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Abstract: The status of the Mediterranean Sea fisheries was evaluated across the seven subdivisions
of the General Fisheries Commission for the Mediterranean (GFCM), using ecotrophic and catch-
based indicators for the period 1970-2017. All indicators confirmed that the fishery resources across
the Mediterranean Sea are no longer sustainably exploited and that the structure and function of
marine ecosystems has been altered as a result of overexploitation. Although declining catches were
a common feature across the Mediterranean Sea, the pattern of exploitation and the state of stocks
differed among the subdivisions, with the Levantine Sea and Sardinia having a better status. Alt-
hough they only include the exploited biological resources of marine ecosystems, catch and eco-
trophic indicators can provide insight on ecosystem status and fishing pressure. In the case of south-
ern Mediterranean countries, catch and trophic levels are the only information available, which is
extremely valuable in data-poor ecosystems.

Keywords: ecosystem indicators; ecosystem overfishing; fisheries management; trophic level;
marine ecosystems

1. Introduction

Ecosystem evaluation is very important before and after the implementation of any
management measure in order to assess previous ecosystem status and the efficiency of
management. Ecosystem and ecological indicators are useful tools in assessing the current
and future state of marine ecosystems and in testing management scenarios [1], and can
be divided into five types: biomass-based, catch-based, trophic-based (or ecotrophic),
size-based and species-based (or biodiversity) indicators [2]. Catch-based and ecotrophic
indicators require catch time series and the trophic level of the species/stocks. Biomass-
based indicators require the biomass of all species (or functional groups) from scientific
surveys or stock assessments that are only sporadically available for most Mediterranean
areas and span short periods of time [3]. The same holds for size-based indicators that
require field data collections through regular monitoring and sampling programs.

The Mediterranean Sea is a biodiversity hotspot [4] with multi-fleet and multi-spe-
cies fisheries that are controlled by a large number of European Union (EU) and non-EU
countries [5]. Nevertheless, Mediterranean fisheries are not regularly monitored, some-
thing that places this region among the most data-poor areas of the world [6]. The types
of available data are presented below. The collection of biological data for the exploited
fish and invertebrate stocks is based on scientific surveys that have operated around the
northern Mediterranean coastline since around 2000 [7]. These data series are often in-
complete, seasonal, focused on demersal organisms [8] and on commercially important
fishes, such as the European hake Merluccius merluccius and red mullet Mullus barbatus.
Thus, the collection of biomass and length frequency distribution time series for all marine
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populations to evaluate ecosystem structure (size-based indicators) is an impossible task
in the Mediterranean Sea. In contrast, catch data are available for most commercial species
across all Mediterranean Sea areas and General Fisheries Commission for the Mediterra-
nean (GFCM) subdivisions from 1970. In areas with no or limited biomass data, the official
catch (= landings) data can be used to determine catch-based ecosystem indicators.

Excessive fishing generally results in the shrinking of marine food webs and biomass
declines of the large predatory fishes [9]. The effects of fishing on marine food webs, ma-
rine populations and ecosystem structure and function have been globally examined us-
ing ecotrophic indicators, mainly through the temporal variability of the mean weighted
trophic level of the catch [10], by approximating fish length with trophic level. These in-
dicators are based on the positive relationship between the two variables [11] and the
preferential removal of large individuals by fishing [10], as larger fish attain a higher price
both within and among species [12]. The mean weighted trophic level of the catch well
serves the purpose of identifying inter-specific declines of large predatory fish [10] that
have since been confirmed to occur in many areas of the world [13].

The present work aims to examine the ecosystem status across the Mediterranean Sea
using catch and ecotrophic indicators. Catch indicators provide insights on fishery im-
pacts, whereas ecotrophic indicators show whether the mean size of commercial marine
fishes and invertebrates is declining across time and whether marine food webs are
shrinking, leading to disrupted ecosystem structure and function. These hypotheses were
accompanied by a fisheries dataset to test whether any potentially observed food web
shrinkage is a consequence of fisheries overexploitation. The Mediterranean Sea fisheries
have been previously evaluated with data up to 2010, as a whole [14] and at subarea levels
[15] and recently at different spatial resolutions [16]. Here, we present an updated dataset
up to 2017 and apply the ecotrophic indicators at a higher resolution, i.e., at the subdivi-
sion level (Figure 1).
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Figure 1. Map of the Mediterranean Sea showing the subareas (western Mediterranean, central Mediterranean, eastern
Mediterranean, Black Sea) and their subdivisions (1.1: Balearic Islands; 1.2: Gulf of Lions; 1.3: Sardinia; 2.1: Adriatic Sea;
2.2: Jonian Sea; 3.1: Aegean Sea; 3.2: Levantine Sea). The subdivisions of the Black Sea (4.1: Marmara Sea; 4.2: Black Sea,
main; 4.3: Azov Sea) were not included in the present work. Underlying map was created using Ocean Data View Soft-

ware.
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2. Materials and Methods

The Mediterranean Sea is typically divided into three subareas (western, central and
eastern), which have been further divided by the General Fisheries Commission for the
Mediterranean Sea (GFCM) into seven subdivisions for management and fishery pur-
poses (Figure 1). The western part of the Mediterranean Sea is split into three subdivisions
(Balearic Islands, Gulf of Lions and Sardinia), the central part into two (Adriatic Sea and
Ionian Sea) and the eastern part into two subdivisions (Aegean Sea and Levantine Sea).

The annual disaggregated landings of the fishery stocks per country and subdivision
have been recorded since 1970 by the GFCM. They include the legal and officially reported
large- and small-scale fishery catches (excluding discarded catch, illegal, unreported, rec-
reational, subsistence and sport fishing) expressed as the live weight equivalent of land-
ings. The landings were extracted for each subdivision from the FAO/GFCM FishStat ]
database (http://www.fao.org/fishery/statistics/software/fishstatj/en). Catch statistics for
Greece were corrected to account for the presentist bias [17], as the catches of an additional
small-scale coastal fleet are reported together with the existing bottom-trawlers, purse-
seiners, boat-seiners and other coastal vessels [18,19] after 2016 [20].

The mean weighted trophic level of the catch (mTLc) that has been used to assess the
effect of fisheries on marine ecosystems [21] was explored for the same period (1970-2017)
for each subdivision. The mTLc for each year (k) was calculated annually for all species
and trophic levels according to the formula [9]:

2it1(TL; X 0Yy)
7[11(Yik)

where Yi refers to the landings of a species (or group of species) i for the year k, TL is the
corresponding trophic level of the species i and m is the total number of species in the
annual landings. The trophic levels of each species were taken from FishBase [10] and
SeaLifeBase [22]. Trophic level indicates the position of a species within a food web based
on the number of feeding links between the species and the primary producers [23]. Pri-
mary producers (such as phytoplankton and plants) and detritus have a default trophic
level of 1, herbivores have a trophic level of 2, carnivores have a trophic level of at least 3.
Trophic level may exceed 5 for predators of marine mammals. Non-integer trophic levels
result from mixed diets, i.e., feeding at more than one trophic level. For example, a small
pelagic species feeding on 50% phytoplankton (trophic level of 1) and 50% phytoplank-
tivorous zooplankton (trophic level of 2) will have a trophic level of 2.5.

The Fishing in Balance (FiB) index, which complements the mTLc analysis, was cal-
culated for the same period for which catch data were available per year (k) as follows

[24]:
1 mTLcy 1 mTLcg
FiB, = logqo [Yk (ﬁ) ] —logyy [YO (ﬁ) ]

where Y is the catch, mTLc is the mean trophic level of the catch in the year k, the subscript
0 refers to the first year in a time series that is used as a baseline and TE is the mean energy-
transfer efficiency between trophic levels that is assumed to be 0.1 [24]. The FiB index
attains a value of 0 for the first year of the series and does not vary in periods in which the
mean weighted trophic level and catches change in opposite directions, unless the effect
of catch (or mTLc) is very strong. When the trends of both the catch and the mTLc are
increasing (or declining), then the increase (or decline) in the FiB index is stronger. In-
creasing or decreasing FiB values indicate a geographic expansion or contraction —or col-
lapse —of the fishery in question, respectively [24]. Negative and declining FiB values are
indicative of overexploitation.

The geom_smooth function of R (ggplot2) that allows for adding the trend and the
confidence interval around it was applied to all time series. LOESS (locally weighted pol-
ynomial) smoothing, a non-parametric form of regression that uses a weighted, sliding-
window average to calculate a line of best fit, was selected.

mTLc =
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The status of each division was assessed by comparing the value and the trend of the
catch, and the mTLC and the FiB index in 2017 to the highest historical value. Catch in-
creases and declines of less than 10% were assessed as good status (green colour), declines
of 10-30% as intermediate (orange colour) and declines exceeding 30% were assessed as
bad status (red colour). Similarly, mTLc increases or declines of less than 0.1 were as as-
sessed good status (green colour), declines of 0.1-0.2 as intermediate (orange colour) and
declines exceeding 0.3 were assessed as bad status (red colour). Finally, a positive and
increasing FiB index, as well as positive and stable values with no trend, were assessed as
good (green colour). Positive and declining values, as well as negative and increasing val-
ues, were assessed as intermediate (orange colour) and a negative and declining FiB index,
as well as negative and stable values with no trend, were assessed as bad (red colour). The
overall status emerged from combining the status of the three indicators.

3. Results
3.1. Catch Trends

In the western Mediterranean Sea, total catches in the Balearic Islands (1.1) increased
between 1970 and 1980, remained rather stable to around the mid-2000s and gradually
declined thereafter (Figure 2: top left). In the Gulf of Lions, the total catches presented two
maximum modes, one in the late 1980s and one in the early 2000s and a constant decline
thereafter (Figure 2: mid-left). The total catches of Sardinia have been gradually declining
since 1970, with the lowest catch observed during the last decade (Figure 2: bottom left).
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Figure 2. Variation in the combined marine catches (in metric tons) of fishes, crustaceans and cephalopods per year in the
seven General Fisheries Commission for the Mediterranean (GFCM) subdivisions (1.1. Balearic Islands; 1.2. Gulf of Lions,
1.3. Sardinia, 2.1. Adriatic Sea, 2.2. Ionian Sea, 3.1. Aegean Sea, 3.2. Levantine Sea) for 1970 to 2017. A smoothing line with
confidence limits was added to the time series to show the overall reported catch trend in each area.

In the central Mediterranean Sea, the total catches of the Adriatic Sea rapidly in-
creased from 1970 to a maximum in the mid-1980s and sharply declined thereafter up to
the early 1990s; since then they have shown a tendency to increase at a very slow rate
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(Figure 2: top centre). In the Ionian Sea, the total catches increased for 25 years to their
maximum value and declined thereafter at a slower rate (Figure 2: mid-centre).

In the eastern Mediterranean Sea, the total catches of the Aegean Sea increased from
1970 to a maximum in 1994 and continuously declined thereafter to less than 40% of their
historical highest value (Figure 2: top right). In the Levantine Sea, total catches increased
to a maximum around 2010 and declined thereafter (Figure 2: mid-right).

3.2. Mean Weighted Trophic Level of the Catch (mTLc)

In the western Mediterranean Sea, the mean weighted trophic level of the catch
(mTLc) in the Balearic Islands fluctuated around 3.3 for the entire time series with a de-
clining trend after the late 2000s (Figure 3: top left). In the Gulf of Lions, mTLc increased
from 1970, reached a maximum in 2010 and declined thereafter (Figure 3: mid-left). In
Sardinia, mTLc was initially stable, dropped rapidly to a minimum in the mid-2000s and
increased thereafter; it has been rather stable during the last decade (Figure 3: bottom left).

In the central Mediterranean Sea, mTLc in the Adriatic Sea declined from 1970 to a
minimum in the early 2000s, sharply increased until 2010 and remained rather stable
thereafter (Figure 3: top centre). In the Ionian Sea, mTLc initially increased and remained
stable for 20 years and then displayed a decreasing trend, which has been more apparent
since 2010 (Figure 3: mid-centre).
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Figure 3. Variation in the mean trophic level (mTLc) of the catches per year in the seven GFCM subdivisions (1.1. Balearic
Islands; 1.2. Gulf of Lions, 1.3. Sardinia, 2.1. Adriatic Sea, 2.2. Ionian Sea, 3.1. Aegean Sea, 3.2. Levantine Sea) for 1970 to
2017. A smoothing line with confidence limits was added to the time series to show the overall reported mTLc trend in

each area.

In the eastern Mediterranean Sea, the mTLc of the Aegean Sea gradually declined
from 1970 to 2000 and then sharply increased up to around 2010. Since then, a continuous
decline has been observed (Figure 3: top right). The mTLc of the Levantine Sea displayed
a continuous decline from 1970 to a minimum in 2015 (Figure 3: mid-right).
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3.3. Fishing in Balance (FiB) Index

In the western Mediterranean Sea, the FiB index in the Balearic Islands sharply
increased from 1970 until 1980, remained stable for around 30 years and has consistently
declined since 2010, becoming negative during the last three years (Figure 4: top left). In
the Gulf of Lions, the FiB index gradually increased from 1970 to the early 2000s with
fluctuations and declined therafter, reaching negative values after 2010 (Figure 4: mid-
left). In Sardinia, the FiB index was negative during the entire time series, with a declining
trend from 1970 to 2000 and a continuously increasing trend since then (Figure 4: bottom
left).
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Figure 4. Variation in the Fishing in Balance (FiB) index per year in the seven GFCM subdivisions (1.1. Balearic Islands;
1.2. Gulf of Lions, 1.3. Sardinia, 2.1. Adriatic Sea, 2.2. Ionian Sea, 3.1. Aegean Sea, 3.2. Levantine Sea) for 1970 to 2017. A
smoothing line with confidence limits was added to the time series to show the overall reported FiB index trend in each

area.

In the central Mediterranean Sea, the FiB index in the Adriatic Sea increased from
1970 to the mid-1980s and thereafter gradually declined to mostly negative values with
fluctuations in the last twenty years (Figure 4: top centre). The FiB index in the Ionian Sea
sharply increased from 1970 until about the mid-1980s, remained rather stable for thirty
years and from 2010 sharply declined to a minimum in 2017 (Figure 4: mid-centre).

In the eastern Mediterranean Sea, the FiB index in the Aegean Sea remained positive
during the entire time series and increased from 1970 until about the mid-1990s and then
constantly declined to its lowest value in 2017, with the exception of a slight recovery
between 2005 and 2012 (Figure 4: top left). In the Levantine Sea, the FiB index sharply
increased from 1970 to the mid-1990s and thereafter gradually declined with fluctuations
but remained positive for most of the time series (Figure 4: mid-left).
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3.4. Overall Assessment

Based on the variation of catches, mTLC and the FiB index, the overall performance
of each subdivision was evaluated (Table 1). The catch trends were declining in six out of
seven subdivisions, as mTLc was declining in one (3.2. Levantine Sea), increasing in two
and remained rather stable in four subdivisions, whereas the FiB index was declining in
four and remained stable in two subdivisions. It appears that none of the subdivisions had
a good status and three of them (1.3. Sardinia, 3.1. Aegean Sea and 3.2. Levantine Sea) had
an intermediate status. The remaining four subdivisions (1.1. Balearic Sea, 1.2. Gulf of Li-
ons, 2.1. Adriatic Sea and 2.2. lonian Sea) had a bad status, with two out of three indicators
being classified as “red” (Table 1).

Table 1. Comparison of the ecosystem status of all Mediterranean subdivisions based on total
catch (Catch), mean weighted trophic level of the catch (Troph), Fishing in Balance (FiB) index and
overall performance (green: good; orange: intermediate; red: bad).

Indicators
F ivisi 11
GFCM Subdivision Catch Troph FiB Overa

1.1. Balearic Sea
Western  1.2. Gulf of Lions

1.3. Sardinia
2.1. Adriatic Sea
2.2. Ionian Sea

Mediterranean
Sea Central
3.1. Aegean Sea

Eastern .
3.2. Levantine Sea

4. Discussion

During the second half of the 20th century, fishing pressure expanded geographically
and bathymetrically in the Mediterranean Sea, exploiting all levels of marine food webs
[25]. Several technological advances have been incorporated into fishing vessels and
gears, increasing, even more, the pressure on stocks and habitats through technological
creep [26]. This expansion of fisheries appears to have a clear effect across the Mediterra-
nean Sea in terms of declining catches (Figure 2) and somatic sizes, as approximated by
the mTLc (Figure 3). Indeed, total catches have been declining for at least 20-30 years in
all subdivisions except for the Levantine Sea, where the decline has only become apparent
in the last five years (Figure 2). Assuming constant or increasing effort through techno-
logical creep, declining catches are indicative of unsustainable exploitation and bad stock
status. The northern Mediterranean coastline and especially the coasts of Spain, Italy and
Greece, which have very large fishing fleets and long fishery traditions, have been among
the most heavily exploited ecosystems in the Mediterranean Sea [3], with catches declin-
ing for over twenty years [15] and showing no sign of recovery.

A declining trophic level (mTLc) pattern indicates that the percentage of large species
in the catches is declining. This pattern has been stronger in the Ionian and the Levantine
Seas since 1970 and for the last decade in the Balearic Islands and Adriatic and Aegean
Seas (Figure 3). The decrease in large species is related to their preferential removal from
the sea because of their higher value [11] and is a clear sign of disruption in ecosystem
structure and function, i.e., ecosystem overfishing [27]. A stable trophic level pattern, as
in the Balearic Islands throughout the time series and in Sardinia during the last decade
(Figure 3), indicates that the proportion of large and small species in the catch was stable
and that the structure and function of the ecosystem remained unchanged. Finally, a con-
tinuous increase in mTLc, as in the Gulf of Lions, shows that the percentage of large indi-
viduals was increasing and/or that of small ones was declining. Indeed, in the Gulf of
Lions, the catch of European anchovy Engraulis encrasicolus and European pilchard Sardina
pilchardus collapsed in 2008, leading to an expansion of the mTLc [28]. Previous research
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including the basins of the Mediterranean Sea [15] and the GFCM subdivisions, but focus-
ing on the European Mediterranean countries and fisheries (western Mediterranean: [29];
Adpriatic Sea: [30]; Aegean and Ionian Seas: [31]), confirm the results of the present work.
An overall ecosystem degradation over time has also been observed across the whole
Mediterranean Sea according to model-based indicators, such as community biomass,
trophic levels, catch and diversity [32].

The decline of the FiB index in the Balearic Islands and Ionian Sea, with a constant or
slightly declining mTLc trend, can be attributed to the decline in catch and indicates un-
sustainable fisheries (Figure 4). In the last decade, in the Gulf of Lions and Aegean Sea,
there was a strong decline in the FiB index due to declines in both the catch and the mTLc.
The strong decline in the FiB index to negative values indicates overexploitation of re-
sources and unsustainable fisheries that have affected (or will affect shortly) ecosystem
structure and function [24]. The sharp increase in the FiB index from 1970 to 1985 in the
Adriatic Sea clearly reflects a geographic and/or bathymetric expansion of local fisheries.
The sharp decline in the FiB index after a period of increase in five subdivisions (1.1.
Balearic Islands, 1.2. Gulf of Lions, 2.2. Ionian Sea, 3.1. Aegean Sea, 3.2. Levantine Sea) was
due to declines in both the catch and the mTLc and indicates that fisheries are no longer
efficient. Despite the increasing trend of the mTLc in the Levantine Sea, the signal of catch
trends was stronger because the difference from the highest to the lowest values was very
wide and led to a decline in the FiB index.

The Levantine Sea, which has a better status compared to other areas, is heavily af-
fected by alien species entering the Mediterranean through the Suez Canal [33]. These
alien species have disturbed indigenous marine fauna, may have altered the seabed hab-
itat and have caused significant changes in the entire ecosystem that have in turn affected
the local fisheries and their catch [34]. Contrary to the other subdivisions, the catch in the
Levantine Sea showed a clear and monotonous increasing trend, which mostly results
from an increase in the fishing effort but also from the recovery of productivity to pre-
dam levels due to increased nutrient loadings from anthropogenic activities [35]. It is un-
clear, however, if the declining trend in the mTLc is an indication of a “fishing down”
effect [9], given the community changes owing to the alien species reinforced by dam con-
struction activities and climate change.

The ecological effects of trophic-level decline and (intra- and inter-specific) smaller
somatic sizes as a consequence of fishery exploitation are apparent in marine ecosystems
as the marine food webs are shrinking [9]. If overexploitation of Mediterranean fisheries
continues, ecosystems, and hence the catches derived from them, will gradually be dom-
inated by relatively smaller, short-lived, low trophic level invertebrates and planktivorous
pelagic fish species and individuals, while long-lived top predators, which are already
smaller in size, will decline in abundance [10]. Ending overfishing and reversing the phe-
nomenon of shrinking food webs can increase the ability of fish stocks to withstand the
impacts of climate change, thus making ecosystems more resilient to such exogenous pres-
sures [36].

Despite the political pressures that promote overfishing in many European countries
and illegal or unregulated fishing activities, there have been some measures and strategies
that were adopted to allow the rebuilding of stocks, but their efficiency is still rather low,
especially in the Mediterranean Sea [36]. There are cases, however, of dynamic and rapid
response of fishery organisations to manage overexploited stocks, such as that of the blue-
fin tuna (Thunnus thynnus), which resulted in halting overfishing and an observed ten-
dency of the stock to recover [37].

In conclusion, data-based catch and ecotrophic indicators can provide robust insights
on ecosystem status and fisheries exploitation and together with length-based indicators
may be useful in assessing the status of ecosystems in data-poor areas [38]. In the case of
the southern Mediterranean countries, landings and trophic levels are the only data avail-
able and provide valuable information on these data-poor ecosystems. The main limita-
tion of this approach is that it includes only the commercial part of the catch and neglects
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non-commercial species that are also affected by fishing, even if to a lesser extent [39, 40].
Future research would have to include by-catch and discarded catch for a more holistic
evaluation of the ecotrophic effects of fishing.
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