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Abstract
The regional climate has significantly warmed with erratically declining annual rainfall and intensified downpour within a
narrower span of monsoon months, which led to an increased trophic state (≈algae) in most inland waters. Freshwater clupeids
vitally control the aquatic food chain by grazing on algae. Despite increasing food availability, IUCN Red List® revealed 16
freshwater clupeids with a decreasing population trend. We investigated one such species’ reproductive dependencies, Gudusia
chapra (Indian river shad), in the lower Gangetic drainage (India) under a mixed context of climate change and overfishing.
Monthly rainfall (≥ 60–100 mm) and water temperature (≥ 31–32 °C) are key breeding cues for females. The regional climate
seems inclined to fulfill these through the significant part of the breeding season, and indeed the species has maintained consistent
breeding phenology over 20 years. Other breeding thresholds relevant to fishing include size at first maturity (≥ 6.8 cm; reduced
by ~ 25–36%) and pre-spawning girth (Girthspawn50 ≥ 7 cm; first record). Girthspawn50 is a proxy of the minimum mesh size
requirement of fishing nets to allow safe passage of “gravid” females (+ 22% bulged abdomen) and breed. The operational fishing
nets (3–10 cm mesh) probably have been indulged in indiscriminative fishing of gravid females for generations. Under a
favorably changing climate and food availability, existing evidence suggests a fishery-induced evolution in regional females
(to circumvent such mesh sizes) through earlier maturation/puberty at smaller sizes. It could be an early warning sign of
population collapse (smaller females → lessening fecundity → fewer offspring). Overfishing seemed to be a bigger threat than
climate change.

Keywords Breeding thresholds . Breeding phenology .Mesh size . Pre-spawning girth .Gudusia chapra . Freshwater clupeids

Introduction

Global climate change is known to impact inland aquatic eco-
systems and life-history events such as breeding phenology of
fishes, ultimately augmenting or deteriorating the existing nat-
ural population (Myers et al. 2017; Sarkar et al. 2019a, b). It
has implications for both biodiversity (conservation) and fish-
eries (exploitation). With increasing research and societal at-
tention in this regard (Jarić et al. 2020), recently, an open-
access database was launched (https://ficli.shinyapps.io/
database/). It summarizes the available literature on fishes’
phenological responses to changing climate worldwide
(Krabbenhoft et al. 2020), e.g., changing temperature, rainfall,
and flow scenarios. In the lower Gangetic basin of the Indian
subcontinent, our regional climate has the following: (a) + 0.4
°C rise in mean air temperature since the 1980s, (b) with
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erratically declining annual rainfall (annual range < 1000 to
2000mm; 135.6–257 mm decline in rainfall since 1980s), and
(c) intensified downpour within a narrower span of monsoon
months (May to August) (Sarkar et al. 2017; Karnatak et al.
2018; Naskar et al. 2018). Concomitantly, some inland waters
are slowly progressing towards having more algae.
Approximately 20% of the region’s floodplain wetlands have
gradually become eutrophic (Sarkar et al. 2020). Increasing air
temperature and decreasing water depth were attributed to
such transitions, besides anthropogenic factors like sewage
and agriculture (Sarkar et al. 2020). Changing climate has
been demonstrated to affect every stage of reproductive devel-
opment in fishes, from puberty to spawning, through endo-
crine regulation changes along the brain-pituitary-gonad axis
(Alix et al. 2020).

Clupeids include some of the world’s most prized wild
captured fishes like herrings, menhadens, sardines, shads,
and sprats. Although most species are marine or anadromous,
only a handful of them (70 out of 402 described species) are
inhabiting freshwater (Mary et al. 2017). Clupeids are region-
ally presumed to be sensitive to changing climate with low
reproductive resilience in adapting to climatic variabilities. A
prologue of such presumptions can be found in Hossain et al.
(2019), Sahoo et al. (2018), and Miah (2015). On a global
scale, the ill effects of changing climate on marine clupeid
reproduction and the ultimate manifestations on the herring
stocks of the sea are somewhat documented (e.g., Ojaveer
et al. 2015). However, existing studies on freshwater clupeids
have been mostly traditional morphometrics and feeding-
breeding biology oriented (e.g., Kumari et al. 2018, 2019,
2020; Ahamed et al. 2014; Hossain et al. 2010; Vinci et al.
2005). Assessments of the reproductive vulnerability of
“freshwater clupeids” (in inland waters) to changing climate
and other anthropogenic stressors have been scarce. A list of
vulnerability assessments done worldwide on clupeids to cli-
mate change has been provided as a supplementary appendix
(sorted from Krabbenhoft et al. 2020). About 13 studies were
encountered, assessing demographic to phenological re-
sponses to climate change (supplementary appendix).
Although most of these studies utilized historical databases,
such time-series datasets that are too parameter- and species-
specific are often lacking in developing regions like ours
(Sarkar et al. 2019b; Naskar et al. 2018). A metadata search
in the latest IUCN Red List® revealed 16 freshwater clupeid
species with decreasing population trend in inland waters
(Tenualosa ilisha, Alosa aestivalis, Alosa killarnensis,
Gudusia chapra, Tenualosa thibaudeaui, Clupeonella abrau,
Alosa immaculata, Alosa alabamae, Alosa algeriensis,
Tenualosa reevesii, Tenualosa toli, Clupeonella puglisi,
Sardinella tawilis, Tenualosa macrura, Coilia nasus, and
Thryssa rastrosa) (IUCN 2020). The present study has rele-
vance since such studies are lacking in inland waters, espe-
cially from developing countries.

The species studied in the present work, Gudusia chapra
(Hamilton, 1822), commonly known as the Indian river shad,
is a freshwater clupeid native to the rivers Ganges,
Brahmaputra, and Mahanadi, and adjoining floodplain wet-
lands (Froese and Pauly 2019). The fish belonging to the small
indigenous fishes (SIFs) exhibits potamodromous migration
and pelagic shoaling behavior and inhabits a wide range of
freshwater habitats (Kumari et al. 2018). Like most clupeids,
Indian river shads are mostly algal feeders, i.e., primary con-
sumers or phytoplanktophagus (Rahman et al. 2008; James
1988). G. chapra has been classified as Least Concern (LC)
but “decreasing population” category (IUCN 2020). A warn-
ing note is attached to the species assessment sheet stating that
the population of G. chapra is declining within the Ganges
drainage in India and Nepal (Chaudhry 2010). Previously, the
zoological survey of India (ZSI) has also attached such a note
in its record (Mishra et al. 2003). In India and Bangladesh, it is
one of the most commercially important SIFs (small indige-
nous species), fetching fair market prices and supporting rural
fisherfolk’s livelihood (Mishra et al. 2003). G. chapra fetches
at least 30% higher price in local Indian markets, in compar-
ison to other SIFs such as Amblypharyngodon mola and
Puntius sophore because of superior taste (authors’ observa-
tions). They also present an excellent deal for the more
impoverished population as a nutrient-dense food and provide
nutritional security for the rural communities (Castine et al.
2017; Bogard et al. 2015). For example, G. chapra offers a
nutrient profile of 15.2 g protein, 5.4 g lipid, and 1.6 g min-
erals (rich in Ca, K, and Mg) per 100 g of whole-body con-
sumption (equivalent to ~ 7–8 fishes of ~ 10.6 cm length)
(Mohanty et al. 2011).

Sporadic reports on the gradual disappearance ofG. chapra
from regional inland tropical waters exist (Chaudhry 2010;
Vinci et al. 2005; Ghosh et al. 2018; Mondal et al. 2019;
Mishra et al. 2003). During 1960–1970, Indian river shads
were abundant in most inland waters (Rahman and Haque
2006; Mondal et al. 2019). What led to such a decline needs
to be answered for the future security of this species. So far,
successful domestication (captive seed production and rear-
ing) of this species is non-existent—making in situ conserva-
tion the only available contingency. Therefore, a reproductive
dependency assessment ofG. chapra to changing climate was
carried out. To understand the anthropogenic stress on the
reproductive environment ofG. chapra, indiscriminative fish-
ing was also investigated. It was done by reviewing mesh size
ranges of fishing gears used in their habitats. Such an effort is
expected to contribute to prudent conservation planning. The
existing regional presumptions on the climate-sensitive nature
of reproduction in clupeids were validated for the first time.
The following aspects were systematically analyzed to arrive
at the results and recommendations: (a) quantification of bio-
logical thresholds for breeding (gonadosomatic index, pre-
spawning fitness, sizes at maturity, and a novel parameter
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parameterized as pre-spawning girth); (b) identification and
quantification of key environmental cues for successful breed-
ing (climatic and habitat parameters); (c) track shifts (if any) in
present breeding phenology relative to historical records; (d)
collate regional patterns of temperature and rainfall variability
with observed reproductive traits; (e) derive minimum mesh
size recommendations (from pre-spawning girth estimates) to
ensure successful spawning of gravid females without being
captured and collate with mesh sizes of operational fishing
nets in the area.

Materials and methods

Study area and species selected for study

Five regional floodplain wetlands (average water spread area
of 20–48 ha; depth range of 0.7–3 m) in lower Gangetic plains
of West Bengal, India, were identified based on the available
information regarding the presence of residential stocks of the
target species: Chandania (22.57523° N, 88.43167° E),
Mathura (22.55561° N, 88.28374° E), Bishnupur
(24.65897° N, 88.155411° E), Katiganga (24.12507° N,
88.165088° E), and Chaltia (24.07205° N, 88.262249° E).
We have employed local fishers to collect fish samples every
month. All these wetlands share a common annual photo-
thermal and precipitation regime (daytime temperature 17–
36 °C; day length 11.7–12.2 h; monthly rainfall 0–500 mm).
Additional information on the studied species, including a
map of the study area (Fig. S1a) and the studied species
(Fig. S1b), is provided in the supplementary material.

Sample collection, measurements, and coding

In this study, 354 specimens (214 female, 140 male, and non-
sexed) were collected using gill nets (mesh sizes 20 to 80
mm). Two consecutive breeding timing loops (end → start
→ end → start → end), hereinafter referred to as breeding
cycles, were included in the sampling program between
October 2017 and October 2019. Only females were selected
as model sex owing to the ease in observing ovaries (com-
pared to the testes) and easily demarcated gonadal maturity
status. Also, the abdominal distension in gravid females is
prominent, unlike mature males, which have somewhat slen-
der abdomen (authors’ observation); thus, making females
more relevant for girth measurements to elucidate fishing
threats. The fresh body weight (in g) and total length (cm)
were taken. Maximum body depth (cm) was measured in each
fish, i.e., the height of the widest part of the spindle-shaped
body. The body depth was multiplied by 2 to give maximum
body girth, hereinafter referred to as “girth.” The girth is sup-
posed to correspond to the complete circumference of a mesh
(i.e., mesh size of a fishing net) if it wraps tightly around the

broadest part of the fish body (i.e., the point where the fish is
trapped and cannot escape further).

Five maturity stages were considered in the present study:
immature, maturing, mature, ripe, and spent. Females with
“mature” and “ripe” stage ovaries were coded as “1,” while
the ones with immature, maturing, and spent ovaries were
coded “0” (see supplementary material). In such instances,
where the gonads were inconspicuous, the samples were not
counted to avoid statistical errors. Fresh ovaries were also
weighed (g) and preserved in 70% ethanol. In some specific
months where only a few “recognizable” females/ovaries
(post-dissection) were encountered in a breeding cycle, the
data were pooled under a common month irrespective of the
breeding cycle (e.g., January, June pooled), or entirely
skipped (February absent) for the robustness of the data
(Fig. 1). The morphological account of the female specimen
collected during the study is summarized in Table 1.

Collection of habitat and climatic parameters

Simultaneouslywith fish sampling in wetlands, habitat param-
eters like air temperature (°C), surface water temperature (°C),
Secchi disc transparency (cm), dissolved oxygen (mg L−1),
free carbon dioxide (mg L−1), pH (units), total dissolved solids
(mg L−1), specific conductivity (μS cm−1), total alkalinity (mg
L−1), hardness (mg L−1), salinity (mg L−1), nitrate (mg L−1),
and phosphate (mg L−1) were recorded using probes (multi-
parameter Tester™ 35 series, EUTECH instruments
OAKTON) or titrimetric procedures following standard meth-
odologies (APHA 2012). The observed habitat parameters in
the floodplain wetlands were tallied against the standard ex-
pected range published in Sarkar et al. (2020) and checked for
any abnormality.

Region-specific monthly rainfall (mm) data was procured
from weather stations under the Indian Meteorological
Department (IMD), Alipore, India. Region-specific data on
“long-term” changing air temperature patterns, annual rainfall,
seasonal rainfall composition, and seasonal temperature pat-
tern over the last three and half decades (1980–2015; also
procured from IMD) were already analyzed in Karnatak
et al. (2018). The estimates were also used here since the study
region overlapped, and the progress of climatic trends is often
slow. In terms of the seasonality of climatic data, three seasons
were considered, i.e., pre-monsoon (January to April), mon-
soon (May to August), and post-monsoon (September to
December) (Karnatak et al. 2018).

Quantification of biological and fishing thresholds for
breeding

Gonadosomatic index (GSI) is regarded as a proxy of spawning
readiness in fishes, and it was calculated using the formula: GSI
= (GW * 100) / BW, where GW is the fresh gonad weight (g),
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and BW is the wet body weight (g) (Karnatak et al. 2018).
Threshold GSI for spawning, hereinafter referred to as “breed-
ing GSI,” was quantified using a generalized additive model
(GAM) between GSI as an independent variable and breeding
event (0 or 1) as a response variable (Karnatak et al. 2018). The
binary coding strategy is defined in the supplementary material.
Fulton’s condition factor (K), hereinafter referred to as fitness,
was calculated using the formula:K = 100 × (W / L3), whereW
is the body weight (g), and L is the total length (cm) (Froese
2006). Threshold fitness for spawning, hereinafter referred to as
“pre-spawning fitness, (Kspawn50),” was quantified using the
Kaplan-Meier survival function with K as the independent var-
iable and breeding event as the response variable (Sarkar et al.
2017). The total body length of the smallest female (mature/
ripe) encountered in our dataset was considered as the first
maturity size. Size at 50% maturity (LM50), i.e., threshold total
body length beyond which there is at least 50% chance of
encountering a breeding female, was quantified using the
Kaplan-Meier survival function with total body length (inde-
pendent variable) and breeding event (response variable)
(Sarkar et al. 2018a).

A novel parameter coined as pre-spawning girth
(Girthspawn50) was parameterized. Girthspawn50 is the body girth
beyond which at least 50% of the females will spawn.
Girthspawn50 includes the swollenness of the abdomen/belly of
gravid females with mature-ripe ovaries inside, in contrast to
the non-spawning individuals. Girthspawn50 was quantified using

the Kaplan-Meier survival function with girth as an independent
variable and breeding event as the response variable. A back-
validation of Girthspawn50 with LM50 was performed using a
length-girth relationship (see supplementary material). The mean
body girth of breeding females (mature and ripe) was also com-
pared with that of the non-breeding ones (immature and matur-
ing) to check whether there is any need to increase the mesh size
demand. All analyses were done in RStudio v1.2.5.

Identification and quantification of key
environmental cues for breeding

An array of environmental parameters (13 parameters: air tem-
perature, monthly rainfall, transparency, dissolved oxygen, free
carbon dioxide, pH, total dissolved solids, conductivity, total
alkalinity, hardness, salinity, nitrate, and phosphate) were pre-
sumed as the potential environmental cues for breeding.
Through variance inflation factor (see supplementary material),
the parameters were reviewed and solved for multicollinearity
issues to avoid statistical biasedness in our subsequent analy-
ses. Post variable curation, multiple GAM analyses (i.e., mul-
tivariate non-linear regression) were carried out with six non-
linear predictor variables (water, rainfall, pH, alkalinity, hard-
ness, and transparency) and one response variable (GSI)
(Murase et al. 2009). Besides the predictive variables, the mod-
el was also incorporated with a linear variable called “breeding
cycle” as a diagnostics factor. The dataset was coded as

Table 1 Descriptive account of female Gudusia chapra sampled from floodplains in lower Gangetic plains (West Bengal, India). Data presented in
range and mean ± standard deviation (in parentheses)

Total length (cm) Body
weight (gm)

Girth (cm)# GSI (units) Condition
factor (units)

Growth coefficient
(b-value of LWR)##

Length-girth relationship

6.5–18
(11.4 ± 3)

3–43.5
(17.1 ± 10.5)

3.2–11
(5.8 ± 1.5)

0.15–8
(4.1 ± 1.9)

0.6–1.8 (1.1 ± 0.3) 2.47
(adj. R2 = 0.931, p < 0.01)

Girth = 1.20 + (0.858 * length)
(adj. R2 = 0.7, p < 0.01)

# For calculating body depth, divide the body girth value by 2
## Calculated using log-transformed length-weight data of females and length-weight relationship (LWR)

Fig. 1 Threshold gonadosomatic
index (GSI = 5.4 units;
intersection of red and blue
dashed lines) for breeding of
female Gudusia chapra in
Gangetic floodplain wetlands.
Black dashes on the x-axis
indicate data points
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breeding cycle 1 (data between 2017 and 2018) and breeding
cycle 2 (2018 and 2019) to derive outputs that eliminate breed-
ing cycle–specific variabilities (if any). Finally, the significant
predictors (p value < 0.05) were identified as the “key” breed-
ing cues.

The next step was to quantify the key breeding cues for
inducing successful spawning (breeding) at the population
level. Individual GAMs were plotted between the identified
breeding cue (as predictor variable) and GSI (response vari-
able). The plotted GAM function (curve) was visually
inspected against the breeding GSI (as reference or bench-
mark), and the breeding cue thresholds were quantified where
the curves fulfilled the breeding GSI requirement (Sarkar et al.
2019a, b). All analyses were done in RStudio v1.2.5 using the
“mgcv” package. Any significant difference in GSI between
breeding cycles 1 and 2 was assessed using a one-way
ANOVA post hoc Tukey HSD test (α level 0.05). Water tem-
perature and rainfall variabilities between breeding cycles
were statistically tested using F-test (α level 0.05).

Tracking shifts in breeding phenology

Based on the observed cycle of GSI across two consecutive
breeding seasons, the present breeding phenology (onset, off-
set, peak, and duration of breeding) was assessed. Online pub-
lished records (n = 5) of the breeding season of G. chapra,
limited to the available records from the studied region only
(lower Gangetic basin, West Bengal, India, and Bangladesh),
were searched and arranged chronologically (Kabir et al.
1998; Vinci et al. 2005; Rahman and Haque 2006; Mondal
and Kaviraj 2010; Ahamed et al. 2014). A heatmap was gen-
erated for depicting chronological patterns in breeding phe-
nology, using the ggplot2 package in RStudio v1.2.5.

Results

Description of biological, habitat, and climatic
parameters

A descriptive account of the morphological and reproductive
parameters of the females assessed (total length: 6.5–18 cm,
bodyweight 3–43.5 g, girth 2.4–11 cm) is summarized in
Table 1. Across the two breeding cycles studied, sexually
matured females comprised 37.8% of the total females sam-
pled. Compared to the non-breeding individuals, the gravid
females usually have 110% higher GSI, 44.5% higher body
weight, and 16.4% broader body girth, but 9.1% lower
Fulton’s condition factor. No significant difference in GSI
between the two breeding cycles (p > 0.05) existed. The hab-
itat parameters recorded during the sampling period are sum-
marized in Table 2. The studied habitats’ meso-climatic con-
ditions comprised 17.6–34.7 °C daytime surface water

temperatures, 0–434 mm total monthly rainfall, and 11.7–
12.2 h average day length. Across the two breeding cycles
studied, water temperature did not vary significantly.
However, significant variability (p < 0.05) in rainfall was ap-
parent between the two breeding cycles, with higher rainfall in
2018–2019 compared to 2017–2018.

During 1980–2015, the annual mean air temperature indi-
cated a significant increasing trend (p < 0.05). Compared to
the base year 1980, it has increased by at least + 0.4 °C in
recent times (2015–2018). The warming has been most no-
ticeable during the monsoon months (May to August), with
mean air temperature mostly staying above 30 °C. Rainfall
indicated a statistically insignificant or erratic (p = 0.7) de-
crease during 1980–2015. High inter-annual variability in
rainfall exists, ranging from< 1000 to ≈ 2000mm total rainfall
per annum. The monsoonal rain (May to August) has also
intensified by + 8.5% compared to 1980–1990. However,
pre-monsoonal (January–March) or post-monsoonal
(September–December) rainfall has decreased by 2.3 and
6.2%, respectively. The rainfall distribution is getting adjusted
to a limited number of high-intensity rainy days within May–
August.

Biological, environmental, and fishing thresholds for
breeding

For successful spawning, the females need to attain a thresh-
old GSI of at least 5.4 units (adj. R2 0.9, GCV 0.02, p < 0.01)
(Fig. 1). In the descending order of priority, rainfall and water
temperature and transparency were identified as key environ-
mental cues (p < 0.05) influencing GSI. Together, rainfall and
water temperature could explain 48.9% of the deviance in
GSI, highlighting the major influence to focus. The nature of
the impact of temperature and rainfall on GSI was positive;

Table 2 Descriptive account of habitat parameters recorded in the
studied floodplain wetlands of West Bengal, India

Parameters Observed range

Water temperature (°C) 17.6–34.7

Monthly rainfall (mm) 0–434.4

Secchi disc transparency (cm) 6–183

Dissolved oxygen (mg L−1) 3.40–7.3

Free carbon dioxide (mg L−1) 0–5

pH (units) 7.4–9.4

Total dissolved solids (mg L−1) 191.4–633.7

Specific conductivity (μS cm−1) 272–775.3

Total alkalinity (mg L−1) 100.7–317.2

Salinity (mg L−1) 131.5–436.3

Nitrate (mg L−1) 0.01–0.38

Phosphate (mg L−1) Trace–0.28
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i.e., with increasing temperature and/or rainfall, the GSI most
likely increases. An approximate linear budget is as follows:
GSI = − 1.13 ± 0.77 + 0.003 ± 0.001 * rainfall + 0.16 ± 0.03 *
temperature. The threshold rainfall for the attainment of breed-
ing GSI was estimated to be at least 60–100 mm (adj. R2 0.44,
GCV 2.03, p < 0.01) (Fig. 2). The threshold water temperature
for breeding was estimated to be at least 31–32 °C (adj. R2

0.24, GCV 2.69, p < 0.01) (Fig. 3). No clear threshold could
be identified for water transparency; GSI remained elevated
within a wide range (4–110 cm) of transparency (adj. R2 0.21,
GCV 2.87, p < 0.05).

A weak and negative correlation was observed between
Fulton’s condition factor (K) and GSI (Pearson’s 2-tailed r =
− 0.14, p < 0.05). The negative correlation also stayed whenK
was derived from gonad weight subtracted body weight.
Despite this, the parameter pre-spawning fitness (Kspawn50) is
presented for aiding future stock assessment studies. Kspawn50

was estimated at K value range 1.29–1.54 units (Fig. S2).
Climate preference for pre-spawning fitness attainment could
not be identified because water temperature and rainfall
showed no direct correlation with fitness. From the dataset,
the first maturity (i.e., smallest mature female) was encoun-
tered at 6.8 cm (n = 3); the second smallest mature female (n =
2) was encountered at 7.3 cm total body length. Length at 50%
maturity (LM50) was estimated at 14.1–15.4 cm—the length at
which there is more than 50% probability of encountering a
breeding female (supplementary Fig. S3).

The pre-spawning girth (Girthspawn50, i.e., body girth at
which there is > 50% probability of encountering a breeding
female) was estimated at 7–7.4 cm (Fig. 4). Our data exhibited
a median 22% increment in females’ body girth when they are
ready to breed (interquartile range of girth: 5.4–7.4 cm) com-
pared to the non-breeding ones (interquartile range of girth:
4.6–6.4 cm). For validation purposes, the length-girth regres-
sion (LGR) model (adj. R2: 0.7, p < 0.01) was estimated as
follows: Girth = 1.2 + (0.4 * length) (Table 1). Using LM50

estimates (14.1–15.4 cm) as input in this model, the projected
girth at 50% maturity came out to be 6.8–7.4 cm. It is in close
agreement with our Girthspawn50 estimates (7–7.4 cm). The

lowest overlapping value, i.e., 7 cm, was used for setting min-
imum mesh size recommendation. Therefore, any operational
fishing net with mesh sizes below 7 cm will most likely trap
and sieve out a breeding female during the breeding season—
with more than 50% probability.

Changes in breeding phenology

Based on the observed cycle of GSI, the breeding phenology
of G. chapra was identified from April (start) to October
(end), spanning up to 6 months. Based on the identified breed-
ing GSI, breeding peaks were identified in May–June and
September (Fig. 5), peaking GSI values beyond the threshold.
We observed an intermittent break of maturity (or dampening
of GSI) in August, probably because most of the females were
spent post-spawning or re-maturing again to spawn in
September as batch spawners. Rainfall was well above the
required threshold during this period. Nonetheless, the histor-
ical comparison revealed consistency in Indian river shads’
breeding phenology over the last two decades (1998–2019)
(Fig. 6). Accounting for any possible inter-study biasedness in
reporting the breeding season’s start and end, we suspect no
significant change in breeding phenology in the species.

Discussions

Breeding thresholds

In the present study, we have quantified some breeding thresh-
olds for Indian river shad females. Based on the published data
available, some of our threshold estimates could be compared.
For example, Hossain et al. (2010) estimated GSI > 4 units
could be roughly defined as a mature female. GSI values re-
interpreted from data reported in Chondar (1977), Kabir et al.
(1998), Mondal and Kaviraj (2010), and Ahamed et al. (2014)
indicate GSI of 5–5.67 units in breeding females. In this light,
our estimates of breeding GSI (≥ 5.4 units) hold good. The
case of size at first maturity is different. In the available data

Fig. 2 Rainfall threshold (at least
60–100 mm) for breeding in fe-
maleGudusia chapra in Gangetic
floodplain wetlands. Black dashes
on the x-axis indicate data points.
Horizontal blue dashed line indi-
cates threshold GSI for breeding
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(Froese and Pauly 2019; Ahamed et al. 2014; Hossain et al.
2010; Kabir et al. 1998; Chondar 1977), females’ first matu-
rity has been reported as 8–9.3 cm standard body length (SL).
SL is the length from the snout to caudal peduncle. However,
we have estimated total body length (TL). TL is measured
from the snout to the end of the tail fin. As such, SL is always
1.7–2 cm lower than TL for the same fish (Ara et al. 2018;
authors’ observation). Our first maturity estimate (6.8 cm TL),
if converted, roughly corresponds to ~ 5.1 cm SL. The first
maturity we observed was 6.8 cm TL or 5.1 cm SL, which is
convincingly lower than reported so far. Even if we overlook
the smallest mature females (n = 3) at 6.8 cm TL in our
dataset, six other females showed the first maturity between
7.3 and 7.7 cm TL (~ 5.6–6 cm SL). In total, we encountered a
substantial 16 females, i.e., 19.8% of gravid females attaining
first maturity (puberty) below 8 cm SL. When compared with
existing records, these observations hint at earlier puberty than
expected. Of course, the differences could have been due to
the differences in sampling or sample coding approach used
(Sarkar et al. 2018a), but this might not be the case. Based on
available evidence, we suspect the females indeed are matur-
ing at smaller sizes. From > 8 cm SL previously to 5.1 cm
presently, a historical account of length at first maturity

reported for regional females is depicted in Fig. 7. Whether
this ~ 25–36% decrement in size at first maturity is due to a
favorable trend of changing climate or fishery-driven selection
is a subject of further validation. Follow-up investigations,
repeated on the same species and localities, are required.
G. chapra females are also less prone to skipped spawning
decisions (Jørgensen et al. 2006). A detailed discussion can be
found in the supplementary text.

The pre-spawning girth (Girthspawn50) was a novel pa-
rameter conceptualized in this study. To the best of our
knowledge, the present estimate is the first one. Body
depth measurements in the present study fell well within
the species morphometric range reported in morphometric
studies of G. chapra. Body depth can be 23.8–29.9% of
TL (Ara et al. 2018; Arunachalam et al. 2015). The ob-
served mean body depth (2.9 cm; Table 1) was 25.4% of
the TL. Therefore, our girth estimates hold biologically
true. The pre-spawning girth estimate also holds statisti-
cally true because it was successfully back validated with
the length-girth relationship. Our Girthspawn50 estimate
will most likely help formulate prudent conservation mea-
sures to safeguard the female breeding stocks against ir-
responsible fishing or overfishing per se.

Fig. 3 Temperature threshold
(above 31–32 °C) for breeding in
female Gudusia chapra in
Gangetic floodplain wetlands.
Black dashes on the x-axis indi-
cate data points. Horizontal blue
dashed line indicates threshold
GSI for breeding

Fig. 4 Pre-spawning girth
(Girthspawn50 = 7–7.4 cm) of
female Gudusia chapra stocks in
Gangetic floodplain wetlands.
Corresponds to responsible
minimum mesh size
recommendations
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Climatic influence on reproduction and size at
maturity (puberty)

The observed pattern of changing rainfall and temperature in
the region is much inclined to fulfilling the required breeding
thresholds ofG. chapra females for the significant duration of
the breeding season. During major parts of the breeding sea-
son, the rainfall or monsoonal rainfall (May to August) has
intensified; warming of air temperature (cascading to water
temperature) has been relatively intense during May to
August (Karnatak et al. 2018; Sarkar et al. 2019a). It might
have led to earlier maturity in females at smaller body sizes
than previously estimated. However, the hypothesis seems
valid in the context of existing evidence. Faster growth in
enhanced thermal habitat (increased degree days due to
warming) attributed to reduced length at maturity in Arctic
cod (Jorgensen 1990). Increasing habitat temperature was

significantly related to decreased size at maturity in herrings
(Hunter et al. 2019). Increased temperature-dependent growth
over four decades decreased length at maturity in North Sea
haddock (Melanogrammus aeglefinus) (Baudron et al. 2011).
Neuheimer and Grønkjaer (2012) highlighted that reduction in
size at maturity in North Sea Atlantic cod (Gadus morhua)
was facilitated by intense fishing pressure under increasing
sea surface temperatures but not by temperature alone. The
fish population can reduce body size exclusively due to size-
selective fisheries even when there is no prominent tempera-
ture rise (Hutchings and Reynolds 2004). It is also known as
fishing gear–induced natural selection or fishing pressure–
induced evolution (Heino et al. 2015). A recent report dem-
onstrated that some of the studied habitats in the present work
were slowly progressing towards a higher trophic state, corre-
sponding to more algal biomass (Sarkar et al. 2020). It led to
better food availability for G. chapra—an algal feeder

Fig. 5 Annual maturity cycle of
female Indian river shads
(Gudusia chapra) in the lower
Gangetic floodplains. Quartile
plots (boxplots) indicate distribu-
tion of gonadosomatic index
(GSI) through the calendar
months (within the limits of sam-
ple availability), also visualized
year or breeding cycle wise
(wherever possible). The blue
trend line represents the cycle of
maturity. The horizontal green
dashed line is the threshold GSI
for breeding (5.4 units). Black
dots represent outliers in the
sample

Fig. 6 Chronologically arranged
(1998 to 2019; top to bottom)
breeding phenology of Indian
river shad (Gudusia chapra) in
the studied region, i.e., lower
Ganges drainage. Light blue
heatmap blocks indicate the span
of breeding phenology. No
significant and permanent
distortion in the “block structure”
indicates consistent breeding
phenology over the years. Data:
Kabir et al. (1998), Vinci et al.
(2005), Rahman and Haque
(2006), Mondal and Kaviraj
(2010), Ahamed et al. (2014)
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(Rahman et al. 2008). Such circumstances, like better nutrition
under higher temperatures, may reduce the size at maturity or
advance puberty (Jonsson et al. 2013).

The primary reliance on rainfall for spawning inG. chapra
females is much like their marine counterpart Sardinella
longiceps in the Indian seas (Kripa et al. 2018; Jayaprakash
2002). A comparison with other freshwater fish species in the
Indian subcontinent is provided in the supplementary text.
The presently declining wild population trend of G. chapra
cannot be attributed to climate change. The changing regional
climate does not pose any significant threat to the breeding of
Indian river shads in inland waters. Compared to historical
records, the breeding phenology seems almost consistent over
the last two decades (Fig. 6). However, variabilities in peak
spawning timing exist (Kabir et al. 1998; Vinci et al. 2005;
Rahman and Haque 2006;Mondal and Kaviraj 2010; Ahamed
et al. 2014; present study), probably synchronized with inter-
locality or inter-annual variabilities in rainfall. In extreme
cases, the declining rainfall during September–October might
lead to forced truncation of breeding, shortening the breeding
phenology by − 2 months. Evidence of climate-induced
skipped spawning decisions in clupeids has already been dem-
onstrated in Clupea harengus (Engelhard and Heino 2006;
Ojaveer et al. 2015).

Influence of indiscriminative fishing on reproduction
and size at maturity (puberty)

Our data exhibited a median 22% increment in breeding fe-
males’ body girth than in non-breeding ones. It requires a
mesh size “bigger than usual” to enable safe passage for the
gravid fish without any obstruction. In this light, Girthspawn50
was conceptualized. Presently, 1.5–10 cm mesh fishing nets
are operational in their habitats, for example, seine nets (mesh
range = 3.5–5 cm), cast nets (1.5–3 cm), lantern nets (2.5–3
cm), and gill nets (5–10 cm) (Sarkar et al. 2018b; Sandhya

et al. 2016, 2019; Das and Barat 2014). Many of these mesh
sizes are clearly below the identified threshold, i.e., at least
7 cm mesh for allowing gravid females to swim through and
successfully spawn. Fishing with finer mesh (< 5 cm) is done
at least weekly and almost daily following heavy rains in
June–July (Sarkar et al. 2018b; author observations).
Reduced feeding intensity, lower body fitness, and bulged
abdomen also make gravid females perform weaker escape
maneuvers while being fished (non-quantified fishermen ob-
servations). Although such indiscriminative fishing pressure
might sometimes be undetected, such actions repeated over
generations have serious implications. Fisheries-induced evo-
lution (FIE) can lead to earlier maturation through reduced
length-at-age/maturity, progressively smaller body size
(Shackell et al. 2010; Heino et al. 2015). Unchecked fishing
mortality of spawning stocks can deter species recovery to
independent environmental stressors like climate change
(Hutchings et al. 2012; Tu et al. 2018). Reduction in body size
or earlier puberty is a natural adaptation to avoid fishing or by-
catch mortality (Hutchings and Reynolds 2004; Olsen et al.
2004), facilitated by favorable climate/food availability
(discussed above). If ignored, it may lead to ultimate popula-
tion collapse (Olsen et al. 2004).

When climate change and fishing pressure are weighed
against life-history changes in fishes, fishing outweighs
warming habitat (Tu et al. 2018; Neuheimer and Grønkjaer
2012; Hutchings and Reynolds 2004). Reductions in length at
maturity in Scottish demersal fishes (Hunter et al. 2015),
Baltic coastal pikeperch stocks (Lappalainen et al. 2016), mul-
tiple Pacific Salmon species in British Columbia (Ricker
1981), and West US or North Sea clupeid stocks (sardines,
herrings, and sprats; Tu et al. 2018) have been argued to have
been caused by indiscriminative fishing pressure, not by cli-
mate change. The collapse of Northern cod (Gadus morhua)
fisheries (one of the worst collapses in fisheries history; Olsen
et al. 2004) pointed out that fishes continually shifted towards

Fig. 7 Reported minimum
standard length at maturity in
regional Gudusia chapra females
over the years. Limited data exists
and visualized as colored jitters
according to year classes of
samples collected in the studies.
The indicative blue trendline is
based on a generalized linear
fitting and non-discriminative of
methodological differences in in-
dividual studies. Data: Chondar
(1977), Kabir et al. (1998),
Hossain et al. (2010), Ahamed
et al. (2014), Kumari et al. (2020),
and the present study
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maturation at earlier ages and smaller sizes under FIE. This
early maturation was an “early warning” sign, which was
missed (Olsen et al. 2004). Whether the same phenomenon
is setting-in for Indian river shads is a future research priority.
The fecundity in G. chapra females is directly proportional to
body length and girth (Narejo et al. 2006; Kabir et al. 1998).
Therefore, any reduction in the size at maturity might lead to a
concomitant decrease in fecundity and perhaps lowered off-
spring production. Even low egg quality (Jørgensen et al.
2006), with lowered yolk reserves, might reduce larval sur-
vivability. Fortunately, clupeids have demonstrated the ability
to recover very well after a collapse if fishing pressure is
released (Hutchings 2000). It might serve as a motivation to
implement timely conservation measures.

Conservation recommendations and summary for
policymakers

The minimum mesh size for responsible fishing should ideally
be ≥ 7 cm (or ≥ 70 mm mesh) during peak breeding months
(May–June). When their habitats are fished almost daily fol-
lowing heavy rains in June–July, stringent mesh size compli-
ance should be ensured. We proposed few advancements relat-
ed to the conservation of small freshwater clupeid species in the
tropical Asian inland waters, where length-girth regressions are
utilized to fix responsible mesh size limits. Detailed informa-
tion can be found in the supplementary material. The novel
parameter coined as pre-spawning girth (Girthspawn50) might
help protect the gravid females from overexploitation. Pre-
spawning girth should be included in vulnerability assessments
of declining fish stocks in natural waters.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-12852-7.

Acknowledgements The authors are thankful to the Director, ICAR-
Central Inland Fisheries Research Institute, Barrackpore. The financial
help of Indian Council of Agricultural Research, New Delhi (ICAR) for
funding in the project National Innovations in Climate Resilient
Agriculture (NICRA) is gratefully acknowledged for this study. The sec-
ond and joint author separately acknowledges the funds from Projects
CENAKVA (LM2018099), Biodiversity (CZ.02.1.01/0.0/0.0/16_025/
0007370) for supporting him during manuscript preparation. The authors
gratefully acknowledge the help of anonymous reviewers for improving
this article.

Author contribution Conceptualization: UKS, KR; methodology: MN,
UKS, KR; formal analysis and visualization KR; investigation: GK, MP,
UKS, LL, SB, SK, BDG; data collection and curation: SB, BDG, GK,
MP, LL; writing - original draft preparation: KR; writing - review and
editing: UKS; funding acquisition: UKS, BKD; resources: UKS, BKD;
supervision: UKS.

Funding The Indian Council of Agricultural Research, New Delhi
(ICAR) funded the present study (financial support 100%) under the pro-
ject National Innovations in Climate Resilient Agriculture (NICRA).

Data availability The data has been submitted along with the manuscript
and can be found as supplementary material.

Declarations The study was a part of the national project
(Government of India) – project NICRA (National Innovations in
Climate Resilient Agriculture) through Indian Council of Agricultural
Research (ICAR).

Ethics approval All procedures performed in studies involving animals
were in accordance with the ethical standards of the institution (ICAR-
Central Inland Fisheries Research Institute).

Consent to participate Not applicable.

Consent for publication Not applicable.

Conflict of interest The authors declare no competing interests.
Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s11356-021-12852-7.

References

Ahamed F, Ahamed ZF, Hossain MY, Ohtomi J (2014) Population biol-
ogy of the Indian river shad, Gudusia chapra (Clupeidae) in the Old
Brahmaputra River, north-eastern Bangladesh. Sains Malaysiana
43:1645–1655

Alix M, Kjesbu OS, Anderson KC (2020) From gametogenesis to
spawning: how climate-driven warming affects teleost reproductive
biology. J Fish Biol:jfb.14439. https://doi.org/10.1111/jfb.14439

APHA (2012) Standard methods for examination of water and waste
water, 22nd edn. American Public Health Association,
Washington, DC

Ara MG, Ahmed ZF, Ahmed F, Fatema MK (2018) Resolution of con-
fusion in systematics of two major clupeid fish species in
Bangladesh. FishTaxa 3:81–86

Arunachalam M, Flora A, Chinnaraja S, Rayamajhi A (2015) Identity of
Gudusia chapra and re-establishment of Gudusia suhia (Family
Clupeidae: Clupeiformes). Int J Pure Appl Zool 3:322–327

Baudron AR, Needle CL, Marshall CT (2011) Implications of a warming
North Sea for the growth of haddock Melanogrammus aeglefinus. J
Fish Biol 78:1874–1889. https://doi.org/10.1111/j.1095-8649.2011.
02940.x

Bogard JR, Hother A-L, Saha M, Bose S, Kabir H, Marks GC, Thilsted
SH (2015) Inclusion of small indigenous fish improves nutritional
quality during the first 1000 days. Food Nutr Bull 36:276–289.
https://doi.org/10.1177/0379572115598885

Castine SA, Bogard JR, Barman BK, Karim M, Mokarrom Hossain M,
Kunda M, Mahfuzul Haque ABM, Phillips MJ, Thilsted SH (2017)
Homestead pond polyculture can improve access to nutritious small
fish. Food Secur 9:785–801. https://doi.org/10.1007/s12571-017-
0699-6

Chaudhry S (2010) Gudusia chapra. The IUCN Red List of Threatened
Species 2010: e.T166523A6227899. https://doi.org/10.2305/IUCN.
UK.2010-4.RLTS.T166523A6227899.en. Downloaded on 28 April
2020

Chondar SL (1977) Fecundity and its role in racial studies of Gudusia
chapra (Pisces: Clupeidae). Proc Indian Acad Sci - Sect B 86:245–
254. https://doi.org/10.1007/BF03050969

Das RK, Barat S (2014) Fishing gears operated in lentic and lotic water
bodies of Cooch Behar District, West Bengal, India. Indian J Tradit
Knowl 13:619–625

Environ Sci Pollut Res

https://doi.org/10.1007/s11356-021-12852-7
https://doi.org/10.1007/s11356-021-12852-7
https://doi.org/10.1111/jfb.14439
https://doi.org/10.1111/j.1095-8649.2011.02940.x
https://doi.org/10.1111/j.1095-8649.2011.02940.x
https://doi.org/10.1177/0379572115598885
https://doi.org/10.1007/s12571-017-0699-6
https://doi.org/10.1007/s12571-017-0699-6
https://doi.org/10.2305/IUCN.UK.2010-4.RLTS.T166523A6227899.en
https://doi.org/10.2305/IUCN.UK.2010-4.RLTS.T166523A6227899.en
https://doi.org/10.1007/BF03050969


Engelhard GH, Heino M (2006) Climate change and condition of herring
(Clupea harengus) explain long-term trends in extent of skipped
reproduction. Oecologia 149:593–603. https://doi.org/10.1007/
s00442-006-0483-3

Froese R (2006) Cube law, condition factor and weight-length relation-
ships: history, meta-analysis and recommendations. J Appl Ichthyol
22:241–253. https://doi.org/10.1111/j.1439-0426.2006.00805.x

Froese R, Pauly D (Eds) (2019) Gudusia chapra. In: FishBase. World
Wide Web electronic publication. www.fishbase.org. (12/2019).
Accessed on 28 April 2020

Ghosh AS, Ghosh SK, GhoshM, Ali A (2018) Studies on biodiversity of
selected indigenous fish species, in Beels and Baors of South Bengal
and their breeding potential through habitat modification. Int J Fish
Aquat 6(4):479–483

Heino M, Díaz Pauli B, Dieckmann U (2015) Fisheries-induced evolu-
tion. AnnuRev Ecol Evol Syst 46:461–480. https://doi.org/10.1146/
annurev-ecolsys-112414-054339

Hossain MY, Ahmed ZF, Islam ABMS, Jasmine S, Ohtomi J (2010)
Gonadosomatic index-based size at first sexual maturity and fecun-
dity indices of the Indian River shad Gudusia chapra (Clupeidae) in
the Ganges River (NW Bangladesh). J Appl Ichthyol 26:550–553.
https://doi.org/10.1111/j.1439-0426.2010.01454.x

Hossain MAR, Das I, Genevier L, Hazra S, Rahman M, Barange M,
Fernandes JA (2019) Biology and fisheries of Hilsa shad in Bay of
Bengal. Sci Total Environ 651:1720–1734. https://doi.org/10.1016/
j.scitotenv.2018.10.034

Hunter A, Speirs DC, Heath MR (2015) Fishery-induced changes to age
and length dependent maturation schedules of three demersal fish
species in the Firth of Clyde. Fish Res 170:14–23. https://doi.org/10.
1016/j.fishres.2015.05.004

Hunter A, Speirs DC, Heath MR (2019) Population density and temper-
ature correlate with long-term trends in somatic growth rates and
maturation schedules of herring and sprat. PLoS One 14:
e0212176. https://doi.org/10.1371/journal.pone.0212176

Hutchings JA (2000) Collapse and recovery of marine fishes. Nature
406(6798):882–885. https://doi.org/10.1038/35022565

Hutchings JA, Reynolds JD (2004) Marine fish population collapses:
consequences for recovery and extinction risk. Bioscience 54:297–
309

Hutchings JA, Côté IM, Dodson JJ, Fleming IA, Jennings S, Mantua NJ,
Peterman RM, Riddell BE,Weaver AJ (2012) Climate change, fish-
eries, and aquaculture: trends and consequences for Canadian ma-
rine biodiversity. Environ Rev 20:220–311. https://doi.org/10.1139/
a2012-011

IUCN (International Union for Conservation of Nature) (2020) The
IUCN Red List of Threatened Species. Version 2020-2. https://
www.iucnredlist.org. Accessed 09 July 2020

James AG (1988) Are clupeid microphagists herbivorous or omnivorous?
A review of the diets of some commercially important clupeids.
South Afr J Mar Sci 7:161–177. https://doi.org/10.2989/
025776188784379017

Jarić I, Bellard C, Courchamp F, Kalinkat G, Meinard Y, Roberts DL,
Correia RA (2020) Societal attention toward extinction threats: a
comparison between climate change and biological invasions. Sci
Rep 10:11085. https://doi.org/10.1038/s41598-020-67931-5

Jayaprakash AA (2002) Long term trends in rainfall, sea level and solar
periodicity: a case study for forecast of Malabar sole and oil sardine
fishery. J Mar Biol Assoc India 44:163–175

Jonsson B, Jonsson N, Finstad AG (2013) Effects of temperature and
food quality on age and size at maturity in ectotherms: an experi-
mental test with Atlantic salmon. J Anim Ecol 82:201–210. https://
doi.org/10.1111/j.1365-2656.2012.02022.x

Jorgensen T (1990) Long-term changes in age at sexual maturity of
Northeast Arctic cod (Gadus morhua L.). ICES J Mar Sci 46:235–
248. https://doi.org/10.1093/icesjms/46.3.235

Jørgensen C, Ernande B, Fiksen Ø, Dieckmann U (2006) The logic of
skipped spawning in fish. Can J Fish Aquat Sci 63:200–211. https://
doi.org/10.1139/f05-210

Kabir AKMA, Hossain MA, Rahmatullah SM, Dewan S, Islam MS
(1998) Studies on the gonadosomatic index and fecundity of
Chapila (Gudusia chapra Ham.). Bangladesh J Fish Res 2:195–200

Karnatak G, Sarkar UK, Naskar M, Roy K, Gupta S, Nandy SK,
Srivastava PK, Sarkar SD, Sudheesan D, Bose AK, Verma VK
(2018) Understanding the role of climatic and environmental vari-
ables in gonadal maturation and spawning periodicity of spotted
snakehead, Channa punctata (Bloch, 1793) in a tropical floodplain
wetland, India. Environ Biol Fish 101:595–607. https://doi.org/10.
1007/s10641-018-0722-6

Krabbenhoft TJ, Myers BJE, Wong JP, Chu C, Tingley RW, Falke JA,
Kwak TJ, Paukert CP, Lynch AJ (2020) FiCli, the Fish and Climate
Change Database, informs climate adaptation and management for
freshwater fishes. Sci Data 7:124. https://doi.org/10.1038/s41597-
020-0465-z

Kripa V, Mohamed KS, Koya KPS, Jeyabaskaran R, Prema D, Padua S,
Kuriakose S, Anilkumar PS, Nair PG, Ambrose TV, Dhanya AM,
Abhilash KS, Bose J, Divya ND, Shara AS, Vishnu PG (2018)
Overfishing and climate drives changes in biology and recruitment
of the Indian oil sardine Sardinella longiceps in southeastern
Arabian Sea. Front Mar Sci 5. https://doi.org/10.3389/fmars.2018.
00443

Kumari S, Sarkar UK, Mandhir SK, Lianthuamluaia L, Panda D,
Chakraborty SK, Karnatak G, Kumar V, Puthiyottil M (2018)
Studies on the growth and mortality of Indian River shad, Gudusia
chapra (Hamilton, 1822) from Panchet reservoir, India. Environ Sci
Pollut Res 25:33768–33772. https://doi.org/10.1007/s11356-018-
3232-3

Kumari S, Sandhya KM, Karnatak G, Lianthuamluaia L, Sarkar UK,
Panda D, Mishal P (2019) Length-weight relationship and condition
factor of Gudusia chapra (Hamilton, 1822) from Panchet Reservoir,
Jharkhand, India. Indian J Fish 66:138–141. https://doi.org/10.
21077/ijf.2019.66.3.81017-18

Kumari S, Sarkar UK, Karnatak G, Mandhir SK, Lianthuamluaia L,
Kumar V, Panda D, Puthiyottil M, Das BK (2020) Food selectivity
and reproductive biology of small indigenous fish Indian river shad,
Gudusia chapra (Hamilton, 1822) in a large tropical reservoir.
Environ Sci Pollut Res. https://doi.org/10.1007/s11356-020-
11217-w

Lappalainen A, Saks L, Šuštar M, Heikinheimo O, Jürgens K, Kokkonen
E, Kurkilahti M, Verliin A, VetemaaM (2016) Length at maturity as
a potential indicator of fishing pressure effects on coastal pikeperch
(Sander lucioperca) stocks in the northern Baltic Sea. Fish Res 174:
47–57. https://doi.org/10.1016/j.fishres.2015.08.013

Mary AA, Balasubramanian T, Selvaraju S, Shiny A (2017) Description
of a new species of clupeid fish, Amblygaster indiana
(Clupeiformes: Clupeidae), off Eraviputhenthurai, west coast of
India. Zootaxa 4247:461. https://doi.org/10.11646/zootaxa.4247.4.7

Miah MS (2015) Climatic and anthropogenic factors changing spawning
pattern and production zone of Hilsa fishery in the Bay of Bengal.
Weather Clim Extrem 7:109–115. https://doi.org/10.1016/j.wace.
2015.01.001

Mishra SS, Pradhan P, Kar S, Chakraborty SK (2003) Ichthyofaunal
diversity of Midnapore, Bankura and Hooghly Districts, South
West Bengal. Records of the Zoological Survey of India,
Occasional Paper No. 220, 1-65. Available online at https://
faunaofindia.nic.in/PDFVolumes/occpapers/220/index.pdf

Mohanty BP, Behera BK, Sharma AP (2011) Nutritional significance of
small indigenous fishes in human health. Bulletin No 162. CIFRI,
Barrackpore. https://www.cifri.res.in/Bulletins/Bulletin%20No.185.
pdf

Environ Sci Pollut Res

https://doi.org/10.1007/s00442-006-0483-3
https://doi.org/10.1007/s00442-006-0483-3
https://doi.org/10.1111/j.1439-0426.2006.00805.x
http://www.fishbase.org
https://doi.org/10.1146/annurev-ecolsys-112414-054339
https://doi.org/10.1146/annurev-ecolsys-112414-054339
https://doi.org/10.1111/j.1439-0426.2010.01454.x
https://doi.org/10.1016/j.scitotenv.2018.10.034
https://doi.org/10.1016/j.scitotenv.2018.10.034
https://doi.org/10.1016/j.fishres.2015.05.004
https://doi.org/10.1016/j.fishres.2015.05.004
https://doi.org/10.1371/journal.pone.0212176
https://doi.org/10.1038/35022565
https://doi.org/10.1139/a2012-011
https://doi.org/10.1139/a2012-011
https://www.iucnredlist.org
https://www.iucnredlist.org
https://doi.org/10.2989/025776188784379017
https://doi.org/10.2989/025776188784379017
https://doi.org/10.1038/s41598-020-67931-5
https://doi.org/10.1111/j.1365-2656.2012.02022.x
https://doi.org/10.1111/j.1365-2656.2012.02022.x
https://doi.org/10.1093/icesjms/46.3.235
https://doi.org/10.1139/f05-210
https://doi.org/10.1139/f05-210
https://doi.org/10.1007/s10641-018-0722-6
https://doi.org/10.1007/s10641-018-0722-6
https://doi.org/10.1038/s41597-020-0465-z
https://doi.org/10.1038/s41597-020-0465-z
https://doi.org/10.3389/fmars.2018.00443
https://doi.org/10.3389/fmars.2018.00443
https://doi.org/10.1007/s11356-018-3232-3
https://doi.org/10.1007/s11356-018-3232-3
https://doi.org/10.21077/ijf.2019.66.3.81017-18
https://doi.org/10.21077/ijf.2019.66.3.81017-18
https://doi.org/10.1007/s11356-020-11217-w
https://doi.org/10.1007/s11356-020-11217-w
https://doi.org/10.1016/j.fishres.2015.08.013
https://doi.org/10.11646/zootaxa.4247.4.7
https://doi.org/10.1016/j.wace.2015.01.001
https://doi.org/10.1016/j.wace.2015.01.001
https://faunaofindia.nic.in/PDFVolumes/occpapers/220/index.pdf
https://faunaofindia.nic.in/PDFVolumes/occpapers/220/index.pdf
https://www.cifri.res.in/Bulletins/Bulletin%20No.185.pdf
https://www.cifri.res.in/Bulletins/Bulletin%20No.185.pdf


Mondal DK, Kaviraj A (2010) Feeding and reproductive biology of
Indian shad Gudusia chapra in two floodplain lakes of India.
Electron J Biol 6(4):98–102

Mondal G, Saha S, Islam MM, Kundu GK, Paul B, Hasan MF, Mustafa
MG (2019) Reassessment of the threatened status of IUCN red listed
Indian river shad Gudusia chapra (Hamilton, 1822) from
Bangladesh. Dhaka Univ J Biol Sci 28(1):83–91. https://doi.org/
10.3329/dujbs.v28i1.46495

Murase H, Nagashima H, Yonezaki S, Matsukura R, Kitakado T (2009)
Application of a generalized additive model (GAM) to reveal rela-
tionships between environmental factors and distributions of pelagic
fish and krill: a case study in Sendai Bay, Japan. ICES J Mar Sci 66:
1417–1424. https://doi.org/10.1093/icesjms/fsp105

Myers BJE, Lynch AJ, Bunnell DB, Chu C, Falke JA, Kovach RP,
Krabbenhoft TJ, Kwak TJ, Paukert CP (2017) Global synthesis of
the documented and projected effects of climate change on inland
fishes. Rev Fish Biol Fish 27:339–361. https://doi.org/10.1007/
s11160-017-9476-z

Narejo NT, Lashari PK, Laghari MY, Mastoi AM, Khoso HB (2006)
Fecundity of Palri, Gudusia chapra (Hamilton) from fishponds of
Chilya Hatchery (Distt. Thatta), Sindh, Pakistan. Pak J Zool 38:269

Naskar M, Roy K, Karnatak G, Nandy SK, Roy A (2018) Quantifying
climate change induced threats to wetland fisheries: a stakeholder-
driven approach. Environ Dev Sustain 20:2811–2830. https://doi.
org/10.1007/s10668-017-0018-6

Neuheimer AB, Grønkjaer P (2012) Climate effects on size-at-age:
growth in warming waters compensates for earlier maturity in an
exploited marine fish. Glob Chang Biol 18:1812–1822. https://doi.
org/10.1111/j.1365-2486.2012.02673.x

Ojaveer H, Tomkiewicz J, Arula T, Klais R (2015) Female ovarian ab-
normalities and reproductive failure of autumn-spawning herring
(Clupea harengus membras) in the Baltic Sea. ICES J Mar Sci 72:
2332–2340. https://doi.org/10.1093/icesjms/fsv103

Olsen EM, Heino M, Lilly GR, Morgan MJ, Brattey J, Ernande B,
DieckmannU (2004)Maturation trends indicative of rapid evolution
preceded the collapse of northern cod. Nature 428:932–935. https://
doi.org/10.1038/nature02430

Rahman MA, Haque MM (2006) Population dynamics and stock assess-
ment of Gudusia chapra (Hamilton-Buchanan) in the Rajdhala res-
ervoir, Netrakona, Bangladesh. Asian Fish Sci 19:281–292.
Available online at http://www.cifri.res.in/ifsi/journal/year_2008_
Volume40_1.htm

Rahman MA, Haque MM, Khan S (2008) Food and feeding habits of
Chapila, Gudusia chapra (Hamilton-Buchanan) from Rajdhala res-
ervoir. J Inland Fish Soc India 40:13–20

Ricker WE (1981) Changes in the average size and average age of pacific
salmon. Can J Fish Aquat Sci 38:1636–1656. https://doi.org/10.
1139/f81-213

Sahoo AK, WahabMA, Phillips M, Rahman A, Padiyar A, Puvanendran
V, Bangera R, Belton B, De DK, Meena DK, Behera BK, Sharma
AP, Bhaumik U, Mohanty BP, Choudhury SR, Mohan CV (2018)
Breeding and culture status of Hilsa (Tenualosa ilisha, Ham. 1822)
in South Asia: a review. Rev Aquac 10:96–110. https://doi.org/10.
1111/raq.12149

Sandhya KM, Hassan MA, Kumari S, Mishal P, Lianthuamluaia L,
Kumar V, Aftabuddin M, Meena DK (2016) Length-weight rela-
tionships of four indigenous freshwater fish species from Khalsi

wetland in lower Ganga basin, West Bengal, India. J Appl
Ichthyol 32:505–506. https://doi.org/10.1111/jai.13005

Sandhya KM, Roy A, Hassan MA, Kumari S, Mishal P, Kumar LLV,
Aftabuddin M, Bhattacharjya BK, Meena DK, Ali Y, Naskar B
(2019) Traditional fishing gears, fish catch and species composition
of selected floodplain wetlands of lower Gangetic plains, West
Bengal, India. Fish Technol 56:101–109

Sarkar UK, Naskar M, Roy K, Sudeeshan D, Srivastava P, Gupta S, Bose
AK, Verma VK, Sarkar SD, Karnatak G, Nandy SK (2017)
Benchmarking pre-spawning fitness, climate preferendum of some
catfishes from river Ganga and its proposed utility in climate re-
search. Environ Monit Assess 189:491. https://doi.org/10.1007/
s10661-017-6201-2

Sarkar UK, Naskar M, Roy K, Sudheesan D, Gupta S, Bose AK,
Srivastava PK, Nandy SK, Verma VK, Sarkar SD, Karnatak G
(2018a) Baseline information of reproduction parameters of an
amphidromous croaker Johnius coitor (Hamilton, 1822) from
Ganga river basin, India with special reference to potential influence
of climatic variability. Aquat Living Resour 31:4. https://doi.org/10.
1051/alr/2017042

Sarkar UK, Roy K, Karnatak G, Nandy SK (2018b) Adaptive climate
change resilient indigenous fisheries strategies in the floodplain wet-
lands of West Bengal, India. J Water Clim Chang 9:449–462.
https://doi.org/10.2166/wcc.2018.271

Sarkar UK, Naskar M, Srivastava PK, Roy K, Das Sarkar S, Gupta S,
Bose AK, Nandy SK, Verma VK, Sudheesan D, Karnatak G
(2019a) Climato-environmental influence on breeding phenology
of native catfishes in River Ganga and modeling species response
to climatic variability for their conservation. Int J Biometeorol 63:
991–1004. https://doi.org/10.1007/s00484-019-01703-3

Sarkar UK, Roy K, Naskar M, Srivastava PK, Bose AK, Verma VK,
Gupta S, Nandy SK, Sarkar SD, Karnatak G, Sudheesan D, Das
BK (2019b) Minnows may be more reproductively resilient to cli-
matic variability than anticipated: synthesis from a reproductive vul-
nerability assessment of Gangetic pool barbs (Puntius sophore).
Ecol Indic 105:727–736. https://doi.org/10.1016/j.ecolind.2019.03.
037

Sarkar SD, Sarkar UK, Lianthuamluaia L, Ghosh BD, Roy K, Mishal P,
Das BK (2020) Pattern of the state of eutrophication in the flood-
plain wetlands of eastern India in context of climate change: a com-
parative evaluation of 27 wetlands. Environ Monit Assess 192:183.
https://doi.org/10.1007/s10661-020-8114-8

Shackell NL, Frank KT, Fisher JAD, Petrie B, Leggett WC (2010)
Decline in top predator body size and changing climate alter trophic
structure in an oceanic ecosystem. Proc R Soc B Biol Sci 277:1353–
1360. https://doi.org/10.1098/rspb.2009.1020

Tu C-Y, Chen K-T, Hsieh C (2018) Fishing and temperature effects on
the size structure of exploited fish stocks. Sci Rep 8:7132. https://
doi.org/10.1038/s41598-018-25403-x

Vinci GK, Suresh VR, BandyopadhyayaMK (2005) Biology of Gudusia
chapra (Hamilton-Buchanan) from a floodplain wetland in West
Bengal. Indian J Fish 52:73–79

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Environ Sci Pollut Res

https://doi.org/10.3329/dujbs.v28i1.46495
https://doi.org/10.3329/dujbs.v28i1.46495
https://doi.org/10.1093/icesjms/fsp105
https://doi.org/10.1007/s11160-017-9476-z
https://doi.org/10.1007/s11160-017-9476-z
https://doi.org/10.1007/s10668-017-0018-6
https://doi.org/10.1007/s10668-017-0018-6
https://doi.org/10.1111/j.1365-2486.2012.02673.x
https://doi.org/10.1111/j.1365-2486.2012.02673.x
https://doi.org/10.1093/icesjms/fsv103
https://doi.org/10.1038/nature02430
https://doi.org/10.1038/nature02430
http://www.cifri.res.in/ifsi/journal/year_2008_Volume40_1.htm
http://www.cifri.res.in/ifsi/journal/year_2008_Volume40_1.htm
https://doi.org/10.1139/f81-213
https://doi.org/10.1139/f81-213
https://doi.org/10.1111/raq.12149
https://doi.org/10.1111/raq.12149
https://doi.org/10.1111/jai.13005
https://doi.org/10.1007/s10661-017-6201-2
https://doi.org/10.1007/s10661-017-6201-2
https://doi.org/10.1051/alr/2017042
https://doi.org/10.1051/alr/2017042
https://doi.org/10.2166/wcc.2018.271
https://doi.org/10.1007/s00484-019-01703-3
https://doi.org/10.1016/j.ecolind.2019.03.037
https://doi.org/10.1016/j.ecolind.2019.03.037
https://doi.org/10.1007/s10661-020-8114-8
https://doi.org/10.1098/rspb.2009.1020
https://doi.org/10.1038/s41598-018-25403-x
https://doi.org/10.1038/s41598-018-25403-x

	Reproductive...
	Abstract
	Introduction
	Materials and methods
	Study area and species selected for study
	Sample collection, measurements, and coding
	Collection of habitat and climatic parameters
	Quantification of biological and fishing thresholds for breeding
	Identification and quantification of key environmental cues for breeding
	Tracking shifts in breeding phenology

	Results
	Description of biological, habitat, and climatic parameters
	Biological, environmental, and fishing thresholds for breeding
	Changes in breeding phenology

	Discussions
	Breeding thresholds
	Climatic influence on reproduction and size at maturity (puberty)
	Influence of indiscriminative fishing on reproduction and size at maturity (puberty)
	Conservation recommendations and summary for policymakers

	References


