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Cephalopods, including octopuses, squids, and cuttlefishes, are exploited by both
bottom trawl and small-scale fisheries (SSF) in most of the Mediterranean areas. Bottom
trawl fisheries regard cephalopods as a valuable bycatch, whereas for SSF, they are
among the main target species. Cephalopods account for a relatively small proportion
of the total landings in the Mediterranean. However, from an economic point of view,
four cephalopods, Eledone cirrhosa, Eledone moschata, Octopus vulgaris, and Sepia
officinalis, account for approximately 15% of the total landing value. Despite their
economic importance, there are very few stock assessments of cephalopods in the
Mediterranean because it is difficult to assess them by classical age-based methods,
given their short life-cycles, and highly variable growth and recruitment. The production
of E. cirrhosa, E. moschata, Illex coindettii, Loligo vulgaris, O. vulgaris, S. officinalis,
and Todaropsis eblanae in the waters off the south of Sicily accounts for approximately
8% of the total Mediterranean yield of cephalopods. This study presents the first
attempt to assess the state of these cephalopods in the Strait of Sicily by using
surplus production models. Since species-wise landing statistics may be unreliable
because of their morphological similarity, some octopuses (E. cirrhosa and E. moschata)
and ommastrephid squids (I. coindetii and T. eblanae) were assessed combined.
Landing data and abundance indices from trawl surveys were used to describe
cephalopod stock dynamics through the Bayesian State Space Schaefer model (BSM)
and Surplus Production model in Continuous Time (SPiCT) models. As survey data
were not considered reliable indicators of their abundance, O. vulgaris, S. officinalis, and
L. vulgaris stocks were assessed using the Catch-Maximum Sustainable Yield (CMSY)
model. Overall, squid and cuttlefish stocks were observed to be in healthy conditions.
However, assessments of octopus stocks indicated that their condition was critical or
recovering. Here, we discuss the different stock statuses in the light of evolving fisheries
and environmental factors in the area over time. Although cephalopods are not a priority
in the current management system of Mediterranean fisheries, the importance of these
species in the food web and their relevance for SSF underline their importance and their
exploitation status should be periodically evaluated.

Keywords: stock assessment, surplus production models (SPM), maximum sustainable yield (MSY), fisheries
management, catch-maximum sustainable yield (CMSY), Bayesian surplus production model (BSM), surplus
production in continuous time (SPiCT)
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INTRODUCTION

Cephalopods, both as predators and prey, are key components
of marine ecosystems (Boyle and Rodhouse, 2005). Furthermore,
commercially important cephalopods are relatively few in
number but they support several fisheries, both inshore and
offshore, in many oceanic regions (Pierce and Portela, 2014;
Rodhouse et al., 2014; Lishchenko et al., 2021). Most cephalopods
important to fisheries are semelparous, fast-growing, short-lived,
and early maturing species with several cohorts overlapping in
the year and their life cycle phenologies are strongly affected by
environmental factors (Jackson and O’Dor, 2001; Rodhouse et al.,
2014; Jereb et al., 2015; Lishchenko et al., 2021).

In the last few decades, an increasing trend in cephalopod
catch from commercial fisheries has been observed in some
oceanic regions of the world, together with a progressive decline
in groundfish stocks (Rodhouse et al., 2014; Arkhipkin et al.,
2015, 2021; Hilborn et al., 2021). This trend has been attributed to
several factors: increased biomass in response to global warming
(Sauer et al., 2019), reduced competition for prey, and predation
by depleted groundfish (Caddy and Rodhouse, 1998; Rodhouse
et al., 2014; Doubleday et al., 2016). There is no consensus
on the impact of fisheries on cephalopod stocks, with some
authors highlighting their vulnerability (e.g., Rosenberg et al.,
1990) and others suggesting that their “life-strategy” may be
advantageous under heavy fishing pressures relative to long-lived
and late-maturing fish (e.g., Caddy, 1983). On the other hand,
there is a general agreement on the impact of environmental
factors on cephalopod growth and recruitment, and that these
affect significant population dynamics and stock assessment
parameters (e.g., Rodhouse et al., 2014).

In the Mediterranean Sea, cephalopod fisheries date back
to ancient times and can be traced to the Bronze Age, as
depicted by Minoic potteries. In this area, cephalopods are
fished by both bottom trawl and small-scale fisheries (SSF),
where the latter employ gears such as trammel nets, pots,
and hand-lines (Quetglas et al., 2015; Falsone et al., 2020).
However, most commercial landings are currently attributed
to bottom trawling (Sartor et al., 1998; Jereb et al., 2015).
The waters south of Sicily [Geographical Sub Area (GSA) 16,
according to the FAO General Fishery Commission for the
Mediterranean (GFCM)], corresponding to the northernmost
sector of the Strait of Sicily, are among the most productive
areas for demersal fisheries in the Mediterranean (Milisenda et al.,
2017; Di Lorenzo et al., 2018; Falsone et al., 2020). The landings
of the following seven species accounted for approximately
8% of the total Mediterranean landings for cephalopods (FAO
Fisheries and aquaculture software, 2021): horned octopus
Eledone cirrhosa (Lamarck, 1798), Musky octopus Eledone
moschata (Lamarck, 1798), broadtail shortfin squid Illex coindettii
(Verany, 1839), European squid Loligo vulgaris (Lamarck, 1798),
common octopus, Octopus vulgaris (Cuvier, 1797), common
cuttlefish Sepia officinalis (Linnaeus, 1758), and lesser flying squid
Todaropsis eblanae (Ball, 1841).

Despite their economic importance, studies assessing
cephalopod fisheries and stock status in the Mediterranean
are rather scarce. In this region, some cephalopods are caught

by SSF, which are intrinsically difficult to monitor, whereas in
bottom trawling, these species are generally regarded as bycatch.
Moreover, although cephalopod landings are recorded in most
Mediterranean countries, they are registered at the family or the
genus levels due to difficulties in species identification. Another
factor hampering the stock assessment of cephalopods is their life
history traits (short lifespans, semelparous reproduction, high
natural mortality rates, rapid and often non-asymptotic growth,
complex population structures, and weak stock-recruitment
relationships). These factors, together with the resource intensive
work needed for direct age estimation, make the use of traditional
age-based models impractical (Arkhipkin et al., 2021).

The difficulties in undertaking stock assessment are reflected
in the poor management of fisheries that exploit cephalopods
in the Mediterranean. To the best of the authors’ knowledge,
technical measures to regulate cephalopod fisheries have been
adopted for common octopus only in Tunisia. According to
Ezzeddine and El Abed (2004), between 16 May to 15 October
of each year, it is forbidden to fish individuals weighing less
than 1 kg. In this context, data-poor methods prove to be useful
tools for assessing the stock status of these fishery resources.
In this study, a Bayesian State Space Schaefer model (BSM),
a Catch Maximum Sustainable Yield (CMSY) model (Froese
et al., 2017), and a stochastic Surplus Production model in
Continuous Time (SPiCT) (Pedersen and Berg, 2017), widely
used within the International Council for the Exploration of
the Sea (ICES) and GFCM framework, were used to assess the
stock status of E. cirrhosa, E. moschata, I. coindettii, L. vulgaris,
O. vulgaris, S. officinalis, and T. eblanae in the South of Sicily
(GSA 16, Figure 1).

MATERIALS AND METHODS

Data Sources
Data were gathered through the European Data Collection
Framework. In particular, two main data sources were used: (i)
official landing data of SSF and bottom trawl, and (ii) survey data
from the International bottom trawl survey in the Mediterranean
(MEDITS) (Bertrand et al., 2002; Spedicato et al., 2019). Species-
wise landing data could be affected by several factors, including
species misidentification and the joint selling of different species.
In this study, to cope with these difficulties, some species were
assessed as combined species: (i) E. cirrhosa and E. moschata were
assessed as Eledone spp. (hereinafter referred to as Eledone), and
(ii) I. coindetii and T. eblanae were assessed together (hereinafter
referred to as Todill). For the purpose of this study, the analyzed
dataset spanned 2004 to 2018 for both landings and MEDITS
data. The MEDITS surveys were carried out mainly in spring–
summer, except for 2013 (carried out in summer–autumn),
2014, and 2017 (carried out in autumn). Accordingly, in the
analysis, the biomass indices were standardized to account for
the time variability of the trawl surveys. In particular, for each
species, the BioIndex (Zupa et al., 2021) and BioStand (Zupa
et al., 2020) routines were used to fit General Additive Models
(GAMs) with Gaussian distribution (identity link), including
years, months, depth, latitude, and longitude as predictive
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FIGURE 1 | Geographical Sub-Area 16, south of Sicily, where the data of the considered cephalopods were collected.

TABLE 1 | Prior ranges for parameter r used by CMSY and SPiCT models.

Species CMSY SPiCT

Prior r range Prior B/K Prior r

Eledone 0.36–0.82 B: 0.2–0.6 I: 0.1–0.4 E: 0.1–0.4 0.5

Loligo vulgaris 0.22–0.51 B: 0.2–0.6 I: 0.4–0.8 E: 0.4–0.8 NA

Octopus vulgaris 0.53–1.21 B: 0.2–0.6 I: 0.01–0.4 E: 0.2–0.6 NA

Sepia officinalis 0.37–0.84 B: 0.2–0.6 I: 0.4–0.8 E: 0.4–0.8 NA

Todill 0.34–1.21 B: 0.2–06 I: 0.4–0.8 E: 0.4–0.8 0.7

In addition, biomass ranges B/K used by CMSY. In prior ranges B/K, B stands for Beginning; I, for intermediate; E, for End of the time series; NA, not available.

variables. The variables that contributed to improving the model
fitting were selected through a stepwise approach, with the
most parsimonious model selected through Akaike Information
Criterion (AIC), Generalized Cross Validation (GCV), and the
percentage of deviance explained (Zuur et al., 2009).

Selection of Models
Depletion models are considered the most comprehensive and
versatile tools for assessing cephalopods (Arkhipkin et al.,
2021). However, these models require high-frequency (daily,
weekly, monthly) catch and effort data that may not be
available for all types of cephalopod fisheries. Therefore, some
alternative data-limited approaches have been suggested to
assess cephalopod stock status, including catch-only models and
Surplus Production Models (SPMs) (Arkhipkin et al., 2021).
Many authors have applied these kinds of models for stock
assessment of cephalopods worldwide; for example: (i) CMSY
and BSM by Froese et al. (2018) and Wang et al. (2020), (ii) AMSY
by Froese et al. (2020) and Tsikliras et al. (2021), (iii) SPiCT by
ICES (2020), (iv) ASPIC by Mohsin et al. (2020), and (v) Biomass
Dynamic Model with environmental effects by ICES (2017).

In the present study, cephalopod stock status was assessed
using SPMs, i.e., CMSY, BSM, and SPiCT. The choice to
apply SPMs was mainly dictated by the availability of annual
landings and surveys of biomass indices data only. These
models might seem unsuitable for cephalopods, given that
they assume a constant carrying capacity, which is unlikely
for a species whose recruitment and growth can vary widely
according to environmental conditions (Rodhouse et al., 2014;
Arkhipkin et al., 2021). However, it is worth noting that
if input data have enough contrast to allow the model
fitting, and main environmental drivers, such as sea surface
temperature (SST) or primary production, fluctuate throughout
time without any clear trend, the assumption of a carrying
capacity as the mean size of an unexploited population could
be considered reasonable. Nonetheless, these considerations do
not exclude the assumption that a constant carrying capacity
cannot be violated. Moreover, CMSY, BSM, and SPiCT require
less data than other catch-only data-poor assessment methods
(Dowling et al., 2018; Falsone et al., 2021) making them suitable
for assessing cephalopod species. For example, the Depletion-
Corrected Average Catch (DCAC) method (MacCall, 2009)
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TABLE 2 | Selected GAM models with the predictive variables used for the standardization of the surveys indices.

Species Model R2 Dev.expl.% GCV

Eledone cirrhosa BI ∼ year + s(X, Y) + s(depth) + month + 0 0.445 60.1 1.65

Eledone moschata BI ∼ year + s(X, Y) + s(depth) + 0 0.556 73.4 2.46

Illex coindettii BI ∼ year + s(X, Y) + s(depth) + 0 0.580 74.5 1.99

Todaropsis eblanae BI ∼ year + s(X, Y) + s(depth) + 0 0.519 64.7 1.86

BI, Biomass Index; X, longitude; Y, latitude; s, smooth function; Dev. expl. %, deviance explained as percentage; GCV, Generalized Cross Validation.

requires information on catch, relative depletion, natural
mortality (M), and FMSY /M as inputs, while the Stock Synthesis
Data-Limited (SS-DL) method (Cope, 2013) in the catch data
configuration requires several additional basic biological and
selectivity assumptions. On the other hand, the Catch-Only-
Model with Sampling Importance Resampling (COM–SIR)
(Vasconcellos and Cochrane, 2005) and State-Space Catch-Only
Model (SSCOM) methods (Thorson et al., 2013) require catch,
and priors for resilience (r) and carrying capacity (K) as inputs.
Also, they are generally based on the same population dynamics
assumptions (e.g., constant carrying capacity) as assumed by
CMSY, BSM, and SPiCT.

Catch-Maximum Sustainable Yield
Model
The CMSY model allows the computation of stock descriptors
and parameters given the population’s resilience and catches.
Species resilience is defined as the “measure of a species
ability to adapt to changes in variable states, driving influences
and parameters, and still persist” (Holling, 1973). The CMSY
approach derives from the Catch–MSY method by Martell
and Froese (2012) but addresses several shortcomings of its
predecessor by including biased estimation of unexploited
stock size and productivity, adding estimation of biomass and
exploitation rates, and optimization of the underlying Monte
Carlo algorithm. One of the recent improvements of CMSY is
the implementation of a Bayesian state–space Schaefer surplus
production model (BSM) as a routine tool within the CMSY
package (Froese et al., 2017). Unlike CMSY, BSM also requires
catch-per-unit-effort or other relative abundance indices (Froese
et al., 2017) to perform the assessment. Both models are based on
the dynamic formula of the Schaefer model (Equation 1):

Bt+1 = Bt + r
(

1−
Bt

K

)
Bt − Ct (1)

where Bt+1 is the exploited biomass in year t +1, Bt is the
biomass in year t, r is the intrinsic rate of population increase,
K is the carrying capacity (i.e., the mean unexploited stock
size), and Ct is the catch in year t. Both models account
for depensation or reduced recruitment at severely depleted
stock sizes, incorporating a linear decline of surplus production
(Myers et al., 1995; Schnute and Richards, 2002) (Equation 2):

Bt+1 = Bt + 4
Bt

K
r
(

1−
Bt

K

)
Bt − Ct

Bt

K
< 0.25 (2)

Specifically, a hockey-stick function is combined with the
production model by introducing a multiplier which decreases

linearly from 1 to zero at biomass below 0.25 K (Beverton
and Holt, 1957; Ricker, 1975; Barrowman and Myers, 2000).
This multiplier provides more realistic estimates of r and K in
stocks with extended periods of severely depleted biomass. It
also removes the bias in the CMSY estimates of final biomass
in severely depleted stocks (Froese et al., 2017). Among the five
cephalopod stocks, Eledone and Todill were assessed using both
fishery dependent and independent data (i.e., BSM). In the case
of L. vulgaris, O. vulgaris, and S. officinalis, only landing data (i.e.,
CMSY) was used because of the poor trawl survey performance in
sampling the population at sea. The different levels of exploitation
in terms of F/FMSY and B/BMSY were classified by using the
threshold reported by Demirel et al. (2020): severely depleted
(B ≤ 0.2BMSY ), critical condition (B ≤ 0.5BMSY , F > FMSY ),
exploited outside safe biological limits (B ≤ 0.5BMSY ), subject to
overfishing (F > FMSY ), recovering (B < BMSY , F ≤ FMSY ), and
healthy (B > BMSY , F ≤ FMSY ).

Prior Selection
Priors for r were derived from SeaLifeBase1 (Palomares and
Pauly, 2019) for invertebrates. The prior ranges for k were based
on Equations (3) and (4) for stocks with low and high prior
biomass at the end of the time series, respectively.

Klow =
max(C)

rhigh
;Khigh =

4max(C)

rlow
(3)

Klow =
2max(C)

rhigh
;Khigh =

12max(C)

rlow
(4)

where Klow and Khigh are the lower and upper bounds of the prior
range of K, max(C) is the maximum catch in the time series, and
rlow and rhigh are the lower and upper bounds of the r range to be
explored by the Monte Carlo algorithm of the CMSY. Both BSM
and CMSY models require prior estimates of relative biomass
(B/K) at the beginning and end of the time series, and optionally
also in the middle. The rules for setting prior biomass ranges are
mostly derived from patterns in catch, that is, the timing and ratio
of minimum catch to maximum catch, following the approach of
Froese et al. (2017; Table 1). Priors were calculated by applying
to the catch data a 3-year moving average in order to reduce the
influence of extremes.

Surplus Production Model in Continuous Time Model
The SPiCT model (Pedersen and Berg, 2017) is a fully
stochastic version of the traditional Pella–Tomlinson biomass

1www.sealifebase.org
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FIGURE 2 | Comparison between the observed (red lines) and standardized (black lines) biomass indices (kg/km2) of the MEDITS survey from the south of Sicily
(GSA16): (A) Eledone cirrhosa; (B) Eledone moschata; (C) Illex coindetii; (D) Todaropsis eblanae.

dynamic model (Pella and Tomlinson, 1969). It uses the re-
parameterization of Fletcher (1978) and is formulated as a
stochastic differential equation (SDE) that includes process noise:

dBt =

(
ym

Bt

K
− ym

[
Bt

K

]
− FtBt

)
dt + σBBt dWt (5)

where y = nn/(n−1)/(n-1), Bt is the exploitable biomass at time
t, K is the carrying capacity, m is the productivity parameter,
and represents the maximum attainable surplus production
(MSY), n determines the shape of the production curve, σB is
the standard deviation of the process noise, and dWt is the
Brownian motion. The SPiCT model allows the implementation
of the Pella–Tomlinson biomass dynamic model for skewed
production curves and includes the Schaefer (n = 2; Schaefer,
1954) and Fox (n = 1; Fox, 1970) models as special cases.
For the purpose of the present study, the n parameter was
set equal to 2, that is, the Schaefer production curve. The
SPiCT assumptions are: (i) the analyzed stock is not subject

to migration (i.e., closed population), (ii) Bt is the exploitable
stock biomass, (iii) there are no lagged effects in the dynamics
of Bt , (iv) the catchability in the survey and fishery are
constant over the years, and (v) there is no particular pattern
of recruitment. For other technical details (see Pedersen and
Berg, 2017; Mildenberger et al., 2020). The same priors for r
used for the CMSY and BSM approaches were used for the
SPiCT model (Table 1). In particular, the SPiCT model was
fitted to the Eledone and the Todill stocks. As with CMSY and
BSM, the different levels of exploitation in terms of F/FMSY
and B/BMSY were classified using the thresholds reported by
Demirel et al. (2020).

RESULTS

Biomass Standardization
The models and predictive variables used to standardize survey
indices are shown in Table 2. In particular, all models considered
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FIGURE 3 | Dynamics of cephalopod stocks in the GSA16 estimated by CMSY and BSM models. Catch panel: black solid line shows the estimated catches, black
dashed line the mean value of MSY, gray shaded area the 95% confidence interval of MSY. Stock size and exploitation rate panels: trend of B/BMSY and F/FMSY with
gray shaded area showing the 95% confidence interval. Kobe plot panel: B/BMSY against F/FMSY for the years 2004–2018. Quadrants are color-coded, i.e., red
area: stocks that are both overfished (low relative biomass) and in overfishing (high exploitation rate) (B ≤ BMSY ; F ≥ FMSY ); orange area: relative biomass is quite
high but exploitation rate is high (B ≥ BMSY ; F ≥ FMSY ); yellow area: recovering stocks (B ≤ BMSY , F ≤ FMSY ); green area: stocks subject to sustainable exploitation
rate and with healthy stock biomass that can produce high yields close to MSY (B ≥ BMSY , F ≤ FMSY ). Shaded areas indicate the confidence interval at 50% (light
gray), 80% (gray), and 95% (dark gray) of the reference points during the last year.

year, geographical coordinates (X: longitude, Y: latitude), and
depth as predictive variables, except for E. cirrhosa for which
month was also included as a predictor. The standardized and
observed trawl survey indices are shown in Figure 2.

Stock Dynamics
Stock dynamics have been described in terms of species-wise
catch (103 tons), relative stock size (B/BMSY ), and exploitation
rate (F/FMSY ). The main aspects of the stock status by species
have been synthetically shown as a Kobe plot (F/FMSY against
B/BMSY , Figure 3). The main outputs of the BSM, CMSY, and
SPiCT models are listed in Table 3. Table 4 shows a comparison

of the results obtained in this study with the cephalopod stock
assessments carried out in other Mediterranean areas.

The general results seem to highlight that octopus stocks were
in a critical and/or recovering condition, whereas squid stocks
were in a healthy condition. Detailed results regarding the stock
status of each taxon are provided below.

Eledone
BSM and SPiCT yielded similar estimates of Eledone stock
status. In particular, BSM estimated a B/BMSY ratio equal to 0.3
[confidence interval (CI) = 0.2–0.6] and F/FMSY of 3.4 (1.5–
7.3). SPiCT estimates were 0.5 (0.2–1.7) and 1.5 (0.6–3.6) for
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B/BMSY and F/FMSY , respectively. In addition, the estimated
values for K, MSY and r were very similar between models (BSM:
K = 6.8 × 103 tons, CI: 4.7–9.8; MSY = 0.8 × 103 tons, CI:
0.7–1.1; r = 0.5, CI = 0.4–0.7. SPiCT: K = 6.5 × 103 tons, CI:
5.4–7.9; MSY = 0.7 × 103 tons, CI: 0.5–1.0; r = 0.5, CI = 0.4–
0.6). Both models indicated a decrease in stock size (B/BMSY )
over the years and an increase in the fishing mortality (F/FMSY ) in
recent years, although this was more markedly observed in BSM.
However, the perception of the stock during the first years of the
time series is different, with SPiCT showing an increase, while
BSM shows a decrease in stock size. Lastly, even though there
was high uncertainty in stock status, especially for SPiCT, this
was in critical condition for Eledone according to both models
(B ≤ 0.5BMSY , F > FMSY ; Figures 3, 4 and Tables 3, 4).

European Squid
Assessment results indicated that European squid have
been in a recovering condition since the beginning of
the time series (B < BMSY , F ≤ FMSY ). In the last 2
years, the F/FMSY ratio increased and the B/BMSY slightly
decreased; however, the stocks could be considered in good
condition (healthy state, B > BMSY , F ≤ FMSY ). It is worth
highlighting that the CMSY estimates are characterized
by low uncertainty i.e., B/BMSY = 1.4 with CI = 0.9–
1.6 and F/FMSY = 0.8 with CI = 0.7–1.2 (Figure 3 and
Tables 3, 4).

Common Octopus
The stock of common octopus showed the same trend as
that of the European squid, with an overall improvement
through the time series from an initial critical condition
(F > FMSY and B ≤ 0.5 BMSY ) to a recovering state
(B < BMSY and F ≤ FMSY ) during the last year, very close
to that of the healthy condition (B > BMSY and F ≤ FMSY ).
The CMSY estimated a B/BMSY = 1.0 with CI = 0.4–
1.2 and F/FMSY = 0.6 with CI = 0.5–1.3 (Figure 3 and
Tables 3, 4).

Common Cuttlefish
The common cuttlefish stock was initially in a recovering
status (B < BMSY , F ≤ FMSY ). In the last few years
(2017–2018), the relative fishing mortality increased and the
relative biomass slightly decreased, even though the species
was still in a healthy status at the end of the time series
(B > BMSY , F ≤ FMSY ). The uncertainty of the CMSY
model was very low, i.e., B/BMSY = 1.4 with CI = 0.9–
1.6 and F/FMSY = 0.8 with CI = 0.7–1.3 (Figure 3 and
Tables 3, 4).

Todill
BSM estimated a B/BMSY ratio equal to 1.2 (CI = 0.8–1.6)
and F/FMSY of 0.9 (0.5–1.4). SPiCT estimated 1.3 (0.9–1.8)
and 0.8 (0.4–1.9) for B/BMSY and F/FMSY , respectively. In
addition, the estimated carrying capacity, MSY, and r were very
similar between models (BSM: K = 2.5 × 103 tons, CI: 1.6–
4.2; MSY = 0.5 × 103 tons, CI: 0.4–0.6; r = 0.7, CI = 0.4–1.3;
SPiCT: K = 2.4 × 103 tons, CI: 1.8–3.2; MSY = 0.4 × 103

tons, CI: 0.3–0.6; r = 0.7, CI = 0.6–0.9). However, in the first 2
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TABLE 4 | Synopsis of the cephalopod assessments carried out in Mediterranean stocks.

Species Area r K B/BMSY F/FMSY Status Model Authors

Eledone cirrhosa Ligurian Sea 1.3 0.3 0.7 (0.5–0.9) 1.0 (0.8–1.3) R ASPIC Abella et al., 2010

Ligurian Sea NA NA NA NA H* Y/R Orsi Relini et al., 2006

southern Tyrrhenian Sea NA NA NA NA O** Y/R Giordano et al., 2010

central Tyrrhenian Sea NA NA NA NA H* Y/R Agnesi et al., 1998

Aegean Sea NA NA 0.1 0.9 R AMSY Tsikliras et al., 2021

Ionian Sea NA NA 0.4 4.5 C CMSY Froese et al., 2018

Eledone moschata Aegean Sea NA NA 0.7 0.9 R CMSY Froese et al., 2018

Aegean Sea NA NA 0.7 1.3 O AMSY Tsikliras et al., 2021

Eledone Strait of Sicily 0.5 6.8 0.3 (0.2–0.6) 3.4 (1.5–7.3) C BSM Present study

Strait of Sicily 0.5 6.5 0.5 (0.2–1.7) 1.5 (0.6–3.6) C SPiCT Present study

Illex coindettii Ionian Sea NA NA 0.6 0.6 O CMSY Froese et al., 2018

Adriatic Sea NA NA 0.3 1.1 C CMSY Froese et al., 2018

Sardinia NA NA 0.6 1.1 O CMSY Froese et al., 2018

Aegean Sea NA NA 0.8 1.3 O CMSY Froese et al., 2018

Adriatic Sea NA NA 1.1 (0.6–2.0) 0.7 (0.1–1.7) H AMSY Froese et al., 2020

Loligo vulgaris Strait of Sicily 0.4 4.6 1.4 (0.9–1.6) 0.8 (0.7–1.2) H CMSY Present study

Balearic Island NA NA NA NA NA DM Keller et al., 2015

Adriatic Sea NA NA 0.2 0.9 D CMSY Froese et al., 2018

Aegean Sea NA NA 0.6 1.3 O CMSY Froese et al., 2018

Balearic Islands NA NA 0.4 1.1 C CMSY Froese et al., 2018

Gulf of Lions NA NA 0.3 3.1 C CMSY Froese et al., 2018

Sardinia NA NA 0.3 2.8 C CMSY Froese et al., 2018

Octopus vulgaris Strait of Sicily 0.7 3.9 1.0 (0.4–1.2) 0.6 (0.5–1.3) H–R CMSY Present study

Adriatic Sea NA NA 1.0 (0.6–1.8) 0.9 (0.3–1.7) H–R AMSY Froese et al., 2020

Balearic Island 0.6 0.7 0.4 (0.3–0.6) 1.2 (0.9–1.5) C SPM Quetglas et al., 2015

Aegean Sea NA NA 0.5 1.1 C CMSY Froese et al., 2018

Ionian Sea NA NA 0.3 1.2 C CMSY Froese et al., 2018

Gulf of Lions NA NA 0.8 1.3 O CMSY Froese et al., 2018

Levantine Sea NA NA 0.1 0.9 D CMSY Demirel et al., 2020

Sepia officinalis Strait of Sicily 0.6 4.4 1.4 (0.9–1.6) 0.8 (0.7–1.3) H CMSY Present study

Adriatic Sea NA NA 0.5 2.1 C CMSY Froese et al., 2018

Aegean Sea NA NA 0.6 0.9 R CMSY Froese et al., 2018

Balearic Islands NA NA 0.3 2.7 C CMSY Froese et al., 2018

Ionian Sea NA NA 0.8 1.4 O CMSY Froese et al., 2018

Gulf of Lions NA NA 0.3 1.8 C CMSY Froese et al., 2018

Sardinia NA NA 0.8 1.2 O CMSY Froese et al., 2018

Adriatic Sea NA NA 0.6 (0.3–0.9) 0.8 (0.6–1.6) R BSM Armelloni et al., 2018

Balearic Sea NA NA NA NA NA DM Maynou, 2015

Balearic Sea NA NA NA NA NA DM Keller et al., 2015

Balearic Sea 0.8 0.2 0.6 (0.4–0.8) 1.1 (0.9–1.4) O SPM Quetglas et al., 2015

Cyprus NA NA 1.3 (0.7–2.3) 0.6 (0.0–1.6) H AMSY Froese et al., 2020

Egypt NA NA NA NA O Y/R Mehanna and Haggag, 2011

Levantine Sea NA NA 0.6 1.4 O CMSY Demirel et al., 2020

Ligurian Sea 0.98 0.5 0.5 (0.4–0.7) 1.5 (1.3–1.7) C SPM Abella et al., 2010

Todaropsis eblanae Aegean Sea NA NA 1.7 0.2 H AMSY Tsikliras et al., 2021

Todill Strait of Sicily 0.7 2.5 1.2 (0.8–1.6) 0.9 (0.5–1.4) H BSM Present study

Strait of Sicily 0.7 2.4 1.3 (0.9–1.9) 0.8 (0.4–1.9) H SPiCT Present study

H, healthy, B > BMSY , F ≤ FMSY ; R, recovering, B < BMSY and F ≤ FMSY ; O, subject to overfishing, F > FMSY ; E, exploited outside safe biological limits B ≤ 0.5 BMSY ; C,
critical condition, B ≤ 0.5 BMSY , F > FMSY ; D, severely depleted, B ≤ 0.2 BMSY .
*Scenario codend mesh size 40 mm; **scenario codend mesh size 20 mm.

years, BSM estimated the stock to be in a recovering condition
(B < BMSY and F ≤ FMSY ), whereas SPiCT always estimated a
healthy condition over the time series (B > BMSY , F ≤ FMSY ;

Figures 3, 4 and Table 3). The uncertainty of both models was
higher about the estimated exploitation rates than the stock sizes
(Tables 3, 4).
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FIGURE 4 | Dynamics of Eledone and Todill stocks estimated by SPiCT model. Catch panel: blue solid line shows the estimated catches, blue dashed lines the 95%
confidence interval of the estimated catches, black solid line the mean value of MSY and gray shaded area the 95% confidence interval of MSY. Stock size and
exploitation rate panels: trend of B/BMSY and F/FMSY , with the light blue area showing the 95% confidence interval. Kobe plot panel: B/BMSY against F/FMSY ratios
for the years with available data (2004–2018). Quadrants are color-coded, i.e., red area: stocks that are both overfished (low relative biomass) and in overfishing (high
exploitation rate) (B ≤ BMSY ; F ≥ FMSY ); orange area: relative biomass is quite high but exploitation rate is high (B ≥ BMSY ; F ≥ FMSY ); yellow area: recovering stocks
(B ≤ BMSY , F ≤ FMSY ); green area: stocks subject to sustainable exploitation rate and with healthy stock biomass that can produce high yields close to MSY
(B ≥ BMSY , F ≤ FMSY ). Gray area represents the uncertainty, expressed as 95% confidence interval, of the reference points.

DISCUSSION

The lack of contrast in the time series of catch and effort data,
the short life cycle and cohort overlapping, and the resource
intensive direct age estimation have been the main reasons for
the limited cephalopod stock assessments to date (Pierce et al.,
2010; Arkhipkin et al., 2021). In their very recent review of stock
assessment methods for cephalopods, Arkhipkin et al. (2021)
suggested that depletion models are the best tool for modeling
the dynamics of cephalopod fisheries. However, the relative lack
of interest in cephalopod fisheries in the Mediterranean makes
it challenging to gather all the fine temporal scale data needed
to run depletion models. Arkhipkin et al. (2021) suggested that
in data-limited conditions, the recent developments in SPMs
provide a means to investigate the stock status of cephalopods
and to provide valid information to support management actions.

In the Strait of Sicily, cephalopods represent a significant
fraction of the commercial catch, contributing highly to the
profitability of fishers; nevertheless, their stock and fisheries
remain largely unassessed and unregulated. In this context, the
present study is the first attempt to assess the stock status of
commercial cephalopods exploited in the GSA16 through surplus
production models.

The assessments undertaken of these cephalopod species
available in the Mediterranean showed very diverse stock statuses
(Table 4). The critical state of Eledone found in the Strait of Sicily
was similar to that reported for its stocks in the Aegean (Tsikliras
et al., 2021), Ligurian, and Tyrrhenian Seas (Abella et al., 2010;

Giordano et al., 2010; Froese et al., 2018). On the other hand,
Agnesi et al. (1998) reported a healthy stock status of E. cirrhosa
in the Tyrrhenian Sea and Orsi Relini et al. (2006) for the Ligurian
Sea. The stock status of O. vulgaris in the Strait of Sicily was
healthy/recovering, which is in agreement with that reported by
Froese et al. (2020) in the Adriatic Sea. Conversely, in other
Mediterranean areas, its status ranged from overfishing in the
Gulf of Lions (Froese et al., 2018) to severely depleted in the
Levantine Sea (Demirel et al., 2020), or critical in the Balearic
Islands (Quetglas et al., 2015) and in the Ionian/Adriatic Sea
(Froese et al., 2018). As for ommastrephids, the healthy state of
Todill found in the Strait of Sicily was similar to that reported
for its stocks in the Aegean (Tsikliras et al., 2021) and the
Adriatic Seas (Froese et al., 2020). Conversely, Froese et al. (2018)
found that the state of the ommastrephid squids varied from
“overfished” in the Ionian/Aegean Sea and Sardinia to “critical”
in the Adriatic Sea.

The healthy state of L. vulgaris estimated in the present
study was in contrast with Froese et al. (2018), who reported an
overfished stock status in the Aegean Sea, a critical state in the
Balearic/Sardinia Islands and the Gulf of Lions, and a severely
depleted state in the Adriatic Sea. Concerning S. officinalis,
only Froese et al. (2020) indicated a healthy condition of the
stock in waters around Cyprus, in agreement with the findings
of the present study. In other areas of the Mediterranean, the
stock status ranged from recovering in the Adriatic (Armelloni
et al., 2018) and the Aegean Seas (Froese et al., 2018) to critical
condition in the Adriatic Sea, Balearic Islands, Gulf of Lions
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(Froese et al., 2018), and the Ligurian Sea (Abella et al., 2010);
and being in overfishing off the Egyptian coasts (Mehanna and
Haggag, 2011), the Balearic Islands (Quetglas et al., 2015), in the
Levantine Sea (Demirel et al., 2020), the Ionian Sea, and Sardinia
(Froese et al., 2018).

The CMSY and BSM models assume that recruitment is
constant above the threshold of 0.25 of the carrying capacity.
This condition could not be met for the species considered in
this study, potentially affecting the results of the assessment.
However, the convergence of results obtained by the BSM
and SPiCT models, which do not assume any constraint on
recruitment, suggests that the BSM assessments may be robust
enough to properly assess species such as cephalopods. However,
it should be noted that SPiCT provided more optimistic results
than BSM during the initial years of the time series. The stock
statuses of the octopods in GSA16 were worse than those of
the squids and cuttlefish. These different statuses might be
related to differences in biology, behavior, vulnerability to fishing
gear, or reaction to abiotic factors. According to Russo et al.
(2019), the nominal fishing effort of Italian bottom trawlers in
the Strait of Sicily decreased from 2009 to 2016. This reduced
fishing pressure on the fishing grounds could have disadvantaged
octopuses in competition with demersal fishes. On the other
hand, the different responses to the environmental factors could
explain the different dynamics between squids, cuttlefish, and
octopuses; based on habitat suitability modeling, Lauria et al.
(2016) reported that in the Strait of Sicily, I. coindetii prefers
warmer and less salty waters, whereas T. eblanae prefers saltier
waters. Conversely, both species of Eledone do not seem to be
definitively affected by sea water temperature, whereas E. cirrhosa
prefers waters characterized by higher salinity. Working at the
Mediterranean level, Keller et al. (2017) reported that areas
of high sea surface temperature showed higher densities of
I. coindetii, while warmer years were coincident with lower
O. vulgaris abundance.

SPMs, like most stock assessment models, assume uniform
productivity but due to climate change, this assumption may
be violated (Bundy et al., 2012; Szuwalski and Hollowed, 2016).
Although non-stationary population processes can introduce bias
into assessments of target biomass and fishing mortality, few
accepted frameworks are available for including the influence
of the changing environment on the management strategies of
exploited stocks (Szuwalski and Hollowed, 2016).

The present study provides insights into the dynamics of
stocks of commercially important cephalopods that are not
the main target species of multiannual management plans for
fisheries in the Mediterranean. Although it is difficult to provide
advice for the management of cephalopod exploitation, especially
in the case of multi-species and low-selectivity fisheries, the role
of these species in the food web and their relevance for SSF calls

for attention to the importance of periodic assessment of their
stock dynamics. Moreover, considering that some cephalopods
are target species of specific SSFs in the area, the results
suggest the need for adopting specific measures for controlling
exploitation and enhancing stock status. This is the case for
S. officinalis in the Strait of Sicily (Falsone et al., 2020), for which
technical measures based on seasonal closure during critical
stages, such as the spawning period, could be adopted.
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