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The present study investigated the effects of salinity and temperature on the survival and development of
larvae of the Monkey River prawn Macrobrachium lar. Larvae of specific morphological development stages
(zoeae I, III, V and VII) were exposed to various salinities ranging from 0 to 30±0.5‰ during salinity toler-
ance tests; while zoea I larvae were reared at temperatures of 26±0.5 °C, 28±0.5 °C, and 30±0.5 °C during
temperature tolerance tests.
The results of the salinity tolerance tests demonstrated that newly-emerged larvae of Macrobrachium lar are
able to tolerate fresh or brackish-water of approximately 10‰, but require gradually increasing salinities
post-hatch reaching 30–35‰; which probably needs to be maintained until metamorphosis into
post-larvae (PL). Larval stages I–II required a range of 10–15‰, III–IV required 15–25‰ and V–VI required
25–30‰. Stages VII to XIII required 30–35‰, following which salinity may be reduced after PL1. Larval surviv-
al and growth were found to be significantly reduced whenmaintained outside these salinities. Larvae kept in
freshwater (0‰) die within 4 days unless transferred to brackish-water.
Results of the temperature tolerance investigations revealed that a temperature range of 30±0.5 °C pro-
duced optimal survival and growth. As a result of the current investigation, baseline data on the salinity
and temperature requirements of M. lar larvae have been collected and will be useful in further larviculture
research work with this species. A salinity acclimation protocol has also been developed that will be useful in
developing a mass culture technique for hatchery production of PL.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

The Monkey River prawn Macrobrachium lar (Fabricius, 1798) is a
large palaemonid prawn indigenous to a number of Pacific Island
countries and territories (PICTs). Because of its size and relatively
fast growth rates, this species appears to have good potential for
aquaculture. However, the major constraint is the extremely limited
supply of seed stock caused by difficulties with rearing the larvae
from hatch until metamorphosis into post-larvae (PL).

The physical parameters of the culture conditions are of critical
importance for the successful rearing of any type of aquatic organism
(Anger, 2001; Maciolek, 1972; Zheng et al., 2008). Two fundamental
aspects of the rearing environment for marine crustaceans are those
of salinity and temperature; once the optima for these parameters
have been established, further work can then be carried out to deter-
mine appropriate ranges of other environmental parameters, such as

pH, dissolved oxygen concentration, light etc. Most crustacean larvae
actively regulate internal ion concentrations by osmo-ionic regulato-
ry processes, and salinity tolerances are often closely related to their
ability to maintain internal media largely independent of external
conditions (Anger, 2001; Brown et al., 2010). Many aspects of crusta-
cean biology (e.g. moulting frequency, larval activity, swimming
speed and adult size) vary as a function of water temperature
(Anger, 2001; Zheng et al., 2008). Experimental work with the larvae
of various species of decapod crustaceans suggests that survival and
growth are usually optimum within a narrow temperature range,
and these performance measures decrease at temperatures above
and below this range (Anger, 2001).

A number of previous studies have examined the improvement of
larval freshwater tolerance through selective breeding (Wong and
McAndrew, 1990), the effects of salinity and temperature on embryonic
development and larval viability (Ching and Velez, 1985; Brillon et al.,
2005; Manush et al., 2006; Smith et al., 2009) and investigations of
post-larval cold tolerance, salinity tolerance and osmoregulation
(Chen and Chen, 2003; Sandifer et al., 1975; Silverthorn and Reese,
1978 and Yen and Bart, 2008). Other studies have investigated varia-
tions of salinity and temperature and their effects on larval induced
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thermo-tolerance and stress resistance (Rahman et al., 2004), ammonia
and pH toxicity (Armstrong et al., 1978 and Chen and Chen, 2003) and
immune responses (Cheng and Chen, 2000; Cheng et al., 2003).

The majority of studies on the larval development of various
Macrobrachium spp. have evaluated the direct effects of salinity and tem-
perature (either separately or in combination), on the rates of larval sur-
vival and development e.g. Dobkin (1971),Williamson (1971), Dobkin et
al. (1974), Dugger andDobkin (1975), Subramanian et al. (1980), Lee and
Fielder (1981), Holtschmit and Pfeiler (1984) and Wong (1987). Larvae
of Macrobrachium species investigated previously demonstrate a wide
range of salinity requirements, from species that are able to complete
their larval development entirely in freshwater (e.g. Macrobrachium
niloticum; Williamson, 1971), to those needing salinities greater than
20‰ for successful development (e.g. Macrobrachium equidens; Ngoc-
Ho, 1976), with a number of species having intermediate needs
(e.g. Macrobrachium carcinus; Choudhury, 1971a, 1971b). The tempera-
ture optima for the majority ofMacrobrachium species so far studied ap-
pear largely similar, ranging between 20 and 30 °C (e.g. Dobkin, 1971;
Ngoc-Ho, 1976; Subramanian et al., 1980).

A number of researchers have previously worked on the larval rear-
ing ofM. lar; viz. Kubota (1972), Atkinson (1973, 1977), M. S. Muranaka
in Hanson and Goodwin (1977), Takano (1987), Nandlal (2010), Sethi
and Roy in Kutty andValenti (2010) and Sethi et al. (2011), with varying
levels of success. Atkinson (1973, 1977) appears to have made themost
progress, reaching the eleventh zoeal stage after 89 days of culture;
while others experienced total larval mortality by the fifth (Kubota,
1972) or seventh (Nandlal, 2010) stage. Of these seven investigations
reported in the literature, details of salinity and temperature studies
have only been described for four studies (Atkinson, 1973, 1977;
Hanson and Goodwin, 1977; Lal, 2012; Nandlal, 2010). Kubota (1972)
reports that berried female M. lar make downstream breeding migra-
tions to brackish waters to release newly hatched larvae which drift
with the current (Short, 2004) until they encounter full-strength seawa-
ter where they remain in the plankton to complete their development.
He also states that hatching can also take place in freshwater, although
larvae must reach brackish water within 3 to 4 days if they are to sur-
vive (Atkinson, 1973, 1977; Kubota, 1972; Nandlal, 2010; Short, 2004).

The current study aimed to address some of the difficulties en-
countered in the larviculture of M. lar by determining the optimal sa-
linity and temperature ranges for the survival and growth of larvae
under laboratory conditions. The specific objectives of the investiga-
tion were to determine optimal salinity ranges for early M. lar larval
stages, develop a suitable salinity acclimation protocol for this species
and finally, determine the optimal temperature range for survival and
growth of M. lar larvae in laboratory culture.

2. Methodology

2.1. Larval mass cultures

A series of mass cultures ofM. lar larvaewasmaintained throughout
the duration of the salinity and temperature investigations to ensure a
constant supply of larvae for experimentation. A detailed description
of the mass cultures is provided in Lal (2012). Up to four circular
1000 L flat-bottomed polyethylene Larval Rearing Tanks (LRTs) were
maintained at any one time. Larvae of the required stage were collected
from the LRTs as and when they were needed. As heavy mortalities
were encountered in all of the mass culture attempts, only larvae up
to zoeal stage VII were available in sufficient quantities to allow for
meaningful experimentation.

2.2. Salinity tolerance experiments on M. lar larvae

2.2.1. Collection and acclimation of larvae
Larvae at zoeal stages I, III, V and VII were used in the coarse-

resolution and fine-resolution salinity tolerance experiments. These

larvae were acclimated to the test salinity solutions they would be ex-
posed to for the duration of the tolerance testing from their hatch sa-
linity and temperature of 10‰ and 26±0.5 °C respectively. A total of
240 and 300 individual larvae of each developmental stage were re-
quired for the coarse-resolution and fine-resolution tolerance tests
respectively, to which 50 extra larvae of each developmental stage
were added to account for mortalities.

All larvae were collected from the LRT using a larval counting
bowl. Larvae were then transferred into a Petri dish filled with
water from their LRT using a wide bore (3 mm diameter) pipette
for examination under a binocular dissecting microscope. Larvae
were examined to determine their stage of development and any un-
healthy or abnormal/deformed larvae were discarded. Healthy larvae
at the required stage of development were then transferred to the sa-
linity acclimation tanks. Criteria used for assessing larval health and
development stage are detailed in Valenti et al. (2010) and Lal (2012)
respectively.

A series of test salinity solutions was prepared using freshwater
and seawater. The salinity of the solutions was checked during the
mixing process with a YSI 85 salinity, temperature and conductivity
meter to ensure that the target salinity was achieved to ±0.5‰. For
the coarse-resolution phase of testing, 0, 10, 20 and 30‰ solutions
were prepared. For the fine-resolution phase of testing, a range of so-
lutions including 0, 5, 10, 15, 20, 25 and 30‰ were prepared
depending on the zoeal stage being tested and the outcome of the
coarse-resolution phase tests. Each solution was maintained for no
more than 3 days after which it was discarded and a fresh mixture
prepared.

A drip system was used to acclimate larvae to their test salinities.
Individual 1 L drip bags were filled with the respective test salinity
solutions and emptied into the acclimation tanks using calibrated ad-
justable burettes. One drip bag was used per acclimation tank. Aera-
tion was provided inside each drip bag at a rate of approximately
15–30 mL s−1. This was done to ensure the test solutions remained
thoroughly mixed and well oxygenated as they were added to the ac-
climation tanks.

The aim of the drip system was to gradually replace all of the LRT
water at a uniform rate across all treatments over a period of 24 h.
Preliminary trial work with the system discovered that a delivery
rate of 0.7 mL min−1 was adequate for this purpose, to ensure that
all larvae were transferred to their test solutions at approximately
the same time. This was necessary so that no bias was afforded to
those larvae that needed to make a large ‘jump’ in salinity e.g. from
10‰ to 30‰ compared to those that were being transferred across
smaller increments e.g. 10‰ to 15‰.

Rectangular polyethylene acclimation tanks (3 L) were set up cor-
responding to the drip bags for the coarse or fine-resolution phase
tests respectively. These tanks were filled with 1 L of mass culture
LRT water and equipped with an overflow system to release water
from the acclimation tank at a rate to match the incoming rate of
water from the drip bags. Each acclimation tank was aerated at the
rate of 4.5 mL s−1. Any dead or moribund individuals observed
were removed using a wide bore (3 mm diameter) pipette. Salinity
and temperature in each acclimation tank were recorded, and
throughout the acclimation period, monitored water parameters
remained as follows: temperature of 28±0.5 °C, pH of 7.8±0.2,
DO2>6.5 mg L−1 and average NH4+ and NH3 concentrations no
higher than 0.9 and 0.05 ppm respectively.

2.2.2. Coarse-resolution tolerance tests
Upon completion of the acclimation period, larvae were gently

transferred to the salinity tolerance testing setup using a wide bore
(3 mm diameter) pipette. Larvae at zoeal stages I, III, V and VII were ex-
posed to a range of 0, 10, 20 and 30‰ test salinity solutions in 1 L glass
jars for a test period of 5 days. Twenty larvae of the required stage were
transferred from the acclimation tanks into a single test jar. Test jars
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were set up in triplicate for each test salinity, with each test jar filled to a
volume of 800 mL and aerated at the rate of 4.5 mL s−1 using individ-
ual 5 mm diameter air lines.

All the test jars were placed in a water bath system to maintain an
even temperature. Three polystyrene boxes 55 cm in length, 40 cm in
width and 17 cm in depth with a thickness of 25 mm filled with sea-
water were used as the containers for the water bath. A total of 12 test
jars could be accommodated inside one polystyrene container. Each
container was heated to maintain 28±0.5 °C by two Aqua One
200 W glass tube immersion heaters. Aeration was provided inside
each container at the rate of 50 mL s−1 to circulate the seawater in
the water bath. Test salinity treatments were assigned randomly to
the jars positioned in the water bath system. Throughout the testing
period, monitored water parameters remained as follows: pH of
7.8±0.2, DO2>6.5 mg L−1 and average NH4+ and NH3 concentra-
tions of 0.09 and 0.05 ppm respectively.

2.2.3. Fine-resolution tolerance tests
The experimental setup for the fine-resolution tolerance tests was

identical to that described earlier for the coarse-resolution phase of
tests, with the only difference being that larvae at zoeal stages I, III,
V and VII were exposed to finer increments of the test salinity solu-
tions in the 1 L test jars, viz. 0, 5, 10, 15, 20, 25, and 30‰. Throughout
the testing period, monitored water parameters remained as follows:
pH of 7.8±0.2, DO2>6.5 mg L−1 and average NH4+ and NH3 con-
centrations of 0.08 and 0.05 ppm respectively.

2.2.4. Experiment maintenance
The entire experimental setup was illuminated for 24 h each day

to duplicate the conditions under which larvae were raised in the
mass culture systems they were sourced from. Two fluorescent light
tube fittings provided a total light output of approximately 6700 lux
at the surface of the water in the test jars. Larvae were offered excess
feed four times a day at four-hourly intervals starting at 0800. The
first three feed offerings were a mixture of egg, squid and shrimp
custards depending on the stage of development of the larvae being
tested. Biofloc and Algamac® (Aquafauna Biomarine Inc.) particles
were also incorporated into these feed offerings. The last feed offering
was solely Artemia nauplii to nourish the larvae overnight.

Water was exchanged in the test jars at a rate of 30% per day for
the duration of the tolerance tests. Up to 50 or 80% per day was ex-
changed if the quality of water was found to have deteriorated signif-
icantly since the previous exchange. Uneaten feed particles (including
Artemia nauplii and meta-nauplii), excessive biofloc and dead or mor-
ibund larvae were removed.

2.2.5. Larval examination and data collection
Larvae were examined twice daily to determine the number of

surviving individuals and their stage of development. Larvae were
considered to be dead when a heart beat could not be discerned
and the pulsing activity of the hind-gut had ceased. Moribund larvae
were characterised by their lack of swimming and feeding activity
and opaque white body colour which preceeds death. Healthy larvae
were seen to actively swim and feed and have transparent body tis-
sues. The number of surviving larvae and their stages of development
at the end of each day were recorded.

2.3. Temperature tolerance tests

2.3.1. Collection and acclimation of larvae
Larvae at the first zoeal stage of development were used in the tem-

perature tolerance experiments. All larvae were collected from a single
mass culture LRT 18–24 h post-hatch and examined under a binocular
dissecting microscope to determine their stage of development and
condition. Healthy larvae at the required stage of development were

then acclimated to the test LRTs where they would be exposed to the
test temperature treatments.

The test LRTs were prepared to match the water parameters of the
mass culture LRT that larvae were to be sourced from. Particular care
was taken to ensure that salinity and temperature varied by no more
than 0.5‰ and 0.2 °C respectively from the mass culture LRT values.
Once larvae had been stocked in the test LRTs, the glass tube immer-
sion heaters each LRT was equipped with were turned on to gradually
acclimate the larvae to the test temperatures required. Other water
parameters remained as follows: pH of 7.8±0.2, DO2>6.5 mg L−1

and average NH4+ and NH3 concentrations no higher than 1.1 and
0.08 ppm respectively.

2.3.2. Temperature tolerance tests
Approximately 1400 larvae were stocked in individual 60 L

cylindro-conicalfibreglass LRTs and exposed to three test temperatures;
26±0.5 °C, 28±0.5 °C, and 30±0.5 °C. Treatments were assigned
randomly to the LRTs, with each treatment replicated three times.
Care was taken to ensure that relatively uniform numbers of larvae
were stocked in each LRT, and larvae were enumerated using esti-
mated counts. Each LRT was heated to maintain its assigned tempera-
ture range with an Aqua One 200 W glass tube immersion heater. All
water exchanges were carried out as per the routine procedures used
for the mass culture LRTs. Aeration was provided at a rate of approxi-
mately 80–100 mL s−1. The entire experimental setup was maintained
as described previously in Section 2.2.4. Larvae were examined once
daily to determine the number of surviving individuals and their
stage of development.

2.3.3. Larval survival
Larval survival was determined by estimating the number of sur-

viving larvae in each test LRT every second day. Larvae were first
evenly distributed in the LRT by gently mixing the water using a lar-
val counting bowl. Five separate counts were made by removing 1 L
of water from the LRT and accurately counting all larvae present in
the counting bowl. The LRTs were stirred between counts. Any dead
or moribund individuals were removed.

2.3.4. Larval development
Larval development was evaluated by calculating the Larval Stag-

ing Index (LSI) according to Mallasen and Valenti (2006):

LSI ¼ ∑Si � nið Þ=N ð1Þ

where: Si=larval stage (i=1–5; representing each larval stage); ni=
number of larvae in each stage; N=total number of larvae examined.
In order to determine the LSI for a particular LRT, three samples of lar-
vae were randomly selected using a 1 L larval counting bowl, in a
similar manner to that described for assessing larval survival.

2.4. Data analyses

Statistical analyses were carried out using GenStat® Version 12.1
software (VSN International Ltd.). For the salinity experiments,
one-way analysis of variance was used to compare percentage surviv-
al data for each larval stage among the different salinity treatments.
Least significant differences (LSDs) were also used to examine the
separation of the means. Because of zero survival in many of the
test jars, the replication obtained for the development data was high-
ly unbalanced, with no data being obtained for some treatments.
Thus, these results have been presented graphically but not submit-
ted to any further significance testing.

For the temperature experiments, a repeated-measures analysis of
variance (RM-ANOVA) was initially carried out on the data for larval
percentage survival and larval development (measured by Larval
Stage Index — LSI) at the three test temperatures. In this analysis,
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the data on larval survival were transformed using an arcsine-square
root transformation (Sokal and Rohlf, 1973) to improve the normality
of residuals. The LSI data did not require transformation. Given the
significant results for the interaction term (time×temperature)
from the repeated measures ANOVA, further analyses were carried
out for both the LSI and survival data by one-way ANOVA among
the treatments within each time period.

3. Results

3.1. Salinity tolerance tests

Data on larval survival gathered during the acclimation periods for
both the coarse and fine-resolution salinity tests is not reported here
as survival remained at 100% throughout all acclimation runs, with
the exception of one which experienced severe mortality and from
which all larvae were discarded.

3.2. Larval survival during coarse-resolution tolerance tests

Larval survival at the coarse-resolution phase of testing was
highest (36%) at 10‰ for zoea I, both 20‰ and 30‰ (50% and 63%
survival respectively) for zoea III, and 30‰ for zoea V (83%) and
zoea VII (96%) respectively (Fig. 1). All larvae maintained in freshwa-
ter did not survive past the fourth day of the experiment. A distinct
preference for salinities trending towards that of full-strength seawa-
ter is apparent as the larvae moulted through zoeal stages III to V,
with fully marine conditions being optimal for survival and growth
beyond this developmental stage. Mean survival rates between the
10‰ and 20‰ treatments for zoea I were largely similar, as was the
case for the 20‰ and 30‰ treatments for zoea III and V larvae
which were the only treatments containing surviving larvae at the
end of the tolerance test. Exposing zoea I larvae to 30‰ resulted in
poor survival. For zoea VII larvae, survival was a little better in the
30‰ than in the 20‰ treatment. These data (Fig. 1) were used to se-
lect the range of salinities to be evaluated for the fine-resolution
phase of testing.

3.3. Larval development during coarse-resolution tolerance tests

Larval development as measured by the increase in larval stage
number at the end of the tests was fastest at 10‰ for zoea I where
the subsequent larval stage was reached on day 3 of the experiment,
while other treatments contained larvae which lagged in develop-
ment. 20‰ appeared to be suitable for zoea III. The 20‰ and 30‰
treatments were optimal for zoea V, with similar performance

between treatments, and 30‰ for zoea VII. These findings agree
with the coarse-resolution test salinity survival data, indicating a
strong preference for fully marine conditions as the larvae of M. lar
develop through their first few zoeal stages.

3.4. Larval survival during fine-resolution tolerance tests

Larval survivorship during the fine-resolution phase of testing is
displayed in Fig. 2, and was highest at 15‰ for zoea I at 40%. Survival
for zoea III larvae was more varied, with the highest value obtained at
20‰ (90%), however, treatments maintained at 25‰ and 30‰
showed appreciable survival also (83 and 86% respectively). Zoea V
larvae survived best at 30‰ (90%), but the 25‰ treatment produced
a comparable result of 80%. A similar result was observed with zoea
VII larvae with the 20‰, 25‰ and 30‰ treatments, which experi-
enced 83%, 96% and 93% final survival respectively.

Survival for zoea I larvae showed large variation (LSD=35.77 for
the 15‰ and 20‰ treatments), and no significant differences oc-
curred between treatments (one-way ANOVA: F4,10=2.6 and
p>0.05). These were the only remaining treatments containing sur-
viving larvae at the end of the experiment. Indications are that zoea
I and II larvae are able to tolerate salinities up to 20‰, however over-
all survival was better under conditions ranging from 10‰ to 15‰.

Once larvae moult into the third and fourth zoeal stages, they ap-
pear to require a salinity of at least 20‰, but are able to tolerate salin-
ities as high as 30‰. Larvae exposed to treatment salinities below
20‰ recorded final percentage survival values of less than 20%. A sim-
ilar trend was observed with zoea V and VI larvae, with largely similar
final survival rates in the 25‰ and 30‰ treatments but poor survival
below 25‰.

With zoea VII and VIII larvae, slightly different salinity preferences
were apparent. Positive rates of survival were observed at 25‰ and
30‰, however appreciable survival was also noted in the 15‰ and
20‰ treatments. Differences in the data for zoea III (one-way
ANOVA: F4,10=14.3 and pb0.001), zoea V (one-way ANOVA:
F4,10=58.9 and pb0.001) and zoea VII (one-way ANOVA: F4,10=
18.2 and pb0.001) were found to be highly significant. A reduction
of variation in the data between treatments as the larvae develop by
decreasing LSD values of 33.6, 16.9 and 22.0 for zoeal stages III, V
and VII respectively may indicate that the larvae ofM. lar become pro-
gressively more euryhaline as they develop until zoea VIII.

3.5. Larval development during fine-resolution tolerance tests

Larval development as measured by the increase in larval stage
number was fastest at 15‰ for zoea I where the subsequent larval

Fig. 1. Effect of coarse resolution test salinities on the survival of M. lar larvae over 5 days (mean±S.E., n=3). Letter codes indicate significant differences within each stage deter-
mined by LSD (pb0.05).
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stage was reached on day 2 for both treatments, while other treat-
ments lagged in development (Fig. 3). Development for zoea III larvae
in the 20‰ treatment was accelerated, with all larvae reaching zoea
IV by day 3, and all 25‰ and 30‰ treatment larvae also moulting to
this stage a day later. Moulting frequency was most rapid in the
30‰ treatment for zoea V larvae, followed by larvae in the 25‰ treat-
ment. A very similar result was observed for zoea VII larvae, with all
larvae in the 30‰ treatment moulting to stage VIII on day 3 of the ex-
periment, closely followed by 25‰ treatment larvae which had
moulted by day 4.

Comparing mean larval development over the experimental peri-
od, zoea I larval development increased at the same rate between the
15‰ and 20‰ treatments. The same trend was observed between the
25‰ and 30‰ treatments for zoea III larvae, however the 30‰ treat-
ments containing zoea V and VII larvae developed much faster (an av-
erage larval stage increase of approximately 1.6) compared to the
other treatments. These data displayed similar trends to those evi-
dent in the survivorship of the larvae, indicating that those larvae
that survived best at the “optimal” test salinities also developed the
most during the test period.

3.6. Salinity acclimation protocol for larvae

Based on the optimal rates of larval survival and development in
the results of the salinity tolerance tests, a preliminary salinity accli-
mation protocol was developed for use in further M. lar larviculture
work. This protocol is detailed in Table 1.

3.7. Larval survival in the temperature tolerance tests

Larval survivorship measured during the temperature tolerance
tests was low across all treatments and is displayed in Fig. 4. Larvae
exposed to the 30 °C treatment experienced the highest overall sur-
vival (18%) at the end of the experiment compared to the other two
treatments, which were 10.7% and 3.1% for the 28 °C and 26 °C treat-
ments respectively. The survival trend between the three treatments
remained fairly uniform from the start of the experiment until day 6
when the 28 °C and 30 °C treatments separated from the 26 °C treat-
ment. It is apparent that the survival rate for M. lar larvae improves
with an increase in temperature.

Rearing temperature had a significant affect on larval survival
(RM-ANOVA temperature×time: F10,30=3.7 and p=0.04); indicating
that the 28 °C and 30 °C treatments resulted in better larval survival
than the 26 °C treatment. A posteriori analysis by one-way ANOVA and
LSDs separated the 28 °C and 30 °C treatments from the 26 °C treat-
ment on day 6 (F2,6=13.8 and p=0.006) and the 30 °C treatment
from the 28 °C treatment on day 10 (F2,6=6.7 and p=0.03).

3.8. Larval development in the temperature tolerance tests

Larval development as measured by LSI during the temperature
tolerance tests is displayed in Fig. 5. The 30 °C treatment resulted in
larvae moulting into their subsequent zoeal stages much faster than
in the other treatments. Observations made on larval staging in
order to calculate LSI found that in the majority of samples, larvae

Fig. 2. Effect of fine-resolution test salinities on survival ofM. lar larvae over 5 days (mean±S.E., n=3). Letter codes indicate significant differences within each stage as determined
by LSD (pb0.05).

Fig. 3. Effect of fine resolution test salinities on development of M. lar larvae (mean±S.E., n=3).
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collected from the 30 °C treatment were one zoeal stage ahead (if not
more) than their cohorts in the other two treatments. By the end of
the experiment, averaged LSI was 3.36, 4.16 and 4.85 for the 26 °C,
28 °C and 30 °C treatments respectively.

Rearing temperature had a significant effect on larval develop-
ment (RM-ANOVA temperature×time F10,30=7.2; p=0.002), indi-
cating that the 30 °C treatment resulted in faster larval development
than the 26 °C and 28 °C treatments. A posteriori analysis by one-
way ANOVA to determine the points during the experiment at
which larval development rates differed showed that separation
occurred from day 2 (F2,6=10.8; p=0.01; LSD=0.31), day 8 (F2,6=
21.35; p=0.002; LSD=0.40) and day 10 (F2,6=52.0; pb0.001;
LSD=0.36).

4. Discussion

4.1. Salinity tolerance experiments

The salinity tolerance experiments indicate that survival and de-
velopment of newly-emerged M. lar larvae were highest in entirely
fresh or slightly brackish water, and then the optimal salinity gradu-
ally increased up to full-strength seawater by the mid-way point of
larval development. Larvae of M. lar were unable to survive in fresh-
water beyond a period of 4 days, adding support to the notion that
this species has a truly oceanic larval dispersal phase (e.g. Kubota,
1972; Maciolek, 1972; Mather et al., 2006; Nandlal, 2010). Holthuis
(1980) stated that Macrobrachium latidactylus and Macrobrachium
latimanus may also have a marine larval development phase.

A comparison of this life history trait with those of other
Macrobrachium larvae shows that there are few other species which
require such high salinities for successful development. These species
include M. equidens which requires approximately 33‰ (Ngoc-Ho,
1976 in Shokita, 1985), Macrobrachium grandimanus which requires
17.5–35‰ (Shokita, 1985), Macrobrachium acanthurus which was
reared between 23.5 and 35‰ by Dobkin (1971) and Macrobrachium
americanum which requires between 20 and 30‰ for its early larval
development after which salinity is reduced to between 15 and
20‰ (Holtschmit and Pfeiler, 1984).

The two larval performance measures used in the current inves-
tigation displayed similar responses to salinity i.e. the salinities

observed to be optimal for survival were also optimal for develop-
ment. One of the limitations of the salinity tolerance study was the
difficulty in maintaining larvae in small culture volumes for extended
periods of time. Very heavy mortality was observed when attempts
were made to rear larvae in the 1 L glass jars used for the tolerance
tests beyond 10 days. Larvae reared in mass culture in 1000 L LRTs
however did not appear to encounter this problem. A similar finding
was reported by Nandlal (2010). One reason for this may be that lar-
vae reared in mass culture may have had access to a live food source
e.g. biofloc, of which larvae reared in the glass jars were deprived (al-
though an effort was made to mitigate this circumstance by adding
biofloc particles to the jars when the larvae were fed). Another limi-
tation of the salinity investigations was the lack of sufficient numbers
of larvae for experimentation beyond stage VII. For a complete inves-
tigation of the larval salinity requirements ofM. lar, it would be desir-
able to test zoea larvae from stages IX, XI and XIII as well as PL to
determine their salinity tolerance ranges.

Some other species of Macrobrachium (e.g. Macrobrachium
rosenbergii) require conditions of constant salinity for successful
development beyond stages VII and VIII until metamorphosis into
PL, and it is possible that this is also the case for M. lar, (Ling, 1961;
Nandlal and Pickering, 2006; Takano, 1987; Uno and Kwon, 1969).
Support for this scenario includes a report by Kubota (1972) in
Hawaii of newly-settled juveniles in a freshwater stream 100 yards
from the ocean, implying that larval development is partially com-
pleted under entirely marine conditions, and then juveniles migrate
towards land and travel upstream into high elevation freshwater
streams which constitute the adult habitat.

4.2. Temperature tolerance tests

Results of the temperature tolerance investigations revealed that a
temperature range of 30±0.5 °C produced optimal survival and de-
velopment of M. lar larvae. This is similar to the requirements of
Macrobrachium rosenbergii, with reported ranges of 28±0.5 °C (Uno
and Kwon, 1969), 26–31 °C (Takano, 1987), 28.9 °C with ranges of
25.0 to 30.5 °C (T. Fujimura in Atkinson, 1973) and 27–32 °C
(Cheng et al., 2003).

The most comprehensive published investigation to date on the
temperature requirements of M. lar larvae was carried out by
Atkinson (1973), where ranges of 21–22.5 °C, 25.5–27.2 °C and
28.0–30.5 °C were evaluated. Results indicated that temperatures of
23–26.5 °C were optimal, with the larvae capable of developing
between 24 and 30 °C. He also reported that as M. lar is an insular
species, it is probably less tolerant of higher temperatures than
M. rosenbergii which is an estuarine, continental species. This differs
from the findings of the current study, which found the optimal tem-
perature to be on the higher end of Atkinson's reported range.

Larviculture research by Nandlal (2010) was carried out at 27–
30 °C, with a suggested tolerance range of 18–28 °C for the larvae of
M. lar. If the lower thermal tolerance limit for this species is indeed
as low as 18 °C, this implies a prolonged pelagic development time,

Table 1
Salinity acclimation protocol for larviculture of M. lar.

Developmental stage Salinity range

Zoea I–II 10–15‰
Zoea III–IV 15–25‰
Zoea V–VI 25–30‰
Zoea VII–XIII 30‰+up to 35‰
PL1 35‰ acclimated down to 0‰

Fig. 4. Effect of water temperatures on larval survival of M. lar (mean±S.E., n=3).

Fig. 5. Effect of water temperatures on larval development of M. lar (mean±S.E., n=3).
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as larval development and moulting frequency vary as a function of
temperature (Anger, 2001). Atkinson (1973) also mentioned that
the larvae of M. lar may undergo an extensive development period,
of at least three months, based on larval life history characteristics.
An ideal extension to the temperature tolerance investigations car-
ried out here would be to clarify the upper and lower temperature
limits that permit larval survival and growth, and produce more de-
tailed models of growth rates and life history for this species under
natural conditions.

5. Conclusions

As a result of the current investigation, baseline data on the salinity
and temperature requirements ofM. lar larvae have been collected and
will be useful in further larviculture research work with this species. A
salinity acclimation protocol has also been developed that will be valu-
able in developing a mass culture technique for hatchery production of
PL. It has now been established that the larvae ofM. lar are able to hatch
in either freshwater or brackish-water of approximately 10‰, but
require gradually increasing salinities post-hatch reaching 30–35‰ by
stages V–VI, which likely needs to be maintained until metamorphosis
into PL. Stage I larvae kept in freshwater die within 4 days unless trans-
ferred to brackish-water. A temperature of 30±0.5 °C has been found
to result inmaximum larval survival and development rates, and is sim-
ilar to the requirements of other Macrobrachium species that have a
tropical distribution.
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