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Ecological risk assessment (ERA) has been widely used to assess species’

vulnerability to the impacts of fishing and then to prioritize any additional

management actions to reduce impacts. The Ecological Risk Assessment for

the Effects of the Fishing framework is based on a hierarchy of qualitative and

semi-quantitative tools that work well in data-deficient situations. This study first

used the Scale Intensity and Consequence (SICA) and Productive and

Susceptibility Analyses (PSA) tools to evaluate the impacts of the industrial

bottom trawl of southern brown shrimp on the Amazon Continental shelf in

Northern Brazil. A total of 540 species were identified as having direct or indirect

interaction with the trawls. The SICA identified that the main risk was related to

fishing capture activities, potentially impacting the species’ population size. Of

the 47 species evaluated in the PSA, 12 displayed low vulnerability, 23 displayed

moderate vulnerability, and 12 displayed high vulnerability to the impacts of

fishing. Future fisheries management should focus on reducing species

vulnerability by prioritizing data collection for the most at-risk species. Also,

fishing gear modification, such as bycatch exclusion devices (BRDs), should be

employed to decrease the species’ vulnerability.
KEYWORDS

industrial fisheries, productivity and suscetibility, amazon coast, fishery management,
incidental catch
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1 Introduction

Crustaceans are one of the major commodities in the world’s fish

market, accounting for approximately 22.8% of the total international

trade value (FAO, 2022). In general, shrimps and prawns are one of

the most valuable crustaceans, contributing to at least 16% of value

trades or USD 24.7 billion in 2020, with 3.4 million tons captured

(FAO, 2022). The trawl shrimp fisheries, driven by the demand and

high prices of shrimps in the international markets, has become one

of the most profitable fishing sectors at a global level, which

has attracted the attention of the industries and increased catches

(Gillett, 2008; Teixeira et al., 2020). However, despite their economic

significance, these fisheries attract considerable controversy regarding

sustainability (Araújo et al., 2022).

One of the main concerns associated with trawl shrimp fisheries

is the ecological impact. Trawl fishing is considered one of the most

destructive methods of the seabed, leading to ratings of low

ecological sustainability (Isaac et al., 2009; Foster and Vincent,

2010; De Silva et al., 2022). One of the most significant impacts of

trawl shrimp fisheries is the unintentional capture of non-targeted

organisms during fishing activities, commonly defined as bycatch

(Pérez Roda et al., 2019). The bycatch can be further divided into

two groups: species that are retained on board with some value for

marketing (byproduct) and the low-value unwanted species that are

discarded to the sea, dead or alive (discards) (Davies et al., 2009).

Discards represent around 9.1 million tons yearly, with the bottom

trawls accounting for at least 45% of this total (4.2 million tons).

High levels of unmanaged bycatch have the potential to close or

harm the sustainability of major fisheries, affecting international

markets, such as the decline of purse sine tuna fisheries in the USA

and the closure of certain coastal areas in New Zealand, both due to

the dolphin bycatch (Hall, 1998; Currey et al., 2012; Kirby and

Ward, 2014). Most shrimp trawl fisheries have significant

disproportionality catching more bycatch than shrimp, although

the proportions vary worldwide (Pérez Roda et al., 2019).

Additionally, trawling affects species like marine reptiles, birds

and mammals through direct capture or indirect prey removal and

habitat destruction (Tasker et al., 2000; Da Rocha et al., 2021; Jog

et al., 2022). These threats to biological communities occur more

frequently in underdeveloped and developing countries,

jeopardizing the sustainability in the long term of the business,

fisheries resources, and biodiversity conservation (Lewison et al.,

2004; Harrington et al., 2005). This is a common concern in highly

diverse tropical regions, where shrimp trawling is seen as posing

long-term threats to biodiversity (Eayrs, 2007; Farriols et al., 2017).

Information on bycatch composition and abundance is scarce

in developing countries and is often not considered in management

plans (Pérez Roda et al., 2019). Additionally, there is a lack of

information about fishing interactions with threatened, endangered,

and protected (TEP) species (Pérez Roda et al., 2019). Even

information about target species is scarce or not available as open

data (i.e. logbook reports), making a comprehensive assessment of

the activity challenging for fisheries biologists (FAO, 2017; Peixoto

et al., 2021; 2022a).

Most fishery management and sustainability efforts are

underpinned by traditional single-species assessments based only on
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target species by measuring stock status and defining the maximum

sustainable yield (MSY) limit (Rindorf et al., 2017). While this

approach has become a global standard for managing fisheries and

fishery stocks, it has some limitations, particularly in addressing wide

impacts on ecosystems (Rindorf et al., 2017). Quantitative ecological

indicators based only on a target species have been suggested as one of

the causes of failures in ecosystem management (Pikitch et al., 2004).

Although single-species approaches may be suitable to control the

fishing effort on target species, such assessments neglect the broader

ecological context, including ignoring fishing interaction in the

ecosystem with other species, such as bycatch, changes in ecosystem

structure and environmental issues (Cury and Christensen, 2005).

These issues may also challenge fisheries sustainability (Pikitch et al.,

2004; Gillett, 2008).

To address these challenges, Ecosystem-Based Fisheries

Management (EBFM) emerged as a paradigm shift in fisheries

management at the end of the last century and has been increasing

as the new direction and the best approach for fisheries management

(Nguyen, 2012). EBFM incorporates a comprehensive approach to

understanding the target-species assessment, the impact on bycatch

species, and broader ecological and environmental factors

surrounding a fishery rather than focusing only on individual fish

stocks. This is essential to integrating management measures and

adaptative assessment (Pikitch et al., 2004; Webb and Smith, 2008;

Hobday et al., 2011; Nguyen, 2012).

A practical semiquantitative framework to support EBFM

achievement is the Ecological Risk Assessment for the Effects of

Fishing (ERAEF), a semi-quantitative hierarchical approach that

prioritizes higher-risk interactions (Hobday et al., 2007, 2011). This

framework assesses three levels of risk of fisheries to ecosystems

using qualitative (Scale Intensity Consequence Analysis – SICA),

semi-quantitative (Productivity and Susceptibility Analysis – PSA),

and fully quantitative (model-based) methods (Hobday et al., 2011).

This method is useful in fishery data-poor scenarios with low

requirement data, estimating relative risk and identifying species

vulnerable to fishing impacts that require additional management

attention (Hobday et al., 2011).

The industrial trawl fishery of southern brown shrimp (Penaeus

subtilis) on the Amazon Continental Shelf (ACS) is a significant

social and economic activity for the region, with a yearly average

catch of 3,800 tons of shrimp, generating an annual income of more

than 41 million USD (Araújo et al., 2022). Catches increased rapidly

after the fishery commenced in the late 1950s through to 1988. Since

then, catches have decreased (Aragão et al., 2015a). Different factors

may contribute to this, such as instabilities in catch related to

ecological and environmental factors and overcapitalization (Isaac

et al., 1992; Aragão et al., 2015a; Sanz et al., 2016; Peixoto et al.,

2021). Some fishery policies sought to increase fishery sustainability,

consisting mainly of seasonal fishing closures and restricting the

number of fleet vessels (Brasil, 1980, 2017, 2018). Despite the

implementation of these measures and the good condition of

the stock, with catches below MSY (Peixoto et al., 2021), the trawl

shrimp fishery is still considered one of the least sustainable

fisheries in the ACS (Isaac et al., 2009; Araújo et al., 2022),

mostly due to its significant impacts over bycatch species, which

represent up to 83% of catches, having an average ratio of 5 kg of
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bycatch to 1 kg of shrimp landed at ACS (Isaac and Braga, 1999;

Lima et al., 2013).

While there is a considerable body of recent scientific research on

various aspects of the target species (e.g., P. subtilis), on ACS (Aragão

et al., 2015a, 2015b; Martins et al., 2015; Carvalho et al., 2016; França

et al., 2019; Peixoto et al., 2021; 2022a; Araújo et al., 2022; Pinaya

et al., 2022), studies are scarce concerning incidental catches, some of

which might be facing unrecognized population impacts. Most

existing studies only present a list of species caught incidentally

(Cintra et al., 2017; Marceniuk et al., 2019; Cintra et al., 2020;

Guimarães-Costa et al., 2020; Nóbrega et al., 2021). The lack of

ecological and population data on this bycatch fauna and its

interaction with the target species is of significant concern, as it can

jeopardize the management approaches employed in these fisheries.

Here we applied the ERAEF framework, specifically the SICA

and PSA tools, to assess two questions: i) What is the significant

impact of the industrial trawl fishery of southern brown shrimp on

the ecosystem in the ERAEF context? ii) Which species are most

vulnerable to the impacts of fishing activities? The results may help

identify the potential risk of fishery activities on the ecosystem and

the vulnerability of bycatch. Efforts to quantify the negative

interaction of species with fishing allow the development of

appropriate management strategies to reduce mortality and plan

measures that support sustainable fishing practices.
2 Materials and methods

2.1 Study area

The industrial trawl fishery of southern brown shrimp

(P. subtilis) operates along the ACS, northern Brazil. The study

area of this work comprises the area off Amapá and Pará states,
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where the industrial trawl shrimp fishing effort is most intense, in

depths between 15 and 95m, covering a total fishing area of 112,700

km2 (Figure 1) (Peixoto et al., 2022a).

This region is dominated by a complex and dynamic

environment influenced by the discharge of the Amazon and Pará

rivers (Isaac and Ferrari, 2017). The climate is characterized by two

distinct periods: the rainy period from February to June, associated

with high average rainfall (rainy season), and the dry period, from

July to January, associated with low average rainfall (dry season)

(Barthem and Schwassmann, 1994). This rainfall dynamic

alternates the freshwater discharge that is responsible for the

Amazon freshwater plume in the Atlantic Ocean (Barthem and

Schwassmann, 1994).
2.2 Data acquisition

The bycatch species data was collected on board industrial

trawlers during commercial fishing operations. A total of 42 trawls

of approximately four to six hours each were monitored during six

commercial fishing trips in 2018 during the highest shrimp

abundance (June) and lowest abundance (July to November). These

trawls were carried out using either jib or flat trawl net type. During

the fishing trips, only one trawl was monitored daily due to logistical

constraints. One quarter of the total bycatch was collected from each

of the 42 trawls. All the bycatch collected individuals were packaged

in duly identified plastic bags and frozen on the vessel until later

transported to the laboratory for identification.

Additionally, we conducted a thorough literature review to

create a comprehensive and accurate list of the bycatch species of

the southern brown shrimp industrial trawl fishery in this region.

We also engaged in informal discussions and interviews with

various stakeholders, including fishers, researchers, experts, and
FIGURE 1

Industrial trawl fishing area along the Amazon Continental Shelf (ACS), northern Brazil.
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other individuals involved in this fishery. This collaborative effort

allowed us to gather valuable insights and feedback on the fishery’s

non-target species composition and features.
2.3 The ecological risk assessment for the
effects of the fishing framework

The ecological risk assessment for the effects of the fishing

(ERAEF) framework employs a structured three-level hierarchical

approach (Hobday et al., 2011). The first level, Scale Intensity and

Consequence Analysis (SICA), is a comprehensive qualitative

evaluation based on a literature review, expert input, and

feedback from fishers to screen out potential risks. This analysis

evaluates the species components’ risk from fishing activities and

screens out the low-consequence activities using a conservative

approach. The components identified as high risk proceed to the

second level, which involves a Productivity and Susceptibility

Analysis (PSA). This semiquantitative analysis assesses the species

and categories them as low, moderate, and high-risk categories by

their vulnerability to the effects of fishing. It estimates species’

vulnerability to overfishing, decreasing uncertainty and identifying

key risk species (Hobday et al., 2007, 2011). For this study, we have

completed levels 1 and 2 (Figure 2), and we will explain these

aspects in greater detail in the following sections.

2.3.1 Scale Intensity Consequence Analysis
– SICA

The Scale Intensity Consequence Analysis (SICA) seeks to

identify and evaluate the hazards (fishing activities) that could

significantly impact the species components of the fisheries. Based

on the SICA approach, hazards here are the activities undertaken in

the fishing process and any external activities that can potentially

lead to harm. The species components were categorized into three

groups: i) target species, ii) bycatch and byproduct species, and iii)

Threatened, Endangered, and Protected (TEP) species. The unit of
Frontiers in Marine Science 04
analysis within each group is the individual species. The analysis

evaluates these components based on scale (temporal and spatial)

and intensity and, based on this, assigns a consequence score to

measure the risk impact. To ensure that low risk components are

genuinely low, SICA employs a conservative “worst-case” scenario

(Hobday et al., 2007, 2011).

The analysis includes a set of 32 hazards used to identify what

hazard occurs in the fishery under analysis and should, therefore,

undergo evaluation in the SICA (Supplementary Material 1;

Figure 3). The SICA process uses attribute tables and is only

applied to the “worse-case” case unit of each species component

analyzed for each hazard identified, allowing focus on the most

plausible high risk scenario (Supplementary Material 2). When

there is limited or uncertain information about the potential risk,

the logical approach was employed to choose the plausible highest

risk score (Hobday et al., 2011). The scale, intensity and

consequence were assigned for each hazard identified in this

fishery that might adversely affect the species’ components. The

consequence score scale ranges from 1 to 6, with 1: negligible, 2:

minor, 3: moderate, 4: major, 5: severe, and 6: intolerable. The

confidence of the consequence score is rated either low (1) or high

(2), according to the level of scientific knowledge (peer-reviewed

papers, books and reports). Both scores were obtained following the

reference guide from Hobday et al. (2007) to score the risk’s scale,

intensity, and consequence. The findings of the SICA assessment

are presented in the report summary Table (Level 1, SICA), which

includes the consequence scores for all combinations of activities

and components (Supplementary Material 3). The species

components were assessed at Level 2 (PSA) with a consequence

score of 3 or higher.

2.3.2 Productivity and Susceptibility Analyses
- PSA

The Productivity and Susceptibility Analysis (PSA) was used to

evaluate the vulnerability (v) of the stocks. In this context,

vulnerability is defined as a function between productivity (P)
FIGURE 2

Overview of ERAEF framework showing focus on level 1 and level 2. Modified from Hobday et al. (2011).
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and susceptibility (S) attributes. It refers to a level of impact from

fishing in which fishing mortality can exceed the capacity of a

species to renew itself, thereby identifying which unit of analysis are

most vulnerable to overfishing (Stobutzki et al., 2002; Patrick et al.,

2010; Hobday et al., 2011). This analysis considers two distinct sets

of attributes: P, which encompasses the species’ life history

characteristics, and S, which reflects the potential reduction or

removal of a population (Patrick et al., 2010; Hobday et al., 2011).

The underlying premise of this approach is that evaluating the

relationship between P and S can generate a single score that may be

used to quantify the risk of stock to overexploitation (Hobday et al.,

2011; Stobutzki et al., 2001a; 2001b; 2002). The three-level system
Frontiers in Marine Science 05
risk categories were defined for each attribute P and S by using a

quantile method (Lira et al., 2022). The three categories range from

1 (low risk - high productivity and/or low susceptibility) to 3 (high

risk - low productivity and/or high susceptibility) (Patrick et al.,

2010; Hobday et al., 2011). These scores were assigned for each

attribute (Tables 1, 2).

The overall v score was calculated for each stock. This score was

obtained by the calculation of the Euclidean distance of the

weighted P and S scores according to the following equation:

v =
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
(P − X0)

2 + (S − X0)Ç
q

TABLE 1 Productivity attributes and rankings used to estimate the vulnerability of stock caught in the industrial bottom trawl shrimp fishing along the
Amazon continental shelf.

Attributes
Ranking

Source
High (3) Moderate (2) Low (1)

von Bertalanffy growth coefficient (k, year-1) > 0.44 0.27-0.44 < 0.27 1,2,3,4

Maximum size (Lmax, cm) < 30.0 30.0-52.0 > 52.0 1,2,3,4

Size at first maturity (L50, cm) <16.0 16.0-26.46 > 26.46 1,2,3,4

Intrinsic growth rate (r) > 0.62 0.45-0.62 < 0.45 1,2,3,4

Mean trophic level (TL) < 3.41 3.41-3.61 > 3.61 3

Maximum age (Amax, year
-1) < 6.44 6.44-10.94 > 10.94 1,2,3,4

Natural mortality (M) > 0.77 0.51-0.77 < 0.51 1,4

Breeding strategy 0 1-3 4-14 1
Source: The thresholds were defined using the quantiles. 1: Patrick et al. (2010), 2: Lucena-Frédou et al. (2017), 3: Lira et al. (2022), 4: de Freitas et al. (2023).
FIGURE 3

Generic overview of the risk of activities undertaken by the fishing process (Direct impact of fishing) subdivided into fishing activity following the
ERAEF method.
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where P is the weighted productivity score, S is the total

susceptibility score, v is the vulnerability score, and X0 and Y0 are

the biplot’s origin coordinates.

According to the ERAEF framework, all species identified at

the SICA level should ideally be assessed at the PSA level. However,

the SICA assessment identified an exceptionally high number of

species, making it nearly impossible to assess each one individually

due to resource constraints. To manage this, we developed

additional criteria to narrow down and prioritize species for the

PSA assessment. For PSA, 47 species were classified from an initial

list of 107 species based on one or more criteria: (i) most vulnerable

components following the SICA, (ii) elasmobranchs, due to their life

history characteristics, elasmobranchs are naturally vulnerable to

fishing impacts. These species typically have slow growth rates, late

maturity, and low reproductive output, making them more

vulnerable to overfishing. Additionally, there is a lack of stock

assessments and sufficient data for these species, which limits our

ability to evaluate their population status effectively. This inherent

vulnerability and data deficiency justified their inclusion in the

selection criteria; (iii) commercial species, the term “commercial

species”, refers to species that are not the primary target of the

fishery but have market value and are, therefore, retained on the

boat for sale. These species are typically kept and sold as by-

products, even though they are not the main focus of the fishery;

(iv) frequent and abundant species, according to Garcia and Vieira-

Sobrinho (2001), the species “frequent and abundant” observed in

the trawls; and (v) species classified as critically endangered (CR),

endangered (EN), vulnerable (VU), near threatened (NT), data

deficient (DD) or not evaluated (NE) according to The

International Union for Conservation of Nature’s Red List

(IUCN) and through the regional evaluation performed by the

Instituto Chico Mendes de Conservação da Biodiversidade

(Instituto Chico Mendes de Conservação da Biodiversidade, 2018).
Frontiers in Marine Science 06
2.4 Productivity attributes

Eight life-history traits-related attributes were chosen to be

employed in the productivity analyses of PSA. The levels of the

high, medium and low risk threshold scores for the seven attributes

are classified below (Table 1). Regional literature was prioritized for

obtaining species parameters whenever possible; when unavailable,

studies from other regions were consulted. The Supplementary

Material (Supplementary Material 4) provides empirical

calculations of the attribute values.
1. von Bertalanffy somatic growth coefficient (k, year-1): The

mean rate at which a species reaches its maximal size. It

correlates positively with production; the higher is k value,

more productive a stock is. Short-lived species’ productivity

and k value are higher than those of long-lived species

(Patrick et al., 2010; von Bertalanffy, 1957). When the

growth coefficient (k) was not available in the literature,

it was estimated using the empirical equation of Le Quesne

and Jennings (2012), details of the equations used are given

in Supplementary Material 4.

2. Maximum size (Lmax, cm): A species’ maximum size and

productivity are inversely correlated; large species have low

productivity due to their long life span (Roberts and Hawkins,

1999; Patrick et al., 2010). The values were obtained from the

literature. Regional literature was prioritized for obtaining

species parameters whenever possible; when unavailable,

studies from other regions were consulted.

3. Size at first-maturity length (L50, cm): Themean total length at

which 50% of individuals can produce offspring. Since long-

lived species with slow growth take longer to achieve L50, this

metric negatively correlates with productivity (Beverton and

Holt, 1957). The values were obtained from the literature;
TABLE 2 Susceptibility attributes and thresholds score used to estimate the vulnerability of stock caught in the industrial bottom trawl shrimp fishing
along the Amazon Continental Shelf.

Attributes
Ranking

Source
Low (1) Moderate (2) High (3)

Frequency of occurrence and
abundance (FOA)

Scare and rare
Scarce and frequent/abundant

and rare
Abundant and frequent 3,4

Overlap area (OA) Pelagic/reefs Demersal Demersal and mud/soft bottoms
adapted from 1

and 3

Value of the fishery Discarded Commercial
Target or commercial species

which are frequent and abundant
1,4

Aggregation behavior No schooling or aggregation
Schooling or aggregation based

on literature

Schooling and aggregation based
on literature and catching in shoals

in the area
1,4

Spawning Potential Ratio (SPR) >0.4 0.2–0.4 <0.2 1,4

Mixed Trophic Impact (MTI) >0.155 -0.0719 – 0.155 <-0.0719 3

Percentage of individuals > L50
(% of adults)

>0.035 0.1 - 0.953 <0.953 2,3,4
Source: 1: Patrick et al. (2010), 2: Lucena-Frédou et al. (2017), 3: Lira et al. (2022), 4: de Freitas et al. (2023).
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Fron
when unavailable, the value was estimated according to

Binohlan and Froese (2009) based on the maximum total

length (Lmax), details of the equations used are given in

Supplementary Material 4.

4. Intrinsic rate of population growth (r, year-1): This is the

highest population growth possible without fishing. The

attribute has a positive correlation with productivity. High

values of r indicate high productivity (von Bertalanffy,

1938). The values were obtained from the literature.

When not available, the value was estimated using the

equation proposed by Mertz (1970) using a life table. The

life table was calculated based on the natural mortality (M)

estimates developed by Gislason et al. (2010), details of the

equations used are given in Supplementary Material 4.

5. Mean trophic level (TL): Defines the level of each species in

the food chain. The TL is negatively associated with

productivity because higher trophic levels are less productive

than lower ones (Lindeman, 1942; Pauly et al., 1998; Patrick

et al., 2010). To standardize the technique used to determine

trophic level values, all data were obtained from FishBase,

which incorporates information on trophic ecology, habitat,

diet, food consumption, diet composition, and predators of

various fish species (Froese and Pauly, 2000).

6. Maximum age (Amax, year): Maximum age reported.

Negatively linked with productivity. High values may

indicate low productivity. The values were obtained from

literature. Taylor’s (1960) empirical equation (Amax=k

+(2.996/t0) was used to calculate the value of Amax,

when the information were not available in the literature,

as detailed in Supplementary Material 4.

7. Natural mortality (M): The rate (year−1) of deaths from all

causes except fishing (e.g., disease, predation, and

starvation). Highly productive species spend more energy

on the quantity than the quality of their spawn, resulting in

high mortality (positive correlation). We used the

application developed by Jason Cope to calculate

mortality (Cope and Hamel, 2022). Details of the

equations used are given in Supplementary Material 4.

8. Breeding strategy (BS): The qualitative attribute, represents the

level of mortality expected in the early stages of life (Patrick

et al., 2010), based on characteristics of parental health

investment, described by Winemiller (1989) and modified

by King and McFarlane (2003): i) placement of zygotes or

larvae (from 0 to 2): e.g. no placement or maintenance in a

nest; ii) parental protection of zygotes or larvae (from 0 to 4)

and iii) nutritional contribution (from 0 to 8). Relation to the

attribute: 0 = high - species with no placement of zygotes or

larvae, parental protection and nutritional contribution; 1 to 3

=moderate - species with few of these characteristics; 4 to 14 =

low = species with some of these characteristics.
2.5 Susceptibility

Seven attributes related to distribution, abundance, and fishery

aspects were selected to employ in the PSA. The details of the scores
tiers in Marine Science 07
are shown in Table 2, and the attributes are described in

depth below.
1. Frequency of occurrence and abundance (FOA): The

classification was adapted from Garcia and Vieira-

Sobrinho (2001). Species with a catch percentage (PN%)

greater than the ratio 100/S, where S is the number of

species present in the trawls set, were considered abundant.

Species with a frequency of occurrence (FO%) greater than

50% were considered frequent.

2. Overlap area (OA): This vulnerability attribute relates the

overlap between the species’ distribution and preferred

habitat with fishing areas. For example, pelagic species or

those with a preferred habitat in reef and coral areas will

have lower vulnerability to trawling. In contrast, demersal

species that occur primarily on muddy bottoms will have a

higher probability of capture.

3. Value of the fishery: Greater effort is expected on

populations with higher economic value, which may

make them more susceptible to overfishing. The value of

the fishery was determined using the price of initial

commercialization per kilogram. The information for

classifying the species was obtained from the literature,

knowledge of the price, and use of the species for

livelihoods in the studied area (Hilborn et al., 2003;

Anderson et al., 2008; Pauly and Zeller, 2016).

4. Spawning Potential Ratio (SPR): This model calculates the

proportion of unfished spawning potential under any level of

fishing pressure (Walters and Martell, 2004; Patrick et al.,

2010; Hordyk et al., 2015). The SPR was calculated using the

LB-SPR method, which uses estimates of the natural mortality

rate (M) in relation to the parameter K of the von Bertalanffy

growth equation (M/K) to estimate the spawning potential

(SPR) from data on the size composition of an exploited stock

(Hordyk et al., 2016). Details of the equations used are given in

Supplementary Material 4.

5. Mixed Trophic Impact (MTI): The MTI was calculated

using a trophic model developed using Ecopath with

Ecosim model (EwE) (Christensen et al., 2005). The

index represents the impacts of one species/group of

species on the biomass of another species or group of

species (Christensen et al., 2008), considering natural

mortality (M) and mortality caused by fishing (F)

(Ulanowicz and Puccia, 1990). The MTI was calculated

using a trophic model developed using Ecopath with

Ecosim model (EwE) (Christensen et al., 2005). The

trophic model EwE developed by Isaac and Frédou

(2022) simulates the effect of fishing on the trophic chain,

assuming the impact of the increase or decrease in the

target species’ population on other species or groups of

species. Negative values of MTI from a fleet in a species

indicate a negative impact due to fishing and, consequently,

greater susceptibility (Christensen et al., 2005).

6. Percentage of individuals >L50: Total average length that

50% of the individuals can reproduce. Considering that

species that are long-lived and slow growing spend more
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Fron
time to reach L50, this attribute is inversely proportional.

The excessive capture of immature individuals leads to a

decline in the reproductive population, defining overfishing

by recruitment. This reduction undermines the species’

potential for regeneration and can ultimately result in the

collapse of fish stocks. When L50 values were unavailable in

the literature, the size at first maturity was estimated using

the relationship proposed by Froese and Binohlan (2000).

7. Aggregation behavior: The attributes include observing

species behaviors that can affect catchabilities, such as

schooling and aggregation (Patrick et al., 2010; Freitas

et al., 2023). These behavioral responses are considered in

the catch and literature.
2.6 Weights and uncertainty

The correlation between the productivity and susceptibility

attributes and the species’ vulnerability will be different between

them and variable according to the environment. Therefore, to

consider the influence of each attribute on vulnerability, a

simulation was carried out giving different weights to the

attributes (weights 1, 2 and 3) to infer the variability of

vulnerability according to the weight given to each attribute. The

attributes were weighted according to Lucena-Frédou et al. (2017)

to calculate the vulnerability. Productivity and susceptibility

attributes were given a weight of 2, except for the productivity

attributes (Lmax, k, and r), which received a weight of 3 since they

are key population parameters in the species’ life history strategy.

Redundancy among attributes was not assessed since no relevant

changes among assigned risks and vulnerability ranking were

observed in previous studies (Lucena-Frédou et al., 2017; Lira et al.,

2022). The species is given a vulnerability value from 1 to 3. This

value is ranked and can be classified as high, medium or low risk. The

weight could be subjective if applied equally to each attribute since

each attribute can impact the species’ vulnerability differently.

Applying simulations with different weights and calculating the

range of productivity and susceptibility values, and consequently,

the species’ risk, reduces the sensitivity of the approach applied.

Therefore, to reduce the model uncertainties caused by the weight

subjectivity, we performed 10,000 random simulations, assigning

weights from 1 to 3 for all attributes. The standard deviation of the

vulnerability values was calculated through the simulations. Thus, it

was possible to evaluate whether there was a change in the risk

classification (low, medium, high) according to the weights

attributed, decreasing model uncertainties. All analyses were

performed using the R environment (R Core Team v4.2.2, 2020).
3 Results

3.1 Species composition

The trawl fishery on ACS targets the southern brown shrimp P.

subtilis. In this study, 203 species were recorded across all monitored
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trawls during the sample collection. As a result of the extensive

scientific literature review, stakeholder interviews and observations,

additionally, 337 species were identified as bycatch or somehow

associated with this fishery (Supplementary Material 5), which have

either direct or indirect interaction with industrial trawl fisheries on

the ACS. Direct interaction refers to species physically collected in the

trawls during monitoring. Indirect interaction relates to species that

are associated with the trawl fisheries but were not collected in the

trawls themselves. All these species compose 10 taxa distributed in

seven phyla, 20 classes, 53 orders, and 170 families (Figure 4). The

fish species dominate this composition, accounting for approximately

63% of the species composition, 93.1% belonging to the class

Actinopterygii and 6.9% to Elasmobranchii. The IUCN red list has

assessed 333 species out of the 540, 277 are categorized as least

concern (LC), and 56 are in some risk category; most are

Elasmobranchii species (Figure 5). Furthermore, the ICMBio

threatened Brazilian species list has evaluated 40 of the 540 species.

Among these, 19 are in the LC category, while 21 are in some risk

category (Figure 5). About 7.66% of the species caught are

byproducts, and the vast majority (92.15%) have no commercial

value and are discarded back to sea.
3.2 Scale intensity consequence analysis

Out of the total 32 fishing activities assessed, the SICA analysis

identified 22 activities to occur in the industrial trawl shrimp fishing

operations on the ACS (Supplementary Material 1). Following the

SICA analysis across three species components, the main risk

identified was related to the fishing capture activities, potentially

impacting the species’ population size (Supplementary Material 2).

Themost important impact falls on species in some IUCN or ICMBio

risk categories (TEP species). The most vulnerable species belong to

the class Elasmobranchii. There are also cumulative impacts from

other fisheries that share the same fishing ground, like the red

snapper fishery and multispecies industrial trawl fisheries. Sharks

and grouper species were highlighted as high-risk due to being caught

as a byproduct in different fisheries, like red snapper fishery, an

industrial trawl of laulau catfish, and multispecies industrial trawl

fishery in the ACS, which can affect the population size. There was

high confidence in the risks assigned to the target species. In contrast,

confidence levels were low in bycatch, byproduct, and TEP species

due to a lack of information and high uncertainty associated with the

confidence score (Figure 6).
3.3 Productive and susceptibility analysis

From the extensive list of 540 species associated with the trawl

shrimp fishery, 47 species were classified from an initial list, to be

evaluated with the PSA (Figure 7; Table 3). The range of productivity

values varied from 1 to 3, while susceptibility values varied from 1.29

to 2.71. The vulnerability score encompassed a broad spectrum,

ranging from the lowest value of 0.30 (Haemulopsis corvinaeformis)

to the highest of 2.29 (Mustelus canis). The target species, P. subtilis,

exhibited moderate vulnerability, with an average score of 1.71.
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Among the species, 25.53% (12 species) displayed low vulnerability,

48.93% (23 species) displayed moderate vulnerability, and 25.53%

(12 species) displayed high vulnerability. Most of the bycatch showed

moderate (15 species) and low (12 species) vulnerability. A total of 15

byproduct species evaluated, showed moderate (7 species) to high

(8 species) vulnerability. All the species categorized under the

conservation status of CR, EN and VU exhibited high vulnerability

levels, emphasizing their susceptibility to fishing impact.

Only ten species of the 47 are still in the same risk category after

simulation with different weights assignment (Figure 8). Among the

12 species classified as high risk, 90% of them still have the

probability of remaining into this category. Conversely, the low

risk species exhibited more uncertainty, with six out of 12 species

having an 80% or higher probability of being categorized as low risk.

Most species fell into the moderate vulnerability category,

displaying minimal uncertainty in their classification (Figure 8).
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4 Discussion

Overfishing, and in particular, ecosystem overfishing, has been

reported as one of the most frequent human impacts on the oceans,

causing irreparable harm and population loss (Jackson et al., 2001;

Coll et al., 2008; McCauley et al., 2015; Pacoureau et al., 2021). This

issue is especially critical for bycatch species, as the scientific

information on population parameters and the conservation

status of species caught incidentally is limited, being a challenge

for evaluating sustainability (Zhou et al., 2009). The high diversity

of species in the industrial trawls in the tropics and insufficient data

make traditional single-stock assessments impractical (Beddington

et al., 2007; Nguyen, 2012).

Innovative approaches like the ERAEF framework have emerged

to address these challenges. The ERAEF framework is designed for

low-data scenarios, considering both target species and other
FIGURE 5

Relative frequency of species occurrence in the industrial shrimp trawling fishery on the Amazon Continental Shelf on the red list of threatened
animals of IUCN and Brazilian threatened species list. LC, Least Concern; DD, Data Deficient; VU, Vulnerable; NT, Near Threatened; CR, Critically
Endangered; EN, Endangered.
FIGURE 4

Frequency of occurrence of taxonomic groups present in the industrial shrimp trawling on the Amazon Continental Shelf.
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FIGURE 7

Overall distribution of the vulnerability (risk) scores of 47 stocks in the industrial shrimp trawl- fishery on the Amazon Continental Shelf. The plot is
divided into three groups by the lines and the color scale reflecting the gradient of vulnerability values, with blue being low, yellow moderate and
red being high. The black arrow is the vulnerability categories from low to high. The range lines at each point show the standard deviation for each
productivity and susceptibility axis with 10,000 runs. Abbreviations of each species are in Table 3.
FIGURE 6

Frequency of consequence scores and confidence levels (high and low) across fishery and external activities for (A) target, (B) Bycatch and
Byproduct, and (C) TEP species present in industrial trawl shrimp fishery on the Amazon Continental Shelf.
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TABLE 3 The summary of the 47 species assessed in PSA according to the role in the fishery (TA, Target; BP, Byproduct; BC, Bycatch), category of
IUCN list and risk category, X: when the species were not evaluated by IUCN.

Species Code
Role in

the fishery IUCN P S v Risk category Rank

Mustelus canis s.can BP NT 1.43 2.67 2.29 high 1

Pseudobatos horkelii p.hor BC CR 1.00 1.83 2.17 high 2

Sphyrna tiburo s.tib BP EN 1.09 2.00 2.16 high 3

Sphyrna zygaena s.zyg BP VU 1.00 1.80 2.15 high 4

Mobula birostris m.bir BC EN 1.09 1.75 2.05 high 5

Pseudobatos percellens p.per BC EN 1.09 1.67 2.03 high 6

Cynoscion virescens c.vir BP LC 1.39 2.20 2.01 high 7

Hypanus guttatus h.gut BP NT 1.09 1.50 1.98 high 8

Prionotus punctatus p.pun BC LC 1.65 2.43 1.96 high 9

Micropogonias furnieri m.fur BP LC 1.40 2.00 1.89 high 10

Cynoscion leiarchus c.lei BP LC 1.57 2.20 1.87 high 11

Sphyraena guachancho s.gua BP LC 1.17 1.40 1.87 high 12

Macrodon ancylodon m.anc BP LC 2.22 2.67 1.84 moderate 13

Haemulon plumierii h.plu BC LC 1.35 1.71 1.80 moderate 14

Bagre marinus b.mar BP LC 1.83 2.33 1.78 moderate 15

Trichiurus lepturus t.lep BC LC 1.83 2.33 1.78 moderate 16

Cynoscion similis c.sim BP LC 1.70 2.20 1.77 moderate 17

Cynoscion microlepidotus c.mic BP LC 1.57 2.00 1.75 moderate 18

Narcine brasiliensis n.bra BC NT 1.57 2.00 1.75 moderate 19

Penaeus subtilis p.sub TA X 3.00 2.71 1.71 moderate 20

Ctenosciaena gracilicirrhus c.gra BC LC 2.17 2.50 1.71 moderate 21

Bagre bagre b.bag BP LC 1.78 1.83 1.48 moderate 22

Haemulon steindachneri h.ste BC LC 1.57 1.29 1.46 moderate 23

Achirus lineatus a.lin BC LC 2.17 2.17 1.43 moderate 24

Selene brownii s.bro BC LC 1.87 1.83 1.40 moderate 25

Polydactylus virginicus p.vir BC LC 2.26 2.14 1.36 moderate 26

Cynoscion jamaicensis c.jam BP LC 2.13 2.00 1.33 moderate 27

Upeneus parvus u.par BC LC 2.00 1.80 1.28 moderate 28

Menticirrhus americanus m.ame BC LC 1.96 1.67 1.24 moderate 29

Orthopristis ruber o.rub BC LC 2.17 1.83 1.17 moderate 30

Isopisthus parvipinnis i.par BP LC 2.83 2.14 1.16 moderate 31

Paralonchurus brasiliensis p.bra BC LC 2.17 1.67 1.06 moderate 32

Haemulon parra h.par BC LC 2.09 1.33 0.97 moderate 33

Haemulon flavolineatum h.fla BC LC 2.17 1.43 0.93 moderate 34

Peprilus paru p.par BC LC 2.17 1.40 0.92 moderate 35

Conodon nobilis c.nob BC LC 2.30 1.50 0.86 low 36

Trichopsetta melasma t.mel BC LC 2.91 1.83 0.84 low 37

Trinectes paulistanus t.pau BC LC 3.00 1.83 0.83 low 38

(Continued)
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elements of the ecosystem’s biological dimension (Pikitch et al., 2004;

Smith et al., 2007; Patrick et al., 2010; Hobday et al., 2011). The tools

within this framework, such as SICA and PSA, integrate qualitative

and quantitative data from various sources, enabling the assessment

and ranking of species most affected by fishing activities (Patrick

et al., 2010; Hobday et al., 2011; Ormseth and Spencer, 2011; Osio

et al., 2015). These methods are particularly effective in data-poor

fisheries with high species diversity. Although they are not intended

to replace traditional stock assessments or provide reference points,

they can be an alternative to assess the species (Stobutzki et al., 2001a;

Zhou et al., 2016; Lucena-Frédou et al., 2017).

Understanding the compositions of catches is crucial for

assessing how fishing practices affect aquatic organisms (Link,

2002). By identifying and measuring species vulnerabilities, these

tools provide crucial information for policymakers and stakeholders
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(Hobday et al., 2011; Zhou et al., 2016). These tools help identify

species requiring immediate conservation attention, guiding efforts

to protect the most impacted marine populations and improve their

conservation status (Lucena-Frédou et al., 2017; Peixoto et al.,

2022b; Griffiths et al., 2024).

Our research reveals that industrial shrimp trawl catches in the

ACS region consists of approximately 540 species. Studies from

various regions highlight the diversity of the bycatch species

globally. For instance, recent assessments in the northeastern

Brazil reported by Freitas et al. (2023) and Lira et al. (2022)

documented 119 and 90 fish bycatch species, respectively. In

other regions, Rábago-Quiroz et al. (2012) documented 243

species in the Gulf of California, Mexico, Mendo et al. (2022)

identified 277 species in Northern Peru, Abdulqader et al. (2020)

recorded 104 species in the Arabian Gulf, Saudi Arabia, and
FIGURE 8

The overall probability of risk from the uncertainty simulations of 47 stocks explored by industrial shrimp trawling along the Amazon continental
shelf. Species are distributed from left to right, according to the vulnerability rank: low (blue), moderate (yellow), and high (red). Abbreviations of
species are in Table 3.
TABLE 3 Continued

Species Code
Role in

the fishery IUCN P S v Risk category Rank

Stellifer microps s.mic BC LC 2.35 1.50 0.82 low 39

Etropus crossotus e.cro BC LC 2.91 1.80 0.80 low 40

Symphurus tessellatus s.tes BC LC 3.00 1.80 0.80 low 41

Synodus bondi s.bon BC LC 2.74 1.60 0.65 low 42

Stellifer brasiliensis s.bra BC LC 2.70 1.57 0.65 low 43

Peprilus crenulatus p.cre BC X 2.83 1.60 0.62 low 44

Syacium papillosum s.pap BC LC 2.91 1.60 0.61 low 45

Pellona harroweri p.har BC LC 3.00 1.57 0.57 low 46

Haemulopsis corvinaeformis h.cor BC LC 2.91 1.29 0.30 low 47
fro
P, productivity; S, susceptibility; v, vulnerability.
Red, High vulnerability; Yellow, Moderate vulnerability; Green, Low vulnerability.
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Rodrigues-Filho et al. (2020) found 149 species in southern Brazil.

The number of species in the ACS region is richer and more diverse

than previous estimates from other trawl shrimp fisheries in tropical

and subtropical regions worldwide.

This higher diversity can be attributed to several factors. The

industrial scale and greater fishing power of the ACS fleet contrast

with the predominantly artisanal fisheries in other regions of Brazil.

Additionally, the high productivity of ACS waters is mostly

influenced by the massive discharge from the Amazon basin,

which creates a dynamic freshwater plume in the Atlantic Ocean

that function as a dispersal system, influencing salinity, nutrient

distribution, and sediments levels, creating highly dynamic and

productivity environment in this area (Nobre and Molion, 1986;

Gallo and Vinzon, 2005; Isaac and Ferrari, 2017; Nittrouer et al.,

2021). The nutrients from the Amazon supports this biodiversity,

enhances the ecological richness and sustains multiple fisheries at

the mouth of the Amazon River (Weber et al., 2017).

Additionally, in this study, we included species that could

potentially have negative interactions with the fishing activities,

such as birds that alter their behavior by following the fleet and the

possibility of collisions with mammals (Tasker et al., 2000; Da

Rocha et al., 2021; Jog et al., 2022). Although not directly caught in

the trawling net, they may have potentially harmful interactions and

be indirectly affected (Hobday et al., 2007). This approach, often

overlooked, emphasize the need for a broader view of the species

affected by trawl fishing activities, tailored conservation and

management strategies.

The SICA analysis has highlighted the major impacts within

this fishery, particularly the high rate of incidental catch, including

probably a significant proportion of juveniles (Isaac and Frédou,

2022), affecting the population size of those populations, and the

TEP species being the most affected. This is primarily due to the low

selectivity of trawl gear, a common problem in shrimp trawling that

leads to an unintentional capture of a wide range of non-target

species, increasing bycatch levels and impacting marine populations

(Davies et al., 2009; Marceniuk et al., 2019; Pérez Roda et al., 2019).

Our assessment also identified direct and indirect adverse effects of

trawl capture, such as seabed disruption, negatively impacting

demersal and benthic species, and cumulative impacts from

different fishing fleets sharing the same grounds (Thrush and

Dyton, 2002; Clark et al., 2016). Trawl fisheries are widely

recognized as highly destructive (Foden et al., 2011; Paradinas

et al., 2016). Bottom trawls, in particular, contribute to sediment

resuspension and seabed scraping, increasing mortality rates among

benthic organisms, such as polychaetes, sponges and rays

(Guimarães-Costa et al., 2020; Nóbrega et al., 2021). These

impacts can alter community diversity and biomass patterns,

influencing nutrient flows in trophic webs (Dellapenna et al.,

2006; Kaiser et al., 2006; Sciberras et al., 2018; Hiddink et al.,

2019; McConnaughey et al., 2020). Moreover, the pressure on

stocks intensifies as different fishery fleets share fishing areas or

boundaries, catching the same bycatch species. For instance,

industrial and artisanal fleets operate at various levels along the

ACS, making management difficult. This overlapping of fishing

fleets with different fishing gear, such as trawls, long lines, traps and
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nets, can intensify cumulative bycatch mortality, habitat

degradation and reduce species resilience (Hall et al., 2000; Zhou

et al., 2019). Future assessments should encompass all industrial,

semi-industrial, and artisanal fisheries that operate along the ACS

region. This would allow a comprehensive evaluation of cumulative

impacts on shared species across multiple fisheries and facilitate

exploring marine spatial planning as a potential management

approach (Halpern et al., 2008; Zhou et al., 2019).

Another issue within the shrimp trawl fleet is the illegal practice

of shark fining, where the crew uses hooks and lines to catch sharks

while anchored at night. The fins, a highly economic commodity in

the Asian market, are collected, while the shark’s carcass is

discarded (Clarke, 2004; Clarke et al., 2007). This practice of fin

fishing, which is illegal in Brazil (Brasil, 2012), persists and increases

fishing pressure on sharks. This subproduct market is a common

practice in the ACS, species like Cynoscion acoupa are explored for

high-value subproducts, such as the gas bladder (fish maw), a which

surpasses the value of the meat (Moura et al., 2023). These practices

are secretive and part of the illegal, unreported and unregulated

(IUU) fishing market in the ACS, driven mainly by the high

demand of the Asian market. The ACS is home to about 34

species of sharks and 36 batoid, some of them endemic to this

area and in some risk categories by the IUCN and ICMBio red list

(Dulvy et al., 2014; Marceniuk et al., 2019). The lack of studies

quantifying IUU and subproduct value chains, combined with

insufficient enforcement in this region, threatens species

conservation. These issues must be addressed to ensure

sustainable management practices.

The conservative approach of SICA is mainly due to the

variance in data reliability across different species groups.

Information on target species, such as the ecological and

population parameters, is generally more reliable and well-

documented due to more intensive studies (Isaac et al., 1992;

Ehrhardt et al., 1999; Cintra et al., 2004; Aragão, 2012; Aragão

et al., 2015a; 2015b; Peixoto et al., 2021; Peixoto et al., 2022a). In

contrast, information on bycatch, byproduct and TEP species is

often based on expert and fisher knowledge, which, while valuable,

might introduce uncertainty due to limited empirical validation.

Most studies on bycatch focus on species composition (Marceniuk

et al., 2019; Lucena-Frédou et al., 2017; Guimarães-Costa et al.,

2020; Nóbrega et al., 2021). The results should be interpreted with

caution due to using a conservative approach in the absence of data

to avoid potential underestimation.

In our PSA, 47 species from industrial shrimp trawling were

assessed. All species in the low-risk category belong to the bycatch

component and are classified as LC at the IUCN or ICMBio red list.

This species tends to be pelagic, benthopelagic, or small-sized

species, typically exhibits high productivity, with high fecundity

rates, fast growth, and faster turnover of generations, and broad

geographic distributions, all these traits contribute to high resilience

and reducing their susceptibility (Mohamed et al., 2021). The target

species, southern brown shrimp, showed moderate risk, consistent

with previous traditional stock assessments. This assessment

indicates that although fishing mortality is high, the exploitation

levels are still managed below the MSY (Peixoto et al., 2021). This
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might reflect the single-species management approach focused on

the target species, neglecting the non-target species that receive the

most significant impacts on the fishery (Freitas et al., 2023).

Conversely, species like sharks, rays, and TEP species tend to

exhibit moderate and high-risk. This is mainly due to the

combination of low productivity traits due to slow growth, long

lifespans, low fecundity late maturation, and high susceptibility due

to high abundance in the bottom trawl, the overlap of ground

fishing and high captures of young individuals, making them highly

vulnerable (Rigby and Simpfendorfer, 2015; Lira et al., 2022). These

results align with other PSA assessments around the globe (Cortés

et al., 2010; Osio et al., 2015; Lin et al., 2020; Georgeson et al., 2020;

Peixoto et al., 2022b).

As in most fisheries assessments in developing countries, the

lack of data on many species caught by trawl shrimp fisheries in the

ACS presents a major challenge. One of the main difficulties in this

work was the uncertainty, limitation, or lack of data for non-target

species. Basic ecology and biology information, such as population

parameters, fecundity, larval stages, life span, and reproduction, is

often missing for most of the bycatch. This information is usually

available only to targets or species with economic value (Lucena-

Frédou et al., 2016, 2017). In such cases, data from closely related

taxa or other regions, or precautionary high scores, are used, though

this can introduce bias (Cope et al., 2011; Hobday et al., 2011).

Despite their limitations, these tools used in this work are effective

in data-limited fisheries to highlight high risk species for

management measures. They provide valuable information on

identifying priority stocks for managing and making decisions

when quantitative analyses, as stock assessments are unavailable

due to the lack of data (Murua et al., 2009; Patrick et al., 2010;

Cortés et al., 2010; Zhou et al., 2011; Lucena-Frédou et al., 2017;

Griffiths et al., 2019; Previero and Gasalla, 2019; Lin et al., 2020;

Georgeson et al., 2020; Peixoto et al., 2022b; Fatema et al., 2022;

Freitas et al., 2023).

Future fisheries management should focus on reducing species

vulnerability by prioritizing data collection on species life-history

traits for the most at-risk species. Comprehensive research on non-

target species and mandatory data collection for high risk species

are essential for performing more quantitative approaches as

eSAFE, and EASI-Fish, for cumulative fishing mortality impacts,

or stock assessments, for reference points (Hordyk and Carruthers,

2018; Griffiths et al., 2019; Zhou et al., 2019). These further analyses

and discussions could help address specific gear modifications,

such as bycatch reduction devices to avoid high-risk species (Lin

et al., 2020). Public policies must make it easier for companies to

adopt these technological modifications that allow for more

ecologically sustainable fisheries. Policies that provide economic

incentives, such as tax breaks, grants for equipment upgrades, or

certifications for eco-friendly fishing practices, can encourage

companies to adopt gear modifications. Bycatch reduction devices

(BRD) have been known in the literature for decades (Brewer et al.,

1998; Watson et al., 1999; Eayrs, 2007). However, its practical

implementation has been a major problem in Brazil due to the

difficulty in accepting boat owners in its use, either for fear of

reducing catches of the target species or due to the costs of
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modifying the gears (Guanais et al., 2015). Integrating research

with outreach and training initiatives to help understand both the

environmental benefits and the long-term economic gains from

reducing bycatch may be a way for encourage boat owners to engage

in the voluntary use of these technologies (Mesquita and

Medeiros, 2023).
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camarões na plataforma continental amazônica. Acta Fisheries Aquat. Resources 3, 61–
76. doi: 10.2312/Actafish.2015.3.2.61-76

Aragão, J. A. N., Silva, K. C. A., and Cintra, I. H. A. (2015b). Pesca Industrial do
camarão-rosa na Plataforma Continental Amazônica: aspectos da dinâmica da
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Fisheries Aquat. Resources 3, 77–90. doi: 10.2312/Actafish.2015.3.1.77-90
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Boletim do Museu Paraense Emıĺio Goeldi. 10, 119–130. Available at: http://repositorio.
museu-goeldi.br/handle/mgoeldi/496.

Beddington, J. R., Agnew, D. J., and Clark, C. W. (2007). Current problems in the
management of marine fisheries. Science 316, 1713–1716. doi: 10.1126/science.1137362

Beverton, R. J. H., and Holt, S. J. (1957). On the Dynamics of Exploited Fish
Populations (Londres: Chapman & Hall).

Binohlan, C., and Froese, R. (2009). Empirical equations for estimating maximum
length from length at first maturity J. Appl. Ichthyol. 25, 611–613. doi: 10.1111/j.1439-
0426.2009.01317.x

Brasil (1980). Portaria SUDEPE n° N-007 de 25 de fevereiro de 1980. Available online
at: https://www.icmbio.gov.br/cepsul/images/stories/legislacao/Portaria/1980/p_
sudepe_07_n_1980_limitabarcosarrastoparapescacamaraorosa_regiaonorte.pdf
(Accessed May 29th, 2020).

Brasil (2012). Instruc ̧ão Normativa Interministerial MPA/MMA N° 14 de 26 de
novembro de 2012. Available online at: https://www.icmbio.gov.br/cepsul/images/
stories/legislacao/Instrucao_normativa/2012/in_inter_mpa_mma_14_2012_
normasprocedimentoscapturatubaroes_raias.pdf (Accessed November 24th, 2020).

Brasil (2017). Portaria Interministerial n° 75, de 20 de dezembro de 2017. Available online
at: https://www.gov.br/agricultura/pt-br/assuntos/aquicultura-e-pesca/legislacao/defesos/
portaria-interministerial-mdic-mma-no-75_12_2017.pdf/view (Accessed July 25, 2020).

Brasil (2018). Portaria Interministerial MDIC/MMA n° 15, de 10 de janeiro de 2018.
Available online at: https://www.gov.br/agricultura/pt-br/assuntos/aquicultura-e-
pesca/legislacao/arrasto/portaria-mdic-mma-no-15-de-10-01-2018.pdf/view
(Accessed July 25th, 2020).

Brewer, D., Rawlinson, N., Eayrs, S., and Burridge, C. (1998). An assessment of
bycatch reduction devices in a tropical Australian prawn trawl fishery. Fisheries Res. 36,
195–215. doi: 10.1016/S0165-7836(98)00096-4

Carvalho, A. S. S., Martinelli-Lemos, J. M., Nevis, A. B., and Isaac, V. (2016). Spatio-
temporal variation of thedensity of shrimps Farfantepenaeus subtilis, Litopenaeus schmitti
and Xiphopenaeus kroyeri (Crustacea;Decapoda) in the Curuçá estuary, north of Brazil.
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Isaac, V. J., and Braga, T. M. P. (1999). Rejeic ̧ão de pescado nas pescarias da Região
Norte do Brasil. Arquivos de Cien̂cias do Mar Vol. 32 (Fortaleza: Arquivos de ciencia do
Mar), 39–54. Available at: http://www.repositorio.ufc.br/handle/riufc/1100.

Isaac, V. J., Dias Neto, J., and Damasceno, F. G. (1992). Camarão-rosa da costa norte.
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Climática – Climanálise – Número Especial, Edição Comemorativa de 10 anos (São José
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