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Bycatch poses a significant threat to marine megafauna, such as elasmobranchs. India
has one of the highest elasmobranch landings globally, through both targeted catch and
bycatch. As elasmobranchs contribute to food and livelihood security, there is a need
for holistic approaches to bycatch mitigation. We adopt an interdisciplinary approach
to critically assess a range of hypothetical measures for reducing elasmobranch
capture in a trawler fishery on India’s west coast, using a risk-based mitigation
hierarchy framework. Data were collected through landing surveys, interviews and
a literature review, to assess the following potential management options for their
technical effectiveness and socio-economic feasibility: (1) spatio-temporal closures; (2)
net restrictions; (3) bycatch reduction devices (BRDs); and (4) live onboard release. Our
study provides the first evidence-based and nuanced understanding of elasmobranch
bycatch management for this fishery, and suggestions for future conservation and
research efforts. Onboard release may be viable for species like guitarfish, with moderate
chances of survival, and was the favored option among interview respondents due to
minimal impact on earnings. While closures, net restrictions and BRDs may reduce
elasmobranch capture, implementation will be challenging under present circumstances
due to the potentially high impact on fisher income. Interventions for live release can
therefore be used as a step toward ameliorating bycatch, while initiating longer-term
engagement with the fishing community. Participatory monitoring can help address
critical knowledge gaps in elasmobranch ecology. Spatio-temporal closures and gear
restriction measures may then be developed through a bottom-up approach in the long
term. Overall, the framework facilitated a holistic assessment of bycatch management
to guide decision-making. Scaling-up and integrating such case studies across different
species, fisheries and sites would support the formulation of a meaningful management
plan for elasmobranch fisheries in India.

Keywords: sharks, rays, scalloped hammerheads, guitarfish, mitigation hierarchy, bycatch, management,
sustainability
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INTRODUCTION

Fisheries constitute one of the biggest pressures on oceans today,
due to their impact on marine habitats, overexploitation of
fish stocks and bycatch of non-target species (Dayton et al.,
1995; Myers et al., 1997; Davies et al., 2009). Bycatch threatens
marine megafauna, fish and invertebrates through capture in
non-selective fishing gear (Alverson et al., 1994; Hall et al., 2000).
At least 20 million endangered, threatened and protected marine
animals are estimated to be caught as bycatch annually (Pérez
Roda et al., 2019). Traditionally discarded, bycatch is increasingly
retained and sold due to dwindling catches of target species and
rising demand for seafood products (Kelleher, 2005). As such,
bycaught species contribute significantly to livelihood stability
and food security in fishery-dependent developing nations like
India (Lobo, 2007; Gupta et al., 2019). Given the socio-economic
importance of bycatch and the vulnerability of many bycaught
species, it is imperative to regulate and manage this complex
dimension of fisheries.

Elasmobranchs (sharks and rays) are a highly threatened
species group (Dulvy et al., 2014) with more than half of global
fishing mortality attributed to bycatch (Stevens et al., 2000).
Due to their slow growth, late maturity and low fecundity,
elasmobranchs are highly susceptible to fishing pressure, with a
limited capacity to recover from overexploitation (Bonfil, 1994).
Elasmobranchs play important roles in marine ecosystems as
top and meso-predators, and provide socio-economic value to
coastal communities through fisheries and tourism, making their
conservation a top priority (Ferretti et al.,, 2010; Gallagher and
Hammerschlag, 2011; Dent and Clarke, 2015).

India is among the top three elasmobranch fishing nations
in the world (Dent and Clarke, 2015). While artisanal fishers
in India have practiced targeted shark fishing since at least the
early 1900s (Fernando et al., 2017), the advent of mechanized
fishing for shrimp and high value finfish has led to increases
in total elasmobranch capture in bycatch (Kizhakudan et al.,
2015). Though many elasmobranchs landed in India today are
caught as bycatch (Kizhakudan et al., 2015), they are seldom
discarded as their meat forms a cheap and widely consumed
protein source (Dulvy et al., 2017; Jabado et al., 2018). Therefore,
domestic elasmobranch meat consumption may be a major
driver of their fishing pressure in India (Karnad et al., 2019).
Although we use the term bycatch here, we emphasize that
these species are retained, and have some commercial and socio-
economic importance.

Landings of elasmobranchs have declined in India in recent
decades, from 75,262 tons in 1998 (CMFRI, 1999) to 42,117
tons in 2018 (CMFRI, 2019). This reduction is despite increasing
fishing effort, which suggests that elasmobranch populations
are overexploited (Kizhakudan et al., 2015), and corresponds
with global trends (Davidson et al., 2016). With over half the
elasmobranch species in the Arabian Sea region assessed as
threatened (Jabado et al., 2018), there is an urgent need for
improved management of fisheries that impact these species.
While India has imposed a ban on shark fin trade and
protected ten species under the Wildlife (Protection) Act, 1972
(Kizhakudan et al., 2015), these regulations are hampered by

limited capacity for monitoring and enforcement. Furthermore,
with incidental catch being a major issue, such regulations likely
have limited success in reducing fishing mortality. They need
to be accompanied by practical measures to reduce capture of
priority species at the fishery level (Booth et al., 2019a).

The complex issue of elasmobranch bycatch leads to trade-offs
between elasmobranch conservation and livelihoods of fishers
(Booth et al., 2019a). Trawlers, in particular, have high levels
of elasmobranch catch (Kizhakudan et al.,, 2015). Trawling in
India is increasingly driven by exports of shrimp and other high
value species, as well as high demand for fishmeal (Bhathal,
2005; Gupta et al,, 2019). This is producing a biomass-based
fishery with trawlers frequently fishing in shallow inshore
waters with small mesh sizes to catch large volumes of fish
(Kumar and Deepthi, 2006). Coastal elasmobranchs are collateral
damage in this complex, multispecies trawl fishery, and form
a small percentage of the total catch (Kizhakudan et al., 2015).
However, conservation measures for elasmobranchs are likely to
impact catches of high-value species, and hence reduce earnings
of fishers. Given that there are 3.8 million active fishers in
India (Department of Fisheries, Ministry of Fisheries, Animal
Husbandry and Dairying, 2019); it is critical to develop shark
management strategies that are science-based, economically
viable and socially just.

The mitigation hierarchy is a framework for preventing and
compensating for the negative impacts of development projects
on biodiversity (BBOP, 2012). It has recently been proposed as
a framework for mitigation of fisheries bycatch (Milner-Gulland
et al., 2018), and follows four sequential steps: (1) avoidance
of bycatch, e.g., through fisheries closures, (2) minimization
of fisheries impacts, e.g., through gear modifications, (3)
remediation of bycaught species, e.g., through live release
protocols, and (4) offsetting of the residual impact through
conservation measures elsewhere (Squires et al., 2018). The
framework assembles a range of mitigation measures under each
step, and assesses their effectiveness in meeting a quantitative
bycatch reduction target (Milner-Gulland et al., 2018). It aims to
balance conservation with economic development, by facilitating
the sustainable use of natural resources with minimal or no
net loss of biodiversity (Arlidge et al, 2018). Booth et al.
(2019b) expanded and adapted the mitigation hierarchy for shark
fisheries management. They provide a risk-based framework
which integrates biological and operational aspects of species
and fisheries with socio-economic context to manage potential
trade-offs between conservation objectives and human needs. Set
within the overarching framework of the mitigation hierarchy,
this approach can be applied to develop holistic, context-specific
and adaptive measures for shark fisheries management.

We used the mitigation hierarchy for sharks (Booth et al,
2019b) to assess options for shark and ray catch mitigation in
an Indian trawl fishery. Our study was conducted at Malvan, a
fishing town with a coastal, mixed species fishery, making this
the first practical application of such an approach to managing
elasmobranch bycatch for a data-limited, fisheries-dependent
site. Our specific aims were to: (1) evaluate reduction measures
for elasmobranch bycatch in the Malvan trawl fishery using the
mitigation hierarchy framework, and (2) assess the applicability
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of this framework for bycatch reduction in a multi-species fishery
with a complex socio-economic context.

Following the process outlined in Booth et al. (2019b) we
first present an overview of elasmobranch fisheries at the study
site and risk factors to the study species. We then propose
different options for bycatch mitigation and assess them in terms
of their technical effectiveness and socio-economic feasibility.
Finally, we discuss the outcomes of the framework and its
applicability as a decision-making tool for bycatch management,
and propose recommendations for interventions and further
research. We do not intend for this to be a complete assessment
of management options; rather, we aim to initiate structured and
interdisciplinary thinking for elasmobranch bycatch mitigation
in India, identify data gaps and highlight potential management
solutions going forward.

MATERIALS AND METHODS

Study Site and Fishery

Malvan is a region on the west coast of India (16.052027°N,
73.468247°E; Figure 1). Its coastline is interspersed with a
range of marine habitats including estuaries, mangrove forests,
coral outcrops and a shallow shelf ranging from about 20 to
30 m in depth to about 20 km offshore (UNDP, 2013). This
shallow shelf forms a habitat for many marine species, as well
as highly productive fishing grounds. Malvan’s waters also host
the Malvan Marine Sanctuary, one of India’s marine protected
areas (Sundaramoorthy et al., 2001). However, while the Marine
Sanctuary has been designated in 1987, it is not functional as it is
yet to be implemented on ground (UNDP, 2013).

There are 22 fishing villages in the greater Malvan region
(i.e., the Malvan Taluka), with 10,635 resident fishers as well as
a significant population of migrant fishers (CMFRI, 2012). This
region is home to diverse fisheries, with 80-100 trawlers, at least
600 gillnet boats, and some artisanal fisheries, including those
using shore seines. Our study was based at the main town in
this region, also known as Malvan. All fishing boats, owned by
fishers from different villages throughout the Malvan region, land
and sell their catch at this site. Trawlers in Malvan constitute
a multi-species fishery that target a range of species: prawn,
crabs, and demersal fish using a benthic net (i.e., bottom trawl
net) or pomfret (Pampus sp.), mackerel (Rastrelliger kanagurta)
and other pelagic fish using a pelagic net (i.e., mid-water trawl
net). Trawl fishing takes place between August to May, with a
mandatory seasonal ban imposed by the government during June
and July to protect spawning fish (Narayanakumar et al., 2017).
Trawlers operate across the region, from Panaji in Goa State in
the south to Ratnagiri in the north (approx. 180km; Figure 1).
They are relatively small-sized (100-140 HP, 40-55 feet vessel
length), fishing nearshore within a depth of 100m. Fishing trips
typically last 1-5 days. Elasmobranchs are frequently captured as
non-target or secondary catch, particularly in trawlers, but also
in gillnets and artisanal fisheries. Most elasmobranch catch is
retained and sold for meat, which is salted, dried and consumed
within the region. Elasmobranchs are generally considered low-
value products, with sharks relatively more profitable than rays.

Process

We adopted the risk-based mitigation hierarchy for
elasmobranchs developed by Booth et al. (2019b) for this study
(Table 1). The process involves understanding the fishery and
assessing the risk to the species of concern; developing mitigation
measures for incidental catch under the 4 mitigation hierarchy
steps; and assessment of these measures in terms of technical and
socio-economic feasibility. We used a mixed-methods approach
to collect data for this process (section “Data Collection”),
which were analyzed and assessed to populate the framework
and identify management measures for elasmobranchs (section
“Analysis and Assessment”).

A combination of landing site surveys and interviews were
used to collect primary data for the framework. In addition,
secondary data were used in the assessment of mitigation
measures where no primary data were available (explained in
section “Technical Assessment”).

Data Collection

Trawler Landing Surveys

To understand the biological and operational aspects of the
fishery, elasmobranch landings from trawlers were sampled
over two seasons: March-May 2018 and October 2018-May
2019. Sampling was conducted at the Malvan landing center
3 days per week on alternate days, starting on different days
to avoid any bias in sampling the same 3 days. Every boat
that had landed any elasmobranchs was sampled. Biological
data on the elasmobranchs (species, abundance, size, and sex)
were recorded, and operational data on the fishing trip (effort,
fishing location, depth, and gear) were collected through informal
interviews with the fishers. Some captured elasmobranchs,
particularly juveniles, are discarded at sea. We were not able
to estimate these discards, and our data are therefore restricted
and potentially biased to landed elasmobranchs only. We also
acknowledge that our sampling was conducted over a relatively
short time period; however, based on informal discussions with
key informants, we believe it to be representative of the present
fishery scenario in Malvan.

Interviews

To supplement the biological data and understand the socio-
economic context of the fishery, interviews were conducted with
fishing community stakeholders (fishers and trawler owners).
Owners (n = 11) were selected at the landing center through
convenience sampling, and represented about 20-25% of the
trawlers in Malvan. Fishers (n = 7, two of whom were also
boat owners) were selected through purposive sampling, as we
intended to interview key informants with in-depth knowledge
about elasmobranchs. Although our sample size of fishers was
small, we believe it was sufficient as saturation was reached in
terms of the information provided.

We used a semi-structured questionnaire in our interviews
(Milner-Gulland and Rowcliffe, 2007), with the following
sections: (1) background information, fishing experience and
behavior; (2) catches and trends in sharks and rays (fishers
only); (3) costs and revenues for an average fishing trip (owners
only); and (4) opinions of and preferences for the proposed
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FIGURE 1 | The study site and spatial extent of the fishery, showing the different fishing grounds categorized by this study (north, Malvan, and south). The fishing
grounds delimited here represent the latitudinal extend of the fishing areas only, the distances traveled offshore are unknown. Black lines in the map represent the
borders of each district, while the red dots represent the main fishing towns in this region.

mitigation measures for elasmobranch catch (Supplementary
Table 1 and Supplementary Figure 1). Respondents were asked
to quantify their opinions about the impact of each mitigation
measure on elasmobranchs, on their target species, and on their
profits using a Likert scale (Likert, 1932). The scale ranged from
—2: More than a 50% decrease, —1: Up to a 50% decrease, 0:
No impact, +1: Up to a 50% increase, +2: More than a 50%
increase. Interpretation of the Likert scale responses was carried
out with some caution to avoid any potential bias arising from the
respondents’ understanding of the scale.

Analysis and Assessment

Defining the Study Species

Multiple elasmobranch species are caught and landed by
trawlers in Malvan. Given the lack of species-specific data
and their similar economic values, this study first considers
elasmobranchs in two broad groups of sharks and rays to
assess management measures, particularly from an economic
and feasibility perspective. However, elasmobranchs are highly
diverse in their biological and ecological characteristics, and the

same strategy will not fit all species (Dulvy et al., 2017). Therefore,
we also focus on a few priority taxa (IUCN, 2019); scalloped
hammerhead sharks (Sphyrna lewini), sharpnose guitarfish
(Glaucostegus granulatus), and widenose guitarfish (Glaucostegus
obtusus). These were chosen due to their threatened status
and vulnerability to fishing. S. lewini is a long-lived species
with late maturity, slow growth (Miller et al., 2013; Zacharia
et al., 2017) and low intrinsic potential to recover from
fishing pressure (Smith et al, 1998). It has a higher risk
of capture in fishing gear due to the unique shape of its
head and the aggregating behavior of juveniles in nearshore
waters (Gallagher et al., 2014). S. lewini is listed as Critically
Endangered by the International Union for Conservation of
Nature (IUCN; Rigby et al, 2019a), and previous studies
have noted an apparent decline of this species in Malvan
(Karnad et al., 2019). Giant guitarfish (Glaucostegidae) have
relatively high population productivities with moderate recovery
potential if fishing mortality is kept low (D’Alberto et al., 2019).
However, due to the high levels of exploitation throughout
their range, both study species (G. granulatus and G. obtusus)
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TABLE 1 | The risk-based mitigation hierarchy framework for elasmobranchs adapted from Booth et al. (2019b).

Framework step

Method used

A. Define the Problem
Define the species of concern

i Risk assessment

Technical factors of the fishery affecting capture and mortality of the

species of concern

Set a goal and target

The desired catch reduction goal and quantitative reduction target

Understand the fishery and identify species of concern for assessment

Preliminary analysis of landings data.
Section “Defining the Study Species”

Modeling catches from the landings data on fishery variables.
Section “Risk Assessment - Factors Affecting Elasmobranch
Capture”

Preliminary analysis of landings data.
Section “Reduction Target”

B. Management Measures Under Each Step of the Mitigation Hierarchy

Avoidance

l;
B

. Spatio-temporal closures of pupping grounds

h
\3

Minimization
Restriction of benthic nets during the pupping season

Remediation
Bycatch Reduction Devices (BRDs)

Remediation
Onboard release of live individuals

o Offset
'S Mitigation in other fisheries

Management options were selected based on preliminary analysis of

landings data.
Section “Developing Mitigation Measures”

C. Assessment of Management Options
Technical assessment

of concern, based on biophysical and technical factors?

Feasibility assessment

fishery, given costs, benefits & social context?

Management recommendations

greatest impact?

To what degree can each measure reduce mortality risk of the species

To what degree can each measure be feasibly implemented in the

Secondary data + model of factors influencing catch + interview data.
Section “Technical Assessment”

Interview data + Secondary data.
Section “Feasibility Assessment”

Collation of results. Table 4

Which management measures and instrument mix are likely to have the

Method used for each step, and the corresponding section of the paper are given. Graphics courtesy of The Noun Project (2014), under the creative commons license.

have recently been listed as Critically Endangered (Compagno
and Marshall, 2019; Kyne and Jabado, 2019), with a need
for urgent global action for their conservation and recovery
(Kyne et al., 2019).

Due to small sample sizes and their similar biology, we
grouped the two guitarfish species for analysis (hereafter
guitarfish). We use the term “hammerhead” to refer to the
scalloped hammerhead shark, “sharks” to all shark species
(i.e., Selachimorpha - including scalloped hammerhead sharks)
surveyed at the study site, and “rays” refers to all ray species (i.e.,
Batoidea - including guitarfish).

Risk Assessment - Factors Affecting Elasmobranch
Capture

We first evaluated factors affecting the number of sharks and
rays captured in trawlers, by modelling catches from the landings
data against a number of operational fishing variables and their
interactions (Table 2; see Figure 1 for the locations of the fishing
grounds). We used a lognormal linear mixed model (package:
lmerTest, Kuznetsova et al., 2017), where the response variable
was log-transformed to meet model assumptions. The best fitting
model was selected using AIC model selection. Following this,
differences in catches associated with the explanatory variables
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TABLE 2 | The different fishing factors and interactions used as explanatory variables in the models.

Explanatory Variable Description Expected relationship with response variables
Number of Number of Probability of Probability of
sharks caught rays caught hammerhead guitarfish
capture capture
Fishing effort Number of fishing days (Continuous Higher with more effort
variable)
Fishing season Pre-Monsoon: January-May Higher in post-monsoon
Post-Monsoon:
September-December
Depth Shallow if <25 m Higher in Higher in Higher in deep Higher in
Deep if >25m shallow waters shallow waters waters shallow waters
Gear Benthic or Pelagic nets Higher in Higher in Higher in Higher in
pelagic nets benthic nets pelagic nets benthic nets
Fishing Location Malvan: within Malvan waters N/A
North: north of Malvan
South: south of Malvan
Location x Gear
Location x Season )
Interaction terms
Season x Gear N/A
Season x Depth
Boat ID Random effect N/A

Four different models were fitted, with the following response variables: number of sharks captured (log-transformed), number of rays captured (log-transformed), presence
of hammerhead sharks (1 = yes, 0 = no) and presence of guitarfish (1 = yes, 0 = no). Expected relationship of each explanatory variable with the response variable of

each model is stated.

retained in this best fitting model were assessed, using t-tests
within the ImerTest program. For the categorical explanatory
variables, the coeflicients and p-values were calculated with
respect to a reference category — for location: south, for gear:
benthic, for depth: shallow and for season: pre-monsoon. For
example, p-values for the north and Malvan fishing grounds
presented in the results are each in comparison to the south
fishing grounds. These models were separately constructed for
sharks and rays.

We then evaluated factors influencing capture of
hammerheads and guitarfish. We created a binary response
variable for whether these species had been captured in each
of the fishing trips sampled (1 = yes, 0 = no). As we had only
sampled trawlers that had captured elasmobranchs, this gave us
the probability of capturing a hammerhead or a guitarfish, given
that an elasmobranch had been captured. We fitted a generalized
linear mixed model (GLMM; package: Ime4, Bates et al., 2015)
with a binomial logit distribution to this binary response
variable, with AIC model selection. The same explanatory
variables as before were used (Table 2), and coeflicients and
p-values calculated similarly. The models were constructed
separately for hammerheads and guitarfish. All analyses were
conducted in RStudio version 1.1.463 (R Core Team, 2014;
RStudio Team, 2015).

Reduction Target

The mitigation hierarchy calls for defining a goal in terms of a
desired change in biodiversity, accompanied by a quantitative
catch reduction target against which the mitigation measures can
be evaluated. The target can be defined using a metric such as

population growth rate or Potential Biological Removal (PBR)
threshold (Milner-Gulland et al., 2018).

We defined the overarching conservation goal for this study as
the minimization of incidental catch of the study species within
the socio-economic constraints of the study site. However, we
were unable to specify a quantitative reduction target due to
the data-limited nature of the site and species. We instead set
a relative target, which is a reduction in the number of animals
caught of the study species as compared to current catch rates,
which is more realistic in the present scenario.

Developing Mitigation Measures

A number of potential bycatch reduction measures can be
categorized under each step of the framework (Milner-Gulland
et al., 2018; Booth et al.,, 2019b). Using a preliminary analysis
of the landings data, as well as an understanding of the logistics
and socio-economic context of the study site, we proposed the
following potential management measures for assessment:

Avoidance: spatio-temporal closures of pupping or nursery
grounds

Based on pilot surveys, the southern fishing ground (Figure 1)
was identified as a possible nursery ground with high catches
of juvenile sharks and rays in the post-monsoon season. We
therefore proposed a closure of these grounds for 2 months
from October to November, which may be the pupping season
(when elasmobranchs give birth to their young) for many species.
However, due to lack of data we did not define the exact spatial
extent of the closure area.
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Minimization: restriction of benthic net use during the
pupping season

Pilot interviews and landing site surveys found a higher catch of
juvenile elasmobranchs in benthic nets as compared to pelagic
nets. We proposed a restriction in the use of benthic nets for
trawlers during the same time period (October-November) to
minimize elasmobranch catch.

Remediation: bycatch reduction devices (BRDs)

Based on studies elsewhere, and trials being undertaken in
India, we proposed the use of BRDs such as turtle excluder
devices (TEDs) and other similar designs with escape panels
as the third option to reduce mortality of elasmobranchs as a
result of bycatch.

Remediation: onboard release of live individuals
We proposed the safe handling and release of all captured
elasmobranchs, if alive, onboard the trawler to reduce mortality.

Offset: mitigating elasmobranch catch offsite

We proposed to mitigate elasmobranch mortality through
improving management measures in other fisheries in the region
that are likely to target the same populations as Malvan.

Technical Assessment

The hypothetical effectiveness of the proposed mitigation
measures was assessed through a combination of primary
and secondary data. For avoidance and minimization, model
coefficient values from 2.4.2 were used to evaluate whether
changes in particular operational fishing variables would have an
impact on elasmobranch catches. This was supplemented with
fisher perceptions of the impact of the proposed measures on
the populations of elasmobranchs, and of their target fish species,
using the Likert scale described in section “Interviews.”

Due to a lack of data on the effectiveness of BRDs and live
release for the study species in Malvan trawlers, we assessed the
hypothetical impacts of these two measures using secondary data
from previous studies in tropical trawl fisheries. We used Google
Scholar to search for studies that have assessed the impact of
BRDs and live release on bycatch rates and survival of the study
species. Search terms included “bycatch reduction device,” “brd,
“turtle excluder device,” “ted,” “fishing mortality,” “post-capture
survival” or “release” combined with “elasmobranch,” “shark,’
“ray, “hammerhead,” or “guitarfish.” We found a total of 10
relevant studies to help infer the effectiveness of these measures.

Feasibility Assessment

The feasibility of each mitigation measure was assessed using
perceptions of boat owners, who quantified the potential impact
of each measure on their income using a Likert scale. All
respondents (fishers and boat owners) were also asked for
their overall opinion of each mitigation measure, and to select
their most preferred option. Feasibility of the measures and
compliance of the fishing community were also discussed. The
qualitative responses obtained for these sections were noted and
used to understand why each measure would or would not work.

Permits and Ethics

No permits were required for landing site surveys. Ethics
clearance for the interviews was obtained through an
institutional ethic committee review (Reference number:
DF_Ethics committee_HS_2019_May_01). The interviews were
conducted and voice recorded only after obtaining informed
verbal consent from the participants, and assuring them that
they could omit questions or end the interview at any stage. All
interview data were kept confidential and anonymous.

RESULTS

Risk Assessment

We sampled a total of 985 fishing trips over the two sampling
seasons. November and December were the peak months for
shark capture (Table 3). Hammerhead sharks were captured only
between November and January, and all recorded individuals
were juveniles. Catch rates of rays were more consistent
throughout the year, with November being the peak month. The
two guitarfish species were sporadically captured in low numbers
throughout the year (Table 3). In general, most of the sharks and
rays captured in trawlers were <1 m in size (Table 3), as they
were composed of small-sized coastal species and juveniles of
larger species like hammerheads. Adults of large ray species were
infrequently captured, whereas those of larger sharks were never
captured by trawlers.

On modeling factors affecting elasmobranch capture, the
number of sharks captured was found to be strongly influenced
by season, with the post-monsoon having significantly higher
catches (p < 0.001). To disentangle the effect of season from
the effects of the other fishing variables shark catches were
separately modeled for each season. For the post-monsoon
season, fishing location was the only significant variable, with
the south fishing grounds having higher captures of sharks
as compared to Malvan (p < 0.001) and the north grounds
(p = 0.01). For the pre-monsoon season several variables were
found to be significant. Pelagic nets had higher shark catches
than benthic nets (p < 0.001), and higher fishing effort was
linked to higher catches (p < 0.001). Deep waters had slightly
higher shark captures than shallow waters (p = 0.03; Figure 2 and
Supplementary Table 2).

Hammerhead sharks also had a significantly higher probability
of capture in the post-monsoon season (p < 0.001), in pelagic
nets (p < 0.001) and in deep waters (p = 0.009). Contrary
to the trends for pooled shark species, the probability of
catching hammerheads was slightly higher in the northern fishing
grounds (p = 0.02 with reference to the south; Figure 2 and
Supplementary Table 2). For rays, the numbers captured were
not significantly related to season. Benthic nets had significantly
higher catches of rays than pelagic nets (p = 0.003), as expected.
Like sharks, the southern fishing grounds had significantly higher
captures of rays than the northern grounds (p = 0.01, Figure 2
and Supplementary Table 2).

No interaction terms were included in any of the best fit
models. The full set of models and coefficients are presented in
the Supplementary Tables 2, 3. Due to the small numbers of
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TABLE 3 | Summary of the elasmobranch landings data, given for sharks, rays, hammerheads and guitarfish.

Sharks Rays Hammerheads Guitarfish
Total sampled 6380 3788 80 17

Size range of caught individuals (cm) 10.5-89.5 10.5-148 42-64 29-148
Overall CPUE (catch/trip) 6.4+12.38 38+75 0.08 +£0.5 0.02 £ 0.1
CPUE per Season Pre-monsoon: 46+ 11.6 4.0+8.0 0.01 £ 0.1 0.02 £ 0.1
Post-monsoon: 111+ 146 4077 0.30+0.9 0.02 £ 0.2
CPUE per Gear Benthic: 35+74 47 +84 0.01 £ 0.1 0.03+0.2
Pelagic: 13.9+18.7 23+6.4 0.30 £ 0.9 0.01 £ 0.1
CPUE per Depth Shallow: 59+10.7 43+86 0.01 £ 0.1 0.02 +0.2
Deep: 54+11.9 3.8+8.0 010+ 0.7 0.02+0.2
CPUE per Location South: 9.9+ 155 41+88 0.10+ 0.6 0.02 £ 0.1
Malvan: 41+84 44+£7A1 0.05+0.3 0.08+0.2
North: 43+92 35+6.4 0.10 £ 0.6 0.02+0.2

Total length (TL) is the size measurement used for sharks and guitarfish, whereas disc width (DW) is used for rays. Catch per unit effort (CPUE) is calculated as the number
of individuals caught per fishing trip for that taxa. An overall average CPUE for each taxa over the entire sampling duration is given, as well as for each fishing season,
gear, depth, and location. Standard deviation is given along with the average CPUE values (i.e., CPUE + standard deviation).

guitarfish encountered over the sampling period (n = 17), we were
unable to model fishing variables affecting their capture.

In order to deduce potential population trends in the study
species, fishers and boat owners were asked about changes (if any)
in elasmobranch catches over the past decade. All respondents
stated that catches of all species, including elasmobranchs, had
significantly reduced over the past 10 years. Most respondents
(11 of 16) suggested that poor fishing practices like purse seining,
light-emitting diode (LED) fishing (an illegal fishing technique
where mechanized vessels use strong LED lights to attract and
capture large volumes of fish) and high-speed trawling were the
primary reasons for this decline (Supplementary Table 4). Other
reasons suggested were overfishing (i.e., high fishing effort) and
environmental factors (e.g., climate change). Most fishers were
aware of the impacts of their fishing practices on fish populations:

“Because of overfishing and constant killing, the fish have reduced.
If there are 50 fish that have been produced and we kill 40-50 of
them, then how are they supposed to replenish?”

— A fisher, age 52.

Technical Assessment of Mitigation
Measures

The technical assessment focused on the potential impact of
the proposed measures on elasmobranch populations, if fully
implemented (Table 4).

Avoidance: Spatio-temporal closure of the southern fishing
ground for 2 months during the pupping season.

Model coeflicients indicate that this measure is likely to have
a significant positive impact for shark populations, due to the
higher captures of sharks in the southern fishing grounds and
post-monsoon months for which the closure is proposed. This
holds true for rays as well, as the southern fishing grounds were
related to higher captures (Figure 2). Although the likelihood of
catching a scalloped hammerhead was significantly higher in the
post-monsoon season, the southern fishing grounds (where the
closure was proposed) had a lower likelihood of catching this
species (Figure 2). Therefore, the impact of a spatio-temporal

closure of the southern grounds on hammerhead catch in the
post-monsoon season is somewhat uncertain.

Most fishers perceived that there would be a positive impact of
spatio-temporal closures on both elasmobranch populations and
populations of their target species (Figure 3). A summary of the
fisher responses to all the proposed mitigation measures can be
found in Supplementary Table 4.

Minimization: Restriction of benthic net use for 2 months
during the pupping season.

Gear was not included in the best fit model during the post-
monsoon for sharks (Figure 2). This may be because, while
shark catches are higher in pelagic nets on the whole, juveniles
of most species are largely caught in benthic nets in the post-
monsoon season. Hence, the variation due to size and age may
be affecting this result, and benthic net restriction during this
period may in fact be effective in reducing juvenile shark capture.
This measure is likely to have a positive impact for rays due to
the significantly higher captures in benthic nets. However, the
opposite relationship was found for hammerheads, indicating
that this measure may increase hammerhead capture due to a
potential switch to higher use of pelagic nets (Figure 2).

Most fishers believed that this measure could be beneficial
for populations of elasmobranchs and of their target
species (Figure 3).

Remediation: Bycatch Reduction Devices (BRDs).

This measure was assessed through a literature review of BRDs
tested for elasmobranchs in other tropical trawl fisheries, most
of these being modifications of TEDs (Table 5). A wide range
of impacts on shark catches was observed across the studies,
from 4.9 to 94% reduction (Table 5). Bycatch reduction rates
for small sharks were on the lower side. A reduction of 25-
59% of bycatch of small rays was observed from tropical prawn
trawl fisheries in South America (Table 5). For hammerheads,
TEDs achieved a reduction rate of 55%, whereas another study
found a reduction of 31% in bycatch of the closely related
bonnethead sharks (Table 5). Courtney et al. (2007) found
mixed and limited effectiveness of TEDs for bycatch reduction
of guitarfish and wedgefish.
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FIGURE 2 | Coefficients and confidence intervals of the best fit mixed models of the number of sharks captured (A), number of rays captured (B), and probability of
hammerhead shark capture (C) plotted against various fishing variables. Panels (A,B) are lognormal models, whereas panel (C) is a binomial model. The coefficients
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A positive coefficient for a category (for example, pelagic gear in panel (A)) indicates a higher catch of that taxa as compared to the reference category (i.e., benthic
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Asterix (*). Shark catches were modeled separately for the pre- and post-monsoon seasons.
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FIGURE 3 | Perceived impact of each mitigation measure (A-D) on elasmobranch populations, target species populations and profit of the boat owners, obtained
through interviews. Data is represented on a five-point scale from -2 (greater than a 50% decrease) to +2 (greater than a 50% increase). The overall opinion of the
respondents on each mitigation measure is also presented here on a similar scale (-2: Very negative opinion to +2: Very positive opinion). Sample size for each
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measure was asked to both fishers and owners. Not all respondents were able to provide answers for every question, hence the sample size represented on the
graph may be lower than the total in some cases.

for catch and profit. Hence the closure of a fishing ground
for 2 months during this period would likely significantly
affect their incomes.

“If any fishing grounds are closed, we'll have to shut down our
boats and go hungry”.
- a trawl fisher, age 61.

Some respondents (n = 3) raised concerns regarding the
impact of spatial closures on small-scale fishers in the closure
region, as their boats would not have to capacity to travel
further to fish. Respondents also indicated that compliance

may be a problem, as it would be difficult to monitor
and enforce such a closure. A summary of the respondents’
opinion on all the proposed mitigation measures is provided in
Supplementary Table 4.

Minimization: Restriction of benthic net use for 2 months
during the pupping season.

Respondents stated that although pelagic nets were the
primary gear used during the post-monsoon season, benthic
nets would occasionally be deployed as well. Most boat owners
(n =9 out of 11) believed that restricting benthic net use would
negatively affect their profits. Due to the highly variable nature of
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TABLE 5 | Review of bycatch reduction techniques in trawl fisheries for elasmobranchs.

References Study Location Fishery

BRD Technique

Elasmobranch species
of concern

Exclusion achieved (% of
catch reduced)

Zeeberg et al., Northwest Africa

2006

Pelagic trawl fishery

Escape Tunnel in trawl net

55% of hammerheads 20%
of other sharks

Hammerheads and pelagic
sharks

Brewer et al., 2006 Northern Australia Prawn trawl fishery TED Small sharks and rays 4.9% of sharks, 25% of
(<1m) rays
Garstin and Guyana Prawn trawl fishery Modified TED Small rays (<1 m) 59% of rays (especially
Oxenford, 2018 larger-sized species)
Willems et al., 2016 Suriname Prawn trawl fishery TED Small rays (<1 m) 36% of rays (especially
larger-sized species)
Raborn et al., 2012 Gulf of Mexico Prawn trawl fishery TED Blacknose, bonnethead 94% of Blacknose, 31% of
and sharpnose sharks Bonnethead, No effect (0%)
for Sharpnose
Boopendranath East coast of India Prawn trawl fishery CIFT-TED Sharks and rays No effect (0%)

et al., 2006 and
Prakash et al.,
2016

TED refers to a Turtle Excluder Device, and the CIFT-TED refers to the TED developed by the Central Institute of Fisheries Technology (CIFT) in India.

the catch, they believed that restriction of any gear may result in
a severe loss for them. The overall opinion toward this measure
was negative or mixed (Figure 3).

Remediation: Bycatch Reduction Devices (BRDs).

Due to differences in socio-economic contexts, most of
the reviewed studies would not serve as suitable proxies to
understand the feasibility of BRDs for Malvan. We therefore
focused on the Indian case studies testing TEDs (Table 5), which
found losses of 0.5-3.3% of prawns and target fish at different
sites under highly controlled usage by experts. This number is
likely to be higher in Malvan due to the commercial value of
non-elasmobranch bycatch species that may also escape through
the TED, which was not evaluated by these studies. Furthermore,
adoption of TEDs by Indian fishers has been extremely limited
despite their mandatory use in some states, probably due to their
perceived impact on catch and profits (Rao, 2011).

The general concept of a BRD was explained to boat owners,
and its possible effects on target catch and bycatch described.
Given this information, most (6 of 11) believed that it could
significantly reduce their profits. However, a few owners (n = 2)
indicated that their profits may increase over the long-term.
The overall opinion toward this measure was mostly positive,
with nine respondents indicating their willingness to try it and
four selecting BRDs as their most preferred of the four options.
Respondents were concerned that buying nets with BRDs would
be costly, especially as trawl nets need regular replacement due
to wear and tear, and suggested these devices be given to boats
for free. Some also believed that any technological modification
to reduce bycatch may not suit their boats, and would be willing
to use a BRD only if it had been developed for and tested in
local conditions.

We also referred to the square-mesh trawl nets introduced in
Malvan in 2015 to reduce bycatch of juvenile fish (UNDP, 2017),
and discussed this with interview respondents as another type of
BRD. Although most boat owners (n = 7) had received this net
when it was being promoted, only a few (n = 3) stated that they
occasionally used it.

“The problem is, we also catch fish that are small to begin with, like
anchovies and sole fish. The square mesh nets reduce our catch of
these, and decreases our profits”.

- a boat owner, age 28.

Remediation: Onboard release of live individuals.

5 of the 11 boat owners said that release of live animals would
have a small negative impact on their profits, while 4 indicated
that it would have no effect (Figure 3). Sharks and rays were
considered low value catch and formed only 1-2% (n = 7) or
5% (n = 3) of their income. Overall opinion toward this measure
was positive, and it was the most preferred option among the
four proposed measures by most respondents (1 = 8) as it caused
minimal economic loss and involved little time and effort. Some
owners (n = 2) stated that their crew already released live juveniles
of many species whenever possible.

Key Uncertainties
There is a high degree of uncertainty associated with the proposed
mitigation measures. Lack of data regarding critical habitats of
elasmobranchs, and spatio-temporal variation in their use of
different habitats, is a major hindrance to designating effective
avoidance and minimization strategies. Few bycatch reduction
technologies have been developed specifically for elasmobranchs
in trawl fisheries, and none in India. Similarly, survival of the
study species, if released onboard or even through a BRD, is
not specifically known for this fishery, but is likely to be low
to moderate. Overall, there is limited understanding of the
effectiveness of these measures with respect to both catch and
mortality reduction of elasmobranchs, as well as their socio-
economic impact. Future research needs to focus on these specific
data gaps to address this uncertainty (Table 4). Moreover, our
dataset was collected over a relatively short time period, and lacks
onboard data on discards. Long-term landings and discards data
are essential in developing optimal management strategies.
Compliance with the management measures, if implemented,
is another major challenge. Only 5 out of the 16 respondents
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believed that the fishing community would comply with any of
the proposed measures, and only if some form of compensation
was provided. Respondents mentioned the prevalence of illegal
fishing activities such as LED fishing around Malvan, indicating
that compliance with any new measures would be unlikely given
the challenges in enforcing these existing regulations.

DISCUSSION

Insights From the Mitigation Hierarchy

Assessment

Bycaught elasmobranchs in India have a social and economic
value (Jabado et al., 2018), which makes bycatch mitigation
highly challenging. This study used a novel framework that
allowed the systematic assessment of management measures
for elasmobranch bycatch mitigation, based on a range of
evidence sources. Landings surveys indicated how operational
fishery variables affected elasmobranch capture toward designing
effective mitigation measures, while interviews provided insights
on the perceptions of local stakeholders on the proposed
measures. Our study provides the first evidence-based, nuanced
and case-specific understanding of elasmobranch bycatch for this
fishery, and suggests ways forward for management.

Area-based strategies like Marine Protected Areas (MPAs)
are widely used in marine conservation (Shiffman and
Hammerschlag, 2016; MacKeracher et al., 2019) and are generally
advocated for shark protection (e.g., shark sanctuaries; Ward-
Paige, 2017). However, such strategies have had little success in
India where they tend to be strict MPAs with little inclusion of
the fishing community in the design, implementation or access to
the area, leading to violations of MPA rules and conflict between
fishers and managers (Rajagopalan, 2009; Bijoor et al., 2018;
Muralidharan and Rai, 2020). The Malvan Marine Sanctuary is
not yet operational as it has faced considerable opposition from
the fishing community due to their exclusion from the entire
process (Rajagopalan, 2009). It is clear that area-based strategies
in their present format have little scope for success, and need to
be approached differently. Our findings suggest that if flexible
and case-specific closures or gear regulations were designed with
the local community as partners and co-managers, they may be
effective (see also Karnad et al., 2019; Rigby et al., 2019b).

Bycatch reduction technologies (BRDs) are generally plagued
with implementation challenges (Campbell and Cornwell, 2008).
Although some respondents in Malvan provided positive
feedback about the adoption of BRDs, their perception may be
biased by lack of knowledge regarding this measure. The limited
use of square-mesh trawl nets in Malvan to reduce bycatch
reported by interview respondents suggests that other BRDs may
face a similar response. Furthermore, high levels of uncertainty
regarding the effectiveness of BRDs for elasmobranchs, combined
with the increasing commercial value of most non-target species,
makes this measure somewhat unfeasible at present.

Onboard release of live individuals, particularly species like
guitarfish, appears to be the most viable option from a socio-
economic perspective. Given that catch rates of guitarfish in
trawlers is low, this may be the most cost-effective method

to potentially minimize fisheries mortality of these species.
The whale shark (Rhincodon typus) conservation campaign in
Gujarat, on the north-west coast of India, is an example of
a successful intervention where fishers have released several
hundred sharks caught in their nets, receiving compensation for
any damage (Matwal et al., 2014). However, this measure may be
applicable to a few species only; post-capture mortality rates for
obligate ram ventilators like scalloped hammerheads are too high
to support live release (Ellis et al., 2017). Nonetheless, the greater
feasibility of this measure should be taken into consideration,
even if its direct impacts are low. In a situation where fishers
are generally excluded from management decision-making, and
there is high uncertainty and a conservation need, building trust
and engagement through feasible management options such as
release of live individuals is an important first step (Redpath
et al., 2013). This can be followed with solutions that have better
conservation outcomes.

Our results provide clear evidence for the need for
species-specific management strategies, due to the diversity
in elasmobranch species characteristics (Dulvy et al., 2017).
Capture trends varied between and within taxa; for instance,
hammerheads had a higher likelihood of capture in the northern
fishing grounds, but when all shark species were pooled, catches
were found to be higher in the southern fishing grounds. We
highlight the need for different and complementary management
measures, which would together provide conservation benefit to a
range of vulnerable species (Shiffman and Hammerschlag, 2016).

Market-based approaches, such as economic incentives,
form an important component of the mitigation hierarchy as
conceptualized for fisheries (Squires and Garcia, 2018). Our study
has not considered these due to the lack of such approaches
in Indian fisheries at present. However, incentives in the form
of eco-labeling schemes or compensation for lost catch can
effectively produce behavioral change in fishers (Gjertsen et al.,
2010). For instance, an incentive scheme to give premium prices
to fishers abiding by bycatch regulations is currently under trial
in a small-scale fishery in Peru (Arlidge et al, 2020). Such
mechanisms could be explored to encourage uptake of mitigation
measures and compensate for lost profits, once motivations and
constraints of fishers are better understood (Booth et al., 2019a).
Furthermore, biodiversity offset measures can be made more
feasible through market-based approaches like taxation of traders
or other nodes of the supply chain.

In summary, our study identifies potential steps to ameliorate
the complex and seemingly intractable issue of elasmobranch
bycatch in Indian coastal fisheries (Table 4). On the whole,
stakeholders in Malvan were not opposed to elasmobranch
conservation as long as it did not compromise their earnings.
A good first step would be to promote the live release
of guitarfish, through extensive outreach and workshops.
Participatory monitoring could aid in addressing research gaps
for elasmobranchs and collecting long-term fisheries data,
while further building community engagement (Estrella and
Gaventa, 1998; Sheil and Lawrence, 2004). Development and
implementation of fishery closures or gear modifications using
a bottom-up approach may then be successful as long-term
management measures. The findings and recommendations of
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this study will be presented to the local Fisheries and Forest
Departments and will also be disseminated among the fishing
community in Malvan in the local language.

The Mitigation Hierarchy Framework as

a Tool for Bycatch Management

Although the mitigation hierarchy has been discussed
conceptually for marine bycatch management (Milner-Gulland
et al.,, 2018; Squires and Garcia, 2018), it has only previously
been applied to one case study (Arlidge et al,, 2020), which
investigated marine turtle bycatch in a coastal gillnet fishery in
Peru. While still considered a data-limited fishery compared to
large-scale industrialized fisheries, there was richer bycatch data
available than the current Malvan case study. In addition, unlike
Malvan’s elasmobranchs, the marine turtles in that case were not
commercially sold. Therefore, our study serves as an important
test of its benefits as a decision-making framework for a very
challenging situation and identifies scope for improvement.

Given the complexity of the bycatch problem, a single
mitigation strategy following a one-size-fits-all approach is not an
effective solution (Momigliano and Harcourt, 2014; Shiffman and
Hammerschlag, 2016; Squires and Garcia, 2018). The framework
facilitated the systematic compilation and critical assessment of
multiple strategies to identify nuanced, case-specific, solutions.
Moreover, we were able to better understand the challenges
associated with classic management measures such as space-
time closures. Therefore, the mitigation hierarchy was a useful
framework for structuring thinking toward bycatch management
of threatened species.

However, there were challenges with applying the mitigation
hierarchy to our case study. For instance, setting a quantitative
bycatch reduction target was difficult, as elasmobranchs are an
exceptionally data-limited group with limited understanding of
population dynamics and true fishing mortality for many species,
particularly in developing countries (Booth et al., 2019b). Using a
less quantitative, more feasible target of reducing elasmobranch
bycatch over current observed levels was adequate for this
preliminary exploration. Nevertheless, it emphasized the need
to better adapt the framework for multi-species fisheries in
developing nations with complex socio-economic contexts. In
India, this is further complicated by local differences in social,
political and economic contexts. For Indian fisheries, it may be
more useful to start with a socio-economic assessment of what
degree of bycatch mitigation is feasible, followed by the risk and
technical assessment to identify priority species for conservation
and develop effective management measures. We suggest an
adaptive approach iterating the framework over time as trust and
capacity, as well as the information base, are developed.

Elasmobranch and Bycatch

Management in India

Our assessment began to unpack the problem of elasmobranch
conservation at a case study site, and lessons learnt can be
applied to elasmobranch management in India more broadly, as
well as in other developing countries facing similar challenges.
The present study site represents a very small fraction of

Indian fisheries, and studies such as this need to be scaled
up for sharks and rays across sites and gear types, to develop
meaningful mitigation and conservation strategies. Research
efforts are currently patchy, and frameworks such as the
mitigation hierarchy can guide systematic research to produce
scientific data that is relevant to policy making and management
(Momigliano and Harcourt, 2014; Shiffman and Hammerschlag,
2016; Milner-Gulland et al., 2018). Most importantly, the human
dimensions need to be explicitly studied. Our findings establish
that socio-economic feasibility and stakeholder perceptions,
rather than technical effectiveness, may be the deciding factors
for management. Therefore, understanding the views and socio-
economic characteristics of fishing communities is critical to
developing conservation interventions (Karnad et al., 2014;
Mason et al., 2020).

Lastly, it is important to consider the broader picture.
Elasmobranchs form a small component of the incidental catch
in Indian fisheries, which ranges from sea snakes, marine
turtles and cetaceans to juvenile fish and invertebrates that
are either discarded or retained for various commercial uses
(Lobo, 2012). The fisheries and gears are equally complex,
with a wide assortment of small and large-scale fisheries
targeting a variety of species, which often overlap spatially
and temporally. Bycatch management will need to integrate
specific strategies for these different species and fisheries
into a comprehensive action plan at multiple jurisdictional
scales. Such an approach needs to be supplemented by
research on the drivers of unsustainable fisheries, such as
exports and fishmeal production for aquaculture. This improved
understanding can then feed into regulatory changes at the local,
national and international levels. Interdisciplinary frameworks
like the mitigation hierarchy can play a role in operationalizing
conservation and fisheries management goals, and shaping policy
that integrates environmental sustainability and social justice.
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