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Abstract 

Tropical rivers in northern Australia are largely unregulated with intact hydrological 

connectivity, however, the region is likely to face future developments that will threaten 

this connectivity. It is important then, to understand the role of river connectivity to 

productivity and biodiversity to help decision makers maintain the ecological values of 

these rivers. This study investigated the role of hydrological connectivity in the life history 

of the newly described species, Macrobrachium spinipes. This research used a combination 

of multi-year field sampling and laboratory experiments to determine patterns of 

reproduction, abundance, early life history characteristics (including larval distribution, 

salinity requirements, transport to the estuary, and juvenile upstream migration) and 

habitat use of M. spinipes in the Daly River in northern Australia.  

This research found that reproduction occurred and larvae were produced in high numbers 

across a 400 km length of the river. To develop, the larvae require salt water within 5-7 

days of hatching. This is achieved by drifting to the estuary, making flow a critical 

determinant in successful recruitment. Once larvae develop to post-larval juveniles, they 

migrate upstream throughout the wet season but primarily once the hydrograph is receding 

to base flow. This migration consisted of approximately 18 million individual shrimp and 

transported approximately 100 kg of carbon and 28 kg of nitrogen upstream. There was no 

evidence of marine carbon in migrating individuals. As juveniles, their habitat use was 

strongly associated with well-structured bank environments early in the dry season. By the 

mid dry season, they switched to using sand habitats recently colonised with macrophytes 

and filamentous algae.  

This thesis confirms the amphidromous life history of M. spinipes, identifies a novel life 

history strategy that enables larvae to survive long drift times and advances our 

understanding of amphidromy in large tropical rivers.  These findings will provide crucial 

information for the development of environmental flow requirements in northern 

Australia.  
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1.1 Thesis rationale 

River ecosystems are under threat globally from a wide range of anthropogenic 

disturbances (Vörösmarty et al., 2010). While the majority of these threatened systems 

occur in the economically developed temperate regions, tropical and subtropical rivers are 

increasingly under pressure from anthropogenic changes including land clearing, urban and 

industrial developments, and water abstraction and impoundments (Dudgeon et al., 2006; 

Hoeinghaus et al., 2009). The changes to flow regimes from impoundments and water 

abstraction (Dudgeon, 2000; Dudgeon et al., 2006) can alter hydrologic connectivity and 

weaken or even sever the linkages between a river’s estuary and its headwaters (Ward, 

1998; Pringle, 2001). Changes in hydrological connectivity has a range of serious effects 

including the disruption of: natural disturbance and sediment transport regimes; migration 

dynamics; reproductive phenology and cues; and ultimately, ecosystem connectivity, that 

is, the movement of energy and organisms across ecosystem boundaries (Ward & Stanford, 

1995; Polis, Anderson & Holt, 1997; Ward, 1998; Pringle, 2001). Too often the ecological 

effects of past developments have only become clear long after they have been completed. 

To ensure sustainable management of our river ecosystems there is a need to understand 

the importance of hydrologic connectivity in stream processes and where possible, to do 

this before development occurs (Pringle, 2001; Freeman et al., 2003; Pringle, 2003).    

1.2 Hydrologic connectivity  

Rivers are important ecosystems. They account for a significant percentage of global 

biodiversity, and provide food and water resources for human consumption. River 

ecosystems are highly connected environments. The connections between the components 

of the hydrological cycle facilitate the transport of nutrients, energy and biota and as such 

these connections are critical to the functioning of riverine ecosystems (Ward, 1998; 

Pringle, 2001). This connectivity has been termed hydrological connectivity (Pringle, 2001). 

Hydrological connectivity is central to the fundamental models of the function of river 
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ecosystems. The River Continuum Concept proposed that carbon is liberated by shredders, 

consumers, and microbiological activity in the upper reaches and transported downstream 

as particulate and dissolved organic carbon (Vannote et al., 1980). The Flood Pulse Concept 

(Junk, Bayley & Sparks, 1989; Junk & Wantzen, 2004) argued that lateral connections, i.e 

production on the flood plains during the flood pulses would provide the majority of the 

carbon in river systems. The carbon produced in these floodplain ecosystems is transported 

back into the river by surface and subsurface flow and movement of biota. In low flow 

periods, the River Productivity Hypothesis suggests it is riparian inputs and autochthonous 

production that drives productivity (Thorp & Delong, 1994). Most recently Humphries, 

Keckeis and Finlayson (2014) developed a river model that synthesised these earlier models 

and created the River Wave Concept where the rise and fall of the hydrograph facilitates 

and promotes a combination of longitudinal and lateral connectivity. The fundamental 

concept in each of these models is the role of connectivity, laterally, longitudinally and 

vertically (with the inclusion of groundwater and hyporheic zones).  

Hydrologic connectivity drives ecosystem processes, productivity and biodiversity (Jardine 

et al., 2015). The energy transfer provided by hydrologic connectivity can be either passive 

or active. Passive transport follows the direction of flow and can consist of substantial 

quantities of dissolved nutrients (nitrogen, phosphorus and carbon), particulate carbon and 

coarse debris (Meybeck, 1982; Nixon et al., 1996; Lyle & Elliott, 1998). This transfer of 

nutrients, particulate carbon and coarse debris play a vital role in the function of the 

receiving environment and facilitates productivity in the downstream reaches and the 

estuary (Vannote et al., 1980; Junk et al., 1989).  The active transport of energy and 

nutrients throughout a river system is through the movements of migratory species (Polis 

et al., 1997; Lyle & Elliott, 1998; MacAvoy, Garman & Macko, 2009). Migratory species link 

different parts of the river ecosystem by providing process and/or material subsidies 

(Flecker et al., 2010), but are vulnerable to changes in hydrologic connectivity. 
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1.3 Migratory species  

The movements of migratory species in river systems depend upon the pathways provided 

by hydrologic connectivity. For example the flood pulse allows fish species to access the 

floodplain and use the rich resources in these environments (e.g. Winemiller & Jepsen, 

2004), the flow connections between the freshwater and the estuary facilitate the 

reproductive migrations of animals (e.g. Beechie et al., 2006), and strong discharge events 

transport larvae of amphidromous animals from the freshwater to the estuary (e.g. March 

et al., 1998; McDowall, 2009; Crandall, Taffel & Barber, 2010).    

The migrations of animals that occur entirely within the freshwater environment are called 

potamodromous migrations. These migrations may be related to reproductive behaviours 

or resource utilisation (Winemiller & Jepsen, 2004; Burtner et al., 2011; Childress, Allan & 

McIntyre, 2014). The migration of biota between the river and sea is termed diadromy and 

there are a range of life history migrations that occur within the river ecosystem 

(McDowall, 1988; McDowall, 2007). Anadromoy involves the reproductive spawning run of 

adult fish from the sea upstream to freshwater. The larvae hatch in freshwater, develop 

into juveniles where they remain in the freshwater for 1-2 years after which they migrate 

back out to sea. The anadromous life history strategy has been well documented in the 

northern hemisphere for the Salmon species (e.g. Groot & Margolis, 1991). Catadromy is 

the migration of freshwater adults to the sea to spawn. The juveniles, after developing in 

the sea for a period of time return to the freshwater as juvenile or subadults. This life 

history strategy has been well documented in species such as the freshwater eels (Anguilla 

spp.) (Schmidt, 1923; Jellyman, 1979; Sugeha et al., 2001; Daverat et al., 2006; Cairns et al., 

2009) and Australian Bass (Walsh et al., 2012; Reinfelds et al., 2013). Amphidromy is the life 

history migration where the freshwater adults produce larvae in fresh water, which drift to 

the estuary, develop into juveniles and return to the freshwater via an upstream migration 

of juveniles (McDowall, 2007). This is a life history strategy commonly observed in tropical 
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and subtropical streams in both fish and crustaceans (McDowall, 2009; Bauer, 2013; Closs, 

Hicks & Jellyman, 2013).   

The act of moving from one ecosystem to another or travelling substantial distances in a 

river system facilitates the transfer of energy or processes, known as an ecosystem subsidy 

(Polis et al., 1997; Flecker et al., 2010). The transfer of energy between ecosystems is 

known as a material subsidy and occurs when migratory individuals die or are eaten in the 

receiving environment (Flecker et al., 2010). The nutrients provided by these individuals 

facilitate greater productivity in the receiving environment.  These migrations have been 

well studied in the migratory salmon of North America and Europe (e.g. Lyle & Elliott, 1998; 

Gresh, Lichatowich & Schoonmaker, 2000; Naiman et al., 2002; Jonsson & Jonsson, 2003). 

Significant subsides have also been revealed in work in South America where the 

potamodromous migrations of juvenile characiform Semaprochilodus from productive 

whitewater flood plain nursery habitats upstream into the oligotrophic blackwater rivers 

contributes a significant portion of the annual energy intake for predators and this energy 

likely facilitates the reproductive development in these predators (Jepsen, Winemiller & 

Taphorn, 1997; Winemiller & Jepsen, 1998; Winemiller & Jepsen, 2004; Hoeinghaus et al., 

2006). There is evidence that in the temperate regions of North America potamodromous 

migrations of fish transfer lake derived nutrients to spawning streams (Burtner et al., 2011; 

Childress et al., 2014).  

The transfer of energy between connected ecosystems is a direct subsidy, where the death 

of the animal liberates nutrients that are used by the other organisms in the ecosystem.  

However indirect effects on ecosystem processes may occur due to the actions of a 

migratory species in the receiving environment. This type of food web subsidy is termed a 

process subsidy. The process subsidy occurs when the actions of the migratory species 

facilitates a range of processes that would not occur in its absence. Such actions may 
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include grazing, predation, nutrient cycling and physical alteration of stream beds. For 

example, migratory salmon, well known for the huge material subsidies they provide, also 

provide significant process subsidies at spawning sites where they agitate and shift 

sediment to dig nests which in turn generates different biofilm and macro-invertebrate  

communities (Janetski et al., 2009; Tiegs et al., 2011; Harding, Harding & Reynolds, 2014). 

In South American rivers, migratory Prochilodus provide strong process subsidies through 

grazing on benthic algae and detritus resuspending particulate and dissolved carbon 

through bioturbation, digestion and excretion (Flecker, 1992; Flecker, 1996; Taylor, Flecker 

& Hall, 2006). Other notable process subsidies have been documented in the migratory 

caridean shrimps. These species play a significant role in the functioning of the receiving 

stream ecosystem. For example they are involved in nutrient cycling and break down of leaf 

litter and play an important role as ecosystem engineers by removing sediments and 

facilitating greater algal biomass.      

1.4 Caridean shrimps 

Migratory caridean shrimps are a model taxa to investigate the role of hydrologic 

connectivity in their life history, and explore the possible ecosystem subsidises and the 

consequences of changes to hydrological connectivity from human developments. 

Migratory caridean shrimps are amphidromous (see reviews: Bauer, 2011a; Bauer, 2013). A 

key characteristic of the life history strategy of these shrimps is the requirement of larvae 

to reach the estuary or sea to complete the larval development process. The larvae are 

generally dependant on yolk stores while they drift downstream but once in the estuary or 

sea they can moult and start feeding (e.g. Anger & Hayd, 2009; Rome, Conner & Bauer, 

2009; Anger & Hayd, 2010; Olivier, Conner & Bauer, 2012). As a result they have a limited 

time in which to drift downstream to the sea. There are a number of adaptations to ensure 

larvae are transported to the sea within these time limits, and these tend to be river system 

dependant. For example in short, high gradient island streams, larvae hatch throughout the 
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river and rapidly drift the short distance downstream (March et al., 1998). In larger rivers 

with slower stream velocity the females have been observed migrating downstream to 

hatch larvae near the sea (Raman, 1967; Rome et al., 2009). After a period of time in the 

coastal habitats, normally 1-3 months, the larvae settle as post larvae and begin the 

upstream migration (Bauer, 2011b).  This migration can occur year round in small tropical 

streams where reproduction occurs throughout the year; in these instances the migration 

consists of the relatively steady movement of a low number of individuals (Holmquist, 

Schmidt-Gengenbach & Yoshioka, 1998; Fièvet, 1999b; Benstead, March & Pringle, 2000; 

Kikkert, Crowl & Covich, 2009). In large rivers with seasonal flow regimes, reproduction is 

timed to occur with the onset of the wet season, presumably to utilise the abundant 

nutrients in the estuary during the flood pulse (Junk et al., 1989); but also to utilise the 

higher stream discharges to transport the larvae downstream. The seasonal reproduction 

creates a large cohort of larvae/post larvae in the coastal habitats and once the wet season 

floods subside the post larval shrimps migrate en masse back upstream (Raman, 1967; 

Bauer & Delahoussaye, 2008; Olivier, Handy & Bauer, 2013). 

The estuarine development of larvae and consequent upstream migration of caridean 

shrimps suggests that they may contribute a material subsidy to the upstream freshwater 

reaches. While this previously been considered unlikely for amphidromous species due to 

their small size at migration (Flecker et al., 2010), recent work on M. ohione has found 

evidence that they are transporting marine derived carbon upstream (Olivier, 2013). 

Whether the total biomass of the migrating Macrobrachium would be sufficient to 

constitute a significant subsidy has not been investigated. While it is still unclear as to 

whether the upstream migration of carideans provides a significant material subsidy, the 

migration does provide a significant number of new individuals that are very effective 

grazers and predators, so it may represent an important process subsidy. 
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Migratory caridean shrimps are significant ecosystem engineers. Caridean shrimps often 

constitute the largest macro-invertebrate biomass in many tropical rivers and streams (e.g. 

Fièvet, Dolédec & Lim, 2001). There is a substantial body of literature on the ability of these 

shrimps to process leaf litter and detritus (e.g. Cross et al., 2008), increase nutrient 

transport downstream (e.g. Crowl et al., 2001; Benstead et al., 2010), remove sediments 

facilitating an increase in algal standing stock (e.g. Pringle et al., 1993), and influence the 

benthic macro-invertebrate community through predation and ecosystem process effects 

(e.g. Ramirez & Hernandez-Cruz, 2004). There is also evidence of predatory Macrobrachium 

influencing the behaviours of small Atya spp. through chemical stimuli (Crowl & Covich, 

1994). These characteristics suggest that these taxa may provide a significant process 

subsidy to the receiving environments. 

The ability of a species to constitute a significant process subsidy can be measured by the 

degree to which a species is functionally unique (Flecker et al., 2010). A number of studies 

have demonstrated substantial changes in stream ecosystem function when migratory 

shrimps are removed either through experimental manipulation or extirpation from river 

systems as a result of anthropogenic disturbances. Greathouse et al. (2006c) investigated 

the effects of the loss of migratory caridean shrimp caused by dams on the accumulation 

and processing of benthic algae, detritus, and fine particulate carbon. They found that in 

high gradient streams, pool epilithon in dammed rivers had significantly higher 

accumulation of nutrients (nitrogen, phosphorus and carbon), detritus, benthic algae, and 

particulate organic carbon thus reducing the flow of carbon and nutrients to downstream 

communities. Effects were also observed in riffles where there was higher accumulation of 

fine benthic inorganic matter in riffles above dams. Experimental manipulation of migratory 

shrimp abundance in unregulated streams showed similar results suggesting that it was the 

lack of shrimp in streams above dams that caused the changes in the benthic community 

(Greathouse, Pringle & McDowell, 2006a). These results were consistent with work by 
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March et al. (2002) who found an increase in benthic detritus and algae, and a greater 

abundance of chironomid larvae in sites where shrimps were excluded.  

The life history of caridean shrimps is inextricably linked to hydrologic connectivity. The 

transport of larvae to the estuary requires that either river velocity is high enough to 

transport larvae downstream to the sea within respective time limits or that a downstream 

migration of females can occur unimpeded. If these requirements are not met then 

significantly less larvae will reach the estuary (March et al., 1998; Benstead et al., 1999). 

Similarly, the upstream migration of juveniles is equally vulnerable to dams and 

impoundments. Dams, even low head impoundments, at the very least cause migration 

bottlenecks and increased mortality from predation (Benstead et al., 1999), and at worst, 

stop the migration from ascending any farther (Holmquist et al., 1998). The effects of dams 

can be partially mitigated by the presence of flowing spillways, as caridean shrimps possess 

a remarkable ability to climb vertical structures if there is flowing water. Without such 

potential for shrimps to bypass barriers, shrimps will experience upstream extirpation (Lee 

& Fielder, 1979; Holmquist et al., 1998; Fièvet, 1999a; Greathouse et al., 2006c; Olivier et 

al., 2013).  

1.5 Macrobrachium spinipes  

The caridean shrimp, Macrobrachium spinipes (Schenkel 1902), is common throughout 

northern Australian tropical rivers. They are large (260 mm TL - Short, 2004), abundant and 

hypothesized to have an amphidromous life history. Various ecological investigations that 

have occurred in northern Australian rivers have identified Macrobrachium spp. as 

important prey species for a large range of fish species (Pusey, Arthington & Read, 2000; 

Morgan et al., 2004; Pusey et al., 2010; Thorburn, Gill & Morgan, 2014), and they occupy a 

high trophic level (Pettit et al., 2012; Jardine et al., 2013; Jardine, 2014). Until very recently 

(Thorburn et al., 2014) the majority of these studies identified only the genus. Aside from 
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these indirect studies very little has been completed on the life history and ecology of M. 

spinipes. 

Macrobrachium spinipes is a newly described species (Ng & Wowor, 2011). Prior to the 

erection of this species it was known as M. rosenbergii. Macrobrachium rosenbergii was 

thought to be a continuously distributed species throughout northern Australia, Indonesia, 

Malaysia, the Philippines and India. Considerable morphological and life history variations 

were found across this large range, being most strongly expressed either side of the 

Wallace line (De Bruyn, Wilson & Mather, 2004; Short, 2004; Wowor & Ng, 2007). Following 

these reviews, the species was split into two; the species west of the Wallace line retained 

the name M. rosenbergii, and the species to the east was declared a new species and 

named M. spinipes (Ng & Wowor, 2011). While considerable research has been completed 

on M. rosenbergii, the research is primarily from an aquaculture perspective and 

knowledge on its natural ecology is fairly limited. In contrast, aside from anecdotal reports, 

virtually nothing is known about the ecology of the new species M. spinipes.  

1.6 Northern Australia – case study site  

In many regions globally, hydrological connectivity has been altered causing serious 

implications for the function of stream ecology and the preservation of biodiversity (Bunn & 

Arthington, 2002; Pringle, 2003). There are however, some regions around the globe where 

hydrological connectivity remains largely intact (Liermann et al., 2012). Northern Australia, 

is one such region where the majority of the large rivers and catchments are unmodified 

(Douglas, Bunn & Davies, 2005; Vörösmarty et al., 2010; Douglas et al., 2011). Northern 

Australia is a region of 1.28 million km2 and is situated fully in the tropical latitudes (Ward 

et al., 2011). The majority of the economic activities of the region are low intensity 

pastoralism, mining and tourism. There is less than 1 person per 2.5 km2 and Darwin, the 

largest population centre in the region, has a population of approximately 90,000. A large 
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percentage of the region’s population are indigenous Australians and many people retain 

very strong cultural ties and traditional bush resource use is widespread and can constitute 

a significant economic resource (Jackson, Finn & Featherston, 2012; Jackson, Finn & 

Scheepers, 2014). 

Owing largely to the remoteness of the region and low population density, the majority of 

its rivers are unregulated and catchments are largely uncleared resulting in intact 

ecosystem connectivity (Douglas et al., 2005; Warfe et al., 2011; Jardine et al., 2012a; 

Jardine et al., 2012b; Jardine et al., 2015). The region is subject to the southern Monsoon 

which impacts the region during the wet season months of November to April, when the 

majority of the region’s precipitation falls. The hydrologic regime is highly predictable with 

high summer discharges and low winter base flow or intermittency in many smaller rivers 

and streams (Kennard et al., 2010). The predictable wet and dry cycle drives ecosystem 

processes in this region, in particular the transitional period between the wet and dry 

seasons (Warfe et al., 2011; Jardine et al., 2015). In addition, many of the rivers in the 

region have substantial floodplains (Ward et al., 2011) which, depending on inundation 

period, can have significant influences on annual stream productivity (Jardine et al., 2012a; 

Jardine et al., 2013).  

Migratory species are important in contributing to biodiversity in northern Australia with 

approximately 50% of the freshwater fish species requiring access to the estuarine/marine 

ecosystem to complete their life cycle (Pusey et al., 2011). Additionally, potamodromous 

migrations from the tributaries to the main channel and the floodplain are essential 

movement patterns for many fish species (Pusey et al., 2011; Jardine et al., 2012b). 

Northern Australia receives more than 1 million GL of water in precipitation annually, 94% 

during November to April (Cresswell et al., 2009). In additional there are only 24 sites 

across the region with a storage capacity of greater than 1 GL (Cresswell et al., 2009). The 
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abundant water resources, combined with the low level of development in the region have 

ensured that the area is consistently targeted for future development projects.  The 

Northern Australia White Paper (Commonwealth Government, 2015) lays out a plan for 

utilising these resources through the construction of new dams or increased abstraction of 

groundwater.  Although the migration patterns of some fishes in the region are now well 

studied, other species in northern Australia, such as crustaceans, remain poorly 

understood. It is essential we understand the importance and the requirements of such 

migratory species and their life history linkages to flow regime, in this region given the 

potential threats from water resource development. Research focussed on the ecological 

processes that that drive productivity and biodiversity in the region’s rivers is required to 

ensure sustainable development (Douglas et al., 2011). There is considerable work to be 

done on understanding the life history and ecological role of migratory species, so that 

should developments occur, all efforts can be made to ensure that impact on these species 

and river ecology is minimal. 

1.6.1 Daly River  

The Daly River is one of the largest perennial rivers in northern Australia with a mean 

annual discharge of approximately 21,000 GL. Its catchment is in the wet-dry tropics of the 

Northern Territory, Australia (lat 13–16°S, long 129–130°30ʹE) and covers an area of 

~53,000 km2 (Figure 1). The catchment area, like much of northern Australia, is largely 

unmodified with only 5.6% of the native vegetation in the catchment cleared for 

agricultural, rural and urban development (Schult & Townsend, 2012). The major 

vegetation cover in the catchment is native, open Eucalyptus woodland which covers 

approximately 90% of the land area (Townsend & Padovan, 2005). The Daly River is free 

flowing with no large dams or weirs and is 355 km long. There is some water abstraction 

within the catchment for agriculture, mining and municipal use, however it is currently less 

than 5% of annual natural discharge (Chan et al., 2012). The Daly River is a low land river 

12 
 



rising 50 m in elevation before it splits into the Flora and Katherine Rivers (Townsend & 

Padovan, 2005). The Katherine River is the largest tributary in the catchment, it is 

approximately 328 km long and rises a farther 371 m in elevation (Faulks, 1998). Because of 

substantial groundwater inputs, the Daly River and its largest tributary, the Katherine River, 

are both perennial rivers and thus differ from most other northern Australian rivers 

(Kennard et al., 2010).  

The Daly River harbours diverse array of fish species many of which require access to 

estuary for completion of their life history.  The river is oligotrophic during the dry season 

and recent stable isotope work has suggested that many consumers derive the majority of 

their energy stores from outside the local area (Jardine et al., 2012a). It has been suggested 

that significant sources of carbon is either from the estuary or the flood plains but also from 

within different reaches of the river channel. Potamodromous migrations between the river 

and the flood plain have been found to be important sources of energy in freshwater 

species in Queensland rivers (Jardine et al., 2012b) and it is likely this is also happening in 

the Daly River. Jardine et al 2012a suggested that the upstream migrations of M. spinipes 

may transport carbon from lower reaches into upper reaches. The estuary, through the 

movements of migratory species, is likely to be source of carbon, but possible contributions 

have not yet been quantified. There is still substantial scope to determine life history 

migrations of important species in the northern Australia and the Daly River in particular, so 

these possible vectors of carbon can be elucidated.  

1.7 Research aims and thesis structure  

Hydrological connectivity is fundamental to the functioning of river ecosystems and 

facilitates the transfer of nutrients, energy and biota between these ecosystems. While the 

majority of the energy transfer is downstream and passive, migratory species play a 

significant role in the active transport of materials and processes between connected 

13 
 



ecosystems. Migratory caridean shrimps may constitute a strong process subsidy in tropical 

river ecosystems however little is known about their role as a material subsidy.  In addition 

the role of hydrological connectivity in the life history of caridean shrimps in large tropical 

rivers remains a significant knowledge gap. Specifically, knowledge gaps exist regarding; the 

mechanisms of larval transport to the estuary, the early life history adaptations to ensure 

larvae reach the estuary/sea, the phenology of the upstream migration of juveniles and 

whether this migration does indeed transport marine carbon into fresh water.  

This thesis seeks to address these knowledge gaps by exploring the life history of M. 

spinipes in northern Australia (Figure 1). Thus this study presents the unique opportunity to 

investigate the life history of a migratory caridean shrimp species in a large, unregulated 

tropical river. This information will provide valuable insights in to the flow ecology 

relationships and assist in the development of environmental water requirements for the 

region. Four aims were developed to address the knowledge gaps pertaining to caridean 

shrimps in large tropical rivers: 

1) To determine the seasonal patterns in M. spinipes life history along a continuous 

river gradient of over 400 km. Specifically, to determine the spatial and temporal 

changes in abundance, distribution, reproductive phenology including length at first 

maturity and body condition 

2) To determine the early life history strategies of M. spinipes, in relation to larval 

salinity requirements, optimum drift time and importance of flow regime. 

3) To investigate the upstream migration of an amphidromous shrimp species in a 

large, unregulated river within a largely unmodified catchment 

4) To determine the patterns of habitat use throughout the dry season. 
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1.7.1 Thesis structure 

This thesis explores the research aims above in four chapters (Figure 1). Each aim was 

addressed in a separate chapter which have been prepared in publication format. Chapter 2 

has been published in Freshwater Science (Novak et al., 2015). 

The life history of Macrobrachium spinipes has been rarely studied and thus there are 

significant knowledge gaps in the life history of this species. The first section of my thesis 

(Chapter 2) was designed to explore the life history of M. spinipes and provide a detailed 

overview of its riverine distribution, reproductive phenology, spatial and temporal changes 

in abundance, size and body condition. Chapter 2 is based on empirical/field evidence 

derived from a 13 month sampling programme at seven sites, along a continuous 400 km 

river reach of the Daly River, Northern Territory of Australia. This is the first time an 

investigation of amphidromous shrimp distributions and life history has been conducted 

along such a long continuous distance gradient. 

The delivery of larvae to the estuary is a key aspect of the life history of amphidromous 

species and one which is strongly determined by hydrologic connectivity. In the second 

section of this thesis (Chapter 3) I examined: 1) the distribution of larvae throughout the 

Daly River by undertaking larval sampling at three sites along a 400 km upstream gradient, 

2) whether M. spinipes is obligate or facultative amphidromous by conducting a series of 

survival experiments subjecting newly hatched larvae to brackish water or fresh water, and 

3) the optimal drift time and salinity that is required for M. spinipes larvae to successfully 

develop. In the final component of this chapter I used the optimal survival time estimate 

determined by the experiments and the hydrograph from 2012-13 to model the flow 

conditions over the wet season and determine the discharge events likely to transport 

larvae downstream from a range of upstream sites. This study provided significant insights 
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into the delivery of larvae from locations well upstream of the estuary from an 

amphidromous species and provides evidence of a novel life history strategy. 

Amphidromous shrimps need to return to fresh water once they have completed larval 

development in the estuary. In large low land river systems this generally occurs on the 

declining limb of the wet season hydrograph. The migration in these systems is often 

observed to occur en-masse and it has been hypothesised that it could be providing a 

material subsidy (marine/estuarine carbon) to the freshwater. In the third section (Chapter 

4) I aimed to determine the phenology of the upstream migration of M. spinipes, estimate 

the biomass and number of migrating shrimps and test two methods to determine if the 

migrating shrimps are carrying marine carbon into the freshwater. This research constitutes 

the first time the migration of juvenile Macrobrachium has been quantified in a large low 

land river.  

The fourth section of this thesis (Chapter 5) sought to explore the seasonal patterns in 

habitat usage of M. spinipes to determine if any strong habitat preferences exist and if this 

varied with season or ontogeny.  
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Figure 1.1. Diagrammatic representation of Macrobrachium spinipes life history and 
research questions.  
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2 A life history account of Macrobrachium spinipes (Schenkel, 

1902) (Cherabin) in a large tropical Australian river 

 
Processing M. spinipes at site R113.  

Photo Credit: Nathalie Mauraud 

 
Site T377 (on the Fergusson River).  

 
Site T379 (on the Edith River).  

Photo Credit: Nathalie Mauraud 
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2.1 Introduction  

Migratory shrimps from the infraorder Caridea, from the families, Atyidae, Xiphocaridae, 

and Palaemonidae, are important taxa in tropical river ecosystems (Bauer 2011a, Mancinelli 

et al. 2013). These taxa often dominate the biomass of stream macroinvertebrate 

communities and, in some small streams, compose most of the faunal community biomass 

(e.g., Jardine 2014, Fievet et al. 2001). They also have a strong structuring effect on benthic 

communities through trophic interactions (Pringle & Hamazaki, 1998; Mancinelli, Sangiorgio 

& Scalzo, 2013). For example, they can facilitate growth of benthic algae by removing sand 

and silt (Pringle et al., 1993), and they influence the standing crop and structure of benthic 

algae and small macroinvertebrate communities through predation and grazing effects 

(e.g., March et al. 2002, Pringle and Hamazaki 1998). In addition to their effect on benthic 

communities, they can be important dietary component of many fish (e.g., Davis 1985, 

Covich et al. 2009, Pusey et al. 2010).  

These migratory shrimps are amphidromous. The larvae require estuarine/brackish water 

to develop, and the juveniles migrate upstream to fresh water where they grow and mature 

(McDowall, 2007; Bauer, 2013). The larvae have a limited survival time in fresh water (up to 

five days for some species), so transport of larvae to the estuary is a critical aspect of the 

life history of amphidromous shrimps (Bauer 2013). In short, high-gradient rivers, transport 

is commonly achieved through the release of larvae to the river where the high water 

velocity rapidly transports the larvae to the estuary (Choudhury, 1971a; Holmquist et al., 
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1998; March et al., 1998; Bertini, Baeza & Perez, 2014). In larger, lower-gradient rivers, 

reproductive females migrate downstream to the estuary (or nearby) at the start of the wet 

season (Raman, 1967; Rome et al., 2009). Once in or near the estuary, they spawn, possibly 

many times (Ling & Merican, 1961; Cavalli, Lavens & Sorgeloos, 2001). Later, juveniles 

migrate upstream (Kikkert et al., 2009; Bauer, 2013).  

Their migratory nature makes these shrimps highly vulnerable to modifications of river 

hydraulic connectivity (Bauer 2013). Dams or even a decrease in velocity caused by water 

diversions can cause extirpation or significant reduction in population size of freshwater 

shrimps by slowing or stopping the drift of larvae downstream and by impeding the 

movement of juveniles back upstream (Holmquist et al., 1998; Benstead et al., 1999; Olivier 

et al., 2013). The loss of these species from upstream reaches has wide-ranging 

ramifications including the loss of an important process subsidy (Greathouse et al., 2006c; 

Flecker et al., 2010) and, potentially, the loss of an important foodweb subsidy from the 

migration of the juveniles from the estuary to the fresh water (Bauer & Delahoussaye, 

2008; MacAvoy et al., 2009). Too often, discovery of such effects has occurred after 

development of water-management infrastructure, such as dams or weirs, has occurred. In 

areas where river connectivity is still intact, research undertaken to understand the life-

history requirements of migratory shrimps before any development occurs would be 

valuable for anticipating (if not preventing) the consequences of development.  

In northern Australia, most rivers are still unregulated, and hydrologic and ecosystem 

connectivity remains intact (Douglas et al., 2005; Warfe et al., 2011; Jardine et al., 2012a; 

Jardine et al., 2012b). Migratory species are likely to be important in maintaining ecological 

function and biodiversity, and approximately 50% of the freshwater fish species require 

access to the estuarine/marine ecosystem to complete their life cycle (Pusey et al., 2011). 

The migration patterns of some fishes are now well studied, but other species, such as 
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crustaceans, remain poorly understood. The unmodified flows of most of these river 

systems are unlikely to persist given that development of northern Australia is now viewed 

as a national imperative (Australian Government 2014), and much of the proposed 

development is focussed around the increased use of water resources. Therefore, we must 

increase our understanding the life-history requirements of migratory species in this region 

before major decisions about water resource development are made.  

Macrobrachium spinipes is a newly described species inhabiting the tropical rivers in the 

Australasian region east of the Huxley Line and the Philippines (Wowor et al., 2009; Ng & 

Wowor, 2011). The species inhabits portions of the range previous thought to be occupied 

by Macrobrachium rosenbergii. The information currently available in regard to the species’ 

riverine distribution indicates that M. spinipes is highly likely to share the amphidromous 

life-history characteristics of M. rosenbergii (sensu stricto) (Ling & Merican, 1961; Raman, 

1967; Short, 2004; Lober & Zeng, 2009). The species is an important prey item for a wide 

range of predators (Davis, 1985; Pusey et al., 2010; Jardine et al., 2012a). Despite its 

presence in the diet of a wide range of fishes, M. spinipes occupies a moderate-to-high 

trophic level, similar to that of known predators, such as fork tail catfish (Neoarius spp.) 

(Jardine et al., 2012a; Jardine et al., 2013). Thus, M. spinipes is likely to play an important 

ecological role in the rivers of northern Australia, but an understanding of the species’ basic 

life history is lacking.  

Studies on amphidromous Macrobrachium life histories have been completed in several 

regions, mostly in short (<150 km) rivers (Holmquist et al., 1998; Lara & Wehrtmann, 2009; 

Hein et al., 2011). The aim of this study was to explore seasonal patterns in M. spinipes life 

history along a continuous river gradient of >400 km. We used a trapping approach 

commonly used in Macrobrachium life-history investigations (Bauer and Delhousaaye 2008, 

Bertini et al. 2013, Olivier et al. 2013) to explore spatial and temporal changes in 
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abundance, distribution, reproductive phenology, including length at first maturity and 

body condition. Based on studies of other Macrobrachium, I predicted that reproductive 

females would undertake a pronounced migration downstream during the reproductive 

season that would be indicated by a drop in relative abundance or disappearance at the 

most upstream sites and an increase in relative abundance at the most downstream sites. I 

also predicted that juveniles would undergo an upstream migration that would be indicated 

by an increase in the relative abundance of juveniles at the most downstream sites. This 

study is the first detailed investigation of the natural life history of M. spinipes and is one of 

the few studies of the natural life history of an amphidromous shrimp in a completely 

undammed and unmodified large river system. I have not attempted to provide an 

exhaustive overview of all aspects of its life history. Instead, our goal was to provide the 

first step in increasing our understanding of the life history of this important species so that 

its life history could be conceptualized and quantified as a basis for its sustainable 

management.  

 

2.2 Methods 

2.2.1 Site description 

The Daly River  catchment is in the wet-dry tropics of the Northern Territory, Australia (lat 

13–16°S, long 129–130°30ʹE) and covers an area of ~53,000 km2 (Figure 2.1). The catchment 

area is largely pristine, and 90% of the catchment consists of native open Eucalyptus 

woodland (Townsend & Padovan, 2005). Only 5.6% of the native vegetation in the 

catchment has been cleared for agricultural, rural, and urban development (Schult & 

Townsend, 2012). The Daly River is free flowing with no large dams or weirs and is 355 km 

long. It rises 50 m in elevation before it splits into the Flora and Katherine Rivers (Townsend 

& Padovan, 2005). Because of substantial groundwater inputs, the Daly River and its largest 
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tributary, the Katherine River, are both Class 3 perennial rivers and, thus, differ from most 

other northern Australian rivers (Kennard et al., 2010).  

The wet-dry tropical climate is dominated by a long dry season (April–October) with 

minimal rainfall and high evapotranspiration, followed by a hot, humid wet season 

(November–March) during which 90% of the region’s rain falls. Dry-season flows are 

derived primarily from ground water and average 20 m3/s at the most downstream gauging 

station. During these baseflow conditions, the river is considered oligotrophic and is 

characterized by low turbidity and high conductivity (~500 µS/cm) (Townsend & Padovan, 

2005). Wet-season flows are highly variable but can be >4000 m3/s during monsoonal 

events. During this time, the river is considered mesotrophic and is characterized by high 

turbidity, warmer temperatures, low conductivity (~100–200 µS/cm), and high stream 

velocities (Townsend & Padovan, 2005). The upstream limit of tidal influence during the dry 

season occurs 105 km upstream of the river mouth. This influence is restricted to tidal 

changes in depth, and the salt-water wedge does not encroach >30 km upstream during the 

dry season.  

2.2.2 Study sites 

Seven sites were selected along a distance gradient from the estuary in the Daly River 

catchment (Figure 2.1). Four sites were on the main stem of the river between 92 to 298 

km from the river mouth at elevations between 1.23 and 40.31 m Australian Height Datum 

(AHD) (Table 2.1). I could not sample closer to the Daly River mouth because of substantial 

logistical constraints including: large (5–6 m) tidal variation, inaccessibility requiring long-

distance travel by boat, and increasing risk of encountering large estuarine crocodiles. One 

site was on the Katherine River 405 km from the Daly River mouth (86.36 m AHD). This site 

was considered part of the main stem of the river. Two other sites were on the Edith and 

the Fergusson Rivers, small tributaries of the Daly River both ~380 km from the Daly River 
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mouth at an elevation of ~100 m AHD. The Edith River is a predominantly perennial stream, 

and the Fergusson River is an intermittent river that becomes a series of disconnected in-

stream pools during the dry season (hereafter, rivers are referred to by site code; main 

stem sites have a prefix of R followed by the distance from the river mouth, and the Edith 

and Fergusson are T379 and T377 respectively; Table 2.1). Sites were also chosen based on 

accessibility and proximity to stream gauging stations so hydrographic records could be 

obtained. I was unable to sample some sites because of wet season flooding and road 

damage (February: R298; March: R92, R178, R113, and T379). 

 

Figure 2.1. Daly River catchment and sites showing major townships and national park 
boundaries. 
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Table 2.1. Sites position and distance from the Daly River mouth. Elevation data are the 0 
gauge level of the gauging station closest to the site. AHD = Australian height datum. 

Site name Site 
code 

Latitude Longitude Elevation* 
(m AHD) 

Distance 
from mouth 
(km) 

Wooliana R92 13°46'09.99"S 130°42'51.13"E 1.23 92 
Mt Nancar R113 13°49'34.30"S 130°43'49.15"E 1.46 113 
Beeboom R178 13°51'43.89"S 131°04'29.20"E 13.32 178 
Claravale R298 14°21'47.50"S 131°33'24.12"E 40.31 298 
Katherine R R405 14°32'52.64"S 132°07'47.47"E 86.36 405 
Fergusson R T377 14°04'16.92"S 131°58'25.31"E (N/A) 377 
Edith R T379 14°13'49.83"S 131°55'37.39"E 101.80 379 
 

2.2.3 Field sampling method 

Macrobrachium spinipes populations were sampled with baited crustacean traps, a widely 

used method for sampling decapods (Short, 2004). Traps were 62 cm long, 44 cm wide, and 

18 cm high, with a 0.3-mm mesh size and 8-cm-diameter entry holes. Capture efficiency of 

the traps can vary spatially and temporally, particularly in response to variation in wetted 

area caused by seasonal changes in stream level. In an initial review of the data, I found 

that relative abundance at all sites was unrelated to stream discharge (R2 < 0.01–0.22, p = 

0.162–0.952), which suggested that changes in water level had a negligible effect on trap 

efficiency. I trapped monthly at each site from October 2011 to October 2012. At each site, 

22 traps were set along the bank of a 300 m reach. Banks were typically undercut with 

fringing vegetation and root masses.  

A pilot study was ran initially to test 3 trapping periods (1700–2100 hours, 0800–1700 

hours, and 1700–0800 hours) and 2 bait types (chicken laying pellets and dried cat food) in 

paired traps. Chicken food was the most effective (size range and number) bait, and 1700–

0800 hours was the most suitable trapping period. Therefore, traps were baited with 

chicken laying pellets and were deployed traps from ~1700 to 0800 hours, giving an 

approximate soak time of 15 hours (effective for only 12 hours because shrimps were not 
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active during daylight hours). We anaesthetised the shrimps after capture (clove oil; Coyle 

et al. (2005)), measured them (see below), placed them in a 70 L aerated bucket until 

recovery, and then released them near the point of capture.  

At each site, triplicate water quality measurements were taken (water temperature, pH, 

conductivity, dissolved O2 concentration and % saturation) at the surface (0.15 m) and at 

the river bed (if depth was >1 m) at each site using a Hydrolab Quanta multiprobe (Hach 

Corp., Loveland, Colorado). Turbidity (NTU) was measured at the surface using a Hach 

Turbidimeter. At each trap location, depth (to nearest 0.01 m) and velocity (to nearest 0.1 

m/s) were measured with a FP100 flow probe (Global Water, College Station, USA). Stream-

discharge and stage-height records were obtained for the nearest gauging station from the 

Northern Territory Department of Land and Resource Management.  

2.2.4 Biological variables 

I calculated catch per unit effort (represented as relative abundance) by averaging the catch 

at each site and sampling time across the number of traps used to even out the difference 

in total catch that may have occurred because of loss or damage of the traps.  

I measured total length (TL; tip of rostrum to tip of uropod, to 1.0 mm), carapace length 

(CL; from orbital margin to dorsolateral invagination of posterior margin), cheliped length 

(2nd pereiopod; inside edge of the ischium to the tip of the pollex – 1.0 mm), carpus length 

(inside edge of the carpus/merus joint to the inside edge of the carpus/prodopus junction), 

and chela length (from the inside edge of the prodopus at the carpus junction to the tip of 

the pollex) in the field. I measured carapace and chela length with Vernier callipers to 0.1 

mm for each individual. The body mass of each individual was measured to the nearest 1.0 

g using a UWE MII-6000 balance (Universal Weight Enterprise Company Limited, Xindian 

City, Taiwan).  
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I identified males by the presence of the gonopores on the base of the 5th pereiopod and 

the appendix masculina on the inside of the 2nd pleopod, and I identified females by the 

lack of an appendix masculina and the presence of the gonopores at the base of the 3rd set 

of pereiopods (Short 2004). Sex determination was difficult and unreliable for individuals 

<45 mm long, these sex-indeterminate individuals were grouped as post-larvae. 

Female reproductive status was classed using five stages related to the order of maturation 

and egg production: 1) non reproductive females: animals showing no reproductive 

condition; 2) developing ovaries (DO): ripening ovaries visible through the translucent 

dorsal surface of the carapace; 3) ovigerous females: presence of a mass of embryos held 

within the pleopods under the abdomen; 4) recently spent females (RS): sexually mature, 

nonovigerous females with a widened pleural space, well developed hairs on the pleopods, 

and occasionally residual unhatched embryos indicative of previous production and 

hatching of larvae; and 5) recently spent females, with developing ovaries (RS/DO). The 

color of the embryos  in stage-3 females also was recorded as orange embryos  (BO; 

spawned up to 1–2 wk preceding capture) and brown embryos  (BB; embryos <24 h from 

hatching) (Ling & Merican, 1961; personal observations of captive specimens). 

2.2.5 Analysis 

Principal components analysis (PCA) was used to examine spatial and temporal variation in 

environmental descriptors (temperature, turbidity, conductivity, pH, dissolved O2, minimum 

depth, maximum depth, and discharge [average discharge for the period between sampling 

occasions]). Turbidity was extremely right skewed, and neither log(x) nor √(x) 

transformation improved the skew, so data were rank transformed. All variables were 

range-normalized using the equation z = (x – μ)/σ, where z is the standard score, 𝑥𝑥 is the 

raw score, μ is the mean, and σ is the standard deviation. 
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I analysed relative abundance with a generalized linear model with a Poisson distribution 

and log link function to test for differences among sites, months, and sexes (male and 

female). Data were over-dispersed (df/Pearson χ2 = 1.33, df/deviance = 1.324) and were 

corrected using Pearson’s χ2 as the dispersion parameter (df/Pearson χ2 = 1.01, df/deviance 

= 0.988). Because of the problems with access described above, only relative abundance 

data for R113, R178, R405, and T377 were included in the analysis (all months excluding 

March). Relative abundance of post-larvae was excluded from this analysis because of a “0 

pivot element,” which occurred as a result of the high number of 0 counts because no post-

larvae were captured at T377 and R405. Changes in mean TL were analyzed using a 3-way 

factorial analysis of variance (ANOVA) to test for differences between site, month, and sex. 

I used linear regression to explore the relationship between distance from the river mouth 

and both mean length and mean relative abundance. 

I plotted reproductive status (frequency) and relative abundance of reproductive females 

for the 5 months over which reproductive activity occurred. I used a generalized liner 

model with a binomial distribution and logit link function to test whether the distribution of 

reproductive females was equal across sites and months. The results indicated quasi-

separation within the data, meaning that 1 factor, in this case month, almost totally 

predicted the dependent variable.  

I calculated length at first maturity with data from the reproductive period only because M. 

spinipes has a seasonally restricted reproductive period (but large females were present 

outside of this period, and maturity cannot visually be determined when females are not in 

reproductive condition). Length at maturity (L50) was calculated using the logistic function: 

 𝑝𝑝 = 1/(1 + exp[−𝑟𝑟(𝑇𝑇𝑇𝑇 − 𝑇𝑇𝑇𝑇𝑇𝑇)])  

where p is the proportion of mature individuals, r is the rate that the proportion of mature 

individuals increases with each increment of length (slope), TL is total length, and TLm is the 
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total length that corresponds to a proportion of 0.5 in reproductive condition (King, 1995). 

The function was fitted using the Solver GRG nonlinear algorithm in Microsoft EXCEL 

(Brown, 2001; Kemmer & Keller, 2010). I calculated confidence intervals for the L50 

estimate using the methods described by Kemmer and Keller (2010). I did not adjust raw 

proportion data because 95 to 100% of a particular size class was mature (King, 1995). I 

calculated L50 for the entire river to observe changes in L50 on a temporal and spatial 

scale, for five sites throughout the river (R92, R113, R178, R298, and R405; months 

combined) and for the four months where sufficient reproductive data were available 

(November, December, January, and February; sites combined).  

Condition indices have been used often to assess relative health of a population and to 

describe changes that may be associated with either environmental conditions or 

reproduction. For this study, Fulton’s condition factor (Ricker, 1975; Nash, Valencia & 

Geffen, 2006), a commonly used index for both fish and crustaceans (Arimoro & Meye, 

2007; Pinheiro & Fiscarelli, 2009) was used. Fulton’s condition factor is calculated for each 

individual as (Ricker, 1975) 

𝐾𝐾 = 𝑀𝑀
𝑇𝑇𝑇𝑇3

  

where K = Fulton’s condition factor, M = total mass (g), and TL= total length (mm). For 

convenience, K was multiplied by 100,000 to obtain a number close to 1.  

A 2-way ANOVA was used to test whether K differed among sites, seasons, or the site × 

season interaction. I analyzed male and female condition factor separately and included 

only data from R113, R178, R405, and T377 from the months October 2011 to October 

2012 (excluding March 2012). I excluded other sites and months from the analysis because 

of missing data as a result of accessibility issues. I used linear regression to test for the 

relationship between distance from the river mouth and mean condition factor.  
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The PCA analysis was carried out using PRIMER software (version 6; PRIMER, Lutton, UK); all 

other statistical analyses were completed using the statistics package Statistica (version 12; 

StatSoft, Tulsa, Oklahoma). 

 

2.3 Results  

2.3.1 Environmental data  

The first 2 axes of the PCA explained 40.0 and 25.7% of the variation, respectively 

(eigenvalues = 2.8 and 1.92, respectively; Figure 2.2). PC1 was correlated most strongly with 

discharge, turbidity (rank), and mean depth (eigenvectors = –0.429, 0.457, and –0.451, 

respectively). PC2 was strongly correlated with conductivity and pH (eigenvectors = 0.618 

and 0.522, respectively). Sites tended to be separated along PC2, with river sites 

characterized by higher pH, conductivity, and mean depth, and tributaries characterized by 

low conductivity and pH (Table 2.2). Seasonality was evident along PC1, where the wet 

season was characterized by higher discharge, lower turbidity rank (therefore, higher 

turbidity), and higher temperatures (Table 2.2). 

 

30 
 



Figure 2.2. Principal components analysis of environmental data collected from all sites 
separated into 4 seasons: wet (November–January), early dry (April, May), mid-dry (June–
August), and late dry (September, October). The variation explained by each axis is in 
parentheses after the axis name and the variable names and eigenvectors (in parentheses), 
for the most correlated variable for each axis have been included. Cond = specific 
conductivity, Temp – water temperature, DO = dissolved oxygen.  

Table 2.2. Mean and SE of environmental variables for the study period. Wet = all data from 
November to April, dry = all months from May to October. Temp = temperature, DO = 
dissolved oxygen. aMeasured for only 2 months because of equipment failure 

Site 

Conductivity 
(mS/cm) pH Temp (°C) DO (mg/L) 

Turbidity 
(NTU) Depth (m) 

Discharge 
(m3/s) 

Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet Dry Wet 
R92 0.53 0.28 8.16 7.89 26.4 30.3 6.94 5.96 8.72 33.8a 1.48 1.75 59.4 318 
SE 0.01 0.03 0.04 0.12 0.69 0.51 0.22 0.11 0.55 4.7 0.05 0.37 9.3 143 
R113 0.53 0.31 8.16 7.94 26.2 30.3 7 6.26 7.42 141 1.37 2.3 59.4 318 
SE 0.01 0.03 0.04 0.1 0.66 0.45 0.22 0.1 0.53 46.9 0.08 0.9 9.3 143 
R178 0.54 0.35 8.06 7.84 27 30.7 7.03 6.26 4.57 77.4 1.38 1.54 50.4 142 
SE 0.03 0.03 0.02 0.09 0.71 0.3 0.2 0.12 0.19 26.2 0.05 0.05 7.28 36.4 
R298 0.51 0.24 8.03 7.61 25.7 30.8 7.52 6.24 5.46 66.3 1.4 1.3 22.5 76.1 
SE 0.02 0.04 0.05 0.11 0.69 0.32 0.12 0.11 0.46 12.6 0.09 0.21 5.06 13.7 
R405 0.39 0.1 7.82 7.27 26.6 30.3 6.98 6.41 3.07 45.4 1.1 0.88 7.1 55.5 
SE 0.03 0.01 0.02 0.07 0.65 0.25 0.23 0.07 0.16 10.2 0.06 0.09 1.63 15.1 
T377 0.04 0.03 7.31 7.17 26.2 29.3 7.16 6.73 4.15 35.8 0.68 0.68 0.38 4.14 
SE 0 0 0.06 0.08 0.76 0.24 0.15 0.11 0.41 3.91 0.03 0.11 0.21 1.57 
T379 0.02 0.02 6.94 7.03 24 28.5 6.91 6.55 2.26 12.4 0.63 0.49 1.23 8.74 
SE 0 0 0.09 0.09 0.72 0.32 0.2 0.14 0.09 3.11 0.03 0.16 0.44 3.35 
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2.3.2 Changes in population structure 

Relative abundance of male and female prawns varied significantly throughout the 13-

month period and across sites (3-way interaction with site, sex, and month, Wald stat = 

53.46, df = 1980, p = 0.01). Abundance of both sexes varied significantly with increasing 

distance from the estuary (Figure 2.3a). Relative abundance of females declined strongly 

with increasing distance from the estuary (R2 = 0.91, p = 0.001), whereas male relative 

abundance did not (R2 = 0.02, p = 0.74). Female relative abundance peaked in the wet 

season (December: 1.79 ± 0.18 [SE]/trap), whereas male relative abundance peaked in the 

middle of the dry season (June: 1.3 ± 0.16/trap) (Figure 2.4a). Female relative abundance 

declined throughout the remainder of the sampling period. In contrast, male relative 

abundance remained relatively high throughout the year. Relative abundance of post-

larvae (sex indeterminates <45 mm TL) peaked twice, once in November–December and 

again in May–June. Relative abundance of post-larvae declined strongly with increasing 

distance from the river mouth (R2 = 0.915, p < 0.001). Only one post larvae was captured at 

R405 and none at T377 and T379.  

Both male and female M. spinipes were larger (mean TL) at sites most distant from the river 

mouth (R2 = 0.50, p = 0.072 and R2 = 0.51, p = 0.070, respectively; Figure 2.3b), but average 

size changed over time differently for males and females (2-way interaction for sex × 

month: F = 8.21, df = 11, p < 0.001; site × month: F = 3.52, df = 33, p < 0.001). Male and 

females were largest at the end of the dry season in October 2011 (146 ± 4.1 mm and 111 ± 

3 mm, respectively) before declining during the wet season (Figure  2.4b). Male TL was 

smallest in January, whereas female TL was lowest in February. Male TL increased quickly 

over the remainder of the wet season and then remained consistent over the dry season. 

Female TL remained low throughout the remaining period.  
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Figure 2.3. Mean (±1 SE) relative abundance (RA)/trap (A), total length (TL) (B), length at 
first maturity (C), and Fulton’s condition factor (D) for Macrobrachium spinipes combined 
for all months as a function of distance from the mouth of the Daly River mouth. PL = post-
larvae. 
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Figure 2.4. Mean (±1 SE) relative abundance (RA)/trap (A), total length (TL) (B), % 
reproductive females (C), length at first maturity (D), and Fulton’s condition factor (E) for 
Macrobrachium spinipes combined for all sites for each sampling month. PL = post-larvae, 
dates are formatted Month-last 2 digits of year. 

 

2.3.3 Changes in reproductive patterns 

Reproduction for M. spinipes was strongly seasonal. The reproductive season extended 

from November to April (Figure 2.4c). The largest proportion of reproductive females 

occurred in December and January (Figure 2.4c) when female relative abundance was 

greatest (Figure 2.5c). Relative abundance of reproductive females increased at all sites 
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throughout the wet season and peaked in January. Females in reproductive condition were 

absent from the river during the dry-season months of May, June, July, and August (Figure 

2.4c). Reproductive maturation stages shifted gradually throughout the reproductive period 

from the initial high number of DO females to dominance of DO/RS females, and eventually 

only RS females (Figure 2.5). Early in the reproductive period (November and December) 

females in DO condition predominated (up to 80%) at all sites. During peak relative 

abundance of reproductive females in January, ovigerous females in both early and late 

stages (BO and BB) of development were present at all sites. Females in DO/RS 

reproductive stage were most prevalent at this time. Relative abundance was much lower 

in February, but BO and BB ovigerous females dominated at all sites. Reproduction had 

finished by April when only the only reproductive females were in RS stage.  

Length at first maturity for M. spinipes in the Daly River  with data combined for all sites 

and months was 80.0 mm (± 2.3 mm 95% confidence interval [CI]). L50 increased gradually 

along an upstream gradient (Figure 2.3c), but based on the size of the 95% CIs the increase 

is unlikely to be biologically significant. Temporally, L50 dropped 25 percentage points 

between November and January (Figure 2.4d), and this decline was not related to the 

observed decline in TL (R2 = 0.13, p = 0.63).  
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Figure 2.5. Percentage of females in each reproductive stage and relative abundance (RA) of 
females in November (A), December (B), January (C), February (D), and April (E). DO = 
developing ovaries, BO = ovigerous, embryos  to hatch within 2 weeks, BB = ovigerous, 
embryos  to hatch within 24 hours, RS= embryos  recently hatched, DO/RS= embryos  had 
recently hatched and developing further ova. 

 

2.3.4 Condition factor 

The body condition of both males and females increased significantly during the wet season 

(Figure 2.4e). Female condition was highest in February (1.3 ± 0.06; from a low in October 
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of 0.94 ± 0.03) and in the sites closest to and furthest from the river mouth (2-way 

interaction: F = 4.24, df = 30, p < 0.001; Figure 2.3d). Female body condition was not 

significantly related to distance from the estuary (R2 = 0.18, p = 0.83). Male body condition 

was highest 3 months earlier, in November (1.25 ± 0.03; 2-way interaction: F = 5.25, df = 30, 

p < 0.001), and was highest at the sites farthest from the mouth, but this relationship was 

not significant (R2 = 0.23, p = 0.26). Female and male body condition reached the low point 

in August (0.73 ± 0.03 and 0.99 ± 0.19, respectively).  

 

2.4 Discussion 

2.4.1 Reproduction  

Reproduction in M. spinipes was strongly seasonal, occurring primarily in the early to 

middle wet season (November, December, and January), and no females in reproductive 

condition were observed during the dry season (May–August). Key aspects of the life 

history of amphidromous Macrobrachium (e.g., Macrobrachium ohione and 

Macrobrachium völlenhovenii) include a strongly seasonal reproductive phenology timed to 

coincide with high current velocities and a pronounced migration of females downstream 

toward the estuary in large rivers (Raman, 1967; Etim & Sankare, 1998; Bauer & 

Delahoussaye, 2008; Rome et al., 2009; Bauer, 2011b). Larvae of amphidromous 

Macrobrachium require salt water for development and must reach the estuary within as 

little as four to five days after hatching (Rome et al., 2009; Lal et al., 2012). These tactics 

(movement of females toward the estuary and reproduction coincident with high flows) 

presumably increase the chances of larvae reaching the estuary in the required time (Etim 

& Sankare, 1998; March et al., 1998; Bauer & Delahoussaye, 2008) to ensure survival and to 

allow access to the rich productivity of lowland rivers and estuaries during the wet season 

(Junk et al., 1989).  
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I predicted that female M. spinipes would undergo downstream migration during the 

reproductive season to hatch larvae in or close to the estuary. I also expected that this 

migration would be detected as an observed decrease in the relative abundance of females 

in the upstream reaches and an increase in the downstream reaches (Raman, 1967; Bauer 

& Delahoussaye, 2008; Olivier & Bauer, 2011). However, a reduction in the relative 

abundance of reproductive females in upstream river reaches during the breeding season 

was not observed. Instead, the relative abundance of females increased at all sites during 

the reproductive season. It cannot be conclusively said, without mark–recapture studies, 

that the females were not migrating downstream to hatch larvae, but the results suggest 

that female M. spinipes are reproducing along the length of the river. This type of 

reproductive behaviour is more common in short, high-gradient rivers of up to 150 km in 

length, where larvae are likely to be transported downstream to the estuary in a matter of 

days (March et al., 1998; Bauer, 2011b; Bertini et al., 2014). However, in a river as long as 

the Daly River, the high relative abundance of reproductive females at the most upstream 

site sampled (405 km from the estuary) was unexpected. Furthermore, the Daly River is low 

gradient (~0.015%), and a flood wave can take five days to travel just 200 km through the 

middle reaches (Paiva, 2000). Thus, if larval survival times of M. spinipes are similar to those 

of other species, then it is unlikely that larvae released far upstream will reach the estuary 

within the critical period observed in other river systems (Rome et al., 2009; Lal et al., 

2012). Ovigerous females at the Daly River upstream sites might potentially move 

downstream rapidly to hatch their embryos near the estuary, but the presence at upstream 

sites of females for which hatching was imminent or had occurred very recently suggests 

this scenario of rapid downstream movement is unlikely and that larvae had hatched and 

were released to the water at these sites. Olivier and Bauer (2011) observed breeding M. 

ohione females up to 400 km upstream in the Mississippi River, and in contrast, observed a 

significant migration of females downstream to breed in the adjacent Atchafalaya River. 
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They also found yearly variation in the strength of the downstream migration, which may 

suggest that the mechanics of the migration vary temporally and spatially over time and 

could be specific to individual rivers. Thus, the lack of migration observed in the Daly River 

might possibly be related to yearly changes in environmental conditions. Another possibility 

is that M. spinipes larvae have a longer survival time in freshwater than do other shrimps, 

and thus, can survive the long drift time. Perhaps the larvae released at the upstream sites 

do not make it to the estuary and develop any further. A final possibility is that 

amphidromy for M. spinipes may be facultative rather than obligate. Further investigations 

to evaluate the amphidromous nature of M. spinipes are required and could include 

laboratory studies of freshwater tolerance by larvae (e.g. Rome et al., 2009). This work is 

the focus of Chapter 3. 

L50 was consistent throughout the length of the river system but decreased over the wet 

season. The decline in L50 over the reproductive season is consistent with findings by 

Bertini et al. (2014) who found that L50 of Macrobrachium acanthurus declined during 

periods of intense reproduction and increased when reproduction slowed. In our study, L50 

declined from a peak of 103.6 mm in November to 78.8 mm in January. This drop coincided 

with an initial increase in the number of reproductive females from November to December 

before abundance declined by >70% between January and February. Bertini et al. (2014) 

proposed that the reduction in L50 as reproduction peaked was an adaption by the shrimps 

to maximize reproductive potential during a limited breeding season. The larger L50 at the 

start of the breeding season may reflect the presence of large females in the river, probably 

those >1 y old, whereas the decline may reflect rapid maturation of smaller females during 

optimum reproductive conditions and the loss, possibility from mortality, of the large 

females from the river.  
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2.4.2 Spatial and temporal dynamics in abundance, length, and condition 

Two peaks in relative abundance were identified throughout the 13-monthsampling period. 

The first occurred during the wet season at a time of elevated discharge, turbidity, and 

temperature and was primarily associated with an increase in female relative abundance. 

An increase in the relative abundance of post-larvae also occurred early in the wet season 

(November–December). The body condition of females increased during the wet season 

and peaked in February. In contrast to results of other studies of Macrobrachium species 

(Rao, 1967; Arimoro & Meye, 2007), the peak in body condition did not coincide with the 

peak in reproductive activity and relative abundance. High body condition can be 

associated with rapid growth and ecdysis (Rao, 1967). An observed increase in the relative 

abundance of post-larvae in November and December was followed by a decrease in 

average length of females in December and January, and it is likely that the post-larvae 

grew rapidly into adults during this time. The peak in male body condition was associated 

with the onset of the wet season and reproductive activity. Similar changes in male body 

condition were observed for M. rosenbergii and Macrobrachium dux (Rao, 1967; Arimoro & 

Meye, 2007). In addition, the increase in body condition observed for M. spinipes may have 

been caused by the allometric growth of the large chelipeds in dominant males (Kuris et al., 

1987; Short, 2004). The largest males were caught during this period, and the large 

chelipeds developed by dominant males resulted in heavier prawns for a given length.  

The second peak in relative abundance of males, females, and post-larvae occurred in May 

and June, two months after the reproductive season concluded. The abundance of post-

larvae dropped rapidly with increasing distance from the estuary, and this observation 

combined with an increasing average length of males and females with increasing distance 

from the estuary suggests directional movement of recruitment. In support of this notion, I 

observed a mass migration similar to that reported by Bauer and Delahoussaye (2008) (M. 

ohione) and Lee and Fielder (1979) (Macrobrachium australiense) of M. spinipes juveniles in 
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April and May (P. Novak, personal observation). A strong seasonal pulse of recruitment, 

often associated with mass migration, has been observed for a number of other 

amphidromous Macrobrachium species (Raman, 1967; Etim & Sankare, 1998; Bauer & 

Delahoussaye, 2008; Kikkert et al., 2009). I propose two probable causes for the strong 

seasonality of recruitment. Firstly, strong seasonality of reproduction creates a cohort of 

post-larvae in the estuary ready to migrate. Secondly, recruitment occurs during periods of 

high flow, so the migration upstream is strongly tied to the declining limb of the hydrograph 

because lower flows at this period make the upstream journey easier (Bauer & 

Delahoussaye, 2008; Kikkert et al., 2009; Bauer, 2011b). Multiple peaks in upstream 

migration were observed for species that reproduce year round, but each peak followed a 

flow event (Benstead et al., 2000).  

The ecological consequences of these migrations are substantial and include both process 

and material subsidies (Flecker et al., 2010). Process subsidies have been documented 

through the subsequent ecosystem impacts following loss of these species caused by dam 

development (Benstead et al., 1999; Greathouse et al., 2006a; Greathouse et al., 2006c). 

Material subsidies by migratory shrimps have not been evaluated in any detail. Instead, 

investigators have proposed that the large mass migrations observed for species, such as 

M. ohione, may transport marine nutrients into fresh water (Bauer & Delahoussaye, 2008). 

Thus, juveniles of M. spinipes may be involved in substantial longitudinal movement of 

nutrients and energy between different parts of the Daly River catchment. An investigation 

to quantify the duration of the migration and the biomass moving upstream and to 

determine whether marine/estuarine nutrients are transported upstream during this 

migration would be invaluable in assessing the contribution of M. spinipes to ecosystem 

connectivity in northern Australia. 
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Following the peak in relative abundance associated with recruitment in May and June, 

relative abundance declined for the remainder of the year to reach its lowest point in 

October. The decline in relative abundance co-occurred with a decline in body condition. 

Moreover, the average length of the prawns did not vary greatly throughout the dry 

season, suggesting that growth was limited. The decline in relative abundance, body 

condition, and flat growth (no TL increase) in both males and females during the dry season 

is interesting. Loss to predation may increase during the dry season as water levels recede, 

the number of refugia decreases, and the density of prawns and their predators increase. 

Predation may account for a large part of the decline in relative abundance. The decline in 

body condition and limited growth may have been caused by a postulated decline in 

resource availability throughout this period (Junk et al., 1989; Warfe et al., 2011). However, 

productivity of benthic algae and submerged macrophytes in the Daly River increases 

during the dry season (Webster et al., 2005), and benthic algae contribute to the diet of 

other Macrobrachium species (March & Pringle, 2003). However, carbon sources 

assimilated for growth and reproduction of fish and large crustaceans in tropical Australian 

rivers appear to vary by flow regime and season. Biofilms and benthic algae are strongly 

coupled to consumers in river systems that exhibit seasonal drying with short floodplain 

inundation times (Jardine et al., 2012a). In rivers with stable base flows and longer 

floodplain inundation periods, carbon from external sources, such the inundated flood plain 

and estuary, is vital (Hunt et al., 2012; Jardine et al., 2012a). Furthermore, Jardine et al. 

(2012a) found that during the dry season Macrobrachium in the Daly River were not 

assimilating carbon from local biofilms and that carbon was coming from allocthonous 

sources. Thus, M. spinipes probably gain most of their biomass during the wet season or in 

the few months immediately after, and the dry season is a period of predator avoidance 

and survival. 
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2.5 Conclusion 

Very few investigators of Macrobrachium life history have studied changes in population 

dynamics along a long (>400 km) river gradient (e.g., Olivier and Bauer (2011)). Most have 

included estuary sites or sites ≤150 km of the river mouth because many of these studies 

were done in short rivers in small catchments (Raman, 1967; Rao, 1967; March & Pringle, 

2003; Bauer & Delahoussaye, 2008; Rome et al., 2009; Bertini et al., 2014). I have 

investigated the life history of an amphidromous prawn species, M. spinipes, along a 

continuous gradient in a large river and this investigation has provided unique insights into 

their ecology. It also highlighted possible vulnerabilities of the species to river regulation. 

The entire length of our study reach could be important for the reproduction of this 

species, and reproduction is seasonally restricted to the wet-season months. Our data 

support the hypothesis that this species is migratory by showing that recruitment is 

directional (abundance of post-larvae at the most downstream sites and the increase in size 

with increasing distance from the estuary), and that recruitment occurs at the end of the 

wet season concurrent with recruitment of other amphidromous Macrobrachium species. 

However, uncertainties remain regarding the nature of the amphidromy for M. spinipes, 

and more work is needed to fully understand the ecological role of this species. Further 

research to assess whether M. spinipes is facultatively or obligately amphidromous and the 

dynamics of the upstream migration, including whether marine carbon is transported 

upstream, is essential in understanding the contribution of this species to maintaining the 

ecological connectivity of tropical rivers.  
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3 A mechanistic investigation into the early life history of 

Macrobrachium spinipes. 

 
Experimental set up. Photo Credit: Michael Lawrence-Taylor 

 
Macrobrachium spinipes Stage 1 (left) and Stage 2 (right) larva. 

 
Ovigerous female. Photo Credit: Jaana Dielenberg 
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3.1 Introduction 

The pulsing of river discharge is the main driver of ecological processes in river-floodplain 

dynamics as described in the flood pulse concept (Junk et al., 1989). The flood pulse 

provides nutrients to the estuaries and floodplain wetlands that are vital areas for feeding 

and reproduction for a range of aquatic species (Winemiller & Jepsen, 1998; Staunton-

Smith et al., 2004; Jardine et al., 2012b). It also determines the degree of longitudinal and 

lateral connectivity for the movement of many diadromous species of fish and crustaceans 

(Ward, 1998; Winemiller & Jepsen, 1998; Pringle, 2001). These migratory fauna have 

adapted life history strategies to maximise their fitness and survivability in relation to these 

predicable flow events (see review papers by: Bunn & Arthington, 2002; Lytle & Poff, 2004; 

Welcomme & Halls, 2004). In addition, conspecifics or con-genera may have different life 

history characteristics adapted to different hydrologic regimes over a large geographic 

region including larger females and more rapid growth with latitudinal changes (Oliveira, 

1999) and different egg sizes, larval development, and migratory behavioural strategies in 

fish (Closs et al., 2013) and crustaceans (Short, 2004).  

The influence of hydrologic regime on life history strategies is particularly evident in the 

amphidromous caridean shrimps. Amphidromous caridean shrimps are abundant and 

dominant macro-invertebrate taxa in many tropical and subtropical streams (e.g. Bauer, 

2013). Amphidromy is a type of diadromy characterised by freshwater adults hatching 

larvae within the freshwater habitat, which then drift to the sea/estuary where they 

develop into juveniles and then migrate back upstream (McDowall, 2007). It is a particular 

life history strategy that is strongly dependant on high current velocity conditions during 

the flood pulse as the early stage larvae will die within a certain time limit if they do not 

reach saltwater (Choudhury, 1971b; Rome et al., 2009; Bauer, 2013). Generally, the 

requirement of larvae to reach salt water quickly means these taxa reproduce during wet 

season periods when flow conditions transport larvae downstream to the sea/estuary 
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(Rome et al., 2009; Bauer, 2013; Bertini et al., 2014). They inhabit a wide range of river 

types from short island streams to large continental river systems and as a result they 

exhibit a number of different life history strategies to maximise reproductive success 

(Bauer, 2013). 

The range of life history strategies of amphidromous shrimps can be summarised into three 

general categories. The first well documented life history strategy (hereafter referred to as 

Type 1) is found in short (<150 km), high-gradient streams where the females breed 

throughout the river and the larvae then drift the short distance to the sea to complete 

larval development (Choudhury, 1971a; Atkinson, 1977; Bertini et al., 2014). Where larval 

survival time in freshwater for these species has been identified, it is usually short, up to 

four to eight days (Choudhury, 1971b; Lal et al., 2012). The second main strategy (hereafter 

referred to as Type 2) is commonly found in larger rivers where reproductive females of a 

number of species will migrate downstream to the estuary or coastal environments to 

breed and hatch larvae (Raman, 1967; Read, 1985; Rome et al., 2009). Larvae from these 

species have a larger range in drift time, between four to ten days (Choudhury, 1971a; 

Atkinson, 1977; Read, 1986; Ismael & Moreira, 1997; Bauer & Delahoussaye, 2008), with an 

optimum drift time, where the larvae have a much greater chance of survival, of less than 

five days (Choudhury, 1971a; Rome et al., 2009). A third life history strategy (Type 3) has 

been identified in downstream populations of Macrobrachium amazonicum where the 

larvae, which must reach salt water to survive, can survive very long drift times 

(approximately 11 days) and there is evidence to suggest they can moult to successive 

stages in fresh water (McNamara, Moreira & Moreira, 1983; Anger & Hayd, 2009). 

Macrobrachium amazonicum occurs throughout Brazil and the North East coast of South 

America and up until recently was thought to show a large range in life history strategies 

(McNamara et al., 1983; Magalhães & Walker, 1988; Odinetz-Collart & Rabelo, 1996; Anger 

& Hayd, 2009; Anger & Hayd, 2010; Charmantier & Anger, 2011; Vergamini, Pileggi & 
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Mantelatto, 2011). It was previously thought that M. amazonicum populations far upstream 

in areas such as the Pantanal reproduce fully in fresh water, while populations inhabiting 

coastal rivers still require the estuary for development. Recent work, however has 

suggested vicariant speciation may be occurring and the upstream populations may in fact 

be a separate species (Urzúa & Anger, 2011; Hayd & Anger, 2013).   

Amphidromous shrimps, with the essential requirement of salt water for larval 

development, are particularly vulnerable to changes in hydrologic connectivity that restricts 

or stops natural flows (Benstead et al., 1999; Greathouse, Pringle & Holmquist, 2006b; 

Greathouse et al., 2006c; Bauer, 2013). It has been documented that minor low head dams 

can have a disproportionate impact on the movement of larvae downstream and 

consequently reduce recruitment to these populations (Benstead et al., 1999). The loss of 

migratory caridean shrimp species upstream of dams has caused considerable ecosystem 

wide impacts, such as altered macro-invertebrate communities, accumulation of fine 

benthic organic matter and changes to algal biomass (Greathouse et al., 2006c) due to the 

important top down effects of these species (e.g. Pringle, 1996; Crowl et al., 2001; Ramirez 

& Hernandez-Cruz, 2004). It is therefore essential to understand the life histories of 

amphidromous shrimps to fully understand the ecology of tropical streams and to manage 

any proposed development that may reduce river discharge or current velocity.  

Many river systems globally have been heavily modified through a combination of 

catchment clearing, flow alterations or water extraction (Vörösmarty et al., 2010). 

Consequently, many aquatic species have suffered large reductions in abundance or 

extirpation from previous historical ranges (e.g. Gresh et al., 2000; Rome et al., 2009; 

Olivier et al., 2012; Olivier et al., 2013). Northern Australia, however, is a globally important 

region where the majority of the large rivers and catchments are unmodified (Douglas et 

al., 2005; Vörösmarty et al., 2010; Douglas et al., 2011). Thus the opportunity exists to 
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understand the natural ecology, distributions and life histories of aquatic species in this 

region. A recent investigation of Macrobrachium spinipes in one of the region’s large rivers 

highlighted an unusual life history trait (Chapter 2 of thesis  - Novak et al., 2015) whereby 

the relative abundance of female M. spinipes in reproductive condition increased at all sites 

throughout a 405 km study reach on commencement of the wet season. This finding 

contrasts with a commonly observed decrease or absence of females at the most upstream 

sites in larger rivers indicative of the Type 2 life history strategy.  These observations 

provided evidence for a third life history strategy (Type 3) for amphidromous shrimps.  

This study seeks to determine the early life history strategies of M. spinipes in a large 

tropical river. In particular I have used observational and experimental approaches to: (i) 

determine whether the reproductive females observed farthest upstream were releasing 

larvae to the river; (ii), determine whether the larvae require saline water for development 

(i.e. are they obligate amphidromous?); (iii) determine the optimum period a larvae can 

survive in freshwater during its downstream drift to the estuary and; (iv) using the 

information provided in sections (i)-(iii), determine the relationship between successful 

larval drift time and wet season flow conditions. In doing so, this study describes a unique 

amphidromous life history strategy which enables larvae to drift long distances to the 

estuary and survive. 

3.2 Methods 

3.2.1 The study system  

The Daly River catchment is in the wet-dry tropics of the Northern Territory, Australia (lat 

13–16°S, long 129–130°30ʹE) and covers an area of ~53,000 km2 (Figure 3.1). The catchment 

area is largely unmodified with only 5.6% of the native vegetation in the catchment cleared 

for agricultural, rural and urban development (Schult & Townsend, 2012). The major 

vegetation cover in the catchment is native, open Eucalyptus woodland which covers 
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approximately 90% of the land area (Townsend & Padovan, 2005). The Daly River is free 

flowing with no large dams or weirs and is 355 km long. There is some water abstraction 

within the catchment for agriculture, mining and municipal use, however currently it is less 

than 5% of annual natural discharge (Chan et al., 2012). The Daly River rises 50 m in 

elevation before it splits into the Flora and Katherine Rivers (Townsend & Padovan, 2005). 

The Katherine River is the largest tributary in the catchment, it is approximately 328 km 

long and rises a farther 371 m in elevation (Faulks, 1998). The research described herein 

was undertaken throughout a 405 km study reach of the Daly and Katherine Rivers.  

Because of substantial groundwater inputs, the Daly River and its largest tributary, the 

Katherine River, are both perennial rivers and thus differ from most other northern 

Australian rivers (Kennard et al., 2010).  

The wet-dry tropical climate is dominated by a long dry season (April–October) with 

minimal rainfall and high evapotranspiration, followed by a hot, humid wet season 

(November–March) during which 90% of the region’s rain falls. Dry-season flows are 

derived primarily from groundwater and average 20 m3/s at the most downstream gauging 

station. During these base flow conditions, the river is considered oligotrophic and is 

characterized by low turbidity and high conductivity (~500 µS/cm) (Townsend & Padovan, 

2005). Wet-season flows are highly variable but can be >4000 m3/s during monsoonal 

events. During this time, the river is considered mesotrophic and is characterized by high 

turbidity, warmer temperatures, low conductivity (~100–200 µS/cm), and high stream 

velocities (Townsend & Padovan, 2005). The upstream limit of tidal influence during the dry 

season occurs 105 km upstream of the river mouth. This influence is restricted to tidal 

changes in depth, and the saltwater wedge does not encroach >30 km upstream during the 

dry season.  
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3.2.2 Larval distribution survey 

Larvae were collected from three sites in the Daly River during the wet season of 2012-13 

to determine whether larvae were released by reproductive females observed throughout 

the 405 km study reach during the wet season. Sampling for larvae was conducted every 6 

weeks (early, mid and late wet season). Three sites were selected at increasing distance, by 

river, from the river mouth; R92 (92 km from the river mouth); R298 (298 km); and R405 

(405 km) (Figure 3.1). Additional samples were collected on an ad hoc basis during the 

collection of ovigerous females for a pilot experiment. Larvae were sampled from a boat 

using a square faced, 0.5 m wide, 2 m long tow net with 0.5 µm mesh. To determine if there 

was a difference in relative larval abundance between fast flowing mid channel and 

slow/still bank areas, three tows of three minutes each were completed during the middle 

of the day at each habitat (bank tows were parallel to the bank) completed within 10 m of 

the bank). To calculate the approximate volume of water filtered with the tow net, average 

water velocity during the duration of the tow was recorded using a FP100 flow probe 

(Global Water, College Station, USA) placed 20 cm below the surface, 1 m to the side of the 

boat. The contents from each tow were emptied into a sieve to remove excess water 

before being transferred into a sample jar and preserved in 70% ethanol. In the laboratory 

the samples were sorted under a dissecting microscope and the larvae were counted and 

their development stage recorded. There was minimal risk of taxonomic confusion as there 

are only two other Macrobrachium species (M. bullatum and M. handschinnii) commonly 

found in the Daly River upstream of R92 and both of these are freshwater species with 

abbreviated larval development and thus well developed, easily discernible larvae (Short, 

2004). 

Larvae relative abundance was calculated as the number of larvae per cubic metre for each 

replicate bank and mid channel tow. Bank tows were not collected at R405 due to its 

narrower channel and faster flow which resulted in little difference in stream velocity 
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between mid-channel and bank areas. Where stream velocity was different at the bank it 

was in small back eddies amongst fallen trees which could not be sampled safely with the 

tow net. A three-way ANOVA was used to compare larval abundance between sites (R298 

and R92), time and habitat (mid channel and bank). R405 was excluded from the three-way 

ANOVA because no bank tows were completed. To use the R405 data in the analysis a two 

way ANOVA comparing larval abundance between sites and sample months (early, mid and 

late wet season as levels) was completed separately for both mid channel (R405, R298 and 

R92) and bank (R298 and R92). ANOVA assumptions were met after log transforming the 

data. 

 

Figure 3.1. Daly River catchment showing larval sampling sites and stream gauging stations. 
Major townships and national park boundaries are included. 
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3.2.3 Experiment 1: Salt water requirements for larval M. spinipes  

To determine the salt water requirements for Macrobrachium spinipes larvae, I tested the 

survival and development of larvae incubated in fresh water and salt water (12 ppt) 

(Experiment 1). I hypothesized that there would be no difference in moult stage and 

survival between salt and freshwater treatments after 11 days. The cut off period of 11 

days was chosen because differences in larval survival between freshwater and salt water in 

other amphidromous Macrobrachium species has become evident rapidly, often with 

complete mortality of larvae in fresh water within 11 days (e.g. Choudhury et al 1971a and 

b; Bauer and Delhoussaye 2008; Lal et al 2012). The salinity of 12 ppt was chosen as it has 

been shown to successfully rear M. spinipes larvae (Lober & Zeng, 2009) and is widely 

acknowledged as the ideal salinity for larval rearing in the aquaculture of the closely related 

M. rosenbergii (Daniels, Cavalli & Smullen, 2000). If the species is obligate amphidromous 

then it is predicted that a larva will not be able to develop to moult Stage 2 or survive in 

fresh water.  

Female and male shrimps were sourced from the Daly River at sites GS1 (115 km from the 

river mouth) and R405 using baited folding traps set overnight. Traps were 62 cm long, 44 

cm wide, and 18 cm high, with a 0.3 mm mesh size and 8 cm diameter entry holes and 

baited with chicken laying pellets (Novak et al., 2015).  Shrimps were brought back to the 

university aquaculture facility where they were held in 4,000 L plastic brood stock tanks 

(aerated and recirculated through a biological filter) at a ratio of 1 male to 4 females. Tanks 

were located in a covered and shaded outdoor facility. As the females became ovigerous 

each was placed in a separate 48 L freshwater glass hatchery tank. The larvae from each 

female (n = 9) was one experimental replicate. The water in each hatchery tank was 

maintained at 29°C, aerated and recirculated over a biological filter. When the embryos  

turned brown/grey, indicating larvae would hatch out in the next 24 hours (Ling and 

Merican (1961), personal observations of captive specimens), recirculation was turned off.  
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Hatching occurred overnight and the next day the phototaxic larvae were collected by 

concentrating them using a lamp in the corner of the tank. For each of the experimental 

replicates the larvae were gently siphoned out of the hatchery tank and placed into a 1,000 

ml beaker. From there, 25 larvae were gently pipetted out into each of four 250 mL 

treatment dishes. Two treatments were used; freshwater (< 0.5 ppt) and salt water at 12 

ppt and each treatment was run in duplicate. Fresh water (pH – 8.15-8.55; conductivity = 

273-505 µS/cm) was sourced from stock water maintained at the University aquaculture 

facility and the brackish water was made by adding 30 ppt salt water (made from 

commercial sea water powder (Aquasonic, Wauchope, New South Wales) and deionised 

water) to the freshwater stock. The dishes were gently aerated at a rate of approximately 

one bubble per second and maintained at 28.5°C (±0.5°C) in a constant temperature room 

with a light:dark period of 12hr:12hr. The condition of the larvae was monitored every 

second day with survival and moult stage recorded. Each day, beginning day three, the 

larvae were fed freshly hatched Artemia nauplii and dead Artemia, larvae and exuviae were 

syringed out with approximately 50 ml of the water. The water level of the treatment 

beakers was then topped up with the appropriate amount of salt or fresh water.  

Data were analysed to determine (i) the time at 50% mortality and (ii) 50% moult to Stage 2 

using the logistic function: 

  𝑝𝑝 = 1/(1 + exp�−𝑟𝑟(𝑇𝑇 − 𝑇𝑇𝑇𝑇)�). 

Where p is the proportion surviving/moulted to stage 2, r is the slope, L is time in days and 

Lm is the time in days that corresponds to a proportion of 0.5 in reproductive condition 

(King, 1995). The function was fitted using the Solver GRG nonlinear algorithm in Microsoft 

EXCEL (Brown, 2001; Kemmer & Keller, 2010). Confidence intervals for the time at 50% 

mortality/moult to Stage 2 were calculated using the methods described in Kemmer and 

Keller (2010).   
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3.2.4 Experiment 2: Fresh water tolerance and optimum drift time of M. 

spinipes larvae 

I have previously hypothesized that M. spinipes larvae are hatched throughout the Daly 

River system, often far from the estuary, and so a second experiment (Experiment 2) was 

conducted to determine how long a larva could survive in the freshwater and still 

successfully develop once it reached the brackish water of the estuary. The salinity at the 

estuary can be highly variable during the wet season, and so I wanted to determine what 

salinity the larva need to reach to ensure successful development. This experiment aimed 

to determine the survival and moult stage of larvae after four days in saltwater at 3 levels 

of salinity following exposure to different durations in fresh water. This experiment sought 

to build upon the findings of Experiment 1 and was based on the factorial experiment 

completed by Rome et al. (2009). 

Experiment 2 was designed as a three way factorial experiment with, time in freshwater (1, 

3, 5, 7 and 9 days), salinity (2, 6 and 12 ppt), and female (duplicate 1 and 2) as factors. This 

‘female’ factor was included to allow for the variation in larvae produced from each female 

and was done by duplicating each replicate treatment. Larvae were sourced using the same 

method described for Experiment 1. In each experimental replicate (n = 9), 25 larvae from 

one female were placed into each of the 30, 250 ml treatment dishes. The larvae in each 

treatment dish were maintained in freshwater for one of five time periods before they 

were exposed to and maintained in one of the three different salinity treatments. The 

changes in salinity were achieved by removing half of the freshwater with a syringe before 

adding enough salt water (30 ppt commercial sea water mix) to reach the required salinity, 

the beakers were topped up to 250 ml with freshwater. Monitoring of the larvae, feeding 

and water levels in each treatment dish was carried out as per the first experiment.  

54 
 



Survival after four days exposure to brackish water was compared using a three way 

ANOVA, testing for differences and interactions between female, salinity and time spent in 

freshwater treatments. To comply with the assumptions of ANOVA, data were arcsine 

transformed.  Bonferonni post-hoc comparisons were used to determine pairwise 

differences in salinity and time spent in freshwater treatments.  Moult to Stage 2 success 

was not analysed due to the high moult rate whilst still in fresh water. 

3.2.5 Larval transport modelling 

The two experiments determined that the optimum survival in freshwater for a M. spinipes 

larva was seven days. The stream flow conditions in which larvae could drift to the estuary 

within seven days were calculated for five sites ranging from 100 km to 405 km from the 

river mouth within the Daly River catchment (GS1-5, Figure 3.1).  To do this, average stream 

velocity measurements for the five stream gauging stations within the Daly River catchment 

were obtained from the Northern Territory Department of Land and Resource Management 

(DLRM).  Four of these sites were on the main channel (GS1-4) and one was in the 

Katherine River (GS5), the major tributary of the Daly River (Figure 3.1). The hydrograph of 

mean daily stage height for the wet season, 1st November 2012 – 31st April 2013, was 

obtained for each of the gauging stations.  Only wet season data were used as previous 

work found reproduction only occurred during the wet season months (Novak et al., 2015).  

Firstly, mean stream velocity for each day during the wet season at each site needed to be 

determined. To do this, stream velocity was separated into five categories; <0.3, 0.31-0.5, 

0.51-0.7, 0.71-1.0 and >1 m/s, and each day was assigned a velocity category based on the 

mean daily stage height recorded and the rating curve obtained from DLRM.  Each day at 

each site throughout the wet season was assigned a velocity category.  
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To determine the drift time estimates for the river, the drift time from the most 

downstream site was calculated first, based on the velocity category and distance to the 

river mouth, in the following formula: 

Drift time = D/(velocity x time)/1000) 

With: D = distance to mouth or next most downstream site in kilometres; velocity = water 

velocity in metres per second; time = the seconds in one day (86,400); 1000 = conversion of 

metres to kilometres.   

The days that a larva could theoretically drift to the river mouth in less than seven days 

were classed as ‘likely’ to make it downstream and greater than seven days drift time were 

classed as ‘unlikely’. The calculations started with the most downstream gauging station 

and all days identified, and those classed as “unlikely” were excluded from further analysis. 

At the next (upstream) site the time taken to drift to the previous downstream site was 

calculated for each of the velocity categories. These times were then added to the velocity 

categories for the previous site that were classed as “likely” to drift to saltwater or river 

mouth. The summed times that exceeded seven days were again classed as “unlikely” and 

were removed from the analysis. This method was applied at all subsequent upstream sites 

until at every site the number of days a larva was “likely” or “unlikely” to drift to salt water 

had been calculated.  This approach had assumed that the velocity and stage height 

conditions at the gauging station are consistent for the reach until either the next 

downstream gauging station or the river mouth was reached.  It also did not allow for the 

effects of tide between the most downstream site and the river mouth. It does however, 

give an indication of flow conditions likely to facilitate the drift of a larva downstream.  
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3.3 Results 

3.3.1 Larval distribution 

Larvae were present at all sites and at all sampling times except at R298 in the early wet 

season (Figure 3.2). All larvae collected during the three sampling times presented here 

were identified at moult Stage 1, however on one occasion during ad hoc sampling in 

February, Stage 2 larvae were captured at R92. Relative abundance of larvae at the R298 

and R92 sites varied significantly between sites and habitat (F1,24 = 6.65, P = 0.016) with 

much higher relative abundance observed mid channel at the R92 site (Figure 3.2). There 

was also significant variation between site and time sampled with late wet season having 

the highest larval relative abundance (F2,24 = 28.85, p < 0.001) (Figure 3.2).  

The analysis of the variation in relative larval abundance between site and time, sampled at 

mid channel and bank habitats separately because of the lack of R405 bank data, revealed 

that relative larval abundance mid channel showed significant variation between sampling 

time and site (F4,18 = 14.48, p < 0.001). This is clearly evident from the two large peaks in 

relative abundance observed, firstly at R405 mid wet season and secondly at the R92 site 

late wet season (Figure 3.2a).  Relative larval abundance in the bank habitat showed a very 

similar trend, varying significantly between site and time (F2,12 = 7.31, p = 0.008) with 

abundance peaking at R405 mid wet and R92 late wet season (Figure 3.2). 
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Figure 3.2. Mean larvae abundance (n = 3) represented as larvae per m3 for; a) larvae 
captured mid-channel, and b) larvae captured near the bank. Due to the width of the river 
at R405 no bank tows were undertaken. 

3.3.2 Experiment 1: Salt water requirements for larval M. spinipes  

All larvae in every replicate moulted to Stage 2 in the 12 ppt saltwater treatment within 3 

days (Figure 3.3).  In the freshwater treatment larvae began to moult to Stage 2 by Day 3 

and by Day 7 all surviving larvae moulted to Stage 2. The time at 50% moult to Stage 2 in 

fresh water was estimated at 3.3 days (Lower CI = 3.2 and upper CI = 3.3). Larvae that 

moulted to Stage 3 were also observed in some replicates of the freshwater treatments.  

Larval survival in the saltwater and freshwater treatments was similar at Day 5, with a 

difference of only 7% (99% and 92% respectively) (Figure 3.4). Survival in fresh water 

however, declined rapidly after Day 5. By Day 7 survival had dropped to 58% and fell to 26% 

by Day 9. All larvae had died in fresh water by Day 11 while 55% survived in salt water.  The 

time at 50% mortality in fresh water was estimated to be 7.6 days (Lower CI = 7.2, upper CI 

= 8.0). 
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Figure 3.3. The mean (±SE) proportion (n = 9) of larvae that moulted to Stage 2 in both fresh 
(0 ppt) and salt water (12 ppt) treatments. 

Figure 3.4. The mean (±SE) proportion (n = 9) of larvae that survived in both freshwater (0 
ppt) and salt water (12 ppt) treatments. 
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3.3.3 Experiment 2: Fresh water tolerance and optimum drift time of M. 

spinipes larvae 

Across the time treatments, larval survival was significantly higher in the higher salinity 

treatments (F2, 240 = 7.183, p = 0.001) (Figure 3.5). Pairwise comparisons found survival in 

the highest saltwater treatment (12 ppt) was significantly higher than the lowest (2 ppt) (p 

< 0.001) and consistently higher (but not significant p = 0.220) than the 6 ppt treatment 

across the time treatments. 

Time in fresh water had a significant effect on larval survival (F4, 240 = 226.27, p < 0.001), 

with survival after 1 and 3 days in fresh water significantly higher than all other days (p < 

0.001) (Figure 3.5). Larval survival declined consistently as the time in fresh water 

increased, survival after 9 days in fresh water was the lowest observed (Figure 3.5).   

The change in survival between the time the larvae were exposed to salt water and 4 days 

later varied significantly between time and saltwater treatments (F4, 239 = 266.62, p < 0.001 

and F2, 239 = 19.78, p <0.001 respectively) (Figure 3.6). Pairwise comparisons of the survival 

in each saltwater treatment found that survival was varied significantly across all saltwater 

treatments with survival better in the 12 ppt treatment and lowest in the 2 ppt treatment 

(p < 0.007). Pairwise comparisons of survival in each time treatment revealed that there 

was no difference between survival after 1 or 3 days in freshwater (p = 0.0734) (Figure 3.6), 

but both survival after 1 and 3 days in freshwater was greater than the remaining time 

treatments (p < 0.001).    
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Figure 3.5. The mean (±SE) proportion (n = 9) of larvae surviving after 1, 3, 5, 7 and 9 days in 
fresh water before transfer to 2, 6 and 12 ppt salt water. Larval survival after; (a), 1 day in 
fresh water, (b), 3 days in fresh water, and (c), 5 days in fresh water, (d), 7 days in fresh 
water and (e), 9 days in fresh water. 
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Figure 3.6. The mean survival rate (n = 9) of larvae after 4 days of exposure to brackish 
water following respective treatment times in freshwater. The proportion survived is 
calculated from the number of larvae alive after 4 days in salt water divided by the initial 
number of larvae transferred to the saltwater (after time in freshwater). 

3.3.4 Larval transport modelling 

During the wet season of 2012-2013, current velocity was fast enough to ensure larvae 

could drift downstream within seven days from all sites (Table 3.1). At the most 

downstream site (GS1) the distance was short enough to ensure larvae could drift as far as 

the estuary every day of the wet season (Table 3.1).  In contrast, at GS5, flow conditions 

were predicted to be sufficiently high throughout the river to transport larvae downstream 

to the estuary within the seven day time limit on only 24 days during the wet season (Table 

3.1). 
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Table 3.1. Estimated time periods during the wet season in which a larva was unlikely or 
likely to make it to the mouth. Likely = drift time of ≤ 7 days and unlikely = drift time of > 7 
days. 

Site Km from 
mouth 

Unlikely 
(Days) 

Likely 
(Days) 

% days larva 
‘likely’ 

GS1 113 0 181 100 

GS2 178 70 131 72 

GS3 256 107 74 41 

GS4 298 107 74 41 

GS5 405 157 24 13 

At GS5, stage height needs to be above approximately 3.5 m for a period of approximately 

one week before the conditions throughout the river are suitable to transport the larvae to 

the estuary (Figure 3.7). At GS2 (178 km from the river mouth) much smaller discharge 

events provide suitable velocities to enable successful larval transport.  The monsoonal 

events that occurred in late February/early March and in early April provided flow 

conditions throughout the river that facilitated the majority (100% at GS5) of suitable drift 

days from both sites. The wet season of 2012-13 was below average, ranked 29th out of 47 

(GS1) gauged years and so these predictions provide a lower estimate of the number of 

days a larvae will be able to drift to salt water from the distant upstream sites. 
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Figure 3.7. Estimated stage height periods during the wet season (1st November 2012 to 
the 31st April 2013) in which larvae hatched at a) GS2 (178 km from the river mouth) and b) 
GS5 (405 km from the river mouth) will reach the estuary within seven days. The stage 
height is represented by the solid line and the time periods that larvae were predicted to 
make the drift downstream is the shaded area. 

 

3.4 Discussion 

This study has confirmed that the ovigerous M. spinipes females observed reproducing 

throughout the Daly River in earlier work (Chapter 2 of thesis - Novak et al., 2015) were 

releasing larvae at sites well upstream (300 and 400 km from the river mouth). While the 

relative abundance (larvae/m3) estimates of larvae at the most upstream (R405) and most 

downstream (R92) sites were similar, the total number of larvae carried by the river at R92 

would be much higher as the discharge was considerably greater at this site. The river at 

R92 however, would receive the cumulative larvae from all reproductive effort in the 

upstream reaches and hence a greater abundance of larvae would be expected. The ad hoc 

collection of Stage 2 larvae in tow samples at the most downstream site is a novel find. It 
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takes 3-5 days to moult to Stage 2 in fresh water so these larvae represent older individuals 

that had probably drifted from many kilometres upstream. This study documents the first 

time that Stage 2 larvae of an amphidromous shrimp have been identified in freshwater 

well upstream (~90 km) of the river mouth (see reviews by: Bauer, 2011b; Bauer, 2013). 

The ability of M. spinipes larvae to moult to Stage 2 in freshwater was further confirmed in 

our experiments.  

The complete mortality of M. spinipes larvae in freshwater after 11 days and the high 

survival rate in salt water over the same time period confirms that they must reach salt 

water to develop and hence are obligate amphidromous. The maximum survival time for M. 

spinipes is higher than that observed for most other amphidromous species. The only 

exception I have found in the literature is M. amazonicum, where larvae of amphidromous 

populations from the rivers in the Brazilian State of Amapa had a survival time of 11 days 

(McNamara et al., 1983). Unfortunately river length and where in the river were brood 

stock were collected was not noted in this study.  It is of particular interest that while saline 

water was required for the survival of both the M. spinipes larvae in our study and M. 

amazonicum, it was not required for the moult to Stage 2 (Table 3.2) (McNamara et al., 

1983). It is possible that the ability to moult to Stage 2 in freshwater may provide a 

significant advantage to the larvae and enables them to survive a long drift downstream 

and once in the estuary they can feed on the abundant resources immediately. In a recent 

review of amphidromy in fishes, Closs et al. (2013) (and references therein) suggested that 

one of the major limiting factors in the upstream distribution of amphidromous fish is the 

ability of the larvae to survive a long journey downstream. This was due to the observation 

that larvae will starve to death on long journeys downstream; a trait also observed in 

Macrobrachium (e.g. Rome et al., 2009). Amphidromous fishes inhabiting long rivers have 

evolved to develop larger eggs and hatch under-developed larvae with a large yolk sack 

which nourishes the larvae until it reaches the salt water (McDowall, 2009; Kondo et al., 
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2013). Similar observations have been made for Macrobrachium where larger yolk reserves 

have been observed in the early stage larvae of amphidromous populations of M. 

amazonicum. In the populations of M. amazonicum that can develop fully in freshwater, 

however, these yolk reserves are much reduced in the populations able to develop fully in 

fresh water (Anger & Hayd, 2009; Anger & Hayd, 2010; Urzúa & Anger, 2011).  

The maximum time a larva can survive in fresh water may not reflect an optimum drift time 

where the time spent drifting in fresh water does not cause a significant effect on larval 

development. Macrobrachium ohione larvae could survive a maximum time of 10 days in 

fresh water and the median survival time was four to five days (Bauer & Delahoussaye, 

2008; Olivier et al., 2012). Despite the long survival time of M. ohione larvae, there was a 

significant decline in the development of larvae that had spent five days in fresh water 

regardless of the salinity they were transferred to. Rome et al. (2009) thus proposed that 

the optimum drift time for this species was more accurately between one and three days.  

Our results for M. spinipes suggest that although fewer larvae would survive after 5 to 7 

days in fresh water compared to 1 to 3 days, the time in freshwater did not greatly reduce 

survival once they arrived in salt water. Survival after 9 days in fresh water, however, was 

very low and continued to decline rapidly after exposure to salt water (regardless of 

salinity). In addition, larval survival in the lowest salinity (2 ppt) throughout the experiment 

was significantly less than survival in 12 ppt water. These results suggests that a critical 

time in the survival of M. spinipes larvae occurs between 7 and 9 days in fresh water, and 

that for optimum survival, M. spinipes must reach salt water of 12 ppt within 7 days. 

The maximum and optimum survival times proposed for M. spinipes in this study were 

higher than the majority reported for similar species (Table 3.2). In short high gradient 

rivers where much work has been completed on a range of species, maximum survival 

times are generally short (March et al., 1998; Iwata et al., 2003; Mantel & Dudgeon, 2004a; 
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Kikkert et al., 2009; Bertini et al., 2014). These short drift times are probably the 

evolutionary response to the short distance between hatching sites and the sea . (e.g. 

McNamara et al., 1983; Bauer, 2013). The longest reported survival times for obligate 

amphidromous species were those species inhabiting large lowland river systems, 

particularly M. amazonicum and M. ohione (Table 3.2). While the maximum survival times 

are similar between these two species the mechanism for surviving the long drift are quite 

different. Macrobrachium ohione larvae cannot moult to Stage 2 in fresh water and hence 

will starve unless they reach the estuary (Bauer & Delahoussaye, 2008; Rome et al., 2009). 

Macrobrachium amazonicum can moult to Stage 2 in freshwater, have a large yolk store 

that remains in subsequent moults until used up and are facultatively lecithotrophic at 

Stage 2, which means they can feed on the downstream drift while supplementing their 

nutrition with the yolk store (McNamara et al., 1983; Anger & Hayd, 2009; Anger & Hayd, 

2010; Urzúa & Anger, 2011). The strategy evolved in M. spinipes appears similar to that of 

M. amazonicum, although unfortunately data on yolk stores were not collected in the 

current study. However, Stage 2 and 3 larvae feeding on Artemia nauplii were observed in 

in fresh water. The similarity of life history traits of the amphidromous M. amazonicum and 

M. spinipes that have likely evolved to survive long drift times and difference between 

these two species and M. ohione is an example of different evolutionary responses to 

address a similar challenge (Murphy & Austin, 2005; Wowor et al., 2009). Clearly further 

work on amphidromous shrimps in large low rivers will reveal further insights into this 

diverse life history strategy.  
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Table 3.2. Some published amphidromous Macrobrachium species larval drift times in 
differing river lengths. 

Species Optimum 
survival 
time 

Maximum 
survival 
time 

Moult in 
freshwater 

River 
length 

River 
name, 
location 

Reference 

M. lar Not 
specified 

3-4 days1,3 No Not 
specified. 
Though a 
common 
species in 
short, high 
gradient 
rivers 2

1Kahana 
and 
Waikele 
streams, 
Oahu 

1Atkinson, 
1977 

2Short, 2004, 

3Lal et al., 
2012 

M. 
rosenbergii 

Not 
specified 

4-5 days No Estuarine 
and tidal up 
to ~200 km 
upstream 

N/A Ling, 1969 

M. carcinus <4 days 5 days No 53 km Choudhury, 
1971 

M. petersi Not 
specified 

<8 days, but 
temperature 
dependent  

No 160 km Keiskamma 
R. South 
Africa 

Read 1986 

M. 
acanthurus 

<6 days1, 

3
8 days, 

temperature 
dependent3 

No <50 km1

150 km2

Cabarita R, 
Jamiaca1

Ribeira de 
Iguape R, 
Brazil2

Guaecá R, 
Brazil3

1Choudhury, 
1971b 

2Bertini et al, 
2013 

3Ismael and 
Moreira 1997 

M. ohione <5 days1  10 days2 No 200 km1 

400 km3

Atchafalaya 
R, USA1, 2

Lower 
Mississippi 
R, USA3

1Rome et al., 
2009 

2Bauer and 
Delhoussaye 
2008 

3Oliver and 
Bauer, 2011 

M. 
amazonicum 

11 days Yes Large rivers  Amazon 
and  
Orinoco 
river  
basins, 
Brazil  

McNamara et 
al., (1983) 

M. spinipes   ≤7 days   11 days Yes 405 km Daly R, 
Australia 

This study 
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A fundamental question in understanding the life histories of amphidromous shrimps (and 

fish) in large river systems has been whether populations observed far upstream can 

contribute to future generations (McDowall, 2009; Rome et al., 2009; Olivier et al., 2012; 

Bauer, 2013). This study found evidence that M. spinipes larvae are produced throughout a 

river reach over 400 km long and that the optimum time larvae have to reach salt water is 7 

days or less. The flow modelling suggested that M. spinipes larvae could theoretically drift 

downstream within seven days from all locations up to GS5, 405 km from the sea during 

flood events. It also suggested the magnitude and duration of wet season flows would 

directly affect the number of days during which such connectivity between upstream 

reproducing populations and the sea would occur. Larger flows and longer durations of high 

flow periods would increase the number of days per year larvae would be able to 

successfully drift to the sea from the upstream sites.  As a result it is likely that with more 

larvae reaching the sea during high wet season flows, recruitment the following year will be 

higher. Larger wet seasons would also create larger fresh/brackish water plumes in the near 

shore environment which would influence larval behaviour (Gamba & Rodríguez, 1987) and 

perhaps facilitate inter-basin connectivity (McDowall, 2010; Castelin et al., 2013; Page et 

al., 2013). Conversely, because such a large length of the river produces larvae, this species 

would be particularly vulnerable to any development (or drought - Covich, Crowl and 

Heartsill-Scalley (2006)) that may reduce discharge and slow or inhibit the downstream drift 

of larvae (or presumably the upstream migration of juveniles (Novak et al., 2015). Such flow 

alteration could cause a decline in the population or extirpation of M. spinipes from 

upstream reaches of the river as has been observed for migratory carideans elsewhere 

(Benstead et al., 1999; Greathouse et al., 2006c; Olivier et al., 2013). 

This study has focused on the early life history of M. spinipes within a 400 km reach of the 

Daly and Katherine River and has found that larvae could theoretically make the drift 

downstream from all sites surveyed. It is of interest to note that M. spinipes have been 
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observed farther upstream in both the Daly River catchment and other rivers throughout 

the region. This study identifies a limit as to how long a larvae can survive in freshwater and 

thus this will equate to a river length whereby above which reproduction is not viable.  If 

individuals are inhabiting these river reaches then these areas may act as population sinks 

whereby they do not contribute to future generations (McDowall, 2010). In addition flow 

regimes across northern Australia rivers vary, permanent conditions such as that in the Daly 

River are uncommon and seasonally flowing systems dominate (Kennard et al., 2010). 

There are substantial morphology differences in M. spinipes inhabiting three major regions 

across northern Australia and these tend to coincide with major drainage basins (Short, 

2004; De Bruyn & Mather, 2007). For example, M. spinipes populations in the Kimberly 

region are distributed throughout large catchments such the Fitzroy River and are often 

found many hundreds of kilometres upstream of the estuary (Short, 2004; P. A Novak 

personal obs). This system in particular, has a seasonally drying flow regime. Interestingly, 

embryos from specimens collected from this river system are the largest found throughout 

the range of M. spinipes and it has been suggested larval development may be abbreviated 

(Short, 2004). It certainly appears that there may be significant life history adaptations in 

this species across its range. This study provides crucial information regarding M. spinipes 

life histories and will act a starting point for further investigations.    
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4 Migration phenology and biomass estimation of upstream 

migrating shrimps (Macrobrachium spinipes) in a tropical 

river in northern Australia. 

Migrating juveniles climbing over the causeway at R178. 

Fyke nets set to capture migrating juveniles (DC105). 
Photo Credit: Michael Douglas 

Captured migrating juveniles from fyke net. 
Photo Credit: Michael Douglas 
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4.1 Introduction 

Migratory species in aquatic systems play a vital role in food web ecology and the 

maintenance of biodiversity.  They are widely acknowledged to provide both process and 

material subsidies to ecosystems (Polis et al., 1997; Flecker et al., 2010). Process subsidies 

occur when the actions and behaviours of a migratory species (e.g. grazing, predation, 

nutrient cycling, physical alteration of stream beds, inter alia) influence or substantially 

control the dynamics of ecosystem processes in the receiving ecosystem (Crowl et al., 2001; 

Schindler et al., 2003; Janetski et al., 2009; Flecker et al., 2010; Tiegs et al., 2011). Material 

subsidies, in contrast, occur through the transport of nutrients between connected 

ecosystems (Polis et al., 1997; Flecker et al., 2010). The importance of migratory fishes as 

material subsidies has been quantified for both Atlantic (Salmo salar) (Jonsson & Jonsson, 

2003) and Pacific (Oncorhynchus spp.) (e.g. Gresh et al., 2000; Helfield & Naiman, 2001). For 

example, Jonsson and Jonsson (2003) found that the migration of Atlantic Salmon in one 

Norwegian river transported over 3,000 kg of carbon and 700 kg of nitrogen upstream 

annually. In addition, Gresh et al. (2000) estimated that historical (i.e. pre-river regulation) 

migrations of salmon in the Pacific North West (of the USA) would have transported an 

estimated 4,500 - 6,500 tonnes/yr of nitrogen to the regions upstream river reaches. These 

nutrient inputs have significant bottom up effects on river and riparian communities (e.g. 

Helfield & Naiman, 2001; Naiman et al., 2002). 

Large scale material subsides are likely to occur only under a limited range of circumstances 

such as when the biomass of the migrant is large relative to ecosystem size, the recipient 

system is oligotrophic, and there is an effective mechanism for liberating the nutrients 

(Flecker et al., 2010). For example, salmon migrations can involve millions of adult fish, 

each of which may weigh between 3-8 kg (Gresh et al., 2000). The capacity for substantial 

material transport by large fishes is consequently high, but the contribution of smaller, but 
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often highly abundant, migratory species to material subsidies across ecosystem 

boundaries is currently unclear (Flecker et al. 2010).  

Migratory caridean shrimps (Infraorder: Caridea) are a good case study taxa for examining 

process and material subsidies provided by migratory species. Freshwater caridean species 

retain the need for larval development in estuarine habitats (i.e. amphidromy), after which 

the post-larvae migrate upstream from the coastal environments into the river (McDowall, 

2007; Bauer, 2013). These migrations have been reported to occur either en-masse (Bauer 

& Delahoussaye, 2008; Olivier et al., 2013) or as a relatively steady movement of a low 

number of individuals (Fièvet, 1999b; Benstead et al., 2000; Kikkert et al., 2009). It has been 

hypothesised that the biomass of these en-masse migrations may be high enough to 

constitute a significant material subsidy (Bauer & Delahoussaye, 2008), and recent work by 

Olivier (2013) using sulphur stable isotopes indicated that these migrations were 

transporting marine derived nutrients upstream. As these species migrate upstream as 

juveniles at a very small size (Post larvae settle at 8 mg wet weight - Lober & Zeng, 2009), 

the extent to which they constitute a material subsidy is unclear. There have been very few 

attempts to quantify the extent of en-masse migrations by caridean prawns. If the number 

of individuals involved is high then, despite their small size, such migrations may potentially 

supply material subsidies. 

Migratory caridean shrimps are also known to have strong ecosystem level effects. They are 

an important prey species for a range of fishes, influence benthic community composition, 

play an important role in top-down effects on periphyton production and enhance nutrient 

recycling (Pringle et al., 1993; Pringle & Hamazaki, 1998; March et al., 2002; Morgan et al., 

2004; Cross et al., 2008; Benstead et al., 2010). Consequently considerable ecosystem level 

effects occur when these consumers are no longer present in the system as a result of 

anthropogenic disruptions to river connectivity (Holmquist et al., 1998; Freeman et al., 
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2003; Greathouse et al., 2006c). Thus, indicating that migratory caridean shrimps may 

constitute both material and process subsidies. Despite the importance of these species to 

stream ecosystems as process subsidies and the possibility they may constitute a material 

subsidy, there have been very few attempts to quantify their migration (e.g. Benstead et 

al., 2000; Kikkert et al., 2009).  

This aim of this study is to fill this gap by investigating the upstream migration of the 

amphidromous prawn, Macrobrachium spinipes, in the Daly River in the wet-dry tropical 

region of northern Australia. Macrobrachium  spinipes is a newly described species and 

occurs throughout Australasia and the Philippines (De Bruyn et al., 2004; Short, 2004; Ng & 

Wowor, 2011). Recruitment in this species is unidirectional (from the estuary –upstream) 

and occurs primarily at the end of the wet season (Chapter 2 of thesis - Novak et al., 2015). 

Anecdotal observations from the Daly River suggest an en masse nocturnal upstream 

movement of juvenile shrimps along the edges of the river, consistent with reports of 

similar migrations elsewhere (e.g. Raman, 1967; Bauer & Delahoussaye, 2008; Kikkert et al., 

2009). The present study investigates the upstream migration of an amphidromous shrimp 

species in a large, unregulated river within a largely unmodified catchment. I document the 

upstream migration of M. spinipes in the Daly River over three wet seasons and explore the 

phenology of the migration over two wet seasons, including the effects of tide, river 

discharge, moon phase and the presence and biomass of co-migrators (Atyidae: Caridina). 

This study investigated the duration and magnitude of the migration, estimated the 

biomass moving upstream and the amount of nitrogen and carbon transported in the 

migration. Finally, to determine if the migration transports marine derived carbon 

upstream two different methods were trialled; firstly using analyses of sulphur stable 

isotopes (MacAvoy, Macko & Garman, 1998; Fry, 2002) and strontium isotope ratios 

(McCulloch et al., 2005; Crook, Wedd & Berra, 2015). 
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4.2 Methods  

4.2.1 Catchment description  

The Daly River  catchment is located in the wet/dry tropics of the Northern Territory, 

Australia (13°S - 16°S and 129°E - 130°30’E) and covers an area of approximately 53,000 km2 

(Figure 4.1). The catchment area is largely pristine with 90% of the catchment comprising 

native open Eucalyptus woodland (Townsend & Padovan, 2005). More than 94% of the 

catchment is uncleared and there are no large dams or impoundments along the length of 

the river or its tributaries (Schult & Townsend, 2012).  The Daly River runs for 355 km in 

length, rising 50 m in elevation before it splits into the Flora and Katherine Rivers (Faulks, 

1998). The Katherine River is the largest tributary in the catchment, it is approximately 328 

km long and rises a farther 371 m in elevation (Faulks, 1998).   

The wet/dry tropical climate is dominated by a long dry season (April to October) with 

minimal rainfall and high evapotranspiration, followed by a hot humid wet season 

(November to March) during which 90% of the region’s rain falls. Dry season flows are 

primarily derived from groundwater and average 20 m3/s by the end of the dry season at 

the most downstream gauging station. Wet season flows are highly variable but can exceed 

4000 m3/s during monsoonal events (Faulks, 1998). The period immediately after the wet 

season is the transition period from high flows and high turbidity to low stable base flow 

with low turbidity and is a key period in the productivity of tropical rivers (Warfe et al., 

2011). The upstream limit of tidal influence (i.e., tidal depth variation) during the dry 

season occurs approximately 105 km upstream of the river mouth, although incursion of 

saline water is restricted to <30 km upstream of the estuary mouth during the dry season.  

75 
 



4.2.2 Sampling methods 

To explore the migration of M. spinipes in the Daly River this study consisted of three 

components completed over three years. The first component (Part 1) aimed to determine 

when the migration occurred and sampling was monthly visual observations of the 

migration over 12 months from 2011-2012, followed by sweep net sampling over the wet 

season of 2012-2013. The second component (Part 2) of the study was to determine the 

phenology of the migration including the effects of tide, stream discharge, moon phase and 

the presence and biomass of co-migrators (Caridina spp.). I used fyke net sampling 

immediately after two wet seasons, in 2012-2013 and 2013-2014. The third component 

(Part 3) used the fyke net data to estimate the biomass and number of migrating shrimps 

over each respective wet season and to determine if marine nutrients were transported 

upstream, using both sulphur stable isotopes and strontium isotope ratios (87Sr/86Sr). 

Site details 

Observations and sampling of the migration of Macrobrachium spinipes was conducted at 

the Daly River Crossing (13° 46' 00.18"S and 130°42' 39.27"E) approximately 105 km 

upstream from the river mouth (Figure 4.1). This site was selected because the migration 

had been observed here by local residents and by the author in previous years and it is the 

most downstream location accessible year-round. The site consisted of a large sand bar 

(approximately 700 m long) on the right bank, a steep sided and vegetated left bank and a 

road causeway crossing the river (Figure 4.1). During low flow conditions the causeway 

created a large area of fast flowing and broken water across the channel while at the edges 

the stream velocity was lower and the water unbroken. The combination of these 

conditions effectively created a constriction in flow and funnelled the shrimps along the 

edge were they could be observed easily.   
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Figure 4.1. Map of region and insert showing site of visual observations, sweep net 
sampling, and fyke net sampling. The causeway and constriction point are shown. Flow 
direction in image is top to bottom. Photo credit: Mark Christie. 

Part 1 - Timing of the migration 

The first component of this study was to determine the timing of migration by M. spinipes. 

Observations of migrating M. spinipes were made monthly at the crossing from October 

2011-October 2012. Visual observations for the presence or absence of upstream migrating 

juvenile M. spinipes were made 1-2 hours after dark (approximately between 20:00-21:00 
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hrs) along approximately 100 m of stream bank (Figure 4.1). The migrating shrimps could be 

spotted easily due to the reflectivity of their eyes under torchlight.  

In the following year (i.e. wet season of 2012/13) a sweep net sampling programme was 

implemented. Sweep samples were taken every 6 weeks from November 2012-April 2013 

at the same location and time of night as the visual observations the year prior. Three 1 min 

sweeps were completed on each occasion using a triangular headed sweep net (350 x 300 x 

300 mm, 0.5 mm mesh), in shallow water (2-20 cm deep) 0-1.5 metres from the bank. The 

number of prawns in each sweep was counted and expressed as the mean of the 3 sweeps.   

Analysis 

To test for differences in the mean number of juveniles captured in the sweep netting on 

each sampling occasion, data were analysed using a one way ANOVA with Bonferonni post 

hoc comparisons. The sweep data from the November 2013 sampling were omitted from 

the analysis as no juveniles were captured on this occasion.  The data were natural log 

transformed to satisfy the assumptions of ANOVA. 

Part 2- Migration phenology 

The primary outcome of the observational work and sweep net sampling described above 

was a confirmation that the migration occurred at the end of the wet season as discharge 

declined and stabilised (Figure 4.2). This time period was targeted for fine scale sampling of 

the migration using fyke nets to: 1) quantify the migration rate over the nocturnal period; 

2) determine the composition of the migration in-terms of the number of M. spinipes and

other migrating shrimps (Caridina spp.); 3) determine the influence of environmental 

variables on the migration, including abundance, mean length, weight and body condition 

of migrating M. spinipes; and 4) estimate the biomass of shrimps migrating upstream 

throughout the sampling period. Fyke nets were selected to sample the migration as they 
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are a proven method for sampling directional movement (see Pattrick & Strydom, 2014). In 

this study the majority of the migration appeared to occur in the shallow, near bank 

environment where fyke nets could be effective. It is possible that shrimps may have been 

migrating in the deeper water across the full width of the river. Although this was unlikely 

as shrimps were not observed migrating any farther then 2 m from the bank or over the 

causeway, the estimates provided in this study may represent a lower estimate of biomass 

migrating upstream.  

Sampling was conducted over the 2013 and 2014 wet seasons to determine the variation in 

migration rate throughout the night, across three time periods; 20:00-21:00, 23:00-00:00 

and 05:00-06:00. Sampling commenced when the decline in river water level was stabilising 

and concluded when migrating shrimps were no longer observed and the biomass captured 

by the fyke nets was insignificant. After the 2013 sampling I was concerned I may have 

missed the start of the migration and so in 2014 I started when the water level was 0.4 m 

higher, which equated to approximately 1 week earlier. Observations at the site one week 

prior to the commencement of the 2014 migration found no shrimps migrating at that time.   

In 2013, sampling continued for three weeks with fyke nets set on 27 occasions including 11 

each at 20:00-21:00 and 05:00-06:00 and five between 23:00-00:00. In 2014, sampling 

continued for six weeks, fyke nets were set on 39 occasions and included 14 each at 20:00-

21:00 and 05:00-06:00, and 10 at 23:00-00:00. One additional sample was collected at 

03:00-04:00.  

Three fyke nets (length = 2m , 2 internal funnels, two 2 m wide wings all with a mesh of 2 

mm), were set 35 m apart on the banks of a large sandbar approximately 400 m upstream 

of the Daly River Crossing (Figure 4.1). The nets were set adjacent to the bank in water 0.5 

m deep for 30 minutes on each occasion.  Different sampling length periods were trialled 

and 30 minute sets provided sufficient capture rates without unnecessary mortality to the 
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migrating shrimps. Each sample was sorted to remove inorganic and organic debris, placed 

in a pre-weighed 0.5 mm mesh bag, hung to drain for 20 seconds and then weighed (to 0.1 

g) on a Wedderburn UWHGM4000 balance (Wedderburn, Sydney, Australia). 

On each sampling occasion observations of cloud cover, tide, moon position and phase 

were recorded at the site.  The depth gauge closest to the site was damaged early in the 

2013/2014 wet season and no longer recorded low flows and so in March 2014, a depth 

reference point was constructed by hammering a steel picket into the river bank.  Depth 

measurements were made at the picket at the end of every fyke net set. Water quality 

measurements including; conductivity, temperature, turbidity, pH, dissolved oxygen (% 

saturation and mg/L) were collected at the depth reference point on one occasion every 

night using a Quanta (Hydrolab, Loveland, Colorado).   

To determine the species composition, individual weight, length and body condition of 

shrimps in each fyke sample, a 20-30 g subsample (consisting of approximately 400 

individuals but sometimes >1000 depending on size of individuals and species composition) 

was collected. In 2013 subsamples were randomly collected from the fyke samples (n = 29 

of 81 fyke samples), in 2014 all fyke samples were subsampled (n = 117). The subsampled 

prawns were then euthanized using clove oil (Coyle et al., 2005) and stored on ice. The 

remaining prawns were released alive at the point of capture. Upon return to the 

laboratory the number of individuals and collective weight of M. spinipes or Caridina spp. 

was determined for each subsample and then subsequently scaled to represent the totals 

collected per 30 minutes sampling. An estimate of the average weight of individual 

specimens of M. spinipes and Caridina spp. was calculated (i.e. total weight/number of 

individuals).  M. spinipes could be easily distinguished from the Caridina spp. in the field by 

the much larger eyes for a given size, colouration - m. spinipes had a visible red spot near 
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the base of each pleura, on larger specimens the chela on the second pereiopod were 

visible.  

Further details on M. spinipes length, weight, body condition and nutrient composition 

were collected in 2014. Fifteen individuals from each subsample were randomly selected 

and measured (total length – 1 mm), weighed (to 0.001 g), dried at 60°C for 24 hours and 

reweighed (to 0.001 g) again. Body condition was calculated as Fulton’s condition factor. 

Fulton’s condition factor (K) was calculated from the equation (Ricker, 1975; Nash et al., 

2006) 

𝐾𝐾 = 𝑊𝑊
𝑇𝑇𝑏𝑏

  

with W = total weight (g), L= total length (mm) and b is the slope estimate from the 

length:weight regression (here the equation was -5.080 + 2.846x). K was multiplied by 

100,000 to obtain a number close to 1.  

Total nitrogen and carbon content of the migrating M. spinipes was determined by 

randomly selecting 30 individuals from the dried specimens described above, 10 from the 

first week, 10 from the mid three weeks and 10 from the final two weeks. The samples 

were analysed using the method described for stable isotope analysis below.  

Analysis 

To determine the influence of a range of environmental variables on the migration biomass 

(of both M. spinipes and Caridina spp.) and size of individual prawns a multiple regression 

analysis was performed. The potential explanatory variables were selected on the basis of 

an a priori hypothesis that light, discharge, tide and rainfall could each affect the migration 

biomass and weight of individuals (Table 4.1). 

 

81 
 



Table 4.1. Independent variables selected for multiple regression analysis, their description 
and data source. 

Variable Description  Data source 
Time of night Decimal time of night when 

sampling took place. E.g. 
00:00=0.00, 12:00=0.5 and 
23:59=1.00  

Personal observation at the 
time of sampling 

Hour since 
sampling began 

Cumulative hours since the first 
sample was taken  

Personal observation at the 
time of sampling 

Water level The water level measured from 
the depth reference point 

Personal observation at the 
time of sampling 

Moon illumination Moon phase, 100=full moon, 
0=new moon. When the moon 
was not above horizon 0 was 
recorded  

Personal observation at the 
time of sampling and 
http://www.timeanddate.com 

Cloud cover index  0=clear; 0.25=some cloud; 
0.5=partly cloudy; 0.75=mostly 
cloudy; and 1=overcast  

Personal observation at the 
time of sampling 

Tide index Residuals from regression 
between water level at site and 
stage height at a stream gauge 
10 km upstream (outside of 
tidal influence)   

Water depth recorded at site 
and stream gauge data from  
Northern Territory Department 
of Land and Resource 
Management  

Rainfall 24 hour rainfall in mm from 
nearest rain gauge 

Northern Territory Department 
of Land and Resource 
Management 

Instantaneous 
discharge  

15 minute discharge recorded 
from nearest stream gauge 

Northern Territory Department 
of Land and Resource 
Management 

Mean previous 24 
hours discharge  

Mean discharge of 15 minute 
measurements for the 
immediate 24 hours prior to 
sampling 

Northern Territory Department 
of Land and Resource 
Management 

A correlation matrix was constructed to determine correlation between independent 

variables. Most independent variables were weakly correlated (r = 0.028-0.31), however, 

time since sampling began, water level, and variables describing discharge were highly 

correlated (r > 0.9). Due to the high correlation between these variables, all but the variable 
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describing the previous 24 hour’s discharge were removed. In the 2013 migration the 

model included only five variables, rainfall was removed as no rain was recorded over the 

sampling period. The dependant variable here was total migrating biomass. In the 2014 

migration the regression model included all six predictor variables (rainfall was included) 

which were used to predict five separate dependant variables, total biomass, M. spinipes 

biomass, Caridina spp. biomass, M. spinipes individual weight and Caridina spp. individual 

weight.  Total biomass for each sampling point was calculated by summing the biomass of 

the three fyke samples. M. spinipes and Caridina spp. biomass and individual weight 

variables were calculated first for each fyke sample as a proportion of each subsample and 

was then scaled up to represent the whole sample. The estimates of the three fykes were 

then combined to give a total biomass or individual weight estimate for M. spinipes and 

Caridina spp. 

To improve the accordance with the assumptions of linear regression (normality and 

homogeneity of variance) the migration rate data were log10 transformed. The individual 

weight data for both M. spinipes and Caridina spp. did not require transformation as the 

multiple regression assumptions of normality and homogeneity of variance were met. To 

determine the best set of predictors for each of the dependant variables I used best subsets 

multiple regression analysis. Although the adjusted R2 value is normally used to indicate 

model fit in multiple regression analyses, it will increase with each additional predictor and 

so will generally select the model with the greatest number of predictor variables with may 

over parameterise the model. Mallows Cp was used to (Mallows, 1973; Quinn & Keough, 

2002) to select the best regression models (i.e., high model fit relative to the number of 

predictor variables). Standardised slope parameter estimates (r*) are given as these equate 

to the correlation co-efficient for each independent variable. Partial regression slope 

analysis outputs are given to determine the significant independent variables in each of the 

best subset models.  
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To determine if there was significant difference in mean length, weight and body condition 

of migrating M. spinipes between sampling weeks in the 2014, a nested ANOVA was used. 

Samples were nested in each week. The raw data provided the best approximation to the 

assumption of ANOVA and so were used in this analysis. Pairwise comparisons between 

weeks were completed using Bonferonni post hoc comparisons.     

Part 3 - Stable isotopes, strontium analysis and biomass estimate 

During the 2012 migration I collected samples of migrating M. spinipes from three sites in 

the Daly River, from 100, 150 and 300 km from the river mouth, to determine how far 

upstream marine derived carbon could be detected.  The muscle tissue for three individuals 

from each site plus three individuals from the non-migratory freshwater species 

Macrobrachium bullatum were processed for the analysis by drying at 60°C for 24 hours 

and ground to a fine power before analysis for sulphur (S), carbon (C) and nitrogen (N) 

stable isotope ratios. Samples were combusted in an EA 3000 elemental analyser 

(Eurovector, Milan, Italy) and sample gases delivered to an Isoprime mass spectrometer 

(GV Instruments, Manchester, UK) for isotope analysis of C, N and S. Working standards 

were liquids calibrated against IAEA CH6, CH7, N1, N2, and NBS-127 and data are presented 

as parts per thousand deviations from international standards (Peedee Belemnite 

Carbonate, Atmospheric Nitrogen, Canyon Diablo Triolite). The concentrations of total 

nitrogen and carbon were determined concurrently using the same method and given as a 

percentage of the sample weight.    

In addition to using sulphur stable isotopes to detect a marine signature analysed the 

strontium isotope ratio (87Sr/86Sr), a technique commonly used for detecting a marine 

signature in fish otoliths (Crook et al. 2015). Strontium substitutes for calcium in calcium 

carbonate (Doubleday et al., 2014) and its concentration and bioavailability vary strongly 

between fresh and salt water (Crook et al., 2015 and references therein). The marine water 
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87Sr/86Sr is globally invariant, while in fresh water it will vary according to the catchment 

geology (McArthur & Howarth, 2004; Crook et al., 2015). As a result it has become a useful 

tool in tracking fish movements across the whole life history. Decapod exoskeletons are 

also constructed from a calcium carbonate matrix (Soejoko & Tjia, 2003) and analysis of 

87Sr/86Sr in exoskeletons of shrimps could also be useful for detecting marine signatures. A 

limitation, however, is the growth and ecdysis in decapods, whereby the exoskeleton is 

shed and replaced, and the calcium carbonate matrix is therefore lost or reworked. In 

freshwater Macrobrachium, calcium is generally resorbed into the body tissues during 

ecdysis and then used to harden the new exoskeleton post-moult. As a consequence, 

shrimps retain the majority of its calcium stores during the moulting process (Fieber & Lutz, 

1982) and are likely to retain marine 87Sr/86Sr in the exoskeleton for a number of moults 

following transition into fresh water.   

Shrimp 87Sr/86Sr analysis was conducted using rostrums from the same individuals used in 

the sulphur isotope analysis. The rostrums were dried at 60°C for 24 hours, mounted to a 

slide using double sided tape before analysis. The analysis was undertaken using a multi-

collector laser ablation inductively coupled plasma mass spectrometer (LA-ICPMS) operated 

by the University of Melbourne using the methods comprehensively detailed in Crook et al. 

(2015). Each sample was analysed over a 40 second ablation period using laser spot size of 

93 nm, a repetition rate of 5 Hz and a laser energy of approximately 90 mJ. 

Water 87Sr/86Sr data were obtained from samples collected as a part of a separate project 

(Crook et al. in prep.) along an upstream gradient from the river mouth to 405 km 

upstream. Samples were collected once during the wet season (8 sites, between the 5-13th 

March 2013) and once during the dry season (12 sites, between the 26th September to the 

7th November 2012). Sr isotope analyses were carried out on a Nu Plasma multi-collector 

ICPMS (Nu Instruments, Wrexham, UK) interfaced with an ARIDUS desolvating system 
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operated by the University of Melbourne (detailed methods outlined in Crook et al in 

prep.).   

Analysis 

To estimate the biomass of migrating shrimps (M. spinipes and Caridina spp.), a linear 

regression model (model 1) was developed using discharge as the predictor. Discharge was 

chosen for this purpose as it both 2013 and 2014 it was the strongest predictor of migration 

rate. Although in 2014 there were other significant predictors the multiple regression 

model data for these variables were not available to populate a predictive model. So while 

significant variables are missing in the model it will provide a general estimate of the 

biomass migrating upstream.  In developing the model, biomass for each sampling night 

was estimated by calculating the mean of the three night samples and using this mean as 

the biomass for each 30 minute block over the night (from 19:30-06:30). When there were 

only two samples for the night (21:00 and 06:00) the mean of the two midnight samples 

obtained in each sample block was used.  The daily biomass estimate and mean daily 

discharge (m3/sec) was then used to determine a regression equation. This equation was 

used to predict the daily biomass for the days not sampled during the migration period.  

The model fit was reported here was calculated by regression analysis of the estimated 

daily biomass (calculated from the fyke samples) and the predicted daily biomass.     

A second biomass estimate (model 2) was determined by simply calculating the mean 

migration rate for each sampling time (30 minute blocks) and using this as an estimate of 

the migration rate throughout the migration period. A nighty migration rate was calculated 

and extrapolated for the entire migration period. Confidence intervals (95%) were 

calculated for the mean these are presented with the final biomass estimate.  

The biomass estimates from both methods were then multiplied by two as the migration 

was observed on both sides of the river. From the estimated biomass the following outputs 
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were calculated: dry weight, total carbon, total nitrogen, total number of individuals, total 

number of M. spinipes and total number of Caridina spp.  

4.3 Results  

4.3.1 Part 1- Timing of migration  

During the 2011-2012 observational period, actively migrating juvenile M. spinipes were 

only observed in February 2012, April 2012 and May 2012 (Figure 4.2). Observations and 

sweep net data over the 2012-13 wet season identified actively migrating juveniles during 

April 2013 only. Migrating shrimps were observed swimming rapidly along the very edge of 

the bank in the shallowest water available. Where obstacles occurred, such as rocks or logs, 

the shrimp would crowd the very edge and slowly swim or crawl around it. If water was 

splashing over the obstacle the shrimp would exit the water crawl over it. Both M. spinipes 

and Caridina spp. shrimps could be seen migrating together. The sweep net data were 

significantly different across sampling times (F2,6 =7.333, p=0.024) with a significant 

(p=0.026) 10 fold increase from March to April in the number of juveniles captured per one 

minute sweep (Figure 4.2).  
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Figure 4.2. The hydrograph from the Mount Nancar gauge (GS1) over two wet seasons from 
November 2011-May 2013. The closed black squares indicate negative observations of 
migrating M. spinipes, open squares indicate positive observations of migrating M. spinipes. 
The open circles in the wet season 2012-13 is the mean number (n = 3) of M. spinipes 
juveniles per sweep. All observations and sweeps were undertaken at the Daly River 
Crossing (DC105) approximately 8 km downstream from the gauge.   

4.3.2 Part 2 - Migration phenology 

Migration patterns 

2013 migration 

The migration pattern was highly variable, especially in the first week of sampling. The 

general trend showed a decline in migration biomass throughout the sampling period 

(Figure 4.3). The trend in migration biomass was best explained by two variables; mean 

previous 24 hours discharge and moon illumination (R2=0.632, p<0.001). Of these two 

variables mean previous 24 hours discharge was positively correlated (r* = 0.86, p<0.001) 

with migrating biomass, while moon illumination was negatively correlated (r*=-0.221, 

p=0.094).  
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Figure 4.3. Total migrating biomass, over time, of M. spinipes and Caridina spp. combined, 
captured at the Daly River Crossing (DC105) 2013. Discharge (m3/s) at the Mount Nancar 
gauging station is shown. 

M. spinipes was the dominant migrant during the 2013 migration period by biomass but not 

by the number of individuals. From the 29 subsampled fyke net samples, M. spinipes 

constituted 72.9% of the biomass captured (Table 4.2). More individual Caridina spp. were 

captured with an estimated 83,942 (63.3%) caught compared to the 48,580 (36.6%) M. 

spinipes.   

Table 4.2. Total number and biomass of migrating M. spinipes and Caridina spp. captured 
from 29 randomly selected fyke net samples between April-May 2013. 

M. spinipes Caridina spp. 
Biomass (%) 72.9 27.1 
Biomass (kg) 3.94 1.45 
Number (%) 36.7 63.3 
Number (n) 48,580 83,942 
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2014 migration 

In contrast to 2013, the migration pattern was highly variable both within 24 hours and 

over the entire 6 week sampling period (Figure 4.4a). The best model describing total 

migration biomass included all six predictor variables: previous 24 hours discharge, moon 

illumination, time of night, cloud cover, tide and rainfall (R2 = 0.661, p < 0.001). Four of the 

predictors had significant partial regression slopes (Table 4.3). Previous 24 hours discharge 

was the strongest predictor (r* = 0.616, p < 0.001) and was positively correlated to 

migration biomass. Of the three remaining significant predictors, time of night (r* = 0.247, p 

= 0.023) and moon phase (r* = 0.397, p < 0.001) were both positively correlated to 

migration biomass while cloud cover (r* = -0.243, p = 0.018) was negatively correlated.  

Table 4.3. Best subsets model standardised parameter estimates and partial regression 
slope analysis for each of the dependant variable models from the 2014 migration. If an 
independent variable is left blank then it was not selected in the best subset model. 

 Variables Total biomass M. spinipes  Caridina spp. 

 r* t(32) p r* t(33) p r* t(34) p 

          
Time of 
night 

0.247 2.396 0.023 0.341 3.157 0.003    

Moon 
illumination 

0.397 4.087 0.000 0.417 3.961 0.000 0.296 2.669 0.012 

Cloud cover 
index 

-0.243 -2.488 0.018 -0.211 -1.993 0.055 -0.241 -2.137 0.040 

Tide index 0.191 1.828 0.077    0.423 4.206 0.000 

Previous 24 
hours 
discharge 

0.616 6.295 0.000 0.597 5.702 0.000 0.473 3.836 0.001 

Rainfall 0.161 1.550 0.131 0.166 1.522 0.137    

 

M. spinipes was the dominant migrant during the 2014 migration period in terms of both 

biomass and numbers of individuals (Table 4.4).  From the 39 trapping occasions (117 fyke 

sets) M. spinipes constituted over 83.6% of the biomass captured and more than 67% of the 

total number (M. spinipes and Caridina spp.) of migrating individuals.   

90 
 



The pattern of M. spinipes migrating biomass was similar to that observed for total 

biomass; highly variable but declining over the sampling period (Figure 4.4b). The model 

best explaining M. spinipes biomass had five predictor variables including; discharge, moon 

illumination, time of night, cloud cover, and rainfall (R2 = 0.603, p < 0.001). Three of the 

predictor variables, previous 24 hours discharge, time of night and moon illumination had 

significant partial regression slopes. Previous 24 hours discharge was the strongest 

predictor and was positively correlated to M. spinipes biomass (r* = 0.597, p < 0.001) (Table 

4.3). Of the remaining two significant predictors both time of night (r* = 0.341, p = 0.003) 

and moon illumination (r* = 0.417, p < 0.001) were both positively correlated to M. spinipes 

migration biomass (Table 4.3).  

 

Table 4.4. Total number and biomass of migrating M. spinipes and Caridina spp. captured 
from 117 fyke net sets between March-May 2014. 

 M. spinipes Caridina spp. 
Biomass % 88.5 11.5 
Biomass (kg) 25.225 3.288 
Number % 67.0 33.0 
Number (n) 302,123 132,549 
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Figure 4.4. a)Total migrating biomass, over time, of M. spinipes and Caridina spp. combined, 
captured at the Daly River Crossing (DC105) 2014, discharge is plotted; b) migrating 
biomass of M. spinipes and Caridina spp. during the 2014 migration. 

Migrating Caridina spp. biomass increased during the first week of sampling and peaked 

during week 4, but remained highly variable throughout the sampling period (Figure 4.4c). 

The migration appeared to finish by week 5 (April) with the biomass (total biomass from the 

three fykes) reduced to 1.4 g/30 minutes from a high of 432.5 g/30 minutes during week 4. 

The best fit model included four predictor variables including; discharge, tide, moon 

illumination and cloud cover (R2 = 0.550, p < 0.001). All four had significant partial 
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regression slopes and the standardised regression coefficients suggested that discharge was 

the strongest predictor (r* = 0.473, p = 0.001) (Table 4.3). Discharge, tide (r* = 0.423, p < 

0.001) and moon illumination (r* = 0.296, p = 0.012) were all positively correlated with 

biomass while cloud cover (r* = -0.241, p = 0.040) was negatively correlated (Table 4.3).          

Macrobrachium spinipes and Caridina spp. size and body condition 

Macrobrachium  

The changes in the weight of individual M. spinipes was best described by five predictor 

variables; previous 24 hours discharge, time of night, moon illumination, cloud cover and 

tide (R2 = 0.466, p < 0.001). Only three of the predictor variables were significant (partial 

regression slope analysis) and of these the standardised regression coefficient suggested 

that discharge was the strongest predictor (r* = 0.654, p < 0.001) and was positively 

correlated to weight.  The two remaining significant predictors were moon illumination (r* 

= -0.262, p = 0.038) and tide (r* = -0.309, p = 0.020), and were both negatively correlated to 

weight.  

Length, weight and body condition of migrating M. spinipes varied significantly between 

sampling weeks (F5,1690 = 132.13, p < 0.001; F5,1690 = 79.90, p < 0.001; and F5,1690 = 17.82, p < 

0.001 respectively). Length and weight were significantly higher in the first week then all 

other weeks (p < 0.001; p < 0.001; and p < 0.001 respectively). Body condition in the first 

week, was the highest observed and significantly higher than all weeks (p < 0.001) except 

week 6 (p = 1.000).  Length and weight at week 3 were second highest and significantly 

different from all other weeks (p < 0.001 and p < 0.021 respectively). Conversely, body 

condition was lowest during week 3 (significantly lower than week 1 (p  < 0.001), 4 (p = 

0.003) and 6 (p < 0.001). After week 3 mean length and weight both declined and remained 

low through week 4, 5 and 6 (Figure 4.5a and b), while body condition had increased by 

week 6 (Figure 4.5c).  
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Figure 4.5. Mean (n = 45) a), length; b), wet weight; and c), body condition index (Fulton’s 
K) for migrating M. spinipes during the 2014 migration.
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Caridina spp. 

The changes in the weight of individual migrating Caridina spp. over the migration period 

was best described with a model with three predictors; discharge, tide and cloud cover (R2 = 

0.545, p < 0.001).  Discharge was the only significant predictor and was positively correlated 

with Caridina spp. weight (r* = 0.702, p < 0.001) (Table 4.5). Tide and cloud cover were both 

negatively correlated to Caridina ssp. weight. 

Table 4.5. Best subsets model standardised parameter estimates and partial regression 
slope analysis for M. spinipes and Caridina spp. individual weight from the 2014 migration. 
If an independent variable is left blank then it was not selected in the best subset model. 

  M. spinipes  Caridina spp. 

Model variables r* t(33) p r* t(35) p 
Time - number 0.206 1.639 0.111       
Moon 
illumination 

-0.262 -2.156 0.038       

Cloud cover index 0.203 1.660 0.106 -0.166 -1.486 0.146 

Tide index -0.309 -2.437 0.020 -0.204 -1.848 0.073 
Mean previous 
24 hours 
Discharge 

0.654 5.325 0.000 0.702 6.224 0.000 

Rainfall             

 

4.3.3 Part 3 - Stable isotopes, strontium analysis and biomass estimate  

Transport of marine carbon 

Mean δS34 for migrating M. spinipes was 12.347 ± 0.48‰ (SE) (Figure 4.6) and mean carbon 

δC13 was -25.469 ± 0.475‰ (SE). The non-migratory, freshwater M. bullatum was sampled 

for comparison; the mean δS34 for these samples was 15.5±0.41‰ (SE) and carbon δC13 was 

-26.16 ±0.53‰ (SE).  

Mean 87Sr/86Sr in the rostrums of migrating M. spinipes was 0.7275 (±0.0006SE); 

consistently above the marine/estuarine water values recorded in both the wet and dry 

season (Figure 4.7). Water 87Sr/86Sr at the river mouth was 0.7093 in both the wet and dry 
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season, close the global marine ratio of 0.7091. 87Sr/86Sr in the freshwater reaches of the 

Daly River was consistently higher in the wet season (0.7318 - 0.7330) than in the dry 

season (0.7161 – 0.7194) (Figure 4. 7). Mean 87Sr/86Sr in the rostrums of M. spinipes 

collected in the wet season from the lower freshwater reaches were slightly depressed 

compared with the ambient water, but closely reflected water 87Sr/86Sr at the most 

upstream site. These findings likely reflect retention of a small amount of marine derived Sr 

in the exoskeleton of prawns collected from lower reaches and a gradual loss of the marine 

Sr as they migrate upstream. Nonetheless, examination of a water mixing model of 87Sr/86Sr 

across the salinity gradient in the Daly River (Crook et al. in prep.) showed that freshwater 

Sr comprised >99.8% of the total Sr present in the rostrums of prawns even at the most 

downstream sites.  

 

Figure 4.6. Isotope biplot (δ13C and δ34S) of stable isotope data from the 2012 migration 
for migrating M. spinipes at DC105 in April (DC105-April), DC105 in May (DC105-May), R178 
in April (R178-April); R298 in April (R298-April) and the non-migratory freshwater M. 
bullatum captured at R178 in April. 
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Figure 4.7. Mean (n=3) Strontium isotope ratio (87Sr/86Sr) from M. spinipes rostrums 
collected during the 2012 migration from 3 sites along an upstream gradient in the Daly 
River. Water 87Sr/86Sr ratio collected during the dry and wet season along an upstream 
gradient. 

Biomass estimation 

2013 migration 

The two biomass estimate methods provided very similar final predictions. Model 1 

estimated 530 kg of M. spinipes and Caridina spp. biomass moved upstream over the three 

week sampling period (Figure 4.8a, Table 4.6). Model 2 estimated 522 kg migrating biomass 

with a lower bound of 344 kg and upper bound of 700 kg.  M. spinipes biomass was 

estimated at approximately 381 kg while the Caridina biomass approximately 141 kg. It was 

estimated that the migration had transported 43 (lower – 28 kg, upper – 57 kg) of carbon 

and 12 kg (lower – 8 kg, upper – 16 kg) of nitrogen upstream past the Daly River crossing. 

Macrobrachium spinipes accounts for an estimated 72.9% of the nitrogen and carbon 

transported upstream. While M. spinipes biomass was greater than Caridina spp. 1.6 times 

more individual Caridina spp. (8.4 million) migrated upstream compared to M. spinipes (5 

million).  
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Figure 4.8 Migration biomass model prediction, a) is the biomass prediction from 2013 
migration and, b) is the biomass prediction for the 2014 migration. The open circles 
represent the model predicted biomass and the open squares are the calculated biomass 
for each day data were available. 
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Table 4.6. 2013 migration biomass and nutrient transport predictions. In model 2, upper 
and lower confidence intervals are given in parenthesis for biomass, dry weight, carbon and 
nitrogen estimates. R2 is provided as the model fit for model 1 and the mean migration rate 
per 30 mins and 95%CI is provided for model 2. 

Model 1. Linear regression 
with discharge  

Model 2. Mean weight 
extrapolated  

Total M. 
spinipes 

Caridina 
spp. 

Total M. 
spinipes 

Caridina 
spp. 

Model R2/mean 
(95%CI) 

0.929 660.1 
g/30min 
(108.9) 

Single side 
biomass estimate 
(kg) 

265 261 (172, 
350) 

Biomass estimate 
(kg) 

530 386 144 522 (344, 
700) 

381 (251, 
510) 

141 (93, 
190) 

Mean weight per 
individual (g) (SE) 

0.076 
(0.003) 

0.017 
(0.001) 

0.076 
(0.003) 

0.017 
(0.001) 

Number estimate 
(million) 

13.5 5.1 8.4 13.4 (8.8, 
17.9) 

5.0 (3.3, 
6.8) 

8.4 (5.5, 
11.2) 

Dry weight 
proportion (SE) 

0.224 (0.001) 0.224 (0.001) 

Dry weight 
estimate (kg) 

119 87 32 117 (77, 157) 85 32 

Carbon (%) (SE) 36.47 (0.91) 36.47 (0.91) 
Nitrogen (%) (SE) 9.77 (0.24) 9.77 (0.24) 
Carbon (kg) 44 32 12 43 (28, 57) 31 12 
Nitrogen (kg) 12 9 3 12 (8, 16) 9 3 

2014 migration 

Model 1 estimated 958 kg of M. spinipes and Caridina spp. biomass moved upstream over 

the six week sampling period (Figure 4.8b, Table 4.7). Model 2 predicted 1,254 kg of 

migrating shrimp biomass with a lower bound of 824 kg and upper bound of 1688 kg. The 

estimates between models varied, however the estimate provided by model 1 is within the 

95% confidence intervals in model 2. Macrobrachium spinipes biomass was estimated at 

1110 kg (lower – 726 kg, upper – 1,494 kg) while Caridina spp. biomass was 110 kg (lower – 

94 kg, upper – 194 kg). It was estimated that the migration had transported 102 kg (lower - 

67 kg, upper – 138 kg) of carbon and 28 kg (lower – 18kg, upper – 38 kg) of nitrogen 

upstream past the Daly River crossing. M. spinipes accounted for an estimated 88.5% of the 
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nitrogen and carbon transported upstream. Both models estimated a substantial number of 

shrimps migrated upstream, model 2 estimated 18.6 million shrimp; 13 million M. spinipes 

and 5.6 million Caridina spp. 

Table 4.7. 2014 migration biomass and nutrient transport predictions. In model 2, upper 
and lower confidence intervals are given in parenthesis for biomass, dry weight, carbon and 
nitrogen estimates. R2 is provided as the model fit for model 1 and the mean migration rate 
per 30 mins and 95%CI is provided for model 2. 

 Model 1. Linear regression with 
discharge 

Model 2. Mean weight 
extrapolated  

 Total  M. 
spinipes 

Caridina 
spp. 

Total  M. 
spinipes 

Caridina 
spp 

Model R2/mean 
(95%CI) 

0.583   731.2 
g/30min 
(253.2) 

  

Single side 
biomass estimate 
(kg) 

479   627 (410, 
844) 

  

Biomass estimate 
(kg) 

958 848 110 1,254 (820, 
1,688) 

1110 (726, 
1,494) 

144 (94, 
194) 

Mean weight per 
individual (g) (SE) 

 0.085 
(0.005) 

0.026 
(0.0014) 

 0.085 
(0.005) 

0.026 
(0.0014) 

Number estimate 
(million) 

14.2 10.0 4.2 18.6 (12.2, 
25.0) 

13.0 (8.6, 
17.6) 

5.6 (3.6, 
7.5) 

Dry weight 
proportion (SE) 

0.224 (0.001)   0.224 (0.001)   

Dry weight 
estimate (kg)  

214 190 25 281 (184, 
378) 

249 32 

Carbon (%) (SE) 36.47 (0.91)     36.47 (0.91)   
Nitrogen (%) (SE) 9.77 (0.24)     9.77 (0.24)   
Carbon (kg) 78 69 9 102 (67, 138) 91 12 
Nitrogen (kg) 21 19 2 28 (18, 38) 25 3 
 

4.4 Discussion 

4.4.1 Migration phenology 

This study provides strong evidence that M. spinipes undertakes an upstream en-masse 

migration at the end of the wet season when receding discharge begins to stabilise and 

approach baseflow conditions. This pattern is consistent with that observed for 

amphidromous Macrobrachium in other large river systems with seasonally-defined 
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reproduction. In these systems reproduction occurs during the wet season and once the 

wet season ends and discharge begins to decline the migration generally commences 

(Raman, 1967; Etim & Sankare, 1998; Bauer & Delahoussaye, 2008; Bauer, 2013). Although 

in our study the majority of the migration occurred at the end of the wet season, M. 

spinipes were also observed migrating during the wet season when prolonged periods 

without rain caused discharge to return to base flow levels. Recessional flows often 

coincide with an increase in migration biomass in other Macrobrachium species (Benstead 

et al., 2000; Kikkert et al., 2009) and thus it is likely that this could be the mechanism 

occurring in our study. In addition, Kikkert et al. (2009) found that while recessional flows 

were important for the upstream migration of shrimps, a drop in turbidity was also 

important in prompting the migration of Atya spp. and Xiphocaris shrimps (Macrobrachium 

were not included in the experiment). In the current study, during the fine temporal scale 

work in 2014 a small flow event was observed on April 9th, turbidity increased and the 

biomass of migrating M. spinipes and Caridina spp. decreased. The migration of M. spinipes 

and Caridina spp. in the Daly River may also be affected by turbidity and both low turbidity 

and recessional flows may cue migration. This study suggests that M. spinipes is migrating 

on occasions throughout the wet season, during periods of relatively low discharge and low 

turbidity but the majority of the migration occurs after the wet season as observed with 

other Macrobrachium in larger rivers. 

In both the 2013 and 2014 fine scale sampling study periods (end of the wet season), total 

migration rate (M. spinipes and Caridina combined) was strongly associated with discharge. 

In both years the migration rate declined as discharged decreased. The remaining 

predictors differed considerably between years. In 2013 discharge was the only significant 

predictor, while in 2014; discharge, moon illumination, time of night and cloud cover were 

significant. The migration period in 2014 was also longer by about 3 weeks. The stability of 

hydrologic conditions in 2013 may be contributing to the lack of the importance of other 

101 
 



predictors. In 2014 the migration started approximately one month earlier due to a lack of 

substantial late wet season rainfall. A possible effect of the migration starting relatively 

early in 2014, well within the wet season period, meant that smaller discharge events 

occurred throughout the study period providing variability in the flow conditions. Other 

environmental conditions were more variable during the 2014 migration. Cloud cover was 

persistent and rainfall occurred at the site on a number of occasions. It is of interest that in 

2013 the only other predictor included in the model was moon illumination and was 

negatively correlated to migration biomass. Conversely in 2014 it was positively correlated 

to migration biomass; additionally cloud cover was negatively correlated to biomass, 

suggesting a preference to migrate on well-lit nights.   The two very different results from 

two years of sampling may suggest that the effects of moon illumination on the migration 

of shrimps may be either unpredictable or complex. In other migratory shrimps, moon 

illumination was negatively correlated with migration rate (Fièvet, 1999a; Kikkert et al., 

2009; Bauer, 2011b). It has, however also been shown to be positively correlated to 

migrating Macrobrachium biomass (Kikkert et al., 2009). Work on migratory eels 

(Anguillidae) has found the relationship between migration rate and moon phase complex 

and possibly confounded by other variables (August & Hicks, 2008). 

Diel variation in migration rate (total biomass) during the 2014 migrating was significant. 

The biomass of migrating shrimps was greater on the 23:00 sampling than the 05:00 and 

21:00 sampling times. To understand the relationships here it is necessary to discuss that 

the total migration biomass consisted of both M. spinipes and Caridina spp. and in 2014 the 

migration was dominated by M. spinipes in both number and biomass. Consequently the 

patterns in M. spinipes migration rate had a strong influence on the total migration rate. M. 

spinipes migration rate was strongly predicted by time of night whereas Caridina spp. 

migration biomass was not. There has been a number of contrasting reports from the 

literature in regard to diel variation in migration rates.  For example Kikkert et al. (2009) 

102 
 



found no diel variation in Macrobrachium, Xiphocaris or Caridina migration rates, while 

Benbow et al. (2002); Benbow, Burky and Way (2004) found significant variation in 

migration rates over the night for Caridina spp. with the period after midnight having the 

highest migration rates. One possible explanation in the present study is the effect of tides 

on the migration rate. The sample collection site in this study (DC105) is affected by tides. 

Tidal forcing is a known method for transport of migratory fish and crustaceans (McCleave 

& Kleckner, 1982; Levy & Cadenhead, 1995; Jellyman & Lambert, 2003; Laffaille, Caraguel & 

Legault, 2007; Hale, Swearer & Downes, 2009).  For example, the migration rate in 

catadromous eels has been shown exhibit significant diel variation partly attributable to the 

influence of tide (Sugeha et al., 2001; Jellyman & Lambert, 2003). In the present study, the 

largest spikes in biomass generally occurred during the spring tide period (2nd, 4th and 6th 

weeks) at the 23:00 sampling, an effect noted in glass eels (Sugeha et al., 2001). The effects 

of the spring tides were observed as an increase water level and slowing of stream velocity.  

On four occasions, twice in week 2 and twice in week 4, a strong pulse of migration biomass 

was observed at the same time the water level increased due to tide. The lack of a strong 

relationship of M .spinipes migration rate to tide in the multiple regression model may be a 

result of the low number of 23:00 samples collected, reducing the influence of this variable 

on the model. The migration rate of Caridina spp. however, was significantly affected by 

tide. It is possible that tide may have had an important effect on the migration and more 

sampling targeting the spring tide periods would help elucidate the effect of tide on the 

migration of M. spinipes.  

In 2014, the largest shrimps (by both weight and length) migrated at the start of the 

sampling period, and size declined rapidly throughout the first week. Body condition of 

migrating shrimps followed the same pattern. A comprehensive review of the literature did 

not find research on migratory Macrobrachium that investigated the temporal variation in 

size and body condition of migrants during an upstream migration. Changes in migrant size 
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over the course of a migration has however been observed in migrating glass eels (Chisnall 

et al., 2002). Chisnall et al. (2002) found that glass eel size was generally larger during the 

start of the migration and then declined over time. While it was proposed that the 

differences in size may be related to environmental conditions at sea, they also proposed 

that it could be a result of age differences in the migrants, especially if spawning occurs 

over a prolonged time period (Chisnall et al., 2002). The reproductive season of M. spinipes 

extends over the wet season, a period of 4-5 months (Novak et al., 2015), and so this is 

likely to be the case. The larger shrimps at the start of the migration had better body 

condition, were probably older, and thus when conditions were suitable to migrate they 

could likely swim faster and reach the sampling site first.     

While the average length and weight of migrating M. spinipes declined over time there was 

variation within this pattern. The average weight and length of migrating M. spinipes 

decreased during week 2 and increased during week 3 before declining again by week 4. 

This pattern coincides with the tide cycle where neap tides were observed in week 1, 3 and 

5 and spring tides in week 2, 4, 6. The multiple regression analysis indicated that tide was a 

significant determinant of shrimp size (weight) and suggested that shrimps were smaller on 

larger tides. Similarly moon illumination was also significantly correlated to shrimp size and 

suggested the dimmer the moon, the smaller the shrimps. The reasons that the migration 

of smaller shrimps is higher during big tides and low light intensity are not clear. While 

lunar cycles are known to effect migrations of diadromous species, a review of the 

literature did not discover evidence of lunar cycles impacting specifically on the size of 

migrants (Laffaille et al., 2007; Kikkert et al., 2009). The use of the tide may enable the 

smaller shrimps to move faster upriver whilst travelling with the tidal pulse, but it would be 

expected if larger shrimps are also present then they would also be travelling in the same 

manner. The predominance of smaller shrimps during low moon intensity may be related to 

predator avoidance (Kikkert et al., 2009). However it would be expected that small and 
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large shrimp would have similar levels of predation as the size difference between the 

smallest and largest was only 20 mm. In regard to predation I did observe large numbers 

(~1000’s) of small Neoarius catfish preying upon the migrating shrimps.   

The presence of the Caridina co-migrators was initially unexpected. While Caridina are 

known to be amphidromous (Cook et al., 2006; Bauer, 2011a; Bauer, 2013), the taxa from 

the Daly River, in particular, are not well known and are yet to be taxonomically described 

(Page, von Rintelen & Hughes, 2007). Little has been documented about the ecology of this 

genus (and Family: Atyidae) in northern Australia. In this study migrating Caridina biomass 

was linked to discharge, moon and cloud cover as per M. spinipes.  Tide was a significant 

predictor and positively correlated to biomass, which suggested more migrated during well-

lit nights during spring tides. The size of Caridina spp. was predicted largely by discharge, 

suggesting they got smaller over time. This study provides the first insight into the 

migrations of Caridina spp. in northern Australia.  

4.4.2 Biomass estimation and marine-freshwater subsidies  

A major aim of this study was to estimate the biomass of prawns migrating upstream at the 

end of the wet season. This study is first time the migration of an amphidromous shrimp 

species in a lowland river has been quantified. This study estimated that over 13 million 

prawns migrated upstream during the 2013 migration and over 14 million prawns migrated 

upstream in 2014. Biomass estimates of approximately 530 and 1250 kg  - weight and 118 

and 281 kg dry weight for 2013 and 2014, respectively, and nutrient transport (2013 - 43 kg 

C and 12 kg N; 2014 - 102 kg C and 28 kg N), are orders of magnitude less than estimated 

nutrient transport for diadromous fish species reported in the literature (Gresh et al., 2000; 

Jonsson & Jonsson, 2003). Because the migrations of Macrobrachium have rarely been 

quantified in a similar way there is no baseline to determine if this is high or low.  While 

both migrating juvenile M. spinipes and Caridina spp. may constitute a possible material 
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food web subsidy to upstream freshwater, the amounts involved do not suggest that it is a 

large subsidy. 

The en-masse migration of juvenile Macrobrachium is possibly providing a food web 

subsidy. Similar en-masse migrations for other Macrobrachium species have previously 

been suggested to provide a material subsidy (Bauer & Delahoussaye, 2008; Olivier, 2013), 

transferring marine carbon to the upstream freshwater reaches. Despite the large numbers 

of migrating individuals, the data presented here suggests that this type of subsidy is 

relatively minor in the Daly River. While the data collected were limited in the number of 

replicates, I found no evidence of marine influence in the tissues of the shrimps. The low 

δS34 and high δC13 signatures are both inconsistent with a significant marine influence (Fry 

et al., 2003; Coat et al., 2009). The review of the data and the literature suggested that the 

lack of marine influence was not surprising. Tissue turnover rates suggest the doubling of 

biomass would halve a distinct stable isotope signature (Fry & Arnold, 1982; Riera et al., 

2000). Newly settled M. spinipes post larvae have been found to have a mean dry weight of 

up to 0.852 mg (Lober & Zeng, 2009), the smallest juveniles (≤ 15 mm TL, n = 110) I 

captured had a mean dry weight of 3.62 mg, a 4 fold increase. The mean weight of all 

weighed individuals (n = 1729) was 15.4 mg (SE = 0.3 mg), an 18 fold increase. These data 

suggests that if post larval M. spinipes were feeding as they migrated then it would be very 

unlikely that a marine signature would be detected at our sampling site. Olivier (2013) used 

sulphur stable isotopes to determine if a marine signature was present in migrating M. 

ohione and found that at the most downstream sites marine sulphur signatures were 

detected but that it diminished rapidly as the shrimps moved upstream. At around 100 km 

upstream it was nearly undetectable. If the marine signature and hence marine nutrient 

transport disappears before the migrating individuals have moved more than 100 km 

upstream they are unlikely to provide a significant material subsidy to the upstream 

reaches of the river. It is worth considering then, that shrimp migrations in the short 

106 
 



tropical island stream where these species have been widely studied, could well be 

providing an important material subsidy. In large low land rivers such as the Daly River 

however, it is very unlikely.  

Consistent with the sulphur stable isotope data, the analysis of rostrum 87Sr/86Sr showed 

that the exoskeleton was comprised almost exclusively of freshwater derived Sr, with only a 

very minor influence of marine Sr that was quickly lost as the prawns migrated upstream. 

While this technique has been widely applied to fish otoliths (McCulloch et al., 2005; Crook 

et al., 2015), to my knowledge it has not previously been applied to the analysis of decapod 

exoskeletons. These findings confirm the suitability of exoskeleton material for 87Sr/86Sr 

analysis and represent a promising new approach for tracing the migrations of decapod 

crustaceans across marine/freshwater interfaces.  

It is worth considering the usefulness of sulphur as an indicator of marine influence. It has 

been widely established in North America that marine sulphur isotopes are highly enriched 

with 34S and that this is assimilated in marine/estuarine phytoplankton, integrated into the 

food web and reflected by a high δ34S of approximately 21‰ (Hesslein et al., 1991; 

MacAvoy et al., 1998; Fry, 2002). Freshwater systems lack the highly enriched heavier 

isotope and have a δ34S of considerably less than 21‰ (commonly less than 10‰) (Hesslein 

et al., 1991; MacAvoy et al., 1998; MacAvoy et al., 2009). However, sulphur isotope 

signatures of freshwater animals were high in the present study (approximately 15.5‰ for 

the freshwater M. bullatum).  Similarly Jardine et al. (2012b) reported high ratios for 

freshwater animals in lowland rivers of Queensland (approximately 20‰). The levels 

reported here and in Jardine et al. (2012b) were higher than typically found for freshwater 

organisms elsewhere and more consistent with marine levels. It is possible the differences 

in catchment geology may influence the sulphur stable isotope signature in these 

catchments and hence reduce the reliability of sulphur as an indicator of marine influence. 
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Carbon isotopes remain an effective indicator of marine influence (Jardine et al., 2012b), 

however in estuaries where salinity is strongly influenced by freshwater flows a marine 

carbon signature will be rapidly diluted (Fry, 2002). The use of strontium isotope ratios as 

discussed above provides a viable alternative method for investigating marine influence in 

similar river systems   

4.5 Conclusion  

Many studies on the migrations of amphidromous species have occurred in regulated river 

systems, this study provides a unique example of a migration in a completely unregulated 

river system. This study has provided evidence that the amphidromous M. spinipes 

undergoes an en-masse upstream migration that occurs primarily at the end of the wet 

season. In addition, I have quantified this migration and estimated both the biomass and 

number of shrimps moving upstream.  The migration of shrimps at the end of the wet 

season in Daly River consists of millions of M. spinipes and Caridina spp. and while I found 

little evidence they are transporting significant amounts of marine derived energy and 

nutrients upstream, the migration is providing millions of individuals that may constitute an 

important process subsidy to the river system. 
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5 Habitat use by the amphidromous river prawn, 

Macrobrachium spinipes (Schenkel. 1902) 

 
Trap in sand habitat (R298) mid dry season.  

Photo Credit: John Novak 

 
Rock habitat at R178.  

Photo Credit: Michael Lawrence-Taylor 

 
Examples of two male morphotypes. 

 Subordinate male (left) and dominant male (right). 
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5.1 Introduction 

At the very largest scale, species distributions and biogeography are determined by a 

number of external factors such large scale geologic events, historical drainage patterns 

and evolutionary biology and genetics (e.g. Anger, 2013). At the riverine catchment and 

meso habitat scale, habitat use is determined by a number of biotic and abiotic factors 

including but not limited to physiological requirements, physical barriers, predators, 

hydrology, food resources and reproduction (e.g. Angermeier & Karr, 1984; Savino & Stein, 

1989; King, 2004; Arrington, Winemiller & Layman, 2005). Understanding the meso-habitat 

preference of an animal can provide insights into their ecology and more broadly their role 

and function in an ecosystem.  

Caridean shrimps (Infraorder: Caridea), for example, are mobile taxa and play an important 

role in tropical stream communities (Crowl et al., 2001; March & Pringle, 2003; Ramirez & 

Hernandez-Cruz, 2004; Jacobsen et al., 2008). It has been reported that they can modify 

stream macro-invertebrate communities through predation (Mantel & Dudgeon, 2004b; 

Ramirez & Hernandez-Cruz, 2004) and remove accumulated sand and facilitate benthic 

algal growth (Pringle et al., 1993). They can also play an important role in the breakdown of 

leaf litter and recycling of nutrients (Crowl et al., 2001; Benstead et al., 2010). In addition 

they often constitute a major component of the macro-invertebrate biomass in many river 

systems (Fièvet et al., 2001; March & Pringle, 2003; Mantel & Dudgeon, 2004a; Richardson 

& Cook, 2006). Given their important role in structuring river communities, developing an 

understanding of their habitat use has been an important part of tropical river ecology. 

Many studies on the habitat use and food web ecology of caridean shrimps have occurred 

in highland, low order tropical streams and have found that habitat utilisation can vary 

significantly with species and trophic level (Covich et al., 1996; March et al., 2002; Iwata et 

al., 2003; Mantel & Dudgeon, 2004b; Greathouse et al., 2006a). Habitat use has been 
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shown to vary with altitudinal gradients (March et al., 2002; Mejía-Ortiz & Alvarez, 2010; 

Hein et al., 2011) and in short high gradient streams, smaller shrimps such as Atyidae and 

Xiphocaris species will migrate above waterfalls (Fièvet, 1999b; Covich et al., 2009; Hein et 

al., 2011). These waterfalls function as barriers to predators, and in these predator free 

areas shrimps occupy all suitable habitats within the stream reach (Covich et al., 1996; 

March et al., 2001; March et al., 2002; Hein & Crowl, 2010). Without predation pressure, 

shrimps can have a strong effect on the benthic community composition and nutrient 

cycling (Pringle & Hamazaki, 1998; Crowl et al., 2001; Covich et al., 2009). In the lower 

reaches, in the presence of predators, the abundance of small shrimps such as the Atyid 

and Xiphocaris is generally low (Pringle & Hamazaki, 1998; Covich et al., 2009) and habitat 

use may be restricted to areas close to important refugia such as leaf packs and riffles 

(Ramirez et al., 1998). In addition the presence of predators will decrease the time shrimps 

leave refugia to forage (Lammers, Warburton & Cribb, 2009a) and thus may affect their 

ability to influence benthic communities (Pringle & Hamazaki, 1998).  

Larger caridean shrimps, primarily omnivorous and predatory shrimps from the genus 

Macrobrachium, do not have the same climbing ability of the smaller shrimps (Fièvet, 

1999a; Kikkert et al., 2009) and generally occupy lower reaches of these streams.  In the 

pools of the lower reaches of these streams larger shrimp species such as Macrobrachium 

hainanensis or M. carinarius can influence the macroinvertebrate community through 

predation on the smaller shrimps, snails, and a range of other invertebrates (Crowl & 

Covich, 1994; Covich et al., 1996; Mantel & Dudgeon, 2004b; Covich et al., 2009). 

Research on the habitat usage of carideans in large lowland rivers has been more limited, 

but the studies that have occurred have found wide ranging inter-species and seasonal 

variation in habitat use. For example, Macrobrachium dierythrum surveyed in a Venezuelan 

river during low water (dry season) showed no strong use patterns of a particular habitat 

111 
 



type (Arrington & Winemiller, 2006). Conversely, in the same system during the high water 

phase (wet season), sand banks were important and the prolific growth of macrophytes on 

newly flooded sand banks was associated with higher abundance of shrimps (Montoya, 

Arrington & Winemiller, 2014). In temperate Australia non-larval Macrobrachium 

australiense showed only a slightly higher utilisation of mid-channel, moderate stream 

velocity habitats (Richardson & Cook, 2006). However, an ontogenetic shift in habitat 

preference for M. australiense was observed, while adult shrimps showed little affinity for a 

particular habitat type, larval and postlarval shrimps were more abundant in bank areas of 

high structural complexity in slack water (Humphries et al., 2006).  In contrast, adult M. 

ohione were abundant in macrophyte habitats, while rarely present in open sand habitats 

in the Mississippi River estuary (Castellanos & Rozas, 2001). In addition, adult male 

Macrobrachium of some species, particularly M. rosenbergii have been shown to exhibit 

strong territorial behaviour which may also influence habitat selectivity and use (Peebles, 

1980; Karplus & Harpaz, 1990). Understanding the habitat usage by an important group 

such as caridean shrimps, in particular the larger predatory Macrobrachium, may provide 

insights into the habitat types of large lowland rivers where these animals may have 

significant impacts on stream food webs.  

Macrobrachium spinipes is a recently described species (Ng & Wowor, 2011) found 

throughout lowland rivers and upland streams in tropical northern Australia and Papua 

New Guinea (Short, 2004; Novak et al., 2015). Recent work has confirmed this species is 

amphidromous (Chapter 3 of thesis), reproduces during the wet season (Chapter 2 of thesis 

- Novak et al., 2015) and recruitment occurs via mass upstream migration immediately after 

the wet season (Chapter 4 of thesis).  There has been little direct work on its ecology, 

however M. spinipes is known to be both an important prey item for a wide range of 

predatory fish (Davis, 1985; Pusey et al., 2010; Jardine et al., 2012a) and an important 

predator (Jardine et al., 2012a; Pettit et al., 2012; Jardine et al., 2013). In addition, M. 
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spinipes inhabiting perennial rivers tend to assimilate carbon from outside the local reaches 

rather than benthic algae and other local sources (Jardine et al., 2012a; Pettit et al., 2012). 

The present study examined the meso-habitat use of M. spinipes. Four meso-habitat types 

were sampled including; sand bank, rock bars, undercut and structurally complex banks and 

mid channel areas at five sites on three occasions during the dry season. It was preferable 

to conduct this study during the dry season period, firstly because the newly recruited 

juveniles move into the river during the early dry season and secondly, because large 

variations in flow and high turbidity during the wet season make it difficult to determine 

discrete habitats types. The aim of this study was to document the meso-habitat usage of 

M. spinipes and explore differences in habitat use by males, females and post larvae over 

the course of one dry season. In addition, the influence of habitat use on body condition 

(Fulton’s K), total length were investigated. 

5.2  Methods  

5.2.1 Site description 

The Daly River catchment is in the wet-dry tropics of the Northern Territory, Australia (lat 

13–16°S, long 129–130°30ʹE) and covers an area of  approximately 53,000 km2 (Figure 5.1). 

The catchment riparian area is largely pristine, and 90% of the catchment consists of native 

open Eucalyptus woodland (Townsend & Padovan, 2005). Only 5.6% of the native 

vegetation in the catchment has been cleared for agricultural, rural, and urban 

development (Schult & Townsend, 2012). The Daly River is free flowing with no large dams 

or weirs and is 355 km long. It rises 50 m in elevation before it splits into the Flora and 

Katherine Rivers (Townsend & Padovan, 2005). Because of substantial groundwater inputs, 

the Daly River and its largest tributary, the Katherine River, are both perennial rivers and 

thus differ from most other northern Australian rivers (Kennard et al., 2010).  

The wet-dry tropical climate is dominated by a long dry season (April–October) with 
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minimal rainfall and high evapotranspiration, followed by a hot, humid wet season 

(November–March) during which 90% of the region’s rain falls. Dry-season flows are 

maintained primarily from groundwater inputs and average 20 m3/s at the most 

downstream gauging station (Mt Nancar). During these base-flow conditions the river is 

generally quite shallow <2 m depth, water levels are stable (0.74 m drop between May and 

October at Mt Nancar) and consists of a series of riffles, runs and pools (Townsend & Gell, 

2005). Oligotrophic conditions prevail, but the high photosynthetic active radiation (PAR) at 

this time ensures stream productivity is dominated by rapid colonisation and production of 

benthic algae and macrophytes (Townsend & Gell, 2005; Townsend & Padovan, 2005). Wet-

season flows are highly variable but can be >4000 m3/s during monsoonal events. During 

this time, the river is considered mesotrophic and is characterized by high turbidity, warmer 

temperatures, low conductivity (approximately 100–200 µS/cm), and high stream velocities 

(Townsend & Padovan, 2005). The upstream limit of tidal influence during the dry season 

occurs 105 km upstream of the river mouth. This influence is restricted to tidal changes in 

depth, as the salt-water wedge does not encroach >30 km upstream during the dry season. 

This study focuses on assessing the habitat affinity of M. spinipes during the dry season.  

5.2.2 Study design 

To determine the habitat use of M. spinipes, five sites were chosen along the main channel 

of the Daly River (Figure 5.1). The sites were spread along a 200 km middle reach of the 

river and were chosen primarily due to accessibility and the availability of all habitat types.   

At each site, four habitat types were selected, and in each habitat type ten unbaited traps 

were set. The four habitat types were mid channel, rock bars, sand banks, and structurally 

complex bank areas. Mid channel habitat was generally characterised by deep water, 

muddy-sandy sediment, and a general lack of structure (Figure 5.2a). Rock habitat was 

characterised as bed rock with some cobbles or lose material, often with cracks, holes and 

other structure (Figure 5.2b). Sand bank habitat consisted of a large sandy area sometimes 
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with fine gravel (Figure 5.2c). In the early dry season these sites were predominantly bare 

sand, by late dry they had been colonised by filamentous algae, and occasionally 

submerged and emergent macrophytes. Bank habitat was characterised by high habitat 

complexity with undercut banks, root masses, large woody debris (Figure 5.2d). To explore 

temporal variation in habitat use M. spinipes was sampled on three occasions during the 

dry season; early dry (May), mid dry (August) and late dry (October). 

Figure 5.1. Daly River catchment showing major tributaries, national parks, townships and 
sampling sites. 
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5.2.3 Field sampling 

Sampling in the Daly River to determine habitat use of M. spinipes present many challenges 

and as such a number of methods were trialled. Rivers of northern Australia and the Daly 

River in particular are inhabited by a high number of large crocodiles (Crocodylus porosus) 

thus excluding methods that require entering the water such those that use dip nets and 

seine nets. As the sampling included mid channel and bank sites which were often located 

in deep water (>1.5 m), back pack electrofishing was not possible and electrofishing via 

boat was not effective as many shrimps are missed because they do not reliably come to 

the surface after shocking (personal observation). Pilot trials of night versus day sampling 

using baited traps indicated that shrimps were not active during the daylight hours, a 

finding previously reported by Johnson and Covich (2000). Consequently, folding mesh 

traps set over night presented the best opportunity to sample actively foraging shrimps 

over a range of habitat types.  Pilot trials of unbaited traps indicated they were still 

effective in capturing a wide range of individuals and thus unbaited traps were used to 

avoid the potential for baits to attract individuals from outside the habitat area.  

Traps were standard folding mesh traps used in previous studies on M. spinipes (Novak et 

al., 2015). The traps were: 62 cm long; 44 cm wide; 18 cm high; mesh size of 0.3 mm and 

entry holes were 8 cm diameter. The traps were set from approximately 17:00 to 08:00, 

giving an approximate sampling time of 15 hours (effectively only 12 hours as shrimps were 

not active during daylight hours) (Novak et al., 2015). After capture, shrimps were 

anaesthetised in clove oil (Coyle et al. (2005)), measured (see below), placed in a 70 L 

bucket of aerated water until they recovered and then released near the point of capture.  

To determine if water quality varied between habitat types and over the dry season 

sampling period, the following water quality variables were measured using a Hydrolab 

Quanta multiprobe (Hach Corp., Loveland, Colorado) at each habitat type on each sampling 
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occasion: water temperature (°C); pH; conductivity (mS/cm), and; dissolved oxygen (% 

saturation). Measurements were taken at the surface (0.15 m) and at the river bed (if depth 

was greater than 1 m). Turbidity (NTU) was measured at the surface using a Turbidimeter 

(Hach Corp., Loveland, Colorado, USA). At each trap location, depth (to nearest 0.01 m) and 

velocity (to nearest 0.1 m/s) were measured with a FP100 flow probe (Global Water, 

College Station, Texas, USA).   

A     

 

C   

 

B   

 

   D  

 

Figure 5.2. Habitat types: A) Typical Mid Channel habitat; B) Rock bar habitat (Photo: 
Michael Lawrence-Taylor); C) Sand bank habitat (Photo: Michael Lawrence-Taylor) and: D) 
Typical Bank habitat. 

 

5.2.4 Biological variables 

Catch per unit effort, hereafter referred to as abundance, was determined as the mean 

number of shrimps per trap at each habitat type on each sampling occasion. 
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The following characteristics were measured in the field for each shrimp: total length (tip of 

rostrum to tip of uropod - to 1.0 mm); carapace length (from orbital margin to dorsolateral 

invagination of posterior margin) and cheliped length (2nd pereiopod) (inside edge of the 

ischium to the tip of the pollex – 1.0 mm). Carapace was measured with Vernier callipers to 

0.1 mm for each individual.  The body mass of each individual was measured to the nearest 

1.0 g using a Wedderburn UWHGM4000 balance (Wedderburn, Sydney, Australia).   

Males were identified by the presence of gonopores on the base of the fifth pereiopod and 

the appendix masculina on the inside of the second pleopod.  Males were also visually 

classed as fully developed (dominant) or developing based on the characters described in 

Short (2004). The ratio between carapace length(log) and longest cheliped(log) length 

(CL:LC) was used to mathematically distinguish between developed and developing males 

(Kuris et al., 1987). Females were identified by the lack of an appendix masculina and the 

presence of gonopores at the base of the third set of pereiopods (Short 2004). Sex 

determination was difficult and unreliable for individuals less than 45 mm long, and these 

individuals were grouped as postlarval shrimps. 

Condition indices have often been used to assess the relative health of a population and to 

describe changes that may be associated with either environmental conditions or 

reproduction. This study used Fulton’s condition factor (Ricker, 1975; Nash et al., 2006), a 

commonly used index for both fish and crustaceans (Arimoro & Meye, 2007; Pinheiro & 

Fiscarelli, 2009). Fulton’s condition factor is calculated as (Ricker, 1975) 

𝐾𝐾 = 𝑀𝑀
𝑇𝑇𝑇𝑇𝑏𝑏

  

where K = Fulton’s condition factor, M = total mass (g), TL= total length (mm), b is the slope 

parameter estimate from the length(log);weight(log) regression. For convenience, K was 

multiplied by 100,000 to obtain a number close to 1.  K was calculated for males and 
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females separately, using the slope parameter estimate (b) from the respective 

length(log):weight(log) regression. The regression equations were calculated using males 

and females from all size classes (individuals greater than 45 mm TL), no other separation 

was required i.e. no brooding females were captured.   

5.2.5 Statistical analysis 

Principal components analysis (PCA) was used to examine spatial and temporal variation in 

environmental descriptors (temperature, turbidity, conductivity, pH, dissolved Oxygen, 

depth and stream velocity). Variables were normalised using the equation 𝑧𝑧 = (𝑥𝑥 − 𝜇𝜇)/𝜎𝜎, 

where z is the standard score, 𝑥𝑥 is the raw score, 𝜇𝜇 is the mean and 𝜎𝜎 is the standard 

deviation. A two-way permutational multivariate analyses of variance (PERMANOVA; 

Anderson, 2001; Anderson, 2008) was applied, using a Euclidean Distance similarity matrix , 

with time and habitat as factors to explain variation in environmental variables.  Pairwise 

tests were then used when effects were significant. Mid dry season pH, conductivity and 

dissolved Oxygen data were unreliable due to faulty equipment and thus mid dry season 

environmental data were removed from the PCA and PERMANOVA analysis.   

To explore the variation in habitat use over the three sampling times, abundance (CPUE) 

data were analysed using a three factor (habitat type, time, site and their interactions) 

PERMANOVA using a Bray Curtis similarity matrix. Pairwise tests were then used when 

effects were significant. The primary focus of this study was in the variation in abundance 

between habitat and time using sites as replicates, however despite best efforts to choose 

sites with similar characteristics it was possible that there may be a site effect and thus the 

factor ‘site’ was including the model. The analyses were performed separately for males, 

females and post larval shrimps.  

Length frequency charts were constructed for each habitat type on each sampling occasion 

and individuals were assigned to 10 mm size classes.  
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To explore changes in total length and body condition for male and female shrimps across 

habitat types and time a two factor ANOVA was conducted. Male total length data met the 

assumptions of ANOVA, however female total length data were righted skewed and was log 

transformed. Site could not be added to the two factor model as there were gaps in the 

data due to low abundance of shrimps at some sites, times, habitats. The effect of site on 

body condition and total length was therefore analysed separately using a one way ANOVA 

pooling all habitat and time samples. Pairwise comparisons using Tukey HSD post hoc tests 

were completed if effects were significant.  To test if the CL:LC ratio was significantly 

different between fully developed and developing males a t-test was used and because 

sample sizes were very different (n = 6 for developed males and n = 105 for developing 

males) separate variances were calculated.  

The PCA and PERMANOVA analysis was carried out using PRIMER software (V6, PRIMER, 

Lutton, UK; (Anderson, 2001; Clarke & Gorley, 2006; Anderson, 2008) all other statistical 

analyses were completed using the statistics package Statistica (V12, StatSoft, Oklahoma, 

USA). 

5.3 Results 

5.3.1 Environmental variables  

PC1 explained 34.7% of the variation and was associated with conductivity (PCA component 

loading of -0.586), temperature (-0.536) and turbidity (0.557). PC2, explaining a further 

22.0% of the variation, was associated with velocity (0.597), depth (0.554) and pH (0.452) 

(Figure 5.3). There was clear separation between early dry and late dry across all habitat 

types. Early dry season was characterised by lower conductivity and temperature and 

higher turbidity (PC1) (Figure 5.3). The mid channel habitat was clearly separated from the 

other three habitat types and was characterised by greater depth and higher stream 
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velocity (PC2). There was little separation between the three shallower and slower stream 

velocity habitats.  

The three environmental variables that contributed the greatest variation to PC1 were 

significantly different between early and late dry season.  Conductivity and temperature 

were both significantly higher late dry (Pseudo F1, 28 = 37.814; p <0.001 and Pseudo F1, 28 = 

142.59; p < 0.001 respectively), and turbidity was significantly lower (Pseudo F1,28 = 32.26; p 

< 0.001) (Table 5.1). The remaining four variables did not differ significantly between early 

and late dry season; depth (Pseudo F1,28 = 0.428; p = 0.536), velocity (Pseudo F1,28 = 3.626; p 

= 0.0688), pH (Pseudo F1,28 = 0.760; p = 0.403) and dissolved oxygen (Pseudo F1,28 = 2.300; p 

= 0.144) (Table 5.1).   

Only stream velocity (Pseudo F3,28 = 14.841; p < 0.001) and depth (Pseudo F3, 28 = 58.256; P < 

0.001) differed significantly between habitats. Pairwise tests found that depth was 

significantly different (p < 0.005) between all habitat types. Mid channel was the deepest 

habitat and sand the shallowest (Table 5.1). Flow velocity was also significantly different 

across all habitat types (p < 0.042) except sand and mid channel (p = 0.166). The fastest 

velocities were observed mid channel and the slowest at the bank (Table 5.1).  

There was no significant interaction between time and habitat for any water quality 

variable (p > 0.110).   
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Figure 5.3. Principal component analysis of environmental data collected from replicate 
sites at each habitat type, separated by sampling occasions: ED (Early dry season) and LD 
(Late Dry season). Variables are; Cond – specific conductivity, pH, Depth - mean depth 
taken at each trap, Velocity – mean stream velocity taken at each trap, Temp – water 
temperature, DO % – dissolved oxygen % saturation and turbidity. Factors contributing to 
PCI and PCII are presented along the axes. 
  

122 
 



Table 5.1. Mean (SE) (n=5) environmental variables for each habitat type on the three 
sampling seasons. ED is early dry season, MD is mid dry season and LD is late wet season. 

Variables Season Rock Sand Bank Mid channel 

Cond 
(mS/cm) 

ED 0.53 (0.01) 0.56 (0.01) 0.54 (0.01) 0.54 (0.02) 

MD N/A N/A N/A N/A 

LD 0.60 (0.01) 0.60 (0.01) 0.60 (0.01) 0.60 (0.01) 

Depth (m) ED 0.48 (0.07) 0.41 (0.07) 1.25 (0.19) 3.75 (0.25) 

MD 0.53 (0.08) 0.36 (0.02) 1.31 (0.17) 3.74 (0.56) 

LD 0.68 (0.03) 0.42 (0.03) 1.24 (0.12) 4.10 (0.85) 

DO% ED 89.88 (1.34) 88.70 (2.33) 87.74 (0.45) 90.85 (0.78) 

MD N/A N/A N/A N/A 

LD 88.44 (1.68) 95.62 (2.50) 88.66 (1.70) 91.80 (1.51) 

Velocity 
(m/s) 

ED 0.03 (0.02) 0.16 (0.05) 0.01 (0.01) 0.20 (0.06) 

MD 0.05 (0.02) 0.07 (0.03) 0.01 (0.01) 0.20 (0.05) 

LD 0.04 (0.02) 0.06 (0.02) 0.01 (0.01) 0.14 (0.03) 

pH ED 8.33 (0.02) 8.32 (0.04) 8.26 (0.06) 8.31 (0.03) 

MD N/A N/A N/A N/A 

LD 8.32 (0.05) 8.32 (0.06) 8.31 (0.05) 8.37 (0.02) 

Temp 
(°C) 

ED 26.80 (0.87) 26.98 (0.92) 26.84 (0.71) 26.84 (0.89) 

MD 28.22 (0.42) 28.39 (0.38) 28.27 (0.31) 28.41 (0.47) 

LD 31.30 (0.23) 32.19 (0.24) 31.86 (0.23) 31.89 (0.25) 

Turbidity 
(NTU) 

ED 7.01 (0.99) 7.01 (1.12) 8.34 (1.45) 6.03 (1.00) 

MD 3.60 (0.48) 3.61 (0.45) 4.01 (0.61) 3.31 (0.31) 

LD 3.44 (0.22) 3.38 (0.35) 4.18 (0.52) 3.60 (0.40) 

 

5.3.2 Relative abundance 

The abundance of male shrimps differed significant between sampling time and site 

(Pseudo F8, 486 = 2.165, P = 0.021) (Figure 5.4a and d), no habitat effect (with time or site) 

was significant (p > 0.241). Pairwise comparisons of abundance at each site within the 

factor ‘time’ revealed that in the early dry, male abundance at R298 was significantly lower 

than all other sites (p < 0.019) except R234 (p = 0.080) (Figure 5.4d). Mid dry, male 

abundance at R178 was significantly higher than all other sites (p < 0.039) except R113 (p = 

0.075) (Figure 5.4d). Late dry there was no significant difference between sites (p > 0.102) 

(Figure 5.4d). Pairwise comparisons of abundance at each sampling occasion within the 

factor ‘site’ revealed that abundance at R113, R184 and R234 did not vary significantly 

between sampling times (p > 0.201). At R178 abundance was significantly higher mid dry 
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than early dry (p = 0.016) and at R298 abundance was significantly higher late dry than 

early dry (p = 0.006). The abundance of female shrimps did not differ significantly between 

habitat, site, time or interactions (p > 0.099) (Figure 5.4b and e).   

Post larval shrimps differed significantly in abundance between site, time and habitat (three 

way interaction - Pseudo F22, 486 = 1.635, p = 0.018). The abundance of post larval shrimps 

declined over time across all habitats and sites (Figure 5.4c and f).  The abundance of post 

larval shrimps at the bank habitat early dry, was 10 times higher than that at the remaining 

habitat types (Figure 5.4c). Mid dry abundance at the sand and bank habitat were 10 times 

higher than the other habitats where post larval shrimps were captured. Abundance at site 

R178 early dry was higher than any other site (Figure 5.4f).   

When the abundance of males, females and post larvae shrimps were combined, total 

abundance differed significantly between time and habitat (Pseudo F6, 486 = 2.211, p = 

0.028) (Figure 5.4d) and between site and time (Pseudo F8, 486 = 2.536, p = 0.006) (Figure 

5.4g). Pair wise comparisons for time within factor ‘habitat’ revealed that total abundance 

in the rock habitat was significantly higher mid dry (p = 0.044) and late dry (p = 0.025) than 

early dry. Total abundance at the bank habitat decreased significantly from early dry to late 

dry (p = 0.032). Pairwise comparisons for each habitat within factor ‘time’ showed that in 

early dry total abundance was significantly higher at both the sand and bank habitat than at 

rock habitat (p = 0.031, and p <0.001 respectively). Total abundance at the bank habitat 

was also significantly higher than at the mid channel habitat (p = 0.029).  Mid dry there was 

no significant difference in total abundance between habitats. Total abundance late dry 

was significantly higher at both sand and rock habitat than mid channel habitat (p = 0.035 

and p = 0.038 respectively). 

Pairwise comparisons of total abundance at each site within the factor ‘time’ revealed 

abundance was significantly lower at R298 than all other sites (p < 0.001). Mid dry total 
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abundance was significantly higher at R178 than R184 and R298 (P = 0.020 and p = 0.002 

respectively). In late dry there was no significant difference between sites (P > 0.450). 

Pairwise comparisons of abundance at each sampling occasion within the factor ‘site’ 

revealed that abundance at R178, R184 and R234 did not significantly differ over time (p > 

0.120). Total abundance at R113 was significantly higher early dry than mid or late dry (p = 

0.037 and p = 0.013 respectively). At site R298 total abundance was significantly higher in 

mid and late dry than early dry (p = 0.009 and p = 0.001 respectively) 
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Figure 5.4. Mean abundance (CPUE) from each habitat type for a) male, b) female, c) post 
larvae, d) total and for each site for d) male, e) female, f) post larvae, and h) total on each 
sampling occasion; ED = early dry season, MD = mid dry season, LD = late dry season. 
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5.3.3 Total length and body condition 

Postlarval shrimps, represented in the size classes; 30, 40 and 50 mm comprised 74% of the 

early dry sample from the bank habitat (Figure 5.5). By mid dry, postlarval shrimps still 

dominated the size classes, but by late dry only a very small percentage in the 30-40 mm 

size class remained. Size distribution in the mid channel habitat was bimodal in the early 

dry, with the first group characterised by small shrimps including many in the postlarval 

shrimp size classes. At subsequent sampling times in this habitat type the small shrimps 

were no longer present. The second group was larger shrimps greater than 100 mm in size.  

A bimodal size distribution was evident at the sand habitat in the mid dry sample. In the 

mid dry there were a substantial percentage of postlarval shrimps (~31%) and larger 

shrimps in the 100 - 120 mm size classes (44%). In the late dry the postlarval shrimps were 

largely absent (n=1), and sand was used by shrimps representing a wide range of size 

classes (50 - 150 mm size classes). The rock habitat was rarely used in the early dry but the 

shrimps that did use it were from a large range of size classes (50 - 160 mm). In the late dry 

the rock habitat was occupied by a wide range of size classes including some in the 

postlarval size (4%) but dominated by shrimps in the mid-size classes (90 - 120 mm – 64%).  

Male total length increased over the sampling period and was significantly higher late dry 

than early dry (F2, 136 = 4.518, p = 0.0125) (Figure 5.6a). Total length across the different 

habitat types was highly variable and no significant differences were observed (F3, 136 = 

0.795, p = 0.499). However shrimps in the mid channel habitat were generally larger than 

those in other habitat types. Mean total length in the bank habitat type was 96 ± 5.1 mm SE 

during early dry to mid dry (98 ± 8.8 mm SE) before a large increase, to 120 ± 6.3 mm SE in 

the late dry sampling. There was a significant site effect (F4, 143 = 4.350, p = 0.002) with total 

length significantly higher at R298 than R113 and R234 (p = 0.005 and p = 0.002 

respectively). Seven fully developed males were identified during the study, one mid 
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channel in mid dry and six in the late dry. Three of the six were captured in bank habitat 

and three in rock bar habitat. The CL(log):LC(log) ratio was significantly lower for fully 

developed males then other males (Table 5.2).  

Table 5.2. The CL(log):LC(log) ratio for fully developed (FDM) and developing males (DM) 
captured during the study. 

  CL:LC SE 

DM 0.754 0.002 

FDM 0.735 0.007 

 

Female total length increased significantly from early dry to late dry (F2, 59 = 3.570, p = 

0.034) (Figure 5.6b). Total length also varied significantly between habitat types (F3,59 = 

3.510, p = 0.020) with total length in rock and mid channel higher than total length in sand 

of bank habitats. Female total length did not vary significantly between sites (F4, 66 = 0.053, 

p = 0.287).  

The body condition index was calculated using the slope from the length weight regression 

as the exponent. The length(log):weight(log) equations were: male -6.394 + 3.685x; and 

female -5.712 + 3.337x.  The body condition of male shrimps varied significantly between 

habitat types (F3, 136 = 2.934, p = 0.036) but not time (F2, 136 = 1.554, p = 0.215), and there 

was no significant interaction between habitat and time (F6, 136 = 0.647, p = 0.692) (Figure 

5.7a). Body condition of shrimps captured from the rock habitat was consistently and 

significantly higher than that from bank and mid channel, but not from sand. Body 

condition from shrimps captured mid channel was lowest on two of the three sampling 

occasions (early dry and late dry) while body condition of shrimps captured at the bank was 

lowest mid dry. Body condition did not vary significantly between sites (F4, 143 = 0.916, p = 

0.456) 
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Female body condition was highly variable across time and habitat (Figure 5.7b). No 

significant relationship for habitat, time or interaction was observed (F3, 58 = 0.875, p = 

0.459; F2, 58 = 0.853, p = 0.431 and; F6, 58 = 1.578, p = 0.170 respectively). Female body 

condition did not vary significantly between sites (F4, 65 = 0.848, p = 0.499). 

Figure 5.5. Length frequency charts for each habitat type at each sampling period.  Sample 
sized at each habitat and time is displayed on the chart. 
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Figure 5.6. Mean total length (mm) for prawns captured at each habitat type for a) male 
and b) female, at each sampling occasion; ED=early Dry season, MD=Mid Dry season, 
LD=Late Dry season. 

 

Figure 5.7. Body condition index calculated as Fulton’s K, for a) males and b) females caught 
at each habitat type at each of the three time periods; ED=early Dry season, MD=Mid Dry 
season, LD=Late Dry season. The different y axis scale is a result of the different slope 
parameter estimate from the length weight regressions. 
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5.4 Discussion  

The strongest habitat association observed in this study was the high abundance of 

postlarval shrimps at the bank habitat in the early dry season. The bank habitat remained 

important for these postlarval shrimps by the mid dry season. Larvae and juveniles of other 

Macrobrachium species are often associated with slack water, structurally complex, bank 

habitats (Humphries et al., 2006; Richardson & Cook, 2006; Scealy, Mika & Boulton, 2007). 

It is likely that the bank environments with high habitat complexity provide refuge from 

predation (Meager et al., 2005) and high stream velocities, as has been commonly observed 

for juvenile shrimps in other regions (Richardson, Growns & Cook, 2004; Humphries et al., 

2006; Richardson & Cook, 2006). Bank habitat was particularly important to postlarval 

shrimps in the early dry and mid dry, however the abundance of postlarval prawns 

increased at the sand habitat mid dry and was the second most utilised habitat by 

postlarval shrimps at this time. The observation of postlarval shrimps in the sand habitat 

mid dry when they were rarely present in the early dry may be related to the increase in 

filamentous algae in that habitat. In the Daly River benthic and filamentous algae start to 

colonise sand habitats in the early dry and by the late dry often form good coverage over 

the sand (Townsend & Padovan, 2005).  This growth in algae would provide habitat 

structure and a potential food source for the postlarval shrimps (Warfe & Barmuta, 2004; 

Montoya et al., 2014). Stream velocity also decreased at the sand habitat between early to 

mid dry (possibly a result of colonisation by macrophytes and/or changing hydrologic 

conditions) which may have also contributed to the abundance of postlarval shrimps at this 

habitat. The abundance of postlarval shrimps in the early and mid dry season and the 

strong site effect showing higher abundance at the two most downstream sites is a result of 

recruitment. Recruitment occurs as a migration of postlarval shrimps in the two months 

following the wet season (Novak et al. 2015). The seasonal timing of recruitment may also 
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explain the presence postlarval shrimps mid channel in the early dry season, but not on 

later sampling occasions. 

The lack of strong habitat use patterns of adult shrimps suggests that M. spinipes is a wide 

ranging, highly mobile species capable of utilising resources in a wide range of meso-habitat 

types.  M. spinipes appears to use a variety of meso-habitats and given that other studies 

have suggested it occupies a high trophic level (Pettit et al., 2012; Jardine, 2014) it may well 

exert strong top-down control on benthic invertebrate communities. While large predatory 

Macrobrachium are known to influence macro-invertebrate communities in some streams 

(Rosemond, Pringle & Ramírez, 1998; March et al., 2001), other work has also found that in 

streams with a high number of other predators or omnivores the effects of these large 

Macrobrachium can be harder to detect (Mantel & Dudgeon, 2004c). There are a diverse 

range of omnivorous and predatory fish in the rivers of northern Australia (Morgan et al., 

2004; Blanchette et al., 2014) and the Daly River is no different (Pusey et al., 2011), as such 

it may be difficult to determine the effects of M. spinipes on benthic communities. 

Unfortunately there has been very little published work on the top down effects of M. 

spinipes on stream communities. There is significant room for further work in the top down 

effects of this species in northern Australia.   

This study’s finding that sand habitats were well used by adult shrimps throughout the dry 

season, particularly early and late dry, is unique. It has been previously reported that 

Macrobrachium avoid open sand habitats in lowland rivers (Castellanos & Rozas, 2001). 

However, the fact that the sand habitats in the Daly River undergo a rapid colonisation by 

filamentous algae and macrophytes over the dry season, may explain why abundance in the 

sand habitat was significantly higher in the late dry. Recent work by Montoya et al. (2014), 

found that Macrobrachium preference for sand habitats increased with a similar 

mechanism, which conversely, occurred during wet season conditions. The proposed 
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mechanism driving the abundance pattern was similar to that observed in the Daly River 

and involved the rapid growth of macrophytes and algae on the sand bank. In addition, 

increased habitat complexity created by ripples and waves on the sand bank also facilitated 

usage of this habitat by shrimps. Refuges from predation and velocity created as a result of 

the increased habitat complexity on the sand bank observed in our study would facilitate 

access to these habitats for foraging (Gilliam & Fraser, 2001; Lammers et al., 2009a). The 

presence of macrophytes and algal communities on sand bank habitats mid and late dry 

would provide structure for an abundance of small macro-invertebrates and larval and 

juvenile fish, providing a rich food source for the shrimps (Truesdale & Mermilliod, 1979; 

Ramirez & Hernandez-Cruz, 2004; Townsend, Garcia & Douglas, 2012). Thus it is likely that 

sand bank habitats are important for both postlarval and adult M. spinipes. 

The mid channel habitat was the least utilised habitat type sampled in this study, 

particularly in the late dry. Mid channel habitat had the highest stream velocity and 

greatest depth, factors which are known to influence habitat usage/selection by shrimps 

elsewhere (Iwata et al., 2003; Girard et al., 2014). The mid channel habitat also had the 

least structure and thus refuge from predation and so presumably individuals here would 

be exposed to greater predation risk. Richardson and Cook (2006), however, found that in a 

temperate lowland river M. australiense had comparatively higher abundances of non-

larval shrimps mid channel. They also reported the largest individuals were found mid 

channel. In our study, in the mid and late dry the mid channel habitat was only occupied by 

larger prawns.  It was unclear as to why large individuals would inhabit mid channel areas 

especially if the habitat is generally unsuitable due to lack of refuge and food resources, 

and an increase in predation risk. It has been noted that shrimps that occupy regions with 

high predation risk will often be larger and with a longer rostrum, for a given weight than 

other conspecifics (Covich et al., 2009). Given that the study by Covich et al. (2009) studied 

populations of Xiphocaris separated by waterfall barriers and the ability to move between 
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habitats was difficult, it is unlikely the same effect was observed in our study of M. spinipes. 

Movement from mid channel to other habitats would be relatively easy in the Daly River 

given the proximity of habitat types and lack of large barriers such as waterfalls.  Thus it is 

more likely that the presence of individuals mid channel is a result of habitat competition 

and the lessor conditioned shrimps retreating to less ideal habitat.  

Length and body condition indices may provide insights into the suitability of particular 

habitats to facilitate growth and condition (Arimoro & Meye, 2007; Pinheiro & Fiscarelli, 

2009). The lack of statistical difference in the length of males across the habitat types but a 

significantly higher body condition in the rock habitat was of interest. The higher body 

condition at the rock habitat could be result of more suitable conditions for growth,  for 

example more ideal refuge locations hence reducing stress from predation, or could be 

attributable to the establishment of dominance hierarchies. Large fully developed males 

have much larger chelipeds than similar body sized developing males and hence would 

likely have a higher body condition (Kuris et al., 1987; Karplus, 2005; Pantaleão, Hirose & 

Costa, 2014). In this study the large size and high body condition of males at the rock 

habitat could suggest that this habitat type is preferred by fully developed males. However, 

this study found that while fully developed males were captured at the rock habitat they 

were equally abundant at the bank habitat, where significantly lower body condition was 

observed. Thus the differences in body condition are not likely due to the presence of fully 

developed males alone and more likely a result of favourable habitat due to refugia sites 

and food resources. It is worth noting that fully developed males in a similar species, M. 

rosenbergii, are often the dominant individuals within the shrimp community and will 

display territorial behaviour that may restrict the availability of habitats to smaller or less 

developed individuals (Peebles, 1980; Karplus & Harpaz, 1990). Similar behaviours of 

dominant individuals have been observed in M. australiensis (Lammers, Warburton & Cribb, 
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2009b). The presence of the developed males in the more structured bank and rock 

environments may suggest that these areas are preferred habitat types for this species.  

 

5.5 Conclusion  

M. spinipes is highly mobile and uses a wide range of habitat types, the use of which varies 

ontogenetically. This study found that the high habitat complexity of bank areas are 

valuable habitats for newly recruited postlarval shrimps in the early and mid dry but in the 

late dry this habitat type harbours a very wide range of sizes including the largest 

individuals present. Sand habitat, after colonisation by algae and macrophytes in the mid 

and late dry season, also became an important habitat for postlarval shrimps. By late dry 

the sand habitat was most used, with the highest number of individuals from a large range 

of size class. In addition, larger, better conditioned males were more abundant at the rock 

habitat than the other habitat types and thus these habitat types may provide better 

nutrition, better refugia and/or preferred mating sites.  The presence of large numbers of 

well-conditioned males in the rock habitats and the abundance of shrimps in the rock and 

sand habitats may suggest that these areas could be targets for future work on determining 

top down effects of these shrimps on benthic communities. Overall, deep, fast flowing mid 

channel areas were generally avoided. This study has provided a valuable baseline in regard 

to the habitat use M. spinipes, which can inform further studies investigating food web 

ecology and trophic interactions.  
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6 General Discussion  

 
Macrobrachium spinipes in a folding trap underwater.  

Photo Credit: John Novak 
 

 
Driving to sites on the Daly River.  

Photo Credit: Marilyn Novak 

 
Setting traps at R178.  

Photo Credit: Nathalie Mauraud.  
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6.1 Discussion 

Northern Australia is a globally significant region due to the very high concentration of free 

flowing rivers (Liermann et al., 2012). These rivers harbour significant biodiversity and 

hydrologic connectivity is recognised as an important factor in ecosystem function (Douglas 

et al., 2005; Warfe et al., 2011). Future developments in northern Australia are likely to 

focus on the use of the significant water resources (White Paper - Commonwealth 

Government, 2015). These developments will likely target the large permanently flowing 

rivers, such as the Daly River, which are uncommon throughout the region (Kennard et al., 

2010). While there has been a significant increase in research into aquatic environments 

across northern Australia in the past decade (Douglas et al., 2011) there are still critical 

knowledge gaps in our understanding of the movements, life histories and the role of flow 

regime of migratory fish and crustaceans. Therefore it is essential that research is 

undertaken on the relationship between hydrological connectivity and life histories of 

migratory species in the region. In this thesis, the migratory caridean shrimp, 

Macrobrachium spinipes was used as a model species to investigate the importance of 

hydrological connectivity to life history characteristics. The aims of this thesis were to 

investigate different aspects of the life history of this species and provide a detailed picture 

of how life history and hydrological connectivity interact (Figure 1.1). The major findings in 

relation to these aims are summarised in Figure 6.1. 

The first step to understanding the role of hydrological connectivity in the life history of M. 

spinipes was to determine its distribution throughout the river and tributaries and 

reproductive phenology. In large river systems Macrobrachium spp. will generally migrate 

towards the estuary to hatch larvae (Raman, 1967; Rome et al., 2009; Bauer, 2011b). The 

larvae have a limited time to survive in freshwater water so the migration of reproductive 

females to, or within close proximity of, the estuary reduces the drift time and hence 

increases the likelihood of the larvae surviving (Rome et al., 2009). Reproduction in 
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seasonally flowing rivers occurs during the wet season when high flows transport larvae 

downstream (Bauer, 2011b). In Chapter 2, I predicted that reproduction would occur during 

the wet season and that females would migrate downstream to hatch larvae. such as 

migration would result in a decrease in the abundance of females at the most upstream 

sites and an increase at the most downstream sites. The data presented demonstrated that 

reproduction was occurring only during the wet season months. However, a downstream 

migration was not found, as reproductive females were detected in high numbers at all 

sites throughout the river. The abundance of females in advanced reproductive stage far 

upstream, suggested that a significant number were not migrating downstream to hatch 

larvae (Figure 6.1). This result raised questions about the amphidromous nature of this 

species such as is it obligate amphidromous, how long can larvae survive in fresh water and 

if so larvae produced far upstream reach the estuary alive?  

If M. spinipes is not amphidromous, then hydrological connectivity may not be as important 

in its life history as hypothesised. If it is amphidromous, then the critical question becomes 

how much of the river contributes to recruitment and what role does hydrological 

connectivity play in recruitment? In Chapter 3 I aimed to answer this question, firstly by 

determining whether larvae are released throughout the river, secondly, by experimentally 

determining the maximum and optimum time larvae can survive in fresh water, and finally, 

by examining the flow conditions that would facilitate the transport of larvae from the 

upstream sites to the estuary. I present strong evidence that confirms that larvae are 

produced in high numbers at sites far upstream. These larvae require salt water for 

development and have about seven days to reach the estuary, after which successful 

development becomes unlikely. This survival time is higher than that reported for virtually 

all other Macrobrachium species (Table 3.2, Chapter 3). The ability to moult to Stage 2 or 3 

in freshwater may enable the larvae to feed on the drift downstream, thus reducing 

dependence on yolk stores. In the final component of this chapter, I modelled flow velocity 
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during the wet season to determine the hydrographic conditions that may facilitate the 

transport of live larvae to the estuary. In this analysis I demonstrated that larvae from all 

sites surveyed in this study could reach the estuary within the critical seven day time 

period. The large flow events in the wet season would be particularly important for 

transporting larvae from the most upstream sites (Figure 6.1). Thus I found that it is likely 

that the entire 400 km surveyed reach may be important in contributing to the 

reproduction of this species. This life history strategy may increase the vulnerability of the 

species to developments that reduce wet season discharge. 

Once the larvae of amphidromous Macrobrachium reach the estuary they grow and 

develop into juvenile shrimps and then need to migrate back upstream (Bauer, 2011b). In 

Chapter 4, I present the first evidence that the migration of M. spinipes occurred during 

periods of low flow in the wet season, particularly at the end of the wet season (Figure 6.1). 

This period of transition from the wet to dry season is critical in ecosystem function in 

northern Australia (Warfe et al., 2011) and this study has demonstrated it is also critical for 

the survival of M. spinipes. The timing of the migration during the recession of wet season 

flows for this species was consistent with that for other amphidromous Macrobrachium 

species (Bauer & Delahoussaye, 2008; Kikkert et al., 2009; Olivier et al., 2013). In Chapter 4 

I provide an estimate of the number of shrimps migrating en masse at the end of the wet 

season. An estimate of the number of migrating juveniles has not been estimated for any 

Macrobrachium in a large lowland river before. It was estimated that approximately 18 

million shrimp migrated upstream over the 3-6 week migration period. This number of 

shrimp equated to, depending on sampling year, approximately 117 - 281 kg dry weight of 

shrimp biomass which resulted in the upstream transport of 43 - 102 kg of carbon and 12 - 

28 kg of nitrogen.  
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This upstream migration of Macrobrachium has been hypothesized as a possible source of 

marine derived carbon for freshwater ecosystems (Bauer & Delahoussaye, 2008). I used 

two different analytical techniques, sulphur stable isotopes and strontium (87Sr/86Sr) ratios, 

to determine whether the carbon transported upstream was of marine origin (Chapter 4). 

Both techniques revealed that the migrating juvenile M. spinipes were not transporting 

marine derived carbon upstream. These findings build on the work by Olivier (2013) who 

found the marine carbon signature diminishes rapidly once migrating shrimps leave the 

estuary. The most downstream capture site I sampled was 105 km from the sea and while it 

is possible that they may carry marine carbon into freshwater below this point, it would be 

expected that to have a significant subsidy effect in large rivers, marine carbon would need 

to be transported much farther upstream. This chapter also highlights that using sulphur 

isotope ratios can be problematic in catchments with naturally high sulphur content. In 

these circumstances the use of the 87Sr/86Sr ratio from material such as the rostrum, can 

prove effective.  I propose that while the migration of juvenile shrimps is unlikely to provide 

a material subsidy to large rivers such as the Daly (Chapter 4) or the Mississippi (Olivier, 

2013), it may well provide a significant source of marine derived nutrients in much smaller 

tropical streams where amphidromous shrimps are common and can be the dominant taxa 

in terms of biomass.      

The upstream migration of amphidromous shrimps is vulnerable to impediments such as 

dams, other impoundments and drought conditions (Holmquist et al., 1998; Benstead et al., 

1999; Fièvet, 1999b; Covich et al., 2006). These flow alteration structures either stop the 

migration at that point, or slow the migration, creating a bottleneck making the shrimps 

more vulnerable to predation. The end result can be the significant reduction or total 

extirpation of shrimps from the river reach upstream of the impoundment (Holmquist et 

al., 1998; Greathouse et al., 2006b). The loss of shrimp has resulted in significant changes 

to the upstream river community and reductions in nutrients transported downstream 
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(March et al., 2002; Greathouse et al., 2006a; Greathouse et al., 2006c).  In the Daly River 

there are no large impoundments, but causeways associated with road crossings may 

create an anthropogenic barrier to migration. During the high flows of the wet season 

causeways are flooded and have limited negative effects, during the lower flow periods of 

the wet season and especially the wet to dry transition they were observed to create 

impediments to the upstream migration. While the shrimps could easily climb these 

structures the accumulation of juveniles at the base was subject to frequent and persistent 

predation. 

The final chapter (Chapter 5) in my thesis was designed to determine the habitat use of M. 

spinipes, specifically to explore changes in habitat use over the dry season and ontogenetic 

shifts in habitat use (Figure 1).  I present data that suggest there is a strong ontogenetic 

shift in habitat use throughout the dry season. In the early stages of the dry season, 

juveniles are strongly associated with highly structured bank environments. Presumably 

these habitats provide sufficient food resources and protection from both high flow velocity 

and predation. As the dry season continues, large areas of submerged sand become 

colonised with filamentous algae and emergent macrophytes and these areas, along with 

the bank habitat, become important for the newly recruited juveniles. Juveniles become 

harder to detect in late dry season, presumably due to mortality or growth. By this stage of 

the dry season the rock bars and sand habitats become important for all size classes. Thus it 

is likely that the bank habitat provides important refuge for newly recruited juveniles and 

that sand habitats become important areas for not only juveniles but all size classes later in 

the dry season.  

6.2 Limitations 

The limitations associated with approaches taken in each chapter have been discussed in 

the relevant chapters. Broadly speaking the major limitation of this study is that all research 
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was conducted in one river system. This river system is perennially flowing and has 

relatively high dry season base flow. It was selected as a study catchment primarily because 

such river systems, although uncommon in the region (Kennard et al., 2010) have 

significant conservation value and may act as sources of recruits for the surrounding, 

intermittent river systems. In addition, the permanent flow regime and relatively high base 

flow of the Daly River ensures it is a likely focus for future development. Despite the 

uncommon nature of this hydrological regime in this region, it is felt that the findings 

presented in my thesis are still applicable to the broader region. While many of the river 

systems in northern Australia have intermittent flow regimes, many maintain a series of 

deep pools which act as refugia to many species. In fact, in this study an intermittent 

tributary of the Daly River was studied (T377) and found that populations of M. spinipes are 

maintained in these pools throughout the dry season (Chapter 2). Once the wet season 

begins, these pools are reconnected and similar requirements for larval development and 

upstream migration would be expected.  

6.3 Future directions 

This study has provided a comprehensive investigation into the life history of M. spinipes. 

There are still many questions that remain in both life history attributes and ecology; many 

of the future directions for work have been highlighted in each chapter. Macrobrachium 

spinipes has been studied indirectly in number of food web investigations across the region 

(Jardine et al., 2012a; Pettit et al., 2012; Jardine, 2014; Thorburn et al., 2014). While this 

has provided insights into the possible trophic roles of this species, investigations that focus 

specifically on M. spinipes would be invaluable in determining its ecology and likely 

ecosystem effects. The Daly River provides a great example in which to study the effects of 

stream order gradient on the influence of M. spinipes on nutrient cycling and other benthic 

processes. It is hoped that this thesis will prompt further work focused on Macrobrachium 

ecology in Australia.   
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This study has highlighted the importance of hydrological connectivity for this species and 

in northern Australian rivers. It would be of considerable interest to expand this research to 

determine the importance of inter-basin connectivity in northern Australia and M. spinipes 

could provide an ideal model species. Recent work by Page et al. (2013) has shown high 

levels of inter-basin connectivity for freshwater shrimps between Caribbean islands and 

highlighted the possibility of larvae travelling hundreds of kilometres on ocean currents to 

eventually inhabit island streams. In northern Australia where perennial rivers are rare, it 

would be of significant interest to determine if rivers such as the Daly River may provide a 

continual source of recruits to nearby river systems.   

While inter-basin connectivity may be occurring in northern Australian rivers systems it may 

only occur within sub-regions as previous taxonomic reviews have found that M. spinipes 

may actually be comprised of 2-3 different subspecies or species (Short, 2004).  These 

groupings coincide with large regional drainage basins and may indicate adaptations to 

different flow regimes. Further work in this area would be of particular interest and could 

focus on; firstly the limits of inter-basin connectivity, what causes the boundaries in a 

continental-scale landscape, and secondly exploring the effects of the different flow 

regimes on life history and ecology.    
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Figure 6.1.  Diagrammatic representation of M. spinipes life history and key findings of  each 
chapter. 
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