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COMBINED EFFECT OF SALINITY AND TEMPERATURE ON SURVIVAL, GROWTH AND LARVAL DEVELOPMENT OF THE FRESHWATER SHRIMP, Macrobrachium vollenhovenii (Herklots, 1857) COLLECTED IN THE BIA RIVER (Côte d’Ivoire)
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ABSTRACT 

	
[bookmark: _GoBack]  The shrimp Macrobrachium vollenhovenii has great potential for aquaculture in Côte d'Ivoire. For a better understanding of the effect of temperature and salinity on larval culture in the process of its domestication, three temperatures (26°C, 28°C, and 30°C) and their combined effects with three salinity levels (14, 16, and 18 PSU) on developing stages from zoea I (Z1) to post-larvae 1 (PL1) were studied in two separate experiments over 63 days. The larvae were obtained in captivity from broodstock collected from the River Bia. In the first experiment, Z1 larvae raised at 26°C showed the lowest survival rate (44.5 ± 2.10%) to the zoea V stage compared with 66.8 ± 6.79% at 28°C, 54.7 ± 2.04% at 30°C (p ˂ 0.05). Also, 26°C slowed growth and delayed larval development by around 6 days. The growth rate at 28°C (0.107 ± 0.02 mm/day) was the highest compared with that (0.046 ± 0.01mm/day) at 26°C and (0.063 ± 0.02 mm/day) at 30°C (p ˂ 0.05). Consequently, a water temperature of around 28°C is optimal for larval culture of this species. The second experiment showed that temperature and salinity influence larval survival and/or development. Only a salinity of 16 PSU resulted in the highest PL1 survival rate (1.4%) at 28°C, with a larval stage index of 1.23. Based on survival, growth, and development results, the best combination of salinity and temperature for breeding M.vollenhovenii larvae is 16 PSU and 28°C.
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1. INTRODUCTION 

Macrobrachium vollenhovenii (Herklots, 1857), is one of the largest indigenous shrimp in the Paleomonidae family in Côte d'Ivoire. Due to its size and relatively fast growth rates, this species has good potential for aquaculture. However, the main constraint is the impossibility of supplying seed stocks, due to the difficulties of rearing larvae from hatching to metamorphosis into post-larvae (PL). The physical parameters of the culture conditions are of crucial importance for the successful rearing of any type of aquatic organism (Anger, 2001; Zheng et al., 2008).
Salinity and temperature are two of the most important abiotic factors affecting the growth and survival of aquatic organisms, once the optima are reached for these parameters, which are pH, dissolved oxygen concentration, light, etc. Most crustacean larvae actively regulate internal ion concentrations through osmo-ionic regulation processes, and salinity tolerances are often closely linked to their ability to maintain an internal environment that is largely independent of external conditions (Anger, 2001; Brown et al., 2010).
Many aspects of crustacean biology (including the frequency of moulting, larval activity, swimming speed, and adult size) vary with water temperature (Anger, 2001; Zheng et al., 2008). Experimental work on the larvae of various species of decapod crustaceans suggests that survival and growth are generally optimal within a narrow temperature range and that these performance measures decrease at temperatures above and below this range (Anger, 2001).
However, it is well known that the response to these environmental parameters is species-specific and that salinity and temperature can also interact to influence growth and survival (O'Brien, 1994). The majority of studies on larval development of various Macrobrachium spp. have assessed the direct effects of salinity and temperature (separately or in combination) on larval survival and development rates (Guest et al., 1979; Subramanian et al., 1980; Lal et al., 2012; Mohanty et al., 2016; Koussovi et al., 2021).
The larvae of the Macrobrachium studied previously show a wide range of requirements in terms of salinity, from which three groups of species emerge. Firstly, species capable of completing their larval development entirely in freshwater (this is the case of Macrobrachium niloticum (Williamson, 1971); secondly, those that require salinities above 25 ‰ for successful development (for example, Macrobrachium lar (lal et al., 2012) and finally a number of species with intermediate requirements such as Macrobrachium carcinus (Choudhury,1971) Macrobrachium vollenhovenii (Willführ-Nast et al.,1993) Macrobrachium macrobrachion (Koussovi et al., 2021).The temperature optima for the majority of Macrobrachium species studied to date appear to be largely similar, ranging between 20 and 30°C (Subramanian et al., 1980; Makombu et al., 2023).
Several researchers in West Africa have already worked on larval rearing of M. vollenhovenii with varying levels of success. Those of Makombu et al. (2014) at 26°C/16 ‰ and Niass and Fall (2015) at 29°C/15ppt salinity appeared to have been the most successful, reaching the eleventh and fifteenth zoeal stages. The rearing period was 41 to 74 and 63 to 64 days respectively, while others experienced total larval mortality on day three (Gangbè et al., 2019) or day six (Ofori-Darkwah et al., 2023) at variable salinities (8, 12, and 16 ppt) and a temperature of 26°C. It is generally accepted that shrimps of the genus Macrobrachium are not able to resist major environmental changes during their larval development. In this respect, research on salinity and temperature optima for Macrobrachium vollenhovenii shrimp larvae has been limited to a few studies (Willführ-Nast et al., 1993; Makombu et al., 2023).
These studies concerned, respectively, the effect of salinity on larval development and growth and the effect of temperature on embryonic development and larval viability. These studies defined a salinity range of 16 to 24 ppt and a temperature of 28°C for the species. According to Makombu et al. (2023) better growth and faster development was observed at 30°C, then at 28°C. However, larval survival to stage V was significantly higher at 26°C (31.7 %), then at 28°C (27.6 %). It has also been shown that at constant temperature (28°C), salinity has a more pronounced effect on the growth and survival of Macrobrachium vollenhovenii (Willführ-Nast et al., 1993). Pregnant females are often maintained at 28°C and salinities of 0 to 8 ppt.
Given this diversity of development, growth, and survival responses to the salinity and temperature of the rearing environment, a better understanding of the effects of temperature and salinity on larval culture of the shrimp Macrobrachium vollenhovenii is important in order to define the appropriate conditions for optimal production.
The aim of the present study was to determine the optimum combination of salinity and temperature for the survival, growth and development of M.vollenhovenii larvae under laboratory conditions at three different temperature levels (26°C, 28°C; and 30°C), as well as the combination of three temperatures (26°C, 28°C; and 30°C) and three salinities (14, 16, and 18 PSU) during larval development.

2. material and methods  

2.1 BREEDING PROCEDURE
 
This study was carried out in the laboratory of the hydrobiology teaching and research unit the Biosciences research unit of Felix Houphouet Boigny University, Côte d'Ivoire. The broodstock were captured in the Bia river located at Aboisso department in southeast Côte d'Ivoire and acclimatised in two 0.5 m2 aquaria. They spawned in 160 L fibreglass tanks at 0.14 PSU. At the zoea I (Z1) stage, three batches of larvae obtained from three females were pooled and stored in 60 L rectangular plastic tanks integrated with a water recirculation system at a density of 50 larvae/L. They were acclimatised to different temperatures (26°C, 28°C, 30°C) at a rate of 1°C/h and to three levels of salinity (14, 16, 18 PSU) by lowering the salinity of the seawater through the addition of fresh water (chlorinated tap water aerated for 24 hours).
Salinity and temperature were measured using an aquaculture-type multi-parameter (HANNA, HI83303). Larvae were fed exclusively with newly hatched Artemia nauplii (INVE Thailand) twice a day at 08:00 and 20:00 from zoea I to III, then three times a day at 08:00, 14:00, and 20:00 until the zoea V stage at a rate of five nauplii /ml water (Farokh and Soumaya, 2015; Makombu et al., 2023). The nauplii were then replaced 1/3 by an inert feed (Larviva ProStart, Biomar Efico, France) from the zoea V stage to the post-larval stage (Makombu et al., 2023). This feed was offered at 0.4 mg/day, then the quantity was readjusted according to larval density.
All larvae in each tank were counted, and a random sample of 30 was then reduced to 10 zoea I larvae (due to mortality) which were taken and measured for total length (rostrum tip to telson tip). This was done every 3 days during the culture period. The duration of larval development was determined from zoea I (ZI) to zoea V (critical stage), then from zoea V to post-larvae (PL)
Experiment 1
The effects of three different temperature levels (26°C, 28°C, and 30°C) on the growth, survival, and development of Macrobrachium vollenhovenii larvae at a salinity of 12 PSU were studied. In order to maintain the temperature constant, a heater (Sea Star HX 626) calibrated to the desired temperature was introduced into the circuit of each water recirculation unit (Makombu et al., 2023). Each temperature was repeated twice. 
Experiment 2
The combined effects of temperature (26°C, 28°C, and 30°C) and salinity (14, 16, and 18 PSU) on larval survival and growth were studied from the Z1 stage to zoea V and then from zoea V to the PL stage. The water in the larval culture tanks was also thermostated throughout the experiment. Each combination of salinity and temperature was carried out in two random replicates.

2.2 MATHEMATICAL EXPRESSIONS 
 
The survival rate (SR) represents the number of live shrimp at the end of the experiment. It is given by the following ratio 
SR (%)=(Final number of shrimp)/(Initial number of shrimp)×100
To evaluate larval development, the larval stage index is determined according to the formula established by (Manzi et al., 1977).
LSI= (Σ S i.n i)/N
Where Si is the larval stage (i = 1-11); n i is the number of larvae at stage S i   and N is the total number of larvae observed
Daily growth (Dg) represents the length that the shrimp acquires per day. It is obtained by the following ratio:
Dg(mm/j) = (Final mean length(mm)-initial mean length(mm))/ (breeding time(j))



2.3 STATISTICAL ANALYSIS OF DATA 

One-way ANOVA was used to compare the means of survival rates and Tukey's test was used for post-hoc comparisons. 
Separate two-factor ANOVA were used to determine whether the larval stage index, development and larval survival were affected by temperature and/or salinity, or by the interaction term. Both factors were considered fixed. If a significant difference was detected for one of the factors and/or interaction terms, a post-hoc analysis was performed using Tukey's HSD method.

3. results 

3.1 EXPERIMENT 1  
 
Nominal temperatures were 26, 28, and 30°C. A one-way ANOVA shows that the percentage survival of Macrobrachium vollenhovenii larvae differs significantly between temperatures (p ˂ 0.05). Survival rates were highest at 28°C, and 30°C, 66.8 ± 6.79% and 54.7 ± 2.04%, respectively, and lowest at the lowest temperature of 26°C, 44.5 ± 2.10% (Fig 1). In each treatment, some larvae (around 10%) reached the zoea V stage before the entire stock died. The time taken for M. vollenhovenii larvae to develop from zoea I to zoeaV differed significantly between temperatures (p ˂ 0.05). Development time decreased markedly from 14 ± 1 days at 28°C to 16 ± 1.15 days at 30°C but increased to 20 ± 1.52 days at 26°C (Fig. 2).
Daily growth followed the same trend as survival rate, with a significant difference between the treatment at 28°C (0.107 ± 0.02 mm/day) and those at 26°C (0.046 ± 0.01 mm/day) and 30°C (0.088 ± 0.02 mm/day). The total length (TL) of the larvae (3.10 ± 0.1 mm) was greater at the temperature (28°C) whereas it was less (2.52 ± 0.16 mm) at 26°C and (2.61 ± 0.01 mm) at 30°C. The TL were similar for the treatments at 26°C and 30°C but differed from that obtained from the treatment at 28°C (p ˂ 0.05) (Table 1).


Fig 1: Mean survival rate (confidence interval ± 95%) of Macrobrachium vollenhovenii larvae during development from zoea I to zoea V at different temperatures.
              Letters above error bars indicate groups of samples identified by Tukey's HSD.

Fig 2: Development time (confidence interval ± 95%) of Macrobrachium vollenhovenii larvae at different temperatures from zoea I to zoea V 
          Letters above error bars indicate groups of samples identified by Tukey's HSD


Table 1: Daily growth, total length and lifespan of Macrobrachium vollenhovenii larvae subjected to increasing temperatures from stage zoae I to stage zoae V


	Temperature (°C)
	Initial TL (mm)
	Growth (mm/jour)
	TL(mm)
	Breeding  time(days)

	
	Z1
	ZI – ZV
	ZV
	Z1 -ZV

	         26
	
	0,046±0,01a
	2,52±0,16a
	20±1,52

	         28
	1,6±0,24
	0,107±0,02b
	3,10±0,10b
	14±1

	         30
	
	0,063±0,02a
	2,61±0,01a
	16±1,15



TL= total length; ZI= zoea I; ZV= zoea V. 
The values represent the means and standard deviations of the experiment. Values bearing the same alphabetical letters in the same column of the table are not significantly different, α= 0.05.


3.2 EXPERIMENT 2 

3.2.1 Combined effect of temperature and salinity from the zoea I to zoea V stage 

The mean water temperatures obtained (26.3 ± 0.3, 28.5 ± 0.2, and 30.2 ± 0.4°C) were close to the three nominal temperatures (26, 28 and 30°C), with the salinities obtained being consistent with the nominal salinities (14, 16, and 18 PSU). The two-factor ANOVA showed no interaction effect of temperature and salinity on the survival (p = 0.152) of M. vollenhovenii larvae over the rearing period at the 5% threshold. However, the effect of salinity was significant on larval survival (p = 0.010) at the zoea V stage. A salinity of 16 PSU was found to be favourable for survival, resulting in a survival rate of 60.60 ± 5.0 %. This survival rate was significantly higher than that measured at 18 PSU (54.24 ± 8.4%) and 14 PSU (30.14 ± 3.8%). The survival rate at 14 PSU was significantly different from that at 18 PSU. However, the survival rate varied indifferently from one temperature to another (p = 0.050) (Fig 3)
A completely different observation was made for larval development, since temperature had a significant effect (p ˂ 0.05), as did salinity (p = 0.007). The temperature of 28°C recorded the best larval development at all salinities however, the highest larval stage index (LSI) 2.13 ± 0.05, was obtained at 16 PSU and the lowest, 1.6 ± 0.11, at 14 PSU salinity. This difference is significant (p ˂ 0,05) between 14 PSU and the other two salinities, which do not differ from each other. The salinity-temperature interaction was not significant (p = 0.124) (Fig 3).
 (
A
)

Fig 3: Mean larval survival rate at different salinities(A) and mean larval stage index at different temperatures(B) of Macrobrachium vollenhovenii at the zoea V development stage 
            Error bars in Fig. 3A represent: confidence interval ± 95%, letters above error bars designate sample groups identified by Tukey's HSD. In Fig. 3B, the error bars indicate the standard deviations

3.1.2 Combined effect of temperature and salinity from the zoea V to post-larvae stage   

The highest post-larval survival rate was 1.4% for the 16 PSU/28°C combination, while the other salinity and temperature combinations did not allow post-larval metamorphosis. The level of larval development for each combination is shown in Table 2. Still at 16 PSU/28°C, post-larval metamorphosis resulted in an LSI of (1.23± 0.01). The salinity-temperature interaction effect was significant (p ˂ 0.05) for both survival and larval development (p ˂ 0.05) (Tables 3 and 4).


Table 2: Development stage of Macrobrachium vollenhovenii larvae subjected to different combinations of salinity and temperature




Table 3: Results of the two-factor analysis of variance on the survival rate of post-larvae and the larval stage index of Macrobrachium vollenhovenii at three temperatures (26°C, 28°C, 30°C) and three salinities (14 PSU,16 PSU,18 PSU)




Df= degree of freedom

Table 4: Result of the two-factor analysis of variance on the post-larval stage index of Macrobrachium vollenhovenii at three temperatures (26°C, 28°C, 30°C) and three salinities (14 PSU,16 PSU,18 PSU)


Df= degree of freedom



4. DISCUSSION
4.1 EFFECT OF TEMPERATURE AT 12 PSU SALINITY ON LARVAL SURVIVAL AND DEVELOPMENT OF Macrobrachium vollenhovenii LARVAE  

The present study shows that temperature is an extremely important parameter because it influences the development, growth, and survival of M. vollenhovenii larvae.
The results of experiment 1 show that M. vollenhovenii larvae are able to ensure the functions necessary for their development (feeding, growth, and moulting) at 28°C. This temperature appears optimal, as evidenced by the highest daily growth rate (0.046 ± 0.01 mm/day) of the larvae at the extreme temperatures of 26°C and 30°C (0.088 ± 0.02 mm/day) and the high survival rate (66.8 ± 6.79%) at 28°C compared with 54.7 ± 2.04% at 30°C and 44.5 ± 2.10% at 26°C. However, its influence on development was not clearly expressed, as all the larvae died in each treatment after metamorphosis into Zoea V. However, this stage is reached 2 to 6 days earlier at 28°C. This temperature falls within the optimal temperature range (between 28 and 29°C) for mass reproduction of Macrobrachium vollenhovenii larvae in captivity (Niass and Fall, 2015; Willführ-Nast et al.,1993). Researchers reported significantly higher larval survival rates at 26°C (31.7%) and 28°C (27.6%), but these rates are still lower than ours (Makombu et al., 2023).
 Temperature values are similar to the requirements of Macrobrachium rosenbergii, with temperature ranges of 28 ± 0.5°C (Uno and Kwon, 1969) and 27 to 32°C (Daniels et al., 2000). An earlier, more complete study of the thermal requirements of Macrobrachium lar larvae by Atkinson (1973) assessed temperature ranges of 21 to 22.5°C, 25.5 to 27.2°C, and 28 to 30.5°C. The results showed that a low temperature range (from 23 to 26.5°C) was optimal, with the precision of a possible development of the larvae between 24 and 30°C. M. lar larvae were cultured at a temperature of 27-30°C, with a suggested tolerance of 18-28°C (Nandlal, 2010). The lower limit of thermal tolerance or both for this species is at odds with our observations.
M.vollenhovenii larvae appear tolerant of a restricted range of warm temperatures, whereas M.lar is tolerant of a wide range of temperatures, from cold to warm. This difference may be linked to the fact that M.lar is a species of island ecosystems, whereas M.vollenhovenii is an estuarine and continental species.

4.1 COMBINED EFFECT OF SALINITY AND TEMPERATURE ON THE SURVIVAL, GROWTH AND DEVELOPMENT OF Macrobrachium vollenhovenii LARVAE 

One of the most influential abiotic parameters on aquatic ecosystems is water temperature. It affects biological populations via temperature changes (Bonacina et al., 2023). According to Abdelrahman et al. (2019), differences in water temperature strongly influence the development and survival of shrimp in ponds, as well as salt content, due to its effects on the physiological metabolism, survival, and dispersal of crustaceans. The two elements generally interact in a complex way, as temperature can affect the effects of salinity, thus modifying the organism's range of tolerance; in addition, salinity can modify the effects of temperature (Al-Obaidi et al., 2024).
In this study, salinity and temperature significantly affected larval survival and development, without interaction in the ranges tested in M. vollenhovenii larvae up to the zoea V stage. The salinity-temperature interaction became perceptible from the zoea V stage to the PL stage. 
Work realized with the shrimp Metapenaeus dalli also revealed the absence of an interaction between salinity and temperature on survival and the rate of larval development (Crisp et al., 2017). In other similar studies, interactions between temperature and salinity on survival were observed in species such as Macrobrachium amazonicum (Guest et al.,1979) and Penaeus semisulcatus (Jackson and Burford, 2003). This confirms our results.
Any salinity other than 16 PSU in this experiment has an apparent negative effect on larval survival and development. From this salinity, a decrease of 2 PSU has a greater effect than an increase of 2 PSU up to the zoeaV stage, then becomes lethal without passing any subsequent stages at all the temperatures tested (26°C, 28°C, 30°C). The survival rate of less than 50% at 14 PSU is thought to be due to the fact that the energy requirements of osmoregulation under these conditions are greater than the larvae can replenish. The inability of the larvae to supply the energy required for osmoregulation would therefore lead to death. A Salinity of 14 PSU can be considered extreme. According to Anger (2003), it is only when extreme ranges are tested that salinity and temperature seem to interact, putting a strain on the larvae's energy reserves. From the above, other factors intrinsic or extrinsic to the animal (critical development period, feeding, cannibalism, negative salinity-temperature interaction) would explain mortality of less than 50% and low larval development at 18 PSU.
These results contrast with those obtained for Macrobrachium rosenbergii larvae. Salinities, although lower than those used in the present study, had a positive impact on survival and development. At 28°C, survival and metamorphosis rates of salinity groups 10‰ and 13‰ were significantly higher than those of salinity group 16‰ (p < 0.05) (Wei et al., 2021). In another species, Macrobrachium amazonicum salinity interacts with temperature; survival was 64% at 10.0‰ and 25% at 2.5‰ with a temperature lowering of 2°C from an initial temperature of 25°C. Larvae were more resistant to heat shock at salinity 10.0 ‰ (Guest et al., 1979). This contrast would stem from the different natural salinity and temperature requirements of each species.
In this experiment, temperature only affected larval development. From 28°C, an increase or decrease of 2°C has an impact on the development of M. vollenhovenii. It results in low LSI at 14 PSU and 18 PSU up to stage zoea V and then becomes lethal. The 16 PSU/28°C combination appears to be better for survival and larval development in M. vollenhovenii. The temperature (28°C) and salinity (16 PSU) determined to be ideal by this study seem to correspond well to the captive environments of M. vollenhovenii, whose optimum salinity for larval survival and growth mentioned in several works at 28°C is between 12 and 24 ‰ (Willführ-Nast et al., 1993; Doumé et al., 2013; Makombu et al., 2014; Niass and Fall, 2015). However, the limit of this study lies in the lack of experiments beyond 18 PSU and 30°C. For a complete study of the salinity and temperature requirements of larvae, it would be desirable to test larvae in wider ranges in order to determine the true limit of tolerance to the salinity and temperature interaction.

5. Conclusion

The optimum temperature level for growth, development, and survival of Macrobrachium vollenhovenii larvae is 28°C when salinity is maintained at 16 PSU. It is known that in the domestication process, post-larvae of M.vollenhovenii were obtained with a low survival rate at temperatures of ( 26-29°C) and salinities ranging from 12 to 24 ‰, in experimental hatcheries without a prior study of the salinity-temperature interaction. Based on the present results, one should be tempted to rear M.vollenhovenii larvae obtained from wild broodstock at the 16 PSU/ 28°C combination for optimal production.
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TAUX DE SURVIE	a
b
ab

2.42	7.64	2.35	2.42	7.64	2.35	26	28	30	44.3	66.8	54.7	Temperature (°C)


Survival rate (%)



Temps	a
b
ac

1.75	1.1499999999999999	1.32	1.75	1.1499999999999999	1.32	26	28	30	20	14	16	Temperature (°C)


Time (days)



TS zoea 5	a
b
c

3.25	1.92	1.45	3.25	1.92	1.45	14	16	18	30.14	60.6	54.24	Salinity (PSU)


Survival rate (%)



14 PSU	0.01	0.2	0.1	0.01	0.2	0.1	26	28	30	1.46	1.6	1.4	16 PSU	0.3	0.02	0.2	0.3	0.02	0.2	26	28	30	1.46	2.13	2	18 PSU	0.05	0.01	0.04	0.05	0.01	0.04	26	28	30	1.33	1.96	1.83	Temperature (°C)
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Source of variation  Sum of  squares      Df  Mean square  F  P˃F  

Temperature          1,014         2  0,507  18,753  3,965.10 - 5  

salinity          1,014        2  0,507  18,753  3,965.10 - 5  

Interaction          2,028        4  0,507  18,753  3,143.10 - 6  
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Source of variation     Sum of squares  Df  Mean square  F  P˃F  

Temperature            1,014  2  0,507  18,753  3,965.10 - 5  

salinity            1,014  2  0,507  18,753  3,965.10 - 5  

Interaction            2,028  4  0,507  18,753  3,143.10 - 6  
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