1997), whereas habitat for 

terrestrial biota may be limited (Figure 2-3). 

2.2.1.1 Flood event 

Floods can be out-of-channel hydrological events that inundate the floodplain, or high 

flow events within an incised channel. They can be infrequent and unpredictable in 

temporary river systems (Bunn et al. 2006); despite this, the response of aquatic biota to 

flooding is widely studied. The “boom” phenomenon of feeding, high primary 

production, recruitment, and migration events observed during large floods is 

significant for many aquatic species, and also waterbirds (Kingsford et al. 1999, 
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Puckridge et al. 2000, Arthington et al. 2005, Balcombe et al. 2006, Bunn et al. 2006). 

Inundation is a cue for some desiccation-resistant cysts, eggs and seeds of aquatic biota 

to activate (Brock et al. 2003); however, activation may depend on receiving the right 

sequence of cues. Anostracans can hatch from resting cysts within 1-2 days of 

inundation, and can reach maturity in the following days to weeks (Timms 2004). 

Respiration by some dry cyanobacteria colonies can commence 30 minutes after re-

wetting (Scherer et al. 1984). 

 

 

Figure 2-3 Aquatic and terrestrial habitat availability and surface water connectivity in temporary 

river channels over time – illustrating a hydrological event such as a flood, a flowing phase, a cease 

to flow phase where water remains connected, a cease to flow phase where water is disconnected, a 

short-term dry phase that occurs once surface water dries up, and a long-term dry phase indicative 

of complete loss of surface moisture. Any phase can be reset by a hydrological event. Light (blue) 

sections of the pie graphs correspond to areas of wetted river bed; dark (brown) sections 

correspond to areas of dry river bed. Subsurface, parafluvial and groundwater connectivity is not 

shown. 
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Figure 2-4 Conceptual diagrams of a temporary river – wet phases: a) a flood event, b) a flow event, 

c) cease-to-flow (Continued on next page). 
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Figure 2-4 (Continued from previous page) Conceptual diagrams of a temporary river – dry 

phases: d) loss of surface water, e) short-term dry, and f) long-term dry. 
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Spatially, floods connect upstream and downstream sections of temporary rivers, 

previously-isolated pools, and the river bed with adjacent terrestrial areas. Floods can 

also reset any wet or dry phase – flow, cease-to-flow, short-term dry or long-term dry – 

potentially reconnecting aquatic populations throughout the river network, but 

representing sudden loss of habitat and physical disturbance to terrestrial populations 

(Figure 2-3). 

 

Floods in temporary river channels (Figure 2-4) may result in the large-scale mortality 

of terrestrial organisms that inhabit dry river beds. During the onset of a flood event, 

some inhabitants may retreat onto higher ground (Figure 2-5) – into the surrounding 

riparian zone, into adjacent forest, or onto floating debris (Andersen 1968). Rapid 

inundation may give some terrestrial invertebrates insufficient time to escape the newly-

arrived waters, particularly the non-aerial taxa: these taxa may potentially provide a 

significant contribution of organic material to aquatic food webs – as highly nutritious 

food for newly-colonising aquatic biota (Wishart 2000). There may be a downstream 

mass dispersal of terrestrial invertebrates during flooding, potentially by rafting on 

floating debris (Andersen 1968). 

 

Some terrestrial invertebrates have adaptations to survive inundation, or respond 

positively to inundation (Adis and Sturm 1987, Cartron et al. 2003, Ballinger et al. 

2005). Inundation experiments have shown that some riparian beetles can survive 

submerged for up to 4 days, and that they consistently tend to swim towards the bank 

when placed into the water (Andersen 1968). Millipedes (Diplopoda), centipedes 

(Chilopoda) and bristletails (Archaeognatha) in Central Amazonia can persist in 

floodplain forest soils, under loose tree bark, or as eggs inundated in several metres of 

water for approximately 6 months of the year (Adis 1986, Adis and Sturm 1987, Adis 
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1992). The eggs of springtails (Collembola), mites (Acarina), and flies (Diptera) on 

German floodplains can also survive inundation (Tamm 1984, 1986). Alternating wet 

and dry phases may be important for species of ground beetles (Carabidae: Lindroth 

1969), as their abundance and species richness in riparian habitats has been shown to be 

higher at sites that were flooded regularly, than at those where flooding no longer 

occurs due to loss of hydrologic connection (Cartron et al. 2003). Similarly, dry 

floodplain sites recently flooded for several months were found to have high densities of 

ground beetles (Carabidae) and wolf spiders (Lycosidae) (Ballinger et al. 2005).  

Flooding may reset terrestrial communities, affecting food, habitat availability, and 

recruitment. The habitat available to terrestrial invertebrates will be limited following a 

flood event, but will increase over time as surface water contracts, exposing the river 

bed. 

 

 

Figure 2-5 Terrestrial biota seeking higher ground during a flood in the Bokhara River, Goodooga, 

north-western New South Wales. Photograph used under licence © Newspix/Stuart McEvoy. 
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2.2.1.2 Flow 

 

The river network can remain connected as surface water continues to flow, although 

the connection with floodplains and riparian zones ceases once the flood water has 

contracted back into the river channel (Figure 2-4). Aquatic biota, nutrients, chemicals 

and dissolved gases in surface waters can also be connected with the hyporheic zone 

and the groundwater below, via down-welling and up-welling zones (Boulton et al. 

1998). Other aspects of aquatic ecosystems during flow conditions are well represented 

by the existing concepts and models discussed in Chapter 1. 

 

As floods recede, terrestrial habitat availability expands (Figure 2-3, Figure 2-4), and 

terrestrial biota may colonise the shoreline. Terrestrial predators and scavengers, such as 

wolf spiders (Lycosidae), ground beetles (Carabidae) and rove beetles (Staphylinidae), 

are known to inhabit the exposed riverine sediments at the shoreline, and feed on the 

newly-emerged winged adults of aquatic biota and biota that have been washed ashore 

(Stehr and Branson 1938, Hering and Plachter 1997, Collier et al. 2002, Sanzone et al. 

2003, Paetzold et al. 2005). One species of grasshopper that inhabits the shoreline has 

been shown to obtain up to 100 % of its carbon from grazing on stranded filamentous 

algae (Bastow et al. 2002). 

2.2.1.3 Cease-to-flow 

When rivers and streams cease to flow (Figure 2-4), aquatic invertebrate communities 

may shift towards a pond-like community (Williams and Hynes 1977, Stanley et al. 

1997), consisting of tolerant or generalist taxa that can persist in such conditions. 

Physical adaptations of aquatic invertebrates to the lack of flow, and subsequent 

decreasing oxygen levels, include aerial respiration, haemoglobin to enhance oxygen 

uptake, or large gills (Boulton and Lake 1992b, Stanley et al. 1994). Insects with 

winged stages can fly away to find more favourable conditions (Stehr and Branson 
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1938, Williams and Hynes 1977, Stanley et al. 1994). Boulton (2003) suggested that 

there is a ‘stepped’ response of aquatic communities to drying: moving from a gradual 

change as a threshold is approached, followed by a swift transition when a habitat 

disappears or becomes fragmented, then moving back to a gradual change until the next 

threshold is reached (Figure 2-2). 

 

Surface water during cease-to-flow conditions can persist as isolated pools or 

‘waterholes’. These pools can act as refuges for aquatic biota during periods of drought 

(Magoulick and Kobza 2003, Arthington et al. 2005, Balcombe et al. 2006, Carini et al. 

2006, Marshall et al. 2006a, Sheldon and Thoms 2006). Some fish use reduced flow as 

a cue to seek drought refuges to avoid stranding, and some species may commence 

burrowing into the substrate during this time (Davey et al. 2006). Some fish trapped in 

shrinking pools can die before they dry up, due to decreasing water quality (particularly 

dissolved oxygen), or by predation by terrestrial animals (Personal observation; Tramer 

1977). 

 

Cessation of flow may affect the quantity and types of aquatic biota emerging at the 

shoreline or being washed ashore, affecting the terrestrial invertebrates mentioned 

previously that prey upon them, such as wolf spiders and ground beetles (Stehr and 

Branson 1938, Hering and Plachter 1997, Collier et al. 2002, Sanzone et al. 2003, 

Paetzold et al. 2005). Surface water contraction results in further expansion of terrestrial 

habitat for terrestrial invertebrates. 

2.2.2. The dry phase of temporary rivers 

By acting as a temporal ecotone, I predict that dry river beds maintain the diversity of 

both aquatic and terrestrial assemblages, regulate the transfer and transformation of 

energy and materials, and define the resilience of the system. 
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2.2.2.1 Moist river bed 

As a river bed dries, the bed shifts from an aquatic to a terrestrial habitat. The 

progression from wet to dry can be gradual, although in the wide channels of some 

desert rivers, entire riffles, runs and pools can dry in a day (Stanley et al. 1997). 

Similarly, 100 – 300 m sections of gravel-bed rivers in New Zealand have been 

observed to dry in a day (Davey et al. 2006). 

 

Once surface water is lost, aquatic biota such as fish, invertebrates and macrophytes 

become stranded if they cannot migrate to other waters or find drought refugia (Boulton 

1991, Stanley et al. 1994), and can become food for terrestrial consumers. The 

collective term for this suite of predators and scavengers of this material has been 

described as the ‘clean-up crew’ (Abell 1984), which can include invertebrates, reptiles, 

birds, and mammals (Figure 2-4) (Larimore et al. 1959, Williams and Hynes 1976, 

Tramer 1977, Abell 1984, Boulton and Lake 1992b, Stanley et al. 1994, Williams 

2006). The drying phenomenon during this phase represents an influencing mechanism 

driving the aquatic subsidy of terrestrial food webs. 

2.2.2.2 Short-term dry 

Following drying, obligate aquatic species and opportunistic terrestrial species may 

persist in the short term, but often do not tolerate prolonged drought conditions (Figure 

2-4). However, facultative aquatic species may always be present in the system: either 

in an active state during the wet phase or as a desiccation-resistant or quiescent stage 

during the dry phase. Some aquatic biota can take refuge in sub-surface waters of the 

hyporheic zone, decomposing wood, moist leaf litter, under rocks, and even within 

water-filled crayfish burrows (Larimore et al. 1959, Williams and Hynes 1977, Boulton 

1989, Crowl 1990). Aquatic beetle larvae, for example, can survive under rocks in dry 

river beds for up to 6 months (Smith and Pearson 1985). 
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Abundant habitat area is available for terrestrial biota when rivers are dry. Although the 

surface temperature of some river bed sediments can exceed the thermal tolerance of 

most eukaryotic organisms, such as 66 °C in the bed of the Kuiseb River, Namibia 

(Holm and Edney 1973), biota, such as desert beetles, can find tolerable temperatures by 

retreating underground or moving to the base of vegetation during the hottest times of 

the day (Holm and Edney 1973). The mechanisms that terrestrial biota, particularly 

invertebrates, use to colonise dry river beds are unknown, but it is likely that some 

terrestrial invertebrates follow the shoreline at the aquatic-terrestrial interface as surface 

water retracts (Paetzold et al. 2008). Terrestrial biota with a preference for moist 

sediment may decrease in numbers as drying progresses. Terrestrial biota may be 

recruiting and completing their life cycle on, or in, the dry river bed during this time. 

Wishart (2000) is one of only a few authors who have sampled the terrestrial 

assemblages of dry river beds. Wishart found that beetles (Coleoptera), ants 

(Formicidae), and spiders (Araneae) were the most abundant invertebrates in dry river 

beds, and that dry river beds were diverse, with 19 invertebrate orders identified from 

just three sites (Wishart 2000). Lalley et al. (2006) also sampled invertebrates in dry 

channels, as well as other habitats in a desert in Namibia. They found that the highest 

number of species occurred in a temporary river channel with shrub patches, compared 

to six other habitat types they sampled. The temporary river channel site also contained 

the highest number of unique species. 

2.2.2.3 Long-term dry 

The length of the dry phase influences ecological succession, and the structure of the 

biotic community can become more and more terrestrial as the dry phase is prolonged, 

including the establishment of pioneer plant species (Holmes 1999, Westwood et al. 

2006, Williams 2006) (Figure 2-4, Figure 2-6). A unique terrestrial assemblage may 

exist during prolonged drought, until the bed is rewetted. An understanding of terrestrial 
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invertebrate succession observed as temporary rivers shift between wet and dry phases 

is unexplored in the literature, but may depend on the moisture of the substrate, 

humidity, depth to the groundwater table, or thermal variability. 

 

 
 

Figure 2-6 A section of dry river bed in the Brisbane River catchment, showing colonisation by 

riparian trees (Casuarina sp.), grasses, and herbs. 

 

During the long-term dry phase, the river bed acts as a temporary storage area for 

organic material such as leaf litter (Acuña et al. 2005, Datry et al. 2011b, Dieter et al. 

2011). This material may undergo processing; for example, abiotic mineralization such 

as photodegradation (Dieter et al. 2011), or breakdown by terrestrial biota, but the rate 

of processing is much reduced compared with processing rates during the wet phase 

(Datry et al. 2011b). The cell walls of microorganisms can rupture as the river bed 

sediments dry, (Borken and Matzner 2009), releasing large amounts of nitrogen and 

phosphorus (Amalfitano et al. 2008). Nutrients may be further stored as precipitated 
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solutes through evaporation (McLaughlin 2008). As a consequence of these processes, 

large amounts of terrestrially-preconditioned organic matter and nutrients accumulate in 

dry river beds, ready to fuel river metabolism when flow resumes (McClain et al. 2003). 

2.3 Conclusions 

These conceptual models describe the spatial and temporal complexities that exist in 

temporary river ecosystems, and highlight the dry phase as an integral part of these 

ecosystems. Temporary rivers can experience flood events, flow events, and cease to 

flow periods (Figure 2-4); however, the dry phase can be just as important to temporary 

river ecosystems. For example, the dry phase can provide food for terrestrial biota 

during the moist phase, and can maintain aquatic biota that require desiccation (e.g., 

Branchiopoda) during the short-term dry and long-term dry phases (Figure 2-4). 

 

This thesis aims to improve our understanding of the importance of the dry phase of 

temporary rivers. In brief, I will examine the composition and spatial variability of 

terrestrial invertebrates that inhabit dry river beds (Chapter 4), how these communities 

respond to changing hydrological conditions (Chapter 5), and whether temporary rivers 

offer a food resource subsidy to terrestrial systems as they dry (Chapter 6). Key findings 

can then be utilised in the planning, management, assessment and policies associated 

with temporary river ecosystems (Chapter 7).  
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Chapter 3: Study area 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-1 Broad sampling locations: a) Australian locations, and b) Italian locations. 
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3.1 Introduction to the study area 

Sites in Australia were selected to cover a range of climatic, hydrologic and geomorphic 

conditions, and included sites in subtropical southeast Queensland (Brisbane), semi-arid 

southwest Queensland (Moonie), and upland and lowland sites in the wet-dry tropics in 

the Gulf of Carpentaria (Mitchell and Flinders) (Figure 3-1). The relevance of each site 

to each data chapter is presented in Table 3-1. 

 

Table 3-1 Summary of sampled sites and applicable data chapters. 

 

Catchment Site code Chapter 4 Chapter 5 Chapter 6 

    

Stable isotope 

analysis 

Fish breakdown 

experiments 

Brisbane B1    

 B2    

 B3    

 B4    

Moonie Mo1    

 Mo2    

Mitchell M1    

 M2    

 M3    

 M4    

 M5    

 M6    

Flinders F1    

 F2    

 F3    

 F4    

 F5    

 F6    

Tagliamento T1    

 T2    

 T3    

 T4    
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I had the opportunity to work in the Tagliamento River catchment in Italy (Figure 3-1) 

as part of a collaborative study with the Mediterranean Intermittent River 

ManAGEment (MIRAGE) project (http://www.mirage-project.eu). This opportunity 

extended some of the work to a large, alpine river, and tested whether the results of 

studies in Australian rivers were applicable in a very different river. 

3.2 Brisbane River catchment 

The Brisbane River catchment is a coastal catchment with an area of 10,172 km
2
 

(Queensland Department of Environment and Resource Management 2010). It is 

located in southeast Queensland, and flows east into Moreton Bay, with a mean annual 

discharge of 854,130 ML and a maximum of 4,130,506 ML (Figure 3-2, Appendix A). 

The catchment experiences a subtropical climate (Stern et al. 2000). Rainfall is mostly 

in summer and associated with subtropical lows and storms resulting in an 

unpredictable flow regime, and sites in the catchment have been defined as 

‘unpredictable summer highly intermittent’ by the classification provided in Kennard et 

al. (2010) (Figure 3-3). Streams in the catchment have dried for months, or even years, 

at a time. Study sites were located in Reynolds Creek (B1), Wild Cattle Creek (B2), 

Oaky Creek (B3) and Purga Creek (B4) (Figure 3-2, Figure 3-4, Figure 3-5). 

 

http://www.mirage-project.eu/
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Figure 3-2 Map of sites from the Brisbane River catchment, and the position of the catchment in 

Queensland (inset). Study sites are shown as circles (B1 – B4). 

 

 

 

Figure 3-3 Representative hydrograph of the Brisbane River catchment from Purga Creek at 

Loamside (Gauging Station 143113A), for the period 1/01/2007 – 1/01/2010. 
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Figure 3-4 Sampling sites in the Brisbane River catchment: a) Reynolds Creek, b) Wild Cattle 

Creek, c) Oaky Creek, and d) Purga Creek. 

 

 

Figure 3-5 River bed substrate in the Brisbane River catchment: a) Reynolds Creek, b) Wild Cattle 

Creek, c) Oaky Creek, and d) Purga Creek. Photos a) - d) correspond to sites a) - d) in Figure 3-4 

above. The white scale bar indicates a length of 0.15 m. 
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3.2.1 Reynolds Creek and Wild Cattle Creek sites 

 

The Reynolds Creek (site B1) and Wild Cattle Creek (site B2) sites are located 

upstream of Moogerah Dam in the Bremer subcatchment of the Brisbane River 

(Appendix A, Figure 3-2, Figure 3-4). Wild Cattle Creek flows into Reynolds Creek. 

The two sites are several hundred metres apart. Land uses in the Reynolds Creek and 

Wild Cattle Creek subcatchments include cattle grazing, crayfish farming, rural 

residential, and National Parks, with row crop agriculture downstream of the dam. 

There are no towns in the Reynolds Creek or Wild Cattle Creek subcatchments. Both 

sites are fringed by dense riparian vegetation, including Casuarina spp. and Melaleuca 

spp., and the exotic weed Cats Claw Creeper (Macfadyena unguis-cati). Both sites have 

coarse stream beds dominated by cobble, pebble, and gravel, but also with sections of 

boulders and bedrock (Figure 3-5). The flow in Wild Cattle Creek is not gauged. It has 

been observed to flow after heavy rain periods, but also has sections which flow 

underground leaving some surface sections dry even after wet periods (personal 

observation). Reynolds Creek was gauged near the inflow to the dam, downstream of 

the sampling site, and receives subsurface or groundwater flow (personal observation). 

Some sections can be flowing, while sections downstream or upstream can be dry. Flow 

at both sites is unpredictable. 

3.2.2 Oaky Creek site 

The Oaky Creek site (site B3) is located within the Cressbrook Creek subcatchment of 

the Brisbane River, and is less than 5 m wide (Appendix A, Figure 3-2, Figure 3-4). The 

site has a dense riparian canopy of native species including Casuarina spp., Acacia spp., 

and Eucalyptus spp., with exotic weeds in the understorey including Lantana camara. 

The Oaky Creek catchment has mixed land uses, including cattle grazing, dairy farms, 

row crops, quarrying, orchards and hobby farms. The stream bed substrate is coarse and 
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dominated by cobbles, pebbles, and gravel (Figure 3-5). The stream flow at Oaky Creek 

is not gauged. Oaky Creek receives some subsurface water or groundwater inflow 

(personal observation), as flowing sections can be found in between completely dry 

sections of river bed. During 2009, the stream bed was observed to be dry from June 

until December. The flow regime is unpredictable. 

3.2.3 Purga Creek site 

Purga Creek is located within the Bremer River subcatchment. The dominant land uses 

in the area are cattle grazing and cropping, with other land uses including quarrying, and 

rural residential, and the town of Peak Crossing. The Purga Creek site (site B4, 

Appendix A, Figure 3-2, Figure 3-4) is located at the Purga Creek at Loamside flow 

gauge: gauging station number 143113A (Figure 3-3), and is approximately 5 m wide. 

The site is fringed by a 10-15 m wide vegetation buffer, comprised of native vegetation 

including Casuarina spp., Acacia spp., and Eucalyptus spp., and also a number of exotic 

weeds. Cattle graze on cleared fields beyond the riparian buffer. The stream bed 

substrate is fine, consisting of sand, silt and clay. The flow regime is unpredictable. The 

bed may not dry every year, and when it does, it may remain dry for weeks to months. 

From 2005 until 2009, Purga Creek experienced 1,576 days with no flow, representing 

more than 85 % of the total time period (Queensland Department of Environment and 

Resource Management 2010). 

3.3 Moonie River catchment 

The Moonie River catchment has an area of 12,025 km
2
 and is located in southern 

Queensland, extending to the border of New South Wales (Queensland Department of 

Environment and Resource Management 2010) (Figure 3-6). The Moonie River is a 

tributary of the Barwon River, and is part of the Murray-Darling Basin, Australia’s 

largest river system. Rainfall is mostly in summer and associated with subtropical lows 
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and storms resulting in an unpredictable flow regime (Figure 3-9). For much of the year, 

surface water is present as isolated waterholes (Sternberg et al. 2008). The mean annual 

discharge is 124,409 ML, and the maximum is 554,506 ML (Appendix A). 

 

Extensive tree clearing has occurred in the catchment in the past, and much of the 

catchment is sparsely vegetated and degraded. The dominate land uses are cattle grazing 

and irrigated cropping, and there are only a few small towns: Moonie, Nindigully and 

Thallon. The Moonie River catchment is located in the Australian subtropical climate 

group, as defined by the Bureau of Meteorology (Stern et al. 2000). The area has also 

been defined as semi-arid (Sternberg et al. 2008). 

 

 

Figure 3-6 Map of sites from the Moonie River catchment, and the position of the catchment in 

Queensland (inset). Study sites are shown as circles (Mo1, Mo2).  
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Figure 3-7 Sampling sites in the Moonie River catchment: a) Stephens Creek at Bendee Road, and 

b) Stephens Creek near Westmar. 

 

 

Figure 3-8 River bed substrate in the Moonie River catchment: a) Stephens Creek at Bendee Road, 

and b) Stephens Creek near Westmar. Photos a) and b) correspond to sites a) and b) in Figure 3-7 

above. The white scale bar indicates a length of 0.15 m. 

 

 

Figure 3-9 Representative hydrograph from the Moonie River catchment of the Moonie River at 

Fenton (Gauging Station 417204A), for the period 1/01/2007 – 1/01/2010. 

 

3.3.1 Stephens Creek sites 

Sites in the Moonie River catchment were located in Stephens Creek (Appendix A, 

Figure 3-6, Figure 3-7). The substrate of the bed at both sites was fine, consisting of 
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cracking clays, and the beds were less than 5 m wide (Appendix A, Figure 3-8). Flow is 

unpredictable, and sites in the catchment can dry for months, or even years, at a time 

(Figure 3-9). Both sites are located upstream of the flow gauge Moonie River at Fenton 

gauging station number 417204A (Figure 3-9). Stephens Creek at Bendee Road (site 

Mo1) was located on a densely-vegetated property, whereas Stephens Creek near 

Westmar (site Mo2) was located on a sparsely-vegetated cattle property. 

 

3.4 Mitchell River catchment 

 

The Mitchell River catchment is located in northern Queensland, and spans the base of 

Cape York Peninsula. It has a catchment area of 45,872 km
2 

(Queensland Department of 

Environment and Resource Management 2010) (Appendix A). The Mitchell River 

discharges into the Gulf of Carpentaria, and has a mean annual discharge of 8,153,011 

ML (maximum 31,104,532 ML) (Figure 3-10, Appendix A). Land uses in the catchment 

include cattle grazing, mining, National Parks, and traditional indigenous uses. Much of 

the catchment is defined by the Bureau of Meteorology as tropical savannah (Stern et al. 

2000). 

 

The Mitchell River catchment experiences a wet-dry tropical climate, characterised by a 

predictable wet and dry period (Figure 3-11). More than 80 % of the mean annual 

rainfall falls between the wet season months of December to March (Brooks et al. 

2009). During the dry season, the main channel contracts to a sinuous, low flow channel 

with multiple secondary channels, and the location of the main channel is highly 

dynamic (Brooks et al. 2009). Secondary channels carry water less often than the 

primary channel of the Mitchell, but more often than primary channels in some other 

catchments in this study. The Mitchell River experiences large floods every year (every 

‘wet’ season) that inundate these channels, resulting in a single, large macro-channel 



50 

 

(Brooks et al. 2009). The flow regime of most rivers and streams within the catchment 

has been described as ‘predictable summer highly intermittent’(Kennard et al. 2010). 

Dry river beds in the catchment were typically wider than 100 m.  

 

Sites in the Mitchell River catchment were located in the Walsh River (M1), Mitchell 

River (M2, M3, M6), Lynd River (M4), and Rosser Creek (M5) (Appendix A, Figure 

3-10). 

 

 

Figure 3-10 Wet-dry-tropical sites from the Mitchell River catchment, and the position of the 

catchment in Queensland (inset). Study sites are shown as circles (M1 – M6). 

 

 

Figure 3-11 Representative hydrograph from the Mitchell River catchment of the Walsh River at 

Trimbles (Gauging Station 919309A), for the period 1/01/2007 – 1/01/2010. 
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Figure 3-12 Sampling sites in the Mitchell River catchment, a) Walsh River at Ferguson Crossing, 

b) Mitchell River at Lynd Junction, c) Mitchell River at Hughs Crossing, d) Lynd River at Dickson 

Hole, e) Rosser Creek at Drumduff Road, and f) Mitchell River at Koolatah. 
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Figure 3-13 River bed substrate in the Mitchell River catchment, a) Walsh River at Ferguson 

Crossing, b) Mitchell River at Lynd Junction, c) Mitchell River at Hughs Crossing , d) Lynd River 

at Dickson Hole, e) Rosser Creek at Drumduff Road, and f) Mitchell River at Koolatah. Photos a) - 

f) correspond to sites a) - f) in Figure 3-12 above. The white scale bar indicates a length of 0.15 m. 

 

3.4.1 Walsh River site 

The site on the Walsh River (site M1) was located near Ferguson Crossing, near the 

flow gauge Walsh River at Trimbles Crossing: gauging station number 919309A 

(Figure 3-11, Figure 3-12). The river bed was dry, except for the presence of a few 
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isolated pools. The river bed consisted of fine substrate in between large bedrock 

outcrops (Figure 3-13). Riparian vegetation was sparse.  

3.4.2 Mitchell River sites 

 

Sites in the Mitchell River were located in large, dry secondary channels adjacent to the 

main channel, which was flowing during the study period. The riparian vegetation at 

these sites typically consisted of Eucalyptus spp. with a grass understorey, and the river 

bed substrate typically contained sand, gravel and pebble (Figure 3-13). No towns were 

located near any of these sites. Sites were located at the Mitchell River at Lynd Junction 

(site M2), Mitchell River at Hughs Crossing (site M3) and Mitchell River at Koolatah 

(site M6). Site M2 was located on the Mitchell River, just before the junction of the 

Lynd River. Site M3 was located downstream of Hughs Crossing, where the main 

wetted channel is approximately 500 m wide, and approximately 300 m of secondary 

channel is dry. A concrete causeway spans the flowing section, while a graded track has 

been constructed through the dry section. There was evidence of cattle access. Site M6 

is located near the flow gauge Mitchell River at Koolatah: gauging station number 

919009A. The sampling location was more than 500 m from the nearest surface water. 

3.4.3 Lynd River site 

 

Lynd River at Dickson Hole (site M4) was located on a cattle property. The site 

contained numerous secondary channels, with surface water present in the main 

channel. The river bed substrate was sand, gravel and cobble (Figure 3-12, Figure 3-13). 

3.4.4 Rosser Creek site 

Rosser Creek (site M5) was sampled upstream of the crossing with Drumduff Road 

(Figure 3-12). No surface water was present at the site. The river bed substrate was sand 

and gravel (Figure 3-13). The riparian vegetation was dense, the canopy extended over 
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the river bed, and large amounts of leaf litter covered the river bed (Figure 3-12). The 

river bed was approximately 5 m wide at the sampling location, which was only one of 

many dry channels present in Rosser Creek. 

3.5 Flinders River catchment 

 

The Flinders River catchment has an area of 106,263 km
2
 (Queensland Department of 

Environment and Resource Management 2010) (Appendix A), and is located in 

Northern Queensland (Figure 3-14). Flow is strongly seasonal (Figure 3-15), and during 

the dry season, surface water in the Flinders River catchment is largely confined to a 

series of isolated waterholes. The mean annual discharge is 3,093,672 ML, and the 

maximum recorded discharge is 18,001,419 ML/year (Appendix A). Land uses in the 

catchment include cattle grazing, mining, National Parks, and traditional Indigenous 

uses. Much of the catchment is defined by the Bureau of Meteorology as hot grassland 

(Stern et al. 2000). 

 

Sites were located in the Flinders River (F1, F4) and Cloncurry River (F2, F3, F5, F6) 

(Appendix A, Figure 3-14). The river beds were dominated by fine substrate types, and 

were typically wider than 50 m (Appendix A, Figure 3-16, Figure 3-17). 
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Figure 3-14 Wet-dry-tropical sites from the Flinders River catchment, and the position of the 

catchment in Queensland (inset). Study sites are shown as circles (F1 – F6). 

 

 

Figure 3-15 Representative hydrograph from the Flinders River catchment of the Flinders River at 

Walkers Bend (Gauging Station 915003A), for the period 1/01/2007 – 1/01/2010. 
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Figure 3-16 Sampling sites in the Flinders River catchment, a) Flinders River at Walkers Bend, b) 

Cloncurry River at Cowan Downs, c) Cloncurry River at Ten Mile Waterhole, d) Flinders River at 

Rocky Waterhole, e) Cloncurry River at Stanley Waterhole, and f) Cloncurry River at Sedan Dip. 
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Figure 3-17 River bed substrates in the Flinders River catchment, a) Flinders River at Walkers 

Bend, b) Cloncurry River at Cowan Downs, c) Cloncurry River at Ten Mile Waterhole, d) Flinders 

River at Rocky Waterhole, e) Cloncurry River at Stanley Waterhole, and f) Cloncurry River at 

Sedan Dip. Photos a) - f) correspond to sites a) - f) in Figure 3-16 above. The white scale bar 

indicates a length of 0.15 m. 

 

3.5.1 Flinders River sites 

 

Flinders River at Walkers Bend (site F1) was located at the flow gauge 915003A 

(Figure 3-14, Figure 3-16), and was the most downstream-positioned site. Water was 

extensive on the upstream side of the road crossing, but limited on the downstream side 

as water could not flow through. The riparian vegetation was sparse, consisting of 
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Eucalyptus spp. with a grass understorey, and some weeds were present, including 

Noogoora Burr (Xanthium pungens). The river bed substrate was dominated by sand 

(Figure 3-17). There was evidence of cattle grazing. People use the site for recreation, 

such as fishing, boating, and camping. 

 

Flinders River at Rocky Waterhole (site F4, Figure 3-14, Figure 3-16) differed from all 

other sites in the catchment by having a section of rocky river bed containing a 

waterhole in amongst dry sand (Figure 3-17). The site was located on a cattle property. 

3.5.2 Cloncurry River sites 

The Cloncurry River sites were located downstream of the flow gauge Cloncurry River 

at Cloncurry: gauging station number 915203B. Cloncurry River at Cowan Downs (site 

F2), Cloncurry River at Ten Mile Waterhole (site F3), and Cloncurry River at Stanley 

Waterhole (site F5), were located on cattle properties (Figure 3-16). Cloncurry River at 

Sedan Dip (site F6) was located near a road crossing, with evidence of cattle access. 

River bed substrates were typically sand, with gravel and cobble also at some sites 

(Figure 3-17). Riparian vegetation typically consisted of Eucalyptus spp. and grass. 
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3.6 Tagliamento River catchment 

 

Four sites were sampled in the Tagliamento River, located in northeast Italy, to 

represent alpine climates and to provide a broader context to the study (Figure 3-1, 

Figure 3-18). 

 

The Tagliamento River catchment has an area of 1,900 km
2
 (Tockner et al. 2003). The 

headwaters of the Tagliamento River start in the Alps near the Austrian and Slovenian 

borders, and the river flows south, discharging into the Adriatic Sea, east of Venice. The 

river has an alpine flow regime with discharge peaks in spring and autumn, although 

flow, flood pulses and dry spells may occur at any time of the year (Tockner et al. 

2003). The mean annual discharge is 3,830,000 ML and the maximum is  

5,180,000 ML (Appendix A). It contains multiple braided channels, and at times many 

of these channels are dry, with surface water restricted to the main channel. The entire 

river channel can dry for a length of up to 20 km (Döring et al. 2007). The hydrological 

regime of the river is unpredictable (Figure 3-19). 
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Figure 3-18 Map of sites from the Tagliamento River catchment, and the position of the catchment 

in Italy (inset). Study sites (T1 – T4) are shown as circles. 

 

 

Figure 3-19 Representative hydrograph from the Tagliamento River catchment of the Tagliamento 

River at Pioverno, for the period 1/01/2007 – 1/01/2010. Pioverno is located upstream of the river 

section where the entire channel can dry. 
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Figure 3-20 Sampling sites in the Tagliamento River catchment: a) Tagliamento River at Villuzza, 

b) Tagliamento River at Sant’Odorico, c) Tagliamento River at Biauzzo, and d) Tagliamento River 

at Flagogna. 

 

3.6.1 Tagliamento River sites 

Four sites were sampled in the Tagliamento River (sites T1, T2, T3, T4, Appendix A, 

Figure 3-18). The river lies within Friuli, a rural region of Italy containing numerous 

villages and farming. Riparian forest separated all sites from the surrounding farming 

land. The widths of the dry river beds sampled were up to 1 km; therefore, riparian 

shading was limited to the edges. 
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Figure 3-21 River bed substrate in the Tagliamento River catchment: a) Tagliamento River at 

Villuzza, b) Tagliamento River at Sant’Odorico, c) Tagliamento River at Biauzzo, and d) 

Tagliamento River at Flagogna. Photos a) - d) correspond to sites a) - d) in Figure 3-20 above. The 

white scale bar indicates a length of 0.15 m. 

 

Site T1 is located on the Tagliamento River at Villuzza (Figure 3-20). This part of the 

river is a popular place for recreation, particularly during summer. Site T2 is located on 

the Tagliamento River at Sant’Odorico (Figure 3-20), accessed near the village of the 

same name. Site T3 is located on the Tagliamento River at Biauzzo (Figure 3-20). This 

site is located amongst farming land, including cropping, and is the most downstream 

site. The entire width of the river bed at sites T2 and T3 can dry. Site T4 is the most 

upstream site and is located on the Tagliamento River at Flagogna (Figure 3-20). The 

river here consists of many braided channels amongst vegetated islands. Recreational 

vehicles, and also the military, use the river and drive along the dry channels. A gauging 

station at Pioverno is located in between T4 and site T1. The substrate of sites in the 

Tagliamento River catchment was coarse, and was dominated by cobble and pebble 

(Figure 3-21).
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Chapter 4: The terrestrial invertebrates of dry river beds 

are not simply subsets of riparian assemblages 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4-1 Ground beetle (Carabidae) in a dry river bed, Northern Territory.
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4.1 Introduction 

4.1.1 Aquatic-terrestrial linkages in temporary rivers 

Temporary rivers are hydrologically dynamic, with aquatic and terrestrial habitats 

expanding, contracting, and fragmenting through time (Stanley et al. 1997). The 

responses of aquatic invertebrates to drying is understood for many river systems 

(e.g., Boulton and Lake 1992a, Stanley et al. 1994, Larned et al. 2007). However, 

little attention, however, has been paid to the responses of terrestrial invertebrates to 

the drying or wetting of their river bed habitat, although drying palustrine wetlands 

have received some attention (Batzer 2004). 

 

The dry beds of temporary rivers and streams can provide habitat for terrestrial 

invertebrates during times when surface water has contracted or disappeared. They 

can be sites of high terrestrial invertebrate diversity, with ants, beetles and spiders 

(Formicidae, Coleoptera and Arachnida) recorded as the most abundant groups 

(Wishart 2000, Larned et al. 2007). For example, a dry river bed recorded the highest 

abundance, species richness and number of unique species from seven different 

terrestrial habitats sampled in the Namib Desert in southwest Africa (Lalley et al. 

2006). 

 

While riparian zones are well known to link terrestrial and aquatic food-webs along 

river networks (e.g., Gregory et al. 1991, Naiman and Décamps 1997), there is an 

additional and less well understood link that occurs via the river bed sediments 

adjacent to flowing rivers. Terrestrial invertebrates such as ground beetles 

(Carabidae), rove beetles (Staphylinidae) and wolf spiders (Lycosidae) inhabit these 
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sediments and feed predominately on emerging and stranded aquatic invertebrates 

(Hering and Plachter 1997, Batzer 2004, Paetzold et al. 2005). Some grasshoppers 

feed almost exclusively on stranded algae at the shoreline, with species of pygmy 

grasshoppers (Tetrigidae) deriving 88 - 100 % of their carbon from riverine algae 

(Bastow et al. 2002). However, the feeding strategies and food-web dynamics of 

terrestrial invertebrates in dry river beds are unknown. Terrestrial invertebrates of dry 

river beds may provide an important, high quality food source for aquatic biota when 

the system re-wets (Wishart 2000). 

4.1.2 The dry phase of temporary rivers 

 

In contrast to permanent rivers, it is the dry phase of the hydrograph that often 

dominates temporary rivers, with the wet phase being a disturbance to the dry river 

bed. Compared to adjacent riparian zones, dry river beds can be harsher habitats for 

terrestrial invertebrates as they are devoid of vegetation due to flow disturbances in 

the active channel that mobilise, deposit and scour bed sediments, and they are 

typically exposed to intense solar radiation and wind. They can also be harsh places 

for terrestrial biota due to the high temperatures they experience, with some ground 

temperatures at the surface exceeding 60 °C. High temperatures affect biota by 

denaturing nucleic acid and protein molecules, including the degradation of 

mitochondrial RNA, and by damaging the membranes of intracellular organelles 

(Tansey and Brock 1972, Hickey and Singer 2004). The most heat-tolerant eukaryotic 

organisms have an upper temperature limit of approximately 60 °C (Tansey and 

Brock 1972), with few exceptions (e.g., polychete worms of hydrothermal vents, 

Chevaldonné et al. 2000, desert moss, Stark et al. 2009). High temperatures in dry 

river beds would limit their use by most biota to cooler times of the day (mornings, 

afternoons, night, cloudy spells, etc.), shaded areas, or cooler spaces within the river 
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bed substrate. Dry river beds also differ from adjacent riparian zones in their substrate 

composition, topography, microclimate, and inundation frequency. Riparian zones are 

cooler than river beds owing to shading by vegetation, and the absorption and 

reflection of solar radiation by the canopy. Smaller diel temperature ranges have been 

recorded from riparian zones than from exposed river bed gravel (Tonolla et al. 

2010). Riparian zones are subjected to lower erosive forces during floods, due to 

increased roughness as a consequence of riparian vegetation, and usually contain finer 

substrate types than the adjacent river bed (Gregory et al. 1991). 

4.1.3 Aims and research questions 

 

Nothing is known about the sources of terrestrial invertebrate colonists of dry river 

beds as surface water disappears. While it is possible that drying river beds could be 

colonised by terrestrial invertebrates from the riparian zone and thus share common 

taxa, given their abovementioned harshness and the differences they exhibit in habitat 

attributes from adjacent riparian zones, it was expected that dry river beds supported 

their own specialized terrestrial invertebrate assemblages. Therefore, it was predicted 

that assemblages of terrestrial invertebrates sampled from dry river beds would differ 

in their composition from assemblages in adjacent riparian zones. To test this 

prediction, and to better understand environmental differences between dry river bed 

and riparian habitats for terrestrial invertebrates, the following research questions 

were addressed: 

i) Are assemblages of terrestrial invertebrates in dry river bed habitats different in 

composition from those in adjacent riparian habitats? 

ii) If so, what taxa of terrestrial invertebrates contribute to this difference? 

iii) How are dry river bed and adjacent riparian habitats different in environmental 

attributes that may be relevant to invertebrate assemblages? 
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iv) Which environmental variables are most strongly associated with spatial 

patterns in invertebrate assemblages? 

I investigated these questions using samples of terrestrial invertebrates from dry river 

beds and adjacent riparian zones collected at multiple sites in four Australian river 

catchments and one Italian river catchment. Catchments with a diversity of different 

river flow regimes and climate characteristics were chosen for this study to enable me 

to investigate the geographical and climatic breadth of the prediction that dry river 

beds harbor unique invertebrate assemblages. 

4.2 Materials and methods 

4.2.1. Defining the habitats 

Dry river bed habitat was defined as the exposed river bed lacking surface water 

within a riverine channel. Dry river bed habitat could be located in between patches of 

surface water, such as isolated pools or waterholes. Dry river bed habitat could also be 

represented by secondary channels within a braided river network. The dry river beds 

sampled for this study generally lacked woody vegetation and occasionally contained 

herbaceous vegetation. Riparian habitat was defined as the vegetated banks of rivers 

and streams but not including the sections of the channel near the low water mark (cf. 

Naiman and Décamps 1997). Riparian habitat was distinguished from dry river bed 

habitat by the presence of woody vegetation, largely composed of species adapted to 

such environments (Gregory et al. 1991). Riparian habitat was also distinguished 

from dry river bed habitat by an abrupt change in slope and substrate type. 

 

River beds that had recently been inundated could potentially be undergoing 

successional shifts in invertebrate assemblages, from the aquatic phase to the 
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terrestrial phase. Such river beds were not sampled. This is because I aimed to collect 

‘true’ terrestrial invertebrates, rather than semi-terrestrial or aquatic invertebrates that 

could temporarily resist desiccation. I determined that the dry river beds sampled had 

not been inundated for weeks to months prior to sampling, based on reference to 

nearby stream gauge data, local landowner knowledge, the presence of terrestrial 

herbaceous plants, the absence of aquatic material such as dead aquatic biota or moist 

algal mats, and the extent of the accumulation of terrestrial organic material such as 

leaf litter. 

4.2.2 Study area 

Dry river beds and their adjacent riparian zones were sampled at 22 sites (Figure 3-1). 

Eighteen sites were sampled within four river catchments in Australia: Mitchell (six 

sites), Flinders (six sites), Brisbane (four sites), and Moonie (two sites) River 

catchments, and four sites were sampled within the Tagliamento River catchment in 

Italy (Appendix A). Catchments were selected to cover different climates, 

hydrological types and river bed substrate types (Appendix A). Hydrological 

classification for the Australian rivers was based on Kennard et al. (2010). 

 

The Mitchell and Flinders River catchments in the Australian wet-dry tropics are 

monsoonal with peak discharge in the austral summer, resulting in high predictability 

of the annual wet and dry phases (Figure 3-11, Figure 3-15). Both of these rivers flow 

into the Gulf of Carpentaria in northern Queensland, Australia. During the dry season, 

surface water in the Flinders River catchment is largely confined to a series of isolated 

waterholes, whereas the main channel of the Mitchell River catchment contracts to a 

sinuous, low-flow channel with multiple secondary channels, and the location of the 

main channel is highly dynamic (Brooks et al. 2009). Large, dry, secondary channels 



70 

 

were sampled if surface water was present in the main channel. These secondary 

channels carry water less often than the primary channel of the Mitchell, but more 

often than primary channels sampled in some other catchments. The Mitchell River 

experiences large floods every year (every ‘wet’ season) that inundate these channels, 

resulting in a single, large macro-channel (Brooks et al. 2009). Dry river beds were 

typically wider than 100 m in the Mitchell River catchment, and wider than 50 m in 

the Flinders River catchment. Both the Mitchell and Flinders were dominated by fine 

substrate types (Figure 3-13, Figure 3-17). 

 

The Brisbane and Moonie River catchments are located in south-east Queensland, 

Australia (Figure 3-1). The Brisbane River flows east into Moreton Bay, while the 

Moonie River is part of the Murray-Darling Basin and flows south to the sea in South 

Australia. In both catchments, rainfall is mostly associated with subtropical lows and 

storms resulting in an unpredictable flow regime (Figure 3-3, Figure 3-9). Rivers and 

streams in these catchments have dried for months, or even years, at a time. The dry 

river beds sampled in the Brisbane and Moonie River catchments were less than 10 m 

wide. Substrate varied from fine to coarse in the Brisbane River catchment (Figure 

3-5), with cracking clay substrates being typical of the Moonie River catchment 

(Figure 3-8). 

 

The Tagliamento River catchment was selected for sampling in addition to the 

Australian river catchments to extend the global relevance of the study. There are no 

rivers with its type of hydrological regime in Australia (Kennard et al. 2010). The 

Tagliamento River (Figure 3-1, Figure 3-18, Figure 3-20) has a flashy flow regime 

(Figure 3-19) with discharge peaks in the boreal spring and autumn, although flow, 
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flood pulses and dry spells may occur at any time of the year (Tockner et al. 2003; 

Döring et al. 2007). The Tagliamento River is one of the last morphologically intact 

rivers in the European Alps, containing up to 11 individual channels in the braided 

middle reaches (Ward et al. 1999). These channels can be dry at times and a section 

of the entire channel network up to 20 km long can lose all surface water during low-

flow conditions (Döring et al. 2007). The width of the active channel containing dry 

river beds was up to 1 km wide and substrate was coarse. Please refer to Chapter 3 

and Appendix A for more information about the study sites. 

4.2.3 Data collection 

 

To determine whether the terrestrial invertebrate assemblage composition from dry 

river bed and riparian habitats was different, both habitats were sampled at each site 

using pitfall traps. The traps consisted of 250 mL plastic jars, 77 mm high and 67 mm 

in diameter, filled with 70 % ethanol and 3 % glycerol as per Wishart (2000). The 

ethanol acted as a killing agent and preservative, and a drop of detergent was added to 

break the surface tension, preventing captured invertebrates from escaping. This 

method collected invertebrates that were potentially attracted to ethanol, or at least 

were not repelled by it, although ants have not been found to be attracted or repelled 

by ethanol (Greenslade and Greenslade 1971). A cover, made from a 15 cm-diameter 

plastic plate, was positioned approximately 100 mm over each pitfall trap to prevent 

rain, leaf litter and other debris from blocking the trap and reducing its efficiency 

(Williams 1959). A trial was conducted to determine whether traps should be set only 

for 24 h, day time only, or night time only. Pitfall traps set only during daylight hours 

collected a different invertebrate assemblage from those only set only during night 

time hours; therefore, 24 h was chosen to adequately sample the full invertebrate 

assemblages (Appendix B). 
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Six replicate pitfall traps were randomly positioned in each habitat type (dry river bed 

or riparian zone) at each site and set for approximately 24 h. Environmental data were 

visually estimated from a 1 m diameter area surrounding each pitfall trap (Table 4-8, 

Appendix B: Figure B-1). Environmental variables were chosen that were expected to 

influence terrestrial invertebrates. Substrate particle sizes were recorded as a 

percentage of the area, and defined as follows: silt/clay < 0.05 mm, sand 0.05 - 2 mm, 

gravel 2 - 4 mm, pebble 4 - 64 mm, cobble 64 - 256 mm, bedrock > 256 mm 

(Cummins 1962). The following substrate cover variables were recorded as a 

percentage of the 1 m diameter area: bare ground, detritus, ground vegetation, sticks, 

branches and logs. Canopy cover (%) above each pitfall trap was also estimated and 

recorded. In Australia, temperature was logged every 30 minutes over 24 hours using 

data loggers (Baro-Diver, Schlumberger Water Services) placed on the river bed and 

on the ground in the riparian zone at Reynolds Creek, Wild Cattle Creek, Oaky Creek 

and Purga Creek during sampling in December 2009. In Italy, temperature and 

humidity was logged every 30 minutes over 24 hours at each site using data loggers 

(Hydrochron iButtons DS1923) placed on the river bed and on the ground in the 

riparian zone at sites 1, 2 and 3 in September 2009. 

 

Terrestrial invertebrates collected in the pitfall traps were identified to family level 

where possible, then grouped according to morphospecies based on guidelines from 

the literature (Beattie and Oliver 1994, Oliver and Beattie 1996) and counted. 

Morphospecies are ‘taxa readily separable by morphological differences that are 

obvious to individuals without extensive taxonomic training’ (Oliver and Beattie 

1996). Estimates of richness of terrestrial invertebrates from pitfall samples have been 

shown to vary little between morphospecies identified by non-specialists and species 
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identified by specialists (Oliver and Beattie 1996). Species level spatial patterns in 

invertebrate data can be similar at lower levels of taxonomic resolution, such as genus 

(Pik et al. 1999, Cardoso et al. 2004) and family level (Marshall et al. 2006b). 

All sampling took place between August 2009 and September 2010 during the ‘dry’ 

phase. Different rivers dried at different times of the year, and as a result, different 

seasons were sampled in this study. Sites were sampled during the austral spring 

(October 2009) in the Mitchell and Flinders River catchments, in the austral winter 

(August 2009) in the Moonie River catchment, in the austral summer (December 

2009) in the Brisbane River catchment, and in the boreal autumn (September 2010) in 

the Tagliamento River catchment. 

 

Table 4-1 Percentage (%) of the total number of taxa predicted to be present in the sampled 

catchment from: dry river bed (B), and riparian (R) habitats, from each catchment collected in 

the corresponding number of samples (1-6) as calculated from species accumulation curves 

(Appendix B). Modified from Steward et al. (2011). 

 

 Mitchell Flinders Brisbane Moonie Tagliamento 

Number of samples B R B R B R B R B R 

1 21 20 28 24 34 37 39 46 22 22 

2 34 33 44 38 51 54 53 67 36 40 

3 43 43 55 48 63 65 62 79 47 54 

4 51 51 62 55 70 72 70 87 55 67 

5 57 57 68 61 75 77 76 92 62 78 

6 63 63 73 65 80 81 81 95 68 87 

Total number of 

samples collected 36 36 36 36 20 20 12 12 24 24 

 

To determine that the sampling effort was sufficient to define habitat richness and 

abundance at each site, randomised taxa accumulation curves (with 50 

randomisations) were generated for dry river bed and riparian replicates within each 

habitat, site and catchment using the EstimateS software program (Colwell 2006). The 

sampling design was found to be adequate as habitat-specific estimates of both taxon 



74 

 

richness and abundance stabilized with five to six replicate samples (Table 4-1, 

Appendix B). 

4.2.4 Data analyses 

All multivariate analyses were conducted in the PRIMER version 6.1.10 software 

program (Clarke and Gorley 2007). To determine whether the terrestrial invertebrate 

assemblage composition was different between dry river bed and riparian habitats at 

each site within each catchment, a two-way crossed analysis of similarity (ANOSIM) 

with 9999 permutations was used, based on a Bray-Curtis association matrix between 

samples characterised by taxa. In these analyses, I tested for differences between 

habitats (dry river bed and riparian zone), allowing for differences between sites 

within each catchment. This allowed for the investigation of the prediction that the 

assemblages would differ between adjacent habitats, and to consider the generality of 

this result across multiple catchments with varying hydrology and climate. The two-

way crossed ANOSIM design applied to individual catchments was considered the 

most suitable (as opposed, for instance, to a nested analysis) because it accounted for 

two factors, site and catchment, that were a priori assumed to be major sources of 

variability not directly related to the research questions, allowing the results to focus 

on my interest in differences between dry river beds and adjacent riparian zones. 

Whilst a standard significance threshold of p < 0.05 was used to determine if there 

were differences, pair-wise R values were used to indicate the magnitude of 

differences between habitats based on the ‘rule of thumb’ provided by Clarke and 

Gorley (2006), where R > 0.75 indicates groups are well separated, R = 0.50 – 0.75 

indicates overlapping groups that are clearly different, R = 0.25 – 0.50 indicates 

groups with considerable overlap and R < 0.25 indicates groups that are barely 



75 

 

separable. Non-metric Multi-Dimensional Scaling (nMDS) was used to graphically 

display the ANOSIM results. 

 

Rare taxa were removed prior to analysis because they were considered to be 

inadequately sampled, reducing my confidence in the representation of their 

distributions and thus their inclusion would distort assemblage differences. They were 

defined as those taxa contributing less than 1% of the total number of individuals in 

the catchment-level dataset (i.e., all samples from all sites in a catchment) and also 

contributing less than 5% of the total number of individuals in any specific sample. 

The abundance data were log10 (x+1) transformed to down-weight the influence of 

highly abundant taxa on the assemblage patterns. After down-weighting in this way, 

association measures between samples (i.e., Bray Curtis differences) better reflect 

differences in the overall assemblage composition (Clarke and Warwick 1994). An 

additional dataset was created with abundance data transformed to presence/absence 

(again following removal of rare taxa). Contrasting results of the analyses of the 

abundance and presence/absence datasets allowed interpretation of the relative 

contributions of abundance and composition in generating differences between dry 

river bed and adjacent riparian invertebrate assemblages. 

 

To identify what types of invertebrates contributed to differences between dry river 

bed and riparian habitats for significant ANOSIM tests, similarity percentages were 

calculated using SIMPER in the PRIMER version 6.1.10 software program (Clarke 

and Gorley 2007). 
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Differences in environmental conditions between dry river bed and adjacent riparian 

habitats were also assessed using a two-way crossed ANOSIM with 9999 

permutations based on a normalised Euclidean distance association matrix between 

samples characterised by their environmental attributes. This tested for differences 

between habitat types allowing for differences between sites and was repeated for 

each catchment. SIMPER was again used to identify which variables contributed most 

to the significant differences between the habitat types, and again using R values to 

indicate the magnitude of the differences. 

 

To calculate how much of the overall faunal variation in each catchment was 

associated with environmental variables, the BIO-ENV routine in PRIMER was used. 

The BIO-ENV analyses used Bray-Curtis similarity matrices of the invertebrate data, 

and a Spearman Rank correlation of environmental variables with normalized 

Euclidean distance measures. 

4.3 Results 

4.3.1 Terrestrial invertebrate assemblage composition 

A total of 22,150 invertebrates were collected from 256 pitfall samples from dry river 

bed and riparian habitats across the five catchments, representing 320 invertebrate 

morphospecies from 24 orders (Table 4-2). 
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Table 4-2 Summary of the terrestrial invertebrate morphospecies (‘taxa’) collected from dry 

river bed and riparian habitats in each catchment. Shared taxa = taxa common to both riparian 

zones and river beds. Total abund. = total abundance. Table modified from Steward et al. (2011). 

 
   Unique taxa Abundance 

Catchment Taxa 

Shared 

taxa 
River bed Riparian 

Total 

abund. 

River bed Riparian 

Total % Total % Total % Total % Total % 

Mitchell 75 36 48 12 16 27 36 4,639 3,303 71 1,336 29 

Flinders 95 48 51 18 19 29 31 8,717 6,732 77 1,985 23 

Brisbane 119 60 50 27 23 32 27 8,079 1,695 21 6,384 79 

Moonie 63 32 51 7 11 24 38 284 119 42 165 58 

Tagliamento 109 34 31 14 13 61 56 431 176 41 255 59 

Total        22,150 12,025  10,125  

 

There was a significant difference in the composition of terrestrial invertebrate 

assemblages between dry river bed and adjacent riparian habitats in all 5 catchments 

(in all cases p < 0.0001, Table 4-3, Figure 4-2, Figure 4-3). Applying Clarke and 

Gorley’s (2006) rule of thumb for interpreting ANOSIM results, dry river bed and 

adjacent riparian assemblages were ‘clearly different’ when using abundance data in 

most catchments; however there was ‘some overlap’ in invertebrate composition in 

the Mitchell and Moonie River catchments (Table 4-3, Figure 4-2). Likewise, with 

presence/absence data, there was a significant difference between dry river bed and 

adjacent riparian habitats in all 5 catchments, and the magnitudes of the differences 

were comparable to those from the abundance data results (Table 4-3). 

 
Table 4-3 Global R values from two-way crossed Analysis of Similarity (ANOSIM) comparing 

dry river bed and riparian habitats, allowing for differences between sites. All results have p 

values of < 0.0001. Table modified from Steward et al. (2011). 

 

Catchment Samples Abundance data Presence/absence data Environmental data 

Mitchell 72 0.44 0.46 0.56 

Flinders 72 0.59 0.47 0.69 

Brisbane 40 0.63 0.41 0.64 

Moonie 24 0.40 0.42 0.66 

Tagliamento 48 0.73 0.70 0.72 
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Figure 4-2 Terrestrial invertebrate assemblage composition (abundance data) from dry river bed 

(open circles) and riparian (closed triangles) habitats for sites in: a) Mitchell River catchment; b) 

Flinders River catchment; c) Brisbane River catchment; d) Moonie River catchment; e) 

Tagliamento River catchment. Each point represents the mean x and y 2-Dimensional nMDS 

coordinate for each habitat at each site (a, b, c, d, e) with ± 1 standard error as error bars. Stress 

is shown. See Appendix A for site codes. Figure modified from Steward et al. (2011). 
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Figure 4-3 Average proportional abundance (%) of terrestrial invertebrate groups for dry river 

bed (B) and riparian (R) habitats in each catchment. Other = terrestrial invertebrate groups that 

contributed ≤ 5% to the invertebrate abundance for a catchment. Figure modified from Steward 

et al. (2011). 

 

Total invertebrate abundances were higher in dry river beds than in riparian habitats 

in the Mitchell and Flinders River catchments, and higher in riparian habitats than in 

dry river beds in the remaining catchments (Table 4-2). More taxa were recorded from 

riparian than dry river bed habitats. Sixty-six morphospecies (20 % of total) were 

unique to dry river beds, from the following groups: Coleoptera (35 morphospecies), 

Formicidae (12), Acarina (3), Diptera (3), Hymenoptera (3), Dermaptera (2), 

Hemiptera (2), Lepidoptera (2), Orthoptera (2), Collembola (1), and Isoptera (1). Only 

approximately 50 % of all morphospecies recorded in each Australian catchment were 

shared between dry river bed and riparian habitats, but this was even lower in the 

Tagliamento catchment (31 % shared taxa) (Table 4-2). 

 

Across all catchments, the results from the SIMPER analyses were consistently 

similar for abundance and presence/absence data, with the top five morphospecies 

associated with 21-38 % of the invertebrate patterns (Table 4-4). In the Mitchell and 
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Flinders River catchments, the top five most important morphospecies associated with 

these differences belonged to Formicidae, Coleoptera and Diptera, with Hemiptera 

also explaining some of the presence/absence patterns in the Flinders (Table 4-4). In 

the Brisbane and Moonie River catchments, the top five most important 

morphospecies associated with the differences between the habitat types belonged to 

the Formicidae, Collembola and Acarina, with Hemiptera also explaining some of the 

presence/absence patterns (Table 4-4). Finally, in the Tagliamento River catchment, 

the top five most important morphospecies associated with the differences between 

the habitat types belonged to the Formicidae, Coleoptera, Collembola and Arionoidea 

groups, with Lycosidae also associated with the presence/absence patterns (Table 

4-4). 

4.3.2 Environmental variation 

Australian sites 

For some of the day and much of the night, the ground surface temperature appeared 

to be similar between dry river bed and riparian zone habitats, but it differed 

considerably between approximately 10:00 am and 4:00 pm, the hottest part of the 

day, for all sites except Oaky Creek (Table 4-5, Figure 4-4). During this period, the 

temperature of the dry river bed was up to 20 °C hotter than the riparian zone, and 

approached, or exceeded, 60 °C, which is the thermal limit for most eukaryotic 

organisms (Tansey and Brock 1972). 
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Table 4-4 Results from SIMPER analyses showing the top 5 most important taxa (abundance and presence/absence data) and environmental variables in dry river 

bed (B) and riparian (R) habitats in each catchment. Tag. = Tagliamento. Table modified from Steward et al. (2011). 

 
 Invertebrate abundance data Invertebrate presence/absence data Environmental data 

  Taxa B  

average 

abundance 

R  

average 

abundance 

Contribution 

% 

Cumulative  

% 

Taxa B  

average 

abundance 

R  

average 

abundance 

Contribution  

% 

Cumulative  

% 

Variables B  

average 

value 

R  

average 

value 

Contribution 

% 

Cumulative  

% 

Mitchell Formicidae7 2.61 1.96 10.2 10.2 Diptera2 0.19 0.5 5.63 5.63 Silt/Clay -0.81 0.81 10.44 10.44 

 Formicidae8 0.78 0.7 8.04 18.2 Formicidae8 0.39 0.39 5.45 11.1 Sand 0.62 -0.62 8.75 19.19 

 Formicidae9 0.6 0.71 6.65 24.9 Formicidae9 0.31 0.36 4.61 15.7 Bare 0.71 -0.71 8.66 27.85 

 Coleoptera1 0.93 0.04 4.97 29.9 Coleoptera1 0.42 0.06 3.98 19.7 Detritus -0.66 0.66 8.38 36.23 

  Coleoptera2 1.1 0.13 4.84 34.7 Diptera1 0.33 0.14 3.95 23.6 Gravel 0.56 -0.56 7.81 44.04 

Flinders Coleoptera1 2.08 0.06 10.6 10.6 Coleoptera1 0.75 0.06 6.39 6.39 Silt/Clay -0.77 0.77 9.75 9.75 

 Diptera3 1.45 0.32 7.27 17.9 Coleoptera2 0.56 0.03 5 11.4 Bare 0.81 -0.81 9.72 19.47 

 Formicidae8 1.07 0.76 5.82 23.7 Hemiptera2 0.25 0.56 4.94 16.3 Gravel 0.67 -0.67 8.45 27.92 

 Diptera2 1.23 0.86 4.7 28.4 Diptera1 0.36 0.44 4.3 20.6 Ground vegetation -0.63 0.63 8.3 36.22 

  Formicidae2 0.82 0.15 4.49 32.9 Formicidae8 0.47 0.36 3.91 24.5 Detritus -0.66 0.66 8.25 44.48 

Brisbane Formicidae1 1.65 3.4 9.7 9.7 Acarina2 0.4 0.75 5.9 5.9 Silt/Clay -0.69 0.92 11.3 11.3 

 Formicidae2 1.43 2.46 6.94 16.6 Orthoptera1 0.5 0.2 5.88 11.8 Ground vegetation -0.683 0.91 9.94 21.24 

 Hemiptera1 0.07 1.22 5.66 22.3 Hemiptera1 0.1 0.65 5.7 17.5 Pebble 0.45 -0.60 9.72 30.96 

 Collembola1 2.74 2.24 5.36 27.7 Diptera1 0.5 0.45 4.97 22.4 Canopy cover -0.29 0.38 8.66 39.62 

  Acarina2 0.41 1.05 5.07 32.7 Acarina3 0.35 0.4 4.7 27.1 Bare 0.61 -0.81 8.07 47.69 

Moonie Formicidae1 3.71 2.94 9.08 9.08 Collembola2 0.83 0.25 8.56 8.56 Bare 0.88 -0.88 21.5 21.5 

 Collembola2 1.11 0.37 8.73 17.8 Formicidae4 0 0.75 8.39 17 Detritus -0.68 0.68 19.18 40.68 

 Formicidae4 0 1.03 7.95 25.8 Formicidae6 0.17 0.58 6.7 23.7 Sticks -0.72 0.72 18.15 58.83 

 Formicidae5 0.37 0.61 6.3 32.1 Acarina1 0.25 0.58 6.21 29.9 Ground vegetation -0.41 0.41 18.03 76.86 

  Acarina1 0.21 0.8 5.92 38 Hemiptera2 0.42 0.42 6.1 36 Logs -0.20 0.20 11.69 88.54 

Tag. FormicidaeT10 0.6 1.06 8.13 8.13 ColeopteraT3 0.67 0.04 4.78 4.78 Bare -0.84 0.84 10.91 10.91 

 CollembolaT3 0.72 0.78 6 14.1 FormicidaeT10 0.33 0.54 4.42 9.2 Ground vegetation 0.80 -0.80 10.07 20.98 

 ColeopteraT3 0.86 0.05 5.86 20 CollembolaT3 0.33 0.58 4.08 13.3 Pebble -0.65 0.65 8.92 29.9 

 ArionoideaT1 0 0.83 5.53 25.5 LycosidaeT1 0.5 0.08 3.85 17.1 Cobble -0.65 0.65 8.79 38.69 

  CollembolaT4 0.4 0.71 5.29 30.8 ArionoideaT1 0 0.5 3.74 20.9 Detritus 0.62 -0.62 8.79 47.48 
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Table 4-5 Summary of temperature data (°C) logged at 30-minute intervals for 24 h using data 

loggers placed on the dry river bed and on the ground in the riparian zone at sites in Australia. 

 

 Reynolds Creek Wild Cattle Creek Oaky Creek Purga Creek 

Date sampled 9-10/12/2009 9-10/12/2009 7-8/12/2009 7-8/12/2009 

Dry river bed 

Maximum 66.0 59.6 65.7 58.8 

Minimum 21.4 20.8 21.7 19.8 

Range 44.6 38.8 44.0 39.1 

Mean 34.5 31.4 36.1 28.9 

Riparian zone 

Maximum 45.5 42.3 65.9 42.7 

Minimum 20.0 20.0 19.8 19.4 

Range 25.5 22.3 46.2 23.3 

Mean 29.5 28.5 34.1 26.5 

Difference between dry river bed and riparian zone 

Maximum 20.5 17.3 -0.2 16.1 

Minimum 1.4 0.8 1.9 0.3 

Range 19.1 16.5 -2.2 15.8 

Mean 5.0 2.9 2.0 2.4 

 

 

Italian sites 

At all sites except for site 4, dry river beds experienced hotter maximum temperatures 

and cooler minimum temperatures on average, when compared to adjacent riparian 

zones (Table 4-6, Figure 4-5, and Figure 4-6). Humidity was more variable in dry 

river beds than riparian zones, with higher maximums and lower minimums recorded 

(Figure 4-5, Figure 4-6). 
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Table 4-6 Summary of temperature data (°C) logged at 30-minute intervals for 24 h using data 

loggers placed on the dry river bed and on the ground in the riparian zone at sites in Italy. 

 

 Tagliamento River 

 Site 1 Site 2 Site 3 Site 4 

Date sampled 15/09/2010 13/09/2010 11/09/2010 22/09/2010 

Dry river bed 

Maximum 47.8 38.7 44.0 45.5 

Minimum 17.0 14.0 12.1 8.7 

Range 30.8 24.7 31.9 36.8 

Mean 25.1 22.7 21.6 22.8 

Riparian zone 

Maximum 28.6 28.0 43.4 49.6 

Minimum 17.1 12.6 11.6 10.1 

Range 11.5 15.4 31.8 39.5 

Mean 19.4 18.8 17.6 18.8 

Difference between dry river bed and riparian zone 

Maximum 19.2 10.7 0.6 -4.1 

Minimum 0.1 1.4 0.5 -1.4 

Range 19.3 9.3 0.1 -2.7 

Mean 5.7 3.9 4 4 
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Figure 4-4 Temperature data logged at 30-minute intervals for approximately 24 h from dry river bed (solid brown lines) and riparian (dashed green lines) habitats 

at Australian sites: a) Reynolds Creek, b) Wild Cattle Creek, c) Oaky Creek, and d) Purga Creek in December 2009 (Austral summer). The dotted horizontal line 

denotes the upper thermal tolerance of most eukaryotic organisms (60 °C). 
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Figure 4-5 Data logged at 30-minute intervals for approximately 24 h from dry river bed (solid lines) and riparian (dashed lines) habitats at Italian sites in 

September, 2010 (Boreal autumn): a) temperature at site 1, b) humidity at site 1, c) temperature at site 2, and d) humidity at site 2. 
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Figure 4-6 Data logged at 30-minute intervals for approximately 24 h from dry river bed (solid lines) and riparian (dashed lines) habitats at Italian sites in 

September, 2010 (Boreal autumn): a) temperature at site 3, b) humidity at site 3, c) temperature at site 4, and d) humidity at site 4.
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The environmental characteristics of the dry river beds and riparian zones were 

significantly different (p < 0.0001) in all catchments and the magnitudes were 

classified as ‘clearly different’ (Table 4-3). Large proportions (44 - 88 %) of these 

differences were explained by variation in substrate composition and bare ground in 

all catchments, vegetation cover in all except the Mitchell, and detritus cover in all but 

the Brisbane (Table 4-4). 

 

Despite these environmental differences, little of the overall biological patterns were 

associated with measured environmental variation in the BIO-ENV analyses, as 

indicated by their relatively small R statistics (Table 4-7). Canopy cover was 

associated with some of the biological variation in the Mitchell River catchment (R = 

0.344, p = 0.001), whereas silt/clay, sand, and detritus was associated with some of 

the variation in the Flinders River catchment (R = 0.247, p < 0.001). Silt/clay, sand, 

cobble and detritus was associated with some of the variation in the Brisbane River 

catchment (R = 0.356, p = 0.001), whereas sticks, branches and logs were associated 

with a higher proportion of the faunal variation in the Moonie River catchment (R = 

0.602, p = 0.001). In the Tagliamento River catchment, bare ground and vegetation 

were associated with some of the variation (R = 0.39, p = 0.001). 

 

Table 4-7 Summary of BIONENV analysis results of environmental variables that are associated 

with the patterns in the dry river bed and riparian invertebrate assemblage composition. Table 

modified from Steward et al. (2011). 

 

Catchment R statistic R
2
 p Environmental variables 

Mitchell 0.344 0.118 0.001 % canopy cover 

Flinders 0.247 0.061 0.001 % silt/clay, % sand, % detritus 

Brisbane 0.371 0.138 0.001 % sand, % cobble, % bare, % detritus 

Moonie 0.602 0.362 0.001 % sticks, % branches, % logs 

Tagliamento 0.390 0.152 0.001 % bare, % vegetation 
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Table 4-8 Mean and range (in parentheses) of values of environmental attributes of dry river bed (B) and riparian (R) habitats in each catchment. ‘NA’ = missing 

data. 

 
Environmental 

variables 

Mitchell Flinders Brisbane Moonie Tagliamento 

 B R B R B R B R B R 

% Canopy cover 12 (0- 90) 36 (0-95) 6 (0-70) 24 (0-80) 28 (0-80) 51 (0-90) NA NA 0 34 (0-90) 

% Silt/clay 15 (0-100) 90 (10-100) 13 (0-100) 81 (5-100) 14 (0-60) 79 (10-100) 100 (100-100) 100 (100-100) 11 (0-75) 48 (0-100) 

% Sand 45 (0-100) 5 (0-80) 46 (0-100) 13 (0-80) 20 (0-80) 6 (0-90) 0  0 18 (0-90) 43 (0-100) 

% Gravel 22 (0-60) 2 (0-40) 17 (0-35) 1 (0-20) 9 (0-20) 3 (0-10) 0  0 10 (5-30) 3 (0-25) 

% Pebble 13 (0-75) 1 (0-35) 13 (0-75) 0.7 (0-5) 22 (0-50) 3 (0-15) 0 0 40 (5-75) 6 (0-85) 

% Cobble 2 (0-25) 0.3 (0-10) 11 (0-60) 0.7 (0-10) 34 (0-70) 9 (0-50) 0 0 21 (0-70) 0.7 (0-5) 

% Boulder 0.4 (0-10) 0 0.7 (0-15) 0 2 (0-15) 0.3 (0-5) 0 0 0 0 

% Bedrock 2 (0-30) 0.7 (0-25) 0.3 (0-10) 4 (0-70) 0.3 (0-5) 0 0 0 0 0 

% Bare 79 (15-100) 31 (1-95) 87 (45-100) 34 (5-90) 51 (20-90) 12 (0-55) 70 (50-90) 12 (0-55) 92 (75-100) 32 (0-80) 

% Ground vegetation 0.2 (0-5) 6 (0-35) 1.2 (0-20) 28 (0-75) 8 (0-35) 49 (15-80) 5 (0-15) 18 (0-60) 5 (0-15) 39 (10-75) 

% Detritus 17 (0-65) 54 (5-85) 7 (0-45) 32 (5-65) 31 (5-60) 32 (15-50) 19 (10-45) 46 (20-75) 2 (0-5) 24 (5-70) 

% Sticks 2 (0-5) 6 (0-15) 3 (0-20) 5 (0-20) 7 (0-15) 6 (0-15) 4 (0-10) 16 (5-30) 0.4 (0-5) 5 (0-30) 

% Branches 0.6 (0-10) 1 (0-10) 0.9 (0-5) 1 (0-10) 3 (0-20) 2 (0-20) 1 (0-5) 4 (0-20) 0 0.2 (0-5) 

% Logs 0.7 (0-15) 0.6 (0-20) 0.4 (0-15) 0.4 (0-5) 0.5 (0-10) 0 0.8 (0-5) 3 (0-30) 0.2 (0-5) 0 

Channel width > 100 m > 50 m < 10 m  < 10 m > 50 m 

Closest surface water > 50 m > 50 m > 10 m > 1000 m > 50 m 

Estimated time since 

river bed was last 

inundated 

> 3 months > 3 months > 1 month > 3 months > 1 month 
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4.4 Discussion 

4.4.1 Terrestrial invertebrates of dry river beds and riparian habitats 

In every catchment, the terrestrial invertebrate assemblage composition of dry river beds 

was significantly different from that in adjacent riparian habitats, as predicted. These 

differences were not simply due to abundances of taxa, but also the presence and 

absence of taxa. The fact that dry river bed and riparian habitats were significantly 

different shows that there was sufficient power to detect a difference, even with only 2 

sites from the Moonie River catchment. 

 

The dry river bed habitats sampled contained a diverse terrestrial invertebrate 

assemblage that was dominated by ants (Formicidae) in every catchment but also 

beetles (Coleoptera) in the Mitchell, Flinders and Tagliamento River catchments and 

springtails (Collembola) in the Brisbane, Moonie and Tagliamento River catchments, 

with mites (Acarina), flies (Diptera), bugs (Hemiptera), cockroaches (Blattodea) and 

spiders (Lycosidae) also abundant in some catchments (Table 4-4, Figure 4-3). Similar 

patterns have been found in dry river beds elsewhere, with high abundances of ants and 

springtails in New Zealand (Larned et al. 2007), and high abundance of ants, beetles 

and spiders in South Africa (Wishart 2000) and Namibia (Lalley et al. 2006). 

 

Taxon richness in riparian habitats was higher than in dry river bed habitats in all 

catchments, although dry river bed habitats contained more individuals in the Mitchell 

and Flinders River catchments. Up to half of the taxa were shared between dry river 

beds and riparian habitats, and 66 out of a total of 320 taxa (20 % of all taxa) occurred 

only in dry river beds. The dry river bed invertebrate assemblages sampled in this study 
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were therefore not simply subsets of adjacent riparian assemblages differing in taxon 

abundance. The percentage of unique taxa is comparable with a study by Lalley et al., 

(2006), who found that both the highest total number of arthropod species, and the 

highest number of unique arthropod species, sampled in the Namib Desert, Namibia, 

were from an ephemeral stream channel (8 out of 54 taxa, 15 % of all taxa). Six other 

habitats were sampled in that study, representing different substrate types and different 

levels of vegetation cover. 

 

Habitat partitioning amongst taxa appeared to be occurring, with some habitat generalist 

taxa, some riparian habitat specialists, and some dry river bed habitat specialists. This 

general pattern has been observed in wolf spiders (Lycosidae) (Moring and Stewart 

1994), where overall abundances and taxon richness were higher in exposed cobble 

streamside habitats than in adjacent grassy riparian zones, and some individual species 

were confined to only one of these habitats or the other, with other species common to 

both. 

 

Dry river beds may contain specialist terrestrial invertebrates with ‘inundation-resistant’ 

stages evolved for wet times, much like aquatic invertebrates with desiccation-resistant 

stages evolved for dry times. This is the case for some terrestrial invertebrates in the 

flooded forests of the Amazon, which are regularly flooded for up to 6 months of the 

year. Some invertebrates in these forests have inundation-resistant eggs, and some have 

physiological adaptations allowing the adults to survive underwater (Adis 1986, 1992, 

Adis and Junk 2002). 
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Based on these results, I propose that dry river beds are a habitat for a unique 

invertebrate assemblage. The repetition of these results across five different catchments 

and two continents with different zoogeographic histories, and different hydrology, 

substrate and climate conditions, reinforces the generality of these findings. The 

differences between dry river bed and riparian invertebrate assemblages can be large, as 

in the Tagliamento River catchment where the assemblages were clearly different, but 

the magnitude varied between catchments, with the smallest differences in the Moonie 

River catchment where the assemblages were different but had considerable overlap. 

The dry river beds in the Moonie catchment had the shortest width out of any sampled. 

Perhaps this result suggests that the smaller the river bed width, the closer the similarity 

of the dry river bed biota to that found in the riparian zone. 

4.4.2 Environmental differences 

Sixty degrees Celsius is the upper thermal tolerance of most eukaryotic organisms 

(Tansey and Brock 1972). Temperatures exceeded 60 °C in Australian dry river beds 

more frequently than in riparian zones, confirming that dry river beds are physically 

harsher places for biota than riparian zones (Figure 4-4). Ground temperatures of 66 °C 

have also been observed in the dry bed of the Kuiseb River, Israel (Holm and Edney 

1973). 

 

Environmental differences between dry river bed and adjacent riparian habitats in each 

catchment were consistently greater than or equal to differences in the invertebrate 

assemblages. Despite this, the overall patterns in invertebrate assemblage composition 

were not strongly associated with environmental variability in any catchment, based on 

the attributes that I measured. This highlights that the results did not simply reflect a 

gradient response of the invertebrates to variability in the environment. If such a 
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gradient response existed, it would suggest that assemblage composition was tracking 

environmental variation and that samples with similar environmental attributes would 

share similar invertebrate assemblages whether they were from the riparian zone or the 

dry river bed. The absence of such a gradient response in combination with the 

consistent faunal difference between habitats further supports the conclusion that dry 

river beds represent a different habitat in their own right. 

  

Canopy cover was weakly associated with patterns in the invertebrate assemblages of 

the Mitchell River catchment. Some of the dry river beds in the Mitchell were extremely 

wide, up to 500 m, meaning that most of the dry river bed surfaces were not shaded by 

riparian vegetation, resulting in a hotter habitat than the adjacent shaded riparian habitat. 

These river beds resembled hot, sandy deserts by day, but cooled considerably by night. 

Invertebrate activity in these river beds could well be limited to night time, or else 

displayed by invertebrates tolerant of extreme temperatures. In the Flinders River 

catchment, patterns in the invertebrate assemblages were associated with silt/clay, sand 

and detritus, but again the statistical association was weak. The dry river bed habitats 

were predominantly sand, and the riparian habitats were predominately silt/clay, with 

more detritus on average found in the riparian habitats than in the dry river beds. This 

was consistent with the Brisbane River catchment, with patterns in the invertebrate 

assemblages weakly associated with sand and detritus, and also bare ground and cobble, 

with these substrates mainly found in the dry river beds. Sticks, branches and logs were 

associated with the invertebrate assemblage patterns in the Moonie River catchment, 

having the strongest statistical association. Bare ground and ground vegetation cover 

were weakly associated with invertebrate patterns in the Tagliamento River catchment. 

Although over 90 % of the dry river bed habitats in the Tagliamento were bare, the 
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substrate was coarser than that of the riparian habitats, providing interstitial spaces and 

complexity that differs from the fine substrates and vegetation cover of the riparian 

zone. Aspects of the environment that were not measured could be more strongly 

associated with the invertebrate patterns than substrate, canopy cover and ground cover. 

Structural attributes of each habitat were measured, whereas temperature, humidity, and 

soil moisture may also be important to terrestrial invertebrates and should be considered 

in future studies. 

4.5 Conclusions 

Human activities that change the environmental conditions of dry river beds are likely 

to influence invertebrate assemblage composition. Cattle trampling, weed invasion, 

siltation, and altered hydrology can impact rivers and streams, the shoreline, and gravel 

bars during the wet phase (Balneaves and Hughey 1990, Wood and Armitage 1997, 

Nilsson et al. 2005, Bates et al. 2007, Sadler and Bates 2008), and are likely stressors 

on dry river beds during the dry phase. Cattle trampling during the dry phase may 

compact the river bed sediments, siltation may reduce substrate diversity through in-

filling, and weed invasion would increase canopy cover or ground vegetation cover, 

possibly affecting the quality of dry river beds as habitats. 

 

Under climate change scenarios, global surface temperatures are predicted to increase 

by 1 – 4 °C during the 21st century (Meehl et al. 2007), and these changes may impact 

invertebrate assemblages of dry river beds. Temperatures recorded in dry river beds can 

exceed the thermal tolerances of many organisms; therefore future temperature 

increases may extend the duration of periods when dry river beds are inhospitable to 

most life. The combined effects of climate change and water management may increase 

or decrease the duration of the wet and dry phases in rivers (Jackson et al. 2001, Chiew 
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and McMahon 2002, Lehner et al. 2006). Reduced flood frequency has negatively 

impacted the aquatic biota of temporary rivers and streams (Jenkins and Boulton 2007), 

and may have negative effects on habitat and diversity of terrestrial invertebrates in dry 

river beds. Permanent wetting after the construction of instream barriers such as dams or 

weirs will be detrimental to the terrestrial invertebrates of dry river beds, eliminating 

dry river bed habitat altogether. Similarly, increased frequency and duration of dry 

periods may impact dry river bed invertebrates by reducing the opportunities for 

terrestrial predators and scavengers to consume stranded aquatic material, which may be 

important for their survival or recruitment. 

 

This research has highlighted the significance of these habitats in supporting unique 

biota. More studies are needed to better understand how the terrestrial invertebrates of 

dry river beds are influenced by natural and anthropogenic disturbances. First, biotic 

responses to alterations of the environmental attributes of dry river beds need to be 

better described. Second, a more complete understanding of how modifications to 

wetting and drying regimes of temporary rivers effect successional changes in terrestrial 

invertebrates needs to be developed. If a link between human impacts and terrestrial 

invertebrate response is established, then terrestrial invertebrates could be considered as 

biological indicators of dry river health, in the same way that aquatic invertebrates are 

often used as indicators of aquatic ecosystem health. 
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Chapter 5: Changes in terrestrial invertebrate 

assemblages as a river bed dries and re-wets 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5-1 Shells of dead aquatic snails (Planorbidae) in a dry river bed. 
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5.1 Introduction 

5.1.1 Temporary rivers as ecotones 

Ecotones are dynamic, transitional zones, containing elements found in one or both of 

the adjacent ecological systems (Risser 1990). They also play an important ecological 

role in controlling the flow of energy and materials across landscapes (Naiman et al. 

1988). Riparian zones – the interface between rivers and the adjacent, terrestrial zone – 

are examples of aquatic/terrestrial ecotones. Temporary rivers and streams can also be 

thought of as temporal ecotones: as surface water contracts and expands, they shift from 

an aquatic-dominated ecosystem to a terrestrial one (Stanley et al. 1997) (Figure 2-4). In 

this respect, temporary river beds share similarities with floodplains, as described in the 

Flood Pulse Concept (Junk et al. 1989). This concept recognises the temporal shift 

between wet and dry by describing the floodplains of rivers as aquatic/terrestrial 

transition zones, and describes the inshore wetted area as the ‘moving littoral’, because 

its position is not stable in time (Junk et al. 1989). The moving littoral zone in 

temporary rivers can extend out into the riparian zone and floodplains during flood 

events, and contract into isolated pools, eventually disappearing altogether as the river 

bed dries (Figure 2-4). 

5.1.2 River beds and disturbance 

River beds can be subjected to both flood and drought disturbances. Floods affect river 

beds by scouring and mobilising bed sediments, uprooting vegetation, transporting 

aquatic biota, and providing nutrients and sediment to the system (Baker 1977, Bendix 

1997). Droughts affect rivers in many ways, particularly by reducing flow, which can 

affect water quality parameters such as dissolved oxygen, temperature, salinity, nutrient 

concentration, pH and turbidity (Lake 2011). Reduced flow can cause a loss of aquatic 

habitats, such as riffles and runs, affecting aquatic biota with a preference for these 
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habitat types (Boulton 2003). Droughts reduce surface water connectivity, but increase 

terrestrial connectivity in the system. Droughts are accepted as disturbances to aquatic 

ecosystems (Lake 2011); the addition of water, therefore, should be acknowledged as a 

disturbance to terrestrial, dry river bed ecosystems. 

 

The effects of floods on terrestrial invertebrates have recently been investigated (Ellis et 

al. 2001, Cartron et al. 2003, Greenwood and McIntosh 2008, Lambeets et al. 2008, 

Paetzold et al. 2008). However, the effects of droughts on terrestrial invertebrates are 

less understood and are only beginning to be studied (Greenwood and McIntosh 2010, 

McCluney and Sabo 2012). The potential responses of biota in temporary river beds as 

they shift from aquatic-dominated ecosystems to terrestrial ones are discussed in more 

detail in Chapter 2, Section 2.2 (Figure 2-4). 

5.1.3 Succession in disturbed environments 

Ecological succession is an orderly process of community development, resulting from 

the modification, or disturbance, of the physical environment (Odum 1969, Connell and 

Slatyer 1977). Disturbances cause mortality for some species, and allow for the 

establishment of others (Denslow 1980), opening up habitats for colonisation, and 

releasing resources (Connell and Slatyer 1977). Patterns seen in communities following 

a disturbance can be predictable or unpredictable. Where the successional change is 

predictable after a disturbance (e.g., flooding), the taxa or functional groups that return 

do so in similar sequence. The ‘facilitation model’ describes succession where the early 

colonists facilitate the arrival of new ones (Connell and Slatyer 1977).  

 

Successional change can be dynamic, and the assemblages that return after a 

disturbance can be less predictable and related to random factors – where any arriving 

species may be able to colonise. The ‘inhibition model’ describes a situation where 
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early colonists may inhibit the establishment of new colonists or suppress those already 

present (Connell and Slatyer 1977). The ‘tolerance model’ describes a situation 

intermediate between the previous two models, where early colonists don’t influence the 

recruitment or growth of subsequent colonists (Connell and Slatyer 1977). 

 

A predictable succession of vegetation, in terms of functional groups, is observed in 

tropical rainforests when a gap forms in the canopy by branch or tree fall, increasing the 

light levels that reach the forest floor (Finegan 1996). Herbs, shrubs and climbers are 

first to colonise. Seedlings of ‘pioneer’ tree species are next to emerge, which tend to 

have characteristics such as fast growth, fast time to reproduction, many seeds, and a 

short life span (Finegan 1996). Pioneer species are eventually replaced by more shade-

tolerant, longer-lived tree species. Studies of marine inter-tidal zones yield similar 

results, with a predictable series of taxa colonising newly-created habitats following 

disturbance (Farrell 1991). 

 

A predictable succession of aquatic macroinvertebrate functional groups can be seen 

following a flood disturbance in temporary rivers and streams. Boulton and Lake 

(1992b) found that a clear sequence of succession was evident over time following a 

flood, with distinct early colonists or ‘pioneer’ taxa, followed by ‘mid-successional’ 

taxa, and then predators becoming dominant as flow eventually reduced (Boulton and 

Lake 1992b). After the flood removed most aquatic macroinvertebrate taxa, species 

richness returned to pre-flood levels within weeks. The recolonisation of temporary 

streams by aquatic taxa with limited mobility or without desiccation-resistant stages 

may be delayed, due to the time required for their dispersal or migration from refuges to 

the newly inundated environment (Boulton 2003). Williams and Hynes (1976) also 

found three successive groups of invertebrates inhabiting temporary streams as they 
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dried, but the third group represented a terrestrial assemblage: 1) a ‘fall-winter’ aquatic 

fauna present following the resumption of flow; 2) a ‘spring-pool’ aquatic fauna 

inhabiting the system as flow ceases and pools form; and 3) a ‘summer-terrestrial’ fauna 

representing edge-dwelling invertebrates that invade the bed once it has dried. 

 

River regulation, resulting in a reduction in downstream flooding disturbance, can halt 

the natural succession of riparian vegetation, and may favour the invasion of exotic 

species (Nilsson and Berggren 2000). Capon (2003) showed that a reduced frequency of 

floodplain inundation could lead to the terrestrialisation of floodplain vegetation, with a 

loss of species that require inundation in order to recruit, and an increase in species that 

are adapted to drier conditions. The trajectory of vegetation towards terrestrialisation 

can be interrupted by the disturbance of inundation (Ward 1998).  

5.1.4 Aims and questions 

Ecotones have been recognised as being ‘particularly appropriate for testing new 

ecological ideas because of the intensity of interacting processes’ (Risser 1990). I tested 

the following hypothesis in a temporary ecotone – a river bed and its adjacent riparian 

zone: 

 As river bed drying progresses through time, the river bed terrestrial 

invertebrate assemblage shares more taxa with adjacent riparian zone 

assemblages. 

I aimed to answer the following questions: 

1. Which species were driving the successional patterns?; and 

2. What is the species turnover, in terms of diversity changes? Is there higher 

species turnover in the dry river bed compared to the riparian zone? 

To test the hypothesis and to answer the research questions, I sampled the river bed and 

surrounding riparian zone at Oaky Creek, in south-east Queensland, Australia, as the 
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bed dried – from when surface water became isolated into pools, then as surface water 

disappeared altogether with the bed remaining moist, then as the bed had been dry for 

one month to several months, and then in a year’s time after flow resumed. I addressed 

the hypothesis in two parts: 1) exploring differences in the invertebrate assemblage 

composition between the river bed and riparian zone over a hydrological wet-dry-wet 

cycle; and then 2) teasing apart whether distance from the river bed played a role in 

influencing river bed assemblages at each sampling period. The findings from this 

chapter will be linked back to the conceptual model of the expected responses of 

terrestrial invertebrates to a drying gradient (Figure 2-2), which will be discussed in 

Chapter 7.
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Figure 5-2 Oaky Creek from July 2009 to August 2010. The isolated pool is indicated by an arrow. Refer to the text for a description of the sampling location at 

different time periods.
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5.2 Methods 

5.2.1 Study area and sampling regime 

The study was performed in Oaky Creek in the Brisbane River catchment, south-east 

Queensland, Australia (see Chapter 3 for site details). Terrestrial invertebrate samples 

were collected as the river bed dried in July, August, September, and December of 

2009, and then in August of 2010 after flow resumed (Figure 5-2). Pitfall traps (see 

Chapter 4) were placed in dry sections of the river bed near the edge of the pool, and 

then at 5 m intervals into the riparian zone along 3 replicated transects for a distance 

of 20 m, starting at the junction between the river bed and riparian zone (‘0 m’ 

distance). In July 2009, surface water existed as a small, isolated pool, but the length 

of the pool receded by approximately 3 m between when the pitfall traps were set and 

when they were collected 24 h later. Surface water was present in August when pitfall 

traps were set, but then dried up overnight: the river bed sediments remained moist, 

and large mats of moist, green filamentous algae were present. Pitfall traps were 

placed in the river bed amongst the algae and into the riparian zone as per the July 

sampling. By September, the river bed surface sediments were no longer moist, and 

herbaceous vegetation had started to colonise the river bed. Any remaining 

filamentous algae mats were dry by September. The river bed in December was hot (> 

30 °C), and covered in leaf litter. The site was revisited the following year in August 

2010, when flow had resumed. Pitfall traps set during the ‘flowing’ stage were placed 

into dry sections of the river bed, i.e., exposed riverine sediments. 
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5.2.2 Collection of terrestrial invertebrates 

Terrestrial invertebrates were collected using pitfall traps set into the river bed, and 

within the riparian zone at 0, 5, 10, 15 and 20 m from the edge of the river bed, along 

3 replicated transects. Field methods were as described in Chapter 4, except that for 

the purposes of this chapter the pitfall traps were placed along 3 transects from the 

river bed at 5 metre intervals into the riparian zone, rather than randomly positioned 

as per Chapter 4. Five traps were placed into the river bed, whereas 1 trap was placed 

at each sampled distance in the riparian zone along each transect (total of 3 traps per 

sampled distance in the riparian zone). Invertebrates were enumerated in the 

laboratory and identified to order level, family level where possible, and then 

morphospecies as per Chapter 4. 

5.2.3 Data analysis 

5.2.3.1 Differences in assemblage composition across habitats 

Two types of datasets were created for each sampling occasion: Dataset 1 – where 

replicate pitfall trap samples from the river bed formed the ‘river bed’ habitat, and 

replicate pitfall trap samples at each distance formed the 0 m, 5 m, 10 m, 15 m, and 20 

m riparian habitats; and Dataset 2 – where replicate pitfall trap samples from the river 

bed formed the ‘river bed’ habitat, and replicate pitfall trap samples from 0 m, 5 m, 10 

m, 15 m and 20 m were combined to form an overall ‘riparian zone’ habitat. Rare taxa 

were removed prior to analysis, as per Chapter 4. 

 

Bray-Curtis similarity matrices were generated and two-dimensional non-metric 

Multidimensional Scaling (nMDS) analyses were performed on Datasets 1 and 2, 

using presence/absence and abundance data as described in Chapter 4. The analysis 
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results (mean axis 1/axis 2) were then illustrated graphically for interpretation 

purposes. A one-way crossed Analysis of Similarity (ANOSIM, 9999 permutations) 

was conducted on Dataset 1 to test whether the invertebrate assemblages in each 

sampled distance from the river bed (0 m, 5 m, 10 m, 15 m, 20 m) were significantly 

different from the river bed assemblages and from each other. A two-way crossed 

ANOSIM (9999 permutations) was conducted on Dataset 2 to test whether the river 

bed and riparian zone assemblages were significantly different, allowing for 

differences between sampling runs (July 2009, August 2009, September 2009, 

December 2009, August 2010). Analyses were conducted using the computer program 

PRIMER 6, version 6.1.10 (Clarke and Gorley 2007). 

 

Spatial and temporal variability in the terrestrial invertebrate assemblages were 

measured by pairwise Bray-Curtis similarity in PRIMER version 6.1.10 (Clarke and 

Gorley 2007) between dry river bed samples and riparian samples using Dataset 1 

(river bed, 0 m, 5 m, 10 m, 15 m, 20 m), and Dataset 2 (river bed and all ‘riparian’ 

samples combined) for July 2009, August 2009, September 2009, December 2009, 

and August 2010. The mean pairwise Bray-Curtis similarity values were then plotted 

as box-plots for interpretation. SIMPER analyses were conducted in PRIMER 6, 

version 6.1.10 (Clarke and Gorley 2007) to identify the percentage contribution of 

taxa to the differences between habitats (bed and riparian) and between sample 

distances (river bed, and 0 – 20 m) at each time. 

 

The mean richness, abundance and diversity (Shannon-Wiener Diversity) of bed and 

riparian habitat samples on each sampling occasion were calculated, to describe 
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patterns of diversity in space and time. Shannon-Wiener Diversity Index (H′) values 

were calculated in PRIMER 6, version 6.1.10 (Clarke and Gorley 2007) using loge. 

5.3 Results  

5.3.1 Temporal changes in terrestrial invertebrate assemblage 

composition 

ANOSIM results from both the abundance and presence/absence datasets showed that 

the river bed and riparian zone assemblages were significantly different from each 

other on each sampling occasion (Table 5-1, Table 5-2, Table 5-3). This trend is well 

illustrated in the nMDS plots (Appendix C). During each sampling occasion, the 

Bray-Curtis similarities between bed and riparian assemblages decreased as the 

distance of the riparian samples from the bed increased (Figure 5-3). Similarity 

between the habitats was the lowest during the re-wetted phase in August 2010. 

 

Invertebrate assemblages from all distances within the riparian zone remained similar 

to each other over each of the five sampling periods, regardless of their distance from 

the river bed (0 m to 20 m) (Table 5-1, Table 5-2, Table 5-3). The results suggest a 

gradual change from the bed to the riparian zone, with the riparian assemblages at the 

edge (0 m) and 5 m from the bed being significantly different from the bed only in the 

flowing period (August 2010), but riparian assemblages that were 15 m and 20 m 

away from the river bed were consistently different from river bed assemblages at all 

times. When the river bed re-wetted and flow resumed, the terrestrial invertebrate 

assemblages inhabiting the river bed (in exposed river bed sections and exposed 

‘islands’ in the river) were markedly different from those in the riparian zone. 
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Figure 5-4 illustrates the differences between dry river bed and riparian zone 

communities over time. For both abundance and presence/absence data, the 

trajectories of riparian zone communities return towards the starting community 

composition (July 2009), whereas the trajectories for dry river bed communities 

remained different. There is much less temporal variability in the riparian 

assemblages than in the dry river bed assemblages, as shown by the smaller area of 

ordination space traversed. 

 

Table 5-1 2-way crossed ANOSIM results comparing terrestrial invertebrate assemblages from 

bed and riparian habitats, allowing for differences between sampling runs. p ≤ 0.005 denoted by 

**. 

 

 Abundance data Presence/absence data 

Global Test   

Sample statistic (Global R) 0.388 0.381 

Significance level 0.001** 0.001** 
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Table 5-2 ANOSIM results showing global and pairwise test results of Oaky Creek morphospecies abundance data. Sig. = significance, p ≤ 0.05 denoted by *, p ≤ 

0.005 denoted by **. Significant results are bold. 

 

Abundance data Pool Moist Short-term dry Long-term dry Re-wetted 

 July 2009 August 2009 September 2009 December 2009 August 2010 

a) Global Test           

Sample statistic (Global R) 0.30 0.27 0.37 0.24 0.47 

Significance level 0.005** 0.002** 0.005** 0.017* 0.003** 

           

b) Pairwise Tests           

 R Sig. R Sig. R Sig. R Sig. R Sig. 

Groups Statistic Level Statistic Level Statistic Level Statistic Level Statistic Level 

Bed, 0 0.169 0.232 -0.097 0.679 0.251 0.107 0.128 0.339 0.497 0.036* 

Bed, 5 -0.097 0.679 0.056 0.393 0.344 0.71 0.395 0.054 0.979 0.018* 

Bed, 10 0.385 0.071 0.303 0.125 0.651 0.018* 0.374 0.089 0.99 0.018* 

Bed, 15 0.662 0.018* 0.723 0.018* 0.744 0.018* 0.754 0.018* 0.949 0.018* 

Bed, 20 0.641 0.018* 0.651 0.018* 0.846 0.018* 0.795 0.018* 0.99 0.018* 

0, 5 0 0.6 0.222 0.2 0 0.5 -0.148 0.9 0.333 0.1 

0, 10 -0.037 0.3 0.037 0.4 0.037 0.3 -0.037 0.6 0.037 0.6 

0, 15 0.259 0.3 0.407 0.2 0.037 0.6 0.259 0.1 -0.148 1 

0, 20 0.222 0.3 0.667 0.1 0.481 0.1 0.333 0.1 0.185 0.2 

5, 10 0.074 0.5 0 0.6 -0.407 0.9 -0.185 0.7 0.185 0.4 

5, 15 0.63 0.1 0.481 0.1 0.185 0.4 -0.074 0.8 0.407 0.1 

5, 20 0.667 0.1 0.852 0.1 0.444 0.1 0.259 0.2 0.519 0.1 

10, 15 0.037 0.4 -0.111 0.7 0.037 0.4 -0.222 0.8 -0.074 0.6 

10, 20 0.407 0.2 0.111 0.5 0.333 0.1 0.185 0.2 -0.148 0.8 

15, 20 -0.148 0.7 0.222 0.4 0.407 0.2 -0.111 0.6   
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Table 5-3 ANOSIM results from global tests of Oaky Creek morphospecies presence/absence data. Sig. = significance, p ≤ 0.05 denoted by *, p ≤ 0.005 denoted by 

**. 

 

Presence/absence data Pool Moist Short-term dry Long-term dry Re-wetted 

 July 2009 August 2009 September 2009 December 2009 August 2010 

a) Global Test           

Sample statistic (Global R) 0.263 0.275 0.375 0.212 0.417 

Significance level 0.011* 0.011* 0.003** 0.0038** 0.004** 

           

b) Pairwise Tests           

 R Sig. R Sig. R Sig. R Sig. R Sig. 

Groups Statistic Level Statistic Level Statistic Level Statistic Level Statistic Level 

Bed, 0 0.462 0.054 0.026 0.411 0.359 0.071 0.308 0.089 0.39 0.054 

Bed, 5 0.323 0.071 0.128 0.321 0.641 0.018* 0.415 0.036* 0.759 0.018* 

Bed, 10 0.462 0.018* 0.338 0.089 0.779 0.018* 0.241 0.161 0.831 0.018* 

Bed, 15 0.395 0.054 0.697 0.018* 0.626 0.018* 0.533 0.018* 0.785 0.018* 

Bed, 20 0.523 0.018* 0.831 0.018* 0.779 0.018* 0.569 0.018* 0.877 0.018* 

0, 5 -0.074 0.6 -0.056 0.6 0.037 0.5 -0.111 0.8 0.315 0.2 

0, 10 0.185 0.3 -0.241 0.9 0.241 0.2 -0.037 0.7 0.519 0.1 

0, 15 0.13 0.4 0.074 0.4 -0.037 0.6 0.148 0.3 -0.148 0.9 

0, 20 0.222 0.2 0.407 0.3 0.259 0.2 0.111 0.6 0.519 0.1 

5, 10 -0.333 1.0 -0.13 0.8 -0.426 0.9 0.222 0.2 0.185 0.5 

5, 15 -0.074 0.7 0.296 0.3 0.167 0.3 0.37 0.1 0.148 0.1 

5, 20 0.296 0.2 0.815 0.1 0.333 0.1 0.537 0.1 0.352 0.1 

10, 15 -0.037 0.6 -0.185 0.8 0.37 0.2 -0.093 0.8 0.13 0.3 

10, 20 0.426 0.2 0.167 0.3 0.259 0.3 0.296 0.2 -0.037 0.6 

15, 20 0 0.5 0.444 0.1 0.333 0.2 -0.111 0.7 0.13 0.4 
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Figure 5-3 Spatial and temporal variability measured by pairwise Bray-Curtis similarity between 

habitats for: a) July 2009; b) August 2009; c) September 2009; d) December 2009; and e) August 

2010. ‘Riparian’ represents the dataset of all riparian samples combined – 0 m, 5 m, 10 m, 15 m 

and 20 m. 
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Figure 5-4 Changes in the terrestrial invertebrate assemblage of a dry river bed () and riparian 

zone (▲) over time – July 2009, August 2009, September 2009, December 2009, and August 2010 

– based on the results of nMDS analysis using (a) presence/absence data and (b) abundance data. 

Each point represents the mean x/y (axis 1/axis 2) nMDS value. Standard error bars are shown. 

Arrows indicate trajectories. 
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The first taxa to be collected from the drying river bed in July 2009 were mites 

(Acarina), wolf spiders (Lycosidae), anthicid beetles (Anthicidae), springtails 

(Collembola), flies (Diptera), ants (Formicidae, including Nylanderia sp.), bugs 

(Hebridae, Hemiptera), and wasps (Hymenoptera) (Appendix D). Once the isolated 

pool dried up in August 2009, additional taxa were recorded from the bed, including 

Amphipoda, unidentified spiders (Araneae), new Coleopteran taxa including the 

families Corylophidae, Ptilidae, and Staphylinidae, new mite taxa, and new bug taxa 

including Gelastocoridae and Aphididae. Anthicid beetles and hebrid bugs were not 

recorded in August 2009. New ant species appeared, whilst others were not recorded. 

Hebridae were not recorded from the bed again until it rewetted in August 2010. 

SIMPER analyses found that the beetle Ptilidae sp.1 contributed to the differences in 

assemblage patterns between dry river bed and riparian habitats during this time 

(Table 5-5).  

 

During the short-term dry phase in September 2009 additional taxa were recorded 

from the bed, while others present previously were not. New mites, cockroaches 

(Blattodea), bostrichid beetles (Bostrichidae), click beetles (Elateridae) and other 

Coleopteran taxa, Diplura, book lice (Psocoptera), and new ant taxa such as Pheidole 

sp. were recorded. 

 

Additional taxa were found in the dry river bed during the long-term dry phase in 

December 2009, including jumping spiders (Salticidae), a beetle from the genus 

Mecynotarsus (Anthicidae), latridiid beetles (Latridiidae), thrips (Thysanoptera), and 

ant taxa including Iridomyrmex sp. and Rhytidoponera 'metallica'. SIMPER analyses 

found that the beetle Mecynotarsus sp. and the bug Gelastocoridae sp.1 contributed to 
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the differences in assemblage patterns between dry river bed and riparian habitats 

during this time (Table 5-5). 

 

During August 2010 when the bed was re-wetted and flow resumed, new beetle taxa 

and bug taxa (Ochteridae) appeared, with the loss of some mite, beetle, bug, springtail 

and ant taxa. SIMPER analyses found that the Ochteridae bug taxon contributed to the 

differences in assemblage patterns between dry river bed and riparian habitats during 

this time (Table 5-5). 

 

SIMPER analyses comparing dry river bed habitat samples with samples from each 

riparian distance (0 m, 5 m, 10 m, 15 m, 20 m) showed that the contribution of taxa to 

assemblage patterns changed with distance and sampling occasion (Table 5-4). 
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Table 5-4 Presence of taxa from SIMPER analyses that contributed ≥ 5 % to the assemblage patterns in river bed (B) and riparian (0 m (0), 5 m (5), 10 m (10), 15 m 

(15) and 20 m (20)) habitats from July 2009 to August 2010. Records are coloured by taxonomic group for ease of interpretation. 

 

  July 2009 August 2009 September 2009 December 2009 August 2010 
Taxonomic 
group Taxon B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 

Acarina Orabatidae sp1                               

Acarina Acarina sp4                               

Acarina Acarina sp5                               

Acarina Acarina sp6                               
Acarina Acarina sp7                               

Acarina Acarina sp8                               

Amphipoda Amphipoda sp1                               

Coleoptera Anthicidae sp2                               

Coleoptera Coleoptera sp7                               

Coleoptera Nitidulidae sp1                               

Coleoptera Ptilidae sp1                               

Coleoptera Staphylinidae sp1                               

Collembola Collembola sp3                               

Collembola Collembola sp2                               

Collembola Collembola sp1                               
Diplopoda Diplopoda sp1                               

Diptera Diptera sp4                               
Formicidae Formicidae sp12                               

Formicidae Formcidae sp14                               

Formicidae Iridomyrmex sp1                               

Formicidae Monomorium sp1                               

Formicidae Monomorium sp2                               

Formicidae Monomorium sp3                               

Formicidae Nylanderia sp1                               

Formicidae Pheidole sp1                           ü    

Formicidae Pheidole sp2                               

Formicidae Pheidole sp3                               

Formicidae 
Rhytidoponera 
'metallica'                               

Hemiptera Coccoidea sp1                               

Hemiptera Hemiptera sp3                               

Hymenoptera Hymenoptera sp1                               

Hymenoptera Hymenoptera sp2                               

Arachnida Lycosidae sp1                               
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Table 5-5 Presence of taxa from SIMPER analyses that contributed ≥ 5 % to the assemblage 

patterns in river bed and riparian habitats, which were exclusive to each habitat at each 

sampling time, from July 2009 to August 2010. B = river bed, R = riparian. Records are coloured 

by habitat for ease of interpretation. 

 

Taxonomic group Taxon 

July 
2009 

August 
2009 

September 
2009 

December 
2009 

August 
2010 

B R B R B R B R B R 

Acarina Acarina sp3           

Acarina Acarina sp4           

Acarina Acarina sp5           

Acarina Acarina sp6           

Acarina Acarina sp7           

Coleoptera 
Anthicidae 
Mecynotarsus sp1           

Coleoptera Coleoptera sp7           

Coleoptera Coleoptera sp8           

Coleoptera Latridiidae sp1           

Coleoptera Nitidulidae sp1           

Coleoptera Ptilidae sp1          

Coleoptera Staphylinidae sp1          

Collembola Collembola sp3          

Dermaptera Dermaptera sp1           

Diplopoda Diplopoda sp1           

Diplura Diplura sp1           

Formicidae Doleromyrma sp1           

Formicidae Formicidae sp10           

Formicidae Formicidae sp11           

Formicidae Formicidae sp12          

Formicidae Formicidae sp13           

Formicidae Iridomyrmex sp1          

Formicidae Monomorium sp1          

Formicidae Monomorium sp2           

Formicidae Nylanderia sp1          

Formicidae Pheidole sp1          

Formicidae Pheidole sp2           

Formicidae Pheidole sp3          

Formicidae 
Rhytidoponera 
'metallica'          

Hemiptera Coccoidea sp1           

Hemiptera 
Gelastocoridae 
sp1           

Hemiptera Hebridae sp1           

Hemiptera Hemiptera sp3          

Hymenoptera Hymenoptera sp1          

Orthoptera Orthoptera sp1           

Pseudoscorpionida 
Pseudoscorpionida 
sp1          

Psocoptera Psocoptera sp1           

Thysanoptera Thysanoptera sp1           
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5.3.2 Temporal changes in terrestrial invertebrate richness, 

abundance and diversity 

Mean abundance and taxon richness in both river bed and riparian habitats increased 

as the bed dried, until December 2009, where abundance and taxon richness started to 

decline (Figure 5-5, Figure 5-6). The highest taxon richness for both habitats was 

recorded during the short-term dry phase in September 2009, and this was also the 

case for Order-level richness. The highest abundance in dry river bed habitats was 

also recorded during the short-term dry phase, but the highest abundance in riparian 

habitats occurred later in the long-term dry phase in December 2009. The lowest 

abundance for dry river bed habitat was recorded during August 2010, whereas the 

lowest abundance in the riparian zone was recorded during the moist phase in August 

2009. 

 

The number of taxa unique to dry river bed habitats increased as the bed dried: from 2 

taxa in July 2009, to 5 taxa in December 2009 (Figure 5-5). This trend was also 

evident in the riparian zone, with 39 unique taxa recorded in July 2009, and 58 

recorded in December 2009. 5 unique taxa were collected from the dry river bed when 

it re-wetted in August 2010, whereas 34 unique taxa were recorded from the riparian 

zone during this time. The highest variability in diversity between habitats occurred in 

July 2009, and appeared to stabilise by December 2009 (Figure 5-7). 
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 Figure 5-5 Taxon richness at different habitat levels, including the number of unique taxa in river bed and riparian habitats. Results are based on datasets where 

rare taxa have been removed. 
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Figure 5-6 Mean abundance () and taxon richness () of terrestrial invertebrates from July 2009 to August 2010. Morphospecies level data is shown for a) dry 

river bed and b) riparian zone habitats. Order-level data is shown for c) dry river bed and d) riparian zone habitats. Values shown are means, with ± 1 standard 

error as bars.
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Figure 5-7 Mean Shannon-Wiener Diversity Index values for each habitat at each time: a) July 

2009, b) August 2009, c) September 2009, d) December 2009, and e) August 2010. Error bars are 

shown (± 1 standard error). 

 

5.4 Discussion 

5.4.1 Temporal changes in terrestrial invertebrate assemblage 

composition 

At all times during the transition from wet-to-dry, to wet again, the invertebrate 

assemblage of the river bed at Oaky Creek remained different from assemblages found 

further into the riparian zone (e.g., 10 – 20 m). However, there were some similarities 

between dry river bed assemblages and the assemblages at the very edge (0 m) of the 

river bed and in the first 5 m from the river bed, marking the transitional zone from dry 

river bed to riparian habitat, particularly during the isolated pool and moist substrate 



119 

 

phase. This indicates sharing of species between the river bed and the riparian zone, but 

at the small scale of metres. 

 

The greatest similarity, although not high, between river bed and riparian habitats 

occurred during December 2009 when the bed had been dry for the longest period of 

time, suggesting a trend towards terrestrialisation. However, the number of taxa unique 

to either the river bed or riparian zone habitat was highest during this time. With 

continuing drought, vegetation within river beds can become more typical of riparian 

zone vegetation (Holmes 1999, Westwood et al. 2006). A reduction in inundation 

frequency can also result in the terrestrialisation of floodplain areas (Capon 2003). Once 

the river bed was re-wetted in this study, the invertebrate assemblages inhabiting islands 

and exposed bed substrate differed significantly from all riparian assemblages, 

suggesting that the inundation of the river bed ‘re-set’ the terrestrial invertebrate 

community. 

 

Terrestrial invertebrate assemblages in the riparian zone followed a circular ordination 

trajectory, starting in July 2009 and returning to a similar assemblage in August 2010. 

This suggests a seasonal pattern to the riparian terrestrial assemblages. In contrast, the 

dry river bed assemblages followed a trajectory that remained different over time, with 

August 2009 assemblages being very different to those present in August 2010. This 

suggests a hydrological influence on assemblage turnover, rather than a seasonal one. 

5.4.2 Temporal changes in terrestrial invertebrate taxon richness, 

abundance and diversity 

As the river bed in Oaky Creek dried, the abundance and taxon richness of terrestrial 

invertebrates increased, until December 2009 where abundance and taxon richness 



120 

 

started to decline. The increase in richness was seen at the morphospecies level, and 

even at Order level. This was surprising, given that increased invertebrate abundance is 

often associated with higher temperatures (e.g., de Carvalho and Linhares 2001), and 

the increase seen at Oaky Creek started to occur in winter. Other studies have found that 

some invertebrates found along river edges rely on the water for food, and that the 

abundance of these taxa can be high (Hering and Plachter 1997, Paetzold et al. 2005). 

Therefore, it could be expected that a loss of aquatic habitat would result in a reduction 

in those taxa. The loss of aquatic habitat in Oaky Creek resulted in a gain of terrestrial 

habitat and terrestrial invertebrate abundance and richness, and perhaps this habitat 

expansion provided new food and other resources for terrestrial invertebrates already 

living in nearby sections of dry river bed. The lowest abundance was recorded in 

August 2010, which could be explained by the reduced area of bed habitat available, as 

flow had resumed and dry bed habitat was only represented by exposed bed sections. 

The stream was not gauged, and the magnitude of flow could not be determined. 

However, heavy rainfall and high stream flow was recorded in March 2010 at a 

neighbouring stream (Cressbrook Creek) less than 2 km away. There may have been 

bed scour in March, followed by stable hydrologic conditions into August. 

5.4.3 Disturbance and succession in temporary river beds 

River bed drying – from an isolated pool to a moist river bed to a dry river bed – 

resulted in an increase in the abundance and richness of terrestrial invertebrates 

observed, as predicted in Chapter 2 (Figure 2-2). This increase could be due to the 

increased availability of aquatic resources as surface water disappeared (e.g., dead fish 

and aquatic invertebrates), or as a result of the expansion of the terrestrial habitat into 

the river bed, making new terrestrial habitats available (e.g., filamentous algal mats, 

river bed cobbles).  
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Some taxa that were identified as being important contributors to dry river bed 

assemblages were not important, or present, in riparian habitats. As it dried, the river 

bed may have provided a habitat for species colonising from elsewhere with a 

preference for dry river beds. The first taxa to be collected from the river bed largely 

comprised of predators, such as wolf spiders (Lycosidae), ants, bugs (e.g., Hebridae), 

and wasps (Hymenoptera). These predators may have consumed dead and dying aquatic 

biota, aquatic biota actively searching for drought-refuges, or terrestrial invertebrates 

colonising the newly-available terrestrial habitat. Drying may also have provided a cue 

for the hatching of eggs or the emergence of terrestrial invertebrate stages that prefer 

such conditions. 

 

Some terrestrial invertebrate species were only found to be important contributors to the 

composition of a habitat on a single sampling occasion, whilst others were important on 

multiple occasions. A species of mite (Acarina) and millipede (Diplopoda) collected in 

the riparian zone were important in explaining differences between the assemblage 

compositions in July 2009. Species of mite, beetle (Coleoptera), and ant (Formicidae) 

that were found to be important during the ‘moist’ phase of the river bed in August 

2009 were not important during the following ‘short-term dry’ or ‘long-term dry’ 

phases in September and December 2009, or in the following August in 2010 when the 

bed rewetted. A species of ant, Iridomyrmex sp., was important in the assemblage 

collected 20 m from the river bed in July, then at 15 – 20 m in August, and then at 20 m 

in September, but in December during the long-term dry phase it was important in the 

bed and up to and including a 20 m distance away, perhaps suggesting an expansion of 

its preferred habitat as the conditions in Oaky Creek became progressively drier. 

Similarly, the ant Rhytidoponera 'metallica' was important in July only at the 20 m 

distance, then in September at the 5 m distance, until by December it was important at 
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the 0 m to 10 m distance, perhaps suggesting a preference towards the bed habitat as it 

became drier. The beetle Nitidulidae in the riparian zone was an important contributor 

to assemblage composition only during August to December 2009: it was not important 

in August 2010. 

 

Different taxa were important contributors to the assemblage patterns at different stages 

of river bed drying. Additionally, some taxa were only collected from bed habitats, and 

only at certain times. The differences between river bed and riparian habitats were 

related to differences in species – species coming and going through time, and each 

assemblage being different in each habitat – rather than changes in the abundance of the 

same species. These results suggest a succession of terrestrial invertebrates entering the 

river bed as it dried and re-wetted. Additionally, many taxa found in the river bed 

during August 2009 were not the same as those found in August 2010, suggesting that 

hydrology, rather than season, played a role in structuring the terrestrial invertebrate 

assemblages. In contrast, taxa in the riparian zone were similar in August 2009 and 

August 2010, suggesting seasonal succession. 

 

One taxon of interest to dry river bed succession was the beetle Mecynotarsus sp. from 

the subfamily Notoxinae in the family Anthicidae. This taxon was collected exclusively 

from the dry river bed, was found to contribute significantly to the composition of the 

habitat based on SIMPER results, and was only found during the driest period of 

sampling – in December 2009. This genus was also collected during sampling for the 

purposes of Chapter 4 from the dry river beds of the Flinders, Mitchell, and Brisbane 

River catchments, with a species of Notoxinae also collected from the Tagliamento 

River catchment, Italy. Abundances of the beetle were particularly high in dry river 

beds of the Mitchell and Flinders River catchments. Mecynotarsus sp., and other species 
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within Notoxinae, have a large horn on the pronotum that is used for digging and 

foraging in loose sand (Hashimoto and Hayashi 2012). Members of the Anthicidae and 

the subfamily Notoxinae can be found in sand dunes and beaches (Lawrence and Britton 

1991, Majka 2011), and their eggs are usually laid in sandy soil (Telnov 2011). Sandy 

sections of dry river beds could be a habitat for these beetles that has not been 

previously documented. 

5.5 Conclusions 

The findings from this chapter show that there is temporal variation in the invertebrate 

assemblages of temporary river beds in addition to the spatial variation seen in Chapter 

4. However, it is important to note that abundance data from pitfall trapping should be 

used with caution, as it is a semi-quantitative method and a function of invertebrate 

activity. Despite this, the patterns in abundance data were similar to the patterns in the taxon 

richness data. The abundance and taxon richness of terrestrial invertebrates in the river 

bed of Oaky Creek increased as surface water disappeared and the bed dried, and then 

started to decrease as the dry period extended into summer. This trend was evident even 

when using data simplified to the taxonomic order of the assemblages, suggesting that 

these changes were not simply due to the turnover of closely-related species. When flow 

resumed and the bed was re-wetted, abundance and taxon richness of terrestrial 

invertebrates was lower than during any other time recorded. This was predicted in 

Chapter 2 and illustrated in a conceptual model (Figure 2-2). Figure 5-8 is an updated 

version of this conceptual model, incorporating the results from this chapter. This model 

is contrary to what happens to aquatic invertebrates, where the loss of aquatic habitats 

associated with drying results in a decrease in taxa (Boulton 2003). 

 

The revised conceptual model of terrestrial invertebrate responses to wetting and drying 

(Figure 5-8) could now be tested in other temporary river systems. It would also be 
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beneficial to populate the model with data from the flood phase and high flow phase of 

the hydrograph, although this may be logistically difficult and would require different 

sampling methods, perhaps by sampling floating debris. During a flood, terrestrial 

invertebrates can persist in the advancing wetted front by floating on debris, or by 

ascending emergent vegetation within the channel. The eggs, larvae, pupae and adults of 

certain terrestrial invertebrates can also survive inundation for days to months at a time 

(Andersen 1968, Adis 1986, 1992, Gauer 1997), and may quickly recolonise exposed 

sections of river bed from aquatic refuges as flow declines and the bed dries, but this 

warrants further evaluation in diverse temporary river systems. In this study, only the 

active stages of terrestrial invertebrates were collected. It is recommended that future 

studies collect other life stages, such as eggs and pupae, in addition to that of the active 

adult stages. 

 

 

Figure 5-8 Conceptual model from Chapter 1 (brown line) superimposed with results from Chapter 

5 (red points), showing changes in the terrestrial invertebrate taxon richness of temporary rivers, 

along a wet-dry sequence. 
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Chapter 6: The dependence of terrestrial consumers on 

aquatic food resources in dry river beds 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6-1 Ants (Formicidae) in dry river beds contribute to the breakdown of dead fish. 
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6.1 Introduction 

6.1.1 The exchange of resources between aquatic and terrestrial 

ecosystems 

6.1.1.1 Terrestrial subsidies to rivers and streams 

Rivers and streams are inextricably linked with the terrestrial systems that surround 

them in their catchments (Gregory et al. 1991, Naiman and Décamps 1997, Baxter et al. 

2005). The resources exchanged between these systems, such as nutrients, detritus, or 

prey, are known as subsidies (Polis et al. 1997). Terrestrial subsidies from riparian 

zones, such as leaf litter, can be deposited directly into a river or stream, or transported 

via wind or water. These subsidies can be important for small streams and can drive 

aquatic production (Minshall 1967, Fisher and Likens 1972, Fisher and Likens 1973, 

Polis et al. 1997, Wallace et al. 1997). Riparian leaf litter and woody debris can be 

colonised and consumed by shredding invertebrates, fungi, and bacteria (Webster and 

Benfield 1986), whilst providing important habitat for macroinvertebrates and fish 

(Schneider and Winemiller 2008). Fish can consume fruit, seeds and flowers from 

riparian trees (Davis et al. 2010), terrestrial insects (Cloe and Garman 1996, Wipfli 

1997, Nakano et al. 1999, Chan et al. 2008, Davis et al. 2010), and even small 

terrestrial vertebrates such as frogs, reptiles, and birds (Davis et al. 2010). The 

importance of terrestrial subsidies to aquatic ecosystems, however, can vary between 

seasons (Nakano and Murakami 2001, Chan et al. 2008), and between river types – with 

in-stream and floodplain production being more important than terrestrial subsidies in 

some rivers (e.g., Bunn et al. 2003, Balcombe et al. 2007, Burford et al. 2008). 
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6.1.1.2 Aquatic subsidies to terrestrial systems 

Aquatic subsidies from rivers and streams can flow into adjacent terrestrial ecosystems 

via the movement of aquatic biota. For example, many insects with aquatic larval stages 

emerge as winged adults and are preyed upon by terrestrial consumers. They can 

contribute significantly to the diets of riparian web-weaving spiders (Collier et al. 2002, 

Sanzone et al. 2003), ground-dwelling spiders (Collier et al. 2002, Sanzone et al. 2003, 

Paetzold et al. 2005), ground beetles (Hering and Plachter 1997, Paetzold et al. 2005), 

rove beetles (Paetzold et al. 2005), lizards (Sabo and Power 2002), birds (Iwata et al. 

2003) and bats (Fukui et al. 2006). Similarly, salmon in the headwater streams of North 

America are a significant aquatic subsidy to terrestrial systems. Salmon die after they 

spawn, and can become food for a range of terrestrial consumers such as bears, otters, 

foxes, birds, beetles and fly larvae, as well as being an important source for riparian 

trees (Reimchen 1994, Hewson 1995, Hilderbrand et al. 1999, Reimchen 2000, Naiman 

et al. 2002, Christie et al. 2008). Stranded algae at the shoreline of rivers and streams 

are another form of aquatic subsidy utilised by terrestrial consumers. One species of 

grasshopper can obtain 80-100 % of its carbon from grazing on stranded filamentous 

algae (Bastow et al. 2002). 

 

As a river bed dries and loses surface water, aquatic biota such as fish, invertebrates and 

macrophytes can become stranded if they cannot migrate to other waters or find drought 

refugia (e.g., Figure 5-1). These can become food for a range of terrestrial mammals, 

birds, reptiles, amphibians, and invertebrates (Figure 6-1) (Stehr and Branson 1938, 

Moon 1956, Larimore et al. 1959, Tramer 1977, Boulton and Suter 1986). Stranding 

and mortality of aquatic biota can occur during natural, seasonal drying of surface 

waters, or droughts (Larimore et al. 1959, Lowe-McConnell 1964, Chapman and 

Kramer 1991, Stanley et al. 1997), or by anthropogenic means, such as the intentional 
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cessation of flow downstream of dams or weirs (Bishop and Bell 1978). The suite of 

terrestrial consumers scavenging this aquatic material has been collectively described as 

the ‘clean-up crew’ (Abell 1984), and can comprise invertebrates, reptiles, birds, and 

mammals (Figure 2-4) (Larimore et al. 1959, Williams and Hynes 1976, Abell 1984, 

Boulton and Lake 1992b, Stanley et al. 1994, Williams 2006). The drying phase of 

temporary rivers and streams, therefore, represents one of the mechanisms for the 

aquatic subsidy of terrestrial food webs. 

6.1.2 The importance of dead biota in ecosystems 

Dead biota are important in terrestrial and aquatic environments. They can act as a 

micro-habitat for fauna, and provide a progressively changing source of food to a 

variety of consumers (Early and Goff 1986). Dead biota in terrestrial ecosystems have 

been shown to be a specialised habitat for invertebrates and pioneer plants, contributing 

to heterogeneity in the landscape, and potentially representing more than 1% of the 

organic matter input into these systems (Carter et al. 2007). 

 

Dead aquatic biota have been recognised as an influential source of nutrients that can 

impact on the structure and function of aquatic ecosystems (Parmenter and Lamarra 

1991). This material can be a source of elements such as nitrogen, potassium, sodium 

and sulphur, and can act as a partial nutrient sink for phosphorus, calcium and 

magnesium (Parmenter and Lamarra 1991). In North America, salmon carcasses 

transferred via terrestrial scavengers are a significant source of nutrients for terrestrial 

ecosystems. The marine-derived nutrients from salmon can be traced in riparian soil and 

vegetation (Bilby et al. 1996, Helfield and Naiman 2001, Naiman et al. 2002, Reimchen 

et al. 2003), with riparian trees along salmon rivers growing more than three times as 

fast as trees along rivers without salmon due to this nutrient input (Helfield and Naiman 

2001). Decomposed fish from dried wetlands are thought to stimulate the growth of 
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aquatic plants during the wet season through nutrient recycling (Stevenson and Childers 

2004). In the deep sea, whale carcasses have been found to provide an important, but 

patchy, food source for consumers (Smith and Baco 2003), and have also been found to 

harbour their own unique scavenging assemblages, including some taxa not recorded 

from anywhere else (Glover et al. 2005). 

 

 

Figure 6-2 Dried filamentous algae (pale, whitish material) covering the dry river bed in a) 

Reynolds Creek, and b) the Logan River, both in southeast Queensland. Photograph b) is courtesy 

of Stuart Bunn. 
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Dead aquatic biota may also be important in river beds that have dried. Large mats of 

dried algae have been observed covering the dried beds of rivers and ponds (Personal 

observation; Strandine 1941) (Figure 6-2). The microhabitat underneath such algal mats 

can remain cool and moist after surface water has dried – this microhabitat may act as a 

drought refuge by providing shelter for terrestrial invertebrates, and may prolong the 

life of aquatic and semi-aquatic invertebrates lacking physiological or morphological 

adaptations to resist desiccation (Strandine 1941). Filamentous algae are not as 

palatable or nutritious for aquatic consumers as macrophytes (Kornijów et al. 1995), 

and may therefore persist on the bed for longer. The extent to which such algae are 

utilised as food by terrestrial consumers is unknown. 

 

Other dead aquatic biota, such as fish, are likely to be food for dry river bed inhabitants. 

Fish often die prior to a pool completely drying, as water quality decreases (Tramer 

1977) (Figure 6-3), or they can die rapidly as surface water disappears due to high 

evaporation rates or the effects of dams or weirs. In one study, a river bed downstream 

of a dam wall dried within 40 minutes of intentional flow cessation: on each occasion 

(of which 4 were documented), more than 40,000 adult and juvenile fish of multiple 

species were observed dying on the dry river bed (Bishop and Bell 1978). Although this 

is an extreme example of an anthropogenic cause of fish mortality, it could represent the 

effects of a drying pool or waterhole. Dead fish from such dried pools would be 

available as an abundant, but sporadic, source of food for terrestrial consumers. I predict 

that dead fish would be consumed faster than dead algae, due to the potential 

differences in their quality and palatability as food for consumers. 
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Figure 6-3 a) Dead fish in a waterhole with high water temperatures and low dissolved oxygen, 

Queensland; and b) lungfish (Neoceratodus forsteri) stranded below a dam wall due to water 

regulation, Queensland. Photographs courtesy of DSITIA. 
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6.1.3 The breakdown of dead biota 

6.1.3.1 The ecological significance of breakdown rates 

Breakdown rate – the rate at which organic material is lost over time – is expressed as k 

(day
-1

). k represents the proportion of the original mass remaining at any time. This rate 

is used as a standard method for comparisons: between species, treatments, sites, and 

seasons. The rate of breakdown of organic material can reflect the quality of that 

material as a food source, and the abundance, or diversity, of consumers. Breakdown 

rates also indicate the speed at which nutrients are cycled through the receiving 

ecosystem. Studies of leaf litter breakdown in aquatic and terrestrial systems have 

shown that high quality leaf litter breaks down faster than leaves that are of a lower 

quality to consumers, with ‘quality’ defined by the carbon or lignin content of the leaves 

(e.g., Meentemeyer 1978, Gessner and Chauvet 1994, Royer and Minshall 2001). 

Breakdown rates in streams are also associated with the abundance and species richness 

of shredding invertebrates (Jonsson et al. 2001) and physical abrasion by water (Bunn 

1988b, Heard et al. 1999). Leaves exposed to invertebrate ‘shredders’ break down faster 

than leaves subjected to microbial decomposition alone, highlighting that the types of 

consumers present affect breakdown rates (Wright and Covich 2005b). Breakdown rates 

in streams have also been reported for several species of fish, including pink salmon 

(Chaloner et al. 2002), rainbow trout (Minshall et al. 1991, Parmenter and Lamarra 

1991, Fenoglio et al. 2005), and mosquito fish (Stevenson and Childers 2004). 

Breakdown rates of carcasses in aquatic environments have also been determined for 

waterfowl (Parmenter and Lamarra 1991) and salamanders (Regester and Whiles 2006). 

In terrestrial ecosystems, breakdown rates are well known for pigs, which are used in 

the medico-criminal forensic literature as surrogates for deceased persons (Catts and 
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Goff 1992). Examples of breakdown rates in both aquatic and terrestrial systems are 

given in Table 6-1. 

 

Table 6-1 Examples of breakdown rates of aquatic and terrestrial biota. Rates are expressed as k 

(day
-1

). 

 
 Taxon Breakdown rate (k) Source 

Aquatic biota 

Freshwater    

Fish Gambusia holbrooki  

(Mosquito fish) 0.56 – 1.34
1
 (Stevenson and Childers 2004) 

Salamander Ambystoma maculatum  

(Spotted salamander) 0.062 (Regester and Whiles 2006) 

Fish Oncorhynchus mykiss  

(Rainbow trout) 0.061 (Parmenter and Lamarra 1991) 

Bird Anas acutas  

(Pinktail duck) 0.058 (Parmenter and Lamarra 1991) 

Leaf litter Fraxinus excelsior  

(Ash) 0.0515 (Gessner and Chauvet 1994) 

Fish Oncorhynchus gorbuscha  

(Pink salmon) 0.033 (Chaloner et al. 2002) 

Leaf litter Non-woody plants 0.0109 (Petersen and Cummins 1974) 

Leaf litter Quercus ilex  

(Evergreen oak) 0.0042 (Gessner and Chauvet 1994) 

Leaf litter Woody plants 0.0035 (Petersen and Cummins 1974) 

Leaf litter Eucalyptus marginata  

(Jarrah) 

0.001 – 0.002 (Bunn 1988a) 

Log Populus balsamifera 

(Balsam poplar) 

0.00003 (Hodkinson 1975) 

Marine    

Mammal Whale 0.00005 (Smith and Baco 2003) 

Terrestrial biota 

Mammal Mammals (‘cadavers’) 0.023 (Anderson and VanLaerhoven 1996) 

 

The environmental conditions that dead biota are subjected to can affect the rate of their 

breakdown. The rate of leaf litter breakdown in streams, for example, can be affected by 

temperature (Jonsson et al. 2001, Wright and Covich 2005b), nutrients (Robinson and 

                                                 
1
 Breakdown rates greater than 1 are possible. Such rates mean that the material was consumed in less 

than 1 day. 
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Gessner 2000), and physical abrasion (Bunn 1988b, Heard et al. 1999). Studies of fish 

carcasses have shown that breakdown rates are influenced by temperature and the size 

of the fish (Parmenter and Lamarra 1991, Schneider 1998). In terrestrial ecosystems, 

leaf litter breakdown rates are controlled by climate, and the soil and litter moisture 

(Meentemeyer 1978). Higher temperatures and rainfall were found to increase the rate 

of decomposition of pig carcasses (de Carvalho and Linhares 2001, Archer 2003). 

6.1.3.2 Breakdown stages and associated consumers 

The breakdown of organic material can pass through identifiable stages. Leaves in 

rivers and streams, for example, pass through three phases: an initial rapid leaching 

stage; a microbial decomposition and conditioning stage; and a mechanical and 

invertebrate fragmentation stage (Petersen and Cummins 1974, Webster and Benfield 

1986). Leaf litter is a food source for bacteria, fungi, shredding and collecting 

invertebrates, and also scrapers and grazing invertebrates which feed on the biofilms 

that colonise the leaves (Arsuffi and Suberkropp 1989, Hieber and Gessner 2002, 

Wright and Covich 2005a). Decaying animal material also passes through stages, based 

on the activity and types of consumers present. Whale carcasses pass through a mobile 

scavenger stage, an enrichment opportunist stage, a sulphophilic (sulphur-loving) stage, 

and a reef stage (Smith and Baco 2003). Decaying terrestrial mammals (‘cadavers’) are 

known to pass through the following stages: fresh stage (days 0–1 after death); bloated 

stage (2–10 days); active decay stage (days 11–16 days); advanced decay stage (17–42 

days); and the dry/remains stage (43 days+) (Anderson and VanLaerhoven 1996). Four 

functional groups of invertebrates are typically associated with dead terrestrial biota 

(Catts and Goff 1992): 

1) Necrophages – species feeding on carcass tissue (e.g., Diptera and Coleoptera); 

2) Omnivores – species than feed on the carcass and associated fauna (e.g., 

Formicidae, Coleoptera); 



135 

 

3) Parasites and predators (e.g., Diptera, Coleoptera, Acarina); and 

4) Incidentals – species that use the carcass as an extension of their normal habitat 

(e.g., Araneae, Collembola, Chilopoda, Isopoda). 

Catts and Goff (1992) noted that large numbers of omnivores may hinder the rate of 

breakdown by reducing the number of necrophagous species. Ants, for example, can 

have a significant effect on breakdown rates by removing maggots (Early and Goff 

1986, Stoker et al. 1995). 

 

The succession of terrestrial invertebrate consumers associated with a carcass often 

follows a predictable pattern, with different assemblages associated with the carcass 

during each stage of decay (Tullis and Goff 1987, Anderson and VanLaerhoven 1996). 

The successional stage of these invertebrate assemblages and their associated taxa, 

particularly Diptera, can be highly predictable, and are used in medico-criminal forensic 

entomology to estimate the time of death of deceased persons (Catts and Goff 1992). 

 

In summary, the breakdown of dead biota is potentially influenced by: 

 The quality of the material as food; 

 The types of consumers present; 

 Environmental conditions, such as temperature and moisture; and 

 The size of the material. 

6.1.4 Aims and research questions 

This chapter addresses the following question: 

 Do filamentous algae and fish stranded on dry river beds become aquatic 

subsidies to terrestrial ecosystems? 
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The potential contribution of filamentous algae as a subsidy for terrestrial consumers 

was assessed using stable isotope analysis, and the potential contribution of fish was 

assessed using an experimental approach. 

6.1.4.1 Stable isotope analyses 

The first aim of this chapter was to evaluate potential aquatic sources of organic carbon, 

in particular filamentous algae, as subsidies for terrestrial invertebrates in dry river beds. 

Stable isotopes of C and N were used to determine whether terrestrial consumers were 

feeding on algae, and whether the uptake changed as the river bed, and algae, dried. I 

hypothesised the following: 

 Stranded filamentous algae in dry river beds are not incorporated into terrestrial 

dry river bed food webs, as they appear to persist in the environment as dried mats 

and are therefore not readily consumed. 

6.1.4.2 Fish breakdown experiments 

The second aim of this chapter was to quantify the rate of consumption of dead fish by 

terrestrial consumers in drying river beds, and to observe the types of consumers 

accessing this resource. This was achieved using an experimental approach to simulate 

the conditions of rivers and streams that have recently dried. Dead fish were placed onto 

drying river beds, and the change in fish wet mass over time was measured. Different 

treatments were used to determine the breakdown rate of fish by different types of 

consumers. I hypothesised the following: 

 Dead fish will be consumed by terrestrial biota in dry river beds; 

 The breakdown rate of fish in dry river beds is dependent on the range of 

terrestrial consumers feeding on the fish (i.e., microbes, flying invertebrates, all 

invertebrates, and all consumers); and 
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 Fish available to a wide range of terrestrial consumers break down significantly 

faster than fish accessible by a smaller range of consumers. 

6.2 Methods 

6.2.1 Study area 

6.2.1.1 Stable isotope analysis sites 

Sampling was conducted at Oaky Creek, Purga Creek, Reynolds Creek and Wild Cattle 

Creek in south-east Queensland, Australia (see Chapter 3 for site details). Samples from 

Oaky Creek were collected as the river bed dried: in July, August, September and 

December of 2009 (As described in Chapter 5, see Figure 5-2). In brief, an isolated pool 

was present July. In August, surface water was present on the day that samples were 

collected for isotope analysis, but it dried overnight. During this time, the river bed 

sediment was moist and green filamentous algal mats were present. The surface 

sediment had dried by September, and any remaining patches of filamentous algae had 

turned brown: this time period was referred to as the ‘short-term dry’ period. 

Herbaceous plants had colonised the bed. The river bed was still dry by December, and 

sparse quantities of dried algae remained. Large quantities of leaf litter covered the bed. 

This time period was referred to as ‘long-term dry’. 

 

Samples from Purga Creek, Reynolds Creek and Wild Cattle Creek were collected 

during September 2009 when the sites were wet, and again as the sites started to dry in 

December 2009 (Figure 6-4). Surface water in Purga Creek and Wild Cattle Creek in 

December 2009 was reduced to a series of isolated pools, with large sections of the bed 

being exposed and dry. At the same time, surface water in Reynolds Creek was flowing 

in some sections, with other parts of the river bed being exposed and dry. 
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Figure 6-4 Photographs of sites during wet (September 2009) and dry (December 2009) conditions: 

a) Reynolds Creek, b) Wild Cattle Creek, and c) Purga Creek. For images of Oaky Creek see 

Figure 5-2. 

 

6.2.1.2 Fish breakdown experimental sites 

Fish breakdown experiments were conducted in the recently dry beds of temporary 

rivers and streams in Australia and Italy. The Australian experiments were conducted in 

Purga Creek and Oaky Creek in south-east Queensland, and the Italian experiments 

were conducted at 3 sites in the Tagliamento River at Villuzza (site 1), Sant’Odorico 
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(site 2), and Biauzzo (site 3), with a forth site used for calculating handling loss 

(Tagliamento River at Flagogna, site 4). Please refer to Chapter 3 for additional site 

information. During dry spells, surface water in these systems contracts into pools 

(Figure 6-5), isolating resident fish. These refugial pools can dry out completely, killing 

all fish. 

 

The Australian experiments were conducted from 24/08/2010 – 2/09/2010, in late 

winter – early spring. Although the flow regime at Oaky Creek is unpredictable, this 

time of year was most appropriate for the experiments, as winter is typically the driest 

time of the year in south-east Queensland. During this period, streams can stop flowing; 

consequently, it was expected that the sites would not regain hydrological connectivity 

during the experiment. Surface water at Purga Creek was present in small, isolated 

pools. Surface water at Oaky Creek was present downstream of the experimental area, 

where groundwater was expressed at the surface. 

 

The first part of the Italian experiments was conducted from 11/09/2010 – 17/09/2010 

(autumn) at sites 1, 2 and 3. This time of year is typically the driest, but flow can be 

unpredictable. The river flooded on the 18/09/2010, halting the first part of the 

experiment. The second part of the experiment was used to determine the dry mass of 

fish at different sampling intervals, and was conducted from 21/09/2010 – 25/09/2010 at 

site 4, but was again halted by flooding. The second experiment resumed on the 

28/09/2010 – 30/09/2010, to capture sampling intervals which were not sampled during 

the previous time period. 
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Figure 6-5 Isolated pools observed to contain trapped fish in otherwise dry river beds: a) Purga 

Creek, Australia, and b) the Tagliamento River, Italy. 

 

6.2.2 Extent of dried algae on river beds  

Pitfall traps were set in the river bed at Oaky Creek for the purposes of Chapter 4: in 

July, August, September and December 2009. The percentage of cover of filamentous 

algal mats within a 1 m diameter circular area surrounding each pitfall trap was 

measured, and used in this chapter. 

6.2.3 Stable isotopes: sample collection, preparation and analysis  

Different isotopic compositions of carbon (C) and nitrogen (N) are abundant in nature 

(Peterson and Fry 1987, Phillips and Gregg 2003). These isotopes can provide 

information about food webs, where C can represent the consumer’s diet, and N 

represents the position of the consumer in the food chain (Peterson and Fry 1987). This 

is because N becomes enriched by fractionation with increasing trophic levels, whereas 

C is conserved through trophic levels. ‘Fractionation’, or the alteration of the ratio of 

heavy to light isotopes (Peterson and Fry 1987), occurs between 
14

N and 
15

N isotopes as 

food is assimilated (DeNiro and Epstein 1981). Stable isotopes within animal tissues 

reflect the assimilated diet, and can be used to reconstruct the diet of consumers 

(Peterson and Fry 1987). Stable isotopes have been used to quantify the contribution of 

aquatic prey to the diets of riparian predatory arthropods (Paetzold et al. 2005). Mixing 



141 

 

models can be used to indicate whether a potential food source is utilised through the 

consumers sampled: they calculate the probability of each potential food source being 

incorporated into the sampled consumers (Phillips and Gregg 2003, Parnell et al. 2010). 

6.2.3.1 Stable isotope sample collection 

Potential aquatic and terrestrial basal sources of C and N were collected for stable 

isotope analysis. Aquatic sources included aquatic macrophytes, submerged terrestrial 

leaf litter, and filamentous algae, which were collected from the water of a drying pool, 

and in the dry or drying substrate at sites where no surface water was present. 

Filamentous algae were not present, and therefore not collected, from Purga Creek 

during both wet and dry phases, and Wild Cattle Creek during the wet phase. Dried 

filamentous algae were not collected from Oaky Creek during the long term dry phase 

in December. Terrestrial vegetation (C3 and C4) sampled included grasses, Casuarina 

spp. needles, Melaleuca spp. leaves, Lantana camara leaves, and leaf litter from mixed 

riparian tree species (including Eucalyptus spp.).  

 

Terrestrial invertebrate primary and secondary consumers were collected by hand with 

forceps and/or an aspirator or ‘pooter’. Terrestrial invertebrate primary consumers 

included ants (Formicidae), cockroaches (Blattodea), grasshoppers (Caelifera), crickets 

(Gryllidae), isopods (Isopoda), and slugs (Gastropoda). Terrestrial invertebrate 

secondary consumers included ground beetles (Carabidae), rove beetles (Staphylinidae), 

velvet ‘ants’ (Mutilidae), scorpions (Scorpiones), wolf spiders (Lycosidae) and jumping 

spiders (Salticidae). Aquatic invertebrate consumers were collected with a dip net where 

surface water was present. Aquatic invertebrate primary consumers included shrimp 

(Atyidae), scirtid beetle larvae (Scirtidae), mayfly larvae (Baetidae, Leptophlebidae), 

and freshwater snails (Lymnaeidae and Planorbidae). Secondary consumers of aquatic 

invertebrates included water scorpions (Nepidae), water boatmen (Corixidae), toad bugs 
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(Gelastocoridae), backswimmers (Notonectidae), dragonfly larvae (Odonata: 

Aeshnidae, Libellulidae, Gomphidae), diving beetles (Dytiscidae), parasitic fly larvae 

(Sciomyzidae), leeches (Hirudinea) and an exotic, omnivorous fish species (Gambusia 

holbrooki). 

 

Samples were placed into individually-labelled zip-lock plastic bags in the field, and 

stored on ice while transported to the laboratory. This allowed sufficient time for small 

invertebrates to clear their guts, so that the isotope signatures reflected the tissues of the 

consumers without the influence of gut contents (Hadwen and Bunn 2004, 2005). 

Samples were then frozen at -20 °C and stored until required for processing. 

6.2.3.2 Stable isotope sample preparation 

Samples were thawed, examined under a microscope to remove contaminants, and then 

rinsed with deionised water to clean them of dirt and debris. The exoskeletons of atyid 

shrimps and the shells and intestinal tracts of gastropod snails were removed, because 

inorganic C from carbonates (mainly present in exoskeletons and shells) is highly 

enriched in δ
13

C with respect to their soft tissue (Mateo et al. 2008). Samples were then 

placed onto a tray, labelled, and placed into a dehydrating oven for 24-48 h at 60 °C. 

Dried samples were then placed into an aluminium canister containing a steel ball and 

ground into a powder with a Retsch MM200 mill grinder. Small invertebrates were not 

ground, but crushed with a mortar and pestle. Where required, several individuals of 

small invertebrates (ants, for example) were pooled to form a single sample to meet the 

minimum volume required for analysis, which was 6 mg. The minimum volume of plant 

material required for analysis was 30 mg. 
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6.2.3.3 Stable isotope analysis 

Stable isotope analysis was performed on samples at the Australian Rivers Institute, 

Griffith University, Brisbane. Each sample was weighed in a tin capsule to 

approximately 0.8 mg for animals and 3 mg for plants, and combusted in an EA 3000 

elemental analyser (Eurovector, Milan, Italy). The resulting N2 and CO2 gases were 

chromatographically separated and fed into an IsoPrime isotope ratio mass spectrometer 

(GV Instruments, Manchester, UK). 

 

The result from each sample analysed for stable isotopes was represented as a ratio of 

heavy to light isotopes: 
13

C/
12

C (δ
13

C) and 
15

N/
14

N (δ
15

N).(Peterson and Fry 1987) Delta 

(δ) values were calculated according to an international standard in the following 

equation (Peterson and Fry 1987):  

δ
13

C or δ
 15

N = (Rsample/Rstandard - 1) x 1000 

where R = 
13

C/
12

C or 
15

N/
14

N. Each ratio was expressed as the relative per thousand (‰) 

difference between the sample and conventional standards (PeeDee Belemnite 

carbonate and N2 in air). Terrestrial leaf samples (n = 2) from Oaky Creek were 

reanalysed to measure precision, which yielded: mean 
13

C = -29.9 ‰, standard 

deviation ± 0.04 ‰; and mean 
15

N = -0.33 ‰, standard deviation ± 0.05 ‰. 

6.2.4 Fish breakdown: preparation, field experiments and analysis 

Different species of fish may break down at different rates; however, it was not the 

purpose of this study to determine the breakdown rates for a given species of fish. I was 

interested in how the rates differed depending on what consumers could access the fish. 

The dead fish used in this study simulated a hypothetical scenario where surface water 

in a temporary river or stream had dried and resident fish had become stranded and died. 
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6.2.4.1 Fish preparation 

Sardines (Family Clupeidae) were selected after a trial of different species (Appendix 

C), as they were cheap, easy to obtain, did not require an ethics permit to collect or 

euthanize, and because consistent native species and families were not found at all sites. 

Sardinops sagax were used in Australia, and Sardina pilchardus (Walbaum, 1792) were 

used in Italy (Table 6-2). These two species are very similar in size, shape, and texture, 

so were assumed to be comparable for the purposes of this study. Whole fish, instead of 

fish pieces, were used to simulate individuals that might have died following the drying 

of a refugial pool. Fish were kept frozen until required in the field, when they were 

thawed prior to use. Freezing of vertebrate tissues can disrupt cell structures, which can 

favour aerobic over anaerobic decomposition. This occurs when bacteria contained 

within the body cavity are destroyed or inhibited by the freezing process which can then 

result in unequal decomposition of internal versus external tissues (Micozzi 1986). It is 

acknowledged that the decomposition rates of fish which have been previously frozen 

could differ from that of fresh fish; however, the method was kept consistent at all sites 

so any potential decomposition bias was equal in effect. While the use of previously 

frozen fish was not optimal, it was the most appropriate given that fish were easier to 

obtain in a frozen state than fresh, and fresh fish availability is seasonal. 

 

Wet mass of each fish was recorded. Fish were then placed onto trays and weighed, so 

that during the experiment the fish and tray could be weighed together. In Italy, standard 

length (cm) of each fish was recorded. Standard length was used to test whether a 

relationship existed between standard length, wet mass, dry mass, and/or % water 

content, and if so, standard length could be used to predict dry mass. 
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6.2.4.2 Fish handling loss 

Handling loss was calculated for 15 fish (Sardina pilchardus) in Italy, to provide an 

error associated with the potential weight loss of the fish caused by handling during the 

experiment. The fish were first weighed in the laboratory (Table 6-2). The fish were 

then transported into the field in plastic bags along with the fish that were to be used in 

the experiments. Standard length was recorded in the field for each fish, and the fish 

were re-weighed. The fish were then transported back to the laboratory where they were 

re-weighed for a final time. 

 

Table 6-2 Wet mass, standard length, and number of fish used in experiments in Australia and 

Italy. Mean values are shown, with the range in parentheses. N/A = not available. 

 

 

Australia 

 

 

Sardinops sagax 

Italy 

a) breakdown 

experiments 

Sardina pilchardus 

Italy 

b) handling loss 

calculations 

Sardina pilchardus 

Number of fish 24 116 15 

Wet mass (g) 38.1 (33.6-43.7)  24.2 (11.8-35.5) 23.2 (12.3-32) 

Standard length (cm)  N/A  11.9 (9.9-13.5) 12.0 (10.5-13.2) 

 

6.2.4.3 Fish experimental treatments 

Four treatments were used to differentiate between potential consumers of fish: ‘all 

consumers’, ‘all invertebrates’, ‘flying invertebrates’, and ‘microbes’ (Figure 6-6). 

Three replicates of each treatment were used at each site. Each fish was placed onto a 

tray, randomly assigned to a treatment, and then placed inside a cage where applicable. 

The tray was used to facilitate weighing. The fish were then positioned onto the dry 

stream or river bed. Each fish was labelled with the treatment and replicate number. 

Environmental data (substrate composition, canopy cover, litter cover) were recorded 

for the location of each fish. Temperature and humidity data loggers (Hydrochron 
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iButtons DS1923) were attached to several cages, placed within mesh bags, and placed 

next to the fish in the ‘all consumers’ treatment, to record temperature and humidity 

data. The dates and times that the fish were set and retrieved were recorded. 

 

 

Figure 6-6 Diagram of the fish breakdown experimental treatments: 1) all consumers; 2) all 

invertebrates; 3) flying invertebrates; and 4) microbes. 

 

6.2.4.3.1 ‘All consumers’ treatment 

The ‘all consumers’ treatment was designed to quantify the breakdown of fish by all 

possible consumers – including microorganisms, flying invertebrates, ground dwelling 

invertebrates and vertebrates. Fish were placed onto a tray and positioned on the river 

bed. 

 

Motion-detection cameras (Moultrie I60 digital game cameras) were used to record the 

presence of large, potential consumers of the fish. The cameras were set at each site in 

Australia, and one site in Italy. Some cameras were set to either record still images, or 

videos of 30-second length. Although videos were the preferred method, this was 

battery-consuming, particularly if the cameras were inadvertently triggered by the wind 

moving vegetation, or leaf fall. A combination of methods (multiple cameras at a site) 
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was used where possible. Cameras were not set facing every replicate, as this would 

have involved multiple cameras, and therefore been extremely costly. Only one camera 

was used in Italy due to transportation limitations. 

6.2.4.3.2 ‘All invertebrates’ treatment 

The ‘all invertebrates’ treatment was designed to quantify the breakdown of fish by 

microorganisms, and also invertebrates – whether flying or ground-dwelling. Fish on 

trays were placed into stainless steel cages measuring 203 mm long x 203 mm wide x 

128 mm high with a mesh size of 12 mm x 12mm (Figure 6-6) to exclude larger 

consumers such as mammals, birds and reptiles, and were secured with steel stakes. A 

trial of the methods showed that fish inside cages could not be accessed by larger 

consumers such as mammals and birds (Appendix E). The cages did not prevent smaller 

consumers, such as invertebrates, from accessing the fish. See Appendix F for a 

discussion on potential cage effects. 

6.2.4.3.3 ‘Flying invertebrates’ treatment 

Fly larvae (maggots) readily establish on carcasses; however, ants can have a significant 

effect on breakdown rates by removing maggots (Early and Goff 1986, Stoker et al. 

1995). The ‘flying invertebrates’ treatment was designed to exclude ants in particular, as 

well as other ground-dwelling invertebrates, to examine breakdown by flying 

invertebrates in conjunction with microbial breakdown. Fish on trays were placed 

within stainless steel cages of the same design as used for the ‘all invertebrates’ 

treatment. Each fish was surrounded by petroleum jelly (Vaseline) to act as a barrier to 

exclude ground-dwelling invertebrates. 

6.2.4.3.4 ‘Microbes’ treatment 

The ‘microbes’ treatment was designed to quantify the breakdown of fish by 

microorganisms, such as bacteria and fungi, in the absence of larger consumers, such as 
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invertebrates, reptiles, birds, and mammals. Fish on trays were placed into fine mesh 

bags (2.5 mm x 2.5 mm mesh) within stainless steel cages as per the ‘all invertebrates’ 

treatment to exclude both invertebrates (as per Parmenter and MacMahon 2009) and 

larger consumers such as reptiles, birds, and mammals. Fine mesh bags are commonly 

used to exclude invertebrates for microbial decomposition studies in aquatic ecosystems 

(e.g., Bunn 1988a, Wright and Covich 2005b, Langhans et al. 2008, Dieter et al. 2011). 

6.2.4.4 Fish experimental sampling intervals 

In Australia, the fish were weighed after 0, 1, 3, 6, 7 and 9 days. All remaining fish 

were retrieved after 9 days. Experiments in Italy were conducted on two separate 

occasions. On both occasions, the fish were weighed after 0, 1, 2, 3, 4, and 5 days. 

During the second experiment, a random fish from each treatment from each site on 

each day was transferred to a drying oven to determine dry mass at different time 

periods. The retrieved fish were replaced with a new fish until 5 days was reached. 

 

Each day, any new animal tracks near the fish were noted. Fish were then inspected for 

attendant invertebrates, and the number and type of invertebrates were recorded. All 

attached invertebrates were then brushed off the fish with a fine paint brush (except for 

maggots, which were removed in the laboratory), and the carcasses were then weighed. 

Fish required for laboratory analysis were placed into a labelled plastic bag. 

6.2.4.5 Laboratory processing of fish 

Fish in Italy were used to calculate wet/dry mass relationships. Fish from day 0 were 

used to calculate the initial dry mass of fish. Fish representing the remaining days were 

weighed wet. All maggots, where possible, were removed from fish with forceps. 

Maggots were weighed separately from their ‘host’ fish. Fish and maggots were dried in 
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a drying oven at 60 °C for 3 days. Once dry, the fish and maggots were reweighed to 

determine their dry mass. 

6.2.5 Data analysis 

6.2.5.1 Stable isotope analyses 

The ratios of heavy to light isotopes (δ
13

C and δ
15

N) were plotted to visualise the 

relationship between food sources and consumers. C and N data were then analysed 

using a three-source linear mixing model with the IsoSource software developed by 

Phillips and Gregg (2003) to determine the probabilities of algae, riparian trees and 

riparian grasses as potential basal food sources for each group of consumers sampled – 

aquatic primary consumers, aquatic secondary consumers, terrestrial primary consumers 

and terrestrial secondary consumers. 

 

Nitrogen fractionation levels of approximately 2 ‰ have been observed and used in 

Australian studies (Bunn et al. 2003, Reid et al. 2008). Therefore, a fractionation 

coefficient of 2 ‰ was applied to the nitrogen isotope values of primary consumers, and 

4 ‰ to secondary consumers, to account for the shift in nitrogen values that occurs 

between trophic levels. 

6.2.5.2 Fish data analysis 

Linear, quadratic, power, asymptotic, exponential and double exponential models have 

been applied in previous studies of leaf litter and carrion breakdown (Wieder and Lang 

1982) and the model(s) giving the best fit used in subsequent calculations. Double 

exponential models assume that breakdown can be partitioned into two components – 

an easily decomposed fraction and a more recalcitrant fraction (Wieder and Lang 1982). 

However, these models were not used in this study, as a trial revealed that the rate of 

fish breakdown was rapid, and that little recalcitrant material such as skin and bones 
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remained. Following Wieder and Lang (1982), I used the following single-slope 

exponential model, as it provided the best fit to the data: 

Wt = W0e
-kt 

Where Wt is the amount of material remaining after time t of the initial amount W0, k is 

the processing coefficient representing the proportion of the original mass remaining, 

and e is the base of natural logarithms. k values and mean half-life (t1/2) were calculated, 

with half-life equal to the time required for half of the material to be consumed. Half-

life was calculated to assist in interpreting the results – in particular, to determine how 

much time would be required before the entire fish was consumed. To calculate k, all 

models were fitted with the restriction that 100 % of the material was present at time = 

0. 

 

An analysis of variance (ANOVA) was performed to test whether the treatments were 

different (STATISTICA, StatSoft Inc. 2001). The ‘rate of fish breakdown’ (k) was the 

dependent variable, and ‘site’ and ‘treatment’ were factors. Australian data and Italian 

data were analysed separately. For statistically significant results (α = 0.05), Scheffe 

post-hoc analysis tests were performed to determine which treatments were different 

from one another. 

 

Linear models were developed to test whether fish dry mass could be predicted from 

fish wet mass or standard length. Linear regression analyses were then performed to 

determine whether fish breakdown rates could be predicted from environmental data 

(STATISTICA, StatSoft Inc. 2001). A correlation matrix of environmental variables 

was first calculated to identify and remove redundant variables, to avoid over-fitting the 

regression models. A subset of environmental variables was then selected for use in 

multiple regression analyses to identify which factors influenced the rate of breakdown 
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in each treatment. The breakdown rate (k) for each treatment was used as the 

‘dependent’ variable, and site, treatment, and significant environmental variables were 

used as ‘independent’ variables. 

6.3 Results 

6.3.1 Extent of dried algae on river beds 

 

Filamentous algae had already become stranded on the dry river bed at Oaky Creek by 

July 2009, when surface water persisted only in an isolated pool. During August when 

the bed was moist, filamentous algae covered more than half of the river bed surface 

around some pitfall traps: 55 % near one trap and 60 % near the other, with no algae 

recorded from the other three traps set at the site (Figure 6-7, Figure 6-8). By 

September, when the river bed had been dry for at least 1 month, filamentous algae 

represented 15 % of the area surrounding one of the pitfall traps. No stranded algae 

were recorded near pitfall traps in December, although dried algae were observed at the 

site during this time (Figure 6-7, Figure 6-8). 

 

 

Figure 6-7 Mats of filamentous algae covering cobbles in the dry river bed in Oaky Creek in: a) 

August 2009; and b) December 2009. 
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Figure 6-8 Mean percentage (%) of filamentous algae cover surrounding the 1 m diameter circular 

area around each pitfall trap set in the river bed of Oaky Creek (July – December 2009). Data were 

not collected in October or November. Dried filamentous algal mats were present in the river bed in 

December, but were not recorded near pitfall traps. 

 

6.3.2 Stable isotope results 

6.3.2.1 Variation in δ 13C and δ 15N of potential aquatic and terrestrial basal 

food sources 

δ
 13

C and δ
 15

N values of aquatic (algal) and terrestrial (C3 trees and C4 grasses) sources 

could be easily discriminated during both wet and dry phases (Table 6-3, Table 6-4, 

Figure 6-9, Figure 6-10). At Oaky Creek, the δ
13

C values of terrestrial leaf litter 

increased from July to December. At the other sites, δ
 13

C and δ
 15

N values of terrestrial 

leaf litter were observed to be equivalent between the wet and dry phases. The mean δ
 

13
C and δ

 15
N values are provided in Appendices J and K. 

 

During wet and dry phases, the δ
 13

C and δ
 15

N values of aquatic and terrestrial 

consumers were easily discriminated at Purga Creek and Reynolds Creek, with some 

overlap between aquatic and terrestrial consumers at Oaky Creek and Wild Cattle Creek 

(Table 6-3, Table 6-4, Figure 6-9, Figure 6-10). At all sites, δ
 13

C values for terrestrial 
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primary consumers, such as ants, were higher during the wet phases, with δ
 13

C 

signatures becoming depleted (more negative) as the river beds dried (Table 6-3). At 

most sites, there did not appear to be a pattern in the δ
 13

C values of terrestrial secondary 

consumers, such as wolf spiders (Lycosidae), between wet and dry phases, although 

wolf spiders at Oaky Creek were the most depleted in δ
 13

C during the moist phase 

when surface water had disappeared and the bed was covered in stranded algae. 

 

 
 

Figure 6-9 δ
13

C and δ
 15

N values (‰) of potential basal food sources and consumers from Oaky 

Creek during wet and dry phases: a) isolated pool (15/07/2009), b) moist river bed (12/08/2009), c) 

short-term dry (9/09/ 2009), and d) long-term dry (9/12/ 2009). Means are plotted with ±1 SE as 

bars for consumers where n ≥ 3 samples. Dotted box = aquatic consumers, solid box = terrestrial 

consumers.
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Figure 6-10 δ
13

C and δ
 15

N values of potential basal food sources and consumers from Purga 

Creek a) during the wet season (10/09/2009) and b) during the dry season (8/12/2009), Reynolds 

Creek c) during the wet season (11/09/2009) and d) during the dry season, and Wild Cattle Creek 

e) during the wet season (11/09/2009) and f) during the dry season (10/12/2009 . Means are 

plotted with ±1 SE as boxes for basal sources and bars for consumers where n ≥ 3 samples. 

Dotted box = aquatic consumers, solid box = terrestrial consumers. 
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Table 6-3 Mean δ
13

C values of aquatic and terrestrial sources and consumers, +/- 1 standard error, for Oaky Creek, Purga Creek, Reynolds Creek and Wild Cattle 

Creek. NA = no sample collected. 

  Oaky Creek Purga Creek Reynolds Creek Wild Cattle Creek 

  

POOL MOIST SHORT-

TERM 

DRY 

LONG-

TERM 

DRY WET DRY WET DRY WET DRY 

Sources            

Aquatic Algae -48.1 -36.5 ± 2.1 -40.5 NA NA NA -45.6 ± 0.2 -40.6 ± 3.7 NA -41.9 

Terrestrial Trees -31.4 ± 0.2 -30.4 ± 0.7 -29.5 ± 0.6 -28.6 ± 0.3 -29.4 -31.4 -30.3 ± 0.8 -29 -30.9 ± 1.5 -30 ± 0.7 

Terrestrial Grasses NA -28.6 ± 2.4 NA NA -24.6 -14.6 -14.3 -27.9 -20.8 -28 

            

Consumers            

Aquatic Primary consumers -33.0 ± 1.1 -34.7 NA NA -28.1 ± 1.0 -29 -34.4 ± 2.6 -35.6 ± 0.2 -31.4 ± 0.6 -37.3 ± 0.9 

Aquatic Secondary consumers -30.4 ± 0.6 -29.2 ± 1.4 NA NA -27.8 ± 0.4 -29.7 ± 0.3 -33.3 ± 3.5 -29.7 ± 0.8 -29.7 ± 0.8 -30.9 ± 2.0 

Terrestrial Primary consumers -18.6 ± 0.3 -24.7 ± 0.2 -22.1 ± 1.6 -24.7 ± 0.0 -18.4 ± 1.4 -21.6 ± 0.9 -21.5 ± 0.8 -22.7 ± 0.8 -20.7 ± 0.7 -24.8 ± 1.0 

Terrestrial Secondary consumers -24.7 ± 0.8 -26.6 ± 1.0 -23.3 ± 2.7 -23.5 -20.5 ± 2.7 -26.2 ± 0.2 -22.0 ± 0.4 -21.1 ± 0.5 -28.2 ± 0.6 -26.4 ± 1.5 

 
Table 6-4 Mean δ

15
N values of aquatic and terrestrial sources and consumers, +/- 1 standard error, for Oaky Creek, Purga Creek, Reynolds Creek and Wild Cattle 

Creek. NA = no sample collected. 

  Oaky Creek Purga Creek Reynolds Creek Wild Cattle Creek 

  

POOL MOIST SHORT-

TERM 

DRY 

LONG-

TERM 

DRY WET DRY WET DRY WET DRY 

Sources            

Aquatic Algae 2.5 3.1 ± 0.6 2.2 NA NA NA 1.7 ± 0.4 0.8 ± 0.4 NA 0 

Terrestrial Trees 0.4 ± 1.8 0.2 ± 1.2 0.3 ± 0.7 -0.3 ± 0.3 0.3 0.5 -1.2 ± 1.1 -1.1 -3 ± 1.0 -1.7 ± 0.1 

Terrestrial Grasses NA 0.4 ± 0.6 NA NA 0.9 0.9 1.8 -2.7 -1.7 -2.8 

            

Consumers            

Aquatic Primary consumers 2.9 ± 0.1 2.3 NA NA 5.0 ± 0.4 3.8 2.9 ± 0.6 3.7 ± 0.4 0.3 ± 0.3 0.3 ± 0.2 

Aquatic Secondary consumers 5.5 ± 1.1 6.0 ± 0.5 NA NA 6.7 ± 0.7 6.4 ± 0.6 3.9 ± 0.4 5.0 ± 0.4 2.8 ± 0.8 2.8 ± 0.4 

Terrestrial Primary consumers 2.4 ± 0.1 4.2 ± 0.2 2.0 ± 0.8 3.1 ± 0.5 4.0 ± 0.5 4.4 ± 0.3 2.6 ± 0.3 3.8 ± 0.3 0.7 ± 0.3 0.9 ± 0.7 

Terrestrial Secondary consumers 5.6 ± 0.6 6.4 ± 0.2 6.2 ± 0.6 5.6 5.8 ± 0.2 4.9 ± 1.2 3.8 ± 0.2 5.3 ± 0.2 3.7 ± 0.08 4.6 ± 0.5 
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6.3.2.2 Stable isotope mixing model results 

Outputs of mixing models show the probability of each basal food source contributing 

to the δ
13

C and δ
 15

N composition of the resulting consumer. Across all sites, mixing 

model estimates of the relative contribution of grasses and trees as food sources for 

terrestrial primary consumers were much higher than that of algae, with algae having 

less than a 20 % probability of being a source (Figure 6-11 – Figure 6-15). At Oaky 

Creek, the relative contribution of grasses increased as the river bed dried (Figure 6-12). 

However, this was not always the case for the terrestrial secondary consumers, with 

algae having a higher relative contribution than either grasses or trees during both wet 

and dry phases in Wild Cattle Creek (Figure 6-15). Algae also had a higher relative 

contribution for terrestrial secondary consumers in Oaky Creek during the moist phase, 

when surface water was no longer present and moist algae remained on the river bed 

(Figure 6-12). During this time, algae had an 80 % probability of being a basal food 

source of the δ
13

C and δ
 15

N in the secondary consumers, grasses had approximately 20 

% probability, and trees had almost 0 % probability. During the wet (isolated pool) 

phase and the short- and long-term dry phases, estimates of algal contribution were 

much lower. In Reynolds Creek, the relative contribution of sources for primary and 

secondary consumers switched between wet and dry – with grasses, and then algae, 

having a higher probability of being a source than trees during the wet phase, changing 

to a higher probability of trees being a source during the dry phase (Figure 6-14). 

 

The mixing model estimates of the relative contribution of potential basal food sources 

for aquatic consumers changed between wet and dry phases. At all sites, algae had a 

higher probability of being a source during the dry phase than the wet phase (Figure 

6-13, Figure 6-14). In Oaky Creek, both primary and secondary aquatic consumers 

shifted from having a similar probability of algae, trees or grasses as basal food sources 
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during the wet phase, to a very high probability of algae being a source during the dry 

phase (Figure 6-11). Mixing model probability results (25 and 75 percentiles, and 

medians) are provided in Appendix L. 

 

 

Figure 6-11 Box and whisker plots showing proportional contributions of potential basal food 

sources to each aquatic consumer group, based on IsoSource mixing model outputs: Oaky Creek 

during the following stages – pool (July 2009) and moist (August 2009). Medians are shown (point), 

with boxes representing 25-75 percentiles and lines representing the minimum and maximum 

values. 
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Figure 6-12 Box and whisker plots showing proportional contributions of potential basal food sources to each terrestrial consumer group, based on IsoSource 

mixing model outputs, for Oaky Creek during the following stages: pool (July 2009), moist (August 2009), short-term dry (September 2009) and long-term dry 

(December 2009). Medians are shown (point), with boxes representing 25-75 percentiles and lines representing the minimum and maximum values. 
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Figure 6-13 Box and whisker plots showing proportional contributions of potential basal food sources to each consumer group, based on IsoSource mixing model 

outputs, for Purga Creek in the wet (September 2009) and dry (December 2009). Medians are shown (point), with boxes representing 25-75 percentiles and lines 

representing the minimum and maximum values. 
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Figure 6-14 Box and whisker plots showing proportional contributions of potential basal food sources to each consumer group, based on IsoSource mixing model 

outputs, for Reynolds Creek in the wet (September 2009) and dry (December 2009). Medians are shown (point), with boxes representing 25-75 percentiles and lines 

representing the minimum and maximum values. 
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Figure 6-15 Box and whisker plots showing proportional contributions of potential basal food sources to each consumer group, based on IsoSource mixing model 

outputs, for Wild Cattle Creek in the wet (September 2009) and dry (December 2009). Medians are shown (point), with boxes representing 25-75 percentiles and 

lines representing the minimum and maximum values.
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6.3.3 Fish breakdown experimental results 

6.3.3.1 Fish handling loss and wet weight/dry weight 

Weight loss as a result of handling fish during the experiments can be considered 

negligible. The mean difference between the initial laboratory wet mass and field wet 

mass was 0.4 g per fish, or 1.7 % of the fish’s initial wet mass. The mean difference 

between the field wet mass and final laboratory wet mass was 0.1 g per fish, 

representing 0.5 % of the fish’s field wet mass. The mean difference between the initial 

laboratory wet mass and the final laboratory wet mass was 0.5 g per fish, which 

corresponds to 2.2 % of the fish’s initial wet mass being lost during transportation to 

and from the laboratory. Linear regressions of these relationships had R
2
 values > 0.99 

(p < 0.0001, Figure F-1 Appendix F). 

 

Dry weight was not significantly correlated with wet weight or standard length, and 

therefore was not used further in analyses as the relationship was not strong enough to 

use for prediction (Appendix G). However, it is acknowledged that moisture would 

have been lost from the carcasses over time as they dried naturally. 

6.3.3.2 Fish breakdown rates 

6.3.3.2.1 Australian sites 

At Purga and Oaky Creek, breakdown rates of fish in the ‘all consumers’ treatment was 

very different from the rates observed in other treatments (Figure 6-16). An exponential 

model gave the best fit to the data for all treatments, except for the ‘all consumers’ 

treatment where models could not be fitted to the data, as all fish in these treatments 

were completely consumed in one day or less (Appendix I). For other treatments, 

experimental data showed close approximation to the fitted models. The slopes of the 
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regression lines (i.e., k) were good indicators of the relative rates of fish breakdown. 

Mean breakdown rates (mean k), % loss day
-1

, and extrapolated half-lives (t1/2) for each 

treatment are given in Table 6-5. Half-lives show that total fish consumption could be 

reached in 1 day to 11 days, depending on the treatment. 

 

Relative breakdown rates at Oaky Creek followed the sequence: all consumers > all 

invertebrates > flying invertebrates > microbes, and at Purga Creek: all consumers > 

flying invertebrates > all invertebrates and microbes (Table 6-5). The breakdown rate 

increased as the fish became available to more consumers (Figure 6-17). The rate of 

breakdown in the ‘all consumers’ treatment was significantly different from the rate in 

all other treatments, and the rates were also different between Purga and Oaky Creek 

(Table 6-5). No other treatments had significantly different rates of breakdown. 
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Figure 6-16 Fish breakdown results for each treatment at a) Oaky Creek and b) Purga Creek, 

Australia. Points represent mean values, with error bars (± 1 standard error). The best fit 

exponential curves and equations from each treatment are shown, based on results from Appendix 

I. 
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Table 6-5 Mean breakdown rates (k), % loss day
-1

 and half-lives (t50) for fish in Oaky Creek and 

Purga Creek, Australia, based on the exponential model xt = x0e
-kt

, where t = time after initial 

placement. 

 

Site Treatment k (  1 standard error) % loss day
-1

 t50 

(days) 

Oaky Creek    

 Microbes 0.0913 (  0.0058) 9.1 5.5 

 Flying invertebrates 0.1047 (  0.0048) 10.5 4.8 

 All invertebrates 0.1214 (  0.0036) 12.1 4.1 

 All consumers 1 (  0) 100 0.5 

Purga Creek    

 Microbes 0.1140 (  0.0118) 11.4 4.4 

 Flying invertebrates 0.1295 (  0.0035) 12.9 3.9 

 All invertebrates 0.1117 (  0.0091) 11.2 4.5 

 All consumers 1 (  0) 100 0.5 

 

 

Figure 6-17 Differences in breakdown rates between experimental treatments in Australia. 
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Table 6-6 Statistical analysis results of data from Oaky Creek and Purga Creek, Australia. The k 

value of fish breakdown was the dependent variable, and treatment and site were independent 

variables. Bold text denotes statistically significant results (p < 0.05). 

 

a) ANOVA table showing the effect of site and treatment on the rate of 

fish breakdown 

 

Effect 

Sum of 

squares 

Degrees of 

Freedom 

Mean 

Square F p-value 

Intercept 2.6785 1 2.6785 23528.98 <0.0001 

Site 0.0005 1 0.0005 4.68 0.0460 

Treatment 3.5485 3 1.1828 10390.53 <0.0001 

Site x Treatment 0.0013 3 0.0004 3.81 0.0311 

Error 0.0018 16 0.0001   

      

b) Scheffe Post-Hoc Analysis: Site 

 

Site   p-value 

Oaky Creek/Purga Creek   0.0460 

    

c) Scheffe Post-Hoc Analysis: Treatment 

 

Treatment   p-value 

All consumers/All invertebrates 

All consumers/Flying invertebrates 

All consumers/Microbes 

All invertebrates/Flying invertebrates 

All invertebrates/Microbes 

Flying invertebrates/Microbes 

 <0.0001 

 <0.0001 

 <0.0001 

 0.9998 

 0.2085 

 0.1816 

    

d) Scheffe Post-Hoc Analysis: Site x Treatment 

 

Site x Treatment   p-value 

Oaky Creek    

All consumers/All invertebrates 

All consumers/Flying invertebrates 

All consumers/Microbes 

All invertebrates/Flying invertebrates 

All invertebrates/Microbes 

 <0.0001 

 <0.0001 

 <0.0001 

 0.8046 

 0.1780 

      Flying invertebrates/Microbes  0.9237 

Purga Creek    

All consumers/All invertebrates 

All consumers/Flying invertebrates 

All consumers/Microbes 

All invertebrates/Flying invertebrates 

All invertebrates/Microbes 

 <0.0001 

 <0.0001 

 <0.0001 

 0.7501 

 0.9999 

Flying invertebrates/Microbes  0.8558 
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6.3.3.2.2 Italian sites 

At site 3, breakdown rates of fish in the ‘all consumers’ treatment appeared to be very 

different from the rates observed in other treatments, with some differences apparent 

between treatments at sites 1 and 2 (Figure 6-18). An exponential model gave the best 

fit to the data for all treatments, except for some data in the ‘all consumers’ treatment 

that couldn’t be modelled (Appendix I). The experimental data showed close 

approximation to the fitted models. The slopes of the regression lines (i.e., k) were good 

indicators of the relative rates of fish breakdown. Mean breakdown rates, % loss day
-1

, 

and extrapolated half-lives (t1/2) for each treatment are given in Table 6-7. Half-lives 

show that total fish consumption could be reached in approximately 2 days to 12 days, 

depending on the treatment. 

 

Breakdown rates at the Tagliamento River site 1 followed the sequence all consumers > 

all invertebrates and flying invertebrates > microbes, and sites 2 and 3 followed the 

sequence all consumers > all invertebrates > flying invertebrates > microbes (Table 

6-7). The breakdown rate increased as the fish became available to more consumers 

(Figure 6-19). The rate of breakdown in the ‘all consumers’ treatment was significantly 

different from the rate in all other treatments (Table 6-8). No other treatments had 

significantly different rates of breakdown. 
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Figure 6-18 Fish breakdown results for each treatment at a) site 1, b) site 2, and c) site 3 in the 

Tagliamento River, Italy. Points represent mean values, with error bars ((± 1 standard error). The 

best fit exponential curves and equations from each treatment are shown, based on results from 

Appendix I.
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Table 6-7 Mean breakdown rates (k), % loss day
-1

 and half-lives (t50) for fish at 3 sites in the 

Tagliamento River, Italy, based on the exponential model xt = x0e
-kt

, where t = time after initial 

placement. 

 

Site Treatment k (  1 standard error) % loss day
-1 t50 (days) 

Site 1     

 Microbes 0.0939 (  0.0204) 9.4 5.3 

 Flying invertebrates 0.1125 (  0.0137) 11.2 4.4 

 All invertebrates 0.1173 (  0.0049) 11.7 4.3 

 All consumers 0.4822 (  0.2593) 48.2 1.0 

Site 2     

 Microbes 0.0844 (  0.0031) 8.4 5.9 

 Flying invertebrates 0.1129 (  0.0074) 11.3 4.4 

 All invertebrates 0.1457 (  0.0177) 14.6 3.4 

 All consumers 0.1935 (  0.0511) 19.4 2.6 

Site 3     

 Microbes 0.0962 (  0.0071) 9.6 5.2 

 Flying invertebrates 0.1272 (  0.0093) 12.7 3.9 

 All invertebrates 0.1628 (  0.0196) 16.3 3.1 

 All consumers 0.5788 (  0) 57.9 0.9 

 

 

Figure 6-19 Differences in breakdown rates between experimental treatments in Italy. 
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Table 6-8 ANOVA analysis results of data from the Tagliamento River sites 1, 2 and 3, Italy. The k 

value of fish breakdown is the dependent variable, and treatment and site are independent factors. 

Bold text denotes statistically significant results (p < 0.05). 

 

a) ANOVA table showing the effect of site and treatment on the rate of fish 

breakdown 

 

Effect 

Sum of 

squares 

Degrees of 

Freedom Mean Square F p-value 

Intercept 1.1411 1 1.1411 58.63 <0.0001 

Site 0.0596 2 0.0298 1.53 0.2385 

Treatment 0.4197 3 0.1399 7.19 0.0015 

Site x Treatment 0.1372 6 0.0229 1.17 0.3553 

Error 0.4281 22 0.0195   

      

b) Scheffe Post-Hoc Analysis: Site 

 

Site   p-value 

Site 1/Site 2   0.5077 

Site 1/Site 3   0.8983 

Site 2/Site 3   0.8043 

    

c) Scheffe Post-Hoc Analysis: Treatment 

 

Treatment   p-value 

All consumers/All invertebrates  0.0302 

All consumers/Flying invertebrates  0.0146 

All consumers/Microbes   0.0066 

All invertebrates/Flying invertebrates  0.9865 

All invertebrates/Microbes   0.8980 

Flying invertebrates/Microbes   0.9839 

 

6.3.3.3 Environmental variables 

6.3.3.3.1 Australian sites 

At Oaky Creek and Purga Creek, temperature and humidity data were only recorded for 

one day for the ‘all consumers’ treatment, as the fish were completely consumed within 

one day. Between all other treatments at Oaky Creek and Purga Creek, mean 

temperature and mean humidity did not appear to vary greatly (Appendix H). However, 

the maximum and minimum temperature and humidity values did vary greatly within 

each site, reflecting diurnal changes in these parameters (Table 6-9). Temperatures at 

Purga Creek ranged from 3.6 °C to 32 °C. Temperatures were slightly cooler at Oaky 



171 

 

Creek, with the lowest temperature being 3 °C and the highest at 27 °C. Humidity was 

similar for the two sites, with a range of 38 - 100 % recorded from Oaky Creek, and a 

range of 28 - 100 % recorded at Purga Creek.  

 

Multiple regression analysis of the data showed that site (p < 0.001) and maximum 

temperature (p < 0.001) were significant factors in determining the rate of fish 

breakdown (R
2
 = 0.874) (Table 6-10). 

6.3.3.3.2 Italian sites 

Temperature and humidity data from Tagliamento River sites 1 and 4 were not 

collected, as the data loggers containing this data were swept away in a flood. However, 

data are provided for the Tagliamento River sites 2 and 3, where data loggers could be 

retrieved (Table 6-9, Appendix H). Mean temperature and mean humidity did not 

appear to vary greatly between any of the treatments at the Tagliamento River sites 

(Table 6-9). The range of maximum and minimum temperature and humidity values did 

vary greatly within each site, reflecting diurnal changes in these parameters. The lowest 

and highest temperatures were recorded at site 2 (9.9 °C and 50.2 °C). The lowest 

temperature recorded from site 3 was 10.1 °C, and the highest was 47.4 °C. Humidity 

ranged from 9.4 % to 100 % at site 2, and 13.7 % to 100 % at site 3. 

 

Multiple regression analysis of the data showed that treatment was an important factor 

in determining the rate of fish breakdown (p = 0.003) but the regression model was not 

strong (R
2
 = 0.215) (Table 6-11). The site, type of substrate present, temperature and 

humidity were not significant factors.
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Table 6-9 Summary of temperature (mean ± SD, range in brackets) and humidity (mean ± SD, range in brackets) data measured at Oaky Creek and Purga Creek, 

Australia (winter/spring), and Tagliamento River sites 2 and 3, Italy (autumn). N/A = missing data. Data was not available for site 1 in Italy. 

 
Site Date Variable Treatment 

   All consumers All invertebrates Flying invertebrates Microbes 

Australia 24/08/2010 – 

2/09/2010 

     

Oaky Creek  Temperature (°C) 14.6 ± 1.6  

(13.1 - 18.1) 

12.9 ± 5.2  

(2.9 - 23.9) 

13.2 ± 5.5  

(3.0 - 27.0) 

13.4 ± 5.1  

(3.7 - 26.2) 

  Humidity (%) 81.9 ± 7.0  

(63.9 – 89.8) 

82.6 ± 15.6 

(42.6 - 99.1) 

82.0 ± 16.6  

(39.0 - 99.8) 

79.8 ± 15.3 

(38.2 - 96.4) 

  Days (24 h periods) measured 1 9 9 9 

Purga Creek  Temperature (°C) 15.8 ± 2.9  

(12.6 - 25.2) 

14.2 ± 5.0  

(3.66 - 31.7) 

14.7 ± 5.4  

(3.6 - 29.7) 

15.2 ± 5.2  

(5.1 -29.6) 

  Humidity (%) 79.9 ± 9.5  

(48.4 - 92.3) 

78.1 ± 16.1  

(36.2 - 96.6) 

74.9 ± 18.5  

(28.3 - 96.6) 

84.0 ± 18.9 

(36.5 - 100) 

  Days (24 h periods) measured 1 9 9 9 

Italy 
10/09/2010 – 

15/09/2010 
     

Tagliamento River Site 2  Temperature (°C) 25.1 ± 12.0  

(9.9 - 50.2) 

23.2 ± 9.6  

(10.1 – 44.0) 

N/A 22.2 ± 8.4  

(11.1 -43.0) 

  Humidity (%) 64.3 ± 34.6  

(9.4 - 100) 

67.3 ± 31.7  

(12.3 - 100) 

N/A 66.6 ± 28.6  

(9.9 - 100) 

  Days (24 h periods) measured 5 5 5 5 

Tagliamento River Site 3  Temperature (°C) 23.6 ± 10.5 

(10.1 - 46.6) 

24.2 ± 11.4  

(10.6 - 47.4) 

24.1 ± 10.8  

(10.5 - 45.2) 

21.9 ± 7.3  

(12.0 - 39.0) 

  Humidity (%) 67.2 ± 31.4 

(14.8 - 100) 

68.6 ± 34.3  

(13.7 - 100) 

65.6 ± 33.4  

(14.8 - 100) 

70.2 ± 25.5 

(16.7 - 98.1) 

  Days (24 h periods) measured 5 5 5 5 
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Table 6-10 Results of multiple regression analysis of the breakdown rate (k) for Purga Creek and 

Oaky Creek, Australia. Significant values are highlighted in bold text. 

 

Factor Coefficient Standard Error t-value P-value 

Intercept -58.283 7.616 -7.653 0 

Site 0.526 0.092 5.708 <0.001 

Treatment 0.077 0.037 2.069 0.052 

Maximum temperature -0.099 0.014 -7.131 <0.001 

 

Table 6-11 Results of multiple regression analysis of the breakdown rate (k) for sites 1, 2, and 3 in 

Italy. Significant values are highlighted in bold text. 

 

Factor Coefficient Standard Error t-value P-value 

Intercept 6.222 3.194 1.948 0.064 

Site -0.064 0.054 -1.191 0.246 

Treatment 0.126 0.038 3.303 0.003 

Maximum temperature 0.019 0.026 0.740 0.466806 

Maximum humidity -0.060 0.035 -1.725 0.098032 

Minimum humidity 0.024 0.025 0.960 0.346883 

Gravel (%) 0.008 0.011 0.713 0.482763 

Pebble (%) 0.000 0.002 0.040 0.968803 

Cobble (%) -0.003 0.004 -0.954 0.349882 

Bare Ground (%) -0.012 0.009 -1.443 0.162478 

Detritus (%) -0.017 0.014 -1.188 0.24685 

 

6.3.3.4 Consumers of fish 

Mammalian, avian, and invertebrate taxa were found to consume the fish, or to 

potentially consume the fish, through direct observation, the use of motion-triggered 

cameras, and the presence of fresh tracks (Figure 6-20, Table 6-12). Mammals and birds 

were recorded on camera in Australia, but no mammals or birds were recorded in Italy. 

Interactions between consumers were also observed – in Italy, rove beetles 

(Staphylinidae) were seen consuming maggots, whilst ants were seen carrying maggots 
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away from the fish. As expected, the frequency of observations of invertebrate 

consumers differed with treatment type (Appendix M). 

 

There was no clear succession of invertebrates accessing the fish at the Australian sites 

(Appendix M). In Oaky Creek, flies were observed on the fish throughout the 

experiment, whereas flies were only observed on one occasion at Purga Creek on day 3. 

Slugs were only observed at Purga Creek on days 1 and 3. Ants were observed from 

days 1 to 9 at each site, with the most observations on the ‘all invertebrates’ treatment. 

Despite the intent to exclude them, some ants were recorded from the ‘flying 

invertebrates’ treatment; however, it is likely that these ants accessed the fish from 

climbing the cage and dropping down, rather than walking across the petroleum jelly 

barrier, as few ants were encountered. 

 

There was a distinct succession of terrestrial invertebrates associated with the fish 

carcasses in Italy (Appendix M). Wasps were only observed on the day of fish 

placement. Adult flies were usually seen only on days 0 and 1, with some flies seen on 

days 2 and 3 at site 3. Similarly, ants were seen only on days 0, 1 and 2, except for one 

observation on day 3 at site 1. Ground beetles (Carabidae), rove beetles (Staphylinidae), 

scaraboid beetles, and other unidentified beetles were seen throughout the experiments. 

Maggots were seen one day after fish placement, up until the end of the experiment 

where some maggots were seen leaving the fish, presumably to pupate. Maggot 

observations were highest for the ‘flying invertebrates’ treatment. 
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Figure 6-20 Consumers of fish: a) a fly that has successfully entered a cage; b) fly eggs deposited on 

a fish; c) fish covered in ants that have successfully entered a cage; d) a European wasp (Vespula 

germanica) consuming fish tissue, e) a slug consuming fish tissue, and f) evidence of microbial 

activity within a fish eye. 
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Table 6-12 List of consumers, or potential consumers, of the fish. Evidence from motion detection cameras is denoted by an asterisk (*). 

 
  Australia  Italy   

  Oaky Creek Purga Creek Tagliamento 

River Site 1 

Tagliamento 

River Site 2 

Tagliamento 

River Site 3 

Taxa observed consuming fish      

Mammals European Red Fox (Vulpes vulpes)  *    

Invertebrates Ants (Formicidae)     

 Coleoptera (Unidentified)     

 Diptera - larvae (Unidentified)     

 European Wasp (Vespula germanica)     

 Slug (Unidentified)      

      

Taxa observed on or near fish - not actively consuming fish      

Mammals Common Brushtail Possum (Trichosurus vulpecula) *     

 Rats and mice (Muridae) *     

Birds Torresian Crow (Corvus orru) * *    

 Australian White Ibis (Threskiornis molucca) *     

 White-faced Heron (Egretta novaehollandiae)  *    

Invertebrates Coleoptera (Carabidae)      

 Coleoptera (Scaraboidea)       

 Coleoptera (Staphylinidae)      

 Coleoptera (Unidentified)     

 Diptera - adults (Unidentified)      
       

Fresh tracks near fish - since fish deployment      

Mammals Domestic Dog (Canis lupus familiaris)      

 European Red Fox (Vulpes vulpes)      

Birds Bird (Unidentified)      
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6.4 Discussion: the potential subsidy of aquatic production to 

terrestrial food webs  

6.4.1 The importance of stranded filamentous algae in dry river 

beds 

At most sites, there was little evidence to show that stranded filamentous algae in drying 

river beds was a subsidy for terrestrial dry river bed food webs. Stable isotope results 

from mixing models from Purga Creek, Reynolds Creek and Wild Cattle Creek 

consistently showed that terrestrial riparian vegetation, such as trees and grasses, had a 

higher probability of driving dry river bed food webs than stranded filamentous algae 

left over from the wet phase (Figure 6-13 – Figure 6-15). This could reflect the 

frequency of sampling. Oaky Creek was sampled as the river bed dried, rather than 

simply during wet and dry phases – including during the ‘moist’ phase where surface 

water had disappeared and algae was left stranded on the bed. During this time, mixing 

model results estimated that algae had a high probability of being a source for terrestrial 

secondary consumers, namely wolf spiders (Lycosidae). Wolf spiders prey on aquatic 

invertebrates (Collier et al. 2002, Sanzone et al. 2003), and could be acting as a brief 

‘clean-up crew’, consuming stranded aquatic invertebrates. However, there was no such 

trend in the mixing model probabilities for terrestrial primary consumers, such as ants. 

Despite the mixing model results, the ant δ
13

C signatures did become depleted over time 

as the pools dried at Oaky Creek, suggesting the possible uptake of algal material, 

although it could also be reflective of a switch in the relative proportion of C4 and C3 

terrestrial material consumed. 

 

Common predators found in dry river beds, such as wolf spiders (Lycosidae), jumping 

spiders (Salticidae), and ground beetles (Carabidae), were clearly consuming terrestrial 
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prey, such as ants and crickets, which did not appear to have assimilated material of 

aquatic origin. However, the opportunity to consume stranded aquatic material (such as 

fish and invertebrates) once a river has dried may be brief – perhaps only a few days – 

and these three sites were not sampled immediately following river bed drying. Oaky 

Creek was sampled during river bed drying, however, when an isolated pool dried 

overnight in August 2009. The probability of algae being a basal source for terrestrial 

secondary consumers during August was approximately 80 %: this value is much higher 

than the probabilities of trees (almost 0 %) and grasses (approximately 20 %) as sources 

(Figure 6-12), suggesting that these secondary consumers had been eating biota of 

aquatic origin. This trend did not apply to terrestrial primary consumers, suggesting that 

terrestrial herbivores were not eating leftover algae. At all other sampling times, algae 

had a low probability as a basal source for terrestrial consumers, both primary and 

secondary. Despite these findings, stranded algae at the river shoreline have been shown 

to be consumed by pygmy grasshoppers in a study by Bastow et al. (2002), with the 

grasshoppers obtaining up to 100 % of their carbon from this source. 

 

Dried algal mats were observed on the dry river bed of Oaky Creek four months after 

surface water had disappeared. Some algal taxa of temporary rivers and streams 

have strategies against desiccation; for example, by having a mucilage sheath, thickened 

cell walls, or oil accumulations in the protoplast, which enables them to retain moisture 

and allows them to reactivate once re-wetted (Evans 1959, Benenati et al. 1998). Dry 

biolfilm on stones in river beds has been found to be the predominant drought refuge for 

algae in some streams (Robson 2000). Robson et al. (2008) found that algae in 

temporary river systems depended on refuges, such as dry biofilms, perennial pools and 

leaf packs: no algal species were found in the study streams if they were not present in 

these drought refuges. These stranded algae may therefore serve an important role in 
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colonisation once flow resumes. They may also provide a role as a habitat for 

invertebrates – both terrestrial and aquatic invertebrates were observed underneath the 

algal mats. This was also the case in a study by Strandine (1941), who observed that 

dry, filamentous algal mats in dried ponds remained moist underneath, and were found 

to house on average 6,600 living aquatic snails per m
2 

of algae. Algal mats may offer 

temperature and/or humidity refuges to terrestrial invertebrates in a similar way. 

6.4.2 The importance of stranded fish in dry river beds 

Dead and dying fish in the drying pools of temporary rivers and streams would most 

certainly become food for terrestrial consumers. This study has shown that dead fish 

placed in the dried beds of temporary rivers and streams were consumed by a range of 

terrestrial consumers at different trophic levels – decomposers (bacteria and fungi) and 

scavengers (invertebrates and vertebrates). Fish in both Australia and Italy that were 

exposed to the full range of terrestrial consumers broke down significantly faster than 

fish that were limited to invertebrates or microbial breakdown only. The breakdown of 

fish in this study is faster than the breakdown of most other types of aquatic material 

reported in the literature (Table 6-1) except for mosquito fish (Gambusia holbrooki), a 

small-bodied fish species, suggesting that nutrients from dead fish can be rapidly 

recycled in terrestrial ecosystems. However, there are lag-times between bioavailability; 

in a study on salmon in North America, some nutrients were available within weeks of 

fish breakdown, and others months to years (Drake et al. 2005). These salmon-carcass 

nutrients are then recycled: they can fertilise riparian soils and trees, and become 

incorporated into the tissue of consumers (Bilby et al. 1996, Hilderbrand et al. 1999, 

Christie et al. 2008). Stranded fish in temporary rivers may play a similar role. 

 

The type and size of a carcass can affect the rate of decomposition, and also the 

succession of invertebrates (Anderson and VanLaerhoven 1996). Additionally, the rate 
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of decomposition has been found to accelerate as ambient temperatures, and insect 

activity, increases (Watson and Carlton 2005). Bacterial growth rates in decomposing 

biota are also influenced by temperature (Matches 1982). In Australia, the maximum 

temperature recorded during fish breakdown was found to be an important predictor of 

fish breakdown rate. The rate of breakdown of fish at the Australian sites would have 

almost certainly been higher had the experiments been conducted in summer rather than 

winter, although streams in the study region tend to be wet in summer, making drying 

beds unavailable for study. High summer temperatures would have increased the rate of 

microbial decomposition of the fish, as well as facilitated the consumption of fish by 

maggots, as higher ambient temperatures increase maggot growth rates (Watson and 

Carlton 2005). No maggots were observed on the fish during winter at the Australian 

sites. In North America, salmon carcasses that have been discarded by bears in the 

riparian zone can be colonised by up to 50,000 fly maggots per carcass, and can break 

down within 5 days of colonisation (Meehan et al. 2005). The highest number of 

maggots recorded from a fish carcass in this study was 115, recorded after 4 days of fish 

exposure. An experiment involving the decomposition of kangaroo carcasses in 

Australia found that the rate of breakdown varied considerably between summer and 

winter, and that the rate was greatest when the carcasses were exposed to mammalian 

and avian consumers (Read and Wilson 2004). These findings suggest that high quality 

food sources, optimal environmental conditions, and a diversity of consumers promote 

rapid breakdown. 

 

A succession of consumers accessing fish carcasses can be observed over time. Brown 

bears in North America typically only consume a fraction of a salmon carcass, leaving 

the remainder behind for other consumers such as flies (Meehan et al. 2005). In my 

study, a different composition of invertebrates was observed on the fish carcasses in 
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Italy on the first day than on later days. European wasps (Vespula germanica) were seen 

on fish during days 0 and 1, but were absent from later stages. Wasps were particularly 

voracious, creating deep (> 5 mm) craters in the flesh of the fish within minutes of fish 

placement. In addition to penetrating the skin of the fish, the wasps also devoured the 

eyes. It was common on the day after placement to find fish that were missing eyes. 

Adult European wasps feed on nectar and honeydew from insects, and animal protein, 

such as fish, is used to feed their young (Raveret Richter 2000). Adult flies were seen 

on days 0 and 1, also within minutes of fish placement, with fly larvae seen from day 1 

until the last days of sampling. Fly eggs were observed from day 1. Interactions 

between invertebrate consumers were also observed: ants were seen taking maggots 

away from the fish carcasses, and rove beetles (Staphylinidae) were seen consuming 

maggots. Fish carcasses can therefore provide nutrients to different assemblages of 

terrestrial consumers through time (including necrophages, omnivores and parasites), 

depending on the stage of fish breakdown. 

6.5 Conclusions 

Filamentous algae from dried pools in this study were not found to be readily consumed 

by terrestrial biota. However, dead fish are most certainly a potential food source for a 

range of terrestrial consumers – including microorganisms, invertebrates and 

vertebrates. Furthermore, there was evidence that wolf spiders ate stranded aquatic 

animals soon after pools dried. The use of aquatic material, such as dead fish, by a 

terrestrial ‘clean-up crew’, represents a temporal linkage between the aquatic and 

terrestrial phases of temporary rivers and streams. Drying events in rivers and streams 

provide opportunities for aquatic material to be utilised by terrestrial biota and recycled 

in these ecosystems. The rate at which stranded aquatic biota are consumed by 

terrestrial consumers would most likely be governed by the quality of the biota as a food 
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source. High quality aquatic resources, such as fish, are likely to be consumed quicker 

than lower quality sources, such as filamentous algal mats, that may be of lower value 

to consumers. This is supported by observations that dead fish are rarely observed once 

rivers dry up, and were consumed in a short time when accessible to all potential 

consumers, whereas filamentous algae persisted for months. The palatability and 

nutritional quality of filamentous algae to terrestrial consumers may be low, as stranded 

mats were not found to be consumed and incorporated into dry river bed food webs. 

However, they may potentially serve two important functions in temporary rivers: 

1) As a source of algal colonists, to be reactivated on rewetting; and 

2) As a sheltered microhabitat for aquatic and terrestrial invertebrates, functioning 

as a drought refuge for aquatic taxa and a temperature refuge for terrestrial taxa. 

 

Aquatic and terrestrial invertebrates have been observed inhabiting the area underneath 

mats of filamentous algae, free of surface water (Personal observation, Strandine 1941). 

These algal mats may be cooler and more humid than surrounding areas, and may 

provide shelter from light, heat and predators. 

 

A key way forward to advance the understanding of aquatic subsidies to terrestrial 

ecosystems is to examine the fate of other aquatic material that can remain in a river bed 

once a pool dries, such as aquatic invertebrates. For example, an isotopic tracer 

experiment could reveal the uptake of aquatic material throughout the terrestrial 

community. The assemblage composition of terrestrial consumers present near drying 

pools may differ from those at sites where pools have already dried (see Chapter 5); 

therefore, repeating the experiments at the very edge or within drying pools may reveal 

a different suite of fish consumers and different rates of fish breakdown. It is also 

possible that high quality food sources, such as fish, are consumed from drying pools by 
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vertebrate predators (e.g., birds) while still alive, when they are vulnerable to predation 

due to lack of shelter, or after dying in pools from the effects of poor water quality (e.g., 

Tramer 1977), competition, or disease. 

 

Finally, the use of filamentous algal mats as a habitat for aquatic and terrestrial biota 

could be explored further. This habitat in the landscape may be an important refuge for 

aquatic biota during drought periods, and a novel habitat for terrestrial biota. 
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Chapter 7: General discussion 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7-1 In-stream infrastructure, such as dams, weirs, and even road crossings, can result in the 

creation of ‘artificial’ dry river beds downstream and pools upstream, as caused by this road 

crossing on the Flinders River, Queensland, Australia. 
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7.1 Revised conceptual models for temporary rivers 

7.1.1 Inclusion of dry phase biota and processes 

Traditional conceptual models of temporary rivers focused on aquatic biota and aquatic 

processes, and tended to ignore, or gave a low priority to, the dry phase. This study 

highlights the importance of the dry phase, and strives to promote a holistic approach to 

temporary river ecology where both wet and dry phases are considered. In this chapter, 

the holistic conceptual model proposed in Chapter 2 will be revised and enhanced based 

on the findings from this study. 

 

The findings from this study draw attention to the importance of the terrestrial 

invertebrate assemblages that inhabit dry river beds. These assemblages were found to 

be unique – differing from adjacent riparian assemblages – and they included some dry 

river bed habitat specialists (Chapters 4 and 5). This result was found to be consistently 

true for river beds with different substrate types, flow regimes, and climatic conditions 

from different catchments, and even different continents. These invertebrate 

assemblages were found to remain different from riparian zone assemblages even as a 

river bed dried – the dry river bed, therefore, did not become ‘riparian’, but more taxa 

were shared over time (Chapter 5). There was also some evidence that terrestrial 

invertebrate secondary consumers played a role as a ‘clean-up crew’ during the 

transition of a temporary river channel from an aquatic habitat to a terrestrial one 

(Chapter 6). 

 

The processing of aquatic material during the dry phase should be included in 

temporary river models (e.g., Larned et al. 2010), in the same way that the processing of 

terrestrial material during the wet phase, such as leaf litter breakdown, is included in 
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existing river models. Drying river beds can provide food sources, such as stranded 

aquatic biota (Larimore et al. 1959, Lowe-McConnell 1964, Bishop and Bell 1978, 

Chapman and Kramer 1991, Stanley et al. 1997) to a range of terrestrial consumers, 

including microorganisms, invertebrates, birds and mammals (Chapter 6). Some 

stranded aquatic material will be of higher preference to terrestrial consumers than 

others, and this preference may be displayed in the rate of breakdown of each type of 

food source: i.e., higher quality food will be consumed quicker than lower quality food. 

 

In light of these findings, dry river beds should not be considered ‘biologically inactive’ 

(cf. Stanley et al. 1997). New conceptual models of the ecology of temporary rivers (as 

presented in Chapter 2) need to include information about terrestrial biota and processes 

from the dry phase, in addition to the information typically provided about aquatic biota 

and processes from the wet phase. These models also need to acknowledge that, far 

from being biologically inactive, drying river beds support many ecological and societal 

values, act as temporal ecotones between these phases as they shift from an aquatic-

dominated community to a terrestrial one, and support unique assemblages of terrestrial 

biota. The latest conceptual model of temporary rivers to adequately include the dry 

phase was presented in Larned et al., (2010), as discussed in Chapter 1. 

7.1.2 Revised models of temporary river ecosystems 

Many aspects of the conceptual model of temporary river ecosystems proposed in 

Chapter 2 were confirmed by the results of this study. These include the following: that 

aquatic biota (e.g., filamentous algae) become stranded if they cannot migrate to other 

waters or find drought refugia; that aquatic biota (e.g., fish) can become food for 

terrestrial consumers; that the length of the dry phase influences ecological succession; 

that the structure of the biotic community (e.g., invertebrates) became more and more 

terrestrial as the dry phase was prolonged; and that a unique terrestrial assemblage 
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existing during long-term drought. Further details of these aspects are discussed in 

Chapters 4, 5 and 6. However, results of this study also identified three aspects of the 

ecology of temporary rivers that were not predicted in Chapter 2. 

 

First, the short- and long-term dry models presented in Chapter 2 do not show that 

aquatic material, such as filamentous algae, can remain on the river bed for months after 

the bed has dried, as found in Chapters 5 and 6. New temporary river models of the dry 

phase need to recognise the long-lasting connection with the aquatic phase – whether 

the aquatic material is used as a food resource, as a refuge for aquatic biota during dry 

periods, or as a novel habitat for terrestrial biota (Larned et al. 2010). 

 

Second, the moist, short-term dry and long-term dry models (Figure 2-4) do not 

highlight the terrestrial invertebrate succession that occurs as a river bed dries, as 

described in Chapter 5. Different taxa were found to characterise the river bed at 

different stages of drying, and also at different distances from the bed into the riparian 

zone. This succession of species, and the differences in taxa between dry river beds and 

riparian zones, should be recognised in future models. It is also important to note that 

dry-river bed specialists were encountered during this study, such as beetles from the 

subfamily Notoxinae (Anthicidae) that were collected from the Flinders, Mitchell and 

Brisbane River catchments in Australia, and the Tagliamento River catchment in Italy. 

Such dry river bed specialists, encountered in different countries, may share ecological 

traits. Some specialists may play important roles in aquatic-terrestrial subsidies, or even 

in the bioengineering of the river bed substrate through their burrowing movements. 

Beetles from the subfamily Notoxinae (including the same genus as found in this study - 

Mecynotarsus) have been shown to burrow into sand (Hashimoto and Hayashi 2012), 

which is thought to be for evading predators or for foraging; however, the life history of 
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this beetle is unknown. Dry river bed specialists may have traits that vary depending on 

the time since flow, such as time for eggs to hatch or the time for juveniles to reach 

maturity. Some dry stream specialists may even have life history adaptations to 

inundation. Such dry river bed specialists must be recognised as unique features of dry 

river beds, and are worthy of further study. 

 

Third, although the models represent different stages of wetting and drying, it should be 

understood that multiple models can apply to the same temporary river, or even to the 

same site, at the same time. Some rivers can ‘flow’ underground for some distance, 

before being expressed at the surface (Figure 7-2). Rivers such as the Tagliamento River 

can lose water, with flow occurring in the headwaters while the mid-reaches, up to a 

length of 20 km, can dry up (Döring et al. 2007). By definition, isolated pools seen 

during the cease-to-flow stage will be isolated from other sections of surface water and 

will therefore be surrounded by moist or dry river bed. 

 

 

Figure 7-2 Pools and a riffle in the Cloncurry River, Queensland, showing a dry river bed 

upstream. Beyond the riffle, surface water disappears underground for several hundred metres. 
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Incorporation of these three additions to the models presented in Chapter 2, and 

confirmation of other aspects by the results of this study, further contributes towards the 

need for a holistic model of temporary river ecosystems as identified in the introduction 

to this study (Chapter 1). 

7.1.3 Models of dry river beds in a landscape setting 

Changes in river structure and function from the headwaters to a river mouth are well 

understood in perennial river systems, as described by the River Continuum Concept 

(Vannote et al. 1980). The changes in temporary river structure and function, however, 

are less understood, particularly with regards to changes in terrestrial biota during the 

dry phase. We know that channel width typically increases with an increase in distance 

from source. This increase in channel width is associated with a decrease in canopy 

cover and riparian shading over the channel, increasing the levels of light, wind, and 

ultimately temperature, experienced on the river bed surface. These changes are present 

during both wet and dry phases of the flow regime. Substrate particle size in the channel 

typically changes from the headwaters to the lowlands – from coarse materials, such as 

boulders and cobbles, to fine materials, such as silts and clays. Figure 7-3 illustrates the 

expected landscape-scale changes in a temporary river system. 



191 

 

 

Figure 7-3 Predicted spatial changes in environmental conditions and biotic responses within dry 

river beds in a landscape context. 

 

It is unknown as to whether the biological diversity in dry river beds, in particular that 

of terrestrial invertebrates, differs spatially throughout a river network. I predict that the 

diversity of dry river bed specialists will increase with increasing channel width (Figure 

7-3). The diversity of dry river bed specialists could be low in narrow, shaded river 

beds, as the conditions are more similar to those in the riparian zone; therefore, the 

assemblages could be dominated by riparian taxa. Results from Chapter 4 hint that this 

may be the case – dry river bed invertebrate assemblages were more similar to riparian 

invertebrate assemblages in narrow channels, such as those in the Moonie River 

catchment (< 10 m wide), than in wide channels, such as those in the Flinders, Mitchell 

and Tagliamento River catchments (> 50 m wide) (Figure 4-3, Table 4-3, Table 4-8). It 

may be the case that lowland river beds are hotspots for unique, dry river bed taxa, as 

many of these taxa would need to be specialised for harsh, dry, open conditions and be 

resistant or resilient to disturbances that are common to large, temporary river beds. 

River beds in the mid-reaches of river networks may contain a different combination of 
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taxa, with some taxa common to the riparian zone and others specialised for an 

existence in dry river beds. 

7.1.4 Models that include anthropogenic changes to dry river beds 

Human alterations to the natural landscape have resulted in the increased spatial and 

temporal prevalence of dry river beds in some places, and the loss of these habitats in 

others. In-stream infrastructure, such as dams, weirs, and even road crossings, can 

intercept flow, drying river beds downstream and fragmenting aquatic populations 

(Bishop and Bell 1978) (Figure 7-1, Figure 7-4). Water extraction from rivers and 

groundwater systems during droughts can also reduce river flow (Holmes 1999, 

Tockner and Stanford 2002, Palmer et al. 2008) (Figure 7-4), ultimately reducing 

aquatic longitudinal and vertical connectivity by causing river beds to dry. 

Alternatively, natural temporary rivers can be made perennial as a result of constant 

flow releases from dams and weirs, or when water is discharged from mining operations 

or sewage-treatment plants, increasing connectivity between aquatic populations 

(Hassan and Egozi 2001), and reducing habitat availability for terrestrial biota. Inter-

basin transfers may increase the occurrence of dry river beds in donor systems, and 

reduce the occurrence of dry river beds in receiving systems. These changes alter the 

relative availability of aquatic and terrestrial habitats, and would modify the natural 

changes in richness and abundance summarized in Figure 5-8. 

 

Climate change is predicted to result in a higher discharge from some rivers, and a 

lower discharge from others (Chiew and McMahon 2002, Manabe et al. 2004), with 

some rivers predicted to experience a higher frequency of both extreme flood events and 

low-flow events (Burlando and Rosso 2002, Pilling and Jones 2002, Charlton et al. 

2006). In many regions, long-term climate trends and predictions suggest that droughts 

are likely to occur more frequently in the future, with greater severity (Arnell 1999, 
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Kershaw et al. 2003, Meehl et al. 2007). Consequently, global climate change 

predictions of higher temperatures, higher evaporation, and more frequent droughts, 

coupled with the increased demand for water and higher rates of water extraction, will 

cause dry river beds to be found more frequently and in more places, and some 

perennial rivers may change into temporary ones (Meehl et al. 2007, Palmer et al. 2008) 

(Figure 7-4). An expansion in connectivity between terrestrial populations will occur as 

a result. A conceptual understanding of drought and temporary rivers is critical for 

future water management and policy purposes, biodiversity considerations, and 

understanding the linkages between aquatic and terrestrial ecosystems in a world 

experiencing the impacts of climatic and land use change. 
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Figure 7-4 Patterns of water availability and connectivity in a temporary river network: a) 

examples of the loss of connectivity in natural dry river beds, and b) examples of the loss of 

connectivity in river networks where human-induced changes have created, or removed, dry river 

beds. Modified from Steward et al. (2012).
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7.2 Implications of the results of this study for the 

management of temporary rivers 

Temporary river systems are under threat because their societal and ecological values 

are poorly recognized. Cattle trampling, overgrazing, weed infestation, and human uses 

such as hunting, recreation, and their use as roadways, can all impact and damage dry 

river beds (Gómez et al. 2005). Other threats include the extraction of gravel and the 

resulting change in substrate particle size composition, and eutrophication during the 

wet phase, which has implications when streams dry. Temporary rivers in some urban 

settings have been covered altogether by roads, and now represent some of the most 

important avenues of these cities (e.g., the famous ‘Ramblas’ in Barcelona, Spain). 

Other dry river beds have been inundated as a result of construction of dams or weirs 

(e.g., Wadi Allaqi in Egypt, Briggs et al. 1993), or by wastewater discharged from 

mining operations (e.g., coal seam gas effluent) or sewage-treatment plants (Hassan and 

Egozi 2001). One major reason that dry river beds and temporary rivers are at risk of 

degradation is because they are not recognized in the majority of river management 

policies; as a result, they are rarely considered in river health monitoring and assessment 

programs. For example, draft guidelines developed for the U.S. Environmental 

Protection Agency (EPA) Clean Water Act will fail to protect small temporary rivers, 

including dry river beds, that do not meet certain criteria (U.S. EPA 2011). Dry river 

beds are also ignored in European water legislation (e.g., European Union Water 

Framework Directive, European Commission 2000). 

 

Wet and dry phase indicators and indices of ecosystem health need to be 

complementary, rather than separate. The Australian Framework for the Assessment of 

River and Wetland Health (FARWH) trial report states that ephemeral and seasonal 
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rivers in the tropics were generally excluded from the trial of the program, and 

recommends the use of different assessment methods for dry systems (Alluvium 

Consulting 2011). 

7.2.1 Dry river beds and river health monitoring programs 

Aquatic macroinvertebrates are used as indicators of aquatic ecosystem health 

throughout the world, often in conjunction with predictive modeling methods. 

Predictive models, for example RIVPACS in Great Britain (Wright et al. 1984, Moss et 

al. 1987), AUSRIVAS in Australia (Simpson and Norris 2000) MEDPACS in Spain 

(Poquet et al. 2009), and BEAST in Canada (Reynoldson et al. 1995), have been 

developed to assess the health of rivers and streams based on the input of environmental 

variables and biological assemblage data. Base-flow is traditionally considered the 

‘normal’ phase of a river, and is therefore the phase most often sampled by river health 

monitoring programs. One sampling protocol stated that unless the impact of a flood 

was being investigated, aquatic macroinvertebrate sampling should resume 4-6 weeks 

once floods have subsided (DNR 2001), presumably to ensure that sufficient time has 

lapsed for resident aquatic macroinvertebrates to recolonise following disturbance. Flow 

is episodic in some temporary river systems, and occurs for only days to weeks at a 

time, meaning that these systems would never be assessed under some sampling 

protocols. 

 

The unpredictability of flow along dry river beds has been recognised as a challenge for 

environmental monitoring (Sheldon 2005). Dry river beds have largely been neglected 

in river health monitoring programs throughout the world, despite monitoring sites in 

many river networks being dry. This is particularly the case in semi-arid and arid zones, 

but also during the dry season in the wet-dry tropics of Australia, and other regions 

during drought conditions. Often, gaps in data series exist when existing monitoring 
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sites are dry and not sampled during particular seasons or years. Although they do not 

contain water, dry river bed habitats can be ‘healthy’, and can have ecological values 

that may otherwise be overlooked (see Chapter 1: Values of dry river beds). The 

monitoring and assessment of aquatic ecosystems alone is not representative of the 

available riverine ecosystems within an entire catchment if they contain temporary 

rivers with dry river beds. 

 

The Ambient Biological Monitoring and Assessment Program (ABMAP) in 

Queensland, Australia, used aquatic macroinvertebrates as indicators of river health, and 

is an example that illustrates this point. In 2005, the program was hampered by long-

term drought, and the scarcity of surface water within the river network. During this 

year, the program targeted two regions for assessing river condition: the Western Cape 

and Gulf Province in the wet-dry tropics, and the South-east Queensland Province in the 

subtropics (Figure 7-5) (Steward 2007). Each province was divided into 35 cells, and 

sites randomly selected from within each cell for sampling. In the Western Cape and 

Gulf Province, 3 cells, each measuring approximately 1,000 km
2
, could not be sampled 

due to the lack of water within them. Likewise, in the South-east Queensland Province, 

6 cells, each measuring approximately 250 km
2
, could not be sampled. In each case, 

many potential sites per cell were visited, but every site was dry. Even in cells that were 

sampled, in each region, many potential sites were dry and much effort was required to 

find water. Thus, the program could not report on the health of the entire river network: 

rather, only the infrequent, wet reaches. Therefore, the results of this program were not 

representative of the entire river network. This can lead to inconsistency and lack of 

representativeness in assessment, particularly if some sites are sampled at one time but 

not the next due to being dry. The size of the wet river network also changes between 

reporting periods – this is rarely communicated. Robson et al. (2011) suggested 
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sampling drought refuges for aquatic invertebrates during the dry phase as a potential 

solution. Problems remain even with this approach, such as sampling itself depleting the 

supply of future colonists, variable taxonomic composition in refuges resulting from 

stochastic founder effects and strong biotic interactions. Additionally, drought refuges 

have a variable and patchy distribution at landscape scales. To overcome this, aquatic 

and terrestrial indicators could be integrated to make an assessment of the entire river 

network – representing both wet and dry reaches. The health of the wet sites could be 

reported separately from that of the dry sites, or else combined to form a holistic 

assessment. 

 

 

Figure 7-5 River monitoring sites (green circles) in the Western Cape and Gulf Province (left) and 

South-east Queensland Province (right) in Queensland, Australia. Each province was divided into 

35 sampling cells. Completely dry sampling cells are shaded red. Figure modified from Steward et 

al. (2012). 
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7.2.2 Biological indicators of dry river bed health? 

Aquatic macroinvertebrates have been traditionally used as biological indicators of river 

health, and increasingly other ecosystem components are sampled, such as fish, 

diatoms, and macrophytes. Biological indices used for monitoring and assessment can 

include taxon richness, taxon evenness, exotic taxa, and taxa tolerant or sensitive to 

pollution (e.g., SIGNAL Index for macroinvertebrates, Chessman 1995, Chessman 

2003), and observed/expected taxa comparisons for predictive models (e.g., 

AUSRIVAS, Simpson and Norris 2000). Biological indicators of dry river bed health, 

such as terrestrial invertebrates, could be used in the same way that aquatic biological 

indicators are used to monitor and assess aquatic ecosystem health. However, before 

terrestrial invertebrates can be trialled as indicators of dry river bed health, their 

response to disturbance, in conjunction with natural spatial and temporal variation of 

dry river beds at the landscape scale, needs to be determined (Figure 7-3).  

 

Terrestrial invertebrates, such as ants, are routinely used as biological indicators 

throughout Australia (Andersen et al. 2004, Andersen and Majer 2004). Similarly, 

ground beetles (Carabidae) have been evaluated as biological indicators of exposed 

riverine sediments and riparian zones in Europe (Boscaini et al. 2000, Eyre and Luff 

2002, Kleinwächter and Rickfelder 2007). Both ants and ground beetles occur in dry 

river beds; therefore, research could target the potential of these groups as indicators of 

dry river bed health. 

7.3 Knowledge gaps and recommendations concerning the 

future of dry river bed research 

The role of dry river beds as habitats is ‘only beginning to be understood and is an 

exciting frontier, albeit it is still terra incognita’ (Datry et al. 2011a). Researchers have 
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only just begun to examine these important habitats and yet many more perennial rivers 

are being turned into temporary ones as a result of water abstraction or changes in land 

use and climate. While this study has advanced this understanding on several important 

fronts, there is still much we do not know about the likely effects of these changes – for 

instance, will ‘anthropogenic’ dry river beds have the same values as natural ones? Do 

changing flow regimes increase the susceptibility of temporary rivers to invasions by 

exotic species? The findings from this research have raised new research questions and 

identified knowledge gaps concerning dry river bed ecology (Table 7-1). We need to 

start recognising dry river beds as important elements of temporary rivers – that is, as 

habitats in their own right. This understanding needs to be incorporated into water 

resource planning and management processes to ensure that the important values of 

temporary rivers and their dry river beds are protected, or if necessary, restored. 
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Table 7-1 Summary of knowledge gaps and related research questions for dry river beds. Modified from Steward et al. (2012). 

 

Knowledge gap Research questions 

Values to humans Which communities of people rely on dry river beds? 

What is the distribution of dry river beds at risk of degradation? 

Unique biodiversity 

 

During extreme conditions, do dry river beds serve as a refuge for upland terrestrial biota? 

Do dry river beds trigger the (rapid) evolution of life history traits, such as higher dispersal capability and 

dormancy? 

Studies are needed to investigate the traits that allow terrestrial invertebrates of dry river beds to survive both 

wet and dry phases. 

Refuge for specialised 

aquatic biota 

How long can quiescent stages of aquatic biota remain viable in dry river beds, and how will changes in 

hydrology influence these taxa? 

Do algal mats in dry river beds provide a drought refuge for aquatic biota, and/or a novel habitat for terrestrial 

biota? 

Corridors for terrestrial 

biota 

Is rafting during flood events an important dispersal mode for maintaining the viability of populations of 

terrestrial invertebrates? 

Temporary ecotones linking 

wet and dry phases 

Are there critical thresholds in the duration, spatial extent, and severity of drying in temporary river systems 

that may lead to fundamental shifts in community structure, ecosystem processes, and services? 

Storage and processing of 

organic matter and nutrients 

What is the extent to which ecosystem processes during the wet phase control those during the dry phase, and 

vice versa? 

Biological indicators of dry 

river bed health 

Can terrestrial invertebrates be used to assess dry river bed health in the same way that aquatic invertebrates 

are currently used to assess river health? 

Response of dry river beds to 

natural and human 

disturbances 

Are there critical thresholds in the duration, spatial extent, and severity of drying in temporary river systems 

that may lead to fundamental shifts in community structure, ecosystem processes and services? 

What is the response of dry river bed communities to anthropogenic disturbances? 

Do changing flow regimes increase the susceptibility of temporary rivers to invasions from exotic species? 

Will ‘anthropogenic’ dry river beds have the same values as natural ones? 

Dry river beds in a landscape 

setting 

How do terrestrial biota and processes in dry river beds change at a landscape scale? 

How does the diversity of terrestrial invertebrates in dry river beds differ throughout a river network 

(headwaters to lowlands)? 
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Appendix A: Summary of catchment and site characteristics of sites used in this study. Site codes are used in figures. 

 
Country Catchment Catchment 

area (km2) 

Mean annual flow/ 

max. annual flow (ML) 

Climate Hydrology  Dominant river 

bed substrate 

Site Latitude Longitude Site 

code 

Australia Mitchell 45,872a, b 8,153,011 /  

31,104,532a, b 

Wet-dry 

tropical 

Predictable 

flow 

Sand and gravel, 

gravel and pebble Walsh River at Ferguson Crossing -16.9905 144.2979 M1 

       Mitchell River at Lynd Junction -16.4642 143.3104 M2 

       Mitchell River at Hughs Crossing -16.3434 143.0632 M3 

       Lynd River at Dickson Hole -17.4944 143.9617 M4 

       Rosser Creek at Drumduff Road -16.2492 143.0248 M5 

       Mitchell River at Koolatah -15.9663 142.4203 M6 

Australia Flinders 106,263a, c 3,093,672/  

18,001,419a, c 

Wet-dry 

tropical 

Predictable 

flow 

Silt/clay and sand, 

sand and gravel, 

gravel and cobble Flinders River at Walkers Bend -18.1624 140.8570 F1 

       Cloncurry River at Cowan Downs -18.9986 140.6021 F2 

       Cloncurry River at Ten Mile Waterhole -19.3312 140.8485 F3 

       Flinders River at Rocky Waterhole -20.2430 141.8476 F4 

       Cloncurry River at Stanley Waterhole -19.5537 141.0118 F5 

       Cloncurry River at Sedan Dip -20.0383 141.1084 F6 
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Country Catchment Catchment 

area (km2) 

Mean annual flow/ 

max. annual flow (ML) 

Climate Hydrology  Dominant river 

bed substrate 

Site Latitude Longitude Site 

code 

Australia Brisbane 10,172a, d 854,130 /  

4,130,506a, d 

Subtropical Unpredictable 

flow 

Gravel and 

cobble, 

silt/clay and sand Reynolds Creek at Munchow Road -28.1042 152.5178 B1 

       Wild Cattle Creek at Wild Cattle Creek Road -28.1040 152.5160 B2 

       Oaky Creek at Esk-Crows Nest Road -27.1611 152.2818 B3 

       Purga Creek at Loamside -27.6831 152.7291 B4 

Australia 

 

Moonie 12,025a, e 124,409 /  

554,506a, e 

Subtropical

/ semi-arid 

Unpredictable 

flow 

Silt/clay 

Stephens Creek at Bendee Road -27.8997 149.8316 Mo1 

       Stephens Creek near Westmar -27.9004 149.7185 Mo2 

Italy Tagliamento 1,900f 3,830,000 /  

5,180,000f 

Alpine Unpredictable 

flow 

Gravel and cobble 

Tagliamento River at Villuzza 

 

46.1734 

 

12.9579 

 

T1 

       Tagliamento River at Sant’Odorico 46.0549 12.9166 T2 

       Tagliamento River at Biauzzo 45.9506 12.9092 T3 

       Tagliamento River at Flagogna 46.2035 12.9744 T4 

a
 (Queensland Department of Environment and Resource Management 2010). 

b
 Mitchell River at Koolatah, Gauging Station 919009A, 1/10/1971 - 1/10/2004. 

c
 Flinders 

River at Walkers Bend, Gauging Station 915003A, 1/10/1968 - 1/10/2006. 
d
 Brisbane River at Savages Crossing, Gauging Station 143001C, 1/10/1908 - 1/10/2007. 

e
 Moonie 

River at Nindigully, Gauging Station 417201B, 1/10/1953 - 1/10/2006. 
f
 Tagliamento River at Pioverno, 1929–1939 (Tockner et al. 2003). 
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Appendix B: The efficiency of sampling terrestrial invertebrates with pitfall traps, and 

a comparison with ‘pootering’ as an alternative method. 

 

Introduction 

The effort and efficiency of using pitfall traps (Figure B-1) to sample terrestrial 

invertebrates was firstly addressed in a pilot study conducted at Reynolds Creek, south-

east Queensland, on 13/11/2008. The terrestrial invertebrates collected in pitfall traps 

set during the day, during the night, and for 24 h, were compared. Traps set only during 

the day, or only overnight, could save time in the field. Traps set overnight could be set 

the day before, and collected the following morning, allowing time for the next site to 

be set. Traps set for 24 hours are more time consuming, and field time is costly 

(vehicles, staff, accommodation, etc.). Sampling effort was then investigated for the 

samples collected for the purposes of Chapter 4, where dry river beds in different 

catchments were compared. 

 

 

Figure B-1 Pit-fall traps set in a) a sandy river bed and b) a cobble river bed, and c) pit-fall trap 

surrounded by 1 m diameter frame. 
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The pitfall trap method was then compared to a live-pick method. The aim of trialling 

the live pick invertebrate collection method was to assess the field trip costs and 

benefits associated with the method, for future application. A one-off visit to a site 

using the live pick method would be cheaper that setting pitfall traps, which require a 

return visit. 

 

Pitfall traps collect invertebrates passively, and there is a bias towards actively-moving 

invertebrates. Therefore, abundance data from pitfall trapping should be used with 

caution, as it is a semi-quantitative method and a function of invertebrate activity. Some 

invertebrates can be attracted to the preservative used, whereas others can be repelled by 

it (Greenslade and Greenslade 1971). The live pick method is an active collection 

method that targets all visible invertebrates. However, invertebrates are active at 

different times of the day, and some are either diurnal or nocturnal. The live pick 

method incorporates active searching – turning over the substrate, etc., in order to locate 

non-active invertebrates. Time of day may affect the number of taxa and/or abundance 

collected. 

 

Methods 

Pitfall trap day / night / 24 h comparisons 

Pitfall traps were set into the dry river bed at Reynolds Creek and retrieved as per the 

methods outlined in Chapter 4, except for the duration. At dawn, the 24 h and day time 

pitfall traps were set. The day time pitfall traps were then collected at dusk, when the 

night time pitfall traps were set. Night time traps were then collected the following day, 

at dawn. Invertebrate samples were then processed as per Chapter 4. 
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Live pick method 

The live pick method was only trialled to assess the field costs and benefits, rather than 

the efficiency of the method with regards to abundance of invertebrates collected, etc. 

Invertebrates were collected from Reynolds Creek using an aspirator or ‘pooter’. The 

use of forceps was required for collecting larger invertebrates such as spiders. A 5 m 

long x 1 m wide transect was set in each habitat (dry river bed and riparian zone), 

located at a minimum of 10 m from any pitfall traps. The collector worked along the 

transect for a period of 1 h, turning over rocks, leaves, etc. and collecting all 

invertebrates encountered. 

 

Species accumulation curves 

Pitfall trap samples were collected from dry river beds and riparian habitats at sites in 

the Brisbane, Moonie, Mitchell, Flinders and Tagliamento River catchments, as per 

Chapter 4. See Appendix A for more information about the sites. 

 

To determine whether the pitfall trap sampling effort was sufficient to define habitat 

richness in each catchment for the purposes of Chapter 4, randomised taxa accumulation 

curves (with 50 randomisations) were generated for dry river bed and riparian replicates 

within each habitat and catchment using the EstimateS software program (Colwell 

2006). 

 

Results and discussion 

The composition of invertebrates collected in pitfall traps from dry river beds set during 

daytime hours was different from the invertebrate assemblages collected during night 

hours (Table B-1, Figure B-2). Pitfall traps set for 24 h collected taxa common to both 

day and night, and there were no significant differences between day or night and the 24 
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h treatment (Table B-1). In one study of beetles collected from dry river beds in deserts, 

different species were found to be active at different times of day and night, and in 

different seasons (Holm and Edney 1973); therefore, a 24 h sampling regime could 

potentially collect species that were active during the day and/or night. 

 

Table B-1 Pairwise test results from one-way ANOSIM comparing pitfall traps set for 24 h, night 

time only and day time only. 

 

 R statistic P value 

Night x Day 0.417 0.029 

24 h x Night 0.146 0.286 

24 h x Day -0.365 0.971 

 

 

 

Figure B-2 Results from a 2-Dimensional nMDS ordination comparing pitfall traps set for 24 h 

(triangles), night time only (diamonds) and day time only (squares). Stress is shown. 

 

 

Habitat-specific estimates (dry river bed and riparian zone) of taxon richness stabilised 

with five to six replicate pitfall trap samples, when rare taxa were excluded as per 

analyses in Chapter 4 (Figure B-3). 
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Conclusions 

Both live pick sampling and the use of pitfall traps to collect invertebrates have positive 

and negative features, which have been summarised in Table B-3. If adequate time and 

money are available, then both methods could be used to complement each other, and 

the resulting data pooled. Pitfall trapping can collect both small and large specimens 

and specimens at different times of the day and night. Live picking can collect taxa that 

may be repelled by pitfall traps or taxa with low catchability in traps. However, if both 

methods cannot be used, then it is recommended that pit fall trapping be used in 

preference to live picking, as there is no operator bias, it collects day and night active 

invertebrates, and it is a less strenuous method of collection. 
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Figure B-3 Species accumulation curves for each habitat in each catchment: a) dry river beds in the Brisbane River catchment; b) riparian habitats in the Brisbane 

River catchment; c) dry river beds in the Moonie River catchment; d) riparian habitats in the Moonie River catchment; e) dry river beds in the Mitchell River 

catchment; f) riparian habitats in the Mitchell River catchment; g) dry river beds in the Flinders River catchment; h) riparian habitats in the Flinders River 

catchment; i) dry river beds in the Tagliamento River catchment; and j) riparian habitats in the Tagliamento River. 
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Table B-3 Comparison between the pitfall trap and live pick collection methods. 

 Live pick (active) collection method Pitfall trap (passive) collection method 

Effort and 

efficiency 

1 h of work required per habitat. 

Can collect many animals over a short time frame. 

Animals are collected from a defined area, for a defined 

period of time. 

 

Approximately 10 min required to set each trap, and 5 min to 

retrieve each trap. Traps need to be set for 24 h. 

Can be time-consuming in hard substrates where trap placement 

can take longer. 

Some traps may not ‘work’ and may need to be excluded from 

analysis due to interference by animals, etc. 

Some traps can lose all of their liquid contents through 

evaporation in hot climates, which may affect the trap 

efficiency – captured invertebrates could escape. 

Interference  Cattle/other animals can interfere with and damage the traps. 

Leaf litter and other debris can fall and block the traps – trap 

lids are used to reduce this occurrence. 

Bias Only collects invertebrates that can be seen easily and 

collected easily – may not collect small invertebrates 

such as springtails (Collembola) and mites (Acarina). 

May miss invertebrates living in cracks, etc. 

May only collect active animals. 

The killing agent and/or preservative used may attract or repel 

invertebrates. 

Traps could interfere with each other. 

Weather Difficult to live pick in bad weather due to reduced 

visibility and activity of invertebrates, e.g., rain, extreme 

heat. 

Traps can collect animals during bad weather; however, the 

resulting sample may differ to samples conducted during more 

favourable times. 
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 Live pick (active) collection method Pitfall trap (passive) collection method 

Collection The resulting sample is ‘clean’ – only consisting of 

animals, no debris.  

Generally, only one sample is collected in each habitat 

at each site. 

By-catch – may potentially collect non-target organisms, e.g., 

frogs. 

Samples can contain soil and other debris. 

Replicate traps are required in each habitat at each site. 

Cost Very cheap. 1 h / habitat. 

Materials are cheap. 

Requires a return visit to the site, doubling travel costs. 

Materials are cheap. 

Site visitation Only need to access the site once, for several hours. Need to return to the site after 24 h to collect the traps. 

Timing Difficult to do at night – would require a strong light 

source in order to see, which could attract or repel 

invertebrates. Restricted to day time. 

Morning collections may collect a different assemblage 

than midday or afternoon collections. 

Collects invertebrates during the day and night. 

Dangers and 

safety 

Risk of being bitten by invertebrates, e.g., spiders, 

scorpions, centipedes. 

Substrate and air temperatures can be high. Can be 

physically demanding, particularly in hot, humid 

climates where the operators are exposed to the sun for 1 

h on the dry river bed. Can cause sore knees – need to 

wear knee protection. Can also cause sore backs, from 

bending over continuously for 1 h. 

Injuries caused from digging holes for traps. 
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Appendix C: nMDS plots of Oaky Creek terrestrial invertebrate communities based on 

abundance (Figure C.1) and presence/absence (Figure C.2) data. 

 

 

Figure C-1 nMDS plots of Oaky Creek terrestrial invertebrate communities based on log (x+1) 

transformed abundance data in bed (▲) and riparian (▼) habitats through time: a) pool – July 

2009, b) moist – August 2009, c) short-term dry – September 2009, d) long-term dry – December 

2009, and e) flowing – August 2010. Each point represents the x/y (axis 1/axis 2) nMDS value. 
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Figure C-2 nMDS plots of Oaky Creek terrestrial invertebrate communities based on 

presence/absence data in bed (▲) and riparian (▼) habitats through time: a) pool – July 2009, b) 

moist – August 2009, c) short-term dry – September 2009, d) long-term dry – December 2009, and 

e) flowing – August 2010. Each point represents the x/y (axis 1/axis 2) nMDS value. 
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Appendix D: List of taxa present at each distance (B = Bed, 0 = 0 m, 5 = 5 m, 10 = 10 m, 15 = 15 m, 20 = 20 m) on each occasion at Oaky 

Creek, Brisbane River catchment, with rare taxa removed. Shaded cells indicate taxa found only in dry river beds during the sampling period. 

 
  July 2009 August 2009 September 2009 December 2009 August 2010 

Taxonomic group Taxon B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 

Acarina Acarina sp3                               

Acarina Acarina sp4                                  

Acarina Acarina sp5                                

Acarina Acarina sp6                       

Acarina Acarina sp7                             

Acarina Acarina sp8                        

Acarina Acarina sp9                            

Acarina Acarina sp10                                   

Acarina Acarina sp11                                  

Acarina Orabatidae                    

Amphipoda Amphipoda                               

Araneae Araneae sp1                         

Araneae Lycosidae                   

Araneae Salticidae                                

Blattodea Blattodea                                

Chilopoda Chilopoda                                  

Coleoptera 
Anthicidae 
Mecynotarsus sp1                                  

Coleoptera Anthicidae sp2                           

Coleoptera Bostrichidae                             

Coleoptera Coleoptera sp7                            

Coleoptera Coleoptera sp8                             

Coleoptera Coleoptera sp9                                

Coleoptera Corylophidae                          

Coleoptera Elateridae                                

Coleoptera Latridiidae                             

Coleoptera Nitidulidae                             

Coleoptera Ptilidae                                

Coleoptera Staphylinidae                        

Collembola Collembola sp1                   
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  July 2009 August 2009 September 2009 December 2009 August 2010 

Taxonomic group Taxon B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 

Collembola Collembola sp2                        

Collembola Collembola sp3                      

Dermaptera Dermaptera                                 

Diplopoda Diplopoda                                  

Diplura Diplura                                

Diptera Diptera                   

Formicidae Monomorium sp3                               

Formicidae 
Cerapachys 
edentatus                                   

Formicidae Doleromyrma sp1                             

Formicidae Formicidae sp3                            

Formicidae Formicidae sp6                                  

Formicidae Formicidae sp10                                 

Formicidae Formicidae sp11                                

Formicidae Formicidae sp12                                

Formicidae Formicidae sp13                               

Formicidae Formicidae sp14                                  

Formicidae Formicidae sp15                                   

Formicidae Formicidae sp16                                  

Formicidae Formicidae sp17                                  

Formicidae Formicidae sp18                                  

Formicidae Formicidae sp19                                  

Formicidae Formicidae sp20                                  

Formicidae Formicidae sp21                                 

Formicidae Formicidae sp22                                  

Formicidae Formicidae sp23                                  

Formicidae Formicidae sp24                                  

Formicidae Formicidae sp25                                   

Formicidae Formicidae sp26                                  

Formicidae Formicidae sp27                                

Formicidae Formicidae sp28                                   

Formicidae Formicidae sp29                                 

Formicidae Formicidae sp30                                  

Formicidae Formicidae sp31                                  

Formicidae Formicidae sp32                               
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  July 2009 August 2009 September 2009 December 2009 August 2010 

Taxonomic group Taxon B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 B 0 5 10 15 20 

Formicidae Formicidae sp33                                

Formicidae Iridomyrmex sp1                            

Formicidae Monomorium sp1                            

Formicidae Monomorium sp2                                

Formicidae Nylanderia sp1                    

Formicidae Pheidole sp1                               

Formicidae Pheidole sp2                                

Formicidae Pheidole sp3                           

Formicidae Pheidole sp4                                  

Formicidae 
Rhytidoponera 
'metallica'                         

Hemiptera Aphididae                                

Hemiptera Coccoidea                               

Hemiptera Gelastocoridae                                 

Hemiptera Hebridae                                 

Hemiptera Hemiptera sp3                        

Hemiptera Ochteridae                                 

Hymenoptera Hymenoptera sp1                    

Hymenoptera Hymenoptera sp2                           

Hymenoptera Mutilidae                                   

Isopoda Isopoda                                 

Isoptera Isoptera                                   

Lepidoptera Lepidoptera                               

Nematoda Nematoda                                   

Oligochaeta Oligochaeta                                  

Orthoptera Orthoptera sp1                              

Orthoptera Orthoptera sp2                                  

Pseudoscorpionida Pseudoscorpionida                                   

Psocoptera Psocoptera                              

Thysanoptera Thysanoptera                             
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Appendix E: Trial of the fish breakdown methods. 

The first aim of the fish breakdown trial was to determine whether the fish species 

intended for use in the fish breakdown experiments of Chapter 6 would be consumed in 

the short-term, and whether some fish species were favoured over others. Marine fish 

from bait shops were used as they were readily available, cheap, and did not require an 

ethics permit to collect or euthanize them. Naturally, the fish present in the area would 

be freshwater fish, with the exception of eels, which are diadromous. It is acknowledged 

that marine fish may break down at a different rate to that of locally-occurring fish 

species. However, the aim of the experiments in Chapter 6 was to investigate the 

dependence of fish breakdown on the types of terrestrial consumers present – I was not 

interested in the rate of breakdown of particular fish species per se. 

 

The second aim of the fish breakdown trial was to observe the rate at which the fish 

were being consumed – for example, did the fish disappear within 1 day, 2 days, 1 

week, or longer? Motion detection cameras were used to record the types of potential 

consumers present: for example, reptiles such as lizards and snakes; birds such as 

crows; and mammals such as rats and foxes. This information could then be used to 

inform future experiments involving the consumption of dead fish. 

Methods 

The trial was conducted at Oaky Creek and Purga Creek in south-east Queensland (see 

Chapter 3 for site details). Three 1 m x 1 m quadrats were marked onto the dry river 

beds at each site. The dry river beds used in the trial were located within 20 m of 

existing surface water, which was present as isolated pools. 

 

The fish chosen for the trial varied in size, and the numbers of each fish varied 

accordingly: five Australian sardines (Sardinops sagax) (Jenyns, 1842), 25 white bait 
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(Hyperlophus vittatus) (Castelnau, 1875), and 50 Australian anchovy (Engraulis 

australis) (White, 1790) were scattered within each quadrat (Figure E-1). One motion 

detection camera was set at each site, positioned at a single quadrat, to potentially 

capture images of consumers feeding on the fish (Figure E-1). 

 

Results 

 

Figure E-1 Images from Purga Creek: a) 1 m x 1 m quadrat defined by blue dots, containing 80 

fish; and b) motion detection camera image of a fox feeding on a fish from the same quadrat. 
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Figure E-2 Mean number of fish remaining in each quadrat at Purga Creek after 0, 1, 2 and 3 days. 
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Figure E-3 Mean number of fish remaining in each quadrat at Oaky Creek after 0, 1, 2 and 3 days. 

Error bars = standard error. 

 

 

Discussion 

All of the individuals from each of the fish species were completely consumed in less 

than one day in Purga Creek (Figure E-2). Individuals from all fish species were partly 

consumed in Oaky Creek. All of the sardines were completely consumed from Oaky 

Creek after three days; however, parts of the smaller fish still remained (Figure E-3). 

 

Foxes were observed on motion detection camera feeding on fish at Purga Creek: from 

6:45pm on the day of fish placement, until 3:45am the following morning. Every fish 

was consumed from Purga Creek, and no other consumers were captured on camera: 

therefore, a reasonable conclusion is that foxes were responsible for consuming all of 

the fish. 

Conclusions 

All fish were eaten, or partially eaten, by consumers over the three days of the trial 

period, regardless of species. This means that marine fish, such as sardines, can be 

successfully used in future experiments.  
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All fish at Purga Creek were consumed in less than one day. In order to understand the 

role of other consumers feeding on dead fish, such as terrestrial invertebrates, it will be 

essential to develop an experimental treatment which excludes larger consumers such as 

foxes. An experimental treatment that allows foxes, and other consumers, to access the 

fish should also be used. 
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Appendix F: Handling loss, cage effects and limitations of fish breakdown 

experiments. 

 

Handling loss 

Handling loss was measured during the fish breakdown experiments, and calculated as 2 

% of the fish’s initial wet mass. This handling loss can be considered negligible, as the 

initial laboratory mass is equivalent to the field mass and final laboratory mass (Figure 

F-1). This value can also be considered negligible when compared to the handling loss 

of material in other studies. In leaf litter breakdown experiments, handling loss can be 

greater than 4 % of the initial leaf mass (Seastedt et al. 1983). Hodkinson (1975) 

regarded handling losses less than 0.6 % by weight in leaf breakdown experiments as 

being negligible. The handling loss in fish was most likely higher than that of leaves 

due to the loss of blood and other fluids from the fish during handling. 

 

Figure F-1 Fish handling loss results, for a) the initial laboratory wet mass and the field wet mass, 

b) the field wet mass and the final laboratory wet mass, and c) the initial laboratory wet mass and 

the final laboratory wet mass. 
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Cage effects 

The steel cages used in the experiments successfully excluded large consumers such as 

mammals and birds, while allowing access by smaller consumers such as invertebrates. 

Unsuccessful attempts at opening the cages by Torresian Crows (Corvus orru) were 

captured on motion-detection cameras. Ground-dwelling and flying invertebrates 

readily accessed the fish treatments within the cages (Figure 6-20). In the Italian sites, 

petroleum jelly successfully excluded ground-dwelling invertebrates, such as ants, from 

the ‘flying invertebrates’ treatment. This was not the case in the Australian sites, where 

a few ants were observed accessing the fish. However, the number of ants accessing fish 

in the ‘flying invertebrates’ treatment was much lower than the numbers seen in the all 

invertebrates treatment – several ants, as opposed to more than 50 – and it is likely that 

these ants accessed the fish by climbing the cage and dropping down into it, rather than 

walking across the petroleum jelly barrier. Slugs were also observed breaching the 

barrier at Purga Creek, Australia. It is recommended that a chemical containment be 

used in addition to a petroleum jelly barrier in future studies to exclude slugs, as 

chemicals such as copper and zinc are known to act as barriers to slug movement 

(Symondson 1993). The tray containing the fish for weighing purposes did not prevent 

consumers from accessing the fish. This was also found in decomposition experiments 

where pigs were placed onto mesh platforms to facilitate weighing, where the mesh 

platforms did not affect invertebrate colonisation (Anderson and VanLaerhoven 1996). 

Humidity and temperature were slightly higher in the mesh bags of the microbial 

treatment in Purga Creek, Australia, than in the cages and near the exposed fish in the 

other treatments. This could have potentially increased the rate of microbial 

decomposition when compared with fish that were not placed in mesh bags; however, 

humidity was not found to be a good predictor of breakdown rates. 
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Limitations 

Marine fish were used in the experiments. Naturally-occurring freshwater species of fish 

may have had different breakdown rates, and it is acknowledged that marine and 

freshwater fish are physiologically different. Marine fish may be more or less appealing 

to consumers than freshwater fish, and the adaptations to a marine environment, 

including thicker scales and other physiological adaptations, may have affected the rate 

of breakdown. Sardines were used as they were cheap, easy to obtain, and did not 

require an ethics permit to collect or euthanize, and because consistent native species 

were not found at all sites. Sardines were used as opposed to larger fish species, as the 

local fish species present at the study sites were typically small-bodied (e.g., gudgeons 

(Hypseleotris spp.) and mosquitofish (Gambusia holbrooki)). 

 

Cage affects may have been present – some biota may have avoided the cages, whilst 

others may have been attracted to them. However, the cages were required to separate 

the effects of vertebrate consumers from invertebrates and microorganisms, and trials of 

the methods showed that cages successfully excluded vertebrates, as mentioned above. 

Mesh cages were used in a terrestrial carcass decomposition study by Archer (2003), 

which successfully prevented disturbance by vertebrates but allowed access by 

invertebrates. Uncaged fish were consumed within one day in the trial of the methods 

(Appendix E). Mesh bags were required to restrict breakdown to microorganisms, 

although the mesh bags were accessed by invertebrates on a few occasions by actively 

chewing through the mesh. Photodegradation of the fish potentially contributing to the 

rate of breakdown was not considered in this study, but may influence the rate of 

longer-lasting fractions such as bone and skin. I acknowledge that the freezing of fish 

can cause physical damage and can accelerate the rate of phospholipid decomposition – 

this was not investigated here, but has been addressed in other studies (e.g., Hanaoka 
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and Toyomizu 1979, Losada et al. 2004, Chaijan et al. 2006). Any effects of freezing in 

this study were consistent across all treatments, so should not have altered the 

conclusions. 
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Appendix G: Relationship between fish wet mass, dry mass and standard length. 

 

The relationship between fish wet mass and standard length was strong (R
2
 = 0.9175, p 

< 0.0001), but it was not for fish dry mass and standard length (R
2
 = 0.5437, p < 

0.0001), dry mass and water content (R
2
 = 0.7624, p < 0.0001), dry mass and wet mass 

(R
2
 = 0.7156, p < 0.0001), or water content and standard length (R

2
 = 0.1253, p = 

0.0377) (Figure G-1). This could be due to a number of factors, including the health, 

sex, age, or spawning history of the fish at time of death. Standard length or wet mass 

were therefore not used to predict dry mass, so wet mass values were used in the 

breakdown rate calculations. 
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Figure G-1 Relationship between a) wet mass/standard length, b) dry mass/standard length, c) dry 

mass/water content, d) wet mass/dry mass, and e) water content/standard length.
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Appendix H: Temperature and humidity data for fish breakdown experimental treatments. 

 

 
Figure H-1 Temperature and humidity data for each experimental treatment at Oaky Creek (a, b) and Purga Creek (c, d), Australia, during the Austral 

winter/spring (24/08/2010 – 2/09/2010). The ‘all consumers’ treatment at each site only contains 1 day of data. 
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Figure H-2 Temperature and humidity data for each experimental treatment at site 2 (a, b) and site 3 (c, d), Italy, during autumn (10/09/2010 – 16/09/2010). Data 

from the ‘flying invertebrate’ treatment is not available for site 2, and no data was available from site 1 due to loss of the loggers. 
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Appendix I: Wet mass (%) of fish remaining on each day of the fish breakdown experiments. Exponential models, equations, and R
2
 values of 

the breakdown rates are shown. The best model fit for each treatment is presented in Figure 6-16 and Figure 6-18, Chapter 6. 

 

 
Figure I-1 Wet mass (%) of fish remaining on each day of the fish breakdown experiments at Oaky Creek, Australia. Exponential models, equations, and R

2
 values 

of the breakdown rates are shown for each replicate fish in each treatment: a) all invertebrates, b) flying invertebrates, and c) microbes. An exponential fit of the 

‘all consumers’ treatment was not possible due to complete breakdown of all fish in that treatment in one day or less. 
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Figure I-2 Wet mass (%) of fish remaining on each day of the fish breakdown experiments at Purga Creek, Australia. Exponential models, equations, and R

2
 values 

of the breakdown rates are shown for each replicate fish in each treatment: a) all invertebrates, b) flying invertebrates, and c) microbes. An exponential fit of the 

‘all consumers’ treatment was not possible due to complete breakdown of all fish in that treatment in one day or less.
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Figure I-3 Wet mass (%) of fish remaining on each day of the fish breakdown experiments at site 1, Tagliamento River, Italy. Exponential models, equations, and 

R
2
 values of the breakdown rates are shown for each replicate fish in each treatment: a) all invertebrates, b) flying invertebrates, and c) microbes. An exponential 

fit of the ‘all consumers’ treatment was not possible for one of the replicates due to complete breakdown of some fish in that treatment in one day or less. 
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Figure I-4 Wet mass (%) of fish remaining on each day of the fish breakdown experiments at site 2, Tagliamento River, Italy. Exponential models, equations, and 

R
2
 values of the breakdown rates are shown for each replicate fish in each treatment: a) all invertebrates, b) flying invertebrates, and c) microbes. 
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Figure I-5 Wet mass (%) of fish remaining on each day of the fish breakdown experiments at site 3, Tagliamento River, Italy. Exponential models, equations, and 

R
2
 values of the breakdown rates are shown for each replicate fish in each treatment: a) all invertebrates, b) flying invertebrates, and c) microbes. An exponential 

fit of the ‘all consumers’ treatment was not possible for all replicates due to the complete breakdown of some fish in that treatment in one day or less. 
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Appendix J: Mean δ
13

C (‰) of basal sources and consumers for samples collected from each site in 2009. Standard errors and number of 

replicates are given in parentheses. 

 
 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Basal sources - TERRESTRIAL           

Riparian vegetation (C3)           

Casuarina sp. - -29.0 

(-, 1) 

- -30.9 

(-, 1) 

-31.2 

(-, 1) 

-31.2 

(-, 1) 

-31.0 

(-, 1) 

-30.2 

(-, 1) 

-29.4 

(-, 1) 

-31.4 

(-, 1) 

Lantana camara -31.1 

(-, 1) 

- -29.4 

(-, 1) 

- -31.7 

(-, 1) 

-30.8 

(-, 1) 

-30.2 

(-, 1) 

-28.5 

(0.1, 3) 

- - 

Melaleuca sp. -29.6 

(-, 1) 

- -32.3 

(-, 1) 

-30.5 

(-, 1) 

- - - - - - 

Riparian vegetation (mixed riparian spp.) - - - -28.7 

(-, 1) 

- -29.1 

(-, 1) 

-28.8 

(0.6, 3) 

-28.3 

(0.3, 3) 

-29.7 

(0, 3) 

-29.7 

(0.2, 3) 

Riparian vegetation (C4) -14.3 

(-, 1) 

-27.9 

(-, 1) 

-20.8 

(-, 1) 

-28.0 

(-, 1) 

- -28.6 

(2.4, 3) 

- - -24.6 

(-, 1) 

-14.6 

(-, 1) 

Basal sources - AQUATIC           

Algae -45.6 

(0.2, 2) 

-37.0 

(-, 1) 

- -41.9 

(-, 1) 

-48.1  

(-, 1) 

-36.5 

(2.1, 2) 

-40.5 

(-, 1) 

- - - 

Aquatic macrophytes           

Typha sp. - - - - -32.5 

(-, 1) 

-32.3 

(-, 1) 

- - - - 

Submerged leaves (mixed riparian spp.) -30.4 

(0.1, 3) 

- -28.2 

(0.8, 3) 

- -28.1 

(0.6, 3) 

- - - - - 

Primary invertebrate consumers - 

TERRESTRIAL 

          

Blattodea - - - - - -23.4 

(-, 1) 

- - - - 

Gastropoda (slug) - - - - - -29.3 

(-, 1) 

- - - - 

Hymenoptera           

Formicidae -21.5 

(0.8, 6) 

-22.7 

(0.8, 4) 

-20.7 

(0.7, 4) 

-23.5 

(0.5, 3) 

-18.6 

(0.3, 3) 

-24.7 

(0.2, 3) 

-22.1 

(1.6, 5) 

-24.7 

(0, 3) 

-18.4 

(1.6, 4) 

-21.6 

(1.1, 4) 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Isopoda - - - - -28.0 

(-, 1) 

-22.0 

(-, 1) 

- - - - 

Orthoptera           

Caelifera (Grasshopper ) - - - -26.8 

(1.8, 2) 

- -28.4 

(-, 1) 

- - - -27.3 

(0.3, 4) 

Gryllidae (Cricket) - - - - - - - -26.8 

(-, 1) 

- -27.7 

(-, 1) 

Primary invertebrate consumers - 

AQUATIC 

          

Coleoptera           

Scirtidae (larva) - - - - - -34.7 

(-, 1) 

- - - - 

Crustacea           

Atyidae -30.0 

(1.1, 3) 

-30.5 

(-, 1) 

-31.3 

(-, 1) 

- - - - - -29.6 

(-, 1) 

-31.1 

(0.2, 3) 

Ephemeroptera           

Leptophlebiidae -36.8 

(1.2, 3) 

-35.6 

(0.2, 3) 

- -35.9 

(1.2, 3) 

- - - - - - 

Baetidae - - - -39.1 

(1.3, 3) 

- - - - - - 

Unidentified larvae - - -31.9 

(0.4, 3) 

- - - - - - - 

Gastropoda           

Lymnaeidae -26.9 

(-, 1) 

- - - - - - - - - 

 Planorbidae + Lymnaeidae - - -29.7 

(-, 1) 

- - - - - - - 

Planorbidae - - - -36.2 

(-, 1) 

-33.0 

(1.1, 3) 

- - - -28.1 

(1.0, 3) 

-29.0 

(-, 1) 

Secondary invertebrate consumers - 

TERRESTRIAL 

          

Araneae           

Lycosidae -22.3 

(0.4, 3) 

-21.1 

(0.5, 3) 

-30.0 

(-, 1) 

-27.7 

(0.1, 3) 

-24.7 

(0.8, 3) 

-26.6 

(1.0, 3) 

-23.3 

(2.7, 3) 

-23.5 

(-, 1) 

-20.5 

(2.7, 3) 

-26.2 

(0.2, 3) 

Salticidae - - - - - - -27.8 - - -18.1 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

(-, 1) (-, 1) 

Unidentified Araneae (web-making) - - - - - - - -24.7 

(-, 1) 

- - 

Scorpiones -21.0 

(-, 1) 

- - - - - - - - - 

Coleoptera           

Carabidae - - -27.6 

(0.3, 3) 

-28.5 

(-1, 1) 

-26.8 

(0.4, 3) 

- - - - -25.9 

(0.4, 3) 

Staphylinidae - - - - - - - - - -25.5 

(1.4, 2) 

Hymenoptera           

Mutilidae - - - -20.5 

(-, 1) 

- - - - - - 

Secondary invertebrate consumers - 

AQUATIC 

          

Coleoptera           

Dytiscidae - - - -33.9 

(-, 1) 

-30.2 

(1.3, 3) 

-28.1 

(2.2, 3) 

- - - -29.5 

(0.8, 3) 

Diptera           

Sciomyzidae - - - - - -38.5 

(-, 1) 

- - - - 

Hemiptera           

Corixidae - - - -29.7 

(-, 1) 

- - - - -27.6 

(1.1, 3) 

- 

Gelastocoridae - - - -25.8 

(-, 1) 

- - - - - - 

Nepidae - -28.9 

(-, 1) 

-28.5 

(-, 1) 

- - - - - - -30.3 

(-, 1) 

Notonectidae -29.8 

(-, 1) 

- -27.9 

(-, 1) 

- - - - - - - 

Hirudinea - - - - -32.1 

(-, 1) 

- - - - - 

Odonata           

Aeshnidae - - - - -30.5 

(0.5, 3) 

-30.8 

(0, 2) 

- - - - 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Libellulidae -36.7 

(-, 1) 

- -32.6 

(-, 1) 

- - - - - - - 

Gomphidae - -30.5 

(-, 1) 

-31.6 

(0.6, 2) 

- - - - - -27.5 

(0.1, 3) 

-30.4 

(0, 3) 

Secondary vertebrate consumers – 

AQUATIC 

          

Gambusia holbrooki - - - - - - - - -28.1 

(0.7, 3) 

-28.8 

(0.3, 3) 
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Appendix K: Mean δ
 15

N (‰) of basal sources and consumers for samples collected from each site in 2009. Standard errors and number of 

replicates are given in parentheses. 

 
 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Basal sources - TERRESTRIAL           

Riparian vegetation (C3)           

Casuarina sp. - -1.1 

(-, 1) 

- -1.5 

(-, 1) 

-1.4 

(-, 1) 

-1.4 

(-, 1) 

-1.8 

(-, 1) 

-1.7 

(-, 1) 

0.3 

(-, 1) 

0.5 

(-, 1) 

Lantana camara -2.3 

(-, 1) 

- -4.0 

(-, 1) 

- 2.1 

(-, 1) 

2.6 

(-, 1) 

1.8 

(-, 1) 

0.1 

(0, 3) 

- - 

Melaleuca sp. -0.1 

(-, 1) 

- -2.1 

(-, 1) 

-2.0 

(-, 1) 

- - - - -  

Riparian vegetation (mixed riparian spp.) - - - -1.7 

(-, 1) 

- -0.7 

(-, 1) 

0.6 

(0.7, 3) 

-0.3 

(0.3, 3) 

0.7 

(0.4, 3) 

0.1 

(0.4, 3) 

Riparian vegetation (C4) 1.8 

(-, 1) 

-2.7 

(-, 1) 

-1.7 

(-, 1) 

-2.8 

(-, 1) 

- 0.4 

(0.6, 3) 

- - 0.9 

(-, 1) 

0.9 

(-, 1) 

Basal sources - AQUATIC           

Algae 1.7 

(0.4, 2) 

-2.7 

(-, 1) 

- 0.0 

(-, 1) 

2.5 

(-, 1) 

3.1 

(0.6, 2) 

2.2 

(-, 1) 

- - - 

Aquatic macrophytes           

Typha sp. - - - - 2.1 

(-, 1) 

0.5 

(-, 1) 

- - - - 

Submerged leaves (mixed riparian spp.) 0.6 

(0.5, 3) 

- -0.9 

(-, 1) 

- 0.3 

(0.1, 3) 

- - - - - 

Primary invertebrate consumers - 

TERRESTRIAL 

          

Blattodea - - - - - 0.6 

(-, 1) 

- - - - 

Gastropoda (slug) - - - - - 4.0 

(-, 1) 

- - - - 

Hymenoptera           

Formicidae 2.6 

(0.3, 3) 

3.8 

(0.3, 4) 

0.7 

(0.3, 4) 

2.0 

(0.2, 3) 

2.4 

(0.1, 3) 

4.2 

(0.2, 3) 

2.0 

(0.8, 5) 

3.1 

(0.5, 3) 

4.0 

(0.5, 3) 

4.4 

(0.3, 4) 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Isopoda - - - - 4.3 

(-, 1) 

1.7 

(-, 1) 

- - - - 

Orthoptera           

Caelifera (Grasshopper) - - - -0.8 

(0.2, 2) 

- -1.3 

(-, 1) 

- - - 1.1 

(0.2, 4) 

Gryllidae (Cricket) - - - - - - - 3.5 

(-, 1) 

- 2.9 

(-, 1) 

Primary invertebrate consumers - 

AQUATIC 

          

Coleoptera           

Scirtidae - - - - - 2.3 

(-, 1) 

- - - - 

Crustacea           

Atyidae 4.5 

(0.3, 3) 

3.9 

(-, 1) 

5.6 

(-, 1) 

- - - - - 6.8 

(-, 1) 

7.0 

(0.1, 3) 

Ephemeroptera           

Baetidae - - - 0.2 

(0.1, 3) 

- - - - - - 

Leptophlebiidae 3.5 

(0.12, 3) 

3.7 

(0.4, 3) 

- 0.5 

(0.4, 3) 

- - - - - - 

Unidentified larvae - - 0.1 

(0.4, 3) 

- - - - - - - 

Gastropoda           

Lymnaeidae 1.1 

(-, 1) 

- - - - - - - - - 

 Planorbidae + Lymnaeidae - - 0.8 

(-, 1) 

- - - - - - - 

Planorbidae - - - 0.2 

(-, 1) 

2.9 

(0.1, 3) 

- - - 5.0 

(0.3, 3) 

3.8 

(-, 1) 

Secondary invertebrate consumers - 

TERRESTRIAL 

          

Araneae           

Lycosidae 3.9 

(0.2, 3) 

5.3 

(0.2, 3) 

3.5 

(-, 1) 

4.6 

(0.4, 3) 

5.6 

(0.6, 3) 

6.4 

(0.2, 3) 

6.2 

(0.6, 3) 

5.6 

(-, 1) 

5.8 

(0.2, 3) 

4.9 

(1.1, 3) 

Salticidae - - - - - - 7.4 - - 6.5 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

(-, 1) (-, 1) 

Unidentified Araneae (web-making) - - - - - - - 4.3 

(-, 1) 

- - 

Scorpiones 3.4 

(-, 1) 

- - - - - - - - - 

Coleoptera           

Carabidae - - 3.8 

(0.1, 3) 

3.3 

(-, 1) 

4.9 

(0.5, 3) 

- - - - 3.3 

(0.4, 3) 

Staphylinidae - - - - - - - - - 2.9 

(0, 2) 

Hymenoptera           

Mutilidae - - - 6.0 

(-, 1) 

- - - - - - 

Secondary invertebrate consumers - 

AQUATIC 

          

Coleoptera           

Dytiscidae - - - 3.3 

(0.1, 3) 

5.3 

(1.0, 3) 

4.6 

(1.7, 3) 

- - - 5.2 

(0, 3) 

Diptera           

Sciomyzidae - - - - - 7.0 

(-, 1) 

- - - - 

Hemiptera           

Corixidae - - - 1.9 

(0.8, 3) 

- - - - 5.5 

(0.7, 3) 

- 

Gelastocoridae - - - 3.9 

(-, 1) 

- - - - - - 

Nepidae - 4.6 

(-, 1) 

4.5 

(-, 1) 

- - - - - - 5.4 

(-, 1) 

Notonectidae 4.4 

(-, 1) 

- - 3.8 

(1.4, 3) 

- - - - - - 

Hirudinea - - - - 5.1 

(-, 1) 

- - - - - 

Odonata           

Aeshnidae - - - - 6.7 

(0.2, 3) 

6.9 

(0.1, 2) 

- - - - 
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 Site B1 Site B2 Site B3 Site B4 

 Wet 

 

11-09-09 

Dry 

 

10-12-09 

Wet 

 

11-09-09 

Dry 

 

10-12-09 

Pool 

 

15-07-09 

Moist 

 

12-08-09 

Short-

term dry 

9-09-09 

Long-

term dry 

8-12-09 

Wet 

 

10-09-09 

Dry 

 

8-12-09 

Libellulidae 3.5 

(-, 1) 

- 1.0 

(-, 1) 

- - - - - - - 

Gomphidae - 5.5 

(-, 1) 

1.4 

(0.1, 2) 

- - - - - 5.4 

(0.1, 3) 

5.2 

(0.1, 3) 

Secondary vertebrate consumers - 

AQUATIC 

          

Gambusia holbrooki - - - - - - - - 9.2 

(0.2, 3) 

9.1 

(0.1, 3) 

 

 

 



245 

 

Appendix L: The probabilities of algae, trees and grasses as sources for aquatic and terrestrial consumers, as determined by IsoSource mixing 

models. 

 

Table L-1 The probabilities (25 and 75 percentiles, and medians) of algae, trees and grasses as sources for aquatic and terrestrial consumers during isolated pool 

(July 2009), moist bed (August 2009), short-term dry (September 2009) and long-term dry (December 2009) phases for Oaky Creek, as determined by IsoSource 

mixing models. 

 

Consumer 
Algae Trees Grasses 

JULY AUG SEPT DEC JULY AUG SEPT DEC JULY AUG SEPT DEC 

Aquatic -             

Primary consumers 
0.27-0.34 

(0.31) 

0.75-0.86 

(0.8) 
- - 

0.14-0.48 

(0.3) 

0.03-0.14 

(0.08) 
- - 

0.22-0.54 

(0.39) 

0.04-0.15 

(0.09) 
- - 

Secondary consumers 
0.34-0.45 

(0.39) 

0.81-0.89 

(0.85) 
- - 

0.13-0.44 

(0.28) 

0.03-0.11 

(0.06) 
- - 

0.17-0.45 

(0.32) 

0.03-0.11 

(0.07) 
- - 

Terrestrial -             

Primary consumers 0 
0.03-0.13 

(0.08) 

0.01-0.04 

(0.02) 

0.02-0.07 

(0.05) 
0 

0.15-0.57 

(0.33) 

0.14-0.53 

(0.31) 

0.13-0.41 

(0.27) 
1 

0.36-0.73 

(0.57) 

0.45-0.83 

(0.67) 

0.54-0.82 

(0.69) 

Secondary consumers 
0.12-0.18 

(0.15) 

0.75-0.75 

(0.75) 

0.07-0.26 

(0.16) 

0.22-0.3 

(0.26) 

0.14-0.53 

(0.31) 

0.01-0.03 

(0.02) 

0.19-0.61 

(0.4) 

0.07-0.27 

(0.16) 

0.33-0.69 

(0.53) 

0.22-0.24 

(0.23) 

0.21-0.62 

(0.42) 

0.45-0.69 

(0.59) 
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Table L-2 The probabilities (25 and 75 percentiles, and medians) of algae, trees and grasses as sources for aquatic and terrestrial consumers during wet (September 

2009) and dry (December 2009) phases for Purga Creek, Reynolds Creek and Wild Cattle Creek, as determined by IsoSource mixing models. 

 

Site Consumer 
Algae Trees Grasses 

WET DRY WET DRY WET DRY 

Purga Creek Aquatic Primary consumers 
0.25-0.42 

(0.33) 

0.51-0.52 

(0.52) 

0.1-0.39 

(0.23) 

0-0.02 

(0.01) 

0.25-0.57 

(0.41) 

0.46-0.48 

(0.47) 

 
 

Secondary consumers 
0.42-0.56 

(0.49) 

0.74-0.76 

(0.75) 

0.08-0.3 

(0.18) 

0.01-0.05 

(0.03) 

0.19-0.43 

(0.31) 

0.2-0.24 

(0.22) 

 
 

Fish 
0.79-0.88 

(0.83) 

0.75-0.86 

(0.8) 

0.02-0.1 

(0.06) 

0.03-0.13 

(0.07) 

0.03-0.14 

(0.08) 

0.04-0.17 

(0.1) 

 Terrestrial Primary consumers 
0-0.02 

(0.01) 

0.02-0.09 

(0.05) 

0.02-0.09 

(0.05) 

0.08-0.32 

(0.18) 

0.9-0.96 

(0.93) 

0.63-0.83 

(0.74) 

 
 

Secondary consumers 
0.08-0.19 

(0.14) 

0.21-0.41 

(0.3) 

0.08-0.29 

(0.17) 

0.11-0.42 

(0.25) 

0.56-0.78 

(0.68) 

0.24-0.58 

(0.41) 

         

Reynolds Creek Aquatic Primary consumers 
0.63-0.76 

(0.7) 

0.83-0.91 

(0.86) 

0.02-0.06 

(0.04) 

0.03-0.13 

(0.07) 

0.2-0.33 

(0.27) 

0.02-0.07 

(0.04) 

 
 

Secondary consumers 
0.42-0.65 

(0.53) 

0.92-0.96 

(0.93) 

0.07-0.21 

(0.14) 

0.01-0.06 

(0.04) 

0.22-0.44 

(0.33) 

0.01-0.04 

(0.02) 

 Terrestrial Primary consumers 
0.16-0.26 

(0.21) 

0.04-0.08 

(0.06) 

0.01-0.04 

(0.03) 

0.8-0.92 

(0.87) 

0.71-0.81 

(0.76) 

0.04-0.12 

(0.07) 

 
 

Secondary consumers 
0.1-0.3 

(0.2) 

0.22-0.26 

(0.24) 

0.06-0.21 

(0.13) 

0.66-0.75 

(0.71) 

0.55-0.76 

(0.65) 

0.02-0.09 

(0.05) 

         

Wild Cattle Creek Aquatic Primary consumers 
0.6-0.62 

(0.61) 

0.73-0.82 

(0.77) 

0.01-0.04 

(0.02) 

0.06-0.2 

(0.13) 

0.35-0.38 

(0.36) 

0.04-0.14 

(0.09) 

 
 

Secondary consumers 
0.44-0.63 

(0.53) 

0.54-0.67 

(0.6) 

0.08-0.3 

(0.18) 

0.11-0.34 

(0.22) 

0.13-0.38 

(0.24) 

0.07-0.24 

(0.15) 

 Terrestrial Primary consumers 
0.03-0.11 

(0.07) 

0.02-0.09 

(0.05) 

0.05-0.21 

(0.12) 

0.13-0.51 

(0.3) 

0.72-0.85 

(0.78) 

0.44-0.79 

(0.64) 

 
  

Secondary consumers 
0.38-0.56 

(0.46) 

0.35-0.55 

(0.44) 

0.09-0.33 

(0.19) 

0.16-0.47 

(0.31) 

0.18-0.43 

(0.29) 

0.1-0.34 

(0.22) 
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Appendix M: Occurrence (presence/absence) of invertebrate groups found on fish at each site. 

 

    Sampling day 

Site Taxonomic group Taxon Treatment 0 1 3 6 7 9 

Oaky Creek Coleoptera Coleoptera (Unidentified) All Invertebrates         

   Flying invertebrates       

 Diptera Diptera – adults (Unidentified) All Invertebrates         

   Flying invertebrates       

 Hymenoptera  Ants (Formicidae) All Invertebrates        

   Flying invertebrates        

          

Purga Creek Diptera Diptera – adults (Unidentified) All Invertebrates       

   Flying invertebrates       

 Gastropoda Slugs (Unidentified) All Invertebrates       

   Flying invertebrates       

 Hymenoptera Ants (Formicidae) All Invertebrates       

   Flying invertebrates       

 

Figure M-1 Occurrence (presence/absence) of invertebrate groups found on fish in a) Oaky Creek and b) Purga Creek, Australia (August-September 2010) on each 

sampling day. Data are from all replicates, where dark blue = taxon found in all 3 replicates, blue = taxon found in 2 replicates, and light blue = taxon found in only 

1 replicate. 
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   Sampling day 

Taxonomic Group Taxon Treatment 0 1 2 3 4 5 

Coleoptera Staphylinidae All consumers         

  All Invertebrates       

  Flying invertebrates        

 Other Coleoptera All consumers          

  All Invertebrates        

  Flying invertebrates       

Diptera Diptera (adults) All consumers         

  All Invertebrates       

  Flying invertebrates        

 Diptera (larvae) All consumers            

  All Invertebrates            

  Flying invertebrates       

Hymenoptera Formicidae All consumers         

  All Invertebrates        

  Flying invertebrates       

 Vespidae All consumers        

  All Invertebrates        

  Flying invertebrates        

 
Figure M-2 Occurrence (presence/absence) of invertebrate groups found on fish at site 1 along the Tagliamento River, Italy (September 2010) on each sampling 

day. Data are from all replicates, where dark blue = taxon found in all 3 replicates, blue = taxon found in 2 replicates, and light blue = taxon found in only 1 

replicate. 
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   Sampling day 

Taxonomic Group Taxon Treatment 0 1 2 3 4 5 

Coleoptera Staphylinidae All consumers       

  All Invertebrates         

  Flying invertebrates       

 Scaraboidea All consumers       

  All Invertebrates       

  Flying invertebrates       

 Other Coleoptera All consumers           

  All Invertebrates          

  Flying invertebrates         

Diptera Diptera (adults) All consumers         

  All Invertebrates         

  Flying invertebrates         

 Diptera (larvae) All consumers            

  All Invertebrates            

  Flying invertebrates            

Hymenoptera Hymenoptera (Unidentified) All consumers       

  All Invertebrates       

  Flying invertebrates       

 
Figure M-3 Occurrence (presence/absence) of invertebrate groups found on fish at site 2 along the Tagliamento River, Italy (September 2010) on each sampling 

day. Data are from all replicates, where dark blue = taxon found in all 3 replicates, blue = taxon found in 2 replicates, and light blue = taxon found in only 1 

replicate. 
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Sampling day 

Order Taxon Treatment 0 1 2 3 4 5 

Coleoptera Carabidae All consumers       

  All Invertebrates       

  Flying invertebrates       

 Scaraboidea All consumers       

  All Invertebrates       

  Flying invertebrates       

 Other Coleoptera All consumers          

  All Invertebrates         

  Flying invertebrates       

Diptera Diptera (adults) All consumers        

  All Invertebrates       

  Flying invertebrates       

 Diptera (larvae) All consumers          

  All Invertebrates           

  Flying invertebrates       

Hymenoptera Formicidae All consumers         

  All Invertebrates       

  Flying invertebrates       

 
Figure M-4 Occurrence (presence/absence) of invertebrate groups found on fish at site 3 along the Tagliamento River, Italy (September 2010) on each sampling 

day. Data are from replicates, where dark blue = taxon found in all 3 replicates, blue = taxon found in 2 replicates, and light blue = taxon found in only 1 replicate. 
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