hydrology

Article

Flood-Pulse Variability and Climate Change Effects Increase
Uncertainty in Fish Yields: Revisiting Narratives of Declining
Fish Catches in India’s Ganga River

Nachiket Kelkar *©7, Rohan Arthur 2(7, Subhasis Dey ! and Jagdish Krishnaswamy 34

check for
updates

Citation: Kelkar, N.; Arthur, R.; Dey,
S.; Krishnaswamy, J. Flood-Pulse
Variability and Climate Change
Effects Increase Uncertainty in Fish
Yields: Revisiting Narratives of
Declining Fish Catches in India’s
Ganga River. Hydrology 2022, 9, 53.
https://doi.org/10.3390/
hydrology9040053

Academic Editors: Amartya K. Saha,
Maria C. Donoso and Shimelis G.
Setegn

Received: 20 December 2021
Accepted: 22 March 2022
Published: 25 March 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Riverine Ecosystems and Livelihoods Programme, Wildlife Conservation Trust, Mumbai 400001, India;
subhasis@wctindia.org

Nature Conservation Foundation, Mysore 570017, India; rohan@ncf-india.org

School of Environment and Sustainability, Indian Institute for Human Settlements, Bangalore 560080, India;
jkrishnaswamy®@iihs.ac.in

4 Ashoka Trust for Research in Ecology and the Environment (ATREE), Bangalore 560064, India

*  Correspondence: nachiket@wctindia.org

Abstract: River-floodplains support a significant number of small-scale capture fisheries despite
having undergone degradation due to human modification of river flows by dams, pollution, and
climate change. River fish production is underpinned by the annual flood-pulse and associated
environmental changes that act as cues for spawning and dispersal for most species. However,
studies on fish stock declines have focused more on overfishing than on hydroclimatic variability.
Therefore, understanding how changes in flood-pulse variability influence fishing effort and yields is
critical to inform adaptive fisheries’ management. We investigated hydroclimatic factors driving flood-
pulse variability and fish catch—effort dynamics in India’s Ganga River over two decades (2000-2020).
We compiled fishers’ narratives of changing fish catches through semi-structured interviews to
compare them with our observed trends. Flood amplitude showed increasing variability, longer
duration, and earlier rise timings, linked to La Nifia and El Nifio phases. Catches per unit effort
were correlated with total yield and effort but did not decline as fishers thought, despite overall
declines in yield over time. Hydroclimatic variability was a more significant driver of changing yields
than local fishing pressure. Rising uncertainty in fisheries” production, in response to increasing
flood-pulse variability and altered flows in the Gangetic Plains, may be affecting fishing behaviour
and underlying resource conflicts.

Keywords: river flow; flood-pulse; monsoon rainfall; global climate change; atmospheric teleconnec-
tions; fishery yields; catch per unit effort; Gangetic Plains

1. Introduction

Globally, river floodplains continue to support highly diverse and productive small-
scale capture fisheries despite long-term habitat degradation. Wild fish stocks from river
floodplains are critical to the livelihood security and nutrition of millions of people, many
of whom live on the margins of society [1-3]. However, the socioecological system of
river-floodplain fisheries has been subject to radical human-induced flow alteration and
degradation by dams, barrages, embankments, alterations of sediment fluxes, and pollu-
tion [4-9]. Many of these changes have created a scarcity of fish resources, leading to condi-
tions that may promote unsustainable fisheries or even conflicts among fishery users. River
floodplains are also experiencing effects of climate change as temperatures warm, snowmelt
increases, rainfall patterns change, and the frequency of extreme events increases [10-12].
However, sustainability discourses have often emphasized declines in fish stocks due to
overfishing, rather than tracking responses of fishers to hydroclimatic variability.

Identifying unambiguous responses to change in fishing activity along river systems is
complex. River floodplain systems are inherently dynamic, and fishing communities often
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well-adapted to environmental variability [2,13,14]. Temporary periods of scarcity and
abundance (or windfalls) are commonplace, and fishers routinely modify their practices
and investments of effort with respect to hydroclimatic variability and pulsing, resulting in
“good years” and “bad years” [15-17]. However, with increasing uncertainty in environ-
mental conditions caused by anthropogenic impacts, fishers may not be able to respond
in the same way. There is growing evidence of nonstationarity and nonlinearity in hydro-
logical and climatic systems (e.g., extreme events, regime shifts [18,19]). Shifting baselines
can further aggravate impacts of fishing practices on available fish resources [20-22], with
serious implications for managing small-scale fisheries [15,23,24].

In particular, these implications manifest in managing resource conflicts between
fishery users. Conflicts often result among fishers from standard narratives of “overfishing”
and “declining productivity”. However, only a few studies of riverine capture fisheries
look at the impacts of fishing pressure and hydrological variability together [25,26]. The
reason is obvious: fishery data and trends are messy, especially so in open access river
floodplain fisheries. Predictable hydroclimatic changes influencing fisheries’” productivity
and abundance dynamics also lead to responses seen in seasonal fishing effort and invest-
ments [27,28]. In turn, impacts of fishing on fish population demography and ecology affect
responses of fish species to changing environmental factors [29-32]. Feedbacks between
environmental variability and fishing pressure are complex and can also be additive or
synergistic. In river systems with active capture fisheries, unravelling the interactions of
fishing pressure (effort and practices) and environmental variability [26,33] is therefore
critical for a clear understanding of fishery conflicts in relation to typical narratives of
declining productivity and lowering catches articulated by those fishing.

For large rivers, flood-pulses play a major role in driving variability in productivity,
termed as the “flood-pulse concept” [34]. Flood-pulses can be characterized as wave-
forms, according to the “River Wave Concept” [35], in terms of the wave’s amplitude
(height of wave or difference between maximum and minimum water level in a year),
flood-pulse length or wavelength (time duration or distance between crests and troughs),
period, and timings and rates of flood rise and fall. In a natural flood-pulse, the river
discharge increases by an order of magnitude over the dry-season flow within a matter
of one or two months, with similar magnitudes of increase in sediment loads and water
temperatures [8,34-37]. Flood-pulse variability is associated with flow-coupled or decou-
pled ecological changes in water temperature, exchange of biota, sediments, and nutrients
between the river and floodplain leading to regimes of intermittent lateral river connectivity
with wetlands and oxbow lakes, in addition to increased flow contributions from upstream
reaches [8,34,36,38—-42]. The flooding period is often the main breeding season for most
tropical and subtropical riverine fishes that depend on water level and temperature cues
for fish spawning, migration, and dispersal movements of larvae between river channels
and adjacent floodplains [34,36,38,43—48]. Fish species physiologically adapt through re-
sponses to these changes and can also pre-emptively act to maximize fitness in dynamic
and fluctuating environments [49]. Perturbations in hydroclimatic variables thus directly
influence fisheries” productivity [14,28].

In tropical and subtropical river systems, studies have demonstrated that the present
state of fishery impacts on fish production is linked to long-term declines in hydroclimatic
and ecological conditions (e.g., [50-55]). However, long-term data on aggregate fish yields
collected through consistent spatial sampling or human effort are either unavailable, or
are lacking adequate metadata, or existing government data may not be accessible for
use [56,57] from many regions of the developing tropics, with a few notable exceptions
(e.g., Mekong, Amazon: [29,55,58,59]). In the Indian subcontinent, these data gaps for river
floodplain fisheries have been long lamented [7,57]. The Gangetic Plain is one of the most
intensively used river basins in the world and supports millions of artisanal fishers and a
great diversity of fishing practices [60]. Yet, it has remained generally wanting in studies
on interactions between environmental changes, aggregate fish yields, and fishing effort
(but see [31,32,47,61]). The monsoonal flood-pulse is the strongest driver of fish yields and
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production in the Gangetic Plains [45]. Glacial melt is a smaller but important contributor
to river flow in the peak summer [62]. River discharge usually starts increasing from
June/July with the arrival of monsoon rainfall. The peak of the flood-pulse from August to
late September / early October is followed by a long period of flow recession from November
to May, in which a diversity of fishing practices and activity is concentrated [30,45,63,64].

Earlier investigations have found a general declining trend in fish landings, which
they attributed mainly to hydrological and climatic change [47,50,54,65-71]. Reduction in
spawn production of IMC from 80% to 30% (out of total spawn collected) between 1961
and 2004 and pollution were noted as major causes of decline [67]. Vass et al. [68] reported
a monotonic decline in fish yields at Allahabad on the Ganga River from 1959 to 2004,
which they attributed to the construction of dams, pollution, reduction in rainfall, and
intensive spawn collection of the commercially valued Indian major carps (see also [54,72]).
The decline in the anadromous migrant hilsa fish Tenualosa ilisha upstream of the Farakka
barrage constructed in 1975 is also well-documented [67,73].

In this paper, we analyze the interacting effects of hydroclimatic, ecological, and
fishing-effort-related drivers on our own data on observed long-term fishery yields and
effort in the Ganga River in the Bhagalpur district of Bihar, from 2000 to 2020. We predicted
that: (1) in years with strong flood-pulses, yields and catches will both increase due to
higher productivity and higher fishing effort, and (2) in years with poor flood-pulses, yields
will decline due to lower productivity, and fishing effort will determine catch rates. We
test these predictions and discuss the implications of our results for local declines in fish
resources and related fishery conflicts and management issues in India’s Gangetic Plains.

2. Materials and Methods
2.1. Study Area

Our study area included two small-scale fisheries, at Bhagalpur and Kahalgaon,
on the Ganga River in Bhagalpur district, Bihar, India (Figure 1). This area has active,
open access river-based capture fisheries, with about 500 families of almost full-time,
resident fishers dependent on the river in 2000. In the last two decades, fishing activity
has reduced in terms of the number of total users [74-76]. Fishing practices in the area
involve the use of gillnets, stake nets, traps, seine nets, and mosquito nets [17,45,77].
Most fishers are landless, live in poverty, and are witnessing severe conflicts over fish
resources (details in [17,74,76,78-80]), while they also experience resource declines. Mean
(30 yr) annual river discharge is 8736 (SD 4845) m>:s~!. Peak flood season discharges
range from 16,500 to 50,000 m3-s~! in September, and the lowest dry-season discharges
lie between 2000 and 5000 m3-s~! in March-April (Figure 2). Spatially, the flood-pulse
causes an increase in water spread area by 3 to 12 times, peaking within two months in the
region. Mean annual rainfall is around 1200 mm [81]. The river floodplain is characterized
by strong monsoon flood-pulses, actively meandering river channels, side channels or
chutes, meander cut-offs, oxbow lakes, floodplain wetlands, and palaeo-channels, and high
sediment discharge [82,83]. The Farakka barrage on the Ganga River, located approximately
160 km downstream of Bhagalpur, has had significant negative impacts on river hydrology
in the region [67,73,84-86]. After the Farakka barrage was constructed in 1975, upstream
fisheries’ production substantially declined in the study area, with the near collapse of hilsa
fisheries [67,73].

2.2. Data Collection
2.2.1. Interviews and Group Discussions with Fishers and Key Informants

Fishers’ perceptions of the reasons for fisheries” decline were recorded through semi-
structured interviews, informal discussions during landing surveys, and focus group
discussions with about 100 fishers, key informants, and fish traders at Bhagalpur, Ka-
halgaon, Naugachhia, and Sultanganj (Bhagalpur district, Bihar). Detailed methods of
interview data compilation, compilation, and verification are provided in [17]. We found
that fishers typically identified “increased fishing effort” or “overfishing” as a larger driver
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of the decline in fish resources than environmental change [17]. Fishers may not be in a
position to actively link changes in fisheries with hydroclimatic changes. This in turn prob-
ably even strengthens their perception of overfishing. To independently investigate this
locally dominant perception as a “working hypothesis”, we combined our own monitoring
data on fishery yields and aggregate effort, with secondary data on hydroclimatic variables
and past data on aggregate fish yields for our study area.
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Figure 1. Locations of Bhagalpur and Kahalgaon on Ganga River in Bihar, India (in inset).
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Figure 2. Monthly hydrograph as per the hydrological year, for the study area along the Ganga River.
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2.2.2. Past Fish Yields and Landings Data

The Central Inland Fisheries Research Institute, Govt. of India, has reported aggre-
gated fish landings and yield data from 1958 to 1997 for Bhagalpur [45,50,66,67]. Based
on the taxonomic and temporal resolution of these data, we assessed long-term trends in
the percentage of carps, catfishes, and other fish species (of the total yields) after including
data from our own monitoring (2000-2020) at Bhagalpur.

2.2.3. Fish Catch-Effort Data from Landing Sites and Market Surveys

We collected monthly, and where possible, daily fish landing site and market survey
data from Bhagalpur and Kahalgaon from 2000 to 2020. To our knowledge, this is the
longest time-series dataset on fisheries in the Ganga River compiled through informal
monitoring by a nongovernmental source in India, despite some gaps and missing years.
We used fishery-dependent data on aggregate yields (from market surveys, in kg) and
catch-per-unit-effort or CPUE data (from landing site surveys, as the number of fisher
days) in the absence of fishery-independent assessments of fish productivity. We typically
sampled these sites monthly, spending between 8 and 20 days per month as per the intensity
of fishing activity. To standardize aggregated data, we used corrections to indices of total
effort for 30 days of each month, accounting for the spatial distribution of effort, and
seasonal variations in numbers of fishers and fishing boats [87-93].

We analyzed daily and monthly variations in fish catch (production) obtained from
Bhagalpur (BGP) and Kahalgaon (KHL) on the Ganga River in Bihar. Monthly data on
species-wise fish yields were collected from landing sites and fish markets on fish catches,
yields, and gear-specific effort at BGP from 2000 to 2020, resulting in 43,055 records for
60 fished species from 2000 to 2020 (with some gaps in 2002, 2009, 2010, 2012, 2014, and
2015 due to logistical issues). At KHL, we compiled available daily fish catch and effort
data (n = 47,606 records) from December 2009 to November 2020, from which data on
34 species were analyzed for the 2013-2020 period, which had the fewest data gaps. Fish
species were grouped into five categories for analyses: (1) carps (17 species: Cyprinidae),
(2) catfish (21 species: Siluriformes), (3) clupeids (5 species of the families Clupeidae and
Engraulidae), (4) other fish groups (31 species of other finfish families found in the area),
and (5) shrimp (2 species of the Penaeidae and Palaemonidae). We compiled KHL data
from market logbooks provided to us by fish traders with their consent, with the conditions
of maintaining anonymity and nontransferability of data. The logbooks contained fisher-
specific information of daily sold catches, which helped us estimate fishing effort expressed
as the number of fisher days per month. We independently corroborated these data from
fish landing sites, markets, and boat surveys to ensure the accuracy of recorded information.

The general sampling methods used for landing site and market surveys are also
described in [77], which presents an analysis of aggregated fish catch data from Bhagalpur
(for 2001-2007) to assess changes in yields and fish composition. However, they [77] did
not use data on fishing effort. We ensured that our sampling coverage was similar across
seasons in relation to the actual total effort to avoid any systematic seasonal or interannual
biases in the aggregated and spatial sampling of catch data [89,91,94,95]. Details of fish
species, taxonomy, the annual calendar of fishing, and fish catch/breeding seasonality are
in [17].

2.2.4. River Flow Data

River flow data for the Gangetic Plains are “classified” as per Government of India
regulations. Therefore, we used an indirect source to obtain discharge estimates. Daily dis-
charge estimates were obtained for the 1998-2020 period from the River Watch 3.5 module
of the Flood Observatory, Colorado (www.floodobservatory.colorado.edu, accessed on
31 December 2020; [96]). The estimation of daily discharge in this module is based on a
calibration between the microwave reflectance data collected from an AMSR-E satellite-
gauging pixel and the predicted flow from a WBMSed model [96]. We used satellite-gauged
discharge estimates from the pixel on the Ganga River located at 25.334° N, 86.175° E for
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this study. Trends in satellite-based discharge estimates were used to assess long-term
responses of fish species to the magnitude and variability in river discharge. We vali-
dated satellite-gauged estimates for dates (n = 10) with our own direct boat-based field
measurements of depth cross-section and channel width data made between 2008 and
2020 using nonlinear regression models. River discharge was estimated from these data
using Manning’s equation, which, for large, low-gradient rivers, assumes an equilibrium
between flow due to gravity and resistance to flow due to alluvial sediment friction [97,98].

Manning’s equation is as follows: Q = %A.R% ~S%, where Q is the estimated river dis-
charge, A is the cross-section area of river channel, Manning’s n is the alluvial roughness
coefficient (indicative of frictional forces), R is the hydraulic radius, i.e., cross-section area
divided by the wetted perimeter of the river channel, and S the river energy or bed slope,
indicative of gravitational force [97,98]. For S, we used the riverbed slope of 6 cm/km
provided in a detailed sedimentological and geomorphological study for the same stretch
of the Ganga River [82] and incorporated about 15% uncertainty in slope based on down-
stream and upstream values provided by [82] for calculating flow intervals. To estimate
Manning’s n (alluvial roughness coefficient), we used an iterative procedure to calculate
the sensitivity of estimated discharge to different n values, which were allowed to vary
between 0.03 and 0.04 [99], and the correspondence of predicted discharge estimates within
known bounds of river discharge (e.g., from public-accessible data in flood bulletins).
From our field measurements, a stage—discharge curve was first estimated for Kahalgaon
as Q = 661.43 x e00915xS (R2 = 0,81, p < 0.001), where Q is the discharge (m3-s71) based
on Manning’s equation, and S the stage or water level in m recorded in the field. Stage
values taken from direct readings of hand-painted gauges on bridge pillars and piers were
thus converted into discharge values. We ground-verified the satellite-based discharge
(SR) estimates with a regression equation: loge(Q) = 6.48 + 0.25 x loge(SR), (R% = 0.864,
p = 0.0003, F = 44.38, df = 1, 9). This indirect method proved suitable in deriving us-
able discharge values for our study area and may be promising for use in ungauged
large rivers. For additional calibration and confirmation, annual trends in river discharge
and water levels were obtained for selected sites (Hathidah, Munger, Bhagalpur, Kahal-
gaon, Farakka) from published literature [100] and satellite-altimetry-based water level
estimates (at 35 day intervals) for points close to these sites (e.g., Theia Hydroweb (2003-
2010), http:/ /hydroweb.theia-land.fr/, accessed on 30 November 2019, and MOSDAC
(2013-2015): https:/ /www.mosdac.gov.in/, accessed on 30 April 2018). Daily data on
flood season river water levels, available from the Flood Management Information System
(FMIS) website of the Govt. of Bihar (www.fmis.gov.in, accessed on 31 October 2020) from
2013 to 2020, were regressed with satellite-based discharge estimates. From satellite-based
discharge estimates, we derived characteristics of flood-pulses in terms of flood “wave”
characteristics: amplitude, variability, smoothness of pulse, start and recession dates (in
Julian day of the year), and duration of flood-pulse [35].

2.2.5. Discharge Estimation from Active River Channel Width

Active flowing river channel width can be used as a good predictor of discharge in
large rivers [101,102]. Accordingly, we predicted dry-season river discharge from active
river channel width, which was estimated from LandSat, MSS, and TM satellite images from
1972 onwards (www.usgs.earthexplorer.gov, accessed on 15 October 2020). We used the
Global River Widths Database [103] and the Global Surface Water Explorer datasets [104]
to check the consistency of channel width measurements. This indicated the potential for
seamless application of satellite-derived discharge to impute past gaps in discharge infor-
mation, and to also construct robust long-term time-series datasets for Gangetic floodplain
rivers with limited access to gauge data. We estimated past discharge values based on
channel width measured from satellite images from 1972 onwards, when discharge data
were unavailable or not accessible, to detect long-term trends in dry-season river discharge.
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2.2.6. Rainfall Data

We obtained monthly rainfall data (in mm) for Bhagalpur district from the Indian Me-
teorological Department (IMD) website: https://hydro.imd.gov.in/hydrometweb /(5(3i2
vzcd5ulwzi345whfpurb5)) / DistrictRaifall.aspx; accessed on 25 October 2021 To analyze
long-term trends, district-level rainfall data were also obtained from 1901 to 2020 for
Bhagalpur district and divided into monsoon rainfall (June-September), winter rainfall
(October—December), and dry-season rainfall (January-May).

2.2.7. Climatic Indices

Climatic variability and atmospheric teleconnections are known to affect the intensity,
interannual variability, and magnitude of summer monsoon rainfall, winter rainfall, and
droughts, and in turn, river flows and flood-pulses [105,106]. To test responses of fish yields
to intercontinental climatic oscillations and solar cycles, we collected monthly data on
multiple indices. Monthly indices of El Nifio Southern Oscillation (ENSO) were collected
from the NOAA website: https://www.esrl.noaa.gov/psd/data/climateindices/list/,
accessed on 25 October 2021. The NINO4 index representing sea surface temperature (SST)
anomalies over the Central Tropical Pacific region was used (https:/ /climatedataguide.ucar.
edu/climate-data/nino-sst-indices-nino-12-3-34-4-oni-and-tni; accessed on 18 December
2021) as an additional index to denote EI Nifio strength. Positive SST anomalies (anomalies
above or below 0.5 °C sustained over 5 months) are regarded as El Nifio phases and
negative anomalies as La Nifia phases. Complex interactions between ENSO, the Indian
Ocean Dipole (IOD), and SST polarity are known to affect summer monsoon strength,
interannual variability, and extreme rain events across India’s Gangetic Plains [19,106-108].
In general, the El Nifio anomalies cause temperature warming and those of La Nifia are
associated with cooling, leading to weakening and increase, respectively, in Indian summer
monsoon rainfall. Positive IOD phases interacting with El Nifio can lead to drought-like,
low-rainfall conditions, and negative IOD-La Nifia coincidences cause greater rainfall [109].
Indian Ocean Dipole (IOD) data (Dipole Mode Index: DMI) were collected from https:
/ /www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/DMI/, accessed on 25 October 2021.
We also obtained data on the Multivariate ENSO Index (MEI) from https://www.esrl.
noaa.gov/psd/enso/mei/; accessed on 25 October 2021. MEI is a bimonthly averaged
index that combines SST data with meridional and zonal winds, surface pressure, and
radiation indices. MEI was multiplied by —1 and recoded as a composite La Nifia index for
analysis (following [19]), for consistency of interpretation, to read as “fish yield responded
positively or negatively to La Nifia phases” of the ENSO. Monthly data on sunspot activity
(the solar cycle which is also correlated with ENSO; [110,111]) were collected from the WDC-
SILSO, Royal Observatory of Belgium, Brussels (https://wwwbis.sidc.be/silso/infosndtot;
accessed on 25 October 2021).

2.3. Data Analysis
2.3.1. Long-Term Changes and Trends in Fish Catch Composition (1950s Onwards)

We graphically examined long-term trends in % carp, % catfish, and % other fish
for past data (1958-1997: [67]) and for 2000-2020 from our data for Bhagalpur and Ka-
halgaon). The per cent fish catch data till 1997 were taken from aggregate yield data
from governmental statistics [67] for the three groups: “carp”, “catfish”, and “others”. So,
we too recategorized our fish-species-wise catch data to match the same three categories.
“Carp” included 17 species of the Cyprinidae, “catfish” included 21 species of all families
of the order Siluriformes, and “others” included 38 species from all other fish families
(see [17] for a checklist of fish species for our study area). We explored correlations between
the observed percentages of fish groups over time and rainfall data, using general linear
regression models.
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2.3.2. Long-Term Hydrological Trends

We analyzed trends in monthly river flow data by conducting time-series regressions
and graphical analyses for the period 2000-2020. Changes in flood season and dry-season
flows over time were analyzed for four seasons: the monsoon (June-September: JJAS,
accounting for 80% of total annual rainfall in a typical year), postmonsoon flow recession
(October-December: OND, 5%), winter (January—February: JF, 3%), and summer (March-
May: MAM, 13%). We graphically explored correlations between flood-pulse variables and
climatic indices.

2.3.3. Seasonal Trends in Fish Yields

Monotonicity of trends for the five fish groups (carp, catfish, clupeids, other, shrimps)
were examined for BGP and KHL for the four seasons (JF, MAM, JJAS, OND) using a
seasonal Mann-Kendall test [112], in the “trend” package in R 3.2.1 ([113]). We also
explored trends in annual total catches, by including “year” as a variable in time-series
regression models (see next section).

2.3.4. Responses of Aggregate Fish Yields to Hydroclimatic Variability and Fishing Effort

For BGP and KHL, we analyzed the responses of total yields of the five fish groups
to hydroclimatic variables using general and generalized linear regression models [114].
Hydroclimatic variable selection for individual models was based on time-series cross-
correlations and collinearity checks between different predictor variables [115]. We did not
combine predictor variables with Pearson’s correlation coefficients |R| > 0.30 in the same
models. The hydroclimatic variables included river discharge or flow, air temperature,
rainfall, ENSO-related indices, and sunspot number. Model selection was based on careful
examination of the trade-offs between fit (pseudo—R2 or R?) based on the residual and null
deviance and model complexity (number of parameters). We used total yield as response
variable for each group and identified models with the fewest number of covariates and
the highest achievable fit over null models. We then analyzed aggregated group-level
responses of monthly fish yields, CPUFD (catch per unit effort in fisher days), and fishing
effort based on daily data from the KHL fishery (2013-2020), which we correlated with the
satellite-based discharge estimates for the same period. For all analyses, we used linear
models with time-series components for “trend” and “season” effects [116]. All analyses
were conducted in the “forecast” package in R software [113].

2.3.5. Interpreting the Relationship between Yield and Effort in Terms of Fishing Behaviour

Fishing effort changes over time in relation to social and environmental changes. Often,
fishing effort remains stable or increases based on the nature of access (on a spectrum from
open to enclosed), which could lead to declining yields and catches per fisher over time
due to harvesting and competition. So, the usual expectation is that of a linear relationship
between total fish yield and catches. However, this may not always be the case. In many
fishery studies, it has been shown that catch per unit effort can remain insensitive over time
to reduction in overall yields, a phenomenon termed as hyperstability [117]. The reverse
case, called “hyperdepletion”, is also likely, where catch per unit effort may decline though
total yields remain similar [118]. So, using fishery-dependent yield data and catch data as a
proxy for overall production can be tricky. Not accounting for hyperstability in catch data
can result in erroneous interpretation that fisheries are sustainable when they are actually
declining. Therefore, it was important to test for the presence of hyperstability in our
study area. To assess responses of total yield to changes in CPUFD, we estimated the linear
regression slope between the natural logarithms of total fish yield and CPUFD. Statistically
significant slope values (3 < 0.6) were treated as a strong signal of hyperstability, while 3
values between 0.75 and 1.00 were treated as indicative of proportionality between yield
and CPUFD, and 3 > 1.00 to indicate “hyperdepletion” [117]. Factors related to the spatial
distribution of fishing effort, seasonal behaviour, and spatial location use were identified
from field observations of individual fishers [88,119]. These factors were connected with our
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interpretation of how environmental and fishing-related drivers may affect fish resources,
and in turn, the management of conflicts over fishery resources in the Gangetic Plains.

3. Results
3.1. Fishers” Perceptions of Fish Decline

All interviewed fishers unequivocally reported that the catches of most commercially
valued fish species had declined in the last 30 years, mainly due to excessive fishing. Rela-
tive to overfishing impacts, environmental variables were not thought to be as important
in explaining these declines. However, fishers stated that in “good years” with strong
flood-pulses, the high productivity provided them with a buffer to cope with risks of
conflict through more space use options. Fishers could access a greater diversity of habitats
other than channel inlets, due to better flows in the main channel. In poor flooding years
(weak or erratic flood-pulses, low floodplain inundation), fish productivity declined, and,
for a given fishing effort, fishers clustered at fixed spots, leading to higher local competition.
Fishers also said that flooding intensity in one year mattered for good fish yields in the
next dry season.

3.2. Historical Trends in Fish Catches and Local Rainfall at Bhagalpur

From 1958 to 2020, we found a reduction in % catches of carp, mainly due to declines
in Indian major carp (IMC) species, followed by a very recent apparent recovery. This
trend corresponded with an increase in % catfish and decline in % of other fish groups (all
non-carp, non-catfish species; Figure 3). Per cent of carps was positively correlated with
JJAS and JEMAM rainfall, but not related to OND rainfall (Table 1). The overall decrease in
% catch of carp was linked to a long-term reduction in monsoon rainfall. Per cent catch of
catfish was indifferent to rainfall (indicated by models with low R? values), while per cent
catch of other fishes responded negatively only to dry-season rainfall (Table 1). Apart from
the above correlations, low R? values in all models indicated nonsignificant relationships
for catfish and other species to rainfall.

Table 1. Relationships of % catfish, % others, and % carp (out of total fish yield) with sea-
sonal rainfall at Bhagalpur (1958-2020). JJAS = June-July—August-September (monsoon rainfall),
OND = October-November—-December (winter rainfall), and JEFMAM = January-February-March—
April-May (dry-season rainfall). Statistical significance: (at & = 0.10): NS = not significant, * p < 0.05,
**p <0.01, and *** p < 0.001.

Group JJAS Rainfall OND Rainfall JFMAM Rainfall
Catfish% 51.80-0.02.]JAS, 17.37 + 0.16.OND, 24.21 + 0.068.JEMAM,
’ R>=0.10,p=030NS  R2=0.18,p=0.16 \° R?2=0.19,p=0.16 NS
Carp® —13.48 + 0.03.JJAS, 30-0.14.0ND, 1.62 + 0.10.JFMAM,
P R>=032,p=005* R?2=0.18,p=0.17N° R? = 0.54, p = 0.006 **
Others% 61.68-0.019.JJAS, 52.63-0.017.0ND, 74.17-0.17.JEMAM,

RZ=0.02,p=065N5 RZ2=0.001,p=09N5  R?=0.685,p=0.0008 **

3.3. Long-Term Hydroclimatic Trends

JJAS rainfall reduced (Sen’s slope: —2.67, i.e., decrease of 2.67 mm/year over 50 years
(Clgs9,: —1.68, —3.61), especially from 1959 onwards up to 2009 (Pettitt’s test for single-
change-point detection: K = 2021, p < 0.0001). JJAS rainfall increased from 2010 onwards
(Sen’s slope = 51.05 mm/year increase). The reduction in monsoonal rainfall at Bha-
galpur became especially consistent from 1970 to 1971 onwards (in part explaining the
decline in river discharge). An increasing but more variable trend in JFMAM rainfall
was noted from 1975 onwards (Pettitt’s test: K = 757, p = 0.22). OND rainfall remained
largely stable (Pettitt’s test: K = 547, p = 0.64). A clear relationship was estimated between
channel width (W) measured in the field and from satellite images, and the natural loga-
rithm of Manning’s equation-based discharge Q, as Q = exp(7.36-0.0023 x W); R? = 0.81,
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p < 0.001, F = 30.07, df = 1, 7). We found a declining trend in estimated dry-season
river discharge from 1972 onwards from channel widths measured from past images:
Qyear = exp(67.725-0.029 x year); R? =0.67, p <0.0001; F = 34.16, df = 1, 17). This trans-
lated to declining dry-season discharge at 2.86% per year.

-® Catfish (%) @ Carp (%) @ Others (%)

1958-62 1963-66 1967-69 1973-77 1977-81 1982-84 1996-97 2000-03 2004-08 2011-13 2016-17 2019-20

Years

Figure 3. Long-term trends (1958-2020) in per cent catches of different fish groups out of the total fish
landings at Bhagalpur, Bihar. The white area includes the period for which per cent data derived from
aggregate yield statistics from government data were obtained from Ray (1998). The grey shaded
area covers the data collected by the authors of this study (2000-2020). Our data have been regrouped
under the categories “carp”, “catfish”, and “others” to match the government data categories of the
past years.

From 2000 to 2020, we found a clear signal of increased variability in flood sea-
son river flow relative to dry-season low flows (flood amplitude) for the Ganga River
(Figures 4 and 5a). Two sunspot cycles were recorded in this period (Figure 4). An increase
in dry-season flow, as well as flood season river flow, was seen especially after the 2010
El Nifio event, after which the NINO4 index showed a hint of increase (Figure 4). Flood
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amplitude (i.e., flood-pulse strength) was the highest in moderate La Nifia years but re-
duced during strong El Nifio years (Figure 4). Negative and positive cross-correlations
were seen between the NINO4 index and La Nifia index with river flow, with lags of seven
months and three months, respectively. However, the intra-annual seasonal variability in
river discharge was also the highest during very strong El Nifio (VSEL) years (Figure 5b).
Flood amplitudes were highest in strong and moderate La Nifia years (SLN, MLN) and
reduced in years with weak to moderate El Nifio (WEN and MEN) years but were highly
variable in “very strong El-Nifio” (VSEL) years. The sunspot cycle (of 11-13 years) showed
two major phases in this period, a decline from 2000 to 2008 and a rise again in 2012-2014,
followed by a consistent decline until 2020 (Figure 4). From 1998 to 2020, there was also a
marked increase in flood-pulse duration from 2010 and advancement in flood rise timings
(Figure 5c¢,d).
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Figure 4. Trends in hydroclimatic variables (from bottom to top: monthly discharge Q, La Nina index,
Southern Oscillation Index, NINO4 index, sunspot number, and rainfall) at Bhagalpur from 1998
to 2020).

3.4. Long-Term Seasonal Trends in Fish Group Yields

Declining trends across the five fishery groups (carp, catfish, clupeids, others, shrimps),
were pronounced for BGP (2000-2020) but not KHL (2013-2020) (Figure 6). Trends in fish
group yields did not show significant trends in winter (JF) and monsoon (JJAS) seasons
but declined in postmonsoon (OND) periods and summer (MAM) (Figure 6), which are
both periods of high fishing activity. Statistically significant trends of decline were seen for
carps (in MAM and OND), catfish (in MAM), clupeids (in JJAS and OND), and other fish
and shrimp (in all seasons except JF). At Kahalgaon, significant declines were observed
only for carps and clupeids in JJAS, while shrimps showed a recent increase in JJAS.
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Figure 5. (a) Trends in year-to-year variability in flood amplitude from 1998 to 2020. (b) Variation in

yearly flood amplitude plotted on a gradient from strong La Nifia (SLN) to moderate and weak La
Nifia (MLN, WLN) to weak and moderate El Nifio (WEN, MEN) to very strong El Nifio (VSEL) years
in this period. Interannual changes in (c) flood-pulse duration (days) and (d) timing of flood onset

(day of year when the flood-pulse starts rising).
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Figure 6. Trends for fish group yields in the seasons JJAS, OND, JF, and MAM from 2000 to 2020 for
Bhagalpur (BGP) and from 2013 to 2020 for Kahalgaon (KHL). Coefficients of seasonal Mann-Kendall
tests are shown in the figure, with Y indicating statistical significance for p < 0.05, and N indicating

nonsignificant results.
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3.5. Responses of Fish Yields to Environmental Variability and Fishing Effort

At BGP, long-term aggregate yields of shrimps, other fish, and clupeids declined
over time (Figure 7). Carp and catfish yields showed highly fluctuating behaviour but
nonsignificant trends over time (Figure 7). Total fish yields declined from 2000 to 2006—
2007 but then increased post-2008 and especially 2010 onwards, peaking in years with
increasingly larger floods (Figures 4 and 7). Major floods in 2008, 2011, 2013, 2016, and
2019 indicated a rough correspondence with the three-year major flooding recurrence.
During years with stronger El Nifio phases, the variability in yields was also greater,
which appeared to be due to increasing variability in river flows after El Nifio events
(Figures 4 and 7). For example, 2010 and 2015-2016 were strong El Nifio events that led
to poor summer fish yields but were followed by great floods in 2011 and 2016 that led
to bumper yields. In turn, yields were higher after floods in weak to moderate La Nifia
years, as in 2008, 2013, and 2018 (Figures 4 and 7), implying that productivity fluctuations
are multiyear phenomena, dependent on strong flooding and periods of moderate drought.
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Figure 7. Long-term (2000-2020) monthly data of total yield (kg) of all fish groups at Bhagalpur and
river discharge (in m3.s71) in this period (bottom panel). The blanks in the panels indicate time
periods where data were not available.

At BGP, river flow was the predominant driver of yields of all fish groups (Table 2),
followed by rainfall, which was negatively related with fish yields. Apart from river flow,
monthly rainfall had a negative correlation with yields for all groups. All fish groups except
carps and catfish declined over time, as seen from the nonsignificant trend effect (Table 2).
Carp yields were lower in years with greater Indian Ocean Dipole activity and catfish
yields in El Nifio years (with high NINO4 values) (Table 2). For carp, catfish, and total
catch, R? values were moderate (>0.25), but for all other groups, low R? values indicated
weak but statistically significant relationships.
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Table 2. Responses of monthly fish group-wise yields at BGP to hydroclimatic variables, estimated
from time-series linear regression models (TSLMs). Untransformed coefficients are shown. Statistical
significance (at « = 0.10): NS = not significant, " p < 0.10, * p < 0.05, ** p < 0.01, and *** p < 0.001. Exact
p-values are indicated wherever p > 0.01.

Fish Group Intercept Effect Size Estimates, p-Values Regression Fit and Test Statistics
River flow: 0.168 (0.029) ***
Rainfall: —7.22 (2.52) **, p = 0.004 R2 =(.316,
car 1106 (879.3) N8 IOD: —2538 (1135) *, p = 0.027 F=11.63,
P p
Month: 183.3 (101.8) *, p = 0.07 df=5,126
Trend: —9.06 (8.44) NS, p = 0.28
River flow: 0.15 (0.025) *** R2 =027
) NINO4 index: —1039 (491.5) *, p = 0.36 D
* —
catfish 32/350 (13/960) Rainfall: —6.18 (2'52) :e, p =0.016 de—_ ]51.163é
Trend: —9.77 (8.05) NS, p = 0.23 -
River flow: 0.05 (0.01) *** R2=0.14,
clupeid 1611.02 (329.90) *** Rainfall: —2.30 (1.28) *, p = 0.07 F=7.14,
Trend: —13.95 (4.24) ** df =3,128
River flow: 0.066 (0.01) *** R2=0.18,
other 1511.14 (334.59) *** Rainfall: —2.75 (1.30) *, p = 0.036 F=9.57,
Trend: —14.10 (4.30) ** df=3,128
, R2=0.136
) River flow: 0.045 (0.01) *** ’
shrimp 811.91 (271.56) ** o - F=10.17,
Trend: —11.61 (3.62) df=2, 129
River flow: 0.49 (0.07) *** R2=0.25,
total catch 8578.95 (1906.16) *** Rainfall: —19.11 (7.40) * F=1447,
Trend: —64.285 (24.53) ** df =3, 128

At KHL, river flow, fishing effort, and rainfall were the main predictors of total yields,
but responses of catch per unit effort varied across groups. An interaction effect between
river flow and fishing effort was detected as an important driver of fish group yields
(Table 3). Catches per unit effort were negatively correlated with La Nifia index (for carps
and other fish), sunspot number (catfish and clupeids), and Indian Ocean Dipole index
(carps, clupeids, shrimps) (Table 3). This indicated that catches per effort for carps, clupeids,
and other fish were likely to intensify during stressful years (e.g., with El Nifio droughts).
Catches per unit effort were positively related to river flow (catfish) and rainfall (for shrimp
and other fish) (Table 3). Low R? values (<0.25) indicated weak but statistically significant
relationships of catch per unit effort data with hydroclimatic variables for clupeid, others,
shrimps, and total catch. Overall fishing effort was strongly dependent on river flow and La
Nifia index (Table 3), which was expected, as fishing effort closely tracked the flood-pulse
strength in the postmonsoon peak fishing season (Figure 8). Total yields tracked changes
in river flow. However, fishing effort was delinked from low dry-season flows and was
greater during low-flow periods. Typically, at low river flows, fishing effort predicted
yields, while at higher flows the effect of fishing effort on yields was weaker (Table 3).
Fishing effort showed a significant declining trend (Table 3). Catches per unit effort (CPUE)
were correlated with yields and effort at KHL from 2013 to 2020, barring an exceptional
year of high catches during the El Nifio drought in the summer of 2016 (Figure 9), but did
not show statistically significant trends over time. At KHL, total yield and CPUE for fish
groups did not show significant statistical trends over time (Mann-Kendall tests—total
yield: tau = 0.06, p = 0.405; CPUE: tau = 0.114, p = 0.11), except for clupeids, which showed
a declining trend (Table 3).



Hydrology 2022, 9, 53 15 of 27

Table 3. Regression TSLM outputs (untransformed coefficients) for fish yields (group-wise), catch

): NS

per unit effort, and overall fishing effort at Kahalgaon. Statistical significance (at & = 0.10 =not

significant, * p < 0.10, * p < 0.05, ** p < 0.01, *** p < 0.001. Exact p-values are indicated wherever p > 0.01.

Fish Group Intercept Effect Size Estimates TSLM Statistics
Response: Fish yields
River flow: —0.037 (0.009) ***
Fishing effort: —0.07 (1.035) NS, p=0.51 R2 = 043
Flow x Effort: 0.00016 (0.00004) *** T
*% —
carp 5717 (195.3) La Nina index: —306.7 (56.35) *** E f__12.é92,
IOD: —679.4 (151.7) *** -
Trend: 4.31 (1.90) *, p = 0.03
River flow: —0.05 (0.01) *** R2 =086
. Fishing effort: —0.84 (1.17) NS, p = 0.47 oo
*% —
catfish 450.8 (204.7) Flow x Effort: 0.0006 (0.00009) *** if‘_ljzéi'
Trend: —1.03 (1.86) NS, p = 0.58 o
Fishing effort: 1.31 (0.306) *** R2 =031
. IOD: —183.02 (74.57) *, p = 0.016 T
*% -
clupeid 264.05 (100.01) Sunspot number: —2.62 (0.77) ** ;f_—?fg él
Trend: —3.84 (1.205) ** -
Fishing effort: 1.89 (0.297) *** RZ=0.38,
other —147.64 (59.74) * Rainfall: 0.31 (0.17) ® F=1731,
Trend: 0.795 (0.82) NS, p = 0.336 df=3,85
Rainfall: 0.09 (0.02) *** R? =0.25,
shrimp —3.9 (6.56) NS IOD: —23.38 (9.82) *, p = 0.02 F =928,
Trend: 0.30 (0.116) * df =3, 85
River flow: —0.11 (0.02) ***
Fishing effort: 0.95 (2.4) NS, p = 0.69 R? =0.74,
total catch 1151 (463.3) * Flow x Effort: 0.0006 (0.00009) *** F=4724,
La Nina index: —198.7 (120.1) %, p = 0.10 df=5,83
Trend: 0.61 (4.21) NS, p = 0.885
Response: Catch per unit effort (fisher days)
La Nina index: —4.75 (1.01) *** RZ =028
. Month: —0.47 (0.23) *, p = 0.045 T
carp 4.54(231) I0D: —6.62 (2.89) *, p = 0.024 ;f__i.og .
Trend: 0.07 (0.03) *, p = 0.056 -
River flow: 0.06 (0.005) *** RZ =0.64,
catfish 393.7 (281.32) NS Sunspot number: —5.79 (2.62) *, p = 0.03 F =50.59,
Trend: —8.48 (4.24) *, p = 0.049 df=3,85
IOD: —0.615 (0.376) *, p = 0.10 R? =0.124,
clupeid 2.14 (0.44) *** Sunspot number: —0.01 (0.004) ** F=4.016,
Trend: —0.016 (0.006) ** df=3,85
La Nina Index: —0.26 (0.14) *, p = 0.06 R2=0.13,
other 0.42 (0.29) NS Rainfall: 0.002 (0.0009) ** F=422,
Trend: 0.795 (0.82) NS, p = 0.08 df=3.85
Rainfall: 0.0005 (0.0002) ** R2 = 0.156,
shrimp —0.02 (0.05) NS IOD: —0.14 (0.081) *, p = 0.097 F=522,
Trend: 0.002 (0.0009) *, p = 0.04 df=3,85
River flow: 0.0002 (0.00008) ** R2 = 0175
La Nina index: —4.12 (1.22) ** DY
*% —
total catch 8(3.09) Month: —0.72 (0.33) *, p = 0.03 e

Trend: 0.05 (0.04) NS, p = 0.21
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Table 3. Cont.

Fish Group Intercept Effect Size Estimates TSLM Statistics

Response: Overall fishing effort
River flow: 0.0029 (0.00043) ***

2 _
Number of fisher 185.1 (24.88) *** Sunspot number: —0.57 (0.21) ** ?—_1239,
days e La Nina index: 15.26 (7.55) *, p = 0.046 df4 84
Trend: —1.19 (0.36) ** -
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Figure 8. Fishing effort (red dashed line; number of fisher days per month), and monthly average
river discharge (in m3-s~1; blue solid line) in the Ganga River (2013-2020).

3.6. Fishing Behaviour and Hyperstability

At KHL, we found a strong signal of hyperstability from the total yield and catch-
per-unit-effort (in terms of number of fisher days) relationship ( = 0.52 & 0.05, log-log
regression: R? = 0.51, p < 0.001, F = 94.39, df = 1, 88). As we used fishery-dependent data for
estimating yields, it is important to note that for hyperstable species, the observed catches
could be masking the hydrologically driven trends of fish resource decline to some extent.

Overall, we found that (1) trends in yields of fishery groups were seasonally variable,
but correlated with increasing flood-pulse variability, (2) both fishing effort and total yields
responded similarly to river flow and flood-pulse strength, (3) fishing effort was strongly
responsive to flooding but was decoupled from dry-season flow, and (4) catches per unit
effort for all species combined did not show significant trends over time (Figure 9). These
results suggest that trends in fishery yields may be driven by increasing hydrological
variability in the monsoon and postmonsoon seasons and may be influenced by fishing
intensity mainly during the dry season (Figures 8 and 9).
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Figure 9. River discharge (Q in m3-s~1 or cumecs), rainfall (mm), and monthly fishing effort (number

of fisher days), total yield (kg), and catch per unit effort (kg per fisher-day) at Kahalgaon (2013-2020).
The blanks in fisheries” panels indicate unavailable data.

4. Discussion

Our results imply that the positive effects of increasing flood magnitude on bumper
fish yields may be countered by fishing effort when dry-season flows are reducing. How-
ever, as fishing effort has itself seen a declining trend in the last two decades, flood-pulse
variability is the more significant driver of variability and uncertainty in fish yields as
compared to the spatially localized effects of fishing pressure. With increasing variability
in flood amplitude of the Ganga River, we show that the uncertainty in fish yields is also
likely to increase. This finding is consistent with those of other studies on the Gangetic
Plains. However, it does not support the perception of local fishers (which we had referred
to as a “working hypothesis”) that overfishing is the ultimate cause of local fish declines
and conflicts. The main message that emerges from our results is that the interplay of both
factors needs to be further studied and addressed in the context of climate change and
the impact of resource conflicts on fisher vulnerability. The BGP and KHL fisheries have
been open access fisheries for three decades, and over time the number of fishers actively
involved in fishing has reduced significantly. Many fishers have exited the fishery perma-
nently out of distress due to conflict risks and fear from increasing control of anti-social
elements [75]. Yet, at an aggregate level, it is difficult to say from the evidence available
whether the Ganga River is “overfished” at present. Fish yields may well respond more
strongly to recent environmental fluctuations as the total effort has declined [89,120].

This raises the question of how increasing uncertainty and extreme behaviour of river
flows, linked with global climate change and anthropogenic perturbations at the basin
scale, would drive fish yields in the near future. In this regard, there is scope for a better
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understanding of what overfishing would mean today, and under what conditions its
impacts would be more severe than environmental impacts [121]. This is important because
typically, overfishing is identified to be the reason for conflicts both by conservationists
and development agencies, with a narrative based on “Malthusian overfishing” [122],
while environmental variability and socioeconomic risks are seldom considered [123].
Fishers in pursuit of earning their livelihoods will have to deal more with increasing
interannual uncertainty in fish yields caused by hydroclimatic variability, over and above
their proximate concerns about declining catches.

That said, it is also true that the fishers that remain in the fishery continue to extract
similar catches from a declining pool, even if the decline in yield is not entirely of their
own doing. Those who remain have indeed intensified fishing efforts in terms of numbers
of gears, nets, and time spent fishing, particularly in poor fishing years. What may not
be “biological overfishing” might still become “socio-economic’” overfishing with the
periodic intensification of “desperate” fishing in reaction to the high uncertainty in both
dry-season “low flows” and flood season “highs”. Fishing has also been shifting towards
smaller species caught with the use of passive traps and other stationary gears rather than
active nets, which could cause changes in fish abundance and community composition
in the near future. Thus, lagged recovery of larger species might occur due to shifts in
relative fishing gear use. In this context, seasonal regulations on fishing effort may still
be needed in the summer season (MAM) in particular [124]. We have shown that annual
fishing effort typically increases when conditions support high productivity and reduces
during conditions with poor productivity. Impacts of fishing are thus correlated with larger
environmental impacts on fish yields. It could be that, as larger species have declined,
smaller species, which are now the mainstay of the fishery, respond more sensitively to
environmental variability (e.g., [32,125]).

Our study observes some curious patterns in fish yields with recent El Nifio and La
Nifa events. In the period from 2002 to 2007, fish catches from Bhagalpur declined steadily
during the weak ENSO phase that persisted over this time. From 2007 to 2008 and onwards
though, fish yields picked up again in response to flood-pulses increasing in amplitude
and showing greater extremes of variability. Fish yields showed declines in 20142015 and
also responded negatively to the 2015-2016 ENSO drought, regarded as the fourth worst
in 100 years [126], which nearly eliminated the flood-pulse in 2015. However, the strong
flood-pulse in 2016 appears to have “reset” the fishery to its 2000 state. Chea et al. [127]
have also noted such an effect of an extreme flooding event. By 2019-2020, fish yields
appeared to be showing some recovery. However, such recovery might also be highly
uncertain and noisy or flashy, occurring in phases of high and increasing environmental
variability [128].

The peculiar circumstances of flooding in the Ganga in 2016 were in part due to
rapid and abrupt large flow releases from dams on tributaries such as the Son. Long-term
annual and seasonal rainfall (1991-2000) showed reductions [129,130], but more recent
summer rainfall extremes and increases are becoming evident [70,131,132], whereas winter
rainfall has shown declines [133] over eastern Bihar and the lower Gangetic Plains. The
Son, in particular, has become an unpredictable and large contributor to flood season
discharges in the Ganga. This change could be driven by the extremes of rainfall in
central India [134], where the Son originates. Local precipitation recycling across North
and Central India [135] could also be causing feedbacks between central Indian extreme
rain events [136] and irrigation-induced weakening of summer monsoon rainfall in the
Gangetic Plains [137]. Further, an increase in fine aerosol buildup in the middle and lower
Gangetic Plains could alter rainfall intensity and magnitude [138,139]. This could aggravate
tributary contributions (e.g., of the Son) to floods of the Ganga River in Bihar and increase
fluctuations in fish yield dynamics in the near future. The Son discharges into the Ganga at
Patna, and combined with the ponding effects of the downstream Farakka barrage, appear
to have aggravated flooding in Bihar in recent years (https://sandrp.in/2016/08 /23 /a-tale-
of-two-dams-is-bihars-unprecedented-flood-an-avoidable-man-made-disaster/ accessed
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on 30 September 2016). Mismatched timings of floodwater releases from the Farakka
barrage and inflows from the Son and other tributaries could be responsible for large-scale
flooding and inundation along Bihar’s floodplain region. Such dam-induced water releases
do not carry sediment discharges that occur during natural flood-pulses. Dai et al. [100]
had estimated a long-term decline in river flows at Farakka until 2004, but this pattern may
now be reversing [140].

Fishery yields responded to increasing extremes of river discharges between the flood
season and dry season [141]. Such enhanced or aseasonal fluctuations may affect the
fisheries in the near future because of increasing uncertainty about equilibrium yields,
resulting in fishers reluctant to invest further effort [120]. The frequency of severe droughts
followed by severe floods in the Ganga in Bihar appears to be on the rise [142]. This pattern
was noted in the four strongest ENSO years, which the active fishers we interviewed could
still recall: 1970-1971, 1982-1983, 1997-1998, and 2015-2016. The effects of ENSO strength
and sunspot activity were identified to drive not only fish yields but also determine fishing
effort (during droughts) in our study area. With recurrences of El Nifio droughts, effects
of 11-13-year long sunspot cycles on fish species with spasmodic or irregular population
recruitment dynamics may change [120,143]. These important hydroclimatic trends bear
upon the proximate environmental cues that fish track during different stages of their
life [25,144,145].

Dey et al. [17], in their documentation of fishers’ ecological knowledge from the same
area, found that nonflood or year-round breeding fishes such as Cabdio morar (Danionidae)
and Eutropichthys vacha (Ailiidae) had likely responded to such changes by modifying their
reproductive responses to spawn multiple times every year. Evidence is emerging now that
many species of the Gangetic Plains are changing their reproductive phenology, growth,
and maturation patterns in response to climatic changes and fishing impacts (e.g., [31]:
catfishes). Palaemonid shrimps could be sensitive to increased flooding pulses because their
abundances peak in May-June, with increases in algal and decomposing organic matter.
Smaller species, such as minnows, seem to be climate-resilient [32]. Clupeids, despite cli-
matic change favourable to them, may not be able to sustain fishing pressures [61]. Species
that reproduce in the dry season might not be affected by evolving climate trends [146].

Given that fishing practices in our study area are usually not selective towards partic-
ular species, the observation on hyperstability [117,147,148] needs to be considered further.
Hyperstability may result from (1) diffuse fish stocks, as in many large rivers, and (2) stable
fishing spots with nonrandom effort investment [13,119,148-151]. Aggregating, dispersing,
or central-place space use by fish species could also affect these patterns [117]. Fishers
reported that spots used by them stabilized in good years. In poorer years, effort investment
became random and scattered, and at these times, catches may be proportional to yields.
Fishing effort variation across years indicates a self-regulating effect of “effort sorting”,
which appears adaptive to seasonally changing river flows [119,152]. Mobility of fishers in
and out of the fishery is common, as they may seek to work as labourers elsewhere when
returns become poor [153]. They may return for six months following a normal or “good”
flood, because they are sure of making up for at least some of their investments. Usually,
as fishing happens in dense clusters near fishing villages, exchanges through local fishers’
networks inform these decisions. Lagged effects of CPUFD at fixed fishing spots could
lead to declining fish productivity in the subsequent dry season and aggravate conflicts.
While our study identifies how aggregated fishing effort and yields respond to changing
river flow regimes over time, one limitation is that it does not distinguish fish responses by
different gear types, i.e., across active (e.g., gillnets) and passive gears (fish traps, baskets,
stake nets, mosquito nets, etc.). A disaggregated analysis of how different gears affect
catches and yields is out of the scope of the present study.

Since the fish declines seen from the 1970s onwards after the Farakka barrage, the BGP
and KHL fisheries witnessed a shifted baseline. This could be another reason why local
overfishing is the major cause perceived by fishers for increasing conflicts [17]. The relative
contributions of environmental degradation (exogenous factors) and fishing (endogenous
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factors) on fish yields hold great relevance to the way these fisheries conflicts have been
expressed [154,155]. They also influence prospects for ecosystem-based fisheries” assess-
ments and conservation [59,156,157]. Fishing effort can also change abruptly, facilitated by
no barriers to exit or entry in the open access fishery. In the dry season of poor flow years,
high fishing effort could have overwhelmed local fisheries” productivity [158].

In the postmonsoon period of “good years”, fishers’ catches also increase as per
productivity pulses and buffer them from the background threat of fish grabbing [159].
Better river flows increase the connectivity between side-channels and the main river, thus
allowing increased access of fishers to productive fishing areas. In “bad years”, lateral
disconnectivity and reduction in fish yields can not only affect fishers’ catches [160] but also
make them more vulnerable to the threat of grabbing by other actors in the river floodplain
(field observations). Local increases in fishing effort with improved river flow may be
linked not only to greater resource availability but also to tracking greater availability of
fishing space, with less potential for conflicts. Interannual changes in fishery yields thus
create locally dynamic conditions that underlie how conflict situations are negotiated and
adaptive strategies developed [25,161]. In summary, small-scale capture fisheries in the
Gangetic Plains seem to be moving towards hydroclimatic regimes with high uncertainty
and erratic perturbations to productivity, affecting the stability of fishing returns and risks
of conflict. It is important for state fishery legislation and management policies to recognize
these implications. In this context, restoring and managing ecological flow regimes and
near-natural flow conditions at the river basin scale would be crucial to support fisheries’
productivity and livelihoods [8,20,162,163]. Water resource and fishery managers may not
be able to respond to hydroclimatic uncertainty but can definitely work together to manage
regulated river flows to maintain seasonally dynamic and adequate discharge in rivers to
create conditions as close as possible to “normal” annual flood-pulses and low-flow regimes.
Restoring annual flow patterns by providing near-natural flood-pulses, floodplain wetland
restoration, and reoperation of dams and barrages to optimize water abstractions are all
potential options to respond to increasing variability [20,21]. Such attempts at restoration
of fish habitats can provide gainful returns from fishers’ catches and help them better adapt
to shocks and perturbations from increasing hydroclimatic variability.
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