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Tropical fisheries tend to be multispecies and require management approaches adapted to high diversity but scarce and poorly informative
data. Productivity and Susceptibility Analysis-PSA is particularly useful where catch or biological data are incomplete, aggregated across species
or insufficient for quantitative stock assessment. We applied PSA to estimate vulnerability and potential risk to target and non-target species
caught by the small-scale shrimp fishery in northeast Brazil, adapting the method to regional conditions and incorporating an assessment of
uncertainties caused by its subjective choices. Our findings suggest that non-target species can be more vulnerable than target ones. Bagre mar-
inus, Pseudobatos percellens, Micropogonias furnieri, Hypanus guttatus, Macrodon ancylodon, Polydactylus virginicus, Rhizoprionodon porosus,
Cynoscion virescens, Larimus breviceps, and Menticirrhus americanus, were the top 10 species potentially at risk due to their low productivity
(long lifespans, low spawning), high capture rates of juveniles and overlap of feeding and breeding grounds with fishing areas. Most species
(76%) maintained the same risk category (low, moderate, or high) regardless of the score weighting or productivity and susceptibility attribute
boundaries applied. Overall, the target species are not currently the main ones threatened, but bycatch such as elasmobranchs, catfishes and
Scianidae should be prioritized for assessment and data collection.
Keywords: artisanal fisheries, bycatch, productivity susceptibility analysis, shrimp, tropical fisheries, trawling.

Introduction

Bottom trawls are one of the most used fishing gear world-
wide (Hintzen et al., 2020), responsible for almost a quarter of
marine landings (Watson and Tidd, 2018). Although econom-
ically important, bottom trawling causes significant adverse
impacts on seabed habitats and biota (Jones, 1992; Kaiser et
al., 2002), including a high quantity of bycatch and discards
(Zeller et al., 2017). Such effects also lead to losses of pro-
tein sources, affecting food security and fishery sustainability
(Belton and Thilsted, 2014).

In the southwestern Atlantic Ocean, along the Brazilian
continental shelf, shrimp trawling is a widespread fishery ac-
tivity, operating at three scales: (i) industrial, present in the
North (Amazon river estuarine system), Southeast and South
Regions of Brazil; (ii) semi-industrial, with an intermediate
technology and fishing power; and (iii) artisanal, operating
along the entire coast and involving a larger number of people
but lower levels of technology, capture and profit (Dias-Neto,
2011). Management measures for bottom trawlers are mainly
based on closed seasons (Nakamura and Hazin, 2020) and,
particularly for the industrial fleet, the Turtle Excluder Device
(TED). Apart from the TED, all other recommendations avail-
able in the country focus only on target species, thus neglecting
the bycatch.

Brazilian fisheries were officially monitored up to 2010
when the government interrupted the fisheries data collection
program. Since then, crucial information has been missing,
mainly in terms of time series, hampering the use of traditional
quantitative stock assessment models that are often reported

as the best option. At that time, the bottom trawling fleet was
one of the largest and most productive in Northeast Brazil,
involving more than 100 000 persons, about 1 700 motorized
and 20 000 non-motorized boats (Santos, 2010), representing
approximately 10% of the total marine landings in the coun-
try (IBAMA, 2008). Within this region, the shrimp fishery in
Barra de Sirinhaém (BSIR), south of Pernambuco, is predomi-
nantly small-scale, and accounted for 50% of the state shrimp
production (Tischer and Santos, 2003) in the decade 2000–
2010 (average of 62 tons per year), representing an important
source of income and food for the local population (Lira et
al., 2010).

The incidental catch of the shrimp trawl fisheries in the re-
gion of BSIR represents about 26% of total landings, primar-
ily removing juveniles, which are often consumed by the fisher-
men and local community as an additional source of food, or
sold as a by-product (Lira et al., 2021). In this case, the impact
of the fishery on the ecosystems appears to be counterbalanced
by the beneficial role of the bycatch for local communities
(Carvalho et al., 2020; Lira et al., 2021). However, despite its
great social relevance, the shrimp trawl fishery in Pernambuco
currently has no regulations (Santos, 2010), mainly due to a
lack of robust knowledge about target and non-target species
at individual and ecosystem levels; environmental conditions
(precipitation regimes, nutrient flows from river to shore) and
habitat structure (depth and seabed morphology). In addition,
the weak fisheries governance in the region also makes it chal-
lenging to apply management actions. Ultimately, these prob-
lems hamper the inclusion of the incidental catch in assess-
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ment models (Yonvitner et al., 2020) and increase the ‘risk’
(here defined as the probability of something undesirable hap-
pening to stocks; Francis and Shotton, 1997; Sethi, 2010) to
these non-target species.

Productivity and Susceptibility Analysis (PSA) is a semi-
quantitative risk analysis method that relies on the relation-
ship between the biological productivity related to the life his-
tory characteristics (Stobutzki et al., 2001) and the susceptibil-
ity of the stock to fishing (Patrick et al., 2010; Lucena-Frédou
et al., 2017). The PSA approach is a well-accepted framework
for estimating the vulnerability of species to fishing, having
already been used in several fisheries around the world, but
especially for small-scale tropical fisheries has been little used
(Martínez-Candelas et al., 2020; Yonvitner et al., 2020). In
Brazil, PSA has only been applied to large scale fisheries, such
as the gillnet fishery in southeast Brazil (Visintin and Perez,
2016), however, has never been reported in Brazil for small-
scale fishery. This approach is quite a promising member of
the family of data-poor models, but its minimal data require-
ments and relatively subjective nature are weaknesses. In ad-
dition, given the particularities of different fishing gears and
ecosystems, the approach must be adapted to the particular
circumstances of each case study, taking into account appro-
priate attributes and scores.

Despite the world relevance of small-scale fisheries, partic-
ularly their bycatch, they are usually neglected by assessment
approaches and decision-makers. For the first time, our study
evaluates the vulnerability and potential risk of the target and
non-target species exploited by the shrimp fishery in Sirin-
haém coast as a case study of a small-scale fishery in northeast
Brazil, indicating to decision-makers which species should be
prioritized for urgent assessment and data collection. For this,
we used a PSA adapted to regional conditions while also as-
sessing any effects of the intrinsic subjectivity of the method.

Material and methods

Study area and gear description

Barra of Sirinhaém (BSIR), located on the southern coast of
Pernambuco, in Northeast Brazil (Figure 1), has a tropical cli-
mate, with precipitation ranging from 20 to 450 mm·month−1

and a rainy season between May and October with mean sur-
face water temperature of 29◦C. Fishing, the sugar cane indus-
try and other farming industries are the main anthropic activ-
ities in the area. The fishing zones are inside or close to the
Marine Protected Areas around Santo Aleixo Island (MPAs
of Guadalupe and Costa dos Corais) (Figure 1). The fleet op-
erates from 1.5 to 3.0 miles off the coast, mainly between 10
and 20 m depth. Hauls last from 4 to 8 h and boat velocity
varies between 2 and 4 knots. Boats measure 8–10 m in length,
nets have horizontal opening of 6.1 m, and mesh sizes of the
body and codend are 30 mm and 25 mm, respectively.

Target and non-target species

Fish and shrimp captures were first assessed monthly (August
2011 to July 2012) and then quarterly (October 2012 to July
2014) by accompanying the local trawling fishers (for details,
see Silva Júnior et al., 2019; Lira et al., 2021 and supplemen-
tary material). Penaeid shrimps are the main targets, partic-
ularly seabob shrimp (Xiphopenaeus kroyeri), which is the
most abundant, and pink shrimp (Penaeus subtilis) and white
shrimp (Penaeus schmitti), which have higher market values
(Santos, 2010). The amount of fish bycatch is 0.39 kg of fish
captured for each 1 kg of shrimp (Silva Júnior et al., 2019)
(Figure 1). Thus, ninety species (87 non-target fish and 3 main

target shrimp species) caught by trawling fishing in the region
were considered in the PSA approach.

Vulnerability approach

The vulnerability assessed by PSA refers to the risk potential
of a stock with regard to a specific fishing gear (Patrick et al.,
2009). It is defined as a function of productivity and suscep-
tibility attributes (Stobutzki et al., 2001; Hobday et al., 2007;
Patrick et al., 2009) and the vulnerability score (v) is obtained
by the calculation of Euclidean distance of the weighted pro-
ductivity (P) and susceptibility (S) scores (see section Measur-
ing uncertainties for details):

v =
√[

(P − X0)2 + (S − Y0)2
]

where X0 and Y0 are the (x, y) origin coordinates of the biplot,
respectively.

In this approach, the species were assigned to a risk cate-
gory (high, moderate, and low) by ranking the vulnerability
scores using a quantile method. For example, species most
vulnerable to fishing have low productivity and high sus-
ceptibility scores, while the least vulnerable have high pro-
ductivity and low susceptibility scores (Patrick et al., 2010).
Productivity and susceptibility scores are calculated by as-
signing attributes and scores. When attributes are missing
for any species, they are not considered in the computation
of this species’ final P or S scores (Lucena-Frédou et al.,
2017).

Productivity

Eight life-history traits correlated with productivity were se-
lected (Table 1) following Patrick et al.(2010), Lucena-Frédou
et al. (2016) and Lucena-Frédou et al. (2017). Details of these
traits as description and equations can be found in supple-
mentary material SOM 1, SOM 2, and Table S1 for details.

Susceptibility

Three susceptibility attributes related to abundance, distribu-
tion and fishery were adapted from Patrick et al. (2010) and
Lucena-Frédou et al. (2017). Given the specificities of the case
study, another three attributes are proposed also (Table 2). See
supplementary material SOM 1, SOM 2, Figure S1, Figure S2
and Table S2 for details.

Defining attributes boundaries

The values of productivity and sustainability attributes are
classified according to a ranking of three levels (low = 1,
moderate = 2, high = 3) (Tables 1 and 2). Given the intrin-
sic subjectivity of the model, two methods were used to cal-
culate the boundaries of scoring. The first method was the
quantile approach, as already used in some previous stud-
ies (Lucena-Frédou et al., 2017; Duffy and Griffiths, 2019;
Faruque and Matsuda, 2021), while a multivariate analysis
was also employed to calculate the boundaries using the clus-
tering k-means method (Altuna-Etxabe et al., 2020) (See sup-
plementary Figure S3 for more detail). For the productivity
attributes (except breeding strategy) and susceptibility, specif-
ically the MTI and % > L50 that do not have boundaries de-
fined in the literature, the categories (high: 3; moderate: 2 and
low:1) were defined by using the two approaches described
above.
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Figure 1. Study area, gear description and catch composition by bottom trawl fishing in Barra of Sirinhaém (BSIR), south of Pernambuco, Northeast Brazil
(sources: Silva Júnior et al. (2019); Lira et al. (2021)).

Table 1. Productivity attributes and rankings used to determine the vulnerability of species caught by bottom trawl fishing in BSIR, south of Pernambuco,
Northeast Brazil. Boundaries of scoring defined by quantile and k-means methods (for more details see section Defining boundaries).∗classification from
Patrick et al. (2010).

Attribute Ranking Sources

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

Quantile method

Von Bertalanffy growth coefficient (k, cm.year−1) >0.47 0.34–0.47 <0.34 (1,2)
Maximum length (Lmax, cm) <25.00 25.00–42.80 >42.80 (1,2)

Size at first maturity (L50, cm) <12.00 12.00–18.90 >18.90 (1,2)
Intrinsic growth rate (r) >0.74 0.54–0.74 <0.54 (1,2)

Trophic level (TL) <3.10 3.10–3.42 >3.42 (1,2)
L50/Lmax <0.50 0.50–0.54 >0.54 (2)

Maximum age (Amax; year−1) < 5.92 5.92–8.24 >8.24 (1,2)

K-means method

Von Bertalanffy growth coefficient (k, cm.year−1) >0.93 0.24–0.93 <0.24 (1,2)
Maximum length (Lmax, cm) <41.68 41.68–112.00 >112.00 (1,2)

Size at first maturity (L50, cm) <19.36 19.36–58.40 >58.40 (1,2)
Intrinsic growth rate (r) >1.52 0.51–1.52 <0.50 (1,2)

Trophic level (TL) <3.15 3.15–3.93 >3.93 (1,2)
L50/Lmax <0.51 0.51–0.53 >0.53 (2)

Maximum age (Amax, year−1) <8.48 8.48–15.04 >15.04 (1,2)
Breeding strategy∗ 0.00 1.00–3.00 ≥ 4.00 (1)

(1) Patrick et al. (2010); (2) Lucena-Frédou et al. (2017).

Measuring uncertainties

In this study, we evaluated the effect of subjectivities that could
lead to uncertainties in the results, considering the following
aspects: (i) definition of the boundaries of the scores (as pre-

viously described); (ii) assessing the potential redundancy be-
tween attributes; and (iii) attributing random weights.

Weights from 0 to 3 were set for each attribute (default
weight of 2) (Stobutzki et al., 2002; Hobday et al., 2007;
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Table 2. Susceptibility attributes and rankings used to determine the vulnerability of species caught by bottom trawl fishing in BSIR, south of Pernambuco,
Northeast Brazil. FOA, Frequency of occurrence and abundance; OA, Overlap area; F/M, Ratio between fishing mortality and natural mortality; MTI, Mixed
Trophic Impact; SPR, Spawning Potential Ratio; % > L50, Percentage of individuals > L50. The classifications of the species for overlap area are demersal
(DE), pelagic (PE), reef-associated (RE), marine stragglers (MS), marine migrants (MM), estuarine (ES). Attributes had the boundaries of scoring defined
by quantile (∗) and k-means (∗∗) methods (for more details see section Defining boundaries).

Attributes Ranking Sources
Low (1) Moderate (2) High (3)

FOA Rare and less abundant Frequent and less abundant Frequent and higher abundant Present study
OA (ES + PE or DE) (MS or MM + RE) (PE + MM or MS) (DE + MM or MS) Present study
F/M <0.5 0.5–1 >1 (1)
SPR >0.4 0.2–0.4 <0.2 (1)

MTI∗ >− 0.005∗ (−0.022)–(−0.005)∗ <− 0.022∗
Present study

>− 0.014∗∗ (−0.014)–(−0.036)∗∗ <− 0.036∗∗

% > L50 >0.6∗ 0.198–0.6∗ <0.198∗
(2)

>0.687∗∗ 0.039–0.687∗∗ <0.039∗∗

(1) Patrick et al. (2010); (2) Lucena-Frédou et al. (2017).

Lucena-Frédou et al., 2017). A baseline scenario was set up
based on Lucena-Frédou et al. (2017): weight 3 was assigned
to the productivity attributes Lmax and k, and (r) (a key to the
resilience of the species), while a default weight of 2 was given
to all other productivity and susceptibility attributes.

Assessing the potential redundancy between
attributes

To avoid potential redundancy of some of the PSA attributes
(Duffy and Griffiths, 2019), we evaluated relationships be-
tween pairs of productivity attributes using a scatterplot ma-
trix and linear regressions. Some redundancies had already
been indicated by Lucena-Frédou et al. (2016), concerning the
parameters L50 and Lmax with k. The correlations between TL,
intrinsic growth rate (r) and the other attributes had not been
previously evaluated and were investigated in this study. See
supplementary material SOM 3, Figure S4 and Figure S5 for
details.

Attributing random weights

Weight assignment is subjective. Hence, from the baseline sce-
nario, a total of 10 000 simulations were performed, assigning
a random sample of integer weights between 1 and 3 to all
productivity and susceptibility attributes to evaluate the sen-
sitivity of the vulnerability scores and ranks with the different
weights. Standard deviations of the vulnerability values and
the empirical probabilities of being classified as low, moder-
ate, or highly vulnerable were calculated for each species. All
analyses were performed using the R environment (R Core
Team, 2020).

Integrating other approaches

PSA essentially attempts to assess the potential risk of over-
fishing for each species but not whether stocks are overfished
(Zhou et al., 2016). Considering the qualitative and rather
subjective nature of this method, the results of the PSA were
compared with two others approaches: (i) IUCN Red List of
Threatened Species, which determines the species´ relative risk
of extinction and threat category using a detailed set of qual-
itative and quantitative criteria; and (ii) Reference point from
Traditional Stock Assessment (RP-SA) (Hoenig, 1983; Jensen,
1997).

The IUCN Red List categories considered in this study
were obtained from a regional assessment, coordinated by the
Brazilian Ministry of Environment (MMA), through the Insti-

tuto Chico Mendes de Conservação da Biodiversidade (ICM-
BIO) (ICMbio, 2018) and comprised six levels of extinction
risk: Critically Endangered (CR), Endangered (EN), Vulner-
able (VU), Near Threatened (NT), Least Concern (LC), and
Data Deficient (DD). The RP-SA considers the relationship
between the fishing mortality (F) and maximum sustainable
yield (Fmsy). Species were classified as subject to “Overfish-
ing” when F > Fmsy and “Not overfishing” when F < Fmsy.
Theoretically, by the “rule of the thumb”, the fishing mortality
at maximum sustainable yield is approximately equal to nat-
ural mortality (M) (Zhou et al., 2012). Except for the three
target shrimp species for which local estimates of mortality
and exploitation rates as well as maximum sustainable yield
are available (Lopes et al., 2014; Silva et al., 2015, 2018), for
the remaining species, Fmsy proxy were obtained by the rela-
tionship with M (Fmsy = 0.87 M (teleost) and Fmsy = 0.41 M
(Chondrichthyes)), according Zhou et al. (2012). The esti-
mates of mortalities (Z, M and F) were obtained as described
in the susceptibility section. Finally, we evaluated the propor-
tion of misclassification among the PSA three-level risk (high,
moderate, low) and the reference point (RP-SA) (overfishing
or not overfishing). We assumed that high-risk in PSA should
be equivalent to overfishing in RP-SA and, moderate or low
risk, to not-overfishing in RP-SA according Zhou et al. (2016).
In addition, we also compared the PSA risk level, the reference
point (RP-SA) and IUCN Red List categories.

Results

Vulnerability index

Considering the quantile method to define the boundaries
of the attribute, all target species of the bottom trawl were
considered as being at moderate risk (Table 3). Twenty-three
species were classified as being at high risk (v > 1.72), with the
top 10 all being non-target species: (Bagre marinus, Pseudo-
batos percellens, Micropogonias furnieri, Menticirrhus ameri-
canus, Hypanus guttatus, Bagre Bagre, Macrodon ancylodon,
Rhizoprionodon porosus, Polydactylus virginicus, Cynoscion
virescens), while the majority 44 species were categorized as
being at moderate risk and 22 as being at low risk (v < 1.15)
(Table 3, Figure 2a). Considering the k-means method, two
of the target species (P. subtilis and X. kroyeri) were consid-
ered as being at high risk, while P. schmitti was assigned as
moderate (Table 3), showing a mean vulnerability score simi-
lar to several bycatch species. Similarly, 23 species were clas-
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(a)

(a)

Figure 2. Scores of productivity (P), susceptibility (S) and vulnerability (v) of species caught by bottom trawl fishing in Barra of Sirinhaém (BSIR), south of
Pernambuco, Northeast Brazil estimated by quantile (a) and k-means (b) methods (Species codes are given in Table 3). The range lines for each point
show the standard deviation obtained from uncertainty simulations (10 000 runs). The density plots represent the total variation of the P and S scores,
for each risk category (a) quantile (High v > 1.72; Moderate 1.72 > v > 1.15; Low v < 1.15) and (b) k-means (High v > 1.60; Moderate 1.60 > v > 0.85;
Low v < 0.85).

sified as high risk (v > 1.60). Eight among the top 10 of these
(excluding Paralonchurus brasiliensis and Larimus breviceps)

were the same as for the quantile method, 44 as moderate risk
and 22 as low risk (v < 0.85) (Table 3, Figure 2b).
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640 AS Lira et al.

Assessing uncertainties

In general, most species (76%; 68 species) did not change their
risk category (low, moderate or high) according to the meth-
ods used to define of the boundaries of the attribute scores
(Figure 3). From these, 17 species of high vulnerability were
always classified as high, 33 as moderate and 18 as low (Figure
3).However, given the changes in productivity and susceptibil-
ity attribute values (Supplementary Figure S6), for 22 species
(24%) a decrease in risk status was found (Figure 3), between
high and moderate or moderate and low risk categories. Six
species (e.g. Albula nemoptera, Dactylopterus volitans, Par-
alichthys brasiliensis) changed from high (quantile method) to
moderate risk (k-means method) and five (e.g. Acanthostra-
cion polygonius, Haemulon aurolineatum, Myrichthys ocella-
tus) from moderate (quantile) to low risk (k-means) (Table 3
and Figure 3). The risk status also increased for 11 species, six
from moderate (quantile) to high (k-means) (e.g. P. subtilis, X.
kroyeri), and five from low (quantile) to moderate risk cate-
gories (e.g. Anchoa spinifer, Etropus crossotus, Citharichthys
spilopterus) (Table 3 and Figure 3).

For 94% of the species, the position in the vulnerabil-
ity ranking changed, but within same risk category, such as
the B. marinus (High risk; rank: 1 on quantile and 5 on k-
means), Chirocentrodon bleekerianus (Moderate risk; rank 56
on quantile, rank 36 on k-means) and Stellifer stellifer (Low
risk; rank 82 on quantile, rank 69 on k-means) (Figure 3).

Regardless of the weight assignments, including zeroing
redundant attributes of productivity and susceptibility, most
species did not show alterations in their classification of risk
(Figure 2 and 3). For both methods (quantile and k-means),
the top twelve species at risk, including B. marinus, P. percel-
lens, M. furnieri, M. americanus, H. guttatus, M. ancylodon, R.
porosus, P. virginicus, C. virescens, L. breviceps, B. bagre, and
P. brasiliensis (Table 3), had a probability larger than 0.8 of
being classified as at high risk (Figure 4a and 4b). Conversely,
sardines, (e.g. H. clupeola, O. oglinum, Anchoa tricolor, Rhi-
nosardinia bahiensis), estuarine fishes (e.g. S. greeleyi, H. uni-
fasciatus, A. brasiliensis) and reef fishes (e.g. Diplectrum for-
mosum, Haemulon aurolineatum) had a high probability (>
0.6) of being at low risk from bottom trawling fishing (Figure
4a and 4b).

Integrating other approaches

Considering the IUCN methodology, among the species as-
sessed, none was classified as CR, EN, VU. Regardless of
the method used (quantile and k-means), most of the species
were classified as Least Concern for all risk categories (Figure
5a and b), especially those of moderate risk. However, four
(quantile) and five (k-means) high-risk species were classified
as Data Deficient - DD (e.g. B. marinus, P. percellens and
R. porosus). Moreover, four species was classified as Near
Threated (NT), one considered as high risk, two as moderate
and one (H. unifasciatus) as low risk (Table 3).

From the 24 species out of 90 that had enough data to al-
low for comparison between PSA and RP-SA (Table 3), 46%
showed similar classification between PSA and RP-SA (High
risk and overfishing), considering both quantile and k-means
methods (Figure 5c). Among them, two high-risk species from
PSA (B. marinus and M. americanus) and classified as DD by
IUCN were considered as overfished in RP-SA (Table 3).

Discussion

Although the Productivity and Susceptibility Analysis ap-
proach does not provide traditional fishery management ref-
erence points (Fujita et al., 2014), it allows policy makers and
stakeholders to focus on monitoring, assessment and manage-
ment of the stocks and species shown to be at the highest risk
from fishing (Hobday et al., 2011). PSA is particularly useful
in data-poor cases, where the catches or biological data are
not comprehensive, are aggregated across species or are insuf-
ficient to run a quantitative stock assessment (Lucena-Frédou
et al., 2017), as is the case in many tropical multispecies fish-
eries including small-scale Brazilian fisheries.

The region and fishery of our case study have been very lit-
tle studied. Thus, quantitative assessments of the stocks and
how much they are affected by fishing are not available and
data-limited analysis approaches, including PSA, are highly
recommended. However, given its nature, PSA should be used
with caution, its results applied prudently, and a compari-
son with other assessment approaches strongly recommended
(Osio et al., 2015). For example, Zhou et al. (2016), compar-
ing stock assessments in Australia using Ecological Risk As-
sessment tools, found 50% of misclassification rate by PSA.
The results presented here should, therefore, be considered
with some caution and may refer, either for the target or non-
target species, to one specific part of the population exploited
by small-scale shrimp trawling in Sirinhaém, Northeast Brazil,
since the species distribution has a high probability of being
wider than that considered in the present study. We believe,
however, that even with the limitations of the method, espe-
cially in data-poor areas such as ours, it is important to high-
light the species that should be prioritized, either for urgent
assessment or data collection with an acceptable level of reli-
ability applying some uncertainty measures proposed.

Seventeen among the 90 species caught by bottom trawling
in the region were categorized as high vulnerable, indepen-
dently of the method (quantile and k-means) used to define the
boundaries of the attribute scores. Among these, we reported
Elasmobranchii (e.g. H. guttatus P. percellens) and catfishes
(e.g. B. marinus, B. bagre), which are often discarded or con-
sumed, and hake species (e.g. M. ancylodon) and croaker (M.
furnieri), which are usually sold. The high vulnerability scores
mainly resulted from the combination of very low produc-
tivity due to medium to long lifespans (Simpfendorfer et al.,
2011) and low spawning/potential reproduction (Pinheiro et
al., 2006; da Silva et al., 2018) (in the case of Elasmobranchii
and catfishes); or very high susceptibility to the bottom trawl-
ing due to high capture rates of young individuals (Silva Júnior
et al., 2015) and overlap of feeding and breeding grounds
with fishing areas (Silva Júnior et al., 2019) (in the case of
Sciaenidae).

Hake species, croakers, catfishes and elasmobranchs,
mainly as adults, are important fishery resources on the Brazil-
ian coastline (MPA, 2011). Elasmobranch species are often
reported as being highly vulnerable to multi-gear fisheries
throughout the world(Martínez-Candelas et al., 2020). In
south Brazil, for example, the trawl fishery has already con-
tributed to the depletion of some Elasmobranchs and Sci-
aenidae populations (Barreto et al., 2016; Haimovici and Car-
doso, 2017). Moreover, some of these exploited species are
categorized as Data Deficient (DD) (e.g. B. marinus and P. per-
cellens,) at the regional level according to IUCN Red List, in-
dicating data is inadequate to assess the risk of extinction, rec-
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Figure 3. Difference in rank and risk categories of target and non-target species caught by bottom trawl fishing in Barra of Sirinhaém (BSIR) south of
Pernambuco, Northeast Brazil. The lines show changes in rank between the methods (quantile and k-means) to define the boundaries of attribute
scores. Black lines indicate that the species changed risk category and grey lines indicate that they did not. Species codes are given in Table 3.

ognizing the possibility of being endangered (ICMbio, 2018).
Bagre bagre was considered the sixth most vulnerable species
(quantile method) and is also classified as Near Threatened

(NT) (ICMbio, 2018). In northeast Brazil, hake species, croak-
ers, catfishes and elasmobranchs do not have adequate stock
assessments or have not been evaluated due to lack of infor-
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(a)

(b)

Figure 4. Probability of risk from uncertainty simulations by the methods: a) quantile and b) k-means for each species caught (species codes are given
in Table 3) by bottom trawl fishing in Barra of Sirinhaém (BSIR), south of Pernambuco, Northeast Brazil. Species are ordered (left to right) according to
vulnerability rank: low (blue), moderate (yellow) and high (red).

mation, although they deserve attention given the history of
overexploitation and depletion already reported in the coun-
try.

Most species (33) were classified, regardless of the method
used, as being at moderate risk, but two groups of species
were differently affected by trawling. The first, including
species of the main bycatch families, Pristigasteridae, Scian-
idae and Haemulidae, have reproduction and feeding sites
that largely overlap the fishing area (Silva Júnior et al.,
2015; Eduardo et al., 2018a; Lira et al., 2019) and are
also consumed by fishermen and local communities. Some
of these species were categorized as Data Deficient (DD)
(e.g. Ophioscion punctatissimus, H. corvinaeformis) (ICM-
bio, 2018). Moreover, Verba et al. (2020) recently classi-
fied many of these Sciaenidae and Haeumilidae species as
fully or overexploited within the Brazilian Exclusive Eco-
nomic Zone, in response to synergistic interaction between
the warming of the sea, fishery exploitation and specific
life-history traits. Our findings confirm the acceptable level
of risk for these species. However, they should be con-

sidered a monitoring and research priority in the coming
years.

Another group, composed of reef-associated and sand bot-
tom fish species (grunts Haemulon spp., Jacks Caranx spp and
snappers Lutjanus spp), are at moderate risk. They have long
lifespans and low growth rates (Lessa et al., 2004). However,
they subjected to little incidental capture (Silva Júnior et al.,
2019) compared with the first group of species, and fishing
has a lower overlap with their reproduction zones (Cardoso
de Melo et al., 2020). Although these species are not particu-
larly threatened by shrimp trawling, they are heavily exploited
in northeast Brazil by multiple gears (Lessa et al., 2009), and
some species have already been as fully or overexploited dur-
ing the 2000’s (Frédou et al., 2009) and are classed as NT
(Near Threatened) (ICMbio, 2018) (Lutjanus analis and L.
synagris). Particular attention should therefore be paid to the
additive effect of the artisanal shrimp fishery, especially be-
cause this fishing activity mainly targets juveniles.

Considering the target shrimps, all three species were clas-
sified as being at moderate risk by the quantile method or at
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(a)

(b)

(c)

Figure 5. Status of the species caught by bottom trawl fishing
considering the IUCN Red List categories risk categories (a, b), PSA risk
category and Reference point from Traditional Stock Assessment (RP-SA)
for quantile and k-means methods (c). Low, moderate and high are
vulnerability risk category from PSA. Near Threatened (NT); Least
Concern (LC) and Data Deficient (DD). EQ: Similar status among PSA
results and RP-SA (High risk and overfishing; moderate or low risk and
not-overfishing); ER: Misclassifications among PSA results and RP-SA.

high risk, in the cases of X. kroyeri and P. subtilis, by k-means
method. They were not, however, in the top 10 of the vul-
nerability rankings. In general, P. subtilis showed higher vul-
nerability values and rank. This species spawns in the open
sea with juveniles living in shallow zones and migrating to
offshore waters when they become adults (Dall et al., 1990).
Hence, in our study fishery, which operates near the coast (Tis-
cher and Santos, 2003), many young individuals are caught
(Lopes et al., 2014; Silva et al., 2015, 2018), increasing the
susceptibility of the species. However, the current stock status
does not indicate overexploitation in the region (Silva et al.,
2015).

Xiphopenaeus kroyeri and P. schmitti are the main targets
of trawl fishing in the region in terms of catch volume and
market value, respectively (Santos, 2010). Traditional stock
assessments carried out in the region do not indicate overex-
ploitation, which is supported by the species’ short life cy-
cle, rapid growth and high natural mortality (Lopes et al.,
2014; Silva et al., 2015, 2018). Both shrimp species were
recently classified as DD (ICMbio, 2018) and present evi-
dence of overexploitation on the southern coast of Brazil,
with strong decreases in stock biomass and size of individ-
ual caugth (Davies et al., 2018; Carvalho et al., 2021). How-
ever, according to Lira et al. (2021), these two shrimp species
are more resilient to changes in fishing efforts in the region
studied.

Uncertainty measures

The subjective nature of PSA may lessen the reliability of the
results and consequently the management measures adopted.
Recently, some studies have addressed the fragilities of PSA
(Brown et al., 2015; McCully Phillips et al., 2015; Lucena-
Frédou et al., 2017; Duffy and Griffiths, 2019). A new method
to classify the vulnerability outputs into sustainability cate-
gories using a Gaussian mixture model (GMM) was applied
by Baillargeon et al. (2020), who observed a more effectively
grouped species with similar productivity and susceptibility
scores. In our study, we addressed some of these obstacles,
such as the choice of method to select attribute boundaries, the
potential redundancy between attributes and the consequence
of differential weights applied to productivity and susceptibil-
ity attributes. Moreover, we compared PSA risk classification
with to other data-poor methods: (i) IUCN Red List of Threat-
ened Species and (ii) Reference point from Traditional Stock
Assessment.

High correlations between attributes suggest that two or
more of them convey similar information, which would lead
to overemphasis of their effect. To counter such misleading ef-
fects, one of the correlated attributes should be removed. Con-
versely, low correlations suggest that both attributes should be
considered because each of them conveys unique biological in-
formation to define the vulnerability of a species (Stobutzki et
al., 2001). It is also necessary to consider the self-correlation
between attributes in the estimates, especially those derived
from empirical relations based on a single parameter (e.g.
Lmax). In data-poor species, as in our study case, the use of
these equations is very useful (Zhou et al., 2012). Although we
have derived several life history traits from Lmax, more than
half of the species have had their LHPs obtained from local
or regional specific studies. In addition, removal of one of the
derived attributes, overall, did not change the scores or, conse-
quently, the risk category of the species, hence all productivity
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attributes were considered in the analysis. When considering
the different methods for defining boundaries, most species
changed their vulnerability rank, but did not change their risk
category (low, moderate, or high).

The clustering method has been successfully used in the
PSA, mainly to identify similar groupings of species for differ-
ent factors (Cope et al., 2011; Furlong-Estrada et al., 2017).
More recently, Altuna-Etxabe et al. (2020) applied, for the
first time, a criterion for defining the boundaries of attribute
scores, but did not evaluate its effects in the estimation of
the vulnerability risk of the species. Both methods of defin-
ing score boundaries have a weakness. They are dependent
on the species included in the analysis, mainly species with
discrepant attribute values (very low or high values). There-
fore, its application must be cautious, according to the data
structure. Although some species changed risk categories, no
significant differences were observed in the overall PSA results
when comparing the two methods.

Extreme values of the PSA vulnerability score are often well
correlated with the risk of overexploitation, while intermedi-
ate values have high uncertainty concerning the risk posed by
exploitation of the species (Hordyk and Carruthers, 2018).
Extreme values may also be related to many false positives
or negatives (Hobday et al., 2011; Zhou et al., 2016; Lucena-
Frédou et al., 2017) obtained when the attribute scores over-
estimate or underestimate the level of risk of a species relative
to an assessment based on a larger dataset. Hence, the per-
formed simulations were important for two reasons: first, to
minimize the uncertainties of the results associated with the
attribution of weights, mainly for the species at higher (high
vulnerability) and lower (low vulnerability) risk; and second,
through a probability estimation, to reinforce the risk status
associated with each species.

Four (quantile) and five (k-means) high-risk species were
classified as Data Deficient - DD. These species need more at-
tention, because they have insufficient information available,
but it is strongly suspected that it may be in a threat category
(IUCN, 2012). Among the species classified as NT, two were
considered as moderate risk, one as high and another as low
risk. However, this divergence is expected. Due to its relative
nature, PSA indicates those species that are at the highest vul-
nerability risk and therefore deserve special attention by the
decision-makers since they are subjected to overfishing or as
data priority. However, high risk species do not necessarily
mean risk of extinction, as mainly evidenced by the results of
the IUCN. Moreover, these approaches have different levels of
complexities which can contribute to the divergences. Horn-
borg et al. (2020) assessing Swedish fisheries; Lucena Frédou
et al. (2017) an Atlantic tuna fishery; Baillargeon et al. (2020)
several global fishing; and Clarke et al., (2018) a trawl fishery
in Costa Rica have found a considerable degree of alignment
between IUCN evaluations and risk status from PSA, but also
disagreement between approaches was observed. Comparing
the PSA with the reference point (F vs Fmsy), it was observed
misclassification of 54% for both methods (quantile and k-
means).

The largest percent of misclassifications were for those
species classified as moderate risk by PSA, but as “overfishing”
by the reference point. Many reasons may result in an under-
estimation of risk in PSA, e.g. (i) absence of life history traits,
which may lead to bias in estimates; (ii) important factor or
attributes not included in the analyse; (iii) defining attribute
boundaries; and (iv) species distribution range overestimated,

and/or when fish tend to aggregate in fished area (Zhou et al.,
2016). However, some of these weaknesses were observed in
this study and were considered in sensitivity tests to minimize
the potential bias. Similar bias rates were observed by Zhou
et al. (2016) when comparing the PSA, the Sustainability As-
sessment for Fishing Effect (SAFE) with Fishery Status Reports
(FSR) and data-rich quantitative stock assessments.

According to Zhou et al. (2016), in this case, PSA has low
sensitivity, often resulting in a higher proportion of false pos-
itives. Some of the data used by IUCN, reference point assess-
ment and the PSA are similar, but the criteria used to derive the
risk, status and vulnerability of species are not. Despite some
misclassifications between PSA, IUCN and RP-SA approaches,
converging conclusions were also observed, indicating robust-
ness of PSA results for some species, even considering the lim-
itations of the method (Lucena-Frédou et al., 2017). Never-
theless, it is necessary to consider the regional circumstances,
assessing the potential vulnerability of species to the fisheries
operating in the area (Hornborg et al., 2020). Attributes and
scores should, therefore, be chosen to reflect the specificities
of study cases.

Management support conclusions

The shrimp fishery at Pernambuco is multispecies in nature
and is currently unregulated, contradicting the Code of Con-
duct for Responsible Fisheries (CCRF) that recommends that
entire catches should be managed in an ecologically sustain-
able manner considering the main species involved (target
and bycatch) (FAO, 1995). Our findings suggest that some
non-target species can be more vulnerable to bottom trawl-
ing fishing than the target species in the region, thus underlin-
ing that vulnerability of bycatch populations should be taken
into account when making management decisions as part of
an ecosystem approach.

Considering the previous studies on shrimp trawling ac-
tivity in the region (Tischer and Santos, 2003; Lopes et al.,
2014; Eduardo et al., 2018b; Silva et al., 2018; Lira et al.,
2019, 2021; Silva Júnior et al., 2019), the target species
are not currently those principally at risk from this fishery.
Some species of the bycatch, however, should be carefully
assessed and considered as priorities for management. The
combined effect of the fishery and ongoing environmental
changes, in terms of rainfall or in primary production, should
also be considered because their interaction could have sig-
nificant adverse impacts on ecosystem functioning (Lira et al.,
2021).
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