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Abstract 
 

Keywords: Fisheries, aquaculture production, exotic species, environmental effects, 

indigenous freshwater prawn, natural distribution, genetic structure, Pacific Islands, 

region, Macrobrachium lar, hatchery trial, artificial propagation, breeding, 

temperature, salinity, zoea, larvae, juvenile, grow-out, monoculture, taro-freshwater 

prawn integrated farming system. 

 

Aquaculture represents an alternative for sustainable development of aquatic 

resources, especially in developing countries. In fact, aquaculture production 

currently contributes substantially to global fisheries production, and there is 

significant potential for this industry to meet increasing demand for aquatic products 

in most regions of the world. The production of Giant river prawn (Macrobrachium 

rosenbergii) and other Macrobrachium species have great economic importance for 

aquaculture, but can also have environmental implications when M. rosenbergii is 

present as an exotic species. In Pacific Island Countries and Territories, M. lar is 

indigenous and has been suggested as a potential local candidate species for culture 

in the region. In this study, aspects of population genetic structure, parameters 

required for completing the larval stages and growth in simple culture systems of this 

species were studied.  

 

A study of the population genetic structure of wild freshwater prawn M. lar 

populations using a mtDNA marker suggested potential for genetic structure at a 

number of geographical spatial scales. The study investigated genetic relationships 

among M. lar populations from discrete natural drainages across the natural range in 

the western and eastern Pacific, using 16S RNA and CO-I gene sequences. Sequence 

analysis of both genes resolved 2 distinct genealogical lineages namely the Cook 

Islands and remaining sampled islands. M. lar populations sampled in the western 

Pacific were genetically similar with the exception of the Cook Island populations. 

While the potential reasons why Cook Islands populations were genetically divergent 

were not resolved, the Cook Islands are the most easterly of the Pacific island chains 

assessed here and large geographical distances separate them from more westerly 

islands.  
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Examination of specimens collected within Fiji showed 16 unique haplotypes. The 

distribution of unique haplotypes was not correlated with geographical location and 

pairwise Fst values at different hierarchical scales were not significantly different 

from zero suggesting that all sites constituted a single panmictic population. Thus 

Fiji populations of M. lar are essentially homogeneous. At the regional scale, 

populations separated by 1000s of km showed little variation except for the 

populations in the eastern most islands- the Cook Islands. Variation in Cook Islands 

samples was significant with pairwise Fst’s indicating populations were significantly 

divergent from all other sites. The data indicate that wild populations of M. lar in the 

western and eastern Pacific regions are discrete populations. M. lar larval stages 

show tolerance to full marine conditions at an early stage, implying that larvae are 

naturally adapted to long periods of exposure to marine conditions that would allow 

for wide geographical dispersal by ocean currents. 

 

During times of lowered sea levels in the past, some PICTs were more closely linked 

geographically and aquatic organisms with pelagic marine larvae theoretically may 

have been able to disperse then more easily via reduced ocean distances. The close 

genetic relationships among western Pacific M. lar indicate that dispersal is 

extensive and hence ongoing gene flow occurs among M. lar populations in most of 

the western Pacific. 

 

A series of larval rearing trials were carried out to assess requirements for reaching 

various stages of ontogenetic development. In trial 2, larvae underwent 6-7 molts 

across 45-50 days at 28.0 ± 0.5ºC. The growth rate of larvae was very slow and 

irregular, and larvae molted to the 7th stage with a body length ranging from 2.0 ± 

0.07- 4.6 ± 0.10 mm.  Density and survival of larvae were related inversely, 

indicating that larvae may be sensitive to overcrowding. Larval development was not 

uniform with individuals molting at different times.  

 

Rearing trials 2 and 3 indicated that larval stages require full strength sea water to 

complete in part, or fully, their larval development and that larvae die if maintained 

in fresh water for extended time periods. For this reason adults in the wild are 

confined to rivers, streams, creeks and lakes with open access to the ocean to allow 

newly hatched zoea to reach saline conditions within 18-36 hours of hatching. 
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The larvae of M. lar are typical of members of the family that exhibit a common type 

of development. Eggs are small and incubation period ranges from 29-33 days at 26-

29ºC in freshwater and berried females can carry 2,000 - 20,000 eggs. Optimum 

salinity range for growth and survival of early life stages was 1-5‰ over a period of 

18 hours, although there was considerable variation among trials.  High mortalities 

occurred at salinity increments of 10 and 20‰. Hatching occurs in freshwater and 

salinity increments of 1-5‰ over 18-36 hour period were found to be best for larval 

development. 

 

Growth performance of juvenile M. lar in simple monoculture and integrated culture 

systems were evaluated with juveniles collected from the wild and stocked at 5 

prawns per/m2. On average, prawn weight exceeded 30g after a four month growth 

trial indicating that 2880kgha-1yr-1 and 1050kgha-1yr-1 could be achieved in mono 

and integrated culture systems, respectively. In general, growth of M. lar is similar to 

that of most other Macrobrachium  species, but their ability to grow effectively in 

simple pond and integrated systems, most closely resembles that of M. rosenbergii. 

Integrated culture can produce a reasonable quantity of prawn biomass with 

relatively low environmental effects. There are now several farms producing M. lar, 

ranging from 1 or 2 ponds up to 4-6 ponds, with mean yields approaching 2,000 kg 

of prawn ha-1year-1. 

 

Outcomes of the grow-out trials clearly indicate that a low-input approach to M. lar 

culture can be successful and may also be an acceptable general model for 

developing sustainable aquaculture in the Pacific because it exemplifies judicious use 

of resources with minimal environmental impacts while providing sound economic 

benefits to small communities. Survival in monoculture system was over 350% (due 

to additional colonization by wild individuals) suggesting that it may be possible to 

increase stocking densities in ponds from 5 juveniles m-2 to near 40 m-2. Based on the 

outcomes of this trial, several farmers have established small-scale prawn farming 

business enterprises. Many aquaculture systems trialled in PICTs have not been 

successful over the long term and establishing simple, culturally-sensitive 

approaches that compliment regional life-styles well, may produce more sustainable 

development of aquaculture industries in the region in the future. 
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1.0 Current state of modern fisheries and aquaculture 

 

1.1 Introduction 

From ancient times, fishing has been a major source of food for humans and also a 

major provider of employment and economic benefits to many communities around 

the world. According to the Worldfish Centre and the Food and Agriculture 

Organization (FAO) (Ahmed & Delgado 2000; Delgado et al. 2002; 2003; FAO 

2006) global per capita fish consumption has doubled over the past 50 years, 

increasing from an average of 9.1 kg in 1961 to an estimated 16.3 by 2003. 

Consumption trends show an increase in demand for fish products for food, in part 

due to growing purchasing power in some developing countries and changing dietary 

habits where consumers are becoming increasingly health and diet conscious and see 

fish as having a positive impact on health. Based on current annual human 

population growth rate of 1.7% (Daily & Ehrlich 1992), production of fish would 

need to double again to meet projected demand over the next 25 years. This is to feed 

an estimated additional 80-90 million people each year, most of them in developing 

countries (Akpaniteaku et al. 2005).  

 

According to FAO (2006), global production from combined capture fisheries and 

aquaculture reached 106 M mt in 2004 and provided an estimated supply of 16.6 kg 

per capita (live weight equivalent). Of this, aquaculture accounted for approximately 

43 percent of total fish production and has grown at an average of 8.8 % per year 

since 1970 (op. cit.). In contrast, annual growth rates for capture fisheries and 

terrestrial farmed meat production systems were only 1.2% and 2.8%, respectively 

(op. cit.). In general, production levels from capture fisheries have remained 

relatively stable over the past decade (i.e., in the 1990s) after showing a marked 

increase during the 1970s and the 1980s.  

 

According to recent FAO data, around one-quarter of fish stocks around the world 

were considered to be moderately exploited, while half were fully exploited and were 

estimated to be close to their maximum sustainable yields, with no room for further 

expansion. Remaining stocks were either overexploited or were experiencing 

excessive fishing pressure with some disappearing or becoming economically 
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unviable. In some regions, fish populations have been decimated prompting fishery 

bans on many species, and catch limits and quotas have become hotly debated and 

contested issues. Poor fisheries management and inappropriately designed subsidies 

to fishing industries have been widely recognised as the key drivers of over-

exploitation of fisheries resources by contributing to significant overcapacities of 

fishing fleets. Taken together, these data suggest that the maximum yield from wild 

capture fisheries in the world’s oceans has probably already been reached with little 

or no potential for further exploitation, and effective fisheries management will be 

required in the future to rebuild depleted wild marine fish stocks.  

 

Similarly in the case of inland water fish resources, there is evidence for widespread 

declines in the larger sized species in most major river drainage systems and general 

overexploitation of all harvested species (FAO 2006). Reports on harvests suggest 

that resources are declining (e.g., freshwater prawns) with the effect of this on 

market supply having been masked in many countries by emergence of farmed 

production since the 1970s. This trend is largely the result of overfishing, growing 

quantities of freshwater being diverted for hydropower generation, construction of 

flood control dams and agriculture particularly in developing countries, and this 

trend is unlikely to be reversed unless countries recognize inland fisheries as an 

important growth sector and reduce their fishing effort to protect wild fish resources 

to allow fishing to remain an economically viable and sustainable business.  

 

In comparison, there is significant potential for aquaculture to meet increasing 

demand for aquatic products in most regions of the world and this sector continues to 

grow very rapidly and has been promoted as the most likely source of additional 

seafood production (Kautsky et al.1997; Folke et al. 1998; Sugiyama et al. 2004). 

There are many reports published starting in the 1990s that indicate the urgent need 

to increase the global supply of finfish, molluscs and crustaceans through the 

expansion of aquaculture activities. Some of these include: New 1991; Hempel 1993; 

FAO 1997a, b, c; New 1997, 1999; FAO 1999; Pedini 1999; Naylor et al. 2000. In 

fact, fisheries officials all over the world have been examining aquaculture as an 

alternative to harvesting wild stocks with some viewing it as a panacea for problems 

of declining catches from the wild. Thus, expansion of aquaculture has been given 
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high priority both in developed and developing countries (CGIAR 1995; FAO 1995a, 

b). Rapid expansion of intensive aquaculture however, has created many ecological 

problems and this is compounded by growing use of resources (feed and water etc.) 

and ecosystems services (waste assimilation etc.) (Kautsky et al.1997; Folke et al. 

1998).   

 

1.1.1 Current status of aquaculture 

Aquaculture is a well-established production technology and has been used in many 

parts of the world for a long time. Production techniques vary widely from region to 

region, depending on the different social and natural environments, and from species 

to species, depending on the different requirements. However, in recent decades a 

revolution has taken place in the production technology available and it has become 

one of the most rapid and technically innovative of food production sectors globally 

(Muir 2005), and continues to grow more rapidly than all other animal food-

producing sectors. This has led to a substantial increase in production with close to 

180 countries reporting some level of aquaculture production. While landings of wild 

fish have been stagnant since the late 1980s, aquaculture production has grown 

steadily. Most of the production of fish, crustaceans and molluscs is derived from 

freshwater with over 240 species reported as being farmed in 2004 (FAO 2006). In 

2004, countries in Asia and the Pacific region accounted for over 91.0 % of global 

production and 80.5 % by value, with production from carps exceeding that of all 

other species groups in culture (FAO 2006). Hence, it is clear that aquaculture 

already plays a very important role in the global supply of food. 

 

With increasing emphasis on economic diversification and improvement of trade 

balances for fishery products, commercial enterprises in many countries have turned 

to exotic culture species including Atlantic salmon, Salmo salar, Japanese oyster, 

Crassostrea gigas, the California abalone, Haliotis rufescens (Hewitt et al. 2006) 

shrimps, tilapia and freshwater prawns. Analysis of the FAO Database on 

Introductions of Aquatic Species (DIAS) reveals that aquaculture development was 

the most often cited reason for fish introductions, and that government organizations 

were responsible for more introductions than any other group (FAO 2007). Use of 

exotic species has allowed research and development costs to be reduced via 
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application of existing technological and development advances. Similarly, new 

enterprises can utilize pre-existing markets with well established brand identity to 

return profit more rapidly. Uses of exotic species or potentially invasive alien species 

with farming practices that rarely provide a zero risk of accidental release however, 

is problematic from biodiversity protection and transboundary perspectives and are 

now regarded as a leading threat to native aquatic biodiversity (Williams et al. 1989). 

In addition, under present practices some forms of aquaculture are probably 

unsustainable when viewed from both on ecological and economic standpoint and 

has led to environmental degradation with severe social consequences (e.g., Baily 

1988; GESAMP 1991; Barg 1992; Pullin 1993; FAO/NACA 1995; Rosenthal 1997). 

Some of these problems are discussed below.  

 

1.1.2 Negative impacts of aquaculture development 

Exotic species  

The use of exotic species for aquaculture has been widespread across the world for a 

long time (Pillay 1977; Ruiz et al. 1997; De Silva et al. 2004). A total of 1354 

introductions of 237 aquatic species into 140 countries have been recorded 

(Welcomme 1988). After the Second World War, translocations occurred widely 

aimed at: increasing food fish production, for weed and pest control, for recreation 

(Welcomme 1988), for marketing of ornamental organisms, for fishery management 

purposes (e.g., Davidson et al. 1992), to enhance recreational fisheries (e.g., Cowx 

1994; 1998), to manipulate population structures to influence food webs for 

improving water quality and ecosystem health (e.g., Cowx & Gerdeaux 2004) and to 

improve water flow for fisheries purposes (e.g., Cowx & Welcomme 1998).  While 

impacts of stocking and exotic introductions have been significant (e.g., Carlton 

1989) and have been achieved at a considerable cost (e.g., Cowx & Gerdeaux 2004), 

some were made illegally (e.g., Hickley & Chare 2004) and others have resulted in 

many extirpations of indigenous fish species worldwide (e.g., Cambray 2003). Some 

have also caused significant ecological and/or economic impacts (e.g. OTA 1993; 

Naylor et al. 2001), including altered or impoverished natural biodiversity in 

receiving ecosystems via interbreeding,  predation, competition for food and space or 

habitat destruction (e.g., Folke & Kautsky 1989) and in others, the full effects on 

their hosts or the new environment remain unknown (Bartley & Minchin 1995). 
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According to Coates (1995) and Welcomme (1988), the complete containment of an 

exotic species in aquaculture facilities is nearly impossible and that an introduction 

to an aquaculture facility should be considered a step towards its eventual 

introduction into the wild. They are also usually difficult or impossible to eradicate 

ones they are established (Carlton & Mann 1981). In addition, exotic aquatic species 

can pose risks to human health and also compromise the integrity of natural 

ecosystems, agriculture and related primary industries (e.g., Welcomme 1988; Turner 

1988). 

 

 Intensive salmon farming 

Salmon aquaculture requires large inputs of energy (e.g. oil, coal, electricity) to 

produce net pens, automatic feeders, aerators, pumps, etc., to run equipment, drive 

boats, raise juvenile salmon and to produce feed pellets (Folke & Kautsky 1992).  

Also, salmon must be fed pellets containing at least 45% fishmeal and 25% fish oil 

that has to be extracted from commercially harvested fish stocks (Folke et al. 1994; 

Black et al. 1997; Folke et al. 1997; Folke et al. 1998; Naylor et al. 1998). This leads 

to a total input of fish products two to four times the total output of salmon (Naylor 

et al. 1998). Increasing dependence on wild fish stocks for feed where wild fish 

inputs exceed farmed fish outputs demonstrates that aquaculture may not relieve 

pressure on wild stocks but rather, can intensify it. In addition to wild fish depletion, 

other problems include: flow of concentrated and substantial quantities of uneaten 

feed (fish food), wastes, and any chemicals or antibiotics that may have been used in 

farms straight into waters, causing for example, eutrophication of coastal areas. 

Intensive aquaculture of salmon has also introduced infectious diseases to wild 

stocks, for example, Infectious Salmon Anaemia (ISA) (www.arts.usask.ca). In 

addition to disease epidemics, farmed fish often escape from pens and mix with or 

out-compete wild fish for food and habitat including impacting on biodiversity of 

natural fish stocks. Wild populations of salmon also have genetic traits that are 

closely linked to their spawning area, and interbreeding with farm-raised fish 

(escapees) can degrade genetic variation and ultimately the genetic quality of wild 

fish (e.g., Verspoor 1988; Naylor et al. 1998; Naylor et al. 2003). 
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Intensive shrimp farming 

Prior to the 1970s, most marine shrimp available on international markets were 

supplied from capture fisheries. Increased demand for shrimp after the 1970’s 

however, stimulated development of mass culture techniques for commercially 

valuable marine shrimp species, specifically for Penaeus monodon, P. japonicus, P. 

stylirostris and P. vannamei and the freshwater prawn, Macrobrachium rosenbergii 

(Sandifer & Smith 1975; New 1990; Webster & Tidwell 1995; Jory 1996; Boyd & 

Clay 1998). At this time marine shrimp catches from the wild however, began to 

plateau while consumer demand was on the rise (Gujja & Finger-Stich 1996). Marine 

shrimps were also more desirable initially to consumers and more profitable to 

producers than freshwater prawns (Webster & Tidwell 1995; Jory 1996). This 

combination of factors cleared the way for development of intensive shrimp 

aquaculture leading to construction of thousands of hectares of culture ponds 

worldwide (Jory 1996; Boyd & Clay 1998; Gujja & Finger-Stich 1996). A variety of 

systems were used, varying in the degree of intensification employed, with the most 

intensive farms developed in Asia. The high stocking densities used meant that a 

suite of inputs were needed to maintain productivity including chemicals such as 

fertilizers, disinfectants, coagulants, liming materials, feed additives and antibiotics 

(Graslund et al. 2003). Additionally, a number of pesticides were used to kill fish and 

molluscs before stocking the ponds and others added to the pond to control bacterial 

and fungal infections and parasitic worms (Graslund & Bengtsson 2001). While 

initially it appeared that the marine shrimp culture industry would continue to expand 

rapidly, the spread of shrimp farms to mangrove swamps and estuaries caused 

damage to coastal ecosystems (Gujja & Finger-Stick 1996; Jory 1996) and some 

shrimp culture operations also produced conditions i.e., self-pollution leading to 

outbreaks of virulent diseases, for example, Infectious Hypodermal and 

Hematopoietic Necrosis (IHHN), Taura Syndrome Virus (TSV) and other diseases. 

Once farmers detected disease in their stocks, they often harvest and freeze the 

product quickly to prevent major losses. Contaminated shrimp were then sold world-

wide, transmitting or spreading viral disease problems (Boyd & Clay 1998; Nunan et 

al. 1998); causing production to crash and many farmers to abandon or convert their 

farms to culture of other species (Gujja & Finger-Stich 1996; Jory 1996; Boyd & 
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Clay 1998). Farmers have also often harvested their shrimp at an early stage which 

translates into small tails at the market. Collectively, these impacts on shrimp culture 

have decreased the availability of large tails and increased prices.  

 

While the marine shrimp culture industry is based primarily on five species, farming 

is dominated by a single species, P. monodon (Benzie 2000). Had shrimp culture 

diversified earlier, many of the problems described above and including those 

described, for example, by Patil & Krishnan (1997), Bailey (1988), Nunan et al. 

(1998) and Islam & Wahab (2005), may have been reduced.  

 

The major issues of environmental degradation and disease that currently face shrimp 

farming, can, in part, be addressed by developing freshwater prawn farming as an 

alternative in suitable locations where adequate freshwater is available. Freshwater 

prawn farming is recognised as an efficient way of producing crustaceans with 

minimal environmental impact and in general this approach is more environmentally 

sustainable than intensive shrimp production (e.g., Tidwell & D’Abramo 2000). 

Currently, no published information indicates that there are negative effects on the 

environment produced by the freshwater prawn farming, for example, of M. 

rosenbergii (Valenti & New 2000). Saline water is not required for the grow-out 

phase, eliminating the need for coastal sites thus reducing potential salinization of 

soil and water. Freshwater prawn farming can also overcome pollution problems and 

environmental degradation because freshwater prawns are normally reared inland 

that neither competes for coastal resources nor harms coastal ecosystems. There is 

also lower risk of industry collapse due to viruses and diseases that have impacted 

penaeid production (e.g., Wang et al. 1998) and it has been recognized that there are 

simple ways to produce freshwater prawns with low environmental impact (New 

2000a, b; New et al. 2000a). A low-stocking density farming approach is commonly 

practiced by most freshwater prawn farmers around the world. Freshwater prawns 

can also adapt to a range of feeding habits since most are omnivorous, grow well in 

polyculture with tilapia and carps (Zimmerman & New 2000), have good potential 

for integration with agriculture and animal husbandry (Chatopadhay et al.1995) and 

also can be more profitable than sugarcane or rice production (Fegan & Sriram 

2001). In recent years, technologies have been developed that allow the 
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intensification of prawn production rates without negatively impacting water quality 

(e.g., Tidwell & D’Abramo 2000, Tidwell et al. 2004). It has also been argued 

widely, that freshwater prawn farming may in general terms, be more sustainable 

than shrimp farming (New 2000a, b; New et al. 2000a) and it is therefore worthwhile 

to look critically at the measures that could increase freshwater prawn farming 

worldwide. This is because the worldwide boom in aquaculture has caused a number 

of significant problems, as evidenced by the serious environmental and social 

impacts in some, if not all, farmed aquaculture crops (e.g., FAO/NACA 1995), and 

problems mainly associated with intensive production systems of shrimps (e.g., 

Kutty 1998), Atlantic salmon (e.g., Folke & Kautsky 1992; Kautsky et al. 1997), and 

use of exotic species (e.g., Bartley & Minchin 1995).  

 

1.1.3 Future prospects for aquaculture 

In spite of the difficulties identified above, there is still significant potential to 

increase aquaculture production to enhance local food security, alleviate poverty and 

improve rural livelihoods particularly if attention is paid to sustainability as has long 

been recognized by established international development organizations. According 

to the Consultative Group on International Agricultural Research (CGIAR), 

aquaculture could provide nearly 40% of all fish for human consumption in the 

future (CGIAR 1995). In addition, efforts to establish sustainable aquaculture 

systems have increased as evidenced in studies, reviews and guidelines on 

aquaculture development (e.g. Csavas 1993; FAO 1995a, b; Reinertsen & Haaland 

1995; FAO 1998; ADB/NACA 1998; IFS 1998; Shehadeh 1999; Svennevig et al. 

1999). The Bangkok Declaration and strategy (see Subasinghe et al. 2001) emphasis 

the need for the aquaculture sector to continue development towards its full potential, 

making a net contribution to global food availability, domestic food security, 

economic growth, trade and improved living standards. Expectations are that, 

aquaculture will continue to increase its relative contribution to world aquatic food 

production (Hewitt et al. 2006), and make important contributions to meeting world 

food security. Major challenges ahead will be to increase aquaculture production in 

sustainable ways and to develop approaches and technologies that will increase the 

contribution of aquaculture to global food supply with low impact on natural 

systems. 
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Where pressures of food shortages and malnutrition are the most acute, aquaculture 

is an attractive alternative to intensive production of other animal protein sources. 

Many indigenous people, particularly in Asia and Pacific Island Countries and 

Territories (PICTs), have strong traditions of eating fish and have practiced fish 

farming in fresh and brackish water for many centuries. These traditions offer an 

invaluable foundation for rapid development of an aquatic food program. Thus, there 

is a future hope that protein supply can be enhanced by developing aquaculture. In 

order to meet this expectation, massive expansion of aquaculture will be required. 

Obtaining the necessary land and water may be possible if the value of fishery 

products increases significantly so that aquaculture can compete favourably with 

other production systems for economic returns (Sugiyama et al. 2004). Alternatively, 

improvements in water use efficiency and intensified production can reduce space 

requirements. While current intensity of production in many Asian countries is such, 

that there is considerable scope for increased production per unit area, impacts of 

exotic species, pathogens, ecological implications, altered water regimes and, 

increased feed and water requirements are likely to be major constraints on future 

industry expansion. Other options include enforcement of conservation regulations to 

halt or reduce declines in inland fishery resources and to promote development of 

simple aquaculture systems. Attributes of aquaculture that favour this industry over 

other intensive animal production schemes for development in the Pacific region can 

be summarized as follows: 

 

� Large areas of undeveloped swamplands and/or marginal land unsuitable 

for agriculture can be brought under cultivation. 

� A strong fish eating tradition, thus farming aquatic species is an 

acceptable practice. 

 

Developing new aquatic species in culture is also important to maintain growth and 

production from aquaculture. The two main approaches adopted in this respect are to 

introduce exotic species or to domesticate indigenous species.  
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1.1.4 Why farm indigenous freshwater prawn species? 

In order to meet increased demand for fisheries products there will be a need for 

expansion of aquaculture and this needs to be carried out in a sustainable manner 

with an emphasis on indigenous species. While exotic species have been trialled in 

culture in many countries, indigenous species in general represent less of a potential 

threat to natural ecosystems. M. rosenbergii is the main freshwater prawn species 

cultured worldwide but it is an exotic species in many of the countries where it is 

farmed (e.g., New et al. 2000a; Valenti & New 2000). Generally, the escape of 

introduced species into natural waters can cause negative ecological impacts in two 

ways, 1) the dissemination of pathogens and, 2) the establishment of an exotic 

population that may negatively impact on populations of native species (Valenti and 

New 2000; New et al. 2000a). While there is no information concerning 

dissemination of pathogenic micro-organisms by M. rosenbergii; there are reports of 

populations of M. rosenbergii becoming established following escapes from farms in 

South America (New et al. 2000a; P’erez et al. 1997 cited in Graziani et al. 2003). 

No adverse environmental impacts have been reported however, so far. In spite of no 

published reports, because natural populations of M. rosenbergii have been 

established in some rivers, this argument has been used to oppose the re-

establishment  of culture activities due to possible environmental risk to the 

biodiversity of native species should M. rosenbergii hybridize with them (Graziani et 

al. 2003). In countries where M. rosenbergii is not indigenous, development of 

culture of indigenous Macrobrachium spp. has been encouraged because they 

constitute natural components of ecosystems and, as such, are not potential threat to 

native wildlife. Some examples include, farming of species such as M. nipponense 

and M. malcolmsonii in China and India respectively. Grow-out trials have also been 

conducted on painted river prawn, M. carninus; Amazon river prawn, M. 

amazonicum and cinnamon river prawn, M. acanthurus (Holthuis 2000; Kutty et al. 

2000). Advantages associated with farming M. nipponense are that it can withstand 

low winter temperatures and can be bred exclusively in freshwater, unlike M. 

rosenbergii (Wang & Qianhong 1999). M. malcolmsonii juveniles are caught from 

the wild and stocked into ponds as well as in open waters and this species is now 

farmed commercially in India (Kanaujia et al. 1997).  
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In the PICTs, a number of indigenous Macrobrachium species occur naturally in 

rivers systems and inland waters, and constitute freshwater prawn fishery resources. 

At least 14 species of freshwater palaemonid prawns belonging to two genera are 

reported from Fiji Islands (Lewis 1985; Lewis & Pring 1986). Some of the important 

Macrobrachium species include: M. caledonicum, M. latidactylus, and M. aemulum 

(Shokita et al. 1984), M. latimanus, M. lepidactyloides, M. placidulum, M. 

grandimanus, M. gracilirostre, M. australe and M. lar (Choy 1984).  Among these 

species, M. lar is the most common and widely occurring native species (Choy 1984; 

SPC 2003). 

 

Macrobrachium lar has desirable ecological traits for culture in the PICTs because of 

its relative large size and extensive natural distribution. As the largest species in the 

genus that occurs naturally in PICTs, M. lar is present in almost all freshwater 

systems, provided they are connected to the sea even by underground waterways 

(springs). In most PICTs, M. lar also has important economic and cultural 

significance. The species is usually harvested from the wild except in some localities 

where it is grown in wetland taro farms and with other aquatic vegetables. Simple 

aquaculture of M. lar originated a long time ago along with taro farming (see section 

5.1) and has been improved over the years. Simple farming methods differs from 

methods used in Southeast Asia mainly in that prawn ponds and taro swamps in 

PICTs are usually not stocked with young prawns by the operators. Farmers 

construct earth bunds to form ponds (for taro farming) that receive flowing stream 

water continuously through ditches or pipes or bamboos, and release excess water at 

the outlet end with an elevated bund or outlet pipe, keeping the water level at 15-

80cm. Prawns of all sizes enter these ponds with the natural flow of water or are 

brought in by stream flow or flood waters. This method is extremely simple and 

appears to take advantage of the peculiar aspects of the biology of prawns belonging 

to the family- Palaemonidae. 

  

Macrobrachium lar meat is virtually indistinguishable from that of exotic M. 

rosenbergii when cooked in a similar way. Indigenous people prefer M. lar however, 

because it has a stronger taste i.e., good eating quality and the texture is preferred. In 

urban areas it is a prized food item, affordable generally only by higher income 
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earners. Demand for M. lar exceeds supply and wild stocks is consequently over 

harvested. In many remote rural areas, the M. lar fishery provides an important 

source of cash income, employment and protein source for populations in catching 

areas but as catches from the wild have declined, this natural resource is gradually 

being lost. When available in good quantities, M. lar is also exported and can hence 

constitute a good source of foreign exchange. The economic value of this species to 

PICTs has led to increasing pressure to conserve wild stocks and to develop stock 

enhancement and culture practices (SPC 2003) 

 

With returns from marine fisheries declining significantly in most PICTs, many 

island nations are now looking to develop sustainable aquaculture industries to 

supplement their fish protein requirements, and for economic growth and livelihoods. 

Marine shrimp culture in the Pacific is limited but small industries have been 

developed in New Caledonia, Fiji, Vanuatu and Tahiti, and freshwater prawn culture 

only occurs in Fiji. There is, however, a large market for fresh prawns for the tourist 

resort trade, for export, and for local sales and consumption. M. lar culture could 

therefore have potential in the PICTs. But some preliminary work (e.g., Atkinson 

(1977) and Murakana cited in Hanson and Goodwin (1977) have suggested that it is 

not an easy species to breed under artificial conditions. In addition, our current 

knowledge of wild genetic structure, hatchery and pond grow-out requirement for 

this species are very limited or absent. Therefore, before aquaculture programs of M. 

lar are developed in a region as vast as the Pacific, it is important to address a 

number of important issues namely: at what spatial scale should sustainable 

production of this species be based? Can we close the life cycle in captivity? And are 

juvenile growth rates sufficient in culture to be economically viable? 

  

If we are considering developing M. lar in culture we need to understand the spatial 

scale at which wild populations are connected or hence are evolving independently. 

This is because unique gene pools may be contaminated when escapes occur from 

culture ponds. Thus, the spatial scale of natural gene flow should inform the scale at 

which hatcheries should be developed to minimize potential contamination resulting 

from translocations of juveniles from divergent gene pools raised in culture. One 

effect of extensive escapes of culture-reared juveniles may be to homogenize gene 
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frequencies in wild populations over relatively large geographical scales and even to 

reduce the relative fitness of some natural populations. This effect has been 

documented in wild Pacific and Atlantic salmon populations as a result of escape or 

stocking of hatchery-reared fry. Thus, for M. lar or any new aquatic species being 

developed for culture, we need to understand at what scale natural populations are 

divergent to limit any impacts that hatchery escapees may have.  

 

Optimization of early life history environments forms the basis for development of 

economically viable production systems for most aquatic species. Successful culture 

production of M. lar would facilitate development of a program for replenishment 

and enhancement of wild stocks and could provide the foundation for a future culture 

industry. Supplementation of wild stocks by hatchery-reared populations of prawns 

and fishes has already been attempted in the Indo-Pacific region. Numerous reports 

have indicated that stock enhancement needs to be continued and expanded as human 

impacts on inland environments increase. Therefore, before any serious attempt is 

made to evaluate M. lar in culture, it will be necessary to develop appropriate 

technologies for propagation, feeding and growth of larvae and juveniles in 

hatcheries. Development of these technologies could provide juveniles for restocking 

natural water bodies where populations have declined (stock enhancement) and also 

permit trials to be undertaken to evaluate M. lar as a potential future culture species 

for the region.  

 

Results of the current study can contribute to development of rearing procedures for 

M. lar, and may also be relevant to development of artificial propagation techniques 

for other indigenous freshwater and brackish water species for which rearing 

conditions are yet to be trialled (e.g., there are a number of other Macrobrachium and 

Palaemon species in the Pacific considered by some people to have culture 

potential). Data obtained from this study on optimal conditions for survival, 

development and growth and, stock structure of M. lar will also add to our 

knowledge of the general ecology of this species. 

 

1.2 Aims and objectives 

The specific research questions that will be addressed in the study include: 
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i) At what scale do wild M. lar show genetic structure and hence should be 

managed for wild stock enhancement and future aquaculture 

development? 

ii) What are the basic environmental parameters required for completing the 

larval stages from egg to post larvae (PL) under hatchery conditions? 

iii)  What growth rates can be achieved for M. lar in simple culture systems? 

 

These questions will be addressed by:  

 

(i) Characterizing the levels and patterns of genetic diversity in wild M. lar stocks 

across the region to identify discrete gene pools that may need to be managed 

independently in restocking programs or as hatchery stocks for aquaculture in the 

future. 

 

(ii) Undertaking laboratory trials to determine the specific environmental conditions 

that need to be satisfied to allow successful spawning and normal zoeal 

development of M. lar in a hatchery with high survival rates.  

 

(iii) Undertaking simple grow-out trials of wild-caught M. lar juveniles in 

monoculture and in basic integrated systems in Vanuatu and Futuna to assess 

relative growth rates in simple culture systems.  

 

1.3 Thesis overview 

This thesis is organized into 6 chapters. The first chapter presents a general argument 

about the need for the research project and a justification for exploring the 

aquaculture of M. lar. Chapter 2 reviews literature on what is known about the life 

cycle and biology of M. lar, and the fisheries and aquaculture of Macrobrachium in 

the Asia and Pacific region. Chapter 3 describes an analysis of genetic diversity 

estimates among M. lar wild populations collected across the South Pacific and how 

this has implications for development of M. lar aquaculture and stock enhancement, 

while chapter 4 describes attempts to close the life cycle in the laboratory. Chapter 5 

details the methods used and results of simple grow out experiments on wild caught 
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M. lar juveniles in two PICTs. The final chapter summarises the findings and 

provides a general evaluation of the potential of M. lar as an aquaculture species in 

the Pacific while suggesting directions for future research. 
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2.0 Current state of knowledge on the biology and ecology, aquaculture and 
fisheries with particular reference to Macrobrachium lar in Asia and the 
Pacific. 

 

2.1 Introduction 

Freshwater prawns that have been produced in aquaculture to date all belong to the 

genus Macrobrachium. Macrobrachium species are widely distributed in tropical 

freshwaters where they support commercial or artisanal fisheries (Holthuis & Rosa 

1965; Holthuis 1980). The genus is native to all continents except Europe and about 

200 species have been described (Holthuis 2000). Most Palaemonid prawns live or 

spend a significant proportion of their life cycle in freshwater and thus are commonly 

referred to as ‘freshwater’ prawns, however, some are entirely restricted to estuaries 

and many require saline conditions or even marine conditions to complete their larval 

development. Some species grow to a sufficient size to be used for human 

consumption and, of the three largest species, M. americanum, M. carcinus, and M. 

rosenbergii (New 1990); the latter has become the most favoured for aquaculture. 

Until recently, most commercial culture has been based on M. rosenbergii both 

within and outside its natural range however, several other species have recently also 

been developed in culture.  

 

A brief summary of M. lar’s nomenclature, taxonomy and morphology are given 

below and, biological characters, such as habitat, life history are compiled from the 

literature and were expanded and refined from personal observations during field 

studies in Fiji, Samoa, American Samoa, Vanuatu, PNG, Wallis and Futuna and the 

Cook Islands. Some details of the life history are assumed a priori from that of M. 

rosenbergii.  

 

2.2   Nomenclature, taxonomy and morphology 

A schematic drawing of a generalized Macrobrachium showing main morphological 

features is presented in Figure 2.1.  

 

Macrobrachium lar, usually known as monkey river prawn or monkey river shrimp, 

(taxonomic serial No. 96308- FAO database: www.itis.gov/servelet), current 

classification (taxonomic hierarchy) and synonyms is at: http://www.itis.gov/servlet/ 
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and Holthuis 1980). Common local names used in the PICTs include: ‘Uradina’, 

‘Ura’  ‘Jinga’ in Fiji; ‘Ulaula’in Wallis and Futuna; ‘Kaora’ in Cook islands; ‘Oura-

pape’ in Tahiti. 

 

 

 

 
Figure 2.1: Schematic drawing of a generalized Macrobrachium showing main 
morphological features.   Abbreviations: a.s., antennal spine; b., basis; h.s., hepatic 
spine; c., coax; CL, carapace length; d.c., dorsal carina (of rostrum); end., endopod; 
ex., exopod; isc., ischium; l.c., lateral carina (of rostrum) (modified from Short 2004) 
 
 
 
The main morphological features that have been used to identify Macrobrachium 

species include the rostrum and the second pereiopods. These can however, be often 

highly variable within species (Holthuis 1950). The second pereiopods show a very 

high level of developmental and sexual variation (Short 2004). Fully developed 

males are highly distinctive and are easily distinguished by the long, robust second 

pereiopods with widely gaping fingers, each bearing a very large incisor tooth on the 
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cutting edge. Specifically in M. lar, the merus in the second pereiopod in adult 

specimens is longer than the carpus and this character separates it from other 

Macrobrachium species, for example, M. rosenbergii which has the carpus distinctly 

longer than the merus. Also, M. lar has a rostrum with 7-9 dorsal teeth compared 

with 8-13 in M. rosenbergii.  

 

  

Macrobrachium lar are sexually dimorphic with mature males being larger and 

having longer second pereiopods and a larger head than females. In a mature M. lar 

population, three male morphotypes may be distinguished by claw colour and their 

relative size within the population are comparable to that of M. rosenbergii as 

reported by Ismael and New (2000) and Cohen et al. (1981). Black claw (BC) males 

are relatively large (compared to blue colour in M. rosenbergii) while orange or 

brownish claw (OC) males possess medium-sized claws and small males (SM) 

possess short delicate claws, often with little pigment and are translucent (see Figure 

2.A & B). Females are in general, smaller than the males, have shorter second 

pereiopods and are more slender with a smaller head and carry fertilized eggs for 

incubation until they hatch.  

 

 

Body colour in M. lar varies from light olive to dark brown or black or blue.  In 

adults the carapace is often marked with swirls of orange brown, blue grey and light 

grey. The dorsal abdomen is typically much darker than the lower pleurae. Some 

Fijian fisherwomen claim that there are several strains of M. lar (black, grey, yellow, 

reddish) in the interior reaches of the two main islands, Viti Levu and Vanua Levu 

however, if specimens of different colour variants are placed in the same tank; the 

next day they appear identical in colour, suggesting that colour variation is largely 

determined by environmental factors.  
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2.3 Distribution 

M. lar is distributed widely across the Indo-West Pacific (in most tropical and 

subtropical areas) from East Africa to the Ryuku islands (Japan) and the Marquesas 

Islands (see Figure 2.3) - a span of 11,000 nautical miles, or half way around the 

earth’s surface (Holthuis 1980; Maciolek 1972; Short & Meek 2000). Holthuis 

(1950) provided a summary of the areas where M. lar had been reported or collected. 

In most countries, it occurs in good quantities and inhabits rivers, streams, lakes, 

swamps and even reservoirs that have connections to the sea. In the wild, M. lar is 

present in freshwater the whole year round with the main populations concentrated in 

the upper reaches of the rivers (in streams) far away from the coast. In the Pacific, 

the species is indigenous to almost all archipelagos with habitable freshwater 

streams, creeks, rivers, lakes and swamps except for Hawaii, where it was introduced 

over 50 years ago. It is notable that M. lar retains a single specific taxonomic identity 

over such a vast area of disjunct freshwater habitats.  

 

2.4 Biology  

2.4.1 Habitat  

M. lar is diadromous as adults are restricted to freshwater environments that are 

connected to the sea, due to the fact that larval development must take place in 

seawater before individuals return to freshwater habitats as postlarvae (usually 

abbreviate to PL). PLs are young juveniles but for the purpose of this study this term 

A B

Figure 2.2A: A large black claw (BC) male on the left, female in the middle and a small 
male (SM) or a runt at right; B: freshly harvested market sized M. lar. 
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will refer to recently metamorphosed larvae. Adults have been observed up to 50 km 

up-stream from estuaries (e.g. Rewa River) in Fiji. Juveniles have been reported in 

the literature from estuaries, lowland fresh waters and inshore marine areas (Short & 

Meek 2000). Gravid females are usually found in upper reaches of streams (Shokita 

et al. 1984) where eggs hatch as free-swimming larvae. From egg hatching until 

metamorphosis into PL, the planktonic larvae pass through a number of zoeal stages. 

After metamorphosis PL’s assume a more benthic lifestyle and begin to migrate 

upstream where they complete their life cycle in freshwater. PL’s are also able to 

walk and crawl over stones at the shallow edge of rivers and in rapids (Ismael & 

New 2000) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Macrobrachium lar prefers clear water and individuals are usually found or occur in 

well oxygenated pools below riffles or waterfalls and individuals shelter in poorly lit 

areas among piles of rocks, brush, burrows, and fallen trees and among tree roots. M. 

lar is a strong swimmer and an adept crawler, well adapted as juveniles and adults to 

life in turbulent fast flowing rocky streams and pools up to several hundred meters in 

elevation. They can also climb or surmount waterfalls and steep slopes (up to 90º 

angle) and move to other pools with water including ‘walking’ short distances over 

Fiji 

Futuna 

Samoa 

American Samoa 

New Britain 

Cook Is. 
Vanuatu 

Figure 2.3: Species distribution map for Macrobrachium lar- modified from Short 
(2000). Collection sites of samples used in this study are labelled. 
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land where vegetation is moist. Activity is linked to light and amount of water in 

their habitat. At night individuals move away from their diurnal hiding places and 

hunt for food as is typical of Macrobrachium spp. M. lar also have well-developed 

agonistic behaviour and a solitary lifestyle (Short 2004). When pools largely dry out, 

individuals can tolerate very high water temperatures and tend to crawl into 

remaining pools as flowing water dries up. They also occur naturally in taro swamps 

(see chapter 5) and with other aquatic vegetables. Natural abundance can exceed 10-

50 individuals per square meter of stream or farm bottom in certain undisturbed areas 

of optimum habitat. 

 

2.4.2 Life cycle 

There are four distinct phases in the life cycle of the freshwater prawn; egg, larva, PL 

and the adult. In M. lar, gravid females are usually present in the upper reaches of 

streams, where mating and egg-laying takes place followed by egg-hatching which 

produces free-swimming larvae (zoea) that must reach saline water within 18-36 

hours to survive (see chapter 4). Upon completing larval development, zoea larvae 

metamorphose into PL’s and become benthic feeders, and later as adults live on the 

bottom. They normally grow at temperatures ranging from 18-32oC. Upper 

temperature tolerances seem to be similar in all Macrobrachium spp. but the lower 

limit varies widely in subtropical compared with tropical species and for M. lar this 

temperature is unknown. 

 

Mating and egg-laying 

Ripe ovaries can be seen on the dorsal and lateral parts of the cephalothorax in 

females. Sexually mature males are able to mate at any time while females are ready 

to respond to mating after completing their pre-mating molt i.e., mating occurs 

immediately following a molt. Male courtship display involves raising the body, 

waving feelers and extending chelate legs. This display lasts for 10-30 minutes 

before the female is ready for mating. The male then holds the female between his 

legs and at the same time actively cleans the ventral portion of her thoracic shell with 

another leg. This takes from 5-15 minutes. The final act is when the female is placed 

ventral side up while the male presses down from above, bringing the genital pores in 

close contact. The sperm is then ejected and deposited in one gelatinous mass on the 



 

22 
  

female’s ventral medium thoracic region, to fertilize the eggs. Egg-laying takes place 

approximately 5-30 hours after mating or post-molt. During egg laying the tail of the 

female prawn bends forward to reach the ventral thoracic region. At the same time 

the pleopods are extended to form a protected egg passage. The eggs are then 

extruded through the female genital pore into the brood chamber. Eggs become 

attached to the ovigerous setae located on the first four pairs of pleopods with a 

gelatinous substance. Eggs are ventilated through a fanning action of the pleopods. 

At this stage the eggs are bright orange in colour.  

 

 Embryonic development 

The female prawn carries her brood of eggs on her abdomen and takes care of them 

until they hatch. The eggs are slightly elliptical, have a thin membrane and are small 

(0.9 mm maximum length) (Short & Meek 2000). Eggs turn yellowish within 5-8 

days, gradually darken to a deep brownish orange/yellow and eventually turn dark 

grey, 2-3 days prior to hatching. During the incubation period the pleopods beat 

intermittently to provide aeration for the eggs.  

 

Relative fecundity of females is influenced by size. Fully mature, large females 

produce close to 20,000 eggs per brood whereas a typical mature female of about 15-

20g in weight can carry about 15,000 eggs and smaller animals (8-15g), can be 

expected to produce only between 500-12,000 eggs. 

 

Hatching 

Hatching is accomplished by a rapid increase in internal pressure, developed by 

increased volume of the larva and aided by stretching of the body and movements of 

larval appendages, causing the egg membrane to burst. The process of hatching starts 

with a slow but continuous vibration of the mouthparts of the larvae, accompanied by 

some stretching of the rolled-up body, forcing the egg to elongate gradually. Eggs 

hatch over a 24-36 hour period, with larvae being dispersed by rapid movements of 

the abdominal appendages of the female. Larvae are planktonic and swim actively, 

upside down and tail first and must reach seawater (salinity 25-34‰) within 

approximately 18-36 hours to survive (see chapter 4).  
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Upon completing larval development, zoea larvae metamorphose into PL’s. Larval 

development of M. lar is metamorphic and very prolonged with a number of stages 

or instars. This part of the life cycle of M. lar has not been completed previously in 

captivity. Several types of larval development occur in the Macrobrachium genus 

and these are discussed briefly below.  

 

2.4.3 Types of larval development in Macrobrachium 

Totally abbreviated (Type 1) 

Development occurs with a large number of small-sized eggs and numerous zoeal 

stages, some of which are free-swimming, e.g. M. rosenbergii (Ling & Merican 

1961; Boonyaratpalin & Vorasayan 1983). Under natural conditions, typical larval 

development occurs at salinities of 10-30‰ and temperatures of 24-30oC. The period 

of larval development is prolonged and may exceed 1-3 months. A distinctive feature 

of this type of development is that the size of the initial zoea stage is small: from 

1.72 mm in M. olfersii (Alekhnovich & Kulesh 2001); to 2.26 mm in M. lar 

(Atkinson 1977; Holtshmit & Pfeiler 1984; Diaz & Kazahara 1987).  

 

Semi abbreviated (Type 2) 

The semi abbreviated type is characteristic of freshwater prawns in which the eggs 

are larger but their number is smaller than in representatives of Type 1. The number 

of zoea stages varies from 5 to 9, some of which may also be free-swimming (Fielder 

1970). Larvae can develop both in fresh water (M. nipponense, M. lamarrei, and M. 

dayanum) and at salinities of 6-12‰ (M. amazonicum and M. rude). Temperature for 

larval rearing varies from 25-33oC. The range of variation in size is narrower, and the 

length of the first zoeal stage is almost twice as long as in type 1 (Khan et al. 1984; 

Magalhaes 1989). 

 

Abbreviated (Type 3) 

The abbreviated type involves development without a free-swimming larvae, i.e., 

with complete suppression of free-swimming zoeal stages (Shokita et al. 1991; 

Chong & Khoo 1987a). It is characteristic of only completely freshwater 

Macrobrachium species with 1-4 zoeal stages. Larvae hatch at an advanced stage of 

development and are benthoplanktonic organisms. The first zoea lacks an exopod on 
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the pereiopods, has biramous pleopods and a long antennal flagellum, e.g., M. 

shokitai (Shokita 1973). Optimum temperatures for larval rearing are 25-30oC. The 

larval rearing period is very short, 2.1-15 days. The length of larvae changes only 

slightly, but the size of the first zoeal stage is more than twice as large as that in 

representatives of the first two development types. The larvae of all species with 

‘abbreviated’ development do not eat but receive nutrients they require from the yolk 

sac (Chong & Khoo 1987a; Magalhaes 1989; Shokita et al. 1991). Abbreviated larval 

development within the genus Macrobrachium has so far been reported for the 

following species:  M. lamarrei (Jalihal et al. 1980) M. australiense (Fielder 1970), 

M. shokitai (Shokita 1973), M. hendersodayanum (Jalihal & Sankolli 1975), M. 

asperulum (Shokita 1977), M. kistnensis (Jalihal et al. 1979), M. jelskii (Gamba 

1984), M. malayanum and M. pilimanus (Chong & Khoo 1987a, b) and M. nattereri 

and M. ferreirai (Magalhaes & Walker 1988). 

 

2.4.4 Food habits 

M. lar is an omnivore and is most active at night. Food is located mainly by touch 

using filaments found on the antennae and antennules and it is picked up and brought 

to the mouth by the first and second pairs of thoracic legs. Common natural items of 

food include: aquatic insect larvae and worms, grains, seeds, fruits, nuts and detrital 

material. In aquaria, M. lar will readily eat pelleted food, animal flesh including 

molluscs, bivalves, fish and crustaceans and individuals show some preference for 

coconut flesh and fish flesh when fed during the day. Individuals held in confinement 

in tanks can become cannibalistic when hungry or when not fed regularly.  

 

2.4.5 Molting and growth 

Growth in prawns or crustacea can be expressed as the increase with time of length, 

volume, wet weight, or dry weight (Hartnoll 1982), and is essentially a discontinuous 

process, with a succession of molts (or ecdyses) separated by intermolt periods. 

During molting, prawns shed their exoskeleton periodically, resulting in somatic 

tissue growth. Frequency of molting depends on age of the individual and the amount 

and quantity of food consumed. Young specimens molt more frequently than do 

older individuals and the rate may also depend on other factors like ambient water 

temperature. 
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Growth rates have not been reported in M. lar but can be relatively rapid when 

individuals are cultured in tank or aquaria under good water conditions, without 

being disturbed and when supplied with adequate food (pers. observation). Growth 

from juvenile to adult stage has been found to reach 20-40g/120 days or 0.2g/day 

(see Chapter 5). Males generally grow to larger size than females. Females tend to 

grow at more uniform rates. This differential growth rate contributes to wide 

variation in size within populations and is similar to that of M. rosenbergii (Ra’anan 

& Cohen 1984a). 

 

2.5 Freshwater prawn capture fisheries 

Capture fisheries of Macrobrachium spp. have expanded, diversified, intensified, and 

advanced technologically and, as a result, their contribution to aquatic food 

production and income generation has also increased significantly in recent years. M. 

rosenbergii is indigenous to the whole of south and south-east Asia, i.e., Malaysia 

and other southeast and south Asian countries including; Bangladesh, Myanmar, 

India, Indonesia, Sri Lanka, Philippines, Thailand, Vietnam, together with northern 

Australia and the western Pacific islands, i.e., Palau  and PNG (Figure 2.4) 

 

2.5.1 Global capture production 

Global reported catch of wild M. rosenbergii in 1998 was about 5,200 mt mainly 

from Indonesia (New et al. 2000b) see Figure 2.5. An additional 5,600 mt was 

reported to be harvested for the genus Macrobrachium from Benin, Mexico, USA, 

Brazil and PNG in addition to over 10,300 mt  reported as ‘freshwater prawns, 

shrimps not elsewhere included (Palaemonidae)’ in the FAO statistical category from 

Egypt, Morocco, Chile, Indonesia, Japan and Philippines (FAO 2000).  
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Figure 2.4: The natural range of Macrobrachium rosenbergii modified from Short 
(2004) 
 
In PICTs, M. rosenbergii has been introduced to a number of countries except for 

Palau and Papua New Guinea (PNG), where they are native. PNG reported a catch of 

5-10 mt/year in 1998 (New et al. 2000b).  

 

According to Holthuis (1980), capture fisheries exist or have existed in the past for a 

number of Macrobrachium spp. in Asia and the Pacific. Some of these include: 

Oriental river prawn, M. niponense in China, Japan and Vietnam; Monsoon river 

prawn, M. malcolmsonii, in India, Bangladesh and Pakistan; Ganges river prawn, M. 

choprai in Bangladesh and India; Riceland prawn, M. lanchesteri in Malaysia, 

Philippines and Thailand and Monkey river prawn, M. lar in Fiji, Tahiti, Guam, 

Indonesia, the Marianas and the Philippines.  

 

Southeast Asia has been regarded traditionally as the epicentre of M. rosenbergii 

capture fisheries (New et al. 2000b). While small quantities of M. rosenbergii are 

captured in Brunei Darussalam (FAO 2000), substantial quantities come from 

Cambodia, Indonesia, Vietnam and Thailand (New et al. 2000b). While accurate 

country statistics are not available, Sidhimunka & Bhukaswan (1980) tracked the 

annual supply to seven markets in Bangkok in 1964-1965. In 1964, 93,038kg were 

harvested with a retail price ranging between US$0.7-1.35/kg, and supply decreased 

in 1965 to 76,139 kg with retail price ranging between US$0.95-1.3/kg. In 1974, 
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total production from Thailand was estimated to be around 700 mt, with an average 

price of US$2.90/kg (Amtyakul & Bhukaswan 1974) and as supply decreased, prices 

increased to between US$9-12.50/kg (Sidhimunka & Bhukaswan 1980). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
2.5.2 Pacific capture production 

In the Pacific, M. lar is the most important indigenous species and the focus of an 

important capture fishery. Substantial wild fisheries exist in Fiji, Vanuatu, Papua 

New Guinea (East New Britain), Samoa and the Solomon Islands and to a lesser 

extent in the Cook Islands and American Samoa. M. lar makes up the bulk of the 

Fijian, Samoan and Vanuatu Macrobrachium commercial artisanal catch and it is 

therefore, considered locally to be an important species. It is highly valued both 

culturally and as a cash crop in many places and a sizeable but reliable market for 

fresh prawns (estimated at 1000 mt) exists for the restaurant and tourist resort trade 

and for local consumption in PICTs. In Vanuatu, Samoa, Cook Islands and Fiji this 

species is sold in markets and various other outlets. Other indigenous species, like M. 

grandimanus and M.  equidens are much smaller in size and are of less commercial 

value, however, a small capture fishery for Palaemon spp. (adults of which reach 

only about 5 - 6g) also exists in Fiji.  

 

Figure 2.5: Global capture production for giant river prawn 
(Macrobrachium rosenbergii). Source FAO FIGIS. 
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While exact production figures are not available, reports indicate that M. lar occurs 

in considerable quantities in Fiji, with production and price increasing from 2.3 mt 

(F$2.20/kg) in 1977 to around 166 mt (F$13.50/kg) in 1998 (Fiji Fisheries Annual 

Report 1977; 1998). Additionally, in recent years, this species has become a major 

commodity for Fiji with approximately 200 tonnes harvested in 2005 (Fiji Fisheries 

Annual Report 2005) and this has been the annual production trend for the last 7-8 

years. There are indications however, that production is levelling off and most of the 

main catching areas (river systems) have reached their maximum potential yield and 

in some areas, yields have declined.  

 

In the past, collection of prawns was practiced for use on special occasions and 

sometimes for domestic consumption or in exchange for other consumables. In most 

cases, catching prawns was generally regarded as a recreational sport, incidental crop 

or non cash item crop.  In the past decade however, this perception has changed 

considerably. Currently, with vegetable and root crop prices at record lows and 

farming expenses at all-time highs, Pacific island people now regard freshwater 

prawn collection as an important activity and often rely on revenue from prawn sales 

to supplement their farm incomes. While collection of wild prawns constitutes only a 

minor part of normal activity in most rural areas in the PICTs, in Fiji, it is an 

important activity for mostly rural indigenous women. In recent years however, men 

in some rural villages are also participating in this activity due to a downturn in 

farming of sugar cane and an increase in demand and improved prices that range 

between F$22.00 - 25.00/kg. Increase in price is due to demand created by rising 

visitor arrivals in the tourist industry and also because the living standards of local 

people have improved as a consequence of economic development.  

 

Production 

Market data are not available for M. lar in most PICTs and where available, it is only 

specified in the general category of ‘crustaceans’ and may also be underestimated. 

Fiji’s Department of Fisheries (DoF) has for the last 25 years, maintained local 

fishery offices (extension officers or fish wardens) in strategic areas for the purpose 

of administering fisheries. Records are kept of production of fishes and crustaceans, 

mainly sold through municipal markets and shops but some of the data are of 
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questionable accuracy. In recent years, collection and reporting of data has become 

erratic and as such production figures, for example, for 2001-2004, are not available 

and thus are not included in Figure 2.6. Records include sales only and prawns 

collected for special functions, personal consumption, gifts to relatives and friends 

are not included. Data compiled by DoF (see Figure 2.6) indicate that local 

commercial sales have risen from an estimated 2.3 mt in 1977 to around 36 mt by 

1985 and to 175 mt in 1999 (Fiji Fisheries Annual Reports 1977; 1985; 1999). These 

estimates do not include sales of prawns from roadside stalls that are often sold live, 

wrapped in taro or banana leaves, and in some shops and restaurants in rural towns 

and villages. Average price has also risen from F$2.20 per kg in 1977 to $5.50 per kg 

in 1985 to around $14.04 per kg in 1999 and it now varies around $25.00 per kg. 

This makes wild-caught M. lar a very high-priced consumer food and is  

considerably higher than for most marine species (e.g. fresh fish, that commands a 

price 50% less than prawns, and mud crabs that command a price about 70% that of 

prawns). Prices are comparable however, to that of marine shrimps and lobsters.  

Prawn prices also compare favourably with other freshwater species, for example, 

eels and freshwater shellfish (Batissa violecea). 

 

 
Figure 2.6: Annual catch trends for Macrobrachium lar and Palaemon spp. in Fiji. 
Source: Fiji Fisheries Annual reports 1977, 1978......2005. 
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2.6 Freshwater prawn culture 

Freshwater prawns are normally cultured in earthen ponds supplied with freshwater 

and have also been grown in brackish water, in cages, and in pens (Valenti & New 

2000). The history of freshwater prawn farming was recorded in a conference held in 

Bangkok in 1980 (see New 1982). Since that time the aquaculture of freshwater 

prawns has spread to many new countries and production has expanded considerably 

(see New 1982; 1988; 1990; 1995; 1999; 2000a, b; 2003a, b; 2005; New et al. 2000a, 

b; Kutty et al. 2000; Tidwell et al. 2005). 

 

2.6.1 Origins of freshwater prawn culture 

Freshwater prawns along with other crustaceans and fish have been farmed as 

incidental crops either through introducing juveniles into fish ponds, and paddy and 

taro fields during flooding or tidal exchanges or by trapping in the Indo-Pacific 

region for a very long time. In the past, natural supply of wild juveniles that were 

used for stocking in ponds were abundant in rivers and lagoons however, in many 

places, particularly in Asia, stocks declined in the 1950s due to over-exploitation and 

man-made changes to natural habitats. Intense fishing activities both for adults for 

consumption, and for PL’s and juveniles for culture, have also impacted fisheries of 

Macrobrachium spp. adversely, especially M. rosenbergii in their native range. In 

addition, prawns were often harvested without proper management and regulation.  

Taken together, all of these factors have been detrimental to the natural abundance of 

freshwater prawn stocks, resulting in declining yields from the wild. Also during the 

1960-1970s, the popularity of freshwater prawns grew rapidly, with demand 

exceeding supply from the rather limited natural production. Hence efforts to 

increase production were necessary (Ling & Merican 1961) leading ultimately to 

development of artificial propagation technologies developed by S.W. Ling in 

Malaysia, and T. Fujimura in Hawaii. This resulted in widespread enthusiasm for 

commercial culture of M. rosenbergii even though like marine shrimps, for which 

there were established global markets, the life cycle had not been closed fully at the 

time.  

 

True culture systems began to develop and gained prominence globally after the life 

cycle of M. rosenbergii was closed in culture in Malaysia in 1961 and the subsequent 
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breakthrough in techniques for commercial production of PLs in Hawaii in 1965 

(Ling 1969a , b; Fujimura & Okamoto 1972; Ling & Costello 1979; New 2000a). 

Following a ready availability of PLs for stocking, the State of Hawaii formulated an 

aquaculture development plan that included provision of technical advice and free 

PL’s for stocking grow-out ponds (Fast & Leung 2003; New 1990). The first 

commercial production of freshwater prawns in Hawaii began in 1972 and was based 

on traditional pond culture techniques developed over the centuries. These 

techniques included routine stocking of ponds with PLs and harvesting larger 

(market size) prawns at least monthly, with ponds often not drained for many years, 

except for maintenance (Fast & Leung 2003). The early success of grow-out 

commercial operations  led to introductions of M. rosenbergii from Southeast Asia 

and Hawaii into many countries where the species was not indigenous, e.g., North, 

Central and South America, Africa, Europe (New 2000a) and into the Caribbean, the 

United Kingdom, Japan, Mauritius, Tahiti, Taiwan, New Caledonia, Cook Islands, 

Samoa, Fiji and many other countries worldwide. Commercial prawn farms were 

developed in several of these areas, as well as in countries within the species’ natural 

range, including; Malaysia, India, and Thailand (Ling & Costello 1979). In Thailand 

and Taiwan, M. rosenbergii farming had become a significant industry (Chen 1976) 

initially for supply of the domestic market and later for an export market (New 

1990). This was soon followed by attempts to trial a number of other 

Macrobrachium species, including; M. acanthurus, M. lanchesteri, M. americanum, 

M. malcolmsonii, M. vollenhovenii and M. carcinus however, this rapid expansion of 

freshwater prawn aquaculture was later overtaken by growth of marine shrimp 

farming in Taiwan and other countries following a breakthrough in rearing 

technology and as a response to a global increase in demand for shrimps. 

 

2.6.2 Types of prawn culture systems 

Freshwater prawns can be grown to market size under several types of monoculture, 

in polyculture and in integrated systems at both subsistence and commercial levels. 

Monoculture systems can be extensive, semi-intensive or intensive. These systems 

differ according to pond design and the level of intervention in the production 

process that may range from less than 500 kgha-1yr-1 to, in excess of, 5,000 kgha-1yr-1 

(Valenti & New 2000).  
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Extensive culture of freshwater prawns has become less common these days due to 

declines in availability of wild-caught juveniles used for stocking. Semi-intensive 

culture in earthen ponds is the most common system practiced (Lee & Wickens 

1992) with hatchery produced PL’s or juveniles. Formulated or farm-made feeds are 

usually supplied daily and water quality parameters monitored across the production 

cycle. Feed costs constitute 40-60% of the total operational cost in grow out farms 

(Shang & Fujimura 1977; Shang 1982; Fair & Fortner 1981) but in large farms 

labour and energy costs are significantly higher, driving the portion of feed  cost 

lower (Correia et al. 2003). Intensive culture systems have been practiced at only 

experimental or pilot scales. Juveniles and PL’s are stocked at high densities (above 

20/m2). According to D’Abramo et al. (1989) stocking densities > 39.5/m2 appear to 

be the most economically attractive. Other results suggest that productivity would be 

greatly enhanced by stocking only juveniles (Willis & Berrigan 1977; Brody et al. 

1980; Smith et al. 1981), addition of substrates to the pond (e.g., Tidwell et al. 2003) 

and separation of juveniles into weight classes prior to stocking can further enhance 

total pond production (Ra’anan & Cohen 1983; Karplus et al. 1986a, b). In 

polyculture systems, prawns can be raised with one or more compatible species (e.g. 

tilapia, Chinese carps) however, production results vary.  

 

2.6.3 Global production 

Freshwater prawn (M. rosenbergii) production started in Hawaii and reached over 

372 mt in 1983 (US$7.70/kg) valued at US$3.3 million but collapsed to 47 mt in 

1987 due mainly to a drop in price (Fast & Leung 2003). Production of prawns 

improved briefly in 1991-1992 after prawn prices reached US$17.71/kg but prices 

collapsed to US$9.79/kg in 1992 and remained low thereafter and only about 18 mt 

were produced in 1999 (op. cit.). The main reason for the collapse of the industry (in 

Hawaii) was due to high production costs that made freshwater prawn production 

uncompetitive and availability of cheaper imported freshwater prawns and marine 

shrimps. Elsewhere, freshwater prawn farming has undergone rapid development and 

is now of considerable importance to many local communities. For example, in 

Thailand M. rosenbergii production increased from 3 mt in 1976 (Boonyaratpalin & 

Vorasayan 1983) to 400 mt in 1981 and then to 4,508 mt in 1986 and 11,839 mt in 

1987 (New 1990). In Taiwan M. rosenbergii production was only 65 mt in 1979 
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(Liao & Chao 1982) and increased to over 5,000 mt in 1989 (New 1990). While 

Thailand and Taiwan took early advantage of new farming technology, many others 

have developed freshwater prawn farming seriously only in the recent past, as 

evidenced from available production statistics. In the last 3 decades, production from 

M. rosenbergii farming has expanded significantly in Asia and also in South and 

North America (Figure 2.7). In 1984, total global production of farmed M. 

rosenbergii was only about 5,000 mt (FAO 1989) but increased to 26,588 mt, valued 

at US$141 M in 1991 and by 2000 production had risen to nearly 118,501 mt 

(US$410 M) (FAO 2001; 2002) and to 180,221 mt by 2003 (FAO 2005). Figure 2.7 

shows the rapid increase in production since 1995 mainly because of growth in 

production from China and also rapid increases in farming in other places. According 

to FAO (2003), in 2002, China was the top M. rosenbergii producer with 128,300 mt, 

followed by Vietnam (28,000 mt); India (24,200 mt), Thailand (12,067 mt), 

Bangladesh (7,000 mt), Taiwan (6,859 mt) and Brazil (5,380 mt). While Thailand 

and Taiwan pioneered freshwater prawn farming, expansion of the industry was 

more rapid in China, Vietnam and India than elsewhere in Asia. In fact production 

output from China dwarfs the scale of other producing countries (New 2003b; 2005) 

and contributed 69% to global cultured M. rosenbergii production in 2001 (Weimin 

2003). In addition, M. rosenbergii attained an average annual increase in production 

of 31.2% from 1995 to 2001 compared with 9.3% for total freshwater aquaculture 

production for the same period. More specifically, cultured M. rosenbergii accounted 

for only 0.06% of total freshwater aquaculture production in 1993, but value 

increased to 0.80% in 2001, which is over 12 times 1993 value (Weimin 2003). This 

rapid development was due to factors including traditional preference by the Chinese 

for prawns and shrimp, a drastic decline in the production of marine shrimp culture 

in the early 1990s caused by disease problems, and increasing demand for high 

quality products linked to improved living standards in China, resulting from general 

economic development. M. rosenbergii are also produced in Central and North 

American countries, but production is relatively small with four countries: the 

Dominican Republic, Guatemala, Mexico and the USA producing a total of only 206 

mt, in 2001 (FAO 2003). Production of M. rosenbergii outside Asia in general is also 

low with South and Central America and African countries producing a combined 
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total of only 750 mt while in the Pacific, Fiji produced approximately 10 mt (FAO 

2003).  

 

 

 

 

 

 

 

 

 

FAO production statistics for M. rosenbergii are underestimates however, because 

some countries have yet to disaggregate their M. rosenbergii production from more 

general statistical categories such as ‘freshwater prawns and shrimps’ or ‘freshwater 

crustaceans’. In addition, several other freshwater prawn species are now cultured in 

pilot or at a full commercial scale, e.g. M. amazonicum, M. malcolmsonii and M. 

nipponense (Kutty et al. 2000). Production data for these species however, is not yet 

reported to FAO.  

 

Production of freshwater prawns is likely to increase even more rapidly due to 

traditional preferences for shrimps and prawns, a decline in production of marine 

shrimp culture caused by disease problems and the increasing demand for high 

quality products as living standards in many Asian countries have improved as a 

consequence of economic development (e.g. Weimin & Xianping 2002). Average 

unit production of prawns is already higher than for marine shrimps in India 

(MPEDA 2004). A comparative picture of global farmed production of the major 

shrimp species and M. rosenbergii in 2000 together with the corresponding total 

commodity production details, show that crustaceans formed 3.6% of total world 

aquaculture production by mass and 20.5% by value (Kutty 2005). It is also evident 

that marine shrimp generally fetch higher prices than freshwater prawns, indicating 

preference and profitability for shrimp, although the prawn price is about 3 times that 

of the average aquaculture commodity price. It may not always be the profit index 

however, that influences farmer choice, since sustainability of the system is also of 

Figure 2.7: Global farmed production of M. rosenbergii: Left 1970-1980 and 
Right 1970-2006).   Source: FAO FIGIS 
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great importance. Any system that is not environmentally sustainable is likely to 

become economically unsustainable over the long term (ADB/NACA 1998.) 

 

 The average annual expansion rate (APR) of freshwater prawn farming between 

1992-2001 was over 29% and between 1999-2001 was even more rapid (48%) (New 

2003b; 2005). This increase in production is mainly due to the rise in farmed 

production of M. rosenbergii and M. nipponense in China. Without the Chinese data, 

the APR in the rest of the world over the period 1992-2001 was 11% and 20% 

between 1999-2001 (New 2003b; 2005) due mainly to massive expansions in India 

and Thailand. Current production of freshwater prawns is still relatively small 

however, compared with the scale of world marine shrimp farming. Based on 

calculations of average annual growth rates, freshwater prawn farming has been 

expanding at a much faster rate than shrimp (FAO 2003). Globally, the APR for the 

period 1992-2001 was slightly over 27.5% yr-1 for freshwater prawns but only 3.9% 

for marine shrimp. Excluding production figures from China, the APR for the rest of 

the world were 11.8 yr-1for freshwater prawns and 3.8% for shrimps. It is clear from 

previous data however, that freshwater prawn farming has already become a major 

contributor to global aquaculture in terms of both quantities produced and value.  

 

2.6.4 Origins of fishpond culture in the Pacific 

Of the many hypotheses proposed to explain the development of Pacific island 

cultures (e.g. Hawaiian culture), most centre on the productivity of agricultural 

systems (Kikuchi 1976). A unique integrated culture system evolved in Hawaii. This 

system consisted of a set of ditches that fed and drained the taro (Colocasia 

esculenta) plots in inland areas or along the shore where both taro and fish can 

tolerate variable levels of water salinity. Fishponds evolved from these irrigated 

agricultural plots, lo’i kalo, and became basically an agricultural, wet-plot system. 

Fishponds were mentioned commonly in oral histories attributed to the 14th through 

the 19th century and were unique to Hawaii only (Kikuchi (1973) cited in Wyban & 

Wyban (1989). There were four basic types of ponds: loko i’a kalo-located in inland 

and connected to streams, loko wai-a natural lake connected to a stream by a ditch, 

loko pu’uone-ponds created by coastal barrier beaches, drained by ditches and loko 

kuapā- two ditches and a seawall isolating a coastal body of water. Some of these 
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ponds resembled natural estuarine habitats since the ponds had natural connections to 

the sea by way of ditches or streams having partially brackish water because of tidal 

action. In addition, the permeability of the walls allowed seawater to percolate 

through, while freshwater springs along the shore provided internal seepage. Ponds, 

some of which were set aside strictly for chiefs, offered an ever-ready source of 

protein supplying taro, fish, crustaceans, and seaweeds across the year (Kikuchi 

1976). Mullet (Mugil cephalus), milkfish (Chanos chanos) and freshwater fishes; 

Kuhlia, Eleotridae and Gobiidae were also raised. Due to inter-island wars and 

natural disasters very few of these ponds now remain in operation in Hawaii, but the 

technology has spread across the Pacific and some ponds are still in use, as simple 

extensions of irrigated taro plots, for example, in Wallis and Futuna, Vanuatu and 

Samoa (pers. observation). In some PICTs, taro and to a lesser extent prawns, are 

still considered prestige foods and the choice for royalty. Taro features prominently 

in the folklore and oral traditions of many cultures in PICTs. People from many 

PICT’s continue to consume taro and prawns wherever they live in the world, not so 

much because there are no substitute food items, but mainly as a means of 

maintaining links to their culture. Cultural attachment to taro and prawns has 

spawned a lucrative export market directed at expatriate ethnic Pacific Islanders. 

 

2.6.5 Macrobrachium culture in the Pacific 

Aquaculture of freshwater prawns in PICTs has come a long way since 

Macrobrachium species were first introduced in the mid 1950s to Hawaii.  M. lar 

was introduced from Guam, Tahiti and the Marquises islands and released 

intentionally to the wild in Hawaii Islands (Fujimura 1966). A total of 94 specimens 

were released into a stream on Malokai Island in 1956 and 27 specimens to an Oahu 

Island stream in 1957 and by 1969 the species had spread to, and established in all 

major Hawaiian Islands (Hanson & Goodwin 1977). According to Kubota 

(unpublished), M. lar may have displaced some native and endemic species including 

M. grandimanus and was therefore not considered suitable for aquaculture. As a 

consequence, M. rosenbergii was introduced from Malaysia in 1965 (Hanson & 

Goodwin 1977; Atkinson 1977; Fujimura & Okamoto 1972, and Lewis 1985). Later 

M. rosenbergii spread to other PICTs, for example, Palau (Eldredge 1994), Tahiti 

(Aquacop 1977), Fiji (Uwate et al. 1984; Andrews 1985) and New Caledonia, 
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Samoa, Solomon Islands, Vanuatu and Cook Islands. M. rosenbergii have also been 

farmed in Tahiti (Aquacop 1983), Solomon Islands (Nichols 1985), Samoa, Cook 

Islands and a few other countries at various times since the late 1970s. Farming has 

since been abandoned however, mainly due to elimination of hatcheries because 

grow-out farms were initially too small to make hatcheries run at full capacity or 

profitably (Aquacop 1983) leading to subsequent unavailability of PL’s. 

Nevertheless, due to the current economic crisis in the region and the potential 

demand for production of freshwater prawns worldwide, there is increasing interest 

in re-starting M. rosenbergii culture.  

 

Reports indicate that despite large-scale accidental escapes by M. rosenbergii from 

culture operations in Hawaii, no evidence exists that feral populations established 

anywhere in the wild and thus a wild capture fishery does not exist for this species. 

The same situation occurs in Fiji where M. rosenbergii escaped from Ministry of 

Fisheries- Naduruloulou Aquaculture Station (NAS), situated about 400m from Fiji’s 

largest river, the Rewa River during floods (caused by cyclones) in the mid 1980s, 

but feral populations have yet to be observed in the wild. 

 

Macrobrachium rosenbergii culture in Fiji was initiated as part of the government’s 

program to develop freshwater prawn farming technology for small-scale rural 

farmers in late 1970. Initial introduction of M. rosenbergii came from Tahiti in 1975. 

The stocks were believed to have originated in Malaysia and were introduced to 

Hawaii in 1965 and from there to Tahiti in 1973 (Uwate et al. 1984; Eldridge 1994).  

Several other introductions were made subsequently from Hawaii in late 1970 and 

during 1980 (Uwate et al. 1984) and later from Taiwan in 1993 and Tahiti in 1996 by 

the author. Studies on larval rearing were carried out initially in a makeshift hatchery 

at DoF, Lami, near Suva in 1981. Larval rearing techniques used were adapted from 

a combination of those developed by both Anuenue in Hawaii and Aquacop in 

Tahiti. In these trials, initial larval density was maintained close to 50/L resulting in 

harvest of 10-30 PL/L. Following this successful establishment of hatchery ‘seed’ 

production technique i.e., the ready availability of PLs, the DoF actively supported 

development of a local prawn culture industry. In 1983, a new freshwater prawn 

hatchery was opened at NAS after decommissioning of the prawn hatchery at Lami. 
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Studies on larval rearing, nutrition and grow-out at NAS has reached a point where 

M. rosenbergii PL’s and market size prawns can be produced routinely. The hatchery 

has a capacity to produce 4 million PLs annually and these are distributed free to 

farmers and are available for sale to other PICTs. M. rosenbergii is cultured mostly 

in earthen ponds along with tilapia and carps. Usually 30,000-50,000 PL/ha are 

stocked across the year and complete harvest takes place after 4-5 months post 

stocking. Several types of artificial diets including commercial tilapia feeds, stock 

feeds, and a mash consisting of a mixture of fish meal or meat-bone meal (25%), 

wheat bran (35%) and copra meal (40%) are used for feeding.  

 

Macrobrachium rosenbergii culture now plays an important role as a cash crop and 

contributes to increased food production, diversification of the economy and 

increased employment opportunities in Fiji. Over the last 10 years, M. rosenbergii 

farming has consequently attracted considerable attention. Initially, prawn farming 

was concentrated in the central part of the main island, but an increase in demand for 

prawns locally attracted many farmers to develop prawn farming in other parts of 

Fiji. Expansion of prawn farming however, depended on availability of PLs, the 

supply of which is the main bottleneck for further expansion. This increased demand 

for PLs led to establishment of a new hatchery at The University of the South 

Pacific’s (USP), Marine Studies Program (MSP), in 2002. The hatchery supplies PLs 

to a joint venture private farm operated by USP that is capable of producing 30 mt 

per year and to some farms across the larger islands. The quality of PLs produced by 

hatcheries however, remains a concern for prawn farmers. It is assumed that the 

culture stock may be inbred (due to very small number of initial broodstock 

introduced), a problem that may be widespread in M. rosenbergii culture stocks (see 

Mather & de Bruyn 2003). M. rosenbergii stocks used in Fiji are in the early stages 

of domestication and, therefore, their potential response to improved management 

may be limited. Development and application of improved broodstock and hatchery 

management techniques will be required to avoid inbreeding and contamination of 

the stocks. Other problems include: high cost of poor quality feeds, lack of capital 

finance from commercial banks and availability of appropriate culture technologies. 
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Even though M. rosenbergii has been promoted for farming in PICTs for the last 30 

years, there are still many constraints. In Vanuatu, culture of M. rosenbergii was not 

successful in the 1970s and recent attempts to import broodstock from Fiji have also 

been unsuccessful due to quarantine issues and changing regulations. Similarly, 

farming of M. rosenbergii in Samoa in the 1980s, in the Cook Islands in early 1990s, 

and more recently in American Samoa have not been successful due to the high cost 

of PLs. The high cost of PLs has been also reported by Reddy and Rao (2001a, b) to 

compromise expansion of freshwater prawn farming elsewhere in the world.  

 

 

2.6.6 Problems that confront the M. lar industry in the Pacific 

Several problems confront the M. lar capture industry and have made both 

governments and fishermen aware of the necessity for information on the biology 

and dynamics of the populations that support the fishery. Seasonal variation in yield 

and unpredictable catches are particular problems faced by this cottage industry. 

Because prawn production in streams and creeks relies on natural recruitment from 

the wild, unfavourable weather patterns often affect growth, and hence yield and 

catch size. Low yields are common during low rainfall months and also during, 

extremely wet months, where catches may consist of small, low-value, and at times, 

and non-marketable prawns. 

 

Wild stocks of M. lar are increasingly threatened in many parts of the PICTs. For 

example reports have indicated that wild capture outputs fell by more than 100 mt 

between 2004 and 2005 in Fiji (Fiji Fisheries Annual report 2005). Of particular 

concern is the increased use of destructive fishing methods, i.e., use of poisons such 

as extracts from Derris roots and chemicals like bleach and weedicide (‘ambush’) to 

harvest prawns from the wild. Indigenous people have been known to catch fish and 

crustaceans for subsistence purposes using poisons in estuaries, streams, creeks and 

even on reefs during low tides for a long time. Some fishermen depend mainly on 

income derived from prawn sales and thus many use these fishing methods enabling 

them to easily catch almost all prawns in a stream. This practice or indiscriminate 

fishing of prawns of all sizes with high levels of by-catch i.e., non-target species 

killed or caught incidentally) and biodiversity impacts on ecosystems has resulted in  
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imposition of bans on the use of poisons and chemicals in some PICTs, for example, 

Fiji’s DoF (see Fiji Fisheries Act Cap 158, 1992). Some nations however, do not 

prohibit or have regulations against use of poisons and limits on exploitation levels 

are not set for freshwater prawns. The rationale for bans is to protect biodiversity 

from the harmful effects of poison and chemicals. However, the lack of alternative 

livelihoods for poor people engaged in M. lar harvesting is one of the principal 

constraints on implementing such a ban.  Other concerns include: over-exploitation 

or over harvesting, unregulated fishing practices, habitat modification and pollution 

of water bodies due to activities including agriculture, deforestation, building of 

impoundments and roads, urbanisation, hydro power generation, water extraction and 

transfer, waste disposal and quarrying of gravel and sand. 

 

 

PICTs possess a valuable resource in their freshwater prawn fisheries and ensuring 

long-term sustainability of the industry will require a combination of different 

management strategies, together with effective education, compliance and 

appropriate research programs. Biologists can contribute a great deal towards 

understanding and conserving this resource, for example, little is known about the 

recruitment and growth rates of juveniles and structure of natural populations or 

patterns of genetic diversity that exist in wild stocks of the species. This knowledge 

will be vital for developing appropriate wild stock management plans and as basic 

information for domestication programs for culture in the future.  
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3.0 Population structure of wild Macrobrachium lar in the Western Pacific 

 

3.1 Introduction 

Some aquatic organisms have complex life histories that may not fit easily into 

widely recognized general categories and so require special attention. M. lar, is a 

species that is widely distributed in the Pacific region but is unlike most freshwater 

prawn species because it has an extensive natural geographical distribution and 

occurs widely across the tropical and sub-tropical Indo-Pacific region. The natural 

distribution extends over a range of 20,000 km from the east coast of Africa across 

the Indian Ocean to the Marquesas Islands in the central Pacific (Figure 2.3). The 

Ryuku Island near Japan represents the species northern limit (see section 2.3) and 

the Cook Islands the southern limit in the Pacific.  

  

 

The life cycle of M. lar is unlike that of most other Macrobrachium species. Most 

Macrobrachium species typically require estuarine conditions to complete larval 

development (diadromy). In contrast, M. lar juveniles migrate to freshwater habitats, 

mature, mate and release their pelagic larvae into the water column where they drift 

in the stream current and eventually move passively to the sea. Larvae are then 

capable of surviving in the marine environment for up to three months (Atkinson 

1977). The larvae are believed to pass through up to 11 zoeal stages in the ocean, 

feeding and drifting passively, before they must metamorphose and settle in 

freshwater or die. The extended marine larval phase of M. lar, that is longer than any 

other known  Macrobrachium species, has been used to explain why the species has 

such a wide natural distribution, as larvae can potentially disperse great distances on 

ocean currents and so colonize remote freshwater environments. Presumably, in an 

ideal situation, the long larval phase of M. lar facilitates gene flow between distant 

island chains, limiting population differentiation and hence evolution of population 

structure even over very large spatial scales. When the effects of geographical 

distance, winds, currents, spatial arrangements of island chains in the Pacific, 

predation and chance are imposed on larval drift however, patterns of population 

structure in this species may be more complex than predicted under models 
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developed for most marine species or those used to describe patterns in other obligate 

freshwater species (Gyllensten 1985). 

 

Generally, the extent that natural populations of a species are structured in space is 

largely determined by external environmental factors (extrinsic) and important life 

history traits (intrinsic) including their relative ability to disperse, that affect natural 

distribution patterns (Slatkin 1985; 1987). Whether a species is an obligate inhabitant 

of a particular physical medium (terrestrial, freshwater or marine) is also important 

because different physical environments impose different constraints on individual 

movement. Dispersal of individuals between otherwise disjunct populations can be 

active (requires energy) or passive (wind, current or vector assisted) (Avise et al. 

1986). The scale of effective dispersal (i.e., moving and entering a new reproductive 

population) however, will ultimately influence the population genetic structure that 

evolves across a species’ distribution over time. 

 

Marine species with larval stages that are capable of spending weeks or months 

dispersing actively or passively in ocean currents are generally considered to possess 

high capacity for dispersal. The often reported broad geographical ranges of such 

species suggest that long distance gene flow may be common. Capacity for long 

distance dispersal and hence gene flow however, may not always provide a true 

indication of ‘realized’ dispersal by a species. Realized dispersal is the only 

mechanism by which individuals can contribute to the next generation (Slatkin 

1987). This occurs via movement of individuals among discrete populations, their 

incorporation into the new breeding population and their reproductive contribution to 

the new gene pool. Empirical studies have emphasized that effective dispersal of 

individuals may often occur over much shorter geographical distances than 

individuals are theoretically capable of dispersing (Barber et al. 2002). Thus, the 

spatial scale of population structure may be much less than absolute individual 

dispersal capacity suggests. Even in marine systems, where environments are 

generally less constrained by physical barriers to dispersal, populations of marine 

species can be structured at relatively fine spatial scales (Ruzzante et al. 1998.). 

Independent freshwater drainages by definition are generally disconnected spatially, 

thus organisms that are restricted to, or dependent on this habitat type often exhibit 
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disjunct distributions and show population genetic structure that is closely aligned to 

drainage architecture. Freshwater species consequently often conform to a 

hierarchical model of population structure (Meffe & Vrijenhoek 1988). Under this 

model, subpopulations from different drainages are likely to display greater genetic 

differentiation than will subpopulations within a single drainage. Capacity to disperse 

among discrete drainages in the majority of freshwater-restricted species is 

influenced by their relative tolerance of estuarine or marine conditions or their 

relative ability to traverse physical barriers between drainages, either directly (active 

movement) or indirectly (wind or current assisted  or attached to other moving 

objects) (Avise et al. 1986; Avise 2000). An example would be some freshwater 

Parastacid crayfish that are able to move short distances on land in wet environments 

between freshwater rainforest creeks after rain. Scale of dispersal over time will 

hence influence the pattern of genetic structure that develops within and among 

freshwater populations. Restricted dispersal has the potential to result in large 

amounts of genetic variation accumulating among populations (genetic 

differentiation). Therefore populations that have sustained a long history of 

independence will tend to adapt to local conditions and /or genetic drift effects will 

cause them to diverge (Frankham 1997). Thus populations of most obligate 

freshwater species in different drainages are expected to evolve independently of 

each other, as dispersal among populations is often low or absent (Avise et al. 1986). 

For many freshwater species this will mean that divergent populations are small and 

management must be focused at relatively small spatial scales perhaps even at the 

stream or sub-stream level rather than at the drainage basin or higher levels. 

 

Unconfirmed reports from some parts of the Pacific (e.g. Fiji Islands) have suggested 

that natural populations of M. lar may have declined in some areas. Of particular 

concern is the increased population pressure associated with expanding human 

populations on island’s that harvest M. lar from the wild. As a result fisheries 

agencies in the region have recognized that M. lar is vulnerable to human impacts 

and that populations require active conservation in many places. Effective 

management of this species will require an understanding of the scale of natural 

stock structure so that conservation strategies can be developed or suggested that 

address appropriate demographic units. This information will also be relevant to 
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culture of M. lar when hatcheries are developed to supply PLs for farms or for export 

to neighbouring regions. Since M. lar has been considered to have potential in 

aquaculture (SPC 2003), and as it is indigenous to the region, it may be more 

attractive to local people than exotic species such as M. rosenbergii. If regional 

stocks of M. lar are structured spatially as a result of life history traits, environmental 

factors or chance effects, then these data should be considered, if and when, 

hatcheries are developed to supply a new regional industry. Hatcheries would need to 

focus production of PL’s for local farms at a scale that does not potentially lead to 

contamination of wild gene pools with hatchery-produced PL from a divergent 

genetic background. 

 

The aim of this study therefore was to determine the scale at which natural 

populations of M. lar are structured in the Western Pacific. Genetic markers 

(mtDNA) have proven very effective at describing intra-specific variation and for 

determining phylogenetic intra-specific relationships (Harrison 1989). The haploid 

nature and maternal mode of inheritance of mtDNA leads to the prediction that 

mtDNA will have an effective population size one quarter that of equivalent nuclear 

markers (Wilson et al. 1985; Avise 1986; Moritz et al. 1987; Harrison 1989). Thus 

any effect of genetic drift will be amplified in the mtDNA genome, and if 

populations are structured geographically, mtDNA provides a useful marker for 

detecting differentiation among populations. 

 

3.2 General methods 

3.2.1 Sample collection 

Samples of wild M. lar populations were collected by hand from sites in the western 

Pacific with assistance from collaborators. A section of periopod tissue was removed 

from each individual and stored in 70% ethanol before transport to the Queensland 

University of Technology (QUT), Brisbane, Australia for later genetic analysis. 

Analysis was undertaken at two spatial scales; 1. fine-scale variation within Fiji and, 

2. regional variation among major western Pacific island groups. 
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1. Fine-scale variation within Fiji 

M. lar samples were collected systematically from creeks on the two larger Fijian 

Islands- Viti Levu and Vanua Levu (Table 3.1 and Fig. 3.1). Samples from Viti 

Levu were collected from one site in three creeks in each of the Wet Zone 

(Naikorokoro Creek, Wainisama Creek and Lombau Creek), Moderately Dry 

Zone (Nadroga Creek, Navutu Creek and Tongavere Creek) and Moderately Wet 

Zone (Waidroka Creek, Yaqara Creek and Nakauvadra Creek) and one creek in 

the Dry Zone (Malele Creek). Samples from Vanua Levu were collected from 

one creek in each of the Wet Zone (Devodara Creek), Dry Zone (Vucilevu 

Creek) and Moderately Wet Zone (Vatuloaloa Creek).  

 
 
Table 3.1: Number of M. lar samples collected from each site in each climatic region 
on Viti Levu and Vanua Levu 
____________________________________________________________________ 
Island  Climatic region        Site No.           Creek             No. collected 
Viti Levu Dry Zone (North West)   1 Malele Ck 15 
  Moderately Dry Zone (South West)  2 Navutu Ck 32 
       3 Tongavere Ck 19 
       4 Nadroga Ck 26 
  Wet Zone (South East)   5 Wainisama Ck 28 
       6 Lombau Ck 32 
       7 Naikorokoro Ck 31 
  Moderately Wet Zone (North East)  8 Waidroka Ck 28 
       9 Nakauvadra Ck 30 
       10 Yaqara Ck 21 
Vanua Levu Dry Zone (North)    11 Vucilevu Ck 15 
  Wet Zone (South East)   12 Devodara Ck 21 
  Moderately Wet Zone (West)  13 Vatuloaloa Ck 23 
__________________________________________________________________________________ 
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2.  Regional-scale variation among island chains 

Seven island chains were sampled, Cook Islands,  Wallis and Futuna, American 

Samoa, Samoa, Fiji islands, Vanuatu and PNG. Samples were either collected by 

the author or supplied by collaborators from regional Fisheries agencies (Table 

3.2). Additional samples of M. lar (obtained from museums) from the western-

most distribution of the species (Madagascar in the Indian Ocean), Micronesia 

and Australia were included as intra-specific out groups for the genetic analysis. 

 

Table 3.2: Number of M. lar samples collected from regional sites 
 

Country          Site No.  Island    No. collected 
Wallis & Futuna  1  Futuna    8 
American Samoa  2  Tutuila    7 
PNG    3  East New Britain  11  
Vanuatu   4  Santos    7 
Samoa    5  Savaii    7 
Fiji    6  Viti Levu   8 
Cook Islands   7  Atiu    26 
____________________________________________________________________ 

Figure 3.1: Sites of sample collection from streams in Viti Levu and Vanua Levu 
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3.2.2 DNA Extraction 

The following procedure adopted from ‘The simple fool’s guide to PCR’ by Palumbi 

et al. 1991) and other sources (e.g., Campbell et al. 1995) were used for DNA 

extraction.  

 

The pleopod was cut finely and ground. The tissue was then digested with an enzyme 

(e.g. Proteinase K) to breakdown cells and peptides to smaller units that are more 

easily separated from the DNA. Genomic DNA from the cell mixture was cleaned by 

adding phenol or a mixture of phenol and chloroform (1:1) which precipitates 

proteins but leaves the nucleic acids (DNA and RNA) undamaged in the aqueous 

solution. After initial digestion, the cell extract was mixed gently with the solvent. 

The layers were then separated by centrifugation. Precipitated protein molecules 

remain as a white mass at the interface between the aqueous and organic layers. The 

aqueous solution of nucleic acids was then removed with a pipette. Since the protein 

content is high, several phenol extractions were carried out. Some RNA molecules 

especially mRNA was removed by the phenol treatment, but since most are retained 

with the DNA in the aqueous layers; this was removed with a ribonuclease (Rnase). 

 

To obtain a concentrated solution of the DNA, the extract was precipitated using 

ethanol (salt can be added to the ethanol to aid in precipitation) and DNA 

concentrated at the bottom of the tube by centrifugation. After the ethanol was 

removed the DNA was redissolved in the appropriate volume of water or a buffer 

solution such as TE buffer (Tris and EDTA).  

 

UV spectrophotometry at absorbance 260nm was used to determine the DNA 

concentration in each sample. UV spectrophotometry was also used to check the 

purity of the DNA. The ratio of a pure sample of DNA exceeds 1.8 at absorbances of 

260nm/280nm however, ratios above this indicate that the sample is contaminated 

with protein or phenol. A DNA extraction protocol was optimized for M.lar and 

quality DNA samples were obtained from each individual routinely. Tissue was 

soaked in GTE buffer for 20-25 minutes (4 x volume of tissue) (400 µl of GTE). This 

process was repeated twice using clean tubes. Approximately 100ng of pleopod or 
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leg tissue (cut about ½ cm) was placed in 600 µl of 2 x CTB buffer (1M Tris HCL, 

4M NaCl, 0.5M EDTA, 0.5M CTAB, 0.5M 2- mercaptoethanol) with 15 µl of 

Proteinase K (20mg/ml), fixed to a spinning wheel and incubated at 55 ºC overnight. 

 

Following overnight digestion, 500 µl of chloroform: iso-amyl alcohol (24:1) was 

added to each tube and the sample thoroughly mixed by gentle inversions of the tube. 

The sample was then concentrated at 13,000 rpm for 15 minutes. 25 µl of phenol and 

250 µl chloroform isoamyl alcohol (25:24:1) were then added to clean marked tubes. 

The aqueous layer from the old tubes was then transferred to new tubes, the sample 

was gently mixed and then centrifuged at 13,000 rpm for 15 minutes. 500 µl 

chloroform: isoamyl alcohol (24:1) was then added to clean marked tubes. The 

aqueous layer was removed from old tubes and the sample transferred to new tubes. 

The sample was then gently mixed and centrifuged at 13,000 rpm for 15 minutes. 

The aqueous layer (top layer) (500 µl) was then removed and transferred to clean 

marked tubes. 

 

Precipitation of DNA was carried out using 1 ml of cold (-20 degrees Celsius) 100% 

iso-propanol and incubated at -20ºC for one hour. DNA was then centrifuged at 

13,000 rpm for 15 minutes, the alcohol was decanted and the pellet resuspended in 1 

ml of cold (-20ºC) 70% ethanol and the DNA centrifuged at 13,000 rpm for a further 

15 minutes. 

 

Ethanol was again decanted and the pellet left to dry at room temperature for 5-10 

minutes on heating block at 35-38ºC. The pellet was then redissolved in 50 µl of 1 x 

TE (0.001 M) Tris-HCL pH 7.5, 0.0001 MEDTA. DNA samples were stored at 4oC 

until required for genetic screening. 

 

3.2.3 Development of genetic markers 

Preliminary trials were conducted at the QUT Genetics laboratory to develop 

appropriate mtDNA markers for M. lar. Initially a number of primers sets for 

different mitochondrial genes were trialled (16s RNA, 12s RNA and Cytochrome 

Oxidase I (CO-I)) on the species. Successful amplification following PCR was 

achieved with a number of these primer sets and the decision made to confirm 
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species designation using 16S RNA primers (‘slow evolving’), and a 496bp fragment 

of the CO-I gene (‘fast evolving’) was used to screen intra-specific genetic variation 

in the sampled populations. Any individual with a highly divergent 16SRNA 

sequence was excluded from the analysis as it most likely represented a cryptic 

Macrobrachium species. Two primers CO-I f1 and CO-I h (Palumbi et al. 1991) 

were used to amplify the CO-I fragment. Table 3.3 shows the CO-I primer 

sequences. The first stage was to determine if sampled M. lar populations were 

variable for the fragment. Sample individuals from widely geographically dispersed 

sites were chosen and DNA samples amplified using the CO-I primers. PCR products 

were then ‘cleaned’ and submitted to the automated sequencing laboratory at the 

University of Queensland. Sequence analysis of these samples showed that prawns 

were variable for the CO-I fragment (i.e., multiple haplotypes existed among 

sampled individuals). Thus, a more intensive study of genetic diversity in the 

sampled sites was initiated based on this CO-I fragment. 

 

Table 3.3: Primer sequence used to amplify CO-I mtDNA 
 

Primer Primer sequence Length (bp) 
CO-I f1 5’ CCT GCA GGA GGA GGA GAY CC3’ 19 
CO-I ah 5’ AGT ATA AGC GTC TGG GTA 3’ 18 
 

A problem encountered early in the study was the presence of ‘cryptic species’ 

among the samples. Specifically, highly divergent 16sRNA haplotypes were detected 

at a number of sampling sites with large phylogenetic breaks evident among certain 

individuals. The fact that they occur randomly across sites and were not based 

regionally (e.g. among islands) suggest that initial sampling failed to detect a few 

individuals within samples of populations that were representatives of cryptic 

Macrobrachium species (there are at least 11 species of Macrobrachium currently 

recognized in Fiji alone). To address this problem, we took reference samples of 

large M. lar individuals from a number of sites and their systematic status was 

confirmed morphologically by an expert in freshwater crustaceans (Dr Satish Choy- 

Department of Natural Resources and Management, Queensland Government). We 

then sequenced these individuals for the slow-evolving gene (16sRNA) to establish a 

reference 16sRNA sequence for M. lar for future comparisons. 
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3.2.4 DNA sequencing 

DNA sequencing was used to screen variation in amplified products. Sequencing 

reactions were carried out in a 0.6 ml microcentrifuge tube by adding 4 µl of big dye 

terminator (PE Applied biosystems), 14.5 micro litres ddH2O and 0.5 micro litres of 

either forward or reverse primers to 1 micro litre of DNA. The reaction mixtures 

were subjected to 26 cycles of 96ºC. 

 

3.2.5 Analysis 

All sequences were aligned using Eclustal W in the web based WebANGISTM. 

MEGA 2.1 (Kumar et al. 1993) was used to create neighbour joining trees using 

sequences from this study combined with published data from Murphy and Austin 

(2003). Trees were built using the Kimura-2 parameter distance method that allows 

for an unequal ratio of transition to transversion mutations (Kimura 1980). All 

forward and reverse sequences were screened for inconsistencies and aligned using 

the GAP (GcG) program and then edited forward sequences of each were aligned in 

the EclustalW program. 

 

Tajima’s test of selective neutrality (Tajima 1989) was performed using the MEGA 

program 2.1 (Kumar et al. 1993) to confirm that the fragment conformed to 

expectations under neutrality and were not linked to other genes under selection, or 

had not been exposed to unusual historical effects (such as past genetic bottlenecks). 

This test is appropriate for short DNA sequences. MEGA 2.1 was used to generate 

pair-wise distance matrices using corrected (Kimura-Nei parameter) and compared 

with uncorrected distance. The linear relationship observed between the two 

parameters indicates that homoplasy had not exerted an effect, hence the simpler 

pair-wise model was used for subsequent analysis. MEGA was used to create a 

neighbour joining tree and to examine amino acid changes as a result of any non-

synonymous base pair changes (CO-I only). TCS (Clement & Posada 2000) was used 

to generate a minimum spanning network based on the number of base pair 

substitutions among unique haplotypes. Differentiation among representative 

populations from PICTs were compared using pair-wise Fst estimates and NJ trees. 
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3.3 Results 

3.3.1 Confirmation that samples were M. lar 

Reference samples of M. lar from across the natural range of the species were 

compared for their 16sRNA haplotypes with sequences in GeneBank of a large 

number of Macrobrachium species and results confirmed that they were conspecific 

with individuals recognized on morphological and genetic (16sRNA) grounds as M. 

lar (Murphy & Austin 2003). 

 

A number of M. lar sequences were compared with sequences from other 

Macrobrachium species available on Genbank to confirm that all M. lar sequences 

were monophyletic. Figure 3.2 contains a 16sRNA Neighbour joining tree 

confirming that M. lar sequences, including additional ones from the western-most 

limit of the species natural distribution (Madagascar in the western Indian Ocean), 

northern-most distribution (Micronesia) and Australia were monophyletic.
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3.3.2 Neutrality Tests 

Tajima’s test of selective neutrality (Tajima 1989) confirmed that the 496 bp 

segment of the M. lar mitochondrial CO-I fragment examined here behaved as a 

neutral marker. The value of Tajima’s D statistic (D = -0.90084; p (D random< D 

observed) = 0.19619) was not significantly different from that expected under neutral 

conditions (P>0.05). 

 

 

 

Figure 3.2: Neighbour Joining Tree of 16s mtDNA. Sequence data obtained here (red 
individuals) was included in the (Murphy & Austin 2003) Australia Macrobrachium tree 
to confirm species identity. 
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3.3.3 Fine-scale variation within Fiji 

A total of 16 unique CO-1 haplotypes (numbered A-P) were identified among the 41 

M. lar individuals sequenced in Fiji (Table 3.4). When unique haplotypes (across all 

populations) were examined together, 21 polymorphic sites were evident and 

individual haplotypes differed by a mean of 3.573 substitutions, with no insertions or 

deletions detected (Table 3.4). 

 

Table 3.4: Polymorphic sites (numbered 1 to 21) in M. lar CO-I sequences. Dashes 
indicate sequence identity with Haplotype A. 
 
Haplot
ype 

1 2 3 4 5 6 7 8 9 1
0 

1
1 

1
2 

1
3 

1
4 

1
5 

1
6 

1
7 

1
8 

1
9 

2
0 

2
1 

No. 
bp 
differ
ence 

A A G A C A T T T G G A T G G C G T C C C T 0 
B - - - - - - - - A - - - - - - - - - - - - 1 
C - - - - G - - - - - - - - - - - - - - - - 1 
D - - - - - - - - - A - - - - - - - - - - - 1 
E - - - - - - - - - A - - - A - - - - - - - 2 
F G - G - - - - - - - - - - - - - - - - - - 2 
G - - - - - - - - - - G - - - T - - - - - - 2 
H - - - - - - - - - A - - A A - - - - - - - 3 
I - - - - - - - - - A - - - - - - - - - T - 2 
J - - - - - - - - - A - - - - - - - - - - G 2 
K - - - - G - - - - - - - - - - - - G - - G 3 
L - - - - - - C C - - - C - - - - C - - - - 4 
M - T - T - - C - - - - C - - - - C - - - - 5 
N - - - - - - C - - A - C - A - - C - - - - 5 
O - - - - - - - - - A - - - - - A - - T - - 3 
P - - - - - G - - - A - - - - - - - - - - - 2 

 

 

Overall transition to tranversion ratio was 17:3. The number of base pair mutations 

(sum of synonomous to non synonomous ratio) and relative divergence among 

haplotypes, expressed as percent difference are summarized in Table 3.5. Seven 

amino acid substitutions were found in the CO-I fragment, in 6 haplotypes; 

indicating first and second base position changes (Table 3.6) 
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Table 3.5: Percent sequence divergence of unique CO-I haplotypes shown above the 
diagonal and synonymous to non-synonymous mutations ratios below the diagonal. 
 
Haplot
ype 

A B C D E F G H I J K L M N O P 

A - 0.2 0.2 0.2 0.
4 

0.
2 

0.
4 

0.
6 

0.
4 

0.4 0.
6 

0.
8 

0.
8 

1.
0 

0.
6 

0.
4 

B 0:1 - 0.4 0.4 0.
6 

0.
4 

0.
6 

0.
8 

0.
6 

0.6 0.
8 

0.
6 

1.
0 

1.
2 

0.
8 

0.
6 

C 1:0 1:1 - 0.4 0.
6 

0.
4 

0.
6 

0.
8 

0.
6 

0.6 0.
8 

1.
0 

1.
0 

1.
2 

0.
8 

0.
6 

D 1:0 1:1 2:0 - 0.
2 

0.
4 

0.
6 

0.
4 

0.
2 

0.2 0.
8 

1.
0 

1.
0 

0.
8 

0.
4 

0.
2 

E 2:0 2:1 3:0 1:0 - 0.
6 

0.
8 

0.
2 

0.
4 

0.4 1.
0 

1.
2 

1.
2 

0.
6 

0.
6 

0.
4 

F 1:0 1:1 2:0 2:0 3:
0 

- 0.
6 

0.
8 

0.
6 

0.6 0.
8 

1.
0 

1.
0 

1.
2 

0.
8 

0.
6 

G 2:0 2:1 3:0 3:0 4:
0 

3:
0 

- 1.
0 

0.
8 

0.8 1.
0 

1.
2 

1.
2 

1.
4 

1.
0 

0.
8 

H 3:0 3:1 4:0 2:0 1:
0 

4:
0 

5:
0 

- 0.
6 

0.6 1.
2 

1.
4 

1.
4 

0.
8 

0.
8 

0.
6 

I 2:0 2:1 3:0 1:0 2:
0 

3:
0 

4:
0 

3:
0 

- 0.4 1.
0 

1.
2 

1.
2 

1.
0 

0.
6 

0.
4 

J 1:1 1:2 2:1 0:1 1:
1 

2:
1 

3:
1 

2:
1 

1:
1 

- 0.
6 

1.
2 

1.
2 

1.
0 

0.
6 

0.
4 

K 1:2 1:3 0:2 2:2 3:
2 

2:
2 

3:
2 

4:
2 

3:
2 

2:1 - 1.
4 

1.
4 

1.
6 

1.
2 

1.
0 

L 4:0 4:1 5:0 5:0 6:
0 

5:
0 

6:
0 

7:
0 

6:
0 

5:1 5:
2 

- 0.
4 

0.
6 

1.
4 

1.
2 

M 3:1 3:2 4:1 4:1 5:
1 

4:
1 

5:
1 

6:
1 

5:
1 

4:2 4:
3 

1:
1 

- 0.
6 

1.
4 

1.
2 

N 5:0 5:1 6:0 4:0 3:
0 

6:
0 

7:
0 

4:
0 

5:
0 

4:1 6:
2 

3:
0 

2:
1 

- 1.
2 

1.
0 

O 2:1 2:2 3:1 1:1 2:
1 

3:
1 

4:
1 

3:
1 

2:
1 

1:2 3:
3 

6:
1 

5:
2 

5:
1 

- 0.
6 

P 1:1 1:2 2:1 0:1 1:
1 

2:
1 

3:
1 

2:
1 

1:
1 

O:
2 

2:
3 

5:
1 

4:
2 

4:
1 

1:
2 

- 
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Table 3.6: Number of sites (numbered 1 to 6) with amino acid changes. Dashes 
indicate amino acid identity with haplotype A. Haplotypes are labeled as referred to 
in the text. Amino acid codons in parentheses. 
 
HAPLOTYPE 1 2 3 4 5 6 

A Serine 

(TCA) 

Isoleucine 

(ATA) 

Valine 

(GTG) 

Leucine 

(CTA) 

Valine 

(GTG) 

Isoleucine 

(ATT) 

B - - Methionine 

(ATG) 

- - - 

C - - - - - - 

D - - - - - - 

E - - - - - - 

F - - - - - - 

G - - - - - - 

H - - - - - - 

I - - - - - - 

J - - - - - Serine 

(AGT) 

K - - - Valine 

(GTA) 

- Serine 

(AGT) 

L - - - - - - 

M Leucine 

(ATT) 

- - - - - 

N - - - - - - 

O - - - - Glutamine 

(GAG) 

 

P - Arginine 

(AGA) 

- - - - 

 

 

The geographical distributions of sites in Fiji where individual haplotypes (referred 

to alphabetically) were found are presented in Figure 3.3. 
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Hierarchical AMOVA analysis indicated no geographical pattern to the distribution 

of haplotypes in Fiji as haplotype diversity was greatest within populations (>90%). 

Pairwise estimates of Fst using only haplotype sequence data are summarized in 

Table 3.7. All pairwise Fst values were not significantly different from zero (0). 

 

Figure 3.3: Map of sampled sites on Viti Levu and Vanua Levu showing CO-I Haplotype 
Distributions. Haplotypes for each site in black boxes. Sites are as follows (with sample 
size in parenthesis): VITI LEVU: 1 = Malele Creek(2); 2 = Navutu Creek(2); 3 = 
Tongovere Creek(2);  4 = Nadroga Creek(2); 5 = Wainisama Creek(2); 6 = Lombau 
Creek(10); 7 = Naikorokoro Creek(2); 8 = Waidoka Creek(2); 9 = Nakauvadra Creek(2); 
10 = Yangara Creek(2). VANUA LEVU: 11 = Vucilevu Creek(10); 12 = Devodara 
Creek(2); 13 = Vatuloaloa Creek(3) 
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Table 3.7: Fst and respective p-values calculated from mtDNA haplotype 
sequence data. 

 
Regional Grouping     Fst  P-value 
All regions       -0.11426 0.97165 
Between regions on Viti Levu    -0.14769 0.95601 
Between regions on Vanua Levu    -0.10783 0.69795 
Between Islands      -0.10414 0.97947 
Between SE Viti Levu and North Vanua Levu  -0.10862 0.97262 
 

A minimum spanning network (MSN) that describes the genetic relationships 

among individual unique haplotypes by mutational steps indicated no distinct 

structuring of haplotypes among populations (Figure 3.4). The network shows a 

“starlike” pattern that suggests that the population had expanded rapidly over 

time from a common ancestor represented by three central haplotypes (A, D and 

E). These internal haplotypes are connected to a number of ‘tip’ haplotypes in 

“star-like” formations that differ by a single or only a few bp steps. The pattern is 

characterized by a single or few common haplotype(s) that have given rise to 

other haplotypes that have a single or low number of mutational steps among 

them (Slatkin & Hudson 1991). The MSN suggests therefore, that partitioning 

among populations due to phylogenetic divergence was minimal or absent. 
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The phenogram of population genetic relationships (Figure 3.5) showed no 

relationship with geographical locality, this pattern was evident with all tree building 

methods used. When the number of individuals sequenced per population (n = 2) was 

considered, any divergence present among populations in the tree are most likely the 

result of chance presence of a slightly divergent haplotype (M, N or L) at a site. 

These haplotypes most probably occur in most populations but were probably missed 

due to the small sample sizes examined per population. The UPGMA phenogram is 

included as a representative of the general pattern observed with all 3 tree building 

methods. 

L

M

E

N
C

J

G

K

A

B

F

O

I
H

D

Figure 3.4: Minimum spanning network of 16 CO-I haplotypes found among 15 
populations of M. lar. Each bar between haplotypes represents a single bp event. Dashed 
lines indicate possible alternatives. Haplotypes are labelled as referred to in the text. 
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3.3.4 Regional-scale of variation in the western Pacific 

Representative population samples of M. lar from 7 western PICTs; PNG, 

Vanuatu, Fiji, Futuna, Samoa, American Samoa and the Cook Islands were 

examined for CO-I haplotype diversity. Table 3.8 contains details of the locality, 

population size, number of haplotypes observed, an estimate of relative 

endemism at each site and the number of segregating sites present. 

 

Navutu Ck (2) 

Lombau Ck (6) 

Vucilevu Ck (11) 

Naikorokoro Ck (7) 

Wainisama Ck (5) 

Malele Ck (1) 

Devodara Ck (12) 

Waidoka Ck (8) 

Tongovere Ck (3) 

Yanqara Ck (10) 

Vatuloaloa Ck (13) 

Nadroga Ck (4) 

Nakauvadra Ck (9) 

Figure 3.5: Phenogram (UPGMA tree) based on CO-I haplotype data for all 
populations. Site numbers are in parenthesis. 
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Table 3.8: Haplotype diversity in 7 PICTs populations. 
 
Locality    n h Endemism  S 
East New Britain, PNG  29 8  0.72  11 
Santo, Vanuatu   30 6  0.13  7 
Viti Levu, Fiji    30 7  0.10  8 
Futuna, Wallis & Futuna  26 6  0.15  8 
Savaii, Samoa    30 7  0.10  7 
Tutuila, American Samoa  29 7  0.10  7 
Atiu, Cook Islands   30 13  1.00  26 
____________________________________________________________________ 
n = sample size; h = number of haplotypes per site; s = number of segregating sites 

 

Divergence among representative populations from seven PICTs for CO-I sequence 

were compared using pair-wise Fst estimates (Table 3.9) with significant Fst values 

indicated by * 

 

Table 3.9: Pairwise Fst estimates among PICTs 
 

  1         2              3      4            5                      6                 7       
1. Futuna - 
2. Am. Samoa 0.1349         - 
3. New Britain -0.0286       0.2118         - 
4. Vanuatu -0.0146       0.3289*       -0.0493            - 
5. Samoa 0.0761       0.3705*        0.0761*         0.0587     - 
6. Fiji  -.0545           0.3686*       -0.1193      -0.0801    0.1408  - 
7. Cook Islands 0.8758*       0.8661*        0.8752*       0.8936* 0.8985*              0.8944*          
 
        *p < 0.05. 
__________________________________________________________________________________ 
 

The major outcome of this analysis was recognition of 2 highly divergent clades with 

significant differentiation evident between the Cook Islands population and all other 

PICT samples. Minor divergence was also evident between some PICTS pairs (e.g., 

American Samoa and Fiji- Table 3.9) but this did not approach the level of 

divergence evident between the Cook Islands and all other PICTs. The high degree 

of differentiation of the Cook Islands samples from all other PICTs samples is clearly 

reflected in the NJ tree where the Cook Islands haplotypes are unique to the Cook 

Islands and are highly divergent from all other haplotypes (Figure 3.6). All 

remaining haplotypes occur widely across the region. 
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3.4 Discussion 

The population genetic structure of a species is largely determined by individual life 

history traits including dispersal capacity, generation time, mating system and by the 

physical environment a population experiences (Hurwood & Hughes 2001). Species 

that are confined to freshwater environments generally exhibit population structuring 

over limited spatial scales. This is because populations are often separated by 

physical barriers to dispersal (terrestrial habitat) that individuals are normally unable 

to overcome. Barriers prevent mixing and hence limit interbreeding among 
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Atiu, Cook Is. 

Futuna, Wallis & Futuna 

New Britain, PNG. 

Savaii, Samoa 

Tutuila, American Samoa 

Santos, Vanuatu 

Viti Levu, Fiji  
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Figure 3.6: NJ tree of CO-I haplotype relationships and their geographical 
distribution. 
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populations (Avise 2000; Knutsen et al. 2003). Limited gene flow generally leads to 

genetic differentiation among populations (Frankham 1997; Slatkin 1987) and most 

freshwater species are expected consequentially, to conform to a hierarchical model 

of gene flow (Meffe & Vrijenhoek 1988). Genetic differentiation is expected to be 

higher, therefore, among populations from discrete river drainages rather than among 

populations from locations within a single drainage (Hurwood & Hughes 2001). 

 

Gyllensten (1985) reviewed studies of 19 aquatic species to determine if patterns 

were evident in average differences in genetic similarity among populations of 

marine, anadromous (marine species that breed in freshwater) and freshwater 

species. He reported that patterns in marine and anadromous species were generally 

similar, with low mean genetic differentiation evident commonly, among 

geographical localities 1.6 and 3.7%, respectively. Freshwater species in contrast, 

showed much higher (29.4%) mean levels of population differentiation (Gyllensten 

1985). He argued that this was a consequence of much higher levels of gene flow 

among populations in marine and anadromous species that are more interconnected, 

than equivalent populations of obligate freshwater species. 

 

All M. lar samples collected for 16sRNA analysis as part of the current study of 

genetic diversity claded out as a single monophyletic lineage. Thus, even though 

there are many problems associated with morphological identification of 

Macrobrachium species, all specimens included here as M. lar constituted a single 

genetic lineage, even the samples from the Cook Islands. 

 

Variation among wild M. lar populations was assessed at two spatial scales using a 

CO-1 fragment; within Fiji and among western PICTs. For Fiji populations, 16 

unique haplotypes were identified, the majority encoding synonymous mutations in 

this coding gene (94%). The distribution of unique haplotypes was not correlated 

with geographical location and pairwise Fst values at different hierarchical scales 

were not significant from zero suggesting that all sites constituted a single panmictic 

population. Thus, within Fiji, populations are essentially homogeneous indicating 

that extensive gene flow occurs among all sampled sites. 
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At a regional scale in the western Pacific, while endemism was high at two sampled 

sites PNG and the Cook Islands, only variation in the Cook Islands samples was 

significant with pairwise Fst’s indicating that all Cook Island populations were 

significantly divergent from all other sampled sites. In fact haplotypes present in the 

Cook Islands were all unique and highly divergent from any other M. lar haplotypes 

found among sites sampled in the western Pacific. The level of divergence suggest 

that Cook Islands M. lar have not exchanged genes with other regional populations 

for a significant period of evolutionary time.  

 

M. lar has some unusual characteristics. As an adult it is an obligate freshwater 

species but it also has an extensive trans-oceanic natural range. It also possesses an 

extended pelagic marine larval phase that in theory enables larvae to disperse widely 

in ocean currents and trade winds, thus potentially overcoming traditional terrestrial 

barriers imposed on ‘true’ freshwater species that may prevent interbreeding among 

disjunct populations. An extended larval phase in the marine environment is likely to 

produce population structure, at best, only over very large spatial scales. 

 

The data here show clearly that effective dispersal in M. lar probably does occur over 

very large geographical scales and populations are linked from the central Pacific to 

the western rim of the Pacific Ocean and beyond with the exception of the Cook 

Islands populations that appear to have been evolving independently. 

 

Early studies of larval development in this species support a hypothesis that larvae 

are capable of wide dispersal. For example larvae were reared to zoeal stage 11 over 

89 days under saline conditions (35.5%) and at relatively high water temperatures 

(26.50C) (Atkinson 1977). Rate of larval development in this species is very slow 

however, compared with most Macrobrachium species. Ocean currents are thought 

to facilitate gene flow among islands in the Pacific. The prevailing major current 

direction in the Pacific is essentially from east to west (Southern Equatorial Current). 

Major currents flow through the south Pacific Islands (Figure 3.7) towards the 

Australian east coast and then split to the north and south along the central 

Queensland coast. Larvae drifting in easterly or north-easterly current streams 

presumably will be carried toward Australia past Pacific island chains. Although the 
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probability of individual larvae actually reaching a distant island is likely to be 

remote, monophyly of the island haplotypes suggest that enough larvae colonise 

distant freshwater habitats to homogenise haplotype diversity at least in the Pacific. 

Currents also exist that potentially facilitate the dispersal of Australian larvae to 

PNG. The northward split of the south Equatorial Current flows North, up the coast 

of northern Australia where it continues to flow along the northern PNG coast. 

 

 
 
 
 

In accord with results of the current study, several studies have shown that 

freshwater species that are tolerant of saline conditions at some stage during their 

lifecycle, can exhibit higher dispersal rates, larger species’ ranges and higher levels 

of genetic homogeneity among geographically separated populations when compared 

with freshwater species that are confined to freshwater for their whole life (Allibone 

& Wallis 1993; Avise 1994; Doherty et al. 1995). McMillan et al. (1992) reported 

significant differences in the degree of population structuring of two species of sea 

urchins (Heliocidaris tuberculata and H. erythrogramma) with pelagic larval stages 

of different length. H. tuberculata larvae spend a few weeks in the water column and 

they showed little evidence of population structuring, while over that same 

geographical scale, H. erythrogamma, with a shorter pelagic larval stage showed 

extensive mtDNA differentiation among populations even at small geographical 

distances. 

Figure 3.7: Map showing major surface currents in the Pacific. The direction of the 
current flow is indicated by the red arrows.Source-series:www.waterencyclopedia.com/image 
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The major issue that remains to be resolved, however, is why Cook Islands 

population are divergent from other Pacific M. lar populations given that distances 

from the Cook islands to neighbouring PICTs are not greater than those that separate 

some other Pacific island chains. The obvious point to assess is whether some barrier 

to gene exchange exists between other PICTs and the Cook Islands. 

 

As there are no obvious physical barriers to larval drift such as large land masses 

separating the Cook Islands from the other PICTs, the most likely barrier to ongoing 

gene flow are the major current paths in which larvae drift during their dispersal 

phase. Major currents in the central, Southern Pacific Current flow from east to west 

and during most of the year, prevailing winds (Trade Winds) are from the southeast. 

Thus larval drift is most-likely to occur in an easterly direction potentially linking 

island populations. A very long-lived pelagic larval phase would enhance current 

effects and potentially lead to ‘down-current’ higher levels of genetic diversity as 

alleles that evolve in ‘upstream locations’ are moved by currents and winds in a 

general westerly direction. Unfortunately, appropriate sample sizes and adequate 

replication were not available here to test this prediction. 

 

Taking these data into account does not however, provide a simple explanation as to 

why the Cook Islands populations have diverged so much, relative to other sampled 

PICT populations. The geographical position of the Cook Islands (Atiu site of sample 

collection is 20º 3S and 158º 12W) in the Pacific is the most easterly of all sites 

examined here and so, in theory, larval drift should move larvae to the west and 

allow passive colonization of other more westerly PICTs. The distances between the 

Cook islands and other PICTs is large (~1000 km to Tutuila, American Samoa -

nearest sample collection site) and perhaps this restricts  potential for successful 

colonization while in the past when sea levels were lower during the Pleistocene, 

dispersal may have been possible as relative distances between land masses were 

reduced . 

 

Life history traits in M. lar predict panmixia, where all natural populations freely 

interbreed and act as a single large gene pool. While historical evidence of gene flow 
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is evident among Pacific Island chains, it is likely to have been largely unidirectional, 

based on current flow, and is limited by the low probability that individual larvae 

will reach a suitable environment successfully for metamorphosis while dispersing. 

 

While more remains to be understood about natural population differentiation in wild 

M. lar, these data have implications for both long term persistence of wild stocks and 

for how a sustainable culture industry could be developed. For wild populations it is 

clear that where local extinctions do occur, populations have a high probability of 

recolonisation from external sources. Local gene frequencies at individual sites, 

particularly among island sites, may fluctuate over time however, as probability of 

colonization by a large larval cohort is low and the stochasticity of colonization 

events will tend to skew gene frequencies. Genetic diversity is also likely to be 

greater in western Pacific populations as this region is likely to accumulate mutations 

that have drifted ‘downstream’ as components of westerly larval drift. 

 

In terms of future development of any regional culture industry for this species, the 

genetic data are favourable and indicate, with the exception of the Cook Islands, that 

there would be no requirement on conservation grounds, for independent hatcheries 

to be developed at a regional scale within PICTS or even among PICTs. Postlarvae 

production for a developing culture industry could be established at a single regional 

hatchery as long as genetic diversity were monitored and maintained over the long 

term (excluding the Cook Islands). Finally, a broodstock for such a hatchery could be 

developed with very high levels of genetic diversity via strategic sampling of 

compatible wild stocks regionally, allowing a good genetic foundation for a stock 

improvement program in the future.   
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4.0 Closing the life cycle: Experimental evaluation of hatchery production of 
Macrobrachium  lar postlarvae 

 

4.1 Introduction 

Success with closing the life cycle of M. rosenbergii, and in developing techniques 

for both mass post-larvae and pond grow-out production has brought this species to 

the fore as the Macrobrachium species of choice for culture. During the first ever 

workshop on ‘Shrimp and prawn farming in the western hemisphere’ held in 1976, 

Goodwin and Hanson stated the M. rosenbergii appeared to be the superior candidate 

for aquaculture among potential freshwater prawn species. They added that… ‘M. 

rosenbergii is almost alone as the species of choice for commercial culture while 

nearly a dozen penaeid species are enjoying active culturing efforts’. They also 

reported that other Macrobrachium species were considered inferior due to their 

slower growth rates, smaller size at maturity, lower relative fecundity and lower 

survival rates. Problems in larval rearing were also considered more complex in 

species other than M. rosenbergii. It was suggested that alternative Macrobrachium 

species may exist however, that may show promise and some species may in fact, be 

easier to farm and thus be suitable for cultivation.  It is crucial however, to develop 

an understanding of the individual life-history characteristics and ontogeny of any 

species considered for development in culture. Ultimately, this may allow the life 

cycle of a new species to be closed and thus, PL’s to be produced on demand. 

 

One of the major prerequisites for successful commercial prawn culture is the 

predictable production of PL’s, from eggs through all larval phases and 

metamorphosis. While larval survival rates in most decapod crustaceans have been 

estimated to be less than 0.1% in natural ecosystems (Bagenal 1967), more than 80% 

has been achieved for M. rosenbergii reared in a hatchery (pers. observation). For 

most other Macrobrachium species, only poor larval survival has been reported in 

hatcheries (Miyajima 1977). Specific requirements identified for successful larval 

culture include the following factors:  

1. Sufficient fresh water and sea water supply of adequate quality. 

2. Provision of high quality live feeds especially of brine shrimp Artemia spp. 

3. Ability to maintain stable water temperatures. 
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A major feature of the generalized Macrobrachium life cycle is that larval 

development includes a sequence of “zoea” stages. Stages can be identified by 

development of specific morphological traits. The number of stages in different 

species varies from 1 to 13. Typically, some larvae in certain species can 

metamorphose to PL stage after passing through fewer developmental stages so they 

have a shorter developmental time than the bulk of the population reared under 

identical conditions, while in others, metamorphosis can be markedly delayed. 

Sollaud (1923), Chong & Khoo (1987a) and others have distinguished three larval 

development types in the genus Macrobrachium based on criteria such as the number 

and size of eggs, the duration of larval development, and the number of zoea stages 

present (see section 2.4.3). According to Sandifer and Smith (1979a) there is no 

advantage to early metamorphosis but variations in planktonic larval phase may be 

important in dispersal, recruitment and colonization of new habitats by palaemonids. 

Laboratory studies have implicated diet (Reeve 1969; Sandifer 1973; Knowlton 

1974), genetics (Reeve 1969; Sandifer 1973), photoperiod (Knowlton 1974), time of 

year (Knowlton 1974), salinity (Sandifer 1973) and pollutants (Shealy & Sandifer 

1975) as contributing factors of varying degrees of importance in larval culture, but 

underlying causes are poorly understood.  

 

Interest in the culture of M. lar has grown rapidly in PICTs resulting in demand 

exceeding supply. At present, subsistence culture of M. lar in ponds (monoculture 

systems and integrated production with taro and other vegetables) using wild-caught 

juveniles is practiced at various levels in Vanuatu, PNG, Fiji, the Cook Islands and 

Wallis & Futuna. Also wild juveniles are induced to enter various kinds of 

impoundments, cages, ponds, raceways, taro farms, etc. and grown to marketable 

size. Collection of juveniles for culture however, is greatly handicapped because 

there are often difficulties with obtaining sufficient quantities from the wild. 

Furthermore, knowledge about natural habits of juveniles are very limited and very 

little is known about their recruitment patterns. Information on larval stages and 

development is also very limited for M. lar compared with M. rosenbergii (see Ling 

1967a, b; 1969a, b; Uno & Soo 1969; Ling & Costello 1979). Generally to complete 

their embryonic development, most Macrobrachium species require both fresh and 



 

69 
  

salt water, at different salinities. Two methods or systems have been used for larvae 

culture: 1. ‘greenwater’ system; and 2. ‘clearwater’ system. 

  

The ‘greenwater’ system involves a semi-flow-through system where phytoplankton-

rich, green water, usually containing Chorella spp. is maintained in the culture water 

that is passed periodically through larval culture tanks (Fujimura 1966; Sandifer et 

al. 1977; Malecha 1983; Sandifer & Smith 1985; Lee & Wickens 1992; Correia et al. 

2000). Algae in the green-water cultures provide feed for zooplankton including 

Artemia, rotifers, and help condition the water by removing toxic substances, 

particularly ammonia (Lee & Wickens 1992). Larvae are spawned and stocked into 

larval rearing tanks (LRT) at 30-50 larvae L-1. Salinity in the LRT is maintained at 

11-15‰. Green water with algae is applied daily and other food items including 

Artemia nauplii, minced fish flesh, fish eggs and egg custard are added (Corbin et al. 

1983). Problems with the ‘greenwater’ system include problems with algae that can 

cause the pH to fluctuate widely. Larval rearing cycles usually take 25-35 days or 

longer depending on factors such as water temperature, feed quality, stock 

characteristics and culture methods. High survival rates can be achieved however, 

with this system.  

 

In a ‘clearwater’ system, the water quality is maintained by greater exchange rates 

and controlled addition of live food (Artemia nauplii) and inert feeds. The larvae are 

almost entirely dependent on the live food and inert feeds that the hatchery operators 

supply (Lavens et al. 2000). If water quality or disease problems occur, water 

exchange can be increased in response to eliminate or reduce disease impacts. 

Almost all hatcheries operate on ‘clearwater’ system because they are easier to 

manage (New 1995) and are more efficient (Correira et al. 2000) 

 

To date, larval competencies as measured by survival and growth in culture are often 

variable, with total larval mortality a common outcome in many trials, prior to 

metamorphosis to PL. The ability to characterize, select for and enhance larval 

competencies in experimental culture is currently poorly understood. At a gross 

scale, large differences in quality may be evident among larvae from different 

females. Some larvae will be strongly photopositive while others will appear to show 



 

70 
  

less vigour. Response to light is the crude basis by which larvae were selected for 

culture i.e., larvae are utilized if they respond positively to a light-source shortly after 

hatching. This technique is also used to select competent larvae for M. rosenbergii 

and in some penaeid prawn hatcheries (Fast & Lester 1992). It is likely however, that 

environmental, physiological and nutritional variables will impose different 

outcomes on larval competency that are unable to be quantified using simply a 

photo-response, in isolation.  

 

The ability to determine larval competency in a comprehensive manner will provide 

a standard against which culture practices, both old and new may be evaluated thus 

enhancing prospects for successful culture. A range of environmental requirements 

and tolerances have been examined. Complementary areas of research have included 

the design of different experimental culture systems. Although a number of crucial 

areas important to the development of culture systems and feed protocols for M. 

rosenbergii have been addressed (e.g., Lavens et al. 2000); very little is known about 

larval rearing in M. lar. To provide adequate quality seed stock for any developing 

aquaculture industry, the life cycle must be closed. At present this step for M. lar is 

hindered by poor survival during early larval stages and studies so far indicate that 

the larval phase may encompasses 11 stages and take in excess of 80 days (in theory) 

to complete (Atkinson 1977). The life cycle has yet to be completed successfully. 

Hence, expansion of M. lar production may only be possible by increasing the effort 

directed at capture production or by developing sustainable aquaculture for the 

species i.e., by developing viable mass culture production of PLs and grow out 

techniques. While simple culture systems can increase production levels, suitable, 

inexpensive and efficient culture techniques for PL production are needed to 

stimulate industry expansion. Thus the larval development of this species needs to be 

investigated and understood. So the major objective of the current study, was to trial 

artificial propagation and laboratory experiments to determine the specific 

environmental conditions that will allow successful spawning and development of M. 

lar larvae through the juvenile life-history stages in an experimental hatchery. 
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4.2 Method and materials 

4.2.1 General methods 

Larval rearing trials were carried out initially at NAS (March 2001) and later (2002-

2005) at MSP- laboratory, USP, when resources at NAS proved inadequate, mainly 

due to difficulty in obtaining and maintaining good quality seawater on a regular 

basis.  

 

Relevant literature by Ling and Merican (1961), Lewis and Ward (1965), Ling 

(1967a, b; 1969a & b) and prawn hatchery manuals: New and Valenti (2000), New 

(2002), and Nandlal and Pickering (2005) were consulted. The clearwater system 

used for M. rosenbergii larval rearing was adapted based on methods adopted at 

Anuenue (Fujimura & Okamoto 1972), Aquacop in French Polynesia (Aquacop 

1977; 1983), and additional methods that had proven successful for rearing larvae of 

other related species were also trialled in order to provide the best conditions for 

rearing M. lar larvae. 

 

Broodstock collection 

The main supply of broodstock for the experiments came from Waisere creek, in 

Tailevu Province, Vugalei District-18º 10’S and 176º 45 E (about 10 km from NAS). 

Waisere Creek is small stream flowing eastward, entering the sea via a mangrove 

estuary north of Bau Island. M. lar are present in the system from the extreme inland, 

just above the point where the creek narrows to form streams, approximately 6 km 

from the mouth (just above Visa village- Figure 4.1). M. lar occurs in the higher part 

of the streams and are abundant throughout the year.  

 

Gravid or embryo-carrying and non-gravid females and males were collected on 24th 

March, 2001. Individuals were collected manually by sweeping a push net (1 m in 

length and 3 mm mesh size) across the bottom of the stream after disturbing the 

debris and brush or partially submerged vegetation along the stream banks. 
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Figure 4.1: Map showing Waisere Creek-the site of M. lar broodstock collection. 
 

Specific identity of prawns were confirmed as M. lar using the number of spines on 

the rostrum as a marker i.e., upper margin of the rostrum having 7 or 8 teeth and also 

carpus of second leg of adult males distinctly shorter than merus (Shokita et al. 1984; 

Short 2000). Sex of large prawns was distinguished as: males are larger with a larger 

cephalothorax and chelipeds compared with females. For medium size males and 

females (without eggs), sex was determined by presence (male) or absence (female) 

of the appendix masculine on the endopod of the second pleopod and a flap-covered 

gonophore on the coax of each fifth pereiopod.  

 

Buckets were filled with water from the collecting site and a small amount of aquatic 

plant or litter from the collecting site sufficient for 5-6 prawns was added. Captured 

individuals were transferred immediately to these buckets and covered with a lid and 

water aerated with a portable air compressor for transport. Extra precautions were 

taken for gravid females with the bucket placed in a larger bin with a handful of 

crushed ice wrapped in newspaper to maintain temperature at ~ 23oC inside the 

bucket (temperature of creek water). After arrival at the hatchery, buckets were 

floated (with prawns inside) for 15 minutes in the holding tank (2000-L FRP tank) 
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filled to 80% capacity until water temperature in the buckets equilibrated to tank 

temperature (26-28oC). Gravid females were reared in 2000-L FRP tanks while non-

gravid females and males were maintained in separate 2000-L tanks at ambient 

temperature (26-28oC) until berried females were ready for spawning. The tank was 

provided with continuous aeration and 20-30% of the water changed every day. 

Three air stones were placed inside the tank and aeration adjusted to produce a 

steady stream of bubbles at all times. To provide refuges for prawns and to help 

prevent cannibalism, a 100-cm x 40-cm plastic screen (1-cm mesh) folded into a 

cylindrical shape and secured with binding wires was placed inside the tank. 

‘Habitat’ units consisting of several 30-cm segments of 100-mm diameter PVC pipe 

were also placed in the tank. Prawns were fed on fresh bivalve (Batisaa violecea) 

meat and every morning at the time of water exchange, remaining (uneaten) food 

was discarded along with other waste and new feed prepared and placed in the tank. 

 

Conditioning of gravid females  

Reproductive condition of individual females was examined and recorded. Female 

reproductive categories are described below. 

a. Gravid or berried females- females with eggs attached to the pleopodal setae. 

These females were further divided according to stage of egg development 

based on the colour of the eggs as follows: 

i. Females with bright orange eggs-females that have just 

deposited their eggs. 

ii. Females with egg colour in between bright orange and light 

grey or light yellow. 

iii. Females with ready to hatch eggs-eggs in the late stages of 

embryonic development; colour light grey; enclosed larvae 

with large eyes evident. 

iv. Spent females- females with few eggs or a gel like substance 

attached to the pleopodal setae. 

b. Non-reproductive females- an immature female or one in intermolt with no 

eggs or ovigerous setae attached to the pleopods i.e., not impregnated thus 
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need to be reared to moult stage followed by mating and subsequent 

maturation. 

c. Molted females- females with advanced ovarian development. 

 

Once in the hatchery, gravid females (with grey-coloured eggs i.e., ready to hatch) 

were separated from the group and placed individually in tanks containing 30L of 

freshwater with constant aeration. Light aeration was provided to avoid disturbance. 

Once animals had recovered (from transport stress), they were transferred to separate 

tanks for treatment with 30ppm formalin for one hour. Previous studies on larval 

rearing had shown this treatment could maintain adequate health of the breeders. 

Following this, females were transferred to individual LRTs that were used for both 

hatching as well as larval rearing. 

 

A variety of tanks: 500-L and 100-L cylindro-conical transparent and FRP, 100-L 

and 200-L fat-bottom transparent FRP, 72-L aquarium glass tanks and 4-L ice cream 

plastic containers were used for larval rearing. Air stones were placed at the bottom 

of the tanks to provide oxygen, to mix the water and to keep an even distribution of 

food particles and thus to reduce cannibalism. Culture vessels that proved to be most 

successful for M. lar larval development were aquarium glass tanks (72-L capacity).  

 

The rearing system consisted of a reservoir tank, mixing tank, filter system, and 

LRTs. Tanks and equipment were cleaned and disinfected and allowed to dry in the 

sun for a day before they were set up inside the NAS hatchery building and later at 

the MSP laboratory. Special care and attention were taken to prepare and install the 

equipment so that important rearing parameters (salinity, temperature, food, light, 

water quality, diseases and hygiene) were under constant and strict control. The NAS 

hatchery and MSP buildings were enclosed, to maintain controlled environmental 

conditions. Tanks were filled initially with freshwater that was filtered through a 5 

µm in-line cartridge filter. A 500-watt heater (thermostatically controlled) was 

connected to each of the LRT. A net enclosure (hatching basket) made of 2 mm 

plastic mesh was also hung on the inside of each tank.  
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Seawater  

An outdoor 10-tonne plastic-lined cement tank was used for holding seawater at 

NAS. This tank was cleaned (including outlet pipes and aeration tubes) and allowed 

to dry for a day in the sun. The seawater was carted by a truck in tanks from the MSP 

water intake system and stored in this tank after passing through a 5 micron filter 

bag. Water temperature was maintained at 28oC using a thermostatically controlled 

heater. Stored water was aerated continuously.  

 

Larval Rearing  

Two identical 500-L cylindrical-conical bottom FRP tanks were used for larval rearing 

trials at NAS. Drainage was provided by means of a turn-down PVC pipe with a 

diameter of 50 mm that was protected by a 50 mm PVC stand pipe. PVC filters were 

attached to siphons (polyvinyl tubes) and were used during water change. The size of 

mesh screen on the filter ranged from 200-1000 µm and was used according to age or 

stage of larvae, i.e., filter with small mesh (200 µm) screen was used for water 

exchange for larvae up to stage V and the mesh size was changed as the larvae 

progressed to stage 5. Polyvinyl tubes (8-10 mm diameter) were fitted to a glass rod of 

80-100 cm of similar diameter and used for collection/siphoning of debris, dead larvae 

and uneaten food when cleaning the LRTs. Water quality in each tank was checked 

daily. About 40-80% of the water in the LRT were changed daily usually in the 

afternoon so that water quality was maintained when prawn larvae molt during the 

night.  

Feeding  

Nauplii of brine shrimp- Artemia spp. were used as the main food for prawn larvae. 

Artemia were from Great Salt Lakes (GSL), Utah, sourced from a company in 

Taiwan. Artemia cysts were hatched in vigorously aerated filtered sea water in a 100-

L cylindrical-conical transparent fiberglass tanks at NAS and in 30-L conical glass 

tanks at MSP. A ratio of 2g of cysts per 1 L of water was used as a rough guide to 

calculate the total volume of cyst hatching capacity i.e., volume of water to allow 

good hatching of cysts. After 24-36 hrs at 26-28ºC nauplii that had hatched were 

separated, by standing from eggs cases and any unhatched eggs, and then siphoned 

by 4mm tubing to fine sieve and then washed in 30ppm of formalin followed by 
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washing in clean filtered seawater. Freshly hatched nauplii were fed to 1 day old  

larvae, i.e., about 1 day after hatching and continued for one week and thereafter 

supplemented with prepared diets. Nauplii were added to cultures of prawn larvae to 

achieve a concentration of approximately 10 nauplii ml-1 that is adequate for good 

growth based on experience of rearing M. rosenbergii.  

 

In trials at MSP, nauplii were enriched by feeding with micro-algal cultures of 

Tetraselmis, Isochrysis, Chaetoceros and Skeletonema spp. These were grown under 

sterile conditions in the laboratory at the MSP culture unit. 

 

In trial 3, in the control LRTs, in spite of the fact that observations had showed that 

Artemia nauplii survived long enough in the tanks, additional live Artemia nauplii 

were added to ensure that live feed was present in the tanks (at all times) and that 

larvae were not affected by a lack of feed, i.e., lack of live Artemia nauplii will not 

affect survival of larvae.  

  

During the trials other prepared larval foods consisting of ox-liver, skipjack flesh, 

and bivalve flesh were tested as feeds. Fresh ox-liver was chopped into small pieces 

(after removal of fat and connective tissue) and was placed in a kitchen blender with 

enough water to cover. Liver tissue was blended in short bursts for a few seconds by 

pulsing (see Nandlal & Pickering 2005). The mixture was then sieved through 

stainless steel mesh ranging in size from 1500-2000, 800-1000 and 400-500µm. The 

contents were washed to remove remaining blood.  Liver particles that collected in 

the course sieves were blended again and steps repeated several times until only 

connective tissue was left. This was discarded. For feeding, aeration in the LRT was 

stopped, and the larvae concentrated near the surface. A drop of food (liver particles) 

was then gently spread on the surface of the water with a dropper. Larvae were 

observed to catch or hold onto particles. This process took 1-2 minutes and thereafter 

aeration was recommenced.  Liver was fed in addition to Artemia nauplii. Care was 

taken at all time times to avoid over-feeding and subsequent decay of uneaten food 

did not become a problem. 
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Larval counting and staging  

Larvae were checked daily in 50 and 100-ml beakers. The ability of individual larvae 

to remain in the column of water (not sink to the bottom) was used as a guide to 

distinguished between ‘active’ and ‘not active’ or ‘dead larvae’. Larvae that were not 

active were removed. Number of surviving larvae was estimated by counting the 

number of active larvae in 3 replicate one-litre samples of water (in beakers) taken 

from each tank. Samples were taken after aeration was increased to produce a 

random distribution of larvae. Survival was measured each day as a function of the 

number of larvae surviving relative to the preceding day’s count. 

 

Larval activity was observed and growth (larval stage) monitored daily by examining 

larvae from each tank under dissecting and compound microscopes. Specimens were 

placed in a drop of water on a microscope slide and a cover slip placed on top. 

Length measurements, development of various appendages, stage and condition of 

larvae were recorded. M. lar stages were compared with larval stages of M. 

rosenbergii as reported by Ling (1967a; 1969a), Choudhury (1971a; b; c) and others. 

Representatives of various larval stages were preserved in 10% formalin.  

 

Various methods were trialed to rear larvae. The “Planktonkreisel” method as 

described by Greve (1968) was simplified but found to be not as effective as others 

used for routine M. rosenbergii rearing in both closed and flow-through system. 

During the trials, to ascertain salinity tolerance, newly hatched larvae were kept in 

covered LRTs of various sizes. Gentle aeration was provided to maintain an even 

distribution of larvae and Artemia. LRTs were filled with sea water diluted with 

filtered river water to give the concentration required for the trial. Trials were carried 

out over periods of 24-48 hrs, with larvae being acclimated gradually to new 

salinities and left at these for at least 30 minutes prior to taking measurements. 

Larvae were generally tolerant of transfer to increasing salinity until it had reached 

34-35‰. They were however, intolerant of direct transfer to 34-35‰. M. lar were 

reared in sea water at a salinity of 34-35‰. Several controlled, replicated 

experiments were undertaken to trial different environmental conditions that would 

allow larvae to develop normally. Of these trials, only 3 are reported here. The 

method that proved to be most successful involved use of 70 L glass aquaria (see 
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Trial 2). Water was renewed daily including rearing sequence and daily maintenance 

activities. This system was easy to operate and found to be convenient and reliable 

based on experience with rearing of M. rosenbergii. Following each trial, tanks were 

disinfected by dipping in 30 ppm formalin for 12 hrs, then cleaned with freshwater 

and sun dried for a day before reuse. Additional procedures and equipment specific 

to each trial are described below. 

 

4.2.2 Rearing trial 1: Naduruloulou Aquaculture Station 

Larval rearing  

Two berried females with grey eggs were treated and then transferred to hatching 

baskets suspended inside the LRT. Hatching commenced during the night and by the 

end of the following day most eggs had hatched. Spent females were transferred back 

to the holding tank. Water exchange commenced soon after by siphoning out fresh 

water and replacing with a calculated volume of sea water, step by step, until salinity 

had reached 34‰ over a period of 24 hours. Water quality in the LRT was monitored 

to keep parameters within desirable limits (Table 4.1). Number of zoea larvae were 

counted with the aid of a counter and recorded daily. The tank was covered during 

the night to maintain temperature. Feeding consisted of newly hatched Artemia 

nauplii at 0800 and 1400 hours daily commencing on the second day.  

 

Table 4.1: Range of water quality parameters maintained in the larval rearing tanks 
 

Parameters Permissible range 

Temperature 

Salinity 

pH 

Dissolved oxygen 

Light intensity during day time 

27 - 30ºC 

34-35‰ 

6.8 - 8.5 

4. – 6.5 ml/L 

2500-3500 lux 

 

4.2.3 Rearing trial 2: Marine Studies Program 

Hatchery set-up 
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A simple flow-through system was set-up consisting of: a 500-L tank for holding 

river water, 500-L tank for holding freshwater, 2000-L tank for holding broodstock, 

3 x 72-L aquarium tanks (60cm x 40cm x 30cm) to use as LRT’s, 3 x 50-L conical 

bottom (made of glass) to use for hatching brine shrimp nauplii cysts. Freshwater 

(river water) was transported in a 100-L container from NAS since the water supply 

for MSP comes from the town municipal chlorinated water supply. Sea water was 

accessed directly from the seawater supply system available on site. This supply 

originates from 30m beyond the shoreline at the MSP research facility.  

Larval rearing 

A gravid female with grey colour eggs was treated and transferred to a tank (72-L 

aquarium tank) containing 60 L of river water. A piece of 50 mm diameter PVC pipe 

was placed inside the tank to provide shelter. Water exchanges (30% of the total 

volume) were conducted every morning. After hatching, the female was returned to 

the holding tank. Total number of larvae was counted and 3 batches of 600 larvae 

were stocked into 3 x 72-L tanks i.e., to rear larvae at an initial density of 10 larvae 

per litre of water. Remaining larvae were discarded. A constant volume of prepared 

sea water was added slowly over a period of 24 hours to raise the salinity in tanks 

gradually to 34‰.  After attaining a salinity of 34‰, maintenance of water quality 

was carried out via constant water exchange (40-50% of the total volume) of 

prepared sea water every afternoon. Temperature was regulated at 28oC during the 

trial period using 300-W heaters. Moderate to strong aeration was also supplied to 

each tank to maintain dissolved oxygen concentrations. pH in the tanks varied from 

6.5–7.8. Salinity was measured and monitored regularly using a refractometer and 

maintained at 33-34‰ across the trial period.  

 

Larvae were Artemia nauplii in the morning and late afternoon and after the fifth day 

a supplementary artificial diet consisting of finely blended ox-liver was prepared and 

fed.  Larvae were fed with this prepared diet 3-4 times a day based on observations 

of how much feed remained at the next feeding time. The amount fed daily was 

determined visually, non-eaten food and debris were siphoned off before next 

feeding or before water exchange. The prepared feed was used immediately or 

occasionally stored in the fridge (cooler) for use later the same day.  
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Total daily feed intake was set initially at or approximated to, number of larvae 

surviving and adjusted daily according to consumption rate. Amount of feed 

provided closely matched food ingested with little or no feed particles remaining. 

Faeces and uneaten food were removed by siphoning from each tank every morning 

before water exchange. 

 

4.2.4 Rearing trial 3: Marine Studies Program 

Based on the results of trial 2, a set of new trials were carried out from April-July 

2005 to determine if previous exposure of larvae to different salinities would alter 

optimal salinities for survival i.e., if exposure of larvae to different salinities would 

alter survival until salinity had reached 34‰. This is based on the fact that when 

eggs hatch in the wild, downstream flow moves newly hatched larvae with current to 

the sea. Larvae are subjected to increasing salinities over a period of time depending 

on the length of the stream or the river before they travel downstream to the ocean 

where development to post-larvae takes place. Thus the current investigation 

monitored exposure to different salinity levels over several time periods in an 

attempt to elucidate the mechanisms by which larvae develop normally in the wild. 

 

The study was carried out in LRTs under controlled temperature, light, water and 

feeding conditions with larvae exposed to varying salinities. Newly hatched larvae 

were tested at salinity increments of 1, 5, 10, 20 and 0‰ (control) over a period of 

18, 36, 48 and 120 hours i.e., acclimated over these periods for subsequent rearing, 

respectively. Five treatments (experiments) consisting of 1, 5, 10, 20 and 0‰ salinity 

increments were used in the study. There were 3 replicates per treatment 

(experiment) with 312 larvae (104 larvae x 3 tanks) per treatment. With 5 treatments 

(experiments), a total of 1560 newly hatched larvae were used. These larvae were 

taken from a single berried female. 

 

Fifteen 4-L LRTs for the 5 treatments (3 replicates per treatment) were placed on 

timber boards fixed inside a 2000-L FRP tank. The LRTs’ used were open square 

plastic containers (length 180 mm and depth of 110 mm) and flat bottom. Each LRT 

was provided with its own air supply (air stone) and aeration adjusted to provide a 

steady stream of bubbles. This provided good aeration and circulation of water 
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within each unit. The tank was filled with tap water and a thermostatically controlled 

immersion heater (500 watt) was used to regulate water temperature at 30oC. Timber 

boards were fixed so that when the tank was filled to 80% capacity, only the lower 

half the LRTs were submerged and remained firm in this position, allowing water 

temperature inside the LRTs to remain close to 28oC and to only vary within ± 0.5oC. 

This technique eliminated the problem of maintaining stable temperature in each 

LRT separately. Figure 4.2 shows the position of LRT inside the 2000 L (water bath) 

tank.   

 

Sea water for the trials was carted by outboard punt in 100-L containers 

approximately 4-5 km off-shore and transferred to a 1000-L FRP tank. Water was 

allowed to settle for at least 10 hours and then pumped through an in-line cartridge 

filter and filter bag (both 5µm) and stored in a 1000- L tank and aerated vigorously. 

Care was taken to avoid transfer of settled particles to the filter bag and basic 

hygiene was observed all times when water was handled. This was done to test 

whether ocean water was superior to coastal water for larval rearing i.e., to monitor 

the impact of relative water quality (that appeared to impact relative survival in trial 

2). Only sea water that had been prepared (passed through a 5 µm in-line cartridge 

filter and filter bag) was used. The required salinities for each tank were obtained by 

diluting seawater with freshwater followed by filtering through a filter (pore size 1µ). 

The salinity of the water was measured prior to dilution and soon after addition to the 

LRT with a refractometer. 
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Figure 4.2: A single tank showing arrangement of LRT and air lines inside 2000-L 
Tank. Note: water level inside and outside of LRT. 
 

A large berried female with grey eggs was treated and then placed into a net 

enclosure suspended inside a 100-L cylindro-conical tank filled with fresh river 

water until hatching. The intention was to have sufficient high quality larvae to stock 

all tanks (15) derived from a single mother in order to eliminate any genotype and/or 

incubational variation effects.  Water was aerated by air stones suspended from the 

side of the tanks and the tank covered with a black plastic. On hatching, the females 

was removed and returned to a holding tank.  Larvae were counted and transferred to 

LRTs by means of a 50 ml beaker in order to minimize damage and to avoid stress 

during handling. Number of larvae in each LRT was kept at 104 and water was 

aerated using 2 small air stones suspended from above the tanks. Water temperature 

was monitored with a stick thermometer. Salinity was measured with a model s-100 

refractometer. 

 

A series of salinity trials were conducted whereby salinity in the LRTs’ was 

increased in gradual increments over specified time periods of 18, 36, 48 and 120 

hours as follows:  

 

For series 1, salinity was increased from 0 to 35‰ over 18 hours and maintained at a 

salinity of 35‰ for subsequent rearing. After completion of series 1, the equipment 
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was cleaned and disinfected and dried in the sun before conducting series 2, 3 and 

finally 4.  For series 2, salinity was increased from 0 to 35‰ over 36 hours; series 3- 

from 0-to 35‰ over 48 hours and series 4 from 0-35‰ over 120 hours. 

 

LRTs were positioned in a grid pattern on the timber board inside the ‘bath’, and 

treatments were assigned randomly. Initially, LRTs were filled with 4 L of river 

water (0‰). Newly hatched larvae (stage 1) were stocked into tanks. Water level in 

tanks was then dropped to a predetermined level (siphoned out) and refilled with 

prepared sea water i.e., calculated volume of seawater of known salinity was added 

slowly over a period of time as indicated (for example in Table 4.2) to raise the 

salinity to the desired salinity level and at specified times. Upon attaining a salinity 

of 35‰ at the specified time, surviving larvae were counted. Survival rate was 

recorded relative to number surviving at the start of the preceding count.  

Approximately 30% of water volume in each LRT was changed daily with prepared 

seawater. Larvae in the trials were fed in the morning and afternoon solely on newly 

hatched Artemia nauplii. Any uneaten food (dead Artemia) and dead larvae were 

removed during water renewal or at the time of routine cleaning of tanks.  

 

Sample larvae were removed randomly and their development checked for parasitic 

infections before staging was carried out under a dissecting microscope. 

Observations were recorded and representatives of each developmental stage were 

stored in vials with 10% formalin.  

 

Other parameters: 

a. Temperature in the bath (main tank) was maintained at 30oC to regulate water 

temperature in LRTs at 28oC. Doors and windows of the building were closed 

and fans were kept off during the experiment. 

b. pH: The pH ranged from 6.5-8.0 across the experiment. 

c. Dissolved oxygen: a continuous aeration was applied in the main tank and 

also to all LRTS. 

d. Light: ensure 12 hours light daily-either daylight or use artificial light during 

cloudy days. 
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Series 1: 18-hour trial  

Salinity was increased by 1‰ increment every 30 minutes in treatment 1 (experiment 

1). In the second treatment, salinity was increased by 5‰ increments every 2.57 hrs 

and 10‰ increments in the next treatment every 5.14 hrs, and at 20‰ increments 

after 10.28 hrs and to 35‰ at the end in another. The control consisted of no change 

to salinity of the rearing water. Experiment commenced on 18th May at 2000 hours 

(see Table 4.2). 

Experiment 1: Salinity was increased by 1‰ increment every 30 minutes. The 

experiment commenced at 2000 hours on 18th May 2005 with the first increase in 

salinity by 1‰ (in each of the 3 tanks) at 2030 hours and thereafter every 30 

minutes until 35‰ was reached on 19th May at 1300 hours. A similar procedure 

was followed for other treatments except for varying the salinity increments and 

times. 

Experiment 2: Salinity was increased by 5‰ increments every 2.57 hours. There 

were 7 increments of 5‰ (at every 2.57 hours) over 18 hours reaching to 35‰ on 

19th May at approximately 1700 hours. 

Experiment 3: Salinity was increased by 10‰ increments every 5.14 hours over 

18 hours. First increase in salinity was at 0108 hours on 19th May and thereafter 

every 5.14 hours until 35‰ was reached at 17 hours on the same day. 

Experiment 4: Salinity was increased by 20‰ ones after 10.28 hrs. Salinity was 

raised ones to 20‰ at 0616 hours on 19th May and then to 35‰ at 1700 hours on 

the same day. 

Experiment 5: Control: Salinity was maintained at 0 ‰ for the full 18 hours. 

 

Series 2: 36 hour trial 

Experiment 1: Salinity was increased in by 1‰ increments every 61 minutes to 

reach 35‰ over 36 hours. The experiment commenced at 2000 hours on 

01/06/05, first increase in salinity by 1‰ (in each of the 3 tanks) was at 2101 

hours and thereafter every 61 minutes until 35‰ was reached by at 0634 hours 

on 03/06/05. 

Experiment 2: Salinity was increased in 5‰ increments every 303 minutes over 

36 hours.  
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Experiment 3: Salinity was increased in 10‰ increments every 606 minutes 

over 36 hours. 

Experiment 4: Salinity was increased in 20‰ increments every 1212 minutes 

over 36 hours.  

Experiment 5: Control- Salinity was maintained at 0‰ throughout the 

experiment.  

 
Table 4.2: Table showing time for exposure to different salinities under 4 increment 
regimes over 18 hours (Series 1). 
 
18-HOUR SALINITY EXPERIMENTS: 18th May 2005 

 

Salinity Expt. 1 
1 unit every 30 
mins (0.5hr) 

Expt.2 
5 units- every 
2.57hrs.  

Expt.3 
10 units- every 
5.14hrs 

Expt. 4 
20 units-every  
10.28hrs 

Control- 
freshwater 

1-18/5 2000     
2 2030     
3 2100     
4 2130     
5 2200     
6- 2230 2234    
7 2300     
8 2330     
9 2400     
10-19/5 0030     
11 0100 0108 0108   
12 0130     
13 0200     
14 0230     
15 0300     
16 0330     
17 0400 0406    
18 0430     
19 0500     
20 0530     
21 0600     
22 0630 0616 0616 0618  
23 0700     
24 0730     
25 0800     
26 0830     
27 0900 0850    
28 0930     
29 1000     
30 1030     
31 1100     
32 1130     
33 1200 1124 1124   
34 1230     
35 1300 1651  1630  
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Series 3:  48 hour trial 

Experiment 1: Salinity was increased from 0 to 35‰ in each of 3 replicate tanks 

over 48 hours in 1‰ increments every 1.32 hours. 

Experiment 2: Salinity was increased in 5‰ increments every 7 hours over 48 

hours. 

Experiment 3: Salinity was increased in 10‰ increments every 14 hours over 48 

hours. 

Experiment 4: Salinity was increased to 20‰ at the 27th hour and then to final 

salinity of 35‰. 

Experiment 5: Control- Salinity was maintained at 0‰ over the 48 hour 

experimental period. 

 

Series 4- 120 hour trial  

Experiment 1: Salinity was increased in 1‰ increments every 3.5 hours over 

120 hours. 

Experiment 2: Salinity was increased in 5‰ increment every 17 hours over 120 

hours. 

Experiment 3: Salinity was increased in 10‰ increments every 34 hours over 

120 hours.  

Experiment 4: Salinity was increased in 20‰ increments once after 69 hours 

and then to a final salinity of 35‰. 

Experiment 5: Control- Salinity was maintained in 0‰ over the 120 hour 

(experimental period). 

 

Data collection 

Number and duration of larval survival were recorded for each LRT. Larval survival 

was converted to a percentage of the preceding survival estimate (number) recorded 

in each LRT. The mean and standard errors were calculated using excel. 

 

4.2.5 Additional trials 

Broodstock management and fecundity 

Seven large females were maintained individually in 60-L freshwater aquariums to 

study development of larvae in embryo- from ovulation, fertilization (mating 
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courtship) to hatching. Soon after the pre-mating molt, a male was introduced to 

permit mating. Mating occurred successfully following a lengthy courtship. Egg-

laying took place within 24-30 hours of mating. Soon afterwards, the male was 

removed and the female retained in the tank for the rest of the cycle. At this stage, 

eggs were orange in colour. The egg colour changed to a light yellow after 6-8 days 

and then gradually to grey colour after 20-25 days.  Prawns were fed with a variety 

of foodstuffs including commercial tilapia pellets, shrimp pellets, rice particles, bread 

and shellfish (Batissa violecea) meat. Growth and survival were generally good 

under these conditions. After hatching the females were removed. Length and weight 

of females were measured and number of eggs hatched were determined and 

recorded. 

 

Adult feeding 

As no information was available on adult M. lar diet, 3 tanks were set-up to observe 

feeding behaviour on available feeds: 1. a commercial tilapia pellet with crude 

protein of 29% manufactured by local company-Crest Feed mills, Nausori. This feed 

is used by farmers for grow-out of M. rosenbergii and 2. a commercial marine 

shrimp pellet (imported for shrimp grow-out by farmers) with crude protein of 45% 

and other local feeds were also used.  

 

4.3 Results 

4.3.1 Rearing trial 1: Naduruloulou Aquaculture Station 

There were an estimated 10,500 and 8,500 larvae present at the first count in LRT 1 

and LRT 2, respectively. At 15‰, larvae in both tanks survived equally well (5% 

mortality) but as salinity was increased to 28‰, high mortality was observed in LRT 

2 (73%) compared with only 5% in (LRT1) and at 34‰, high mortality occurred in 

both tanks (Table 4.3). The trial was terminated after 3 days. 

Table 4.3:  Record of larvae surviving as salinity is increased from 0 to 34‰. 
Tank 
No. 

Initial No 
of larvae 

Number of surviving larvae  

 0‰ 15‰ 28‰ 34‰ Remarks 

LRT 1 10500 10000 9500 160 After 72 hours no surviving larvae 
observed 

LRT 2 8500 8000 3000 50 As above. Trial terminated. 
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After microscopic examination larvae were shown to be infested with Epistylis (a 

protozoan ecto-parasite of crustaceans). Epistylis had been recognized as a 

significant problem in the NAS hatchery in the past due to suboptimal water quality 

and/or when inefficient sterilization procedures had been employed.  Thus further 

trials were carried out MSP as general hatchery conditions at NAS were not 

considered adequate for maintenance of sufficient levels of hatchery hygiene. 

 

4.3.2 Rearing trial 2: Marine Studies Program 

Larval rearing trial 

Larvae hatched out in freshwater (0‰) at 28oC during the night and hatching took 

almost 12 hours to be completed. Some eggs remained attached to the female 

pleopods at the end of 12 hours. Salinity was then increased gradually to 34‰ over a 

period of 24 hours by drop-wise addition of small volumes (1-2 L) of prepared sea 

water.  

 

A large number of weak larvae were observed on day 3 in LRT 1 and 2 and all were 

dead the following day. For LRT 3, from day 10 (stage 3) through to day-37, 

mortalities were observed almost daily and only 2 larvae survived to reach larval 

stage 7.  500 larvae survived to stage 2 and this reduced to 450 by stage 3. Most 

mortality occurred between stage 3 and stage 4 (see Table 4.4). Relative survival 

counts were made difficult by the presence of weak and dead larvae in the tank. 

Larvae were considered dead when no movement of any appendages could be seen 

when siphoned out at the time of routine tank cleaning. Dead larvae observed were 

representatives of the entire individual size range present in the LRT.  

 

M. lar larvae in LRT 3 underwent 6-7 molts (stages) across 45- 50 days at 28.0 ± 

0.5ºC. Larval development was not uniform with individuals molting at different 

times following which, all individuals died. Molts occurring at larval stages 1-3 were 

easy to distinguish and thereafter various morphological structures were examined 

carefully to distinguish among different stages. Seven discrete larval stages were 

recognized (see Table 4.4) on the basis of a detailed morphological study. Decisions 

on the various stages reached, were made on the basis of similar studies in other 

Macrobrachium species.  
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Table 4.4: Age and development of stages in relation to survival of M. lar larvae in 3 
experimental tanks. 
 
Age days 
(range) 

Salinity 
‰ 

Stage Number of larvae surviving 

   LRT 1 LRT 2 LRT 3 
1-2 0 I 600 600 600 
3-6 32-34 II 50 50 500 
6-9 32-34 III 0 0 450 
10-15 32-34 IV   110 
16-27 32-34 V   70 
28-37 32-34 VI   25 
38-50 32-34 VII   2  
 

Results of experiments showed no differences in survival for larval stages 1 and 2 in 

LRT 1 & 2 but all larvae had died by day six in these tanks. In LRT 3 larval survival 

was much better and differed substantially with mortality increasing after day nine 

and only two stage 7 larvae survive to 50 days.  

 

Development of larval stages 

Larval stages were identified according to the morphological descriptions provided 

by Ling (1969a & b). M. lar larvae are typical of members of the Palaemonids that 

exhibit a common type of development (Type 1). Eggs are quite small in size and, 

depending on the individual size of a female; a berried individual can carry 500-

20,000 eggs. Growth rate of larvae was very slow and irregular. Larva molted to the 

7th stage only after  40-50 days with a body length (tip of rostrum to tip of telson) 

ranging from mean 2.0 ± 0.07- 4.6 ± 0.10 mm (Table 4.5). 

 

Table 4.5: Growth of zoea larvae with recognized characters of each stage. Water 
temperature 28.0 ± 0.5ºC and salinity 32-34‰ 
Stage Age 

(range) 
Mean body 
length 
(mm) 

Recognized characters 

1 1-2 2.04±0.07 Telson not separated from 6th somite , sessile eyes 
2 3-6 2.42±0.02 Rudimental articulation of telson with 6th somite, stalked eyes 
3 6-9 2.58±0.04 Somite separated from telson, a dorsal tooth on rostrum 
4 10-15 2.90±0.07 Telson narrow with 2 teeth on rostrum 
5 15-27 3.18±0.02 Telson more pronounced and becoming rectangular, Pleopod 

buds appear on ventral abdomen segments. 
6 28-37 3.90±0.04 Width of posterior margin of telson less than its anterior 
7 39-50 4.6±0.10 Posterior margin of telson becoming convex. 
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Larvae began feeding only after stage 2. Zoea 11 could be easily identified (under 

microscope) by presence of their stalked eyes, in contrast to sessile eyes of zoea 1. 

The zoea 11 moulted to the next stage after another 2-4 days with a slight increase in 

length. Zoea 111 was identified by appearance of the telson separated from the 6th 

somite (See Fig. 4.3) with further development of rostrum and appendages 

(pereiopods). Red pigments (chromatophores) in the abdominal section (third and 

fourth somites) become very noticeable at this stage. Zoea 4 differed with a narrower 

telson. At stage 5, the telson becomes more pronounced and rectangular.  Basic 

morphology changes identified during development are: 

 

 

First zoea: stage1-1-2 days old. Length: 1.9-2.3 mm.  

The telson was triangular and continuous with the sixth abdominal segment 

(somite) i.e., not separated from the somite. It had broad posterior and 

contained 7 pairs of plumose setae and was notched in the middle. Rostrum 

was slightly curved downward and transparent. A red pigment was located on 

the rear side. Eyes were sessile - unstalked and large. Red pigments and yolk 

globules present behind the eyes. Antennules are simple in appearance with 

some red spots in the tips and unregimented. It had an elongated segment 

bearing a flagellum. Antennal scale has 4-5 annulations and 9 plumose setae 

on the inner and anterior margins. Antennal flagellum is unregimented, bears 

a spine and a plumose setae. Mandibles had teeth on the incisor portion. First 

and second legs (pereiopods) present. 1st maxilla- has 4 setae on the inner 

margin of the protopod; 2nd maxilla has 5 plumose setae on the exopod; 3rd 

maxilla is larger than the 2nd and the endopod has 4 segments. Body: 

transparent, red pigment (chromatophores) in middle section of the body both 

dorsally and ventrally. 

Second zoea: stage2- Age 3 – 6 days. Length: 2.4-2.5 mm.  

Telson: development of an additional pair of setae at outer edge. Has a 

rudimentary articulation with the 6th somite. Rostrum is becoming straight, 

small tooth starting to form on dorsal side. Eyes became larger and stalked 

and slightly yellowish in colour with some red spots. Maxillipeds: similar to 

stage 1 but better developed and mandible has moveable parts. Pereiopods 
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more developed. Antennule has a single articulation in the peduncle and 

antennal scale has 4 annulations; exopod of the second maxilla has 6 setae 

directed anteriorly and 1 seta posteriorly; supraorbital and branchiostegal 

spines on the carapace; pigments in centre on dorsal side and ventral side.  In 

addition to the red pigments which were present in stage 1, all have become 

larger and spread to the pereiopods. Red spots appear on the appendages. 

Third zoea: stage 3- Age 6-9 days old. Length: 2.5-2.7 mm.  

Telson articulated with the sixth somite and biramous uropods appears 

(Fig.4.3). Exopod has 6 plumose setae and endopod is in bud form. Rostrum: 

developing and tip still slender. Mandibles have movable teeth. Pereiopods 

more developed. Maxillipeds better developed than in stage 11. Red pigments 

in the third and fourth abdominal somites become noticeable.  Additional red 

pigments have developed in the endopod of the third pereiopod. The 

antennule now has three segments in the peduncle, setae on the peduncles 

marks. The antennal scale has 2 annulations and bears 12 setae. The inner 

flagellum developing and bears a large seta.   

 

 

 

 

 

 

 

 

 

Fourth zoea:  stage 4- age 10-15 days old. Length: 2.8–3.1 mm.  

Telson is becoming narrow loosing plumose setae with only 5 pairs 

remaining. The endopod of the uropod is larger and bears 7 setae. The 

uropods were more developed and articulated; exopod has 12 setae. Rostrum 

more developed with more teeth appearing.  3rd pereiopod were more 

developed and smaller than 2nd pereiopods. Buds appear on 4th and 5th 

pereipods. Mandibles and maxilliped become more developed. Small, red 

pigments developed on the appendages, at the base of the antennule, merus of 

Figure 4.3: Dorsal views of the stage 3 of M. lar. 
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both the third maxilleped and first pereipod, prodopus of both the second and 

third pereiopods. Antennule have more setae and prominent. Antennal scale 

has 14-16 setae. 

Fifth Zoea:  stage5-Age16-27 days. Length: 3.1- 3.3 mm 

Telson becoming rectangular in shape with 10 setae on the posterior margin; 

Posterior margin is flat; exopod lobe has 15-17 setae; endopod lobe has 10-12 

setae. Antennal scale has 16-18 setae and flagellum has 4 segments. Pleopod 

buds appear on the abdominal segments. Mandible has moveable teeth. 1st 

maxilliped has 2 segments in the endopod.  5th pair of pereiopods developed 

at this stage. Three pairs of red pigments are present on the fourth somite 

while there are four pairs in the third somite. 

Sixth zoea: stage 6- Age 28-37 days. Length:  3.7 – 4.0 mm.  

The posterior width of the telson was less than its anterior width and the 

posterior margin was straight.  Spines appear on both sides. First 3 

pereiopods have setae and 4th developed. Pleopod buds become more 

developed. Antennal scale: Have over 20 setae. Flagellum has 5 segments and 

longer than scale. Antennule becomes L shaped and bears more setae. Red 

pigments appear on the eyestalks and still present on the 3rd and 4th somite.  

Seventh zoea: stage 7-Age 38-50 days. Length:  4.5- 4.7 mm 

The posterior edge of the telson became narrower and slightly convex. The 

uropods bear many setae. The antennal scale has bears 24-26 plumose setae 

and flagellum has seven segments.  Pleopod buds become biramous. The fifth 

pereiopod has 6-8 spines on the inner margins of the prodopus. The 

distribution of the pigments becomes variable and present all over the body. 

 

Figure 4.4A and 4.4B show results only from LRT 3. Almost 90% of the larvae died 

within 25 days (stage V) and only 2 survived beyond 45 days. Total mortality 

occurred by day 50. At the start of the trial the survival of larvae i.e., for the first 2-4 

was about 75% however, as the larval stages advanced, there was a marked reduction 

in daily food consumption. The larvae became lethargic and their colour changed to 

white. Problems with the thermostat controls on water heater meant that tanks 

fluctuated in temperature over the course of the growth trials. This may also have 

affected survival rates. The salinity of initial culture medium was raised gradually 
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over a period of 24 hours, thus following this, trial 3 was undertaken to determine the 

effect of exposing larvae to increasing salinities in increments of  1, 5, 10, 20‰ 

versus no change over periods of 18, 36, 48 and 120 hours, respectively.  

 

 

 

 

 

 

 

 
 
 
 
 

4.3.3 Rearing trial 3: Marine Studies Program 

Salinity trials 

Survival rates and larval survival duration differed considerably among treatments 

(Figure 4.5). Survival of larvae in experiments (treatments) 3 and 4 were very low. 

Salinity trials conducted with 50 larvae per LRT for series 3 and 4 produced poor 

outcomes. Larval stage 1 and 2 were recognized from the time of initial stocking 

until termination of the experiment in series 1 and 2. Highest survival was evident in 

series 1.  

 

Series 1: 18 hour trial 

Mean survival rates varied greatly among treatments. Survival of larvae was highest 

using 1 ‰ salinity increments (Expt. 1, treatment 1) and larvae survived almost 8 

days (208 hours) in this treatment (see Figure 4.5). No significant differences 

(P>0.05) was recorded for larval survival in any of the experiments. The number of 

surviving larvae at various time intervals is given in Appendix 1.a, while Appendix 

1.b gives the percentage of the surviving larvae. Tables A, B1, B2, C1, C2, D1 and 

D2 (form part of Appendix 1.a & b) show details of records of counts and calculation 

of larval survival rates at the end of specific time intervals. For example, mean 

number of surviving larvae in treatment 1 was 6 compared with 1 in treatment 2. i.e., 

Figure 4.4A (left): Development of zoea stages and Figure 4.4B (right): Growth 
(mean length) of M. lar larvae in culture. Salinity 32-34‰; water temperature 28 ± 
1oC, initial density 10 larvae/L (60-L tank = 600 larvae); error bars: mean length ± 
SD. 
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mean percentage surviving after 208 hours in treatment 1 was 56.9% compared with 

33.3% in treatment 2.  These larvae underwent subsequent molts and reached molt 

stage 3 by day 8. Poorest survival occurred in the Control (Experiment 5), where no 

individuals survived or reached zoea stage 3, all died within 120 hours. Salinity 

increments of 10 and 20‰ i.e., in experiment (treatment) 3 and 4, resulted in 

mortalities of 80-90% after 120 hours. Thereafter, most remaining larvae survived 

until the end of experiment.  

 

                           
Figure 4.5: Duration of larval survival versus number of larvae surviving when 
exposed to different salinity incremental regimes. 
 

Series 2: 36 hour trial 

Survival of larvae was highest under the 1‰ salinity increment regime i.e., similar 

results to series 1, and larvae survived to day 6 (164 hours (see Figure 4.6 and 

Appendix .2). Mean number of surviving larvae was 2.3 (12.1%) compared with 

7.2% for treatment 2 and 5.5% for treatment 3.  Larvae exposed to a 20‰ increment 

regime did not survive as long as larvae under 1, 5 and 10‰ increment regimes. 

Significant variation (P<0.05) however, was recorded for survival of larvae between 

Experiment 1 (1‰ salinity increment regime) and Experiment 4 (20‰ salinity 

increment regime) but survival of larvae between Experiment 1 and Experiment 2 

were not significant (P>0.05) and no differences was also evident between 

experiment 1 and experiment 3.The number of surviving larvae at various time 

intervals is given in Appendix 2.a, while Appendix 2.b gives the percentage of 

surviving larvae. Tables E, F1, F2, G1, G2, H1 and H2 form part of Appendix 2a & 

b. and provide details of counts and percentage survival of larvae. For example, 
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mean number of surviving larvae in treatment 1 was 57.3 at the first count after 43 

hours but this dropped to 21 surviving individuals after 73 hours. Almost all died (2 

surviving) before the end of the experiment.  

 

 

 

                              
Figure 4.6: Duration of larval survival versus number of larvae surviving when 
exposed to different salinity incremental regimes. 
 

For the 48 hour trial (Series 3), total mortality had occurred by 40 hours. As a result 

the experiment was repeated with stocking density reduced to 50 larvae per LRT but 

the results were same.  For series 4 (120 hour experiment) total mortality occurred by 

20 hours. Data from these trials have been excluded since few larvae survived to 

allow for statistical analysis. 

 

4.3.4 Additional trials 

Broodstock management and fecundity 

Mating was observed on several occasions and occurred immediately after individual 

females had molted. Eggs were seen attached to the pleopods the following day. 

Hatching usually occurred at night although a few cases of were observed in 

daylight. 

  

The incubation period among 7 females at a temperature range of 26-29oC lasted for 

29-33 days (Table 4.6). During egg incubation, the colour of egg changed from 
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orange to yellow around 15th day and then grey/dark around 23rd day and then 

brown/light black before hatching. When not disturbed, females spend most of their 

time caring for the developing embryos. Pleopods were agitated regularly to circulate 

water and to aerate the eggs i.e., constantly beating or fanning of the pleopods. It was 

difficult to observe all activities and processes since most occurred during the night. 

Prawns were often disturbed when the lights were switched on at night. Strong 

positive correlations were found between the number of eggs hatched and total 

female length (r = 0.64); and between the number of eggs hatched and wet weight (r 

= 0.67) see Table 4.6 and Figure 4.7.  Number of eggs hatched was found to vary 

considerably from female to female and ranged from 3500 to 20000 larvae (mean 

=11416.7 ± 2449.4 larvae) for prawns measuring 6.9 cm to 9.1 cm ( mean = 8.25 ± 

0.27 cm) total length and weighing 8.2 to15.8g (mean = 13.6 ± 1.0g, respectively. 

Relative fecundity appears to increase with individual female size.  

 

Table 4.6: Fecundity and incubation time in relation to size of M.  lar females. 
 

Total   Wet   Incubation  No. of   Remarks 
Length (cm) weight (g) time (d) larvae hatched 
_______________________________________________________________________________ 
 
8.5  14.5  29  3,500  hatching not complete 
8.6  15.0  32  12000  all eggs hatched 
8.7  14.2  33  11000  female died 
9.1  15.7  29  18000  complete hatching 
8.5  15.8  31  20000  hatching not complete 
6.9  8.2  29  4000  hatching not complete 
7.7  11.7  32  7000  hatching not complete  
___________________________________________________________________
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Figure 4.7: The relationship between body weight and fecundity (number of 
hatchlings) determined from 7 females of M. lar. 
 

Adult feeding 

Stomach analysis suggests that M. lar is omnivorous. Stomach contents from 

specimens collected in the wild contained organic detritus that included variable 

types of material in various stages of microbial decomposition. Most stomach 

material was finely masticated, except for the commercial tilapia feed in cultured 

stocks observed after 1-2 hours of feeding. Materials found in the stomach of M. lar 

here that could be identified included: insects body parts, and exoskeletons and a 

mixture of plant material and some algae. In the laboratory, prawns were fed 

commercial tilapia pellets, coconut flesh, bread, rice, ox-liver, shellfish meat and 

shrimp pellets late in the evening and in the morning. Hardly any feed remained the 

following morning when individuals were fed at night in contrast to morning feeds. 

Wild M. lar collected early in the morning had food in their digestive tract in contrast 

to those collected during the later part of the day that often had empty stomachs. 

Collections of samples carried out at night for genetic studies (see chapter 3) indicate 

that M. lar and other Macrobrachium species present in the creeks forage actively at 

night in shallow waters in contrast to limited diurnal activity. Those caught in the 

evening or during the night usually had full stomachs. This suggests that M. lar is 

primarily a nocturnal benthic omnivore. 
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4.4 Discussion 

Larval rearing 

In this study we were able to rear newly hatched larvae through to stage 7 of a 

possible 11-12 larval stages. While survival rates were generally very low, this is the 

first example where M. lar larvae have been reared through to stage 7 in a system 

similar to that used commonly for M. rosenbergii. Although data cannot be 

compared directly between mass cultured larvae (trial 2) and those exposed to 

different salinity regimes over a time period (trial 3), survival in the mass culture 

system (trial 2), in general, was higher. It should be noted that in mass culture, 60 L 

of culture medium was used compared with only 4 L in salinity trials.  While larvae 

reared in larger volumes of water in general appeared to show better survival rates, I 

was unable to complete the cycle successfully in spite of trialling a variety of 

methods, foods and salinities. After comparing the larval development of M. lar with 

that of other similar species, for example, M. nipponense (Soo & Uno 1969), M. 

acanthurus (Choudhury 1970), M. carcinus (Choudhury 1971a) and M. rosenbergii 

(Uno & Kwon 1969), I predict that larvae will pass through 12 zoeal stages (based on 

experience with larval rearing of M. rosenbergii) before they are ready to 

metamorphose to PL.  

 

The salinity increment regimes employed initially for mass culture i.e., gradual 

addition of seawater to LRT until reaching 34‰ over a period of 24 hours, were 

within the natural range experienced by larvae of this species, but  later experiments 

(trial 3) suggested that the optimum salinity increment rate may be 1-5‰ over a 18-

36 hour period. This study also showed clearly that larval stages of M. lar require sea 

water to complete in part, or fully, their larval development and will die if 

maintained in fresh water for extended time periods i.e., freshwater does not appear 

to permit development of M. lar larvae beyond larval stage 2. For this reason adults 

of this species are generally confined to rivers, streams, creeks and lakes with open 

access to the ocean. In the absence of suitable access or blockage of dispersal 

pathways (e.g., via construction of dams and tide gates) or due to flooding for a 

prolonged period where newly hatched larvae cannot reach  river mouths within 1-2 

days, the larvae are likely to suffer heavy mortalities.  
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Species that can withstand or tolerate gross salinity changes over their lifetimes are 

referred to as euryhaline. There are however, degrees of tolerances to seawater that 

grade from species that can withstand little or no salinity change from sea water to 

fresh water or vice versa and live in one environment indefinitely. There are also 

degrees to the rapidity with which certain species can tolerate salinity changes, 

successfully. Based on the results here, M. lar larvae survived at seawater equivalent 

salinities in the range 32-34‰ for a total of 50 days, although salinities as low as 0 

were used initially for hatching. It seems obvious therefore, that M. lar larvae are 

very different from many other Macrobrachium spp. in terms of larval development 

times and sensitivity to salinity. Larvae of most species commonly survive better at 

some optimum salinity, both in species with stenohaline larvae such as the rock crab 

Cancer irroratus (Johns 1981) and in species with euryhaline larvae such as the 

copepod, Tigriopus japonicus (Lee & Hu 1981). Results here report hatching success 

of M. lar larvae in freshwater and survival after exposure to different salinities: at 

lower salinity increments (1 to 5‰) larvae are viable for a longer period but as they 

are exposed to higher salinity increments (10-20‰), mortality rates increased. These 

results support Sandifer et al. (1975) study that determined the tolerance of M. 

rosenbergii PLs to a gradual versus rapid increases in salinity. They concluded that 

rapid increases in salinity affect the larvae much more adversely than gradual 

changes and that all changes in salinity should be gradual. Based on these results, the 

ability of larvae to withstand a gradual increase in salinity will facilitate population 

establishment of this species in estuaries, while larvae entering the sea suddenly, are 

likely to die rapidly. The inability of M. lar larvae to apparently cope with rapid 

changes in salinity may probably prevent this species from entering marine 

environments immediately post-hatching. 

 

In trial 2, less than 1% of the 600 larvae stocked initially reached larval stage 7. 

Dobkin et al. (1974) achieved a maximum survival rate of 21% for M. acanthurus 

and 2.55% for M. carcinus in larviculture. Fujimura and Okamoto (1972) produced 

21% survival of 1,000,000 larvae to the PL stage for M. rosenbergii. In the current 

study, attainment of less than 1% of larvae reaching zoea 7 most likely resulted from 

a failure to identify the optimum salinity gradient regime however, results indicated 

clearly that the most suitable salinity conditions were to expose newly hatched zoea 
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(zoea1) to a gradual salinity increase in culture media (increments of 1-5‰ over a 

period of 18-36 hours) to 34‰ and thereafter to maintain larvae between 32- 34‰ 

for normal development and growth to stage 7. In nature, however, all larvae that 

have reached stage 7, most probably, have already reached the marine environment. 

Thus there would be little adaptive advantage to maintaining osmotic flexibility 

beyond this developmental stage, at least for larvae.  

 

Having recognized these limitations, the basic parameters for successful larval 

rearing to at least larval stage 7 was achieved and factors that are likely to contribute  

to higher  larval survival through to this stage have been identified.  

 

Feed and feeding 

 Newly hatched Artemia nauplii constitute the principal live food used in the larval 

rearing of Macrobrachium species and was used in this study in addition to 

supplementary feeds. M. lar larvae strike particulate food particles in the water 

column by flicking out their endopods. Food is then manipulated in the bags formed 

by the endopods and is eaten with the mandibles and first maxillae. Larvae also 

attack and eat weak or dead larvae, i.e., they capture food by chance encounter as 

reported by Moller (1978) and were found in general, to be more aggressive than M. 

rosenbergii larvae. The cannibalistic tendencies of the larva, and their apparent 

ability to browse on ox-liver tissue, indicate that they were able to consume particles 

at least as large as themselves, and perhaps larger. This is similar to M. rosenbergii 

feeding behaviour.  

 

A source of variability in this research may be due to the food value of the Artemia 

(sourced from Taiwan-originating from Utah, USA) as pointed out by Woodwell et 

al. (1967) Wurster and Wingate (1968), Slobodkin (1968), Reeve (1969), Odum et 

al. (1969), Bookout and Costlow (1970), Wickens (1972), Sorgeloos et al. (1983), 

Leger et al. (1986) and Lavens et al. (2000) and several others. According to these 

authors, results of growth studies that employ brine shrimp used as feeds sourced 

from different localities often vary because of differences in the source of material, 

more than as a result of different circumstances under which the experiments were 

conducted. Variation among trials in diets may also have contributed to relatively 
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low survival rates and variation among trials observed here. In addition, the food 

value of micro-algae Isochrysis fed to Artemia might have varied from time to time, 

for example, with the age of the culture as reported by Wickens (1972). In trial 2, 

larvae were fed on Artemia that were fed on four micro-algae (Isochrysis, 

Chaetocerous, Tetraselmis and Skeletonema) and from stage 4 ox-liver was 

supplemented. It may be Artemia nauplii from other sources (and not Utah) may be 

necessary for successful development past stage 7 based on findings by other 

researchers, for example, Bookout and Costlow (1970) and Wickens (1972) 

 

While survival rates in the wild are probably very low, (less than 0.1%) (Bagenal 

1967), larval mortality also varies with temperature and salinity (Rosenberg & 

Costlow 1979) or with the amount of food available during critical developmental 

periods (Anger et al. 1981). Preston (1985) suggested that the ability of prawns to 

adapt to environmental conditions is fixed during early stages of development. This 

is in line with Kinne (1964), who proposed that non-genetic embryonic adaptation to 

salinity may be attributed to irreversible conditioning resulting from the spawning 

medium. For M. lar at least, the major hurdle during development in the hatchery 

seems to be to progress past zoea 4 stage. 

 

One of the reasons that the life cycle of M. lar could not be completed in the 

hatchery in this study may relate to the various constraints in the laboratory that were 

difficult to overcome during the trials. No effective monitoring of feed and water 

quality could be practiced. The technology and facilities for larval rearing were based 

on simplified M. rosenbergii larval culture techniques and some applications may not 

have been optimum for M. lar. 

 

Egg incubation 

The features of courtship, mating, egg incubation and spawning activities in lar 

strongly paralleled those of M. rosenbergii (see Ling 1967a; Ling and Merican 1961) 

and M. acanthurus (see Choudhury 1971c). Mating usually took place after a male 

protected a newly moulted female following the inferred release of a sex attractant 

(Ryan 1966). Protection by the male avoided aggression by other individuals towards 

the female. In a population of prawns in a communal tank, when no male was 
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present, the appendages of any moulted female were usually eaten, resulting in her 

death. In contrast, when the female is under male protection, the male ate the 

discarded exoskeleton of the female.  Other species in which the female releases a 

sex attracting substance (pheromone) during pre-molt that can be detected at distance 

by the male are: Palaemonetes vulgaris (Burkenroad 1947) and Portunus 

sanguinolentus (Ryan 1966). According to Ryan (1966) the female releases a 

species-specific pheromone in the urine that attracts adult males and induces 

copulation.  

 

In this study the mean incubation period of 30.7 days (range 29-33 days, temperature 

26-30oC) is approximately 3 - 6 days longer than that reported for M. rosenbergii  by 

Diaz  (1987a, b) and New (2002) respectively and also longer than all other 

Macrobrachium species listed in Table 4.7. M. australiense is the exception, (Ruello 

et al. 1973) where embryos were fully developed after 41 days of incubation at 19-

23ºC and hatched at 41 and 42 days after eggs were laid. 

 

It is known that in some palaemonids, physical and chemical factors can affect 

incubation and hatching durations. For example, raised temperatures will shorten 

incubation time in Palemon serratus (Phillips 1971) and M. amazonicum (Guest 

1979); also greater agitation of eggs by females will enhance hatching of larvae 

earlier in M. idea (Pandian & Katre 1972) and exposure of gravid M. rosenbergii to 

5‰ salinity resulted in higher number of larvae released during eclosion (Ling 

1967b). In the present study, all individuals were maintained in freshwater and 

hatching was also carried out in freshwater. Simple tests indicated however, that 

exposure of gravid females to 15-18‰ salinity resulted in 100% mortality. New and 

Singholka (1982) recommended procedures for egg hatching for M. rosenbergii 

using brackish water however, Ching and Velez (1985) demonstrated that salinity 

had no effect on egg incubation period for M. heterochirus. From the above, it seems 

the incubation time in species of Macrobrachium is similar at optimal temperatures, 

although the number of eggs varies among species (Table 4.7).  

 

The number of hatchlings or eggs is largely dependent on size of the gravid female as 

has been shown in several marine crustaceans (Katre 1977) and within 
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Macrobrachium species, e.g., M. idea (Katre & Pandian 1972), M. lamarrei (Katre 

1977), M. nobilii (Pandian & Balasundaram 1982), M. heterochirus (Ching & Velez 

1985), M. amazonicum (Guest 1979), M. ohione (Truesdale & Mermilliod 1979). In 

the present study (see Table 4.6, Figure 4.7) strong positive correlations were found 

between the number of eggs hatched and total length (r = 0.64) i.e., the greater the 

size of the ovigerous female, the greater the number of eggs. This positive correlation 

between body size and number of incubated eggs in M. lar has also been the subject 

of study in other Macrobrachium species (e.g., see Katre 1977). As with many other 

Macrobrachium species (see Lewis et al. 1966; Uno & Soo 1969; Choudhury 1970; 

1971a, b, c; Ngoc-Ho 1976; Greenwood et al. 1976; Mossolin & Bueno 2002), M. 

lar produces numerous small eggs, and larval development in full-strength seawater 

fits the type 1 (totally abbreviated) or Sollaud’s (1923) “common” type of 

development. This is in contrast to those species that produce a few, but larger eggs 

with many zoeal stages eliminated where development of larvae are classified as type 

2 (semi abbreviated) and they complete their development in freshwater and 

salinities of 6-12‰ (Fielder 1970; Khan et al. 1984; Magalhaes 1989). Type 3 

development (abbreviated) involves complete suppression of the free-swimming 

zoeal stage (Shokita 1973; Jalihal & Sankolli 1975; Shokita 1977; Magalhaes & 

Walker 1988). 

  

The mean fecundity of 11416.7±2449.4 observed for M. lar females in this study is 

within the range reported for M. rosenbergii (Table 4.7). Mean fecundity (±SE) 

estimates were based on eggs hatched from 7 females chosen randomly.  

 

Larval molts and stages 

In caridean prawns, several factors have been linked to variation in the number of 

larval molts (Knowlton 1974; Williamson 1982). Variability in larval development 

stages and timing due to differences in rearing conditions were studied in the late 

1950s and are now well documented (e.g., Broad 1957a, b; Costlow et al. 1960; 

Costlow 1965). According to Williamson (1982), the number of molts that should 

occur under optimal conditions for survival will be the lowest possible number to 

complete the life cycle. The reported number of “observed” larval stages described 

for Macrobrachium species varies, as shown in Table 4.8. Uno and Soo (1969) 
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defined 11 stages in comparison with 13 stages described by Ling (1967a) for M. 

rosenbergii. In contrast, Diaz and Kasahara (1987) identified 17 morphologically 

distinct larval stages for the same species. Applying the larval development scheme 

developed for Macrobrachium species, M. lar can be classified as a type 1 species 

(totally abbreviated), with larvae similar in development and appearance to those of 

M. rosenbergii.   

 

A  comparison of larval development stages in all species with the ‘Type 1’  of larval 

development so far reported, shows that the zoea 1 stage of M. lar corresponds very 

closely with zoea 1 stage of M. rosenbergii. Although body length of larvae was 

measured on dead specimens, size of larvae may not be a critical factor for 

recognition of different larval stages. When larvae are mass cultured, for example 

with M. rosenbergii, considerable variation in body size occurs, as reported by Uno 

& Kwon (1969).  

 

Table 4.7: Larval culture details of various Macrobrachium species: incubation 
period, temperature, salinity and fecundity in relation to female size. 
 
Species  Incubation  Larvae   Temp. Female    Number  Source 
  Period (days) culture  oC size (cm)   of 
    Salinity (‰)     eggs   
______________________________________________________________________________________________________ 
M. acanthurus 16-18  15-20  23-27  -     Choudhury 1970; 1971c 
 
M. amazonicum 19-24  10  24± 2 5-11 195-2200        Guest 1979 
 
M.  australiense >55  0  21-28 - 97-197        Fielder 1970. 
 
M.  australiense 41-42  0  19-23 6 <200       Ruello et al. 1973. 
 
M. australiense -  0-15  25, 30 - -       Lee& Filder1981/1982 
 
M. carcinus 10-13  14-17.5  24-28  -         Choudhury 1971 a; b 
 
M. rosenbergii 18-23  12± 2  26-31 10-12 10000-30000   New& Singholka 1982 
______________________________________________________________________________________________________ 
 

 

Salinity, temperature and feeding regimes used in this experiment may not have been 

optimal for M. lar, and therefore, extra molts or larval stages may have resulted. 

Even though data were limited and mortalities were high; rapid exposure to full-

strength sea water appeared to shorten the intermoult period of early developmental 

stages. In contrast, the intermoult period seemed to be much more prolonged in later 

molt stages. Thus the duration of individual larval stages and the over-all time 
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required to complete larval development appear to be affected significantly by 

salinity exposure. In Macrobrachium spp. Choudhury (1971a, b) also reported 

shorter intermoult period at higher salinities for M. carcinus, but this coincided with 

increased mortalities. There is very little information available on salinity tolerance 

of larval stages in any Macrobrachium spp. except, that of Sandifer et al. (1975), 

Denne (1968), Read (1985), Gamba (1982) and Gamba & Rodriguez (1987). In 

general, salinity requirements appear to be species specific and may also change 

during an individual species’ life cycle (Choudhury 1970; 1971a, b, c).  

 
 
Table 4.8: Survey of number of larval stages for various Macrobrachium species. 
 
Species  No.of  Rearing  Remarks    Source 
  Larval stages salinity (‰) 
______________________________________________________________________________________________________
M. acanthurus 10  15-20  11-12 moults  Choudhary 1970 
 
M. acanthurus -  16-18  18-23 moults  Dobkin 1971 
 
M. rosenbergii 11  11.9-12.3  -   Uno & Soo 1969 
 
M. rosenbergii 17  13.6  -   Diaz & Kasahara 1987 
 
M. rosenbergii 13, 11  12-14  Stage I-V each moult yields a new stage 
      Stage VI-XI: mainly 2 moults between  
      Stages and total 15 moults. 
 
M. australiense 3  0-15  -       Lee&Fielder 1981/1982 
 
M. amazonicum 8-9  10  -      Guest 1979 
 
M. carcinus 5  ~20  stages illustrate morphological changes. Lewis &Ward 1965 
______________________________________________________________________________________________________ 
      

 

A high degree of variation in the number of larval stages during development was 

considered a normal finding for shrimp and prawns by Criales and Anger (1986). 

Variability in larval development rate can be influenced by genetic factors and /or by 

environmental factors including temperature and salinity. In addition, food 

availability has to be considered, as Broad (1957b) reported varying numbers of 

larval stages for Palaemonetes pugio and P. vulgaris were linked to diet. 

Temperature and salinity however, did not alter the number of stages in Sesarma 

cinereum, indicating species-specific ‘hard-wired’ requirements (Costlow et al. 

1960). So variable larval development times and variation in molt numbers within 

individual species implies either differences in genotypic background or exposure to 

suboptimal environmental conditions. In nature, salinity conditions often vary and, 
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according to Kinne (1966), larvae must respond to salinity stress in nature with 

compensatory behaviours such as escape, contact reduction, regulation and or 

adaptation.  

 

Sources of variability in trials and implications of results 

When eggs of Macrobrachium species hatch, the first instar (zoea larva) are normally 

very similar in size. At each subsequent moult there is considerable increment in size 

among instars. The scale and pattern of this increase has important consequences for 

understanding and interpretation of the processes of Macrobrachium larval growth 

and crustacean growth in general. Although a number of reports have described the 

change in mean size through a sequence of crustacean instars, very few of these 

studies have examined size variation within each instar. Hartnoll and Dalley (1981) 

carried out studies on the growth of Palaemon elegans successfully and formulated 

several prerequisites for laboratory valid investigations of crustacean growth: 

- each experiment must use offspring from a single  brood; 

- numbers of larvae have to be adequate, 

- environmental conditions have to be kept constant and closely 

controlled, 

- Observation time of the sequence of instars has to be long enough. 

 

Optimal conditions are generally determined in trials where larvae are cultured at 

different salinities in order to identify those that provide the best survival to 

metamorphosis and beyond. Fujimura (in Hanson & Goodwin 1977) reported that 

about 12 or 13‰ was best for M. rosenbergii larval rearing. Many researchers have 

conducted rearing trials of M. rosenbergii at 8-18‰ (see Table 4.8) and found that 

12-14‰ gave the best survival while New and Singholka (1982) recommended 12‰ 

and indicated that 12 ± 2‰ was satisfactory. Specific experiments to determine 

conditions for mass culture by Minamizawa and Morizane (1970) and personal 

communications with Morizane indicated best survival was achieved at salinities of 

6-12‰, while poor survival resulted from salinities up to 25-30‰ and no survival 

was recorded at 0‰. In addition, optimum survival and growth were obtained at a 

temperature of 30ºC and a pH of 8.1, feeding live nauplii of Artemia and chopped 

short neck clam.  Malecha (1983) reported that salinities for rearing M. rosenbergii 
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larvae in six Hawaiian hatcheries ranged from 11 to 15‰. Ling (1967a) identified a 

salinity range of 12-14‰ as optimal for M. rosenbergii larvae.  

 

In this study several trials were carried out and efforts were made to meet all 

prerequisites fully including the ones identified by Hartnoll and Dalley above, except 

that combined temperature-salinity trials could not be conducted here since we 

attempted to keep temperature stable (28 ± 0.5ºC) during our experiments based on 

experience with larval rearing of M. rosenbergii. In the second trial, larvae survived 

for almost 50 days - the ultimate goal was to provide a means whereby a culture 

system could be identified from relatively simple materials (similar to larval rearing 

commonly used for M. rosenbergii) and the culture cycle completed without mass 

mortality of larvae. In trial 3, the temperature was kept constant (in the water bath) 

but even in this temperature-controlled ‘bath’ variations of 0.6-1.2oC were observed. 

Prior to water exchanges, salinities were checked and temperature determined for 

each LRT, to minimize temperature differences to ±0.5oC before and after water 

exchange. Maintenance of this discrete temperature range was considered important 

as evidenced by New and Singholka (1982) who stated that sudden changes of water 

temperature, even as small as 1oC, can cause larval shock followed by death.  

 

Secondly, to determine the effect of salinity alone, concerted efforts were made to 

control all other variables and therefore to minimize the variation in test results. 

Hatching was carried out in freshwater (0‰) and thereafter salinity was gradually 

increased until sea water conditions were reached (e.g., within 18 hours in Series1 

and within 36 hours in Series 2). This is because in nature, M. lar eggs hatch out in 

freshwater and move passively downstream with flow of the current until reaching 

the estuaries and then by action of tides and waves reach the ocean.  We did not 

attempt to lower the salinity during the trial however, because in the Indo- Pacific 

region, estuaries and even the oceans are characterized by strong salinity fluctuations 

depending on seasonal rainfall. In nature, the physio-chemical properties of the 

estuarine waters vary considerably and depend on volume and contents of the river 

water released, structural components of the estuary bed, tides and climate of the 

general area. Thus the basic characteristics of estuaries are the increased gradients 

and fluctuations of environmental factors relative to the more stable situation in the 
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neighbouring sea and fresh water areas (upstream). If we compare estuaries within a 

given zone characterized by similar temperature conditions and consider their 

horizontal and vertical dimensions, salinity is a very important factor (Kinne 1963). 

In such cases, the degree of dilution of sea water by river water and the physio-

chemical properties of the resulting mixture largely determine performances and 

distributional patterns of estuarine organisms (Kinne 1963).  

 

Crustacean culture operations require determination of optimum temperatures, 

salinities and foods for different larval stages. If these laboratory-determined survival 

and growth  patterns for M. lar larvae were to occur in nature, the present findings 

indicate a pattern of growth and development more favourable to larvae hatched 

continuously across the year (continuous spawning season) in waters of zero salinity 

(e.g., in the central region of Viti). Here, surface water temperatures ranges from 18-

28ºC and the salinity is always zero. It would seem then that the peak spawning 

period is timed to occur when temperature conditions are such that larval survival 

and growth are maximized, although gravid females are found throughout the year 

indicating that larvae are released at all times even when environmental conditions 

vary. Survival of larvae transported to estuaries however, is probably high because 

larvae are euryhaline. When larvae reach ocean waters, survival of larvae would 

mainly depend on the thermal gradient encountered since salinity would remain 

(>34‰) in offshore waters. Using Bonhoure et al www.oceancurrents.rsms.miami) 

figure of approximately 15 km per day for longshore current velocity for waters of 

the South Pacific (The South Equatorial Current), an estimate of the distance M. lar 

larvae could theoretically be transported during development, can be made. Since the 

pelagic phase of larval development in M. lar can vary between 60-90 days 

depending on temperature, larvae remaining in the plankton phase between these 

periods could be carried approximately 900-1350 km. Thus, larvae spawned  in 18ºC 

waters in the upper reaches of rivers in Fiji and passively transported to river/creek 

mouths and then in a westerly direction for up to 60 days could encounter 

temperatures between 18-28ºC. These temperatures are well within the thermal 

tolerances of M. lar larvae. In terms of temperature and salinity then, it would seem 

that the dispersal of M. lar larvae from spawning locations would not be deleterious 

to their survival or development unless the larvae were carried into the low salinity 
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waters of an estuary. According to Mayer et al. (1998), the average temperature of 

the South Equatorial Current varies from 26-28 ºC near the surface and 22-24ºC at 

100 m depth. In addition, the annual cycle of temperature is relatively stable, with 

variability of only about 4ºC between the two seasonal extremes (Bonhoure et al., 

www.oceancurrents.rsms.miami).  Therefore, M. lar larvae spawned in the upper 

reaches of local creeks would experience both local and regional water conditions 

favourable for maximum growth.  

 

In nature, a substantial proportion of early stage larvae that originate in the upper 

reaches of freshwater streams are probably washed downstream rapidly enough to 

survive until they reach brackish water and then by action of tides and waves can 

enter full strength seawater. A requirement for full strength sea water to complete 

larval development parallels observations made by Choudhury (1971b) for M. 

acanthurus. Choudhary showed that M. acanthurus larvae can survive in fresh water 

for only about 5 or 6 days after hatching. The likelihood of M. lar larvae reaching 

appropriate saline waters will almost certainly be improved if gravid females move 

downstream to release larvae in the vicinity of river mouths or estuaries. Field 

observations during collection of broodstock and samples for genetic studies (chapter 

3) indicate however, that females probably do not move downstream. Females 

bearing grey-colored eggs (ready to hatch within a few hours or within a day) were 

found in small freshwater water pools far inland- in the upper reaches of rivers and 

streams. Thus, while adult habitat can occur long distances up freshwater streams, it 

is possible that females using upland habitats may contribute very little to the natural 

gene pool due to low relative survival rates of their larvae as they move passively to 

the sea.  

 

From reviews of methodology and problems identified in M. rosenbergii culture and 

other crustacean species, it is obvious that the most difficult task in completing the 

life of cycle for a new Palaemonid species is optimizing the larval rearing cycle i.e., 

special care in preparation of culture ‘water’ by monitoring factors like salinity and 

temperature to acclimate newly hatched larvae to their natural environment. The 

results of this study demonstrate that M. lar larvae can probably be reared 
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successfully to PL stage and beyond, if methods developed for other Macrobrachium 

species are adopted and employed in conjunction with the information obtained here. 
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5.0 Grow-out performance of wild juvenile Macrobrachium lar in simple 
monoculture and integrated systems 

 

5.1 Introduction  

While a variety of culture systems have been developed for farming Macrobrachium 

sp., intensive farming is not compatible with the biological characteristics of M. 

rosenbergii (see section 2.6.2 and also Karplus et al. (2000) and New (1995)) 

however, semi-intensive culture in earthen ponds using a number of approaches has 

been extremely successful and is the system most commonly employed (e.g., Lee & 

Wickens 1992). It is often integrated with various types of crop farming in many 

Southeast Asian countries including Japan and Southern Brazil (Zimmermann & 

New 2000). It is a good method for diversification and is both ecologically sound and 

economically feasible (Roy et al. 1991). According to Lightfoot and Nguyen (1990), 

income from these systems can be two or three times as great as that from rice 

monoculture and the method also reduces weeding costs by about 33% (prawns eat 

weeds), and fertilization costs by 28% without lowering rice yield.  

 

In PICTs, prawn, (M. lar) integrated with taro culture systems have been a traditional 

practice and an important component of the subsistence lifestyle with taro providing 

an important socio-cultural and religious significance to the people, particularly in 

rural areas where the custom of feasting is an important part of local rituals (see also 

section 2.6.4). When managed properly, prawn-taro farming systems not only 

provide a traditional staple food of taro and prawn for the people, but can also 

contribute substantially to farmers’ income. Hence, a growing number of farmers 

have shown interest in developing simple prawn-taro farming systems however, very 

little is known about growth performances of this prawns (M. lar) in these systems.  

 

Prawn-taro integrated farming systems 

Taro belongs to the genus Colocasia, within the sub-family Colocasioideae. It is the 

main root crop in most PICTs and is grown in almost all the countries but the 

production system adopted depends on location. There are two main production 

systems: i) flooded or paddy field or wetland taro cultivation and, ii) dry land 

(unflooded) or upland taro cultivation. Flooded taro cultivation occurs in situations 

where water is abundant, or where it can be supplied by irrigation from swampy 
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terrain, or from diverted rivers and streams. The size of the fields varies from less 

than 0.001 ha to more than 0.5 ha. Taro thrives in fields inundated with running 

water and two kinds of cropping system are used:  

 

a) Paddy fields: The water is allowed to flow freely in and out of the fields 

continuously and is never allowed to become stagnant i.e., to avoid rot 

organisms that attack the taro base. The bunds separating fields are 

strengthened and inlet sluice gates or pipes or ditches fixed to regulate the 

flow of water into each field. Normally each field is provided with one outlet 

pipe or ditch or shutter planks of the sluice which opens into the backwaters 

flowing to the sea. Adjustment of the standpipe fixed at the mouth of the 

outlet pipe regulates the level of water in the field. Taro suckers used for 

planting are pushed into the mud to 20-30 cm depth. Inter-plant spacing is 50-

60 cm and usually there is a continuous flow of water maintaining a depth of 

10-15 cm. 

b) Raised beds: These are prepared with hand tools in such a way that water 

constantly flows around each bed and keeps it moist. The bed is usually 

mulched with coconut leaves, plastic sheet, banana leaves or grasses. Inter-

planting space is usually 60-100 cm and fertilizer may be added. 

 

Paddy based taro farms occur mostly in Vanuatu, Wallis and Futuna Islands and 

some parts of Fiji, PNG, and Cook Islands and to a lesser extent in other PICTs. In 

rain fed areas, taro is grown during the wet season then remains fallow during the 

rest of the year. In irrigated areas, taro growing continues across the year.  

Freshwater prawns enter the fields naturally via the inflow and may climb or crawl 

from the outflow system i.e., enter directly into taro fields under normal farming 

techniques and planting routines. Generally fishing or catching prawns using either 

push nets or fine spears or by hand is carried out 1-2 months after planting the taro. 

At the time of harvesting the taro, the final fishing is carried out by completely 

draining the water from the field using push nets and by hand picking. The prawns 

caught from the fields are mainly M. lar of mixed sizes. Occasionally M. lar 

juveniles have been stocked in taro ponds- a practice strongly supported by the SPC 

since 2003. This practice has stimulated great interest in farming mainly due to the 
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higher price of large size (farmed) prawns compared with conventional prawns of 

mixed sizes collected from the wild.  

 

Currently, aquaculture of M. rosenbergii in the Pacific is expanding and many PICTs 

have expressed interest in developing freshwater prawn culture industries. M. 

rosenbergii however, is exotic in the Pacific and must be introduced from other 

sources for culture. Fiji’s DoF have been approached by a number of PICTs to 

supply M. rosenbergii culture stock to initiate prawn culture (e.g. Vanuatu), but to 

date transfers have been restricted. If growth performance of indigenous prawns (M. 

lar) is similar to, or approaches that, of exotic species like M. rosenbergii, then 

aquaculture based on local species could provide significant opportunities with low 

potential for negative effects. Although M. lar does not grow as large and yields less 

meat than M. rosenbergii per individual, it is considered by many to have features of 

self-recruitment and thus low-cost production potential without a requirement for 

sophisticated farming techniques. Other positive features include better taste than M. 

rosenbergii, thin-shelled, colourful, hardy to temperature, dissolved oxygen (DO) 

and salinity fluctuations, resistance to desiccation (useful in water free transport) and 

omnivorous feeding habits. All of these features suggest that M. lar is a promising 

local species for year-round production. There are also benefits associated with using 

local species both for genetic and environmental reasons as its farming is likely to 

become profitable at a much lower level of technology than is required for other 

freshwater species. M. lar has been suggested as a potential candidate for culture in 

taro-prawn culture systems, but some preliminary work undertaken on this prawn has 

suggested that it may not be an easy species to culture in artificial pond conditions. 

Currently, little if anything is known however, about survival and growth rates of M. 

lar in simple monoculture or integrated culture systems. Therefore, before any 

serious attempt is made to evaluate M. lar in culture, it is necessary to develop and 

trial appropriate technologies for grow-out of juveniles in culture environments. 

Development of appropriate technologies can provide important outcomes including: 

 

� Provide farmers with the basic technology necessary to culture this species in 

integration with taro, rice and other crops. 
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� Permit trials to be undertaken to evaluate M. lar as a culture species and thus 

improve our knowledge of the ecology of the species. 

 

The current study assessed growth rates of wild caught M. lar juveniles in simple 

culture systems under on-farm conditions. The specific objective was to undertake 

basic trials of integrated taro-prawn and prawn monoculture in various combinations 

to determine the specific environmental conditions that need to be satisfied to allow 

successful juvenile growth to adult stage.  

 

5.2 Method and materials  

5.2.1 Study sites 

The study was conducted at 2 sites on the island of Futuna (13º 22' S 176º 12'W) in 

the French Territory of the Wallis and Futuna Islands and at Sarete (15.15S 166.50E) 

on the island of Santo in Vanuatu (Figure 5.1). These sites belonged to farmers and 

trials were managed by local farmers on a daily basis with local fisheries staff 

assisting regularly including sampling of prawns. The author carried out the initial 

stocking and the final sampling of prawns. 

 

Santo is mountainous and is the largest island (3,956km2) of the 83 islands that 

comprise the Vanuatu group. Rainfall averages 2,360mm but can be as high as 

4,000mm per year. Sarete village is about 25 km north of Luganville town. The pond 

site is about 1 km inland from Sarete village where Mr. Ase farms taro, and other 

vegetables. Futuna is also mountainous and receives similar amounts of rainfall to 

Santo. Villages in Futuna are located around the periphery of the island and 

immediately behind most households is an area devoted to wetland taro cultivation 

using water runoff from nearby mountain slopes. Taro is cultivated in pond fields 

with an inlet and outlet to maintain running water through the pond. Two additional 

sites in Futuna were also established one month after the commencement of the 

trials. 
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Figure 5.1: Top map showing Sarete village-on the island of Santo-site for trials in 
Vanuatu; bottom map showing 4 trial sites (with name of owners) on the island of 
Futuna in the Territory of the Wallis & Futuna. 
 

 

• Santo Island 
(Sarete Village)
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Trials were initiated in 2005 after consultation and site evaluations with the 

collaboration of pond owners. Pond sites were chosen based on topography, soil 

quality, water quality and availability, accessibility to the pond owner’s house and 

DoF offices and also taking regard of land tenure ownership and domestic water use 

in the locality. At some sites the water source for domestic use was the same as the 

pond water supply.  The experimental setup in Futuna was comprised of 2 pond 

fields i.e., taro integrated with prawns (Vasei and Nuku) with additional ponds 

(Tavai and Fikavi) having taro planted on the pond banks, i.e., monoculture system. 

All sites had access to water from streams passing adjacent to the fields. The soil at 

the sites was mostly soft clay. 

 

In Santo, at Sarete, two 0.005 ha (50m2) ponds were used for monoculture of prawns. 

Vegetables including taro, bananas and pawpaw were planted on the pond banks. 

The site had access to water from a nearby stream. The soil was mostly sandy clay. 

 

 5.2.2 Futuna trial 

Pond construction and preparation 

A week prior to the anticipated stocking date, 2 existing taro fields located at Vasei 

and Nuku were cleared, and all existing taro plants were uprooted and the area 

drained to remove all predators and competitors. Any resident prawns were also 

removed. Pond area or trenches and taro planting beds were constructed manually 

with spades based on a simple design (see Figure 5.2). The taro bed was prepared by 

moving the soil excavated for trenches and also for the construction of the pond 

embankments. In addition, the bulk of the pond bottom detritus was removed by 

shovels and buckets and placed on taro beds and pond embankments. At the Nuku 

site, the taro bed was positioned in the middle portion (see top right of Figure 5.2) 

while at Vasei, the design in the bottom of Figure 5.2 was used, i.e., the top side of 

the pond was made into a taro bed. New uprooted taro suckers were planted at 50cm 

x 50cm spacing. Water inlet and outlet pipes (100mm PVC) were installed and fitted 

with fine mesh screens to prevent the entry of unwanted animals and the escape of 

prawns. A day prior to stocking, ‘ponds’ were filled with water via inlet pipes 

connected to the stream. No manure was applied. Water depth in the taro fields and 

trenches was maintained (adjusted with the positioning of outlet pipe) at 10-15 cm 
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and 50-80 cm respectively, across the trial period.  Water flow rate at the outlet pipes 

was 2 Ls-1 and 0.58 Ls-1 at Nuku and Vasei, respectively. The ponds at Tavai and 

Fikavi were constructed, prepared and stocked by farmers and the local fishery 

officer.  The characteristics of the trial sites are given in Table 5.1 

 

Table 5.1:  Characteristics of trial sites at Futuna 
 
Site Pond size 

(m2) 
Location of taro patch Area covered by 

taro patch (m2) 
Water flow rate 
(Ls-1) 

Nuku 64 middle 30 2 
Vasei 66 Upside near inlet 20 0.58 
Tavai  9 , 14 On the banks - 0.3 
Fikavi  10, 14 On the banks - 0.4 
 

Control of predators and competitors 

Fish (including eels) predators and other competitors were prevented from entering 

the ponds by screening the in-flowing water from the source including screening of 

the inlet and outlet pipes. At some sites, a clear monofilament line was stretched on 

stakes approximately 20cm above the water surface to deter birds preying on prawns. 

Pond embankments were fenced with a 50cm black plastic fence to restrict prawns 

from escaping following rain or if food became scarce in the pond and also to 

prevent the animals and other pests preying on prawns. Ponds were provided with 

additional substrate consisting of 60-100cm wide and 2-3m long coconut fronts.  Ten 

fronds were placed evenly in each pond suspended horizontally across the trench. 

The substrate floated initially but after one month, sank to approximately 20-40cm 

above the pond bottom. The inlet pipe screen was cleaned regularly to avoid 

clogging and all ponds were supplied with a continuous flow of stream water. 
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Figure 5.2: Design of integrated farm showing site of taro patch in relation to prawn 
pond; D - dyke, R - raceway or trenches 
 

Pond stocking 

All ponds were stocked in the week of 25th July, 2005. Juvenile Macrobrachium 

species were caught in the early morning using push nets in local streams. A section 

of the stream was blocked off temporarily with timber boards to reduce water flow at 

the bottom end and thus allow easy capture of juvenile prawns with fine-mesh push 

nets. Captured juveniles were placed in 20-litre plastic containers filled with water 

from the collection site and provided with aeration using a portable battery-operated 

aerator and then transported to the pond site. At the pond site, prawns were 

transferred to 10-L basins and provided with substrate and aeration.  M. lar juveniles 

were identified and separated from other Macrobrachium species using the number 

of spines on the rostrum as the systematic marker (upper margin of rostrum having 7-

8 spines). All M. lar juveniles were held in 10-litre basins with aeration and 

separated into 2 groups. Individuals similar in size and less than 4 g were counted 

and retained in a basin and those above 4g were discarded except for stocking at the 

Fikavi site that included juveniles above 4g. Individual lengths (base of rostrum to 

tail) and body weights of a sample of 50 juveniles were measured and total number 
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required for stocking was calculated (at 5 prawns m-2) and counted, following which 

temperature and pH of pond water was checked and compared with that in the 

holding basin. Prawns were acclimated to pond conditions by placing the basin (with 

juveniles) in the pond and draining approximately half of the water from the basin 

and replacing this with pond water. Prawns were then allowed to acclimate for 15-20 

minutes following that individuals were allowed to disperse into the pond.  

Remaining juveniles were poured gently into the pond in shallow water. Any dead 

prawns settled on the pond bottom. These were removed, counted and replaced with 

live ones. While age and size classes obviously varied among stocked juvenile 

individuals, selection of juveniles for stocking of each pond was random, so each 

pond received a random assortment of available juveniles for both size and age. This 

resulted in 350, 320, 300 and 460 juveniles being stocked into ponds at Vasei, Nuku, 

Tavai and Fikavi, respectively. Mean stocking weight for each of the ponds was 

determined from sample weight of 50 juveniles. The ponds at Tavai and Fikavi were 

stocked at a density ranging from 13 to 21 juveniles m-2 by farmers and the local 

fisheries officer. Details of pond stocking are given in Table 5.2. 

 

Feed and feeding  

A high quality shrimp starter feed containing 32% crude protein (obtained from 

Goodman Fielder, CA-NC Z.I. Boulouparis-B.P.3249-98846 Noumea Cedex, New 

Caledonia donated by IFREMER) was fed twice daily at the Nuku and Vasei sites. 

The amount of feed given per day was based on estimated prawn biomass per pond 

determined on levels employed for M. rosenbergii culture in semi-intensive ponds. 

Initial feeding rate was 15% of body weight, on a live wet weight basis for the first 

month and rates were adjusted monthly based on a percentage of body weight 

reducing to 5% by the last month over the 4-month grow-out period. A 5% juvenile 

mortality rate per month was used when calculating feed rations.  

 

Feed was broadcast over the pond surface with 30% of the ration provided in the 

morning (0800 hours) and 70% in the evening (1800 hours). Feed ration was also 

placed in feeding trays placed at the bottom of trenches. Feeding was discontinued or 

reduced when supplies were low. Additional feed consisting mainly of grated 

coconut and occasionally a mixture of grated coconut, stale bread and 100g of 
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commercial pig stock feed were fed daily to prawns at the time when shrimp feed 

supply was low. Shrimp feed was not used at Tavai and Fikavi sites. The number and 

density of prawns stocked in ponds including feed types are given in Table 5.2.  

 

Table 5.2:  Pond stocking data and feed types used at 4 sites in Futuna. 
 

Site Total number 
stocked  

Stocking density 
(juveniles m-2) 

Size (cm) 
mean ± SE at 
stocking 

Weight (g) 
mean ± SE at 
stocking 

Feed type 

Nuku 320 5 5.3 ± 0.2 3.9 ± 0.2 Shrimp feed 

Vasei 350 5.3 5.1 ± 0.1 3.3 ± 0.2 Shrimp feed 

Tavai 300 13 3.8 3.8 Grated coconut, 
100g pig feed  

Fikavi 460 18- 21 - 4.46 Grated coconut, 
stale bread 

 

Water quality management 

Temperature, pH and water flow rates were monitored at the time of stocking and 

thereafter on a weekly basis or whenever local staff were visiting the sites and at the 

time of final sampling of the prawns. Dissolved oxygen concentration, secchi disk 

visibility and total alkalinity could not be monitored regularly since water flow was 

continuous through each pond. 

 

Sampling 

Prawns were sampled for weight monthly to determine daily feeding ration. The 

amount of food given daily was derived from the following simple calculation: 

 Ni x St x wt x FRt = daily ration (in g) 

Where 

Ni = the initial number of prawns stocked in the pond;  

St = estimated survival at time t- a rough mortality estimate of 5% per month; 

wt = mean prawn weight (in g) at time t.  

FRt = the recommended feed rate for period t.  

 

Prawn mean weight or growth rate was determined monthly by weighing a sample of 

10% of individuals caught randomly with a push net from each pond. On some 

occasions more than 10% of the total population was sampled to provide a better 
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representation (50 to 60 individuals) of size variation in ponds. The grow-out cycle 

lasted for 4 months per site. 

 

Harvest 

On the afternoon prior to day of harvest, the water level in each of the pond was 

lowered to approximately 30cm in the trench by tilting the outlet pipes. Screened 

drain pipes were used to avoid accidental escapes. The following morning, substrates 

were removed and prawns collected using push nets and then the pond drained 

completely. Remaining prawns were captured by hand from the pond bottom. All 

prawns were purged in clean water. Prawns were then chill-killed in ice slurry and 

transported to the DoF office. Total bulk weight and number of prawns were 

recorded. Following this, length, weight and sex of all individuals were recorded and 

individuals were then packed into bags (300g each) and stored in the fridge for later 

sale.  

  

5.2.3 Vanuatu trial 

The trial comprised of 2 ponds, each measuring 10m x 5m, located about 1km from 

Sarete village at Mr. Ases’ farm. Ponds were constructed manually using spades by 

the Sarete villagers. Water depth ranged from 0.8m at the inlet side to 1.2m at the 

outlet end. Ponds were separated by a 2-m wide bank and fenced with 50-cm high 

black plastic- secured along the perimeter. Protocols for pond preparation, stocking, 

feed used, feeding, sampling and harvesting were identical to those used at the 

Futuna sites except that ponds were used for monoculture. Additional procedures and 

equipment specific to this site are given below.  

 

Water was sourced from a nearby stream and diverted via a 63-mm poly pipe 

connected with a gate valve to control water flow to the ponds. The outlet consisted 

of an 80 mm PVC pipe, installed at the deep end of the pond. An additional overflow 

PVC pipe of 80-mm was setup on the bank at the outer end of ponds to allow excess 

water to discharge during periods of heavy rainfall i.e., to avoid flooding of ponds. 

All pipes were screened with a fine mesh at both ends to control predators entering 

the ponds as well as to prevent prawns escaping from the ponds. Only grated coconut 

was used for feeding when the shrimp feed was low. Water from ponds flowed into a 
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nearby taro farm that was not part of the trial. M. lar juveniles were captured from 

nearby streams. A sample of 50 individuals were weighed individually following 

which Pond 1 was stocked with 230 and pond 2 with 250 juveniles chosen randomly 

from the collected stock. 

 

Measurement of temperature, DO, pH, water depth, turbidity and water flow rate was 

carried out during stocking of the ponds. Regular measurements of water quality 

were not possible because relevant equipment was not available. One month after 

stocking, prawns in pond 1 (pond at the lower side) escaped into pond 2 (located 

slightly above pond 1). Screens in the outlet pipes of pond 2 were clogged by debris 

forcing the water to flow (overflow) into pond 1 thus allowing prawns to move into 

pond 2. 

 

5.3 Results 

5.3.1 Futuna trial 

The means and standard error of water quality parameters are given in Table 5.3. The 

means for the recorded water temperature differed significantly between the 

integrated and monoculture systems (P<0.05) i.e., between Vasei and Tavai and also 

between Vasei and Sarete (Vanuatu). Mean values (± s.e) were: Vasei 24.26 ± 

0.30ºC; Tavai 25.81 ± 0.50ºC and Sarete, Vanuatu 27.68 ± 1.30ºC. Minimum 

recorded temperature was 23.0 ºC. Maximum recorded pH was 8.3. The ponds with 

low water flow rates had slightly lower DO levels which was likely due to reduced 

water exchange.  Soil quality in the ponds appeared to be similar, and consisted of 

neutral sandy clay (pH 6.7-7.6). 

 

Table 5.3: Record of water quality parameters (mean ± SD) of the ponds in the 
Futuna trial. 
_________________________________________________________________ 
Parameter      Sites 
____________________________________________________________________ 
    Vasei  Tavai  Nuku  Sarete 
Water Temperature (ºC) 24.26±0.30 25.81±0.50 25.69±0.22 27.68±1.3 
pH    8.13±0.20 8.02±0.02 8.18±0.19 7.6 
Dissolved oxygen (mg/l) 5.77±1.0 4.35±0.40 5.95±1.82 7.6 
Flow rate (L/s)  0.58±0.02 0.34±0.06 2.0±0.0 2.0 
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Mean weight (± s.e) of juveniles stocked in integrated systems (Vasei and Nuku) 

ranged from 3.3 ± 0.2g to 3.9 ± 0.2g, respectively (Table 5.4), and were not 

significantly different (P > 0.05). Survival, feed conversion and yield data were not 

available for Nuku since this trial was discontinued. In addition, complete sampling 

data was not available for Fikavi and only a portion of the Tavai data was available 

since these trials were initiated by farmers and it was difficult for DoF staff to sample 

regularly due to their other commitments. A complete set of data was only available 

for the integrated trial at Vasei. After 125 days, the final mean weight (± s.e) for 

males was 19.1 ± 0.8g, females 6.8 ± 0.6g, and for ‘runts’ or undifferentiated group 

3.5 ± 0.4g. Combined mean weight for males and females was 14.5 ± 0.7g. The final 

mean weight for males at Tavai was 22.2 ± 0.8g and for females 6.4g. Details of 

growth, survival and production of prawns in each pond are provided in Table 5.4 

and Figures 5.3 and 5.4, respectively. 

 

Table 5.4: Details of stocking and sampling at sites in Futuna. 
Sampling dates Futuna 

Date      20/6 27/7 30/8 30/9 26/10   Harvest 
       Males Females Runts              M+F 
 
Vasei 
         
Weight (g) 
Mean ± SE  3.3±0.2 9.5±0.7 14.6±1.0 18.7±0.9 19.1±0.8  19.1±08 6.8±0.6 3.5±0.4            14.5±0.7
     
 
Length (cm) 
Mean ±SE    5.1±01 -- -- --   6.5±0.04 --                         7.8±0.1 
 
Nuku 
Weight (g) 
Mean ±SE   3.9±0.2 6.8±1.0 9.2±0.6 27.5±2.6 -- -- -- -- -- -- 
 
Length (cm) 
Mean ±SE   5.3±0.1 -- -- -- -- -- -- -- -- -- 
       
 
Tavai 
Weight (g) 
Mean ± SE   3.8± 8.4±0.6 13.8±0.7 14.8±0.6 22.3±0.8 -- 22.2±0.8 6.37 -- 14.3 
    
Fikavi 
Weight (g) 
Mean ±SE    4.46± 12.0±0.7 10.2±0.9 -- -- -- -- -- -- -- 
______________________________________________________________________________________________________ 
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Figure 5.3: Rate of increase in average weight with time of prawns raised in Futuna: 
in monoculture system at Vasei and in integrated system at Nuku. 
 

Survival of individuals in ponds in Futuna (Vasei and Tavai) ranged from 55.1% to 

72.7% (Table 3.5). Proportion of males and females was different between Vasei 

(1.7:1) and Tavai (0.9:1). No significant variation (P>0.05) was recorded in growth 

rate for males in each pond.   The results of the trial showed that prawns in the 

integrated system at Vasei had significantly lower weight gain compared with 

prawns grown in the monoculture system at Vanuatu across the trial (Figure 5.4.)  

 

 

 
Figure 5.4: Figure 5.4: Rate of increase in average weight with time of prawns grown 
in integrated system at Vasei and in monoculture systems at Sarete (Vanuatu). 
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 Table 5.5: Growth, survival and production of M. lar at Vasei, Tavai and Sarete 
(Vanuatu) 
____________________________________________________________________ 
Pond Final male weight Final female weight No. recovered   %  Prod.  
 (g)  (g)      survival (kg/ha/5mths-1) 
  

Range Average Range Average Male Female Runts Total 
Vasei 3.4-36.5 19.1 4.5-9.9 6.8 104 62 27 193 55.1 364.8 
 
Tavai 10.5-34.0 21.0 ------ 6.37 105 113 -- 218 72.7 1269.5 
 
 
Vanuatu 8.4-51.9 25.7 2.0-26.2 9.5 231 309 153 693 346.5 1774.6 
 
______________________________________________________________________________________________________
         
 

Feed conversion data in this study were only estimated for Vasei (3.9) since feed was 

not available for the complete duration of the trial due to unavailability of the 

recommended feed and because alternative feed types were used intermittently in 

ponds. After 4 months, mean weight of prawns at Vasei varied from 6-19g with some 

individuals exceeding 20g. The data did not indicate any significant affect of feeding 

mode, physical or chemical parameters of the water (Figure 5.5).  

 

 
Figure 5.5: Monthly mean weight gain of prawns at the 4 sites in Futuna 
 

Rate of incremental growth decreased over the course of the experiment, indicating 

that it was probably not profitable (in terms of time and space usage) to continue 

growing prawns to larger size beyond five months. Survival rate at Vasei was 55.1%; 

of which 53.9% were males, 32.1% females and 14% small individuals (runts). Eels 

(total of 13 of various sizes) were present in the pond and this may have affected 
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survival rates. At Tavai, overall survival was higher at 72.7% and no eels were found 

at harvest. 

  

The mean weight of each sex and total yield showed significant differences between 

the 2 systems. Large differences in CV were observed for each sex in the integrated 

systems at Vasei. The CV of males was more than twice that of females. However, 

the CV of prawns reared in monoculture system at Sarete was slightly lower than that 

of those reared in integrated systems (Table 5.6). Weight distribution for males, 

females and combined sexes showed a tendency towards positive skewness. 

Skewness in females was almost 3-fold higher than that of males, while weight 

distribution of prawns reared in the monoculture system showed a higher skewness 

than that of prawns reared in the integrated system.  

 
 
Table 5.6: Mean weight, coefficient of variation and skewness of the weight of M. 
lar raised in integrated and monoculture systems. 
 
Rearing medium Sex  Mean wt (g) ± SD  Skewness Coefficient of variation (CV) 
 
Integrated  Male  19.1 ± 8.0   -0.35  41.61   
(Vasei)  Female  6.8 ± 1.2   0.59  17.73 
  Both sexes  14.5 ± 8.7   0.48  59.99 
  Runts  3.5±2.2   0.21  63.24 
 
Monoculture Male  25.7 ± 8.7   0.37  33.73 
(Sarete)  Female  9.5 ± 3.1   1.08  32.94  
  Both sexes  16.4 ± 10.1  1.02  61.54 
  Runts  4.04±2.5   0.67  61.48 
______________________________________________________________________________________________________ 
 

 

Table 5.7: Initial and final production data for prawns in the integrated (Vasei) and 
Monoculture systems (Vanuatu and Tavai.) 
 

   Initial      Final 
   Sites      Sites 
  Vasei Tavai Vanuatu    Vasei Tavai Vanuatu 
__________________________________________________________________________________ 
Mean weight (g) 3.3 3.3 2.6    14.5 22.3 13.7 
Biomass kg ha-1 175 495 130  Gain kg ha-1 224 774 1767 
Density m-2 5.3 13.0 5.0  % Survival 55.1 72.7 346.5 
Date stock 20/6/5 23/6/5 29/6/05  date harvest 26/10/5 16/11/5 16/11/5 
Days in system: Vasei 125 days, Tavai 143 days and Vanuatu 138 days. 
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5.3.2 Vanuatu trial 

The mean for various water quality parameters recorded at Sarete are given in Table 

5.3. Minimum recorded water temperature was 24.0ºC, pH 7.6 and DO 7.6 mg/L. 

The water flow rate was 2 L/s. 

 

Mean weight (± s.e) of juveniles stocked in pond 1 was 2.1 ± 0.2g and 2.64 ± 0.4g in 

pond 2. Mean length at stocking was not significantly different (P > 0.05) between 

the 2 ponds. After the first grow-out month, pond 1 was flooded due to blocked 

outlet pipes and including water from pond 2 flowed into pond 1 too due to its 

blocked outlet pipes. This resulted in stocked prawns in pond 1 escaping with some 

escaping into pond 2. This effect was evident in survival rates at the end of the study. 

Survival of prawns in pond 2 was above the number of juveniles stocked originally 

(pond 1 initially stocked with 230 and pond 2 with 250 juveniles). A total of 693 

prawns were harvested from pond 2 giving a survival rate of 346.5%. An alternative 

explanation for the excess number of individuals present at harvest in pond 2 (apart 

from juveniles coming from pond 1) was that small wild juveniles could have passed 

through the screens into the pond from the inlet water supply system (a ditch). 

 

In Pond 2, mean weight at the second sampling was 4.5 ± 0.9g (see Table 5.8). After 

138 days of culture, the final mean weight (± s.e) was 25.7 ± 0.6g for males, 9.5 ± 

0.2g for females and runts 4.02 ± 0.2g. The mean weight for males and females 

combined was 13.7 ± 0.4g and the mean weight for all combined was 13.7 ± 0.4g 

(length 7.7 ±0.1 cm)-refer to Table 5.8 and Figure 5.6. 
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 Table 5.8: Details of stocking and sampling at Sarete, Vanuatu. 

 
Sampling dates Vanuatu 

Date  28/6 8/8 30/8 30/9    Harvest 
       Males Females Runts                M+F 
 
Pond 1 
Weight (g)                
Mean ±SE  2.1±0.2 7.1±1.1 -- --  -- -- -- -- -- 
 
Length (cm)             
Mean ±SE  4.2±0.2 -- -- --  -- -- -- -- --
         
 
Pond 2   
Weight (g) 
Mean ± SE             2.6±0.4       4.5±0.9     22.5±1.7     28.5±1.2     25.7±0.6   9.5±0.2   4.02±0.2             13.7±0.4
    
 
Length (cm)  
Mean ±SE  4.3±0.2 -- -- --  9.9±0.07 7.2±0.04 5.4±0.1          8.3± 
______________________________________________________________________________________________________ 
 

 

 

 
Figure 5.6: Rate of increase in average weight with time of prawns grown in 
monoculture system at Vanuatu and Tavai (Futuna) 
 

Growth rate per day was slightly higher in pond 1 (0.13 g/day) compared with pond 

2 (0.07 g/day) after the first month of culture and this increased to 0.53 g/day for 

pond 2 after the second month (Figure 5.7 a & b). Increments in growth rate were not 

significant however (0.18 to 0.21 g/day) in pond 2, during the 3rd and 4th months. 
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Figure 5.7A: Prawn growth rate (g/day) calculated at intervals over four months (t0 
to t4) at Sarete, Vanuatu. 
 
 

  
Figure 5.7B: Mean prawn weight (g) measured at monthly intervals over four months 
(t0 to t4) at Sarete, Vanuatu. 
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5.4 Discussion  

Water quality data collected over the study period indicated that water conditions 

were acceptable for prawn culture and within the reported ranges for good growth in 

other Macrobrachium species (e.g., New & Singholka 1982; Sandifer & Smith 1985; 

Tidwell et al. 1996, New 2002). Water temperature was within the 18-34ºC range 

considered acceptable by New & Singholka (1982) but slightly lower than the ideal 

range of 29-31ºC for M. rosenbergii as reported by Tidwell and D’Abramo (2000) 

and, New (1988; 1990) and 26-31ºC by Sandifer and Smith (1985). Measured values 

for pH were also within the optimal range of 7.0-8.5 as reported for M. rosenbergii 

by New and Singholka (1982) and New (1988). The water flow rate or water supply 

is the key limiting factor in calculating the potential for pond water exchange, and 

reflects directly on prawn productivity (New 2002). Mean water flow rates (±SD) 

here ranged from 0.58 ±0.02 – 2 ±0 Ls-1 (Table 5.3). New and Singholka (1982) 

suggested flow rates of 0.14 to 0.28m3min-1ha-1 (2-4% day-1) to replace evaporation 

and seepage losses, and 0.56m3/min/ha (8% day-1) to keep continuous flow in the 

ponds while others have suggested lower flow rates. The flow rate at Tavai was 0.51 

m3min-1ha-1 and at Sarete 24 m3min-1ha-1, both well within the recommended rates 

suggested above.  Thus, results obtained suggest that conditions in the culture ponds 

were most likely suitable for M. lar growth. The only problem identified was the soil 

composition (a sandy loam at Sarete), that resulted in excessive water seepage loss at 

the initial stages of the trial. The pond stabilized over time however, and allowed the 

study to proceed. 

  

Variation in prawn weight for each monthly sample was relatively small and was 

similar in the 2 systems. Standard errors ranged between 0.2 to 1.1g in the integrated 

system at Vasei to 0.4 to 1.7g in the monoculture system at Sarete. For crustaceans 

that have a rigid exoskeleton, growth is essentially a discontinuous process achieved 

via a succession of molts separated by intermolt periods. Almost all growth occurs 

incrementally, immediately after a molt and before hardening of the new tegument. 

After this growth spurt, only limited growth occurs due to flexibility of the 

membranes that join the plates forming the rigid exoskeleton (Hartnoll 1982) but at a 

much slower rate (Sampaio & Valenti 1996).  
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Though of similar size and weight at stocking, a few males attained a weight of over 

50g (about 3 times more than the mean of others, 15g) in the monoculture system at 

Sarete. A similar trend was observed for growth in females that varied over a range 

of approximately three times. The average weight of males (± SE) at harvest (25.7 ± 

0.6g) was 2.7 times that of females (9.5 ± 0.2g). In the integrated systems, a similar 

trend was found, whereby mean weight of males (± SE) at harvest 19.1 ± 0.8g was 

2.8 times greater than females (6.8 ± 0.6g). The distinct variation in growth of male 

and female prawns recorded in the present study has also been reported for M. 

rosenbergii (Menasveta & Piyatiratitivokul 1982; Wohlfarth et al. 1985; Karplus et 

al. 1986a, b; 1987) and in M. malcolmsonii (Kanaujia et al. 1997). Reasons why 

mean and variations in weights of males were much higher compared with females 

probably results from territorial and/or aggressive behaviour by males in this species. 

This is comparable with M. rosenbergi, where differences in growth rate of adult 

prawns in same-age populations are associated with three kinds of morphologically 

distinguishable males that are termed ‘blue claw’ male (BC), ‘orange claw’ male 

(OC) and ‘small males’ (SM). The relative frequencies of the 3 morphs in a 

population can affect overall culture pond productivity outcomes, significantly. The 

three male morphotypes represent developmental stages in the species’ ontogenetic 

process (Kuris et al. 1987). Orange claw males have higher growth rates than the 

other 2 morphs and changes in their ratio can affect mean growth rate of a pond 

population. 

 

Based on results above, M. lar exhibits a bimodal growth pattern, in which males 

exhibit superior growth to females. A pattern of this type constitutes a possible 

disadvantage in the growth management of a sexually dimorphic crustacean species. 

Management of sexually dimorphic growth could be improved by providing the 

means for stocking single sex PL’s or juvenile cohorts. To date, a variety of methods 

have been used to increase yields for M. rosenbergii, including improving 

environmental and nutritional conditions and manipulation of the population 

structure by selective stocking and harvesting (Ra’anan & Sagi 1985; Sagi et al. 

1986; Hulata et al. 1988), and use of nursery systems (Sandifer & Smith 1975; 

Ra’anan & Cohen 1983). The present study presents, for the first time in M. lar, a 
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simple grow-out protocol to produce marketable-size prawns, that could also be 

applied to monosex culture. 

 

Based on growth, survival and production data of prawns in each pond, the 

proportion of males to females at Vasei ( 1.7:1) and at Sarete (0.7:1), show that 

significant variation (p<0.05) was found in growth rate among males and females in 

the different systems except for the small individuals in Vasei and Sarete. A higher 

proportion of females are also common in mono- and polyculture of M. rosenbergii 

(Sandifer & Smith 1975, Willis & Berrigan 1977; Smith et al. 1978, 1980, 1981, 

1982; Sandifer et al. 1982; Karplus et al.1986a & b; 1987; Hulata et al. 1990). The 

mechanisms responsible for the prevalence of females in freshwater prawn 

populations has been described by Smith et al. (1978); Karplus et al. (1986 a, b) and 

Siddiqui et al. 1997 in studies carried out under different culture conditions on M. 

rosenbergii. The higher proportions of females recorded in monoculture systems at 

Sarete may be similar to the selective male mortality reported in M. rosenbergii by 

Segal & Roe (1975).  

 

Table 5.5 shows that there were significant differences in the percentage survival of 

prawns in the integrated system at Vasei (55.1%) and monoculture systems at Tavai 

(72.7%). A problem in the screening of outgoing water arose after one month of 

culture in pond 1 at Sarete leading to flooding that permitted entry of wild prawns 

into pond 2. In addition, a problem in screening incoming water arose towards the 

middle of the trial in pond 2 and permitted entry of juveniles from the wild into the 

pond. It was difficult to remove extra juveniles during the trial and thus an artificially 

high level of survival (346.5%) occurred in the monoculture system at Sarete.   

 

Growth is often considered to be inversely related to survival, so higher survival 

could have impacted negatively on growth rate in this trial, however, no significant 

differences for males was evident between the 2 systems in Futuna. Differential 

growth of M. rosenbergii has often been attributed to territorial behaviour (e.g., 

Menasveta & Piyatiratitivokul 1982; Karplus et al. 1986a; Daniels et al. 1995), 

competition for food and loss of exuvia (e.g., Segal & Roe 1975; Tidwell et al. 1994; 

1995; 1997a, b), social hierarchy and/or early sexual maturation (e.g., Cohen et al. 
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1981; Cohen et al. 1983a, b; Cohen & Ra’anan 1983; Ra’anan et al.1991). Similar 

reasons may perhaps apply to M. lar here, where females may have matured at a 

much smaller size and then spent much of their energy in gonadal maturation and 

frequent breeding. Production as well as survival in monoculture systems (Sarete- 5 

prawns m-2 and Tavai-13 prawn m-2) was higher. Based on the results obtained in this 

study, a low stocking density of 50,000 juvenile ha-1 is therefore recommended. 

 

Investigations of monoculture and integrated culture of other Macrobrachium species 

have been made under pond conditions by several workers. In monoculture, 

Rajyalakshmi et al. (1983) recorded an average production of 545kgha-1 year-1; 

Posadas et al. (2002) an average production of 1.049kgha-1 with a survival of 51%; 

Kanaujia et al. (1997) a production range of 440-565kgha-1 with a survival of 26-

58% , whereas Rao et al. (1986) obtained 534.2- 690.4kgha-1 with a survival of 44.2-

57.2% in 13 months and Rama Rao et al. (1992) recorded a production of 774 kg ha-1 

Year-1 with a survival of 64.77%.  In the present study, a production in the range of 

1269.5-1897 kg ha-1 in 138 days was achieved in monoculture systems when average 

temperature was 25.8-27.7ºC. This is higher than previous production levels 

achieved under monoculture and integrated systems in other Macrobrachium species. 

In integrated systems, a much lower production level has been reported compared 

with the findings here. In the present study, total production of 379.0 kg ha-1 

(364.8kgha-1 marketable size) was achieved in the integrated system in 125 days 

when average temperature was 24.26ºC. The cost of production under this 

management was estimated at US$5.00-7.00 kg-1. These results suggest that 

production rates of M. lar have the potential to be improved further via developing 

an increased understanding of optimum management practices for this species. 

Prospects for total pond production would be greatly enhanced by management 

procedures that employ separation of juveniles into weight classes prior to stocking 

as shown for M. rosenbergii by Ra’anan & Cohen (1983) and Karplus et al. (1986a, 

b.) at the start of summer months. A partial or selective harvest designed to remove 

the largest animals in a pond population after a specified period also may be 

advantageous if the growing season exceeds 4 months. This procedure will permit 

compensatory growth of smaller males that have been growth inhibited by social 

factors from larger males in the population.  
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Feed Conversion Ratio (FCR) was not obtained since feed was not applied regularly 

(shrimp feed supply was low and sometimes not available), however results obtained 

here appear to indicate that there is no critical need to provide special feed 

supplements to M. lar, e.g., shrimp starter feed. This species appears to be able to 

adjust to differences in diet quality and quantity by increasing consumption of 

benthic detrital fauna. This is consistent with studies by Stahl and Ahearn (1978); 

Stahl (1979); Tidwell et al. 1993a, 1995; 1997a, b;  and Coyle et al. (1993, 1996) 

that revealed juvenile prawns fed a variety of foods grew as fast or faster than prawns 

fed a nutritionally-complete pellet diet. Also, Posadas et al. (2002) found no 

significant effects of different protein levels on prawn production, however better 

survival, yield, and feed conversion  were observed among ponds with sinking 

catfish feed. Similar results were obtained by other investigors that reported no 

significant differences in pond yields from use of commercial catfish feed and 

experimental shrimp feed with varying protein levels.  In this study, the amount of 

feed supplied to the prawns was abundant and sufficient, however, there are strong 

indications that M. lar depends fundamentally on natural food being available in 

ponds. The material (especially grated coconut) intended as feed (when shrimp feed 

was low) may actually play a dual role, contributing to production of natural foods in 

the pond but also being consumed to some extent directly by the prawns. Grated 

coconut is a readily available by-product of ‘coconut milk’ production (used 

commonly for cooking) and contains 18-22% crude protein. This protein content of 

grated coconut agrees well or is close to the 25-30% dietary protein content 

recommended for prawns raised in mud bottom ponds (e.g., Moore 1986). 

Accordingly, increased competition for food may occur at higher densities, 

regardless of the amount of additional feed provided. The influence of limited food 

supplies on growth depends on reaching a critical biomass in the pond rather than 

simply gross prawn numbers per unit area. Thus while M. lar can apparently tolerate 

high densities of conspecifics, survival and growth may depend on adequate natural 

feed being available. 

 

It is clear that integrating freshwater prawn farming with taro crops has the potential 

to provide a significant opportunity for farmers to earn extra cash from sales of 

prawns and also provides a source of animal protein and food. Prawn farming with 
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taro can supplement the daily work required during certain phases of taro 

development allowing for maintenance of prawns without any special additional 

effort and time. Wetland taro farming requires ample amounts of fresh water to 

enhance taro growth. When planting the suckers, ponds are flooded to 5-7 cm depth 

and then increased to a 10-15 cm depth when roots and leaves are established. In 

addition, there is also a view that it is good farming practice to allow free flow of 

water through taro patches to reduce incidence of corm and root diseases caused by 

Pythium spp. Apart from limiting the impact of Pythium, this water management 

practice also minimizes encroachment by non-taro emergent vegetation (aquatic 

weeds), the growth of which, and whose removal, takes up the greatest amount of 

time in the work schedule for irrigated taro as observed in Futuna. 

 

 

The results of the study here showed that M. lar could have potential for simple 

aquaculture in PICTs, however, there is also a need to refine techniques and practices 

in terms of how best to identify and to collect juvenile prawns, locally available feed 

sources, pond management and various other innovations, including artificial 

substrates, shade system, screening of inlet water system to avoid entry of predators 

and emptying of the pond at harvest time. There is also a need to refine techniques in 

terms of site selection, i.e., optimal pond location based on disposition of land, water 

and other productive elements. Good site selection is a fundamental requirement for 

successful prawn production (Muir & Lombardi 2000). On average, prawn weight 

exceeded 20g after four months of culture. Compared with M. rosenbergii, this can 

be considered a good growth rate and can be attributed to the quality feed (shrimp 

feed) administered, supplemented by locally available feed such as grated coconut 

whenever high quality feed was not available. Regular feeding was not carried out 

due to difficulties associated with importation of feed from New Caledonia and so 

prawns were not fed with the recommended feed throughout the whole trial period. It 

was not possible therefore to compare directly the effects of growth and survival of 

prawns when prawns were administered with quality prawn feed versus local feeds. 

 

The apparent colonization of some ponds by wild individuals during the experiment 

indicates the ready availability of natural stock from local streams. Thus if farming 
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continues, stock can be accessed locally. In addition, a higher than expected survival 

rate also showed that it may be possible to increase stocking densities in ponds above 

that employed here. More recently, biologists and engineers (e.g. Allen & Johnson 

1976) have become interested in systems less dependent on open natural 

environments in order to better control conditions affecting animal growth and 

mortality in both research and commercial settings. Also recent studies (e.g., 

Danaher et al. 2007) have indicated that high density polyculture of tilapia and 

prawns (M. rosenbergii) increased pond profit over low density polyculture 

management practices and prawn monoculture by 165% and 561%, respectively. 

Thus, it may be possible to increase initial stocking density of M. lar in the ponds 

from 5m-2 to near 40m-2 provided good water exchange, feed, sufficient substrate and 

shelter are provided.  

  

The black plastic fences applied around the ponds to contain prawns in the ponds 

only lasted for the first month as they were easily damaged by wind, and appeared to 

do little to prevent prawns from escaping. Plastic fencing would not be feasible for 

large size ponds. Rather than fencing ponds, prawns may be encouraged to remain in 

ponds by using added coconut fronds/leaves placed in the pond bottom to act as 

substrate and for shade. It is without any doubt that addition of artificial substrate 

produced a positive response in the total production with an increase in available 

surface area. This is similar to increases reported in studies Sandifer and Smith 

(1975); Smith and Sandifer (1979); Cohen et al. (1983b); Ra’anan et al. 1984; 

Tidwell et al. (1998, 1999, 2000). If sufficient feed is provided, it is unlikely that 

prawns will escape from the culture environment. 

 

In some PICTs, where land dispute issues are always an issue, acquisition of 

juveniles from local streams can be problematic particularly when there is a dispute 

over land boundary adjustments to a river system. In addition, it is also at the chief’s 

or landowner’s discretion whether or not permission is granted to access a stream or 

water body. Therefore, hatchery produced juveniles may be a better long term 

alternative to wild juvenile capture to assist development of a simple culture industry 

in the Pacific. Without this development cultural issues could negatively impact on 

the potential to develop this industry, at least, in Vanuatu. 
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Cultured prawns produced in this study were sold to local shopkeepers demonstrating 

a demand for this product. M. lar has a special niche market which could easily be 

tapped by small scale subsistence farmers and allow them to diversify their 

agricultural production.  

 

Thus it would seem that, M. lar has significant potential for development in culture 

in the Pacific and has created a positive impact on small scale subsistence rural 

farming communities in Vanuatu and Futuna provided the technology used is simple, 

low cost and affordable to allow most locals access to the system. The use of local 

knowledge particularly with regards to feed and pond design should be incorporated 

into future culture systems especially in remote areas where access to transport and 

facilities are often difficult, e.g. supplementing high quality prawn feed with kitchen 

wastes, using coconut leaves instead of black plastic along pond edge as cover etc. 

 

Importation of commercial feeds to PICTS would present problems due to quarantine 

and customs department requirements, not to mention the large costs involved. For 

the long term, the DoF and other line agencies in PICTs should consider trialling 

locally available alternative feeds such as tilapia aqua feeds and marine shrimp feeds 

from local companies after a cost-benefit analysis.  

 

A 15m x 10m pond size is recommended instead of 10m x 5m for small scale 

subsistence farmer, and stocking density could possibly be increased to 7 or 10 

prawns per square meter; without significant declines in growth rate or survival. 

Baseline information on growth and survival of M. lar are now available for 

utilization in further trials to evaluate M. lar as a potential new culture species for the 

region. 

 

M. lar clearly have a role to play in successful commercial monoculture and 

integrated aquaculture in PICTs, similar to what is being already being practiced with 

other indigenous species in some countries (notably Vietnam, India, Brazil, and 

China) and has been the subject of experimentation in many others. The trials 

described here constituted an exploratory experiment, intended to be simple in 

technical design and operation. Overall the results obtained were encouraging, but, 
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more effort needs to be put towards optimizing M. lar culture methods to increase 

overall profitability, determine optimal stocking densities based on feeding rates and 

to better understand territorial and aggressive behaviour inherent to the species.  
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6.0 General discussion  
 

6.1 Implications of study findings 

The central thesis of the current study was to determine the potential, feasibility and 

requirements for developing simple aquaculture approaches for the native freshwater 

prawn M. lar in the western Pacific. This developed from wide recognition in the 

region that aquaculture has potential to solve many local problems. At the most basic 

level, there are relatively few opportunities to develop new industries in the Pacific 

because human resources are limited, distances are great, economic conditions are 

generally unfavourable and scale of industries must, by necessity, be quite small. 

When these issues are combined with growing levels of poverty, declining natural 

resources, the effects of climate change and social instability, it is important that new 

opportunities are developed for local people to allow them to continue to live in their 

local communities.  

 

While developing aquaculture industries for the Pacific can potentially help to 

address some of these problems, it must be done in a way that is; culturally sensitive, 

does not require huge changes to local life styles, and that allows average people to 

benefit from the development. While there are few indigenous aquatic species in the 

region that have potential for this development, M. lar is one species that has been 

identified as a potential candidate for culture. The objective here was to attempt to 

address a number of important issues recognised by government and external 

advisors affecting the development of M. lar as a simple culture organism for 

regional farmers. Specific issues that were examined were: 

 

1. At what scale (if any) do wild M. lar show genetic structure and hence should 

be managed for wild stock enhancement and future aquaculture development? 

 

2. What are the basic environmental parameters required for completing the 

larval stages from egg to PL in the hatchery?  

 

3. Can reasonable growth rates be achieved in simple culture systems? 
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6.2 Scale of an industry 

While more remains to be understood about the extent of natural population 

differentiation in wild M. lar stocks, the results of this study suggest that gene flow at 

least across much of the natural distribution in the western Pacific is extensive. Since 

M. lar adults are essentially confined to freshwater, gene flow is most probably 

mediated by passive dispersal of pelagic larvae via the marine environment. 

Examination of early larval development in the current study and larval duration add 

support to this interpretation i.e., early larval stages show tolerance to full marine 

conditions at an early stage and development of larvae through larval molts requires 

at least 50 days for newly hatched larvae to reach zoeal stage seven. This implies that 

larvae are naturally adapted to long periods of exposure to marine conditions, a trait 

that would allow potential for wide geographical dispersal in ocean currents. These 

findings are consistent with the only previous study of this species by Atkinson 

(1977).  

 

Macrobrachium lar has a very long larval duration to metamorphosis compared with 

most other Macrobrachium species and newly hatched larvae can also tolerate 

seawater conditions very early during their life cycle. At early life cycle stages, 

larvae are fragile and require aeration to remain in the water column in the hatchery. 

This suggests that dispersal in the wild is most probably passive in currents both in 

freshwater streams and in the sea. These data have implications for both long term 

persistence of wild stocks and for how a sustainable culture industry could be 

developed. For wild populations in the western Pacific region, it is clear that, where 

local extinctions do occur or if over-harvesting causes population declines on 

individual islands, populations have a high probability of being recolonised naturally 

from external sources or can self-recruit from adjacent streams or even distant 

islands (except for Cook Islands). Thus any potential for regional population 

structure due to isolation is limited by extensive ongoing gene flow and populations 

are likely to be replenished naturally by recruitment from adjacent islands over 

extended periods of time. Local gene frequencies at individual sites, particularly 

among islands, may fluctuate over time however; as probability of colonization by a 

large juvenile cohort is likely to be low and stochastic colonization events will tend 

to skew gene frequencies due to local genetic drift effects. Changes in gene 
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frequencies at a regional scale in the western Pacific are unlikely however, to lead to 

the evolution of significant genetic differentiation over time, simply because the 

stochasticity of larval colonization will average out relative genotype frequencies at 

any single site over time. Genetic diversity is also likely to be greater in western 

Pacific populations as they will tend to accumulate mutations that have drifted 

‘downstream’ as components of westerly larval drift in major ocean currents and 

winds. 

 

In terms of any future development of a regional M. lar culture industry, the genetic 

data indicate that wild populations in the ‘western’ and ‘eastern’ Pacific regions 

(Cook islands) should be considered to be discrete stocks with strong indications that 

they have been diverging for significant evolutionary time. Within the two regions 

there would appear to be no requirement for development of independent hatcheries 

within individual PICTS and a single hatchery would suffice for a new culture 

industry for the western Pacific region with a second hatchery in the Cook Islands. 

Mass production of post larvae for within-region supply could be established at these 

dispensing hatcheries provided genetic diversity of stocks was monitored and 

conserved over the long term. Broodstock for such hatcheries could also be 

developed with very high levels of genetic diversity if strategic sampling of 

compatible wild stocks was practiced. This would allow a healthy genetic foundation 

for any future stock improvement program. Thus, from a genetic perspective, the 

basis for developing a sustainable culture industry for M. lar in the future is now 

clear but any movement in this direction will require hatchery protocols for 

completing the life cycles in captivity to be defined. 

 

Freshwater species generally show much higher levels of natural population 

differentiation than do equivalent marine species, because of the natural landscapes 

they occupy. In the case of M. lar, while as an adult it is an obligate freshwater 

species, unlike most freshwater species it also possesses a long pelagic marine larval 

phase that potentially allows larvae to disperse widely with the movement of ocean 

currents and trade winds. This allows the species to overcome barriers imposed on 

‘true’ freshwater species that may prevent interbreeding among disjunct populations. 

An extended larval phase in the marine environment if it results in effective 
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dispersal, is likely to produce population structuring, at best, only over very large 

spatial scales e.g., as seen here between eastern and western Pacific ‘stocks’. 

 

Early studies of M. lar provide additional support that larvae are capable of wide 

natural marine dispersal. For example, 94 specimens of M. lar were released into a 

freshwater stream on Molokai in 1956, and 27 specimens into an Oahu stream in 

1957 in the Hawaiian island chain (Maciolek 1972; Hanson & Goodwin 1977). 

Subsequently, in the absence of further introductions, larvae have dispersed naturally 

and colonized every island in the chain that has suitable freshwater habitat. 

According to Hanson and Goodwin (1977) M. lar was confirmed on all major 

Hawaiian islands by 1969 and this would only be possible for an animal able to live 

in full seawater. Natural dispersal in Hawaii has been so successful that this exotic 

species is now considered to be a pest and local scientists are concerned that it is, or 

has, displaced some indigenous palaemonid species in some places (Kubota 

unpublished). Ocean currents are thought to have allowed M. lar larval dispersal in 

Hawaii and thus has facilitated gene flow among the islands in the Hawaiian group 

and the Pacific more broadly. The prevailing major current direction in the South 

Pacific is essentially from east to west (Southern Equatorial Current). Major currents 

flow through south Pacific Island chains towards the Australian east coast and then 

split to the north and south along the central Queensland coast. Larvae drifting in 

easterly or north-easterly current streams presumably will be carried toward 

Australia past Pacific island chains. Although the probability of individual larvae 

actually reaching a distant island is likely to be remote, monophyly of the island 

haplotypes suggest that sufficient larvae do colonize distant freshwater habitats to 

homogenize haplotype diversity at least in the western Pacific.  

 

Overall, the data shows that effective dispersal in M. lar occurs over very large 

geographical scales and populations are linked from the central Pacific to the western 

rim of the Pacific Ocean and beyond with the exception of the Cook Islands 

populations. The unique status of the Cook Islands M. lar populations is interesting 

but the explanation remains unclear. Divergence of stocks there could be due to the 

Cook Islands’ remote geographical position (most easterly of all sites examined) and 

the great distances between the Cook Islands and other westerly PICTs (minimum 
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distance of approximately 1,000 km). This great distance could be perhaps beyond 

natural larval drift potential and thus successful colonization of more westerly islands 

is limited by distance. In theory, M. lar larvae should have moved or dispersed via 

currents from east to west, allowing passive colonization of more westerly PICTs. In 

the past however, when sea levels were significantly lower during the Pleistocene (up 

to 150 to 200m lower than currently), dispersal may have been possible as distances 

between land masses were reduced and land masses were probably larger and more 

frequent within the Pacific Ocean than they are today. It remains to be seen if M. lar 

populations in more easterly Pacific sites including French Polynesia are related to 

Cook islands stocks or constitute additional ‘evolutionary significant’ units. 

 

6.3 Closing the life cycle of M. lar in culture 

Results here show that M. lar larvae can survive seawater equivalent salinities in the 

range of 32-34‰ for at least 50 days. Although salinities as low as 0 were used for 

hatching, it seems obvious that M. lar larvae are very tolerant of very different 

salinity requirements to most other Macrobrachium spp. including M. rosenbergii in 

terms of larval development times and sensitivity to raised salinity. The current study 

on M. lar larval development indicated clearly that the most suitable salinity 

conditions were to expose newly hatched zoea (zoea1) to a gradual salinity increase 

in culture media to 34‰ and thereafter  to maintain larvae between 32-34‰ for 

normal development and growth  until the sixth to seventh larval stage, after which 

salinity may be lowered. The salinity requirements after sixth and seventh stage were 

not established, but may be in the range of 20-30‰ up to PL stage. This is because in 

nature, juveniles are always seen migrating upstream, indicating that PLs remain in 

highly brackishwater for a long while before migrating into freshwaters upstream. 

 

Optimum salinity increments in the range of 1-5‰ (per hour) over an 18-36 hour 

period are required to acclimate newly hatched larvae to full strength sea water for 

normal development i.e., larvae require full strength sea water to complete in part, or 

fully, their larval development and will die if maintained in fresh water for extended 

time periods.  Exposure to freshwater does not permit normal development of larvae 

beyond larval stage 2.  In nature, a substantial proportion of early stage larvae that 

originate in the upper reaches of rivers are probably carried downstream rapidly 
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enough by stream currents to reach brackish water and then by action of tides and 

waves, enter full strength seawater within the time required to allow normal 

development. The requirement for full strength sea water to complete larval 

development of M. lar parallels observations made by Choudhury (1971b) for M. 

acanthurus whereby larvae can survive in fresh water for only about 5 or 6 days after 

hatching. The likelihood of  M. lar larvae reaching appropriate saline waters to 

complete their development would almost certainly be improved if berried females 

moved downstream to release larvae in the lower reaches of streams or estuaries. 

Field observations indicate however, that females do not normally move actively 

downstream (as opposed to M. rosenbergii)  and that berried females are commonly 

found in streams, small water pools and in the upper reaches of rivers that are 

completely freshwater and a long distance from estuaries. In the absence of suitable 

access or dispersal pathway restrictions, newly hatched larvae appear to need to 

reach appropriate saline conditions (for example river mouths) within 1-2 days post 

hatching. 

 

Results also indicate that hatching success of M. lar larvae in freshwater and relative 

survival after exposure to increasing salinities vary: at low salinity increments (1- 

5‰) larvae are viable for a longer period but as they are exposed to higher salinity 

increments (10-20‰), relative mortality rates increase. Based on these results, the 

ability of larvae to withstand a gradual increase in salinity will facilitate population 

establishment of this species in estuaries, while larvae exposed to very rapid salinity 

changes are likely to die. The inability of M. lar larvae to apparently cope with rapid 

changes in salinity may consequently, prevent this species from entering marine 

environments immediately post-hatching.  

 
 

Results from this study also showed that a major hurdle in completing larval 

development in vitro is to progress larvae past zoeal 4 stage. One reason for this may 

be the condition of females used for breeding. Nutritional status of individuals is 

crucial and encompasses both the availability of feed in suitable amounts and also 

feed quality, i.e., food possessing all the essential nutrients including protein, lipids, 

energy, vitamins, and minerals. It was not possible to monitor the quality of feed that 



 

145 
  

was fed to breeders or water quality due to lack of facilities, however, larval rearing 

was based on M. rosenbergii larval culture techniques and thus some  applications 

may not have been optimum for M. lar. This issue will require more attention if 

hatchery procedures are to be optimized in the future. 

 

6.4 Simple farm production of M. lar in the Pacific 

Results of on-farm grow-out trials of wild juveniles in Futuna and Vanuatu show that 

culture of M. lar in simple pond and integrated systems is possible and compares 

favourably with established technologies for M. rosenbergii culture. There is 

potential for M. lar to be cultured in the many  hectares of wetland taro farms and 

other ponds that exist in PICTs, providing an opportunity for farmers to increase 

production and profit from available land with little extra investment. On average, 

prawn weight exceeded 30g after four months of culture and projections based on 

minimum production rates, indicate that 2880 kg/ha/year and 1050kg/ha/year could 

be achieved in Vanuatu and Futuna, respectively. Comparatively, this is a good 

growth rate and can be attributed to the feed (shrimp feed) provided at the start of the 

trials combined with other feeds whenever shrimp feed was not available. Thus M. 

lar juveniles can be grown successfully in simple culture systems and can produce 

positive economic outcomes. 

 

Development of M. lar farming in PICTs can parallel that of M. rosenbergii  

juveniles collected from the wild and grown to market size in simple culture systems 

in S.E. Asian countries. Since wild prawns occur naturally in taro beds, farmed 

prawns derive most of their dietary needs from the organic micro-fauna already 

present there. In addition, farming prawns in taro fields makes better use of land and 

water as it can in theory, produce greater overall yields, than is available simply from 

taro monoculture. Existing farms in Futuna show that within the taro-prawn 

ecosystem, plants and animals compliment and interact with each other, making taro 

fields very productive in terms of both quantity and variety of natural food organisms 

for prawns. Nutrients can also be recycled efficiently by culturing prawns. Taro 

plants provide shelter for prawns and also increase their feeding surface area. This 

basic system can be modified to fit more productive and commercially oriented 

systems whereby fallow ponds could be used for mono-culture prawn farming with 
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feed inputs to supplement dietary needs. Adopting semi-intensive farming systems is 

likely to be relatively easy to establish and this will enable production to grow in 

response to market demand.  

 

Natural colonization of some ponds used in the trials in Vanuatu after initial 

stocking, confounded attempts to assess growth rate rigorously but the fact that 

survival rate exceeded 350% due to additional colonization by wild juveniles 

suggests that it may be possible to increase stocking densities in ponds significantly 

above that employed here. For example, perhaps from 5 prawns m-2 to near 40 

prawns m-2, a density not possible in M. rosenbergii culture. Either M. lar are more 

tolerant naturally of high densities or they are less aggressive and/or food 

requirements in ponds were adequate to sustain higher densities than for M. 

rosenbergii. Either way these data are interesting and should be followed up to 

determine optimum densities that can be reached without impacting relative growth 

and survival rates. 

 

Outcomes of the grow-out trials here clearly indicate that a low-input approach to M. 

lar culture can be successful and may also be an acceptable model for sustainable 

aquaculture in the Pacific because it exemplifies judicious use of resources with 

minimal environmental impacts while providing sound economic benefits to small 

communities. The simple farming systems trialled here have recently been 

implemented in Vanuatu and Futuna, and this has created a small enterprise for some 

farmers. Many aquaculture systems have been trialled in PICTs but few have been 

successful over the long term. While the reasons are diverse and often complex, 

perhaps establishing simple, culturally-sensitive approaches that compliment 

regional life-styles well may be a better long term option and allow local people to 

become familiar with aquaculture before more high technology approaches are 

considered.  

 

Based on the results of this study, culture of M. lar can be semi-intensive using 

waters from streams in both monoculture and integrated systems. The integrated 

system that has been adopted predominantly in Futuna produces a reasonable 

quantity of prawn biomass with relatively low environmental effects. Although 
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biomass is small compared with production of marine shrimps in the region, M. lar 

farming could potentially be an economic success story for countries like Vanuatu 

and Wallis and Futuna. With production starting at only a few kilograms a few years 

ago, it has grown at a steady pace. For example in Santo, Vanuatu, with a small local 

population and low labour costs, islanders have organized themselves to produce 

prawns for the local market. There are now several farms producing prawns in 

earthen ponds using the production techniques developed in the current study: crops 

of 5-6 prawns m-2 in 40-100 m2 ponds and crops of 20-50 prawns m-2 in 5-30 m2 

ponds have been achieved. Farms are small, ranging from 1 or 2 ponds or in some 

cases a series of 4-6 ponds with mean yield approximately 2,000 kg of prawns ha-

1year-1 (pers. com. Glen Alo & Sompert Gereva). 

 

Prawn culture ponds are built on farms integrated with taro or other crops and this 

development has integrated well into the economic and social structures of rural 

people in many places, for example in inland Vanuatu. The technology suits and 

blends well with the way of life and skills of local people. Planting taro in Futuna 

and in rural villages in Santo, Vanuatu has the highest resident participation rate of 

all the islands in this region. The gross economic value (while not possible to 

calculate) of the integrated taro/prawn farming and fishery exceeds thousands of 

dollars in direct expenditure and consumer benefit. In addition to a vibrant integrated 

farming system, limited commercial activities occur. It has also been recognized that 

Futuna and Santo have among the best integrated farming system in the Pacific. Most 

stakeholders agree that development of integrated taro/prawn farming systems also 

assists in conservation of taro varieties and this is a major benefit to indigenous rural 

populations (pers.comm.Gereva 2006). Farming taro is part of the cultural fabric 

there and, much more than in other PICTs, tends to be a family activity.  Moreover, 

development of prawn farms in the area has allowed smaller family type projects to 

evolve providing employment to locals and has also contributed significantly to 

stabilizing local populations i.e., allowing people to remain in villages and to 

produce income locally. The industry has potential for growth in the coming years in 

terms of pond surface area, production and employment in rural areas of Santo in 

Vanuatu. Against this backdrop, the reality is that inland wild fish and prawn 

populations have declined to a generally poor condition throughout much of the 
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islands. Historical introductions of Mozambique tilapia (Oreochromis mossambicus) 

as well as more recent introductions (e.g. in Santo) have impacted the natural prawn 

fishery (pers.com. Glen Alo).  

 

Macrobrachium lar culture therefore has potential for development and the initiation 

of a few small scale operations has had a positive impact on small scale subsistence 

rural farming communities in several PICTs. This is because the technology required 

is simple, low cost and affordable and so provides access to the system to most local 

people. The use of local knowledge particularly in regard to feed and pond design 

should be incorporated into future culture systems especially in remote areas where 

access to transport and facilities are sometimes difficult, e.g. high quality prawn feed 

can be supplemented with kitchen wastes, and/or using coconut leaves instead of 

black plastic along pond edges as barrier to stop prawn escaping or as shelter etc. 

 

There are many reasons to promote development of freshwater prawns on small crop 

farms in PICTs, but an important one is that it should help to reduce use of 

destructive fishing methods including the use of poisons and reduce their deleterious 

effects on local freshwater environments. The main effect of destructive fishing 

methods include total mortality of wild prawns;  water pollution flowing to the sea 

coupled with total loss of all other aquatic organisms in the area and along the stream 

to the sea. Physical disturbance and the presence of chemicals (heavy metals in the 

water) rendering them biologically available, are other effects that concern local 

authorities. If prawns were available at reasonable cost from culture, local people 

would be less inclined to continue use unsustainable wild harvests techniques as has 

been the case in recent times, particularly in selected areas in Fiji (e.g., Ba District of 

Viti Levu). 

 

6.5 Some issues and problems to be addressed in the future 

Issues that will need attention for any future M. lar culture industry in the Pacific 

include; the seasonal variation in yield and unpredictable catches of juveniles from 

the wild. This is because juvenile prawn production in streams and creeks relies on 

natural recruitment from wild broodstock. Non-favourable weather patterns often 

affect growth and thus, yield and catch size. Recorded low yields are common during 
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drought months and also in extremely wet months (pers. com. Sompert Gereva & 

Glen Alo). If prawn culture is to be introduced successfully, some degree of certainty 

over juvenile supply will need to be developed to maintain farmer participation. The 

following section summarises the issues that should be considered in future work. 

 

1. A major issue that remains to be resolved is to understand the processes that 

have  led to divergent M. lar populations in the Cook Islands given that 

distances to neighbouring PICTs are not significantly greater than those that 

separate some other Pacific island chains, for example Fiji from Vanuatu. As 

mtDNA variation largely reflects historical gene flow, divergence may have 

developed historically and some degree of genetic exchange may have been 

re-established since. A study of variation in hypervariable DNA markers that 

are biparentally inherited would help to resolve this question. 

 

2. As there are no obvious physical barriers to larval drift such as large land 

masses separating the Cook Islands from the other PICTs, the most likely 

barrier to ongoing gene flow are the major current paths in which larvae drift 

during their dispersal phase. Major currents in the central, southern Pacific 

Ocean flow from east to west and during most of the year, prevailing winds 

(Trade Winds) are from the southeast. Thus larval drift is most-likely to occur 

in an easterly direction linking island populations. A very long-lived pelagic 

larval phase would enhance current effects and potentially lead to ‘down-

current’ higher levels of genetic diversity as alleles that evolve in different 

places are moved by currents and winds in a generally westerly direction. 

Unfortunately, appropriate sample sizes and adequate replication with nuclear 

genetic markers were not available here to test this prediction. 

 

3. Even though M. lar is widely distributed in many PICTs; the high value of, 

and demand for, this species has resulted in some local populations being 

harvested extensively from the wild and in some regions non-sustainable 

capture methods are employed. In addition, construction of dams, dikes, 

roads, culverts, water diversion projects and especially tide gates have 

affected them negatively, not only by preventing their natural migration but 
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also by reducing the quality and connectivity of their habitats. These practices 

have depleted local populations significantly in some locations and therefore 

may have significant implications for biodiversity of stream communities and 

for the long term viability of the M. lar fishery. In addition, in recent times, 

there has been increased pressure in some PICTs to develop stock 

enhancement and or aquaculture practices for M. lar before wild stocks 

decline to critical levels. In culture ponds however, high variation has been 

observed in individual body weight, growth rate, survival and differences in 

other economically important traits that justify a need for establishing a good 

genetic foundation for any future breeding programs/hatchery production of 

this species. This will provide the basis for improving culture attributes as has 

been achieved successfully for other cultured species including rainbow trout, 

coho and Atlantic salmon, Channel catfish, Nile tilapia, common carp, the 

shrimp Litopenaeus vannamei etc.  

 

4. Some M. rosenbergii hatcheries reproduce broodstock under culture 

conditions but most come from very small hatchery populations without 

consideration of genetic issues that can lead to deterioration in the genetic 

quality of stocks over time. Before any serious attempt is made to develop 

improved culture stocks and systems for M. lar, it would be beneficial to 

develop genetically diverse and outbred broodstock/culture lines. Genetic 

analyses of M. lar population structure  here show clearly that wild 

populations are broadly connected by gene flow over relatively large spatial 

scales (across the western Pacific). Wild populations were essentially 

homogeneous across Fiji, Samoa, American Samoa, Vanuatu, Futuna and 

parts of PNG. Based on this finding, future approaches for managing and 

conserving M. lar stocks in the region and for aquaculture could establish a 

base culture population sourced widely from locations across the western 

Pacific region.  This outbred parental stock could then form the basis of 

future stock improvement programs and for stock enhancement once the life 

cycle has been closed in captivity. High genetic variability would ensure that 

long term productivity is not compromised rapidly by poor management in 
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culture leading to high levels of inbreeding and hence, increasing 

homozygosity. 

 

5. Crustacean culture operations require determination of optimum 

temperatures, salinities and foods for effective closure of the life cycle. In the 

current study, attainment of less than 1% of larvae reaching zoea 7 most 

likely resulted from a failure to identify the optimum salinity gradient 

exposure regime for the species. It seems obvious that salinity is the key to 

consistent results in closing the life cycle and this will require further 

experimentation. 

 

6. Since M. lar are distributed over a very wide area in the Indo-Pacific region 

and different developmental rates have been reported for larvae from 

broodstock from different geographical origins (Sarver et al. 1979), it would 

be interesting to clarify whether larval development rates vary 

geographically, and if this variation is encoded genetically. If so, specific 

populations may be more amenable to closing of the life cycle and for 

hatchery production. 

 

7. Another source of variability in the results of larval development trials here 

may be due to the condition of broodstock. Broodstock were collected from 

Waisere creek and were transported to the laboratory and gravid females 

spawned according to stage of egg development based on the colour of eggs 

(see section 4.2.1). Some gravid females were introduced to hatching tanks 

soon after arrival at the laboratory while others were conditioned for a day or 

more and used when the colour of eggs turned light grey. In general practice, 

broodstock must be held for extended periods of time indoors (Daniels et al. 

2000) or outdoors (in tanks or ponds) and provided with proper nutrition. 

Under these circumstances, broodstock health and subsequent egg and larval 

quality are highly dependent upon good nutrition. Since the broodstock were 

collected from the wild, all their nutrition came from food that was available 

in the creeks and may not have been the proper nutrition for optimal egg 

production (i.e., high quality yolk deposition) and high quality sperm 
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production. The broodstock diets must be properly balanced for good 

reproductive performance, for example, as demonstrated by Das et al. (1996) 

and Cavalli et al. (1999). Also supplementation of vitamins C and E in 

broodstock diets ensures proper reproduction and offspring viability (Cavalii 

et al. 2003). This clearly suggests the possibility of enhancing not only 

fecundity, but also larval quality, via improvement of broodstock diets and 

thus more research is needed to establish actual dietary requirements for M. 

lar broodstock. 

 

8. Locally available feed, mainly grated coconut and stale bread and stock feed 

were used as an alternative culture feed for M. lar here. Unfortunately, it was 

not possible to compare the relative growth and survival performance of 

prawn cohorts fed high quality prawn feed versus local feeds, to quantify the 

impact that low-cost feeds have on production efficiency. This work will 

contribute greatly to developing the species for culture in PICTs as high 

quality feeds are expensive and often constitute 40 to 60% of the production 

costs (D’Abramo & Sheen 1991), are not often available locally and may also 

present problems due to quarantine and custom department requirements. In 

addition, Corbin et al. (1983) suggested the major portion of macronutrients  

(i.e., protein) for cultivated freshwater prawns need to be provided in 

prepared diets but that required levels of micronutrients (i.e., vitamins and 

minerals) could be obtained from natural productivity. Tidwell et al. (1993a, 

b) demonstrated that fish meal in freshwater prawn diets could be replaced 

with less expensive plant proteins with no adverse effects on prawn growth. 

A better understanding of the role of natural productivity in M. lar nutrition 

could lead to management strategies that selectively enhance desirable food 

organisms and lower feed costs by utilizing low-cost agricultural by-products 

as feed. And since Macrobrachium prawns are benthic omnivores (Ling & 

Merican 1961; Ling 1969a; Wellborn 1985; MacLean et al. 1989; MacLean 

et al. 1994), and can adjust to differences in diet quality by increasing their 

consumption of benthic fauna (Hill et al. 1997), identifying a low cost, local 

alternative feed and evaluating and maximizing the relative contributions of 

natural foods would enhance industry development.  
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9. There is also a need to develop culture techniques and practices in terms of 

collecting juveniles and holding them in nursery ponds for a few weeks as 

this helps provide greater accuracy when stocking juveniles into grow-out 

ponds (Alston & Sampaio 2000). In addition, more attention should be 

directed toward maximizing final harvest weight and minimizing the degree 

of variation in individual sizes. There is also a need to control or effectively 

minimize the contribution of economically undesirable morphotypes by 

sorting juveniles just prior to stocking. This procedure would be designed to 

select individuals that were within a certain percentage of the upper end of 

the weight frequency distribution to capitalize on an already established 

social structure and lead to a greater mean harvest weight with significant 

reduction in the degree of variation as has been suggested for M. rosenbergii 

(e.g., Daniels & D’ Abramo 1994; Tidwell et al. 2004). This would improve 

extension to a growing industry and if successful, the economic implications 

of such a management procedure could be evaluated and allow demonstration 

farms to be developed where farmers could be also be trained. 

 

10. In Vanuatu, where land dispute issues are always a significant concern, 

acquisition of juveniles from local streams can be a problem particularly 

when there is a dispute over land boundaries adjacent to river systems. In 

addition, it is also at the chief’s or landowner’s discretion whether or not 

permission is granted to access a stream or water body. Therefore, in Vanuatu 

hatchery produced juveniles will be a better long term alternative to wild 

juvenile capture to assist development of a simple culture industry. Without 

this development cultural issues could negatively impact on the potential to 

develop this industry, at least, in Vanuatu. 

 

11. There is also concern about poorly regulated aquaculture development in 

PICTs, specifically the threats posed by introduction of exotic species and 

their attendant diseases and parasites.  Concern has also been raised about the 

environmental, social and economic impacts of large scale aquaculture 

operations on the unique fauna and habitats of freshwater resources of PICTs. 
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Freshwater resources are recognized as a unique and development should be 

carefully considered and planned, especially considering the abuses that 

freshwater resources have suffered over the last several decades. 

 

12. Effects of introductions of exotic aquatic pests are growing in the Pacific so 

while aquaculture development is promoted, where possible the focus should 

be on indigenous species. The only indigenous freshwater species in the 

Pacific that is exploited from the wild at present on a reasonable scale, is M. 

lar. This species is popular in Fiji, PNG, Vanuatu, Solomon Islands, Samoa, 

Cook islands, and available supplies are scarcely sufficient to meet demand. 

The current study on the grow out aspects was supported by SPC in 

collaboration with DoF of Vanuatu and, Wallis and Futuna if for no other 

reason, than it focused on an indigenous species for culture and so may assist 

efforts to reduce the number of exotic species being considered for 

introduction to the Pacific for culture. If viable culture systems can be 

initiated and developed for native species, the pressure for new exotic 

introductions may decline thus limiting potential for new exotic pests.  

 

13. A major problem that faces most island nations in the Pacific is that there are 

relatively few opportunities to generate income due to small landmasses, few 

terrestrial resources and limited skills. To ensure development, island nations 

must make the most (best use) of the resources they have - the sea, inshore 

water and limited freshwater. 

 

The major income to PICTs is from access fees and fishing for, and 

processing of tuna. This is supported by SPC, Forum Fisheries Agency and 

PICTs. Tuna resources are being fished however, at ever increasing rates and 

stocks are declining as exploitation levels rise. The returns from the Tuna 

industry unfortunately may not be sustainable into the future and alternatives 

must be found that are compatible with local cultures. 

 

The inshore waters support a great diversity of economically important 

aquatic species that were harvested at subsistence levels. More recently, 
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development of export markets has provided coastal communities with 

opportunities to earn income from inshore fisheries. Unfortunately, over 

fishing has occurred in many places and in some places there are now too few 

high value species to sustain reasonable harvests. In addition unregulated and 

destructive fishing methods have further compounded the problem by 

degrading some habitats to the point where they cannot support targeted 

species. 

 

Many PICTs now recognize that aquaculture provides one of the few long 

term, sustainable ways of deriving benefits from fisheries resources. This 

view of aquaculture as a priority was reinforced as part of a consensus 

member country statement arising from the 2nd SPC Fisheries Management 

Workshop in 1998. 

 

“…….managers have focused on establishing regimes to sustain inshore fisheries. 

This is supported by a strategy to divert demand and fishing pressure to alternative 

activities, mostly to offshore fishing and into aquaculture. ……..In some countries 

the need is to encourage economic activities and to generate income for rural 

villages; in other countries the need is to restrict or limit fishing. …’ 

 

  

Similar views were expressed in 2007, at 5th SPC Meeting of the Conference 

of the Pacific Community, with the theme ‘The future of Pacific fisheries- 

planning and managing for economic growth, food security and sustainable 

livelihoods.’ The conference heard the small pond aquaculture is the way for 

village people to produce the fish they will need (SPC 2007).  

 

Based on the above statement, freshwater prawn culture represents a strong 

agricultural entrepreneurial opportunity for PICTs. It is also highly suitable 

candidate for inclusion in government policies and programmes designed to 

promote sustainable rural development. Freshwater prawn farms can be 

farmed at various levels of technology. Some farms may be operated by 

commercial enterprises and accordingly generate income and employment, 
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while others may be very small, family-operated units which primarily 

enhance family incomes. At a time when profits from many traditional 

agronomic and animal industries are declining, potential for prawn 

aquaculture remains strong. In particular, prawn aquaculture can provide an 

excellent option for many farmers struggling with other crops, as well as for 

occasional landowners who want to combine harvestable crops with 

conservational and recreational land uses. 

 

Only one species of freshwater prawn species, (M. rosenbergii) is at present 

farmed at any real agronomic scale in PICTs. M. lar is not well known 

internationally but regardless, makes a considerable contribution to food and 

income of Pacific people and also to the natural biomass in the habitats in 

which it occurs.  

 

 

6.6 Contribution of the study 

The major outcome of this research has been a step towards meeting the 

requirements to complete the life cycle of M. lar in captivity, to identify the scale at 

which a regional industry could be based and to ascertain the growth rates of 

juveniles in simple pond culture systems.. 

 

Closer collaboration among agencies in each of the PICTs with interest in developing 

local culture industries will enable a concerted effort to be directed towards use of 

native aquatic species in a developing culture framework. The culture of M. lar is 

particularly attractive for development programmes. These may include production 

of PLs for re-stocking purposes, in addition to supplying prawn farms. Such 

activities, involving native prawn species have been proposed as rural develop 

programmes in other regions of the world. In PICTs, marine shrimp (mainly exotic 

species) farming is controlled by small number of entrepreneurs and its products are 

mainly exported. In contrast, freshwater prawn farming is particularly well-suited to 

small family businesses, can be practised by relatively unskilled rural people, and 

generates products that may be consumed locally, is environmentally more 

sustainable, and is amenable to integration with crop production. Member countries, 
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through regional collaborations, can share experiences and expertise on existing 

methods to build towards more cost-effective methods for farming M. lar. 

 

Aquaculture development in the Pacific in general, has not had a highly favourable 

history in part, perhaps due to a lack of knowledge and cultural understanding of the 

exotic species introduced for the purposes. Wide familiarity with, and recognized 

significance of M. lar, both culturally and economically make it unlikely that this 

species will suffer from the same problems in the future.  
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8.0 Appendices 
APPENDIX 1.a: Series 1- number of surviving larvae after counting at various time 
intervals.  
 

Exp. 
No.         A         B         C       Mean       SD       SE     
TIME 

0           
1 104 104 104 104 0 0     
2 104 104 104 104 0 0     
3 104 104 104 104 0 0     
4 104 104 104 104 0 0     
C 104 104 104 104 0 0     

           
TIME 

1           
1 70 62 54 62 8 4.618802     
2 34 45 49 42.66667 7.767453 4.484541     
3 77 80 47 68 18.24829 10.53565     
4 67 53 45 55 11.13553 6.429101     
C 23 45 56 41.33333 16.80278 9.701088     

           
TIME 

2           
1 22 4 7 11 9.643651 5.567764     
2 12 5 3 6.666667 4.725816 2.728451     
3 10 10 0 6.666667 5.773503 3.333333     
4 8 0 10 6 5.291503 3.05505     
C 0 0 0 0 0 0     

           
TIME 

3           
1 14 2 4 6.666667 6.429101 3.711843     
2 0 0 3 1 1.732051 1     
3 5 3 0 2.666667 2.516611 1.452966     
4 8 0 4 4 4 2.309401     
C 0 0 0 0 0 0     

           
 Exp1  Exp2  Exp3  Exp4  Control  
 Mean SE Mean SE Mean SE Mean SE Mean SE 

0 104 0 104 0 104 0 104 0 104 0
21 62 4.618802 42.66667 4.484541 68 10.53565 55 6.429101 41.33333 9.701

141 11 5.567764 6.666667 2.728451 6.666667 3.333333 6 3.05505 0 0
208 6.666667 3.711843 1 1 2.666667 1.452966 4 2.309401 0 0
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APPENDIX 1.b: Series 1-Percentage of larvae surviving after counting at various 
time intervals. 
 

Exp. No.           A              B              C          Mean              SD              SE    
TIME 0          

1 100 100 100 100 0 0    
2 100 100 100 100 0 0    
3 100 100 100 100 0 0    
4 100 100 100 100 0 0    
C 100 100 100 100 0 0    

          
TIME 1          

1 67.3 59.6 51.9 59.6 7.7 4.445597    
2 32.7 43.3 47.1 41.03333 7.462797 4.308648    
3 74 76.9 45.2 65.36667 17.52493 10.11803    
4 64.4 50.9 43.1 52.8 10.77636 6.221736    
C 22.1 43.1 53.8 39.66667 16.12648 9.310627    

          
TIME 2          

1 31.4 6.5 12.9 16.93333 12.93071 7.465551    
2 35.3 11.1 6.1 17.5 15.61666 9.016282    
3 12.9 12.5 0 8.466667 7.335076 4.234908    
4 11.9 0 22.2 11.36667 11.10961 6.414134    
C 0 0 0 0 0 0    

          
TIME 3          

1 63.6 50 57.1 56.9 6.802206 3.927255    
2 0 0 100 33.33333 57.73503 33.33333    
3 50 30 0 26.66667 25.16611 14.52966    
4 100 0 40 46.66667 50.33223 29.05933    
C 0 0 0 0 0 0    

          
 Exp1  Exp2  Exp3  Exp4  Control 
 Mean SE Mean SE Mean SE Mean SE Mean 

 100 0 100 0 100 0 100 0 100 
 59.6 4.445597 41.03333 4.308648 65.36667 10.11803 52.8 6.221736 39.666 
 16.93333 7.465551 17.5 9.016282 8.466667 4.234908 11.36667 6.414134 0 
 56.9 3.927255 33.33333 33.33333 26.66667 14.52966 46.66667 29.05933 0 
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TableA: 18 hour experimentpt- initial stocking [Time 1] 18th May 2000 hours 
 
 
Expt No. LRT A 

 
LRT B 
 

LRT C 

1 104 104 104 
2 104 104 104 
3 104 104 104 
4 104 104 104 
Control 104 104 104 
 

 

Table B1: First counting of surviving larvae after 21 hours of stocking/rearing   

 
Expt No. LRT A 

No. survive 
LRT B 
No. survive 

LRT C 
No. survive 

Av. No. 
surviving 

SE 

1 70 62 54 62  
2 34 45 49 42.7  
3 77 80 47 68  
4 67 53 45 55  
Control 23 45 56 41.3  
 

 
Table B2: Percentage surviving after 21 hours  

 
Expt No. LRT A 

Survive 
LRT B 
survive 

LRT C 
survive 

Av. 
Percentage 

1 67.3 59.6 51.9 59.6 
2 32.7 43.3 47.1 41.0 
3 74.0 76.9 45.2 65.3 
4 64.4 50.9 43.1 52.8 
Control 22.1 43.1 53.8 39.7 
 

 
Table C1: Second counting after 120 hours first count. Number of surviving larvae surviving from 
[Table B] above. [21 + 120] 141 hours from initial stocking. 
 
Expt No. LRT A 

Survive 
LRT B 
survive 

LRT C 
survive 

Average No. 
surviving 

1 22 4 7 11 
2 12 5 3 6.6 
3 10 10 0 6.6 
4 8 0 10 6.0 
Control 0 0 0 0 
 

 
Table C2: Percentage survival based on number surviving after 141 hours. 

 
Expt No. LRT A 

% survive 
LRT B 
% survive 

LRT C 
% survive 

Average % 
surviving 

1 31.4 6.5 12.9 16.9 
2 35.3 11.1 6.1 17.5 
3 12.9 12.5 0 8.4 
4 11.9 0 22.2 11.4 
Control 0 0 0 0 
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Table D1: Counting on 27th May 1100 hours. 67 hours after second counting and after [67 + 141 + 67] 

208 hours from initial stocking. Number surviving from previous count.  

 
Expt No. LRT A 

Survive 
LRT B 
survive 

LRT C 
survive 

Av. No. 
surviving 

1 14 2 4 6 
2 0 0 3 1 
3 5 3 0 2.7 
4 8 0 4 4 
Control 0 0 0 0 
 

 

Table D2: Percentage surviving after 208 hours  

 
Expt No. LRT A 

%Survive 
LRT B 
%survive 

LRT C 
%survive 

Av. 
%.surviving 

1 63.6 50 57.1 56.9 
2 0 0 100 33.3 
3 50 30 0 26.6 
4 100 0 40 46.6 
Control 0 0 0 0 
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APPENDIX 2a: Series 2- number of larvae surviving after counting at various time 
intervals 

Exp. 
No.          A        B        C 

           
Mean     SD         SE     

TIM
E 0           

1 104 104 104 104 0 0     
2 104 104 104 104 0 0     
3 104 104 104 104 0 0     
4 104 104 104 104 0 0     
C 104 104 104 104 0 0     

           
TIM
E 1           

1 64 65 43 57.33333 12.4231 7.172478     
2 66 77 48 63.66667 14.64013 8.452482     
3 29 36 37 34 4.358899 2.516611     
4 46 40 45 43.66667 3.21455 1.855921     
C 10 17 14 13.66667 3.511885 2.027588     

           
TIM
E 2           

1 32 23 8 21 12.12436 7     
2 20 6 6 10.66667 8.082904 4.666667     
3 6 7 3 5.333333 2.081666 1.20185     
4 0 0 2 0.666667 1.154701 0.666667     
C 0 0 0 0 0 0     

           
TIM
E 3           

1 2 4 1 2.333333 1.527525 0.881917     
2 1 1 0 0.666667 0.57735 0.333333     
3 1 0 0 0.333333 0.57735 0.333333     
4 0 0 0 0 0 0     
C 0 0 0 0 0 0     

           
           
 Exp1  Exp2  Exp3  Exp4  Control  
     Mean        SE     Mean      SE     Mean        SE     Mean        SE        Mean SE 

0 104 0 104 0 104 0 104 0 104 0 

43 
57.3333

3 7.172478 63.66667 8.452482 34 2.516611 43.66667 1.855921 13.66 2.0275 
116 21 7 10.66667 4.666667 5.333333 1.20185 0.666667 0.666667 0 0 

164 
2.33333

3 0.881917 0.666667 0.333333 0.333333 0.333333 0 0 0 0 
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Series 2: 36 hour experiment 

Table E. Initial stocking 104 larvae in each LRT on 1/6/07 at 2000 hours  
Expt No. LRT A 

 
LRT B 
 

LRT C 
 

1 104 104 104 
2 104 104 104 
3 104 104 104 
4 104 104 104 
Control 104 104 104 
 
Table F1. First count on 3/6/05 1500hrs (43 Hours after stocking)  

 
Expt No. LRT A 

No. survive 
LRT B 
No. survive 

LRT C 
No. survive 

Av. No. 
survive 

1 64 65 43 57.3 
2 66 77 48 63.6 
3 29 36 37 34 
4 46 40 45 43.7 
Control 10 17 14 13.7 
 
Table F2. Percentage survival after 43 hours 

 
        Expt No. LRT A 

% 
survive 

LRT B 
% 
survive 

LRT C 
% 
survive 

Av. % 
survival 

1 61.5 62.5 41.3 55.1 
2 63.5 74.0 46.2 61.2 
3 27.9 34.6 35.6 32.7 
4 44.2 38.5 43.3 42 
Control 9.6 16.3 13.5 13.1 

 
Table G1. Second counting on 7/6/05 1600 hrs -73 hours after first counting and [43 + 73] 116 hours 

after initial stocking) 

 
Expt No. LRT A 

Survive 
LRT B 
survive 

LRT C 
survive 

Av. No. 
survive 

1 32 23 8 21 
2 20 6 6 10.6 
3 6 7 3 5.3 
4 0 0 2 0.6 
Control 0 0 0 0 
 
 

Table G2. Second counting -Percentage survival from first counting after 116 hours of initial stocking 
Expt No. LRT A 

% survive 
LRT B 
% survive 

LRT C 
% survive 

Av. % survive 

1 50 35.4 18.6 34.7 
2 30.3 7.8 12.5 16.9 
3 20.7 19.4 8.1 16.1 
4 0 0 4.4 1.5 
Control 0 0 0 0 
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Table H1. Third counting on 9/6/05 1600 hrs -48 hours after second count and [48 + 116] 164 hours 
after initial count)  
 
Expt No. LRT A 

No. Survive 
LRT B 
No. survive 

LRT C 
No. survive 

Av. No. 
survive 

1 2 4 1 2.3 
2 1 1 0 0.6 
3 1 0 0 1 
4 0 0 0 0 
Control 0 0 0 0 
 

 
Table H2. Percentage survives after third count after 164 hours. 

 
Expt No. LRT A 

% Survive 
LRT B 
% survive 

LRT C 
% survive 

Av. %. 
survive 

1 6.3 17.4 12.5 12.1 
2 5 16.7 0 7.2 
3 16.6 0 0 5.5 
4 0 0 0 0 
Control 0 0 0 0 
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APPENDIX 2b: Series 2- Percentage of larvae surviving after counting at various 

time intervals. 

 
Exp. 
No.         A          B         C         Mean        SD        SE     
TIME 

0           
1 100 100 100 100 0 0     
2 100 100 100 100 0 0     
3 100 100 100 100 0 0     
4 100 100 100 100 0 0     
C 100 100 100 100 0 0     

           
TIME 

1           
1 61.5 62.5 41.3 55.1 11.96161 6.906036     
2 63.5 74 46.2 61.23333 14.03792 8.1048     
3 27.9 34.6 35.6 32.7 4.186884 2.417299     
4 44.2 38.5 43.3 42 3.064311 1.769181     
C 9.6 16.3 13.5 13.13333 3.365016 1.942793     

           
TIME 

2           
1 50 35.4 18.6 34.66667 15.71284 9.071812     
2 30.3 7.8 12.5 16.86667 11.86859 6.852331     
3 20.7 19.4 8.1 16.06667 6.929887 4.000972     
4 0 0 4.4 1.466667 2.540341 1.466667     
C 0 0 0 0 0 0     

           
TIME 

3           
1 6.3 17.4 12.5 12.06667 5.562673 3.211611     
2 5 16.7 0 7.233333 8.571075 4.948513     
3 16.6 0 0 5.533333 9.584014 5.533333     
4 0 0 0 0 0 0     
C 0 0 0 0 0 0     

           
           
 Exp1  Exp2  Exp3  Exp4  Control  
      Mean        SE      Mean          SE       Mean      SE      Mean        SE      Mean SE 

0 100 0 100 0 100 0 100 0 100 0 
43 55.1 6.906036 61.23333 8.1048 32.7 2.417299 42 1.769181 13.13333 1.942793 

116 34.66667 9.071812 16.86667 6.852331 16.06667 4.000972 1.466667 1.466667 0 0 
164 12.06667 3.211611 7.233333 4.948513 5.533333 5.533333 0 0 0 0 

           

 

 

 


