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ABSTRACT: In Greek waters, the spottail mantis shrimp Squilla mantis (Linnaeus, 1758) presents significant ecological and low
to moderate economic value. This study investigates the population dynamics and stock assessment of the species in the north
Aegean Sea. A total of 856 individuals were collected using commercial bottom trawls between April 2021 and April 2023. Key
population parameters such as size distribution, sex ratio, growth, size at maturity and spawning seasonality were assessed. Results
indicate a relatively stable population with a slight male dominance and peak spawning activity occurring in late spring to early
summer. Growth parameters were estimated using the von Bertalanffy growth model, revealing moderate growth rates and a max-
imum length slightly higher than previously recorded for this species in other Mediterranean regions. Stock assessment, conducted
through yield-per-recruit analysis, suggests that the current exploitation levels are approaching sustainable limits. However, poten-
tial overfishing risks necessitate continuous monitoring and the implementation of adaptive management strategies. This study
underscores the importance of integrative approaches combining biological and fisheries data to ensure the sustainable management
of S. mantis populations in the Aegean Sea.
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1. Introduction

Mantis shrimps are crucial biological elements of temperate and tropical ecosystems [1], and due to their ability to
control the abundance of other species and serve as a strong promoter of total species richness, they are vital to marine
ecosystems. Two distinct groups of mantis shrimps can be distinguished by their exterior morphology, the “spearers”
and the “smashers”, occurring in soft and hard substrata [2—4]. They hunt largely at night, mostly with long-range strikes.
Being incredibly swift and lethal predators, they successfully feed on fish, tiny crabs or shrimp, clams, marine worms
and other tiny invertebrates [5]. When hunting, they wait in their burrows and quickly seize their prey. Due to their
behavior and preference for deeper, murkier environments, have not received much research attention.

The spottail mantis shrimp, Squilla mantis, belongs to the spearers, named for their significantly larger second pair
of limbs, resembling the grasping forelimbs of praying mantises. This species is easily recognized by its distinctive
morphological characteristics, most notably the brown eye spots encircled in white, located anteriorly on each side of
the telson’s medial longitudinal crest. Dull brown is the typical overall coloration of the species. It can grow up to 20
cm in total length (TL), with an average of 12—-18 cm [5]. In the eastern Atlantic, the distributional range of Squilla
mantis extends from the Gulf of Cadiz in the north, southward to the Madeira and Canary archipelagos [6,7], to Angola
in the south [5,8,9]. It is found across the Mediterranean Sea, especially in marine areas enriched with run-offs from
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rivers [5,10-14], inhabiting a wide range of depths, from the sublittoral (>3 m) to over 150 m (maximum recorded depth
367 m) [5,15]. However, it is typically found in depths between 120 and 150 m [5,6,8,15].

The species’ burrowing behavior and dietary composition indicate that it is a benthic crustacean with a strong
connection to soft sediments [8,16]. In fact, S. mantis prefers silty sand to sandy mud substrates [5,17] but also sandy
[7] and muddy bottoms [9,10,18], with average temperatures of the overlaying waters between 13.2 °C and 24.0 °C [5]
and salinities between 35—40 [5]. In addition to its burrowing behavior, other important ecological characteristics of the
species include territoriality, nocturnal predatory opportunism, and exceptional eyesight [3,5,17,19-22].

In the Mediterranean, the majority of the spearers constitute a major bycatch of the prawn fishery, frequently caught
over trawlable bottoms in coastal fisheries and according to various studies [5,6,10,14-16,18,23-26], Squilla mantis is
the only mantis shrimp in the basin with considerable economic significance. Except for the trawlers, the primary
method of capturing the species is by various fishing gear, including dredges, “rapido” and “rastell” trawl nets, trammel
nets, gill nets, baited traps, and pots [5,7,9,13,16,23-27]. Up to 2015, more than 7000 t per year were captured within
the basin, most of which were from the Italian coast of the Adriatic, the Ionian and Sardinia. It is regularly or occasion-
ally sold fresh in the fish markets of Algeria, Cyprus, Egypt, France, Greece, Israel, Italy, Morocco, Spain, Tunisia and
Turkey [5,9,10,13,14,28-31]. However, in Greece, as in other Mediterranean countries, the species is mostly a discarded
[32,33], and there is a possible connection between the market demands and the fishers’ decision to discard the species [27].

Many aspects of the biology and ecology, including behavior, morphology, anatomy and population dynamics of
the species have been studied in various Mediterranean countries [10,20,24,25,27,28,34-50]. In the Greek waters and
the eastern Mediterranean Sea, S. mantis has only been the subject of a few studies [27-29,51], hence, there is still no
comprehensive information on the biology, ecology and exploitation level [31,52], in order to develop managerial prac-
tices for targeted fisheries in the eastern basin. To address this data gap, this study employs length-based models and
mortality estimates, which are suitable methods for data-limited stocks. Traditional stock assessment methods, such as
age-structured models, often require extensive data and are not feasible for many fish and crustacean species, especially
in data-limited regions. Data-limited approaches provide reliable alternatives that can inform management and conser-
vation decisions, even in the absence of extensive historical data [53].

In fisheries science, length-based models and mortality estimates are widely accepted for assessing stock status
when only length-frequency data and basic life-history parameters are available [54,55]. These methods are particularly
relevant for S. mantis in the North Aegean, where traditional data-intensive models are infeasible due to limited data.
Length-based models, including mortality estimates based on empirical relationships [56], are robust tools for assessing
stock exploitation levels with limited data [57]. These methods have been extensively validated in data-limited fisheries
worldwide. It is supported by the work of [ 58], who advocate for the utility of length-based and simple mortality models
in providing management-relevant insights, even in data-limited contexts.

While various studies have investigated the biology, ecology, and population dynamics of S. mantis in different
Mediterranean regions, few have focused on the species in Greek waters, particularly the North Aegean Sea. This geo-
graphical gap is significant, as a comprehensive understanding of S. mantis’s life history and exploitation levels in the
eastern Mediterranean is crucial for developing sustainable fisheries management practices. Given its role as a bycatch
species in prawn fisheries, S. mantis is often subject to unregulated harvest, which could negatively impact local popu-
lations and biodiversity.

The objective of this research is to enrich the existing knowledge of S. mantis in the North Aegean Sea by exam-
ining its growth, reproductive biology, mortality, and exploitation rates. The findings will provide essential information
for the sustainable management and conservation of S. mantis, ensuring that this ecologically and economically valuable
species remains a viable resource within Mediterranean fisheries.

2. Materials and Methods
2.1. Study Area

The coastal region surrounding Thermaikos Gulf and its southern waters is characterized by a mosaic of uses, from
highly urbanized extensive infrastructure, port facilities, and many hotel units to partially residential, highly to medium
culturable land, and highly to medium touristic activities in the coastal waters during summer months.

The study area is indicated in Figure 1. The seabed of the North Aegean region is predominantly composed of vast
fine sandy, sandy mud and muddy plains at the sublittoral zone [59], with the mean annual water temperature fluctuating
between 14 and 16 °C. Salinity levels are typically measured between 37 and 39 ppt, while pH values range from 8.40
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to 8.46. Oxygen concentration varies between 5.3 and 5.9 mg/L, and turbidity levels have been recorded between 17.4

-500m
-200m

-40m

Sm
-0m

and 19.8 m.

Figure 1. Map of the investigated region of the north Aegean Sea, Greece, where experimental bottom trawling for the collection
of the spottail mantis shrimp Squilla mantis was conducted (black outline). Color variation indicates depth.

2.2. Sampling Methodology

All S. mantis individuals in the present study were caught with commercial bottom trawlers during normal com-
mercial catches. All conducted hauls followed the same fishing protocol in terms of cod end mesh size of the fishing
gear, duration, depth range and studied area limits. The hauls were conducted in straight lines over fine sand and sandy—
muddy substrate. The incorporated vessels were two traditional Greek commercial bottom trawlers of the medium-scale
artisanal fisheries registered in the north Aegean Sea fleet. The cod end had a square mesh with a stretched mesh size
(bar length) of 28 mm. The trawling depth ranged from 64 to 100 meters, the trawling speed was between 3 and 3.1
nautical miles per hour, and each haul lasted five hours.

Upon the release of the catch on the deck of each vessel, random S. mantis samples were collected, transported to
the laboratory and for each individual, the total length (TL), carapace length (CL) and total weight (TW) were measured
to the nearest 0.01 cm and 0.01 g, respectively. Samples were acquired monthly between April 2021 and May 2024,
excluding the period from June to September when commercial trawling is prohibited (EU 1967/2006) [60].

2.3. Sexual Dimorphism and Morphometric Relationships

A total of 856 individuals (512 males and 344 females) collected between April 2021 and May 2024 were studied
for TL, CL, TW and reproductive stage.

The chi-square goodness-of-fit test was used to evaluate the null hypothesis of equal proportions in the male-to-
female ratio and to compare our results with published literature [61]. The chi-square test for association was further
employed to evaluate the null hypothesis of an equal proportion of seasonal sex ratio.

Data were assessed for normal distribution with the Shapiro-Wilk test for normality and heteroscedasticity with
variance ratio test. Welch’s test was employed to compare morphometric characteristics among sexes [62]. Pearson
correlation coefficient (PCC) was employed to measure the strength of the linear association between all biometric
characters measured [63]. Statistical analysis was performed with Jamovi (Ver. 2.3.8) [64] at an alpha level of 0.05.
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The R package TropFishR (version 1.6.4) [65] was used to estimate the growth and mortality parameters using R
studio (ver. 4.4.1, R Foundation for Statistical Computing, Vienna, Austria. Accessed on 10 October 2024, from
https://www.r-project.org/).

2.4. Length-Weight Relationship

The length-weight relationship (LWR) was assessed by fitting the linear least squares regression separately for
each sex. For the total population combined, where CL is the carapace length (mm), TW is the total weight (g), “a”
(growth factor) is the intercept, and “b” is the slope (allometry coefficient) (Equation (1)). The standard Student ¢-test
was employed to assess allometric relationships, isometry (b = 3) or allometry (b # 3). The two-sample #-test was used
to compare the linear regression equations among sexes.

TW=a+bxCL (D

2.5. Age Composition and Growth

Pooled length frequency distributions (LFDs) calculated per 1 mm size class were divided into age groups using
Bhattacharya’s approach [66] to identify the mean of length for each cohort [67,68], with the use of the FiSAT II
program (FAO, Rome, Italy) (version 1.2.2) [69]. The separation index among different cohorts was employed to de-
termine statistically acceptable cohorts. The Bhattacharya method is a statistical technique used to analyze length-fre-
quency data by separating mixed distributions of lengths into distinct age or cohort classes. The Bhattacharya method
converts length-frequency data into a series of normal distributions, assuming that each cohort (or age group) within
the population follows its own normal distribution. It identifies and isolates these cohorts by detecting peaks in the
frequency distribution, with each peak representing a separate cohort. Using Gaussian decomposition, successive nor-
mal distributions are fitted and subtracted to separate these peaks iteratively. The means and standard deviations of each
cohort are then estimated using linear regression on the cumulative length-frequency data to enhance accuracy. This
separation provides estimates of age classes, enabling analysis of growth patterns, as each peak represents an age group
that allows calculation of growth increments across age classes.

The ELEFAN system (Electronic LEngth Frequency ANalysis) on monthly LFDs was used to provide quantitative
information [70] on the growth of S. mantis using a seasonally oscillating version of the von Bertalanffy Growth For-
mula (VBGF). The ELEFAN method allowed for parameter estimation from the von Bertalanffy growth function from
the progression of LFQ modes (length-frequency modes) through time [56]. Following the “reconstruction” of length
frequency data, Response Surface Analysis (RSA) was employed to estimate growth parameters (K and Loo) within the
von Bertalanffy Growth Function (VBGF). This approach involved fitting the VBGF model to length-frequency data
across a range of K and Lo values, generating a response surface that visualizes the goodness-of-fit for each parameter
combination. By identifying the peak of this response surface, the optimal estimates for K and Loo could be determined.
Bin length was chosen using the empirical equation (Equation (2)) according to [71].

Bin length = 0.3 X Lmax?%®¢ ()

where Lmax is the maximum observed length.
Growth was described by the Von Bertalanffy (1938) [72] growth equation (Equation (3))

Lt = Lipex (1 — e 7Rx(tt)) (3)
where K (growth coefficient) is the rate at which the asymptotic length, Linr, is approached, t is the age in years and to

is the hypothetical age at which the individual has zero length.
The index of growth (in length) performance [73] was derived using the von Bertalanffy parameters (Equation (4))

@ = logK + 2 X logLiu¢ 4)

2.6. Reproduction

Sex and maturity stages were determined macroscopically according to [74]. The reproductive stages of S. mantis
were categorized based on macroscopic observations of the ovaries and sternites (abdominal segments) as follows:
Indeterminate: No discernible ovarian features or sternite coloration. Immature Virgin: Filamentous and hyaline ovaries,
with hyaline 6th—S8th sternites. Virgin individuals exhibit narrow, yellow ovaries, which may be filamentous, with brown
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chromatophores and hyaline 6th—S8th sternites. Recovering individuals exhibit narrow, yellow ovaries, which may be
filamentous, with prominent brown chromatophores and whitish 6th—8th sternites. Maturing: Yellow ovaries extending
up to half the abdominal width, not visible through the cuticle, with white 6th—8th sternites. Mature: Yellow ovaries
extending over half the abdominal width, visible through the cuticle on the ventral side of the telson, with milky white
sternites. Resting: Filamentous and shrunken ovaries, sometimes still yellow or with few yellow dots, with hyaline or
white 6th—8th sternites. The sex of individuals was determined by examining the morphology of the ovaries and the
structure of the 6th—8th sternites, noting distinct differences between males and females.

The length at which 50% of individuals in the population have reached sexual maturity (known as the onset of
sexual maturity, Lso) was estimated with the use of a binary logistic regression fitted to the data [75]. Data were trans-
formed using the logit transformation into a probability ranging from 0 to 1, with individuals deemed immature assigned
a 0 value and mature individuals assigned a value of 1.

Annual recruitment pulses and their relative strength were determined using time series length—frequency data and
growth parameters (Linr and K), utilizing backward projection of length frequencies onto the time axis based on growth
parameters [76].

2.7. Mortality, Exploitation Rate, Capture Probability and Eumetric Length
Natural mortality was calculated using the updated Pauly nls-T estimator according to [77] (Equation (5)).
M = 4.118 x K073 x ;%33 (5)

Total mortality (Z) was calculated according to the length-converted catch curve [78]. Points along the descending
limb of age-frequency data, where catch counts decrease logarithmically with age, were selected for linear regression.
This range of points represents the segment where mortality is expected to follow a steady, exponential decline, thus
minimizing potential biases from recruitment effects or small sample sizes at older ages. The slope of the regression
line provided the total mortality estimate.

The annual fishing mortality rate (F) was obtained by subtracting natural from total mortality according to [68]
(Equation (6)).

F=27-M (6)

The exploitation rate (a measure of the number of fish that are caught from a population each year) was calculated
as the ratio of fishing mortality to total mortality [78] (Equation (7)).

E = F/Z (7

A catch curve based on net selectivity was constructed by applying linear regression fitted to an ascending line of
input points generated from a plot of the capture probability against the length group [79] to calculate the length at first capture
(Lc) (50% capture probability) and values of the lengths at 25% (Las) and 75% (L7s) capture probabilities respectively.

The length class with the highest biomass (L.) (eumetric length) at which the fish population can achieve its max-
imum sustainable yield (MSY) was calculated according to [54,80,81] (Equation (8)):

_ 3 X Lipf

L = 8
34 (®)

2.8. Relative Y/R and B/R Analysis: Knife-Edge Selection

The relative yield per recruit (Y'/R) was estimated using the knife-edge method of Beverton and Holt’s model
(Equation (9)) [68,82]. Biological reference points that were obtained from the model included the fishing mortality at
the maximum sustainable yield (Fmax), the exploitation rate at the maximum sustainable yield (Emax), the exploitation
rate at which the marginal increase in relative yield per recruit is 1/10th of its value at E = 0 (E0.1), the value of E under
which the stock has been reduced to 50% of its unexploited biomass (E0.5) and the biomass per recruit at the maximum
sustainable yield (BMSY).

Y’—EXUM/KX ) 3xU N 3 x U? N IE
R ( (1+m) (1+4+2m) (1+3m)

) 9

where:
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U=1-C9
Linf
m = T = K/Z
K
The optimum exploitation rate (Eop) was further estimated according to [83] (Equation (10)).
F
Eopt = °Tpt (10)

3. Results
3.1. Sexual Dimorphism and Morphometric Relationships

For the total population, males exhibited significantly larger CL (33.7 + 4.38 mm, Welch 7T-test=—2.62, p <0.01),
TL (14.9 £ 1.96 cm, Welch T-test = —3.34, p < 0.001) and TW (38.5 = 12.16 g, Welch T-test = —6.18, p < 0.001),
compared to the females (32.9 £ 3.91 mm), (14.5 £ 1.56 cm) and (33.8 = 9.95 g) respectively (Figure 2).
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Figure 2. Carapace length, Total length and Total weight frequency distribution of the 856 sexed individuals of Squilla mantis from
north Aegean Sea, Greece.

The sex ratio for the total population was in favor of males with M:F ratio 1.48:1 (X2 = 33.19, p < 0.001), with
significant difference exhibited among seasons (X?> = 117.86, p < 0.001) (Figure 3). Sex ratio during spring (March—
May) was significantly in favor of males (X* = 136.78, p < 0.001) with M:F ratio 3.27:1. The opposite trend with sex
ratio in favor of females was indicated during autumn (X* = 4.88, p < 0.05) with M:F ratio 0.62:1 and winter (X?=9.38,
p <0.01) with M:F ratio 0.60:1 (Figure 3).

Significant correlations (p < 0.05) were exhibited among all biometric characters with higher correlation between
TL vs. TW (r=0.80) and CL vs TW (» = 0.65).
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3.2. Length-Weight Relationship
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Carapace length versus total weight relationship exhibited a significant negative allometric relationship for the
total population and for each sex separately (slope b significantly lower than 3, p < 0.001) (Figure 3A). No significant
difference in the relationship of the carapace length vs total weight was exhibited between sexes (slopes T =1.72, p > 0.05,
intercepts T = 0.94, p > 0.05). However, males tended to get heavier as they grew up compared to the females (Figure 3B).
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Figure 3. Carapace length—total weight relationship of (A) both sexes and (B) each sex separately of Squilla mantis from north

Aegean Sea, Greece.

3.3. Age Composition and Growth

(Figure 4).

Asymptotic length (Linr) was estimated at 51.04 mm of carapace length and with growth coefficient (k) at 0.2. The
index of growth @’ was estimated at 2.72, indicating a fast-growing population.
Five age classes were identified. The dominant cohort was the third-year class, comprising 52.8% of the population,
followed by the second (41.6% of the population) and the third (4.2% of the population) year classes, respectively
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Figure 4. Characteristics of the identified age groups for all 856 individuals of Squilla mantis from north Aegean Sea, Greece.
Confidence intervals indicate the standard deviation.

The seasonally oscillating VBGF was fitted to monthly length-frequency data (Figure 5), indicating the seasonally
oscillating growth curve of S. mantis carapace length based on monthly length-frequency data from the north Aegean
Sea. The black-and-white bars and blue-red background represent peaks in length-frequency data, with black-and-white
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indicating positive peaks and blue-red indicating negative peaks. Restructuring was used to identify modal length clas-
ses, which correspond to different cohorts over time. The dotted diagonal lines overlaid on the length-frequency data
represent growth curves, showing the progression of cohorts as they increase in length through time.
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Figure 5. Length frequency data and growth curves from restructured data (MA = 7), obtained through the seasonally oscillating
response surface analysis (RSA) of S. mantis individuals captured from north Aegean Sea, Greece. Bars represent restructured
length frequency data, with black—white bars and blue-red background indicating positive and negative picks, respectively. The
intensity of the blue and red shades reflects the magnitude of deviations, with darker shades indicating stronger positive (blue) or
negative (red) peaks in the restructured data.

3.4. Reproduction

Figure 6 illustrates the monthly occurrence of reproductive stages in S. mantis, with each dot representing an indi-
vidual specimen. Clusters of dots indicate multiple specimens within the same reproductive stage, with the size of each
cluster corresponding to the number of individuals found at that stage during a specific month. Reproductive stages are
shown on the y-axis, ranging from immature virgin to resting adult. Seasonal patterns are highlighted by color: winter
(green, December—February), spring (red, March—-May), and autumn (blue, October). Figure 6 demonstrates seasonal
trends in the reproductive cycle, with immature and developing stages predominant in winter months, maturation oc-
curring in spring, and a new cohort of immature individuals appearing in autumn.

S. mantis annual recruitment pattern (Figure 7) indicated that recruitment occurs in one prominent peak between
March and June (66.7% of the annual recruitment).

The Lso was estimated at 24.4 mm in CL (1.2 years and 13.9 g) for the total population, with CL at maturity
occurring in smaller CL sizes for males (22.3 mm) compared to females (25.1) (Figure 8).



Hydroecology and Engineering 2024, 1, 10005 9 of 20

Season
Resting adult @ « Autumn
* Spring
* Winter
Mature b/ 'ﬁ%- -
& Maturing '-5'5.:} ﬂ:-
1
£
E
] . £ i .
= Recovering & ) g &% %
Developing oS00 ?E:}
i afEs .'E' "« 9.‘
virgin "'::'! 'é:%-‘ ..
o o & F
1 t i . e ok
mmature virgin 2 -&? e
January February March April May October December

Figure 6. Monthly occurrence of Squilla mantis reproductive stages from the north Aegean Sea, Greece. Seasons are indicated by
color.
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Figure 7. Monthly recruitment pattern of S. mantis in north Aegean Sea (Greece). The histogram represents the percentage recruit-
ment observed each month, with the superimposed red line indicating the smoothed trend of recruitment distribution throughout the year.
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Figure 8. Binary logistic regression of the proportion of mature S. mantis from north Aegean Sea, Greece, relative to its carapace
length (red line indicates model fit, green dashed line indicates 95% C.I., blue dashed line indicates Lso).

3.5. Mortality, Exploitation Rate, Capture Probability and Eumetric Length

A catch curve analysis was conducted to estimate S. mantis total mortality (7). Points along the descending limb
of the age-frequency data, where catch counts decrease logarithmically with age, were selected for regression analysis.
(Figure 9). The chosen range of points reflects the segment where mortality is expected to follow a steady, exponential
decline, minimizing potential biases from recruitment or low sample sizes at older ages. The resulting total mortality
estimate (Z = 0.74 = 0.13) provides a measure of mortality that integrates both natural and fishing mortality, crucial for
assessing population dynamics and guiding sustainable management practices.

. 2=0.74%£0.13

In(C / dt)
%
]

Relative age (years)

Figure 9. Length converted catch curve showing the descending limb used for estimating total mortality (Z). The blue points
represent the data selected for the regression analysis, with the slope indicating the total mortality estimate.
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Natural mortality (M) was estimated as 0.34, fishing mortality (F) as 0.4, and total mortality (Z) as 0.74. Exploita-
tion rate (E) was estimated as 0.54.

Capture probability was estimated at 25% (LCas), 50% (LCso), and 75% (LCys) levels as 28.55, 29.70, and 30.77
mm, respectively, with age at a 50% probability of capture (tso) estimated at 2.0 years.

Eumetric length L. was estimated at 32.5 mm CL.

3.6. Relative Y/R and B/R Analysis: Knife-Edge Selection

The yield per recruit (Y/R) against F and E are shown in Figures 10 and 11, respectively. The model indicated that
the current F of 0.4 is significantly lower than the Fusy of 2.641, suggesting that the current level of fishing pressure is
below the threshold needed to achieve the MSY, indicating that the population is not being overfished at present. Fur-
thermore, the current E of 0.54 is below both Emax (0.88) and Eqp (0.65), indicating that the exploitation level is within
sustainable limits and optimal for the species’ long-term viability. It is advisable to maintain or slightly adjust the current
level of exploitation to avoid overfishing while maximizing yield.
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Results of the yield-per-recruit model and biological reference points are shown in Table 1.

Table 1. Relative yield/recruit analysis (knife edge) and biological reference points of S. mantis population from north Aegean Sea, Greece.

Y/R Analysis (Knife-Edge) E Y/R B/R

0.01 0.009 0.861

0.20 0.017 0.729

0.30 0.025 0.604

0.40 0.031 0.487

0.50 0.036 0.379

0.60 0.040 0.281

0.70 0.043 0.194

0.80 0.044 0.117

0.90 0.045 0.053

0.99 0.044 0.005

Biological reference points

Finax 2.641
Enmax 0.885
Bumsy 0.017
Eoa 0.770
Eos 0.389
Eopt 0.65

E, the exploitation rate; Y/R, yield per recruit; B/R, biomass per recruit; Fmax the fishing mortality at the maximum sustainable
yield, Emax the exploitation rate at the maximum sustainable yield, Eo.1, the exploitation rate at which the marginal increase in
relative yield per recruit is 1/10th of its value at E = 0; Eo s, the value of E under which the stock has been reduced to 50% of its
unexploited biomass; Bmsy the biomass per recruit at the maximum sustainable yield; Eqp, the optimum exploitation rate.

4. Discussion

In the Mediterranean Sea, S. mantis exhibits high densities in areas where the substrates are suitable for burrowing.
These considerable concentrations constitute the species important for fisheries. Indeed, S. mantis is the most econom-
ically important mantis shrimp among Mediterranean countries, such as Italy (Adriatic Sea and Sardinia) and Spain
(Catalonia and Balearic Isl.) [10,16,23-25,28,84]. However, the species is still unexploited in many basin countries and
remains mainly a bycatch [27,31-33]. A positive element for the potential economic benefit of the coastal small-scale
fisheries, is that the spottail mantis shrimp displays maximum abundance in depths shallower than 50 m [5,16], where
trawling is prohibited. Individuals can be caught mainly during night hours when they are out of their burrows. Seasonal
variations in catches are strongly connected to the reproduction of the species (recruitment and disappearance of adults
after spawning), with abundance lower during spring and early summer and higher during winter and late autumn
[10,84-86]. Furthermore, catch variability is also related to depth, weather and prevailing sea conditions [5,16] and
seawater temperature [5,48,87]. It is noteworthy that many coastal epibenthic species targeted by artisanal fisheries
demonstrate a seasonality in catches, namely the caramote prawn Penaeus kerathurus (Forskal, 1775) and the horned
octopus Eledone cirrhosa (Lamarck, 1798) [10,88]. In the prospective of S. mantis becoming a targeted fisheries re-
source, the present study provides important aspects of its biology in the Thermaikos Gulf and adjacent southern Aegean waters.

Throughout our study, S. mantis was collected over soft substrates with bottom trawlers of similar length, GT and
KW, cod end mess size, depth range (less than 100 m) and haul duration (five hours). Apparently, these were not
specialized trawlers for catching S. mantis, on the contrary there are not such vessels. All trawlers working on suitable
bottoms may catch this species, and thus, it is difficult to estimate the size of the fleet that exploits S. mantis because
the species does not represent the main target of a specific métier.

The investigated number of S. mantis individuals in the present study (n = 856) covers a significant range of CL,
TL and TW of the population of the species in the study area. The range of values for these morphometric parameters
were 1.49—4.97 cm, 7.45-20.01 cm and 11.88-69.94 g, respectively for males and 2.31-4.56 cm, 9.90-19.50 cm and
9.17-61.94 g respectively for females. These ranges seem very close to those recently obtained by [52] and our maxi-
mum TL agreed with the values previously observed for this species [5]. However, CL and TW ranges were narrower
for both sexes than those obtained by [27] in Thermaikos Gulf. The minimum CL reported herein is smaller than that
reported from Spain, roughly the same as in the north-central Adriatic and larger than from the western Italian seas and
Algeria [5,10,31,37,89].
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Males grow larger in the under-study area, and our results agree with those of [31,52] and [27], who collected
specimens from the same region a few years prior to the present study. However, our findings contradict those presented
by [51], who reported that females were larger and heavier. The differences could be the effect of the fishing gear used
(static nets in depths less than 40 m) and/or the absence of winter specimens in their study.

Mean male TL was higher than that reported from Sicily [25], Tunisia [16], Algeria [31] and Turkey [51,52]. Mean
female TL was similar to those reported from Tunisia [16] and higher than that from Sicily [25], Algeria [31] and
Turkey [51,52]. Mean male TW was similar to those reported from Thermaikos Gulf, Greece [27], and different from
specimens collected in Maliakos Gulf, Greece [28], Algeria [31] and Turkey [51,52]. Mean female TW was similar to
those reported from Thermaikos Gulf, Greece [27], and differs from specimens collected in Maliakos Gulf, Greece [28],
Algeria [31] and Turkey [51,52].

In terms of the male to female sex ratio, our results indicated one of the lowest ratios in the studied literature. In
fact, a great variability in the M:F ratio can be noticed throughout the latter by [10] at the Ebro delta, [13] in Tunisia,
by [16,24,90] in three areas of Tunisia, by [25] in the southern coast of Sicily (specimens collected during autumn/win-
ter), by [86] in the northern and central Adriatic Sea, was calculated by [51] in the eastern Aegean Sea, by [27] in
Thermaikos Gulf, north Aegean, by [31] in Algeria and by [52] in the eastern Aegean Sea. Sex ratio alternations have
also been reported for populations outside the Mediterranean [91] (and references herein). The variability in the M:F
ratios, and especially the dominance of males in spring and in summer, is possibly related to the fact that during the
reproduction season, the berried females remain within their burrows [13,37,84,86] and in a lesser degree to the rela-
tively faster male growth [13,16,91].

Length-weight relationship is an important tool in fisheries biology. It is often used to study the population char-
acteristics of many crustacean species [27,92], revealing how a population changes over time and space. The spottail
mantis shrimp exhibited negative allometry in the under-study area, indicating a higher weight increase in proportion
to length. The Coefficient of determination (R?) values of 0.53 and 0.54 indicated a weak correlation between the CL
and TW of S. mantis in the present study.

LWRs for S. mantis have been reported by various authors throughout the Mediterranean Sea and the European
Atlantic waters (eastern central Atlantic) and several agree with our negative allometry [14,28,31,44,51,52,93]. How-
ever, there are others that report positive allometry, in contrast to our results [16,24,25,37,94]. The latter authors re-
ported positive allometry only for their female individuals and attributed their positivity to the possible involvement of
their sampling size or their sampling methodology. Positive allometry only for males has been presented by [95]. Neg-
ative allometric (b < 3) growth has also been reported from outside European waters [91]. Nevertheless, the growth
patterns of marine species can be influenced by factors such as overfishing, biological competition, environmental con-
ditions (temperature, salinity, nutrients), and/or predator-prey relationships [24,31].

The structure of the populations of any species must be studied well in order to design and apply management
protocols. The growth rate of a species can be calculated by plotting size as a function of age. Our age estimation of S.
mantis identified five age classes, resulting in the highest number of age classes found in Mediterranean literature on
the species. Most studies in the Mediterranean have reported three to four age classes [25,31,51,52,84,85,96]. However,
[13,16] reported two age classes for both sexes of the species in Tunisian waters, whereas [14] reported three from
specimens collected from the European Atlantic waters. The differences could be attributed to the sampling areas them-
selves, the sampling methodology and the method for statistical analysis. There is no available data on the dominant
cohorts in the studies except for that of [52], who reported that the dominant cohort was the fourth-year class.

Asymptotic length (Linf) was calculated for all individuals (combined sexes) on the basis of CL (5.11 cm) and was
found higher than in [10] (3.90—4.00 cm, males and females respectively), [37] (4.15 cm) and [51] (4.74 cm) and closer
to that reported in [31] (4.81 cm). Nevertheless, other authors have used TL [16,25,52,93] to calculate Linf and the
other growth parameters.

The growth coefficient (K) was also calculated based on CL. The value of 0.20 obtained herein is smaller than that
of [31](0.34) and [37] (0.49). Linf and K values obtained are consistent with the relatively short longevity of the species
[5,10,96]. Do Chi [97] and Badia and Do-Chi [96] suggested a maximum life span of 3.5 years for S. mantis, while
other authors [10,93] have reported that the maximum age of the largest individuals caught in the fishery corresponds
to the age of three.

Similarly, the growth index @’ was estimated at 2.89 based on CL, indicating a fast-growing population in the under-
study area. Our value is very close to that presented by [37] (©” = 2.93) and almost identical to that of [31] (®* = 2.90).

Understanding and investigating reproductive biology is crucial for managing fisheries and assessing fish stocks.
Although our sampling period did not include summer months, the monthly frequency of each maturity stage of the
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individuals collected indicated that annual reproduction occurs in a single spawning event, as also pointed out by [52].
The initiation of this event occurs in May. In Maliakos Gulf, Greece, females with mature ovaries have been reported
in July, September and October [28] and this prolonged period was attributed to the different environmental conditions.
Kog et al. [52] observed that the highest gonadosomatic index (GSI) values in the Northern Aegean Sea occurred in
spring.In the eastern Aegean, [51] detected that S. mantis exhibits an intensive spawning period between April and July.
Other authors from different Mediterranean areas have also concluded that reproduction falls within the same period.
Chronologically, late spawners occur in the Gulf of Trieste in June [85]. In the Adriatic, the largest percentage of mature
females has been recorded in February and March [37]. In the Ligurian Sea, females with ripe gonads have been rec-
orded between January and June, peaking in April [5]. In Tunisia, ref. [24] studied the GSI of their specimens, which
began to rise in December, peaked in February and dropped between April and June. Carbonara et al. [74] reported that
in the Tyrrhenian, South Adriatic and western lonian seas, the reproductive period extends from October to June, with
a peak during winter-early spring. In the Tyrrhenian Sea, reproduction extends from winter to spring (January to June),
according to [98]. Shortly after, ref. [99] concluded that maturation lasts from December to April and spawning from
April to August. In the north-central Adriatic, reproduction lasts from winter to spring [86]. In the European coastal
waters of the eastern Atlantic, maturity has been reported to initiate in the early winter [14].

Based on the literature, females incubate the eggs in their burrows during spring and early summer, for approxi-
mately 10 weeks. They do not feed and do not leave their burrows [5,97,100,101]. Larvae hatch between late spring
and late summer [47,101] and settlement of post-larvae occurs at the end of summer and the beginning of autumn (CL
0.3-0.4 c¢m) [5,10,37]. Squilla mantis matures within 1 year after settlement and spawns within the second year of life
[10,95,96].

The estimated Lso at CL 2.44 cm (1.2 years, 13.9 g) for combined sexes is close to that reported from [5,98], (CL
2.0-2.4 cm), [74] (CL 1.96 £ 0.10 cm, 2.11 £ 0.13 cm and 2.03 + 0.16 c¢m in the central-southern Tyrrhenian, South
Adriatic and western lonian seas respectively) and [86] (CL 2.54 + 0.21 cm) from north-central Adriatic. However,
several authors have expressed the Lso in regards to TL instead of CL [10,13,44,99,100,102].

Comparing our values of S. mantis populations to other regions and seasons reveals significant variability, often
linked to environmental parameters such as temperature, salinity, and habitat availability. For instance, changes in sea
temperature can affect growth rates and reproductive success, as observed in [46], which highlighted the influence of
climatic factors on crustacean populations. Such environmental fluctuations can lead to differences in population dy-
namics, affecting overall abundance and sustainability in various areas.

The determination of exploitation indices provides useful information on the status of the species. Natural mortality,
estimated as 0.34, is a lot lower from the value of [31] (0.95) and lower to that (0.47) defined by [52]. Fishing mortality
(F) of 0.40 was higher than the 0.26 calculated in [84] and the 0.20 provided by [52] and lower than in [31] (0.95/year),
and by [51] (1.16/year). Additionally, total mortality (Z) of 0.74 was higher than that (0.67) of [52], and lower than that
(1.32 year—1) of [31], and that (0.98) of [25]. In the present study, the estimated exploitation rate (E) of 0.53 was higher
than that (0.30) defined by [52] and that (0.39) of [51].

Since our yield-per-recruit model shows that the current F (0.40) is significantly lower than the Fmax (2.641) we
can infer that the current fishing pressure is below the threshold of the MSY. The exploitation rate was found within
sustainable limits, below the Emax (0.88) and the Ep: (0.65). It was indicated that the S. mantis population in the study
area is not overfished, and a further increase in the catches can be sustainable if combined with sustainable management
practices. Our recommendation is to potentially increase S. mantis landings, while establishing fishing quotas and reg-
ular population assessments. The opposite recommendation to reduce or to maintain fishing pressure and/or implement
a recovery plan was proposed for the populations of S. mantis in the north Adriatic and the Tyrrhenian, South Adriatic
and western lonian seas, respectively [84,103]. The differing management implications for S. mantis populations across
various regions arise from several key factors. In Italy, S. mantis is a targeted species with significant value in local
fisheries, leading to more intensive management and better data on population dynamics [104]. In contrast, in Greek
waters, it is primarily considered bycatch, leading to underreporting and a lack of targeted management. This may
contribute to higher incidental mortality and inadequate population assessments. Additionally, fishing pressure in the
northern Adriatic, Tyrrhenian, South Adriatic, and western lonian seas may be more intense due to variations in fishing
practices and gear types, which negatively impact population health. Biological factors, such as growth rates and repro-
ductive strategies, also vary across regions, influencing each population’s resilience and recovery potential. Finally,
socioeconomic factors play a role: in Italy, the economic importance of S. mantis justifies a more aggressive manage-
ment approach, whereas in Greece, where it is of less economic concern, management strategies tend to be more con-
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servative. These factors underscore the critical need for customized management strategies that account for each re-
gion’s unique ecological, biological, and socioeconomic contexts. Such tailored approaches are essential for ensuring
the long-term sustainability of S. mantis fisheries across diverse marine environments.

Although the study spans only three years, which may limit its ability to capture the complex population dynamics
of S. mantis fully, the methodology employed is valid and commonly used for assessing data-limited stocks [59,105—
107]. The absence of data from June to September is a noted limitation, as this period likely includes critical life stages,
such as reproduction and recruitment, which are essential for understanding population trends. Additionally, the gear
used for data collection may influence the demographic profile captured, potentially biasing the population representation.

Despite these limitations, the simple methods applied provide valuable preliminary insights into stock status and
are designed to be straightforward and accessible for fisheries assessments. Given constraints in time and resources,
these methods offer a practical approach for initial evaluations and serve as a foundation for more detailed studies in
the future. Ultimately, while the need for more comprehensive assessments is acknowledged, the chosen methodology
remains a robust starting point for understanding S. mantis populations within the context of available data.

5. Conclusions

The present study provided valuable insights into the population dynamics and stock assessment of the spottail
mantis shrimp Squilla mantis in the northern Aegean Sea. Findings indicated a relatively stable population, with males
slightly dominating. Growth parameters were moderate, with the species exhibiting a larger maximum size than previ-
ously recorded in other Mediterranean regions. The peak of the spawning period was observed in late spring to early
summer, aligning with the reproductive patterns seen in other Mediterranean populations. Current exploitation levels
are sustainable, though they are nearing the upper limits. This underscores the importance of regular monitoring and
adaptive management strategies to prevent overfishing.

Despite being primarily a bycatch species, the spottail mantis shrimp holds potential for economic valorization,
especially given its suitability for exploitation at depths where trawling is not permitted. Its inclusion as a targeted
species could benefit small-scale fisheries, but this should be carefully managed to avoid overexploitation. The study
emphasizes the need for continuous monitoring and suggests that any catch increase should be aligned with fisheries
quotas and regular assessments. Furthermore, the lack of specialized trawlers targeting this species and the variability
in sex ratios depending on season and gear type suggest that further studies are necessary to develop sustainable man-
agement strategies. This research, the first of its kind for S. mantis in the region, fills a critical knowledge gap and
serves as a foundation for future studies to ensure the sustainable exploitation and management of this species in the
eastern Mediterranean.
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