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The yellow-edged lyretail grouper, Variola louti, is ecologically and commercially
important in the Red Sea. As a carnivorous species, V. louti plays a vital role in
maintaining coral reef ecosystem health. Annually, an estimated 260 tonnes of V.
louti are landed along the Saudi Arabian Red Sea coast, contributing
approximately 6.5 million USD to the national economy. Given its significance,
effective fishery management is crucial for sustainability. This study assessed the
growth, maturity, and mortality of V. louti using fishery-dependent samples
collected from the eastern Red Sea (February 2022-December 2024). Fork
length (FL, n = 7,087) ranged from 10.5 to 64.3 cm, while total weight (W, n =
2,629) varied from 53 to 2,910 g. The FL-W relationship for both sexes combined
was W = 0.0117xFL*'. Von Bertalanffy growth parameters, based on sagittal
otolith readings, were FL., = 62.28 cm, K = 0.12 year™, and to = —2.26 years.
Median FL at first maturity was 24.98 cm, with no significant sex differences.
Mean natural mortality (M), derived from three different methods, was 0.243
year ™. Total mortality (2), estimated using a linearized exponential decay model,
was 0.38 year™. Based on these Z and M estimates, fishing mortality (F) was
calculated as 0.137 year™. Yield-per-recruit and spawning potential ratio
analyses indicate that the current F estimate places the stock near the target
reference point. The current exploitation rate (E = 0.36) remains well below the
limit reference point of 0.5. The V. louti fishery encompasses a broad FL range
and multiple age groups, with immature individuals comprising less than 12% of
total landings. However, according to the minimum landing size of 33 cm FL set
by Saudi Arabian fisheries regulations, 47% of the total catch consisted of mature
fish aged 2—3 years but below this threshold (25 cm < FL < 33 cm), while only 41%
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met the legal-size requirement (FL > 33 cm). The high proportion of legally
undersized individuals in landings underscores the need for ongoing monitoring
and additional management measures, such as catch quotas, seasonal
restrictions, and fishing effort reduction, to ensure long-term stock sustainability.

KEYWORDS

life history, age determination, stock assessment, reference points, fisheries
management, Epinephelidae

1 Introduction

Groupers of the family Epinephelidae exhibit complex life
history traits, and consequently, many species lack comprehensive
life history information necessary for effective management. These
species are generally of commercial importanance worldwide,
contributing to human diets and supporting commercial,
recreational, and subsistence fisheries (Schemmel and Dahl,
2023). Groupers are ubiquitous predators that play a crucial role
in regulating the abundance of prey species (Hixon and Carr, 1997;
Stewart and Jones, 2001), thereby contributing to the health and
stability of coral reef ecosystems. Their ecological importance to reef
ecosystems is well recognized (Craig et al., 2013), yet their potential
impact on the Red Sea coral reefs from a regional perspective
remains largely unexplored. Despite their ecological significance,
groupers are particularly vulnerable to fishing pressure due to their
life history characteristics, including longevity, late sexual
maturation, and spawning aggregations (Rhodes and Tupper,
2007; Craig et al., 2013).

The yellow-edged lyretail grouper Variola louti (Forsskal, 1775)
is one of two species in the genus Variola and has a wide Indo-
Pacific distribution. It inhabits coral reefs, reef crests, and outer
slope habitats at depths ranging from 15 to 250 m (Hiatt and
Strasburg, 1960; Heemstra and Randall, 1993; Nair et al., 2018).
This non-migratory species primarily feeds on fish, crabs, shrimps,
and stomatopods (Froese and Pauly, 2025). V. louti has been
reported to reach a maximum fork length (FL) of 81 cm (Craig
et al, 2011) and is described as a protogynous hermaphrodite
species, undergoing female-to-male sex change at approximately
35 cm FL and 6 years of age (Schemmel and Dahl, 2023).

Globally, traditional fisheries dominate coral reef ecosystems
(Salas et al., 2007; Garcia and Rosenberg, 2010), with groupers being
a particularly important target species (Schemmel and Dahl, 2023).
Despite their commercial importance, few grouper fisheries are
regularly monitored, and many are reported to be in decline
(Sadovy de Mitcheson et al, 2013; Frisch et al, 2016). In the
Western Indian Ocean, groupers are actively targeted by artisanal
fisheries, yet information on their populations and fisheries in this
region remains limited (Craig et al, 2013). Declines in V. louti
populations have been observed in areas where it is frequently
targeted, such as in the Maldives and the Mariana Islands (Nair

Frontiers in Marine Science

et al,, 2018), highlighting the need for improved monitoring and
management efforts.

The Red Sea harbors rich coral reef ecosystems. As the nation
with the longest coastline along the Red Sea, Saudi Arabia’s small-
scale fisheries harvest a significant portion of these resources.
Similar to other regions (Rhodes and Tupper, 2007; Huliselan
et al., 2017; Giglio et al., 2018), groupers play a crucial role in
supporting traditional fisheries along the Saudi Arabian coast of the
eastern Red Sea. Groupers account for 47% of the total biomass and
55% of the potential revenue in Saudi markets, and are often sold
before reaching sexual maturity (Shellem et al., 2021). Among
groupers, V. louti is particularly sought after for its high-quality
flesh, making it one of the primary target species in the artisanal
fishery of the Saudi Arabian Red Sea coast. According to the Food
and Agriculture Organization (FAO, 2024), the average annual
catch of V. louti in Saudi Arabia from 2016 to 2020 was 432
tonnes. Of this, an estimated 260 tonnes, approximately 60%,
originated from the Red Sea coast (Alshaikhi et al., 2023). The
market value of V. louti exceeds 25 USD per kg, and it is one of the
most targeted species in the region, alongside Plectropomus
marisrubri and P. areolatus (Shellem et al., 2021). However,
information on the fishery biology and stock status of this species
in the Red Sea is lacking, with the exception of a study by Wahbeh
(2005) conducted in the Gulf of Aqgaba. This earlier investigation,
now over 25 years old, was based on a relatively small sample size of
123 specimens. Due to the absence of a commercial fishery in the
Gulf of Aqaba at the time, samples were collected using gillnets and
fishing traps. Additionally, scales were used to estimate age and
growth, rather than the more widely accepted otolith-based
methods. In this context, the present study intended to obtain
estimates of population parameters, gather updated information on
the fishery biology, and evaluate the stock status of V. louti in the
eastern Red Sea.

2 Materials and methods
2.1 Biological data collection

Monthly sampling was conducted at nine major fishing ports
along the eastern coast of the Red Sea (Figure 1) from February
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Map showing the ports where V. louti specimens were sampled along the eastern Red Sea coast of Saudi Arabia.

2022 to December 2024. These locations were selected based on
fisheries statistics provided by the Saudi Arabian Ministry of
Environment, Water, and Agriculture (MEWA). During 2022 and
2023, a total of 2,629 fish specimens were collected and examined in
the laboratory, with relevant biological data recorded. An additional
4,458 specimens were sampled from fishing ports during 2024; for
these specimens, only FL (Sparre and Venema, 1998) was measured.
FL was measured to the nearest mm, and total weight (W) was
recorded to the nearest g for each specimen. To compare mean FL
values between sexes, an independent ¢-test was initially considered.
However, the FL data did not meet the assumptions of normality
and homoscedasticity, as assessed using the F-test, Shapiro-Wilk

FIGURE 2

normality test, and normal quantile plots (Sokal and Rohlf, 2012).
Consequently, the non-parametric Mann-Whitney test was applied
instead (Sokal and Rohlf, 2012).

2.2 Otolith extraction and reading

Sagittal otoliths (n=205) (Figure 2, Supplementary Figure S1)
were collected as age-determining hard structures from specimens
ranging in FL from 18.5 to 64.3 cm, following Secor et al. (1991).
Each otolith was cleaned, marked, and embedded in resin to
facilitate precise sectioning. Thin transverse sections,

1mm

Photomicrograph of transverse sections of a sagittal otolith from a 14-year-old male V. louti specimen from the eastern Red Sea. The red markers

highlight the hyaline growth bands representing the annuli
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approximately 400-500 pum thick, were prepared using a low-speed
saw, with section thickness adjusted based on visual inspection
under a microscope to ensure optimal clarity for annuli observation.
Final polishing was performed by grinding the sections with an
EcoMet™ 30 Twin Manual Grinder Polisher (Buehler). The
prepared sections were mounted on glass slides using
CrystalBondTM 509 adhesive to ensure stability during analysis.
Age determination was conducted under a Leica M205 C
stereomicroscope at 40x magnification. Annuli were counted
along the ventral margin of the sulcus acousticus, extending from
the nucleus to the proximal edge of the otolith. To ensure accuracy,
otolith images were enhanced digitally, and readings were
performed independently by two experienced readers.

2.3 Length-weight relationship

The nonlinear relationship between FL and W was analyzed
using linear regression after log-transforming all data pairs,
assuming a multiplicative error structure (Quinn and Deriso, 1999):

W =a x FL"

In this relationship, a represents the coefficient describing the
proportionality between W and FL, while b is the exponent that
characterizes how body mass (W) changes with increasing size (FL).
To assess potential differences between sexes, an analysis of
covariance (ANCOVA) was performed to compare the a and b
values between female and male fish. Departures from isometric
growth were evaluated by determining whether the estimated b
significantly deviated from the expected value 3. This was assessed
by checking whether the confidence interval (CI) for b included the
value 3 (Tirasin, 1993; Quinn and Deriso, 1999).

2.4 Sex and maturity

Sex and gonadal maturity stages of V. louti were determined
based on the criteria outlined by Nikolsky (1976), using
macroscopic examination of the gonads under standardized
lighting conditions to ensure consistency (Supplementary Table
S1, Supplementary Figure S2). An exact binomial test was used to
compare the observed sex ratio in V. louti samples to the expected
1:1 proportion (Wilson and Hardy, 2002). In addition, a log-
likelihood ratio test (G-test) was employed to assess whether the
sex ratio varied significantly across years and between seasons
(Sokal and Rohlf, 2012). Individuals classified as stage 2 or higher
were considered “mature”, while those in stages 0 and 1 were
categorized as “immature” (Supplementary Table S1). The median
size at first sexual maturity, or the FL at which 50% of fish in the
population reach sexual maturity (FLso), was estimated using
logistic regression analysis as described by Aydin and Tiragin
(2023). The maturity status of each fish was classified as binary
data (immature = 0, mature = 1), and the logistic model was fitted
separately to these binomial maturity data for females and males. To
evaluate the uncertainty of the FLs, estimates, the bootstrap method

Frontiers in Marine Science

10.3389/fmars.2025.1582582

(Efron and Tibshirani, 1993; Aydin and Tirasin, 2023) was applied,
generating 5,000 bootstrap samples, from which nonparametric
95% CIs for FLs, were derived using the Bias-Corrected and
Accelerated (BCa) method (Efron and Tibshirani, 1993). These
CIs were then used to assess whether FLs, differed significantly
between females and males by examining whether their
ranges overlapped.

2.5 Age and growth

Observed FL-at-age data obtained from otolith readings were
used to characterize the growth of V. louti by applying the von
Bertalanffy (1938) growth model (Quinn and Deriso, 1999).
Originally formulated by Beverton and Holt (1957), this model is
expressed as:

FL, = FL., x(1-¢ (7))

where FL.. represents the asymptotic FL, K is the growth coefficient
(also known as the curvature parameter), and ¢, is the theoretical
age at zero FL. The variables t and FL, denote the age (years) and
the expected FL at age t, respectively. The von Bertalanfty growth
model was fit to observed FL-at-age data of each sex separately, as
well as to combined sex data, using the nonlinear regression
method (Ritz and Streibig, 2008), assuming an independent,
additive, and normally distributed error structure. The normality
of residuals from the fitted models was assessed with normal
quantile plots and the Shapiro-Wilk test, while homogeneity of
residual variances across sex-specific models was tested via an F-
test. Differences in the estimated growth parameters between males
and females were evaluated using the likelihood ratio test
framework developed by Kimura (1980) and later advocated by
Cerrato (1990). The test statistic was compared to the theoretical
chi-square distribution with the appropriate degrees of freedom. A
large ratio, indicating a significant difference between the reduced
model (with combined data and common parameters) and the full
model (with sex-specific parameters), can be biologically
interpreted as evidence of sexually dimorphic growth. Additional
details on the methodology and statistical basis for these
comparisons can be found in Kimura (1980); Cerrato (1990),
and Quinn and Deriso (1999).

2.6 Mortality rates

Based on the recommendations of Quinn and Deriso (1999);
Cope and Hamel (2022), and Maunder et al. (2023), the natural
mortality rate (M) was estimated using three empirical methods
suggested by Maunder et al. (2023) rather than relying on a single
approach. The first two approaches were developed by Hamel and
Cope (2022), while the third was proposed by Then et al. (2015).
The annual M for V. louti was then determined as the average of the
estimates obtained from these three methods:

5.4
M="/,
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M =1.55x%xK

M =4.118 x K*7 x 1193

where t,,,, represents the maximum age, or longevity, of a species,
and K and FL., are the von Bertalanffy growth model parameters.
Based on the otolith readings, t,,,, was assumed to be at least 17
years for V. louti (Schemmel and Dahl, 2023). The total mortality
rate (Z) was estimated using the classical nonlinear exponential
decay model, which assumes a constant rate of decline in the
abundance of a fish cohort over time (Sparre and Venema, 1998;
Quinn and Deriso, 1999):

—7,
N, =Ny, x e

N; represents the number of fish at age t, Ny is the initial
population size, and Z is the instantaneous total mortality rate.
Assuming a multiplicative error term, the model was linearized
through logarithmic transformation for linear regression analysis.
The number of fish in each age class t was estimated by scaling
(raising) the observed sample numbers (otolith-based age data) to
match the annual landings of the species in the Red Sea, based on
official statistics from MEWA and FAO (Alshaikhi et al., 2023;
FAO, 2024). To account for interannual variability and provide a
more stable estimate, the calculations were based on the average of
the landings from five consecutive years (2016-2020). Since Z is the
sum of M and fishing mortality (F) (i.e., Z = F + M), the F for V.
louti was estimated by subtracting the M value from the Z estimate.

2.7 Stock status evaluation

A preliminary assessment of the stock status of V. louti along
the eastern Red Sea coast of Saudi Arabia was conducted using yield
per recruit (Y/R) analysis, along with estimates of the spawning
potential ratio (SPR) and the current exploitation rate (E). SPR is a
key metric used to evaluate the reproductive potential of a stock
under existing fishing pressure. As defined by Goodyear (1993),
SPR represents the equilibrium spawning stock biomass (SSB) per
recruit (SSB/R) at a given level of F, divided by the equilibrium SSB/
R in an unfished state. This analysis extends traditional predictive
models, such as those developed by Thompson and Bell (1934) and
Beverton and Holt (1957), which are typically used to estimate Y/R
and biomass per recruit (B/R). The computation of SSB/R for a
fished stock follows the same principles as B/R estimation; however,
it accounts explicitly for the mature portion of the fish capable of
spawning (Gabriel et al., 1989; Goodyear, 1993). Like B/R, SPR has a
maximum value of 1 when no fishing occurs (F = 0) and decreases
progressively toward 0 as F increases. It is also often expressed as a
percentage, representing the proportion of the unfished SSB/R that
remains at a given F level. For example, when F = 0, % SPR
equals 100%.

A Thompson and Bell model (TBM) (Gabriel et al., 1989; Sparre
and Venema, 1998) was used to estimate the Y/R and SPR of the V.
louti stock under varying levels of F. Input data included the
numbers of fish (the same dataset used for Z estimation) and
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mean weights in each age class, and the previously estimated M
value. The same M was applied across all age classes for survivor
calculations. The age at first capture (t.) was set at 2 years, and the
proportion of mature fish in each age class was determined using
logistic regression analysis to compute SSB. The Y/R analysis
provides two key reference points for fisheries management. The
first, F,,. represents the F that yields the maximum Y/R and is
typically regarded as a limit reference point (LRP) (Caddy and
Mahon, 1995). The LRP marks a critical threshold that should not
be exceeded to prevent severe stock depletion, indicating
unsustainable biomass levels or excessive fishing pressure. The
second, Fy;, is a more conservative reference point often
considered a biologically precautionary target reference point
(TRP). Fy; is defined as the F at which the slope of the Y/R curve
is 10% of the slope at the origin (Quinn and Deriso, 1999). The TRP
represents the desired level of stock biomass (SB) or F, aimed at
achieving long-term sustainability and optimal yield while
maintaining the stock’s health and productivity (Caddy and
Mahon, 1995; Caddy and McGarvey, 1996; Prager et al.,, 2003;
Haddon, 2011). While Y/R analysis primarily assesses growth
overfishing, it does not account for the impact of fishing on the
reproductive capacity of the stock (Clark, 1991; Mace, 1994; Quinn
and Deriso, 1999). To address this limitation, SPR analysis provides
critical insights into recruitment overfishing by evaluating the
effects of fishing on a stock’s ability to sustain itself through
adequate SSB (Mace and Sissenwine, 1993; Quinn and Deriso,
1999; Walters and Martell, 2004). A minimum SPR value of 0.4 is
widely recommended as a TRP to prevent stock depletion and
mitigate the risk of recruitment overfishing (Goodyear, 1993; Mace,
1994; Clark, 2002). The F corresponding to this TRP is commonly
denoted as F,gy. Walters and Martell (2004) emphasized that
historical stock-recruitment data indicate a significantly higher
risk of recruitment overfishing when SPR falls below 0.3.
Consequently, an SPR of 0.3 is adopted as the LRP in this study.

The value of E was calculated as the ratio of F to Z. In evaluating
the current observed E, a value of 0.5 is recognized as an LRP,
representing a threshold of sustainable fishing pressure that should
ideally be avoided. This threshold is based on the principle that F
should not exceed M, expressed as F/M < 1 (Thompson, 1993;
Froese et al., 2016).

All statistical analyses and graphical visualizations were
performed using R software version 4.3.3 (R Core Team, 2024),
with a significance level of 5% applied to all statistical tests.

3 Results
3.1 Length-weight relationship

The FL measurements (n = 7,087) ranged from 10.5 to 64.3 cm,
while the W measurements (n = 2,629) varied from 53 to 2,910 g.
The non-parametric Mann-Whitney test indicated no significant
difference in mean FL between females (31.5 + 5.78 cm) and males
(31.8 £ 7.76 cm). The FL frequency distribution of V. louti from the
eastern Red Sea, stratified by sex, is presented in Figure 3.
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which males became predominant (Figure 3). The largest female
observed measured 52.4 cm FL.

The comparison of nonparametric BCa 95% CIs for FLsy,
generated separately for each sex using bootstrapping, indicated
no significant difference between sexes. The overall FLs, estimated
from the logistic model for the combined binomial maturity data
was 24.98 cm, with nonparametric BCa 95% CI ranging from 24.56
to 25.54 cm (Figure 4). When the observed FL data were adjusted
(raised) based on annual landings of the species from the Red Sea, as
reported in MEWA-FAO official statistics (Alshaikhi et al., 2023;
FAO, 2024), immature fish (FL < FLs,) accounted for
approximately 12% of the total annual catch (Figure 3). In
contrast, mature individuals (FL > 25 cm) comprised more than
88% of the catch.

3.3 Age and growth

Otolith readings revealed that the minimum and maximum
ages recorded were 1 and 16 years, corresponding to FL of 18 cm
and 64 cm, respectively (Table 1). The maximum age was 13 years
for females and 16 years for males, with corresponding FLs of 51 cm
and 64.3 cm, respectively. Older and larger individuals (> 6 years
and > 40 cm) were predominantly male, confirming the presence of
protogynous hermaphroditism in the species (Figure 3). The von
Bertalanffy growth parameters estimated separately for each sex and
for both sexes combined are presented in Table 2. The likelihood
ratio test indicated no statistically significant difference between the
reduced model (with combined data and shared parameters) and
the full model (with sex-specific parameters). Therefore, the
observed differences in parameter estimates between sexes were
considered insignificant, and modeling the growth of V. louti using
a common growth curve was found to be statistically more
parsimonious and appropriate than fitting separate curves for
each sex (Figure 5).

3.4 Mortality rates

The annual M estimates obtained from the three methods (in
the previously described order) were 0.318, 0.186, and 0.224 for V.
louti. The mean M value across these methods was calculated as
0.243 yearfl. The value of Z (95% CI), estimated from the linearized
exponential decay model using regression analysis, was 0.38 year™"
(0.29-0.47), with an r* of 0.89. Based on these Z and M estimates,

the resulting F was calculated as 0.137 year .

3.5 Stock status

The results of the TBM Y/R and SPR analyses for this species,
based on equilibrium conditions, are presented in Figure 6. In this
figure, the left Y-axis represents the SPR, while the right Y-axis
displays the total Y/R for a single young fish recruiting to the stock.
The figure illustrates the decline in SSB/R relative to the unfished
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level, as well as the changes in Y/R as a function of F. The estimated
Fonax the LRP, was 0.231 year ', corresponding to a peak Y/R value
of approximately 93 g. Beyond this level, Y/R declined consistently.
The more conservative TRP, F, ;, was estimated at 0.161 yearfl. The
current F value of 0.137 yearf1 falls below both F,,,, and F, ;. At this
F level, the SSB corresponds to approximately 41% of its
unexploited level. Additionally, the F associated with the SPR-
based TRP (Fyp0) was computed as 0.144 year“l. As shown in
Figure 6, the current F estimate is lower than Fjg, but still very
close, indicating that the stock is being exploited at a level nearly at
the TRP, with little margin below it.

The current E derived from the mortality estimates was 0.36 for
V. louti in the eastern Red Sea. Consistent with the outcomes of the
Y/R and SPR analyses, this E value is substantially below the LRP
of 0.5.

3.6 Fishery characteristics

The primary fishing gear used to capture V. louti along the
Saudi Arabian Red Sea coast is the handline, with a small
proportion (~3%) of the total catch obtained using fishing traps.
Handlines captured fish across nearly all FL classes and age groups
in the fishery, whereas traps primarily caught individuals between
ages 1 and 3 years (Figure 7), corresponding to an FL range of 20-40
cm (Figure 4, Table 1). The age distribution of landings revealed
that fish aged 1 to 3 years were the most represented in the Red Sea
fishery (Figure 7). All age-1 V. louti specimens were immature. As
mentioned, immature fish comprised less than 12% of the total
landings, while 88% were mature individuals (Figure 3). However,
according to the MEWA regulations, the minimum landing size
(MLS) for commercial fisheries targeting this species in Saudi
Arabia is 42 cm TL (MEWA, 2021), corresponding to
approximately 33 cm FL. Based on this threshold, 47% of the
total catch consisted of mature fish below the MLS (25 cm < FL <
33 cm), while only 41% of the landings met the legal size
requirement (Figure 3).

4 Discussion

Groupers face a major threat from overexploitation and
inadequate management due to their high commercial and food
value (Sadovy de Mitcheson et al., 2013). Understanding the
biological characteristics of each grouper species at a regional
level is essential for developing accurate and effective fisheries
management strategies that ensure their long-term sustainability
(Shellem et al., 2021). However, such species-specific data for the
eastern Red Sea remain scarce, despite the extensive coral reef
habitats in the region that support thousands of artisanal fishers.
Despite the great demand for V. louti in the Red Sea and its
importance to the fishery, information on its life history and
fishery biology in the region has been lacking. This study
provides the first comprehensive information on V. louti in the
eastern Red Sea, presenting key population parameters, stock
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TABLE 1 Age length key for V. louti from the eastern Red Sea.

FL Class (cm)

Age (Years)

8

9

10.3389/fmars.2025.1582582

21

22

23

24

14

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

47

48

49

51

52

53

56

61

63

64

Total
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31

21

15

08

16

19
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TABLE 2 The von Bertalanffy growth model parameters for V. louti from
the eastern Red Sea.

Parameter Estimate SE 95% CI RSE
Females 2.498
FL..(cm) 56.24 2.819 51.73 - 64.01

K (year) 0.166 0.0257 0.116 - 0.220

to (year) -1.558 0.3543 ~2.398 - —0.939

Males 3.077
FL..(cm) 67.41 5016 59.34 - 83.97

K (year™) 0.098 0.0182 0.060 - 0.139

to (year) —-2.855 0.5496 —4.264 - —1.844

Sexes combined 2.826
FL..(cm) 62.28 2.644 57.60 - 69.35

K (year™) 0.122 0.0142 0.093 - 0.154

to (year) -2.262 0312 —2.999 - ~1.665

SE, standard error; CI, confidence interval; RSE, residual standard error (square root of the
residual mean square).

assessment, and biological insights that enable comparisons with
similar studies conducted elsewhere.

The range of FL measurements observed in the present study is
comparable to those reported in a previous study from the Gulf of
Aqaba, a gulf at the northern tip of the Red Sea (Wahbeh, 2005), as
well as in other regions worldwide (Ignatius and Faizah, 2021;
Schemmel and Dahl, 2023). The b value estimated from the FL-W
relationship in this study indicates a positive allometric growth
pattern for V. louti in the eastern Red Sea. This b estimate is
significantly higher than all other b values reported from the Gulf of
Aqaba (Wahbeh, 2005), the Indo-West Pacific (Ignatius and Faizah,

10.3389/fmars.2025.1582582

2021), and the western Indian Ocean (Mahe et al., 2022) (Table 3).
These findings suggest regional differences in the allometric growth
pattern for the species. It is important to note that, unlike the
present study, all other referenced studies used total length (TL)
measurements, which may account for the discrepancies in
these comparisons.

The observed female-to-male sex ratio deviated from unity,
with a ratio of 1.7:1. In contrast, a previous study from the Gulf of
Aqaba reported a balanced 1:1 sex ratio, with male predominance
observed in August (Wahbeh, 2005). The protogynous
hermaphroditic nature of V. louti, characterized by the presence
of older males, was evident in this study. However, the younger
population comprised both sexes. This pattern may be attributed to
several factors, including the failure of some females to transition to
males due to the absence of genetic or environmental cues, the
possibility of sex change occurring before sexual maturation in
some individuals, and variations in female size at sex reversal
among populations of the same species, as suggested by Sadvoy
and Shapiro (1987). The current findings are consistent with those
of Schemmel and Dahl (2023) from Guam, where older and larger
males were observed compared to females.

The FLs, estimated from combined-sex data in the present
study is comparable to the FLs, reported from Guam (Schemmel
and Dahl, 2023). However, higher TLs, values have been reported
for females from the Gulf of Agaba (Wahbeh, 2005) and for
combined-sex from La Réunion Island in the western Indian
Ocean (Mahe et al,, 2022) and Palau in the South Pacific (Prince
et al, 2015). In contrast, a comparatively lower TLs, estimate was
documented for males from the Gulf of Aqaba (Wahbeh, 2005)
(Table 3). These observed differences may be attributed to spatial
and temporal variations, including environmental factors, varying
levels of fishing pressure across different localities, or sampling
periods. It is also important to note that, unlike the present study
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FIGURE 5

Observed FL-at-age data for V. louti from the eastern Red Sea with the fitted von Bertalanffy growth curve.
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function of F. The SPR and Y/R levels were estimated using the TBM Y/R analysis, assuming an average age of 2 years at first capture. The figure also
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and that of Schemmel and Dahl (2023), which utilized FL
measurements, the estimates reported from the Gulf of Agaba
(Wahbeh, 2005) and the La Réunion Island (Mahé et al., 2022)
were based on TL measurements (Table 3). This methodological
difference may have contributed to the discrepancies observed in
the comparisons, as conversions between FL and TL can introduce
variability, particularly if not standardized across studies.

L 1 L n

25000 50000 75000 100000 125000

Number of fish (Raised frequencies)

g

3 4 5

Age (years)

FIGURE 7

Age distribution of V. louti landings from the eastern Red Sea coast of Saudi Arabia, categorized by gear type. The number of fish in each age class
was estimated by scaling the observed otolith-based age data to align with the annual landings of the species in the Red Sea (Alshaikhi et al.,, 2023;

FAO, 2024).

This study estimated that V. louti attains an FL.., of 62.28 cm
with a maximum observed age of 16 years in the eastern Red Sea.
The von Bertalanffy growth parameters reported for this species
in different parts of the world, along with the estimates from this
study, are presented in Table 3. From a regional perspective,
Wahbeh (2005) recorded a maximum age of 12 years, with a TL.,
estimates of 64.7 cm for females and 65.7 cm for males from the
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Gulf of Aqaba. These minor differences may be attributed to the
discrepancy in measurement standards, specifically, the use of TL
in the Gulf of Aqaba study compared to FL in the present
analysis, as well as spatial and temporal variations between the
stwo studies. Across different tropical regions, asymptotic size
estimates for V. louti show considerable variation. Reported FL..
values include 43.7 cm off Guam in the Indo-West Pacific
(Schemmel and Dahl, 2023), 48.3 cm off Palau in the South
Pacific (Prince et al,, 2015), and 51 c¢m in the Seychelles in the
western Indian Ocean (Grandcourt, 2005). Estimates based on
TL.. comprise 48.55 cm off Sibolga in the Indo-West Pacific
(Ignatius and Faizah, 2021) and 76.57 cm off La Réunion Island in
the western Indian Ocean (Maheé et al., 2022). A comparison of
present findings with all previous studies suggests that V. louti in
the eastern Red Sea reaches a relatively large asymptotic size
(Table 3). These variations in growth potential are likely
influenced by environmental conditions, genetic variability, and
fishing pressure (Haddon, 2011). The parameter K also varies
considerably across regions, with comparatively higher values
like 0.48 year " off Seychelles (Grandcourt, 2005), 0.28 year " off
Guam (Schemmel and Dahl, 2023), and 0.13 year'1 off Sibolga
(Ignatius and Faizah, 2021). Regionally, a similar K value of 0.1
year ' has been reported from the Gulf of Aqaba (Wahbeh, 2005).

The Red Sea spans a considerable latitudinal gradient, leading to
variation in ambient sea temperature that could influence growth
and body size in V. louti, as observed in many fish species (Ahti
et al,, 2020). In this study, samples were collected from nine major
fishing ports covering a wide geographic range (Figure 1) as part of
a fisheries assessment initiative by MEWA, aimed at generating
baseline data for V. louti and other species along the eastern Red Sea
coast. The sampling was not based on a balanced design stratified by
latitude or port. Otoliths were collected and processed without
detailed spatial or temporal consideration, and ageing samples were
selected randomly to cover a broad size range rather than specific
locations. As a result, the number of otoliths per site is insufficient
for robust spatial or latitudinal comparisons. It is recommended
that future studies be designed with stratified spatial and temporal
sampling frameworks to better investigate environmental drivers of
growth variation in this species.

The estimated Z of 0.38 year ' in the present study is consistent
with the findings of Schemmel and Dahl (2023) off Guam. In
contrast, a higher Z value of 0.92 year™' was reported in Sibolga
(Indo-West Pacific) by Ignatius and Faizah (2021). This substantial
difference may be attributed to environmental variations and
differences in fishing pressure (Table 3).

Based on the yield-per-recruit (Y/R) estimates derived from the
TBM analysis for V. louti in the eastern Red Sea (Figure 6), the

current F of 0.137 year™'

is substantially lower than both Fy, and
Fnax- This finding suggests that growth overfishing is not occurring,
as the stock is being harvested at a rate that allows individuals to
reach their maximum growth potential. Consequently, the fishery
remains within safe biological limits, preserving long-term stock
productivity. However, any significant increase in future fishing
effort, and consequently in F, could elevate the risk of

growth overfishing.
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The SPR analysis provides no evidence of recruitment
overfishing for the V. louti stock in the eastern Red Sea. At the
current F level, the SSB is approximately 41% of its unexploited
level, remaining above the SPR-based TRP and within safe
biological limits (Figure 6). This indicates that the stock retains
sufficient reproductive capacity to sustain the fishery. However,
while the current F estimate is below Fygo, it is still very close,
indicating that the stock is being exploited at a level near its upper
sustainable limit (Figure 6). Therefore, any future increase in F,
even if incremental, could significantly heighten the risk of
overexploitation. This concern is especially critical if increased
fishing pressure coincides with the compounding effects of
climate change, which could further stress the stock and
undermine its long-term sustainability.

Several guiding principles have emerged in response to the collapse
of numerous fisheries worldwide in recent decades to reduce the risk of
management failure. Foremost among these is the principle that F
should not exceed M, expressed as F/M < 1 (Thompson, 1993;
Williams and Shertzer, 2003; Zhou et al., 2012; Froese et al., 2016).
This condition implies that the E should be < 0.5. As Froese et al.
(2016) emphasized, fisheries must harvest at a rate that nature can
sustainably support. Consequently, an E value of 0.5 is often used as an
LRP, a threshold indicating sustainable fishing pressure that, ideally,
should not be reached or exceeded. More risk-averse management
strategies have also been proposed, recommending smaller F/M ratios
to further reduce the risk of overfishing. Examples include ratios of 0.87
(Zhou et al., 2012), 0.8 (Thompson, 1993), 0.75 (Williams and Shertzer,
2003), and 0.67 (Patterson, 1992), corresponding to E values of 0.47,
0.44, 0.43, and 0.4, respectively. These more conservative levels offer
additional safeguards against overexploitation by accounting for
uncertainties in stock assessments and environmental variability. As
described by Schemmel and Dahl (2023), V. louti in the eastern Red Sea
appears to be less vulnerable to exploitation compared to other grouper
species, as well as to V. louti populations in other studied areas, such as
Sibolga (Ignatius and Faizah, 2021) and Palau (Prince et al, 2015).
Higher E values observed in Sibolga and Palau (Table 3) indicate that
significant portions of those stocks are being harvested, which, if not
effectively managed, could lead to recruitment overfishing and
population decline.

Although the Y/R and SPR analyses (Figure 6), the current E
(Table 3), and the low proportion of immature fish in the overall
catch (Figure 3) suggest that the V. louti stock in the eastern Red Sea
remains within safe biological limits, it is important to note that only
41% of the landings met the minimum legal size requirement (> 33
cm FL) set by MEWA for commercial fisheries in Saudi Arabia.
Nearly half of the landings consisted of mature fish below this legal
limit, primarily 2- to 3-year-old individuals (Table 1, Figure 5). This
finding aligns with the observations of Shellem et al. (2021), who
reported a higher prevalence of smaller groupers in regional markets.
A similar trend has been observed in grouper fisheries worldwide, as
To and Sadovy (2009) documented a shift from large-bodied
individuals to smaller, often sexually immature fish in fish markets.

Given that the exploitation of V. louti in the eastern Red Sea
begins at the juvenile stages, additional management measures are
essential to ensure this species’ long-term sustainability. Small-scale
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artisanal fisheries account for nearly 70% of the seafood supply in
the Saudi Arabian Red Sea (Jin et al., 2012; Shellem et al., 2021).
Although handline is a traditional and relatively environmentally
friendly fishing gear, its efficiency in capturing groupers remains
high (Huliselan et al., 2017). Hook size regulations are critical for
selective fishing, helping to prevent the capture of immature fish
and mature individuals below the MLS. However, enforcing MLS
requirements in small-scale, multispecies artisanal reef fisheries
presents significant challenges, potentially leading to overfishing,
particularly among groupers. These observations align with the
concept of “fishing down the marine food web” in the Red Sea, as
described by Pauly et al. (1998). In addition to MLS regulation,
further management strategies, such as catch quotas, seasonal
restrictions, fishing effort reduction (e.g., limiting fishing days),
and stock monitoring, could help promote sustainable fisheries
management (Nair et al., 2018; Shellem et al., 2021).

5 Conclusions and recommendations

This study provides the first comprehensive assessment of V.
louti in the eastern Red Sea, encompassing key population
parameters and stock status evaluation. The assessment of the V.
louti stock suggests that current fishing activity in the Saudi Arabian
Red Sea is being conducted at a sustainable level, provided that the
present fishing effort remains unchanged. However, key concerns
persist regarding stock structure and long-term sustainability.
Specifically, almost 12% of the total catch consists of immature
fish, while nearly 48% comprises mature but legally undersized
individuals. This highlights the need for continued vigilance and the
implementation of management measures to maintain a healthy
and balanced age structure within the population. The commercial
significance of this species is further underscored by an estimated
annual catch of 260 tonnes, contributing approximately 6.5 million
USD to the national economy. Given its economic importance,
effective management strategies are essential to safeguard the long-
term viability of this valuable fishery.

To enhance sustainability, more selective hook sizes should be
implemented to reduce the capture of immature and legally
undersized fish. Additionally, strict enforcement of existing MLS
regulation, coupled with the complete elimination of trap fishing,
would further contribute to the preservation of the stock. Future
efforts should also explore adaptive management strategies, such as
seasonal closures, catch quotas, and fishing effort reductions, to
mitigate the risk of overexploitation and ensure the resilience of V.
louti stock in the eastern Red Sea.

The findings presented in this study are based on the
assumption that all V. louti specimens caught originate from a
single stock and that all reported landings along the Saudi Arabian
Red Sea coast belong to this stock. To validate this assumption,
future genetic studies are recommended to determine whether V.
louti in the region represents a single, homogeneous population or
comprises multiple distinct populations.

Looking ahead, it is imperative to maintain robust data collection
efforts for continuous monitoring and assessment. Additionally,
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integrating environmental variables into the modeling framework
will be essential for a comprehensive understanding of the population
dynamics of the species. Given the potential impacts of climate
change on fish stocks, future research should also incorporate
climate-related factors into management strategies to ensure the
long-term sustainability of the fishery.
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