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ABSTRACT

We updated the stock status of Lutjanus analis, Lutjanus jocu, Lutjanus synagris, and Ocyurus chrysurus harvested along the

Brazilian northeastern coast. Stock boundaries were defined according to the Marine Ecoregion classifications at a finer scale,

to reflect the population structure of each species. Data were exclusively from the handline fishing fleet, with removals obtained
from fisheries national statistics and published commercial fishery records. Length compositions were from commercial and sci-
entific surveys. Abundance indices were estimated from data from three projects and Brazilian official fishery statistics reports.
Growth parameters were from the literature, and natural mortality was estimated using the Natural Mortality Tool. Data were

analyzed using the Stock Assessment Continuum Tool. Three of the four species were currently overexploited, with populations
having declined by >70% from 1950 to 2021. In contrast, O. chrysurus yield did not exceed sustainable thresholds, although
stocks were declining. Without appropriate management measures, O. chrysurus could also become overexploited. Our results

emphasize the need to integrate these species into Brazil's fishery management plans to prevent further stock depletion and en-

sure long-term sustainability.

1 | Introduction

Snapper (family Lutjanidae) are tropical and subtropical ma-
rine species found in many parts of the world with high socio-
economic commercial and recreational value (Grimes 1987,
Duarte and Garcia 1999; Freitas et al. 2011). Historically,
snappers were widely exploited for income by many small-
scale fishing communities in Brazil, for landings and high
market value (Resende et al. 2003). As key predators, snappers

are often grouped with similar species like groupers (snapper-
grouper complex) due to their life-history traits, trophic ecol-
ogy, habitat use, and fishery dynamics (Coleman et al. 2000;
Heyman 2014). Species within the snapper-grouper complex
typically share life-history traits like relatively slow growth,
late maturity, and spawning aggregations that contribute to
their vulnerability to overexploitation (Chuenpagdee and
Pauly 2005; Schirer-Umpierre et al. 2014; Franca et al. 2021).
In Brazil, especially in the Northeast Region, 12 snapper
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species are targeted by fishing fleets, with Lutjanus ana-
lis (mutton snapper), L. jocu (dog snapper), L. synagris (lane
snapper), and Ocyurus chrysurus (yellowtail snapper), sup-
porting the largest landings (Resende et al. 2003). Adults of
these species inhabit rocky bottoms or coral reefs, while juve-
niles are more commonly found in coastal waters associated
with coastal reefs, seagrass meadows, or estuarine zones and
share trophic ecology characteristics, with a diet based mainly
on fish and crustaceans, and to a lesser extent, mollusks and
annelids (Lessa et al. 2004; Monteiro et al. 2009).

In the 1950s, Portuguese fishers introduced vertical longlines,
known as Pargueiras, to Brazilian fleets as an alternative to
tuna fisheries that were already starting to decline (Resende
et al. 2003). Since then, snappers were target species of several
fishing fleets that peaked in the 1980s before declining there-
after (Ivo and Sousa 1988; Ximenes and Fonteles-Filho 1988).
The decline was usually attributed to the depletion of stocks
of southern red snapper (Lutjanus purpureus), which was the
most fished snapper that was later supplanted by other snap-
per species. Since the 1990s, snappers accounted for ~40% of
total landings by demersal fisheries in Brazil due to increased
production of other snapper species, including L. analis, L.
jocu, L. synagris, and O. chrysurus, which were mainly fished
in Northeast Brazil (Resende et al. 2003; Olavo 2004; Klippel
et al. 2005; Frédou et al. 2009a; Begossi et al. 2012). In the
early 2000s, the Brazilian government's REVIZEE project
(Lessa et al. 2004) conducted stock assessments of several
fish species, including snappers, using age-structured Virtual
Population Analysis (VPA) and the Thompson and Bell Yield-
Per-Recruit model (Lessa et al. 2004; Frédou et al. 2009b,
2009a). Despite identifying overfishing and overexploitation,
management plans were never implemented for these fish-
eries. To make matters worse, the official Brazilian fisheries
statistical program—ESTATPESCA (Aragao 2008) ceased to
exist in 2007, thereby stopping the collection and processing of
fishery data, especially for coral reef fishes (Frédou et al. 2017;
Silva et al. 2021, 2025).

Some stock assessment approaches use data-limited models
that attempt to maximize use of available limited data (Chrysafi
and Kuparinen 2015; Dowling et al. 2019; Cope et al. 2023;
Cope 2024a). For example, when data on abundance indices and
age and growth are unavailable or of low quality, data-limited
methods can provide ways to move forward by outlining as-
sumptions and exploring uncertainty (Cope 2024a). Catch-based
models use catch time series that can be combined with species
life-history data (e.g., growth equation parameters, maximum
length, and age) and assumptions of stock status to estimate
sustainable catches (Cope 2013). Other methods are based on
length-frequency distributions (LFD) and life history to estimate
sustainable fishing rates and current relative stock status, such
as mortality estimators based on average length that assume
fishing mortality directly influences average length of catches
(Gedamke and Hoenig 2006; Pons et al. 2020; Then et al. 2018).
LFD data is easy and cheap to collect; hence, it is usually the
primary (or only) type of data collected in data-limited fish-
eries (Hordyk et al. 2015; Mildenberger et al. 2017). Because
integrated models can be flexible to available data types, data-
limited methods can be built in the same modeling framework
(Cope 2024a). Fisheries management often aims to optimize

yield while balancing environmental impacts and socioeco-
nomic impacts (Sainsbury et al. 2000; Garcia et al. 2003); hence,
it is highly variable and influenced by multiple factors that can
change over time. Additionally, lack of comprehensive data in
developing countries and small-scale fisheries often hinders de-
velopment of effective management plans (Cope et al. 2023).

Most fish stocks and associated fisheries in Northeast Brazil, in-
cluding snappers, are data-limited, which necessitates alterna-
tive assessment methods. We updated stock assessments for four
economically important lutjanid species in Northeast Brazil:
L. analis, L. jocu, L. synagris, and O. chrysurus using the Stock
Assessment Continuum Tool (SACT) (Cope 2024a, 2024b) an
integrative stock assessment model with historical catch data,
length compositions, available abundance indices, and life his-
tory. We sought to determine if stocks of L. analis, L. jocu, L.
synagris, and O. chrysurus were being overexploited, and if so, to
estimate reference points for fishery harvest management.

2 | Methods
2.1 | Stock Definition

Stock assessments were defined within boundaries for snap-
per stocks of the Brazilian northeastern coast according to de-
fined marine ecoregions (MEs) definitions (Spalding et al. 2007,
Figure 1). This definition was selected based on regional ho-
mogeneity of species composition, habitats, oceanographic
characteristics, and fishery dynamics within the ME of the
northeastern Brazilian coast, which has high levels of biodi-
versity and is considered a priority for management and con-
servation (CBD 2014; Eduardo et al. 2018). The region includes
several Marine Protected Areas (e.g., “APA Costa dos Corais”,
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FIGURE1 | Study area with delimitations of Marine Ecoregions on
the Northeastern coast of Brazil. The cross-hatched area represents the
snapper stock area in the Northeast Brazil ME. Black dots along the
coast represent landing ports.
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FIGURE2 | Catches, abundance indices, and length compositions used in stock assessments of (a) Lutjanus analis, (b) Lutjanus jocu, (c) Lutjanus

synagris, and (d) Ocyurus chrysurus along the northeastern Brazilian coast during 1950-2021. Bubble sizes are scaled top represent the absolute val-

ues of catches, abundance indices, and the number of individuals measured for length compositions.

“APA Guadalupe”, “APA Barra de Mamanguape”; Ferreira and
Maida 2007). Using MEs as the boundary for stock definition
provided an appropriate proxy for inferring stock boundaries
in the Southwest Atlantic and offered more accurate and finer
results than broader systems like Large Marine Ecosystems
(LMESs). This was especially relevant for species like snappers,
which may have population structures that align with finer eco-
logical scales, such as those defined by MEs. Recent research
on otolith shape and chemical composition of Lutjanus synagris
identified dissimilarities among populations across different
MEs (Dos Santos et al. 2022). However, individuals did not differ
significantly within the Northeast Brazil ME, which reinforced
the idea of a single stock in this area. In contrast, otolith char-
acteristics differed significantly between Eastern and Northeast
Brazil MEs, which suggested these areas should be treated as
distinct management units. Although this evidence suggests
separation of stocks between different MEs, further large-scale
studies comparing age composition, growth, mortality, and re-
production along a latitudinal gradient are required to substan-
tiate a hypothesis of distinct stocks across these regions.

2.2 | Data

Data were from the commercial handline fishing fleet, which
composed more than 95% (Aragao 2008) of the catches of these
species. Fisheries data for snapper assessments consisted of
catch, length-frequency data, and abundance index (Figure 2).
Historical catch data were obtained from official reports on
commercial fisheries from 1950 to 2007 (Aragao 2008), a re-
construction from 2008 to 2015 separated by state (Freire
et al. 2021), and a compilation of catch time series from the Sea
Around Us Project (Sea Around Us 2024), revised and extended
by the REPENSAPESCA Project until 2021 (Ferreira et al. 2022)
by geographical units (Northeastern Brazilian states) and taxo-
nomic units (species) of interest for stock assessment purposes
(Figure 3).

Length compositions were from REVIZEE, PRO-ARRIBADA,
and REPENSAPESCA projects. The REVIZEE project during
the 1990s collected large amounts of data from the Brazilian EEZ
from the industrial fishing fleet based in Natal-BR, landings from
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FIGURE 3 | Landings of (a) Lutjanus analis, (b) Lutjanus jocu, (c) Lutjanus synagris, and (d) Ocyurus chrysurus along the northeastern Brazilian

coast during 1950-2021.

small-scale artisanal fishing fleets from various fishing commu-
nities in the Northeast states, and data from scientific surveys
(MMA 2006). Data were collected monthly from five northeast-
ern Brazilian states: Ceard, Rio Grande do Norte, Pernambuco,
Alagoas, and Bahia (Frédou 2004). The PRO-ARRIBADA proj-
ect, implemented in 2008, provided basic information about
feeding and reproductive aggregations of socioeconomically im-
portant fish species. The project covered four broad areas, two
of which were within the range of the Northeast Brazil ME and
provided length data from 2009 to 2014. The REPENSAPESCA
project, which aimed to assess trends in the fisheries and the
population structure of commercially important reef fish, pro-
vided length composition from 2019 to 2021. Although official
commercial fishery records ceased in 2007, post-2007 sampling
continued at the same landing sites using the same protocols
established during the earlier monitoring programs. While this
ensured methodological consistency, the representativeness of
post-2008 data relative to the broader commercial fishery can-
not be conclusively verified. This limitation was explicitly rec-
ognized in our analysis and interpretation.

Abundance was indexed as catch-per-unit-of-effort (CPUE =kg/
day, catch in kg per day at sea for each vessel). CPUE was es-
timated using data from the REPENSAPESCA project (from
the state of Rio Grande do Norte), the PRO-ARRIBADA project
(from the state of Pernambuco), and the ESTATPESCA program,

Brazil's official fishery statistics until 2007 (states of Rio Grande
do Norte, Paraiba, Pernambuco, and Bahia). Raw CPUE was
used because standardization was not possible due to a lack of
factors that can influence catch and effort, such as depth, vessel
type, and spatiotemporal distribution. Diversity of sources and
heterogeneity of data, such as differences in fleet type or fishing
area, also hindered standardization of CPUE; hence, abundance
was indexed solely as raw CPUE.

2.3 | Life History

Growth parameters for most species were sourced directly
from peer-reviewed studies within the stock area. However,
for L. analis, no peer-reviewed literature was available within
the stock area, so growth parameters were estimated using
the FishLife package (Thorson et al. 2017), which provides
standardized life-history estimates based on phylogenetic and
ecological covariates. The instantaneous natural mortality co-
efficient (M) was estimated for all species using the Natural
Mortality Tool (NMT) (Cope and Hamel 2022) based on the
arithmetic mean of four estimators that rely on maximum ob-
served age: M =4.889xT, 096, M =exp(1.717 - 1.01*In(T,,,))
(Then et al. 2015), M =54/T,, (Hamel and Cope 2022),
and M =3k / (exp(k=((0.302% Ty ) — To)) —=1) (Alverson and
Carney 1975).

4
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2.4 | Population Dynamics

Biomass and stock status indicators were estimated using the
SACT framework (Cope 2024b) that uses the Stock Synthesis
age-structured modeling framework (Methot and Wetzel 2013)
as a flexible integrated analysis to model variable data avail-
ability to estimate population dynamics (Cope 2013). This ap-
proach requires input parameters for natural mortality (M),
von Bertalanffy growth parameters (L., K, and t,), sizes at 50%
and 95% maturity and selectivity, coefficients of the weight-
length and fecundity-weight relationships, parameters of the
stock-recruit relationship (steepness and initial recruitment at
the carrying capacity InR0), and catch, length, and (if avail-
able) relative abundance (Figure 4). Due to a lack of data on
fecundity at weight, fecundity-weight coefficients were set to
be the same as the weight-length relationship. Steepness (h)
was set to 0.7, the estimated mean value for Perciformes based
on the FishLife package (Thorson et al. 2017; Thorson 2020).
Initial selectivity inputs were estimated using the catch-curve
method in the TropFishR package (Mildenberger et al. 2017),
as preliminary estimates of the size at full selectivity based
on observed length-frequency data. These values were then
used to set the initial parameters for the prior distributions
in SACT as part of our modeling approach. The model can
estimate selectivity but relies heavily on these priors in data-
limited contexts due to absence of detailed gear-specific or
age-structured data. In our assessment, selectivity was semi-
informed and initialized using empirical estimates that subse-
quently allowed adjustment within bounds defined by priors
during model fitting. This intermediate approach balanced
the need for model flexibility with limitations of sparse data,
to reduce parameter uncertainty while maintaining biologi-
cal plausibility. Reference points for spawning stock biomass
(SSB) included spawning biomass at maximum sustainable
yield (SSB,y) as a minimum stock size threshold (MSST) and
125% of SSB,,5y as a management target (SSBy,,,)- The instan-
taneous fishing mortality (F) reference point was the fishing
mortality at maximum sustainable yield (F,,q,). Reference
points were estimated by SACT based on life-history param-
eters provided as model inputs, including growth, natural
mortality, maturity, and length-at-capture, under assump-
tions of constant selectivity and no explicit stock-recruitment
relationship.

2.5 | Assessing Uncertainty

Catch time series were composed of three linked sources: (1) for
1970-2007, catches were from the official Brazilian program of
data collection, ESTATPESCA (Aragao 2008), which compiles
all national fishery statistics as the most reliable catch informa-
tion; (2) for 1950-1969 and 2008-2015, Freire et al. (2021) recon-
structed marine commercial landings data by systematically
addressing gaps and inconsistencies in Brazil's official fisher-
ies statistics from national statistics, scientific literature, and
expert consultations to estimate unreported catches, discards,
and other components absent from official records; and (3) for
2016-2021, Ferreira et al. (2022) used a similar approach to ex-
trapolate reconstructions for selected species. Given the lack of
official catch statistics during the last decade, we evaluated the
sensitivity of stock status estimates to uncertainty in post-2015
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FIGURE 4 | Flow chart illustrating the Stock Assessment
Continuum Tool work path used to assess status of stocks of Lutjanus
analis, Lutjanus jocu, Lutjanus synagris, and Ocyurus chrysurus along
the northeastern Brazilian coast during 1950-2021. Solid arrows indi-
cate guidance regarding flow of the process from the top to the bottom.
The dotted line indicates a detour path if diagnostic tests fail.
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FIGURE 5 | Alternative catch scenarios for 20162021 used in sensitivity analyses of stock status estimates of (a) Lutjanus analis, (b) Lutjanus

Jjocu, (¢) Lutjanus synagris, and (d) Ocyurus chrysurus along the northeastern Brazilian coast during 1950-2021. Each line represents a hypothetical

catch trajectory, scaled by £10% to +50% (in 5% increments) relative to the base scenario while preserving the original scale.

catch data. Specifically, we tested 18 alternative catch scenar-
ios for each species during 2016-2021, by adjusting removals
by £10% to £50%, in 5% increments, from a baseline scenario
derived by Freire et al. (2021) and Ferreira et al. (2022), while
maintaining the same trend trajectory (Figure 5). These catch
trajectories were used to evaluate the robustness of stock status
estimates to uncertainty in recent removals by systematically
testing how sensitive model outputs are to reasonable varia-
tions in catch levels. Each scenario was subject to full model
fitting and sensitivity analysis. To integrate results across all
scenarios, we applied an ensemble modeling framework in
which each scenario was weighed equally. Stock Synthesis out-
puts were processed to extract key management metrics (e.g.,
fishing mortality, biomass ratios, and recruitment), constructed
probability distributions from their estimates and uncertain-
ties, and combined them into weighted ensemble trajectories.
The equal weighting scheme reflects our assumption that all
scenarios were equally plausible representations of the system,
avoiding subjective prioritization. The ensemble outputs, in-
cluding mean trajectories, uncertainty bounds, and Kobe plot
quadrant probabilities, provide a more robust synthesis than
individual scenario assessments by accounting for variability
across model structures and assumptions. This approach en-
sures that management inferences are derived from a balanced
integration of all available evidence. A bootstrap routine was

then used to quantify the probability that each species fell into
one of four risk categories, defined by relative fishing mortality
and spawning stock biomass within the Kobe plot framework.
In the green quadrant (lower right), the stock is not overfished,
and no overfishing is occurring, which is considered low risk,
indicating a sustainable and healthy stock status. The orange
quadrant (upper right) reflects a stock that is not overfished,
but overfishing is occurring, representing moderate risk and
signaling potential need for management action. In the yellow
quadrant (lower left), the stock is overfished, but overfishing is
not occurring, also indicating moderate risk. Finally, the red
quadrant (upper left) represents stocks that are both overfished
and experiencing overfishing, a high-risk scenario typically re-
quiring urgent intervention. For the final model, convergence
was tested using the Carvalho et al. (2021) method, which
provides a diagnostic flow chart for model outputs. The first
test included checking if the Hessian matrix was positive and
definite, to ensure the function converged to a unique maxi-
mum likelihood estimate. The second test was a jitter analysis
of initial values to ensure global convergence. The third test
was for random distribution of residuals that indicated model
assumptions were acceptable. The fourth test was a sensitivity
analysis of productivity parameters to verify consistency of re-
sults. The last test was a 5-year retrospective analysis to verify
consistency of results over time.
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TABLE1 | Inputparametersused in the Stock Assessment Continuum Tool reference model for (a) Lutjanus analis, (b) Lutjanus jocu, (c) Lutjanus
synagris, and (d) Ocyurus chrysurus sampled along the northeastern Brazilian coast during 1950-2021 (Sources: 1—Lessa et al. 2004; 2—Previero

et al. 2011; 3—Schwamborn et al. 2023, 4—de Aratjo et al. 2002).

Lutjanus analis Lutjanus jocu Lutjanus synagris Ocyurus chrysurus
Parameter Value CI Source Value CI Source Value CI Source Value CI Source
Maximum age 29 — 1 29 — 1 22 — 1 19 — 1
Amax
Mean age at 2.27 — 1 2.89 — 1 1.81 — 1 2.24 — 1
50% maturity
Aso
VBGF 92.3 —  Fishlife 878 — 2 59.7 — 3 56.7 — 4
Asymptotic
length L
VBGF growth 0.16 —  Fishlife  0.10 — 2 0.20 — 3 0.13 — 4
coefficient k,, "
VBGF Age at NA —  Fishlife -1.49 — 2 NA — 3 —-0.77 — 4
length 0 ¢,
Mean lengthat ~ 28.00 — 1 32.4 — 1 18.1 — 1 20.1 — 1
50% maturity
Lso
Mean lengthat  34.00 — 1 36.4 — 1 233 — 1 26.0 — 1
95% maturity
Lys
Natural 0.21 0.17- — 0.22 0.19- — 0.24 0.20- — 0.29 0.25- —
Mortality M 0.25 0.25 0.28 0.34
WL 0.02 — 1 0.02 — 1 0.01 — 1 0.03 — 1
relationship—a
WL 2.96 — 1 2.97 — 1 3.08 — 1 2.74 — 1
relationship—3
Weight-based 0.02 — — 0.02 — — 0.01 — — 0.03 — —
fecundity
coefficient
Weight-based 2.96 — — 2.97 — — 3.08 — — 2.74 — —
fecundity
exponent
Steepness h 0.70 — — 0.70 — — 0.70 — — 0.70 — —

3 | Results intervals (CIs) are available, they are reported alongside the pa-

3.1 | Diagnostic Analysis

The input parameters used in the Stock Assessment Continuum
Tool reference model for four snapper species (Lutjanus analis,
Lutjanus jocu, Lutjanus synagris, and Ocyurus chrysurus) sam-
pled along the northeastern Brazilian coast between 1950 and
2021 are shown in Table 1. These parameters include life-history
traits such as maximum age, age and length at maturity, growth
parameters from the von Bertalanffy Growth Function (VBGF),
natural mortality rates, weight-length relationships, fecundity
estimates, and the steepness parameter (h) of the stock-recruit-
ment relationship. Data sources include peer-reviewed stud-
ies and the FishLife database, as indicated. Where confidence

rameter estimates.

Key stock status indicators for the four snapper species, based on
the Stock Assessment Continuum Tool results, are depicted in
Table 2. The unfished spawning stock biomass (SSB) estimates
represent the total reproductive biomass if no fishing had oc-
curred. The catch at maximum sustainable yield (MSY) is the
estimated highest average annual catch that can be maintained
without depleting the stock. The spawning stock biomass at
MSY (SSB,,qy) indicates the reproductive biomass level that sup-
ports MSY. Ratios comparing the 2021 spawning stock biomass
to SSBy;qy (SSB,,,/SSBy,4y) indicate whether the stock is above
or below sustainable levels. Fishing mortality at MSY (Fyq) is
the rate of fishing that achieves MSY, while the ratio of fishing
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FIGURE 6 | Length distributions of (a) Lutjanus analis, (b) Lutjanus jocu, (c) Lutjanus synagris, and (d) Ocyurus chrysurus sampled along the
northeastern Brazilian coast during 1950-2021. Dots indicate observed values, and green lines indicate model estimates.

mortality in 2021 to F,q (F,,,;/Fysy) indicates current fishing
pressure relative to sustainable limits. Finally, the stock biomass
status categorizes each stock as overexploited or underexploited
and whether overfishing is occurring. These metrics provide
a comprehensive view of stock health and fishing pressure to
guide management decisions.

The SACT estimation fitted size composition data well
(Figure 6; Table 2). For all four species, diagnostics were within
the acceptable range. Final gradients of model outputs were
small (<0.001), and Hessian matrices for parameters were pos-
itive and definite. Residuals for length compositions and abun-
dance indices were randomly distributed, except for the length
composition of O. chrysurus (Figure S1). All 50 jitter runs for
each species were stable despite variation in initial values, with
most runs converging to the same solution as the base model
for each species (Figure S2). For all species, final model outputs
for biomass and fishing mortality were not sensitive to varia-
tion in natural mortality or steepness (Figure S3). Retrospective

analyses indicated low bias for most species, except L. ana-
lis, due to an imbalance in the sample size among final years
(Figure S4).

3.2 | Lutjanus analis

Removals increased until the mid-1970s and reached a his-
torical peak in 1977 before declining sharply in the 1980s
(Figure 3a). Thereafter, removals increased between 1988 and
1996 and stabilized thereafter. Length composition data for
1996-2000, 2009-2014, and 2019-2021 were well fit by the
model (Figure 6a). The abundance index did not deviate sig-
nificantly from the fitted trend but decreased abruptly at the
end of the period (Figure 7a).

Total stock biomass (B) estimates fluctuated from 15,000t in
1950 to 2900t in 2021 (Figure 8a). A steady equilibrium in stock
spawning biomass (SSB) between the early 1980s and 2010 was
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efficient of variation.

below Bygy. Relative spawning biomass ranged from 99.6% at
the beginning of the period to 14% in 2021, near By, since the
late 1970s, with low signs of recovery before a sharper decline
in the last decade (Figure 8b). Current spawning biomass was
below the limit (SSB,g,;, / SSBygy & 0.44). Recruitment fluctu-
ated greatly in the last two decades (Figure 8c), with peaks in
1999 (> 2200 recruits) and 2014 (~1900 recruits). Fishing mortal-
ity after 1974 surpassed F / Fygy = 1, and was lower only briefly
between 1980 and 1994, before rising again until the end of the
period (F,q,; / Fysy & 2.38; Figure 8d).

3.3 | Lutjanusjocu

Removals increased until the late 1990s and then declined sharply
before plateauing in 2007 (Figure 3b). Length composition data for
1996-2000, 2009-2014, and 2019-2021 were well fit by the model
(Figure 6b). Most length composition data was from the REVIZEE
project in the 1990s, but the last decade was well represented. The
abundance index was only available from 1995 through 2014 and
was missing for the end of the period (Figure 7b).

Total biomass was relatively steady, before declining sharply in
1988 and again in 1996, when it declined ~66%, with a recov-
ery between 1997 and 2002, and a decline thereafter, when it
declined 43% until the end of the period (Figure 9a). Spawning
stock biomass declined to below 30% of initial values, and by
the beginning of the last decade, the stock was below the limit
(SSB,,; / SSByisy & 0.82; Figure 9b). Recruitment was dynamic
throughout the period, with large recruitments in 1994, 1995,

and 1996 (Figure 9c). Fishing mortality increased steadily until
the last decade, to surpass MSY (Figure 9d), but was at sustain-
able levels by the end of the period (F,g,; / Fygy = D).

3.4 | Lutjanus synagris

Removals were below 500 tons in early decades, before rising
above 1500 tons between 1992 and 2008, where they stayed
thereafter (Figure 3c). Length compositions were based on low
sample sizes (Figure 6¢) and the abundance index was only
available before 2010 (Figure 7c).

Total biomass declined steadily since the beginning of the
period, increasingly after the 1970s (Figure 10a), with a par-
tial recovery between 1998 and 2003, and a decline thereaf-
ter. Spawning stock biomass first dropped below MSY at the
end of the 1990s, recovered until 2015, and declined sharply
to low levels thereafter (Figure 10b) (SSB,,; / SSBygy = 0.78).
Recruitment was relatively steady, with peaks in 1997, 2007,
and 2016 (Figure 10c). Fishing mortality was constant until
1990, but increased regularly thereafter, to surpass Fyy after
2000, and was dangerously high by the end of the period
(Figure 10d) (Fyy; / Fysy = 2.59).

3.5 | Ocyurus chrysurus

Removals increased since the start of the period, especially after
1972, and surpassed 2000 tons in 2003 and remained stable
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FIGURE 8 | Spawning stock biomass (SSB) (a), relative spawning biomass SSB/SSB (red horizontal lines represent relative SSB at MSY and the

management goal of 25% above MSY) (b), age-0 recruitment (c), and fishing mortality (red horizontal line represents fishing mortality at MSY) (d)

estimated by the Stock Assessment Continuum Tool for Lutjanus analis along the northeastern Brazilian coast during 1950-2021.

since then (Figure 3d). Length compositions were from 1996 to
2000 and 2009 to 2014, and lacking thereafter, except in 2020
(Figure 6d). The abundance index was available from 1995 to
2011 and missing thereafter (Figure 7d).

Total biomass decreased steadily between the start of the period
and 1996, with a peak between 1997 and 2001, after which the
stock sharply declined until 2014, when it stabilized until the
end of the period (Figure 11la). Spawning stock biomass was
never below MSY but crossed the By, into the precautionary
zone (SSB,,; /SSBygy & 1.42) in the last decade (Figure 11b).
Recruitment increased steadily, with peaks in 1993, 1998, and
2004 (Figure 11c). Fishing mortality was below the reference
point of F / Fy;gy = 1in the entire period but increased in the last
decade (F,g,; / Fysy = 0.86; Figure 11d).

3.6 | Uncertainty

For each species, different landing scenarios converged to the
same final status. L. analis had an 88.9% probability of being
overfished and experiencing overfishing, and an 11.1% prob-
ability of being overfished but not experiencing overfishing

(Figure 12a). L. synagris had a 96.6% probability of being over-
fished and experiencing overfishing, and a 3.1% probability of
experiencing overfishing but not being overfished (Figure 12b).
L. jocu had a 49.6% probability of being overfished and experi-
encing overfishing, a 43.3% probability of being overfished but
not subject to overfishing, and a 7.1% probability of being neither
overfished nor undergoing overfishing (Figure 12c). O. chry-
surus had a 57.0% probability of being neither overfished nor
subject to overfishing, and a 39.0% probability of experiencing
overfishing but not being overfished (Figure 12d). Stock status
estimates were generally robust to uncertainty in catch data.
Consistency among scenarios, particularly for L. analis and L.
synagris, indicated stability in assessment outcomes despite un-
certainty in catch assumptions.

4 | Discussion

Ours is the first formal and comprehensive stock assessment of
all four snapper species on the northeast coast of Brazil in the
past 20years. Our primary objective was to highlight the crit-
ical need for science-based management of demersal fisheries
in the region. Our results revealed clear evidence of prolonged
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estimated by the Stock Assessment Continuum Tool for Lutjanus jocu along the northeastern Brazilian coast during 1950-2021.

overexploitation of some of the assessed stocks, which has yet
to be addressed by any formal management framework in the
region but highlights an urgent need for a regulatory framework
to prevent further depletion of these stocks. By updating the sta-
tus of these key fisheries, we aimed to facilitate the integration
of scientific assessment into regional management planning to
stimulate the adoption of sustainable harvest strategies. Our
study, therefore, is pivotal for bridging the gap between scientific
assessment and the development of active management policies
in the region. Although assessments of other fisheries resources
have been completed, such as shrimp (de Barros et al. 2021;
Peixoto et al. 2021; Aragdo et al. 2022), recent assessments of de-
mersal fish in the North and Northeast regions are rare (Ferreira
et al. 2022). While the REPENSAPESCA project preliminarily
assessed the status of these species, it relied on the Large Marine
Ecosystem (LME16) approach, which may have led to mixed sig-
nals due to the potential presence of distinct stocks in different
regions. In contrast, we used marine ecoregions (MEs), which
are considered a more appropriate boundary for stock definition,
for finer-scale and more accurate assessments. Using historical
catch and length data and abundance indices, we evaluated the
status of the four main socioeconomically important snapper
species caught along the northeastern coast of Brazil. Our results

indicated that three of the four stocks have been overexploited
for at least a decade, with estimated fishing mortality still much
higher than sustainable levels. This suggests that these stocks
are currently being overexploited.

An advantage of the Stock Assessment Continuum Tool is its
flexibility in handling multiple types of data, including catch
data, length compositions, abundance indices, and life-history
(LH) information, which is particularly valuable for data-
limited fisheries, such as ours (Methot and Wetzel 2013), to
allow for a more refined and data-informed assessment of stock
status (Rudd et al. 2021). This flexibility allows the evaluation
of how different data types contribute to model outputs and
where key assumptions, such as selectivity or mortality, drive
uncertainty (Cope et al. 2023; Cope 2024a; Rudd et al. 2021).
This allows practitioners to identify which inputs are most in-
formative and where improved data collection would reduce
model uncertainty. However, depending on the inputs pro-
vided and the assumptions made, the model output was still
data-limited, even when using a complex modeling framework
(Cope 2024a). One limitation of SACT for data-limited fisheries
was selectivity (Cope 2024a, 2024b). For data-limited fisheries
like ours, the lack of data on gear- and size-specific selectivity
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estimated by the Stock Assessment Continuum Tool for Lutjanus synagris along the northeastern Brazilian coast during 1950-2021.

necessitates the use of simplified or assumed selectivity curves,
which may introduce bias in model outputs if the true selec-
tivity differs significantly from these assumptions (Hovgard
and Lassen 2000; Cope 2024a). As a result, model estimates of
fishery mortality, biomass, and stock status can be sensitive to
assumptions, thereby underscoring the need for caution when
interpreting results and for future efforts to improve empirical
data on gear performance and size-at-capture (Chen et al. 2003;
Hoshino et al. 2014). Thus, while SACT offers a comprehensive
approach, the quality of output is influenced by the quality and
breadth of available data (Cope 2024a). Our study also demon-
strated the importance of incorporating sensitivity analyses to
more accurately characterize uncertainty in model specifica-
tions (Tagliarolo et al. 2021).

Results of our assessment using the Stock Assessment
Continuum Tool confirmed stock assessments of L. analis, L.
jocu, and L. synagris as overfished and experiencing overfishing
more than 20years ago (Frédou et al. 2009a, 2009b). Previous
assessments using traditional age-structured methods, Virtual
Population Analysis (VPA), and Yield-Per-Recruit models indi-
cated that L. analis, L. jocu, and L. synagris were overfished and

subject to overfishing, whereas O. chrysurus was under signif-
icant exploitation pressure (Frédou et al. 2009a). Consistency
among modeling approaches and assessment periods suggests
a persistent pattern of overexploitation for these species that re-
inforces the need for management intervention. In contrast, our
assessment of O. chrysurus stock status (not overfished and not
undergoing overfishing) differed from the earlier assessment
(overexploited), perhaps because more recent data used in our
assessment, despite gaps and limitations, captured changes in
fishing effort or stock recovery since the earlier assessment.
Alternatively, methodological differences between the earlier
assessment (Frédou et al. 2009a) and ours may have influenced
how exploitation status was interpreted, particularly in the
absence of fishery-independent data. Finally, shifts in fleet be-
havior, species targeting, or market dynamics may have altered
fishing pressure on O. chrysurus relative to other species. This
historical comparison supports the credibility of the current as-
sessment while emphasizing the chronic nature of overfishing
for most snapper stocks and highlighting the value of regular
stock assessments using updated methods and data to track
changes in exploitation status over time to guide the develop-
ment of effective, adaptive management strategies.
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Table 2 highlights important contrasts in the exploitation sta-
tus and fishing pressure across the four snapper species studied
along the northeastern Brazilian coast. Notably, Lutjanus analis
and Lutjanus synagris exhibited clear signs of overexploitation,
characterized by spawning biomass levels below sustainable
targets and fishing mortality rates substantially exceeding bi-
ological reference points. For L. synagris, these results closely
align with findings from Garcia-Caudillo et al. (2024) for the
southern Gulf of Mexico, where the species was also found to
be overfished, highlighting similar pressures across differ-
ent parts of the species’ range and reinforcing concerns about
stocks’ depletion. This combination indicates that these stocks
are under significant stress from current fishing activities,
and without effective management interventions, their recov-
ery may be compromised. The situation calls for management
measures such as closed seasons or closed fishing areas to al-
leviate fishing pressure and allow rebuilding of reproductive
capacity (Shertzer et al. 2024). Lutjanus jocu, meanwhile, pres-
ents a relatively more moderate picture. Although its spawn-
ing biomass is somewhat depleted, fishing mortality is only
slightly above sustainable levels. This suggests that while the
stock is vulnerable, it may respond positively to management
aimed at reducing fishing effort to avoid further depletion, as

seen in other cases (SEDAR—Southeast Data, Assessment, and
Review 2021; Bacheler et al. 2025), and continued monitoring
will be critical to detect trends and ensure that exploitation re-
mains within safe biological limits. In contrast, Ocyurus chry-
surus stands out as currently underexploited, with spawning
biomass above sustainable reference points and fishing mortal-
ity below the threshold associated with maximum sustainable
yield. These patterns mirror those observed in Garcia-Caudillo
et al. (2024), where the species was also found to be in relatively
healthy condition under a precautionary assessment frame-
work. This relatively favorable status offers an opportunity to
implement precautionary management practices that maintain
stock productivity and prevent overfishing before it becomes a
concern (FAO 1995; Fisheries and Oceans Canada 2009). In con-
clusion, managing snapper fisheries in the Northeast of Brazil
requires a multifaceted approach that integrates ecosystem
considerations, climate change adaptation, precautionary prin-
ciples, and strong stakeholder involvement. The present assess-
ment underscores the critical role of improved data collection
to enhance the accuracy and reliability of stock assessments to
support evidence-based management. Our assessment high-
lights the limitations imposed by inconsistent or missing data,
particularly in later years of the assessed period, which limits
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FIGURE 12 | Relative fishing mortality (F) in relation to relative spawning stock biomass (SSB) of (a) Lutjanus analis, (b) Lutjanus jocu, (c)
Lutjanus synagris, and (d) Ocyurus chrysurus sampled along the northeastern Brazilian coast during 1950-2021. Red (top left) corresponds to “over-

fished and under overfishing”; green panel (bottom right) corresponds to “under no risk”; yellow (lower left) corresponds to “overfished”; and orange
(upper right) corresponds to “under overfishing”. Blue dots represent individual bootstrap runs for each combination of randomly sampled F and SSB.
Pie charts indicate the probability of each species falling within each risk category.

detecting recent changes in fishing pressure, recruitment, and
biomass. Establishing a systematic and continuous data collec-
tion program, including standardized catch records, biological
sampling of length, age, and maturity, and fishery-independent
surveys, is critical for reducing uncertainty in model estimates
and strengthening the scientific basis of future assessments and
the development of more responsive and precautionary manage-
ment strategies (FAO 2005). Lack of a management response is
a significant challenge in fisheries management in Northeast
Brazil. Effective fisheries management requires integration of
peer-reviewed science into decision-making processes, moving
beyond academic stock assessments toward actionable man-
agement advice (Hilborn 2011). This highlights a need for more
responsive and dynamic management that uses scientific data

to foster collaboration among researchers, policymakers, and
stakeholders. Strengthening the link between stock assessments
and management actions through comprehensive and adaptive
strategies will be crucial for ensuring the long-term sustain-
ability of fish stocks and the communities that depend on them
(Alcock 2004). Based on model results for L. analis, L. jocu, and
L. synagris, these three fisheries are at risk if current fishing ef-
fort continues. This serves as an example of small-scale fisher-
ies struggling due to neglect, with no consistent data collection
or stock assessments. For O. chrysurus, although the fishery is
currently at safe levels, increasing fishing pressure could lead
to a precarious situation without proper management measures.
Therefore, catch accounting, data collection, and accurate life-
history estimates are needed to reduce uncertainty in results
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of stock assessments for these species, so we recommend these
four species be prioritized for inclusion in future Brazilian fish-
eries management plans, including continuous on-site mon-
itoring (i.e., recording landings and discards), control, and
surveillance of the fisheries, along with continuous collection of
biological samples, as well as for other species that share similar
life-history traits or are associated with similar demersal fisher-
ies on the Northeast coast. The protocol followed in this work,
including life-history parameters estimation, stock assessment,
and sensitivity analysis, can be replicated for other species of the
Brazilian Northeast coast and elsewhere.

4.1 | Broader Management Implications

Management of snapper stocks in Northeast Brazil cannot
be considered in isolation because fisheries are multispecies
and of low selectivity (Lessa 2006; Lucena-Frédou et al. 2021).
Gear used by these fisheries often captures multiple species, so
management must be part of an interconnected system, rather
than focusing on single-species stock assessments (Frédou
et al. 2009b). This multispecies perspective aligns with the
principles of Ecosystem-Based Fishery Management (EBFM),
which advocates for a holistic approach that incorporates eco-
logical relationships, such as predator-prey dynamics, habi-
tat dependencies, and species interactions, into management
plans (Garcia et al. 2003). The four assessments presented
here enhance understanding of the status of snapper stocks
in Northeast Brazil, where stock assessments and data-driven
management are limited. Our results are intended to inform
ongoing discussions within local fisheries co-management
councils and governmental bodies, such as the Brazilian
Ministry of Fisheries (MPA) and the Brazilian Institute of
Environment and Renewable Natural Resources (IBAMA),
particularly as Brazil advances toward more structured and
adaptive fishery management. Given the multispecies nature
of these fisheries and data gaps in the region (MMA 2006;
Lessa et al. 2004), this information can aid in prioritizing man-
agement actions, particularly when addressing data-poor fish-
eries. Currently, no harvest control rules or species-specific
management plans exist for these stocks; hence, stock status
information is essential for prioritizing management actions
(Frédou et al. 2017; Silva et al. 2021, 2025). In the absence of
data-rich assessments, our results can support the implemen-
tation of precautionary measures, including spatial or seasonal
closures and participatory monitoring strategies. In addition
to ecosystem complexities, climate change must be integrated
into management strategies to ensure the long-term sustain-
ability of snapper fisheries. Effects of climate change, such as
ocean warming, changes in current patterns, and acidification
are likely to alter fish distributions, reproductive cycles, and
habitat suitability (Cheung et al. 2009; Petitgas et al. 2013;
Sydeman et al. 2015). Such changes could exacerbate chal-
lenges already faced by multispecies fisheries, highlighting
the need to incorporate climate-related variables into stock as-
sessments and management plans (Vinther et al. 2004; Dolan
et al. 2016). For instance, future management strategies could
include adaptive measures that allow for flexible responses to
shifting species distributions or altered ecosystem productiv-
ity to ensure management is still relevant under changing en-
vironmental conditions.

Our findings are relevant for future applications, such as Marine
Spatial Planning (MSP) or Management Strategy Evaluation
(MSE) frameworks tailored for the region. Adopting a precau-
tionary approach within an adaptive management framework is
crucial for addressing ecological and environmental uncertain-
ties by promoting conservative catch limits and allowing for ad-
justments as new data become available to ensure management
remains responsive to real-time ecosystem changes (Rodriguez-
Perez et al. 2023). MSE can be valuable for enabling the testing
of management strategies and, by simulating possible outcomes,
it can identify the most effective strategies under conditions of
uncertainty, as a key component of adaptive fisheries manage-
ment in dynamic, data-poor fisheries (Butterworth 2007, 2008),
like those in the Northeast of Brazil. However, effective fisher-
ies management is not solely about ecological and environmen-
tal considerations but must also account for the socioeconomic
realities of communities that depend on these resources (Garcia
et al. 2003; Rodriguez-Perez et al. 2023). Snapper fisheries are
vital to the livelihoods of many local fishers (Ivo and Sousa 1988;
Resende et al. 2003; Frédou et al. 2009a), so management strate-
gies need to balance ecological sustainability with socioeconomic
well-being. Co-management practices that involve collaboration
among government agencies, fishers, and local communities
offer a pathway to achieving this balance. By involving stakehold-
ers directly in decision-making, co-management can foster local
stewardship, improve compliance with regulations, and ensure
management is grounded in local knowledge and experience,
while support for alternative livelihoods during closed seasons or
stock recovery periods can help alleviate economic pressures on
fishers to ensure short-term sacrifices lead to long-term benefits
(Berkes 2009; Motta et al. 2002).

To integrate these considerations effectively, MSP and other
management options like the Precautionary Approach
(Dowling et al. 2019; Ono et al. 2019; Mildenberger et al. 2022)
are valuable tools that can be employed. MSP facilitates the or-
ganization of ocean space to minimize conflicts and promote
sustainable resource use by identifying and protecting critical
habitats. A spatially explicit approach is particularly relevant
for multispecies fisheries, such as snapper fisheries, by help-
ing to safeguard essential fish habitats and optimize the allo-
cation of ocean resources (Frédou et al. 2009b). By combining
MSP with precautionary and adaptive management strategies,
fisheries management in the Northeast of Brazil can become
more resilient to environmental and socioeconomic changes
by ultimately supporting the sustainability of fish stocks and
reliant communities.
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