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The status of fishery resources in the Mediterranean Sea is critical: most of the fish and
shellfish stocks are in overexploitation and only half of them are routinely assessed.
This manuscript presents the use of Surplus Production Models (SPMs) as a valid
option to increase the number of assessed stocks, with specific attention to the Adriatic
basin. Particularly, the stock of European sprat (Sprattus sprattus), Mediterranean horse
mackerel (Trachurus mediterraneus), and Atlantic horse mackerel (Trachurus trachurus)
living in the Adriatic Sea have been evaluated comparing three SPMs: Catch Maximum
Sustainable Yields (CMSY), Stochastic surplus Production model in Continuous Time
(SPICT), and Abundance Maximum Sustainable Yields (AMSY). The different approaches
present some variations; however, they generally agree on describing all the stocks
close to the reference values for both biomass and fishing mortality in the most recent
year. For the European sprat, AMSY results are the most robust model for this species’
survey data allow depicting a clearer picture of the history of this stock. Indeed, for
the horse mackerel species, CMSY or SPICT results are the preferred models, since for
these species landings are not negligible. Notwithstanding, age-structured assessments
remain the most powerful approach for evaluating the status of resources, but SPMs
have proved to be a powerful tool in a data-limited context.

Keywords: sprat, horse mackerel, Adriatic Sea, surplus production model, survey-based stock assessment

INTRODUCTION

The status of fishing resources in the Mediterranean Sea is critical: less than 50% of the fish and
shellfish stocks inhabiting the basin are routinely assessed and the majority of them are considered
overexploited (European Environment Agency (EEA), 2019). This fact underlines the need to
improve the number of stocks assessed in order to have a complete picture of the status of fishing
resources within the basin. Progress has been made to reach this objective as the last FAO report
about the status of the resources in the Mediterranean and the Black Sea reveals a positive trend in
the number of evaluated stocks. In particular, from 18 stocks assessed in 2006 to the highest peak of
85in 2018, corresponding to ca. 80% of the total landing reported for the Mediterranean area (FAO,
2020). This fact is of relevant importance, particularly for this area in which the multispecies nature
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of Mediterranean fisheries (Lleonart and Maynou, 2003), the
relatively recent history in fishery management (Colloca et al.,
2013; Maunder and Piner, 2015), as well as the recent
commitment of Mediterranean researchers in stock assessment
(Colloca et al., 2013) have not facilitated the spreading of stock
assessment applications.

Generally, one of the main reasons for the low number of
stock evaluations is the lack of population structure data (Free
et al., 2020), which are mainly represented by age information.
The determination of age, when possible, represents a time-
consuming task, thus generating a potential obstacle for the
application of age-structured methodology. In reality, these
models are widely diffused, this is due to the possibility of using
statistical methods to convert lengths into ages, and also to the
wide range of available approaches that can adapt to various
requirements [e.g., XSA (Shepherd, 1999), SAM (Berg et al,
2014), SS (Methot and Wetzel, 2013)]. Moreover, age-structured
models produce robust estimations, since age information offers
the possibility of following cohorts’ progression over time, as
well as evaluating changes in fishing selectivity (Wang et al.,
2014) and detecting fluctuation in spawning and recruitment
(Aalto et al., 2015). In addition, these models are able to produce
exhaustive results, e.g., trends of spawning stock biomass,
recruitment, and fishing mortality at age, thus representing a
powerful tool for evaluating the status of fisheries resources.
However, to properly perform, age-based models need a wide
range of input data, which are not always available. In these cases,
Surplus Production Models (SPMs) represent a valid option to
produce stock assessments. This type of model requires limited
information, such as a time series of catch and, if available, an
abundance index or effort data, and can estimate population
biomass and produce evaluations of maximum sustainable yield
(MSY), that is the maximum vyield that the stock can sustain
without affecting its long-term productivity (Sparre and Venema,
1998). These models provide also fishing mortality and biomass
at the corresponding MSY level (Fyisy and Bpsy), which are
useful to address the management objectives. Nevertheless, SPMs
may be seen as a too simplistic approach that is not able to
represent the complexity of population dynamics (e.g., Pedersen
and Berg, 2017), as length or age data are not available or are not
reliable (Punt, 2003). In these situations of data-limited context,
the use of historical catch and survey or effort data is advisable
(Jackson et al., 2001; Branch et al., 2011.); this will favor a truthful
description of the status of the stock, as well as improving targets
and limited reference points’ estimates (Gabriel and Mace, 1999).

In the last two decades, SPMs have undergone important
improvements (e.g., Punt, 2003; McAllister, 2014), like the
inclusion of state-space factors, that allowed them to better
account for real-world variability into the biomass dynamic
modeling and favored further dissemination of these models
(Meyer and Millar, 1999). The state-space formulation has
the advantage of including uncertainties both in observed
data and in the model process, in the form of, respectively,
observation and process errors, thus resulting in improved
parameter estimations (Ono et al., 2012). Also, these models
allow the use of priors that can facilitate and address the
estimation of reliable parameters. These priors can derive from

literature or expert knowledge; thus, it is important to proceed
with sensitivity tests or compare different approaches to select
the most appropriate configuration (Pedersen and Berg, 2017).
The Abundance Maximum Sustainable Yield model (AMSY;
Froese et al.,, 2020), the Catch Maximum Sustainable Yield
model (CMSY; Froese et al., 2017), and the Stochastic surplus
Production model In Continuous Time (SPiCT; Pedersen and
Berg, 2017), represent some of the most novel approaches
among current SPMs. They summarize all the features and
improvements listed before, representing at this time a solid
option for developing stock assessments in data-poor contexts.

In this manuscript, these SPMs are used for evaluating the
status of some pelagic stocks which were never previously
assessed in the Adriatic Sea, such as European sprat
(Sprattus sprattus), Mediterranean horse mackerel (Trachurus
mediterraneus), and Atlantic horse mackerel (Trachurus
trachurus). This area represents an important fishing ground for
the Mediterranean Sea, accounting for 15% of the total landing
coming from this basin (FAO, 2020) and is also one of the most
intensively fished areas in Europe and the world (Eigaard et al.,
2017; Amoroso et al., 2018). In the Adriatic Sea, small pelagics,
specifically anchovy (Engraulis encrasicolus) and sardine (Sardina
pilchardus) account for the highest landings (FAO, 2020). In a
context of high fishing activity, the increase of assessed stocks can
be helpful to understand the status of the entire basin and, in this
case, specifically those of the pelagic domain. The three selected
species can be considered as ancillary species of the small pelagic
fishery occurring in the Adriatic basin. However, they assume a
certain importance as traditional food and for their commercial
value as well as in the ecological context (Barausse et al., 2009).
Since data are not enough to develop age-structure approaches,
these species represent a good case study for developing and
comparing different SPMs.

MATERIALS AND METHODS

Study Area and Species Object of the
Study

The study area is represented by the North Adriatic Sea, a semi-
enclosed basin in the central Mediterranean Sea between Italy
and the Balkan peninsula included in the Geographical Sub-Areas
(GSA) 17 (General Fisheries Commission for the Mediterranean
(GFCM), 2009; Figure 1). Anchovy and sardine represent the
main target species of the fishing fleet operating in this area and
are characterized by the use of pelagic trawlers and purse seiners.
However, based on the information included in the European
Union—Data Collection Framework (EU-DCF), which can be
defined as the European database grouping fisheries data from all
member states, the pelagic vessels fishing in the Adriatic Sea also
report catches of other species, such as Mugilidae, European sprat
(Sprattus sprattus), mackerels (Scombrus spp.), horse mackerels
(Trachurus spp.), and others (source EU-DCF database 2019;
European Commission (EC), 2017).

In this study European sprat, Mediterranean, and Atlantic
horse mackerels are considered. European sprat (sprat, from here
onward) is a pelagic species mainly fished by pelagic trawlers. In
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FIGURE 1 | Map of the study area, which is defined by the red line and corresponds to the GSA 17 (Northern Adriatic Sea).
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the Adriatic Sea, this species is found mainly in the northwestern
area (Figure 2), where it represents a traditional food. According
to data availability, landing data includes years from 2004 to
2019 for both Italy and Croatia (Figure 3, top right panel);
Italian data and Croatian data since 2013 correspond to those
from the EU-DCEF (European Commission (EC), 2017), whereas
Croatian data from 2009 to 2012 refers to Eurostat (2021) and
Croatian data from 2004 to 2008 were reconstructed through a
mean proportion based on the years in which landing data were
available for both countries. Historical total biomass estimates
(Figure 3, bottom right panel) were obtained from Italian
national acoustic surveys ECHOADRI carried out since 1976 up
to 2008 in the Western Adriatic Sea, and from Croatian national
acoustic survey PELMON carried out from 2003 up to 2012 in
the eastern part of the Adriatic Sea (Azzali et al., 2002; Ti¢ina
et al., 2006; Leonori et al., 2012, 2017). Since 2009, European
national acoustic surveys are internationally coordinated in the
ambit of the EU MEDiterranean International Acoustic Surveys
(MEDIAS) program (MEDIAS Handbook, 2019), and since 2013
the Croatian national survey has also been part of it. The

MEDIAS coordinates acoustic surveys aimed at detecting the
abundance and biomass of small pelagic species, their spatial
distribution and demography together with oceanographic
information. The survey period is in summer (June-September),
although in some years and areas it has been shifted to early
autumn. The ECHOADRI and the PELMON surveys represent
the ancestors of the MEDIAS survey; before 2009, no acoustic
common protocol was available in European waters, however
at a national level research institutes carried out acoustic
investigations using a methodology comparable to the one used
in the MEDIAS surveys that was derived by the harmonization of
the national protocols (Leonori et al., 2021).

Mediterranean and Atlantic horse mackerels (horse mackerels
from here onward) are fished with different gears, mainly bottom
trawlers, pelagic trawlers, and purse seiners. Although these
species are semi-pelagic, they are found in surface waters but
also close to the bottom, particularly the Mediterranean horse
mackerel (Santi¢ et al., 2003; Piccinetti et al., 2012), and they
are spread all over the GSA 17 (Figure 4). In this work, these
two species are considered as a unique stock, since most of the
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FIGURE 2 | European sprat. Biomass distribution expressed in log1o(x + 1) where x is the biomass index (tons/nm?) related to the MEDIAS survey carried out in
GSA 17 East and West for years 2014 in September (top left), 2018 (top right), and 2019 (bottom) in June-July.
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landings are confounded: at the beginning of the time series,
landings are reported at genus level without any indication on
how to divide them by species. While in the most recent years,
landings at the species level are available but unreliable, because
only information relating to one of the two species is reported
at year. Also, notwithstanding that these species show some
differences in growth as well as in their depth distribution (Santi¢
et al., 2002, 2003; Piccinetti et al., 2012), these are not so relevant
that they suggest avoiding this assumption. According to data
availability, landing data includes years from 1970 to 2019 for
both Italy and Croatia (Figure 3, top left panel). Italian data
before 2004 are from Fortibuoni et al. (2018), while after this year
they are derived from EU-DCF (European Commission (EC),
2017). Croatian data before 2013 correspond to those available
from FishStat] database (FAO-GFCM, 2019), whereas data from
2013 to 2019 are from EU-DCF (European Commission (EC),
2017). Survey data are from the MEDiterranean International
Trawl Survey (MEDITS; Bertrand et al., 2002a). The MEDITS
bottom trawl survey is a European program started in 1994 with
the aim of collecting data on demersal communities to describe
their distribution and demographic structure. Notwithstanding
the MEDITS is focused on the demersal resources, the gear
configuration used for this survey as well as the species
behavior improve MEDITS trawl efficiency for horse mackerels

(Dremiére et al., 1999; Fiorentini et al., 1999; Bertrand et al.,
2002b; Ragonese et al., 2004); given their semi-pelagic habit
they could also be monitored with acoustic surveys, even if
these surveys generally target more appropriately pure pelagic
species. Sampling procedures, data collection, and management
are standardized, according to a common protocol over GSAs
and years, whose specific details can be found in the MEDITS
handbook (Anonymous, 2017) and summarized in Spedicato
et al. (2019). The survey is usually carried out in the late spring-
summer period although in some years, and particularly in the
west side of GSA 17, cruises were postponed to late summer
or early autumn. The considered MEDITS time series extends
from 1994 to 2019 and concerns annual biomass indices (kg/kmz)
(Figure 3, bottom left panel). This index has been calculated
by aggregating the two horse mackerel species and the two
countries following the procedure of stratified mean and variance
after raw abundance data were normalized by the trawl surface
(Souplet, 1996).

Stock Assessment Models

Considering the data availability, three different stock assessment
models are considered in this study. Models’ priors for
stock resilience were derived from the best available literature
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FIGURE 3 | Top panels: landing data in tons for horse mackerel species (left side) and sprat (right side) divided by country (Croatia = HRV, black line, Italy = ITA, gray
line). Bottom left panel: survey index in kg/km? for horse mackerels from MEDITS survey (black line) including both Italy and Croatia from the year 1994 to the year
2019 (years 1994, 1995, and 1999 include only Italy). Bottom right panel: survey index in kg/km? for European sprat from acoustic surveys (Italy: ECHOADRI from
1982 to 2008 and MEDIAS from 2009 to 2019; Croatia: PELMON from 2003 to 2012 and MEDIAS from 2013 to 2019) divided by Italy [MEDIAS (ITA)—blue line]
from the year 1982 to the year 2019 (years 1984, 1986, 2002, and 2003 have been estimated) and Croatia [MEDIAS (HRV)—gray line] from the year 2003 to the
year 2019.

(Froese and Pauly, 2019), and revised after inspecting model
diagnostics. Prior selection for exploitation status reflects the
trend observed in the landings and the status of fishing
capacity along the timeframe considered, which continuously
increased during the 70s, peaked between the 80s and 90s,
and then in the last 20 years was gradually reduced by the
mean of management plans (Osio, 2012; Piroddi et al., 2015;

Marini et al,, 2017). After individuating credible ranges for the
prior’s distribution, a number of runs were done to test the
sensitivity of the model to parameter variations. Runs diagnostics
were compared in terms of priors-vs.-posterior distribution,
residuals, stock trajectories, and retrospective patterns. For
the SPiCT model, the guidelines for the acceptance of this
type of model were also verified (Mildenberger et al., 2021).
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GSA 17 East and West for years 2014 (top left), 2018 (top right), and 2019 (bottom).
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TABLE 1 | Input data for the CMSY and the AMSY SPMs.

CMSY
Species Star year Int. year End year r Stb Intb Endb
European sprat 2004 2010 2019 0.4-0.8 (Froese and Pauly, 2019) 0.2-0.8 0.2-0.8 0.2-0.6
Horse mackerels 1970 for landings; 1994 for the survey index 1996 2019 0.31-0.72 (Froese and Pauly, 2019)  0.6-0.9 0.1-04 0.2-0.6
AMSY
Species Star year B/k year End year r B/k prior
European sprat 1982 2011 2019 0.34-0.11 (Froese and Pauly, 2019) Small
Horse mackerels 1994 2004 2019 0.31-0.72 (Froese and Pauly, 2019) About Half

The following paragraphs are considering only the best-
performing parameters.

Catch Maximum Sustainable Yields

The Catch Maximum Sustainable Yield model (CMSY; Froese
etal, 2017) is an SPM that needs catch data, catch per unit effort
(CPUE) or survey index, and priors on the maximum intrinsic
rate of population increase (r) and depletion status (B/K) to
estimate biomass, exploitation rate, MSY, and related reference
points. The method is based on a two-step analysis that combines

the CMSY model and a Bayesian state-space implementation of
the Schaefer model (BSM). Within the CMSY model, catch data
and r and K priors serve to estimate the carrying capacity (K)
and biomass trajectories based on the population dynamics of
the Schaefer model. Ranges of r and K priors are filtered with
a Monte-Carlo algorithm to detect “viable” r-K pairs for which
the corresponding biomass trajectories are compatible with the
observed catches. Subsequently, the BSM model uses CPUE or
survey index and catch data to estimate r and K-values. The
output of the two models is compared to assess the robustness of
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the results, whereas final figures derive from the BSM model. The
CMSY (version 9f) reported in this study is a further development
of the one used in Froese et al. (2017) (information and R code
available at http://oceanrep.geomar.de/33076/).

CMSY was applied to both sprat and horse mackerels; input
data are summarized in Table 1. For the first species, landings
were only available for the years from 2004 to 2019 and the
same time series was also considered for the acoustic survey
index. Only one survey index can be included in this model, thus
considering that the bulk of the sprat population is localized in
the western side of the Adriatic Sea (Figure 2), only the Italian
survey index was taken into account. r was included in the
range 0.32-0.74 (Froese and Pauly, 2019), and modified to 0.4-
0.8 after inspecting the prior vs. posterior distribution. The B/K
range for the initial and intermediate year (2011) was set as a
medium to lo low depletion (0.2-0.8) and as a medium-to-strong
depletion (0.2-0.6) at the end of the time series: we expect that
the fishing pressure on this resource was not drastically changed
along the short time-series, however, the priors for the initial
and intermediate depletion status were set slightly higher than
the final one in order to decrease the possibility of constraining
the model. For horse mackerels, CMSY was developed including
landing data for both Italy and Croatia, available for years from
1970 to 2019; while for the survey index the time series included
years from 1994 to 2019. The r prior available in literature ranged
between 0.31 and 0.72 for Trachurs trachurus and 0.33-0.76
for Trachurus mediterranesus, as suggested by Froese and Pauly
(2019). We opted to adopt the more conservative r-values for
both the two species and our choice was confirmed by model
diagnostics. B/K priors were set as low depletion (0.6-0.9) at
the beginning of the time-series, as strong depletion (0.1-0.4) in
1996, corresponding to a period when the fishing pressure was at
its maximum, and as medium depletion (0.2-0.6) in the last year.

Surplus Production Model in Continuous
Time
The Stochastic surplus Production model in Continuous Time
(SPiCT, Pedersen and Berg, 2017) corresponds to a state-space
version of the Pella-Tomlinson surplus production model (Pella
and Tomlinson, 1969). This model is developed for incorporating
the dynamics of both fisheries and biomass data including an
observation error for both the input data. If available, SPiCT can
work considering multiple survey indexes or effort data and offer
the possibility to use seasonal information. Auxiliary information
can be included in the Bayesian estimation framework, which
allows the use of informative priors for helping the model to
find parameter estimates in a closet range of values. Principal
outputs of the model are the biomass reference points, Byssy and
B/Bpsy, and the fishing mortality reference points, Fpsy and
F/Epsy, together with estimates for r, K, and MSY. The model
is developed using Template Model Builder (TMB, Kristensen
et al., 2015), which is recently conceived to be used within
the R framework.

In this study, SPiCT was developed for both the considered
species. Table 2 summarizes the input data. For sprat, SPiCT
was set including both landing data and acoustic survey indexes

from 2004 to 2019. These two sources of information reflect all
the specimens targeted by the fishing activity; this is also valid
for the horse mackerel stock. Considering the characteristics of
SPiCT, the two survey data, the Italian and the Croatian acoustic
surveys, have been included, and specify the season in which they
occurred. Some priors were used, specifically the initial relative
biomass was considered close to the Byssy level, since the cyclic
dynamic of the small pelagic species, represented also in the trend
of landings, as well as the local commercial importance of this
species does not suggest a strong depletion of this stock before
the beginning of the time-series. However, a medium level of
exploitation was assumed at the beginning of the time series
due to a potentially important fishing capacity at the beginning
of the 2000s mitigated by the start of management plans (Osio,
2012; Piroddi et al., 2015). A prior for r was included following
the information included in FishBase (Froese and Pauly, 2019)
for the same species, whereas the prior for the production
curve was adjusted as suggested by Thorson et al. (2012) for
the Clupeiformes. For horse mackerels, landing data has been
included from the year 1970 to the year 2019, whereas the
MEDITS index has been included from the year 1994 to the year
2019. SPiCT offers the possibility to specify the time of year when
the survey was performed, thus MEDITS data have been included
specifying the month in which the survey occurred. To help the
convergence of the model, some priors have been set. Specifically,
the initial relative biomass was considered close to the Bysy level,
whereas the initial exploitation level was considered negligible
since the fishing activity at the beginning of the 70s’ can be held
as not as impactful as the present (Osio, 2012; Piroddi et al.,
2015). Additionally, r was derived from the FishBase database
(Froese and Pauly, 2019), whereas the prior for the production
curve was adjusted as suggested by Thorson et al. (2012). Finally,
considering the low value, which seems not to be consistent with
the rest of the time series, for the landing data in 1970 compared
to the following years, this value was scaled by a factor of 5
compared to the rest of the time series.

Abundance Maximum Sustainable Yields

Abundance Maximum Sustainable Yields (AMSY) is a SPM
suitable for data-limited cases (Froese et al., 2020), that estimates
fisheries reference points (Fpsy, F/Fysy, B/Bpsy) of a stock
combining its abundance (CPUE or total biomass), its resilience,
and a prior for relative stock size (range of B/K, between 0 and 1).
This method was specifically developed for situations for which
total catch is unknown or unreliable or for bycatch species where
abundances may be estimable only from survey data. AMSY
takes information and tests a high number of combinations of
productivity (r) and unexploited stock size or carrying capacity
(K) for their compatibility with the input data through a Monte
Carlo filtering process. AMSY estimates relative catches at year
t with a rearranged form of the Schaefer equation that needs
biomass at years t and t + I; this implies that catches may
be estimated up to the second last year in the time series,
thus not estimating F for the last considered year. The lack of
catch data also implies that catches and carrying capacity are
estimated as relative values, thus AMSY does give an estimation
of the relative carrying capacity (Kq). AMSY estimates of fishing
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TABLE 2 | Input data for the SPICT model.

SPiCT
Species Star year End r Initial relative biomass Initial depletion Parameter for the
year B/Bpysy level adjustment of the shape of
the production curve
European sprat 2004 2019 0.49 1 0.6 0.599
(Froese and Pauly, (Thorson et al., 2012)
2019)
Horse mackerels 1970 2019 0.51 1 0.8 1.478
for landings (Froese and Pauly, (Thorson et al., 2012)
1994 2019)

for the survey index

pressure have wide margins of uncertainty, which may not be
ideal for management purposes. Nevertheless, it seems to be well
suited for estimating productivity as well as the relative stock
size and may, therefore, be fundamental in the context of a
data-poor stock.

AMSY was developed for both species; input data are
summarized in Table 1. For sprat, a long time series (1982-
2019) of estimated total biomass data belonging to the Italian
acoustic surveys (ECHOADRI and MEDIAS) was available; r
prior range was much wider than those used in the CMSY model
(0.32-1.1 based on FishBase data and sensitivity analysis), this
was needed to satisfy the large oscillations of this index and
to identify enough viable r-Kq to reasonably accommodate the
stock dynamic. The B/K prior was set as “Small” in 2011 based
on the observation of the CPUE value for 2011 was ca. 30% of
the maximum value observed in the longest time series (CPUE).
For horse mackerels, AMSY was developed using the MEDITS
index for the time series from 1994 to 2019; likewise, to the
CMSY model, r was included in the range 0.31-0.72 (Froese and
Pauly, 2019), and B/K priors were set in 2004, a year in which
CPUE and catch data present important peaks. Considering this
and taking into account the longer time series of landings, the
corresponding prior was set as “About half;” since the catch value
for this year was ca. 40% of the maximum value observed in the
longest time series.

RESULTS

European Sprat
Sprat is a migratory species mainly distributed on the western
side of the north Adriatic Sea, as shown by the acoustic estimates
available from both Italy and Croatia (Figure 2). Maps are shown
only for the years 2014, 2018, and 2019, as an example of
different periods.

Regarding the status of this stock, CMSY and SPiCT describe
a similar situation: biomass results above the reference points
for the first years, while since 2007 for CMSY and 2011
for SPiCT it moves below the reference point describing an
increasing trend in the last years reaching the value of B/Bysy
equal to 0.867 and 0.902 in 2019, respectively, for the CMSY
and the SPiCT models (Figure 5 bottom right panel and
Table 3). Also, trends of F/Fpsy for these two models are

TABLE 3 | European sprat—estimated parameters from the three SPMs.

Estimated parameters CMSY SPiCT AMSY
Fao19 0.362 0.785 0.429*
Boo1atons) 491.322 224.268 56,149
Fusy 0.319 0.700 0.549
Buisy (tons) 566.706 249 55,732
B/Buisy 0.867 0.902 1.007
F/Fusy 1.151 1.124 0.783*
r 0.638 0.508 1.097
K 1133.413 812

*This value refers to F 2018.

very similar, describing an overexploited stock for most of the
time series and specifically since 2008 for CMSY and since
2009 for SPiCT; in 2019 F/Fpsy is equal to 1.151 for CMSY
and equal to 1.124 for SPiCT (Figure 5 bottom left panel and
Table 3).

The longer time series considered by the AMSY model
describes a fluctuating situation over the years (Figure 5 bottom
panels). At the beginning of the time series, this stock appears
in good status being B and E respectively, above and below the
reference points (Figure 5 bottom panels and Table 3). In the
mid-90s, the high values of F/Fjsy (equal to 5.05 in 1998) caused
an important decay in biomass (Figure 5 bottom left panels). In
the following period, the stock trend is similar to the other two
models, although more fluctuating. However, this model suggests
a better stocK’s status since 2018, F/Fysy results equal to 0.78 and
in 2019 B/Bjsy results equal to 1.01 (Figure 5 bottom panel and
Table 3). K is not shown (Table 3), since AMSY only estimates
relative carrying capacity, Kgq.

Diagnostics (Supplementary Figures 1A-9A) present a good
fitting for all the models, particularly for AMSY. Estimated
parameters are summarized in Table 3: r-values are quite
similar for the CMSY and the SPiCT models, while AMSY
estimates a higher value; estimates of K are available only for
SPiCT and CMSY with quite different values. These differences
might be due to the diverse models’ configuration and input
data: CMSY comprises only the Italian acoustic index, whereas
SPiCT offers the possibility to include both the Italian and the
Croatian acoustic indexes. Considering the quite stable trend
of the Croatian acoustic index accounting for lower values
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FIGURE 5 | B/Bysy (right panels) and F/Fysy (left panels) trends for the horse mackerel species (top panels) and European sprat (bottom panels) for the three SPMs
(AMSY—Dblue line, CMSY—light blue line, SPICT—gray line). The dashed line corresponds to the reference values.

CMSY = SPiCT

compared to those presented by the Italian acoustic survey
(Figure 3, bottom right panel), the consequent estimated biomass
is lower than the one estimated by CMSY. This fact is also
reflected in the resulting K, which is lower for the SPiCT
model compared to the one estimated by CMSY (Table 3).
Notwithstanding, the numerical estimations are different, the
trends of B/Bysy and F/Fysy are comparable, thus describing
a very similar status of this stock (Figure 6, top panel).
More generally, the three selected SPMs present variations
among the estimated parameters (Table 3) that can be retained
reasonably since they were developed considering different

settings. Lastly, AMSY results are the most appropriate model for
evaluating this stock: they show the best retrospective patterns
(Supplementary Figures 4A, 6A, 9A), while also avoiding the
uncertainty related to landing data. Moreover, AMSY considers
only the Italian acoustic survey, which represents the best
available and longest source of information for this stock, thus
supporting the integrity of this approach.

Horse Mackerel Species
Horse mackerel species, Trachurus trachurus, and Trachurus
mediterraneus, are diffused around the entire north and central
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FIGURE 6 | Kobe plots for each of the tested SPMs divided by species: European sprat (top panel) and horse mackerels (bottom panel).

08
B/Busy

Adriatic Sea, as shown by the maps obtained by the MEDITS
data (Figure 4). This figure presents the species’ distribution for
the years 2014, 2018, and 2019, for which georeferenced data
were made available.

The situation depicted for Adriatic horse mackerel species
differs among the three models. The models, i.e., CMSY and
SPiCT, that take into account both landing and survey data,
are developed considering a longer time series compared to the
AMSY model and present a quite similar trend in terms of
biomass and fishing mortality (Figure 5 top panels, Figure 6
bottom panel). Stock biomass results are above the reference
value until the year 1985, and then decrease up to 2000; after
this year biomass follows a quite stable trend before increasing
continuously from 2015 up until present, reaching the value of
B/Bumsy equal to 0.950 and 0.513 for, respectively, CMSY and
SPiCT (Figure 5 top right panel and Table 4). Fishing mortality
describes an opposite trend: at the beginning of the time series,
F/Fpsy describes a continuous increase up to F/Fpsy equal to
2.099 in 1996 and 2.757 in 1997, respectively, for CMSY and
SPiCT, which then decreases rapidly until it reaches the value of
1.128 in 2002 for CMSY and 1.043 in 2003 for SPiCT (Figure 5
top left panel). In the following years, a new increase followed
by a stable period is registered, which then decreases again in
recent years, reaching a value of F/Fysy equal to 0.600 for

CMSY and 1.115 for SPiCT in 2019 (Figure 5 top left panel and
Table 4).

In agreement with data availability, AMSY was developed
for a shorter time series. The general trend described by this
model appears similar to those depicted by the other two models;
however, AMSY, which describes a general increasing biomass
trend from 1994 up until present (B/Bysy in 2019 equal to 1.503),
also reveals a peak in 2003 (B/Bpssy = 1.135) not shown in the
other two approaches (Figure 5 top right panel). This peak is
probably due to the survey index that shows a peak in 2004.
The trend of F/Fpsy is similar to those described by CMSY and
SPiCT; however, it accounts for the highest drop in the early
2000s (F/Fpsy = 0.349 in 2002), as well as the highest peak in
2009 (E/Fpsy = 3.707 in 2009), to then decrease accounting for
the value of F/Fpsy = 0.368 in 2018 (Figure 5 top left panel and
Table 4).

Diagnostics (Supplementary Figures 10A-18A) present a
good fitting for all the models. Estimated parameters are
summarized in Table 4: r and K (this is not estimated for
the AMSY model) values are very similar among the models;
this is probably influenced by the fact that the three models
use very similar input data. Considering the availability of a
long time series of landing data and their important amount,
particularly at the beginning of the time series, the use of a
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TABLE 4 | Horse mackerel species—estimated parameters from the three SPMs.

Estimated parameters CMSY SPiCT AMSY
Fao19 0.157 0.329 0.109*
Boo19(tons) 11,521.009 5,650.753 4,865.06
Fupsy 0.262 0.295 0.297
Bhsy (tons) 12,133.270 11,019 3,236
B/Buyisy 0.950 0.513 1.503
F/Fmsy 0.600 1.115 0.368"

r 0.525 0.503 0.593

K 24266.539 23566

*This value refers to F 2018.

model able to include both landing and survey information
can facilitate the understanding of the status of this stock.
Thus, CMSY or SPiCT results are the candidate models for
describing the situation of horse mackerel species in the
Adriatic Sea.

DISCUSSION

This study presents the comparison of three SPMs developed
for evaluating the status of European sprat and horse mackerel
species (Atlantic horse mackerel and Mediterranean horse
mackerel) living in the Adriatic Sea. The focus on these species
represents an opportunity to increase knowledge about the status
of the pelagic domain in this basin since, at present, only
anchovy (Engraulis encrasicolus) and sardine (Sardina pilchardus)
are regularly assessed (General Fisheries Commission for the
Mediterranean (GFCM), 2020) and a management plan has
been in place for almost a decade (FAO, 2013). However, an
increase in the number of assessed species, even if they have
a low economic value, is of fundamental consequence, taking
into account the increasing worldwide importance of adopting
an ecosystem-centric approach, focusing both on the impacts
of fisheries on the environment, and the environment on the
fishes in it. In the Adriatic Sea framework, the evaluation of
other small pelagic stocks rather than anchovy and sardine
is going to favor the development of this approach, since
ecosystem models, based on outputs available also from the
present study, can be used as fisheries management tools
in the context of a holistic approach and proposing plans
of action (Dimarchopoulou et al, 2019; Dimarchopoulou,
2020).

Sprat is a migratory species with local importance.
Considering the seasonal information from acoustic surveys and
literature (Ti¢ina and Giovanardi, 1997; Ticina et al., 2000; Azzali
et al., 2002; Leonori et al., 2011), its distribution is not constant,
but it is dependent on migration between the more productive
shallow western Adriatic (feeding grounds) and deeper areas
(spawning grounds) in the eastern Adriatic (Ti¢ina, 2000, 2003).
However, it seems concentrated mainly in the north-western
side of the Adriatic Sea, as also demonstrated by the acoustic
survey. This supports the use of only the Italian survey data
when SPMs, i.e., CMSY and AMSY, are not able to include more

than one survey index. Sprat represents a traditional food with
low commercial value, as confirmed by limited landing values
compared to other commercial species (EU-DCF database 2019;
European Commission (EC), 2017). For this reason, sprat is
considered an accessory species for the small pelagic fishery,
often discarded if caught in an area where there is no market
or, mostly in the eastern Adriatic, landed but reported as a mix
of species (Sinovci¢, 2001). This confirms the possibility that
the use of landing data can be misleading for the evaluation of
this stock, whereas the use of survey data, annually collected
using a defined systematic scheme, seems the best source of
information for estimating the status of this stock. However,
it has to be mentioned that acoustic surveys underwent some
modifications over the years (Leonori et al., 2021), e.g., the use
of different vessels, different sampling times between the eastern
and western sides, and a shift in the survey period of the western
acoustic survey. The presence of these variables does not allow
for easily combining the different surveys, suggesting the need
for a standardization protocol to derive a single survey index
to be used in stock assessment models. Consequently, in this
work, since the main differences are between the eastern and
western surveys, these two investigations were kept separated
and, in the case of the SPiCT model, the differences in the
survey period were accounted for. Finally, AMSY allows the
use of a longer time series of information; this is of relevant
importance in the context of SPMs in which only a limited
number of information is included, thus the use of a longer time
series can help in obtaining a more precise picture. A further
argument for evaluating the models’ reliability are the values
estimated for current B and Bysy (Table 3): the estimates
provided by CMSY and SPiCT, which are based on the landing
time-series, are far lower than those from AMSY, which are
based on the MEDIAS biomass time-series. The pessimistic
situation revealed by CMSY and SPiCT are probably due to
the fluctuating landings paired with a general decreasing trend
of the survey index, which reveals an important peak only
at the beginning of the considered time series. In the future,
improvements to these models can be obtained by the inclusion
of a longer time series of catches with more reliable data, that
can be obtained by the organization of a specific data collection
in the main harbors which historically land sprat. Considering
the uncertainty in the landing values, MEDIAS total biomass
results being the best proxy of the stock biomass in a given
year, this makes the CMSY and SPiCT estimates unrealistic. All
these observations support the use of the AMSY model as the
most appropriate approach to evaluate the status of this stock;
this is also sustained by Cook (2013) who promotes the use
of survey-based assessment when catch data are unreliable or
unavailable while survey data have an adequate temporal and
spatial coverage. However, in this case, the extreme fluctuations
observed in the survey required a very wide r prior range to
accommodate for the Schaefer dynamic. An unrealistically high
value of r may theoretically lead to overestimating the ability
of the stock to recover from low biomass status. However, the
possibility that extreme values of r cause biased or unlikely
stock productivity is lowered by the filtering process of the
AMSY algorithm, which excluded r-Kq pairs giving unreasonable
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results when combined with CPUE data (Froese et al., 2020).
Nevertheless, the wide uncertainty in the  prior is an undesirable
condition, which may be better tackled if detailed uncertainty
estimation is available and used for data weighting. For instance,
yearly estimation of survey uncertainty may be used to model
the observation error in the state-space formulation of the
AMSY model. At present, very few species have been formally
assessed using the AMSY model, and, based on our knowledge,
the present study was the first application on a pelagic stock
based on acoustic data. Instead, different examples of demersal
stocks are presented in literature: Tsikliras et al. (2021) developed
an AMSY model for 74 species never assessed in the Aegean
Sea, Falsone et al. (2021) built AMSY and CMSY models for the
Lepidopus caudatus in the Strait of Sicily. The limited diffusion
of this model is also due to the fact that it was developed only
recently. Regardless, in the upcoming future, considering the
availability of survey data further developments of this model
can be envisaged.

The three models used to assess the sprat stock present
different outcomes; this is probably due to the fact that input
data are used differently. CMSY and SPiCT were developed
considering both landing and survey data, resulting in much
more similar results compared to those revealed by AMSY.
Also, SPiCT presents the advantages of using both the Italian
and the Croatian acoustic indexes, whereas AMSY and CMSY
allow the inclusion of only one survey. Notwithstanding that
the Italian and the Croatian acoustic survey follow the same
sampling scheme (MEDIAS Handbook, 2019), they present
important differences, and thus it was preferred to keep them
separated. Specifically, the two surveys are carried out by two
different research vessels equipped with a different acoustic
range of frequencies for acoustic data collection, even if the
leading frequency (38 kHz) is the same (MEDIAS Handbook,
2019); moreover, since 2015 surveys at sea are performed in
a different period (June-July for the Italian acoustic survey,
September for the Croatian one). Considering the migrations
of sprat, different acoustic estimates in the two survey areas
(eastern and western Adriatic Sea) may occur due to different
sampling seasons, even if the survey period was the same until
2014. These differences have to be treated appropriately, e.g.,
using a standardization protocol, if the survey information is to
be used together. The choice of using different survey indexes
for the West and East side of the Adriatic Sea was also the
preferred solution for the anchovy and sardine assessments
(General Fisheries Commission for the Mediterranean (GFCM),
2020).

Atlantic horse mackerel and Mediterranean horse mackerel
have a similar distribution in the Mediterranean basin,
however, the first species inhabits deeper areas and it is more
common in northern Europe (source: AquaMaps, 2019a,b).
In recent years another species of Trachurus, Trachurus
picturatus, was reported in Mediterranean and Adriatic landings,
however, it is not considered in this study since few records
are available. The biology of Trachurus is poorly reported,
while genetic studies are much more diffuse. These reveal
the existence of 14 species belonging to the Trachurus
genus, possibly lumped into three historical groups trachurus,

picturatus, and mediterraneus (Shaboneyev, 1981) with some
uncertainties about the relationship among them: some authors
report a closer connection between T. mediterraneus and
T. picturatus (Karaiskou et al., 2003), others describe these
species as different clades (Cardenas et al., 2005). Considering
the need of clarifying the phylogeographic aspects of these
species, as well as their biology and the need for reporting
landing by species, we can retain the assumption of assessing
T. trachurus and T. mediterraneus together as a valid option,
specifically in a study like this one in which the main
aim is testing different stock assessment models and not
addressing management aspects. Additionally, these species
are mainly captured by bottom trawlers; this type of gear
represents a multispecies fishing technique (Caddy, 1993;
Sanchez et al,, 2007), thus the management of this fishing
gear is based on the results of the stock assessments of
different species.

Horse mackerel species have been also assessed comparing
the three SPMs. In this case, considering the availability of a
longer time series of landing data and their significant amount,
particularly at the beginning of the time series, the use of a
model able to include both landing and survey information can
facilitate the understanding of the status of this stock. Thus,
CMSY or SPiCT are as a result the favorite models to evaluate
the status of these species. Only the SPiCT models describe
these species in overexploitation, e.g., fishing mortality exceeds
the reference point, while both models depict biomass below
the reference value, though describe an improving trend for
the most recent years. This positive trend is probably due to
the reduction of fishing effort undergone in the last decade,
for which a drop in the number of fishing days, as well as
a decrease in the number of fishing boats, occurred (FAO,
2002, 2006, 2019). B and Bysy estimates given by CMSY and
SPiCT, based on the landing time-series, are comparable to the
AMSY estimates, based on the survey index, thus supporting
the reliability of these different sources of information and the
coherence between them. However, the Bygy value estimated
by AMSY represents just 28% of the averaged value between
CMSY and SPiCT; this is probably due to the shorter duration
of survey data, which is not able to describe the higher biomass
estimated by the other two models at the beginning of the
time-series. This evidence implies that for these species the
use of the AMSY model is not suggested; since the use of
only the MEDITS survey data for a shorter time series might
result in a misleading representation of the status of horse
mackerels in the Adriatic Sea. Nevertheless, such exploration
permitted to highlight how the use of different time-series
(the shorter 24 years and the longer 50 years) caused an
abrupt decrease of the value used as a reference point for the
stock biomass, a dynamic that perfectly fits “shifting baseline
syndrome” (Pauly, 1995).

In this study, different SPMs have been tested in different
situations; similar comparisons are not common in literature,
for which few examples are available (e.g., Bouch et al., 2020;
Falsone et al., 2021). In particular, Bouch et al. (2020) tested
the differences between CMSY and SPiCT and compared
these results with the ICES assessments developed using
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age-based models. This study highlighted the fact that SPiCT
generally describes a more optimistic status compared to
CMSY, but both models present different results compared
to the more structured approaches approved within the ICES
framework. For the Adriatic case study, the performances
of SPMs vs. age-based models could not be evaluated since
no other assessments, other than those developed in this
study, are available for these species. Also, in this study,
only two stocks have been examined and for only one,
the sprat, does SPiCT describe a more positive situation
compared to CMSY. However, these results do not invalidate
the previous study since here only a limited number of
species were considered, rather they suggest developing
further studies to clarify the performances between SPMs
and age-based models also in the Mediterranean area. Also,
since for the species considered in this study no other
formal stock assessments are available, the fact remains
that testing different model results is a good practice to
select the most appropriate model to describe the status of
these resources. In addition, the quality of the input data,
together with the validity of the selected assumptions, as well
as the strengthens and limitations of each approach have
to be considered before selecting the best model. Moreover,
instead of comparing outputs and selecting a single final
model, future approaches can lead to the development of
ensemble methods, which are promising approaches when
a decision has to be made despite multiple and potentially
conflicting estimates of stock status being present (Anderson
et al., 2017). In addition, due to increasing calls in accounting
for structural and parameter uncertainty (Punt et al, 2017),
ensemble stacking procedure can be tested to represent
variability in life-history parameters and fundamental
determinants of stock status estimates in data-limited situations
(Rudd et al., 2019).

Notwithstanding age-structured assessments remaining the
favored models for evaluating the status of resources (Maunder,
2003; Punt and Szuwalski, 2012; Wang et al, 2014), in
the last two decades, SPMs improved considerably such that
they have been used for assessing important species, such
as Atlantic bigeye tuna (Thunnus obesus; ICCAT, 2018),
Mediterranean albacore tuna (Thunnus alalonga; ICCAT, 2017),
and Indian Ocean blue shark (Prionace glauca; I0TC, 2017).
Several examples are also developed in Mediterranean waters,
where SPiCT was used for a variety of species and areas,
e.g., Mullus barbatus in Greek waters (GSAs 20 and 22),
and anchovy and sardine in the Thyrrenian sea (GSA 9)
(General Fisheries Commission for the Mediterranean (GFCM),
2019a,b), whereas different stock assessments were developed
using CMSY in the Adriatic basin, e.g., Sepia officinalis in
GSA 17, and Squilla mantis in GSA 18 (General Fisheries
Commission for the Mediterranean (GFCM), 2019a). CMSY
was also attempted in a multispecies context and to test
the effect of different harvest control rules (Armelloni et al,
2021). SPMs based on survey information only are less
common, whereas these data are mainly used within a survey-
based model, i.e., SURBA (Beare et al, 2005) or SURBAR
(Needle, 2015), or used alone as trends, e.g., anchovy and

sardine in GSA 7 are evaluated using survey trends only
(General Fisheries Commission for the Mediterranean (GFCM),
2019b).

CONCLUSION

In this manuscript, SPMs have been tested and compared
for three species, European sprat, and Mediterranean and
Atlantic horse mackerel living in the Adriatic Sea, which
were never previously assessed, with the aim of extending
the number of the stocks evaluations and thus investigate
the impact of fishing activity on non-routinely assessed
pelagic species and, more generally, on the pelagic ecosystem.
Depending on the data availability a different model was
suggested for describing the status of these resources: a survey-
based model in the case of sprat, for which survey data
were more accurate and available for a long time series,
and a model based on landing and survey information
when commercial landings were relevant, i.e., horse mackerel
species. All these approaches were based on SPMs since
age/length-structure data were not available or very scarce
for these species. Notwithstanding, the use of age-based
assessments is generally suggested, the use of this type of
model can help in situations in which little information is
available and for this reason, can have further applications in
the near future.
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