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Abstract 
 
In the mountains of the Gold Coast Hinterland (Queensland, Australia), Euastacus sulcatus (Decapoda: 

Parastacidae) is the largest aquatic invertebrate, largest member of the aquatic shredder guild, and 

probably plays a key role in the area’s stream ecology. The objective of this study was to investigate the 

ecological effects of E. sulcatus in the streams of the Gold Coast Hinterland, but in particular to assess the 

species’ capacity to act as an effective ecosystem engineer, obtain measures of the ecosystem services 

provided by the species, and evaluate the likely impacts of the crayfish on downstream water quality.  
 
To achieve this objective, an estimate of the population size of E. sulcatus was obtained; a series of 

experiments measured the species’ capacity to liberate nutrients from leaf litter, reduce the particle-size of 

the leaf litter, and mobilise and redistribute organic and inorganic materials in a flowing stream 

environment. This information allowed estimation of the species’ ecological impact(s) per unit time as a 

measure of the ecosystem services provided by E. sulcatus in the headwater streams of the study area.  
 
During this study E. sulcatus was common and abundant with a within-stream density of ~0.5 crayfish m-2. 

The total population of E. sulcatus in the study area was estimated at >860,000 crayfish. Correction for 

strong seasonal variation in activity was required for ecological impact calculations, and the “ecologically 

effective” population was estimated at >570,000 crayfish (biomass ~12 tonnes wet weight (WWT)). 
 
Crayfish significantly liberated nitrogen and phosphorus from leaf litter into the water column via 

consuming leaf litter and excreting nutrients. The phosphorus dynamic was complex, however the overall 

effect of crayfish was to facilitate eventual “loss” of phosphorus from the system with binding/absorption 

to substrates, particularly leaf litter, evident as the mechanism. The ecologically effective population was 

estimated to liberate at least 140 kg of nitrogen, 1.5 kg of phosphorus, and facilitate the loss of around 

0.15 kg of soluble phosphorus from leaf litter per annum. Crayfish consumed large amounts of leaf litter 

while significantly reducing its particle-size. The ecologically effective population consumed at least 

14 tonnes WWT of whole leaf litter, producing ~4.5 tonnes WWT of fine particles (<1 mm), with a nett 

consumption of ~9 tonnes WWT leaf litter per annum. 
 
The day-to-day activities of crayfish led to significant mobilisation and downstream export of materials 

≥1 mm diameter, with about half this material of organic origin. The ecologically effective population 

facilitated the mobilisation and downstream export of around 90 tonne-meters (dry weight) material per 

annum. Given this annual crayfish-export effect is dramatically overwhelmed by the periodic flood spates 

in the area, it is unlikely crayfish-mediated export of materials is negative for downstream water quality.  
 
In the field it is anticipated that the liberated nutrients will be stripped from the water column by other 

biota, and/or abiotic processes, and eventually recycled back into and retained in the headwater 

ecosystems. Similarly, crayfish-mediated particle-size reduction of leaf litter will facilitate further 

processing by other biota, and recycling and retention of this material in the headwater regions. In the 

typical baseflow conditions, the instream mobilisation of materials will be positive for maintaining the 

high quality of water flowing from the headwater streams, by maintaining streambed complexity and 

ecological processes such as enhanced decomposition of organic detritus. 
 
Euastacus sulcatus is a common, abundant and ecologically aggressive species, and the results of this 

study support a conclusion that this species is an effective ecosystem engineer. The population of 

E. sulcatus clearly provides a number of ecosystem services, and even lower bound estimates indicate the 

magnitude of these services are fairly substantial at a local scale, and must be of appreciable benefit in 

maintaining the function and health of the headwater stream ecosystems. 
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1 General Background 
 

1.1 AUSTRALIAN FRESHWATER CRAYFISH AND GENUS EUASTACUS 
 
Australia’s diverse freshwater crayfish fauna consists of more than 130 species from 10 genera and 

includes at least 5 of the World’s largest species (in the genera Astacopsis, Euastacus and Cherax), one of 

the World’s smallest (Tenuibranchiurus glypticus Riek), and some of the World’s most productive 

aquaculture candidates (i.e. Cherax tenuimanus (Smith), Cherax quadricarinatus (von Martens) and 

Cherax destructor Clark) (Riek 1951, Morgan 1986, 1988, Momot 1995, Morgan 1997, Holdich 2002). 

Some species (notably C. quadricarinatus and C. destructor) have proven to be ecologically aggressive 

and capable of displacing other species when translocated outside their native ranges (Coughran and 

Leckie 2007b, Coughran et al. 2009, Coughran and Furse 2010). (1997a, Turvey and Merrick 1997e, 1997d, 1997b, 1997c) 
 
Of the 10 Australian crayfish genera, Euastacus (the “spiny crayfish”) was at the time of writing the 

largest with 49 species described1 (McCormack et al. 2010, Furse and Coughran 2010 In press-a), 

including some of the largest (Euastacus armatus (von Martens) which historical records indicate used to 

reach 500 mm total length, and 3 kg in weight (Frost 1975, Gilligan et al. 2007)), and some of the rarest 

species in the World (Euastacus maidae Riek) (Morgan 1988). Many species are slow growing (Furse 

and Wild 2004), late maturing, and the lifespan of some exceed 30 years (e.g. Euastacus spinifer (Heller), 

Turvey and Merrick 1997b). Although many Euastacus species feature impressive arrays of spines, some 

including Euastacus balanensis Morgan are rather poorly spinose (Morgan 1988, Coughran 2008b) and 

can be easily mistaken for Cherax species (the “smooth” crayfish). 
 
The distribution of genus Euastacus encompasses most of the east coast of continental Australia, a 

latitudinal range of approximately 23° (a distance of over 2500 km). Euastacus has the widest altitudinal 

range of all Australian genera, occurring from sea level to over 1500 m above sea level. Due to these 

broad geographical and altitudinal ranges, Euastacus inhabit most of the climatic zones in Australia, and 

are found in a range of habitats including large temperate lowland rivers, high altitude sub-tropical and 

tropical rainforest gullies and Alpine streams and bogs (Morgan 1986, 1988, 1989, 1997). The 

distributions of species in the genus Euastacus range from very highly restricted (~2.5 km2) to widespread 

(>150,000 km2) (Coughran and Furse 2010, Furse and Coughran 2010 In press-b).  
 
Compared to other Australian genera, our understanding of the basic biology and some aspects of the 

ecology of Euastacus is reasonable, due to intensive studies on a small number of species from 

southeastern Australia. Notably E. spinifer by Merrick (1997), Turvey and Merrick (1997a, 1997b, 1997c, 

1997d, 1997e) and Growns and Marsden (1998), and Euastacus bispinosus (Clark) by Honan and 

Mitchell (1995a, 1995b, 1995c), Honan (1998) and recently Johnston et al. (2008). Ellen Clark (1937) 

described the life history of Euastacus yarraensis (McCoy), and due to various fisheries management 

efforts and conservation initiatives, the distribution, biology and ecology of E. armatus have been 

investigated in part (Barker 1992, Geddes et al. 1993, Gilligan et al. 2007, Ryan et al. 2008). 
 
The evolutionary history/phylogeny of the 43 Euastacus species that were described prior to 2005 has 

been established using DNA analysis (Shull et al. 2005), and the results of that study have provided 

information that will be useful for prioritising and directing future research and conservation initiatives 

for this genus.(Honan and Mitchell 1995b, 1995a, 1995c, Honan 1998, Coughran 2008a)  

                                                 
1  With at least another 5 probable new species collected but awaiting description (Coughran 2008a pers. comm.) 
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Recently in central eastern Australia (particularly in far northern New South Wales), a number of new 

Euastacus species have been described, and as a result of these descriptions a good deal of additional 

distributional, biological and ecological information on the genus has become available (Coughran 2002, 

2005, 2006, 2007, Coughran and Leckie 2007a, Coughran 2008b, McCormack and Coughran 2008, 

Coughran 2009b, 2009c, McCormack et al. 2010, Coughran et al. in prep.). 
 
Analysis of DNA has clarified the evolutionary path and distributional patterns of Euastacus in 

Queensland (Qld) (Ponniah and Hughes 1998, 2004, 2006), while to the north of Brisbane various life 

history and ecological characteristics of Euastacus hystricosus Riek and Euastacus urospinosus (Riek) 

have been studied by Smith et al. (1998) and Borsboom (1998). In far southeastern Qld a number of 

studies have focused over the last decade on investigating the biology, ecology, and behaviour of 

Euastacus sulcatus Riek one of the larger Euastacus species (Furse 1999, Furse and Wild 2002, 2004, 

Furse et al. 2004, Wild and Furse 2004, Furse et al. 2006, Furse et al. in prep.). Incidental to the studies 

of E. sulcatus, additional information has been collected on Euastacus valentulus Riek, E. maidae and 

other yet-to-be described Euastacus in the region. (Ponniah and Hughes 1998, 2004, 2006) 
 
While our understanding of genus Euastacus is far from complete, or indeed satisfactory, the amount of 

information that is currently available on the various species renders this genus probably the best, or one 

of the better, understood of the 10 Australian genera. While there are still many unknowns, our level of 

knowledge, and recent advances in knowledge of Euastacus are encouraging, particularly considering that 

the Australian crayfish fauna have not benefited from the hundreds of years of research that have been 

devoted to the freshwater crayfish of Europe and the Americas.  
 
While a number of species are quite small (~23 mm Occipital-Carapace Length (OCL, Morgan 1997) in 

the case of Euastacus yigara Short and Davie) crayfish in this genus are generally quite large (average 

maximum OCL of the 49 described species is ~60 mm) (Coughran 2008b, McCormack and Coughran 

2008), and some Euastacus may be very large indeed: 174 mm OCL in E. armatus, and ~160 mm OCL in 

the case of Euastacus kershawi (Smith) (Morgan 1986, Gilligan et al. 2007).  
 
Although various historical accounts and fisheries data indicate that some species were at one time highly 

abundant, and have since declined (i.e. Barker 1992, Geddes et al. 1993, Gilligan et al. 2007), only 2 

comparable density estimates for Euastacus are available. Estimated densities of 0.32 and 5.0 crayfish per 

linear meter of stream (E. bispinosus and Euastacus gumar Morgan respectively) demonstrate that some 

species may occur at moderate to considerable densities (Honan and Mitchell 1995b, Coughran 2009b). 
 
Considering the numerous strong ecological effects of freshwater crayfish that have been documented 

elsewhere over many decades (e.g. Abrahamsson 1966, Momot 1995, Parkyn et al. 1997, Nystrom 2002, 

Zhang et al. 2004), species in the genus Euastacus certainly have the capacity to have very strong 

ecological effects on the habitats they occupy, in particular given the large body size of many species, and 

potential to be highly abundant and/or occur in high densities. Considerable research efforts in other 

regions of the World have established that many freshwater crayfish are keystone species (sensu Krebs 

1994), often acting as effective ecosystem engineers2 (sensu Jones et al. 1994) and ecosystem services 

(i.e. Costanza et al. 1997, Nature 2009) provided by crayfish are important for maintaining the structure 

and function of ecosystems (Cummins 1974, Parkyn et al. 1997, Usio 2000, Statzner et al. 2000, Vanni 

2002, Zhang et al. 2004). 

                                                 
2   Defined by Jones et al. (1994) as: "organisms that directly or indirectly modulate the availability of resources 

(other than themselves) to other species, by causing physical state changes in biotic or abiotic materials. In 

doing so they modify, maintain and/or create habitats." 
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While, as outlined above, our level of understanding of some aspects of Euastacus are reasonable, we 

have no understanding whatsoever of the effects that Euastacus might have on the ecosystems they 

inhabit, nor the scale of these effects. The role of Euastacus as ecosystem engineers, and providing 

ecosystem services, has apparently not been explored previously. 

 

1.2 EUASTACUS SULCATUS: CURRENT KNOWLEDGE 
 

1.2.1 Euastacus sulcatus: History and General Description  
 
The earliest record of this species predates European settlement of Australia, and is recorded in the verbal 

history of the Gold Coast’s Indigenous family group: the Kombermerrii Clan. The Kombermerrii people 

observed this species during their annual migrations from the interior over the mountains to the east coast 

(Dillon 1999 pers. comm.). The first European record of this species in southeast Qld was a mention by 

Kathleen Watson in 1935 (as Astacopsis serratus from Mt Tamborine), and the species was formally 

described by Edgar Riek (1951) as Euastacus sulcatus Riek. 
 
Euastacus sulcatus is one of the larger species in the genus reaching at least 100 mm OCL (Coughran 

2008b) which corresponds to an overall length of ~350 mm (from tip of chelae to end of telson) and a wet 

weight of ~420 g. 
 
Euastacus sulcatus is a particularly colourful species, and in the Gold Coast Hinterland of Qld specimens 

are typically bright blue with distinctive white highlights and red connective membranes (figure 1.1); 

variations in the shade of blue do occur, sometimes tending towards bluish-green. While still distinctly 

blue, smaller specimens less than ~15 mm OCL do not possess the white highlights, and the young of year 

(YOY) are an unremarkable brown-green colour. Colouration of specimens in other parts of the species’ 

distribution differ markedly to this blue form, and these differences will be presented in the next section. 
 

 
Figure 1.1. Euastacus sulcatus: Typical blue coloration, a female specimen from Springbrook.          Photo: Tran 
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1.2.2 Euastacus sulcatus: Historical and Contemporary Distributions 
 
The historical distribution of this species extends from the upper reaches of Queensland’s Currumbin and 

Tallebudgera Creeks and Springbrook Plateau (in the east), west through Lamington National Park 

continuing along the McPherson Range in both Qld and New South Wales (NSW), out through the 

Border Ranges National Park. Historical north-south limits of the species’ distribution are Mount 

Tamborine in the north, and Kyogle to the south in NSW (figure 1.2) (Morgan 1988).  

 

 
Figure 1.2. Distribution of E. sulcatus in Queensland and New South Wales. Yellow dots denote sites where 
E. sulcatus has been recorded by Coughran or Furse et al. over the last decade. Dark and light green shading denotes 
National Parks and State Forests respectively.                            Figure modified from Coughran (unpublished) 
 

More recently the historical distribution has been expanded by Coughran (2002, 2005, 2006, 2007) into 

the Tweed, Richmond and Yabbra ranges of NSW. Coughran (2005) also confirmed the presence of a 

“relic” population on Mt Warning as Morgan (1988) suggested might exist there. Although the species 

has been recorded at large number of sites in NSW, the vast majority of the species’ distribution and 

habitat is in Qld, particularly in the Springbrook-Lamington area. 
 
Based on known records at that time, Coughran and Furse (2010) estimated the entire distribution of 

E. sulcatus encompassed ~8,000 km2. However, due to the particular habitat requirements/preferences of 

this species, the actual total area occupied by this species within the extent of its distribution was 

estimated to be only ~500 km2. The species occurs in both National Parks and on private properties, with 

the majority of suitable habitat within National Park boundaries. 
 
Given the recent trend of expanding distribution, as a result of increasing knowledge, it is possible the 

distribution of this species will be extended further as additional sampling is conducted, particularly to the 

west, north-west and south.  
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Colouration of specimens at the southern and western extremes of the distribution differs from the typical 

blue at Springbrook and Lamington, tending toward a red or reddish-brown in the south, and green-brown 

in the west, but in all cases retaining the distinctive white highlights (Morgan 1988, Coughran 2008a pers. 

comm.). Mt Tamborine, to the north, is a historical site for the blue form3, and a single blue specimen was 

recorded there in 2003 on the northern slopes. However, in July 2009 photographic evidence indicated 

that the red form (or a red Euastacus species) is also present on the northern, southern and eastern slopes 

of the mountain (Coughran 2009a pers. comm.). In addition, the different populations display locality-

specific differences in development of spination and setation. Due to these various differences, Coughran 

and Furse (2010) speculated that genetic analysis may reveal these non-blue specimens from the extremes 

of the distribution may in fact be distinct taxa.  
 
As the primary objective of this study was associated with the effect of this species in Gold Coast 

Hinterland (i.e. Springbrook and Lamington), only the blue form of E. sulcatus will be considered in the 

experimental components of this study. 

 

1.2.3 Preferred Habitat of E. sulcatus 
 
Euastacus sulcatus is one of the highland rainforest Euastacus species (Horwitz 1990) and is typically 

restricted to habitats >300 m above sea level (a.s.l.) (Morgan 1988), thus limiting the species to a few 

suitable mountain tops in the region, most of which are geographically isolated from each other. The 

species’ altitudinal range extends near to the highest local mountain peaks at ~1165 m a.s.l. 
 
The highland Euastacus species are often associated with cool (<15 – 20°C), clean, fast flowing, heavily 

shaded streams (Horwitz 1990) and this in general is an accurate description of the typical habitat of 

E. sulcatus. A positive association between crayfish density and stream discharge rates was indicated by 

Furse and Wild (2002), although in drought conditions crayfish have been observed persisting for months 

in nearly stagnant heavily tannin-stained pools where water temperatures reach 23°C in summer, and 

when these pools dried out completely: crayfish continued to survive in their burrows (emerging after the 

break of drought). 
 
Within the species’ altitudinal range in the Gold Coast Hinterland (hereafter “the study area”), streams 

rarely exceed 3rd order (stream order, Horton 1932) and the 1st – 3rd order streams the species inhabits 

typically feature complex bed structures. Underlying substrate in the streams of the study area (and 

indeed the region) is rhyolitic or basaltic bedrock overlain with various sized rocks and larger boulders, 

with occasional accumulations of alluvium (small pebbles, and soil and clay granules) found in 

depositional areas along the margins of larger 1st and 2nd order streams. 
 
While not typical (and mainly on private properties) some of the 1st and 2nd order streams near the top of 

some catchments in the study area are in the process of eroding back to bedrock after major erosion-

deposition events completely silted these streams (meters deep in places) following large scale clearing of 

native forests upstream for timber and agriculture in the early and mid 20th Century. While these streams 

still have earthern beds in places, the bed structure is still relatively complex due to many emergent rocks 

and boulders. (Morgan 1988, Horwitz 1990, 1991, Furse and Wild 2002, Coughran 2008a) 
  

Like many of the highland Euastacus species, E. sulcatus is typically associated with streams featuring a 

canopy of subtropical rainforest or wet sclerophyll forest, and specimens are rarely encountered in 

                                                 
3  Although no specimens could be found there in 1999 (Furse and Wild 2002). 
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streams devoid of some form of vegetative canopy (Morgan 1988, Horwitz 1990, Morgan 1991, Furse 

and Wild 2002, Coughran 2008a pers. comm.). (Wild 2003 pers. comm., 2008 pers. comm.) 
 
A good example of the species’ close association with a vegetative canopy over streams is given by the 

case of the previously-mentioned silted streams. Where the riparian vegetation has been allowed to 

regenerate, the streams are now inhabited by typical populations of E. sulcatus, apparently after 

repopulating these streams from elsewhere since the siltation events, whereas in nearby streams (~1.5 km 

away) that remain devoid of riparian vegetation, E. sulcatus are much less common and rarely 

encountered (Furse unpublished data, Wild 2003, 2008 pers. comms.). 

 

1.2.4 Refuges, Burrows and Habitat Modifications: Instream and Elsewhere 
 
Euastacus sulcatus occupies a wide variety of natural in-stream refuges, as do other species of Euastacus 

(e.g. Borsboom 1998, Smith et al. 1998, Coughran 2005, 2007) and these include: hollow logs, burrows 

in earthen streambeds and banks, rock crevices, existing interstices between small pebbles, rocks, large 

boulders, and fallen trees. The species also excavates refuges, including simple shallow depressions under 

rocks, tree roots, and fallen trees, but also constructs more elaborate and sometimes deep burrows (up to 

7 m long, Furse et al. 2004), some with multiple entrances. On a number of occasions specimens have 

been observed sheltering in, and captured after emerging from, large in-stream trailing root-masses 

(from riparian vegetation), however it is not known if these root-masses are actual permanent refuges, or 

are used as temporary shelters.  
 
While typically a stream-dwelling species, E. sulcatus are periodically observed occupying terrestrial 

burrows/refuges (i.e. not in-stream, or near streams), that are not apparently connected to any water flow, 

or obvious permanent water, but are located in damp areas, or in moist soil. These include: burrows in 

damp clay banks, one behind a rock retaining wall adjacent to a residential dwelling at Springbrook, 

another alongside a walking track (in Lamington National Park), the latter burrow was occupied by a 

berried female crayfish, and was ~10 m above the water level of the nearest stream. In both cases burrows 

were not connected, or near to, any obvious permanent water source.  
 
Crayfish are sometimes observed in, or collected from, burrows/shallow depressions under rocks in small 

damp gullies or wet soaks adjacent to streams. Use of these gullies and wet soaks as permanent habitat 

has been documented in a number of Euastacus species (Coughran 2007), however it is typically the 

smaller and poorly spinose Euastacus species that occupy these smaller areas of habitat, with the larger 

species (such as E. sulcatus) usually occupying the larger stream habitat. This species of crayfish appears 

to occupy all 4 types of burrows as listed in the burrow classification of Australian crayfish by Horwitz 

and Richardson (1986) (i.e. burrows in permanent waters, connected to permanent waters, connected to a 

water table, and independent of a water table).  
 
The species also uses temporary shelters (juveniles have been observed sheltering under leaves on 

numerous occasions), and a number of adult specimens have been collected from under bank overhangs, 

and submerged palm fronds (which has been also been documented in Euastacus girurmulayn Coughran 

from nearby northern NSW (Coughran 2005)). 
 
Euastacus sulcatus is somewhat of a refuge/shelter opportunist and specimens have been found in a 

variety of artificial refuges in the field including: drainage pipes, discarded pipes, bricks, empty 

containers (bottles and cans), and if given the opportunity crayfish will readily enter artificial shelters (i.e. 

uPVC pipe and submerged Elliot-Type mammal traps). This willingness to enter artificial refuges/objects 
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has been used as an effective capture method for other species of Euastacus in southeast Queensland: e.g. 

E. urospinosus and E. hystricosus (Borsboom 1998, Smith et al. 1998). 
 
Captive specimens of this species have demonstrated the ability to extensively, and sometimes constantly, 

modify their artificial habitats. Euastacus sulcatus are capable to shifting objects (i.e. rocks) many times 

their own weight, and even a single medium sized crayfish is perfectly capable of completely rearranging 

the interior of an aquarium within 12 hours, including shifting 10 kg of shell-grit substrate, 3 – 4 kg of 

leaf litter, and rocks and artificial refuges. Prior to moulting, captive specimens spend some time 

preparing and clearing a large flat area (i.e. free of obstructions) in their aquarium, where they moult. 

 

1.2.5 The Biology and Behaviour of E. sulcatus 
 
Euastacus sulcatus is a long lived (>17 years), slow growing species that may take decades to reach the 

large sizes that are observed (Furse and Wild 2004). The reproductive biology of this species has not yet 

been specifically studied, but berried females are observed in the field at ≥40 mm OCL (Wild and Furse 

2004), corresponding to reproductive maturity at ~3 – 4 years of age (Furse and Wild 2004).  
 
The species appears to be relatively fecund with pleopodal egg counts extending into the hundreds in very 

large females (99 mm OCL). Females in berry and carrying pre-independent juveniles are typically 

observed in spring through late summer, so mating and spawning must occur in autumn, with females 

brooding their egg-clutches over winter. Young of year are evident over summer and into autumn: all of 

which is consistent with the comments of Morgan4 (1988). Considering the above observations on timing 

of reproductive patterns, it is possible that females of this species might alternate moulting/reproduction 

between years, i.e. have a bi-annual reproductive cycle as is reported for Astacopsis gouldi Clark and 

other cool-water species in Australia (Hamr 1995, 1996). It is unclear if there would be sufficient time for 

females to moult, mate and spawn again before the onset of winter after releasing the “previous” years 

juveniles in late summer/autumn. 
 
The brown-green YOY feature a distinctive small white stripe running transversely across the 1st pleonite 

of the abdomen, and this is evident for at least a few months in these smallest crayfish, disappearing at 

some time over the 1st year. This curious “white stripe” phenomenon in YOY also occurs in NSW 

(Coughran 2008a pers. comm.), and is useful in that it usually allows the YOY to be reliably spotted in 

shallower sections of streams. 
 
There is a distinct annual pattern of activity in this species both in Qld and NSW. Smaller crayfish 

(<40 mm OCL) are active at all times of the year, but for reasons unknown, crayfish exceeding ~40 mm 

OCL are typically not seen, at all, in the streams of the study area during the cooler months.  
 
The first annual appearance of these large crayfish is reliably associated with the first heavy rains of the 

local wet season, and associated flooding of the local streams from November/December onwards (Furse 

et al. 2006, Coughran 2008a pers. comm.). 
 
The species is somewhat unusual in that its daily activity pattern is clearly diurnal, with the exception of 

the smaller crayfish (<25 mm OCL) that become nocturnal in summer when the larger adult crayfish 

emerge for their “peak” of annual activity. It is speculated/postulated this overall diurnal behaviour is a 

strategy to avoid the numerous nocturnal mammalian predators that are common in the region, and the 

smaller crayfish become nocturnal in summer to avoid predation by the larger adult crayfish (Furse et al. 

2006). 

                                                 
4  But is all at odds with Riek’s (1951) comment that eggs are laid in late November/early December. 
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This colourful species is well known locally by bushwalkers and landowners due to crayfish regularly 

being encountered on land, on walking tracks in National Parks of the area (sometimes in very large 

numbers), walking overland through the rainforest, and frequenting residential dwellings (Furse personal 

observations, Wild 2008 pers. comm.). 
 
The earliest observations of these terrestrial movements were by the local Indigenous people prior to 

European settlement of Australia (Dillon 1999 pers. comm.), but have been noted by various workers 

since that time (Riek 1951, Morgan 1988). 
 
These crayfish are capable of moving considerable (>1 km) distances overland, and terrestrial activity 

typically peaks between September and April, and the rainfall that is associated with the local wet season 

during that time (Furse et al. 2004). Crayfish are observed moving overland both during the day and at 

night, including berried females and those carrying juveniles. While terrestrial activity is typically 

observed during or following rain (particularly very heavy rains), specimens have been captured on land 

during the day in very hot and dry conditions, in one such case a berried female. 
 
When encountered on land E. sulcatus are particularly aggressive, and specimens adopt a defensive 

posture, rearing up, raising their chelae, which is accompanied by a surprisingly loud hiss (presumed to be 

abdominal stridulation as described by Sandeman and Wilkens (1982) in E. armatus). With or without 

provocation crayfish typically brandish their chelae, often striking downwards with them (while hissing). 

These crayfish move remarkably quickly on land (turning 180° in an instant), and a great deal of care is 

required when hand-capturing specimens on land, and handling specimens (at any time) the chelae, even 

of medium sized crayfish can inflict (and have inflicted) quite serious wounds. 
 
There are numerous and reliable anecdotal accounts of some quite unusual terrestrial activities by this 

species, and these include a large crayfish leaving a stream (on a daily basis) to solicit food from guests at 

a small ecotourism lodge, a crayfish repeatedly entering a tent (occupied by humans), crayfish 

scavenging/foraging in domestic refuse, crayfish entering and being captured in terrestrial mammal traps 

(O'Reilly 2000 pers. comm.), and sitting in puddles in car parks. Crayfish road-kills have been observed. 
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1.2.6 Diet 
 
Observations in the laboratory and field over the last decade indicate E. sulcatus is a generalist feeder. In 

addition to consuming/shredding very large amounts of natural food (leaf litter, twigs and plant material) 

captive specimens of this species readily accept and consume a wide variety of different food types of 

both plant and animal origin: usually only in small amounts though. These include: carrots, green peas, 

fresh beef, canned dog food, commercial fish-food/pellets (35% protein), aquatic macrophytes (Elodea 

canadensis and Vallisneria sp.), ham, cheese, wheat grains, pasta, live earthworms, their ectosymbiotic 

Temnocephalan worms, and other E. sulcatus (Furse and Wild 2004). The only food item that captive 

crayfish have rejected outright and consistently failed to consume in the laboratory is whole sweet-corn 

kernels. 
 
Canned dog food (“Beef Pal-puppy” brand) is a highly effective bait/attractant that has been successfully 

used in a number of field studies on this species over the last decade (e.g. Furse et al. 2006), and crayfish 

in the field also readily accept and consume ham, cheese, bacon, cooked eggs, white bread, beef jerky and 

rehydrated dried mushrooms. 
 
More unusual examples of the feeding activities and food types consumed include: a crayfish on land 

tearing up a wet cardboard box (presumably feeding on it, Wild 2003 pers. comm.), a specimen 

repeatedly leaving the water to collect fruit (native figs) on land, transporting the fruit back to a burrow5 

(apparently provisioning that burrow, Sewell 2002 pers. comm.), and the previously mentioned case of a 

crayfish entering a mammal trap, eating the oatmeal, peanut-butter and honey bait-mixture: becoming 

trapped in the process.  

 

1.2.7 Density, Abundance and Biomass 
 
While not focused on estimating density per se, an earlier study modelling the environmental predictors 

of E. sulcatus (and using a passive sampling technique) reported a density value of 5 crayfish per 

60 lineal meters of stream (approximately 0.08 crayfish per lineal meter of stream) (Furse and Wild 

2002). Subsequent studies on the species, using active sampling techniques (i.e. baits and hand nets) 

suggest that this species appears to occur in quite high densities, and may be locally very abundant indeed 

(Furse and Wild 2004, Furse et al. 2004, Wild and Furse 2004).  
 
Euastacus sulcatus is by far the largest aquatic invertebrate in the streams of the study area, and certainly 

comprises a large component of the total in-stream faunal biomass. Considering that, apart from an 

occasional longfin Eel (Anguilla reinhardtii Steindachner), little other aquatic fauna of any appreciable 

size inhabits the headwater streams of the area, it is probable that E. sulcatus dominates the total 

consumer biomass in these headwater streams. 

 

 

 

 

 

 

 

 

                                                 
5  Collecting and transporting rainforest fruits to burrows has recently been documented in other species of 

Euastacus (e.g. Euastacus jagara Morgan) (McCormack et al. 2010). 
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1.2.8 Legislative Protection and Conservation Status 
 
When inside boundaries of Queensland National Parks and other protected areas E. sulcatus is protected 

by the Nature Conservation Act 1992, elsewhere in Queensland all “spiny crayfish” (i.e. Euastacus 

species) are officially “no take” species under the Fisheries Act 1994 and must be released immediately if 

captured (QDPI&F 2009). In National Parks and other protected areas in New South Wales, the species is 

protected by the National Parks and Wildlife Act 1974, elsewhere in the State, E. sulcatus may be legally 

captured by recreational fishers. A minimum recreational size limit of 90 mm OCL applies along with a 

bag limit of 5 animals (NSWDPI 2009).  
 
Although numerical data are not available for E. sulcatus, it is obvious the abdomen (the “tail meat”) in 

this species constitutes only a small fraction of total weight, as is documented in E. armatus where the tail 

meat is ~11% of total weight (Morrissy et al. 1990).  
 
There are no data available on levels of compliance with regulations in either State, although evidence of 

illegal poaching is frequently observed in NSW (Coughran and Furse 2010), and specimens have been 

taken from National Parks in Queensland for use in ornamental aquariums. 
 
The species is not currently accorded any official State, Federal or International conservation status. 

 

1.3 OBJECTIVES  
 
Although we have a reasonable, but incomplete, understanding of some of the basic biology and ecology 

of a few Euastacus species, their capacity to act as effective ecosystem engineers, and the ecological 

effect(s) that these often large, and in some cases quite abundant, crayfish have on their habitats and 

ecosystems are basically unknown. Furthermore, the impact(s) of these crayfish on downstream water 

quality has not yet been evaluated. 
 
Considering the above, the overall objective of this study was to investigate ecosystem engineering and 

the subsequent ecological effect(s) of the blue form of E. sulcatus, in the context of ecosystem services 

provided by this species in the forested headwater streams in Hinterland of the Gold Coast, Qld, 

Australia. A subsidiary objective was to evaluate the likely impact(s) of any crayfish ecosystem 

engineering/services on downstream water quality. 
 
To achieve this objective, an estimate of the population size of this species was obtained for the study 

area, a series of 3 experiments measured different ecological effects of crayfish, and using this 

information the estimated ecological impact of the population was calculated: giving a measure of the 

ecosystem services provided by this species in the study area per annum. 
 
The ecological effect “variables” of interest in this study were: the amounts and types of material moved 

instream due to crayfish-mediated habitat modifications and other day-to-day activities; particle-size 

reduction of leaf litter and the quantity thereof consumed by crayfish; and the amounts of nutrients 

liberated from that leaf litter by the crayfish. 
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1.4 THESIS OUTLINE 
 
This section explains the structure of this thesis, and a provides a brief outline of the content of each of 

the six chapters. With the exception of the two introductory and the final summary chapter, each of the 

three remaining chapters presents a standalone study, all of which are concerned with investigating the 

ecological role and ecosystem services of this species. For clarity each of these three experimental 

chapters contains its own brief introduction and aims, methods, results, statistical analysis, discussion and 

conclusion. Due to the structure of the thesis, some repetition of background material is required in some 

chapters. 
 
Chapter 1 (this chapter) has introduced genus Euastacus, provided a brief outline of the current extent of 

our knowledge and identified a major shortcoming in our understanding of this genus. The species of 

interest in this study, E. sulcatus has been introduced, and current extent of knowledge of this species 

reviewed. 
 
Chapter 2 provides a review of the literature on some aspects of the biology and ecological effects of 

freshwater crayfish, and reviews forested headwater streams in the context of energy sources, litter fall, 

litter decomposition, nutrient dynamics, and introduces the Hinterland of the Gold Coast. 
 
Chapter 3, the 1st of the experimental chapters, presents the field based study designed to estimate the 

population-size of E. sulcatus in the study area. 
 
Chapter 4 presents the laboratory based study where the effects of crayfish on liberation of nutrients from 

leaf litter were investigated, while simultaneously investigating consumption and particle-size reduction 

of the leaf litter. 
 
Chapter 5 presents the field based artificial stream channel study designed to investigate the effect of 

crayfish on the mobilisation and downstream export of materials in a flowing stream environment. 
 
Finally Chapter 6 provides an overall summary of the entire study, draws together the findings of the 

other chapters, and presents the final conclusion of this thesis. Finally, a number of recommendations for 

further research and management are provided. 
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2 Literature Review 
 

2.1 BIOLOGY AND ECOLOGY OF FRESHWATER CRAYFISH 
 

2.1.1 Freshwater Crayfish: Abundance, Biomass and Population Densities 
 
Where they occur, freshwater crayfish can be highly abundant (e.g. Matthews and Reynolds 1992), 

reaching levels of biomass that dominate freshwater systems (Mason 1975, Huryn and Wallace 1987, 

Momot 1995, Nystrom 2002). As such, they may be a major component of benthic biomass (Hogger 

1988), and this has been highlighted by Mason (1975) who reported that Pacifastacus leniusculus 

trowbridgii (Stimpson) comprised 30% of total animal biomass in small woodland stream in Oregon 

(USA), and Haertel-Borer et al. (2005) reported that 49% of the macroinvertebrate biomass in a German 

lake (~12 ha) was the non-indigenous species Orconectes limosus Rafinesque. 
 
Density estimates are available for a number of species (mainly from the northern Hemisphere, e.g. 

Nystrom’s summary in 2002), and estimates vary widely both within and between species, and between 

locations and habitat types. Densities may be astonishingly high, 77 m-2 for O. limosus, and up to 20 m-2 

for C. destructor Clark (Nystrom 2002), or rather lower in the case of some of the larger slow growing 

species, particularly those from cool-water and/or high altitude habitats (table 2.1). 

 

Table 2.1. Density estimates for various species of freshwater crayfish (In part, after Nystrom 2002). 
 

Species Country Habitat Type 
Density 

(animals m
-2

) 
Reference 

Astacopsis franklinii (Grey) Australia Stream 1.2 – 2.8 Hamr 2008 

Astacopsis gouldi Australia Stream 0.23 – 0.32 Hamr 1996 

Cherax destructor  Australia Farm dam 1.88 – 20.08 Nystrom 2002 

Euastacus bispinosus  Australia River 0.32* Honan and Mitchell 1995 

Euastacus gumar  Australia Stream 5.0** Coughran 2009b 

Orconectes limosus Poland Reservoir 0.4 – 77.0 Nystrom 2002 

Pacifastacus leniusculus  Sweden Pond 8.8 – 9.3 Nystrom 2002 

Pacifastacus leniusculus U.S.A. Stream 1.8 Nystrom 2002 

Pacifastacus leniusculus U.S.A. Lake 0.9 Nystrom 2002 

Paranephrops planifrons White New Zealand Stream 5.0 Parkyn and Collier 2004 

 
*Honan and Mitchell’s estimate was for crayfish >85 mm OCL only, and reported their density estimate in crayfish 
per m of stream bank with a 95% C.I. of 0.23 to 0.46 crayfish per m of stream bank (i.e. 1 crayfish per 2 – 5 m of 
stream bank). (Honan and Mitchell 1995, Hamr 1996, Parkyn and Collier 2004, Hamr 2008, Coughran 2009b) 
**Coughran’s estimate was for crayfish >15 mm OCL, and reported his estimate in crayfish per linear meter. He 
also noted his estimate requires cautious interpretation due to the inherent non-randomness of the sampling 
technique required in the streams he sampled (i.e. burrow excavation and rock turning), and his “leave no stone 
unturned approach” (Coughran 2009a pers. comm.).  
 

 

 



Chapter 2 – Literature Review 

 18 

2.1.2 Freshwater Crayfish: Diet and Food Consumption Rates 
 
The diet of freshwater crayfish has been the topic of many studies since Huxley’s famous statement from 

1880 “few things in the way of food are amiss to the crayfish; living or dead, fresh or carrion, animal or 

vegetable, it is all one” (Huxley 1880), and the numerous studies since that time have led to the widely 

accepted conclusion that freshwater crayfish are indeed polytrophic omnivores (Momot et al. 1978, 

Momot 1995, Nystrom 2002). 
 
This generalist feeding behaviour is aided by the fact that freshwater crayfish are highly mobile, and the 

mouthparts of crayfish are well adapted for handling and cutting a wide variety of foods types (i.e. the 

maxillipeds and mandibles, Holdich and Reeve 1988, Holdich 2002). These strongly calcified mouthparts 

allow E. sulcatus to cut, grind away at, and consume and/or damage some quite large and very solid food 

items including twigs, hardwood, and even non-food items such as plastic cable-ties and lead sheet (used 

to anchor/sink aquatic macrophytes in aquaria). 
 
As introduced earlier in the case of E. sulcatus, freshwater crayfish consume a wide variety of both 

animal and plant food types and often in considerable quantities. Daily food consumption rates range 

between 0.5% and 16% of bodyweight d-1 (P. leniusculus and Astacus leptodactylus (Eschscholtz) 

respectively, Momot 1995), through 2 – 12% bodyweight d-1 (juvenile C. destructor, Musgrove 1993), 

and as high as 26% of bodyweight d-1 (juvenile P. leniusculus, Warner and Green 1995). These high daily 

consumption rates in juveniles are usually attributed to the high energy requirements required to sustain 

rapid growth in their early life stages (Momot 1995), and therefore do not necessarily reflect consumption 

rates that might be expected in adults. However, the consumption rates of juveniles do provide a good 

indication of the underlying biology and habits of freshwater crayfish. 
 
While providing underestimates of soft foods (due to grinding by the gastric mill in the foregut, Vogt 

2002), gut content analysis of crayfish often reveals a good deal of other non-food material is ingested by 

crayfish including sand grains, dirt, “unidentifiable” material, and even rubber: presumed to be from golf 

balls (i.e. Guan and Wiles 1998). While much of this non-food material is almost certainly ingested 

incidentally while feeding, contributing little or nothing to nutrition, it does highlight the robust nature of 

the digestive system of crayfish, and suggests that crayfish are probably capable of extracting at least 

some nutritional value from almost anything that they can ingest (i.e. the microflora on soil). 
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2.2 ECOLOGICAL EFFECTS OF FRESHWATER CRAYFISH 
 
Given their often high abundances, sometimes fast growth rates, and generalist dietary habits, freshwater 

crayfish often have strong direct and indirect ecological effects in the freshwater systems they inhabit, 

and these effects are well documented after many decades of study (Abrahamsson 1966, Lodge et al. 

1985, Nystrom et al. 1999, Dorn and Wojdak 2004). 
 
The myriad, often strong, ecological effects that freshwater crayfish exert on ecosystems they inhabit 

include controlling abundance of aquatic vegetation and other organisms (Abrahamsson 1966, Unestam 

1973, Lodge et al. 1985, Coffey and Clayton 1988, Hart 1992, Lodge et al. 1994, Nystrom et al. 1996), 

playing principal roles in trophic dynamics (Rabeni 1985, Huryn and Wallace 1987, Hogger 1988, 

Momot 1995), maintaining niches and thus facilitating other biota (Creed 1994), and as major shredders 

and processors of leaf litter (Anderson and Sedell 1979, Huryn and Wallace 1987). Due to their 

burrowing activities crayfish are capable of exerting considerable effects on underlying substrates, by 

altering the structure of soils by mixing (pedoturbation) (Stone 1993), and increasing the respiration rate 

of peat-based soils by providing aeration into the soil profile (Richardson 1983). (Richardson, A M M 1983). 

 
However, unless specifically investigated, the ecological role(s), and effect(s) of freshwater crayfish 

within their native ranges may be underestimated, or even overlooked (this of course is true for all 

species). The ecological effect(s) of freshwater crayfish, and the magnitude of these effects, may only 

become apparent when a species is removed, or eliminated from its natural habitat, or a particular area of 

habitat. 
 
One such example was when Astacus astacus (Linnaeus) were eliminated from ponds in Sweden by the 

crayfish plague (Aphanomyces astaci Schikora) in 1964. Abrahamsson (1966) reported dramatic changes 

to the aquatic flora and fauna of the ponds, apparently attributable to the elimination of the crayfish. 

Submerged aquatic macrophyte growth increased to the extent that the surface of the ponds were, on 

occasions, covered by plant growth. Dramatic increases in abundance of aquatic invertebrates (molluscs 

and leeches) were noted, and “immense” numbers of tadpoles became evident (Abrahamsson 1966). 

Similar ecological responses to mass mortalities of crayfish have subsequently noted by other workers in 

Europe, both in Sweden (Unestam 1973) and more recently in Ireland (Matthews and Reynolds 1992). 
 
Similarly, when freshwater crayfish are introduced outside of their native ranges (and natural controlling 

mechanisms), many (and often severe) unanticipated consequences may become evident. Introductions of 

Orconectes rusticus (Girard), P. leniusculus, and Procambarus clarkii (Girard) outside of their native 

ranges have led to reproductive failure of large freshwater fish species (due to crayfish consuming fish 

eggs), reduced abundance of aquatic macrophytes, and in the case of P. clarkii becoming a notable pest in 

the rice fields of California, Spain and Japan (Lodge et al. 1985, Hogger 1988, Huner 1988).  
 
Within their native ranges, freshwater crayfish may also have very strong ecological effects. In New 

Zealand, it has been suggested that browsing on, and mechanical damage to submerged aquatic vegetation 

by the native P. planifrons was responsible for markedly different aquatic vegetative species 

compositions, and the maximum depth limits of this vegetation differing by up to 34 m between lakes 

where P. planifrons were present, or absent (Coffey and Clayton 1988). Native species may also become 

pests through their ability to dramatically modify their habitats through burrowing, causing collapses of 

stream banks through undermining, even burrowing to the extent that foundations of structures such as 

bridges require reinforcing (Clark 1936). 
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The known ecological effects of freshwater crayfish (within their native ranges) have recently been 

extended to: acting as shredders of organic detritus (Parkyn et al. 1997, Schofield et al. 2001, Usio and 

Townsend 2001, 2002, Creed and Reed 2004, Usio and Townsend 2004), and “geomorphic agents” by 

increasing erosion/movement of stream substrates (Collier et al. 1997, Statzner et al. 2000, Statzner et al. 

2003, Creed and Reed 2004, Usio and Townsend 2004, Zhang et al. 2004) 
 
Due to the many direct and indirect effects of crayfish, they are widely regarded as keystone species 

(sensu Krebs 1994) in the freshwater systems they inhabit (Momot et al. 1978, Hobbs et al. 1989, Momot 

1995, Nystrom et al. 1996, Parkyn et al. 1997, Usio and Townsend 2001, Townsend 2003). 
 
Since the mid 1990s the effects of freshwater crayfish as “ecosystem engineers6” (sensu Jones et al. 1994, 

1997) in their aquatic habitats has been under investigation by a number of workers, beginning a timely 

“reassessment” of the role of crayfish in ecosystems, as was suggested by Momot (1995). 
 
Previously documented, and more recent, examples of ecosystem engineering by freshwater crayfish 

include bioturbation, removal, and redistribution of fine surficial sediments (Collier et al. 1997, Usio and 

Townsend 2004, Creed and Reed 2004, Zhang et al. 2004), apparently with incidental promotion of 

aerobic decomposition of leaf litter in the study by Parkyn et al. (1997), particle-size reduction/shredding 

of organic detritus (Parkyn et al. 1997, Usio and Townsend 2001, Schofield et al. 2001, Usio and 

Townsend 2002, 2004, Creed and Reed 2004), enhancing decomposition of detritus (Zhang et al. 2004), 

and increasing stream bed complexity by increasing erosion of sand and gravel (Statzner et al. 2000, 

Statzner et al. 2003). 
 
Considering the wide distribution of the Worlds’ more than 640 freshwater crayfish species (Hobbs 1988, 

Holdich 2002, Crandall and Buhay 2008), the fact that these animals may/often occur in high numbers, 

and their previously demonstrated strong ecological effects, the combined ecosystem engineering effect 

of the Worlds’ freshwater crayfish fauna may be considerable indeed. 
 
Furthermore, the various ecosystem engineering effect(s) of freshwater crayfish will contribute towards 

the provision of various ecosystem services (i.e. processing, assimilation and recycling of wastes and 

nutrients, sensu Costanza et al. (1997)), both at local and global scales, all of which are critical for 

maintaining the structure, function and health of the Worlds’ ecosystems (Costanza et al. 1997, Vanni 

2002). Again, considering the underlying biology and ecological characteristics that are typical of many 

freshwater crayfish species, it is possible that the freshwater crayfish of the World contribute substantially 

to maintaining the function and health of the freshwater systems they inhabit, thus providing an important 

ecosystem service7. 

 

 

 

 

 

 

 

 

                                                 
6 Note that ecosystem engineering is when organisms directly or indirectly modulate the supply of a resource, or 

resources, other than themselves (Jones et al. 1994). 
7  The value of the Worlds’ ecosystem services and natural capital was estimated to be in the range US$16-54 

trillion per annum by Costanza et al. (1997). 
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2.3 FORESTED HEADWATER STREAMS 
 

2.3.1 Headwater Streams: Energy Sources and Litterfall  
 
Where forested headwater streams have not been appreciably altered by man (i.e. deforested), the streams 

are predominantly heterotrophic, in that the respiration by the community exceeds photosynthesis in the 

system (Cummins et al. 1973, Boling et al. 1975, Hynes 1975, Vannote et al. 1980, Molinero et al. 1996). 
 
This is largely a consequence of the riparian vegetation/vegetative canopy over streams, which provides a 

shading effect which limits in-stream photosynthetic production (as is reported in the streams of the 

temperate zone of North America by Barlocher and Kendrick 1974, Boling et al. 1975, Vannote et al. 

1980), resulting in little in-stream primary production in the forested temperate headwaters. This is also 

the case in many Australian headwater streams, including in the tropics (Bunn 1986, Benson and Pearson 

1993), and the small 1st – 3rd order forested headwater streams of the Gold Coast Hinterland appear to be 

no exception: obvious, appreciable in-stream primary production is rare (Furse personal observations). 
 
Perhaps the best example demonstrating these low levels of instream production in headwater regions is 

the landmark study by Fisher and Likens (1973) in which they determined an energy budget for Bear 

Brook, a small 2nd order stream system in the Hubbard Brook Experimental Forest in New Hampshire 

(USA). The study reported that autochthonous (in-situ) primary production, mostly from mosses, 

accounted for less than 1% of the energy available to the ecosystem, while the remaining energy (99% of 

the total budget) was exported to the stream from the landscape, and 44% of that was from the 

surrounding forest, mainly in the form of leaf litter (Fisher and Likens 1973). 
 
This and other studies in the literature establish that the heterotrophic forested headwater streams of the 

northern Hemisphere are very strongly dependent on the input of vascular plant tissue which has been 

produced ex-situ (i.e. allochthonous material): mainly in the form of terrestrial leaf litter and woody 

debris as their principal energy source (i.e. Kaushik and Hynes 1971, Fisher and Likens 1973, Cummins 

1974, Hynes 1975, Bilby and Likens 1979), and Australian forested headwater streams are similarly 

dependant on allochthonous plant material as a principal source of energy (Blackburn and Petr 1979, 

Bunn 1986, Pearson et al. 1989). 
 
The general picture here is that forested headwater streams in various regions of the World are very 

strongly reliant on the import of matter/energy from outside the stream, and therefore as well described by 

Cummins and Klug (1979) an “intimate” and critical relationship exists between the stream, its riparian 

zone and the surrounding terrestrial vegetation. 
 
However, the energy bound into the leaf litter/allochthonous material that is exported into streams is only 

potential energy, and the litter must be retained, processed and decomposed in the headwaters in order to 

allow liberation and recycling of the energy (including nutrients) back into the local ecosystem. 
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2.3.2 Litter Inputs and In-Stream Retention 
 
Terrestrial leaf litter initially enters streams either vertically (i.e. falls from above), or laterally (i.e. is 

washed, blown or migrates downhill) (Hynes 1975, Anderson and Sedell 1979, Benson and Pearson 

1993). The quantity (weight per unit area) of litter input to streams varies considerably in accord with a 

number of physical factors (i.e. terrain and meteorological conditions, including season) and floristic 

factors including the vegetation types dominating in the riparian zone, and further out into the 

surrounding watershed (Spain 1984, Thomas et al. 1992, Benson and Pearson 1993). 
 
The quantity (weight per unit area) of litter input to streams, particularly in those with continuous, or near 

continuous vegetative canopies, can exceed the quantity (weight per unit area) received on the 

surrounding forest floor (i.e. Anderson and Sedell 1979). In addition to vertical input from directly above, 

streams are of course always low points in the terrain, and the effects of lateral (down-slope) transport can 

deliver additional and considerable amounts of material to stream channels (Kaushik and Hynes 1971, 

Hynes 1975, Winterbourn 1976, Anderson and Sedell 1979). This lateral transport effect can be 

appreciably amplified by the prevailing meteorological conditions (i.e. wind and heavy rain), and 

especially the effect of local terrain which can even lead to litter/debris avalanches or litter/debris torrents 

in areas of sufficiently steep terrain (Keller and Swanson 1979, Spain 1984, Benson and Pearson 1993).  
 
In addition to being low-points, streams are wet, making them highly effective traps for leaf litter in 

particular, but also other material (Anderson and Sedell 1979). Streams thus act as natural sinks for leaf 

litter and other plant-derived debris and therefore are often recipients of considerable amounts of leaf 

litter and plant debris, particularly in heavily vegetated, mountainous headwater regions where high 

rainfalls are typical, and this is true of the headwater streams of the Gold Coast Hinterland.  
 
Terrestrial litter-fall rates in the Gold Coast Hinterland are amongst the highest in the World8; estimates 

of litter-fall from the first order streams in subtropical rainforest of the study area are 1450 g m-2 yr-1 

(±140 g m-2 yr-1) dry weight (DWT) (14.5 tonnes ha-2 yr-1 DWT) (Tran 2001 pers. comm.), and a good deal 

of this leaf litter and other woody debris appears to ends up in the streams of the study area. (Boling et al. 

1975, Bilby and Likens 1979, Wallace, J B et al. 1995, Richardson, J S et al. 2005) 
 
Generally, small 1st – 4th order streams, such as those in the study area, are highly retentive (sensu 

Wallace et al. 1982, Speaker et al. 1984) due to high stream-bed complexity/the high frequency of 

obstacles such as rocks and/or other obstructions such as sticks, branches and other large woody debris in 

the channel (hereafter, “complex streams”). Retention of organic material in lower order streams is 

critical, as the process of retention is a major determinant of the availability of food resources for aquatic 

biota in these systems (Speaker et al. 1984). (see Brookshire and Dwire 2003, Richardson, J S et al. 2005). 

 
Transport of organic material in complex lower order streams is influenced by discharge/flow rates 

(Brookshire and Dwire 2003), with little coarse particulate organic matter (CPOM, particles >1 mm) and 

fine particulate organic matter (FPOM, particles <1 mm ≥0.45 µm) transported at baseflow conditions 

(Boling et al. 1975, Bilby and Likens 1979, Wallace et al. 1995, Richardson et al. 2005). Gross transport 

of organic material occurs during flood spates, and large scale flood-induced transport of this material 

may be highly episodic, often leaving very large amounts of organic material stored during the sometimes 

long intervening periods of baseflow conditions (i.e. Brookshire and Dwire 2003, Richardson et al. 2005). 

(Bray and Gorham 1964, Wallace, J B et al. 1982, Speaker et al. 1984) 

                                                 
8 The highest reported litter fall rates are observed in forests of the Congo which produce >1500 gm-2 yr-1 DWT  
 (15 tonnes ha-2 yr-1 DWT) of litter (Bray and Gorham 1964). 
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As a consequence of high bed complexity (and retention), and discharge related transport dynamics, it has 

been demonstrated in the northern Hemisphere that more than half of the organic material entering 

complex lower order streams is retained in the headwater regions (Anderson and Sedell 1979), and the 

duration of this retention and storage in the headwaters is sufficiently long that the entrained material can 

effectively utilised by the aquatic biota (Fisher and Likens 1973, Anderson and Sedell 1979, Minshall et 

al. 1983).  
 
Additional physical barriers such as “dams” of organic material (debris dams, Bilby 1981) are also major 

loci for retention of organic matter in lower order streams, and are formed when sticks (wood less than 

100 mm in diameter) or branches/logs fall into and become lodged in the stream channel (Anderson and 

Sedell 1979, Bilby and Likens 1980, Bilby 1981, Speaker et al. 1984, Webster et al. 1999). Debris dams 

greatly enhance the complexity of the stream-bed, the retention of particulate material (particularly leaf 

litter), they may block stream flow, increase channel width and even decrease the effective local channel 

gradient (Speaker et al. 1984), thus creating pools which further promote accumulation of sticks, leaf 

litter and fine sediments (Bilby and Likens 1980). 
 
Large accumulations of submerged leaves, small twigs and bark are common in the depositional zones of 

the streams of the study area (i.e. pools, at baseflow), while larger woody debris (sticks and branches) 

tend to either accumulate at tree-falls, narrow points of streams, or become wedged between rocks in the 

typically complex stream-beds, thus forming the basis of debris dams. Debris dams may be very large 

indeed (see Keller and Swanson 1979), and in the headwater streams of the study area they are commonly 

encountered. While some are small (0.3 m × 0.1 m × 0.2 m), some are of appreciable size (i.e. mature 

tree-falls as their basis: 5 m × 2 m × 1.5 m) with the total weights of material entrained visually estimated 

at many tonnes. 
 
In addition to acting as retainers of material, these accumulations of organic matter (debris dams) provide 

habitat for aquatic biota (Anderson and Sedell 1979, Webster and Benfield 1986) and become loci for the 

activities of the aquatic invertebrate functional feeding groups, particularly the shredders (Cummins and 

Klug 1979), and microorganisms such as the decomposers (i.e. Barlocher and Kendrick 1974, Berrie 

1976). (Crowl and Covich 1990, Momot 1995, Turvey, P and Merrick 1997, Gherardi 2002, Harrison et al. 2006) 
 
This applies in the study area as E. sulcatus are commonly observed at these leaf accumulations and 

debris dams. Very small, including YOY, E. sulcatus are often found sheltering under submerged leaves, 

branches and other organic debris (presumably only temporary refuges), and it is typical to see crayfish of 

all sizes foraging/feeding at, walking over, burrowing into, or emerging from submerged piles of leaf 

litter in pools (feeding in leaf litter has also been documented in E. urospinosus, Borsboom 1998). Given 

that crayfish are well known as active foragers (Crowl and Covich 1990, Momot 1995, Turvey and 

Merrick 1997, Gherardi 2002, Harrison et al. 2006), it is presumed the crayfish forage within the litter-

piles. Large crayfish utilise the interstices of the larger debris dams as refuges, and have also been 

observed foraging on and feeding at these debris dams on a number of occasions, both on the submerged 

and above-water portions.  
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2.3.3 The Decomposition of Plant-Derived Organic Matter in Freshwater 
 
Decomposition is the major process in the liberation and dissipation of energy bound up in organic 

matter, such as leaf litter, in aquatic systems, and this decomposition is in part facilitated by physico-

chemical pathways such as photo-oxidation; but by far the dominant pathway (>50%) of decomposition is 

through biological mechanisms (Saunders 1976). 
 
After many decades of study, the process of decomposition of terrestrial leaf litter and other plant debris 

in freshwater systems is quite well understood (i.e. Minshall 1967, Kaushik and Hynes 1971, Webster and 

Benfield 1986). While the process of decomposition of larger plant debris such as sticks, branches and 

large logs is similar to that of leaf litter (albeit typically taking far longer, sometimes decades in the case 

of logs, Anderson and Sedell 1979, Webster et al. 1999), in the context of this study, leaf litter is of 

primary interest, and decomposition of the larger debris will not be considered further. 
 
It is recognised that there are 3 different phases in the decomposition of leaves that enter streams: 

leaching, microbial conditioning (hereafter referred to as “conditioning”), and processing (Boling et al. 

1975, Cummins and Klug 1979, Bunn 1986).  
 
There is a substantial difference between a live leaf attached to its source tree, and the same leaf post-

abscission and after 72 hours in water, when it is classified as detritus9 (Kaushik and Hynes 1971, 

Cummins et al. 1973, Barlocher and Kendrick 1975, Boling et al. 1975). Leaching and conditioning are 

the processes that transform plant debris into detritus, thus making them an “attractive” (Anderson and 

Sedell 1979) and more palatable food source to the aquatic biota (Kaushik and Hynes 1971, Crowl et al. 

2006). Processing is where the particle size of the detritus is reduced by biotic and abiotic physical 

abrasion from CPOM to FPOM (Boling et al. 1975, Cummins and Klug 1979) whilst being utilised as food 

source by the aquatic biota, thus being incorporated into the aquatic food web (Webster and Benfield 

1986, Crowl et al. 2006). 
 
The 3 stages that fresh leaves and other plant debris undergo following introduction to the stream are as 

follows (summarised from; Kaushik and Hynes 1971, Cummins et al. 1973, Cummins 1974, Petersen and 

Cummins 1974, Boling et al. 1975, Suberkropp and Klug 1976, Bunn 1986, Webster and Benfield 1986): 
 

1. Leaching: wetting of the leaves initiates a short period (approximately 24 – 48 hrs) of rapid 

weight loss due to the leaching of soluble organic and inorganic compounds into the water. This 

rapid weight loss can account for 5 – 30% of initial dry weight in the first day, and is often 

characterised by exponential or linear decay dynamics. The duration of this process varies 

considerably between leaves of different species, CPOM of different forms (i.e. bark or branches), 

but is not appreciably influenced by low temperatures; 
 

2. Conditioning: after leaching, leaves are rapidly colonised by micro-organisms, principally 

bacteria, protozoans and aquatic hyphomycete fungi: the decomposers. Commonly associated 

with conditioning are appreciable increases in total organic nitrogen content (TON), protein, and 

therefore weight during conditioning. This process of colonisation is usually complete within 1 or 

2 weeks of commencement, and fungi are far more important in this initial period of decay than 

bacteria: therefore the duration of this conditioning is known to vary with local hyphomycete 

fauna assemblages and water temperature; 
  

                                                 
9  Detritus, defined here as: all dead plant matter and its associated microbial elements. 
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3. Processing: the now leached and conditioned detritus is reduced in size from CPOM to FPOM 

largely due to biotic processes10 such as invertebrate-mediated incidental physical abrasion, 

invertebrate feeding/shredding and microbial metabolism: eventually leading to decomposition. 
 
In addition to the differences mentioned above, the degree of in-stream leaching will also differ with the 

condition of the leaves prior to entering the water, as a good deal of leaching can occur in the terrestrial 

environment prior to reaching the stream. The process of leaching can commence before abscission from 

the source plant, and often in the case of laterally transported leaves, the majority of leaching and some 

conditioning may occur on land, and leaves can enter the stream pre-leached and partially or fully 

conditioned (Cummins 1974). 
 
With respect to ecosystem structure and function, the processing, decomposition and consequent 

liberation of energy (including nutrients) from the allochthonous detrital material that enters streams in 

the heterotrophic forested headwaters is a critical step in maintaining ecosystem processes (sensu Fisher 

and Likens 1973, Petersen and Cummins 1974). Without the initial and critical 1st step of biologically 

mediated particle-size reduction from whole leaves to smaller fragments (i.e. facilitating further 

processing by other smaller aquatic biota and eventual decomposition) the energy essential for ecosystem 

function might otherwise remain bound and therefore unavailable for cycling back into the ecosystem, 

possibly be transported out of the system (i.e. in flood spates) or at the very least, be liberated far more 

slowly. 
 
In the context of broader aims of this study (investigating the ecological effect(s) and ecosystem services 

of E. sulcatus) the processing of leaf litter by E. sulcatus will be of primary interest as this quite abundant 

and large species could play a key role in energy and nutrient dynamics in the headwater streams of the 

study area. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
10  Some additional abiotic physical instream abrasion/particle-size reduction is provided due to the effects of 

flowing water. 
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2.3.4 The Shredders 
 
It is widely accepted that invertebrates play a key role in the processing, particularly the initial particle-

size reduction, of terrestrial plant detritus in most freshwater ecosystems (Wallace and Webster 1996, 

Covich et al. 1999). In the context of particle-size reduction, invertebrates belonging to the functional 

feeding group the shredders (sensu Cummins 1974, Cummins and Klug 1979) are of particular 

importance. 
 
The shredder guild includes a wide range of taxa that feed on vascular plant tissue in freshwater 

environments. In most regions of the World the dominant shredders include the Trichoptera 

(Limnephilidae, Lepidostomatidae, Sericostomatidae, Oeconesidae), Plecoptera (Pteronarcidae, 

Peltoperlidae and Nemouridae), some species of dipterans (craneflies) and leptophlebiid mayflies, aquatic 

Coleoptera and Lepidoptera11 (Anderson and Sedell 1979, Cheshire et al. 2005).  
 
There are a number of additional non-insect invertebrates that also fall into the guild of shredders and 

include (but are not limited to) amphipods, isopods, snails, shrimp/prawns and freshwater crayfish 

(Kaushik and Hynes 1971, Anderson and Sedell 1979, Covich et al. 1999, Crowl et al. 2001, Zhang et al. 

2004, Crowl et al. 2006).(Wallace, B J and Webster 1996, Covich et al. 1999) 
 
Shredders typically do not specialise on a given plant species, but rather on appropriately conditioned 

plant material. For some time, there has been a good deal of evidence available suggesting that the 

primary dietary attraction of the shredders is not to the actual leaf substrate itself, but rather the microbial 

biofilms colonising the material, which are of substantially higher nutritional quality than the leaf itself 

(Kaushik and Hynes 1971, Cummins et al. 1973, Cummins 1974, Anderson and Sedell 1979, Crowl et al. 

2006). However, in the context of maintaining ecosystem structure and function (and this study) the 

outcome of the feeding activities of the shredders (i.e. particle-size reduction) is of primary interest, rather 

than the motivation. 
 
Central to the key role of insect and some non-insect shredders in freshwater ecosystems are their 

characteristic high consumption rates (between 16% and 33% of body weight per day for insects) fast gut 

throughput times (as low as 7 minutes in Eurycercus lamellatus (Cladocera)), and low assimilation 

efficiencies (mean efficiencies ranging from 6 to 35% for insects) (Cummins et al. 1973, Berrie 1976, 

Cummins et al. 1989). Assimilation efficiencies in freshwater crayfish are variable depending on diet and 

range from 16% in A. astacus (fed Egera densa) through 90% in C. destructor and Orconectes virilis 

(Hagen) fed high protein formulated diets12 (Momot 1995), up to 97.8% in P. clarkii (fed carp). 
 
As a result of these typical characteristics, shredders can quickly process large quantities of CPOM to 

FPOM, including the production of large quantities of faeces (with very fine particulate-size), with up to 

60% of total food ingested being excreted (Cummins et al. 1989). A considerable literature exists on the 

role of invertebrate faeces in the process of freshwater decomposition, and in short, the passage of 

material through an invertebrate gut greatly increases surface area, and oxygen uptake measurements 

indicate that faeces become a loci for increased microbial activity following excretion, which further 

facilitates the rapid decomposition of the excreted faecal material (Hargrave 1976). 
 
 

 

 

                                                 
11  To mention just a few examples.  
12  And therefore perhaps not reflective of response to a natural diet in the wild, but a useful indication nonetheless. 
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An incidental but important additional effect of shredders in freshwater ecosystems is bioturbation. 

Incidental bioturbation of the detrital pool (i.e. while feeding and moving around) by crayfish promotes 

aerobic decomposition, and leads to re-suspension, transport and redistribution of fine surficial sediment 

particles (Parkyn et al. 1997, Usio and Townsend 2004). Bioturbation has also been demonstrated in 

freshwater shrimp/prawns, and is thought to be particularly important for the recovery of stream benthic 

communities after silt deposition events (Pringle et al. 1993). 
 
In summary, the central role of the shredders in the direct and indirect processing of organic material in 

lotic ecosystems is clear. The process of shredding reduces particle-size of plant debris, thus rendering 

this material which might otherwise remain unavailable, available and amenable to further processing and 

eventual decomposition by other aquatic biota. Of course this study is primarily interested in the effect of 

what is certainly the largest aquatic shredder in the study area: E. sulcatus. 

 

2.3.5 Nutrient Dynamics in Forested Headwater Regions 
 
Cycling of nutrients is considered critical for maintaining the structure and function of the Worlds’ 

ecosystems (Bormann and Likens 1967, Costanza et al. 1997), and in freshwater ecosystems animals 

(including crayfish) play a key role in nutrient dynamics via their direct liberation of nutrients by 

excretion (Covich et al. 1999, Vanni 2002), but also indirect facilitation of nutrient liberation by 

promoting the decomposition of organic matter as previously discussed (i.e. Anderson and Sedell 1979, 

Covich et al. 1999, Crowl et al. 2006). 
 
Animals play a particularly important role in the nutrient dynamics of tropical and sub-tropical rainforests 

as the soils in these regions, that are characterised by high rainfall, are typically well leached and nutrient 

deficient (including in Australia, Webb et al. 1969), and the major nutrient pool is the biomass within 

these systems. The principal pathway of nutrient liberation and recycling is via the decomposition of 

biomass (particularly plant debris) and it is accepted that animal-mediated decomposition of this material 

is key to the nutrient dynamics of these ecosystems (sensu Bormann and Likens 1967, Fisher and Likens 

1973, Crowl et al. 2001). 
 
Appreciable differences are evident between the various forest types in different regions of the World (i.e. 

Vitousek 1984), however nutrient budgets in undisturbed forests are generally viewed as ranging from 

being “tight” (Likens and Bormann 1974) to fully closed, in the case of tropical rainforests (Turvey 1974, 

Brinkmann 1983). 
 
As the majority of the nutrients in these forests are bound in the biomass, any “free” nutrients that are 

liberated due to decomposition of organic matter (or made available through atmospheric and/or 

geological processes such as nitrogen fixation by lightning, or weathering of phosphate-bearing strata) are 

quickly up-taken and cycled back into biomass, particularly vegetation (Witcamp and Ausmus 1976, 

Hedin et al. 2003, Bernhardt et al. 2003). The overall result of this tight nutrient budget is that “leakage” 

of nutrients from undisturbed forested ecosystems is generally a negligible fraction of the total annual 

budget (Likens and Bormann 1974), and even in tropical areas with extremely high rainfall, the annual 

nutrient transport in out-flowing stream water may be as low 1.2% of the total annual nutrient budget of 

the system (Turvey 1974).(Turvey, N D 1974) 
 
Probably the best examples of the nutrient retention capacity of forested ecosystems are provided by the 

series of long term watershed-scale manipulations that commenced in the early 1960s in the Hubbard 

Brook Experimental Forest in New Hampshire (USA).  
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Gene Likens (et al., in numerous studies) provided unambiguous and dramatic evidence of the role that 

vegetation plays in the nutrient cycle of a discrete ecosystem, by quantifying the scale of nutrient 

sequestration provided by a forested headwater ecosystem13. Complete deforestation of an entire 13 ha 

watershed, with all vegetation allowed to decompose in place (and the inhibition of any regrowth for 2 

years) resulted in the loss of dissolved nitrogen (nitrate) from the system via stream water increasing 58-

fold versus pre-treatment levels (Likens 1970, Likens et al. 1970). 
 
The main mechanism in the highly efficient nutrient assimilation and retention that is evident in tropical 

and subtropical rainforests are the often dense networks of surface and subsurface roots/root-mats which 

rapidly uptake (or “strip”) any “free” nutrients liberated or deposited by various processes (i.e. 

decomposition and leaching from decaying organic matter, or atmospheric deposition) (Turvey 1974, 

Witcamp and Ausmus 1976, Brinkmann 1983, Maycock and Congdon 2000). The nutrient stripping 

capacity of these root-mats extends beyond the terrestrial zone into the aquatic zone, as root systems of 

terrestrial riparian vegetation reach into stream channels (Dudgeon 1984).  
 
These submerged “trailing root-mats” strip free nutrients under transport in stream water, and recycle 

them back into the terrestrial vegetation/ecosystem (Likens et al. 1970, Turvey 1974, Dudgeon 1984, 

Howard-Williams and Pickmere 1993). (Likens et al. 1970, Turvey, N D 1974, Dudgeon 1984, Howard-Williams and Pickmere 1993).  

 
In the 4 decades since the early studies of Likens and colleagues, numerous other studies (many from the 

United States) have further advanced our understanding of nutrient retention and dynamics in small 

headwater streams, and have established that lower order streams are far more effective zones of nitrogen 

uptake and retention, compared to the larger waterways further downstream (Alexander et al. 2000, 

Seitzinger et al. 2002, Bernhardt et al. 2003).  
 
As the vast majority (~85%) of the World’s total length of flowing water is located in the small 1st to 3rd 

order streams (Cole 1983), the headwater regions clearly account for the majority of the water-landscape 

interface (Vannote et al. 1980), and in the eastern United States alone, half of the total nitrogen input to 

rivers is estimated to be stripped from the water column in the 1st to 4th order streams (Seitzinger et al. 

2002). 
 
To summarise here, nutrient dynamics in the forests of the World are fairly well understood after some 

decades of study, and the literature clearly establishes the importance of the role of animals in the nutrient 

cycles of these systems, particularly in rainforests. Furthermore, and of particular interest in the context of 

this study, is that in at least some regions of the World it has been established that the extensive networks 

of lower order forested headwater streams are areas of highly effective nutrient recycling. 

 

 

 

 

 

 

 

 

 

 

                                                 
13  Amongst many other things including attenuation of stream discharge rates, export of dissolved solids, and 

moderation of water temperature. 
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2.4 THE GOLD COAST HINTERLAND 
 
The Gold Coast Hinterland of Queensland is essentially the erosional remnants of a large shield volcano 

(The Tweed Volcano), that erupted on the central east coast of Australia approximately 23 million years 

ago (Willmott 1986). The softer basaltic lavas on the rainier eastern side of the volcanic cone have 

eroded, leaving the more resistant, mainly rhyolitic strata, which includes the former volcanos’ central 

plug (the now Mount Warning) and the northern, southern and western sides of the cone which now form 

a partial caldera. The northern rim of the caldera, a line of cliffs running roughly east-west, delineates the 

Queensland – New South Wales border. The Springbrook and Lamington Plateaus are situated on the 

northern slopes of the eroded caldera, with the Tweed Range to the south (figure 2.1). Peaks on the 

caldera extend to 1165 m a.s.l, and are thus classed as mountains. The Gold Coast Hinterland, bordered 

on its east by a coastal plain, is a series of radial ridges extending north from the caldera, to Mount 

Tamborine. This mountainous region, the McPherson Range, extends west to join the Great Dividing 

Range which runs approximately north-south up the east coast of the Continent. 
 

 
Figure 2.1. The Gold Coast Hinterland and environs.                        Source: Google Maps 

 

Soils in the Hinterland area are variable with location and altitude due to stratification of lava flows from 

the Tweed Volcano, and subsequent differential erosion rates. Generally the higher ground around the 

Springbrook and Lamington Plateaus is characterised by infertile rhyolitic soils, with some intervening 

patches of more fertile red basaltic soil, which is typical at lower altitudes, particularly in the valleys of 

the area (Willmott 1986, 2004). (Willmott, W F 1986, Willmott, W 2004). 
 
The Gold Coast Hinterland and McPherson Ranges contain the largest reserves of subtropical rainforest 

in the World, and the area is part of the “Gondwana Rainforests of Australia” (formerly the “Central 

Eastern Rainforest Reserves Australia” (CERRA)), a declared World Heritage estate. The majority of the 

subtropical rainforest in the area is contained in National Parks, although appreciable areas of subtropical 

rainforest occur on privately owned properties.  
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According to Hynes (1986) the geographical area of this study is included in what he considered one of 

the finest, and last, places on Earth to conduct lower order stream research in undisturbed habitats, and is 

an area perhaps only rivalled by parts of the Andean chain of South America. 
 
The areas’ climate is dominated largely by the prevailing south easterly winds, which provide an annual 

average rainfall in the area between 1600 mm and 4000 mm depending on altitude and exposure to the 

prevailing winds. Seventy percent of the total annual rainfall occurs between December and May, the 

wettest 6 months. Mean annual air temperature is around 20°C at low altitude and somewhat lower at 

elevation, for example mean annual temperature is 14°C at 800 m a.s.l. on the Springbrook Plateau 

(Wild, unpublished data).  
 
As a result of the high rainfall, the Gold Coast Hinterland, but particularly the Springbrook and 

Lamington Plateaus, are the source of numerous small permanent spring-fed, and additional ephemeral 

streams in the upper catchments of the water supply for the City of the Gold Coast. These streams drain 

into two municipal water supply reservoirs: the Hinze and Little Nerang Dams. 
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2.4.1 Streams of the Gold Coast Hinterland 
 
The 1st – 3rd order headwater streams >300 m a.s.l. that were of central interest in this study range in size 

from very small 1st order streams (little more than trickles of water at or near the springs), through to 

quite large 3rd order streams (pools 5 m wide and 1 m deep) lower in the catchments. Provided that 

streams feature a vegetative canopy, and are at least partially shaded, E. sulcatus are capable of inhabiting 

the entire length of the streams, including the “trickles” at the springs (figures 2.2, 2.3 and 2.4). 

 

 
Figure 2.2. Typical 1st order Hinterland Stream. EE-Jung Creek at Springbrook, altitude 790 m a.s.l. 

 

 

 

 

 



Chapter 2 – Literature Review 

 32 

 
Figure 2.3. Typical 2nd order Hinterland Stream. Boyull Creek at Springbrook, altitude 780 m a.s.l. 
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Figure 2.4. Typical 3rd order Hinterland Stream. West Branch Canungra Creek at Lamington National Park, altitude 
~880 m a.s.l.                   Photo: Wild 
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3 Population Estimate 
 

3.1 INTRODUCTION 
 

3.1.1 Abundance and Population Densities of Freshwater Crayfish  
 
As previously outlined, freshwater crayfish can be highly abundant (e.g. Matthews and Reynolds 1992) to 

the point of dominating the biomass in freshwater systems (Mason 1975, Huryn and Wallace 1987, 

Momot 1995, Nystrom 2002), and can occur in very dense populations, 77 m-2 for O. limosus (Nystrom 

2002). (Honan and Mitchell 1995, Hamr 1996, 2008) 
 
While density estimates are scarce, species from Australian genera that are found in high altitude and/or 

cool-water habitats (i.e. Astacopsis and Euastacus, which are typically slow growing and often long lived) 

tend to have much lower densities compared to those from lower altitudes and/or warmer habitats such as 

Cherax sp. (Hamr 1996, Furse and Wild 2004, Hamr 2008). Although Euastacus is the largest of the 

Australian genera with 49 species described (Coughran 2008, McCormack and Coughran 2008, Coughran 

and Furse 2010, Furse and Coughran 2010 In press-a), only 2 comparable density estimates are currently 

available for Euastacus, and as reported in the case of E. gumar, may occur at moderately high densities 

in small headwater streams (table 3.1). 
 
Table 3.1. Density estimates for various Australian freshwater crayfish species. 
 

Species Country Habitat Type 
Density 

(animals m
-2

) 
Reference 

Astacopsis franklinii  Australia Stream 1.2 – 2.8 Hamr 2008 

Astacopsis gouldi Australia Stream 0.23 – 0.32 Hamr 1996 

Cherax destructor  Australia Farm dam 1.88 – 20.08 Nystrom 2002 

Euastacus bispinosus  Australia River 0.32* Honan and Mitchell 1995 

Euastacus gumar  Australia Stream 5.0** Coughran 2009b 

 
*Honan and Mitchell’s estimate was for crayfish >85 mm OCL only, and reported their density estimate in crayfish 
per m of stream bank with a 95% C.I. of 0.23 to 0.46 crayfish per m of stream bank (i.e. 1 crayfish per 2 – 5 m of 
stream bank). 
**Coughran’s estimate was for crayfish >15 mm OCL, and reported his estimate in crayfish per linear meter. He 
also noted his estimate requires cautious interpretation due to the inherent non-randomness of the sampling 
technique required in the streams he sampled (i.e. burrow excavation and rock turning), and his “leave no stone 
unturned approach” (Coughran 2009a pers. comm.). (Coughran 2009b) 
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3.1.2 Feeding Habits and Ecological Effects of Freshwater Crayfish 
 
Crayfish are widely recognised as polytrophic omnivores (Momot et al. 1978, Momot 1995, Nystrom 

2002), it is well documented that freshwater crayfish exhibit feeding habits and preferences that are 

typically associated with detritivory, herbivory and carnivory, and these highly mobile animals are indeed 

very well adapted to generalist feeding (Goddard 1988, Nystrom 2002, Holdich 2002). As previously 

presented in the introductory chapters, this well describes E. sulcatus which is a generalist feeder and has 

been observed to readily accept a wide variety of natural, supplementary, and some distinctly unnatural 

foods (e.g. Furse and Wild 2004). 
 
These highly mobile generalist feeders may consume a large proportion of their bodyweight in food per 

day (up to 26% bodyweight d-1 in juvenile P. leniusculus; Warner and Green 1995), although daily 

consumption rates vary considerably (along with dietary preferences) in accord with a numbers of factors 

including the age of crayfish, the nutritional quality of food, and moult status (Goddard 1988, Momot 

1995, Warner and Green 1995, Furse and Wild 2004). (Jones et al. 1994) 
 
Due to the combination of high abundance, large body size, generalist feeding habits and effects of other 

day-to-day activities such as burrowing (e.g. Richardson 1983, Stone 1993, Statzner et al. 2000) 

freshwater crayfish are well known as organisms that have the capacity to exert very strong 

physical/structural effects on the habitats they occupy (Abrahamsson 1966, Lodge et al. 1985, Dorn and 

Wojdak 2004). 
 
The direct and indirect ecological effects of freshwater crayfish include, controlling the abundance of 

aquatic vegetation and aquatic organisms (tadpoles, non-crayfish invertebrates, and fish; Abrahamsson 

1966, Lodge et al. 1985, Coffey and Clayton 1988, Chambers et al. 1990, Nystrom et al. 1996), playing 

key roles in trophic dynamics (Rabeni 1985, Huryn and Wallace 1987, Hogger 1988, Momot 1995), 

maintaining niches and facilitating other biota (microalgae and insects; Creed 1994), acting as shredders 

and processors of leaf litter (Anderson and Sedell 1979, Huryn and Wallace 1987, Parkyn et al. 1997, 

Usio and Townsend 2004), and as “geomorphic agents” by promoting soil mixing, erosion and 

redistribution of stream-bed substrates and fine surficial sediments (Stone 1993, Collier et al. 1997, 

Statzner et al. 2000, Statzner et al. 2003, Zhang et al. 2004). 
 
A number of workers investigating the ecological roles of freshwater crayfish concluded that the effects 

of these animals were sufficiently strong that a designation of “keystone species” (sensu Krebs 1994) was 

warranted (Creed 1994, Collier et al. 1997, Parkyn et al. 1997, Usio and Townsend 2001, Creed and Reed 

2004), and since the mid 1990s an increasingly large number of studies have reported that freshwater 

crayfish fulfil the criterion, and are indeed effective “ecosystem-engineers14” (Usio and Townsend 2002, 

Statzner et al. 2003, Creed and Reed 2004, Zhang et al. 2004). 
 
Our understanding of the ecological and ecosystem engineering effect(s) of the Australian freshwater 

crayfish fauna is incomplete, and the overall objective of this thesis is to investigate the ecological role 

and ecosystem-engineering capacity of one of the larger Euastacus species. 

                                                 
14  Ecosystem engineering, Jones et al. (1994). 
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3.1.3 Euastacus sulcatus 
 
Euastacus sulcatus inhabits suitably forested headwater streams >300 m a.s.l. in the Hinterland of the 

Gold Coast where suitable habitat is restricted to a small number of locations. The largest areas of 

suitable habitat, and main populations of crayfish, are located in the Lamington and Springbrook areas, 

with a small population located mid-way between at Natural Bridge. In 2003 and 2009, it was confirmed 

that an isolated population of crayfish persists ~30 km to the north of the main areas of habitat at Mount 

Tamborine, an area heavily disturbed by land-use management practices (mainly agriculture and 

residential developments). 
 
The distribution of this species also extends across the Qld border, south into northern NSW (Coughran et 

al. 2008), but the centre, and the vast majority of this species’ distribution is within Qld. Furthermore, the 

border that separates the Qld and NSW populations is mainly vertical, or near vertical cliffs (in places 

>600 m high) largely isolating the populations either side of the border. 
 
Colouration of specimens differs between locations with the Springbrook, Natural Bridge and Lamington 

populations all a distinct blue, to the south in NSW colouration tends towards red/reddish-brown, in the 

west green-brown, to the northwest red, and to the north both the blue, and more recently the red form, 

are reported to be found at Mount Tamborine (Morgan 1988, Coughran 2009a pers. comm.). 
 
Considering the apparent isolation, and distinct differences in spination, setation and coloration between 

the various populations (while acknowledging that colouration is not a reliable diagnostic characteristic), 

Coughran and Furse (2010) speculated that genetic analysis may reveal these populations are in fact 

distinct taxa.  
 
Given the above (and logistical limitations), this study concentrated on the main population centre of this 

species (the Springbrook-Lamington area), and the populations situated at the extremes of the species’ 

geographical distribution were not included in this study. 
 
While early indications were that E. sulcatus was not a highly abundant species (Furse and Wild 2002), 

subsequent studies have revealed that E. sulcatus may be locally very abundant indeed, appears to occur 

in quite high densities (i.e. Furse et al. 2004, Wild and Furse 2004, Furse et al. 2006), and it seems that 

the population size of this species in the Gold Coast Hinterland may be quite substantial. 
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3.1.4 Aim and Rationale 
 
The aim of this study is to obtain an estimate of the population size, specific-density, and total biomass of 

E. sulcatus within the species’ altitudinal range (>300 m a.s.l.) in the lower order (stream order, sensu 

Horton 1932) forested headwater streams of the Gold Coast Hinterland. 
 
The rationale for estimating the species’ population size, is that if the species is abundant, and occurs in 

high densities, it might play a key role in maintaining ecosystem processes in the headwater streams of 

the area, especially considering the strong ecological effects of crayfish that have been reported 

elsewhere. 
 
The effect of E. sulcatus on the release of nutrients, shredding of organic leaf litter, and instream 

mobilisation and export of materials will be examined elsewhere in this thesis (chapters 4 and 5), and 

obtaining an estimate of the population size of the species will allow the species' ecological effect in the 

headwater streams of the Gold Coast Hinterland to be calculated/estimated. 
 
While they are subsidiary to the main objectives of this study as a whole, the rationales for obtaining 

estimates of specific-density, and total biomass, are to allow comparison with density estimates calculated 

by other workers for other species of freshwater crayfish (including Euastacus), and in the case of 

biomass, obtaining an estimate of the total biomass of E. sulcatus may in time allow investigations to 

determine if E. sulcatus dominates animal biomass in the streams of the area, as has been previously 

reported for freshwater crayfish species elsewhere. 
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3.2 METHOD 
 
In order to estimate the population size, specific-density, and total biomass of E. sulcatus, a series of year-

round standardised-effort field sampling surveys were conducted in sections of a representative selection 

of lower order streams in the Gold Coast Hinterland (hereafter, “the study area”). The aim of the field 

sampling surveys were to obtain an absolute measure of the total number and biomass of crayfish in a 

standard length of stream (i.e. the number and weight of crayfish per unit area), in a representative 

selection of typical habitats for this species, at different locations within its known range in the study area. 
 
Given that this species inhabits streams that range from very small, shallow 1st order (<1 m wide and 

<100 mm deep) through to larger and deeper 3rd order (5 m wide and 1 m deep), a sampling technique 

that was suitable for use in all sections, of all streams, across the study area needed to be developed in 

order to standardise the sampling effort, and allow a representative census of crayfish per unit area to be 

obtained. 
 
A measure of the total amount of suitable, and available, crayfish habitat in the study area was obtained 

by calculating the total length of stream-kilometres, within the species’ altitudinal and geographical 

range, in the study area using a Geographic Information Systems package. 
 
A representative measure of crayfish abundance and biomass per unit area, multiplied by the total 

available area of habitat will give an estimate of the population size and biomass of E. sulcatus in the 

Gold Coast Hinterland. 

 

3.2.1 Selection and Details of Sampling Sites  
 
Sampling sites were sections of stream (hereafter a STREAM SECTION) situated in 2 main localities, 

Springbrook and Lamington, with a single site midway between at Natural Bridge (figure 3.1). A total of 

18 STREAM SECTIONS were selected at these localities on the following bases: 
 

• they were within the species’ altitudinal range (≥300 m a.s.l.); 

• they were in a number of different streams, in distinct catchments, and different localities; 

• they were a representative selection of typical 1st – 3rd order streams in the study area;  

• they included all typical stream morphologies (i.e. pools, riffles, and pool-riffle15 complexes), and 

underlying geology (i.e. both earthern and bedrock stream-beds); 

• they were in a representative selection of typical vegetation types in the study area (i.e. sub-

tropical rainforest, wet sclerophyll forest, and mountain scrub thicket); 

• they included a representative selection of current land-use management practices (i.e. pristine 

vegetation in National Parks, and pristine and regenerating vegetation on private properties); and 

• access to the STREAM SECTIONS was possible in a timely fashion (i.e. 2 – 3 hours walk). 
 
STREAM SECTIONS were not selected in heavily disturbed areas (i.e. under heavy agriculture, cattle 

farms), or where riparian vegetation had been totally cleared, as heavily disturbed areas are not 

representative of the area of study. However some of the STREAM SECTIONS that were selected, were 

located in streams with semi-intact, regenerating, or intact pristine riparian vegetation but were adjacent 

to or downstream from small residential dwellings, a small hobby-farm, or ecotourism accommodation 

facilities. 

                                                 
15 The lower order streams of the study area have very few runs, they are usually restricted to streams above 4th 

order. 
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These STREAM SECTIONS were included as they were representative of typical streams, and land-use 

management practices, in some areas within the species’ range, and previous studies have indicated that 

similar streams are inhabited by “healthy” populations of E. sulcatus. The population at Mt Tamborine 

was not included in this study, as the population was only discovered after the study had commenced, and 

it was located in a very heavily disturbed area. 

 

 
Figure 3.1. Map of southeast Queensland and northern New South Wales showing localities surveyed, major 

Queensland waterways and streams above 300 m a.s.l. Note: all minor waterways/streams <300 m a.s.l. have 
been omitted.  
 

Every STREAM SECTION was a 10 m long section of stream. Ten meters was adopted as the length of the 

STREAM SECTIONS as 10 m was sufficient to encompass the riffle-pool-riffle complexes and the largest 

pools typical in the area. In addition, 10 m was the longest section of stream that 2 people could 

thoroughly sample while still monitoring the up and downstream ends for immigration/emigration of 

animals. 

Map Prepared by: James M. Furse  
Data Source: The Australian Rivers 
Institute, and Griffith School of 
Environment  
Projection: UTM  
Datum: GDA 94 Zone 56 
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The location of all STREAM SECTIONS were determined on the 1st sampling event, with the upstream and 

downstream extremities of STREAM SECTION marked with either high visibility flagging tape attached to 

adjacent trees (or when in National Parks, more discrete green16 string), to allow location of the same 

STREAM SECTION in future (table 3.2). 

 

                                                 
16  One of the many conditions of the Scientific Purposes Permit required for working in Queensland National Parks 

was to be “discrete” with all collection activities (i.e. no evidence of trapping whatsoever, including trapping 
equipment/nets, to be visible to members of the public at any time).  
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Table 3.2. Population Estimate: Details of stream sections surveyed. 
 

SECTION 

Number 
Locality 

Stream Name and Land Tenure  

National Park (NP), Private Property (PP) 

Altitude 

(m a.s.l.) 

Stream 

Order 
Land Status  Land Use  Vegetation Type Site Description 

1 Springbrook Mundora Creek (NP) 835 1st Pristine Conservation Subtropical Rainforest Riffle-Pool 

2 Springbrook Mundora Creek (PP) 820 1st  Pristine Conservation Subtropical Rainforest Pool 

3 Springbrook Eejung Creek (PP) 790 1st  Pristine Residential Subtropical Rainforest Riffle-Pool 

4 Lamington Canungra Creek (NP) 790 3rd  Pristine Conservation Subtropical Rainforest Pool-Riffle 

5 Springbrook Eejung Creek (NP) 780 1st  Pristine Conservation Wet Sclerophyll Forest  Pool 

6 Springbrook Rush Creek (PP) 820 2nd Regenerating  None Subtropical Rainforest Riffle 

7 
Springbrook Mundora Creek (PP) 810 2nd  Regenerating Hobby Farm Subtropical Rainforest Pool-Riffle 

8 Natural Bridge Cave Creek (NP) 320 2nd  Pristine Conservation Subtropical Rainforest Riffle 

9 Springbrook Mundora Creek (NP) 840 1st  Pristine  Conservation Subtropical Rainforest Riffle-Pool-Riffle 

10 Lamington Morans Creek (PP) 760 1st  Pristine Ecotourism Subtropical Rainforest Pool-Riffle 

11 Lamington Morans Creek (PP) 790 1st  Pristine  Ecotourism Subtropical Rainforest Pool 

12 Springbrook 
East Branch Little Nerang Creek (NP) 

(Unnamed Tributary) 
770 2nd  Pristine Conservation Wet Sclerophyll Forest Pool-Riffle-Pool 

13 Springbrook East Branch Little Nerang Creek (NP) 300 3rd  Pristine Conservation Subtropical Rainforest Pool 

14 Springbrook Mundora Creek (NP) 360 2nd Pristine Conservation Subtropical Rainforest Riffle-Pool 

15 Lamington Canungra Creek (NP) 680 3rd  Pristine  Conservation Subtropical Rainforest Pool 

16 Lamington West Branch Canungra Creek (NP) 820 3rd  Pristine  Conservation Subtropical Rainforest Pool 

17 Springbrook 
East Branch Little Nerang Creek (PP)  

(Unnamed Tributary) 
780 1st  Regenerating None Mountain Scrub Thicket Riffle-Pool-Riffle 

18 Springbrook Boyull Creek (NP) 780 2nd  Pristine Ecotourism Wet Sclerophyll Forest Pool-Riffle 

4
6
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3.2.2 Sampling Surveys: Protocol  
 
The sampling method developed and adopted was a capture-mark-release depletion method (similar to 

that employed in Wild and Furse 2004), and this method was designed to catch all possible “catchable” 

crayfish in a section of stream. As this species is mainly diurnal (Furse et al. 2006), sampling was 

conducted during daylight hours only. Typically, two STREAM SECTIONS were sampled per day, one in the 

morning and one in the afternoon, and the following sampling protocol was applied on all sampling 

surveys. 
 
The STREAM SECTION was baited with 10 bait-tubes containing canned dog food (“Beef Pal-Puppy” 

brand), and baits were distributed haphazardly throughout the STREAM SECTION. Bait-tubes (baits) were 

80 mm long sections of 25 ∅ mm white uPVC pipe with both ends covered with fibreglass insect mesh 

(1.5 mm mesh size, figure 3.2). Lines could be attached to baits to facilitate placement and retrieval, stop 

baits falling between rocks, and/or stop baits being taken/stolen by crayfish. When crayfish emerged from 

refuges, or approached the baits to feed, they were either netted using a hand net (3 mm mesh size), or 

sometimes, in the case of the largest crayfish, captured by hand. The baits were moved around within the 

STREAM SECTION as required/periodically to ensure the entire area was thoroughly exposed to the baits. 

 

 
 

Figure 3.2. Bait-tubes. 

 

After capture, crayfish were weighed, measured, marked with a single small dot of paint (Artline 440, 1.2 

mm Paint Marker) on the dorsal surface of the carapace (to avoid any re-sampling of individuals on that 

day) and released unharmed at point of capture. Yellow paint was used in 2001, white paint in 2002, and 

two yellow dots were used in 2003. Only crayfish that were actually captured were included in the 

census/count, but the numbers of uncatchable and/or any crayfish that were missed were recorded. All 

sampling surveys were 3 hours in duration, giving a standard sampling effort of 30 “bait-hours” for all 

stream surveys. The 3 hour duration of sampling was adopted as it was previously established in a small 

series of test-surveys that 3 hours was sufficient to capture and mark (i.e. deplete) all catchable crayfish in 

a 10 m section of stream. In the test-surveys additional sampling beyond 3 hours resulted only in 

recaptures, rarely otherwise. 
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In order to ensure that all crayfish that responded to the baits (or were active) in a STREAM SECTION were 

detected, and captured, all sampling surveys were conducted by the same 2 people (both experienced in 

spotting, capturing and handling E. sulcatus). Occasionally an additional person would accompany 

sampling surveys, but were instructed to observe only, and not participate in the actual spotting or capture 

of crayfish (i.e. to not de-standardise the sampling protocol). 
 
As the sampling method/technique adopted relied on the trapping team being able to spot the crayfish, 

sampling was not conducted in rain, as visibility/detectability of crayfish was impaired by raindrops 

disturbing the water’s surface.  
 
More traditional capture methods were considered (i.e. using baited traps or seine-nets), however neither 

of these methods was suitable for consistent and standardised application in all of the stream types in the 

study area. For example, traps that would be suitable for use in 3rd order streams would not even fully 

submerge in some of the smaller 1st order streams that were <150 mm deep, the same problems with 

consistency of application would also apply if using seine-nets.  
 
Electrofishing would probably be suitable for application/use in more streams types than traps or seine-

nets, however electrofishing was not employed as it was unlikely to facilitate, or allow, capture of 

crayfish that were in burrows or refuges. As E. sulcatus typically spend a good deal of time hiding in 

burrows/refuges, and need to be lured out to allow capture, electrofishing would almost certainly result in 

crayfish being stunned while in their refuges, leading to an underestimate of crayfish numbers. 

Furthermore, the streams in the study area are inhabited by platypus (Ornithorhynchus anatinus 

(Monotremata, Mammalia)), and electroshocking in the vicinity of these animals is not recommended in 

the Australian Code of Electrofishing Practice (Fisheries NSW 1997). Finally, and in part due to the risks 

to platypus, it was doubtful if permission would be given to conduct electrofishing in Queensland 

National Parks.  
 
The baiting method employed was analogous to using traditional baited traps, but simply dispensing with 

the trap itself, and relying on the attractant properties of the bait. Dispensing with traps had the advantage 

of avoiding the many biases and problems that are associated with “unattended” trapping methods, such 

as trap-shyness, in-trap cannibalism, escapism, and size and gender-selectivity (e.g. Mitchell et al. 1994, 

Rabeni et al. 1997). Additionally, the risk of traps being damaged, washed away, or lost in flood spates, 

or being interfered with (or stolen) by members of the public, is eliminated. (NSW Fisheries 1997) 
 
The dog-food bait used in this study has proven a successful crayfish attractant in a number of previous 

studies on this species, the bait has a consistency similar to thick gravy/porridge/oatmeal and a small 

particle size (<3 mm). This results in a cloud of fine particulates emitting from the baits when placed in 

the water. 
 
Beyond a small dot of paint on the carapace, this method does not require that animals be harmed by tail-

clipping (or potentially harmed by elastomer or PIT tagging techniques) which is an important 

consideration if studying rare and endangered species, or when applying for permission to conduct 

scientific research in National Parks in Queensland17, or elsewhere. 
 
This method would appear no more labour intensive than two people setting and collecting traditional 

traps or using a seine-net It is inexpensive (i.e. the cost of consumables for surveying one 

STREAM SECTION, was the negligible wear-and-tear on hand nets, and ~US$0.50 for a can of dog-food), 

                                                 
17  Prior to applying for the Scientific Purposes Permit, the author was advised that permission to permanently mark 

(or harm) crayfish in Queensland National Parks was unlikely to be granted. 
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the method is highly “portable” and logistically uncomplicated, in that the need to transport large amounts 

of equipment between sampling sites is eliminated.  
 
This method is particularly well suited for use in National Parks, as in the absence of traditional trapping-

gear, it is highly discrete18.  
 
There were however a number of assumptions associated with the baiting method employed in this study 

(many of which would also apply if conventional traps were used): 
 
1. all crayfish were equally likely to detect and respond to the bait used; 

2. differing instream flow rates did not alter the effectiveness of the bait, or detectability of the bait by 

crayfish; 

3. the early-to-mid morning and early-to-mid afternoon timing of sampling surveys allowed collection 

of a representative sample of the smallest crayfish in Summer, when their activity peaks around 

midnight, falling to a minimum at around midday (as reported by Furse et al. 2006); 

4. the proportion of crayfish detecting and responding to baits was equal across all stream types/orders; 

5. the presence and activities of the larger crayfish in Summer and Autumn did not inhibit the 

catchability of the smaller crayfish (i.e. smaller crayfish did not become cryptic, or bait-shy due to the 

presence of the larger crayfish);  

6. crayfish did not become lastingly bait-shy after being captured, handled, measured and released; and 

7. visual detection of the crayfish by the catchers was constant across all stream types. 

 

This survey method confers a number of advantages over traditional mark-recapture relative 

population/density estimation techniques (i.e. Petersen/Lincoln, or Seber Methods) as it avoids the many 

critical assumptions that are associated with calculating relative measures of species abundance (Krebs 

1994, Schwarz and Seber 1999), and using this method, the number of crayfish captured on each survey is 

absolute and unambiguous. In particular, this method is more effective, in that the low recapture rates 

common in mark-recapture studies are avoided: Coughran’s (2009b) mean monthly recapture rate for E. 

gumar was only 16% over 2 years. 
 
This species of crayfish reacts strongly to being tail-clipped (the crayfish obviously feel it, as they are 

typically galvanised, and “hiss” loudly upon clipping), if their behaviour is sufficiently sophisticated 

enough that they feel being clipped, it could conceivably be sophisticated enough that they might in future 

avoid places (or situations) where it occurred (i.e. becoming bait-shy), and therefore any assumptions 

about even mixing of the population would not be satisfied. Fright responses have been reported in other 

mark-recapture studies of freshwater crayfish (Robinson et al. 2000, Nowicki et al. 2008). 
 
In addition, given the highly mobile nature of this species, and its ability to move both within stream 

systems, and considerable distances overland (Morgan 1988, Furse et al. 2004), it is difficult to see how 

traditional mark-recapture techniques could be applied to obtaining a census of the stream, as the capture 

area would effectively be “open-ended”, and the mixing distance over any period of time would be 

unknown. It is doubtful the assumptions of even mixing of the population could ever be satisfied with a 

species that moves up and down streams to an unknown extent, and even “wanders” overland around the 

mountains (Riek 1951). 

 

                                                 
18  In order to comply with the conditions specified for working in Queensland National Parks, the hand nets used in 

this study were 1.4 m long wooden walking sticks, modified to allow the removal of the net-head when transiting 
the more public areas of the parks while en-route the sites being surveyed. 
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3.2.3 Sampling Schedule: Streams and Seasons 
 
There were a number of streams that contained more than one STREAM SECTION, and in some cases (i.e. 

Morans Creek at Lamington) both STREAM SECTIONS were always sampled on the same day (for 

logistical reasons). If more than one STREAM SECTION was sampled in the same stream, on the same day, 

the furthest downstream was sampled first. Given the strong attractant properties of the bait, sampling 

upstream STREAM SECTIONS first was avoided as it was possible crayfish a fair distance downstream 

could respond to the scent of the bait (i.e. result in upstream migration of crayfish), and therefore de-

standardise or influence the census in the downstream STREAM SECTION. 
 
As the activity of E. sulcatus is known to vary considerably with season (Furse et al. 2006) sampling was 

conducted throughout the year, in all 4 seasons, and it was attempted to survey each STREAM SECTION 

4 times per year (i.e. in each season). 

 

3.2.4 Sampling Surveys: Variables of Interest  
  
Of primary interest in this study was the number of crayfish in each 10 m length of stream, however a 

number of additional STREAM SECTION and crayfish variables were measured and recorded on all 

sampling surveys (table 3.3).  
 
Table 3.3. STREAM SECTION (predictor) and Crayfish (response) Variables Recorded: Explanation, units and 
comments. 
 

Category  
of  

Variables 
Name of Variable Explanation of Variable, Comments and Equipment Used  Units 

SECTION LENGTH  The total wetted length of the SECTION  m 

SECTION WIDTH 
The average wetted width of the SECTION (average of 3 
measurements)  

m 

WATER DEPTH 
The average depth of water in the SECTION (average of 3 
measurements)  

m 

WATER TEMPERATURE 
The temperature of the water: TPS PTY Ltd LC-80 Digital 
Thermometer 

°C 

AIR TEMPERATURE  
The temperature of the air: TPS PTY Ltd LC-80 Digital 
Thermometer 

°C 

ALTITUDE 
The altitude of the SECTION. Determined from 1:50000 

topographical maps* 
m 

STREAM 

SECTION 
Variables 

STREAM ORDER  
The order of each STREAM SECTION. Determined by ground 
survey and/or 1:50000 topographical maps 

1st, 2nd or 
3rd  

CRAYFISH OCL 
The Occipital-Carapace length of the crayfish, to the nearest 
0.5 mm using vernier calipers 

mm 

CRAYFISH OAL  
The Overall Length of crayfish (tip of chelae to end of telson) 
to the nearest 0.5 mm using Vernier calipers** 

mm 

CRAYFISH WEIGHT 
The blotted wet-weight (WWT) of crayfish 
• Electronic field balance (250 g capacity) to nearest 0.1 g 
• Spring balance (1 kg capacity) to nearest g 

g 

Crayfish 
Variables 

GENDER  
Where gender of very small crayfish could not be determined 
with certainty “J” was recorded (i.e. juvenile) 

M, F or J 

 
*Overhead vegetation and/or steep terrain in the study area typically results in nil or poor GPS-satellite reception.  
**In those cases where crayfish were larger than the vernier calipers, OAL was measured with a tape measure to the 
nearest 0.5 mm.  



Chapter 3 – Population Estimate 

 51

Occipital-Carapace length of crayfish was adopted as the measure of specimen size in this study as 

E. sulcatus sometimes have damaged or missing rostrums (as is reported in other Euastacus species, 

Morgan 1986) which eliminates the possibility of measuring Carapace Length. In addition, OCL is 

commonly used in studies of other species in the genus, and keeping results directly comparable is always 

desirable. While the overall length of crayfish is not a typical, or reliable, measure of specimen size 

(errors in measurement are possible due to any flexing of the animal), it was recorded in this case simply 

to obtain a rough measure of the maximum overall size this species attains. (Morgan 1986) 
 
In addition to the variables listed in table 3.3., the time of capture of the individual crayfish was recorded, 

and additional notes on general condition of captured animals were recorded where required (i.e. evidence 

of moulting (soft exoskeletons), berried females, and any obvious damage or missing appendages). 

General observations on weather conditions, and condition of each STREAM SECTION (i.e. amount of leaf 

litter present, high/low stream flow rates, tree falls, and water clarity) were also recorded. 
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3.2.5 Data Assessment and Statistical Analysis. 
 

3.2.5.1 Objective 
 
The aim of this study was to obtain a population size estimate, a measure of specific-density, and total 

biomass for E. sulcatus within its altitudinal and geographic range in the Gold Coast Hinterland. An 

estimate of the population size was required in order to allow calculation of the gross ecological effect of 

the species on nutrient liberation, particle-size reduction of organic material, and the in-stream 

mobilisation and export of materials that are examined in subsequent chapters of this thesis. A specific-

density estimate will allow comparison with density estimates for other species of crayfish, particularly 

Euastacus, while an estimate of total biomass will provide the basis for possible future investigations to 

determine if this species dominates in-stream animal biomass. 

 

3.2.5.2 Statistical Analysis: Strategy and Outline  
 
The surveys of the STREAM SECTIONS were conducted in 3 different localities, at differing altitudes, over 

3 years, in 4 different seasons, and in 3 different orders/size of streams. Given that previous studies have 

established that activity of this species (including the size/size-structure of active crayfish) is influenced 

by season (i.e. Furse et al. 2006), and the species appears to respond to fluctuating in-stream water levels 

(i.e. effects of drought, Furse et al. 2004), any of the predictor variables mentioned above could 

potentially have strong effects on both the size-distribution of the crayfish captured (i.e. CRAYFISH OCLs), 

and/or the number of crayfish captured in a STREAM SECTION (i.e. Catch Per Unit Effort (CPUE)), and 

biomass. 
 
Therefore prior to actually calculating/estimating the population size, a series of preliminary assessments 

for any effects of the various predictor variables were required, so that appropriate allowances or 

corrections could be applied to the data if necessary. 
 
The nature of the data set required a 2-step preliminary assessment routine, the first step was to 

investigate if the OCL-distributions of crayfish were influenced by location, year, season, or the order of 

the stream where they were captured. The second step was to investigate if the numbers and biomass of 

crayfish captured were related to the locality of capture, ALTITUDE, SECTION WIDTH, WATER or AIR 

TEMPERATURES, or STREAM ORDER. 
 
Following the preliminary data assessment routine, the actual population estimation, and biomass 

calculation procedures were performed, making allowances/correcting as required, for any predictor 

variables identified as significant in the preliminary assessments. Each of the steps in preliminary 

assessments, and the final population estimation are outlined individually in the following sections. 

Unless otherwise stated, all statistical analysis were performed using STATISTICA (Version 7) for 

Windows (StatSoft 2005). 
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3.2.5.3 Preliminary Data Assessment Procedure  
 
1. Assessment of OCL Distributions 
 
The raw CRAYFISH OCL data were partitioned into localities of capture, years, seasons and stream orders, 

plotted separately on histograms, and the distributions examined for normality. Square-root (i.e. y ) 

transformations were applied to the OCL data to correct skewness. The transformed OCL data were 

categorised into 6 size-classes (OCL groups), and the histograms were replotted using the transformed-

categorised data.  
 
Histograms were examined for any obvious differences in distributions between localities, years, seasons, 

and stream orders, and a series of Kolmogorov-Smirnov 2-sample tests (K-S test) (after Siegel and 

Castellan 1988, implemented in Excel®) were used to compare OCL groups versus the various predictor 

variables.  
 
In a statistical sense the OCL data were somewhat awkward to analyse given that a number of multiple 

comparisons were required between years, seasons, and stream orders. As multiple comparisons such as 

those required between localities (3 comparisons), years (3 comparisons), seasons (7 comparisons), and 

stream orders (3 comparisons) typically lead to increased Type II error, the α-value of 0.05 was corrected 

using the Bonferroni Adjustment for each of the multiple comparisons. 

 

2. Calculation and Assessment of Numbers of Crayfish Captured (CPUE)  
 
The specific CPUE was calculated for all 67 stream surveys, any differences in CPUE between the 3 

localities surveyed were investigated by comparing a Boxplot of CPUE at each of the 3 localities, and a 

GLM-ANOVA was used to assess for any significant differences in CPUE between localities. 

Comparisons between locations were tested post-hoc using the Tukey HSD-Test. Distribution of residuals 

were examined for normality (normal p-plot), and square-root (i.e. y ) transformations were applied as 

required to the data to correct skewness, and the entire analysis repeated using the transformed data. 
 
Catch Per Unit Effort data were plotted versus ALTITUDE, SECTION WIDTH, WATER TEMPERATURE, and 

AIR TEMPERATURE values recorded on the 67 field surveys with their associated ±95% Confidence 

Intervals (C.I.) on the regression line. The CPUE data were partitioned into the 3 stream orders and re-

plotted versus SECTION WIDTH separately for each stream order with their associated ±95% C.I. 
 
The capacity of ALTITUDE, SECTION WIDTH, WATER TEMPERATURE, AIR TEMPERATURE and stream order 

to explain the observed CPUEs was evaluated using linear regression, using the Simple Regression routine 

of the General Linear Model (GLM-regression) module of STATISTICA. 
 
The same preliminary assessment procedure described here, was applied to the crayfish-biomass data.  

 

 

 

 

 

 

 

 

 



Chapter 3 – Population Estimate 

 54 

3.2.5.4 Population and Biomass Estimation: Method 
 
Similar to the method used to estimate the daily activity cycle of E. sulcatus by Furse et al. (2006), the 

non-linear estimation routine of STATISTICA was used to estimate, by minimising least squares loss 

function, a curvilinear regression best approximating a sinusoidal curve following possible annual cycles 

in the CPUE and biomass of crayfish when plotted against the day of the year (refer Appendix 3.1 for 

mathematical details of the non-linear estimation procedure used here). As the raw data were skewed, the 

non-linear estimation procedures used the square-root transformed (i.e. y transformed) CPUE and 

biomass data. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 3 – Population Estimate 

 55

3.2.5.5 Calculation of Suitable Stream Habitat within Study Area  
 
The total length of suitable stream habitat above 300 m a.s.l., within the species’ geographical range in 

southeast Qld was calculated using a Geographic Information System (GIS) package (ArcView 3.2, ESRI 

1999) as follows. 
 
All rivers and streams within the study area were extracted from the southeast Queensland Water 25 m 

Digital Elevation Model (DEM), a 3-Dimensional model which was constructed from 1:100000 and 

1:50000 topographic contours and drainage line data. A file was extracted from the DEM containing all 

stream segments (i.e. all streams and all sections of streams) above the 300 m a.s.l. contour, while all 

stream segments below the 300 m a.s.l. contour were deleted from the file. The length of each stream 

segment above the 300 m a.s.l. contour was calculated in kilometres and recorded in the .dbf (i.e. 

database) file associated with the digital stream layer/map. This file containing all stream segments >300 

m a.s.l. was saved as a new digital stream layer/map for verification and further analysis. 
 
The accuracy of the >300 m a.s.l. digital stream layer/map was verified by comparing the digital version 

against known streams and waterways, including all STREAM SECTIONS in this study, using 1:50000 

topographical maps, and satellite imagery using Google Earth. 
 
Not all streams above 300 m a.s.l. in the study area can be considered as suitable habitat for E. sulcatus 

due to surrounding land-use practices (i.e. they are cleared of riparian vegetation for agriculture or 

residential development), or are located in areas of unsuitable vegetation (i.e. Dry Sclerophyll forest). 

Additionally, sections of some streams are considered sub-optimal habitat where they bisect roadways, as 

they are typically concrete drainage culverts. 
 
In order to correct for this unsuitable habitat, a file of all stream segments flowing through areas of 

agriculture, residential development, and unsuitable vegetation types was extracted from the original 

digital stream layer/map and saved as a new digital stream layer/map. The total length of this “unsuitable 

stream-habitat” above 300 m a.s.l. was calculated in kilometres from the associated .dbf file. 
 
The original >300 m a.s.l. digital stream layer/map was overlain with a digital layer/map of all roadways 

in the study area, and the number of instances where suitable streams were bisected by roadways was 

calculated. 
 
The total length of stream-kilometres >300m a.s.l. was calculated from the .dbf file using Excel, and the 

total length of unsuitable stream-habitat was subtracted (including drainage culverts), giving a measure of 

the total kilometres of suitable stream habitat above 300 m a.s.l. in the study area. Note: as it is based on a 

3-Dimensional DEM, this stream length estimate does include the altitude-elevational length component. 
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3.3 RESULTS 
 
Sampling at the 18 STREAM SECTIONS was conducted between March 2001 and September 2003, with 67 

sampling surveys completed: a total capture effort of 2010 bait-hours. In total 844 crayfish were captured, 

measured and released unharmed, and an additional 70 crayfish were recorded as uncatchable, or missed. 

With the exception of one survey conducted in Spring 2002 where no crayfish were captured, crayfish 

were captured on all surveys in all seasons. While catchability of crayfish was noticeably low in Winter, 

with sometimes only a single crayfish caught in a 3 hr survey session, catchability was much higher in the 

other seasons with the highest catch recorded in Autumn: 51 crayfish in 3 hrs. 
 
The dog food bait was a particularly effective attractant, with crayfish often responding immediately after 

the baits were placed (responding, emerging from refuges and/or approaching baits), however the crayfish 

were much slower responding to the baits in Winter, where it could take as long as 2 hours for a response. 

Periodically, crayfish were observed immigrating into the STREAM SECTION being surveyed (typically 

from downstream), these animals were captured, marked and released, but not included in the census. 
 
Typically crayfish readily approached the baits, and were easily captured once “on” the baits. In fact the 

crayfish, which are usually very wary and sensitive to movement, and typically quickly visually detect 

and respond to movement by humans, became quite engrossed/distracted once on the baits, and were very 

easy to approach and capture. Periodically crayfish were encountered that were visible in their refuges 

(i.e. white tips of chelae visible under rocks or in burrows), but were particularly wary and would not 

readily leave their refuges to approach the baits. These cryptic specimens could usually be slowly lured 

out of their refuges using a bait on a string, although this process could take a ½ hour or more. A very few 

crayfish could not be lured out of their refuges at all, and these animals were recorded as “missed” 

specimens (i.e. were not included in the count). The baits were also effective in luring crayfish from the 

deeper pools in some of the 3rd order STREAM SECTIONS, into the shallower water where they were easily 

captured. 
 
While only a minority of specimens were bait-shy and harder to catch (or uncatchable), many of the 

crayfish previously marked and released that day, did become somewhat bait-happy and would continue 

to approach the baits after release, sometimes more than once in session. Over the course of the study a 

number of baits were taken/stolen by crayfish, with some recovered on subsequent surveys (empty).  
 
Given the typical distinctive blue and white colouration of this species, and the high clarity of water in the 

local streams, detectability and reliability of capture was very good in crayfish exceeding ~20 mm OCL, 

and even YOY as small as 3 mm OCL were detectable. 
 
Euastacus sulcatus smaller than approximately 15 – 20 mm OCL do not feature the distinctive blue and 

white colouration of the larger specimens and are usually brown in colour. The YOY do however feature a 

small distinctive white stripe that runs transversely across the dorsal surface of the 1st pleonite of the 

abdomen. This did allow the YOY to be readily detected in shallower water, although detectability was 

reduced in the deepest pools, and murky water, when compared to larger specimens. 
 
Although the smaller and YOY crayfish could generally be detected in most STREAM SECTIONS, they 

proved to be very difficult to capture consistently due to their small size and agility (high speed tail-flips). 

If startled, leading to a tail-flip response, these smaller crayfish effectively disappeared into the water 

column rendering them almost impossible to capture. Their small size also allowed them to retreat and 

effectively disappear into a very large number of smaller refuges (i.e. interstices between small pebbles) 

that were not suitable or accessible to the larger crayfish, also rendering them uncatchable. 
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Although crayfish in the size range 3 – 15 mm OCL were frequently observed in all seasons, relatively 

few of these smaller animals could be captured, many were recorded as “missed” and therefore this 

population census will provide an underestimate for crayfish with OCLs <15 mm.  
 
This population estimate was conducted in particularly difficult environmental conditions for a ecological 

study in a freshwater system: a severe drought. The obvious effect of the drought was that not all STREAM 

SECTIONS could be sampled in all seasons as planned, due to a number of the smaller 1st order streams 

drying up partially or completely in the local dry season (Winter), or late Summer (or both). Additionally, 

and also due to the drought, 7 of the STREAM SECTIONS contracted slightly, temporarily reducing their 

wetted length from the standard 10 m “section” (reduction between 1 and 2.7 m in length), SECTION 

WIDTHS also fluctuated periodically. 
 
Nevertheless, a number of clear patterns emerged from the results of the sampling surveys, and these are 

presented and discussed in the following sections.  

 

3.3.1 Field Survey Summary 
 
Due to the drought and logistical problems it was not possible to conduct surveys in all STREAM SECTIONS 

in all seasons of each year (table 3.4), however an acceptable total number of surveys were successfully 

completed, and in particular the majority of surveys were conducted in the seasons where crayfish activity 

is highest: Spring, Summer and Autumn. 

 

Table 3.4. Summary of stream surveys by season.  

 
*As defined by the Australian Bureau of Meteorology.  

 

The values of the STREAM SECTION variables are summarised in table 3.5, the values for WATER and AIR 

TEMPERATURE were typical for the area, and were apparently not influenced by the drought conditions. 

Due to the seasonal fluctuations in water levels, the area of each STREAM SECTION (SECTION AREA, table 

3.5), was calculated separately for all 67 surveys conducted at each of the 18 STREAM SECTIONS.  
 
Given the difficulties associated with measuring the exact area of a section of stream (particularly in 

highly complex streams), the SECTION AREA is only an approximate measure of the areas surveyed; 

although it was approximated consistently. 

 
Table 3.5. Summary of STREAM SECTION variables.  

Season* Months of Season Number of Surveys 

Spring September, October and November 17 

Summer December, January and February 14 

Autumn March, April and May 28 

Winter June, July and August 8 

TOTAL  67 

All Data  
N=67 

SECTION 

LENGTH 
(m) 

SECTION 

WIDTH 
(m) 

SECTION 
AREA 
(m2) 

WATER 

DEPTH  
(m) 

WATER  
TEMPERATURE 

(°C) 

AIR  
TEMPERATURE 

(°C) 

ALTITUDE 
(m) 

Maximum 10.0 5.0 50 0.92  20.2 22.1 840 

Average 9.87 3.03 29.8 0.41 15.2 15.8 762 

Median 10.0 3.0 30 0.40 15.5 16.4 790 

Minimum 7.7 1.0 10 0.11 7.1 5.1 300 
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Of the 844 crayfish captured, 409 were male, 386 were female (gender ratio ~1:1, χ2
1 = 0.67, p = 0.41), 

and 49 specimens were classified as “juveniles” due to their genital openings not being sufficiently 

developed to allow their gender to be determined in the field. A histogram of CRAYFISH OCLs indicated 

positive skew in the distribution, a log(x) transformation was applied to the data and satisfactorily 

corrected the skew in the distribution (figure 3.3). 
 
Occipital-Carapace length ranged from 3 to 99 mm, average OCL was ~32 mm, the modal OCL group was 

28 – 38 mm (figure 3.3). Relatively few crayfish <10 mm OCL and >70 mm OCL were captured (table 

3.6). The largest specimen (99 mm OCL) was a berried female, impressively large at over 0.3 m long, 

weighing nearly 0.5 kg, the specimen was estimated to be ~17 years old (by method in Furse and Wild 

2004). 

 

Histogram of Crayfish OCLs from Population Census (N = 844)
(log Transformed Data)
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Figure 3.3. Distribution of crayfish OCLs: modal OCL group is 28 – 38 mm. 

 

Table 3.6. Capture Summary: Crayfish dimensions and weight.  

 

 

 

 

 

 

 

 

All Data  
N=844 

CRAYFISH OCL  
(mm) 

CRAYFISH OAL 
(mm) 

CRAYFISH WEIGHT  
(g) 

Maximum 99.0 340 425 

Average 32.0 117 27.2 

Median 28.8 105 11.9 

Minimum 3.0 7.0 0.3 
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On 7 sampling surveys the wetted SECTION LENGTH varied due to the effects of the drought and/or 

seasonal fluctuations, and as the standard sampling-unit was a 10 m section of stream, the CPUE data 

were not corrected for variations in wetted SECTION LENGTH.  
 
Specific CPUE was calculated for all STREAM SECTIONS, and CPUE varied considerably with season, with 

the highest CPUE recorded in Autumn, minimum CPUE recorded in Winter, and an overall study average 

of ~13 (table 3.7.). Even on average E. sulcatus is quite abundant with ~13 crayfish inhabiting a 10 m 

section of stream, however this species can be very abundant locally, with up to 51 crayfish inhabiting a 

relatively small section of stream.  

 

Table 3.7. Overall study CPUE and seasonal CPUEs (per 10 m of stream length). 

 

*The zero CPUE values result from a single case in Spring 2002 where no crayfish were captured: otherwise the 
minimum non-zero Spring CPUE was 2. 

 

Calculation of SECTION AREA allowed the specific density of crayfish to be calculated (CRAYFISH 

DENSITY in table 3.8), for all surveys in all STREAM SECTIONS. 
 
The average density of ~0.5 crayfish m-2 was slightly higher than estimates for other large, slow growing 

Australian species, A. gouldi 0.23 – 0.32 m-2, and E. bispinosus 0.32 m-2 (Hamr 1996, and Honan and 

Mitchell 1995 respectively). Density was however somewhat lower than Coughran’s (2009b) estimate for 

E. gumar (5 m-2), although E. gumar is much smaller species of Euastacus known to only reach 

~44 mm OCL. Maximum crayfish-biomass was recorded in Autumn, and was surprisingly high at 

~1.4 kg WWT per 10 m section of 3rd order stream (table 3.8). While it is a somewhat unconventional 

measure, the maximum total OAL recorded in a single STREAM SECTION does provide a good indication of 

how many linear meters of crayfish can be found in a single 10 m section of stream: ~5.8 m. 

 

Table 3.8. Capture Summary: Crayfish density and biomass values per STREAM SECTION. Maximum and minimum 
values are from a single survey of a stream section, average and median values were calculated over all 
67 surveys. 

 

*Minimum non-zero values, the single zero case has been excluded here.  

 

 

 

 

 

 
Overall Study 

(N=67) 
Spring  
(N=17) 

Summer  
(N=14) 

Autumn 
(N=28) 

Winter 
(N=8) 

Maximum 51 28 22 51 13 
Average 12.8 10.7 14.1 15.6 4.3 

Median 10 8.5 16 10 4 
Minimum 0* 0* 1 1 1 

All Data  
N=67 

CRAYFISH DENSITY 
(m-2) 

TOTAL CRAYFISH  
BIOMASS 
(g WWT) 

TOTAL OAL 
(mm) 

Maximum 1.50 1388 5796 

Average 0.45 342 1468 

Median 0.40 207 989 

Minimum 0.04* 3.3* 100* 
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3.3.2 Preliminary Data Assessment and Analysis 
 
3.3.2.1 Assessment of OCL Distributions 
 
This section presents the results of the preliminary assessment of crayfish OCL distributions versus the 

various predictor variables. Plots of raw crayfish OCL data partitioned into (and plotted separately) for 

localities, years, seasons and stream orders, indicated a slight positive skew in the data, and a y  

transformation applied to the data satisfactorily corrected the skewness. 
 
A plot of the OCL groups indicated the numbers of crayfish in the various OCL groups differed 

appreciably between the capture locations, in particular Natural Bridge where very few crayfish of any 

size were captured. The distributions of crayfish in the various OCL groups differed in that the 

distribution at Lamington was shifted slightly towards the larger OCL groups, Natural Bridge towards the 

smaller OCL groups, with Springbrook midway between (figure 3.4). 
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Figure 3.4. Distribution of crayfish OCL groups by locality of capture.  

 

The 3 K-S tests comparing OCL groups between localities indicated some clearly statistically significant 

differences in the proportions of OCLs between localities (table 3.9). The OCL distributions at 

Springbrook and Lamington were in fact quite similar to each other compared to Natural Bridge (i.e. 

figure 3.4 above), although the significance of the K-S test between Springbrook and Lamington was high 

due to the rather fewer crayfish captured at Natural Bridge.  

 
Table 3.9. Comparisons of OCL groups by locality of capture (by K-S test). 
 

 

*The Kolmogorov-Smirnov 2-sample test reports a maximum difference which compared to a table of critical 
values determines an approximate p-value. Significance here is interpolated.  
 

 

Comparisons Approximate Significance* 

Springbrook vs Lamington 0.0019 
Springbrook vs Natural Bridge 0.051 
Lamington vs Natural Bridge  0.037 
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Significant differences between localities, such as those uncovered here, were not unexpected given the 

variety, and differences, in habitat types and land-use practices between the STREAM SECTIONS surveyed 

in the 3 locations, and is merely a reflection of the natural variation in OCL structure in the crayfish 

population in areas that were surveyed. In the context of population estimation calculations, differences in 

OCL distributions between locations do not matter, and need not be corrected/adjusted for, and data from 

the 3 locations were suitable for pooling, if the locations and study effort are representative of locations 

throughout the study area. 
 
A plot of the OCL groups indicated the numbers of crayfish captured clearly differed between years, 

however the distributions of crayfish in the various OCL groups did not appear markedly different 

between years (figure 3.5). 
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Figure 3.5. Distribution of crayfish OCL groups by year.  

 

The 3 K-S tests comparing OCL groups between years did not indicate any clearly statistically significant 

differences in the proportions of OCL between years (table 3.10). As no gross differences in OCL 

distributions were evident between years, it was concluded that correction for year was not required, and 

it would be appropriate to pool the data from the 3 years for subsequent analysis and population 

estimation calculations. 

 

Table 3.10. Comparisons of OCL groups by year (by K-S test). 

 

 

 
 
 
 

Comparisons Approximate Significance 

2001 vs 2002 0.19 
2001 vs 2003 0.054 
2002 vs 2003 0.29 
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Numbers of crayfish captured differed appreciably between seasons with a clear maximum and minimum 

in Autumn and Winter respectively, with Spring and Summer midway between the extremes. Obvious 

differences were apparent in OCL distributions between seasons with predominately smaller OCLs in 

Winter and generally larger OCLs in the other seasons (figure 3.6). 
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Figure 3.6. Distribution of crayfish OCLs by Season.  

 

A series of 6 K-S tests between seasons indicated that the distributions of OCL groups differed 

significantly between Autumn and Spring, Winter and Summer, and Spring and Summer (table 3.11). 

Additional K-S tests allowed the differences and similarities between seasons to be clarified, and these 

are best summarised as follows: Summer = Autumn ≈ Winter = Spring ≠ Summer  

 

Table 3.11. Comparisons of OCL groups by seasons (by K-S test). 

 

The strong similarities (and even stronger differences) indicated that the similar “seasons” were suitable 

for pooling (i.e. Summer pooled with Autumn, and Winter pooled with Spring), and using the data 

partitioned into the 4 conventional seasons would be inappropriate for the population estimation 

procedure. The 2 pools identified (Summer and Autumn, and Winter and Spring) correspond with the 

local wet season (the warmer months), and dry season (the cooler months), and hereafter are referred to as 

“Wet” and “Dry” seasons  

 

 

 

Comparisons Approximate Significance 

Autumn vs Winter 0.15 
Autumn vs Spring 1.2 × 10-4 

Autumn vs Summer >0.5 

Winter vs Spring >0.5  
Winter vs Summer 0.047 

Spring vs Summer 6.8 × 10-5 
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When plotted, the differences between the Wet and Dry seasons are clear (figure 3.7). A final K-S test 

indicated that the OCL group distributions between Wet and Dry seasons were highly significantly 

different to each other (p ≈ 7.7 × 10-6), and that subsequent analysis and the population estimation 

calculations should allow for the differences between the Wet/Dry seasons. The results uncovered here 

(i.e. figure 3.7) are consistent with previous observations and studies on E. sulcatus where crayfish 

activity, and presence of the larger crayfish, typically peak in the wetter and warmer times of the year 

(Furse et al. 2006). 
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Figure 3.7. Distribution of crayfish OCLs by Wet and Dry Seasons.  
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Some slight differences were evident in the numbers of crayfish captured between the 3 stream orders that 

were surveyed, however no obvious gross differences were evident between the distributions of OCLs in 

1st, 2nd and 3rd order streams (figure 3.8). 
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Figure 3.8. Distribution of crayfish OCLs by Stream Order.  

 

The KS-tests did not indicate any significant differences in distributions of OCL groups between stream 

orders (table 3.12). As STREAM ORDER did not significantly influence the proportions of crayfish in the 

various OCL groups: STREAM ORDER data could be pooled, and further analysis and the population 

estimation procedure need not allow for effects of STREAM ORDER. 

 

Table 3.12. Comparisons of OCL groups by STREAM ORDER (by K-S test). 

 

Multiple comparisons such as those performed here in the various preliminary assessments typically lead 

to increased Type II error. However the significances resulting from the various comparisons were 

unambiguous, and as only relatively few comparisons were performed, Bonferroni Adjustments did not 

indicate that any changes to the conclusions were warranted (i.e. the lowest Bonferroni Adjusted α-value 

was 0.007 for the 7 inter-seasonal comparisons). 
 
To summarise here, the distributions of crayfish OCLs were not related to the year of capture or stream 

order where they were captured. Distributions of crayfish OCLs were significantly influenced by season, 

and the seasonal OCL data were suitable for pooling into Wet and Dry seasons for subsequent analysis. 

Given that OCL distributions of crayfish differed significantly between Wet and Dry seasons, allowance 

for this will be required in the population estimate calculations. 

 

 

Comparisons Approximate Significance 

1st vs 2nd Order  0.21 
1st vs 3rd Order  >0.5 
2nd vs 3rd Order >0.5 
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The OCL distributions were clearly related to the locality of capture, for example at the more disturbed 

locality of Natural Bridge, the crayfish were smaller than at the pristine National Parks localities at 

Lamington and Springbrook. It was not possible however to judge what proportion of the entire study 

area was of the disturbed type or pristine type to allow correction for these differences. It would be 

reasonable to assume that the distribution of the locality types, in the study area as a whole, was similar to 

that in the sampled locations, and therefore an average from the 3 localities is taken as a valid average to 

apply for estimating crayfish abundance and biomass across the study area as a whole.  

 

3.3.2.2 Assessment of Numbers of Crayfish Captured (CPUE) 
 
This section presents the results of the preliminary assessment of CPUE versus the various predictor 

variables prior to the population estimation procedure. A Boxplot of CPUE versus the 3 localities revealed 

lower CPUEs at Springbrook and Natural Bridge compared to Lamington, however examination of the 

residuals of an ANOVA performed on these data revealed a slightly positively skewed distribution.  
 
A y  transformation was applied to the data and satisfactorily corrected the skew. The Boxplot was 

redrawn, and the ANOVA repeated using the transformed data. Catch Per Unit Effort differed 

significantly between the 3 localities (F2, 64 = 156.8, p = 2.0 × 10-6, by ANOVA), with the CPUE at 

Lamington obviously higher than at the other 2 locations (figure 3.9). 
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Figure 3.9. CPUE versus locality of capture (y-axis scaled). 
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Post-hoc comparisons confirmed that the obvious differences in CPUE between Lamington and the 

2 other locations were statistically significant, while the CPUE at Springbrook and Natural Bridge were 

not significantly different to each other (table 3.13). 

 

Table 3.13. Catch Per Unit Effort versus locality of capture (by Tukey HSD-Test). 
 

Comparisons Approximate Significance* 

Springbrook vs Lamington 1.2 × 10-4 

Springbrook vs Natural Bridge 0.58 
Lamington vs Natural Bridge  0.0030 

*The Tukey HSD-Test in STATISTICA reports an “approximate probability”, which is reported here.  
 

Differences in CPUE between localities were not entirely unexpected given the various differences (i.e. 

habitat types and land uses) between the localities that were surveyed, and fortunately a wide and 

representative variety of habitats were sampled/surveyed in this study so as to ensure this natural variation 

in abundance of this species within the study area was included in the data. 
 
The CPUE clearly differed between localities, and like OCL distributions, CPUE was greater at the pristine 

locations than at the more disturbed locations. Once more, it was not possible to estimate the proportion 

of the various types of “locality” in the study area, but a correction was probably not necessary as is 

explained above for the OCL distributions.  
 
Plotting CPUE versus the altitude of all STREAM SECTIONS suggested a weak relationship of CPUE 

increasing with ALTITUDE (figure 3.10), however the relationship was not significant (p = 0.22 by GLM-

regression). As CPUE was unrelated to ALTITUDE, allowance for differences in altitude was not required. 
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Figure 3.10. CPUE versus altitude of STREAM SECTIONS (y-axis scaled). 

 

As is evident in figure 3.10, the majority of STREAMS SECTIONS that were surveyed were above 680 m 

a.s.l., with relatively few below ~360 m a.s.l., and none at intermediate altitudes. This was due to the local 

topography. Streams flowing from the Springbrook and Lamington Plateaus pass over vertical cliffs 

(exceeding 250 m in places), then flowing through very steep gorges (some >45° above horizontal), 
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before reaching the flatter “lowlands” at ~360 m a.s.l.. This renders approximately 300 vertical meters of 

stream altitudinal range unsuitable or inaccessible for sampling and, probably, for E. sulcatus. Natural 

Bridge is similarly limited by terrain, except that it is entirely downstream of the vertical cliffs and steep 

gorges and at 320 m a.s.l. is near the lowest extent of the species’ altitudinal range. 
 
While the length of all STREAM SECTIONS was a standard 10 m, SECTION WIDTHS differed both within, 

and between, the small 1st order and the higher order streams. As CPUE could conceivably be related to 

the stream width, investigation for any possible effect of width was required. 
 
The CPUE data were quite variable, and a plot of CPUE versus the width of all STREAM SECTIONS (i.e. all 

stream orders pooled) indicated an increase in CPUE with increasing SECTION WIDTH (figure 3.11). This 

relationship was significant (p = 0.026 by GLM-regression), indicating that correction of CPUE for the 

width of streams was required. 
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Figure 3.11. CPUE versus width of all STREAM SECTIONS (y-axis scaled). 

 

Given the significant (but weak) relationship between CPUE and SECTION WIDTH, it was appropriate to 

investigate if there was any association between CPUE and any particular order of stream. Partitioning the 

data into stream orders indicated that CPUE had no significant regression with width in any of 1st, 2nd or 

3rd order streams (table 3.14). 

 

Table 3.14. Regression Results: CPUE versus order of stream. 
 

Stream Order Adjusted R2 Significance 

1st Order  0.060 0.078 

2nd Order 0.084 0.13 
3rd Order  0.012 0.37 

 

Naturally there is a strong correlation between stream order and stream width, in that 3rd order streams are 

typically wider than 1st order streams (i.e. smaller 1st order streams may be <1 m wide, while smaller 3rd 

order streams >2.5 m wide). The CPUE was clearly not significantly correlated to any particular stream 
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order (i.e. table 3.14 above), however CPUE was weakly correlated with SECTION WIDTH itself. This 

suggests that wider streams have a greater number of crayfish, but this is not related to stream order, but 

the width of the stream itself. However, the effect of SECTION WIDTH was very small, adjusted R2 = 0.06, 

and the scatter of points indicated that the contribution of SECTION WIDTH to CPUE was only quite small 

(i.e. only 6%), and that other factors are much more important than SECTION WIDTH. 
 
Clearly SECTION WIDTH was a better predictor of CPUE than the particular order of stream, and that 

correction of CPUE for the effect of the width of streams is indicated. Like the effect of locality, the 

capacity to effect this adjustment for width was limited by the GIS data available for mapping of existing 

streams, and the best estimate is to presume that an average taken from the samples, is valid across the 

entire study area.  
 
Plots of CPUE versus WATER TEMPERATURE and AIR TEMPERATURE indicated similar relationships of 

CPUE increasing with temperature (figures 3.12 and 3.13), and both relationships were significant 

(p = 0.038 and p = 0.037 respectively by GLM-regression). 
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Figure 3.12. CPUE versus WATER TEMPERATURE (y-axis scaled). 
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CPUE versus Air Temperature  

4 6 8 10 12 14 16 18 20 22 24

Air Temperature (°C)

0

10

20

30

40

50

60
C

P
U

E

 
Figure 3.13. CPUE versus AIR TEMPERATURE (y-axis scaled). 

 

There was the appearance of a curvilinear effect in the plots of CPUE versus the temperature of the water 

and air, however a curvilinear analysis indicated the quadratic term was not significant, and a straight line 

is the best fit to these data. 
 
Positive correlations between the temperature of the water and air and CPUE are expected, given the fact 

that crayfish abundance has been previously demonstrated to peak in the times of the year when 

temperatures are higher, the local wet season. However, as the temperature of the water and air are 

naturally correlated with season, the previously-identified need to correct for effect of season will 

effectively correct for the effects of WATER and AIR TEMPERATURE uncovered here. 
 
To summarise here, CPUE differed between the 3 localities that were surveyed, and also with the width of 

the STREAM SECTIONS, however correction for these differences were not possible, and probably not 

necessary. Catch Per Unit Effort was unrelated to ALTITUDE or the width of any particular order of 

stream.  
 
Overall, the preliminary assessments of OCL distributions and CPUE indicated the population estimate 

would only required correction for the strong effect of season (i.e. the Wet or Dry time of year), which 

will correct for the effects of air and water temperatures. 
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3.3.2.3 Assessment of Crayfish Biomass 
 
Results of the preliminary assessment of the biomass data were similar to those described above for 

CPUE, with the only exceptions being that biomass was not related to ALTITUDE (p = 0.120 by GLM-

regression), SECTION WIDTH (p = 0.060 by GLM-regression), or WATER TEMPERATURE (p = 0.061 by 

GLM-regression). 
 
As with CPUE, biomass differed significantly between the 3 localities, was not significantly related to the 

width of any particular order of stream19, and was positively correlated with AIR TEMPERATURE 

(p = 0.040 by GLM-regression). 
 
Overall, the preliminary assessment of biomass indicated that correction was required for differences 

attributable to season (i.e. the temperature of the air), and as outlined in the previous sections, correction 

for differences in location were not possible, and the best treatment for the biomass data was pooling (i.e. 

using the average of the 3 locations). 

 

3.3.2.4 Population Estimation  
 
This section presents the results of the non-linear estimation procedure that was used to model a best-fit 

sinusoidal function, to the annual cycle in the CPUE data. 
 
The STATISTICA output provided 3 estimates, the mean CPUE, the amplitude of annual variation in 

CPUE, the time of peak CPUE (i.e. on what day of the year peak CPUE occurred), the significance and 

95% Confidence Limits (C.L.) associated with each of the 3 estimates (table 3.15). 

 

Table 3.15. STATISTICA output for analysis of annual CPUE cycle in E. sulcatus (in transformed units). 
 

 

The results of the non-linear estimation of CPUE were detransformed to allow interpretation in a 

meaningful scale, however in the detransformed scale, the C.L. on the Amplitude are no longer 

symmetrical around the mean, or around the estimate. Detransforming the data allowed the results to be 

interpreted in terms of peak, average and minimum CPUE, and their associated 95% C.L. (table 3.16). 

 

Table 3.16. Results of analysis of annual CPUE cycle in E. sulcatus (in detransformed units). 
 

 
 

The estimated mean annual CPUE of 10.05 crayfish was very highly significantly greater than zero 

(p ≈ 0), and this value varied significantly through the year (p = 0.008). The peak CPUE of 15.17 crayfish 

                                                 
19  Biomass was close to being significantly related to stream width in 2nd order streams (p = 0.055). 

 Estimate 
Standard 

Error 
t64 p-value 

Lower  
95% C.L. 

Upper  
95% C.L. 

Mean CPUE 3.17 0.18 17.67 ≈ 0 2.81 3.53 

Amplitude of annual variation in 
CPUE  

0.72 0.26 2.74 0.008 0.197  1.25 

Day of Peak CPUE  35 19.57 1.80 0.08 -4 74 

 Estimate 
Lower  

95% C.L. 
Upper  

95% C.L. 

Mean CPUE 10.05 7.91 12.46 

Peak CPUE  15.17 9.06 22.86 

Minimum CPUE  6.00 2.44 11.10 
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was in late Summer/early Autumn on or about day 35 of the year (4th of February) (95% C.L. between the 

28th of December and the 15th of March), with the minimum CPUE of 6.0 crayfish in late Winter (on or 

about the 5th of August). The 95% C.L. on the peak CPUE was ~9 to 23 crayfish, and on the minimum 

CPUE ~2 to 11 crayfish (table 3.16 and figure 3.14). 
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Figure 3.14. Sinusoidal annual cycle in CPUE of E. sulcatus (y-axis scaled).  

 

The primary aim of this study was to obtain an estimate of the population of E. sulcatus per unit area, and 

this estimate was required to allow calculation of the total population size of E. sulcatus in the study area 

(i.e. multiplying the estimated population per unit area, by the total amount of suitable stream-habitat in 

the study area).  
 
In addition to determining how many crayfish there are in the study area, the total population size (to be 

calculated as described above) was required for a number of subsidiary calculations (for use in later 

chapters of this thesis). These subsidiary calculations will be associated with determining the gross 

ecological impact/effect(s) of the species’ population on various ecological processes (i.e. multiplying the 

total population size in the study area, by the ecological effects of the crayfish that are examined and 

determined in subsequent chapters).  
 
These primary and subsidiary calculations require the use of slightly different population size estimates, 

for the reasons outlined below.  
 
Calculation of the species’ total population size requires the use of the best estimate of crayfish numbers 

per unit area (i.e. the most thorough census of the population), which in this case is at the time of the year 

with the highest numbers of crayfish captured (and the smallest number of unsampled crayfish). 

Therefore, the correct value is the peak annual CPUE value of the sinusoid (on the 4th of February), which 

is 15.17 crayfish (figure 3.14)  
 
This figure of 15.17 crayfish per 10 meters of stream length, multiplies to 1517 crayfish per linear 

kilometre of stream. This is the appropriate figure for multiplying by the amount of available stream-
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kilometres within the species altitudinal and geographic range, in order to arrive at the estimate of the 

species’ total population size.  
 
In contrast, any calculations of the species gross ecological impact/effect(s) in the study area require that 

the population size value be corrected/adjusted for the significant seasonal variations in OCL distributions 

and CPUE uncovered in the preliminary data assessment procedure20 (specifically, the effect of the 

Wet/Dry seasons on OCL distributions, and water and air temperatures on CPUE). In this case, the correct 

value is the mean CPUE value of 10.05 crayfish per 10 m of stream (table 3.16 and figure 3.14 above), as 

the mean CPUE reported by the non-linear estimation procedure is corrected/adjusted for annual 

variations in OCL/CPUE due to effects of the Wet and Dry seasons (and therefore temperatures). This 

seasonally corrected mean CPUE value multiplies to 1005 crayfish per linear kilometre of stream. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
20  This is in addition to the previously reported seasonal variations in activity (i.e. Furse et al. 2006). 
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3.3.2.5 Calculation of Suitable Stream Habitat within Study Area  
 
This section presents the result of the GIS mapping exercise to calculate the total length of suitable 

stream-habitat within the altitudinal and geographic range of E. sulcatus in the study area.  
  
Verification of the digital stream layer/map indicated that its resolution was excellent, extending down to 

known permanent 1st order streams. The accuracy of the digital stream layer/map also appeared to be 

excellent, and in particular did not include any of the ephemeral sections of streams known in the area. By 

all available indicators the digital stream layer/map was an accurate representation of all permanent 

streams in the study area above 300 m a.s.l., and there was no evidence of any overestimation of stream 

length.  
 
According to the digital stream layer/map there was 810 km of 1st, 2nd and 3rd order streams above 300 m 

a.s.l. in the study area: 246 km of stream was deemed unsuitable habitat for crayfish due to either being 

cleared of vegetation (for agriculture or residential developments) or in vegetation types known 

previously to be unsuitable for crayfish (i.e. Morgan 1988, Horwitz 1990, Furse and Wild 2002), and this 

distance was deducted. 
 
In addition, there were 17 instances where streams were bisected by roadways/drainage culverts, which is 

also believed to be unsuitable habitat, and allowing 20 m per roadway crossing, a further 0.34 km of 

stream was deducted. 
 
The resulting length of stream above 300 m a.s.l. in appropriate vegetation types that had not been cleared 

completely, or had regenerated into suitable habitat was 564 km (figure 3.15). 
 
The stream-lines in the original DEM file, from which all calculations and stream measurements were 

derived, were constructed using PolyLines (i.e. a simple line, with variable length but a standard fixed 

width) as opposed to Polygons (i.e. with variable lengths and widths). While the PolyLine format was 

ideal for calculating simple stream-lengths in kilometres, it did not allow any evaluation or analysis of 

stream widths, or calculation of total area of stream (i.e. area in m2) within the study area. 
 
It was not possible to locate a digital stream layer/map of waterways constructed of polygons indicating 

the width of streams, and it is probable that this level of mapping has not yet been undertaken in this area. 

Without a database of the widths of the streams in the area it was therefore impossible to take into 

account the small effect of stream width on CPUE uncovered in analysis of these study sites. 
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Figure 3.15. Map of study area showing suitable and unsuitable stream habitat. Note: All waterways below 300 m 
a.s.l. have been omitted. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Map Prepared by: James M. Furse  
Data Source: The Australian Rivers 
Institute, and Griffith School of 
Environment  
Projection: UTM  
Datum: GDA 94 Zone 56 
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3.3.2.6 Calculation of Population Size of E. sulcatus  
 
The population estimation calculation of 1517 crayfish per linear kilometre of stream, multiplied by 

564 km of suitable stream-habitat, gives a “total population size” of at least 856,000 (95% C.L. between  

511,000 and 1,290,000 crayfish) E. sulcatus ≥15 mm OCL in the Gold Coast Hinterland during the period 

of the study. 
 
Corrected for seasonal variation in crayfish OCL structure and CPUE the average “ecologically effective 

population size” of E. sulcatus (≥15 mm OCL) in the Gold Coast Hinterland during the period of this 

study was at least 567,000 crayfish (95% C.L. between 446,000 and 703,000 crayfish). 

 

3.3.2.7 Calculation of Population Biomass of E. sulcatus  
 
Detransformation of the non-linear estimation results for biomass were performed for the reasons 

previously outlined for CPUE, and the results are presented here in both transformed (table 3.17) and 

detransformed units (table 3.18). 

 

Table 3.17. STATISTICA output for analysis of annual biomass cycle in E. sulcatus (in transformed units). 
 

 Estimate 
Standard 

Error 
t64 p-value 

Lower  
95% C.L. 

Upper  
95% C.L. 

Mean Biomass (g WWT)  14.65 1.10 13.30 ≈ 0 12.45 16.85 

Amplitude of annual variation in 
Biomass (g WWT) 

6.87 1.57 4.37 4.7 × 10-5 3.73 10.01 

Day of Peak Biomass  44 13.08 198.80 ≈ 0 18 70 

 

Table 3.18. Results of analysis of annual biomass cycle in E. sulcatus (detransformed units). 
 

 

The estimated mean annual biomass of ~0.21 kg of crayfish per 10 m of stream was very highly 

significantly greater than zero (p ≈ 0), and this value varied significantly through the year (p = 4.7 × 10-5). 

The peak biomass of ~0.46 kg was in late Summer/early Autumn on or about day 44 of the year (13th of 

February) (95% C.L. between the 18th of January and the 11th of March), with the minimum biomass of 

~0.06 kg in late Winter (on or about the 14th of August). The 95% C.L. on the peak biomass was ~0.26 kg 

to 0.72 kg, and on minimum biomass ~0.006 kg to 0.17 kg (table 3.18). 
 
The peak biomass estimation of 46 kg of crayfish-biomass per linear kilometre of stream, multiplied by 

564 km of suitable stream-habitat, gives a “total population biomass” of at least 26 tonnes WWT (95% 

C.L. between 15 and 41 tonnes) of crayfish-biomass (≥15 mm OCL) in the Gold Coast Hinterland during 

the period of the study. 
 
Corrected for seasonal variation in crayfish OCL structure and CPUE the average “ecologically effective 

population biomass” of E. sulcatus (≥15 mm OCL) in the Gold Coast Hinterland during the period of this 

study was at least 12 tonnes WWT (95% C.L. between 9 and 16 tonnes). 

 

 Estimate 
Lower  

95% C.L. 
Upper  

95% C.L. 

Mean Biomass (g WWT) 215 155 284 

Peak Biomass (g WWT) 463 262 721 

Minimum Biomass (g WWT) 61 6 172 
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3.4 DISCUSSION 
 

3.4.1 Field Survey Method/Technique 
 
One of the challenges of this study was developing and adopting a standard census method that could be 

applied consistently in the broad range of stream types21 within the study area, and would allow 

meaningful statistical comparisons between the various STREAM SECTIONS sampled in the different 

localities (sensu DiStefano et al. 2008). 
 
Overall the field survey method employed was effective and efficient allowing a standardised “trapping” 

protocol be applied at all STREAM SECTIONS, thus allowing an absolute count of all “catchable” crayfish 

in a section of stream. 
 
Typically the baits quickly and consistently attracted crayfish of all sizes (although response times to bait 

were noticeably slower in the cooler months), and even attracted berried females, and females carrying 

juveniles (2 of each). The literature indicates that gravid females are typically trap-shy and under-

represented in conventional baited-traps (Mitchell et al. 1994), therefore being able to attract and capture 

these females helps ensure a thorough census of the population. 
 
On a number of occasions crayfish become somewhat “bait-happy” and some individuals were recaptured 

3 – 4 times in a survey, sometimes within a few minutes. In these cases, the lure of the bait was obviously 

stronger than any negative effect(s) of being previously captured, handled, measured and released. This 

suggests that the handling and treatment of these crayfish was sufficiently innocuous, that individuals did 

not associate approaching the baits with any negative consequences or permanent harm.  
 
If the behaviour of E. sulcatus is sophisticated enough that individuals will repeatedly “risk” (and 

endure), capture and handling in order to obtain food, their behaviour might also be sufficiently well 

developed that they will in fact avoid situations where they are harmed, such as tail-clipping. If this was 

the case, and tail-clipping was used, the assumptions of even mixing of the population and equal 

likelihood of capture/recapture would be seriously violated in any mark-recapture studies to census this 

species. 
 
Seven assumptions were introduced in the methods section of this chapter, it is not possible to determine 

if any of them were invalid; however with the exception of assumption 7 (visual detection of crayfish was 

constant in all stream types), there was no evidence they were incorrect.  
 
Visual detection of the very smallest crayfish was somewhat reduced in deeper pools in the larger 3rd 

order streams, but this was typically overcome by luring crayfish out of the deeper sections of the pool by 

placing the baits in the shallower sections. If any (or all) of the assumptions associated with the baiting 

method were incorrect, the likely effect would be an underestimation of crayfish abundance. 
 
The main limitation of the field survey method were the difficulties associated with capturing the very 

smallest crayfish (OCLs <15 mm), in particular YOY, which has almost certainly led to an unknown 

degree of underestimation of this part of the population (many were observed and missed, with few 

captured). It is possible that the catchability of these smaller animals could be improved by the addition of 

a small Surber Sampler downstream from baits, however given the variety of stream types that were 

surveyed, this would not be feasible in all STREAM SECTIONS (as would also be the case with conventional 

baited traps or seine-nets).  
 

                                                 
21  Stream type in the sense of small 1st order streams versus larger 3rd order streams. 
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The 70 crayfish that were recorded as missed over the entire study is non-ideal, and missing some animals 

is probably always going to unavoidable, but nevertheless 70 was considered an acceptably small number 

given the sometimes cautious nature of the animals, and the complex nature of the streams that were 

surveyed.  
 
While effective in the wide variety of stream types surveyed in this study, the applicability of this method 

is restricted to streams with low turbidity and/or are not overly deep (i.e. <1.5 m), and, this method is not 

suitable for use in rainy weather conditions. 
 
This efficient and inexpensive method may prove useful in population studies of other species of crayfish 

that inhabit complex 1st to larger 3rd order streams, and where an absolute, standardised and thorough 

measure of crayfish abundance is required at a number of different sites, each with differing stream 

morphologies. 
 
This method is particularly well suited for application in studies of rare and endangered crayfish species, 

and those that inhabit National Parks, as the animals are not permanently marked or harmed, and, in the 

absence of large amounts of obvious trapping equipment, it is discrete. 

 

3.4.2 Population, Density and Biomass Estimates for E. sulcatus 
 
During the period of this study, the total population size of E. sulcatus within its distribution in the Gold 

Coast Hinterland was at least 856,000 crayfish, rendering it a common, quite abundant, species; that 

occurred at a quite high average within-stream density of ~0.5 crayfish m-2 of stream habitat within the 

study area. The total biomass of this population of crayfish was at least 26 tonnes WWT (i.e. peak annual 

value, unadjusted for seasonal variation). 
 
The CPUE and size of this species peaks in the period Summer – Autumn, and the size-distribution (i.e. 

OCL) of the population varies considerably through the year, as do numbers of censused crayfish.  
 
Clearly, the most representative sample of this species’ population and population size structure is 

obtained in the wetter and warmer periods of the year, and future studies on E. sulcatus should ensure that 

field-work is scheduled accordingly. 
 
It is not known where the inactive/uncatchable portion of the population is during the cooler months of 

the year, or what they are doing, but it presumed the crayfish are hibernating in burrows/refuges, but in 

the case of gravid females, they must be brooding their clutches over-winter. 
 
While large crayfish are typically not found in Winter, clearly they still exist as they take many years to 

reach large sizes, the fact they were not captured has been taken as indicating they are not ecologically 

active, however they are clearly not absent. 
 
The total population size of this species is best estimated by the peak catch (around day 35 of the year), 

however the ecologically active population, and their ecological impact, must be lower than this since 

they are inactive for portions of the year (in the case of the largest crayfish ~½ of the year). The mean 

value obtained from fitting a sinusoid to the abundance of the animals (i.e. figure 3.14) is the best 

estimate of the year-round-averaged ecologically effective population size. 
  
When weighted downwards for seasonal variation in activity, the ecologically effective population size of 

E. sulcatus ≥15 mm OCL in the study area was at least 567,000 crayfish. 
 
This ecologically effective population size of 567,000 is the most appropriate population estimate to use 

when calculating the gross ecological effect/impact of the species in subsequent chapters of this thesis. 
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3.4.3 Species Capacity to Recover from Disturbance 
 
The species occurred at different densities and abundances at different localities, and where there was 

lower CPUE, the OCLs of crayfish were smaller. The highest CPUE, and typically larger OCLs, were 

recorded in the undisturbed and larger of the National Parks that were surveyed (Lamington National 

Park), suggesting that the population sizes and OCL size-structures at the different locations are being 

driven by disturbance, or time since disturbance. 
 
So while this species is ecologically aggressive, in that it is able to recolonise re-established suitable 

habitat relatively quickly after recovery from major disturbance events (i.e. the clear-felling of rainforest), 

for the populations to stabilise at their “original” abundance and OCL values that were apparent in the 

undisturbed National Parks, apparently take a considerably longer period of time. In particular, the very 

largest crayfish seem to take a long time re-establishing, which is consistent with previous studies that 

reported slow growth rates, and long life-spans in this species (Furse and Wild 2004). 
 
The species is quite widespread in the study area, and the evidence from available streams suggests that, 

in this area, if streams are suitable, they will be colonised. In addition, given the species’ ability to move 

within stream systems, and its well known ability to move considerable distances overland (Morgan 1988, 

Furse et al. 2004), if previously disturbed streams return to suitable “condition”, they will eventually be 

recolonised by crayfish. 

 

3.4.4 The Conservation Status of E. sulcatus 
 
Euastacus sulcatus, within its distribution in the Gold Coast Hinterland, is a common, abundant and 

apparently secure species. However, suitable habitat within its area of distribution in Qld22 is quite limited 

(~300 km2), and apart from the National Parks (~240 km2), the species area of distribution has suffered a 

fair amount of land-use disturbance, and is very close to a major, and rapidly growing, population centre. 

Furthermore, and importantly, the populations at the 3 main localities inhabited by the species in the 

study area, can be considered as effectively isolated from each other, due to the vertical cliffs, intervening 

lowlands, and infrastructure (i.e. roadways) that constitute barriers, or at the very least impediments, to 

dispersal between these locations, thus rendering the species’ distribution fragmented (Morgan 1997, 

Ponniah and Hughes 2006, Coughran and Furse 2010, Furse and Coughran 2010 In press-b). 
 
While currently abundant, and apparently secure, the species, and in particular the individual fragmented 

populations, should be monitored over time, as this is a restricted-range species, is currently subjected to 

threatening processes, and the species’ montane habitat is at risk from the anticipated effects of climate 

change (Coughran and Furse 2010, Furse and Coughran 2010 In press-c). In addition, long-term 

monitoring of this species in the more disturbed localities and localities that are “recovering” could 

conceivably track the progress of recolonisation and recovery from disturbance, as populations in these 

disturbed areas return to the “original” values seen in the pristine areas.  
 
When assessed versus current IUCN Red List criteria, Coughran and Furse (2010) recommended the 

species E. sulcatus warranted listing as “Vulnerable” based on:  
 
 “An Extent Of Occurrence <10,000 km2, a severely fragmented distribution (including several 

geographically isolated populations with restricted distributions), and anticipated decline in area, 

                                                 
22  While investigation of the NSW populations of this species were beyond the scope of this study, Coughran and 

Furse (2008) estimated perhaps an additional 100 km2 of suitable habitat exists in nearby NSW.  
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extent and/or quality of habitat and Extent Of Occurrence due to climate change. IUCN Status: VU 

B1+2(a), (b) iii.” 
 
 
If the population in the Gold Coast Hinterland was assessed separately (from NSW), versus IUCN Red 

List criteria they would warrant listing as “Endangered” based on: Area Of Occupancy (AOO) <500 km2, 

a severely fragmented distribution, and ≤5 locations (i.e. geographically isolated populations with 

restricted distributions), and anticipated decline in area, extent and/or quality of habitat and Extent Of 

Occurrence (EOO) and/or AOO due to climate change. IUCN Status: EN B2(a), (b) iii. 

 

3.4.5 Limitations of Study 
 
The effects of the severe drought, combined with natural seasonal variations in rainfall/in-stream water 

levels (and crayfish activity) limited the capacity to conduct the field surveys as originally 

scheduled/intended, and rather fewer were completed than originally anticipated. Nevertheless, an 

acceptable number of surveys were successfully completed, and in general the patterns within these data 

were strong, and consistent with other knowledge of this species and its habits. 
  
In addition to the previously discussed assumptions of the field survey method, additional assumptions 

were made in the data assessment, GIS mapping, and population estimation calculations: these 

assumptions have the capacity to provide misleading results if incorrect.  
 
The main assumptions were associated with the inability to correct for the strong effect of the 3 localities 

on crayfish OCL distributions and CPUE, and the very much weaker effect of stream width on CPUE.  
 
It is possible that the actual distribution of the “type” of localities, and width of streams in the study area 

are different to the distribution of localities and stream widths surveyed in this study, and the likely effect 

of this would be that the population size and biomass estimates reported here, are underestimated.  
 
While the GIS mapping and calculation procedure of suitable stream habitat was conservative, without 

physically ground-truthing all 564 km of suitable streams >300 m a.s.l. in the study area, it is possible that 

the procedure provided an overestimate of suitable permanent stream-habitat in the area. However, the 

resolution of the available GIS data does not extend down to the 1st order ephemeral streams (that the 

species is known to inhabit), or the wet-soaks and gullies where the species is periodically found (and 

presumably inhabits, in part).  
 
Given the myriad nature of the small 1st order ephemeral streams, wet-soaks and gullies in the study area, 

and the known capacity of this species to inhabit places unconnected to any apparent permanent water 

source, it is quite possible the GIS mapping and calculation procedure has provided an underestimate of 

suitable permanent and temporary stream habitat in the area: the likely effect of which would be to 

contribute to an underestimation of the population size and biomass.  
 
Taking all assumptions into account, the estimates of the species total population and biomass calculated 

and reported in this study are lower bound, rather than middle target estimates. 
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3.5 CONCLUSION 
 
There were, as a lower bound estimate, 856,000 E. sulcatus ≥15 mm OCL in the Gold Coast Hinterland, 

with a total biomass of ~26 tonnes, although for much of the year many of these crayfish, and their 

biomass, are apparently ecologically inactive. Adjusted for activity through the year, the ecologically 

effective population size is around 567,000 crayfish, with a biomass of ~12 tonnes. 
 
The CPUE, a measure of the abundance of crayfish, and the biomass of crayfish, both peak around the end 

of January/early February, coinciding with the peak of the local wet season. 
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APPENDIX 3.1 – DESCRIPTION OF NON-LINEAR ESTIMATION 

ROUTINE 
 
The non-linear estimation routine of STATISTICA 7 was used to estimate least squares regression 

functions best approximating sinusoidal curves following possible annual cycles in the CPUE and biomass 

of crayfish when plotted against the day of the year. The square-root transformed (i.e. y transformed) 

CPUE data are used as an example here. 
 
The general form of the curve was: CPUE = b0 + b1 × cos((day of year – b2) / cycle length) 
 
Where: b0 = the mean of CPUE 

 b1 = the amplitude of the sinusoid estimated from the data 

 b2 = the phase shift of the minimum of the sinusoid from the day = 0 point 

 cycle length = the length of a cycle, from minimum to minimum in units of radians (i.e.  

 there are 2 × pi radians in a cycle). 
 
In this case, the variable cycle length was 365 (days), and in accord with the way that STATISTICA 

requires angles to be entered for processing by the cos( ) function, the actual function estimated was: 
 
CPUE = b0 + b1 × cos((day of year – b2) × 2 × pi/365) 

 

Thus, below in table a3.1: 

1. the parameter b0 is an estimate of the mean annual CPUE (in the y transformed scale);  

2. the parameter b1 is an estimate of the amplitude of the sinusoid, and if it is significantly different 

to zero, the analysis has uncovered a significant cycle (i.e. variation in level of) CPUE throughout 

the year; and 

3. parameter b2 is a measure of the phase shift of the maximum annual CPUE value from day zero of 

the year.  

 

Table a3.1. STATISTICA output for analysis of annual CPUE cycle in E. sulcatus (transformed units).  
 

Model is: v7=b0+b1*cos((v1-b2)*2*pi/365) (CPUE-cycle.sta)
Dep. Var. : SQRT CPUE
Level of confidence: 95.0% ( alpha=0.050)

Estimate Standard
error

t-value
df = 64

p-level Lo. Conf
Limit

Up. Conf
Limit

b0

b1

b2

3.17105 0.17944 17.67143 0.000000 2.81256 3.52953

0.72429 0.26392 2.74435 0.007859 0.19705 1.25153

35.20978 19.56923 1.79924 0.076695 -3.88424 74.30381  

 

The table above shows the values of the estimated parameters and their significance. In this case, the 

mean annual CPUE was 3.17, and this was very highly significantly greater than zero (this result is 

trivial), the amplitude of the cycle was 0.72, significantly different to zero (i.e. there was a significant 

variation in CPUE through the 365 day period) and the day of maximum CPUE was not significantly later 

than day zero of the year. In this case the maximum CPUE was on day 35 of the year (4th February), and 

the 95% C.L. on the day of the peak CPUE are day -4 to day 74 (the 28th of December to the 15th of 

March) (figure a3.1). 
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Annual CPUE Cycle in E. sulcatus
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Figure a3.1. Sinusoidal annual cycle of CPUE in E. sulcatus (transformed units). 
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4 Laboratory Nutrients and Leaf Litter Study 
 

4.1 INTRODUCTION 
 
Freshwater crayfish are known to often exert many strong direct and indirect ecological effects in the 

freshwater systems they inhabit (Lodge et al. 1985, Momot 1995, Nystrom et al. 1996, 1999, Zhang et al. 

2004), and many of these effects of crayfish satisfy the criteria of ecosystem engineering (i.e. Jones et al. 

1994) by "directly or indirectly modulating the supply of a resource other than themselves". 
 
The primary focus of this study is associated with the fact that freshwater crayfish are by far the largest 

members of the aquatic invertebrate shredder guild (Cummins 1974, Cummins and Klug 1979), and in 

some aquatic systems (Australia included) they are the largest aquatic shredders of all. The effects of 

freshwater crayfish in reducing the particle-size of leaf litter (i.e. shredding) have been investigated by 

other workers elsewhere, and it is now well established that freshwater crayfish play a key role in, and act 

as significant direct agents of, the initial and critical instream particle-size reduction of terrestrial leaf 

litter (Huryn and Wallace 1987, Parkyn et al. 1997, Usio 2000, Zhang et al. 2004). This process is 

typically discussed in terms of reduction of CPOM to FPOM (Cummins and Klug 1979). 
 
Although the diverse Australian freshwater crayfish fauna includes at least 5 of the World’s largest 

species (in the genera Astacopsis, Euastacus and Cherax), and some of the most productive species in the 

aquaculture industry (i.e. C. tenuimanus, C. quadricarinatus and C. destructor), the capacity of Australian 

freshwater crayfish to act as shredders of organic plant-derived material is poorly understood, and 

apparently has not been previously studied. 
 
In the context of the Australian landscape and freshwater ecosystems, the consumption, shredding and 

resulting ecosystem services (sensu Costanza et al. 1997) of this native freshwater crayfish fauna might 

be appreciable given their sometimes large body sizes, and in some cases high abundances. 
 
Euastacus sulcatus is one such species, reaching a considerable size (~100 mm OCL) (Coughran 2008), 

occurs in considerable numbers in the Gold Coast Hinterland study area (as discussed in chapter 3), and 

captive specimens have been observed consuming/shredding large amounts of leaf litter and woody debris 

in the laboratory over the last decade. 
 
Given that the estimated litter-fall rates in the subtropical rainforests of study area are amongst the highest 

in the World (14.5 tonnes ha-2 yr-1 DWT) (Tran 2001 pers. comm.), and large accumulations of this 

material are common in the streams of the area, it is possible that, as the largest shredder in these streams, 

the abundant E. sulcatus play a key role in the consumption, initial particle-size reduction, and therefore 

facilitation of further processing and eventual decomposition of this material. 
 
In addition to reducing the particle-size of the leaf litter, the actual consumption, digestion and eventual 

excretion of waste products from E. sulcatus will liberate nutrients that would otherwise remain bound in 

the leaf litter. Given that ammonia, which is the main nitrogenous product excreted by crayfish (Vogt 

2002), is an important plant nutrient (WHO 2008), crayfish-mediated liberation of this nutrient, leading to 

uptake by other biota, might be important for the structure and function of the headwater ecosystem, 

particularly considering that nutrient budgets in undisturbed forests are regarded as “tight” (Likens and 

Bormann 1974) or even fully closed in some rainforests (Turvey 1974). 
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Cycling of nitrogen and phosphorus by animals in freshwater systems is recognised as important for 

continued ecosystem function (Vanni 2002), and while liberation of nutrients by crayfish has been 

investigated by other workers in the context of stimulating primary productivity in lakes (Flint and 

Goldman 1975) and as a potential source of eutrophication (from aquaculture, Kristiansen and Hessen 

1992, Ackefors and Török 2002), it appears the role of crayfish in the liberation and cycling of nutrients 

in subtropical rainforest streams has not been previously investigated. 
 
As an abundant, large species, that apparently comprises a large proportion of the total aquatic biomass in 

the streams of the study area, the effect of day-to-day litter consumption, particle-size reduction and 

nutrient liberation by the E. sulcatus population in the headwater streams might be considerable. The 

effects of the E. sulcatus population in the headwater streams might be important in maintaining the high 

quality of water flowing from the headwaters into downstream water storage reservoirs, and possibly play 

a key role in maintaining the structure, function and health of the headwater stream ecosystems. 
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4.1.1 Aim and Rationale 
 
The aim of this laboratory study is to determine the effect of E. sulcatus on the liberation of the nutrients 

nitrogen and phosphorus from leaf litter, while simultaneously determining consumption and particle-size 

reduction rates of the leaf litter due to the feeding/processing activities of the crayfish. 
 
The rationale for obtaining these estimates of nutrient liberation, particle-size reduction and consumption 

of leaf litter is concerned with evaluating the ecosystem services of this species. As previously reported in 

chapter 3 of this study, E. sulcatus is an abundant species and given the large population of crayfish in the 

study area, this species might well play a key role in the liberation and recycling of nutrients from leaf 

litter, and particle-size reduction of this material in the streams of the area. 
 
Given that a population estimate of this species is available, obtaining estimates of nutrient liberation and 

litter processing rates in the laboratory will allow the species’ contribution to maintaining water quality to 

be assessed, and allow calculation of the ecological effect of the population of E. sulcatus in the 

headwater streams of the Gold Coast Hinterland with regard to the annual amounts of nutrients liberated 

and leaf litter processed. 
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4.2 METHODS 
 
Ideally a study of crayfish-mediated nutrient liberation and litter processing would be conducted in the 

species’ natural environment in order to obtain the most realistic measure of the effect of crayfish, but 

also to avoid the numerous potential effects of unnatural experimental environments/microcosms. 
 
However, the laboratory microcosm approach was necessary and was adopted in this case as a very high 

degree of experimental control was required, both in the sense of establishing and maintaining true 

crayfish-free controls, but also maintaining stability in environmental parameters (i.e. temperature), but in 

particular controlling the potential for inadvertent nutrient contamination.  
 
The main assumption of this study was that the results derived from the experimental microcosms, would 

be fair, relevant and applicable estimates of the true effect of this species in their natural environment. 
 
To investigate the effect of crayfish on the liberation and cycling/dynamics of nutrients bound in leaf 

litter, and particle-size reduction of this leaf litter, a series of 9 laboratory based microcosm experiments 

(including a pilot study) were performed in a Constant Temperature room (CT room). Each experiment 

involved 4 main components: water, field collected leaf litter, crayfish, and experimental equipment (i.e. 

aquaria and aeration equipment): each of these components are discussed in detail in later sections. 
 
For each experiment (hereafter an experimental run), 6 glass aquariums (tanks) were used, 3 tanks were 

designated as controls (i.e. no-crayfish at anytime), and the 3 remaining tanks designated as treatments 

(i.e. with crayfish added and removed over time). 
 
All tanks were filled with aged tap water, supplied with a measured quantity of whole leaf litter, stabilised 

for a week, after which the initial dissolved nutrient concentration in the tanks was measured, and the 

crayfish were added to the treatment tanks. Each week thereafter water samples were collected from all 

tanks, and in the case of the treatments, crayfish were added or removed immediately following collection 

of the weekly water samples. Data collected from these experimental runs allowed the effect of the 

crayfish on dissolved nutrient concentrations to be determined, relative to non-crayfish controls, and the 

subsequent fate of the nutrients liberated by the crayfish into the water. 
 
Following collection of water final samples, and removal of crayfish, all remaining leaf litter in tanks was 

collected, the total dry weight remaining, particle-size, and total nutrient content of this material was 

determined. These data allowed the effect of crayfish on litter consumption, particle-size reduction 

(shredding), and any assimilation/adsorption of dissolved nutrients into/onto the leaf litter substrate to be 

determined, relative to non-crayfish controls. 
 
The methods and procedures used during this study fall into 2 distinct stages, the first stage (in all cases 

lasting 2 weeks) concentrated on preparation of the experimental tanks (i.e. laboratory set-up and tank 

stabilisation). The second stage focused on the actual experimentation (i.e. sample collection and 

experimental manipulations), and the duration of the experimental stages were between 2 and 4 weeks.  
 
The duration of the experimental stages differ as it was initially intended that all experimental runs would 

consist of the 2 week preparation, and a 2 week experimental stage (i.e. 2 sets of weekly water samples). 

However, as the experiment progressed, unanticipated and interesting nutrient dynamics became evident 

in the system, and it was decided to extend the duration of the experimental stages to investigate further 

(i.e. 4 sets of weekly water samples). 
 
For clarity, the methods for the preparation and experimental stages are presented separately in the 

following sections.  
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4.2.1 Laboratory Preparation Stage 
 
A specialist environmental nutrients laboratory, Queensland Health Pathological and Scientific Services: 

Environmental Nutrients Section (QHPSS-ENS) was engaged to analyse all samples collected during this 

study, including analysis of total and soluble nutrient concentrations in water samples, and the total 

nutrient content of leaf litter samples. The QHPSS-ENS specialises in low level environmental nutrient 

analysis and employs particularly sensitive analytical techniques with minimum detection limits in the 

range of fractions of milligrams per litre.  
 
When employing such sensitive analytical techniques, any inadvertently contaminated samples will return 

highly accurate, but completely misleading, results: two common contaminants in nutrient analysis are 

phosphate based detergent residues and ammonia (APHA 1998, QHSS undated).  
 
The technique employed for analysis of phosphate in this study was sufficiently sensitive that 

contamination of phosphate from freshly soap-washed hands is readily detectable. Particular care must be 

taken with samples to avoid inadvertent ammonia contamination, even sealed and frozen water samples 

are vulnerable to contamination (ammonia penetrates plastic storage vessels), and common sources of 

contamination is ammonia from seafood, cleaning products, poor personal hygiene (including perspiration 

(Wruck 2008 pers. comm.)).  
 
When conducting studies of nutrients at such low concentrations, the validity of the final results can only 

be assured by absolutely meticulous preparation and decontamination of all experimental equipment, 

maintaining high standards of personal hygiene, and paying particular attention to detail at every step of 

the sample collection, storage and transport process. Therefore a great deal of time and effort was devoted 

to identifying and eliminating potential sources of contamination, and maintaining the integrity of the 

samples collected for nutrient analysis in this study. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 92 

4.2.1.1 Water 
 
To ensure a consistent physicochemical quality of water throughout this study (compared to field 

collected water), aged tap water was used throughout, unless otherwise stated. Water was aged by 

aerating potable town supply water vigorously for a minimum of 1 week in 300 l plastic drums, using oil-

free compressed air, and single large plastic airstone (air flow rate 540 l hr-1).  
 

4.2.1.2 Laboratory Anti-Contamination and Decontamination Protocols 
  
Powder-free disposable latex gloves, rinsed with aged tap water, were worn at all times when handling 

any items, or material, associated with this study. Actual immersion of gloved hands was avoided 

wherever possible, and was limited to collecting water samples. In particular, at no time were bare hands 

placed in, or on any tanks, or experimental equipment while preparation or experimentation was in 

progress. 
 
Prior to each experimental run, all equipment used was decontaminated by vigorously scrubbing with a 

solution of water and 5% Techsol-A phosphate free, alkaline cleaner (Bio-Service Pty Ltd, Huntingdale, 

Australia), and rinsed with aged tap water. Hereafter all equipment treated in this fashion will be referred 

to as “decontaminated”. 
 

4.2.1.3 Leaf Litter: Origin, Conditioning Storage and Preparation  
 
The chemical composition of leaf litter is known to vary considerably over time, in that the nutrient 

content of leaf litter immediately post abscission is known to differ considerably compared to leaf litter 

leached in water for 4 weeks (Boling et al. 1975). To minimise introducing unwanted variation in the 

nutrient content of leaf litter into the experiments, all leaf litter used in the experiments was drawn from 3 

batches collected in July 2001, January 2002, and February 2003. The leaf litter was collected from a 

1st order subtropical rainforest stream on a private property on the Springbrook Plateau. Leaf litter was 

collected wet or moist, pre-leached, and well conditioned (i.e. well aged litter, containing no green 

leaves). The leaf litter was derived from plant species typical of the riparian vegetation in the area 

inhabited by E. sulcatus, and Acacia melanoxylon (Mimosaceae) and Lomatia arborescens (Proteaceae) 

were probably the source of 60% of the plant material. 
 
Decomposing leaf litter in aquatic systems typically features extensive biofilms of aquatic microflora and 

bacteria, and it has been suggested that these biofilms are important nutritional components in the diets of 

aquatic invertebrates (Cummins 1974, Suberkropp and Klug 1976). Consequently, it was certain that 

drying the leaf litter to determine the initial dry weights prior to experimental runs would alter the natural 

nutritional value and perhaps palatability of the leaf litter to the crayfish. 
 
While it was technically feasible to fully rehydrate and re-inoculate the leaf litter with natural biofilms 

after determining DWT, it was judged that the potential for introducing additional uncertainties into the 

experimental system outweighed the benefits of determining DWT. 
 
Furthermore, the process of oven- or air-drying the leaf litter to establish initial DWT would also likely 

alter the “natural” chemical composition of the leaf litter (in particular the nutrient content), by increasing 

or promoting evaporation of any volatile compounds. Furthermore, the additional handling required to 

determine DWT (e.g. drying and weighing) would lead to incidental particle-size reduction of the leaf 

litter, and an unknown further leaching effect during rehydration of the leaf litter. 
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Therefore, in order to present the crayfish with leaf litter in a condition as close as possible to that in the 

field, while minimising unwanted particle-size reduction, it was necessary to maintain all leaf litter in a 

fully hydrated condition until such time as the individual experimental runs were completed. 
 
The following protocol was adopted in an attempt to maintain leaf litter in its natural condition. After 

collection, leaf litter was transported directly to the laboratory where it was immediately immersed in 

110 l plastic drums filled with well aerated, well aged (i.e. chlorine free) tap water, and stored in a 

separate CT room until required. Storage water was maintained at 15°C (Sigma-II, Model NSII-Q 

Thermohygrograph, Sato Keiryoki Mfg. Co. Ltd. Japan), the water-litter mixture was aerated at all times 

with a single air stone (air flow rate 420 l hr-1), and each week 50% of the storage water was changed. 
 
For the reasons outlined above, the weights of the initial leaf litter samples added to the tanks were 

measured in grams (well drained) WWT, as opposed to the more typical DWT. Considering the aims of 

this study, the benefits of supplying the experimental crayfish with leaf litter with natural biofilms intact, 

and a typical nutrient content, outweighed the costs of potentially introducing imprecisions into the 

experimental system by relying on an initial and less precise WWT measure, as opposed to the more 

precise measure of DWT. 
 
Prior to experimentation, the leaf litter in the storage drums was gently mixed to homogenise the leaf 

litter, approximately 1 kg of litter was collected, and sieved23 while immersed in water to remove any 

FPOM. The sieve and contents were left to drain for 15 minutes at room temperature (~21°C), after which 

the litter was gently centrifuged in a domestic “salad spinner” for 2 minutes to remove any remaining 

interstitial water.  
 
Six 100 g WWT samples of whole leaf litter were weighed to the nearest 0.001 g (HR-300 Analytical 

Balance, AND Company Ltd, Japan), and added to the 6 tanks at random24.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
23  Domestic plastic sieve ~4 mm mesh, decontaminated. 
24  A die was rolled. 
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4.2.1.4 Experimental Animals, Holding Facilities and Pre-Experiment Purging 
 
Crayfish used in this study were sourced from a small population maintained in captivity by the author 

since 1999, and included juveniles reared in captivity. In addition, a number of animals captured in the 

field during the course of this study were utilised (table 4.1). Crayfish in late pre-moult (i.e. soft 

exoskeleton or line of dehiscence open), immediately post-moult, or females in gravid condition were not 

selected for use in any experimental runs. 

 

 Table 4.1. Details of crayfish used in experiments. 
 

Crayfish 
Number 

Gender OCL (mm) 
Drained Wet  
Weight (g) 

Status 

1 M 82.5 292.0 Captive since 1999 
2 F 24.0 7.3 Collected in 2001 
3 F 31.0 17.5 Collected in 2001 
4 F 25.0 9.2 Collected in 2001 

  4a F 25.0 9.3 Collected in 2001 
5 M 62.5 145.0 Captive since 1999 
6 F 61.0 115.0 Captive since 1999  
J1 J* 9.0 0.6 Reared in captivity  
J2 J* 6.0 0.3 Reared in captivity  
J3 J* 6.0 0.2 Reared in captivity  
J4 J* 6.0 0.2 Reared in captivity  

 

*Gender of crayfish could not be determined due to their small size, crayfish were classified as “juvenile”. 

 

Between experimental runs crayfish were housed in separate holding tanks, in the same CT room used for 

experimentation. Each holding tank was fitted with a recirculating filter system (depending on tank size 

either AquaClear “Mini”, 200, or 300 Series, Hagen Corporation, USA), all tanks were aerated with a 

single airstone (air flow rate 360 l hr-1) and power-head (OTTO PH200, Taiwan), an appropriately sized 

uPVC pipe refuge was provided, and crushed shell grit used as substrate. 
 
Holding tanks were filled with aged tap water and maintained at 15.5°C, weekly maintenance of holding 

tanks included cleaning of the filtration systems and a 50% water change. Photoperiod in the CT room 

was controlled using a timer, and was adjusted fortnightly to mimic natural photoperiod. 
 
When in the holding tanks crayfish were provided at all times with an abundant supply of field collected 

and conditioned leaf litter and allowed to feed ad libitum thereon. Between experimental runs the crayfish 

were provided with the following supplementary foods.  
 
• the aquatic macrophytes Elodea and Vallisneria spp. 

• green peas, sliced carrot, zucchini/courgette, fresh beef, and  

• two types of commercial fish food/pellets  

• vegetable based Aqua-Life pellets (AQUA-LIFE Products Ltd, Brisbane, Australia ),  

• fish-meal based Orca brand pellets (Nijimi Pty Ltd, Sydney, Australia ). 
 
Supplementary foods were supplied every second day, in quantities sufficient to ensure a varied diet for 

the crayfish, but not in such quantities to allow hoarding or burying of any excess supplementary foods. 
 
Prior to experimentation the digestive tracts of the crayfish were purged to ensure the elimination of any 

unnaturally nutrient/nitrogen rich food(s), by withholding all supplementary foods for 1 week (crayfish 

were allowed to continue feeding on the natural leaf litter during this week). Supplementary feeding 

resuming only following the completion of each experimental run. 
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4.2.1.5 Tank Setup and Stabilisation 
 
All experimental runs were performed in a CT room25 set to maintain water temperature at 15.5°C, 

approximating the annual average stream temperature of 15.1°C recorded in the field over the period 

2001 – 2003 (maximum = 22.9°C, median = 15.4°C, minimum = 7.1°C, N=128). Considering the 

objectives of this study, it was necessary that the experimental tanks did not contain any items (i.e. 

substrates like pebbles or shell grit) that could potentially alter or interfere with water chemistry, but in 

particular substrates that would interfere with collection and measurement of leaf litter. 
 
For each of the 9 experimental runs, six 55 l glass tanks were setup as follows:  
 
• tanks and tank-lids were decontaminated (lids were used to prevent escapees, not to seal tanks from 

atmosphere);  

• tanks were filled with 50 l of water;  

• tanks were fitted with a single decontaminated plastic airstone, a supply of oil-free compressed air 

(air flow rate 360 l hr-1), and aerated continually for the duration of each experimental run;  

• a single crayfish refuge (decontaminated uPVC pipe 200 mm by 110 mm ∅), was added to each tank; 

• after 7 days aeration, 100 g WWT of whole leaf litter was added to each tank; 

• tanks were left to stabilise for a further week; and 

• to ensure the water quality in all tanks was suitable for the wellbeing of the crayfish, percent 

dissolved oxygen saturation (D.O.%), and pH were measured (TPS Pty Ltd, Brisbane, Australia, 

FLMV 90 Field Analyser), completing the laboratory preparation stage. 
 
Except when access was required, lids were fitted to tanks at all times during the setup and stabilisation. 

A sheet of black plastic was used to screen the front of the tanks from the rest of the CT room in order to 

ensure that fright responses by the crayfish to any movements by the experimenter were avoided. All 

laboratory equipment (tanks, tank-lids, airstones/airlines and crayfish refuges) were numbered 1 – 6 to 

ensure the same equipment was used in each tank for all experimental runs.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
25 Used solely for the purposes of this study, and locked at all times in the absence of the author. 
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4.2.2 Experimental Stage 
 
The experimental stage is where collection of weekly water samples for dissolved nutrient analysis 

commenced, and the crayfish were added to the treatment tanks and allowed to feed on/process the leaf 

litter therein. As the collection of samples and experimental manipulations (adding or removing crayfish) 

were performed at weekly intervals, time from this point on will be discussed in terms of weeks. 
 

4.2.2.1 Nutrients: Sampling Protocols, Equipment and Sample Integrity 
 
To ensure the results of this study were not influenced by contamination, and the integrity of the samples 

was maintained, the following sampling and storage protocols were employed: 
 

1. all sampling was performed solely by the author; 

2. sampling was performed as per QHPSS document: QSE-ENG-001, Guidelines for Nutrient 

Sampling of Waters (Appendix 4.1); 

3. all equipment used for collected and filtering samples (i.e. 60 ml disposable Terumo syringes and 

Sartorius “minisart” 0.45 µm filters) were supplied sealed by QHPSS-ENS; 

4. sealed, quality controlled sample jars were supplied by QHPSS-ENS; 

5. without exception, rinsed powder-free disposable latex gloves were worn at all times during 

sampling, or when handling sampling equipment and the sample jars; 

6. samples were either transported, on-ice, in thick-walled styrofoam boxes, directly to QHPSS-

ENS immediately after collection, or frozen immediately after collection and stored at –35°C, in a 

decontaminated and locked freezer (used solely for the purposes of this study); 

7. frozen samples were also transported in thick-walled styrofoam boxes, directly to QHPSS-ENS, 

with all transportation of samples performed by the author. To minimise any heating or thawing 

of samples due to daytime heat26 and/or traffic delays, transport commenced at 0600 and was 

completed no later than 0700; 

8. at all times the author remained solely responsible for maintaining sample integrity and sample 

chain-of-custody, until delivery and receipt of samples at the QHPSS-ENS laboratory; and 

9. blind-blank samples of Milli-Q water were included in every run (at step 6 above) and analysed 

for any contamination resulting from the sampling, storage and transport protocols. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
26 Daytime temperatures in southeast Qld often exceed 30°C, while temperatures inside vehicles can exceed 60°C. 
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4.2.2.2 Nutrients: Sampling Schedule and Experimental Manipulations 
 
Water sampling and experimental manipulations were performed as specified below. Physical placement 

of tanks on the shelves as either control or treatment was interspersed (i.e. T,C,T,C,T,C) and this 

allocation was reversed between experimental runs to account for any physical variation or mechanical 

differences between tanks and equipment. In all cases week 1 followed the 2 week tank setup and 

stabilisation stage. 
 
Week 1 (crayfish week 1) 

1. a single water sample was collected from one randomly selected tank, to determine initial nutrient 

concentration; and 

2. three crayfish were scrubbed27 and rinsed (to remove any biofilms and fragments of leaf litter), 

wet-weighed (g), measured (OCL) and one added to each of the 3 treatment tanks. 
 
Week 2 (non-crayfish week 1) 

1. water samples were collected from all 6 tanks; and 

2. all crayfish were removed from treatment tanks28, rinsed in the sample water (to remove any 

fragments of leaf litter) and returned to their respective holding tanks.  
 
Week 3 (crayfish week 2) 

1. water samples were collected from all 6 tanks; and 

2. crayfish were scrubbed, rinsed, and returned to their respective treatment tanks. 
 
Week 4 (end of experiment) 

1. final water samples were collected from all 6 tanks; and 

2. all crayfish were rinsed, removed from the treatment tanks, and returned to their holding tanks, 

completing the collection of the water samples, and the experimental stage of the run.  
  
With the exception of the above sampling schedule, interventions with the tanks were nil to reduce the 

possibility of contamination, or cross-contamination between tanks (i.e. cross-contamination of tanks via 

D.O.% or pH monitoring probes). Except during weekly sample collection and experimental 

manipulations, lids were fitted to all tanks at all times during experimental runs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
27  Using a 25 mm paintbrush.  
28  A lifting tool was fashioned from galvanised steel rod that allowed the uPVC refuges (with crayfish therein) to 

be lifted from the tanks, removing the need to immerse hands or arms in the tanks. 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 98 

4.2.2.3 Leaf Litter and Leaf Nutrient Content: Collection, Processing and Analysis  
 
Following collection of final water samples, the tanks contained approximately 48 l of water and the 

remaining leaf litter. In many cases (particularly in the treatments) the particle-size of the organic matter 

was visibly reduced from the whole leaves that were originally added to the tanks, and all remaining 

particles >0.45 µm in the tanks needed to be collected for further analysis. 
  
Collecting all particulate matter >0.45 µm from the large volumes of water used (~2700 l total), and 

drying, sieving and weighing, while minimising any further incidental reduction in particle-size, was a 

delicate and time consuming task. The following procedure was adopted: 
 

1. aeration was stopped, the airstones, airlines and uPVC pipes were scrubbed in their respective 

tanks (to remove any biofilms and fragments of leaf litter), rinsed with Milli-Q water and 

removed; 

2. tanks were left to settle (~6 – 8 hrs); 

3. using a 6 mm ∅ silicone hose the majority (~40 l) of the water in each tank was decanted and 

passed through a 0.45 µm stainless steel test sieve (Endecotts Ltd, London, England), decanting 

stopped when particulates started to be drawn from the bottom of the tank, filtrate was rinsed into 

pre-weighed aluminium trays using Milli-Q and filtered water was discarded;  

4. the water and organic matter remaining in each tank was slowly poured through a series (2.0 mm, 

1.0 mm, and 0.45 µm) of stainless steel test sieves. The insides of tanks were scrubbed, rinsed 

and this water passed through the sieves, filtrate was rinsed from sieves into pre-weighed 

aluminium trays using Milli-Q and filtered water was discarded;  

5. aluminium trays were dried to a constant weight at 60°C and cooled in a vacuum desiccator, and 

weighed to the nearest 0.001 g, giving: g DWT TOTAL LITTER remaining in each tank;  

6. the dried organic matter recovered from each tank was sieved into two size fractions, CPOM (all 

particles >1.0 mm ∅), and FPOM (all particles <1.0 mm ∅), both size fractions were re-dried to 

constant weight at 60°C, cooled in vacuum desiccator and weighed to the nearest 0.001 g, giving: 

g DWT FPOM and g DWT CPOM; and  

7. from the 54 leaf litter samples collected, 6 control and 6 treatment samples were selected, in 

pairs, from 3 experimental runs, and analysed by QHPSS-ENS for total particulate nutrient 

content (total Kjeldahl nitrogen (TKN), and total phosphorus (TP) content). 
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4.2.2.4 Chemical Analysis Methods: Water and Leaf Litter Samples  
 
The analytical methods employed by QHPSS-ENS for the nutrient content analysis of all water and leaf 

litter samples are summarised in table 4.2. Refer to Appendix 4.2 for detailed outline of QHPSS-ENS 

analytical methods. (Hosomi and Sudo 1986, APHA 1998) 

 

Table 4.2. Nutrients and Fractions of Interest: Analytical methods employed.   

 Nutrient Description/Fraction QHPSS-ENS Method 

Total Nitrogen -  Hosomi and Sudo (1986) – modified 

   Nitrogen (soluble) Ammonia APHA (1998)-4500-NH3 H 

   Nitrogen (soluble) Nitrogen Oxides APHA (1998)-4500-NO3 I 

   Nitrogen (soluble) Nitrite APHA (1998)-4500-NO3 I 
 

   Nitrogen (soluble) Nitrate Calculated value (N Oxides - Nitrite) 

Total Phosphorus  -  Hosomi and Sudo (1986) – modified  

Water 
Samples 

   Phosphorus (soluble) Filterable Reactive Phosphorus APHA (1998)-4500-P G 

   Total Nitrogen  Total Kjeldahl Nitrogen  APHA (1998)-4500-Norg D and NH3 H  Litter 
Samples    Total Phosphorus Total Particulate Phosphorus APHA (1998)-4500-P 
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4.2.3 Constant Temperature Room Testing and Pilot Study  
 

4.2.3.1 Constant Temperature Room Test 
 
Prior to commencing experimentation, the CT room was tested to determine what changes in air and water 

temperature could be expected over time in the event of a power outage, or refrigeration systems failure. 

All tanks used in the experiments were setup as per Methods (but without leaf litter), an additional 

volume of water (~1200 l) was present in the CT room, mimicking the total volume of water expected to 

be present during experimentation. Water temperature was allowed to stabilise to 15.5°C, and the power 

supply to the refrigeration system was cut for 24 hours. The CT room remaining sealed and locked 

throughout; changes in air temperature over the 24 hours were recorded continuously with an automatic 

thermohygrograph, while water temperature was recorded at hourly intervals, for the 3 hours immediately 

following refrigeration system shutdown, with a FLMV 90 Field Analyser. 
 
Water temperature was only monitored for 3 hours as it was decided a-priori, if the refrigeration systems 

were inoperative for more than 3 hours it would most likely be due to a major refrigeration system 

malfunction or serious power supply interruption (i.e. not quickly repairable), and would require the 

experiment be terminated, both in the interests of animal welfare and data reliability. 

 

4.2.3.2 Pilot Study 
 
A pilot study was conducted to test and verify the experimental setup and sampling protocols outlined in 

the previous sections. In particular, given the considerable potential for, and many possible sources of, 

inadvertent contamination of water samples, the pilot study was particularly focussed on establishing if 

any obvious contamination was evident in any of the water samples (and identifying the source of any 

contamination detected). The pilot study included the standard tank setup and stabilisation process, but 

only 1 week of crayfish treatment. 
 
In addition to testing experimental protocols, the pilot study was also designed to: 
 

1. establish that water quality parameters, in particular percent dissolved oxygen saturation 

(D.O. %) and pH levels, did not fluctuate unduly over time, and remained at acceptable levels for 

the wellbeing of the experimental animals; 

2. obtain a preliminary measure of the initial dissolved nutrient concentrations after the setup and 

stabilisation process (i.e. the concentration of nutrients attributable to leaching from leaf litter 

over a week); 

3. determine if any differences in nutrient concentrations were evident between the 6 tanks after a 

week’s stabilisation (i.e. were there any differences in nutrient leaching rates between tanks); 

4. establish if a treatment effect of crayfish on nutrient concentrations was actually detectable (sensu 

limits of analytical detection in chemical analysis); and 

5. determine if any crayfish effect on nutrient concentrations was significantly different to non-

crayfish controls (sensu statistical analysis). 
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4.2.4 Summary: Variables of Interest 
 
Of primary interest in this study were the nutrient concentration in the water column, the nutrient content 

of the leaf litter, and the amounts of leaf litter consumed and shredded by the crayfish in the tanks. A 

number of additional crayfish and litter variables were measured and recorded in all runs (table 4.3). 

 

Table 4.3. Laboratory Study Predictor and Response Variables of Interest: Explanation and comments. 
 

Categories of 
Variables 

Name of Variable Explanation of Variable and Comments Units 

OCL Occipital-Carapace length of crayfish mm 

WET WEIGHT Blotted wet weight of crayfish g WWT 

DURATION OF TREATMENT Duration of treatment by crayfish d 

DURATION OF RUN Total length of run d 

LITTER CONDITIONING TIME Length of time leaf litter was stored in laboratory d 

Metric 
Predictor 
Variables 

DATE LITTER ADDED Day of year litter added to tanks 
Cardinal 

Day29 

Categorical 
Predictor 
Variable 

GENDER Sex of crayfish M, F or J 

TN 
- Sum of all nitrogen in water column, or 
- Total nitrogen content of leaf litter  

mg l-1 

g 

AMMONIA Concentration of ammonia in water column mg l-1 

NITROGEN OXIDES Sum of oxidised nitrogen species in water column  mg l-1 

NITRITE Concentration of nitrite in water column mg l-1 

NITRATE Concentration of nitrate in water column mg l-1 

TP 
- Sum of all phosphorus in water column, or 
- Total phosphorus content of leaf litter 

mg l-1 

g 

Nutrients 
Metric 

Response 
Variables 

FRP Soluble fraction of phosphorus in water column  mg l-1 

TOTAL LITTER Sum of all leaf litter g DWT 

CPOM Leaf litter particles ≥1 mm diameter g DWT 

Leaf Litter 
Metric 

Response 
Variables FPOM Leaf litter particles ≥0.45 µm ≤1 mm diameter g DWT 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
29  i.e. 1st January = 1, 2nd January = 2... 
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4.2.5 Statistical Analysis 
 

4.2.5.1 Objectives 
 
The aims of this study were to quantify the effect of the crayfish on liberation of nutrients from leaf litter, 

and any resulting particle-size reduction of the leaf litter during this process, and all experimental runs 

were conducted as a semi-paired design. That is, for each of the 3 crayfish-treatment tanks, 3 non-crayfish 

control tanks were run concurrently to obtain a measure of the “background” processes occurring in the 

absence of crayfish. This measure of the non-crayfish background processes was required to permit the 

appropriate corrections to be made in the data set, in order to isolate the true effect of crayfish from other 

background processes. 
 
In accord with the semi-paired design of this experiment, it was necessary to control standardise (i.e. 

correct for controls) all response variables in the data set prior to statistical analysis. The procedures 

employed for the data corrections and analysis are presented separately for the nutrients and litter studies 

in the following sections. 

 

4.2.5.2 Nutrients: Data Assessment, Standardisations and Analysis 
 
The data as collected formed a table of values of weekly concentrations in both treatment and control 

tanks, over time, for the various nutrients of interest. The raw nutrient data were assessed for outliers (x-y 

scatterplots), and it was indicated that the data were very poorly distributed, often with very large 

variances. In order to clearly display any trends in the data, all nutrient data were replotted on log scaled 

y-axis, and overlain with trendlines denoting weekly geometric mean concentrations in both treatment 

and control tanks. Prior to statistical analysis the data required some pre-processing (i.e. correction for 

controls, differences in the size of crayfish, and calculation of changes in concentrations between week), 

as follows: 
 

1. for each nutrient, in every run, the geometric mean of the 3 control tank concentrations in each 

week was calculated; 

2. the geometric mean concentration in the control tanks for that week (and nutrient and run) was 

subtracted from the concentration in each of the 3 experimental tanks: giving the control-adjusted 

nutrient concentration for each tank, in a particular week, in a given run; 

3. the control-adjusted nutrient concentration was adjusted for the size of the crayfish used in that 

tank in that run, by dividing this value by the weight of the crayfish, and multiplying by 150 (the 

weight in grams of a typical crayfish used in the experiments): this gave the first ‘effect variable’, 

which was the weight- and control-adjusted nutrient concentration for each tank in a particular 

week, in a given run; and 

4. the effect of the crayfish during its period in (or out of) the tank was then calculated by 

subtracting the previous week’s weight- and control-adjusted nutrient concentration from the 

current week’s weight- and control-adjusted nutrient concentration: thus yielding the second 

‘effect variable’, the change in weight- and control-adjusted nutrient concentration for each tank 

in a particular week, in a given run.  
 
To graphically evaluate the effects of crayfish, the 2 effect variables (weight- and control-adjusted 

nutrient concentration, and the change in weight- and control-adjusted nutrient concentration) were 

plotted separately versus time (box-whisker plots) for each of the 7 nutrients of interest.  
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The data were so poorly distributed for all nutrients (including frequent extreme outliers, and high 

variances) testing differences in mean concentrations between two sets of data (in this case weeks) using 

t-tests would have been quite inappropriate. The most powerful statistical test available for such poorly 

behaved paired data is a permutation test, but the available complete enumerations of the permutation 

process could only accommodate a maximum of 16 cases, and some of the data sets here contained more 

than 30 cases, exhaustive permutation of which would be computationally impracticable. An 

approximation to a permutation test, which can accommodate larger data sets, is a form of randomisation 

test (after Siegel and Castellan 1988). Therefore, the changes in weekly mean nutrient concentrations over 

time were analysed using a randomisation test implemented in EXCEL® using routines distributed in the 

package "PopTools" (Hood 2008). Due to a 1000-fold range in scale of errors (due to both very small 

crayfish, and very large crayfish being used in the experiments), the means were weighted prior to 

randomisation testing analysis in accord with the discussion presented in Appendix 4.3. 
 
The re-sampling routine was replicated 10000 times for a typical test, and where the significance was 

close to the critical value (α = 0.05) an additional 30000 simulations were run so that the estimated 

significance was based on 40000 samplings of the randomised data. Further partitioning of the data 

allowed any effect of crayfish gender on nutrient concentrations to be evaluated using randomisation tests 

as described above. (Siegel and Castellan 1988) 
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4.2.5.3 Leaf Litter Particle-Size Reduction: Standardisation, Preliminary 

Assessment and Data Analysis 
 
The litter data formed a table of values of the final weights of litter recovered from each of the control 

and treatment tanks, for each of the 3 litter fractions. The raw data for each of the litter fractions were 

plotted, checked for outliers, and gross differences between treatments and controls were analysed using 

t-tests. Prior to further analysis, the data for each litter fraction were corrected for controls, as follows: 
 

1. for each litter fraction, in every run, the arithmetic mean value of leaf material remaining in the 3 

control tanks was calculated; and 

2. this mean control value for that particular run (and litter fraction) was subtracted from the actual 

values in each of the 3 experimental tanks: giving the control-adjusted weight of material for the 

3 litter fractions in each tank, for each run. 
 
 

4.2.5.4 Leaf Litter Data: Preliminary Data Assessment  
 
The capacity of the predictor variables GENDER, OCL, WET WEIGHT of the crayfish, and DURATION OF 

TREATMENT to explain the differences in the control-adjusted weight of material for each of the 3 litter 

fractions were evaluated in a preliminary modelling/assessment routine. This assessment routine also 

included evaluation of which of the 2 crayfish-size variables (OCL and WET WEIGHT) might be a better 

predictor, and if the indeterminate-gender juvenile crayfish could be included in the analysis. 
 
The following 4 step preliminary assessment routine was conducted for each of the 3 litter fractions: 
 

1. Rationale: Performed to assess main-effects explanatory capacity of OCL, and determine if any 

effect of adult crayfish gender was evident. 

• Predictor variables tested: GENDER (adult crayfish only), OCL, and DURATION OF TREATMENT; 

• Analysis method: Multiple regression. 
 

2. Rationale: As above, but assessing main-effects explanatory capacity of the WET WEIGHT of 

crayfish. 

• Predictor variables tested: GENDER (adult crayfish only), WET WEIGHT, and DURATION OF 

TREATMENT;  

• Analysis method: Multiple regression. 
 

3. Rationale: Performed to assess simple-effects of all predictor variables. 

• Predictor variables tested: GENDER (adult crayfish only), WET WEIGHT, OCL and DURATION OF 

TREATMENT; 

• Analysis method: Simple regression. 
 

4. Rationale: Repeating all analysis in steps 1 – 3 (above), but including the indeterminate-gender 

juveniles. 

• Predictor variables tested: WET WEIGHT, OCL, and DURATION OF TREATMENT; 

• Analysis method: Multiple and simple regressions. 
 
Gender of adult crayfish was unimportant and the indeterminate-gender juveniles were included in the 

subsequent analysis. All litter fractions were corrected for differences in the DURATION OF TREATMENT, and 

the WET WEIGHT of crayfish was retained as the sole predictor variable for the final analysis. Refer to 

Appendix 4.4 for a detailed outline of the preliminary data assessment routine. 
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4.2.5.5 Litter Data: Final Analysis 
 
The final data for each litter fraction were plotted separately (x-y scatterplots) versus WET WEIGHT of 

crayfish and 95% C.I. drawn on the regression lines. The significance of the actual litter processing effect 

of crayfish was analysed separately for each of the 3 litter fractions using multiple regressions. Due to 

negative y-axis intercepts in the case of TOTAL LITTER and CPOM (i.e. crayfish effects were indicated at 

zero crayfish weight), all final regression analyses were constrained to zero, and forced to pass through 

the origin. The b values of the constrained regressions were used to estimate the effects of the E. sulcatus 

population in the study area, and additionally to plot the constrained regression trendlines alongside the 

unconstrained trendlines to allow comparisons. 
 
The residuals from the 3 constrained regressions were saved, and used to assess any additional 

explanatory capacity in the predictor variables (as in Furse and Wild 2002). Analysis of the regression-

residuals used ANOVA for the categorical predictor variable (GENDER), and simple and multiple 

regressions for the continuous variables. Where there were good reasons to expect zero effect at x = zero, 

analysis were also constrained to zero, and forced to pass through the origin.  
 
All statistical analysis of the leaf litter data were performed using STATISTICA (Version 7) for Windows 

(StatSoft 2005). 

 

4.2.5.6 Calculation of Nutrient Liberation and Leaf Processing by E. sulcatus in the 

Gold Coast Hinterland 
 
The effect of the crayfish population on the liberation of nutrients from leaf litter and particle-size 

reduction of the leaf material was calculated as follows: 
  
For each of the 7 nutrients of interest, the average concentration data (in mg l-1) from the two crayfish-

weeks (i.e. treatments) were multiplied by 50 to convert from per litre (in a 50 l tank) to an absolute 

amount, then divided by 150 to convert from the weight of the “typical” crayfish30 used in this study to 

effect per g of crayfish. This effect per g of crayfish data were then multiplied by 27.2 to standardise to an 

“average” sized crayfish in the field (32 mm OCL, from chapter 3). 
 
The standardised nutrient data were multiplied to give the effect per average crayfish per annum for each 

of the 7 nutrients, multiplication of this annual effect per crayfish by the total and ecologically effective 

population sizes of E. sulcatus (calculated in chapter 3) gave estimates of the annual nutrient liberation of 

the crayfish population during the study (corrected for seasonal variation in activity in the case of the 

ecologically effective population estimate). 
 
For each of the 3 litter fractions, the b values (in g DWT d-1) from the constrained regressions (outlined 

above in 4.2.5.5) were multiplied to give an annual litter processing effect per g of crayfish WWT.  These 

annual effects were multiplied by the total and ecologically effective population biomasses (from chapter 

3), giving estimates of the annual litter processing effect of the E. sulcatus population in the study area. 

 

 

 

 

 

                                                 
30  As previously outlined in section 4.2.5.2. 
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4.3 RESULTS  
 

4.3.1 Constant Temperature Room Test 
 
Air temperature during the CT room test increased by 4°C over the first 3 hours, and a total of 7°C over 

the 24 hour test period. No increase in water temperature was detected over the first hour of the test, but 

water temperature increased by 0.5°C after 2 hours, and by 0.75°C after 3 hours. Although water 

temperatures did not increase appreciably during the testing, the reservoir of compressed air feeding the 

tanks exhausts after ~1.5 hours without power. Therefore, it was decided that if any interruptions to 

power supply exceeding 3 hours occurred during an experimental run, that experimental run would be 

terminated in the interests of the animals’ wellbeing (primarily), but also in the interests of maintaining 

data reliability. 

 

4.3.2 Pilot Study and Experimental Summary  
 

4.3.2.1 Pilot Study: Results  
  
Over the period measured, pH remained within acceptable levels for the wellbeing of the experimental 

animals (figure 4.1). While pH increases over time were significant (p = 2.9 × 10-5 by ANOVA), there 

were no significant differences between treatments and controls (p = 0.6 by ANOVA). 

 

Pilot Run pH

Time (Weeks)

pH

Crayfish Status 
 Week 0-1 Absent
 Week 1-2 Present

 Mean 
 Mean ± SE 
 Mean ± 95% C. I. 

Treatments

0 1 2 3 4
7.0

7.1

7.2

7.3

7.4

7.5

7.6

7.7

7.8

7.9

8.0

8.1

8.2

8.3

8.4

8.5

Controls

0 1 2 3 4

 
Figure 4.1. Pilot Study: Mean pH levels and 95% C.I. 
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The D.O.% remained within acceptable levels at all times during the pilot study (i.e. above 75% 

saturation) (figure 4.2). While D.O.% decreased significantly over time (p = 8.0 × 10-5 by ANOVA), no 

significant differences were evident between treatments and controls (p = 0.8 by ANOVA). 

 

Pilot Run Dissolved Oxygen Percentage (D.O.)

Time (Weeks)

D
. 

O
. 

(%
)

Crayfish Status 
 Week 0-1 Absent
 Week 1-2 Present

 Mean 
 Mean ± SE 
 Mean ± 95% C. I. 

Treatments

0 1 2 3 4
70

72

74

76

78

80

82

84

86

88

90

92

94

96

98

100

102

Controls

0 1 2 3 4

 
Figure 4.2. Pilot Study: Mean D.O.% and 95% C.I. 

 

To summarise here, while the pilot study of pH and D.O.% in the tanks was based on a small data set, the 

results indicated that pH and D.O.% conditions within the tanks remained within acceptable ranges for the 

wellbeing of the experimental animals, and that continuation of the study was possible. 
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Following a week of tank stabilisation and aeration, with leaf litter in tanks, initial nutrient concentrations 

in all tanks were very low, and in a number of cases the nutrient concentrations were at or below the 

limits of analytical detection (e.g. <0.002 mg l-1). Considering that the actual concentrations in these cases 

were certainly greater than zero, but simply below the limits of analytical detection (LOD), ½ of the 

reported value was substituted, i.e. 0.001 mg l-1 was substituted in all cases that reported <0.002 mg l-1, in 

order to provide an actual value rather than a limit, and allow statistical analysis of these data (table 4.4).  
 
Table 4.4. Pilot Study: Week 1 nutrient concentrations.  
 

Tank Number  
TN  

(mg 1-1) 
AMMONIA 
(mg 1-1) 

NITROGEN 

OXIDES  
(mg 1-1) 

NITRITE 
(mg 1-1) 

NITRATE  
(mg 1-1) 

TP 
(mg 1-1) 

FRP  
(mg 1-1) 

1 0.31 0.005 0.003 0.001* 0.002 0.013 0.003 

2 0.27 0.004 0.001* 0.001* 0.000** 0.010 0.002 

3 0.26 0.003 0.002 0.001* 0.001 0.010 0.003 

4 0.27 0.004 0.001* 0.001* 0.000** 0.010 0.003 

5 0.27 0.003 0.003 0.001* 0.002 0.010 0.002 

6 0.27 0.003 0.003 0.001* 0.002 0.010 0.002 
 

*Denotes substitution of ½ LOD. 
**Calculated value: NITROGEN OXIDES minus NITRITE. 
 
Clearly, little nutrient leached from the leaf litter over the course of a week, in addition, the differences in 

concentrations between tanks were very small in all cases, for all nutrients. Lack of appreciable difference 

in nutrient concentrations between tanks suggested high repeatability, and no problem with inadvertent 

contamination of tanks or samples was indicated.  
 
As these results indicated little difference in initial nutrient concentrations between tanks after one week 

of stabilisation, the initial/week 1 nutrient concentration in all subsequent runs was determined from a 

single tank/sample, selected at random31. As the cost of analysing the water samples was high (A$65.00 

per sample), reducing the number of water samples in the 1st week from 6 to 1, allowed the overall sample 

size of the study to be increased substantially, and over the course of the study this strategy allowed 

analysis of an additional 40 water samples. 
 
Following 1 week with crayfish present, nutrient concentrations in treatment tanks had increased relative 

to non-crayfish controls, and some differences in concentrations between treatment tanks were also 

evident (table 4.5). Nutrient concentrations in control tanks remained low, with little difference evident 

between tanks, but some small changes in nutrient concentrations, both increases and decreases, were 

evident in the controls between weeks 1 and 2 (table 4.4 versus table 4.5). 

 
Table 4.5. Pilot Study: Week 2 nutrient concentrations. 
 

Tank Number 
Treatment 
or Control 

TN 
(mg 1-1) 

AMMONIA 
(mg 1-1) 

NITROGEN 

OXIDES 
(mg 1-1) 

NITRITE 
(mg 1-1) 

NITRATE 
(mg 1-1) 

TP 
(mg 1-1) 

FRP 
(mg 1-1) 

1 T 0.81 0.056 0.200 0.014 0.186 0.021 0.003 

3 T 0.55 0.024 0.087 0.006 0.081 0.016 0.001* 

5 T 0.43 0.004 0.009 0.002 0.007 0.013 0.001* 

2 C 0.36 0.004 0.001* 0.001* 0.000** 0.012 0.002 

4 C 0.36 0.004 0.001* 0.001* 0.000** 0.012 0.001* 

6 C 0.34 0.004 0.001* 0.001* 0.000** 0.013 0.001* 
 

*Denotes substitution of ½ LOD. 
**Calculated value: NITROGEN OXIDES minus NITRITE. 

                                                 
31  A die was rolled. 
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The results of the pilot study indicated little difference in nutrient concentration between control tanks, a 

reasonable degree of stability in the control tank concentrations over time, and that the presence of 

crayfish changed nutrient concentration (i.e. a detectable effect sensu analytical methods), therefore it was 

concluded the laboratory methods were valid, and the study should proceed. With the exception of 

reducing the size of the week 1 sample size from 6 to 1, the only other alteration to the methods tested in 

the pilot study, was to increase the number of weekly water samples from 2 to 4 (i.e. increasing the run 

duration from 2 to 4 weeks). 

  

4.3.2.2 Experimental Summary  
 
Including the pilot run, a total of 9 experimental runs were performed between September 2001 and May 

2003, yielding a total of 122 water samples. None of the blind-blanks included in the sample stream 

indicated any contamination, however 21 water samples collected during runs 2, 3 and 4 were discarded 

as it was suspected they had been accidentally exposed to ammonia32 during frozen storage. 
 
The remaining 6 runs yielded a total of 707 data points for the nutrients of interest (i.e. 

101 samples*7 nutrients of interest) (table 4.6). 

 

Table 4.6. Summary of Experimental Runs: Number of water samples, and nutrient data points collected. Number 
of data points in brackets. 
 

Number of Water Samples and Data 
Points Collected and Retained Each Week  Run  

Number 

Run 
Duration 
(Weeks) Week  

1 
Week  

2 
Week  

3 
Week 

4 

Total Number of 
Samples and 
Data Points 

Retained 

Notes 

1  2 6 (42) 6(42)   12(84) Pilot Study  
2 2 0 0   0 Water samples discarded 
3 2 0 0   0 Water samples discarded 
4 3 0 0   0 Water samples discarded 
5 3 1(7) 6(42) 6(42)  13(91)  
6 4 1(7) 6(42) 6(42) 6(42) 19(133)  
7 4 1(7) 6(42) 6(42) 6(42) 19(133)  
8 4 1(7) 6(42) 6(42) 6(42) 19(133)  
9 4 1(7) 6(42) 6(42) 6(42) 19(133)  

Totals - *11(77) 36(252) 30(210) 24(168) 101(707)  
 

*Note: In the raw data plots presented later in this results section, the sample size in Week 1 increases from N=11 to 
N=36. This is due to the initial week 1 concentration from the single sample/tank being applied to the other 5 tanks 
(i.e. increasing N by 25). 

 

Forty-five of the 707 results for nutrients reported concentrations at or below the limit of analytical 

detection, the majority of these results were for NITRITE (32 cases), followed by Filterable Reactive 

Phosphorus (FRP) (6 cases), NITROGEN OXIDES (5 cases), and AMMONIA (2 cases). These cases were dealt 

with as outlined in the previous section. 
 
The 9 experimental runs yielded a total of 54 leaf litter samples, and these gave a total of 162 data points 

(i.e. 54 samples*3 litter fractions). The leaf litter samples from runs 2 – 4 were not discarded as they were 

not exposed to the suspected ammonia contamination. 

 

 

                                                 
32  From shellfish previously stored in the sample storage freezer. Before the freezer was used for any further 

storage of samples, it was decontaminated, Milli-Q water samples were stored frozen and analysed for ammonia 
contamination: none was evident. 
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4.3.2.3 Laboratory Results versus Guidelines for Acceptable Water Quality 
 
As the primary focus of this nutrients study was the effect of E. sulcatus on nutrient liberation, cycling 

and effects on water quality, the laboratory results provided a baseline for comparison against 

Australasian and International guidelines for acceptable water quality. Table 4.7 summarises the 

Australasian and International guidelines for acceptable standards of environmental and drinking water 

quality, and the raw data concentrations in this study are summarised in table 4.8. 

 
Table 4.7. Domestic Australian and International guideline values for acceptable water quality. 
 

 

1Queensland Government Environmental Protection Agency (Qld-EPA 2006). Regional guidelines for slightly to 
moderately disturbed freshwater lakes and reservoirs in southeast Qld.  

2Australian and New Zealand Environment Conservation Council and Agriculture and Resource Management 
Council of Australia and New Zealand (ANZECC-ARMCANZ 2000). Trigger Values: Freshwater Lakes and 
Reservoirs. 

3Australian Drinking Water Guidelines (NHMRC-NRMMC 2004). Guideline values: based on health considerations 
(in particular for bottle-fed infants under 3 months).   

4 World Health Organisation (WHO 2008). Guidelines For Drinking-Water Quality, 3rd Edition Volume 1. 
aThe ADWG do not specify health guideline values for ammonia; this value is based on aesthetic considerations (the 

corrosion of copper pipes/fittings). 
bThe WHO does not specify health guidelines values for ammonia (“ammonia in drinking water is not of human-

health relevance”), and this value is based is on aesthetic considerations, in this case odour: the odour threshold 
of ammonia for humans is approximately 1.5 mg l-1 (WHO 2008). 

*Provisional guideline values for short-term exposure to Nitrite/Nitrate. There is evidence of a hazard to human 
health at these concentrations, but information on health effects is limited (WHO 2008). The WHO guideline 
values for long-term exposure to Nitrite/Nitrate are 0.2 mg l-1.  

 

Table 4.8. Laboratory study: Summary of nutrient concentrations for all treatments and controls. Concentrations 
exceeding any guideline value for acceptable water quality (specified in table 4.7) are in bold.  
  

N=707 
TN 

(mg l-1) 
AMMONIA 

(mg l-1) 

NITROGEN 
OXIDES 
(mg l-1) 

NITRITE 
(mg l-1) 

NITRATE 
(mg l-1) 

TP 
(mg l-1) 

FRP 
(mg l-1) 

 Treat Ctrl Treat Ctrl Treat Ctrl Treat Ctrl Treat Ctrl Treat Ctrl Treat Ctrl 

Maximum 4.10 0.91 2.00 0.100 2.10 0.58 0.15 0.01 2.08 0.58 0.08 0.11 0.07 0.10 

Average 1.13 0.40 0.21 0.008 0.56 0.20 0.02 0.002 0.54 0.20 0.02 0.03 0.01 0.02 

Median 0.87 0.36 0.03 0.004 0.34 0.18 0.002 <LOD 0.33 0.18 0.02 0.02 0.01 0.02 

Minimum 0.23 0.21 0.002 <LOD 0.002 <LOD <LOD <LOD <LOD <LOD 0.003 0.003 <LOD <LOD 

 

While on average, the concentrations of nutrients in the tanks were generally very low (typically fractions 

of milligrams l-1), the average concentration of AMMONIA in the treatments clearly exceeded acceptable 

water quality guidelines. Acceptable values were also substantially exceeded in both treatments and 

controls in the case of TN, NITROGEN OXIDES, TP and FRP.  

Source 
TN 

(mg l-1) 
Ammonia 
(mg l-1) 

Nitrogen 
Oxides 
(mg l-1) 

Nitrite 
(mg l-1) 

Nitrate 
(mg l-1) 

TP 
(mg l-1) 

FRP 
(mg l-1) 

Qld-EPA1 0.32 0.01 0.03 - - 0.01 0.005 

ANZECC2 0.35 - 0.10 - - 0.01 0.005 

ADWG3 - - - 3.0* 50* - - 

ADWG* - 0.5a - - - - - 

WHO4 - 1.5b - 3.0* 50* - - 
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However, even the maximum concentrations of the two nutrients with direct public-health implications, 

NITRITE and NITRATE, did not at any time approach or exceed acceptable values, in either the crayfish-

treatments, or non-crayfish controls. 
 
Given (a) the small volumes of water (50 l), (b) sometimes large crayfish, and (c) that the essentially 

“closed-system” nature of the tanks certainly led to a degree of accumulation/concentration of nutrients, it 

was unsurprising that nutrient concentrations in the treatment tanks reached levels that exceeded a 

number of acceptable water quality values. 
 
It should be noted however that while a number of acceptable water quality values were exceeded, they 

were for nutrients considered as environmental pollutants, and the guideline values that were exceeded 

were “trigger” values. In an operational sense, if trigger values are exceeded in the field, they indicate a 

risk of some impact to the environment, and are designed to “trigger” further investigations or perhaps 

management and/or remedial measures (PIMC-NRMMC 2000), and therefore exceeding trigger values 

does not necessarily indicate actual environmental harm. 
 
While nutrient concentrations exceeded environmental trigger values, the water in the tanks remained 

suitable for human consumption at all times on the basis that the NITRITE and NITRATE concentrations 

remained well below ADWG guideline, and WHO (provisional short-term) acceptable values for drinking 

water.  
 
Overall, when assessed versus internationally accepted guidelines, the quality of the water in this 

experiment would have warranted further investigation and perhaps action in a field situation (i.e. a river 

or water reservoir), but would have remained perfectly satisfactory for consumption by humans as potable 

drinking water.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 112

4.3.3 Nutrient Liberation by Crayfish  
 
This section presents the results of the experimental runs individually for each the 7 nutrient 

fractions/species of interest.  
 

4.3.3.1 Total Nitrogen 
 
Results for TN are presented first, followed in subsequent sections by the soluble fractions of nitrogen, in 

order of increasing oxidation state: AMMONIA, NITROGEN OXIDES, and the fractions of oxidised nitrogen: 

NITRITE and NITRATE. In addition to presenting the results for TN, this section will introduce/explain the 

format of subsequent sections presenting results for the 6 other nutrients of interest that were examined.  
 
Figure 4.3 presents all raw data collected for TN, including outliers and extreme values. All data points in 

week 1 denote controls, while in subsequent weeks, red diamonds denote data points for controls, and 

blue circles denote data points for treatments. Concentration (in mg l-1) is plotted on the y-axis, with time 

(in weeks) on the x-axis. As previously mentioned, note that in all raw data plots: N=36 in week 1. 
 
The TN concentration in controls increased slightly over time, always remaining below a concentration of 

1 mg l-1. In contrast, treatment concentrations increased during crayfish-weeks (weeks 2 and 4), appearing 

to decrease slightly in the non-crayfish week (week 3) (figure 4.3). The very high values, >3.5 mg l-1, in 

weeks 2 – 4 were attributable to the largest crayfish used in the study, and while appreciably outside of 

typical values, there was no obvious reason to regard these data as unreliable, and they were retained in 

the data set. 
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Figure 4.3. TN: Raw data. 

 

While figure 4.3 gives an indication of concentrations changing over time, it also indicates that many data 

points overlap, not clearly displaying any trends in the data. In addition, many data points for the other 

nutrients of interest (and their fractions) also overlap, and/or report concentrations that are very low, or 

near to LOD. This problem was addressed using the strategy/method outlined in the following figure. 
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The TN data were plotted on log scaled y-axis, and overlain with trend-lines denoting weekly geometric 

mean concentrations for controls (red dashed line), and treatments (solid blue line). The combination of 

log scaling and trend-lines provides a clearer indication of trends in these data, in contrast to the previous 

raw data plot. As previously mentioned, note that in all log scaled plots: N=36 in week 1. 
 
The log scaled TN data indicate, on average, a trend of progressive increases in treatment concentration 

over time, including in the non-crayfish week 3. Control concentrations also display a progressive trend 

of increase over time, although the rate and amount of increase are both generally lower than those 

recorded in the treatments (figure 4.4). 
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Figure 4.4. Weekly geometric mean levels of TN (y-axis log scaled). 

 

Figure 4.5 presents in box-whisker plot format, the first effect variable, “Weight- and control-adjusted TN 

concentration” (adjusted TN), a measure of the effect attributable to the presence/absence of crayfish, 

standardised to a 150 g crayfish (as outlined in section 4.2.5.2).  
 
Time (in weeks) is plotted on the x-axis, and adjusted TN concentration (in mg l-1) is plotted on the y-axis, 

where: 

• boxes denote the 25 – 75 percentile (inter-quartile range); 

• horizontal lines within boxes indicate the median concentration, and  

• vertical lines through boxes indicate the maximum and minimum concentrations recorded. 
 
The effect of crayfish on TN concentration was clear, concentration increased when the crayfish were 

present in weeks 2 and 4, while no clear effect of crayfish was evident in the intervening non-crayfish 

week (week 3) (figure 4.5). 
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Adjusted Total Nitrogen (TN)
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Figure 4.5. Weekly TN concentrations, adjusted for controls and crayfish weight (standardised to a 150 g crayfish).  

 

Figure 4.6 presents, in box-whisker plot format, the second effect variable, “Change in weight- and 

control-adjusted TN concentration” (∆-adjusted TN), in mg l-1 wk-1: as outlined in section 4.2.5.2.  
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Figure 4.6. Change in adjusted TN concentration from previous week (standardised to a 150 g crayfish). 
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Table 4.9 presents the weighted-mean change in adjusted TN concentration, the direction of these 

changes, and the significance of the comparisons between weeks (significances were calculated using the 

randomisation testing procedure, outlined in section 4.2.5.2). 
 
Table 4.9. Change in ∆-adjusted TN: Comparisons between weeks. 
 

Comparison 
Weighted Mean  
∆-adjusted TN  

concentration (mg l-1) 
p-value 

Significance and direction 
of change  

Wk 2 vs Zero 0.66 1.5 × 10-5 + + +  
Wk 3 vs Zero -0.017 0.81 ns 
Wk 4 vs Zero 0.30 0.00098 + + + 
Wk 2 vs Wk 4 na 0.030 + 

 

The change in adjusted TN concentration was significantly different to zero, increasing in both crayfish-

weeks (week 2 p = 1.5 × 10-5, week 4 p = 0.00098). The change in concentration was significantly smaller 

in the second crayfish-week compared to the first (p = 0.03), suggesting that there was some difference in 

the supply of nutrient material (i.e. less leaf litter), or the production of TN in the 2nd crayfish week. 

Although there was a slight downwards change in adjusted TN concentration in the absence of crayfish in 

week 3, it was not significantly different to zero (p = 0.8). It is clear that the activities of the crayfish 

liberated TN from the leaf litter (albeit in small amounts) into the water column, and the data suggest it 

was subsequently lost from the system when the crayfish were absent (figure 4.6 and table 4.9). No effect 

of gender was evident in either of the crayfish-weeks (p >0.52 by randomisation test). 
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4.3.3.2 Ammonia 
 
AMMONIA concentration in controls remained relatively stable over time, at or near to minimum analytical 

detection limits. In contrast, concentration in treatments appeared to increase markedly in the first 

crayfish week (week 2), remained high in the non-crayfish week 3, and appeared to fall appreciably in the 

final crayfish-week (figure 4.7). 
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Figure 4.7. AMMONIA: Raw data. 

 

Plotted on a log scale the AMMONIA data indicated, on average, AMMONIA concentration in controls were 

lower, and varied less than treatments, while AMMONIA concentrations in treatments were on average 

higher, and varied more over time. Average AMMONIA concentration did not increase in the presence of 

crayfish in the final crayfish-week (week 4), but decreased (figure 4.8). 
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Ammonia

Crayfish Status 
 Week 0-1 Absent (n=36)
 Week 1-2 Present (n=36)
 Week 2-3 Absent (n=30)
 Week 3-4 Present (n=24)

 Treatments
 Treatment Geomean
 Controls
 Control Geomean

1 2 3 4

Sampling Week

0.005

0.050

0.500

5.000
A

m
m

on
ia

 c
on

ce
nt

ra
tio

n 
(m

g 
l-1

)
A

m
m

on
ia

 c
on

ce
nt

ra
tio

n 
(m

g 
l-1

) 
  

   
   

  
  

  
   

   
   

   
 

 
Figure 4.8. Weekly geometric mean concentration of AMMONIA (y-axis log scaled).  

 

After adjusting for controls, the only clear effect of crayfish was to increase AMMONIA concentration 

during the first crayfish-week (week 2), and concentration decreased thereafter. In particular there was no 

effect of crayfish on AMMONIA concentration in the second crayfish-week (week 4), which was 

unexpected given the appreciable increase in AMMONIA concentration evident during the first crayfish 

week (week 2) (figure 4.9). 
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Figure 4.9. Weekly AMMONIA concentrations, adjusted for controls and crayfish weight (standardised to a 150 g 
crayfish).  
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Adjusted AMMONIA concentration changed significantly, increasing during the first crayfish-week (week 2 

p = 1.5 × 10-5), and a slight downwards, but non-significant change, was evident in the second crayfish-

week (week 4 p = 0.9). Consequently, the difference in the changes between the two crayfish-weeks was 

significantly different (p = 0.003). In the absence of crayfish, adjusted AMMONIA concentration changed 

significantly with a decrease in concentration (week 3 p = 0.04). Initially, the presence of crayfish was 

associated with a significant increase in AMMONIA concentration, but beyond that there was no clear effect 

of crayfish (figure 4.10 and table 4.10). No effect of gender was evident in either of the crayfish-weeks 

(p >0.36 by randomisation test). 
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Figure 4.10. Change in adjusted AMMONIA concentration from previous week (standardised to a 150 g crayfish).  

 
Table 4.10. Change in ∆-adjusted AMMONIA: Comparisons between weeks.  
 

Comparison 
Weighted Mean  

∆-adjusted AMMONIA  
concentration (mg l-1) 

p-value 
Significance and direction 

of change  

Wk 2 vs Zero 0.26 1.5 × 10-5 + + + 
Wk 3 vs Zero -0.098 0.045 - 
Wk 4 vs Zero -0.011 0.94 ns 
Wk 2 vs Wk 4  na 0.0030 - - 

 

The lack of any crayfish effect on AMMONIA beyond the 1st crayfish-week was quite unexpected, and 

indicates that this fraction of nitrogen was somehow being lost from the system: there are 2 obvious 

possible pathways by which this could have occurred. Given the volatile nature of ammonia, and the 

dynamics of the results, the system possibly reached some point of equilibrium during or after the 1st 

crayfish-week, where the water in the aquaria rapidly became saturated with ammonia.  
 
The results suggest that some ammonia may have evaporated to atmosphere in the non-crayfish week 3 

(facilitated by constant aeration of all the aquaria), and during the 2nd crayfish-week, the AMMONIA 

concentration increased slightly due to the crayfish, but as the water was still largely saturated with 

ammonia, the majority of any additional ammonia excreted by the crayfish simply evaporated to the 

atmosphere (i.e. the water reached equilibrium with the outside air, and the loss of ammonia to 

atmosphere equalled the production in the aquariums) (figure 4.10).  
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At the same time, AMMONIA excreted by the crayfish would almost certainly have been being lost from the 

system due to microbiological nitrification of AMMONIA to NITRATE (via NITRITE). 

 

4.3.3.3 Nitrogen Oxides 
 
As NITROGEN OXIDES is the sum of NITRITE + NITRATE, results are presented separately for NITROGEN 

OXIDES, followed by NITRITE, then and NITRATE. 
 
The raw data indicate an overall trend of NITROGEN OXIDES increasing over time, and this trend appears 

similar for both controls and treatments although the concentrations are higher in the treatments (figure 

4.11). 
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Figure 4.11. NITROGEN OXIDES: Raw data. 

 

Plotting the log scaled NITROGEN OXIDES data confirmed a clear trend of average concentration increasing 

over time (including in the absence of crayfish), however the increase in control concentration appeared 

to lag behind the treatments by a week. On average control concentrations remained lower than 

treatments at all times (figure 4.12). 
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Nitrogen Oxides
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Figure 4.12. Weekly geometric mean levels of NITROGEN OXIDES (y-axis log scaled). 

 

Appreciable increases in adjusted NITROGEN OXIDES concentrations were evident in all weeks (bar 

week 1), both in the presence, and unusually, also in the absence of crayfish (figure 4.13). 
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Figure 4.13. Weekly NITROGEN OXIDES concentrations, adjusted for controls and crayfish weight (standardised to a 
150 g crayfish).  
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Adjusted NITROGEN OXIDES concentration increased in both crayfish-weeks, and these changes were highly 

significant (week 2 p = 1.5 × 10-5, week 4 p = 0.00098). The change in the second crayfish-week was 

significantly greater than in the first (p <0.0001). The NITROGEN OXIDES concentration also changed, 

increasing significantly in the week that crayfish were absent (week 3 p = 0.00012) (figure 4.14 and table 

4.11). No effect of gender was evident in either of the crayfish-weeks (p >0.29 by randomisation test). 

 

Change in Adjusted Nitrogen Oxides

Crayfish Status 
 Week 1-2 Present (n=18)
 Week 2-3 Absent (n=15)
 Week 3-4 Present (n=12)

 Median 

 25%-75% Percentile

 Min-Max 
1 2 3 4

Sampling Week 

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

C
ha

ng
e 

in
 A

dj
us

te
d 

N
itr

og
en

 O
xi

de
s 

co
nc

en
tr

at
io

n 
(m

g 
l-1

 w
k-1

)

 
Figure 4.14. Change in adjusted NITROGEN OXIDES concentration from previous week (standardised to a 150 g 
crayfish). 

 
Table 4.11. Change in ∆-adjusted NITROGEN OXIDES: Comparisons between weeks.  
 

Comparison 

Weighted Mean  
∆-adjusted  

NITROGEN OXIDES 
concentration (mg l-1) 

p-value 
Significance and direction 

of change  

Wk 2 vs Zero 0.15 1.5 × 10-5 + + + 
Wk 3 vs Zero 0.18 0.00012 + + + 
Wk 4 vs Zero 0.41 0.00098 + + + 
Wk 2 vs Wk 4  na  <0.0001 + + + 

 
While it is clear that concentration of NITROGEN OXIDES was increased by the initial presence of the 

crayfish, the continued increase in concentration when they were absent suggested an 

oxidation/nitrification process was occurring in the system. The fact that the NITROGEN OXIDES 

concentrations also increased in the control tanks indicated that some natural “background” production of 

nitrogenous compounds from the leaf litter was occurring in the system. The initial week’s time-lag of 

NITROGEN OXIDES production in the control tanks (compared to treatments), suggested the background 

production could have been attributable to either the establishment of a microbial/biofilm community in 

the system and/or slow leaching of AMMONIA from the leaf litter (and nitrification to oxides of nitrogen).  
 
In the case of the crayfish treatment tanks, it was likely that any natural background production of 

nitrogenous compounds from the leaf litter was also occurring, but in addition, the AMMONIA previously 

liberated into the water column by the crayfish was being oxidised/nitrified to NITROGEN OXIDES. 
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4.3.3.4 Nitrite 
 
NITRITE concentrations in the controls remained relatively low and stable over time, while treatment 

concentrations were higher, with the highest NITRITE concentration recorded in a treatment tank during a 

non-crayfish week (week 3) (figure 4.15). 
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Figure 4.15. NITRITE: Raw data. 
 

Plotted on a log scale, the NITRITE data indicated a trend of control concentrations progressively 

increasing up to week 3, decreasing over the final week, but on average remaining lower than treatments. 

Treatment concentrations displayed a trend similar to controls, albeit at higher concentrations (figure 

4.16). 
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Figure 4.16. Weekly geometric mean levels of NITRITE (y-axis log scaled). 
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Beyond the slight increase in concentration during first crayfish-week, no additional effects of crayfish 

were evident on NITRITE concentration. In particular, the crayfish did not appear to have any effect on the 

concentration of NITRITE in the final crayfish-week (week 4) (figure 4.17). 
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Figure 4.17. Weekly NITRITE concentrations, adjusted for controls and crayfish weight (standardised to a 150 g 
crayfish).  

 

Adjusted NITRITE concentration changed significantly in the first crayfish-week (week 2 p = 1.5 × 10-5), 

but not in the second (week 4 p = 0.9), and no significant difference was evident between the two 

crayfish-weeks (p = 0.39). In the absence of crayfish, NITRITE concentration did not change significantly 

(p = 0.2). The initial increase in NITRITE concentration was clearly attributable to the crayfish, but beyond 

that, crayfish had no further effect on NITRITE concentration (figure 4.18 and table 4.12). No effect of 

gender was evident in either of the crayfish-weeks (p >0.60 by randomisation test). 
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Change in Adjusted Nitrite
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Figure 4.18. Change in adjusted NITRITE level from previous week (standardised to a 150 g crayfish). 

 

Table 4.12. Change in ∆-adjusted NITRITE: Comparisons between weeks. 
 

Comparison 
Weighted Mean  
∆-adjusted NITRITE 

concentration (mg l-1) 
p-value 

Significance and direction 
of change  

Wk 2 vs Zero 0.0093 1.5 × 10-5  + + + 
Wk 3 vs Zero 0.013 0.26 ns 
Wk 4 vs Zero 0.0010 0.93 ns 
Wk 2 vs Wk 4  na 0.39 ns 

 

The patterns in the NITRITE data suggest some natural nitrification was occurring within the system. The 

initial, but limited, production of NITRITE was clearly associated with the crayfish, but thereafter it 

appeared that some equilibrium between production/liberation of NITRITE, and the subsequent 

conversion/oxidation/nitrification of NITRITE was reached, probably as the NITRITE in the water column 

was being slowly oxidised to NITRATE. 
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4.3.3.5 Nitrate 
 
As NITRATE accounts for ~80% of oxidised nitrogen (Wruck 2008 pers. comm.), the NITRATE results were 

almost indistinguishable from the results for NITROGEN OXIDES. The raw NITRATE data show concentration 

increasing over time, with higher concentrations evident in the presence of crayfish (figure 4.19). 
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Figure 4.19. NITRATE: Raw data. 

 
The log scaled NITRATE data showed clear trends of NITRATE concentration increasing in both treatments 

and controls, with a weeks time-lag in the increase in control concentrations compared to the treatments. 

On average, NITRATE concentrations were typically higher in the treatments (figure 4.20). 
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Figure 4.20. Weekly geometric mean levels of NITRATE (y-axis log scaled). 
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Appreciable increases in adjusted NITRATE concentration were evident in all weeks, both in the presence 

and absence of crayfish (figure 4.21). 
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Figure 4.21. Weekly NITRATE concentrations, adjusted for controls and crayfish weight (standardised to a 150 g 
crayfish).  

 

Adjusted NITRATE concentration changed significantly, increasing in both crayfish-weeks (week 2 

p = 1.5 × 10-5, week 4 p = 0.00098), with a significantly greater increase in the 2nd crayfish-week 

compared to the 1st (p <0.0001). The NITRATE concentration continued to change in the absence of 

crayfish, significantly increasing in week 3 (p = 0.00012) (figure 4.22 and table 4.13). No effect of gender 

was evident in either of the crayfish-weeks (p >0.33 by randomisation test). 
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Figure 4.22. Change in adjusted NITRATE concentration from previous week (standardised to a 150 g crayfish). 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 127

Table 4.13. Change in ∆-adjusted NITRATE: Comparisons between weeks.  
 

Comparison 
Weighted Mean  

∆-adjusted NITRATE  
concentration (mg l-1) 

p-value 
Significance and direction 

of change  

Wk 2 vs Zero 0.14 1.5 × 10-5 + + + 
Wk 3 vs Zero 0.16 0.00012 + + +  
Wk 4 vs Zero 0.41 0.00098 + + +  

 Wk 2 vs Wk 4  na  <0.0001 + + + 

 
It was clear that the initial presence of crayfish led to an increase in NITRATE concentration, but the trends 

in the data suggested a steady production of NITRATE was occurring in the system, probably as a 

consequence of microbiological nitrification of the AMMONIA/NITRITE previously produced by the crayfish.  
 
To summarise the nitrogen results here, the overall effect of crayfish was liberating significant amounts of 

nitrogen into the system, as AMMONIA: via excretion. Although the crayfish initially produced significant 

amounts of AMMONIA, the ammonia system evidently saturated very quickly, in that the loss of AMMONIA 

apparently equalled its production. The dynamics of the soluble fractions of nitrogen were consistent with 

AMMONIA and NITRITE only being transitional species of nitrogen.  
 
AMMONIA, liberated by the crayfish, was apparently being oxidised, by processes within the aquariums, to 

NITRITE, then to NITRATE, and NITRATE was the accumulating nitrogenous species in this system (i.e. 

nitrification of AMMONIA→NITRITE→NITRATE).  
 
Therefore the real effect of the crayfish in this particular system was the production of significant 

amounts of NITRATE.  
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4.3.3.6 Total Phosphorus 
 
Results for TP are presented first, followed by results for the soluble fraction of phosphorus (FRP). The 

raw TP data indicates both control and treatment concentrations increasing over time, unexpectedly the 

highest TP concentration in each week was recorded in controls (figure 4.23). 
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Figure 4.23. TP: Raw data. 

 
The log scaled plot of TP data indicated a progressive and almost constant increase in average control 

concentration over time. While the data suggested TP concentration was increasing slightly in the 

treatments during the crayfish-weeks (with a slight decrease in the non-crayfish week), similar patterns in 

the control data indicated that the crayfish were not metabolising phosphorus in the system (figure 4.24). 
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Figure 4.24. Weekly geometric mean levels of TP (y-axis log scaled). 
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The weight- and control-adjusted data did not indicate any clear effects of crayfish on the TP 

concentration, although there was a suggestion that crayfish slightly increased phosphorus concentration 

when present, and the concentration decreased in their absence (figure 4.25). 
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Figure 4.25. Weekly TP concentrations, adjusted for controls and crayfish weight (standardised to a 150 g crayfish).  

 

The plot of the change in adjusted TP concentration over time (figure 4.26), and results of the weighted-

means statistical analysis (table 4.14) provided a clearer picture of the TP dynamics in the system. Total 

Phosphorus concentration increased significantly, but in very small amounts, in both crayfish-weeks 

(week 2 p = 0.009, week 4 p = 0.0009), with the increase in the 2nd crayfish-week significantly larger than 

in the 1st (p = 0.02). In the absence of crayfish, the TP concentration decreased significantly (p = 0.0001). 

Evidently, crayfish were liberating phosphorus into the water column when present, and in their absence 

the previously liberated phosphorus was somehow being lost from the water column/system (figure 4.26 

and table 4.14). No effect of gender was evident in either of the crayfish-weeks (p >0.14 by 

randomisation test). 
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Change in Adjusted Total Phosphorus (TP)
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Figure 4.26. Change in adjusted TP concentration from previous week (standardised to a 150 g crayfish). 

 

Table 4.14. Change in ∆-adjusted TP: Comparisons between weeks.  
 

Comparison 
Weighted Mean  
∆-adjusted TP  

concentration (mg l-1) 
p-value 

Significance and direction 
of change  

Wk 2 vs Zero 0.0034 0.0095 + + +  
Wk 3 vs Zero -0.019 0.00012 - - -  
Wk 4 vs Zero 0.0091 0.00098 + + + 
Wk 2 vs Wk 4  na 0.022 + 
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4.3.3.7 Filterable Reactive Phosphorus (FRP) 
 
The FRP data closely resembled the data presented for TP (which was expected as TP is ~80% comprised 

of FRP, Wruck 2008 pers. comm.). The raw FRP data indicated both control and treatment concentrations 

increasing over time, and the highest concentrations each week were recorded in the controls (figure 

4.27). 
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Figure 4.27. FRP: Raw data. 

 

The log scaled FRP data did not indicate any effect of crayfish on the production of FRP; however FRP 

concentrations were generally lower in the crayfish-treatments compared to non-crayfish controls 

(figure 4.28). 
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Figure 4.28. Weekly geometric mean concentration of FRP (y-axis log scaled). 
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After correcting for controls, no clear effect of crayfish was evident in the adjusted FRP data, although the 

results suggested that if there was any effect of crayfish, it was to decrease the concentration of FRP in the 

system (figure 4.29). 
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Figure 4.29. Weekly FRP concentrations, adjusted for controls and crayfish weight (standardised to a 150 g 
crayfish).  

 

Plotting the change in adjusted FRP concentration and the results of the weighted-means analysis clarified 

the FRP dynamics. Filterable Reactive Phosphorus concentration decreased in both crayfish-weeks (week 

2 p = 0.017), but the decrease in the 2nd crayfish-week was not significantly different to zero (week 4 

p = 0.56), and no significant difference was evident in FRP concentration between the two crayfish-weeks 

(p = 0.1). In the absence of crayfish, FRP concentration also decreased significantly (week 3 p = 0.00012). 

Apparently, the overall effect of crayfish was to somehow facilitate the loss of FRP from the water 

column/system, although unexpectedly the greatest loss of FRP from the system was evident in week 3: in 

the absence of the crayfish (figure 4.30 and table 4.15). No effect of gender was evident in either of the 

crayfish-weeks (p >0.62 by randomisation test). 
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Change in Adjusted Filterable Reactive Phosphorus (FRP)
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Figure 4.30. Change in adjusted FRP concentration from previous week (standardised to a 150 g crayfish). 

 

Table 4.15. Change in ∆-adjusted FRP: Comparisons between weeks.  
 

Comparison 
Weighted Mean  
∆-adjusted FRP 

concentration (mg l-1) 
p-value 

Significance and direction 
of change  

Wk 2 vs Zero -0.0015 0.017 -  
Wk 3 vs Zero -0.013 0.00012 - - -  
Wk 4 vs Zero -0.0010 0.56 ns 
Wk 2 vs Wk 4  na 0.13 ns 

 

To summarise the phosphorus results here, the clear effect of crayfish was liberating TP into the water 

column, which was subsequently “lost” from the system. The effect of crayfish on FRP was to somehow 

facilitate a loss of FRP from the system, however the behaviour of this soluble fraction of phosphorus 

appeared distinctly anomalous. 
 
The dynamics of phosphorus in freshwater systems often display anomalous or unexpected behaviour as 

any free phosphorus has the tendency to bind readily to substrates, and in the field it tends to quickly bind 

to soils (McKee et al. 2000, Wruck 2008 pers. comm.). In this case, the activities of crayfish clearly 

liberated TP into the system, and given that the TP previously liberated by the crayfish appeared to be 

“lost” from the system in the absence of crayfish, the “free” phosphorus was probably adsorbing to the 

available substrates, either the leaf litter or the experimental equipment (i.e. the glass aquariums, crayfish 

refuges and/or airlines and airstones). 
 
The case with FRP was less clear, as some losses of FRP from the system were evident at all stages 

(including in the absence of crayfish, where the loss was greatest). Loss of FRP from the system in the 

presence of crayfish would suggest that the crayfish were perhaps directly assimilating the soluble 

phosphorus into their biomass, or it was perhaps somehow adsorbing to the crayfish themselves (i.e. 

being sequestered by any microbial-biofilms on the crayfish). However, the continued loss from the 

system when the crayfish were removed, suggests other mechanisms were probably contributing to, or 

were solely responsible for the losses. The most obvious pathway by which FRP would be lost or 

“stripped” from the water column would be through adsorption to substrates. 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 134

It was possible that the presence of the crayfish somehow increased the adsorption capacity of the 

substrates, in particular, their shredding activities on the leaf litter may have increased the available area 

of substrate, and/or enriched the microbial-biofilm communities in the system (including on the 

experimental equipment), and any free FRP in the system was either adsorbing to the substrates or being 

sequestered by the microbial-biofilms. If this was true, the phosphorus content of the substrates from the 

crayfish-treatments should have been enriched, relative to non-crayfish controls. 
 
The experimental protocols adopted for this study did not allow the phosphorus content of the 

experimental equipment (or the crayfish) to be determined, but the leaf litter remaining after the 

experiments was amenable to analysis of nutrient content. Twelve leaf litter samples (6 treatments and 6 

controls), were analysed by QHPSS-ENS for TN and TP content, and the results of these nutrient content 

analysis are presented in the following section. 
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4.3.4 Total Nutrient Content of Leaf Litter 
 
This section presents the results of the analysis of the TN and TP content of the leaf litter that remained 

after completion of the experimental runs, and due to the unusual dynamics uncovered earlier, the 

phosphorus content of the leaf litter was of primary interest. 
 
Plotting the raw data (box-whisker plot) of the TN content of the leaf litter indicated that the nitrogen 

content in total leaf litter from the crayfish-treatment tanks was slightly lower than in the non-crayfish 

controls (figure 4.31). This indication was consistent with the results previously presented where crayfish 

increased TN concentration in the water column, and that the source of the liberated nitrogen was the leaf 

litter and/or any incidental surficial microorganisms. However, the difference in TN content between the 

treatments and controls was not significantly different (p = 0.29 by randomisation test).  
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Figure 4.31. Raw Data: TN content of leaf litter in control and treatment tanks following experimental runs. 
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The raw data indicated that the TP content of the leaf litter from the crayfish-treatment tanks was slightly 

higher than the leaf litter from the non-crayfish controls (figure 4.32). The suggestion of a slightly higher 

TP content in leaf litter exposed to (and processed by) the crayfish was consistent with the crayfish 

liberating phosphorus from the leaf litter, into the water column, and this “free” phosphorus was binding 

to the available substrate (in this case leaf litter), and/or was being sequestered by surficial 

microorganisms on the leaf litter. However, the difference in TP content between treatments and controls 

was not significantly different (p = 0.46 by randomisation test). 
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Figure 4.32. Raw Data: TP content of leaf litter in control and treatment tanks following experimental runs. 

 

While the differences in the total nutrient content of the leaf litter, and the directions of these differences, 

were consistent with results presented earlier for both TN and TP, the known (and peculiar) behaviour of 

“free” phosphorus in freshwater, and the results of other workers using similar experimental systems (i.e. 

Ackefors and Török 2002): the differences were clearly not statistically significant. 
 
However, the analysis of the nutrient content of the leaf litter was based on a small number of samples 

(6 treatments and 6 controls), and it was possible that the lack of a clear effect was, in-part, attributable to 

the small sample-size. 
 
Post-hoc power analysis of the total nutrient content of the leaf litter results (using G*Power 3 (Faul 

2007)) indicated that 96 additional samples would be required for the differences in TN content of the leaf 

litter to reach statistically significant levels, and 244 additional samples for TP. The very large sample 

sizes indicated by the power analysis emphasised the small scale of the crayfish effect, and reinforced the 

fact that the signal of the crayfish in the experimental system adopted here was very faint indeed. 
 
To summarise here: while the nutrient content of the leaf litter provided evidence pointing to the source of 

nitrogen, and the “sink” of phosphorus liberated by crayfish in this system, the lack of statistical 

significance did not provide confidence in this conclusion. 
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4.3.5 Estimated Effect of E. sulcatus on Nutrient Liberation in the Gold Coast 

Hinterland. 
 
After standardising to an average-sized 27.2 g crayfish (32 mm OCL), multiplication of the average 

weekly amounts of nutrients liberated by the crayfish in the laboratory, by both the ecologically effective, 

and total population-size of E. sulcatus in the Gold Coast Hinterland (as calculated in chapter 3), allowed 

estimates of the average annual amounts of nitrogen and phosphorus liberated by this species to be 

calculated (as outlined in section 4.2.5.6). 
 
During this study, and corrected for seasonal variations in activity, the ecologically effective population 

of 567,000 E. sulcatus ≥15 mm OCL in the study area liberated, on average, around 143 kg of TN from 

leaf litter per annum. Of the soluble fractions of nitrogen, NITRATE was the main nitrogenous species 

liberated, at around 68 kg per annum. Somewhat smaller amounts of the other soluble, and transitional 

species of nitrogen, AMMONIA and NITRITE were liberated (table 4.16). 
 
The peak effect of the total population of around 856,000 E. sulcatus was, on average, the liberation of 

around 215 kg of TN, and about 102 kg of NITRATE per annum from leaf litter during this study (table 

4.16). 

 

Table 4.16. Annual average nitrogen liberation by E. sulcatus. 
 

 
TN 

(kg yr-1) 
AMMONIA 
(kg yr-1) 

NITROGEN 

OXIDES 
 (kg yr-1) 

NITRITE 

(kg yr-1) 
NITRATE 

(kg yr-1) 

Ecologically Effective Population Effect 143 40 69 1.6 68 
Total Population Peak Effect 215 60 105 2.4 102 

 

Corrected for seasonal variations in activity, the population of E. sulcatus in the study area liberated, on 

average, about 1.5 kg of TP per annum, and the peak effect of the total population of E. sulcatus was 

liberation of around 2.3 kg of TP per annum. 
 
The average effect of the E. sulcatus population on the soluble fraction of phosphorus was the loss of 

0.14 kg FRP per annum (adjusted for seasonal variations in activity), and the peak effect was a loss of 

around 0.21 kg FRP per annum (table 4.17). 

 

Table 4.17. Annual average phosphorus liberation and loss by E. sulcatus. 
 

 
TP Liberated 

(kg yr-1) 
FRP Loss 
(kg yr-1) 

Ecologically Effective Population Effect 1.5 0.14 
Total Population Peak Effect 2.3 0.21 
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4.3.6 Particle-Size Reduction of Leaf Litter by Crayfish  
 

4.3.6.1 Leaf Litter: Raw Data Summary 
 
The raw data for TOTAL LITTER and CPOM were quite variable, non-normally distributed, and the 

distributions were such that they were not likely to be readily improved by data transformations. As 

previously discussed in section 4.2.5.2 the most appropriate statistical test for such poorly distributed data 

is a randomisation test.  
 
Suggestions of treatment effects were evident in the raw data for both fractions (figures 4.33, 4.34 and 

table 4.18) but the differences between treatments and controls were not significantly different (TOTAL 

LITTER p = 0.57, CPOM p = 0.40 by randomisation test). 
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Figure 4.33. Raw Data: Total Litter. 
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Figure 4.34. Raw Data: CPOM.

 

Table 4.18. Leaf Litter: Summary of raw data.  
 

TOTAL LITTER (g DWT) CPOM (g DWT) FPOM (g DWT) 
All Data  

N=54 
Treatments 

(N=27)  
Controls 
(N=27) 

Treatments 
(N=27)  

Controls 
(N=27) 

Treatments 
(N=27)  

Controls 
(N=27) 

Maximum 28.80 29.57 28.51 29.41 2.96 1.35 

Average 23.95 24.54 22.98 23.97 0.98 0.57 

Median 23.47 24.41 23.27 23.96 0.73 0.45 

Minimum 17.74 18.27 15.42 17.26 0.17 0.02 

 

The distribution of the raw FPOM data was similar to the other fractions, but a significant treatment effect 

was evident in the FPOM data (p = 0.010 by randomisation test): crayfish were producing more FPOM 

compared to the non-crayfish controls (table 4.18 and figure 4.35). 

 

Figure 4.33. Raw Data: Total Litter.  
Figure 4.34. Raw Data: CPOM.  
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Total Amount FPOM: Treatments versus Controls (N=54)
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Figure 4.35. Raw Data: FPOM. 

 

The raw differences in the weights of litter recovered from the treatment tanks versus control tanks were 

on average <1 g DWT for all fractions of litter (i.e. table 4.18): much lower than anticipated given the 

previous laboratory observations on litter consumption and particle-size reduction by the crayfish. 
 
To summarise the raw litter data here, it was easier to detect a small increase in FPOM (from a precise 

initial quantity of zero), than to detect small decreases in larger, and less precise initial quantities of 

TOTAL LITTER and CPOM. 

 

4.3.6.2 Leaf Litter: Preliminary Data Assessment 
 
This section presents a summary of the results of the preliminary assessment routine where the control-

standardised leaf litter data were evaluated versus the various predictor variables (refer Appendix 4.4 for 

detailed results of preliminary assessment routine). 
 
The only clearly significant relationships uncovered were between FPOM, the size of the crayfish (both 

the OCL and WET WEIGHT of crayfish) and the DURATION OF TREATMENT (table 4.19). Comparison of the 

Error-SS values from the regression analyses of the 2 crayfish-size variables indicated that the WET 

WEIGHT of crayfish was a better predictor of the difference in FPOM per day, compared to OCL, and that 

WET WEIGHT was preferred to OCL for subsequent analysis.  
 
No significant relationships were evident between TOTAL LITTER, CPOM and any of the predictor 

variables, however an overall effect of DURATION OF TREATMENT on TOTAL LITTER was indicated in the 

initial assessment routine by 3 significant regression intercepts (p >0.028). 

 

Table 4.19. Summary: Results of preliminary data assessment. Significant relationships in bold. 
 

Response Variables Predictor Variable 
Main-effect 

Significance (p) 
Simple-effect 

Significance (p) 

TOTAL LITTER, CPOM and FPOM GENDER p > 0.098 p > 0.053 
TOTAL LITTER and CPOM OCL p > 0.35 p > 0.21 
FPOM OCL p = 0.36 p = 0.050 

TOTAL LITTER and CPOM WET WEIGHT of crayfish p > 0.23 p > 0.104 
FPOM WET WEIGHT of crayfish p = 0.59 p = 0.027 

TOTAL LITTER and CPOM  DURATION OF TREATMENT p > 0.16  p > 0.26  
FPOM DURATION OF TREATMENT p = 0.011 p = 0.0021 
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Considering that a significant relationship was evident between the most precise estimate available of 

litter processing (FPOM) and DURATION OF TREATMENT, and that significant regression intercepts were 

indicated in the case of TOTAL LITTER, correcting the data for differences in the length of the experimental 

runs (i.e. 6, 7, or 14 days) was appropriate for all 3 litter fractions. Therefore, TOTAL LITTER, CPOM and 

FPOM were scaled to “g DWT d-1” (by dividing by the weight of litter recovered by the number of days of 

treatment).  
 
Due to the significant relationship indicated with FPOM, WET WEIGHT of crayfish was retained as the 

predictor variable for the final analysis of this fraction. Furthermore, there were good biological reasons 

to expect if TOTAL LITTER and CPOM were measured with the same high degree of precision as FPOM, 

some effect of crayfish weight might become evident. Therefore the WET WEIGHT of crayfish was also 

retained as the predictor variable in the final analysis of TOTAL LITTER and CPOM. 
  
There was a significant relationship between the WET WEIGHT of crayfish and DURATION OF TREATMENT, but 

this was an artefact of more smaller crayfish being used in the short duration runs, and mainly larger 

crayfish in the longer 14 day runs (figure 4.36). The duration effect of this relationship was accounted for 

in the standardisation to daily consumption rates, and the explanatory capacity of the WET WEIGHT of 

crayfish on the 3 litter fractions was evaluated in the final analysis. 

 

Wet Weight of Crayfish versus Duration of Treatment (p = 0.023)
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Figure 4.36. Size of crayfish (in g WWT) versus treatment time.  
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4.3.6.3 Leaf Litter: Final Analysis  
 
Regression trendlines in scatterplots of the 3 litter fractions versus WET WEIGHT of crayfish indicated that 

at zero crayfish weight there were small negative changes (<0.05 g DWT d-1) in TOTAL LITTER and CPOM, 

and a small positive change in FPOM (<0.02 g DWT d-1) (i.e. the regressions were not passing through 

zero, although in all cases the 95% C.I. on the regressions did include zero). 
 
Of course, these regressions must have started at zero, as with zero crayfish weight there must have been 

zero consumption/loss of TOTAL LITTER and CPOM, and zero production/increase of FPOM. In the case of 

FPOM, the regression trendline passed very close to zero, as would be expected due to the precision of the 

initial measurement of that fraction (i.e. starting with zero FPOM). However, the non-zero and negative 

intercepts for TOTAL LITTER and CPOM were almost certainly due to the badly behaved nature of these 

data, which was probably attributable to the inherent imprecisions associated with the measurement of the 

initial samples of wet leaf litter that were added to the tanks.  
 
Nevertheless, there were good reasons to believe that the regressions of all litter fractions should have run 

through zero, and therefore regressions constrained to zero (i.e. forced to run through the origin), were 

calculated, and the b, significance and R2 of these constrained regressions are reported in the following 

sections. In addition, the scatterplots in the following sections show both the unconstrained regression 

trendlines and associated 95% C.I. (in red), and the constrained regression trendlines (in blue). Due to the 

analysis routine adopted here, it was not possible to draw 95% C.I. on the constrained regression 

trendlines. 
 
For the reasons outlined above, analysis of the regression-residuals versus the various predictor variables 

were also constrained to pass through zero/the origin, for those predictor variables where there were good 

reasons to expect zero effect at x = zero. 
 
Two outliers were evident in the data and these were excluded from the analysis (but are indicated on the 

scatterplots). Case 14 was a 0.62 g juvenile crayfish, and was excluded from the analysis of TOTAL LITTER 

and CPOM on the basis that it is impossible for any crayfish to consume/process ~70% of its body weight 

in a single day. This unreliable data point was clearly not attributable to any effect of crayfish, and was 

probably due to some small portion of the leaf litter initially added to that tank not being completely 

drained (e.g. a hollow leaf stem holding water), leading to an artificially elevated “reduction” in weight 

after being dried. 
 
Case 31 was a 185 g crayfish, and was excluded from the FPOM analysis on the basis that its FPOM 

production was appreciably outside of scale (over double that of similar sized animals), and was most 

likely not attributable to an actual crayfish effect. This outlier was probably due to either accidental 

addition of FPOM to the tank during setup, or inadvertent particle-size reduction during processing 

(drying and sieving) of the sample after completion of the experiment. 
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4.3.6.4 Effect of Crayfish: TOTAL LITTER 
 
A significant negative relationship was evident in the constrained regression between TOTAL LITTER and 

WET WEIGHT of crayfish (p = 0.003), and the overall effect of the crayfish was to reduce the amount of 

TOTAL LITTER by 0.0003 g DWT d-1 (figure 4.37). Crayfish were clearly consuming leaf litter, albeit in 

unexpectedly small amounts, and it was presumably being assimilated into the biomass of the animals, 

and/or was in part being removed from the system in the digestive tracts of the crayfish. Note in figure 

4.37 the negative intercept of the unconstrained regression trendline (in red): zero crayfish cannot 

possibly have the effect as was indicated. 
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Figure 4.37. Effect of Crayfish: Change in TOTAL LITTER versus WET WEIGHT of crayfish. 

 

The constrained regression accounted for 29.41% of the variance in the data, and analysis of the residuals 

from the TOTAL LITTER regression did not indicate any additional explanatory capacity in any of the 

predictor variables, although the length of time that the leaf litter was conditioned was close to 

significance (table 4.20). There was no obvious mechanism or explanation as to how the residuals of this 

variable could possibly have any additional explanatory capacity for TOTAL LITTER, so considering it was 

not actually significant, it was not investigated further. 

 

Table 4.20. Change in TOTAL LITTER: Results of regression residual analysis.  
 

Predictor Variable Significance (p) 

DURATION OF RUN* 0.96 

LITTER CONDITIONING TIME 0.050 

DATE LITTER ADDED 0.065 

DURATION OF TREATMENT* 0.75 

GENDER  0.92 
 

*Regression analysis constrained to pass through zero. 

 

 



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 143

4.3.6.5 Effect of Crayfish: CPOM 
 
The constrained regression indicated a highly significant negative relationship between CPOM and WET 

WEIGHT of crayfish (p = 4.6 × 10-5), but again the effect of the crayfish was very small, only a 0.0005 g 

DWT reduction in CPOM per day (figure 4.38). The experimental protocols did not allow the ultimate fate 

of all the CPOM to be established, but it was likely that some of the CPOM that was “lost” from the 

system was being consumed and assimilated into crayfish biomass, or was being retained and removed 

from the system in the digestive tracts of the animals. It was certain though that a good deal of the CPOM 

lost from the system was simply being shredded into finer material by the crayfish (i.e. particles <1 mm 

∅). As in the case of TOTAL LITTER, the unconstrained CPOM regression was indicating a negative 

intercept, and forcing the regression through zero was warranted as an effect was indicated at zero 

crayfish weight. 
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Figure 4.38. Effect of Crayfish: Change in CPOM versus WET WEIGHT of crayfish. 

 

The constrained regression accounted for 49.19% of the variance in the data, and no additional 

explanatory capacity of CPOM by the predictor variables was indicated in the analysis of the regression 

residuals (table 4.21). 

 

Table 4.21. Change in CPOM: Results of regression residual analysis. 
 

Predictor Variable Significance (p) 

DURATION OF RUN* 0.75 

LITTER CONDITIONING TIME 0.11 

DATE LITTER ADDED 0.10 

DURATION OF TREATMENT* 0.95 

GENDER  0.90 
 

*Regression analysis constrained to pass through zero. 
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4.3.6.6 Effect of Crayfish: FPOM 
 
The constrained regression indicated a very highly significant positive relationship between FPOM and 

WET WEIGHT of crayfish (p = 3.1 × 10-6), with the crayfish producing FPOM at the rate of 0.0002 g DWT 

per day (figure 4.39). The relationship uncovered here is a clear example of shredding/particle-size 

reduction of CPOM to FPOM by the crayfish, albeit very slowly, and this fine fraction is the most likely 

destination for a good deal of the CPOM that was being lost from the system. 
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Figure 4.39. Effect of Crayfish: Change in FPOM versus WET WEIGHT of crayfish. 

 

The constrained regression accounted for 58.82% of the variance in the data, and no further explanatory 

capacity was evident in any of the predictor variables in the regression residuals for FPOM (table 4.22). 

 

Table 4.22. Change in FPOM: Results of regression residual analysis. 
 

Predictor Variable Significance (p) 

DURATION OF RUN* 0.27 

LITTER CONDITIONING TIME 0.55 

DATE LITTER ADDED 0.80 

DURATION OF TREATMENT* 0.28 

GENDER 0.77 
 

*Regression analysis constrained to pass through zero. 
 

The constrained regression trendlines provided the best fit to the data, and were little different to the 

unconstrained trendlines. In all cases, the constrained regression trendlines remained well within the 

unconstrained 95% C.I., and therefore the regressions constrained to pass through the origin were 

consistent with the data. 
 
The amounts of litter processed by the crayfish per day were best predicted by the size of the crayfish (in 

this case: wet weight), and no additional explanatory capacity was indicated in any of the other predictor 

variables in the analysis of the regression residuals. 
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To summarise the leaf litter results here, the crayfish clearly consumed leaf litter, leading to a reduction in 

the particle-size of this material, however the rate of litter processing was very low for all fractions. 

Checks of laboratory records, data-standardisation calculations and statistical analysis confirmed that 

these unanticipated results were not attributable to any detectable human error(s) during experimentation, 

data collection, processing or analysis. Evidently something effected the rate of litter processing by the 

crayfish during this series of experiments, and resulted in what were very likely underestimates of litter 

processing rates: the potential degree of underestimation in litter processing by the crayfish will be 

explored in the following section. 
 
Although the litter processing estimates were far lower than anticipated, the clear effects of the crayfish 

were to reduce the amounts of TOTAL LITTER and CPOM in the system, in part by assimilation into crayfish 

biomass and/or particle-size reduction in the case of CPOM. The particle-size reduction of material in the 

CPOM pool was reflected in a significant increase of material in the FPOM pool, a clear example of E. 

sulcatus acting as shredders of leaf litter. 
 
Furthermore, using the best available measure of litter processing by the crayfish (FPOM), calculation of 

FPOM production per gram wet body-weight per day (for crayfish of different sizes), provided a clear 

indication that smaller crayfish appear to have a greater leaf litter processing effect per gram wet body 

weight than large crayfish; as is reflected by the unconstrained regression trendline in figure 4.39. 
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4.3.7 Estimated Leaf Litter Processing by E. sulcatus in the Gold Coast 

Hinterland. 
 
Although the litter processing rates appeared unrealistically low, they were the best figures available for 

use in calculating the estimated litter processing effect of the E. sulcatus population in the Gold Coast 

Hinterland (the calculation procedure is outlined in section 4.2.5.6). 
 
It is estimated that during the course of this study, and corrected for seasonal variations in activity, the 

ecologically effective population of 567,000 E. sulcatus ≥15 mm OCL in the study area consumed around 

1.5 tonnes DWT of TOTAL LITTER  per annum (i.e. Nett Material Consumed). 
 
Of primary interest in this study was investigating the capacity of this species to act as shredders, 

reducing the particle-size of material, and on average the ecologically effective population of E. sulcatus 

shredded and/or consumed around 2.3 tonnes DWT of CPOM per annum, producing almost a tonne DWT 

of FPOM (table 4.23). The peak effect of the total population was just over double that of the ecologically 

effective population for all fractions. 

 

Table 4.23. Estimated average annual litter processing by E. sulcatus in tonnes DWT. 
 

 
CPOM 

Consumed 
(t DWT yr-1) 

FPOM 
Produced 

(t DWT yr-1) 

Nett Material 
Consumed 

 (t DWT yr-1) 

Ecologically Effective Population Effect 2.31 0.73 1.47 

Total Population Peak Effect 4.99 1.57 3.16 

 

Given the size of the crayfish population, the litter consumption and FPOM production estimates appeared 

very low, but of course they were calculated and reported in DWT, and the fully hydrated WWT 

equivalent of this material would be considerably higher. To allow discussion in terms applicable to the 

field, the equivalent wet weights of the litter fractions estimated above were calculated using a conversion 

factor of 6.22, which was calculated during processing of the litter samples in the laboratory. 
 
The WWT equivalents of the leaf litter provided more relevant estimates, and the ecologically effective 

population of E. sulcatus in the study area shredded/consumed around 14 tonnes WWT of CPOM, 

producing about 4.5 tonnes WWT of FPOM, corresponding to a Nett Material Consumption of around 9 

tonnes WWT of leaf litter per annum (table 4.24). 

 

Table 4.24. Estimated average annual litter processing by E. sulcatus in tonnes WWT. 
 

 
CPOM 

Consumed 
(t WWT yr-1) 

FPOM 
Produced 

(t WWT yr-1) 

Nett Material 
Consumed 

 (t WWT yr-1) 

Ecologically Effective Population Effect 14.4 4.5 9.1 

Total Population Peak Effect 31.0 9.8 19.7 

 

However, the WWT estimates were still low given the size of the population, and corresponded to each 

individual ecologically effective crayfish consuming on average only around 25 g WWT of CPOM per 

annum (based on ~14 t WWT consumption of CPOM per annum by 567,000 crayfish), which seemed 

unlikely. At this rate of consumption, each crayfish would require ~5 years to process its own body 

weight in CPOM (in DWT), which was also a highly unlikely scenario. 
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While litter consumption rates by the captive crayfish population maintained in the laboratory since 1999 

were not recorded prior to this study, growth increments in these variously sized crayfish (i.e. 6.0 – 83 

mm OCL) have been recorded for a number of years (as reported in Furse and Wild 2004). The 

incremental increases in crayfish weight (in this case blotted wet weight) recorded at each moult in the 

captive population, and the associated intermoult period (in days) allowed calculation of an approximate 

average dry weight33 growth increment per unit time. 
 
The average daily weight increment in the captive E. sulcatus was 0.013 g DWT increase d-1 (or 4.8 g 

DWT increase yr-1), and the daily CPOM consumption per ecologically effective crayfish of 0.011 g DWT 

d-1 from this study (or 4.08 g DWT CPOM consumption yr-1) allowed calculation of an approximate value 

for Gross Food Conversion Efficiency (K, after Guan and Wiles 1998). In this case the value for K was 

more than 100%, which provided further evidence that the litter consumption values uncovered in this 

study were falsely low. 
 
Based on the K values for P. leniusculus in England34 (Guan and Wiles 1998) a more realistic 

approximate value for K in E. sulcatus might be anticipated in the region 16 – 42%, or a food 

consumption rate of ~2.5 – 6.2 times the weight increment per moult. 
 
Estimates based on these figures suggest that a CPOM consumption of between 11.5 and 29.7 g DWT 

CPOM yr-1 per ecologically effective E. sulcatus might be expected (compared to the 4.08 g DWT CPOM 

yr-1 in this study), indicating that the litter consumption rates in this study may have been underestimated 

by a factor of around 3 and possibly as high as 7. (Anastacio et al. 1999) 
 
If the above estimates are valid this would translate to an estimate of between ~40 – 105 tonnes WWT 

CPOM consumption per annum by the ecologically effective population of 567,000 E. sulcatus in the 

study area: a more realistic figure considering the biomass of the ecologically effective E. sulcatus 

population was estimated at ~12 tonnes WWT of crayfish in chapter 3. 
 
Based on Tran’s (2001 pers. comm.) estimated annual subtropical rainforest litter-fall rate of 14.5 tonnes 

ha-2 yr-1 DWT (adjacent to streams in the study area), and the 564 km of suitable stream habitat >300 m 

a.s.l. in the study area (as calculated in chapter 3) potential total annual litter-fall amounts adjacent to and 

directly into the streams were estimated. 
 
Assuming 100% of the riparian vegetation is relevant rainforest vegetation, a potential total litter fall of 

around 8100 tonnes DWT per annum was estimated within 5 m each side of the suitable stream habitat. 

Given that the average STREAM SECTION width was 3.03 m (also from chapter 3) in the suitable stream 

habitat >300 m a.s.l., a direct vertical litter input to the streams of around 2400 tonnes DWT per annum 

was estimated. Assuming thorough scouring ensures all adjacent litter-fall actually enters the streams, the 

564 km of suitable stream habitat could potentially receive a total litter input of around 10500 tonnes 

DWT per annum. 
 
Based on the results of this experiment, of the estimated potential annual litter input to the streams of the 

area, the 567,000 ecologically effective E. sulcatus are predicted to consume ~2.3 tonnes DWT leaf litter 

per annum. If food consumption relative to growth increments follow the pattern reported in 

P. leniusculus (Guan and Wiles 1998) the probable range of litter consumption by E. sulcatus would be 

between ~6 and 17 tonnes DWT leaf litter per annum. 
 

                                                 
33  Wet weight to dry weight conversion of crayfish biomass was calculated after Anastacio et al. (1999), and 

accordingly E. sulcatus are estimated to be ~23% DWT. 
34  Acknowledging that the study was conducted in a location outside of the species’ native North American range. 
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Clearly the consumption of leaf litter by crayfish in this experiment was less than that either expected 

before the experiment was conducted, or that predicted using the study of P. leniusculus, but not 

dramatically less than the lower bound estimate from P. leniusculus. This suggests that the results of this 

experiment can be taken with some degree of confidence. 

 

4.4 DISCUSSION 
 

4.4.1 Nutrient Liberation by Crayfish 
 
The effects of the crayfish on nutrient liberation from leaf litter were detectable in the experimental 

system adopted here, albeit only just, and then only by engaging the services of a highly specialised low-

level nutrients laboratory, employing the most sensitive nutrient analysis techniques available in 

Australia. The crayfish effects uncovered in this highly controlled laboratory environment were so very 

faint, it is doubtful that a similar crayfish-nutrient effect could be isolated from the noise of natural 

background processes in a flowing stream environment in the field. 
 
The inclusion of small juvenile crayfish in this experiment, along with much larger animals, complicated 

the processing and analysis of the nutrients data due to the low reliability of data from small crayfish. The 

effect of small crayfish was expected to be small (and it was), and the additional complications and 

complexity due to their inclusion were probably not worth the information that was gained using this 

particular experimental protocol. 
 
Juvenile crayfish can occur in very large numbers, grow quickly and consume large amounts of resources 

to facilitate their fast growth (i.e. Momot 1995, Warner and Green 1995), and although juvenile mortality 

rates may be typically high, the contribution of the juvenile component of populations to nutrient 

liberation and cycling might still be considerable at an ecosystem scale. Juvenile crayfish are often 

excluded from ecological studies (typically for good reasons), but often because it is assumed that their 

individual effects will be small (which they often are), however in the context of ecosystem services the 

contribution of the juvenile population should not be overlooked, and is a topic worthy of further 

investigation. However, it is recommended that any future studies similar to this, and including juveniles, 

should investigate the effects of juveniles separately, and in appropriately sized experimental 

microcosms/systems. (Flint and Goldman 1975) (Kristiansen and Hessen 1992, Hessen et al. 1993, Ackefors and Török 2002) 
 
The overall effect of the crayfish in this study was to significantly increase liberation of the nutrients 

nitrogen and phosphorus from the leaf litter that was made available to them. However, while clear 

increases in the concentrations of total nitrogen and phosphorus were evident in the water column, the 

concentrations typically remained low, and the amount of nutrient liberated by the individual crayfish was 

very small, particularly in the case of phosphorus. Low nutrient concentrations, especially phosphorus, 

are typical in other studies of freshwater crayfish: the study of adult A. astacus by Hessen et al. (1993) 

reported average excretion of 0.012 mg phosphorus and 0.88 mg nitrogen g-1 crayfish WWT wk-1 (fed 

50% protein commercial fish pellets at 15°C), compared to this study’s average 0.002 mg phosphorus and 

0.18 mg nitrogen g-1 crayfish WWT wk-1, while in Flint and Goldman’s study (1975) of P. leniusculus, 

change in phosphorus concentration was barely detectable and eliminated from their bioassay.  
 
Studies by other workers on nutrient excretion by A. astacus did allow some comparison with the results 

uncovered here, although quite different experimental protocols, in particular food types, were used 

compared to the leaf litter used in this study (high protein commercial fish-pellets or parboiled potatoes in 
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the study by Kristiansen and Hessen (1992), while algae and fresh fish, or commercial crayfish pellets 

were used by Ackefors and Török (2002)).  
 
Even considering the differences in the nutritional quality of the diets of crayfish between studies, the 

estimates of annual nitrogen released per tonne of crayfish in this study were comparable to the estimates 

reported in A. astacus, however the phosphorus estimate in this study was ~½ that estimated for 

A. astacus in the other studies (phosphorus was of course being lost from this system): noting that 

considerable differences were also evident between the estimates of both nutrients in the other studies 

(table 4.25). 

 

Table 4.25. Annual nutrient release per tonne crayfish (WWT): Comparison of studies. 
 

Authors Species 
TN Release 

 (kg tonne-1 yr-1) 
TP Release 

(kg tonne-1 yr-1) 

Kristiansen and Hessen (1992)* A. astacus 24.9 2.8 

Kristiansen and Hessen (1992)a 
A. astacus 6.2 0.26 

Ackefors and Török (2002)** A. astacus 32 4.5 

Ackefors and Török (2002)b 
A. astacus 12 1.2 

This study E. sulcatus 9.25 0.10 
 
*Diet: Fish pellets (50% protein), plastic containers (no substrate), water temperature 20°C. 
a As above, but a diet of parboiled potatoes (8.4% protein). 
**Diet: Crayfish pellets (37% protein), plastic aquaria (no substrate), water temperature 17 – 19°C. 
b As above, but with a limestone pebble substrate. 

 

It is encouraging that the results of this study are comparable to similar laboratory studies of other 

species, however nutrient liberation by the E. sulcatus population in their natural habitat will almost 

certainly differ from that in the laboratory, and at times potentially be somewhat higher. The diet of 

crayfish in the wild would potentially include more animal protein, including aquatic invertebrates, 

carrion, and vegetative matter of higher nutrient content than that used in this study (i.e. recently 

abscissed/partially conditioned leaf litter and/or fruits) which would influence the quantities, and perhaps 

proportions, of nutrients liberated. However, the availability of animal protein in the field is likely to be 

periodic in the case of carrion, and seasonal in the case of some aquatic invertebrates, while leaf litter is 

available in abundance year-round, and is probably the main dietary component of crayfish. 
 
Examination of the soluble fractions of nitrogen and phosphorus revealed interesting dynamics operating 

within the tanks in this study. The behaviour of AMMONIA, the major nitrogenous waste excreted by 

crayfish (Flint and Goldman 1975, Vogt 2002), and the oxide of nitrogen, NITRITE, were consistent with 

them being only transitional species of nitrogen, in that they were apparently being nitrified to NITRATE 

which was the accumulating fraction of nitrogen in the system. 
 
There was no evidence of the crayfish stripping NITRITE from the water column (i.e. stripping and 

accumulating NITRITE in the Haemolymph) or any subsequent endogenous conversion to NITRATE (and 

elimination) as was reported by Jensen (1996) in A. astacus. It is possible that a NITRITE-NITRATE 

accumulation and elimination process as was documented in A. astacus was operational in this study, but 

the concentrations reported by Jensen (1996) would have been overwhelmed and lost in the noise that was 

evident in the experimental system used in this study. 
 
While the dynamics of the nitrogenous fractions were clear, the dynamic of the soluble fraction of 

phosphorus, FRP, was less so, and behaved unusually by displaying a tendency to decrease irrespective of 

crayfish presence or absence. The dynamics of FRP uncovered in this study are typical of the behaviour of 
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free “P” in freshwater systems where it tends to behave erratically, in part due to its tendency to bind 

readily to substrates (Wruck 2008 pers. comm.). There was evidence suggesting that phosphorus liberated 

by the crayfish was in fact adsorbing to at least one of the available substrates (the leaf litter), a 

phenomenon which has been previously reported in a similar crayfish-microcosm study (but using a 

limestone pebble sediment), in Ackefors and Török (2002). 
 
Overall, the real effect of the crayfish on nitrogen in this experimental system was the production and 

accumulation of significant amounts of NITRATE. 
 
The direct crayfish-mediated effect on phosphorus was significant liberation of TP into the system, 

however much of the free “P” was lost from the system, in part via its soluble fraction FRP, but these 

losses were due to processes that were not apparently attributable directly to the crayfish. Therefore, the 

real effect of crayfish on phosphorus in this study is probably best summarised as a facilitator in the 

recycling of the nutrient phosphorus. 
 
The nature of the closed (i.e. no through flow of water, or filtration) and relatively small experimental 

microcosms allowed accumulation of both volatile and non-volatile nutrients, and certainly allowed 

higher concentrations of volatile nutrients to develop than would be expected in a natural lake or flowing 

stream environment. This led to nutrient concentrations exceeding a number of Domestic and 

International trigger values for acceptable environmental water quality, but the quality of the water 

remained within acceptable guidelines for human consumption at all times versus Australasian and WHO 

domestic drinking water standards. 
 
Based on the results of the laboratory study, the estimated annual effect of the population of E. sulcatus in 

the streams of the study area was quite small, liberating ~143 kg of TN and ~1.5 kg of TP (adjusted for 

seasonal variations in activity). 
 
As discussed in Section 4.3.7 the litter consumption rates in this study were unrealistically low. However, 

assuming a more realistic estimated litter consumption rate of ~3 times weight increment per year (i.e. 

K = 16%), and that nutrient liberation is in fact proportional to litter consumption, the nutrient liberation 

values reported here will also be underestimated by 3-fold or more. A 3-fold multiplication of the annual 

nutrient release per tonne (wet weight) crayfish from this study would place the TN estimate around the 

mid-range of estimates in other studies (e.g. table 4.25), while the TP estimate would be just within range 

of the other studies. 
 
The population census (chapter 3) indicated that while this species is inactive (or uncatchable) for a large 

part of the year, the crayfish are certainly not absent from the streams of the area. While they are inactive, 

it is most unlikely that they stop metabolising completely, although some reduction in metabolic rate 

would be expected in the cooler months of the year. Therefore it is reasonable to expect the crayfish will 

still be excreting at least some nutrients during the period of the year that they are inactive, and therefore 

the actual nutrient liberation effect of the crayfish population probably lies somewhere between the 

ecologically effective and population peak estimates. 
 
It is currently unknown to what degree metabolic rates might vary throughout the year in this species, 

however even if the worst-case scenario (sensu water quality) is assumed, and the population is 

excreting/liberating nutrients year-round at the rates uncovered in this study, the total population peak 

effect of this species on nutrient liberation (i.e. unadjusted for seasonal variation in activity) in the study 

area would still be quite small, liberating ~215 kg of TN and ~2.3 kg of TP per annum. 
 
Considering the relatively small amounts liberated, the geographical size of the study area (~300 km2), 

and length of suitable stream habitat (564 km), the effect of nutrient liberation by the population of 
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E. sulcatus could not realistically be considered as damaging, or as a threat to water quality in 

downstream municipal water storage reservoirs. Even in the worst-case scenario that all crayfish-liberated 

nutrients were exported from the headwaters directly to the downstream water reservoirs, 215 kg of 

additional nitrogen and a few kilograms of phosphorus deposition per annum into the water reservoirs of 

the City of The Gold Coast is unlikely to lead to any negative consequences for water quality. 
 
Anthropogenic activities (in particular agriculture), and natural sources of nitrogen fixation35 in the study 

area are likely to be far greater contributors of nutrient inputs to the local water storage reservoirs 

compared to the area’s crayfish population. (Nardi et al. 2002) 
 
Nevertheless, while the effect of the E. sulcatus population on nutrient liberation may be negligible or 

unimportant in the context of downstream water quality, the nutrients liberated by the crayfish into the 

forested headwater streams are likely to be important for maintaining the structure and function of the 

aquatic and terrestrial ecosystems in the headwater regions (sensu Costanza et al. 1997, Vanni 2002). 
 
Although there is considerable variation between forests in different regions of the World (Vitousek 

1984), nutrient budgets in undisturbed forests are generally accepted as being “tight” (Likens and 

Bormann 1974) or in the case of rainforests even fully closed (Turvey 1974, Brinkmann 1983). Due to 

efficient recycling of any “free” nutrients back into the vegetative biomass (Witcamp and Ausmus 1976), 

particularly in the case of phosphorus and nitrate (Hedin et al. 2003, Bernhardt et al. 2003), little leakage 

of nutrients occurs from undisturbed forested ecosystems (Likens and Bormann 1974).  
 
Even in high rainfall tropical areas such as Papua New Guinea, where leaching of nutrients from soils is 

predicted to be high, pristine rainforests may “leak” as little as 1.2% of their total annual nutrient input in 

out-flowing stream water (Turvey 1974). (Turvey, N D 1974) 
 
Nutrient retention in forested ecosystems was well demonstrated by the comprehensive series of 

watershed-scale studies conducted in the Hubbard Brook Experimental Forest (New Hampshire, USA) in 

the 1960s by Likens, Bormann, Fisher and Pierce (plus numerous other colleagues). An almost 60-fold 

increase in export of nitrogen in stream-water (alone) was evident in the year following a complete 

deforestation of a single 13.23 ha watershed (with inhibition of any regrowth by application of 

herbicides). As might be imagined, dramatic increases in water temperature, turbidity, export of other 

nutrients (including a 58-fold increase in stream-water nitrate concentration after 2 years) and organic 

matter were also evident in water flowing from the deforested watershed (Bormann et al. 1968, Bormann 

et al. 1969, Likens et al. 1969, Likens et al. 1970). 
 
More recent studies in the northern Hemisphere (mainly the United States) suggest that nitrogen retention 

and processing (i.e. nitrification) is at a maximum in lower order streams (Seitzinger et al. 2002, 

Bernhardt et al. 2003), and that the loss of nitrogen from the water column declines rapidly with 

increasing stream order (Alexander et al. 2000). Apparently the shallow nature and lower water velocities 

typical of these smaller streams increases the duration that water and substrates are in contact, which in 

turn maximises efficiency of nitrogen uptake and retention (Bernhardt et al. 2003). 
 
Given that ~85% of the World’s total length of flowing water is in the headwater regions, in 1st to 3rd 

order streams (Cole 1983), these lower order headwater streams clearly account for the great majority of 

the interface between flowing water and the landscape (Vannote et al. 1980). The importance of this 

water-land interface in nutrient dynamics was highlighted by the estimation that ½ of the total nitrogen 

                                                 
35  In particular lightning: averaged over the Earth’s surface area, approximately 16 kg-1 km2 of atmospheric 

nitrogen is fixed and deposited by lighting per annum (after Nardi et al. 2002). 
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input to rivers in the eastern United States was removed in the 1st to 4th order streams (Seitzinger et al. 

2002). (Likens et al. 1970, Turvey, N D 1974, Dudgeon 1984, Howard-Williams and Pickmere 1993) 
 
In many forested ecosystems, including tropical and subtropical rainforests, the main and highly efficient 

conduit of nutrient retention/recycling are the networks of often dense surface and subsurface root 

networks/root-mats which uptake nutrients deposited by atmospheric processes (including weathering), 

leached from decaying vegetative and other organic matter and/or the soil (Turvey 1974, Witcamp and 

Ausmus 1976, Brinkmann 1983, Maycock and Congdon 2000).  
 
These terrestrial root-mats can extend from the riparian vegetation into stream channels where they are 

submerged (often called trailing root-mats), and these root-mats strip nutrients under transport, from the 

water column, and recycle them back to the terrestrial vegetation/ecosystem (Likens et al. 1970, Turvey 

1974, Dudgeon 1984, Howard-Williams and Pickmere 1993). Trailing root-mats are common in the 

streams of the study area, particularly in the smaller lower-order streams (and these trailing root mats can 

be very large indeed: >4 m long and 3 m wide). 
 
Studies in Alaska and the Pacific northwest of the United States have demonstrated, with the use of stable 

isotopes, the capacity of terrestrial vegetation (both in and out of the riparian zone) to strip and assimilate 

marine-derived nutrients (MDN, Zhang et al. 2003), particularly nitrogen, transported upstream by 

spawning salmon. The uptake of MDN was directly from nutrients leached from decomposing salmon 

carcasses in the streams, and also via brown bears and other biota consuming salmon, and transporting the 

MDN from the riparian zone (in some cases a number of kilometers), where the nutrients were deposited 

into the woods via defecation (Bilby et al. 1996, Hilderbrand et al. 1999).  
 
The capacity of vegetated forests to strip and assimilate nutrients from the water column has been 

established elsewhere, and a non-replicated single-day study was performed in 3 streams at Springbrook 

in mid-winter 2002 to investigate if any nutrient stripping was evident along the upper reaches of local 

headwater streams. 
 
Water samples were collected at the source of the streams (i.e. at the spring), and 2 other downstream 

points separated by approximately 1.5 km. All water samples were collected and stored in accordance 

with QHPSS-ENS nutrient sampling guidelines (Appendix 4.1), and transported to QHPSS-ENS the next 

day for analysis of nutrient content. Evidence of nutrient stripping was based on the change in nutrient 

concentration between different land-use types along the length of the streams that were sampled (i.e. 

forested area→residential area→forested area). 
 
The data were highly variable, nutrient concentrations were generally low in undisturbed areas, but 

concentrations did exceed Qld-EPA and ANZECC trigger values for TN, ammonia, nitrogen oxides, TP 

and FRP in some of the samples from residential and agricultural areas. 
 
There was evidence of nitrogen and phosphorus stripping by vegetation in sections of stream flowing 

from residential areas through land regenerating from, or currently under, moderate agricultural use36. 

Stripping of ammonia and FRP was indicated in forested sections of stream and residential areas (table 

4.26). However, none of the changes in nutrient concentration uncovered were significantly different to 

zero (p >0.25 by Permutation Tests (Siegel and Castellan 1988)), probably due to the very small sample 

size (N=10).  

 

                                                 
36  Cleared for pasture but in general a narrow strip of riparian vegetation was intact along these streams, and 

included typical native trees (albeit somewhat sparse), pasture grasses and weeds. 
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Table 4.26. Field nutrients study: Average change in nutrient concentration categorised by land use. Median 
change in brackets, p >0.25 in all cases by Permutation Tests with ∆-concentrations tested versus zero. 
 

Land Use 
∆-TN 

(mg l-1)  
∆-AMMONIA 

(mg l-1) 

∆-NITROGEN 

OXIDES  
(mg l-1) 

∆-NITRITE 
(mg l-1) 

∆-NITRATE 
(mg l-1) 

∆-TP 
(mg l-1) 

∆-FRP 
(mg l-1) 

Agriculture 
-0.083  

(-0.040) 
0.002 

(0.003) 
-0.075 

(-0.060) 
0 

-0.075 
(-0.060) 

-0.025 
(-0.003) 

-0.019 
(-0.001) 

Residential 
0.140 

(0.140) 
0.009 

(0.009) 
0.117 

(0.117) 
0 

0.117 
(0.117) 

0.001 
(0.001) 

-0.002 
(-0.002) 

Forest 
0.055 

(0.055) 
-0.009 

(-0.009) 
0.070 

(0.070) 
0 

0.070 
(0.070) 

0.002 
(0.002) 

0.007 
(0.007) 

 

The increased nutrient concentrations evident in the residential areas were consistent with domestic 

activities, and were probably due to discharge of sewage effluent from septic-tanks, and application of 

fertiliser in gardens. The indication that concentrations of all nutrients, except AMMONIA, were increasing 

in the forested sections of streams was inconsistent with the results of studies reported elsewhere, 

however the changes in concentration were clearly non-significant (p >0.5 in forested streams) and could 

simply have been attributable to any number of environmental or anthropogenic factors in the field on the 

day of sampling (i.e. decomposing carrion, fertiliser application or animals defecating upstream, or 

tourists walking across streams). 
 
Overall, the results of the field nutrients study were inconclusive, an outcome that may be attributable to 

the small sample size, lack of temporal and spatial replication, and potential for considerable natural 

background noise. However it was worth the effort (and expense) to obtain a small baseline set of 

preliminary data from sections of streams under various land use practices in the local dry season, when 

nutrient concentrations were expected to be highest due to low in-stream flow rates. 
 
A thorough investigation of nutrient stripping in the streams of the area was beyond the scope and aims of 

this study, and a thorough investigation of nutrient stripping would require a regular monitoring protocol 

be established where samples were collected at frequent intervals throughout the year, in a large number 

of streams in different localities (i.e. in both pristine and disturbed areas) ideally over a number of years, 

in particular to ensure that any medium term variability attributable to proximate weather patterns is 

reflected in the data. 
 
The nutrients, particularly the soluble fractions AMMONIA, NITRATE and FRP, liberated from the leaf litter 

into the water column by the crayfish are important plant nutrients (i.e. WHO 2008), and at a global scale, 

cycling of nutrients such as these are critical for maintenance of ecosystems (Costanza et al. 1997).  
 
Given the tight nutrient budgets that are typical in rainforests, it is expected, based on evidence from 

elsewhere, that any crayfish-mediated “free” nutrients in the field should be stripped from the water 

column by the trailing root-mats and cycled back into the riparian vegetation. Phosphorus/FRP liberated 

by crayfish in the field might follow a different recycling pathway to the nitrogenous fractions, and 

initially adsorb to substrates (in particular soils) and then be selectively stripped from the soil by plant 

roots (e.g. McKee et al. 2000). 
 
Considering that a) forested headwater streams, including those in Australia, are very strongly dependent 

on terrestrial litter fall as their primary source of energy (Fisher and Likens 1973, Cummins 1974, 

Blackburn and Petr 1979, Bunn 1986, Benson and Pearson 1993); and that b) retention, processing and 

decomposition of this leaf litter in the headwater regions is critical for the liberation and recycling 

nutrients back into the headwater ecosystems (Fisher and Likens 1973, Petersen and Cummins 1974, 
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Zhang et al. 2004); then it is likely that nutrient liberation by the E. sulcatus population is important, at a 

local scale, to maintaining the structure and function of the headwater aquatic and riparian ecosystems in 

the study area (sensu Dudgeon 1984). 
 
For example, if the entire population of E. sulcatus was removed from the streams of the study area, there 

would be a corresponding decrease in nutrient liberation from leaf litter. While it is not possible to predict 

the exact consequences of this scenario with any certainty, it is conceivable that due to leakage of 

nutrients downstream, the headwater forests in the study area could eventually become impoverished in 

nutrients, and this could in turn lead to other unanticipated and most likely negative knock-on effects both 

in the headwater regions and further downstream.  

 

4.4.2 Particle-Size Reduction of Leaf Litter by Crayfish 
 
The data for TOTAL LITTER and CPOM were poorly behaved, mainly due to the requirement that the 

crayfish be presented with leaf litter in a condition as close as possible to that found in the field (i.e. fully 

hydrated field-collected leaf litter). From an experimental-design point of view it would have been far 

more desirable to initially provide the crayfish with precise quantities of leaf litter (i.e. determined by dry-

weight), as opposed to the drained wet-weights adopted here, and the appreciable potential for 

imprecisions in the measurements of these wet-weights. 
 
As outlined in the methods section of this chapter, the process of determining initial dry-weights would 

certainly have eliminated the microbial biofilms on the litter, thereby altering its nutritional quality, and 

probably the nutrient content of the leaf litter, thus affecting the nutrient liberation study. Furthermore, 

avoiding the additional handling and processing required to dry and then completely rehydrate and 

recondition the litter, eliminated considerable potential for introducing further uncertainties into the 

experiment: in particular the inadvertent production and introduction of unwanted FPOM into the tanks. 
 
While the experimental protocol did complicate statistical analysis of TOTAL LITTER and CPOM, it did 

allow the crayfish to be presented with a source of food as close as possible to that found in the field, and 

in addition as shredding/production of FPOM was of primary interest in this study, it ensured that 

precisely zero FPOM was present in any tanks at the start of the experimental runs.  
 
As in the case of the nutrients study, inclusion of the juvenile crayfish proved troublesome, but it was 

worthwhile confirming that their effects on litter processing were indeed small. Furthermore, as 

evidenced in the FPOM production, the indication that small crayfish have a higher leaf litter processing 

effect per gram wet body-weight than larger crayfish was a worthwhile discovery, and this was consistent 

with the study of Paranephrops zealandicus White by Usio and Townsend in 2001. 
 
However, a dedicated and thorough study of juvenile E. sulcatus would provide a more complete 

understanding of the role and effect of this typically abundant portion of natural crayfish populations in 

the wild. (Usio and Townsend 2001) (Usio et al. 2001) (Momot 1995) 
 
A small population of E. sulcatus has been maintained in captivity since 1999, and throughout this time 

the captive crayfish have consistently reduced very large amounts of leaf litter and twigs (kilograms per 

year) into much finer particles: hence this study to quantify litter processing by crayfish. 
 
Clear effects of crayfish consuming and shredding leaf litter were evident, however the amounts of litter 

processed in all cases were unrealistically low, and even by the most precise estimate available (FPOM) 

average litter processing was in the range of only fractions of grams DWT per day. However, unexpected 
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and similarly small crayfish effects on leaf fragmentation/decomposition have been previously reported 

by Usio and Townsend (2004). 
  
The results of this study contrasted strongly with the large amounts of litter typically processed by the 

individual crayfish in their holding tanks every year, and the average FPOM production rate of 0.02% 

crayfish bodyweight d-1 was remarkably low, and approximately 260 times lower than estimates from 

similar, comparable shredding studies (table 4.27).  

 
Table 4.27. Average daily FPOM processing rates by crayfish: Comparison of studies. 
 

 
Species 

Daily FPOM Production  
(as percentage crayfish bodyweight)  

Usio et al. (2001)* 
Cambaroides japonicus 

de Haan 
3.3 

Usio and Townsend (2001)** 
P. zealandicus 5.5 

This study E. sulcatus 0.02 
 

*Laboratory based artificial stream channels, water temperature 12°C. 
**Field based artificial stream channels, water temperature 10°C. 

 

In addition to the above, and the previously mentioned evidence of falsely low CPOM consumption values 

(i.e. K exceeding 100%), the TOTAL LITTER consumption rate of 0.03% wet bodyweight d-1 was 

dramatically outside the daily food consumption rates for other species (0.4 – 16% bodyweight d-1 in 

Momot 1995).  
 
The clear suggestion in the results was that something affected the rate of litter processing by crayfish in 

the experimental tanks, and a lack of food seemed unlikely as 100 g WWT of leaf litter should have been 

sufficient for the duration of the experiments. 
 
The possibility that crayfish became accustomed to the small amounts of supplementary foods provided 

prior to this study commencing (and between experimental runs) leading to partial rejection/lower 

consumption of the litter provided cannot be ruled out, although this seems unlikely given considerable 

experience feeding and maintaining these animals in the laboratory. While strong preferences for certain 

foods are periodically evident (particularly for fresh beef immediately post-moult), crayfish have never 

consumed supplementary foods in any appreciable quantities (a very large crayfish may eat 2 – 4 green 

peas, or slices of fresh carrot every 2 – 3 days), and supplementary foods are often rejected (and buried). 

Leaf litter has always been by far the major component of their diet, is consistently consumed in large 

quantities, and often in preference to the supplementary foods. 
 
The crayfish could have easily survived the week-long experiments on stored internal energy reserves 

alone (or in part) and this would be very difficult or impossible to detect. However litter was consumed 

and FPOM produced in all runs by all crayfish, so a complete lack of feeding is ruled out, but it is not 

possible to determine if crayfish were partially relying on internal energy reserves during the experiments.  
 
It is possible that the nutritional quality of the leaf litter used in the experiments may have differed from 

that in the field rendering it less attractive to the crayfish, however the captive population has been 

successfully maintained for a decade on similar leaf litter, collected and stored exactly as per the 

protocols in this study.  
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Of course the litter collected in the field for this study, could possibly have differed to the litter that the 

crayfish were accustomed to in the laboratory, however there was no evidence to suggest this was the 

case37. 
 
Given that this study was conducted using artificial microcosms, it is seems more likely that the 

experimental environment may have had some negative effect on the rate of litter processing by crayfish: 

possible explanations include reduced day-to-day activity and reduced incidental abrasion. The maximum 

nutrient concentrations in some tanks did reach quite high levels on a few occasions, and this could 

possibly lead to lower activity in general (including feeding). However moderate nutrient concentrations 

were typical, and with the exception of AMMONIA, average concentrations in treatments were not 

dramatically different to controls. 
 
The holding tanks that crayfish have been housed in are much more complex than the experimental tanks 

and include a shell-grit substrate, and various refuges including uPVC pipes, glazed ceramic floor-tiles, 

rocks, and pieces of field-collected wood. With the exception of immediately post-moult, the captive 

crayfish have always been very active foragers and very effective habitat modifiers, constantly digging 

and completely rearranging the interiors of their tanks, including the burying of leaf litter. 
 
By necessity, the experimental tanks contained only a single pipe refuge and leaf litter, a considerably 

less complex environment than the crayfish were accustomed to, with far less scope for crayfish to engage 

in their typical physical activities of foraging and habitat modification, possibly leading to reduced 

activity. A likely result of reduced activity would be crayfish only consuming sufficient resources (leaf 

litter), to maintain bodily function and growth, and not support extensive locomotion, and this would lead 

to lower than normal processing rates of litter. In addition, any incidental crayfish-mediated abrasion and 

particle-size reduction normally associated with foraging and habitat modifications will have been 

reduced if crayfish activity was lower than normal in the experimental tanks. 
 
It is possible that crayfish-mediated incidental abrasion in the holding tanks (particularly burying of leaf 

litter under kilograms of substrates) actually accounts for a good deal of the particle-size reduction that is 

observed (as opposed to direct shredding by crayfish), but this does not explain the low TOTAL LITTER and 

CPOM consumption rates uncovered here. Of course, some unknown but critical component the species 

requires for maintaining physiological processes/condition (i.e. a mineral) that was present in the holding 

tanks, could have been absent in the oversimplified experimental tanks. 
 
Most specimens of this species do exhibit mild symptoms of handling/capture stress in the laboratory 

(resulting in short periods of ‘sulking’ in refuges) but this rarely last more than an hour, and in the field 

some specimens barely show any signs of handling/capture stress whatsoever (almost immediately 

returning to baits as discussed in chapter 3). Therefore, it is unlikely that handling/capture stress 

contributed appreciably to the low processing rates uncovered here.  
 
Monitoring of the crayfish was purposely limited during the experimental runs to avoid inducing fright 

responses/hiding in refuges, but the observations that were made indicated that apart from some crayfish 

occasionally appearing a little sullen after handling (which is typical), no obvious anomalous behaviour, 

including gross inactivity, was observed in any of the experimental animals. The crayfish were certainly 

as vigorous, aggressive and difficult to handle as ever after being removed from the experimental tanks.  

                                                 
37  Leaf litter has always been collected from the same stream (which harbours a healthy population of E. sulcatus), 

on the same private property, which is managed for conservation (i.e. the possibility of pesticide or other 
contamination on the property was nil).  
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Crayfish readily accepting foods initially, followed by declining feeding activity38, leading to poor 

physiological condition has been reported in much longer laboratory feeding trials (12 weeks duration) of 

E. spinifer (Turvey and Merrick 1997). No such behaviour has ever been observed in this species, 

however it is clear from the study of E. spinifer that quite dramatic effects of laboratory environments are 

not unheard of in the genus Euastacus. (Turvey, P and Merrick 1997) 
  
A closely controlled environment is a requirement for studies such as this one, and some effect(s) of 

experimental environments are probably always going to be unavoidable: even if shredding studies are 

conducted in the field using instream microcosms.  
 
The evidence in this case indicated the litter processing rates by crayfish in the laboratory were 

dramatically lower than those observed elsewhere in the laboratory, and therefore most likely lower than 

those that might be expected in the field. Nevertheless, the results of this study were the only estimates 

available for this species, and were still suitable for baseline calculations of the litter processing effect of 

this species in the field. 
 
Even as minimum estimates (or gross underestimates), the annual wet-weight amounts of litter processed 

by the ecologically effective population of 567,000 E. sulcatus in the streams of the study area are still 

fairly substantial (~14 tonnes WWT CPOM consumed and ~4.5 tonnes WWT FPOM produced per annum). 

However it is reasonable to expect that in order to maintain bodily function, crayfish will continue to 

consume and process at least some leaf litter during the part of the year when they are inactive. 
 
Therefore the actual amounts of litter processed annually by the E. sulcatus population are probably 

somewhere between the ecologically effective and total population peak estimates. 
 
Considering that estimates of daily FPOM processing rates were available for other species of freshwater 

crayfish (i.e. Usio et al. 2001), and a reliable population estimate was available for E. sulcatus, an 

estimate of potential annual FPOM production by the E. sulcatus population was also calculated based on 

the daily consumption/production rates of the other species. 
 
On the assumption that the actual daily FPOM production rate of E. sulcatus is in fact somewhere around 

the average rate reported in the studies of Usio and colleagues (2001) (i.e. 4.4% bodyweight d-1), the 

ecologically effective population of E. sulcatus would produce ~1200 tonnes WWT FPOM per annum, 

corresponding to ~2.0 kg WWT FPOM production per crayfish per annum, a figure that is far more 

consistent with observations of shredding by E. sulcatus in the laboratory over the last decade. 
 
Nevertheless, even using the results determined in this study as bare minimum estimates, the population 

of crayfish in the Gold Coast Hinterland is processing at least tens of tonnes of leaf litter each year. In the 

context of domestic outlays and water quality in downstream water storage reservoirs, this litter 

processing by the E. sulcatus population is almost certainly positive. 
 
Without the direct consumption, and crayfish-mediated particle-size reduction, far more unprocessed 

whole leaf litter and woody debris would reach the downstream reservoirs, which could lead to additional 

treatment costs (i.e. flocculation) to bring the water to potable standards. Furthermore, in conditions such 

as the recent drought where water levels in reservoirs were appreciably reduced (to <25% capacity in 

some Qld water storages), additional nutrients leaching from the unprocessed leaf litter into reservoirs 

have the capacity to lead to toxic algal blooms, which have serious implications for public heath (and 

provision of potable water supplies). 

                                                 
38  Turvey and Merrick (1997) did not report daily food consumption rates by E. spinifer.  



Chapter 4 – Laboratory Nutrients and Leaf Litter Study 

 158

In the context of Greenhouse Gas Emissions and Global Warming, it is desirable that leaf litter be 

processed and decomposed under aerobic conditions in the headwaters (producing CO2), as opposed to 

anaerobic conditions in water storage reservoirs (producing CH4), which has 20 times the greenhouse 

effect of carbon dioxide (sensu Galy-Lacaux et al. 1997). 
 
Therefore, the effect of E. sulcatus is probably positive and important in the downstream reaches of the 

local waterways, however the effect of the crayfish in the headwater regions is likely to be far more 

important, and perhaps critical for the headwater ecosystems. 
 
In the context of ecosystem structure and function, it seems clear that the E. sulcatus population plays a 

key role in maintaining ecosystem processes in the streams of the area due to their processing of leaf 

litter, and in particular the production of FPOM. With the exception of the occasional longfin Eel39 (A. 

reinhardtii), E. sulcatus is by a considerable margin the largest aquatic species inhabiting the streams of 

the area, and is the largest member of the aquatic invertebrate shredder guild (Anderson and Sedell 1979). 
 
There is a large suite of various other aquatic biota typically associated with the processing and 

decomposition of leaf litter in freshwater ecosystems, including members of the insect shredder, scraper 

and collector-gatherer guilds (Anderson and Sedell 1979), and the aquatic microflora/decomposers 

(Suberkropp and Klug 1976). These other biota may be highly abundant (perhaps only seasonally 

abundant in the case of the insects), and it is possible that the biomass and overall effect of this non-

crayfish component of the leaf litter processing biota is considerable, perhaps even comparable to that of 

the crayfish.  
 
However, mainly due to their small size, the non-crayfish leaf processing biota are either incapable of, or 

not well suited to, the rapid reduction of whole leaf litter and larger woody debris (i.e. stalks of leaves and 

twigs) into smaller particles, whereas the much larger crayfish are highly capable shredders. 
 
It is widely accepted that the initial particle-size reduction of whole leaf litter and other woody debris is a 

critical 1st step in facilitating and maintaining the process of liberation and cycling of energy within 

forested headwater streams (i.e. Wallace et al. 1982, Cuffney et al. 1990, Zhang et al. 2004). Considering 

E. sulcatus occurs in considerable numbers, their large body size (compared to the other leaf processing 

biota), and their ability to shred very large particles, the crayfish population is probably one of the main, 

if not the main, biotic agent of initially reducing whole leaf litter and other plant debris to smaller 

particles, thus rendering it available for further processing and eventual decomposition by other biota in 

the streams of the area. 
 
If the crayfish population was removed from the streams of the area, processing rates of leaf litter and 

woody debris would almost certainly be reduced, and eventually the consequent reductions in energy 

liberation and cycling would probably lead to changes in the structure and function of the headwater 

stream ecosystems: and quite likely reduced ecosystem health. In addition, much more unprocessed whole 

leaf litter and plant debris would be exported from the headwater regions, particularly in the periodic 

flood spates, no doubt eventually leading to negative consequences downstream. 

 

 

 

 

 

                                                 
39  That are not thought to have any appreciable direct or indirect effects on processing of leaf litter. 
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4.4.3 Limitations Of Study 
 
There were a number of assumptions associated with this laboratory based microcosm study, and if 

unjustified they have the capacity to lead to misleading conclusions. The main assumption was associated 

with the requirement that the experimentation be conducted in a controlled artificial environment, with 

the consequent questions of applicability of the results to the “real world”. 
 
Clearly, in the case of the study of leaf litter processing, the assumption that the laboratory environment 

did not affect the results of this study was not satisfied. The litter processing rates uncovered in the study 

were not typical, and certainly provide underestimates of the true effect of the crayfish. While they were 

consistent (sensu direction of change) and comparable (sensu scale of change) with similar studies by 

others workers, it is likely the results of the nutrients study were subject to atypical litter processing by 

crayfish, and therefore also provide underestimates of the true effect of crayfish. 
 
Considering the above, the results of this study should be treated as lower bound estimates of the effect of 

this species of crayfish in its natural environment. 

 

4.4.4 Summary 
 
It has been previously established that forested headwater streams are very strongly dependent on 

terrestrial leaf litter and woody debris as their primary energy source, and liberation of this energy is 

critical for maintaining the structure and function of stream ecosystems. Given their large body sizes, and 

high abundances, crayfish-mediated processing of this material in the headwaters, leading to liberation of 

nutrients and particle-size reduction, is likely to be important for ecosystem structure, function and health. 

Therefore, this study was designed to simultaneously assess the role of E. sulcatus in the processing of 

leaf litter and liberation of nutrients from this material. 
 
The key objectives of this study were to obtain standardised measures of litter processing and nutrient 

liberation rates of E. sulcatus in the laboratory, in order to allow estimation of the population effect in the 

Gold Coast Hinterland. 
 
This study demonstrates that in a laboratory microcosm environment, the day-to-day activities of this 

species result in significantly increased rates of litter processing/particle-size reduction and nutrient 

liberation from leaf litter. Although the amounts of litter processed and nutrients liberated were low, the 

effects of crayfish uncovered in the laboratory, if applied in the field, will clearly qualify as examples of 

ecosystem engineering by crayfish (i.e. directly or indirectly modulating the supply of a resource). 
 
While small, the amounts of material processed and nutrients liberated by the crayfish in the laboratory 

translated into considerable population effects in the study area. At the very least, the species processes 

tens of tonnes of leaf litter, liberates nitrogen at the rate of low hundreds of kg, and a few kilograms of 

phosphorus per annum. Based on the results of this study, and studies conducted by other workers, the 

liberation of nutrients and particle-size reduction of leaf litter by the E. sulcatus population in the Gold 

Coast Hinterland is probably important in maintaining the structure, function and overall health of the 

headwater streams, and riparian ecosystems in the study area. 
 
This supports a conclusion that this species of crayfish certainly has the capacity to act as an effective 

ecosystem engineer, and quite possibly has a key role in the processing and decomposition of leaf litter 

and liberation and cycling of energy and nutrients in the headwater streams of the study area. 
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4.5 CONCLUSIONS  
 
In the laboratory, E. sulcatus significantly increased liberation of the nutrients nitrogen and phosphorus, 

while consuming and reducing the particle-size of leaf litter. Although rates of nutrient liberation and 

litter processing were low, the crayfish fulfilled the criteria of ecosystem engineers in their artificial 

microcosms. 
 
During the period of this study, and adjusted for activity through the year, the population of E. sulcatus 

≥15 mm OCL in the Gold Coast Hinterland consumed (annually) at least 14 tonnes WWT of CPOM, 

producing ~4 tonnes WWT of FPOM: a nett consumption of around 10 tonnes of wet leaf litter per annum. 

Nutrient liberation into the water column as a result of the litter processing activity of the species was 

approximately 140 kg of nitrogen, and ~1.5 kg of phosphorus per annum. Unusually low rates of litter 

processing in the laboratory suggest it is highly likely that the actual effect of the wild population of 

crayfish is considerably greater than that reported here. 
 
Given that this species is the largest aquatic invertebrate and shredder, and occurs in considerable 

numbers in the study area, E. sulcatus is potentially the main biotic agent in the process of initially 

reducing the particle-size of leaf litter, and as result of this activity liberates nutrients that might otherwise 

remain unavailable for recycling in the headwater regions.  
 
The day-to-day ecosystem engineering activities of E. sulcatus are likely to be positive, and important, for 

maintaining the structure and function of the headwater stream-riparian ecosystems, and contribute to 

maintaining the high water quality flowing from these streams into downstream water storage reservoirs. 
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APPENDIX 4.1: NUTRIENT SAMPLING GUIDELINES  
 

Queensland Health Scientific Services QSE-ENG-001   REVISION 3 

 

GUIDELINES FOR NUTRIENT SAMPLING OF WATERS 
 
1. SCOPE 
 
 1.1 These guidelines are for the sampling of water bodies for the analysis of nitrogen and 

phosphorus nutrient species. 
 
2. PRINCIPLE 
 
 2.1 Samples taken should be representative of the water body.  
 

2.2 The integrity of samples should be maintained from collection to analysis. 
 

 2.2.1 The effects of changes from bio-organisms may be minimised by freezing. 
 

 2.2.2 Chemical equilibria changes may be minimised by filtration. 
 
 2.3 Contamination sources need to be identified and avoided. 
 
 2.4 The technique used is in accordance with AS5667: Parts 1,4-11 (1998) 
  
3. APPARATUS 
 
 3.1 Quality Controlled nutrient sample bottles are obtainable from QHSS (phone 07 3274 

9066). 
 
 3.2 Total nutrients - 250 mL plastic bottles (Reverse Osmosis Water washed - Not 

detergent washed ). 
 
 3.3 Soluble (filtered) nutrients - 100 mL plastic bottles (Reverse Osmosis Water washed - 

Not detergent washed). 
 
  3.3.1 SARTORIUS "Minisart" hermetically sealed filter -Part No. 16555K - 0.45 µm pore 

size (or equivalent) - for relatively clean waters. 
 

  3.3.2 SARTORIUS "Minisart PLUS" combined hermetically sealed glass fibre pre-filter 

   and 0.45 µm final filter - Part No. 17829K (or equivalent) - for dirty waters. 
 
  3.3.3 50 mL TERUMO disposable syringe (or equivalent). 
 
 3.42 Ice/dry ice or portable freezer. 
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4. PROCEDURE 
 
 4.1 Total Nutrients: 

 
If the sample is collected into an intermediary device (e.g. bucket), do NOT immerse sample bottle into 
sampling vessel - pour from bucket to sample bottle as soon as possible after collection to minimize 
homogeneity problems associated with the settling of particulate matter. 
 
  4.1.1 Collect water from site by using appropriate sampling method. 
 
  4.1.2 Rinse Bottle - Partially fill the sample bottle (approx. 50 mL) with site water, shake 

vigorously and empty.  
 
  4.1.3 Fill sample bottle with sample water, ensuring hands are kept well clear of the neck 

of the bottle and the sample entering the sample container. 
 
   4.1.4 Cap, leaving a 2 cm airspace (for expansion on freezing). 
 
 
 4.2 Soluble Nutrients: 
 
  Note: An awareness of contamination sources is particularly relevant for this  
   procedure. E.g. personal hygiene, sweating and non-smoking. 
 
  4.2.1 Rinse the syringe with sample water (twice). Hold syringe near the plunger. 
 
  4.2.2 Fill syringe completely with sample water (approximately 60 mL) and attach 

appropriate filter. 
   
  4.2.3 Filter approximately 10 mL of sample into the sample bottle - cap, shake and 

discard sample. 
 
  4.2.4 Repeat 4.2.3. 
 
  4.2.5 Filter remaining 40 mL into sample bottle.  
 
  4.2.6 Cap, leaving a 2 cm airspace. 
 
  NOTE: (1) The syringe may be used for multiple samples, however thorough rinsing with 

sample site water is mandatory, especially after sampling of contaminated waters. 
 
   (2) A new hermetically sealed filter should be used for each sample. 
  
 4.3 Label each container with your unique identifier, which should include: 
 
  4.3.1 analysis number 
 
  4.3.2 date 
 
  4.3.3 site  
 
  4.3.4 sampler 
 
  4.3.5 special comments to be included on the analysis form. 
 
 4.4 For both types of samples: chill immediately, freeze within 24 hours and keep frozen until 

day of analysis. Do NOT store with "Metal Bottles". 

  
 
5. FURTHER INFORMATION 
 

5.1 For more detailed information contact: QHSS,  Organics Section 
       Nutrients Unit (Dan Wruck) 
       ph (07) 3274 9062.  
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APPENDIX 4.2: ANALYTICAL METHODS  
 

QHPSS-ENS: Methods for Nutrient Samples (Brief Summary) and 

References 
 

• Nutrients in Water Samples 
 
Soluble Nutrients 
 
Analyses for FRP, NOx , NO3, and NH3 are performed simultaneously using an automated LACHAT 

8000QC flow injection system using methodology based on (a) ascorbic acid reduction of 

phosphomolybdate for FRP (Standard Methods 1998 – 4500-P G); (b) cadmium reduction of nitrate to 

nitrite by diazotizing the nitrite with sulfanilamide and coupling with N-(1-naphthyl) ethylenediamine 

dihydrochloride for NOx (Standard Methods 1998 – 4500-NO3 I) and (c) production of the indophenol 

blue colour complex for NH3 (Standard Methods 1998 – 4500- NH3 H). 
 
Total Nutrients 
 
Samples for TN and TP are digested using a simultaneous persulfate procedure based on that described by 

Hosomi and Sudo 1986 (with quite a few modifications to allow analysis for freshwater and saline 

waters). After digestion, analyses for TN and TP are performed using instruments and chemistries 

previously described for NOx and FRP. 
 
 

• Nutrients in Sediment Samples 
 
Digestion 
 
Samples (0.25-0.40gm), standards and quality control samples are taken through the whole digestion 

process using a Kjeldahl Digestion Mix (potassium sulfate/sulfuric acid/copper sulfate). The digestion is 

automated using block digesters programmed to give a final digestion temperature of 360ºC for a period 

of 2 hours and is based on procedures (with quite a few modifications to allow analysis for freshwater, 

saline waters and sediments) described in Standard Methods 1998 – 4500-Norg D. 
 
Analysis 
 
After digestion, analyses for TKN and TP were performed simultaneously using a segmented flow 

instrument (BRAN+LUEBBE). For TKN, NH3 is analysed based on Standard Methods 1998 (20th 

Edition) – 4500- NH3 H (it should be noted sodium salicylate was used in lieu of phenol). For TP the 

analysis was based on the ascorbic acid reduction of phosphomolybdate for FRP (Standard Methods 1998 

(20th Edition) – 4500-P). 

 

References: 
 
Standard Methods for the Examination of Water and Waste Water (1998) (Edited by Clesceri L. S., Greenberg A. E. 

and Trussell R. R.), 20th edition. APHA-AWWA-WEF. 

 

Hosomi M. and Sudo R., (1986) Simultaneous determination of total nitrogen and total phosphorus in freshwater 
samples using persulfate digestion. International Journal of Environmental Studies 27, 267-275. 

 

After QHPSS-ENS (2004). 
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APPENDIX 4.3: WEIGHTED MEANS AND STANDARD ERRORS FOR 

NUTRIENTS DATA 
 

The process of estimating effects of crayfish involved the following steps: 
 

1. for any particular run and nutrient the geometric mean concentration of the three control tanks in 

each week was calculated, 

2. the control mean concentration for the given week (and nutrient and run) was subtracted from the 

actual concentration in each experimental tank: this yielded the control-adjusted nutrient 

concentration for a tank at a particular week in a given run,  

3. the control-adjusted nutrient concentration was then adjusted for the size of the crayfish used in 

the tank in that run, by dividing this value by the weight of the crayfish, and multiplying by 150 

(the weight in grams of a typical crayfish used in the experiments): this yielded the first ‘effect 

variable’, which is the weight- and control-adjusted nutrient concentration for a tank, in a 

particular week, in a given run, and  

4. the effect of the crayfish during its period in (or out of) the tank was then calculated by 

subtracting the previous week’s weight- and control-adjusted nutrient concentration from the 

current week’s weight- and control-adjusted nutrient concentration: thus yielding the second 

‘effect variable’, the change in weight- and control-adjusted nutrient concentration for a tank in a 

particular week in a given run. 
 
The final variable is the effect of a crayfish of ‘standard’ size in the particular conditions, for the 

particular nutrient. 
 
Nutrient levels are typically positively skewed, and are often expressed as the logarithm of the absolute 

value (e.g. the pH scale), and the raw concentrations reported here were skewed in this manner. 

Nevertheless, logarithmic transformation was not possible for these data as (i) step 2 above requires the 

subtraction of actual levels in the control from the experimental values, and both zero and negative values 

can be produced (which, of course, cannot be transformed to a logarithmic scale), and (ii) if 

transformation was done on the raw data, the differences between the transformed experimental and 

control values would be effectively ratios of experimental to control values, not the elevation above 

control that is observed in the experimental values. The linear raw data scale was thus used for all 

concentration values throughout the analysis, despite the skewness of the data distributions. 
 
It should be noted that at step 3, above, the experimental effect is scaled for crayfish size. This step was 

necessary as a small crayfish would have only a small experimental effect, and a large crayfish would 

have a large experimental effect. By rescaling to a ‘standard’ crayfish effect, as outlined in step 3, results 

from each run could be fairly compared.  
 
This introduced a new problem in the data. There is sure to be some error in both the effect of the crayfish 

in the tank, and in the measurement of the nutrient levels from the tank. If such errors were similar in 

absolute value in tanks with different-sized crayfish, then the ‘weight-adjusted nutrient level’ will have 

large error values when derived from data based on small crayfish, and small errors when derived from 

large crayfish. Given that there were good reasons to believe that certain data are of low reliability (i.e. 

small crayfish) and other data are of high reliability (i.e. large crayfish), a weighted mean of the ‘weight-

adjusted’ values (i.e. deriving from step 4 above) was appropriate. 
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The actual degree of weighting should be inversely proportional to the variance of the values being 

averaged. It is easy enough to calculate that, if all errors in the measurement of nutrient levels (i.e. effect 

of crayfish plus sampling and analytical errors) are additive, the variance of ‘weight-adjusted’ values will 

be inversely proportional to the square of the crayfish weight. Similarly, if errors are proportional to the 

crayfish weight (i.e. a multiplicative error model applies), then variances of ‘weight-adjusted’ figures will 

be similar for all weights. 
 
A priori considerations suggested that the errors attributable to the crayfish itself (such as its actual 

activity level during any particular week) would be proportional to its size (i.e. the differences in effect of 

a small crayfish, from week to week, would be small differences in nutrient levels, while the effect of a 

large crayfish would differ by larger amounts over several weeks). The sampling and analytical errors 

were likely to be additive (i.e. the absolute error was likely to be similar irrespective of the value of 

nutrient in the sample). The ‘mixed error model’ postulated here would, therefore, yield errors in the 

‘weight-adjusted’ levels, the variance of which is intermediate between independence from the crayfish 

size and inversely proportional to the square of the crayfish size. The actual value depends on the 

unknown relative contributions from the multiplicative error in crayfish effect and additive error in 

sampling and chemical analysis. 
 
The relationship between variance of the errors and crayfish size could be examined empirically from the 

data obtained here. The residuals from an ANOVA of nutrient level across weeks were calculated and 

recorded. For any particular nutrient variable (control-adjusted nutrient level, weight- and control-

adjusted nutrient level and change in weight- and control-adjusted nutrient level) the standardised 

residuals for all nutrient species were plotted against weight of crayfish (e.g. figure a4.1). There was a 

clear tendency for the spread of the standardised residuals to be large for small crayfish weights, and 

small for large crayfish weights.  
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Figure a4.1. Residuals for ‘change in weight- and control-adjusted nutrient levels’ plotted versus crayfish weight. 
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The variance model suggested here is that variance will vary inversely with some power of the weight of 

the crayfish, i.e. 

n
W

a
V =  

 
where  V is the variance of the residuals,  

 a is a proportionality constant,  

 W is a linear measure of crayfish weight, and  

 n is the power term, that may be anywhere between 0 (for a multiplicative error model) and 2 (for 

 an additive error model). 
 
Taking the log of each side of the equation above, gives a routine regression equation, i.e. 
 

( ) ( ) ( )WnaV log'loglog +=  
 
where 'n  is the negative of n and is expected to be a negative number, indicating an inverse 

 relationship.  
 
The variance of the standardised residuals for each discrete crayfish weight was calculated, and weights 

converted to fractions of the standard crayfish weight. A plot of the log of the variance against the log of 

the ‘standard crayfish weight fraction’ was then drawn (e.g. figure a4.2 for the effect in the data for 

change in weight- and control-adjusted nutrient level). 
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Figure a4.2. Log-scaled regression of variance of residuals versus log-scaled crayfish weight. 

 

Detransforming the relationships obtained, produced the results shown in table a4.1.  
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Table a4.1. Regressions of variance of residuals on fractions of the standard crayfish weight. 
 

Variable Variance Equation 

control-adjusted nutrient level 
100.0

521.0
−

=
W

V  

weight- and control-adjusted nutrient level 
308.0

408.0

W
V =  

change in weight- and control-adjusted nutrient level 
461.0

495.0

W
V =  

 

These results suggested that no weighting of means was justified for the control-adjusted nutrient levels, 

as would be expected since these values had not been adjusted for crayfish weight, which is the step at 

which the need for weighting was judged to be required. To properly weight data for the means of weight- 

and control-adjusted nutrient level, the cube root of crayfish weight seemed to be a reasonable procedure, 

and for change in weight- and control-adjusted nutrient level the square root of crayfish weight was 

indicated as the appropriate weighting. 
 
In practice, weighting the means did not change the estimates of these parameters very much, and a 

square root weighting was adopted for the variable change in weight- and control-adjusted nutrient level, 

the variable that was employed in the final analysis to determine the actual effect of the crayfish. 
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APPENDIX 4.4: LEAF LITTER DATA: PRELIMINARY ASSESSMENT  
 
This section presents, in full, the results of the preliminary modelling/assessment routine used to 

investigate the explanatory capacity of the various predictor variables on the amounts of TOTAL LITTER, 

CPOM and FPOM recovered from the tanks. 
 
 
1. Main-Effects: Testing GENDER, OCL and DURATION OF TREATMENT 
 
Multiple Regressions: Assessment of all fractions versus GENDER (of adult crayfish), size of crayfish 

(using OCL), and DURATION OF TREATMENT. Performed to assess explanatory capacity of OCL, and 

determine if indeterminate-gender juvenile crayfish could be included in subsequent analysis. 
 

• TOTAL LITTER: No significant main-effects of GENDER, OCL or DURATION OF TREATMENT were 

evident (p >0.18), although an overall effect of DURATION OF TREATMENT was indicated by a 

significant intercept (p = 0.037) 

• CPOM: No significant main-effects of GENDER, OCL or DURATION OF TREATMENT were evident 

(p >0.098), although an overall effect of GENDER was indicated by a significant intercept 

(p = 0.000068) 

• FPOM: No significant main-effects of GENDER, or OCL were evident (p >0.68), but a significant 

relationship between FPOM and DURATION OF TREATMENT was indicated (p = 0.011) 
 
Summary 1:  
 

• No main-effects of DURATION OF TREATMENT indicated for TOTAL LITTER or CPOM 

o Overall effect of DURATION OF TREATMENT on TOTAL LITTER indicated by significant 

intercept 

• No main-effects of GENDER or OCL indicated for any fraction 

o Overall effect of GENDER on CPOM indicated by a significant intercept 

• FPOM was significantly associated with DURATION OF TREATMENT 

 

2. Main-Effects: Testing GENDER, WET WEIGHT (of crayfish) and DURATION OF 

TREATMENT 
 
Multiple Regressions: Assessment of all fractions as above but using WET WEIGHT as measure of crayfish 

size (i.e. as above, but assessing explanatory capacity of the WET WEIGHT of crayfish) 
 

• TOTAL LITTER: No significant main-effects of GENDER, WET WEIGHT or DURATION OF TREATMENT 

were evident (p >0.17), overall effect of DURATION OF TREATMENT was indicated as described 

above 

• CPOM: No significant main-effects of GENDER, WET WEIGHT or DURATION OF TREATMENT were 

evident (p >0.55), overall effect of GENDER was indicated as described above 

• FPOM: No significant main-effects of GENDER or WET WEIGHT, significant relationship between 

FPOM and DURATION OF TREATMENT was indicated as described above 
 
Summary 2: As per Summary 1 (above). 
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3. Simple-Effects: Testing GENDER, OCL, WET WEIGHT (of crayfish) and DURATION OF 

TREATMENT 
 
Simple Regressions: Assessment of all fractions for simple-effects of adult crayfish GENDER, OCL, WET 

WEIGHT, and DURATION OF TREATMENT 
 

• No significant effect of GENDER evident on any fraction, although FPOM was close to significantly 

associated with GENDER (p = 0.053) 

• No significant effect of OCL on any fraction (p >0.21) 

• No significant effect of crayfish WET WEIGHT evident on any fraction (p >0.10) 

• TOTAL LITTER and CPOM not related to DURATION OF TREATMENT (p >0.27), FPOM significantly 

associated with DURATION OF TREATMENT (p = 0.011) (as per Summary 1) 
  
Summary 3: 
 

• No simple-effects of GENDER on any fraction: indeterminate-gender juvenile crayfish suitable for 

inclusion in subsequent analysis 

o Repeat assessment routine with juvenile crayfish included 

• No simple-effects of OCL or WET WEIGHT indicated on any fraction 

• No simple-effect of DURATION OF TREATMENT on TOTAL LITTER or CPOM indicated 

• Significant relationship between FPOM and DURATION OF TREATMENT indicated 

o Correction of FPOM required for the effect of DURATION OF TREATMENT 

 

4. Main- and Simple-Effects: Testing GENDER, OCL, WET WEIGHT (of crayfish) and 

DURATION OF TREATMENT 
 
Multiple and Simple Regressions: Repeating assessment of all fractions versus OCL, WET WEIGHT, and 

DURATION OF TREATMENT, but with juvenile crayfish included. 
 

• TOTAL LITTER: No significant main-effects of OCL, WET WEIGHT, or DURATION OF TREATMENT 

(p >0.13), but significant intercept evident with DURATION OF TREATMENT (p = 0.031) 

o Simple-effect: OCL unimportant (p = 0.79) 

o Simple-effect: WET WEIGHT unimportant (p = 0.59) 

o Simple-effect: DURATION OF TREATMENT unimportant (p = 0.26), but significant intercept 

(p = 0.027) (as per Summary 1) 

• CPOM: No significant main- or simple-effects of OCL, WET WEIGHT, or DURATION OF TREATMENT 

(p >0.12) 

• FPOM: Significant main-effect of DURATION OF TREATMENT (p = 0.017) 

o Significant simple-effect of OCL (p = 0.050) 

o Significant simple-effect of WET WEIGHT (p = 0.027) 

o Significant simple-effect of DURATION OF TREATMENT (p = 0.0021) 
 
Both OCL and WET WEIGHT were significantly associated with FPOM, examination of the Error SS values 

from the regression analyses indicated that WET WEIGHT was a better predictor of FPOM than OCL in all 

cases, and WET WEIGHT should be retained as the predictor variable for crayfish-size (table a4.2). 
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Table a4.2. Comparison of regression Error-SS values for OCL and WET WEIGHT. 

   OCL (mm)  WET WEIGHT (g) 
   Error SS Error SS 

Main-Effects TOTAL LITTER - DURATION OF TREATMENT 17.36 16.98 
 CPOM - DURATION OF TREATMENT 24.00 22.90 
 FPOM - DURATION OF TREATMENT 5.33 5.15 

Simple-Effects TOTAL LITTER  18.87 18.70 
 CPOM  24.00 22.91 
 FPOM  6.86 6.57 

 

Summary 4:  
 

• No main- or simple-effects of WET WEIGHT, OCL or DURATION OF TREATMENT indicated for TOTAL 

LITTER and CPOM 

o Overall effect of DURATION OF TREATMENT on TOTAL LITTER indicated by significant 

intercept  

• Significant main- and simple-effects of WET WEIGHT, OCL, and DURATION OF TREATMENT on FPOM 

• The WET WEIGHT of crayfish was a better predictor variable than OCL for all litter fractions, and 

OCL was suitable for elimination from subsequent analysis 

• In the case of FPOM correction was indicated for the effect of DURATION OF TREATMENT, and WET 

WEIGHT should be retained as final predictor variable. 
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5. Overall Summary of Preliminary Leaf Litter Preliminary Assessment:  
 
The only predictor variables with any significant explanatory capacity were both the crayfish size 

variables, and the DURATION OF TREATMENT, and the effects of these variables were only clearly evident in 

FPOM, although a suggestion of an overall effect of DURATION OF TREATMENT was indicated in the case of 

TOTAL LITTER. As the WET WEIGHT of crayfish was the better predictor, OCL was eliminated from 

subsequent analysis (table a4.3). 

 

Table a4.3. Summary: Results of preliminary data assessment. Significant relationships in bold. 

Response Variables Predictor Variable 
Main-effect 

Significance (p) 
Simple-effect 

Significance (p) 

TOTAL LITTER, CPOM and FPOM GENDER p > 0.098 p > 0.053 
TOTAL LITTER and CPOM OCL p > 0.35 p > 0.21 
FPOM OCL p = 0.36 p = 0.050 

TOTAL LITTER and CPOM WET WEIGHT of crayfish p > 0.23 p > 0.104 
FPOM WET WEIGHT of crayfish p = 0.59 p = 0.027 
TOTAL LITTER and CPOM  DURATION OF TREATMENT p > 0.16  p > 0.26  
FPOM DURATION OF TREATMENT p = 0.011 p = 0.0021 

 

Solution: 
 
As the DURATION OF TREATMENT effect was probably attributable to differing lengths of treatment (6, 7 or 

14 days), all litter fractions were corrected for these differences in DURATION OF TREATMENT (i.e. all litter 

fractions were scaled to g DWT d-1). The WET WEIGHT of crayfish was retained and used as the sole 

predictor variable in the final analysis of all 3 litter fractions. 
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5 In-Stream Mobilisation and Export of Materials 
 

5.1 INTRODUCTION 
 

5.1.1 Effects of Freshwater Crayfish on Stream Substrates: Burrowing and 

Habitat Modifications 
 
As presented in chapter 3, a considerable population of at least 567,000 “ecologically effective” 

E. sulcatus inhabit the small headwater streams of the study area (a total population of at least 856,000 

crayfish), the species can be locally very abundant, and occurs at a moderate density (average within-

stream density ~0.5 crayfish m-2). (Stone 1993, Richardson, A M M and Wong 1995, Hasiotis and Kirkland 1997, Holdich 2002b, McCormack et al. 2010) 
 
It has been previously demonstrated that where crayfish occur in headwater and/or small streams they 

often play key roles in ecological processes, particularly if they occur in considerable numbers/high 

densities (i.e. Mason 1975, Parkyn et al. 1997, Usio and Townsend 2002, Creed and Reed 2004, Zhang et 

al. 2004). (Suter and Richardson 1977, Richardson, A M M and Wong 1995, Furse et al. 2004, Coughran 2009) 
 
One means by which crayfish can potentially have appreciable ecological impacts on their habitats is by 

their day-to-day activities that are associated with substrates, such as general locomotion and movement, 

foraging and habitat modifications; particularly the construction and maintenance of refuges. 
 
Refuges are regarded as essential for the survival of freshwater crayfish, and crayfish utilise numerous 

types of pre-existing shelters such as rock crevices (i.e. Gherardi 2002), interstices between pebbles, 

boulders and tree roots, hollow logs, discarded pipes and containers (all observed in E. sulcatus), or 

crayfish may actively construct shelters ranging from rudimentary shallow depressions (or “scrapes”) 

under rocks, through simple burrows, to elaborate and deep burrow systems with numerous chambers, 

tunnels and multiple entrances (Suter and Richardson 1977, Richardson and Wong 1995, Furse et al. 

2004, Coughran 2009, McCormack et al. 2010).  
 
Density of crayfish burrows varies considerably between species and habitats, and range from 1 m-2 

(Parastacoides sp.) through ~6 m-2 (Fallicambarus devastator Hobbs and Whiteman), up to a particularly 

dense 15 m-2 (Procambarus rogersi rogersi Hobbs) (Stone 1993, Richardson and Wong 1995, Holdich 

2002b). (Horwitz and Richardson 1986, Hasiotis and Kirkland 1997). 

 
Numerous aspects of crayfish burrowing behaviour and burrows have been investigated by a number of 

workers, including: use of burrows by crayfish for moulting and reproduction, fossilised crayfish 

burrows, categories of burrowing crayfish, burrow morphology, and relationships between burrows and 

waterbodies (i.e. Horwitz and Richardson 1986, Hasiotis and Kirkland 1997, Furse et al. 2004). 
 
The earthmoving capacity of the strongly burrowing species P. clarkii and Procambarus zonangulus 

(Hobbs and Hobbs) was investigated in a laboratory microcosm study, and a single, and relatively small 

crayfish, can reportedly excavate and redistribute 1000 cm3 (0.001 m3) of soil overnight. From this it was 

estimated that a single crayfish can excavate and move 7500 cm3 (0.0075 m3), or ~10 kg of soil in a “few” 

days (Burras et al. 1995). 
 
While the burrowing behaviour of specimens in a microcosm environment might not reflect natural 

behaviour (and acknowledging that intense burrowing activity associated with establishing a new burrow 

is probably a discontinuous process in a particular animal), it does demonstrate that a relatively small 

animal can move considerable amounts of material over short timeframes, and the obvious implication of 
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this at an ecosystem scale is that entire populations of crayfish have the capacity to move appreciable 

amounts of substrates over longer timeframes. 
 
While the broad area of crayfish burrows has received a fair amount of attention, the specific topic of the 

ecological effects of crayfish burrows and day-to-day habitat modifications has not attracted a great deal 

of research effort, and is a topic that is currently not well understood. 
 
A limited number of previous studies have indicated the potential for strong ecological effects of burrows, 

and established that the burrowing activities of crayfish can significantly increase the rate of soil 

respiration, and mixing/pedoturbation of soil profiles over extensive areas (i.e. Richardson 1983, Stone 

1993). Other effects of crayfish burrows have been indicated (a relationship between crayfish burrows 

and vegetation species composition and density) although the causal factors of the observed relationships 

were not able to be clarified in the complex system under investigation at that time by Richardson and 

Wong (1995). (Richardson, A M M 1983, Stone 1993) 
 
Strong ecological effects of non-burrowing crayfish activities and behaviour (i.e. foraging and 

interactions between crayfish) have been indicated in artificial flowing stream environments, in both 

burrowing and non-burrowing crayfish species. The non-burrowing O. limosus significantly altered 

bedform characteristics (i.e. increased bedform roughness/complexity), increased erosion of sand and 

gravel, and decreased algal growth on gravel (Statzner et al. 2000, Statzner et al. 2003), while 

P. planifrons and P. zealandicus increased bioturbation of organic substrates (leaf litter) and mobilisation 

and redistribution of fine surficial sediments (Parkyn et al. 1997, Usio and Townsend 2002, 2004). 
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5.1.2 Freshwater Crayfish: Shredders of Leaf Litter 
 
As outlined in the introductory chapters of this thesis, it has been demonstrated that freshwater crayfish 

play key roles in the shredding and particle-size reduction of organic detritus, particular terrestrial leaf 

litter, and chapter 4 of this thesis, the laboratory based litter shredding study, uncovered a significant 

shredding effect40 of E. sulcatus on whole leaf litter which was consistent with earlier studies by other 

workers. 
 
Although not indicated in the laboratory study of E. sulcatus, the typically high shredding rates of leaf 

litter by crayfish reported by other workers (i.e. Parkyn et al. 1997, Usio et al. 2001, Usio and Townsend 

2001) are thought to be attributable to the relatively poor nutritional quality of the leaf detritus itself 

(Stenroth and Nystrom 2003, Zhang et al. 2004), and the much lower biomass of higher nutritional 

quality, more easily digested, micro-floral and micro-faunal biofilms and/or microinvertebrates that are 

commonly associated with the leaf detritus (Momot 1995, Whitledge and Rabeni 1997). 
 
In the context of this study, it is unimportant if E. sulcatus consumes leaf litter for its nutritional content, 

biofilms, or otherwise. What is of central interest is the fact that E. sulcatus significantly decreases the 

particle-size of whole leaf litter (and has been observed shredding large amounts of this material per 

annum in the laboratory), leaf litter is an abundant resource in the streams of the study area, and 

E. sulcatus is by far the largest aquatic shredder in the local headwater streams, occurring in considerable 

numbers and at a moderately high density. 

 

5.1.3 Crayfish-Mediated Downstream Export of Material in The Gold Coast 

Hinterland  
 
Euastacus sulcatus is well known as a species that moves about considerably while engaging in its day-

to-day activities (i.e. is not a sedentary burrow dweller), and while the species is clearly a refuge 

opportunist, it is also an active burrower and habitat modifier, forager (e.g. Furse et al. 2004), and a 

significant shredder of leaf litter. 
 
It is presently unknown, in a flowing stream environment, to what degree (if any) the various day-to-day 

activities of E. sulcatus might result in the mobilisation and downstream export of the various materials 

that the crayfish come in contact with on a daily basis (i.e. inorganic stream-bed substrates and organic 

material, leaf litter). Do the various materials actively or incidentally disturbed by E. sulcatus in the 

course of their daily movements and activities become suspended in the water column momentarily, 

quickly fall out of suspension and re-enter substrate/sediment or detrital pools and remain largely in-situ? 

Or, once mobilised into, and suspended in, the water column, do the materials remain in suspension 

sufficiently long enough that they are transported appreciable distances downstream from the point of 

suspension? 
 
Any crayfish-mediated bioturbation of the substrate pool, leading to mobilisation and downstream 

relocation of inorganic material is likely to be important for maintaining local ecosystem structure and 

function by restoring bed complexity after depositional events (sensu Pringle et al. 1993, Parkyn et al. 

1997), thus opening or restoring habitat niches for other aquatic biota (including E. sulcatus, particularly 

juveniles by providing refuges), promoting the retention of organic material in the headwaters for 

processing, and oxygenation of the water column. 

                                                 
40  Although the amounts of material processed/shredded by the captive E. sulcatus in the laboratory study were 

small in all cases. 
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Similarly in the context of ecosystem function, any bioturbation of the large in-stream pool of plant 

derived detritus that leads to mobilisation and downstream relocation/export of organic material, is 

expected to facilitate and promote the overall decomposition process by making otherwise unavailable 

organic material available to other aquatic biota, such as the filter-feeders and detrital collectors for 

further processing (sensu Anderson and Sedell 1979). Bioturbation of the detrital pool is also likely to be 

important for maintaining decomposition by both promoting particle-size reduction (via incidental 

abrasion), and maintaining aerobic decomposition processes (sensu Parkyn et al. 1997). 
 
However, in the context of downstream water quality41, appreciable crayfish-mediated downstream export 

of inorganic and/or organic materials, or appreciable crayfish-mediated retention of these materials in the 

headwaters, have potential implications for the quality of water entering the downstream water reservoirs 

of the City of the Gold Coast. It is not presently known if crayfish appreciably influence the mobilisation 

and movement of materials in the headwater streams of the area, and if so, are the effects of crayfish 

positive or negative with respect to the quality of water flowing from the headwater streams? 
 
To summarise here, numerous strong ecological effects of freshwater crayfish have been documented 

after many decades of study, however, the degree of mobilisation and downstream transport of materials 

resulting from the various day-to-day in-stream activities of these animals in forested headwater streams 

is a topic that is not well understood. In particular, it appears the role that the sometimes large Australian 

freshwater crayfish play in the downstream movement of materials within forested headwater streams has 

apparently not been explored previously, nor the potential implications for downstream water quality. 
 
Given the characteristics of the forested headwater streams in the study area, and the known biology, 

ecology, habits, large body size, and abundant nature of E. sulcatus in these streams, it is possible that the 

day-to-day in-stream activities of this species either results in appreciable mobilisation and downstream 

transport of various materials, or inhibits or attenuates such downstream transport of materials. In any 

case, such effects would possibly satisfy the criteria of ecosystem engineering by crayfish (i.e. Jones et al. 

1994), and may be important for ecosystem structure, function, health and perhaps downstream water 

quality. 
 
The largely undisturbed forested (and therefore detritus-rich) headwater streams of the Gold Coast 

Hinterland which are inhabited by one of the larger Australian freshwater crayfish species, provide an 

excellent opportunity to further study the in-stream role of an endemic freshwater crayfish. Furthermore, 

as these streams comprise the upper catchments of the water supply of Australia’s 6th largest city (ABS 

2009), the streams of the study area provide an excellent arena in which to conduct an evaluation of the 

effects and implications of freshwater crayfish on downstream water quality. 

 

 

 

 

 

 

 

 

 

 

                                                 
41  High water quality defined here as: water free of suspended particulate materials. 
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5.1.3.1 Direct and Incidental Mechanisms of Crayfish Mediated In-Stream Export  
 
Observations in the laboratory and field have identified the following day-to-day activities and 

mechanisms by which E. sulcatus may facilitate the in-stream mobilisation and downstream export of 

materials: 
 
• Direct Consumption: Organic Material 

When feeding, the crayfish ingest leaf litter; some of this material is assimilated into crayfish biomass, 

while the remaining material is eventually eliminated as faeces with a considerably reduced particle-size. 

While some of this eliminated material may re-enter the detrital pool, some of this material may be 

exported downstream. 
 
• Shredding: Organic Material 

In the course of feeding, crayfish typically produce large amounts of incidental shredded detrital material 

of various particle sizes, which is not consumed by the crayfish. Again while some of this material may 

re-enter the detrital pool with reduced particle-size, some of this material may be exported downstream.  
 
• Habitat Modification: Inorganic Material 

When engaging in habitat modifications, such as excavating burrows, crayfish have been observed to:  
 
1. alter the composition of the stream-bed substrate, that is by reducing “solid” stream-bank/bed into its 

constituent materials: both coarse aggregates, and finer silt-like materials; and 

2. alter the complexity of the stream-bed, by exposing coarse aggregates (i.e. pebbles and rocks), 

mobilising the finer silt-like material that was previously bound in the stream-banks/bed. 
 
It is expected that some of the inorganic materials “liberated” from the stream-banks/bed by the crayfish’s 

habitat modifications may remain largely in-situ, while some may be exported downstream. In addition, 

any alterations in stream-bed complexity may result in higher, or lower, local retention rates of this 

material (i.e. increased or decreased interstitial spaces), or higher rates of downstream transport/export 

rates (i.e. altering the dynamics of the stream-channel, which may lead to accelerated undercutting & 

collapse of stream-banks, and/or scouring of the stream-bed). 
 
• Incidental Physical Abrasion and Bioturbation: Organic and Inorganic Materials 

During their general day-to-day activities such as moving about, foraging for food, engaging in territorial 

or reproductive activities, crayfish incidentally abrade and bioturbate the detrital and inorganic substrate 

pools. This abrasion and bioturbation is expected to facilitate both a reduction in the particle-size size of 

organic material (CPOM to FPOM), and the possible re-suspension and downstream transport/export of 

both organic and inorganic materials. 
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5.1.4 Aim and Rationale 
 
This study is designed to investigate the effect of E. sulcatus on the in-stream mobilisation and 

downstream transport/export of organic and inorganic materials in the Gold Coast Hinterland. Therefore, 

the aim of this study is to measure the total amount of material mobilised and exported by crayfish, per 

unit time, in an experimental flowing stream environment. In addition to measuring the total amount 

exported, the particle-size, and organic/inorganic content of the exported material will be measured. 
 
The effect of the crayfish will be based on the mobilisation and relocation of organic and inorganic 

materials from mesocosms, using the amount of material exported, in grams DWT as the measure of the 

effect of crayfish, relative to non-crayfish controls. The particle-size size and organic content of the 

exported material will be determined using the standard sieving and Ash Free Dry Weight (AFDW) 

methods (both in g DWT). 
 
The amounts of the various materials exported from the experimental streams will be used to estimate the 

annual effect of the E. sulcatus population on the mobilisation and export of materials in the study area 

using the population estimate calculated in chapter 3 of this thesis. 
 
The rationale for investigating the effect of this species on in-stream mobilisation and downstream 

transport of materials, is that this large, active, burrowing species is abundant, occurs at a reasonably high 

density in the study area, and the result of the day-to-day activities of these crayfish might be important in 

maintaining ecosystem processes in the headwater streams of the area: especially considering the strong 

ecological effects of crayfish that have been reported elsewhere. In addition, it is likely the effect of the 

E. sulcatus population on in-stream processes (and indeed crayfish populations in other regions of the 

World) will have important implications for downstream water quality. 
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5.2 METHOD 
 
To investigate the in-stream role of E. sulcatus on the mobilisation and export of materials, a series of 

week-long field-based experiments were conducted in artificial mesocosms. 
 
Considering the aim of this experiment and that it is not possible, with any degree of certainty, to remove 

and permanently exclude all crayfish from a given section of stream42, the mesocosm approach was 

adopted to allow: 
  

1. true crayfish-free controls to be established, and maintained with confidence over time; 

2. the experimenter the capacity to control and/or regulate environmental variables within the 

mesocosms, in particular 

a. exclude unwanted inputs of matter into the mesocosms; 

b. control the rate of water flowing through the mesocosms (in particular to isolate the 

experiments from the effects of the very large volumes of water associated with the 

periodic flood spates that occur in the streams of the study area); and 

c. to quickly alternate control and treatment status between the mesocosms. 
  
Each experiment (hereafter referred to as an experimental run) required the use of the following 

experimental equipment, including:  

• the mesocosms themselves (4 in total); 

• equipment to supply filtered stream water to the individual mesocosms; and 

• equipment to filter/collect the organic and inorganic materials from the water discharged 

from the channels. 
 
In addition to the experimental equipment, each experimental run required a supply of stream-collected 

water, inorganic and organic matter (stream substrate and CPOM respectively), and crayfish.  
 
The above components of the study and the experimental setup and protocols are discussed in detail in the 

following sections. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                                                 
42 At least not without causing substantial disturbance and alteration to the natural characteristics, biotic and 

abiotic, of that section of stream.  



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 184 

5.2.1 Experimental Mesocosms – Artificial Stream Channels 
  
Four mesocosms of similar dimensions were constructed, in the form of artificial stream channels 

(hereafter referred to as “channels”), designed to mimic a typical section of a 1st order rainforest stream, 

including a constant supply of flowing water, organic detrital matter (whole-leaf litter), and inorganic 

stream-bed substrate (clay, pebbles, and small rocks).  
 
The 4 channels were fabricated from 400 mm ∅ uPVC stormwater pipe (internal diameter (ID) 385 mm, 

7.5 mm wall thickness) and were 6 m in overall length: each channel could be dismantled into two 

sections, each approximately 3 m long to facilitate handling and transport. A series of 6 access ports were 

cut along the top of the channels to allow air circulation/ventilation, natural illumination, and access to 

the interior for experimental manipulations (figure 5.1). 

 

 
Figure 5.1. Channel configuration. Note the centre join/split and top-access ports. 
 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 185 

Both ends of the channels were sealed with a circular cap (6 mm uPVC sheet), the up-stream caps were 

fitted with a single water inlet (25 mm ID polypropylene hose fitting), while the down-stream caps were 

fitted with a single water outlet (50 mm ID uPVC 45° elbow) (figure 5.2). With the exception of the inlets 

and outlets, the channels were watertight (at or below the waterline).  

 

 
Figure 5.2. Channel end-cap configuration. Note the water inlet (left) and outlet (right) fittings. 
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Two channels were set-up adjacent to each of 2 separate 1st order streams, and these streams were 

selected on the basis they were in distinct catchments, 1.5 km apart, and at the same altitude (780 m 

a.s.l.). The channels were set up in pairs on timber frames (i.e. 2 sets of 2 channels), each pair of channels 

was covered by a plastic tarpaulin over a steel frame (much like an open-ended tent) to eliminate any 

unwanted inputs of material, particularly from the overhead and surrounding riparian vegetation (figure 

5.3). All channels were provided with a single pipe-refuge for crayfish (200 mm long section of 50 mm ∅ 

uPVC pipe). 

 

 

Figure 5.3. A pair of channels in operational configuration. Note tarpaulin covering. 
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5.2.2 Filtered Water Supply 
  
The channels were supplied with stream water, via a gravity feed system. The flow rate of water in the 

channels was limited by the water supply equipment, while water and air temperature in the channels 

varied in accord with ambient water and air temperatures.  
 
As this experiment was designed to investigate the effect of crayfish on the amount of matter exported 

from the channels, it was essential that the water supplied to the channels was free of any inputs of 

organic/inorganic materials, and crayfish. To exclude any such unwanted inputs a filtration and settling 

system was incorporated into the water supply equipment. 
 
Water was collected from pools ~50 m upstream from the channels through a multi-layer plastic-mesh 

filter screen43 (~10 mm aperture) (figure 5.4), this pre-filtered water was delivered to a single 310 l 

settling/header tank through 50 mm ID polypropylene pipe, with a mesh filter-bag44 (1 mm aperture) and 

stop valve fitted at the downstream end. The settling/header tanks were designed to collect both unwanted 

particles, and ensure that equal amounts of water would be delivered to each channel in the event of any 

fluctuation of water supply to them (i.e. if the main water supply pipe to the settling/header tank became 

partially blocked, both channels would still receive the same, albeit reduced, amount of water). Water was 

supplied from the settling/header tank through individual equal length 25 mm ID flexible hoses to the 

channels, a single inline valve was fitted to each of these to allow the water supply to be stopped for 

weekly experimental manipulations, periodical maintenance, and to allow adjustment of water flow rates 

into/through the channels (figure 5.5). The velocity/force of water entering the channels was attenuated to 

prevent scouring of substrates by running the inlet water over/through a small pile of rocks (i.e. a rock 

diffuser): similar to those occurring naturally in the stream-pools of the area.  

 

 
Figure 5.4. Filtered water supply: Inlet filter screen.  

 

 

                                                 
43 To exclude any whole leaves, twigs or other coarse material from entering the channels. 
44  To exclude any fine particles of organic and inorganic material from entering the channels. 
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Figure 5.5. Filtered water supply: Settling/header tank and individual water supply hoses. Note: Settling tank is not 
installed in the operational configuration, lid and plastic cover used for stopping unwanted inputs to the settling tank 
have been omitted from figure. 
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5.2.3 Discharged Water: Filtration Equipment 
 
Designing equipment capable of filtering the materials of interest45 from the very large volumes of water 

discharged from the channels, without blocking/clogging over a period of 7 days, presented a 

considerable technical challenge. The final design/configuration adopted for the filter system (hereafter 

referred to as the “filter array”) was actually simple, effective, and economical to construct. 

 

5.2.3.1 Filtration Equipment: Filter Arrays 
 
Each filter array (figure 5.6) consisted of a 20 litre plastic bucket (with lid), a length of uPVC pipe (the 

filter carrier), to which 2 removable filters were fitted and secured with a number of rubber bands. The 

unfiltered water discharged from each channel was fed through a 50 mm ID uPVC pipe into the inlet of its 

respective filter array. This water passed down the filter carrier, through the 2 immersed filters, before up-

welling and being discharged directly back to the stream (figure 5.6). 
  
 

 

Figure 5.6. Filter array configuration: Basic schematic view. 

 

A total of 4 identical filter arrays were constructed, and each channel was allocated a single filter array, 

which remained with that channel for the duration of this study46. 

                                                 
45  Both organic and inorganic material, of various particle sizes.  
46 i.e. filter arrays were not swapped between channels.  

 

Primary/coarse filter 

Secondary/fine filter 

Water level 

Filter array lid 

Lead weight 

Note: Approximate scale only 
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5.2.3.2 Filtration Equipment: Filters  
 
In order to collect and retain the various particles exported from the channels, each filter array was fitted 

with two different types of filter-bags:  
 

1. primary filter-bags were designed to collect all coarse particles ≥1.5 mm (Coarse Particulate 

Material (CPM)), were conical in shape, and were fabricated from fibreglass insect screen mesh 

(1.5 mm aperture). The conical shape was achieved by sewing an appropriately sized/shaped 

piece of insect mesh down one side using nylon monofilament thread (figure 5.7), and 

2. secondary filter-bags were designed to collect all particles ≥250 µm (Fine Particulate Material 

(FPM)), were rectangular in shape and fabricated from polyester lace-curtain material (250 µm 

aperture). Secondary filter bags were sewn down one side and across the bottom using nylon 

monofilament thread (figure 5.7). 
 
The definition of particle-size size for FPOM appears to be arbitrarily selected according to the aims of 

different studies (e.g. Allert et al. 2008 defined FPOM as particles <2 mm), and the FPM particle-size of 

≥250 µm adopted in this study was much larger than the ≥0.45 µm particle-size often adopted in litter 

processing studies (i.e. Boling et al. 1975, Bilby and Likens 1979). The 250 µm particle-size was selected 

as it was not feasible to filter all particles ≥0.45 µm, from the very large volumes of water being 

discharged from the channels, over a period of 7 days without clogging the filters, or frequently stopping 

the experiments to change filters.  
 
Due to the lightweight nature of the polyester material used in the secondary filter-bags, a 50 g lead 

weight was attached to the bottom of the secondary filter-bags, using a large spring clamp, ensuring they 

remained at the bottom of the filter arrays. A total of 16 filter-bags were made (8 of each type), and each 

channel was allocated 2 sets of filter-bags, which remained with that channel for the duration of the study 

(i.e. filter bags were not swapped between channels). 

 

 
Figure 5.7. Filter-bags: Primary on left, secondary on right. 
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5.2.4 Channel Contents: Inorganic and Organic Matter  
 
All channels were supplied with approximately 40 kg of stream collected inorganic substrate (clay, 

pebbles, and small rocks), sufficient to give 60 mm cover over the bottom of the channel, giving a total 

surface/bed area of 1.65 m2 per channel. One small weir was constructed from stream-collected rocks 

midway down each channel to facilitate pooling of water and mimic a typical stream bed configuration 

(i.e. pool-riffle-pool sequence), and each channel was supplied with a 100 mm deep layer of stream-

conditioned collected CPOM (~40 kg), consisting mostly of whole leaves, but including some small 

woody debris (twigs) <5 mm in diameter. The stream-collected material placed in the channels was not 

washed, but was checked to ensure that no crayfish were inadvertently introduced into the channels, 

however all other incidental aquatic invertebrates were included (e.g. chironomids, dragonfly nymphs 

etc). 

 

5.2.5 Experimental Animals – Crayfish 
 
The crayfish used during this study were captured using baits and hand-nets from a number of nearby 

streams immediately prior to each experimental run (i.e. at all times of the year). The following variables 

were recorded prior to placing the animals directly into the channels: gender, blotted wet-weight 

(CRAYFISH WEIGHT) in grams WWT, and OCL in mm. In order to allow for any gender-related differences 

in the crayfish, capture (and use) of equal numbers of male and female crayfish was attempted. Crayfish 

showing obvious signs of moult activity (i.e. soft exoskeletons) and berried females were not used in this 

study.  

  

5.2.6 Channel Stabilisation and Testing  
 
Prior to commencing actual experimental runs, all channels (equipped as above) were allowed to run at 

maximum flow rate (without any crayfish), for a period of two weeks, primarily to allow the contents of 

the channels to settle and stabilise, but also to ensure:  
 

1. the channels (but in particular the filtered water supply, filter arrays and filter-bags) were 

operating as designed/expected;  

2. with water flow rate set to full, inorganic or organic materials would not be eroded/scoured or 

flushed from the channels; and  

3. any material disturbed (or raised) into the water column would be transported/exported from the 

channels and into the filters. 
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5.2.7 Experimental Procedure (Field) 
 
5.2.7.1 Protocol: Experimental Runs 
 
Each experimental run was conducted over 7 days, and the following protocol is described for a pair of 

channels, and this was applied to all channels in all experimental runs.  
 
Experimental Run: Day Zero  

1. water supply off (water flow rate to zero, with channels remaining brim-full);  

2. intake filter screen, settling tank and filter bag checked and cleared of any debris; 

3. pre-weighed filter-bags fitted;  

4. water supply to full, and allowed to stabilise;  

5. the quantity of water flowing through each channel (FLOW RATE) was measured at the discharge 

point of the filter arrays (i.e. after the water had flowed through the entire experimental system); 

a. the FLOW RATE for each channel was measured by recording the time required to 

discharge 20 l of water into a calibrated container, the average of two such measurements 

was used in calculating FLOW RATE in l hr-1;  

6. FLOW RATE was adjusted as required to ensure equal FLOW RATE through both channels in a pair; 

7. the WATER TEMPERATURE in each channel was measured and recorded; and  

8. one pre-weighed and measured crayfish was added to the treatment47 channel.  
 
As E. sulcatus are easily startled, which often leads to a tail-flip response (potentially causing re-

suspension of substrates) experimenter intervention in the channels themselves was nil after adding the 

crayfish to the treatment channel, that is while the experimental runs were in progress the channels were 

not monitored or disturbed at all.  
 
Experimental Run: Day 7 (i.e. after 7 days continuous running) 
 

1. WATER TEMPERATURE and FLOW RATE was measured and recorded for each channel;  

2. FLOW RATE to zero (channels remained brim-full); 

3. filter-bags removed, sealed in plastic zip-lock bags, placed on ice, and returned to the laboratory 

(1 h away) for further processing; and  

4. crayfish located and removed from treatment channel (and later released unharmed at point of 

capture), completing the experimental run.  
 
After completion of an experimental run, the channels were checked, organic and inorganic material was 

redistributed in the channels if required, new filter bags fitted (as per the Day Zero protocol above), but 

the crayfish was added to the other channel in the pair (i.e. alternating treatment and control between the 

channels), thus commencing the next 7 day experimental run. 

 

 

 

 

 

 

 

 

                                                 
47 A coin was flipped to initially select the treatment channel. 
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5.2.7.2 Channel Maintenance 
 
Other than the experimental protocols described above (clearing of the intake screens, settling tanks, and 

changing of filter-bags) maintenance of the equipment itself was limited to periodically bleeding any air 

from the main water delivery lines, between experimental runs. When required (typically every few 

weeks, and only between experimental runs), sufficient stream collected CPOM was added to each 

channel to maintain the 100 mm layer of organic matter. The CPOM was added and allowed to settle for 

30 minutes, water supply/FLOW RATE was set to full and allowed to run until any floating matter and 

suspended sediment was purged from the channels, before stopping the water supply and fitting new 

filter-bags. 

 

5.2.8 Experimental Procedure (Laboratory) 
 
5.2.8.1 Measurement and Particle Size Analysis of Intercepted Material 
 
Following removal from the channels all filter-bags from all channels were returned immediately to the 

laboratory, and processed as follows:  
 

1. the wet filters-bags were placed in pre-weighed aluminium trays; 

2. any remaining particulate matter in the plastic bags used for transport was rinsed into the 

appropriate tray with Milli-Q water; 

3. the trays were loosely covered and dried at 60°C for 48 hrs; and  

4. trays were cooled in vacuum desiccator and weighed to the nearest 0.001 g (HR-300 Analytical 

Balance, AND Company Ltd, Japan), and the variable “TOTAL MATERIAL Intercepted” (in g DWT 

wk-1) was calculated as follows: 
 
TOTAL MATERIAL Intercepted (g DWT) = ((Tray Final DWT) – (Tray Initial DWT)) – (Filter-bag DWT) 
  

5. the filtrate from each filter-bag was removed by upturning and gently shaking the filter-bags, 

which were then turned inside-out, and any filtrate adhering to the mesh/fabric was removed with 

tweezers, or in the case of very fine particles by gently brushing with a small paintbrush. All 

filtrate was gently sieved into 2 size fractions, all particles ≥1.0 mm (CPM) and all particles 

<1.0 mm (FPM) using a 1 mm aperture stainless steel test sieve (Endecotts Ltd London, England). 

Both fractions were inspected for presence of obvious inorganic particles (i.e. pebbles, soil or 

clay particles); 

6. both size fractions were re-dried at 60°C for 48 hrs, cooled in vacuum desiccator and weighed to 

the nearest 0.001 g, giving the variables: CPM Intercepted and FPM Intercepted (both in 

g DWT wk-1); and  

7. both CPM and FPM fractions for each channel were stored at 4°C for further processing.  
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5.2.8.2 Inorganic and Organic Content (Mineral Content of Intercepted Material)  
 
In order to determine the inorganic and organic content of the TOTAL MATERIAL intercepted from the 

channels, all the material from each and every experimental run (i.e. not sub-samples) was processed and 

combusted (500°C) using the AFDW method of Allen et al. (1974), giving the variables: INORGANIC 

MATERIAL and ORGANIC MATERIAL (both in g DWT wk-1). (Allen et al. 1974) 

 

5.2.9 Experimental Replication 
 
In order to account for known and potential sources of variation in the geographic location (i.e. effect of 

stream/site), experimental equipment (i.e. the 4 individual channels), or crayfish (i.e. gender, crayfish 

size), and to obtain a representative data set, the following replication procedures were implemented: 
 

1. two sets of 2 channels were constructed and each pair was located adjacent to 2 separate 1st order 

streams, in separate catchments, and as previously mentioned at the same altitude: 780 m a.s.l.;  

2. to account for any mechanical variation between the 4 channels, assignment of channel as either 

control or treatment was alternated between runs for each pair of channels; 

3. as far as possible, the experimental runs were conducted throughout the year, automatically 

reflecting ambient air and stream water temperatures (i.e. to account for any effect of season); and 

4. the natural seasonal variation in the activity (i.e. catchability) of the larger, adult crayfish 

determined when adult or juvenile crayfish were used in the experimental runs, i.e. 

a. in winter, when the larger adults were inactive or absent in the local streams, and smaller 

juveniles are active and abundant: juveniles were used; and 

b. in spring and summer, when adult and juvenile crayfish are both active and abundant: the 

larger adults were used (gravid females excluded). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 195 

5.2.10 Summary: Variables of Interest  
 
As outlined in the previous sections, the variables of interest in this study are categorised, summarised 

and explained in table 5.1.  
 
Table 5.1. Variables of interest in this study. 
 

Categories 
of 

Variables 
Name of Variable Explanation of Variable and Comments Units  

WATER TEMPERATURE The water temperature in the stream channels  °C 

FLOW RATE 
The quantity of water flowing through each of the 
channels 

l hr-1 

CRAYFISH WEIGHT The blotted wet weight of crayfish g WWT 

Metric 
Predictor 
Variables 

CRAYFISH OCL Occipital-Carapace Length of crayfish mm 

PRESENCE/ABSENCE of 
crayfish 

If the channel was occupied by a crayfish (i.e. 
treatment or control) 

T or C 

LOCATION OF CHANNEL 
Two geographical locations/streams used, one set of 
two channels at each location (i.e. site)  

A or B 

Categorical 
Predictor 
Variables 

CHANNEL 
Which of the four channels was used (i.e. experimental 
unit). NOTE: Nested within LOCATION OF CHANNEL  

1, 2 , 3 or 4 

TOTAL MATERIAL 
The total material ≥250 µm intercepted leaving the 
channels 

g DWT wk-1 

CPM All particles ≥1 mm intercepted leaving the channels g DWT wk-1 

FPM 
All particles ≤1 mm and ≥250 µm intercepted leaving 
the channels 

g DWT wk-1 

INORGANIC MATERIAL 
The inorganic content of  TOTAL MATERIAL intercepted 
leaving the channels 

g DWT wk-1 

Metric 
Response 
Variables 

ORGANIC MATERIAL 
The organic content of  TOTAL MATERIAL intercepted 
leaving the channels 

g DWT wk-1 
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5.2.11 Statistical Analysis 
 

5.2.11.1 Objective of Paired Design Approach  
 
The aim of this study was to quantify the role of the crayfish in the mobilisation and export of materials 

from the artificial stream channels, and all experimental runs were conducted as a paired design, that is, 

for each treatment channel (containing a crayfish), an adjacent control channel was run concurrently 

(without a crayfish). While this study was interested in the effect of crayfish in the treatment channels, it 

was also interested in obtaining a measure of the “background” processes that occurred in the non-

crayfish control channels. This measure of background effect(s) in the absence of crayfish was required to 

permit appropriate standardisations (or corrections) be made in the data set to isolate the actual, or true 

effect, of the crayfish from the background non-crayfish processes/effects.  

  

5.2.11.2 Data Standardisation and Derived FLOW RATE Variables (2nd Order Variables) 
 
In accord with the paired design of this experiment it was necessary to control-standardise (i.e. correct for 

controls) all response variables in the data set in order to isolate the actual effect(s) of the crayfish from 

the background, non-crayfish effects. In addition, a number of 2nd order variables were derived from the 

metric predictor variable FLOW RATE, as outlined below.  
 
• Data Standardisation: Response Variables 
 
For each pair of channels, in a given run, the data for all 5 response variables were control-standardised, 

separately, by subtracting the amounts of material intercepted in the control channel, from the amounts of 

material intercepted in the corresponding paired treatment channel giving:  
 
“Standardised DWT Intercepted” (g DWT wk-1) for each of the 5 response variables of interest. 
 
Subtracting the control values from the treatment values resulted in a measure of material intercepted, 

attributable to the various predictor variables, including the presence and activities of the crayfish in the 

channels.  
 
As the process of control-standardising the 5 response variables resulted in a measure of the effect of the 

crayfish in the channels (i.e. presence), the categorical predictor variable PRESENCE/ABSENCE of crayfish 

was effectively eliminated from any further analysis. 
 
• Derived FLOW RATE Variables (2

nd
 Order Variables)  

 
The quantity of water flowing through the channels (FLOW RATE in l hr-1) was measured and recorded for 

all channels in all runs, and despite best efforts these flow rates did, in a number of cases, differ slightly 

between the channels in a pair. It was possible that this measure of the gross amount of water flowing 

through the channels might not provide the best possible prediction/explanation for the effects measured 

in the various response variables of interest.  
 
In addition, the gross flow of water through the channels will greatly influence the mobilisation and 

transport of materials from the channels, therefore it was a critical component in the analysis. Since un-

equal flows between paired channels did occur in a number of cases, a variable which best represented 

these differences between the two channels in a pair was required. 
  
In order to more thoroughly investigate the potential effects of the amount of water flowing through the 

channels, and to ensure the information on differences in the amounts of water flowing between channels 
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was not eliminated from the data set during the control-standardisation procedure, it was necessary to 

derive the following 2nd order FLOW RATE variables, for each pair of channels in all runs. 
 
1. The average FLOW RATE of the 2 channels in a pair was calculated giving:  

“AVERAGE FLOW” (in l hr-1);  

 

2. The difference in FLOW RATE between the channels in a pair was calculated (by subtracting the value 

for FLOW RATE in the control channel from the treatment value from the control value) giving:  

“FLOW DIFFERENCE” (difference in l hr-1); and  
 
3. The ratio of the FLOW RATE between the treatment and control channel (in a pair) was calculated by 

dividing the FLOW RATE value in the treatment channel by the FLOW RATE value in the control 

channel giving:  

“FLOW RATIO”  
 
The variables available for analysis were therefore as previously shown in table 5.1, plus the 3 additional 

variables: AVERAGE FLOW, FLOW DIFFERENCE, and FLOW RATIO. 

 

5.2.11.3 Statistical Analysis Procedure  
 
After correcting for controls, the data set included a number of different types of predictor variables (i.e. 

metric, derived metric, and categorical predictor variables), including multi-level categorical variables 

nested within other multi level categorical variables (i.e. CHANNEL with 4 levels, nested within LOCATION 

OF CHANNEL with 2 levels), and the 5 response variables.  
 
The awkward nature of the data set required a multi-step statistical analysis procedure in order to assess 

the explanatory capacity of the predictor variables (i.e. identify redundant variables), evaluate differing 

combinations of these variables (i.e. the best model), and finally analyse the effects of the remaining 

predictor variables on the response variables of interest. Identifying, and correcting for, the effect of any 

predictor variables would allow the actual effect of the crayfish to be determined. The analytical 

procedure that was adopted is summarised in figure 5.8. 
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Figure 5.8. Summary of statistical analysis procedure and status of variables at each step of analysis. Flowchart on left-hand side of page should be read in conjunction with the 
summary of variables on the right-hand side. Shaded areas indicate the variables associated with each step of the procedure. 

            Retained    Variables 

 

Single Sample T-Test on effect of 
Crayfish 

Adjust for effect of significant 
variable 

 
Multiple Regression 

(Manual Backwards Elimination) 

 Significant Predict and graph relationship 
for significant predictor 

variable 

No Significant  
Regression  

 Regression 

Check Residuals 
(Normal P-Plot) 

Residuals Normally Distributed 

Residuals Non-normally 
Distributed 

 
Transform Data 

 

Graph Mean Effect of Crayfish 
(Boxplots) 

End of Analysis 

 
Redundancy Testing of Predictor  

Variables (ANCOVAs)  

 

No Further Analysis 
Redundant  

Variables 

Correct for Controls 

1
9

8
 



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 199

Unless stated otherwise, all statistical analyses were performed using STATISTICA (Version 7) for 

Windows (StatSoft 2005). STATISTICA offers the option of analysis by General Linear Model (GLM) 

which allows simultaneous analysis of continuous and categorical variables. This includes interactions 

where models contain continuous variables only (i.e. multiple regression), models with categorical 

variables (i.e. GLM-ANOVA), or both continuous and categorical variables (i.e. GLM-ANCOVA).  
 
Each of the steps in the statistical analysis procedure presented in figure 5.8, are outlined individually in 

the following sections. 

 

1. Redundancy Testing/Model Development – GLM-ANCOVA  
 
There were a number of predictor variables (categorical and metric including the 3 derived FLOW RATE 

variables) that needed to be assessed for redundancy/explanatory capacity. In addition there were a 

number of combinations of these predictor variables that needed to be evaluated in order to identify the 

model with the best possible explanatory capacity. The combination of categorical and metric predictors 

in the data set required a series of 4 GLM-ANCOVAs to be performed for each of the 5 response 

variables of interest. In addition to the 3 derived FLOW RATE variables, of particular interest in this 

redundancy testing step was the CHANNEL variable (with 4 levels), nested within LOCATION OF CHANNEL 

(with 2 levels) as redundancy of these categorical variables would simplify subsequent analysis.  
 
The following 4 analyses were performed using the GLM-ANCOVA module of STATISTICA, and were 

repeated for each of the 5 response variables: 
 
1. Assessing the CHANNEL and FLOW RATIO variables  

• A model was analysed that included the predictor variables CHANNEL, FLOW RATIO, AVERAGE 

FLOW, CRAYFISH WEIGHT, and WATER TEMPERATURE; 

2. Assessing the CHANNEL and FLOW DIFFERENCE variables  

• A model was analysed that included the predictor variables CHANNEL, FLOW DIFFERENCE, 

AVERAGE FLOW, CRAYFISH WEIGHT, and WATER TEMPERATURE; 

3. Assessing the LOCATION OF CHANNEL and FLOW RATIO variables 

• A model was analysed that included the predictor variables LOCATION OF CHANNEL, FLOW 

RATIO, AVERAGE FLOW, CRAYFISH WEIGHT, and WATER TEMPERATURE; and  

4. Assessing the LOCATION OF CHANNEL and FLOW DIFFERENCE variables 

• A model was analysed that included the predictor variables LOCATION OF CHANNEL, FLOW 

DIFFERENCE, AVERAGE FLOW, CRAYFISH WEIGHT, and WATER TEMPERATURE. 
 
Elimination of FLOW RATIO and the categorical CHANNEL variable were supported which rendered the 

data amenable to analysis using multiple regression, and for each response variable a multiple regression 

routine was used to assess the capacity/redundancy of the remaining predictor variables. 
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2. Multiple Regression Analysis 
 
Following elimination of redundant/unimportant variables (particularly CHANNEL), the data set formed a 

table of values containing the 5 remaining metric predictor variables: LOCATION OF CHANNEL, CRAYFISH 

WEIGHT, WATER TEMPERATURE, AVERAGE FLOW, and FLOW DIFFERENCE, and the 5 response variables. 
 
For each of the 5 response variables, the multiple regression module of STATISTICA was used to 

determine the most parsimonious model which explained the mobilisation and export of the various 

materials from the channels with the simplest model, and best possible explanation. This was achieved by 

progressively backward-eliminating the predictor variables, one by one in order of decreasing explanatory 

capacity, paying careful attention to the stability of the model (i.e. manual backward stepwise regression) 

(Furse and Wild 2002). For a predictor variable identified as significant in the regression analysis, its 

relationship with the respective response variable was predicted, over the range measured during the 

study, and plotted with its associated ±95% C.I. on the prediction line.  
 
Where the regression analysis identified a significant relationship, the data for that response variable was 

corrected for the effect of the significant predictor variable, and analysed further (t-tests below).  

 

3. T-Tests and Data Transformations  
 
In the cases where the predictor variables had no explanatory capacity for the effects detected in the 

response variables, the effect of crayfish was analysed using single sample t-tests (i.e. versus a reference 

constant of zero). As mentioned above, in cases where a predictor variable was identified as significant 

(during regression analysis), a single sample t-test was also performed as above, after the data for that 

variable were corrected for the effect identified in the regression analysis. 
 
As all data were pre-processed (i.e. control standardised), the t-tests employed here were analogous to a 

paired t-test (but as previously outlined, in this case paired with a reference point of “zero”). 
 
Residuals of all t-tests were examined for normality (Normal p-plots, and expected vs. observed 

histograms), and transformations were performed as required to correct skewness. Square-root (i.e. y ) 

transformations were unable to correct the skewness, but ny+  transformations (i.e. adding a constant) 

were found to be suitable.  
 
The value of n was adjusted to optimise the normality of the data in the transformed scale. In the case of 

those variables that required transformation, the analysis routine (i.e. Multiple Regressions, and t-tests) 

was repeated on the transformed data, and finally box-plots of the mean effect of crayfish were plotted 

with their associated ±95% C.I.  
 
Finally, any possible effect of crayfish gender on each of the 5 response variables was analysed using a  

2-sample t-test. 
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5.3 RESULTS 
 
Commencement of this channel study was delayed for more than 1½ years due to the effects of severe 

drought in the region. During this time the stream sites/locations selected for the channels simply had 

insufficient in-stream flow rates to maintain a constant supply of water to the channels, and an additional 

delay was experienced when a bushfire destroyed the uPVC channels, which were stored outside awaiting 

the break of the drought. Experimentation commenced in June 2003 after streams in the area returned to 

more typical levels following heavy rainfalls in early 2003, and with the exception of a short period 

(August – October 2003) when stream levels were insufficient to maintain a constant flow of water to the 

channels, the experimental runs were performed continuously until February 2004. Fortunately it was 

possible to conduct experimental runs during the seasons typically associated with low crayfish activity 

(winter), and higher crayfish activity (summer). Experimentation continued as long as was required to 

collect a sufficient amount of data, within the time constraints imposed due to the considerably delayed 

commencement of this study, and the ongoing effects of the prolonged drought.  
 
The size-range of crayfish used in the experiments was limited to 34 – 46 mm OCL (19.8 – 45.5 g WWT) 

which are average sized specimens of this species. It was not possible to use very large specimens 

(i.e. 60 – 100 mm OCL), as they could not be located or captured due to a combination of the effects of 

the drought reducing in-stream water levels, and the strongly seasonal activity patterns of larger adult 

E. sulcatus. Nevertheless the E. sulcatus in the size range 34 – 46 mm OCL are still reasonably large 

crayfish, and the weight range between the smallest and largest specimens used in the study was 2.3-fold.  
 
Overall the performance of the artificial stream channels was very good, the only mechanical problems 

attributable to the experimental equipment itself were cases of unequal flow rates between the channels in 

a pair. Otherwise the channels appeared to perform as per design intent and as far as possible, mimic a 

pool-riffle-pool section of 1st order flowing stream, as is typical in the local area. The channels stabilised 

quickly at the beginning of the experimental runs to a steady state, with water flowing through without 

any obvious scouring or disturbing the organic or inorganic materials, even at maximum flow rates. 

However, if purposely disturbed, any suspended material was quickly transported out of the channels. On 

a few occasions, immediately prior to the end of experimental runs, the burrowing activities of crayfish in 

the channels was observed to result in the mobilisation and export of material from the channel, while the 

neighbouring control channel appeared to be at a “steady state” with no obvious export of any material. 
  
In general, the particle-size of the organic material intercepted leaving both the control and treatment 

channels during this experiment was visibly reduced from the particle-size of the parent material that was 

added, whole leaves and twigs were rarely intercepted in any of the filter arrays. No obvious large 

inorganic materials (rocks, pebbles or lumps of soil) were identified during the processing of material 

intercepted in any of the filter arrays, but traces of fine inorganic material (sand-like grains, and silt) were 

noted in some of the samples collected in the fine filter-bags.  
 
Varying amounts of CPM and FPM were intercepted leaving both control and treatment channels, however 

a larger amount of material was typically intercepted leaving the treatment channels, and this difference 

was most readily noticeable in the CPM fraction.  
 
No anomalous behaviour was observed in any of the crayfish used in the experiments, and the crayfish 

typically excavated shallow depressions underneath the rocks at the upstream end or midway down the 

channels and were rarely observed using the uPVC pipe refuges that were provided. A total of 10 crayfish 

escaped from the channels during the course of this experiment.  



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 202

5.3.1 Experimental Summary 
 
5.3.1.1 Field Data 
 
A total of 24 experimental runs, each 7 days duration, were conducted in the two sets of stream channels, 

over a period of 8 months, between June 2003 (winter) and February 2004 (summer). These 24 

experimental runs yielded a total of 48 data points for each predictor variable, that is 24 controls paired 

with 24 treatments (table 5.2), and 48 paired data points for the response variables of interest (table 5.3).  
 
Table 5.2. Experimental results: Channel inputs summary (Predictor Variables).  

 
 
Table 5.3. Experimental results: Channel outputs summary (Response Variables).  
 

TOTAL MATERIAL Intercepted 
(g DWT wk-1) 

CPM Intercepted 
(g DWT wk-1) 

FPM Intercepted 
(g DWT wk-1) 

All Data  
N=48 

Treat Ctrl Treat Ctrl Treat Ctrl 

Maximum 12.49 13.42 10.78 12.24 2.89 2.24 

Average 2.94 2.50 1.92 1.63 0.87 0.78 

Median 2.32 1.77 1.02 0.91 0.62 0.57 

Minimum 0.06 0.17 0.23 0.16 0.10 0.08 
 
 
During the course of the experiment a total of 15 runs were disrupted, due to either treatment or control 

becoming “lost”, from one of the following causes:  
 
1. Crayfish escaped from the channels into the filter arrays, where they were retained (9 cases, 8 females 

and 1 male);  

2. Crayfish escaped the channel altogether (1 case, a male);  

3. Water flow rates between the control and treatment channels differed appreciably, due to partial 

blockages or air in the pipe-work (4 cases); and  

4. A foreign organism entered a channel, in the only such case: a native rat. 
 
The paired data from these 15 disrupted runs were removed and not included in the statistical analysis, 

leaving a total of 33 paired data points suitable for statistical analysis (table 5.4). The effects of removing 

these unreliable data from the response and predictor variables were mostly confined to minor 

adjustments, in both directions, in the average and median values for most variables, with the exception 

that the minimum FLOW RATE was increased from 81 l hr-1 to 400 l hr-1 in the control channel data.  
 
Female crayfish were much more likely to escape than males, 8 of 14 females versus 2 of 34 males 

(p = 0.003 by 2 tailed Fishers Exact Probability Test), but escapee and non-escapee females did not differ 

in their OCL (p = 0.31 by t-test), and the females escaped at all times of the year. Both males escaped in 

the summer.  

 

WATER TEMPERATURE 
(°C) 

FLOW RATE 
(l hr-1) 

CRAYFISH WEIGHT 
(g WWT) 

CRAYFISH OCL 
(mm) All Data  

N=48 
Treat Ctrl Treat Ctrl 

Female 
N=14  

Male 
N=34 

Female 
N=14  

Male 
N=34 

Maximum 20.7 20.7 2030 1894 30.8 45.5 41.5 46.0 

Average 15.1 15.0 1090 1144 25.2 36.6 37.5 42.1 

Median 15.9 15.3 1058 1242 25.2 33.9 37.5 41.0 

Minimum 8.3 8.3 243 81 19.8 27.9 34.0 38.0 



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 203

After correcting for unreliable data the number of female crayfish retained in data set for subsequent 

analysis was appreciably reduced (from 14 to 6, table 5.4), and the DWT of materials intercepted from the 

treatment channels was generally greater than that intercepted from the control channels for all response 

variables (table 5.5).  
 
Table 5.4. Experimental results: Data retained for statistical analysis (Predictor Variables). 
 

WATER TEMPERATURE 
(°C) 

FLOW RATE 
(l hr-1) 

CRAYFISH WEIGHT 
(g WWT) 

CRAYFISH OCL 
(mm) Data Analysed  

N=33 
Treat Ctrl Treat Ctrl 

Female 
N=6  

Male 
N=27 

Female 
N=6  

Male 
N=27 

Maximum 20.7 20.7 2030 1894 30.8 45.5 41.5 46.0 

Average 15.4 15.4 1059 1060 27.0 36.2 38.8 41.9 

Median 16.0 16.0 882 827 30.5 33.9 40.8 41.0 

Minimum 8.3 8.3 300 400 19.8 27.9 34.0 38.0 
 
 
 
Table 5.5. Experimental results: Data retained for statistical analysis (Response Variables). 
 

TOTAL MATERIAL Intercepted 
(g DWT wk-1) 

CPM Intercepted 
(g DWT wk-1) 

FPM Intercepted 
(g DWT wk-1) 

Data Analysed 
N=33 

Treat Ctrl Treat Ctrl Treat Ctrl 

Maximum 12.49 6.52 10.78 4.28 2.89 2.24 

Average 2.95 1.98 2.02 1.08 0.84 0.79 

Median 2.29 1.70 1.09 0.90 0.60 0.50 

Minimum 0.06 0.17 0.23 0.16 0.10 0.08 
 
 

5.3.1.2 Derived FLOW RATE Variables. 
 
After correcting for unreliable data the 2nd order FLOW RATE variables were derived for the treatment 

channels (as per section 5.2.11.2), and are summarised in table 5.6.  
  
Table 5.6. Experimental results: Derived FLOW RATE variables (retained for analysis). 
 

AVERAGE FLOW  
(l hr-1) 

FLOW DIFFERENCE  
(l hr-1) 

FLOW RATIO Data Analysed 
N=33 

Treatments  Treatments Treatments 

Maximum 1957 320 3.01 

Average 1047 10.3 1.07 

Median 807 40.3 1.02 

Minimum 162 -346 0.52 
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5.3.1.3 Laboratory Data – Inorganic and Organic Content of Exported Materials. 
 
The inorganic and organic content of the 33 samples suitable for statistical analysis are summarised in 

table 5.7. Typically the DWT of both INORGANIC and ORGANIC MATERIAL intercepted was higher in the 

treatment channels compared to the control channels, a notable exception to this was ORGANIC MATERIAL, 

where the highest maximum and minimum values were recorded in the control channels. 
 
Table 5.7. Inorganic and organic content of samples. 
 

INORGANIC MATERIAL (g DWT wk-1) ORGANIC MATERIAL (g DWT wk-1) Data Analysed  
N=33 Treatments Controls Treatments Controls 

Maximum 1.54 1.33 10.00 10.70 

Average 0.45 0.37 2.06 1.44 

Median 0.29 0.15 1.37 0.99 

 Minimum 0.02 0.04 0.19 0.30 
 
 

5.3.2 Results: Analysis of Materials Exported from Channels 
 
This section presents the results of the statistical analyses (as outlined in section 5.2.11.3 and figure 5.8), 

and are presented separately for each of the 5 response variables. The results of the initial 4 step GLM-

ANCOVA analysis routine indicated that for all response variables, the 2 derived predictor variables 

AVERAGE FLOW and FLOW DIFFERENCE were both useful predictors, and suitable for inclusion in 

subsequent analysis. The remaining derived variable FLOW RATIO was not a useful predictor (p >0.14) and 

was not included in any further analysis.  

 

5.3.2.1 TOTAL MATERIAL Intercepted  
 
The initial GLM-ANCOVA analysis indicated no significant difference in amount of TOTAL MATERIAL 

intercepted in the 4 Channels (p = 0.19), suggesting there was no effect of the individual channels 

themselves on the total amount of material exported. This allowed the categorical variable CHANNEL to be 

eliminated from the analysis, allowing the use of multiple regression. The primary multiple regression 

model including all remaining variables clearly indicated no significant relationships between TOTAL 

MATERIAL intercepted and any of the predictor variables (table 5.8). 
 
Table 5.8. Multiple regression (primary model): TOTAL MATERIAL intercepted. Overall model p = 0.23, adjusted 
R2 = 0.09. 
 

N=26 Beta 
Standard 

Error of Beta 
t20 p 

Intercept   -1.66 0.11 

LOCATION OF CHANNEL  0.363 0.222 1.63 0.12 

CRAYFISH WEIGHT 0.094 0.238 0.40 0.70 

WATER TEMPERATURE 0.488 0.261 1.87 0.076 

AVERAGE FLOW -0.136 0.259 -0.53 0.60 

FLOW DIFFERENCE -0.355 0.216 -1.64 0.12 

 

The order and significances at which each variable was removed from the backwards elimination 

stepwise regression model are summarised in table 5.9. No significant relationships were evident between 

any of the variables and TOTAL MATERIAL intercepted (table 5.9). 
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Table 5.9. Summary of elimination procedure for TOTAL MATERIAL intercepted. 
 

Step When Eliminated Variable Significance at Elimination (p) 

1 AVERAGE FLOW 0.60 
2 LOCATION OF CHANNEL 0.093 
3 FLOW DIFFERENCE 0.25 
4 WATER TEMPERATURE 0.060 

Final variable CRAYFISH WEIGHT 0.63 

 

A single-sample t-test comparing TOTAL MATERIAL intercepted versus zero indicated that on average the 

presence of crayfish in a channel resulted in a significantly increased (p = 0.0022) export of TOTAL 

MATERIAL: 1.007 g DWT wk-1 (table 5.10 and figure 5.9). The residuals of this final analysis were close to 

normally distributed. 
 
Table 5.10. T-Test: Export of TOTAL MATERIAL in presence of crayfish. 
 

Variable 
Mean 

(g DWT wk-1)  
N Standard Error t32 P 

TOTAL MATERIAL 1.007 33 0.303 3.32 0.0022 

 

 

Export of Total Material in Presence of Crayfish
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Figure 5.9. Increased export of TOTAL MATERIAL in presence of crayfish. 

 

Further partitioning of the data into male and female crayfish did not indicate any significant effect of 

crayfish gender on the export of TOTAL MATERIAL from the channels (p = 0.44 by 2-sample t-test). 
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5.3.2.2 CPM Intercepted 
 
Examination of the CPM residuals revealed a strongly positively skewed distribution: a 8.0+y  

transformation was applied to the data, which achieved a considerable improvement, satisfactorily 

correcting the skewness. The entire analysis was repeated using the transformed data, and is reported 

here. 
 
Initial GLM-ANCOVA analysis did not indicate any significant difference in amount of CPM intercepted 

in the 4 Channels (p = 0.49). This allowed the categorical variable CHANNEL to be eliminated from the 

analysis, allowing the use of multiple regression. The primary regression model including all remaining 

variables clearly indicated no significant relationships between CPM intercepted and any of the predictor 

variables (table 5.11). 
 
Table 5.11. Multiple regression (primary model): CPM intercepted (transformed data). Overall model p = 0.37, 
Adjusted R2 = 0.03. 
 

N=26 Beta 
Standard 

Error of Beta 
t21 p 

Intercept   -1.51 0.15 

LOCATION OF CHANNEL 0.352 0.230 1.53 0.14 

CRAYFISH WEIGHT 0.122 0.246 0.49 0.62 

WATER TEMPERATURE 0.461 0.271 1.70 0.10 

AVERAGE FLOW -0.331 0.268 -1.23 0.23 

FLOW DIFFERENCE -0.078 0.224 -0.35 0.73 

 

The order and significances at which each variable was removed from the backwards elimination 

stepwise regression model are summarised in table 5.12. No significant relationships were evident 

between any of the variables and CPM intercepted (table 5.12). 
 
Table 5.12. Summary of elimination procedure for CPM intercepted (transformed data). 
 

Step When Eliminated Variable Significance at Elimination (p) 

1 FLOW DIFFERENCE 0.73 
2 AVERAGE FLOW 0.19 
3 LOCATION OF CHANNEL 0.19 
4 WATER TEMPERATURE 0.25 

Final variable CRAYFISH WEIGHT 0.46 

 

A single-sample t-test comparing the transformed CPM values versus 0.894 (= 8.0  the zero equivalent in 

the transformed scale) indicated that on average the presence of crayfish in a channel resulted in a 

significantly increased (p = 0.0057) export of CPM: 0.626 g DWT CPM wk-1 (detransformed units) (table 

5.13 and figure 5.10). The residuals of this final analysis were close to normally distributed. 
 
Table 5.13. T-Test: Export of CPM in presence of crayfish (versus zero equivalent in non-transformed scale). 
 

Variable 
Mean 

(g DWT wk-1) 
transformed units 

N 
Standard 

Error 
t32 p 

CPM  1.194 33 0.101 2.96 0.0057 
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          Export of CPM  in Presence of Crayfish (Detransformed Units)

 Mean = 0.626
 Mean ± SE
 Mean ± 95% C. I.  
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Figure 5.10. Increased export of CPM in presence of crayfish (y-axis 8.0+y  scaled).  

 

Further partitioning of the data into male and female crayfish did not indicate any significant effect of 

crayfish gender on the export of CPM from the channels (p = 0.26 by 2-sample t-test).  
 
It was apparent from the CPM fraction intercepted leaving the treatment channels that the crayfish were 

reducing the particle-size of the parent material sufficiently to not be considered as whole leaves (or 

twigs), and not sufficiently reducing this material to fall into the particle-size criteria for FPM either. 
 
Effectively this material was “semi-CPM” of a variety of differing particle sizes (i.e. medium-coarse, and 

fine-coarse material): while it was apparent that the crayfish were reducing whole leaves into “semi-

coarse” material the experimental protocols adopted in this field-based study did not allow this reduction 

of particle-size within the CPM fraction to be measured or analysed further.  
 
However, as previously presented in chapter 4, the laboratory study did uncover a significant particle-size 

reduction effect of crayfish on leaf litter.  
 
Considering the very large volumes of water passing through the channels (i.e. up to ~335,000 l in each 

channel for a run), it was possible that the effect of the crayfish on CPM export was being overwhelmed 

and possibly lost in the noise of background processes (i.e. gross scouring of material at high flow rates). 

To investigate this, the raw CPM data from the treatment and control channels were log transformed to 

correct positive skew in the data, and plotted versus FLOW RATE (figure 5.11).  
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Export of CPM versus Stream Channel Flow Rate (Detransformed Units) (p = 0.83)

 Controls

 Treatments
200 400 600 800 1000 1200 1400 1600 1800 2000 2200

Flow Rate (l hr-1)

0.0

0.2

0.6

1.2

1.8

2.4

3.2

4.0

5.0

C
P

M
 E

xp
or

te
d 

(g
 D

W
T

 w
k-1

)

 
Figure 5.11. Export of CPM in control and treatment channels versus FLOW RATE (y-axis 8.0+y  scaled).  

 

The CPM data were quite variable in both treatments and controls, and apparently over this range of flow 

rates (~300 – 2100 l hr-1), there was no evidence of increased export at higher flow rates (figure 5.11), i.e. 

any material raised into the water column was equally likely to be exported from the channels at any flow 

rate (p = 0.83 by GLM-Regression). The crayfish-mediated export of CPM was clearly not overwhelmed 

by any gross scouring. There was however a significant difference evident in CPM export between the 

treatments and controls, the presence of crayfish resulting in a consistent increase in export of CPM 

(p = 0.006 by GLM-ANCOVA), which was consistent with a-priori expectations (and previously 

discussed results).  
 
It is clear that the flow rate for incipient scouring of CPM in these channels is >2100 l hr-1, which is in 

excess of the maximum flow rates possible through these channels, which is as per design intent (to not 

allow gross scouring of material at very high flow rates). A high incipient flow rate for CPM export is 

consistent with CPOM export dynamics in natural streams, where gross movement occurs very 

predominantly during storms/flood spates (Wallace et al. 1995). 
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5.3.2.3 FPM Intercepted 
 
Initial GLM-ANCOVA analysis did not indicate any significant difference in amount of FPM intercepted 

in the 4 channels (p = 0.71). This allowed the categorical variable CHANNEL to be eliminated from the 

analysis, allowing the use of multiple regression. The primary regression model including all remaining 

variables clearly indicated no significant relationships between FPM intercepted and any of the predictor 

variables (table 5.14).  
 
Table 5.14. Multiple regression (primary model): FPM intercepted. Overall model p = 0.58 , Adjusted R2 = ~0.  
 

N=26 Beta 
Standard 

Error of Beta 
t20 p 

Intercept   -0.65 0.52 
LOCATION OF CHANNEL 0.145 0.239 0.61 0.55 

CRAYFISH WEIGHT 0.183 0.255 0.72 0.48 
WATER TEMPERATURE 0.387 0.281 1.38 0.18 

AVERAGE FLOW -0.272 0.278 -0.98 0.34 
FLOW DIFFERENCE -0.266 0.233 -1.14 0.27 

 

The order and significances at which each variable was removed from the backwards elimination 

stepwise regression model are summarised in table 5.15. No significant relationships were evident 

between any of the variables and FPM intercepted (table 5.15). 
 
Table 5.15. Summary of elimination procedure for FPM intercepted. 
 

Step When Eliminated Variable Significance at Elimination (p) 

1 LOCATION OF CHANNEL 0.55 
2 FLOW DIFFERENCE 0.33 
3 AVERAGE FLOW 0.23 
4 WATER TEMPERATURE 0.20 

Final variable CRAYFISH WEIGHT 0.67 

 

A single-sample t-test comparing FPM values versus zero indicated an average weekly export of 0.062 g 

DWT FPM wk-1 increase in the presence of a crayfish, however this result was not significantly different to 

zero (p = 0.30) (table 5.16 and figure 5.12). The residuals of this final analysis were close to normally 

distributed.  
 
Table 5.16. T-Test: Export of FPM in presence of crayfish.  
 

Variable Mean N 
Standard 

Error 
t32 p 

FPM 0.062 33 0.059 1.043 0.30 

 

Further partitioning of the data into male and female crayfish did not indicate any significant effect of 

crayfish gender on the export of FPM from the channels (p = 0.63 by 2-sample t-test).  
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Export of FPM  in Presence of Crayfish
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Figure 5.12. Export of FPM in presence of crayfish.  

 

Failure to detect a significant effect of crayfish on FPM export was unexpected, but given the very large 

volumes of water passing through the channels (up to ~2000 l hr-1), the small size (particles between 250 

µm and 1 mm) and the expected highly mobile nature of these smaller particles, it was possible that any 

effect of the crayfish on FPM export was being overwhelmed and lost in the noise of background 

processes (i.e. gross scouring of FPM at high flow rates). To investigate this, the raw FPM data from the 

treatment and control channels were log transformed to correct positive skew in the data, and plotted 

versus FLOW RATE (figure 5.13).  
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 Export of FPM versus Stream Channel Flow Rate (Detransformed Units) (p = 0.0498)
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Figure 5.13. Export of FPM in control and treatment channels with increasing FLOW RATE (y-axis log scaled).  
 

The FPM data were highly variable in both treatments and controls, and export of FPM increased 

significantly with FLOW RATE (p = 0.0498 by GLM-Regression), but there was no difference between the 

treatments or controls (p = 0.8 by GLM-ANCOVA) (figure 5.13). While this increased export of FPM 

with increasing FLOW RATE is a clear example of scouring, it does not suggest gross scouring of large 

amounts of material (i.e. major erosion). Scouring of FPM from the channels at higher flow rates as 

detected here is consistent with expectations of fine particle transport in a flowing stream, and suggests 

that the channels were not inhibiting processes that would be expected to occur in a natural flowing 

stream environment.  
 
However, over the 10-fold flow range (i.e. 200 – 2000 l hr-1), the difference in FPM export attributable to 

FLOW RATE was ~0.31 g DWT (raw data, in detransformed units), compared to 0.062 g DWT wk-1 

attributable to the presence of crayfish. The effect of increasing flow rate on the export of FPM was far 

greater than the effect of crayfish, and any crayfish signal was simply overwhelmed by the background 

noise of the flow rate of water in the system. 
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5.3.2.4 INORGANIC MATERIAL Intercepted  
 
Initial GLM-ANCOVA analysis did not indicate any significant difference in amount of INORGANIC 

MATERIAL intercepted in the 4 channels (p = 0.12). This allowed the categorical variable CHANNEL to be 

eliminated from the analysis, allowing the use of multiple regression. The primary regression model 

including all remaining variables indicated no clearly significant relationships between INORGANIC 

MATERIAL intercepted and any of the predictor variables including crayfish weight, although the 

LOCATION OF CHANNEL variable was very close to significant (p = 0.052) (table 5.17).  
 
Table 5.17. Multiple regression (primary model): INORGANIC MATERIAL intercepted. Overall model p = 0.23, 
Adjusted R2 = 0.09. 
 

N=26 Beta 
Standard 

Error of Beta 
t20 p 

Intercept   -2.099 0.048 

LOCATION OF CHANNEL 0.461 0.222 2.071 0.052 

CRAYFISH WEIGHT 0.159 0.238 0.671 0.51 

WATER TEMPERATURE 0.381 0.262 1.456 0.16 

AVERAGE FLOW -0.0139 0.259 -0.0539 0.96 

FLOW DIFFERENCE -0.332 0.217 -1.535 0.14 

 

The order and significances at which each variable was removed from the backwards elimination 

stepwise regression model are summarised in table 5.18.  
 
Table 5.18. Summary of elimination procedure of variables for INORGANIC MATERIAL intercepted. 
 

Step When Eliminated Variable Significance at Elimination (p) 

1 AVERAGE FLOW 0.96 
2 FLOW DIFFERENCE 0.12 
3 LOCATION OF CHANNEL  0.60 
4 CRAYFISH WEIGHT 0.39 

5 (not eliminated) WATER TEMPERATURE 0.045  

 

The multiple regression analysis indicated a significant effect of WATER TEMPERATURE on the export of 

INORGANIC MATERIAL (p = 0.045) (table 5.19). Based on the regression-prediction equation, the amount 

of inorganic material expected to be exported at various temperatures in the range 8° C – 20.5° C (and 

associated ±95 % C.I.) were predicted and plotted (figure 5.14). 
  
Table 5.19. Final regression summary: INORGANIC MATERIAL intercepted. Adjusted R2 = 0.10. 
 

N=31 b SEb t20 p 

Intercept   -1.64 0.11 

WATER TEMPERATURE 0.362 0.173 2.09 0.045 
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Inorganic Material Export: Estimated Effect of Temperature (p = 0.045) 

 Estimated Weekly
           Export

 ± 95% C.I. 
8 10 12 14 16 18 20

Water Temperature (°C) 

-0.3

-0.2

-0.1

0.0

0.1

0.2

0.3
In

or
g

an
ic

 M
at

er
ia

l -
 E

st
im

at
e

d 
E

xp
or

t (
g 

D
W

T
 w

k
 -

1 )

 
Figure 5.14. INORGANIC MATERIAL exported: Estimated effect of WATER TEMPERATURE.  
 
 
The regression model suggests that little or nil INORGANIC MATERIAL is exported (and intercepted) at a 

water temperature of 15°C and greater amounts at higher water temperatures, to an estimate of 0.16 g 

DWT wk-1 at a water temperature of 20°C. This follows an expected relationship whereby increasing 

temperature results in increased activity in a poikilotherm, in this case possibly increased digging or 

foraging by crayfish in the inorganic stream-bed substrates. However, it is also possible that this 

relationship between WATER TEMPERATURE and the export of INORGANIC MATERIAL was spurious: the 

relationship was only barely significant (p = 0.045).  
 
After correcting for the effect of WATER TEMPERATURE a single-sample t-test comparing INORGANIC 

MATERIAL values versus zero indicated than on average the presence of a crayfish in a channel resulted in 

a significantly increased (p = 0.008) export of INORGANIC MATERIAL: 0.080 g DWT INORGANIC 

MATERIAL wk-1 (table 5.20 and figure 5.15). The residuals of this final analysis were close to normally 

distributed.  
 
Table 5.20. T-Test: Export of INORGANIC MATERIAL in presence of crayfish (corrected for temperature).  
 

Variable Mean N 
Standard 

Error 
t31 p 

INORGANIC MATERIAL 0.080 31 0.029 2.81 0.0085 
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Export of Inorganic Material in Presence of Crayfish
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Figure 5.15. Increased export of INORGANIC MATERIAL in presence of crayfish (corrected for WATER TEMPERATURE). 

 

Further partitioning of the data into male and female crayfish did not indicate any significant effect of 

crayfish gender on the export of INORGANIC MATERIAL from the channels (p = 0.89 by 2-sample t-test). 
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5.3.2.5 ORGANIC MATERIAL Intercepted 
 
Examination of the ORGANIC MATERIAL residuals revealed a strongly positively skewed distribution. A 

95.0+y transformation was applied to the data, achieved a considerable improvement, satisfactorily 

correcting the skewness. The entire analysis was repeated using the transformed data, and is reported 

below. 
  
Initial GLM-ANCOVA analysis did not indicate any significant difference in the amount of ORGANIC 

MATERIAL intercepted in the 4 channels (p = 0.57). This allowed the categorical variable CHANNEL to be 

eliminated from the analysis, allowing the use of multiple regression. The primary regression model 

including all remaining variables, clearly indicated no significant relationships between ORGANIC 

MATERIAL intercepted and any of the predictor variables (table 5.21). 
 
Table 5.21. Multiple regression (primary model): ORGANIC MATERIAL intercepted (transformed data). Overall 
model p = 0.58 , Adjusted R2 = ~0.  
 

N=26 Beta 
Standard 

Error of Beta 
t20 p 

Intercept   -1.44 0.16 

LOCATION OF CHANNEL 0.357 0.239 1.49 0.15 
CRAYFISH WEIGHT 0.00318 0.255 0.013 0.99 

WATER TEMPERATURE 0.247 0.281 0.88 0.39 
AVERAGE FLOW -0.197 0.278 -0.71 0.49 

FLOW DIFFERENCE -0.164 0.233 -0.70 0.49 

 

The steps of the progressive elimination procedure for the unimportant variables, and the significances at 

which these variables were removed, are summarised in table 5.22. No significant relationships were 

evident between any of the variables and ORGANIC MATERIAL intercepted (table 5.22). 
 
Table 5.22. Summary of elimination of variables for ORGANIC MATERIAL intercepted (transformed data). 
 

 

A single-sample t-test comparing the transformed ORGANIC MATERIAL values versus 0.974 (= 95.0  the 

zero equivalent in the transformed scale) indicated that on average the presence of crayfish in a channel 

resulted in a significantly increased (p = 0.016) export of ORGANIC MATERIAL: 0.490 g DWT wk-1 

(detransformed units) (table 5.23 and figure 5.16). The residuals of this final analysis were close to 

normally distributed. The amount of organic material exported per week was low, but was approximately 

6 times more than the amount of inorganic material exported. 
 
Table 5.23. T-Test: Export of transformed ORGANIC MATERIAL (versus zero equivalent in non-transformed scale). 
 

Variable 
Mean 

(g DWT wk-1) 
transformed units 

N 
Standard 

Error 
t32  p 

SQRT ORGANIC MATERIAL 1.20 33 0.0887 2.54 0.016 

 

 

Step When Eliminated Variable Significance at Elimination (p) 

1 FLOW DIFFERENCE 0.49 
2 AVERAGE FLOW 0.40 
3 LOCATION OF CHANNEL 0.39 
4 WATER TEMPERATURE 0.39 

Final variable CRAYFISH WEIGHT 0.96 
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Export of Organic Material in Presence of Crayfish (Detransformed Units)
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Figure 5.16. Increased export of ORGANIC material in presence of crayfish (y-axis 95.0+y scaled).  

 

Further partitioning of the data into male and female crayfish did not indicate any significant effect of 

crayfish gender on the export of ORGANIC MATERIAL from the channels (p = 0.58 by 2-sample t-test). 
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5.3.2.6 Ratio of ORGANIC and INORGANIC MATERIALS Exported  
 
The previous sections establish that crayfish increased the export of inorganic and organic materials, and 

~6 times more ORGANIC MATERIAL was exported than INORGANIC MATERIAL. However, it was not 

possible from the statistical analysis to determine if the high ratio of organic material exported was 

attributable to the activities of the crayfish, or not. To investigate this, the ratio of organic and inorganic 

material exported was calculated from the raw data, for both treatment and control channels, and plotted 

versus FLOW RATE (figure 5.17).  
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Figure 5.17. Ratio of ORGANIC and INORGANIC material exported from control and treatment channels with 
increasing FLOW RATE.  

 

No significant difference was evident between the treatments or controls (p = 0.994 by GLM-ANCOVA), 

indicating that the high ratio of organic material exported was not attributable to the presence of the 

crayfish, but apparently the mechanical processes operating inside the channels. 
 
The organic ratio of material exported decreased significantly with FLOW RATE (p = 0.020 by GLM-

Regression), and a decreasing organic export ratio with increasing FLOW RATE follows expected 

relationships where higher flow rates should mobilise and export heavier or denser (i.e. inorganic) 

particles.  
 
To summarise the results here: there was no difference attributable to the stream channels, to the location 

of the channels, to any of the differences in flow rates between channels, or to the weight or gender of the 

crayfish. However, the presence of crayfish in the channels gave significantly increased exports of 

TOTAL MATERIAL, CPM, INORGANIC and ORGANIC MATERIAL.  
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5.4 DISCUSSION 
 

5.4.1 Mobilisation and Export of Materials 
 
The raw data values collected from the channels were quite variable, however after correcting for controls 

and the effect of one predictor variable (the temperature of the water), a number of clear signals were 

identified that were attributable to the activities of the crayfish.  
 
Over an average distance of 3 m, the presence and day-to-day activities of the individual E. sulcatus 

resulted in the increased mobilisation and downstream export of material from the stream channels. While 

increased export was evident, on average the total amount exported per crayfish was low: ~1 g DWT wk-1 

and the scale of this crayfish-mediated effect was quite small, especially considering that on average the 

volume of water flowing through the treatment channels was ~175,000 l wk-1 (175 tonnes of water). 
 
The artificial stream channel/mesocosm approach has been adopted by other workers to investigate the 

effects of freshwater crayfish (Parkyn et al. 1997, Statzner et al. 2000, Usio and Townsend 2002, Statzner 

et al. 2003, Creed and Reed 2004, Usio and Townsend 2004, Zhang et al. 2004), and while some 

investigated quite different in-stream effects of crayfish (and used completely different experimental 

protocols, including much higher crayfish densities), the results of Parkyn et al. (1997) and Statzner et al. 

(2000) do allow some comparison with the results of this study (table 5.24). Compared to these previous 

studies the amount of material exported per unit area per day by the single E. sulcatus is low, and 

provides an interesting contrast with the effects of increased crayfish numbers/density in the previous 

studies.  
 
Table 5.24. Comparison of amounts of material moved between various studies using the crayfish mesocosm 
approach. 
 

Author, Date, 
Country  

Species 
Treatment 

time 
(days) 

Flow rate 
(l hr-1) 

Bed area per 
mesocosm  

(m-2) 

Crayfish 
density  
(m-2)  

Average material 
moved per crayfish  

(g DWT m-2 d-1) 

This study E. sulcatus 7 1060** 1.65 0.61  0.087 

8 – 10 8.4 Parkyn et al. 
1997.  

New Zealand 
P. planifrons 14 <3600*+ 0.50 

16 – 22  6.7 

280 r, h 

140 p, h 

400 r, nh 

Statzner et al. 
2000. 
France 

O. limosus 12 4600* 1.25 8 

320 p, nh 

 
*Denotes average value  
*+ Parkyn et al. did not report a flow rate, but channel dimensions and an average channel velocity of <0.1 m s-1. 
Flow rate reported here is calculated from those values and is an approximation of average maximum possible flow 
rate  
r In Riffles  
p In Pools 
h Crayfish hierarchies established 
nh Crayfish hierarchies not established  
 
 
Both Parkyn et al. (1997) and Statzner et al. (2000) reported significant effects attributable to either 

crayfish density, or due to activity and aggression between crayfish (i.e. the effects of interactions 

between crayfish while establishing hierarchies versus when hierarchies were established between 

crayfish), and in the case of Statzner et al. (2003), increasing crayfish biomass.  



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 219

The crayfish density adopted in this study (0.61 m-2) was slightly higher than, but still comparable to, the 

average within-stream density of E. sulcatus in the field: 0.45 m-2 (as discussed in chapter 3 of this study). 

Higher levels of export would be anticipated due to interactions between animals if the number/density of 

E. sulcatus were increased in the system adopted here. However, as captive E. sulcatus are particularly 

aggressive towards each other (typically resulting in death) it is almost certain that increasing crayfish 

numbers/density would also lead to mortality and complicate the experiment and its interpretation.  
 
In the field E. sulcatus avoid each other (apparently by visual means), and interactions of any kind have 

rarely been observed. Adding additional animals in this study would most probably lead to atypical 

aggressive behaviour, and not reflect typical field behaviour.  
 
On the few occasions that interactions have been observed in the field, they were not of the highly 

aggressive nature of captive animals (i.e. fighting to the death, followed by burying the remains of the 

loser). Field interactions observed between E. sulcatus were short lived, and only extended to what 

appeared to be establishing dominance between larger specimens. This was established by approaching 

each other while displaying chelae, with the smaller animal retreating without any contact between the 

crayfish.  
 
In addition to avoiding atypical behaviour (particularly aggressive and fatal interactions between 

crayfish), this study was interested in the effect of a single crayfish in order to allow comparisons with 

results from the laboratory studies (chapter 4), and on average this effect of a single crayfish is small. 
 
The main objective of this study was to investigate the total amount of material exported, but the particle-

size of the material was also of interest. When the exported material was partitioned into its coarse and 

fine fractions, the results show the crayfish significantly increased the mobilisation and export of coarse 

material, and while the crayfish did increase fine particle export (by 0.062 g DWT wk-1), their effect on 

this process was not significant at α = 0.05. This was most unexpected as there were good biological and 

mechanical48 reasons to anticipate significantly increased export of FPM materials from the channels due 

to the activities of crayfish.  
 
Given that the laboratory-based aquarium study (chapter 4) uncovered a significant shredding effect 

where E. sulcatus increased conversion of CPOM to FPOM, the fact that crayfish in general are well 

known as burrowers, active foragers and shredders of organic material (Usio et al. 2001), and that other 

similar studies have reported crayfish reducing fine surficial sediment cover in artificial stream channels 

(i.e. bioturbation; Collier et al. 1997, Creed and Reed 2004, Zhang et al. 2004); it was expected that the 

activities of the crayfish would lead to an increased export of fine materials in a similar artificial free-

flowing stream environment. Furthermore, smaller particles (such as FPM) are expected to be more readily 

mobilised into the water column, remain suspended in the water column longer (than coarser particles), 

rendering them the most likely particles to be readily mobilised and exported from the channels.  
 
It is certain that not all the fine particles actually mobilised and exported due to the activities of crayfish 

were actually collected and retained in the filters on the stream channels, and therefore the amounts of 

FPM exported in this study should be regarded as minimum values. There would be a reasonable amount 

of particles smaller than 250 µm that were unlikely to be collected by the 250 µm filters, and would have 

simply passed through the filters (at least until appreciable clogging of the filter pores took place), but 

nevertheless all particles above 250 µm were sure to be consistently collected, and yet the experiment still 

failed to show a significant effect of crayfish in this particle-size range.  

                                                 
48 Mechanical in the sense of transport of small particles in a flowing stream environment. 
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Obviously the possibility that these crayfish simply have no effect on the movement of fine particles in a 

flowing stream environment cannot be ignored, however a statistically non-significant increase in FPM 

was found in this study. Furthermore, the known biology of this and other species of freshwater crayfish 

(i.e. Huryn and Wallace 1987, Parkyn et al. 1997), and the previously-mentioned studies by other 

workers, indicates that E. sulcatus, like other species, is very likely to increase movement of fine 

materials in a natural stream environment.  
 
The failure to detect a significant export of FPM in this study is attributable to the very high 

variability/noise due to high water FLOW RATE in the FPM data overwhelming the faint signal of the 

crayfish-FPM effect in the experimental mesocosms. It is clear the natural background effect associated 

with hundreds of tonnes of water passing through the experimental system each week was far greater than 

the comparatively small effect of a single average-sized crayfish mobilising fractions of grams of material 

in the particle-size range 250 µm – 1 mm. In the field, it is probable the effect of water flow rate(s) will 

be a much greater contributor to mobilisation and downstream transport of fine materials compared to 

crayfish. This would be consistent with studies by other workers that have reported that annual FPOM 

export in natural streams is strongly related to annual discharge (Wallace et al. 1991); an interesting 

comparison with CPOM where annual export is strongly influenced by frequency of storms and their 

magnitude (Wallace et al. 1995). (Wallace et al. 1995) (Wallace et al. 1991) 
 
Investigating the effect of aquatic invertebrates (even relatively large ones) on the export of FPM in a 

flowing stream system is a technically challenging task given the inherent background noise in the 

system. A measure of the relative scale of the noise and the crayfish effect was provided by a post-hoc 

power analysis of the FPM results (using G*Power 3 (Faul 2007)) which indicated that 250 additional 

runs would be required for FPM export to reach statistically significant levels. 
 
While the export of FPM measured in this study was statistically insignificant (and almost certainly small 

compared to the effect of natural processes) any crayfish-mediated bioturbation of the FPM pool, and any 

particle-size reduction of organic material, and subsequent downstream transport in the natural 

environment, is likely to be ecologically important (sensu DiStefano 2004) to the structure, function and 

maintenance of this local, aquatic system and the quality of water flowing from it. 
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5.4.2 Inorganic and Organic Content of Exported Material  
 
The inorganic/organic content of the material mobilised and exported by the crayfish was of interest due 

to the importance of organic matter as the primary energy source in forested headwater streams (e.g. 

Fisher and Likens 1973), and the potential effects of inorganic matter (i.e. siltation) on downstream water 

quality, particularly in water reservoirs. Again the focus of this study was to measure total amounts, and 

not to determine sources (i.e. not separating soil minerals exported from the mineral content of leaf litter 

exported). Accordingly the INORGANIC MATERIAL was the sum of soil minerals from the channel 

substrates plus any resistant mineral content of leaf litter (and any other incidental biota therein), while 

ORGANIC MATERIAL was the combustible content of the leaf litter (and other biota).  
 
INORGANIC MATERIAL was the only response variable in this study significantly related to a predictor 

variable, and in this case it was positively associated with WATER TEMPERATURE. The relationship was 

only just barely significant (p = 0.045) and possibly spurious, although a positive temperature effect as 

uncovered here (i.e. increased crayfish activity with increased temperature), was not unexpected while 

experimenting in a system containing poikilothermic organisms. Considering the known biology, 

especially the shredding habits of E. sulcatus (and other crayfish species), it might be expected that higher 

temperature would result in increased export of organic material, but not inorganic material. If higher 

temperature leads to increased crayfish activity (movement, burrowing, foraging, feeding), an increase in 

export of organic material might be expected due to increased feeding/shredding by the crayfish of the 

organic materials available (i.e. the leaf litter), while no such effect was evident.  
 
A possible hypothesis for the lack of increased export of organic material with higher temperature is that 

crayfish foraging and feeding activity was increased, however the crayfish were actually consuming the 

organic material, thus retaining it in the stream channels, as opposed to the non-edible inorganic material 

which was exported.  
  
After correcting for the effect of the temperature of the water, the presence and activities of the crayfish 

resulted in very small, but statistically significant, increases in export of both inorganic and organic 

material from the channels. The majority of material exported was organic (on average 0.5 g DWT wk-1 

organic versus 0.08 g DWT wk-1 inorganic), however this high ratio (~6:1) of organic material exported 

was clearly not attributable to the presence of the crayfish (p ≈ 1).  
 
However, this high organic ratio was a good indication of the mechanics operating within the stream 

channels, in particular the differences in specific gravity between the organic and inorganic materials and 

their resulting behaviour in a flowing environment. 
 
At baseflow conditions, in a system containing large amounts of relatively light plant-derived detritus, 

which is both abundant and the primary source of energy in forested headwater streams, export of a high 

ratio of organic material is consistent with expectations of particle transport in flowing water.  
 
Similarly (at baseflow conditions) in the same system, some export of heavier inorganic soil/sediment 

material is expected due to the effects of flowing water, although to a much lesser extent compared to 

organic material. A plot of organic and inorganic materials exported versus flow rate in the control 

channels, indicates that the flow rate induced relationships of particle transport mentioned above, were 

operating within the experimental channels as background processes, as expected (figure 5.18).  
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Organic and Inorganic Export versus Flow Rate: Control Channels      
(Detransformed Units)
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Figure 5.18. Organic and inorganic materials exported from control channels with increasing FLOW RATE (y-axis log 
scaled). 

 

However, using inorganic material in the control channels as an example (i.e. figure 5.18), the increase in 

export of material with increased flow rate was so very low (i.e. a concentration of ~1.25 ppb at a flow 

rate of 950 l hr-1 (detransformed units)) it is likely that the increased export was attributable to some 

undetected input and/or through-flow of inorganic material through the experimental system. While not 

observed during testing of the channels, it is possible that some material collected in the settling tanks at 

low flow rates, could have been re-suspended in the settling tanks as flow-rates increased, possibly 

flowing directly through the channels and being retained in the filters. 
 
In the treatment channels (figure 5.19), the response of inorganic and organic export to increasing flow 

rate was similar to the controls (figure 5.18), although the amounts exported were slightly higher than in 

the controls. An additional difference was that the increase/change in organic material export with 

increasing flow rate (i.e. the gradient of the upper regression-line) was slightly lower in the crayfish-

treatments (figure 5.19) compared to the non-crayfish controls (figure 5.18), although neither regression 

on flow rate was statistically significant. 
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Organic and Inorganic Export versus Flow Rate: Treatment Channels 
(Detransformed Units)
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Figure 5.19. Organic and inorganic materials exported from treatment channels with increasing FLOW RATE (y-axis 
log scaled). 

 

While it is clear that the significant decrease in organic ratio with increasing flow rate uncovered in this 

study was not attributable to the presence of the crayfish, it would appear (given figures 5.18 and 5.19) 

that the decreasing ratio evident in figure 5.17 was attributable to increasing export of inorganic material 

with increasing flow rate, as opposed to little or no increase in export of organic material. 
 
While the experimental protocols did not allow the ratio of inorganic material derived from soil minerals 

versus mineral content of leaf litter to be determined, some silt and sand-like particles were occasionally 

observed in the exported material, indicating that at least some soil minerals were mobilised and exported 

from the beds of the channels. 
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5.4.3 Effects of Predictor and other Variables  
 
With the exception of the previously-discussed WATER TEMPERATURE, and the presence (or absence) of 

crayfish, no other predictor variables were found to have any effect on CPM or FPM export. It was 

expected a-priori that some effect of the crayfish beyond presence/absence might be evident in this study, 

in particular, as crayfish size parameters have previously been reported as influencing leaf processing 

rates (Huryn and Wallace 1987, Usio and Townsend 2001), while here clearly there was none (CRAYFISH 

WEIGHT p >0.39 for all response variables by multiple regression).  
 
The size-range of crayfish used in the experiments was limited to 34 – 46 mm OCL (19.8 – 45.5 g WWT) 

which are approximately medium-sized specimens for this species (largest recorded OCL for E. sulcatus 

is 99.5 mm OCL, Coughran 2008), and the OCLs of the smaller crayfish used in this study were within the 

modal OCL group of 28 – 38 mm from the field population study in chapter 3. (Coughran 2008) 
 
It was not possible to use very large specimens (i.e. 70 – 100 mm OCL) in this study, due to a 

combination of the effects of the severe drought reducing in-stream water levels, and the strongly 

seasonal activity patterns of large E. sulcatus.  
 
In the warmer months of the study (when the very large crayfish are typically active and readily captured) 

the water levels in local streams were very low (leaving many burrows’ entrances above water) or the 

streams were dry altogether, and the large crayfish could not be captured using the usual bait and net 

method. It appeared the crayfish were extending their burrows (presumably downwards with falling 

subsurface water levels) evidenced by the increasingly large piles of substrate at many burrow entrances. 

Increasingly deep movement into burrows by E. sulcatus, apparently due to conditions of increasing 

drought (i.e. falling in-stream water levels) has been previously observed and documented in this species 

(Furse et al. 2004). (Coughran 2006 pers. comm., Furse et al. 2006) 
 
The period when water levels were closer to normal coincided with the cooler months when the larger 

crayfish are typically inactive (as reported in chapter 3), and as very large E. sulcatus are rarely seen 

during winter (Coughran 2006 pers. comm., Furse et al. 2006), the largest specimens could not be 

captured either.  
 
Nevertheless E. sulcatus in the size range 34 – 46 mm OCL are still reasonably large crayfish, and the 

weight difference between the smallest and the largest specimens used in the study was more than 2-fold, 

and this should have been sufficient to reveal any effect of crayfish weight; if there was any.  
 
The omnivorous feeding habits of crayfish have been long recognised (i.e. Huxley 1880, Nystrom 2002, 

Bondar et al. 2005), and has been documented in Euastacus species including E. spinifer (Turvey and 

Merrick 1997) and E. sulcatus (Furse and Wild 2004). It is also well known the dietary preferences of 

freshwater crayfish are highly variable and may change in accord with season of the year (Goddard 1988), 

and physiological state (i.e. moult) (Goddard 1988, Furse and Wild 2004).  
 
Some species’ dietary preferences change considerably over their life-cycle (Goddard 1988, Holdich 

2002a) (an ontogenetic diet shift; France 1996, Guan and Wiles 1998, Parkyn et al. 2000, Nystrom 2002), 

while the closely related E. spinifer and species from elsewhere49 do not display these changes (i.e. 

Turvey and Merrick 1997, Bondar et al. 2005, Roth et al. 2006). 

                                                 
49 Although outside of its natural range, Pacifastacus leniusculus (Dana) displays ontogenetic diet shifts in England 

(Guan and Wiles 1998), and Sweden (Stenroth and Nystrom 2003), but not within its natural home range 
(Bondar et al. 2005). 



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 225

It is not presently known if E. sulcatus undergo an ontogenetic diet shift with increasing age, but if the 

species does, it is presumed that feeding behaviour and dietary preferences of the medium sized 

specimens used in this study is representative of the species as a whole. 
 
No effect of crayfish gender was evident on the export of any materials (p >0.44 by 2-sample t-test for all 

response variables), although the high level of female escapism reduced the number of female data/cases 

retained for statistical analysis (6 versus 27 males) and this would have increased standard errors for 

female derived data. 
 
Strong gender effects are not uncommon in studies of freshwater crayfish (reduced activity of 

brooding/berried females in the case of Chambers et al. 1990) although Turvey and Merrick (1997) 

reported no gender related variation in diet of E. spinifer, and similarly no effect of gender on litter 

processing rates was uncovered in the laboratory study here (chapter 4). This does contrast with the study 

by Usio and Townsend (2002) who reported from New Zealand that male P. zealandicus processed leaf 

material faster than females (and this difference was not related to increased activity levels in males).  
 
Apart from differing burrow affinity and visitation rates (Furse et al. 2004) no other gross differences in 

behaviour or activity have been observed between male and female E. sulcatus (in the field or laboratory); 

in particular, females (even those carrying eggs and juveniles) are readily attracted to baits (as are males), 

and are even encountered walking overland (like males) considerable distances from water (Furse 

personal observation).  
 
It was curious that the only gender effect in the study was that female crayfish were the significant 

majority of escapees from the channels (8 females versus 2 males), this was over half (8 of 14) of the 

female crayfish in the study, and these female escapes occurred at all times of the year, while the 2 males 

both escaped in summer. The high female escapism was a nuisance as medium sized female crayfish were 

difficult to locate and capture for use in this study.  
 
High levels of escapism are typical in freshwater crayfish (i.e. Huner 1999), and E. sulcatus are no 

exception, and will repeatedly escape laboratory aquaria if given the opportunity. However, based on 

previous studies on E. sulcatus there are 2 possible explanations for this high level of escapism in the 

female crayfish: affinity for their “home” burrows, or reproductive activities (or a perhaps combination of 

both). Furse et al. (2004) reported that female crayfish are significantly more sedentary in their burrows 

than males, and the females may have escaped the channels in an attempt to return to their own burrows.  
 
The size-range of females used in this study (34 – 41.5 mm OCL) corresponds roughly with the minimum 

size (~40 mm OCL) that females are typically observed berried or carrying juveniles in the field (Wild 

and Furse 2004). Certainly some of the female escapees were large enough to be considered 

reproductively mature, and may have escaped in order to seek reproductive opportunities. There was no 

significant difference between the OCL of females that escaped and those that did not escape (p = 0.31 by 

t-test), and it is unclear why only some reproductive sized females would escape. (Honan and Mitchell 1995) 
 
It is possible that this species alternates reproduction and growth (i.e. moulting) between years (sensu 

Honan and Mitchell 1995), and the escapees were in a reproductive year, while the non-escapees were 

not. However. E. sulcatus is a winter brooder (as are E. urospinosus and E. hystricosus from the nearby 

Conondale Ranges (~220 km North of this study area) (Borsboom 1998, Smith et al. 1998), as females 

are typically found carrying eggs or juveniles from spring to mid-summer (Furse and Wild 2004), and this 

raises the question why some females would escape so late in the brooding season of that year (mid-to-

late winter through summer) in order to seek reproductive opportunities.  



Chapter 5 – In-Stream Mobilisation and Export of Materials 

 226

If indeed females of this species do alternate breeding and growth between years, it is possible that some 

escapee females were not escaping for reproductive opportunities, but rather to moult (i.e. in preparation 

for reproduction): although no evidence of pre-moult decalcification (i.e. soft shells) was noted in any 

specimens used in the study.  

 

5.4.4 Performance and Realism of Channels  
 
The main challenge in studying the effects of freshwater crayfish, in-stream, is establishing and 

maintaining truly crayfish free controls. Other in-stream studies have employed various methods of 

establishing controls, including electric fences to exclude crayfish (i.e. Schofield et al. 2001), but more 

commonly the mesocosm/artificial stream channel approach is used. The paired artificial stream 

channel/mesocosm approach adopted in this study enabled the true effect of the crayfish to be isolated 

with confidence from the background processes, thus allowing the collection of data that is otherwise 

unavailable, or impossible to collect with any degree of certainty in a natural flowing stream environment. 
 
While considerable effort, care and expense was devoted to ensuring that the 4 channels were identical 

during their construction, and set-up in the field, there always remained a possibility there may be 

differences in the performance between each of the actual channels, or an effect of the 2 separate sites 

where they were located. The statistical analysis did not indicate any significant effect of the individual 

channels (CHANNEL p >0.12 for all response variables by GLM-ANCOVA), or the 2 different streams 

where they were located (LOCATION OF CHANNEL p >0.052 and typically ≈0.1 for all response variables 

by multiple regression), and this provides reassurance that the results of this study were not influenced or 

complicated by mechanical differences in, or between, the channels or the sites where they were located50. 
 
In all respects the overall performance and reliability of the channels was most satisfactory; the 70% 

success rate of runs greatly exceeded initial expectations. The 10 cases where crayfish escaped the 

channels were inconvenient but not unexpected, and escapes will inevitably occur when experimenting in 

an essentially open experimental system, with an organism well known as a “consummate escape artist” 

(Huner 1999). In fact, a lack of escapees (or attempted escapism) from the channels would have been 

somewhat of a concern, as that would suggest distinctly atypical behaviour in the crayfish. 
 
Crayfish-proof channel outlets were considered during the design of the channels (i.e. mesh covering, or 

narrow horizontal slots), but any obstruction of such channel outlets would both interfere with the export 

of the materials of interest from the channels, and run the risk of blocking altogether. As a complete 

blockage of a channel outlet could quickly result in a channel brim-full of water (weighing ~600 kg), 

almost certainly leading to the collapse of the channels (and no doubt extensive collateral damage): the 

risk of an occasional crayfish escapee was considered acceptable. 
 
Occurrences of dramatically different water delivery rates between the paired channels leading to 

unreliable data were surprisingly rare (4 cases), these typically followed very heavy rainfall and flooding 

of the streams. The occasional air-lock, or blockage of pipe-work and particle filters will always occur in 

streams that contain large amounts of in-stream detritus, and are subject to periodic but considerable flood 

spates.  
 

                                                 
50  The LOCATION OF CHANNEL variable was very close to being significantly associated with INORGANIC MATERIAL 

exported (p = 0.052), however the a-priori critical value for α was 0.05, and this was applied consistently 
throughout this study. 
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While occurrences of slightly different water delivery rates between paired channels were typical, the 

effect of these differences on the mobilisation and export of materials from the channels were clearly non-

significant at α = 0.05 (p >0.12 for all water-flow related predictor variables by multiple regression). 

From an experimental design point of view, equal water delivery rates to both channels in a pair would be 

ideal, however in practical terms (logistics and cost) the methods of achieving this, such as electric 

pumps, were simply not possible in this study.  
 
When experimenting in artificial mesocosms, careful evaluation of the realism of the results is required 

(sensu Statzner et al. 2000), in this case the realism of the hydraulic conditions within the channels were 

of particular interest due to the potential very strong effects of water flow on export of materials.  
 
The behaviour of the various materials with increasing rate of water flow were consistent with expected 

patterns of particle transport in lower order streams (e.g. Wallace et al. 1991, 1995, Brookshire and Dwire 

2003, Richardson et al. 2005). The effects of the crayfish uncovered in this study were consistent with 

known biology of this species, and while opportunities for observation of the crayfish in the channels 

were purposely limited to the start and end of the experimental runs, it appeared that the artificial 

environment did not lead to any obvious gross abnormal behaviour in the crayfish.  
 
Acknowledging that the artificial stream channels provided a realistic hydraulic approximation of a small 

flowing 1st order stream, the results were also consistent with known biology of this species. Crayfish 

behaviour was typical: the patterns and relationships uncovered in this study should be regarded as a 

reliable and realistic indication/estimate of what effect E. sulcatus can be expected to have in a natural 

flowing stream environment. (e.g. Wallace et al. 1991, Wallace et al. 1995, Brookshire and Dwire 2003, Richardson, J S et al. 2005) 
  
Even considering the minor inconveniences previously discussed, overall the artificial stream channels 

used in the study were effective, provided a realistic approximation of a 1st order stream, and allowed the 

collection of previously unobtainable data. Similar channel designs may prove useful in future studies by 

other workers where true crayfish-free controls need to be established and maintained with confidence.  
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5.4.5 Implications for Ecosystem Structure, Function and Water Quality  
 
The focus of this study was on investigating the export of materials from the channels, rather than 

determining the exact crayfish activities that led to the export, the ultimate fate of the exported materials, 

or the broader ecological consequences of the export. However, drawing upon the results of past studies 

by other workers, it does allow some speculation on the likely implications for ecosystem structure, 

function, and downstream water quality as a consequence of the crayfish-mediated export of materials 

uncovered here.  
 
The various day-to-day activities of the crayfish (i.e. habitat modifications, foraging, and shredding) that 

led to mobilisation of the materials from the channels are likely to have positive effects on ecosystem 

function both at the point from which they were mobilised (in-situ), and further downstream (ex-situ). For 

example, it is expected that crayfish would facilitate the in-situ aerobic decomposition of organic matter 

through bioturbation and aeration of the detrital pool, and reduce the particle-size of CPOM: both of 

which are critical processes in energy and nutrient dynamics in forested headwater streams. In addition to 

directly facilitating the in-situ processing of organic material, mobilisation and downstream movement of 

this material would render it available, and/or more suitable, to other stream biota (in particular the 

detrital collector and decomposer guilds) for further processing ex-situ. 
 
Any crayfish activities that result in mobilisation and removal of stream-bed substrates should assist in 

maintaining stream-bed complexity, and in the case of heavily silted streams, possibly restore bed-

complexity. High bed-complexity in depositional areas of lower-order streams directly enhances retention 

of organic material (in particular leaves, thus promoting processing of this material in the headwaters, i.e. 

Speaker et al. 1984), and additionally should promote more turbulent flow and therefore oxygenation of 

the water column, thus enhancing aerobic decomposition, and oxidation and cycling of nutrients: thus 

maintaining ecosystem function, and the high quality of water flowing from the headwater regions.  
 
Following silt deposition events (natural or otherwise), bioturbation of in-stream detrital masses by 

crayfish will lead to some re-suspension and transport of very fine surficial sediments (sensu Collier et al. 

1997, Parkyn et al. 1997), and this process of clearing fine sediments from organic matter, and the 

biofilms thereon, between depositional events (i.e. Pringle et al. 1993), is a key process in facilitating the 

continuation of in-stream processes such as microbial decomposition (sensu Parkyn et al. 1997).  
 
Overall, it seems probable that the processes leading to the actual export of organic material, and the 

consequences of the crayfish-mediated export itself, are likely to be important in maintaining ecosystem 

structure and function. (Speaker et al. 1984) 
 
However, in the context of water quality, increased export of particulate materials, as detected at baseflow 

conditions in this study, to downstream water reservoirs is not desirable as additional treatment (i.e. 

filtration or flocculation) may be required to remove this material and bring the water to a potable 

standard: and such additional treatment may increase domestic outlays.  
  
Given the above, increased downstream transport of inorganic matter attributable to crayfish in this study 

would appear to be negative for downstream water quality. However, the amount mobilised and exported 

by the crayfish at baseflow conditions in the stream channels was very low (0.080 g DWT wk-1 

INORGANIC MATERIAL), and is likely to be unimportant in the context of water quality when compared to 

the gross scouring and erosion that occurs during flood spates in the streams of the area (as was suggested 

by Statzner et al. 2000, for O. limosus in France).  
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For example, in a 1st order stream in the study area, a single day in which there is a significant flood spate 

(i.e. 100 times the flow rate of a median flow day, which occurs 2 to 3 times per year), will result in the 

transport of as much sediment, if it is available for transport, as nearly 40 years of sediment transport at 

median flow rates51. Therefore, flood spates are by far the most dramatic contributors to erosion, transport 

of materials, and development of stream morphology in the lower order streams of the study area. 
 
The fact that the effect of crayfish-mediated FPM transport (which included smaller silt and sand-like 

inorganic particles) was vastly overwhelmed by the effect of FLOW RATE in this study lends support to 

this conclusion, but does somewhat undermine the role of E. sulcatus as ecosystem engineers with respect 

to transport of smaller particles. (Nearing et al. 1997). 
 
The situation with increased organic material transport to downstream reservoirs is somewhat different to 

that of inorganic material. The likelihood that 100% of a given quantity of organic material (i.e. leaf litter) 

exported from the headwaters of the study area, eventually reaching the downstream water reservoirs (at 

baseflow) is almost certainly less than a equal amount of inorganic material (i.e. soil particles): due to 

additional processing that the organic material will undergo during transport downstream.  
 
At baseflow, transport distances in the complex lower order streams of the study area will range from a 

few meters, to at most a few tens of meters (i.e. only to the next depositional area), and organic material 

mobilised and exported by the crayfish is expected to undergo additional processing/decomposition while 

slowly migrating downstream (following the logic of Speaker et al. (1984) and Wallace et al. (1995)), 

while the resistant inorganic materials will not. It is most likely a large proportion, if not all, of the 

inorganic material will eventually enter the reservoir, compared to probably only a fraction (possibly 

small) of the organic material.  
 
Again, the amounts of organic material exported by the crayfish were low, and it is certain that the 

crayfish mobilisation effect will be overwhelmed by the effect of flood spates described above. However, 

and quite importantly, it is almost certain that if the crayfish were not present, and thus processing CPOM 

in the headwater regions during “normal” flow conditions, far more unprocessed whole-leaf litter would 

enter downstream water reservoirs during the periodic flood spates. 
 
Evaluation of the potential positive, and negative, effects of the crayfish-mediated export of materials 

uncovered in this study suggest that, on balance, it is probable the overall ecosystem engineering 

activities of E. sulcatus are positive in the context of ecosystem structure, function and health (as 

previously discussed in chapter 4), and for the quality of water flowing from the headwater streams. 
 
Multiplying the average amount of weekly export of the various materials from the stream channels, by 

the ecologically effective population size of around 567,000 E. sulcatus ≥15 mm OCL in the Gold Coast 

Hinterland (as calculated in chapter 3), it was possible to calculate estimates of the average annual 

amounts of material mobilised and exported by this species (table 5.25). 

 

 

 

 

 

                                                 
51  This estimate was calculated based on the erosion study of Nearing et al. (1997), and the average daily stream 

discharge in one of the streams studied here. The daily average stream discharge was calculated using a 
hydraulic model, based on previous rainfall, as used by Furse et al. (2004). 
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Table 5.25. Estimated average annual export of materials by the ecologically effective population of E. sulcatus in 
the Gold Coast Hinterland. 
 

 

*Export of FPM was not statistically significant (p = 0.3), but the estimated average annual export is reported here. 
 
 
Measurements indicate that the day-to-day activities of the 567,000 crayfish ≥15 mm OCL in the Gold 

Coast Hinterland shift around 30 tonnes DWT of material per annum over an average distance of 3 m, 

about 50% of this material is organic in origin, and is mainly coarse particles (particles ≥1 mm). 

Assuming that an inverse exponential relationship between amount and distance transported applies (i.e. 

½ the amount of material would be moved in twice the distance), then the product of mass moved and 

distance moved, is about 89 tonne-meters DWT per annum total, in the study area.  
 
Eighty nine tonne-meters (which is approximately equivalent to 6 fully laden truck-loads of soil) is a 

fairly substantial amount of material to be shifted around by a population of crayfish each year. However, 

as introduced above, a single widespread flood spate in the study area will move far more material in a 

few hours, than the entire population of crayfish would move in a number of years. The erosion and 

transport capacity of such flood spates is quite spectacular, and has been observed on a number of 

occasions52, in a number of the 1st and 2nd order streams in the study area. 
 
Rocks and boulders the size of desks are moved about within the stream channels, previously fallen large 

trees (trunk diameters ~400 mm) are swept away, the stream beds and adjacent forest floor are literally 

swept clean of leaf litter and loose sediment up to small pebble size, and considerable amounts of 

alluvium are deposited on road crossings. During major flood spates large numbers crayfish are 

commonly seen outside the streams on land, presumably avoiding the risks of extremely high flow rates, 

including the alluvium and other debris being transported in the water body. Crayfish are also seen out of 

the streams at other times, but quite reliably during flood spates, and rainy weather conditions.  
 
Nevertheless, baseflow conditions are typical and the day-to-day activities of the crayfish during these 

periods are likely to be important for ecosystem structure and function. 
 
In addition to facilitating and maintaining ecosystem and function, this species of the crayfish is likely to 

be able to contribute to the restoration of streams that have been heavily disturbed by past land-use 

management practices. If streams that are currently heavily disturbed (i.e. cleared of vegetation for cattle 

farming and/or heavily silted) are allowed to revegetate to the point where they are suitable habitat for 

E. sulcatus, this species of crayfish is known to be capable of recolonising these stream habitats, either by 

moving within waterways, or by moving overland. Once crayfish populations are re-established, and 

given sufficient time, their day-to-day activities will contribute to the rehabilitation of these streams, from 

heavily silted and turbid, to their natural, highly complex, well oxygenated and crystal clear state. 

 

 

 

                                                 
52  From a safe distance. 

Material Type Estimated Average Annual Export (tonnes DWT yr-1)  

TOTAL MATERIAL 29.7  
CPM 18.5 
FPM 1.80* 

INORGANIC MATERIAL 2.40 
ORGANIC MATERIAL 14.4 
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The anticipated effects of anthropogenic climate change that are predicted in the study area (and 

elsewhere), such as drought and increased incidence of severe weather events (IPCC 2007, Specht 2008), 

could both lead to increased litter-fall rates and silt-relocation events. It is likely that the effects of 

crayfish uncovered in this study may become increasingly important for maintaining ecosystem structure 

and function (i.e. processing of organic material and restoring stream-bed complexity after siltation 

events) in the forested headwater regions, and further downstream. 
 
In the context of greenhouse gas emissions and global warming, it is desirable that crayfish continue the 

direct processing of organic material in the headwater regions (i.e. aerobic decomposition) while 

continuing to facilitate further aerobic decomposition by other biota (i.e. crayfish reducing particle-size of 

material, maintaining stream-bed complexity and oxygenation of the water column, and 

bioturbating/promoting oxygenation of the detrital pool). Aerobic decomposition of organic material in 

the headwaters (emitting CO2) is highly preferable to the same material undergoing anaerobic 

decomposition in downstream water reservoirs which would lead to emissions of various gasses including 

the powerful greenhouse gas CH4 (methane): with 20 times the greenhouse effect of CO2
 (i.e. Galy-

Lacaux et al. 1997). 
 
It is almost certain that if the crayfish were removed from the headwater regions, far more unprocessed 

organic material would be transported downstream, undergo anaerobic decomposition, probably adding to 

the Enhanced Greenhouse Effect. 

 

5.4.6 Limitations of Study 
 
This stream channel study was performed over a period characterised by particularly trying environmental 

conditions for an aquatic based study, i.e. a severe drought. Local stream flows were either nil, or at very 

low levels, with only a small window of opportunity available where sufficient water was available for 

experimentation. A combination of the drought and the strongly seasonal presence/absence of the very 

largest E. sulcatus restricted the experiment to using approximately medium sized specimens of this 

species. 
 
Nevertheless an intensive 8 month period of experimentation provided a sufficiently large set of 

analysable data. Perhaps most importantly, the period where experimentation was conducted 

encompassed the seasons where both crayfish activity and environmental variables (i.e. air and water 

temperatures and stream flow rates) usually reach their minimum, average and maximum values, and 

featured a broad range of reasonably typical in-stream conditions for the area. 
 
A number of assumptions were made during the course of this study, and they have the capacity to lead to 

misleading conclusions if unjustified. The main assumptions were associated with the fact that the nature 

of this study required the experimentation be conducted in an artificial environment, with the consequent 

questions of applicability of the results to the “real world”. 
 
It is possible that being confined to the channels led to some degree of anomalous behaviour in the 

crayfish, and it is conceivable that crayfish activity could have been either increased (e.g. trying to escape 

all the time), or reduced (e.g. lack of crayfish-crayfish interactions, or capture/captivity stress leading to 

hiding all the time). These possibilities would lead to either over, or under, estimates of mobilisation and 

export rates. 
 
It is entirely possible that the physical configuration and hydraulic conditions within the channels did not 

reliably mimic those of a 6 m section of 1st order forested stream. However, in the absence of gross 
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scouring at high (or any) flow rates, it seems unlikely that the channels could have contributed to an 

overestimate of export. It is possible the internal configuration/hydraulic conditions, and the design of the 

channel outlet end-caps could have led to premature settling/over-retention of materials in the channels, 

leading to an underestimate of mobilisation and export. 
 
If the dietary and feeding habits of the average sized crayfish in this study were in fact not representative 

of the species as a whole, it is most likely this would have led to an underestimate of mobilisation and 

export. In general, the dietary habits of smaller, juvenile crayfish (which are typically abundant) are quite 

different to larger crayfish, in that the smaller crayfish sustain the rapid growth typical to early life stages, 

by consuming much more and differing proportions of food types than adults (e.g. Momot 1995). Thus, if 

anything, the medium sized crayfish would probably provide an underestimate of total population effects. 

In addition, the population estimation in chapter 3, did provide a lower-bound estimate of the number of 

crayfish ≤15 mm OCL. 
 
All available indications were that crayfish behaviour was typical, and that the hydraulic conditions 

within the channels were consistent with expectations: therefore it is reasonable to suggest the results 

obtained here should apply to crayfish in a natural stream environment. 
 
Taking all assumptions into account, it seems likely that the results of this study are a lower bound, rather 

than middle target estimates. 

 

5.4.7 Summary 
 
It has been previously demonstrated that freshwater crayfish exert a myriad of strong ecological effects on 

the freshwater ecosystems they inhabit, and many of these effects stem from the ecosystem engineering 

role of crayfish. Crayfish-mediated movement and downstream export of materials (or lack thereof) in 

headwater streams is likely to have important effects on aquatic ecosystem function and health, and 

consequently for the quality of water flowing from these streams into downstream water storage 

reservoirs. This study was designed to assess the role of E. sulcatus in the mobilisation and transport of 

materials in a flowing stream-like environment, in this case artificial stream channels.  
 
The key objective of this study was to determine a standardised measure of the effect of E. sulcatus on the 

total amount of material mobilised and exported in a flowing stream environment. Of subsidiary interest 

was the particle-size (coarse or fine) of the exported material, and if the materials exported were organic 

or inorganic. 
  
This study demonstrates that the presence and activities of E. sulcatus led to the mobilisation and nett 

downstream export of material from the experimental stream channels, and this appears to be a clear 

example of ecosystem engineering (i.e. directly or indirectly modulating the supply of a resource). In this 

case, the crayfish were increasing the availability of resources to other downstream biota, but probably 

also at the point of origin (i.e. possibly opening or maintaining habitat niches for other biota). The vast 

majority of the exported material was organic, and while crayfish significantly increased the export of 

coarse particles of material, this study unexpectedly failed to detect a significant increase in the export of 

finer particles of material. In all cases the amounts of the various materials exported were low. 
 
Irrespective of the amounts of materials exported, the medium-sized E. sulcatus did act as ecosystem 

engineers in the experimental channels, generally increasing the downstream export of materials. 
 
Overall the performance and reliability of the stream channels was most satisfactory, and there was no 

evidence suggesting the results of this study were influenced by any mechanical differences in the 4 
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channels, or between the 2 sites where they were located. While the mechanical processes of particle 

mobilisation and export in the channels appeared to mimic a natural stream, it was not possible to 

determine whether the artificial stream environment resulted in any anomalous behaviour or activities in 

the experimental animals, but no obvious unusual behaviour or activities were observed.  
 
While the effects of the individual average sized crayfish in this study were small, the effect of the entire 

ecologically effective population of E. sulcatus in the upper catchments of the Gold Coast water supply is 

fairly substantial with ~89 tonne-meters of material being mobilised and exported per annum. While the 

effects of the crayfish are clearly overwhelmed by those of periodic flood spates, in the half of the year 

when flow rates are below median levels, total physical processes would be extremely small, and the 

effect of the crayfish during these intervening periods is probably the greatest contributor to mobilisation 

and export of materials, and therefore likely to be important for ecosystem structure, function and 

downstream water quality. 
 
This supports a conclusion that this species of crayfish is an effective ecosystem engineer, and may well 

play a key role in the mobilisation and transport of materials in the streams of the area for much of the 

year. 

 

5.5 CONCLUSION 
 
The individual E. sulcatus in this study generally increased the mobilisation and downstream export of 

material from the artificial stream channels, albeit in small amounts, and thus acted as effective ecosystem 

engineers. 
 
During the period of this study, and adjusted for activity through the year, the population of E. sulcatus 

≥15 mm OCL in the Gold Coast Hinterland led to the annual mobilisation and downstream export of 

around 30 tonnes of material over a distance of 3 m (i.e. 89 tonne-meters per annum), with around 50% of 

this material organic in origin. 
 
While the periodic flood spates in the streams of the Hinterland are by far the largest agent of erosion, 

mobilisation and transport of materials, the day-to-day ecosystem engineering activities of E. sulcatus 

during the intervening and typical baseflow conditions, are likely to be positive for maintenance of 

ecosystem structure, function and the water quality flowing from these streams into downstream water 

storage reservoirs. 
 
Furthermore, considering that flood spates occur once or maybe twice per year and are very brief (a day 

or so), for the vast majority of the year the effect of crayfish dramatically exceeds that of flow-effects for 

the mobilisation and downstream movement of organic material. This probably renders E. sulcatus the 

main biotic agent of movement and relocation of materials in the streams of the study area, and reinforces 

the conclusion that E. sulcatus is probably an important ecosystem engineer in the headwater streams of 

the Gold Coast Hinterland. 
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6 Overall Summary of Study and Recommendations 
 

6.1 SUMMARY OF STUDY 
 
This study was designed to investigate the ecological effect(s) of the blue form of E. sulcatus, but in 

particular how the ecological effect(s) of the population of this species might translate into the provision 

of ecosystem services in the headwater streams of the Hinterland of the Gold Coast; thus allowing 

assessment of the capacity of this species to act as an effective ecosystem engineer. 
 
A key finding from this study, E. sulcatus was a widespread, abundant and common species, with an in-

stream-density of ~0.5 crayfish m-2, equating to about 1 crayfish per linear meter of stream. The total 

population size was estimated to be at least 856,000 crayfish ≥15mm OCL, corresponding to an estimated 

total population biomass of at least 26 tonnes WWT of crayfish within the study area. Making allowance 

for a strong seasonal variation in activity53 reduced this population size by about half, giving a measure of 

the number of crayfish and the crayfish-biomass that could be considered as having an “ecologically 

effective” influence on instream processes throughout a calendar year: about 567,000 crayfish with an 

effective biomass of ~12 tonnes WWT. 
 
As a lower bound estimate, the E. sulcatus population liberated on average between ~143 – 210 kg TN 

from leaf litter per annum. The dynamic of the soluble fractions of nitrogen (ammonia and nitrite) within 

laboratory microcosms indicated that they were only transitional species, and the real effect of crayfish in 

the system was the production and accumulation of significant amounts of nitrate: between ~68 – 102 kg 

per annum. 
 
The dynamics of phosphorus in the experimental system were complex, and sometimes perplexing, but 

the clear effect of crayfish was liberation of phosphorus from leaf litter, with the liberated phosphorus 

subsequently being “lost” from the system. The estimated effect of the E. sulcatus population was small 

with around 1.5 – 2.0 kg TP liberated from leaf litter per annum. The behaviour of the soluble fraction of 

phosphorus (FRP) appeared anomalous in that, relative to the controls, FRP was lost in the tanks in which 

crayfish were placed, and this loss occurred even when there were no crayfish in the tanks. The FRP 

dynamic suggested other non-crayfish mechanisms were contributing to, or were solely responsible for, 

the observed losses, and binding/adsorption to the available substrates was indicated. The estimated 

annual effect of the E. sulcatus population was the loss of between ~0.14 – 0.21 kg FRP. 
 
While the general behaviour of phosphorus in the system appeared anomalous, the dynamic was 

consistent with the tendency of “free” P to readily bind/adsorb to substrates, and therefore the real effect 

of crayfish was one of facilitating the loss of free phosphorus via liberation from leaf litter into the water 

column and subsequent binding of the liberated phosphorus to substrates. 
 
Although the leaf litter processing rates were low for all fractions, crayfish clearly consumed leaf litter, 

significantly reducing the particle-size of this material, with smaller crayfish having a greater leaf litter 

processing effect per unit body weight compared to larger crayfish. While the leaf litter processing rates 

were unexpectedly low, the lower bound estimates in this study still predict a substantial annual litter 

processing effect by the E. sulcatus population in the field, on average ~14 tonnes WWT CPOM 

consumption, ~4.5 tonnes WWT FPOM production, giving a nett litter consumption of around 9 tonnes 

WWT per annum. 

                                                 
53 Larger crayfish were inactive in winter and spring.  
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Based on Food Conversion Efficiency and FPOM production rates from studies of other species, it is 

likely the litter consumption/processing by crayfish in this study may have been underestimated by a 

factor of between 3 and 7. Therefore, the actual effect of the E. sulcatus population in the field on nutrient 

liberation and litter processing could be considerably higher than reported here, and for instance 

conceivably extends into hundreds of tonnes WWT of leaf litter processed per annum. 
 
Due to their day-to-day instream activities, it is estimated the population of 567,000 ecologically effective 

E. sulcatus result in the mobilisation and movement of at least 89 tonne-metres DWT of material per 

annum in the streams of the study area. Of the material moved, around 50% is organic in origin and the 

effect of crayfish is mainly evident in coarse particles ≥1 mm. 
 
While the total effect of the E. sulcatus population in the streams is probably large for the greater part of 

the year when stream flow rates are low, their capacity to move and remove organic and inorganic 

materials is overwhelmed by the periodic flood spates typical of the area. Nonetheless their activities and 

role in increasing the complexity of streams for the benefit of other species, maintaining high water 

quality, facilitating nutrient liberation, cycling, retention and outflow reductions, and particle-size 

reduction of leaf litter must be of significant benefit for the health and wellbeing of these lower order 

streams. 
 
The abundant and ecologically aggressive species E. sulcatus clearly satisfies the requirements to be 

considered an effective “ecosystem engineer”. This ecosystem engineering translates into the provision of 

a number of important ecosystem services in the study area, and further reinforces the status of freshwater 

crayfish as keystone species. 

 

6.2 RECOMMENDATIONS 
 

6.2.1 Recommendations for Further Research 
 
Further field surveys need to be conducted, particularly to the west and north west of the study area, in 

order to clarify the exact extent of the species’ distribution. Considering the differences in spination, 

setation, and the striking differences in colouration between the various, and geographically isolated, 

populations of E. sulcatus, a study of the population genetics of this species is urgently required to clarify 

if they are in fact distinct taxa (Coughran and Furse 2010, Furse and Coughran 2010 In press-a, b, c). 
 
If treated as unique taxa or Ecologically Significant Units (sensu Moritz 1994), several of the populations 

(e.g. Mt Tamborine, Mt Warning, and in the Tweed, Yabbra, and Richmond Ranges), would warrant 

IUCN Red List classification as Critically Endangered, based on: EOO <100 km2 and/or AOO <10 km2, 

number of locations = 1, and anticipated decline in area, extent and/or quality of habitat, and EOO and/or 

AOO due to climate change, IUCN Status: CR B1+2(a), (b)iii. 
 
Given this species’ limited and fragmented distribution (which is closely associated with temperate to 

subtropical montane rainforest habitats), and the anticipated effects of climate change, particularly the 

predicted increase in temperature in the region/Eastern Australia (Howden 2003, Hughes 2003, Pittock 

2003, Westoby and Burgman 2006, IPCC 2007), the temperature/thermal tolerance of E. sulcatus, should 

be investigated as a matter of some urgency. 
 
This species’ altitudinal range already includes the highest local terrain, and if temperatures increase as 

predicted, and this species reacts by retreating to cooler areas of habitat (i.e. by relocating to habitat at 

higher altitude), there is only a limited possible altitudinal range of retreat available within the study area 

(maximum altitudinal range of retreat is ~500 m at Springbrook, and at best, ~865 m at Lamington). 
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The Natural Bridge population has little or no prospect of retreating to higher altitudes due to vertical 

cliffs (~400 m high) effectively isolating the population from any access to higher ground. 
 
Possibility of retreat to higher altitudes for populations at the extremes of the species’ distribution appears 

to be limited. In the north at Mount Tamborine, very little suitable habitat remains (~10 km2 mostly in 

National Parks), and the mountain’s maximum elevation is only ~460 m a.s.l. The situation to the south in 

NSW is less clear, but the population at Mt Warning clearly has little available habitat to retreat into. 

Elsewhere, there appears to be fairly extensive areas of suitable high altitude habitat (e.g. around 860 m 

a.s.l. in the Nightcap Range, a good deal of this is in National Parks), however it seems there are rather 

fewer high altitude streams in that area. 
 
Furthermore, as this is an abundant species with one of the broadest altitudinal ranges of the 

highland/montane group of Euastacus (Horwitz 1990, Morgan 1997, Furse and Coughran 2010 In press-

a), E. sulcatus is an excellent candidate to act as a proxy research species for other less common montane 

Euastacus that are also threatened by effects of increasing temperatures (Furse and Coughran In press-b, 

c). While the temperature/thermal tolerance of Euastacus is a topic that has not been studied, the direct 

and indirect effects of increasing temperatures associated with climate change have been identified as 

serious threats to 43 of the 49 known Euastacus species and is thus a research imperative (Furse and 

Coughran 2010 In press-b). 
 
In particular, a number of Euastacus species are restricted to high altitude mountain tops (many in a 

single known locality) and have accordingly been assessed as Endangered or Critically Endangered by the 

IUCN Red List criteria (Coughran and Furse 2010). These exceptionally rare, highly restricted-range 

species are of considerable conservation concern, and it would be inappropriate or infeasible to remove 

species from the wild for the purposes of research (Horwitz 1995, Furse and Coughran 2010 In press-c). 

A study of the temperature/thermal tolerance of E. sulcatus and other similarly common high altitude 

proxy species (e.g. Euastacus suttoni Clark) should prove useful in that the results could be cautiously 

interpreted for the genus generally (as suggested by Furse and Coughran 2010 In press-c). 
 
The leaf litter shredding component (of chapter 4) should be repeated at some stage in the future, as the 

daily litter shredding and consumption rates uncovered in the laboratory were unnaturally low. Something 

clearly effected shredding by the crayfish in the laboratory microcosms, and this influenced calculation of 

the wild population’s estimated annual shredding effect. As the litter shredding and consumption of the 

entire population may be quite large, and is certainly important to ecosystem processes and downstream 

water quality, litter consumption and shredding by this species is certainly worthy of further investigation 

and clarification. The possibility of repeating the shredding study in streamside field-based mesocosms 

should be considered, as it might (or might not) be beneficial to use and release wild-caught specimens as 

opposed to laboratory captives. 
 
Now that a biomass estimate is available for E. sulcatus, it would be a reasonably straightforward 

exercise to obtain a measure of the non-crayfish aquatic consumer biomass (per unit area) in a 

representative sample of sections of headwater streams in the study area. Such a measure would clarify if 

E. sulcatus does in fact dominate instream consumer biomass, as has been reported elsewhere for other 

crayfish species, and appears likely for this one. 
 
Although our understanding of E. sulcatus is currently quite good compared to many other Euastacus 

species, research should be continued in order to clarify some of the remaining and poorly understood 

aspects of this species’ basic biology such as reproduction, and the strong seasonality that is evident in the 
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activity patterns of the larger crayfish. Where the larger crayfish go, and what they do during the almost 

half of the year that they are inactive, are very interesting questions, and certainly worthy of further study. 

The other, and somewhat unique, behaviour seen in this species, that is not well understood, is why the 

crayfish leave the streams to move overland. It seems clear that crayfish leave the water during flood 

spates probably to avoid being washed away or injured, but crayfish moving overland in all weather 

conditions (even carrying eggs and juveniles during exceptionally hot, dry weather, with flowing streams 

nearby), suggests the crayfish are motivated to move overland by factors other than rising water levels 

alone. 
 
Furthermore, crayfish occupying burrows and other refuges such as interstices in rock walls that are not 

connected to permanent water sources, and are clearly in the terrestrial zone, is distinctly curious 

behaviour: especially when these terrestrial refuges are within easy crayfish-walking distance from 

suitable stream habitat. 
 
These terrestrial movements and behaviour of this species are certainly very interesting, and definitely 

worthy of further study. The increasing sophistication, miniaturisation, availability, and rapidly 

decreasing cost of electronic tracking technology may allow further investigation of this species’ 

terrestrial movements and behaviour in the near future. 

 

6.2.2 Management Recommendations 
 
Protecting this species’ forested headwater stream habitat, particularly in the reasonably large areas of 

private property outside National Park boundaries, should be a management priority. Consideration 

should be given by local and State Government authorities to regulating/prohibiting inappropriate land 

use practices in the upper catchments, in particular removal of riparian vegetation from pristine forested 

headwater streams. It is encouraging that the recent Queensland State Policy for Vegetation Management 

(October 2009) under the Vegetation Management Act (1999) identified riparian vegetation as essential 

for maintenance of ecological processes and for improving water quality.  
 
As long as at least some riparian vegetation is present, this species is clearly capable of continuing to 

inhabit streams that are surrounded by land-use practices of varying degrees of impact (e.g. residential 

dwellings through to light agricultural activities). Although these slight-to-moderately impacted streams 

are hardly pristine, clearing of the remaining riparian vegetation should be regulated or prohibited 

nonetheless. 
 
Euastacus sulcatus is capable of recolonising previously-disturbed stream habitats, and as this 

recolonisation is apparently associated with (and may be contingent on) regeneration of the riparian 

vegetation, consideration should be given, where appropriate, to rehabilitation of degraded (i.e. 

deforested) headwater streams by simple revegetation of streamside riparian zones. Any such 

rehabilitation could either be active (i.e. planned revegetation with appropriate riparian plant species), or 

passive by simply allowing natural regrowth to proceed. 
 
In addition to protecting the habitat of this, and numerous other species, retention of the riparian 

vegetation along pristine streams will help maintain the high quality of water flowing from the headwater 

streams into the downstream reservoirs. Furthermore, rehabilitation/revegetation of any previously 

disturbed streams that leads to recolonisation by crayfish, should ensure additional gains in water quality 

and ecosystem function are achieved (for instance restoring stream-bed complexity, thus promoting 

oxygenation of the water column), particularly in areas where water quality parameters are currently poor. 
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Considering the highly fragmented nature of this species’ overall distribution, the various current direct 

threats (increased temperature due to climate change and land-use practices on private properties) and 

anticipated/expected future indirect threats (climate change induced habitat loss and increased incidence 

of bushfires, IPCC 2007) monitoring of the various populations for any fluctuations in abundance, and/or 

reductions in geographical distribution should be implemented. 
 
In particular, the smaller more isolated populations at lower altitudes, such as those at Natural Bridge, 

Mount Tamborine and further west, should be watched closely as they will likely be the first broadly 

impacted by the various threats that have been identified. In addition to possibly being the first to require 

active management and conservation, the lower altitude populations might act as early indicators of the 

need to consider developing and implementing active management and conservation measures for the 

other populations at higher altitudes. 
 
From a purely ecological point of view, monitoring of population parameters (abundance and OCL size-

structure) in the localities recovering from major disturbance events should ideally be continued long-

term. Long-term data such as this might in fact “track” the recovery progress of the disturbed populations 

as they return to what are presumed to be original values that are currently seen in the undisturbed and 

larger National Parks. Any information on the population recovery dynamics of E. sulcatus might prove 

useful if conservation measures and/or recovery efforts are required in future for various species of 

Euastacus and other crayfish species elsewhere. 
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