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Abstract

Research and development e¡orts concerning fresh-
water prawn farming have in the past been princi-
pally conducted in tropical regions. However,
activities in temperate regions also date back several
decades. Culture of Macrobrachium in temperate
zones o¡ers positive opportunities, despite the inabil-
ity to culture year-round. Unique problems imposed
by a restricted growing season must be addressed,
and opportunities capitalized on, to attain commer-
cially viable production in these regions. Much re-
cent research in the South and Central USA has
been directed towards intensifying production
(kg ha�1) without decreasing average harvest sizes
or deteriorating water quality. Particular areas of
research include evaluating and maximizing the
relative contributions of natural foods, e¡ects of
arti¢cial substrates on growth and prawn population
structure and grading of animals before pond
stocking to reduce heterogeneous individual growth
and aggressive interactions. Recent studies have con-
centrated on combining these factors into a ‘best
management practices’ (BMPs) production model.
With these factors combined, production has in-
creased from an average of1000 kg ha�1of 30 g ani-
mals to almost 3000 kgha�1 of 40 g animals
produced in research ponds in110 days of culture. In
commercial ponds, 1500^2000 kgha�1 has been
achieved in a similar period using BMPs.

Keywords: freshwater prawn, Macrobrachium,
temperate culture

Unique problems of temperate culture

Compared with tropical environments where culture
throughout the year is possible, the growing season
for prawns in temperate zones is limited to 100^150
days. This growing period is de¢ned by low and even-
tually lethal water temperatures during the period
before stocking and after harvest. This condition
creates at least a potential for crop loss, because of an
unanticipated temperature decrease during the peri-
od soon after stocking or just before harvest. How-
ever, such losses are rare, and experienced producers
can normally achieve maximum growth without in-
curring undue risks. Production in temperate cli-
mates is generally limited to the practice of batch
culture, i.e. a single stocking and a complete harvest
before reaching lethally low water temperature.
Successful culture in temperate climates requires

special considerations at both stocking and harvest.
At stocking, juveniles of the proper size and number
must all be available at the same time so that the
maximum number of days in the production (grow-
out) ponds can be realized. Also, the fewer the num-
ber of available production days, the greater the
importance of stocking nursed juveniles of appropriate
size (weight) rather than new postlarvae. In the cen-
tral USA, pond water temperatures are suitable for
approximately120^140 days of culture in production
ponds. To achieve marketable sizes of 430^60 g
within that period of time, a su⁄cient supply of juve-
niles of approximately 0.3^0.5 g mean individual
weight are required to stock production ponds at
25^100000 juveniles ha�1. This recommended
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stocking size/weight imposes a requirement of 45^60
days of a nursery culture phase after the post-larval
stage.This need for a local nursery facility can poten-
tially impair the growth of a regional industry.
Seasonal availability of the ¢nal marketable pro-

duct is another potential problem imposed by
production in temperate regions. Marketable-sized
prawns can only be harvested during a 4- to 8-week-
period, depending on growth. Also, the water tem-
perature-imposed need to harvest ponds completely
in the autumn can ‘£ood’ markets with fresh or live
product over a relatively short period of time.

Opportunities

The greatest advantage of freshwater prawn culture
in the USA is proximity of market. The USA is one of
the largest and most lucrative markets for almost all
major aquaculture products. The USA imports sea-
food products valued at US$10 billion annually
and is exporting only US$3 billion, equating to a
trade de¢cit of approximately US$7 billion annually.
In addition, shrimp is now the number one seafood
product consumed in the USA.
Macrobrachium rosenbergii (De Man) inhabits fresh-

water formost of its life cycle. Hence, productioncanoc-
cur much farther inland than is normally feasible with
penaeid species (marine shrimp). Production in tempe-
rate regions o¡ers the opportunity for prawns to be pro-
duced in close proximity to large inland urban markets
and for producers to supply these markets with unique
product forms, such as fresh or live product. These pro-
duct forms are especially important for ful¢lling the de-
mand of special niche markets, such as the large ethnic
communities found inmanyof these urbanareas.
Temperate conditions also create unique produc-

tion options. For example, in the Midwest region of
the USA, prawn producers raise rainbow trout (On-
corhynchus mykiss Walbaum) during the winter in
prawn ponds as part of a seasonal rotation (Tidwell,
Webster & Knaub 1991). Prawns have also been suc-
cessfully intercropped with another crustacean spe-
cies, the red swamp cray¢sh, Procambarus clarkii
(D’Abramo, Daniels, Sullivan & Ohs 1997). Research-
ers at Kentucky State University are currently evalu-
ating the polyculture of tilapia (Oreochromis niloticus)
in cages suspended in prawn ponds.

Current challenges in freshwater prawn
production in the USA

Research on the culture of the freshwater prawn,M.
rosenbergii, in the USA was conducted in Hawaii in

the1960s, South Carolina in the1970s, andMississip-
pi in the 1980s and1990s. Despite these e¡orts, sub-
stantial concentrated commercial-scale production
of this species did not develop. Large-scale produc-
tion was hindered by relatively low production, a
wide size variation at harvest, and the unavailability
and high cost of seed stock.
During the past 5 years, interest in prawn produc-

tion in the USA has again increased considerablyand
pond production area has reached an estimated
1000 ha. This is primarily because of an increased
demand for shrimp products, reduced supplies of
shrimp (especially large sizes) because of disease pro-
blems in marine shrimp production, and increases in
production of prawns based on new management
and production practices. Other factors that have led
to increased interest include identi¢ed markets for
live fresh prawns in inland locations, the discovery
of the ability to culture prawns further north than
previously thought, and strong promotion by private
companies that have created a‘boom’ in production.
Current constraints to an emerging industry are

very similar to those encountered in the past. Produc-
tion at a commercial level of farming is approximately
50% (1000 kg ha�1) of what has been reported in re-
search trials (42000 kgha�1) (Tidwell, Coyle,Weibel
& Evans 1999). The inconsistency appears to be pri-
marily related to poor survival (50^60%) in commer-
cial operations when compared with that in research
ponds (85^90%). Fresh on ice and pond bank prices
range from US$15 to 20 kg�1 for whole animals.
Although these niche markets do exist, they can
quickly become saturated in localized production
areas.Wholesale buyers have paid US$7^12 kg�1, a
price currently at or below production costs for most
operations and not likely to increase in the frozen
markets because of competition from foreign imports.
The major operational expense for farmers continues
to be the high cost of seed stock. Recent establishment
of new hatcheries has increased availability and may
over time decrease the costs of stocking. Also, the
inaccurate counting methods used by seed stock pro-
ducers may result inunintentional shortages to grow-
out farmers. This lack of accuracy is likely because of
large-size variability within nursed juvenile popula-
tions, which makes stocking by weight problematic.
This unintentional shortage could account for unex-
plained poor survival that translates into reduced
production in commercial operations.
Current challenges appear to be achieving ac-

curacy in counting methods for pond stocking to
increase survival and production in ponds, and
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identi¢cationand expansionof markets that are com-
patible with projected breakeven costs. Future re-
search should focus on the scaling up of research
results, development of technologies for live distribu-
tionand reductionof operational costs for hatcheries.
Infrastructure needs lie in transport, marketing, pro-
cessing and distribution. A summary of recent re-
search conduced at Kentucky State University and
Mississippi State University follows to help support
the emerging freshwater prawn industry.

Temperate production cycle

Broodstock holding

Under tropical conditions, ovigerous ‘berried’ females
are available year-round from production ponds or
wild populations, and no special broodstock holding
systems are required. In temperate climates, fresh-
water prawn broodstock are normally collected dur-
ing the autumn harvest and overwintered indoors in
temperature-controlled tanks. The largest males and
females are typically selected from pond-reared po-
pulations because of higher egg-yield in females and
the greater mating success of larger males. If newly
hatched larvae are needed after March, then males
representing the orange claw morphotype should be
stocked at three to four males per 10 females to re-
duce the mortality rate of males over the relatively
long holding period (Daniels, D’Abramo & Parseval
1992). In temperate regions where it is necessary to
hold broodstock for up to 6 months before hatch-
ery operations, broodstock should be stocked at ap-
proximately 1g L�1 of holding tank volume. Even
at these relatively low densities, typical survival at
the end of this period is 50^60% for females and
20^30% for males. Onlyapproximately 5% of females
will be carrying eggs ready to hatch at anygiven time
and this asynchrony of egg development among fe-
males requires that large numbers of broodstock be
maintained over long periods of time (4^6 months)
in temperate climates. This need for broodstock hold-
ing results in high-operational costs and high-mor-
tality of broodstock. Additional research is needed to
develop techniques to improve survival and fecundity
of prawn broodstock during over wintering in tanks.

E¡ect of holding temperature on broodstock
survival and oviposition

Adult prawns are tolerant of a wide range of water
temperature (18^34 1C) but temperatures ranging

from 27 to 32 1C are believed to be optimal. In wild
populations of M. rosenbergii, peak spawning occurs
between 29 and 30.5 1C (Rao 1991). D’Abramo, Da-
niels, Fondren and Brunson (1995) reported that ma-
turation, mating and spawning occur if water
temperatures are maintained above 22 1C. Daniels
and colleagues (1992) suggested that as water tem-
perature decreases, the number of eggs decreases,
the time for egg development increases and fungal
growth on eggs occurs. However, in transport stu-
dies, Chen and Kou (1996) reported that lower tem-
peratures (19^20 1C) lower metabolic rates, increase
survival and reduce activity, oxygen consumption
and nitrogenous excretion. If optimal temperatures
for survival for holding adult prawns were di¡erent
(potentially colder) from that found to be optimum
for spawning (e.g. oviposition), then broodstock sur-
vival could be readily improved.
A recent unpublished study was conducted to de-

termine the e¡ect of temperature (20, 26 and 32 1C)
on growth, survival and oviposition of freshwater
prawn broodstock maintained in temperature-con-
trolled tanks. Adult freshwater prawns were evalu-
ated under controlled temperature conditions in
tanks for10weeks to determine the e¡ect of tempera-
ture on survival and sexual morphology. Pond-har-
vested prawns were purged in clean water, and then
classi¢ed into either one of three female morpho-
types: berried (egg carrying; berried females (BF)),
open (previously egg carrying; open females (OP))
and virgin females (VF), or one of three male mor-
photypes: blue claw (BC), orange-claw (OC), and
small males (o20 g; SM) as described by Cohen, Ra’a-
nan and Brody (1981) and modi¢ed by D’Abramo, Hei-
nen, Robinette and Collins (1989). Only OCmales and
ovigerous females were used in the study. The mean
stocking weight was determined from a sample of
100 prawns from each population (OC males and
BF) that were blotted free of surface water and indivi-
dually weighed.The averageweight for OCmales was
78.6 � 7.6 g, and the average weight for BF was
44.7 � 5.6 g. One hundred prawns were hand
counted into each of nine 3610 L cone-bottomed
polyethylene tanks with three replicate tanks per
temperature treatment (20, 26 and 32 1C) at a ratio
of four females/one male in two rotations of 40 fe-
males/10 males. Each tank contained 9.811m2 of arti-
¢cial substrate in the form of 120 cm wide panels of
polyethylene ‘construction/safety fence’ with a mesh
opening (length � width) of 7.0 cm � 3.5 cm sup-
ported by a 1.875 cm PVC frame with a 5 cm separa-
tion between layers. The surface area contributed by
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the arti¢cial substrate was calculated to increase the
available surface area by 150% compared with the
combined area of the sides and bottom of tanks with-
out substrate. The surface area of the substrate was
calculated-based on dimensions of one side of the
mesh (length � width). Prawns were fed a commer-
cial penaeid diet (42% crude protein) two times daily
at 2.0% initial body weight per day.
After 70 days, survival was signi¢cantly higher

(Po0.05) in the 26 1C treatment (91%) comparedwith
that of the 32 1C treatment (73%), which was signi¢-
cantly higher than that of the 20 1C treatment (24%).
The percentage of males reaching sexualmaturity (BC
males) in the 20 1C treatment (7%) was signi¢cantly
lower (Po0.05) than the 26 1C treatment (53%), and
32 1C treatment (68%).The percentage of sexuallyma-
ture females carrying eggs (BF) was signi¢cantly low-
er (Po0.05) in the 20 1C treatment (5.1%), than the
26 1C treatment (48.1%), and the 32 1C treatment
(58%). These data indicate that temperature plays a
signi¢cant role in survival, and the sexual morphol-
ogy of broodstock being overwintered in a temperate
climate. Holding temperatures of 26^28 1C may be
optimal to maximize survival and oviposition when
maintaining freshwater prawn broodstock.

Hatchery phase

In temperate climates, the hatchery phase usually
begins approximately 4 months before the planned
stocking of juveniles into production ponds. The
duration of a hatchery (or larval) cycle, from the
hatching of eggs to the harvest of postlarvae, usually
occurs within a 28^30-day period. The restricted
pond grow-out period in temperate regions presents
some unique challenges for larval culture because
only a ‘window’ of 3 or 4 weeks is available for the
production of postlarvae.Therefore, the need to stock
grow-out ponds as early as possible, and an imposed
45^60 day nursery period, require planning and suc-
cess during the hatchery phase and are especially
critical in temperate regions. There is no second
opportunity to recover if problems, which cannot be
readily resolved, occur because of seasonal con-
straints. Special attention, therefore, needs to be fo-
cused on the quality of the broodstock and the
cleanliness of the system.
Another special consideration for larval culture,

dictated by the restricted growing season, is light.
Some researchers have suggested that larvae actively
feed by sight rather than by passive encounter; there-
fore, larvae must be cultured in indirect light of su⁄-

cient intensity to allow prey to be readily seen.
During the hatchery season (late winter) the number
of days with su⁄cient intensity are relatively few, re-
quiring that natural light be supplemented with arti-
¢cial light to achieve appropriate light conditions for
culture. Larval tanks should be stocked with larvae
hatched during a 1^4-day interval. Longer periods
of larval collectionwill increase size variationwithin
the culture tank, promoting the incidence of canni-
balism and increasing the length of the larval cycle.

Complete replacement of Artemiawith a
microparticulate diet

The absolute need for live food is considered a limiting
factor in commercial hatchery operations. Although
Artemia has proven to be successful for raising the
larvae of many species, including Macrobrachium,
inherent problems persist. Problems include the
year-to-year variation in nutrient composition and
availability, potential introduction of pathogens into
the culture system and the high costs of labour and
infrastructure required for preparation. Also, the
nutritional quality of Artemia can vary considerably
depending on the source and time of harvest of the
cysts. Numerous attempts have been made to develop
formulated diets that e¡ectively replace live food, but
most have not been successful as exclusive diets. A
recent study by Kovalenko, D’Abramo, Ohs and Bud-
dington (2002) was designed in response to the
results of several preliminary investigations devoted
to the preparation and evaluation of larval diets and
the challenges identi¢ed. The overall goal is to pro-
duce a comparatively inexpensive, easily prepared,
microbound diet that will completely replace live food
for the larval culture of the freshwater prawn.
A high moisture (63^71%), semi-puri¢ed micro-

bound diet containing alginate was compared with
newly hatched live Artemia nauplii as an exclusive
diet for the culture of larval M. rosenbergii from 5th
stage (weighted mean) through metamorphosis to
postlarvae (Kovalenko et al. 2002). Two independent
trials, representing larvae from di¡erent hatches,
were conducted. Larvae were stocked at 50 L�1 into
cone-shaped vessels that contained 2 L of 12 gL�1

seawater and were part of a temperature-controlled
(28 1C) recirculating culture system. Larvae were
manually fed either the liveArtemia diet or themicro-
bound diet exclusively, several times daily.
After 14 days [23 days posthatch (dph)], growth of

larvae fed the microbound diet was 90% of that
achieved for larvae fed newlyhatched nauplii of Arte-
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mia. Survival of larvae fed the microbound diet was
77.3%, and was not signi¢cantly di¡erent from that
of Artemia-fed larvae. Composed of readily available
ingredients, the diet contained 46.2% crude protein
and 37.4% crude lipid, was easy to prepare and had
good water stability. The diet has the potential to
serve as an economically practical alternative to the
£uctuating cost, nutrient uncertainty and labour as-
sociatedwith the use ofArtemia nauplii hatched from
cysts. The characteristics of the diet suggest high po-
tential for successful application to the larviculture of
other ¢sh and crustacean species, in either the exist-
ing or a modi¢ed state.

E¡ect of tank colour on hatchery survival

Colour has been shown to a¡ect the feeding beha-
viour, growth and survival of some aquatic inverte-
brates. If a colour a¡ects either growth or survival in
Macrobrachium larvae, then rearing tanks used in the
hatchery phase could be easilymodi¢ed to the appro-
priate colour.
A recent study (Yasharian, Coyle,Tidwell and Stil-

well III, this issue) evaluated the e¡ect of tank col-
ouration on survival, metamorphosis rate, weight
and time required to reach the postlarval (PL) stage
during larval culture of freshwater prawns. Newly
hatched prawn larvae were stocked into eighteen
16 L plastic rearing tanks at a density of 30 L�1.Tank
colours (entire tank) were red, black, white, blue,
greenand yellow, with three replicate tanks per treat-
ment. Larval prawns were fed brine shrimp (Artemia
franciscana) nauplii and egg custard.
On day 25, all larvae had metamorphosed into PL

and were harvested. Data indicated that the colour of
the tank used for larviculture did not signi¢cantly
impact (P40.05) ¢nal PL size or rate of metamorpho-
sis. However, survival was signi¢cantly higher
(Po0.05) in red and green tanks (84% and 78% re-
spectively) compared with that observed for the
white and blue tanks (56% and 44% respectively).
Survival in the yellow and black tanks was inter-
mediate (71% and 71% respectively). If these results
are applicable to larger volumes, then a positive im-
pact on production can be realized because most
tanks currently used in commercial larviculture in
the USA are either blue or black.

Nursery phase

Achieving average harvest weights of 430 g in the
100^140-day growing period requires that PL be cul-

tured in temperature-controlled nursery tanks to
achieve larger sizes, for pond stocking. In the nursery
phase of production, PL (average weight o0.01g)
grow to anaverageweight � 0.3 g in 30^60 days de-
pending on initial stocking density and water tem-
perature. Nursed juveniles are less likely to be
subject to predation and £uctuating environmental
conditions in grow-out ponds. In addition, larger
average harvest sizes will result. Although the nur-
sery period is vital to prawn culture in temperate cli-
mates, relatively little research has been conducted
on the e¡ects of di¡erent management practices or
environmental factors on juvenile prawn growth
and survival during the nursery phase.

E¡ects of stocking density on nursery
production and economics

Survival at the end of the nursery phase can vary
substantially and may be related to the territorial
and cannibalistic nature of prawn PLwhen cultured
at high densities. Several authors have suggested use
of arti¢cial substrates to increase the amount of two-
dimensional space available to prawns and thereby
yielding an increase in survival and production
(Juarez, Holtschmit, Salmeron & Smith1987;Tidwell,
Coyle & Schulmeister 1998; D’Abramo, Daniels, Ger-
ard, Jun & Summerlin 2000).With the addition of ar-
ti¢cial substrate, PLutilize the full three-dimensional
volume of the tank, rather than only the walls and
bottom. Awide range of stocking densities have been
used in experimental nursery systems, ranging from
o200 to 46000 PLm�2 of bottom area. However,
optimum stocking densities have not been deter-
mined for the longer nursery periods required under
temperate conditions (40^60 days). Nurseries in tem-
perate climates usually rely on recirculating or water
exchange systems with pumps and heaters, thereby
requiring relatively high-energy costs. Seed cost is a
dominant variable cost in prawn production (Das-
gupta & Tidwell 2004).Thereby, cost e⁄ciencyof nur-
series signi¢cantly impacts the prices of stocker size
juveniles, which in turn has a dramatic in£uence on
the pro¢tability of prawn grow-out.
Coyle, Dasgupta, Tidwell, VanArnum and Bright

(2003a) evaluated the e¡ect of stocking density, rela-
tive to the provision of arti¢cial substrate (number of
prawns m�2 of substrate), on growth, survival and
economic variables for freshwater prawn juveniles
during nursery production. PL (0.01g, n5300) were
stocked into nine 1900 L tanks, each provided
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with 20.5m2 of arti¢cial substrate in the form of hor-
izontal layers of black plastic mesh (10mm) spaced
5 cm apart. Tanks were randomly assigned one of
three prawn densities (215, 430 or 860 postlarvae
m�2 of substrate), which were equivalent to 2.3, 4.6
and 9.2 prawn L�1respectively. Juvenile prawns were
fed a commercial trout diet (42% protein) according
to a feed table (D’Abramo et al. 1995). Water quality
in each tank was maintained using a £ow rate of
8 Lmin�1 from a reservoir pond. Temperature was
maintained at approximately 28 1Cusing heat pumps.
After 56 days, there was no signi¢cant di¡erence

(P40.05) in the average weight of juvenile prawns
stocked at the three densities (overall50.58 g). Survi-
val of prawns stocked at 860m�2 (62%) was signi¢-
cantly lower (Po0.05) than that of those stocked at
430m�2 (78%) and 215m�2 (94%), which were
not statistically di¡erent (P40.05). Even with re-
duced survival, the highest stocking density pro-
duced the greatest number of nursed juveniles based
on both tank volume (5.5 L�1) and surface area
(530m�2), at the lowest average cost.

E¡ect of photoperiod on nursery production

Photoperiod has been shown to a¡ect food con-
sumption, moulting frequency, the incidence of
cannibalism and growth performance of crustaceans
(Roubichaud Martin & Waddy 1983, Minagawa &
Murano 1993; Minagawa 1994; Constanon-Cer-
vantes, Lugo, Aguilar, Gonzalez-Moran & Fanjul-Mo-
les 1995; Gardner & Maguire 1998; Aiken). However,
the actual e¡ects of photoperiod are highly variable
among di¡erent genera. Con£icting results on the ef-
fects of photoperiod on juvenile freshwater prawns
have been reported. Withyachumnarnkul, Poolsan-
guan and Poolsanguan (1990) reported that fresh-
water prawn juveniles grown for 110 days under
total darkness (L0:D24) had higher weight gains
than those grown under other light regimes at
(L12:D12, L16:D8, or L20:D4). In contrast, Lin (1991)
reported that the growth and survival of freshwater
prawn larvae increased as the period of light in-
creased.
Since the nursery phase of temperate prawn pro-

duction occurs indoors, the light cycle can be readily
controlled if a particular light regime could be deter-
mined to be signi¢cantly bene¢cial. Therefore, a
study was conducted to compare the e¡ect of di¡er-
ent light regimes on growth and survival of juvenile
freshwater prawns under typical nursery conditions

(Tidwell, Coyle,VanArnum, Bright & McCathy 2001).
Four hundred PL prawns (0.025 � 0.04 g) were
stocked into nine 170 L nursery tanks at a density of
2.3 postlarvae L�1 and 430 postlarvaem�2 of arti¢-
cial substrate. Tanks were randomly assigned to
one of the following light (L):dark (D) conditions:
24 h darkness (L0:D24), 12 h light:12 h darkness
(L12:D12) or 24 h light (L24:D0) with three replicate
tanks per treatment.
After 60 days, there was no signi¢cant di¡erence

in average individual weight of prawns exposed to
the di¡erent light regimes (overall mean 0.86 g). Sur-
vival was signi¢cantly greater (Po0.05) in prawns
reared under continuous light L24:D0 (72%) than
those raised under L12:D12 (59%) or L0:D24 (58%),
which did not di¡er signi¢cantly (P40.05) from each
other. This study indicates that continuous light con-
ditions have a positive impact on survival of fresh-
water prawn juveniles during the nursery phase,
possibly by reducing activity and therefore the inci-
dence of encounter.

Evaluation of interim size-grading and
substrate orientation

Higher survival during the nursery phase is known
to be related to the provision of arti¢cial substrate
(Coyle et al. 2003a). Substrate has been installed in
both horizontal and vertical orientations.Vertical or-
ientation may be preferred because it may allow in-
crease in inclusion rates and potentially improve
water £ow and solids collection in nursery tanks.
Also, as the duration of the nursery phase increases,
size variation increases because of di¡erential
growth rates and maycontribute to poor survival be-
cause of cannibalismby larger individuals.Therefore,
size-grading juveniles at some time during the nur-
sery period may decrease size variation and increase
survival.
A recent unpublished study was designed to eval-

uate the e¡ect of substrate orientation (horizontal vs.
vertical) and size grading at themidpoint of the dura-
tion of the nursery phase on growth and survival of
freshwater prawn juveniles. For the substrate study,
PL (average weight50.01g) were stocked into eight
189 L polyethylene tanks, each provided with 1.7m2

of arti¢cial substrate in the form of a black plastic
mesh (12.7mm) supported by PVC pipe. Tanks were
randomly assigned to a treatment and stocked with
828 PL per tank or 500 PLm�2 of substrate pro-
vided. Each of a group of four tanks was provided
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with either vertical substrate or horizontal substrate.
Juvenile prawns were fed a commercial penaeid
shrimp diet (42% crude protein), as a percentage of
body weight. After 30 days, the average weight of
prawns (0.27 g) and survival (92%) were not signi¢-
cantly di¡erent between the vertical and horizontal
substrate treatments. After 60 days, there was no sig-
ni¢cant di¡erence in the average weight or survival
between ungraded populations in the horizontal
(0.57 g; 81%) and vertical treatments (0.56 g; 84%),
indicating that substrate orientation has no signi¢-
cant impact on prawn nursery survival or average
weight.
For the grading study, ungraded prawns were cul-

tured under conditions described previously for the
substrate study (horizontal) for the ¢rst 30 days. At
30 days, eight tanks were harvested, pooled, size
graded using an #8 grader bar into two size classes
and subsequently restocked at the same density, but
into three tanks per treatment (either high or low
grade). After 60 days, average weights of the high-
grade prawn and ungraded prawnwere signi¢cantly
higher than that of the low-grade fraction. High and
ungraded treatments were not signi¢cantly di¡erent.
Survival of prawns for the low-grade fraction (89%)
was signi¢cantly higher than that for prawns from
either ungraded (81%) or the high-grade fraction
(76%). These data suggest that larger individuals
within nursery populations negatively impact survi-
val. To maximize survival in the nursery phase, it
may be bene¢cial to remove them or stock them ¢rst.
In addition, survival at 30 days (92%) was signi¢-
cantlyhigher than survival at 60 days (82%), indicat-
ing that nursery duration does have a signi¢cant
e¡ect on survival.

Pond grow-out

In temperate climates, prawns are usually stocked
into grow-out ponds at the lower densities that
are characteristic of semi-intensive culture. A high
stocking density is not practical with a growing sea-
son of approximately 4.5^5 months. Growth is den-
sity-dependent and hence, a marketable product
cannot be realized within the time-limited grow-out
period. The density-dependent reduction in growth
rates occurs in response to achieving a particular
biomass. Therefore, this density-dependent factor be-
comes operative earlier in high-density ponds where
the population has a smaller mean weight. As a re-
sult, with equivalent survival, the mean harvest size
is reduced at comparatively higher densities. D’Abra-

mo and colleagues (1989) showed that average har-
vest weight decreased 23.2%, from 26.0 to 19.3 g,
when stocking densities were increased from 39536
to 79072 ha�1.
The short-duration and single-crop culture of

prawns in temperate climates warrants low stocking
densities. This management practice has an addi-
tional bene¢t because the incidence of water quality
problems arising from oxygen depletions is reduced
when stocking densities are lower. Nevertheless, at
high water temperatures, vigilance is necessary and
management practices should call for either constant
aeration or the initiation of emergency aeration pro-
cedures when dissolved oxygen concentrations are
at, or are anticipated to fall below,3 ppm.
Lower stocking densities also permit a greater con-

tribution of natural productivity for growth. At low
stocking densities farmers can use the natural pro-
ductivity of the pond to sustain maximum growth
rates of juvenile prawns until biomass reaches ap-
proximately 200^250 kg ha�1. At that point, feeding
must be initiated. A commercially available sinking
cat¢sh feed, manufactured by pelleting or extrusion,
works well, especially during the early stages of cul-
ture. This diet may serve to enhance natural produc-
tivityasmuch ormore than servingas a direct source
of nutrients. Nevertheless, some means to increase
the overall energy £ow is required. A fertilization re-
gime may either substitute or complement feeding
(Tidwell, Coyle, Webster, Sedlacek, Weston, Knight,
Hill, D’Abramo, Daniels & Fuller 1997). Careful atten-
tion must be directed towards the quantity, the fre-
quency of application and the time of day when
fertilizers are applied, to avoid the possible depletion
of oxygen, which may occur as the material is
decomposed.

E¡ects of reduced temperatures on
population structure

Macrobrachium rosenbergii is a tropical species and is
therefore believed to require water temperatures of
26^31 1C for good growth, with 28^31 1C being con-
sidered optimal (Sandifer & Smith 1985). However,
Tidwell, Webster, Goodgame-Tiu and D’Abramo
(1994) reported rapid growth rates for prawns raised
at a mean water temperature of 25 1C during the
pond grow-out phase. At this culture temperature,
harvested prawns exhibited a population structure
markedly di¡erent from those reported for popula-
tions in regions with higher mean water tempera-
tures during the grow-out season. The primary
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di¡erences associated with the cooler temperature
were a reduced number of stunted males and a corre-
sponding increase in the number of larger, faster-
growing OC males.
These water temperature e¡ects on pond popula-

tions were conclusively documented using stan-
dardized management practices for experimental
production ponds located at di¡erent latitudes (Tid-
well, D’Abramo,Webster, Coyle & Daniels1996). Stock-
ing rate, stocking date, source of juveniles, diet and
feeding rates were identical at both locations. This
approachwas designed to permit direct comparisons
of production and population structure of prawns
raised under di¡erent water temperature regimes. At
the more northerly (cooler) latitude, fewer prawns
reached sexual maturity and those that did were lar-
ger, indicating a delayed onset of maturation.This de-
lay in attaining sexual maturity of prawns raised at
lower temperatures translated into more energy
being directed to somatic growth and correspond-
ingly less tomaintenance and reproductive demands.
Both total yield and growth rates were signi¢cantly
greater at the higher latitude (cooler) site.

Size grading

Size grading of nursed juveniles before pond stock-
ing has been found to increase both mean harvest
size and total pond production in temperate climates,
thereby enhancing economical viability. Size grading
is essentially a husbandry technique designed to se-
parate the largest, fastest-growing prawns from
others in the nursery population. Fast-growing in-
dividuals are able to retard the growth of other indi-
viduals in the population, although, the mechanism
of growth retardation inMacrobrachium rosenbergii is
not currently known (Karplus, Hulata,Wohlfarth &
Halevy 1986). Removal or separation of these fast-
growing individuals improves the prospects that
other individuals will achieve their growth potential.
The smaller individuals in the prawn population,
generally males, respond by increasing growth rates
to compensate for their small size that is a product of
the retarded growth that was initially experienced.
Essentially, size grading succeeds in disrupting the
continuation of the socially induced, di¡erential
growth rates, which results in awide variation in size
within the population over time. D’Abramo, Malecha,
Fuller, Daniels and Heinen (1991) stocked ungraded
and graded populations of juvenile prawns with a
meanweight of 0.33 and 0.30 g, respectively, in earth-
en experimental ponds at a densityof 29652 ha�1. At

the end of a 5-month grow-out season, themean har-
vest size andmeanyield of the graded populations ex-
ceeded those of the ungraded populations by 37.3%
and 45.6% respectively. The mean food convers-
ion ratios were also improved: 2.4 (graded) vs. 3.2
(ungraded).
Size grading can be accomplished by using ¢n¢sh

bar graders. The desired separation is achieved
through knowledge of the size distribution of the po-
pulation, combined with selection of the appropriate
bar width. A 50^50% (upper-lower) or 40^60%
(upper-lower) size grade is advised because this ap-
proach allows the use of both post-graded popula-
tions for stocking. Having higher percentages of the
upper class reduces the overall e¡ect of size grading
on production characteristics in ponds. Daniels and
D’Abramo (1994) evaluated the production character-
istics of graded and ungraded populations stocked
and grown in earthen ponds for a period ranging
from 125 to 138 days. The graded populations were
numerically divided into 70% upper and 30% lower,
and 30% upper and 70% lower groups, according
to size. The average yields of the 30% upper
(1106 kg ha�1) and 70% upper (884 kg ha�1) popula-
tions were signi¢cantly greater than that of the un-
graded treatment (775 kg ha�1) and corresponded
to similar signi¢cant di¡erences in mean harvest
weight. These signi¢cant di¡erences in production
characteristics were a re£ection of changes in the
percent distribution of di¡erent groups of individuals
comprising the populations, a product of the size
grading. Most importantly, based upon the size distri-
butions of the harvested populations, the calculated
gross revenues in graded populations were 6^73%
greater than those realized for the ungraded popula-
tions.
Daniels, D’Abramo, Fondren and Durant (1995)

stocked the upper group of a size graded population
of juveniles into earthen experimental ponds at den-
sities of 39540,59300 and 79100 ha�1. Aftera grow-
out of 131^134 days, the mean harvest weight was
signi¢cantly higher for prawns stocked at the lowest
density.Total yield, survival and feed conversionwere
not signi¢cantly di¡erent. The relationship of an in-
crease in the proportion of small males at harvest as
stocking density increases, a characteristic of un-
graded stocked populations, was not observed in
their study. The signi¢cant di¡erences in mean har-
vest weight were the result of an increase in the
mean harvest weights of certain morphotypes rather
than changes in the proportional distributions of the
morphotypes.The higher mean harvest weight of po-
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pulations harvested from the lower stocking density
translated into higher revenue, based upon the pro-
portions of tail count categories.

E¡ects of stocking di¡erent fractions of
size-graded juvenile prawns

Grading of juvenile prawns before pond stocking is
used to disrupt social interactions that adversely
a¡ect growth. Animals graded o¡ the upper end
of the size range outperform ungraded animals by
20^50%, but reportedly di¡er on the performance of
the lower grade fraction. Some studies indicate that
yields from lower grade animals may equal or sur-
pass those from ungraded animals if the growing
season is su⁄ciently long. However, because the
growing season in the temperate region is limited to
110^130 days, it is essential that the performance of
the lower grade fraction be evaluated under these
conditions.
Tidwell, Coyle and Dasgupta (2004) evaluated the

e¡ects of stocking di¡erent fractions of size-graded
juvenile prawns on production and population struc-
ture. Juveniles harvested after a 60-day nursery per-
iodwere separated into three groups using a#13 bar
grader (0.5 cm spacing): ungraded controls, upper
grade and lower grade. Ponds (0.04 ha) were ran-
domlyassigned to one of three treatments with three
replicates per treatment. Arti¢cial substrate consist-
ing of 120 cm wide panels of polyethylene ‘construc-
tion/safety fence’ was added to ponds to increase
available surface area by 50%.
After 105 days of grow-out in ponds, survivals of

prawns from the ungraded, low-grade, or high-grade
fractions were not signi¢cantly di¡erent. The overall
survival was 88%.Total production and average indi-
vidual weight of prawns were signi¢cantly greater
(Po0.05) from the high-grade fraction (3310 kgha�1;
43 g) while feed conversion ratio was signi¢cantly
lower (2.0). Total production and average weight of
prawns stocked from the ungraded (2888 kgha�1;
36 g) and low graded fractions (2560 kg ha�1; 35 g)
were not signi¢cantly di¡erent. Marketable produc-
tion (kg ha�1) was signi¢cantly higher (Po0.05) in
the high-grade treatment based on minimum mar-
ketable weights of both 20 and 30 g.
Impacts of grading procedures on population

structures were much more pronounced in females
than in males.Within females, high-graded popula-
tions had a percentage of sexually mature reproduc-
tive females (85%) that was signi¢cantly higher

(Po0.05) than that of the ungraded and low graded
populations. In summary, stocking of the upper
graded group increased total production, average
weights and marketable production. There was no
di¡erence in low graded and ungraded animals in
the above variables.

Arti¢cial substrate

As noted earlier, in temperate regions it is important
to increase total productionwithout decreasing aver-
age individual weights. Cohen, Ra’anan and Brody
(1983) reported that total production and average
weight increased 14% and 13%, respectively, when
arti¢cial substrate was added to ponds in Israel. Tid-
well and colleagues (1998) reported that production
and average harvest size of prawns stocked at rela-
tively low densities (59280 ha�1), and grown under
temperate conditions, increased 20% and 23%, re-
spectively, when grow-out ponds contained added
substrate. Ra’anan, Cohen, Rappaport and Zohar
(1984) reported that added substrate was more e¡ec-
tive in intensively stocked production ponds. How-
ever, Tidwell and colleagues (1999) found no
signi¢cant interaction between the addition of sub-
strate and increased stocking density, although sub-
strate did increase the total production by 18%, the
average harvest size by13% and marketable (420 g)
production by 25%. An unexpected bene¢t of added
substrate was a 17% improvement in feed e⁄ciency.
The increased surface area provided by the substrate
in the ponds most probablycontributes to an increase
in the supply of natural foods through enhanced per-
iphyton production. Substrate provision on a com-
mercial scale has resulted in production and mean
harvest size exceeding1800 kg ha�1and 35 g respec-
tively. Substrate orientation (vertical vs. horizontal)
did not a¡ect substrate e⁄cacy.Whenadditionof sub-
strate was combined with higher stocking rates
(64500 ha�1), and increased feeding rates, produc-
tion exceeding 2500 kg ha�1, with average weights
440 g, was consistently achieved in experimental
ponds (Tidwell et al. 2004a).
Compared with ¢n¢sh species, which utilize the

three-dimensional space provided in a pond environ-
ment, freshwater prawns are benthic animals and
distribution is therefore limited by the two-dimen-
sional surface area of the pond bottom. The concept
of adding substrate is to provide for use of the three-
dimensional volume, by increasing the amount of
two-dimensional surface available in the pond. This
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management approach may allow for successful pro-
duction of prawns in smaller, deeper ponds, which
were previously considered unsuitable. This possibi-
lity is advantageous in hilly inland regions where
suitable sites for large shallow ponds are very limited.
Added substrate can be permanently installed

in ponds equipped with catch basins located at the
drain end for collection of prawns. As the water is
drained, prawns will leave the substrate and follow
the £ow of water to the catch basin. This approach
eliminates the labour required for removal of sub-
strate at harvest. In addition, the materials needed
and labour involved in installing substrate can be
amortised over several production cycles (years).

Impact of di¡erent management technologies
on production, economics and population
structure

In freshwater prawn production, several manage-
ment practices (grading, added substrate, etc.) have
proven e¡ective in increasing productionwithout de-
creasing average sizes. These techniques have been
developed over several years of experimentation (in-
vestigation), appear to be additive and can be com-
bined into a best management practices (BMPs)
approach. However, because of the increased invest-
ment required, BMPs have not beenwidelyadopted in
commercial culture.
A recent study evaluated production levels and

cost-and-returns of three prawn production technol-
ogies (Tidwell, Coyle, Dasgupta, Bright andYasharian
2004). A previously recommended technology
(39500 ha�1; no substrate) (low input), an intensi¢ed
version of that technology (54500 ha�1; no sub-
strate) (medium input) and a currently recom-
mended BMP package (68500 ha�1; with substrate)
(high input-BMP) were evaluated under standar-
dized conditions. Nine 0.04 ha ponds were randomly
assigned to each of the low input, medium input or
the high input-BMP treatment. Juvenile prawns were
stocked at the previously stated treatment-dependent
densities. High Input-BMP ponds received ‘high-
grade’ juveniles that were retained by a #13 grader
bar and had an average weight of 0.89 g while the
low input andmedium input treatments received un-
graded juveniles (0.58 g). Arti¢cial substrate was
added to the high input-BMP ponds, at a rate su⁄-
cient to increase available surface area by 50%. Low
and medium input treatments were fed a 32% crude
protein-sinking pellet according to a feeding table.

High input-BMP ponds were Phase-Fed at rates of
20% above the feed table recommendations.
After 104 days, survival for the high input-BMP

treatment (92%) was higher than that for the med-
ium input treatment (83%) with low input ponds
having an intermediate survival (88%). Compared
with the previously recommended Low Input Tech-
nology, the change to Medium Input Technology sig-
ni¢cantly increased production (18%) and reduced
average weight (9%) and feed conversion ratio
(14%). There was no signi¢cant di¡erence between
Lowand Medium Input technologies in per unit pro-
duction of marketable size animals (420 g) or pre-
mium size animals (430 g). Compared with the
original Low Input Technology, the High Input-BMP
treatment signi¢cantly increased production (92%),
average weight (6%), Production size index (PSI)
(102%), marketable production (420 g) (140%) and
production of premium sizes (430 g) (130%) while
improving feed e⁄ciency (32%). Use of the BMP tech-
nology reduced the break-even price for prawns by
22% and 19% compared with that of the Low Input
and Medium Input treatments respectively. In sum-
mary, adoption of the High Input-BMP technology
appears to be biologically and economically justi¢ed
if similar results can be realized in commercial-scale
ponds.

Harvest and post-harvest

Harvesting

In temperate regions, the harvesting of the total pond
population of prawns must occur before water tem-
peratures drop below approximately 17 1C. However,
some animals mayattainmarketable sizes 4^6weeks
before ¢nal harvest. In tropical regions where year-
round culture is possible, selective harvests have
been implemented to improve total production by
focusing on the removal of larger aggressive mor-
photypes. This procedure appears to disturb an
established behavioural hierarchy and allows less
dominant animals to respond to the absence through
higher compensatory growth rates. In most tempe-
rate regions, the time between the initiation of selec-
tive harvest and the temperature-imposed ¢nal
harvest does not appear to favour this management
practice. However, a partial or selective harvest may
be a bene¢cial practice if it succeeds in lengthening
the marketing season.
Harvest of prawns by seine in temperate zone

prawn culture ponds is relatively ine⁄cient. Seining
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without reduced water depth may still leave as much
as 25% of the crop in the pond.Total harvest of batch
production in ponds may be e⁄ciently achieved
through the addition of a catch basin within a drain-
able pond. When the water is drained, prawns are
concentrated in the basin. Su⁄cient aeration must
be provided to this basin to avoid anyoxygen de¢cien-
cies. If a pond is properly designed and constructed,
then very few prawns will become trapped on the
pond bottom during draining. In ponds with added
substrate, the substrate can be left in place because
prawns will move out of the substrate as the water
level drops and follow the £ow of water to the catch
basin.
Handling of prawns during and after harvest is

partially determined by the type of market being
addressed. In temperate areas where fresh, and
especially live, markets are important, harvesting
methods that reduce the incidence of handling stress
as much as possible must be followed to ensure long-
term, post-harvest survival. These methods include
aeration of the harvest basin, purging in clean, aera-
ted, holding tanks and harvesting and holding at
lower water temperatures (20 ^ 22 1C).

Marketing strategies

Successful commercial culture of freshwater prawns
in temperate regions o¡ers the opportunity to raise
prawns in close proximity to inland urban markets
where product forms such as head-on, live or even
fresh product are usually unavailable. In these re-
gions, prawns may be considered in a pricing struc-
ture that is separate from frozen shrimp. In
Kentucky, USA, for example, farm-gate prices for live
freshwater prawns of mixed sizes generally achieve
US$13.2^22.0 kg�1. Higher selling prices should
compensate for the lower annual yields in temperate
regions as imposed by seasonal production.
The higher selling prices that prawns need to com-

mand for the economic viability of such an enter-
prise, when compared with frozen shrimp tails, may
also be justi¢ed relative to size and quality. Current
¢nancial pressures originating from the frequent in-
cidence of disease in marine shrimp (Chamberlain
1994) are causing marine shrimp to be harvested at
comparatively small sizes, resulting in an overabun-
dance of small to medium sizes, but an insu⁄cient
supply of larger sizes. In fact, many of the larger size
and higher priced deheaded ‘shrimp’currently being
sold in markets in the USA are actually imported de-

headed freshwater prawns. Prawn producers who
have established a goal of harvesting large average
sizes are readily locating markets for prawns (heads
on) that weigh more than 35 g.
Currently, consumers have demonstrated a desire

to know something about the conditions under
which food is raised. Consumer acceptance of a crop
and its purchase may be enhanced by knowledge of
the sustainability or responsibility of the associated
production methodology. This consumer ‘awareness’
provides an opportunity for producers in temperate
regions who are close to potential markets to demon-
strate their rearing techniques to the public. The de-
velopment of regional ‘festivals’, based on the harvest
and consumption of fresh product, could further sa-
tisfy the consumer demand for product information.

E¡ect of substrate and temperature on
transport survival of market-size freshwater
prawns

Following the harvesting of live adult prawns in the
USA, they have sometimes been transported by
truck to urban Asian markets. Hauling stress has
been implicated as a potential problem because poor
survival during transport and in post-transport live
holding tanks has been reported. If techniques could
be developed that would enable market-size prawns
to be successfully transported live at relatively high
densities (1kg live prawn 10 L�1) then a relatively
large market for live product could be found. Meth-
odologies to reduce stress and subsequently increase
survival could contribute to industry viability.
A recent unpublished study evaluated the e¡ects

of added substrate and water temperature on post-
harvest transport survival of pond-harvested adult
prawns (38 g). The experimental design was a 2 � 2
factorial consisting of two temperatures (20 and
26 1C), with and without substrate. There were three
replicate 100 L insulated plastic containers per treat-
ment, each containing 10 kg of adult market size
prawn. The substrate consisted of 2mm plastic mesh
supported bya PVC frame. After 24 h, awater quality
samplewas collected for analysis, all prawns were re-
moved, determined to be alive or dead, weighed and
counted.
The presence of substrate had no signi¢cant

(Po0.05) impact on prawn survival. However, tem-
perature had a dramatic e¡ect on survival (Po0.01).
At 20 1C, prawn survival averaged 96% compared
with 24% at 26 1C. Water temperature also signi¢-
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cantly impacted mean total nitrite-nitrogen con-
centrations at 20 1C (0.58mg L�1) and 26 1C
(0.93mg L�1) within transport containers. These
data indicate that while reduced water temperature
positively impacts prawn survival and water quality
in the transport of freshwater prawns, added sub-
strate appears to provide no bene¢t.

E⁄cacy of general anaesthetics
on freshwater prawns

Two major constraints in the establishment of com-
mercial culture of the freshwater prawn in the USA
are poor survival during live transportation of seed
stock to grow-out ponds, and live transportation of
pond harvested prawns to distant live markets be-
cause of their territorial and cannibalistic nature.
The use of anaesthetics could greatly improve trans-
port survival; however, currently little is knownabout
the e¡ect of the use of anaesthetic agents with prawns.
A recent study by Coyle, Tidwell, Yasharian and

Bright (2003b) compared the e¡ect of ¢ve anaes-
thetics commonly used in ¢n¢sh (Tricaine (MS-222),
2-phenoxyethanol, quinaldine, clove oil and Aqui-
STM) on prawns. Anaesthetics were applied at con-
centrations of 100, 200 and 300mg L�1 in three
replicate 6 L glass containers containing ¢ve juvenile
prawns (0.7 g). Times to induction of and recovery
from, anaesthesia were measured and compared
among treatments.
Tricaine and 2-phenoxyethanol were determined

to be ine¡ective at all levels tested. Clove oil generally
induced anaesthesia faster and at lower concentra-
tions than Aqui-STM or quinaldine. Aqui-STM gener-
ally induced anaesthesia faster and at lower
concentrations than quinaldine. At the highest con-
centration rate (300mg L�1) prawns su¡ered 60%
mortality in the Aqui-STM treatment, 20% mortality
in the quinaldine treatment, and 0% mortality in the
clove oil treatment. Additional research to determine
optimal time and dose relationships to minimize
stress during transport is currently being carried out.

Summary of the potential

The data presented and discussed in this paper indi-
cate that economically viable culture of M. rosenber-
gii can be extended to cooler latitudes than
previously considered possible, not only in the US
but also globally. Critical to the success of farming in
temperate climates is the implementation of three

management practices: stocking of advanced juve-
niles, size grading of juveniles and substrate pro-
vision in grow-out ponds. These management
practices are designed tominimize themajor limiting
factors of seasonal culture, the limited durationof the
growing season and the growth impacting social in-
teractions that are a biological characteristic of this
species. The economic bene¢ts derived from each of
these management procedures appear to outweigh
the increase in operational costs, especially when
these management techniques are used collectively
in what we term‘BMP’ for temperate climate culture.
Stocking advanced juveniles, between 0.3 and 0.5 g,
typically results in production of 1000 kg ha�1with
a mean harvest weight that exceeds 30 g.With the
addition of arti¢cial substrate, in higher production
rates, 1800 kg ha�1 have been achieved in o140
days, while maintaining mean harvest weights of
435 g. Size grading of juveniles before stocking in-
creases mean annual production even further.When
these management practices are combined, produc-
tion near or above 2000 kg ha�1, with a mean har-
vest size of 430 g, has been achieved in commercial
operations in less than140 grow-out days.These pro-
duction levels, combined with the unique marketing
opportunities associated with inland production, are
a strong foundation for achieving economically prac-
tical production of freshwater prawns in temperate
regions of the world.
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