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The Hilsa, Tenualosa ilisha, commands a very high value as food fish. The present study was carried out to understand the breeding phenology of T. ilisha in relation to climatic variables. Monthly fish samples were collected from two landing centres, namely, Uzanbazar (Guwahati) and Shri Ramghat, Dhubri, of River Brahmaputra during May 2018 to April 2019. The assessment of gonadosomatic index (GSI) of T. ilisha revealed higher GSI values during October to February, and showed temporal variations with respect to sex. In males, highest GSI value was observed in the month January followed by February, whereas in females, GSI value was found to be highest in November followed by October. GSI (pooled) value was negatively correlated with air temperature, indicating vulnerability of the species to climate change. The highest percentage of mature males was observed during October–February, and mature females during October–December. The length at first maturity was recorded to be 290 mm for female(s) and 259 mm for male(s). The absolute fecundity ranged from 103,164 to 583,456 ova for fishes in the size range of 229–403 mm, with an average of 250,532 ova per female. Relative fecundity was found to range from 306 to 1096 ova per gram body weight, with an average of 791 ova per gram body weight. The diameter of ova of the studied fishes ranged from 414.6 to 738.2 µm, with a mean value of 546.73 ± 7.18 µm. The percentage frequency distribution of mature ova shows a distinct single peak or mode. Sex ratio (male: female) was found to be 1:0.87, indicating dominance of males over females. The chi-square test on observed sex ratio against the hypothetical ratio of 1:1 did not reveal a significant difference (p > 0.05). The findings of the present study can provide impetus toward successful management of this highly prized, transboundary, and migratory resource of River Brahmaputra, in the context of changing climate.
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Introduction

Brahmaputra and Barak, with 53 tributaries, are two major river systems of Assam, north-east India. Originating at 5,300 msl, in the glacial mass of Kailash Range in the mighty Himalayas, Brahmaputra flows by the name of Yarlung Tsangpo for a distance of 1,625 km in Tibet and enters India at Gelling near Tuting in Upper Siang district of Arunachal Pradesh. Brahmaputra flows for a distance of 278 km through the state Arunachal Pradesh, with name Siang or Dihang. The river then enters Assam where it unites with Dibang and Lohit, two large Himalayan rivers, and further flows by the name of Brahmaputra through a distance of 640 km from Sadiya to Dhubri. After travelling for a distance of 918 km in India, Brahmaputra flows 337 km in Bangladesh, where it is popular as Jamuna (Bhattacharjya et al., 2017). The diversity of fish fauna in the river stretch along Assam comprises a blend of torrential, warm-water, and cold-water species (Sinha, 1994; Sen, 2000; Vishwanath, 2002). Bhattacharjya et al. (2003) reported 217 species, under 36 families, from the state of Assam. Motwani et al. (1962) reported 126 fish species belonging to 26 families, from Brahmaputra in Assam, which was revised to 141 species belonging to 84 genera and 29 families by Bhattacharjya et al. (2017). Major carps, minor carps, catfishes, featherbacks, and Hilsa contribute to commercial fishery in the Indian stretch of River Brahmaputra (Bhattacharjya et al., 2017).

T. ilisha (Hamilton, 1822) commonly known as Hilsa migrates from sea to rivers for breeding and has a wide range of distribution in foreshore zones, estuarine zones, brackish water systems, and freshwater lotic ecosystems of the western part of the Indo-Pacific region. In marine waters, the distribution of this species ranges from Persian Gulf to the west and east coasts of India in the Arabian Sea and Bay of Bengal, respectively. The species has also been reported by researchers from the coastal belt of Sri Lanka and from Laos (Pillay and Rosa, 1963). Hilsa fishery both in inland and offshore regions was confined to the artisanal sector, particularly traditional non-mechanized and small mechanized boats (Raja, 1985), and is at present mainly exploited by gill nets in inland waters. The species spends a major part of its life in inshore areas and estuaries of rivers and migrates upstream into freshwater bodies, particularly rivers for breeding. Post breeding, the spent fish and their young ones return to the inshore areas (Reuben et al., 1992). The highest catch of Hilsa from across the globe is reported from the Ganga–Brahmaputra–Meghna deltaic region of India and Bangladesh and commands an extremely higher value as compared with other fish species reported from the region. Global catch of Hilsa stands at around 0.72 million tonnes year-1, with Bangladesh contributing more than half (50%–60%), followed by Myanmar (20%–25%) and India (15%–20%). The remaining 5%–10% comes from nations like Iraq, Kuwait, Pakistan, Malaysia, and Thailand (Milton, 2010; Hossain et al., 2019). The species has a great cultural and economic importance in India and Bangladesh. It has a very high consumer preference and is highly prized with an average price of around US$ 12 per kg in the region (Sahoo et al., 2016). The importance of this species can be derived from the fact that the economic value of Hilsa fishery is worth over US$ 2 billion and generates employment opportunities and acts as a livelihood source for millions of people in India, Bangladesh, and Myanmar (BOBLME, 2012). It is designated as national fish of Bangladesh, and Hilsa of Bangladesh is also given the tag of a geographical indicator.

In India, Hilsa is reported from varied riverine and estuarine ecosystems ranging from the snow-fed Himalayan rivers like Ganga, Bhagirathi, Hooghly, Rupnarayan, and Brahmaputra and their estuaries to rain-fed peninsular rivers like Godavari and their estuaries, all of which drains into Bay of Bengal. The species is also reported from rain-fed peninsular rivers like Narmada and Tapti and their estuaries (Bhaumik and Sharma, 2012) draining into the Arabian Sea. The rivers Hooghly, Brahmaputra, and Ganga and their tributaries contribute around 70% of total Hilsa catch in India (Raja, 1985; Borah et al., 2019a; Borah et al., 2019b). Although widely distributed along the Indian coast, it forms a commercial fishery in the north-east coast of India comprising the states of West Bengal and Orissa. The species is known for its delicious taste and hence fetches a high price in markets across India (Reuben et al., 1992). In addition to its cultural and economic importance, the species also holds an important position in terms of nutritional value (Mohanty et al., 2012) and is popular for its unique taste (Nath and Banerjee, 2012).

ICAR-CIFRI, Barrackpore, has been collecting data on fish catch and catch composition across different landing centres of River Brahmaputra in Assam, especially from Uzanbazar landing centre in Guwahati since 1973. Analysis of data till 2006–2007 indicated that miscellaneous species have started contributing a major chunk of the total fish catch (40%–50%) with dominance of Aspidoparia morar, a minor carp, across all major landing centres of River Brahmaputra in Assam (Borah et al., 2014). At the same time, catch of highly prized species like major carps and Hilsa has declined considerably, with a marked decline (81%) in Hilsa catch (Vaas and Moza, 2011), which formed a major commercial fishery along the lower stretch of the river from Dhubri to Guwahati. Yadav et al. (2022a) documented the highly variable catch trend of prized Hilsa from Uzanbazar (Guwahati) landing centre of River Brahmaputra in Assam. Average landing of the species during the period 1987–1999 was 7,022.1 kg year-1, which increased by 40% during 2000–2009 (9,825.7 kg year-1). The last decade from 2010 to 2019 showed a drastic decline in average catch of the species to 3,424.9 kg year-1, a cause of serious concern and which needs immediate attention. In this context, studies on biology of the species can help researchers and policymakers in formulating measures for sustainable species management.

Detailed research has been carried out on the biology and fishery of this species from Bangladesh waters (Miah, 2015; Pramanik et al., 2017; Hossain et al., 2019; Das et al., 2022). These studies along with other past reports have formed the base for formulating management regulations toward reviving Hilsa fishery in the country. A few selected studies on food and feeding habits (Borah et al., 2022a), population characteristics (Borah et al., 2022b), catch trend (Yadav et al., 2022a), and stock structure (Vaisakh et al., 2020) of this species have been carried out from Brahmaputra system, India. However, detailed studies on the biology of this species from the Indian part of River Brahmaputra in Assam, which is one of the major migratory route and breeding ground, are lacking. The present study has the potential to act as a knowledge base toward formulating necessary conservatory measures to revive this declining fishery from River Brahmaputra in India and also serve as additional information for policymakers of neighbouring countries to reframe legislations. Hilsa of River Brahmaputra has its origin in Bay of Bengal (Miah, 2015), and being a migratory species, any management measure implemented in the Indian part of River Brahmaputra will have its implications in Hilsa fishery of Bangladesh. Hence, the present attempt to document the reproductive biology of the species from Brahmaputra River in India holds significance from a wider policy perspective in the Bay of Bengal region.





Materials and methods




Sampling

During the present study, a total of 275 individuals of T. ilisha (male = 147 no., length: 146–352 mm and weight: 26.75–406 g; and female = 128 no., length: 162–403 mm and weight: 37.93–762 g) were collected from Uzanbazar, Guwahati (26°11′44.33″ N and 91°45′23.94″ E), and Shri Ramghat, Dhubri (26°0′36.50″ N and 89°58′41.61″ E), landing centres of Brahmaputra River (Figure 1). Sampling was carried out at monthly intervals for 1 year from May 2018 to April 2019.




Figure 1 | Sampling stations in River Brahmaputra, Assam (ArcGIS Desktop: Release 9.3. (ESRI, 2008).







Gonadosomatic index

The total length and weight of the collected specimens were measured by using a measuring scale and an electronic precision balance (0.01 g accuracy), respectively. The total weight of gonad of individual fishes was also measured after dissecting out the gonad, and the gonadosomatic index (GSI) was calculated by applying the following formula, described by Vladykov (1956) and Hopkins (1979). GSI was calculated for males (n = 147) and females (n = 128) separately and in combination.

	

Simple linear regression was carried out to examine the relationship between GSI values of both the sexes separately and in combination, in relation to climate variable, mean monthly air temperature (°C), using SPSS version 16.0 (SPSS Inc., 2008). Simple correlation analysis was carried out to examine the degree of relationship between GSI values of both the sexes separately and in combination with climatic variable. The mean monthly air temperature (°C) data were obtained from Regional Meteorological Centre, Indian Meteorological Department, Guwahati.





Maturity stage

The maturity scale for Hilsa in the present study was adopted from De (2014). The number of individuals belonging to stage V (mature) and stage VI (ripe) was used in calculating the length group-wise and month-wise percentages of mature individuals. Length at first maturity (Lm) was determined by plotting the cumulative percentage of mature individuals (stages V and VI) against length groups (Rajesh et al., 2015). Histological study was carried out through double staining method using the stains haematoxylin and eosin. Gonads were fixed in 10% buffered formalin for a period of around 24 h. The specimens were dehydrated in a series of graded ethanol (30%, 50%, 70%, 90%, 95% and absolute alcohol). The alcohol present in the tissues was then removed with the help of an organic solvent, xylene. The tissues were then embedded in paraffin blocks with the help of suitable containers. Paraffin used for embedding the tissues was kept in molten condition overnight. Five-micron sections were cut using a microtome (Leica, Tokyo, Japan) and deparaffinised with xylol. The sections were rehydrated in 90%, 70%, and 50% ethanol followed by a 10-min wash in water and stained with haematoxylin and eosin (Karmakar et al., 2016). Ova at different stages of maturation were identified following Walsh et al. (1990) and Carnevali et al. (2019).





Fecundity

After dissection, the ovaries were removed out of the body cavity, cleaned, dried in blotting paper, and weighed, and then random subsamples of matured ova from the anterior, mid, and posterior portions of ovaries were taken. Prior to counting the number of eggs present in each subsample, the subsamples were weighed with the help of an electronic precision balance (0.01 g accuracy). A total of 30 ovaries were studied for this purpose. Absolute fecundity was estimated following gravimetric method of Biswas (1992).

	

where n = number of matured ova in the subsample, OW = weight of the ovary (g), and w = weight of the sub-sample (g).

In the present study, relative fecundity in relation to body weight (Toots, 1951) was estimated using the following equation:

	

Linear regression was performed to study the relationships between absolute fecundity and total length (mm), absolute fecundity and body weight (g), and absolute fecundity and gonad weight (g). All sets of data were log transformed prior to analysis. The relationship between absolute fecundity and each of the independent variables was represented using the following equation:

	

where F is the absolute fecundity, and x is the total length (mm) or body weight (g) or gonad weight (g), depending on the relationship.





Spawning periodicity

For spawning periodicity, ova diameter studies were carried out from preserved ovaries (preserved in 5% formalin). A method of subsampling by taking mature ova from the anterior, posterior, and mid regions of the ovary in a random manner was followed, and the ova were measured (Biswas, 1992). The ova were observed under a stereo zoom microscope (Nikon; Model: SMZ 745T) (2× objective), and the image was captured using 5.0 MP Digital Camera (model: UCB 500). The diameter of individual ova was measured to the nearest 1 µm using VImage 2016 image processing software. The ova diameter (n = 200) recorded from the digitised samples was grouped into class intervals ranging from 401 to 750 µm with an interval of 50 µm. Spawning periodicity was determined by plotting the number of ova expressed in percentage against the class intervals (Prabhu, 1956). Sexes were identified by dissecting individual specimens. A total of 275 specimens were dissected to identify the sexes during the study period. The sex ratio (male: female) was estimated length group-wise and month-wise. The observed sex ratio was tested using chi-square (χ²) test to determine the deviation from normal sex ratio of 1:1, if any. All statistical analysis was carried out using SPSS 16.0 (SPSS Inc., 2008).






Results




Gonadosomatic index and sex ratio

Assessment of GSI of T. ilisha samples shows that GSI values were higher during the months from October to February. High GSI values during these months from October to February indicate that the species breed during this part of the year in Brahmaputra River, Assam. From the month of March onward, a decline in GSI values of males and females as well as in pooled data was noticed during the present study and GSI values were found to be on the lower side during the months from March to September. The peak breeding period was found to vary in the case of both males and females. In males, the highest GSI value which can be correlated with the peak breeding period was in January followed by February, whereas in females, the GSI value was found to be highest in November followed by October. In the case of pooled data, GSI value was recorded maximum during November (Figure 2). GSI (male) and GSI (pooled) were significantly negatively correlated with mean air temperature (Table 1). The relationships between GSI (male) versus mean air temperature (F statistic = 14.54; p = 0.003) and between GSI (pooled) and mean air temperature (F statistic = 12.11; p = 0.006) were significant at 1% level of significance. However, the relationship between GSI (female) and mean air temperature (F statistic = 3.49; p = 0.091) was found to be statistically insignificant (p > 0.05). Statistical significance of the relationship between climate variable and GSI of T. ilisha can be ascertained by t-statistic and p-value (Table 2). It can be concluded that mean air temperature has a significant effect on GSI of T. ilisha.




Figure 2 | Gonadosomatic index (GSI) of T. ilisha from River Brahmaputra, Assam.




Table 1 | Correlation of GSI with climate parameter—temperature.




Table 2 | Relationship between GSI of T. ilisha and climate parameter— temperature.







Mature individuals

In case of pooled data, highest percentage of mature individuals (stages V and VI) was observed during October–February. A high percentage of mature males was observed during October–February with 100% mature males observed during January–February. The highest percentage of mature females was observed during October–December with 100% mature females during November–December (Figure 3).




Figure 3 | Monthly occurrence of mature individuals (male and female) of T. ilisha (expressed in percentage) from River Brahmaputra, Assam.







Length at first maturity

Length at first maturity, i.e., the length at which 50% of the total population attains maturity, was found to be 290 mm for female(s) (Figure 4) and 259 mm for male(s) (Figure 5). It indicates that males mature at a smaller size as compared to females. The absolute fecundity was found to range from 103,164 to 583,456 ova for fishes in the size range of 229–403 mm with an average of 250,532 ova per female. Relative fecundity was found to range from 306 to 1096 ova per gram body weight with an average of 791 ova per gram body weight. Analysis showed that a significant linear relationship exists between absolute fecundity and gonad weight (p < 0.01) (Figure 6), between absolute fecundity and fish weight (p < 0.01) (Figure 7), and between absolute fecundity and fish length (p < 0.01) (Figure 8). Based on the value of coefficient of determination (R2), the relationship between absolute fecundity (F) and gonad weight of fish (Gwt) showed a greater degree of fitting (R2 = 0.95), followed by the relationship between absolute fecundity and weight of the fish (W) (R2 = 0.82), followed by the relationship between absolute fecundity and total length of fish (L) (R2 = 0.74). The regression coefficient (slope of the regression equation) was found to be statistically significant as ascertained from the ‘t’ statistic and p value (p < 0.01). Histological sections of mature female gonad (stage VI) is shown in Figure 9.




Figure 4 | Length at first maturity in T. ilisha (female) from River Brahmaputra, Assam.






Figure 5 | Length at first maturity in T. ilisha (male) from River Brahmaputra, Assam.






Figure 6 | Relationship between absolute fecundity (F) and gonad weight (Gwt) in T. ilisha from River Brahmaputra, Assam.






Figure 7 | Relationship between absolute fecundity (F) and fish weight (W) in T. ilisha from River Brahmaputra, Assam.






Figure 8 | Relationship between absolute fecundity (F) and total length of fish (L) in T. ilisha from River Brahmaputra, Assam.






Figure 9 | Haematoxylin–eosin-stained histological sections of mature female gonad (stage VI) of T. ilisha from River Brahmaputra, Assam.







Spawning periodicity

Ova obtained from mature females in stages V and VI of maturity were observed under a stereo zoom microscope (Nikon; Model: SMZ 745T) (2× objective), and the image was captured. The objective of the microscope was adjusted such that it focused along the centre of the ovum. The ova diameter ranged from 414.6 to 738.2 µm. The mean ova diameter was found to be 546.73 ± 7.18 µm.

The percentage frequency distribution of mature ova shows that there is a distinct single peak or mode (Figure 10). This clearly indicates that a single batch of ova undergoes maturation at a time. The occurrence of a single mode as evident from the percentage frequency distribution of ova diameter establishes the fact that T. ilisha spawns once in a year in Brahmaputra River system.




Figure 10 | Spawning periodicity in T. ilisha.



The sex ratio (male: female) of T. ilisha collected from River Brahmaputra in Assam was found to be 1:0.87. This showed that males were dominant over females. This observed sex ratio was tested against the hypothetical ratio of 1:1 using chi-square test, and it was found that there was no significant difference (p > 0.05) between the two. However, the chi-square test showed that there was a significant difference (p < 0.05) in the observed sex ratio from the hypothetical sex ratio of 1:1 during the months of January and March (Table 3). Length group-wise analysis showed that males were dominant in smaller length groups (100–250 mm), whereas in the larger length groups (>250 mm) females were dominant.


Table 3 | Sex ratio in T. ilisha from River Brahmaputra, Assam.








Discussion

The gonadosomatic index (GSI) is an indicator of reproductive status of fish (Saud et al., 2015; Jan and Jan, 2017) and spawning season (Arruda et al., 1993). Many researchers have used the GSI value in determining the spawning season in different fish species (Islam et al., 2008; Ghaffari et al., 2011; Kingdom and Allison, 2011). During the present study, GSI values of Hilsa were recorded to be higher during the months from October to February for females and October to April for males. It was also seen that the highest percentage of mature individuals (stages V and VI) was observed during October–February with 100% mature males observed during January–February and 100% mature females during November–December. High GSI values during these months from October to February (females) and from October to April (males) along with the occurrence of high percentage of mature individuals indicate that the species breed during this part of the year in Brahmaputra River, Assam. This is also supported by the low gastro-somatic index (GaSI) values observed in the species during this point of time (Borah et al., 2022a). GaSI value in fishes is found to be low during spawning season due to cessation of feeding and high during post-spawning period (Sattar and Adam, 2005). Das et al. (2022) studied the reproductive behaviour of T. ilisha from Meghna and Tentulia rivers of Bangladesh and found that the species has a prolonged breeding season with peak in October–November, which support our findings. During our study, we observed a temporal variation in peak GSI values across sexes. Highest GSI values in females were observed in November followed by October, whereas in males it was highest in January followed by February. Iossa (2019) stated that male fertility is comparatively less resilient to temperature-related stress than females and susceptibility to rising temperature may induce swift evolution and rapid local adaptation in biological organisms (Grossen et al., 2011). This is corroborated by our finding on the male GSI of T. ilisha being significantly negatively correlated with air temperature, whereas that of females had a non-significant relationship. Thus, rising temperature is one of the factors that might have played a role in the temporal variation in GSI across sexes in the species. Potential consequences of such temporal variation in GSI across sexes include limited spawning success, limited recruitment, and biased sex ratios, which will affect the fishery of the species.

De (1980) and De (1986) observed that T. ilisha has an extended spawning season from September to March, which is in line with our present study. However, Rao and Pathak (1972) observed that Hilsa spawns once in a year in River Brahmaputra and the spawning season of the species lies between May to July, whereas in our present study the spawning season was found to occur between October to February (females) and from October to April (males). The shift in spawning season of Hilsa in Brahmaputra River may be due to impact of climate change. Studies conducted on the reproductive biology of the species from Bangladesh waters revealed that Hilsa has two spawning peaks, with major peaks during monsoon and minor spawning peaks in all other months (Ahmed, 1954; Raja, 1985). In our present study, we have noticed that the species has a single spawning peak during post-monsoon and winter (October–February). The shift in phenology of fish species as a response or adaptive mechanism to climate change is well-documented. Studies conducted in walleye pollock (Gadus chalcogrammus) in Gulf of Alaska showed that there is a shift in spawning season of the species by over 3 weeks throughout the last 3 decades (Rogers and Dougherty, 2019).

Sharma et al. (2014) studied the relationship between GSI and temperature in Indian major carps (IMCs) and found that temperature has an impact on GSI of IMCs. They further reported that water temperature has a significant impact on GSI and subsequent spawning in T. ilisha and water temperature in the range of 29°C–32°C is conducive for spawning. In our study, we analysed the impact of air temperature (climate parameter) on GSI of T. ilisha. It was observed that mean air temperature and GSI of T. ilisha (both male and female) were negatively correlated. Temperature of air and water have a significant correlation as reported by Zhu et al. (2018) in Missouri River. Thus, air temperature can be used as a proxy for water temperature in situations where information on the latter is limited. Sharma et al. (2014) stated that a rise in temperature above the desired range will definitely affect spawning of T. ilisha, which reiterates our findings. Research carried out in American shad, Alosa sapidissima, showed that temperature is one of the most important factors affecting spawning migration of the species (Leach, 1925; Talbot, 1953). The breeding season of Chelon parsia was reported from November to March, and it was found that water temperature has a negative correlation with the GSI of C. parsia (Sharma et al., 2014), which is in line with our present findings. The negative correlation between GSI and temperature as observed in our study indicates that T. ilisha is vulnerable to climate change. Shift in spawning season, shift in spawning grounds from freshwater toward marine, change in migration pattern, reduced spawning success, limited recruitment, lower fecundity, and reduced survival rate in juveniles are some of the potential impacts of climate change in T. ilisha. Climate change coupled with anthropogenic activities led to shifting of T. ilisha fishery from inland waters toward marine, resulting in a decline of inland catch by 20% and an increase in marine catch by three times (Miah, 2015).

Length at first maturity, i.e., the length at which 50% of the total population attains maturity, was found to be 290 mm for female(s) and 259 mm for male(s). It was found that males mature at a smaller size as compared with females. A series of studies have been made on the length at first maturity in Hilsa from different water bodies across India, viz., 350 mm for males and 356 mm for females from Godavari river (Chacko and Ganapati, 1949); 280 mm for males from Godavari river (Chacko and Krishnamurthy, 1950); 420–430 mm in Godavari river (Rajyalakshmi, 1973); 216–254 mm in males and 267–305 mm in females from Hooghly river, Chilka Lake, and Mahanadi River (Jones and Menon, 1951); 266 mm in females from Narmada River (Karamchandani, 1961); and 200 mm in males and 350 mm in females from Ganga (Mathur, 1964). The length at first maturity of the species from Bangladesh waters was found to be 210 mm in males and 320 mm for females (Shafi et al., 1978b) and 400 mm for both males and females (Dunn, 1982). The minimum size at maturity was found to be 160–170 mm in males and 190–200 mm in females from Hooghly river (Pillay, 1958). Amin et al. (2005) found that the size at first maturity for Hilsa from Bangladesh waters was 240–250 mm in males and 280–300 mm in females, whereas Mutlak (2012) found that it was 242 mm in males and 256 mm in females from Al-Hammar. All these studies report that males mature at a smaller size as compared with females, which is in line with our present findings. As females contribute the major genetic material along with energy reserve (yolk) for offspring, they divert more energy for reproduction as compared with males and hence mature at a later period and at a larger size as compared with males (Trindade-Santos and Freire, 2015).

De (1980) and De (1986) reported that fecundity of T. ilisha was found to range from 373,120 to 1,475,676 ova for fishes in the size range of 343–522 mm with an average of 740,971 ova per female. The author reported that the relative fecundity of this species ranges from 502 to 1,350 ova per gram body weight with an average of 1,190 ova per gram body weight. De (2014) reviewed the work done on fecundity of the species and reported that fecundity of the species ranges from 250,000 to 2,917,000 ova as reported by various authors for specimens in the size range of 253–566 mm. Fecundity of the species from Bangladesh waters was found to range from 90,000 to 2,000,000 (Table 4). During our study, fecundity was found to range from 103,164 to 583,456 ova with an average of 250,532 ova per female. Relative fecundity was found to range from 306 to 1096 ova per gram body weight with an average of 791 ova per gram body weight. It is seen that estimated fecundity in our present study was found to be slighter lower than most of earlier records from Bangladesh waters. It might be due to the availability of higher percentage of samples in lower size range of 229–403 mm during our present study. De (2014) stated that a significant linear relationship exists between absolute fecundity and gonad weight (R2 = 0.7741), absolute fecundity and fish weight (R2 = 0.7215), and between absolute fecundity and fish length (R2 = 0.6741), which is in line with our present findings, where we have found that a significant linear relationship exists between fecundity and body parameters and the best-fit relation based on the R2 value was between fecundity and gonad weight, followed by fish weight and then fish length. Fecundity in fishes has a direct correlation with size, length, and age of the fish, population density, mate choice, and environmental variability (Bradshaw and McMahon, 2008). Sadovy (1996) stated that fecundity in fishes decreases interspecifically with size.


Table 4 | Comparative analysis of selected biological parameters of T. ilisha from Brahmaputra River, India, and Bangladesh waters.



Reports of various workers revealed that Hilsa spawns only once in a year in Brahmaputra (Rao and Pathak, 1972), Hooghly (De, 1980; De, 1986), Godavari (Pillay and Rao, 1963), Chilka Lake (Ramakrishnaiah, 1972), and Narmada (Karamchandani, 1961), which is line with our present findings, where we have found that the species has an extended spawning season with a single peak in Brahmaputra River, Assam. On the contrary studies from Bangladesh waters have revealed two spawning peaks (major and minor) exist in the species, with major peak observed either during monsoon, post-monsoon, or winter (Quddus, 1983; Raja, 1985; Islam et al., 1987). Sharma et al. (2014) stated that temperatures of 29°C–32°C are congenial for spawning of the species. Warmer waters of Bangladesh might provide a comparatively better environment for breeding of the species as compared with the Indian part of Brahmaputra, where the average temperature is around 24.9°C during 2018–2019 (Source: RMC, IMD, Guwahati). Furthermore, researchers have reported that access to suitable spawning ground is also one of the most important factors in inducing spawning in fishes (Ganapati et al., 1951). Suitable spawning grounds may be easily accessible to the species and that too within a short period of time in rivers of Bangladesh as compared with Indian part of Brahmaputra, where the species must travel large distances for spawning, which consumes a lot of time and energy. Doha and Hye (1971) reported that the ova diameter of the species ranges from 430 to 729.2 µm, which is similar to our present findings of 414.6 to 738.2 µm. Reports available from Bangladesh waters revealed that ova diameter of the species ranges from 680 to 870 µm, which is slightly higher than our present findings. The difference in ova diameter may be attributed to fish body dimensions as egg size has a direct correlation with the size, length, and age of fishes (El-Sayed, 2020).

De (1986) reported that the sex ratio of T. ilisha from Hooghly river was 1:0.93 (male: female) with a dominance of males over females. In our present study also, we have observed dominance of males over females (1: 0.87; male: female). However, chi-square test did not reveal any significant deviation of observed sex ratio against hypothetical sex ratio of 1:1. This observation agrees with the findings of Jones and Menon (1951) and Pillay (1958) from Hooghly estuary; Mathur (1964) from Ganga River; and Quereshi (1968) from Padma and Meghna rivers of Bangladesh. Length group-wise analysis showed that males are dominant in smaller length groups (100–250 mm), which reiterates the findings of De (2014) that males are dominant over females in juveniles of T. ilisha. Dominance of males over females as observed in our present study has also been reported by Shafi et al. (1978a) from Meghna river, Bangladesh. Dominance of males over females in nature, specifically in fishes with an external mode of fertilization, is a well-established and universal fact. Higher number of males provides a better chance of fertilizing a higher percentage of eggs, thereby ensuring higher genetic diversity and a better chance of species survival. Further exposure to fluctuations in temperature is known to have impact on sex ratios of many fish species. It has been documented that warm- and cold-water temperatures masculinize fish population with mid-range conditions producing males and females in the ratio of 1:1 approximately (Honeycutt et al., 2019). Dominance of males over females as observed in the present study may be attributed to the relatively warm waters of the Bay of Bengal region.

Hilsa has a dominant presence in the entire Bay of Bengal region and its adjoining freshwater zones. Being a transboundary and highly migratory resource, specific management measures need to be catered. Sociocultural significance in the Indian subcontinent makes this anadromous fish highly sought after. The present study on the reproductive biology of this species from Brahmaputra River has its significance in north-east India and more importantly in Bangladesh, downstream. Policy measures like fish sanctuaries and minimum legal size (MLS) for capture based on length at first maturity are few examples of management implications that can revive Hilsa fishery in Brahmaputra. Size at which females become sexually mature (29 cm as observed in the present study) can be set as MLS for Hilsa in Assam. It is to be noted that MLS for catching Hilsa in Bangladesh is 25 cm (Pramanik et al., 2017) and the allowable mesh size for Hilsa gill nets is 6.5 cm (Anon, 2020). The selection range of fish caught in 6.5-cm-mesh-sized gill nets ranged from 31.4 to 34.2 cm (Pramanik et al., 2017), which is almost similar to the MLS suggested in the present study. These regulations along with fish sanctuaries have resulted in revival of Hilsa fisheries in Bangladesh (Rahman et al., 2020; Dutta et al., 2021). In the case of Assam, MLS of 23 cm is already in place for carps (Phukan, 2006), whereas for Hilsa there is no such recommendation. Implementing evidence-based management measures in the Indian part of Brahmaputra will definitely boost Hilsa fishery, which is otherwise declining (Yadav et al., 2022b). This will have an anticipated positive impact on fishers’ livelihood and income in the region. Inferences derived from the present study can have burgeoning effects at the international level. Again, we have also observed in our study that the species is vulnerable to rising temperature. There lies a scope to carry out further studies to understand the impact of other factors like rainfall, salinity, water flow, siltation, turbidity, and lunar periodicity on the breeding phenology of Hilsa in Brahmaputra River, India.
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