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A B S T R A C T   

Minnows are the most ignored yet indispensable group of freshwater fishes in Asian inland wa-
ters. The reproductive resilience of minnows facing climatic variability, using a wetland inhab-
iting species Amblypharyngodon mola (Mola carplets) in lower Indo-Gangetic floodplains, was 
validated. Results revealed that spawning decision in females (threshold gonadosomatic index ≥
5 units) is neither cued by water temperature nor rainfall. They can maintain pre-spawning fitness 
(condition factor 1.12–1.25 units) within a broad temperature (22–33 ◦C) and rainfall (0–800 
mm) window by active feeding, thus no risk of skipped spawning decisions while facing future 
climatic variabilities. Present breeding phenology (May-December) might have prolonged in the 
recent decade, especially the tail-end, concomitant with increasingly hot and rainy monsoon 
(May-August) and warmer post-monsoon months (September-December). Minnows are expected 
to prosper in a future climatic scenario, contributing to ecosystem balance (algal grazers) and 
regional food security. Female first maturity (♀ puberty) was encountered at 4.7–5.1 cm total 
length, hinting at a probable increase in the recent decade. Climate-favored prolonged recruit-
ment window, in absence of extreme fishing pressure (currently), might have led to such pattern. 
However, this state might be temporary and labile. Minnows may soon get altered to earlier 
puberty (=warning sign of stock collapse) if fishing pressure intensifies under a reproductively 
favoring climate progression. Threshold body girth for spawning females was estimated at 
3.2–3.4 cm (+17% than non-breeding ones). Fishing nets having mesh sizes (=total circumfer-
ence) at least > 32–34 mm will most likely be the key to minnows’ endurance or survival in the 
coming decades.   
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Fig. 1. Map of the study area. Selected wetlands in the lower Gangetic floodplains of West Bengal, India.  
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1. Introduction 

Small indigenous fishes or minnows are perhaps the most ignored, yet, an indispensable assortment of fishes in inland freshwaters. 
Their adults reaching can reach up to 8.5–18 cm total body length (Sarkar et al. 2019a). Minnows lack full-fledged commercial interest 
in regional fish markets fetching around or below 3 USD kg−1 and often perceived as ‘by-catch’ sales to other commercially important 
fish groups. They have a major contribution in inland fish diversity. About 450 out of ~ 765 identified freshwater fish species in Indian 
inland waters belong to this category, primarily cyprinids (Sarkar and Lakra, 2010). Their importance as cheap and nutrient-rich food 
fish also cannot be overlooked (Nordhagen et al. 2020, Mohanty et al. 2011). It is proven that consumption of minnows or small 
indigenous fishes has benefits of higher micronutrient delivery in the human diet, especially pregnant and lactating women, infants, 
and young children (6–23 months) (Bogard et al. 2015). For example – the subject of our study, Amblypharyngodon mola offers a 
nutrient profile of 18.5 g high-quality protein (with complete amino acid profile), ~1 g PUFA (polyunsaturated fatty acids; dominated 
by omega-3 fractions), essential minerals 1.64 g (rich in Ca, Zn, P, and Mg) and very high vitamin-A content (>1500 retinol activity 
equivalent) per 100 g whole-body consumption (equivalent to ~ 50 mola of ~ 5.9 cm length) (Mohanty et al. 2011). 

Taking the example of India (the world’s second-largest inland fish producer; FAO, 2018), inland fisher community and fisheries 
researchers presume minnows as the first and easy hits of climate change. Therefore, any decline in their population is attributed to 
changing climate or habitat deterioration (Sarkar et al., 2019a). Despite their status of staple aquatic food for many poor fishing 
communities worldwide, assessment of their vulnerability in the context of future supply has been overlooked (Sarkar et al., 2019a, 
Bogard et al., 2015). Presently such assessments are even more critical because of the regional patterns of changing climate. For 
example, in our present study area, the mean air temperature has increased in the range of 0.18–0.28 ◦C (mean 0.22 ◦C), and total 
annual rainfall has decreased in the range of 135.6–257 mm (mean 192.5 mm) during last three and half decades (1980–2015) 
(Karnatak et al. 2018, Naskar et al. 2018). Interestingly, the general biology of minnows has remained of much interest to fishery 
biologists but scarcely dealt with their vulnerabilities. Morphometrics, population characterization, feeding ecology, and reproductive 
biology of the minnow A. mola have been adequately studied (reviewed in Gupta and Banerjee, 2014, 2015). 

The IUCN (International Union for Conservation of Nature) classifies most minnows, including A. mola, as ‘least concern’ 
(Chaudhry, 2010). However, a prologue on the issue of climate change and the declining population of minnows in rivers and wetlands 
can be found in Sarkar et al. (2018b), Naskar et al. (2018), Mandal and Nandi (2015), and ICSF (2010). It can be attributed to the 
existing loophole in the regional fishing strategies (or lack of legislation). Around/above 20 mm mesh size fishing nets have been 
operational to harvest minnows and previously reported from lower Gangetic floodplain wetlands (Sandhya et al., 2016, 2019; Sarkar 
et al., 2018b; Das and Barat, 2014). Floodplain wetlands are essential resources for inland freshwaters in the Indian sub-continent and 
support inland fisheries (either open-access or managed by fishermen cooperatives) quite strongly (Mamun 2007; Naskar et al. 2018). 
India has 0.55 million ha of wetlands supporting 85 fish species and have production potential of>1000 kg ha−1 (Sarkar et al., 2021a; 
Naskar et al., 2018). Following our previous attempt with P. sophore (Sarkar et al., 2019a), we attempted to validate the high 
reproductive resilience of minnows towards climatic variability, using a second necessary ‘group’ of minnows in the region, i.e., A. 
mola. 

We hypothesized that an artificial threat on recruitment of minnow population exists, rather than the ‘easily presumed’ climate 
change or habitat deterioration. We further added – if regional climate change is not a critical threat (following a reproduction-climate 
change vulnerability assessment; Sarkar et al. 2019a), how at least, the threat from anthropogenic fishing pressure could be mitigated 
(?). This information may reverse the regional perception of declining SIFs germplasm (Sarkar et al., 2019a, 2019b, 2018a, 2018b; 
Naskar et al., 2018). For this, we propose a novel parameter, ‘pre-spawning girth (Girthspawn50)’. Girthspawn50 is an applied parameter 
capable of giving responsible ‘minimum’ mesh size recommendations to prevent recruitment overfishing threats (Sarkar et al. 2021b). 
Here, we classified the act of indiscriminative fishing as the ‘anthropogenic-threat variable.’ By indiscriminative fishing, we imply the 
irresponsible and data-blind selection of mesh sizes in fishing nets used in regional inland waterbodies – ultimately leading to pop-
ulation decline (discussed above). 

We envisaged to address the above idea through a systematic data-driven approach that involved identification of – (a) breeding 
phenology; (b) climato-hydrological influence and threshold gonadosomatic index (GSI) for breeding; (c) pre-spawning fitness and 
climate preferendum; (d) Sizes at maturity and pre-spawning girth; (e) back-validation of Girthspawn50 with LM50 using length-girth 
relationship, (f) regional climatic variability and reproductive vulnerability to changing climate, and; (g) mesh sizes of operational 

Table 1 
Descriptive account of female Amblypharyngodon mola sampled from floodplains in lower-Gangetic plains (West Bengal, India).  

Parameters a 

Total Length 
(TL, cm) 

Weight (g) Girth (cm) b GSI (units) Condition factor 
(units) 

Growth coefficient (b-value 
of LWR) c 

Length-Girth 
relationshipd 

4.5–8.5 (5.9 ±
0.6) 

0.88–6 (2.13 ±
0.76) 

1.6–4.4 (2.1 ±
0.8) 

0.1–14.5 (3.35 ±
3.83) 

0.62–1.85 (1.01 ±
0.17) 

2.56 (0.745, p < 0.01) Girth = 0.060+
(0.46*Length) 

a Data presented in Range and Mean ± Standard error of mean (in parentheses). 
b Girth divided by 2 = Body depth. 
c Calculated using log-transformed length-weight data of females and linear regression of length-weight relationship (LWR). The calculated value of 
‘b’ and adjusted R2 and p-value of LWR (in parentheses) were given. 
d Length-girth regression (LGR) based on female sex data. Adjusted R2-value = 0.457, p < 0.01. 
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fishing nets and anthropogenic threat. 

2. Materials and methods 

2.1. Study area, species selected, sample collection, and analysis 

Five Gangetic floodplain wetlands in West Bengal, India, were selected: Bishnupur (33 ha), Bhomra (46 ha), Chandania (48 ha), 
Mathura (20 ha) and Nayachara (62 ha) (Fig. 1). One minnow species, Amblypharyngodon mola (Hamilton, 1822), commonly known as 
‘mola carplets’ or ‘mourola’ (in vernacular language). The criteria for its selection as a model fish species in the present study was due to 
its dominance (among minnows), consistent availability, and social relevance as a poor man’s food fish. The species has a moderate 
market price throughout the year around INR 200/kg or USD 2.7/kg (author observations). Altogether 817 specimens (327 female, 
490 male, and non-sexed) were collected between June 2015 and December 2018, spanning over two complete breeding seasons. Only 
females were selected as model sex owing to the ease in observing gonadal maturity status. Sample collection and analysis were done 
following Sarkar et al. (2019a), Sarkar et al. (2019b). Descriptive data on female mola carplets sampled during the present study is 
furnished in Table 1. Simultaneously with fish sampling, hydrological parameters were recorded following standard methodologies 
(APHA, 2012). Location-wise data on monthly rainfall (mm) was procured from Indian Meteorological Department (IMD, Alipore, 
West Bengal). Habitat parameters recorded during the study period are provided in Table 2. 

2.2. Modeling of environmental cues and breeding thresholds 

Modeling climato-hydrological influence on GSI and estimation of threshold GSI for breeding was done in Sarkar et al. (2019a), 
Sarkar et al. (2019b). The breeding GSI value was used as a reference GSI while identifying thresholds of environmental cues for 
breeding. All analyses were done in ‘R-software’. Fulton’s condition factor (KF), hereinafter referred to as fitness, was calculated using 
the formula given in Froese (2006). Pre-spawning fitness (Kspawn50), thermal and precipitation window(s) for the attainment of 
Kspawn50 (termed as climate preferendum) was estimated following Sarkar et al. (2019a), Sarkar et al. (2019b). Fishes (females) in the 
‘mature’ and ‘ripe’ stage were coded as ‘1’ while the rest coded ‘0’. Within the sample distribution of breeding season, the size of the 
smallest mature or ripe female encountered was deemed as size at first maturity (Ainsley et al. 2011). In comparison, the body size 
range at which there is a ≥ 50% probability of encountering a mature or ripe female is deemed as size at 50% maturity. Size at 50% 
maturity (LM50) was estimated using total body length data (binary coded like K spawn50) (Sarkar et al., 2019a, 2019b). 

Maximum body depth (in cm) was measured in each fish and multiplied by 2 to give maximum body girth (hereinafter referred to as 
‘girth’). Threshold body girth, beyond which>50% of the female fish population may spawn, was coined as pre-spawning girth 
(Girthspawn50) and estimated following Sarkar et al. (2017). A bivariate linear regression model was developed for total body length 
(independent variable) and maximum body girth (response variable); length-girth relationship (LGR) (Table 1). The estimated pre- 
spawning girth (Girthspawn50), to be used for ‘responsible’ minimum mesh size recommendation, was collated with the model 
extrapolated girth at pre-spawning length (LM50). The coherence between Girthspawn50 and ‘LGR extrapolated girth’ (at LM50) warranted 
the preciseness of mesh size recommendation. The mean body girth of breeding females (mature and ripe) was also compared with the 
non-breeding ones (immature and maturing), checking whether there is any need to increase the mesh size demand. 

2.3. Climate data analysis and reviewing mesh size of regional fishing nets 

Region-specific data on changing patterns of air temperature, annual rainfall, and inter-season rainfall composition over the last 
three and half decades were taken from Karnatak et al. (2018), Naskar et al. (2018), and Sarkar et al. (2019a), Sarkar et al. (2019b). 
Data (n = 28) on mesh sizes of different operational fishing nets in the regional floodplain wetlands were collected from the published 
reviews (Sandhya et al. 2019, Das and Barat, 2014). Minima, maxima, and the inter-quartile range of operational mesh sizes were 
calculated. Based on Girthspawn50 estimates, a safe or unsafe mesh size range was attributed, keeping in mind the chances of a gravid 

Table 2 
Descriptive account of habitat parameters recorded in the study area.  

Parameters Observed Range 

Water temperature (◦C) 20.7–33.4 
Dissolved oxygen (mg L−1) 4–8.6 
Free carbon dioxide (mg L−1) 4.2–10.3 
pH (units) 7.4–8.7 
Total Dissolved Solids (mg L−1) 176–593 
Conductivity (µS cm−1) 184–797 
Total alkalinity (mg L−1) 78–317 
Total hardness (mg L−1) 91–265 
Salinity (mg L−1) 90.7–268.5 
Nitrate (mg L−1) 0.01–0.46 
Phosphate (mg L−1) Nil-0.3 
Monthly rainfall (mm) 0–928  
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female with outstretched abdomen to successfully pass through. The girth is supposed to correspond to the complete circumference of a 
mesh (=mesh size of a fishing net). If mesh size < Girthspawn50, the mesh wraps tightly around the broadest part of the fish body, beyond 
which a fish cannot escape further. If mesh size > Girthspawn50, gravid females can escape pre-mature fishing mortality. 

3. Results 

3.1. Breeding phenology and its historical chronology 

The breeding phenology of Amblypharyngodon mola females in Gangetic floodplains of West Bengal, India, was observed between 
May and December (Fig. 2). This eight-month-long breeding season makes this minnow species ‘almost’ a perennial breeder. From a 
climate perspective, the breeding remains cued within a wide thermal and precipitation window. Historical chronology (1978–2020) 
of their breeding phenology in the floodplains of lower Indo-Gangetic plains encompassing West Bengal (Eastern India) and 
Bangladesh have been reviewed (Table 3). A visual analysis of the chronogram reveals that the breeding phenology might have 
prolonged in the recent decades, especially the tail-end of the breeding season (Fig. 3). The average duration of breeding season re-
ported before the year 2008 seems to be 6.3 months. In the recent decade (2008–2020), the average duration of the reported breeding 
season seems to be 8.3 months (Table 3). 

3.2. Environmental cues and breeding thresholds 

Mola females showed no significant dependency on water temperature and rainfall as breeding cues. Therefore, no specific 
breeding thresholds could be estimated. This pattern can also be justified because A. mola breeds through 3 seasons (pre-monsoon, 
monsoon, and post-monsoon). The threshold GSI for breeding was estimated at ~ 5 units (Deviance explained: 95.6%, GCV: 0.01, p < 
0.01) (Fig. 4). Overall, GSI values ranged between 0.1 and 14.5 units. The pre-spawning fitness (Kspawn50) of female mola was estimated 
at 1.14 units, with a 95% confidence interval (C.I.) of 1.12–1.25 units (Fig. 5a). Our dataset recorded Fulton’s condition factor or body 
fitness (K) values between 0.62 and 1.85 units. Body fitness levels (K) and sexual maturity (GSI) had a weak, positive, but statistically 
significant correlation (Pearson’s 2-tailed r = 0.3, p < 0.05) (Fig. 5b). It implies that the females’ spawning decisions are weakly 
dependent on body fitness levels. However, the gonad weight-adjusted condition factor values (Kadj; from body weight, without gonad 
weight) showed statistically significant and positive correlations with either of the climatic parameters: (a) Kadj and water temperature 
(Pearson’s 2-tailed r = 0.6, p < 0.05), or, (b) Kadj and monthly rainfall (Pearson’s 2-tailed r = 0.3, p < 0.05). The correlation coefficient 
of ‘Kadj-temperature’ is more potent than ‘Kadj-rainfall’ (Fig. 5b). A. mola females seem capable of maintaining fitness levels near 
Kspawn50 across a broad thermal (water temperature 22–33 ◦C; Fig. 6a) and precipitation window (0–800 mm monthly rainfall; Fig. 6b). 

3.3. Size at maturity and its historical chronology 

The first maturity of females (♀) was observed at 4.7 cm total body length (TL) in the sampling year 2017, within a size range of 
4.5–8.5 cm TL. The second smallest mature female was observed at 5 cm TL. In the sampling year 2018, ♀ first maturity was observed at 
5.1 cm. Altogether we encountered ~ 9% of gravid females in the range of 5 ± 0.3 cm TL with the smallest size(s) at maturity, and they 
mainly were captured in September and October. Whether these are the young-of-the-year (YOY) fish, born in May and matured in 
September-October, could not be probed. Nonetheless, the present first maturity of females (=puberty) might be happening at ≈5 cm 
TL. Historical chronology (1978–2020) of reported ♀ first maturity in the floodplains of lower Indo-Gangetic plains encompassing West 
Bengal, India, and Bangladesh has been reviewed (Table 3). The chronogram hints at a probable delay in attaining puberty in the 

Fig. 2. Annual cycle of the gonadosomatic index (GSI, expressed as gonad weight % of total body weight) of Amblypharyngodon mola females in the 
lower Gangetic floodplains (West Bengal, India). The blue curve is the LOESS fitted trendline of the GSI trajectory observed in our sample. The 
horizontal green dashed line indicates the benchmark for successful breeding events (=threshold GSI > 4.6 units; Fig. 4). The boxplot heads or 
outliers emerging above the benchmark indicate breeding phenology. Sufficient samples with conspicuous gonads could not be encountered in 
March-April. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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recent decade, with most females attaining puberty near or above 5 cm TL lately (Fig. 7). Size at 50% maturity (LM50), i.e., size beyond 
which there is a ≥ 50% chance of encountering a mature female, was much higher than the first maturity. With a 95% confidence 
interval, ♀ LM50 was estimated to be 6.5–6.7 cm TL (Fig. 8). 

Table 3 
Chronological information on reported breeding phenology and size at first maturity of Amblypharyngodon mola females in floodplains of lower Indo- 
Gangetic floodplains (West Bengal, India, and Bangladesh).  

Year Onset Offset Duration (months) First maturity TL (cm) Reference 

1978 March September 7 – Afroze and Hossain (1990) 
1983 June October 5 – Parveen (1984) 
1988 May October 6 – Rahman (1989) 
1990 May September 5 – Mustafa (1991) 
1999 May October 6 – Kohinoor et al. (2005) 
2000 March October 8 4.7 Azadi and Mamun (2004) 
2004 April October 7 4.4 Suresh et al. (2007) 
2005 March August 6 4.8 Saha et al. (2009) 
2007 April October 7 4.3 Hoque and Rahman (2008) 
2008 May October 6 4.6 Alam et al. (2018) 
2010 April December 9 5.2 (5–5.5) Gupta and Banerjee (2013) 
2011 – – – 4.9 Rahman et al. (2018) 
2011 April October 7 4.9 Mondal and Kaviraj (2013) 
2013 April December 9 – Mondal et al. (2020) 
2014 April December 9 5.2 Pal and Mahapatra (2018) 
2015 – – – 5.3 Karnatak et al. unpublished 
2016 March October 8 5.3 Ferdous Ahamed et al. (2017) 
2017–2018 May December 8 4.7–5.0 Present study 
2020 April December 9 – Hossain (2021) 

*Converted reported SL (4.1 cm) to TL by adding + 1.2 cm based on standard morphometry of A. mola females (Baishya et al. 2010) 

Fig. 3. Chronogram of the breeding phenology of Amblypharyngodon mola females in the lower Indo-Gangetic floodplains. Blue bars indicate the 
active breeding season. Data source (n = 17): Afroze and Hossain (1990), Parveen (1984), Rahman (1989), Mustafa (1991), Azadi and Mamun 
(2004), Kohinoor et al. (2005), Suresh et al. (2007), Saha et al. (2009), Hoque and Rahman (2008), Alam et al. (2018), Gupta and Banerjee (2013), 
Mondal and Kaviraj (2013), Mondal et al. (2020), Pal and Mahapatra (2018), Ferdous Ahamed et al. (2017), Hossain (2021) and present study. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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3.4. Pre-spawning girth and its back-validation 

Threshold body girth, beyond which>50% of the female fish population may spawn, i.e., Girthspawn50 was estimated at 3.2–3.4 cm 
(with 95% C.I.) (Fig. 9). The range of recorded body girth in our sample was 1.6–4.4 cm. The model for length-girth relationship (Adj. 
R2: 0.457, p < 0.01) was estimated as: Girth = 0.06+ (0.46*Length) (Table 1). The mediocre R2 value of the LGR might be attributed to 
(a) variations within samples due to the presence of different maturity stages (with different girth) and (b) variations in body shape 

Fig. 4. GAM model showing threshold GSI for breeding (4.6 units) of female Amblypharyngodon mola in Gangetic Floodplain wetlands. Breeding 
event = 1 indicate successful spawning. GSI is expressed as gonad weight % of total body weight. Black dashes on the x-axis indicate data points. 

Fig. 5. (a, b): (a) Kaplan-Meier survival estimate of Pre-spawning fitness (Kspawn50: 1.12–1.25) of female Amblypharyngodon mola in Gangetic 
Floodplain wetlands. (b) correlogram of body fitness (CF; standard and adjusted), gonadal maturation (GSI), and climatic parameters (water 
temperature; rainfall). 

Fig. 6. (a, b): LOESS smoothed thermal (left panel; 22–33 ◦C) and precipitation preferendum (right panel; 0–800 mm) for attainment of Kspawn50 in 
Amblypharyngodon mola. The unit of condition factor (K) is expressed as density factor or mass deposited per cubic three-dimensional length (length, 
width, height) with a non-standard unit of g per cm3 %. 
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Fig. 7. Chronology of reported the first maturity in Amblypharyngodon mola females from the lower Indo-Gangetic floodplains. Data points are 
indicated in red, and the blue line is GLM fitted trendline. Marginal boxplot indicates the distribution of reported first maturity (♀) across the 
literature. Data source (n = 12): Azadi and Mamun (2004), Suresh et al. (2007), Saha et al. (2009), Hoque and Rahman (2008), Alam et al. (2018), 
Karnatak et al. unpublished, Ferdous Ahamed et al. (2017) and the present study. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 

Fig. 8. Kaplan-Meier survival estimate for size at 50% maturity (LM50; 6.5–6.7 cm) of female Amblypharyngodon mola in Gangetic Flood-
plain wetlands. 

Fig. 9. Kaplan-Meier survival estimate for pre-spawning girth (Girthspawn50; 3.2–3.4 cm) of female Amblypharyngodon mola in Gangetic Floodplain 
wetlands. Corresponds to responsible minimum mesh size recommendations. 
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form. Based on this model and using LM50 estimates (6.5–6.7 cm) as input, the projected girth at 50% maturity came out to be ~ 3–3.1 
cm. This is in close agreement with our Girthspawn50 estimates. The immature, maturing and spent females had a mean body girth of 5.4 
cm. The mature or ripe females, with their abdomen outstretched due to fully formed ovaries, increased girth by + 16.9% (mean girth 
6.3 cm). It means gravid females require a bigger mesh to swim through without being stuck, necessitating a concomitant 16.9% 
increase in the provision of responsible mesh size. A historical chronology in this regard could not be derived due to the lack of 
historical data in this regard. 

3.5. Regional climate change patterns 

Over the last three and half decades, the climate in and around lower Gangetic floodplains, of which the present study is a part, has 
warmed up by 0.18–0.28 ◦C (mean 0.22 ◦C). The increasing trend of mean air temperature was most intense during monsoon months 
(May to August). During the period 1980–2015, there have been eight instances (years) when the mean air temperature in post- 
monsoon months (September to December; autumn–winter) remained substantially warm, i.e., ≥26 ◦C. About 50% of such hot 
post-monsoon months have occurred frequently since 2006. The annual rainfall has decreased by 135.6–257 mm (mean 192.5 mm). 
Rainfall distribution across pre-monsoon (January-April), monsoon (May to August), and post-monsoon (September-December) have 
changed too. Pre and post-monsoonal rainfall have decreased by 0.6–2.4% and 3.3–5.8%, respectively. The monsoonal rainfall has 
increased (3.8–6.2%). 

3.6. Mesh sizes of operational fishing nets and anthropogenic threat 

Swollen-bellied mature-ripe females are more vulnerable to be obstructed in the fishing net meshes than the slender-bellied 
immature-maturing females. Presently, the mesh size of operational fishing nets in the regional wetlands ranges from 1 mm to 100 
mm, with an inter-quartile range of 5–30 mm. The mesh size is essentially the total perimeter or circumference of individual mesh in 
fishing nets. Collating the Girthspawn50 of female mola, a major anthropogenic threat on recruitment of A. mola is apparent due to the use 
of fishing gears having mesh sizes below 32–34 mm. Since gear-specific fish catch data is usually not maintained at these open-water 
fisheries resources, a retrospective evaluation of the damage done could not be accomplished. 

4. Discussions 

4.1. Reproductive vulnerability to regional climate change 

Over the past three and half decades, the climate in the lower Gangetic floodplains has been warming (mean air temperature +
0.05–0.08 ◦C decade−1) and becoming water-stressed (total annual rainfall − 38.74–73.42 mm decade−1) (Sarkar et al., 2019a, 
2019b). Presently, the breeding phenology of mola in lower Gangetic floodplains has duration of eight months, i.e., May to December. 
Review of existing literature on the species revealed a potential prolongation of the breeding phenology (Table 3). The tail end of the 
breeding season might have prolonged since the last decade (2008–2020). It might be concomitant to the frequent occurrences of 
unusually warmer post-monsoonal months since 2006 (≥26 ◦C mean air temperature; Karnatak et al. 2018). Globally, such pheno-
logical responses to warming climate have been documented in temperate to tropical fish species and presently summarized in an 
open-access database (https://ficli.shinyapps.io/database/; Krabbenhoft et al., 2020). In the Indian sub-continent, the breeding 
phenology of several fish species have either prolonged (e.g., Puntius sophore; Sarkar et al. 2019), shortened (Tor putitora; Joshi et al., 
2018), unchanged (Channa punctata; Gudusia chapra; Sarkar et al., 2021b, Karnatak et al., 2018) or projected to be altered (Eutro-
piichthys vacha; Sarkar et al., 2019a) in response to changing climate. 

There have been quite a few attempts to quantify environmental cues for breeding and breeding thresholds of some fish species in 
the Indian sub-continent. For example – in riverine catfishes of River Ganga (Mystus tengara, M. cavasius, E. vacha), there are specific 
thresholds of water temperature (>27 ◦C, >31 ◦C, ~24 ◦C respectively) and monthly rainfall (>250 mm, >220 mm, ~100 mm 
respectively) which trigger breeding or spawning (Sarkar et al. 2019b). Whereas in an amphidromous croaker (Johnius coitor), only 
water temperature (23–25 ◦C) serves such function (Sarkar et al. 2018a). For floodplain dwelling snakehead species (Channa punctata), 
fulfillment of certain rainfall threshold (800–1400 mm) cue spawning (Karnatak et al., 2018, 2020). On the other hand, minnows like 
Gangetic pool barb (Puntius sophore) could breed at a low threshold rainfall requirement (>50 mm) and within a wide temperature 
range (20–30 ◦C) (Sarkar et al. 2019a). In A. mola, neither water temperature nor rainfall significantly triggered spawning. As such, no 
climatic breeding thresholds (water temperature and rainfall windows) were identified. Due to the lack of specific breeding thresholds 
of water temperature and rainfall, the present rate of changing climate is highly unlikely to pose any threat to attaining breeding GSI in 
mola females. The present pattern of changing climate might be favouring their reproduction in the long run (via prolongation of 
breeding phenology) due to a comparably lower breeding GSI demand (A. mola GSI ~ 5 units versus P. sophore GSI ~ 11 units; Sarkar 
et al. 2019a). 

Even before the environmental cues for breeding, the decision whether a female fish would spawn or skip spawning depends on 
body fitness levels or condition factors (positively correlated with body calorific value; Myszkowski, 2013). The relationship cascade of 
climate change → condition factor (energy reserves) → skipped spawning decisions have been adequately described in Sarkar et al. 
(2017) and Jørgensen et al. (2006). It was revealed that spawning decisions in A. mola females are weakly dependent on body fitness 
levels. However, the correlations between gonad weight subtracted condition factor and water temperature or rainfall assure that 
somatic body fitness might remain uncompromised even if the regional rainfall continues to decline under a warming climate. It might 
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be true because A. mola can actively feed and keep up its energy reserves even during its breeding season (Mondal and Kaviraj, 2013). 
In contrast, other small indigenous species cease feeding activities during the breeding season (Gudusia chapra; Mondal and Kaviraj, 
2010) and becomes more sensitive towards breeding cues or indiscriminative fishing (Sarkar et al., 2021b). Concerning climate 
preferenda, for pre-spawning fitness (Kspawn50), P. sophore could attain Kspawn50 within broad rainfall conditions (0–700 mm), while no 
dependence on temperature existed (Sarkar et al. 2019a). A. mola has equally broad and flexible climate preferenda (22–33 ◦C; 0–800 
mm) for the attainment of Kspawn50. Even the Kspawn50 in A. mola (1.12–1.25 units) is lower than the reproductively resilient P. sophore 
(1.61–1.67 units) (Sarkar et al. 2019a). These insights indicate no chance of skipped spawning decisions in regional minnows (like 
mola or Gangetic pool barbs) while facing future climatic variabilities. Our finding further validates the high reproductive resilience of 
minnows in the face of climatic variability (Sarkar et al., 2019a). 

4.2. Reproductive vulnerability to anthropogenic threat 

In the present study, by ‘anthropogenic threat’, we have studied the possible chances of indiscriminative fishing threats on the 
native minnow population. Over the last three decades, the size or age at first maturity, whether or not under climate change context, is 
a well-established proxy marker for assessing indiscriminative fishing threats on exploited, wild fish population (Forestier et al. 2020; 
Karjalainen et al., 2016; Otero et al., 2012; Kuparinen et al., 2011; Rijnsdorp et al. 2010; Conover et al., 2009; Fukuwaka and Morita, 
2008; Edeline et al., 2007; de Roos et al., 2006; Trippel, 1995). Commonly, a decrease in size at first maturity (=advancement of 
puberty), or rarely, an increase in size at first maturity (delaying of puberty), are both parts of fish species’ response to ‘fishery-induced 
evolution’ (FIE). Sometimes, the effects of FIE aggravate under an irreversibly changing climate (reviewed in Sarkar et al., 2021b). 
Although the developed regions (e.g., United States, Canada, United Kingdom) have been indulged in such research for decades, 
unfortunately, the developing regions with rich fisheries resources (e.g., India, Bangladesh) have lacked such investigations due to data 
limitations (Sarkar et al., 2021b). Reduction in size at first maturity by ~ 25–36% over four decades of changing climate and indis-
criminative fishing was recently documented in clupeid females (Gudusia chapra) (Sarkar et al., 2021b). The reason was attributed to 
changing climate, which favored gonadal development and breeding, but at the same time, the gravid females were overexploited 
(indiscriminately fished) due to poor selection of responsible mesh sizes of fishing gears. The FIE, in such case, favored smaller 
maturing females to avoid such mesh sizes. As a result, the population shifted towards earlier puberty attainment, which regional 
climate change also facilitated. In contrast, hard-to-catch and bottom-dwelling snakehead fish (Channa punctata) in wetlands did not 
change their size at first maturity over the same four decades (Karnatak et al., 2020). It might be due to their ability to burrow in the 
mud and bottom dwelling nature making them less prone to fishing mortality and surface warming, respectively (author observations). 
Nonetheless, body-size reductions with warming are strongest in aquatic ectotherms than any other taxa on the planet, driven by a 
temperature-oxygen limitation(s) cascade (reviewed in Verberk et al. 2021). 

The present study indicated a probable increase in size at first maturity vis-à-vis probable delay in attaining puberty in female mola 
minnows; presently at 4.7–5.1 cm or ≈5 cm TL (Table 3; Fig. 7). Even our present ♀ LM50 estimate (6.5–6.7 cm TL) was higher than one 
previous estimate (5.5–6 cm) from nearby waters earlier this decade (sampling 2009–2010; Gupta and Banerjee, 2013). Although rare 
and generally perceived to be good, increasing size at maturation has been previously documented in wild Scomber scombrus, sandeels 
group (Rijnsdorp et al. 2010), Menidia menidia (Conover et al. 2009), Oncorhynchus keta (Fukuwaka and Morita, 2008), Esox lucius 
(Edeline et al. 2007), and Morone saxatilis, Perca flavescens, Clupea harengus (Trippel, 1995). Such phenomenon has been often 
attributed to: (a) a release or absence of fishing pressure (Conover et al., 2009; Fukuwaka and Morita, 2008); (b) high-density, inter- 
species competition, pelagic zooplankton shortages leading to slower growth in the early days of life, due to an over-abundance of 
young-of-the-year (YOY) fish (Otero et al., 2012; Edeline et al., 2007; Trippel, 1995); (c) cannibalism (in predators) or intense pre-
dation pressure which naturally selects individuals growing quickly to a threshold body-size to avoid predation (Forestier et al., 2020; 
Edeline et al., 2007). We attribute a combination of all these aspects to explain our observation. The fishing pressure and FIE on A. mola 
might have been less intense compared to other species. It could have been facilitated by a favorably changing climate allowing long 
breeding season and higher recruitment. The prolonged recruitment might have created a higher density of YOY fish in the habitat. 
Higher YOY fish availability might have attracted predators in the locality or caused pelagic zooplankton shortages. Presently observed 
larger sizes at maturity or delayed puberty might be temporary (Conover et al., 2009; de Roos et al., 2006). It may soon get altered to 
smaller sizes at maturity if climate change intensifies (Kuparinen et al. 2011, Rijnsdorp et al., 2010) or FIE increases (Conover et al., 
2009; de Roos et al., 2006). 

4.3. Future of minnows under mixed context of climate change and indiscriminative fishing 

Even if this increasing trend of the first maturity is ignored, the smallest size at first maturity we observed (4.7 cm TL) matches with 
‘one’ earlier estimate from the region, almost two decades ago (4.7 cm based on samples of 1999–2000; Azadi and Mamun, 2004). It 
indicates, unlike the overexploited clupeids in regional inland waters (Sarkar et al., 2021a, 2021b), any reduction in size at first 
maturity has ‘definitely’ not happened for this minnow. The present size at first maturity in mola females matches with that of another 
minnow. P. sophore females also decreased their size at first maturity till 4.7 cm TL compared to earlier (~6 cm TL) (Sarkar et al., 
2019a, 2019b). In regional minnow females, we suspect that attaining puberty around 4.7–5 cm TL helps minnow species to avoid 
indiscriminative fishing mortality (avoiding mesh sizes). This process is also allowed by the regional pattern of changing climate 
(discussed above). Under the present state of changing climate, minnows seem to be a reproductively resilient species for the future. 
Under the future climatic scenario, minnows offer high potential towards regional freshwater ecosystem stability (primarily algal 
feeder, grazing at the base of the aquatic food chain), especially when most regional inland waters are predicted to become eutrophic 
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(more algae) under climate change (Das Sarkar et al., 2020; Rolighed et al., 2016). Through successful and prolonged recruitment 
patterns in future climatic scenarios (present observations), minnows would continue to offer high food and nutritional security to the 
local and impoverished communities (Nordhagen et al., 2020; Bogard et al., 2015), when livestock production may become limited by 
future climate variability (Rojas-Downing et al. 2017). 

Further indiscriminative fishing pressure will most likely be the key to minnows’ endurance or survival in the coming decades. If 
puberty is advanced or smaller size-at-maturity is achieved, it could be an early warning sign of stock collapse (Sarkar et al., 2021b; 
Conover et al. 2009; Olsen et al., 2004). At this moment, the key to unleashing such detrimental effects depends on the presence or 
absence of indiscriminative fishing pressure under a favorably changing climate (=warmer monsoon, post-monsoon/ winter; present 
observations). Our data exhibited a ~ 17% increment in body girth of female minnows when they are ready to breed compared to the 
non-breeding ones. It is the essence of our parameter ‘pre-spawning girth’ (♀ Girthspawn50), which indirectly estimates if a mesh size is 
safe enough for gravid females to swim through. We highlight the need to use fishing nets having mesh sizes (=total circumference) 
above 32–34 mm (or longest mesh opening gap of > 16–17 mm) to abate artificial threats to A. mola or minnow population. Presently 
5–30 mm mesh size fishing nets are operational (Sarkar et al., 2018b; Sandhya et al., 2016, 2019; Das and Barat, 2014), despite a 
general ban on gill nets below 25 mm mesh size in regional waters (Thomas, 2019). It is unclear how most authors have measured and 
reported mesh sizes of fishing nets, for example, total circumference versus bar length or longest mesh opening (ICES, 2004). Only if 
the longest mesh opening (gap) of operational fishing nets are > 16–17 mm, the gravid minnow females are safe, otherwise not. 

To implement mesh size regulation for multi-species based wetland fishery in the tropical region, it is imperative to develop a first- 
hand database on ♀ Girthspawn50 and/or length-girth regressions (LGR, Table 1) of dominant minnows in the region (Sarkar et al., 
2021a, 2021b). Then, revision of obsolete mesh size limits (unamended since last three decades) are necessary (sensu Kelkar and Dey, 
2020). Looking at the similarity of female first maturities (≈5 cm TL) in two minnow species (P. sophore and A. mola; Sarkar et al. 2019, 
present study), we postulate that minimum responsible mesh size requirements might be interchangeable for most minnows. The key 
to sustenance of the minnow population in regional inland waters depends on managing anthropogenic (indiscriminative fishing) 
threats, as the changing climate is even favoring recruitment. 

5. Conclusion 

Small indigenous fishes or minnows are perhaps the most ignored, yet, an indispensable group of fishes in inland freshwaters 
worldwide. The disentangling of direct man-made threat from any climate-induced threat on the rich minnow population of South 
Asian inland waters was done for the first time. We validated the high reproductive resilience of minnows facing climatic variability. 
The key to sustenance of the minnow population in regional inland waters depends on managing anthropogenic (indiscriminative 
fishing) threats, as the changing climate is even favoring recruitment. Further indiscriminative fishing pressure will most likely be the 
key to minnows’ endurance or survival in the coming decades. We recommend responsible compliance to minimum mesh size limits 
that would allow a sizeable portion of gravid females to breed with statistical certainty without being pre-maturely sieved out of water. 
We proposed a novel parameter, ‘pre-spawning girth’ - an applied parameter capable of checking anthropogenic (indiscriminative 
fishing) threats and giving responsible ‘minimum mesh size’ recommendations. 
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