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Shallow rocky reef fish assemblages were studied in sites of low versus high fishing
pressure (FP) across the Aegean Sea, in order to assess community structure at a large
scale and investigate spatial variability in relation to FP, depth, and geographic location.
A total of 15 pairs of high and low FP sites were selected (18 sites in North Aegean,
12 in South Aegean). The level of FP was defined based on a fishing pressure index
specifically developed for coastal small-scale fisheries in the region. In each site, fish
communities were investigated at two depth zones (5 and 15 m). Number of species,
fish size (Total Length; TL) and abundance were recorded along strip transects through
underwater visual surveys. Abundance and TL were used to estimate biomass, and
fish species were assigned to distinct trophic and commercial status groups. An 8-
fold range in fish density and a 14-fold range in fish biomass were detected, while
community structure was affected by all variables considered (FP, depth, geographic
location). The N Aegean sites scored higher in number of species and biomass of
carnivorous fish, whereas the S Aegean had a higher biomass of several allochthonous
and thermophilous species. Abundance and biomass estimates were higher in low
FP sites, and primarily at the 15 m depth zone, where low FP sites had the double
abundance and 2.8 times higher biomass. Biomass of carnivores was generally very
low, except at deep sites of low FP. Given that sites of lower FP represent areas of lower
conflicting interests for fisheries whilst providing enhanced biomass levels, they should
be included in future marine conservation planning schemes, as they could contribute
to the replenishment of fisheries and the boosting of conservation benefits provided by
MPAs, once properly managed.

Keywords: fish communities, small-scale fisheries, underwater visual surveys, marine conservation,
Mediterranean Sea

INTRODUCTION

Compared to the vast area covered by the open sea, shallow coastal environments are subjected
to disproportionately higher pressures due to their dynamic interplay with the terrestrial realm
and the direct effects of human activities. Mediterranean shallow rocky reefs are very productive
and diverse ecosystems providing important provisioning, regulating and cultural ecosystem
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services (Salomidi et al., 2012). However, they are exposed to
multiple stressors, including overfishing (Sala et al., 2012),
pollution (Tornero and Hanke, 2016), invasive species
(Katsanevakis et al., 2014), coastal development (Meinesz
et al., 1991), destructive fishing practices (Guidetti, 2011), and
climate change (Rilov, 2016). Many important Mediterranean
rocky reef benthic communities, such as canopy-forming
macroalgal forests of the genus Cystoseira and Sargassum are
particularly vulnerable to such stressors and have suffered
major losses and severe degradation in the recent decades
(Thibaut et al., 2015). For this reason, they have been classified
as endangered in the European Red List of Habitats (Gubbay
et al., 2016). The associated rocky reef fish assemblages are also
of high ecological importance, since they play a fundamental
role in the functioning of reef ecosystems by regulating food
web dynamics and nutrient releases, thus securing ecosystem
stability and resilience, and the flow of respective services
to humans (Holmlund and Hammer, 1999). For example,
predatory fish represent a key component in the structuring of
assemblages through trophic cascades (Pinnegar et al., 2000). In
Mediterranean rocky reefs, high predatory fish abundance has
been observed to control sea urchin populations at low levels,
substantially reducing grazing pressure over macroalgal beds
(Sala et al., 1998). On the contrary, low abundance of predatory
fish can lead to overgrazing by sea urchins, which results to
strong declines of algal biomass, and hence to the substantial
reduction of the regulating and maintenance services provided
by algal communities, with subsequent effects on the entire
reef ecosystem (Guidetti, 2006; Ling et al., 2015). Moreover,
reef fish have an intrinsic economic value for artisanal fisheries
and underwater tourism, greatly supporting coastal economies
(Badalamenti et al., 2000).

Despite their ecological and socio-economic importance,
shallow rocky reef fish assemblages targeted exclusively by coastal
small-scale and recreational fisheries have been much less studied
compared to other fish communities targeted by medium- or
large-scale fisheries, such as trawlers and purse seiners (Lleonart
and Maynou, 2003). Stock assessments for Mediterranean reef
fish are generally unavailable in recent published reviews (e.g.,
Colloca et al., 2013, 2017; Vasilakopoulos et al., 2014; Froese et al.,
2018). Most quantitative estimates of fish abundance on rocky
reefs have been based on underwater visual surveys, as fisheries-
dependent surveys are generally problematic for such estimates
due to catch efficiency and selectivity issues (Katsanevakis
et al., 2012). However, underwater visual surveys have mainly
focused on marine protected areas (MPAs), sometimes including
neighboring unprotected areas as reference sites in order to assess
MPA benefits on fish communities (e.g,. Rius, 2007; Seytre and
Francour, 2009; Claudet et al., 2010; Dimitriadis et al., 2018).
Large-scale surveys investigating the status of fish populations
in unprotected rocky reefs are generally scarce (but see e.g., Sala
et al., 2012; Guidetti et al., 2014), and thus in most Mediterranean
countries the status of rocky fish populations and communities
remains largely unknown.

The Aegean Sea (NE Mediterranean) has a complex
geomorphology, a lengthy coastline of ∼16000 km, and a
distinctive insular character with more than 1400 islands or islets.

Rocky reefs of the Aegean Sea have traditionally been exploited
by small-scale and recreational fisheries, which have played an
important role in the shaping of the cultural and socio-economic
character of this coastal region (Tzanatos et al., 2005; Giakoumi
et al., 2012; Giovos et al., 2018; Keramidas et al., 2018). Yet,
little information is available regarding the distribution and
conservation status of rocky reefs, as well as of the associated
fisheries resources. A recent (under)estimate indicated a rocky
cover of at least 164 km2, of which only 3% is included in
national parks (Sini et al., 2017). On the other hand, small-scale
coastal fishing vessels, which constitute 96% of the total Greek
fishing fleet (Petza et al., 2017), exhibit substantial spatial and
temporal variability, largely depending on environmental factors
and fishers’ behavior (Kavadas et al., 2015). Over and above,
the insular character of the Aegean Sea, renders it difficult to
monitor the multiple and multifaceted coastal fisheries activities.
As a result, data regarding small-scale and recreational fisheries
landings are unavailable or non-existent, while no large-scale
survey has been conducted in the past to estimate fish population
densities and their spatial variability (Tzanatos et al., 2006;
Moutopoulos et al., 2013; Kavadas et al., 2015; Giovos et al., 2018).

In the absence of reference conditions, the study of fish
community patterns in natural systems across gradients of
human or environmental stressors provides some important
information to set up current baselines and assess the status
of populations and ecosystems (Sala et al., 2012). However, in
the Aegean Sea there are no long-term, well-enforced no-take
marine reserves (Sini et al., 2017; Fraschetti et al., 2018) that could
potentially provide some idea of how unimpacted or unfished
areas would look like under the present-day global change
scenario. Hence, our study focused in the comparison of areas
of low versus high fishing pressure (FP), in order to investigate
how small-scale coastal fisheries shape fish community structure.
Specifically, we aimed to (a) assess fish communities at a large-
scale and investigate spatial variability in relation to FP, depth and
geographic location, (b) provide insights regarding the recovery
potential of fish populations under reduced fishing pressure, and
(c) offer reference data for future management decisions.

MATERIALS AND METHODS

Study Area and Selection of Sampling
Sites
The study area encompasses all shallow Greek territorial waters
of the Aegean Sea (NE Mediterranean) (Figure 1), and is divided
into two geographic sectors, the North (N) and the South (S)
Aegean basin. The two basins are characterized by distinct
oceanographic conditions. The N Aegean basin is influenced
by the cold, brackish Black Sea waters, and the nutrient-rich
freshwater discharge of large rivers, whereas the S Aegean basin is
affected by the northward flowing, high-salinity warm waters of
the Levantine Sea, has a low riverine input, and is therefore more
oligotrophic (Lykousis et al., 2002; Zervakis et al., 2004).

Selection of sites involved a two-step process which included
(a) the development of a fishing pressure (FP) index for
the identification of areas subjected to different levels of FP,
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and (b) communication with local experts and stakeholders
for validation of the index outputs and the final selection
of appropriate sampling sites. The FP index was developed
using a Multi-Criteria Decision Analysis (MCDA), and refers to
vessels not equipped with an on-board VMS (Vessel Monitoring
System) that mainly deploy gillnets, trammel nets and longlines.
The MCDA methodology produces a spatial index by taking
into account several interactions between anthropogenic and
environmental factors (for more details see: Kavadas et al.,
2015). This method enabled the evaluation of different areas
with regards to their suitability for small-scale coastal fishing in
relation to (a) several environmental factors (i.e., bathymetry,
distance from the coast, chlorophyll-a concentration), (b) the
coexistence of different anthropogenic activities, such as marine
traffic1, other types of fishing (Kavadas et al., 2014; Maina
et al., 2018), and the presence of fisheries restricted areas

1www.marinetraffic.com

(Petza et al., 2017), as well as c) the expected level of small-scale
fishing activity based on the spatial distribution of registered
coastal fishing vessels in fishing ports (source: European Fleet
Register)2 (Kavadas et al., 2013), along with the distance of each
location from the closest port. Index values were then used to
analyze spatial patterns, and to produce mapping clusters of
hot and cold (high and low) FP spots (Figure 1; for a detailed
description of the method applied see Supplementary Material).
The resulting maps were then cross-checked with the opinions
of local experts and stakeholders, in order to find suitable pairs
of geographically proximate sites of similar geomorphological
characteristics with contrasting FP levels. A total of 30 sites (15
pairs of high and low FP sites) were selected (Figure 1 and
Supplementary Table S1), out of which 18 were situated in the
N Aegean and 12 in the S Aegean. Although our aim was to cover
as many parts of the Aegean Sea as possible in a representative

2http://ec.europa.eu/fisheries/fleet/index.cfm

FIGURE 1 | Map of the Aegean Sea depicting areas of different levels of fishing pressure (FP) based on the fishing pressure index developed for small scale fisheries.
Blue: areas of low FP, red: areas of high FP, and yellow: areas of intermediate FP. Bullets and numbers indicate pairs of sampling sites; L: low FP sites, H: high FP
sites. Station ID numbers 1–9 correspond to N Aegean sites, whereas 10–15 correspond to S Aegean sites.
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way, the final choice of sampling sites was determined by the
objectives of the study, logistic constrains, weather conditions,
and the availability of extensive rocky substrates. The majority of
sites were sampled along two distinct depth zones (5 and 15 m).
However, in one site, sampling was restricted to the 5 m depth
zone, due to the lack of extensive rocky substrate at 15 m. As a
result, our analysis consists of 30 stations located at the 5 m depth
zone, and 28 at the 15 m depth zone.

Field Protocol
Sampling was carried out during September – October 2016. In
each site, underwater visual surveys were performed by SCUBA
diving at the two distinct depth zones (5 and 15 m). Within
each zone, fish surveys were conducted using plot sampling along
three successive replicate strip transects (25 m long × 5 m wide,
each), positioned several meters apart in a straight line, and
covering a total area of 375 m2 per depth zone. Moving one-
way along the transects at a constant speed, the fish observer
counted and estimated the size (total length - TL in classes
of 2 cm) of all fish species encountered within 2.5 m on
either side of the transect line. All surveys were carried out
on rocky reefs of similar rugosity and selection of the exact
positioning of transects was random. To reduce observer-related
bias, all fish surveys were carried out by a single experienced fish
observer, who was specifically trained for visual surveys of fish
communities over rocky bottoms using strip transects, in order to
reduce fish length estimation errors (Bell et al., 1985). Also, fish
recording and transect deployment were done simultaneously, to
minimize disturbance of fish. All species were recorded except
from those belonging to the families of Blenniidae, Gobiidae,
and Tripterygiidae. Despite their important role in the ecology
of shallow rocky reefs (Tiralongo et al., 2016), obtaining reliable
diversity, density and biomass estimates for these highly diverse,
small, crypto-benthic species would need a different type of
sampling approach (e.g., Patzner, 1999; Tiralongo et al., 2016;
Prato et al., 2017), which could not be followed due to fieldwork-
related logistical constraints.

Data Analyses
Species diversity [i.e., number of species – S; Shannon-
Wiener Index – H’; Simpson’s Index of Diversity – (1-
D)], population density, and biomass density were the fish
population/community state variables considered. Fish biomass
was initially estimated for each species using the allometric
length-weight relationship: W = aLb, where W: weight in g;
L: total fish length in cm; a and b: species-specific parameters
obtained from the literature (Moutopoulos and Stergiou, 2002;
Giakoumi et al., 2012; Froese and Pauly, 2019). The resulting
density and biomass values were converted to individuals and
kg per 1000 m2 (i.e., ind. 1000 m−2 and kg 1000 m−2,
respectively). Fish species were also aggregated into distinct
groups according to their functional trophic status: carnivores,
omnivores, grazers (Stergiou and Karpouzi, 2002; Karachle
and Stergiou, 2017; Froese and Pauly, 2019), and commercial
status depending on the level they are targeted by fisheries
and their market value based on scientific literature (Stergiou
et al., 2011) and expert judgment: commercial benthic/demersal

(C), commercial small pelagic (C-sp), non-commercial or only
sold at low price (LC), non-commercial (NC). Bootstrap (with
1000 resamples) was applied on all population/community state
variables, in order to estimate the unconditional standard error
(Efron and Tibshirani, 1993), as well as the 95% bootstrap-based
unconditional confidence intervals per species, trophic group and
commercial status group. To test the significance of differences in
relation to FP, depth zone, and geographic location, the observed
differences were bootstrapped and the 95% bootstrap confidence
interval was estimated.

Two-way permutational multivariate analysis of variance
(PERMANOVA) was applied using the Bray-Curtis similarity
matrix on square root transformed data (Anderson, 2001),
in order to assess the effects of geographic location, depth,
FP, and their interactions, on fish community structure.
“Geographic location” (two levels, North and South Aegean
Sea), “Depth” (two levels, 5 and 15 m), and “Fishing pressure”
(two levels, High and Low), were all used as fixed factors.
For the graphical representation of the multivariate analyses,
non-metric Multidimensional Scaling (nMDS) coupled with
cluster analysis plots were produced, and similarity percentage
analyses (SIMPER) were used to identify the percentage
contribution of different species to the observed patterns (no
cut-off limit applied). Multivariate analyses were performed
with the PRIMER-E v6 (Clarke and Gorley, 2006) and
PERMANOVA+ software packages (Anderson et al., 2008). The
TL and abundance values of the most common commercial fish
species were used to construct size structure charts per FP level.

RESULTS

A total of 43 species were recorded (including 2 allochthonous),
belonging to 15 families. Overall, the families of Labridae (13
species), Sparidae (10), and Serranidae (5) presented the highest
species richness (Table 1). Omnivores were the most diverse
group (S: 28 species), followed by carnivores (11) and finally
grazers (4). In terms of commercial value, highly-targeted fish
included 18 species (C: 14; C-sp: 4), 16 species belonged to the
LC group, and 9 species in the NC group. The total number of
species per site ranged between 8 (in site 8-H) and 27 (in 8-L)
with a mean (x̄) value of 18.5 (95% confidence interval - CI: [17,
20]) (Figure 2A). In terms of diversity, of the three biodiversity
indices considered (S, H’, and 1-D), statistical differences were
only detected in S, where the number of species was significantly
higher in the N Aegean sites and at the 15 m depth zone
compared to the S Aegean sites and the 5 m depth zone,
respectively (Table 2).

Overall, across our study area, fish density ranged between
386.7 and 3057.3 ind. 1000 m−2 (x̄: 1272.8, CI: [1034.4, 1517.5])
(Figure 2B). All sites and depth zones pooled, the most abundant
species were Chromis chromis (x̄: 628.5; CI: [491.9, 817.7]),
Boops boops (x̄: 95.9; CI:]37.3, 173.2[), Thalassoma pavo (x̄: 77.6,
CI: [55.3, 100.6]), Spicara smaris (x̄: 61.9, CI: [17.9, 113.5]),
Coris julis (x̄: 61.7, CI: [48.4, 75.1]), and Diplodus vulgaris (x̄:
55.6, CI: [41.1, 71.0]). Omnivores had the highest density (x̄:
1141.3, CI: [922.1, 1386.6]), followed by grazers (x̄: 93.9; CI: [74.0,
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TABLE 1 | Fish species recorded in the Aegean Sea at 5 and 15 m depth zones, their trophic group and commercial status.

Family Scientific names 5 m 15 m Trophic group Commercial status

Apogonidae Apogon imberbis (Linnaeus, 1758) + + Carnivore NC

Atherinidae Atherina spp. Linnaeus, 1758 + Omnivore C-sp

Carangidae Seriola dumerili (Risso, 1810) + + Carnivore C

Centracanthidae Spicara maena (Linnaeus, 1758) + + Omnivore LC

Centracanthidae Spicara smaris (Linnaeus, 1758) + + Omnivore C-sp

Labridae Coris julis (Linnaeus, 1758) + + Omnivore NC

Labridae Labrus merula Linnaeus, 1758 + Omnivore LC

Labridae Labrus mixtus Linnaeus, 1758 + Carnivore LC

Labridae Labrus viridis Linnaeus, 1758 + Omnivore LC

Labridae Symphodus cinereus (Bonnaterre, 1788) + + Omnivore LC

Labridae Symphodus doderleini Jordan, 1890 + + Omnivore NC

Labridae Symphodus mediterraneus (Linnaeus, 1758) + + Omnivore LC

Labridae Centrolabrus melanocercus (Risso, 1810) + + Omnivore NC

Labridae Symphodus ocellatus (Linnaeus, 1758) + + Omnivore NC

Labridae Symphodus roissali (Risso, 1810) + Omnivore LC

Labridae Symphodus rostratus (Bloch, 1791) + + Omnivore NC

Labridae Symphodus tinca (Linnaeus, 1758) + + Omnivore LC

Labridae T Thalassoma pavo (Linnaeus, 1758) + + Omnivore LC

Mugilidae Chelon labrosus (Risso, 1827) + Omnivore C

Mullidae Mullus surmuletus Linnaeus, 1758 + + Omnivore C

Muraenidae Muraena helena Linnaeus, 1758 + Carnivore NC

Pomacentridae Chromis chromis (Linnaeus, 1758) + + Omnivore NC

Scaridae T Sparisoma cretense (Linnaeus, 1758) + + Grazer LC∗

Scombridae Sarda sarda (Bloch, 1793) + Carnivore C

Scorpaenidae Scorpaena notata Rafinesque, 1810 + + Omnivore LC

Scorpaenidae Scorpaena scrofa Linnaeus, 1758 + Carnivore C

Serranidae Anthias anthias (Linnaeus, 1758) + Omnivore NC

Serranidae Epinephelus costae (Steindachner, 1878) + + Carnivore C

Serranidae Epinephelus marginatus (Lowe, 1834) + + Carnivore C

Serranidae Serranus cabrilla (Linnaeus, 1758) + + Carnivore LC

Serranidae Serranus scriba (Linnaeus, 1758) + + Carnivore LC

Siganidae A,T Siganus luridus (Rüppell, 1829) + + Grazer LC

Siganidae A,T Siganus rivulatus Forsskål & Niebuhr, 1775 + + Grazer LC

Sparidae Boops boops (Linnaeus, 1758) + + Omnivore C-sp

Sparidae Dentex dentex (Linnaeus, 1758) + Carnivore C

Sparidae Diplodus annularis (Linnaeus, 1758) + + Omnivore LC

Sparidae Diplodus puntazzo (Walbaum, 1792) + + Omnivore C

Sparidae Diplodus sargus (Linnaeus, 1758) + + Omnivore C

Sparidae Diplodus vulgaris (Geoffroy Saint-Hilaire, 1817) + + Omnivore C

Sparidae Oblada melanura (Linnaeus, 1758) + + Omnivore C

Sparidae Sarpa salpa (Linnaeus, 1758) + + Grazer C

Sparidae Sparus aurata Linnaeus, 1758 + Omnivore C

Sparidae Spondyliosoma cantharus (Linnaeus, 1758) + + Omnivore C

C, commercial; C-sp, commercial small pelagic; LC, non-commercial or sold in some areas but at low value; NC, non-commercial; A, Allochthonous species; T,
Thermophilous; ∗, only commercial in some areas.

115.5]), and carnivores (x̄: 37.6, CI: [28.5, 49.1]). In terms of
commercial status, the NC fish presented the highest density (x̄:
709.6, CI: [544.3, 899.3]), followed by LC (x̄: 205.2, CI: [163.9,
255.0]), C-sp (x̄: 186.7, CI: [100.0, 295.6]), and finally C (x̄: 171.3,
CI: [140.7, 200.2]).

The N Aegean sites had a significantly higher fish density (x̄:
1530.0, CI: [1223.1, 1835.3]) than the S Aegean (x̄: 887.0, CI:
[687.1, 1115.5]) with a x̄ difference: 643.0, CI: [261.8, 1040.7].
Also, density was overall higher in sites of low FP compared to
those of high FP (Table 3 and Figures 3A,B), but significant
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FIGURE 2 | Bar charts displaying fish community parameters per site (5 and 15 m zones pooled); (A) Number of fish species. (B) Total fish abundance. (C) Total fish
biomass. L: low fishing pressure site, H: high fishing pressure site, Green: grazers, Blue: omnivores, Red: carnivores. Station ID numbers 1–9 correspond to N
Aegean sites, whereas 10–15 correspond to S Aegean sites.

TABLE 2 | Mean values and the 95% confidence intervals (CI) of the three diversity indices (number of species – S, Shannon - Wiener index – H’, and Simpson index –
1-D) that describe diversity of fish species in relation to geographic location, depth, and fishing pressure.

Mean 95% CI Mean 95% CI Mean 95% CI

Geographic location North South Difference (North-South)

S 19.9 17.7 21.8 16.3 15.2 17.4 3.6 1.1 5.9

Shannon- Wiener H’ 1.6 1.5 1.8 1.9 1.7 2.0 −0.2 −0.4 0.0

Simpson (1-D) 0.7 0.6 0.7 0.8 0.7 0.8 −0.1 −0.2 0.0

Depth 5 m 15 m Difference (5–15 m)

S 13.1 11.8 14.3 16.2 14.9 17.7 −3.2 −5.1 −1.4

Shannon 1.7 1.5 1.8 1.6 1.3 1.6 0.1 0.0 0.4

Simpson (1-D) 0.7 0.6 0.7 0.6 0.5 0.7 0.1 0.0 0.2

Fishing pressure Low High Difference (Low-High)

S 19.3 17.2 21.5 17.7 15.4 19.5 1.7 −1.1 4.6

Shannon-Weiner H’ 1.7 1.6 1.8 1.7 1.6 1.9 0.0 −0.2 0.2

Simpson (1-D) 0.7 0.6 0.8 0.7 0.6 0.8 0.0 −0.1 0.1

Means and confidence intervals were obtained through bootstrapping (1000 permutations). Numbers in bold denote significant differences at the 95% confidence level.
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differences were mainly detected at the 15 m depth zone
(x̄ difference: 1178.7, CI: [535.1, 1935.0]), where density in low FP
sites was double that of high FP sites (Table 3). Similarly, density
of the different trophic groups (Table 3 and Figure 3A) and
commercial status groups (Table 3 and Figure 3B) was generally
higher at the low FP sites, but significant differences were mainly
observed at the 15 m depth zone. Results on the mean density of
individual fish species per depth zone and FP level are presented
in Supplementary Table S2.

Moreover, across the study area, fish biomass ranged between
5.0 and 69.4 kg 1000 m−2 (x̄: 18.0, CI: [14, 22.9]) (Figure 2C).
The species with the highest biomass (all sites and depth zones
pooled) were C. chromis (x̄: 3.5, CI: [2.6, 4.6]), B. boops (x̄: 2.2, CI:
[0.6, 4.4]), D. vulgaris (x̄: 1.4, CI: [0.9, 1.8]), Sarpa salpa (x̄: 1.2,
CI: [0.8, 1.6]), Sparisoma cretense (x̄: 1.2, CI: [0.7, 1.8]), T. pavo
(x̄: 1.2, CI: [0.9, 1.5]), and Siganus luridus (x̄: 1.2, CI: [0.6, 1.7]).
Omnivores was the trophic group with the highest biomass (x̄:
12.5, CI: [9.6, 15.7]), followed by grazers (x̄: 3.7, CI: [2.8, 4.7]),
while carnivores had the lowest biomass (x̄: 1.8, CI: [0.6, 4.3]). In
terms of commercial status, the LC group (x̄: 5.6, CI: [4.3, 7.0])
had the highest biomass, followed by C (x̄: 5.0, CI: [3.3, 7.2]), NC
(x̄: 4.5, CI: [3.4, 5.7]), and C-sp (x̄: 2.9; CI: [1.2, 5.0]).

Biomass was generally higher in the N Aegean sites (x̄: 19.8, CI:
[13.8, 27.7]) than in the S Aegean sites (x̄: 15.3, CI: [12.1, 19.0]),
but their difference was non-significant (x̄: 4.4, CI: [−2.6, 13.3]).

Biomass was also higher in low FP sites of both depth zones
(Table 4 and Figures 4A,B). However, the 15 m depth zone had
generally greater biomass values, and differences between low
and high FP sites were more pronounced in this depth zone (x̄
difference: 24.3, CI: [11.4, 41.6]), with low FP sites having 2.8
times higher total biomass compared to high FP sites (Table 4).
Moreover, at the 5 m depth zone, no significant differences were
detected in the biomass of the different trophic groups between
high and low FP sites, whereas at the 15 m depth zone, all trophic
groups presented significantly higher values in the low FP sites
(Table 4 and Figure 4A). With regards to the commercial status
groups, at the 5 m depth zone, low FP sites had a higher biomass
of LC fish, whereas at the 15 m depth zone most groups (C,
C-sp, and LC) had significantly higher biomass in the low FP sites
(Table 4 and Figure 4B). Most of the reef-associated commercial
fish species also displayed a greater range of size distribution in
the low FP sites (Supplementary Figure S3). Tabulations of mean
biomass of individual fish species per depth zone and FP level are
presented in Supplementary Table S3.

The PERMANOVA fish community analysis based on density
and biomass values, indicated that all three factors, i.e.,
geographic location of the sites, FP level, as well as depth
zone (but not their interactions) had a significant effect on
fish community structure (Tables 5, 6). The greatest source of
variability was at the level of replicate transects (i.e., residuals),

TABLE 3 | Mean density values (ind. 1000 m−2), along with the 95% confidence intervals (CI), of fish species for low and high fishing pressure sites of the Aegean Sea
and for the difference between them (Low-High).

Low fishing pressure High fishing pressure Difference (Low-High)

Mean 95% CI Mean 95% CI Mean 95% CI

Overall density (ind. 1000 m−2)

5 m depth zone 1002.5 789.5 1268.7 781.7 563.6 1036.2 220.8 −115.4 551.2

15 m depth zone 2361.0 1788.2 3046.8 1182.3 894.3 1540.6 1178.7 535.1 1935.0

Trophic group density (ind. 1000 m−2) at 5 m

Carnivores 30.0 14.9 53.1 24.2 14.0 35.0 5.9 −13.5 31.3

Omnivores 854.6 661.4 1078.3 656.7 429.3 896.9 197.9 −115.7 520.5

Grazers 120.7 84.3 161.2 101.9 66.1 141.0 18.8 −35.9 73.4

Trophic group density (ind. 1000 m−2) at 15 m

Carnivores 79.0 50.9 113.1 39.0 30.5 48.6 40.0 11.1 73.3

Omnivores 2178.5 1612.3 2915.8 1093.7 815.3 1437.5 1084.8 414.2 1871.1

Grazers 112.6 72.8 158.1 51.2 30.3 72.0 61.3 14.3 108.0

Commercial group density (ind. 1000 m−2) at 5 m

C 149.2 104.2 195.6 163.6 97.0 240.5 −14.4 −105.0 70.9

C-sp 60.3 7.5 143.5 121.1 30.6 259.9 −60.8 −215.9 64.4

LC 250.3 207.1 299.4 165.0 129.1 207.6 85.3 26.9 146.1

NC 557.7 362.5 763.5 381.0 249.3 549.8 176.7 −90.6 428.5

Commercial group density (ind. 1000 m−2) at 15 m

C 201.5 144.4 258.1 95.0 63.6 127.2 106.5 40.4 172.0

C-sp 522.7 189.5 941.3 151.4 51.4 250.8 371.2 22.9 767.6

LC 1301.9 888.6 1809.2 733.7 560.0 938.1 568.2 112.6 1066.6

NC 724.2 387.3 1158.8 246.5 145.4 364.7 477.7 122.0 930.4

Values were obtained through bootstrapping (1000 permutations), and are tabulated per depth zone for the different trophic and commercial status groups. C, commercial;
C-sp, commercial small pelagic; LC, non-commercial or sold in some areas but at low value; NC, non-commercial. Numbers in bold denote significant differences at the
95% confidence level.
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FIGURE 3 | Mean density and the 95% confidence interval (A) of total fish and trophic groups, and (B) of commercial status groups, for low and high fishing
pressure (FP) sites, as well as for their difference (Low – High), at the 5 and 15 m depth zones. C, commercial, C-sp, commercial small pelagic, LC, non-commercial
or sold in some areas but at low value, NC, non-commercial.

which, despite being located only a few meters apart, displayed
an average dissimilarity of 29% in density and 32.2% in
biomass, according to the square root of the estimated variance
components. Respectively, geographic location provided an
additional 22.1 and 23.6% in community dissimilarity, followed
by the effect of depth zone (15.1 and 14.7%), and finally the FP
level (10.6 and 13.5%).

The effects of geographic location, depth, and FP depth on
fish communities are depicted in the nMDS plots (Figure 5)
and the associated cluster analyses (Supplementary Figures S1,
S2). Specifically, in Figures 5A,B, the formation of two distinct
clusters between North and South at the 50% similarity level,
indicates that geographic location had the strongest effect on fish
community structure, compared to depth zone (Figures 5C,D)
and FP level (Figures 5E,F), where the level of clustering is less

distinctive. According to the SIMPER analyses on biomass data,
the average dissimilarity between the N and S Aegean sites was
58%, while 16 species made up 80% of the observed differences
(Supplementary Table S4). The N Aegean sites had a higher
carnivore biomass and a greater number of total species (i.e,. 13
of the species were never recorded in the S Aegean sites). The S
Aegean sites had a higher biomass of the allochthonous grazers
S. luridus and Siganus rivulatus (the latter being absent from N
Aegean areas), as well as of the thermophilous grazer S. cretense,
and the omnivore T. pavo. Between low and high FP sites the
average dissimilarity was 54.4%, and 17 species (4 grazers, 11
omnivores, and 2 carnivores) made up approximately 80% of the
observed differences (Supplementary Table S5). Of these species
(including 7 commercial ones), the majority had a higher biomass
at the low FP sites. Finally, the average dissimilarity of stations
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TABLE 4 | Mean biomass values (kg 1000 m−2) and with the 95% confidence intervals (CI), of fish species for low and high fishing pressure sites of the Aegean Sea and
for the difference between them (Low-High).

Low fishing pressure High fishing pressure Difference (Low-High)

Mean 95% CI Mean 95% CI Mean 95% CI

Overall biomass (kg 1000 m−2)

5 m depth zone 14.386 11.538 17.426 9.879 7.665 12.698 4.507 0.386 8.560

15 m depth zone 37.758 25.212 55.540 13.412 9.953 17.600 24.346 11.375 41.595

Trophic group biomass (kg 1000 m−2) at 5 m

Carnivores 0.6829 0.3709 1.178 0.4478 0.2869 0.6254 0.2352 −0.1403 0.7836

Omnivores 8.813 6.918 10.796 6.279 4.422 8.514 2.534 −0.287 5.224

Grazers 4.995 3.228 6.773 3.199 1.880 4.833 1.796 −0.521 4.043

Trophic group biomass (kg 1000 m−2) at 15 m

Carnivores 11.3826 1.9621 28.2612 0.7464 0.3928 1.3 10.6362 1.1288 27.4109

Omnivores 26.164 18.049 36.474 11.064 7.799 15.624 15.100 5.910 26.266

Grazers 5.406 3.068 7.910 1.767 0.974 2.727 3.639 1.282 6.234

Commercial group biomass (kg 1000 m−2) at 5 m

C 4.401 3.030 5.892 3.025 1.792 4.545 1.377 −0.642 3.376

C-sp 0.255 0.000 0.703 0.593 0.017 1.422 −0.337 −1.181 0.399

LC 6.183 4.499 7.955 3.733 2.532 5.120 2.451 0.065 4.647

NC 3.546 2.287 4.919 2.529 1.582 3.567 1.017 −0.641 2.702

Commercial group biomass (kg 1000 m−2) at 15 m

C 8.446 4.822 13.953 1.940 1.186 2.900 6.506 2.578 12.379

C-sp 9.470 2.823 17.546 2.057 0.512 4.548 7.413 0.674 15.642

LC 11.149 8.077 14.658 4.082 2.455 6.325 7.067 3.064 11.088

NC 7.666 4.712 11.425 5.155 3.852 6.547 2.511 −0.824 6.359

Values are tabulated per depth zone for the different trophic and commercial status groups. C, commercial; C-sp, commercial small pelagic; NC, non-commercial; LC,
non-commercial or sold in some areas but at low value. Numbers in bold denote significant differences at the 95% confidence level.

located at different depth zones was 54.9%, and 17 species made
up 80% of the observed differences; the majority of the fish species
had a higher average biomass value in the 15 m depth zone
(Supplementary Table S6).

DISCUSSION

Across the 30 sites sampled at the shallow rocky reefs of the
Aegean Sea, we found an 8-fold range in fish density and a 14-
fold range in fish biomass. Although community structure and
composition was affected by all the spatial variables considered
(i.e., geographic location, depth zone, and FP), our results
indicate that FP by small-scale coastal fisheries plays an important
role in the shaping of fish communities, and that the effects of
a reduction in FP can readily be evidenced even among areas
that are not under some strict protection status. Species diversity
was generally homogenous between low and high FP sites, but
low FP sites had significantly higher density and biomass values
compared to high FP sites, and this trend was consistent for
all trophic and commercial status groups. Furthermore, biomass
results are comparable to those reported from other unprotected
areas of the Aegean Sea (Sala et al., 2012; Guidetti et al., 2014;
Salomidi et al., 2016). Overall, community composition in the
majority of sites reflects a largely exploited ecosystem, as the
main contributors to the increased density and biomass values
were fish of low or no commercial value. On the contrary,

biomass of large carnivorous and commercially targeted fish
species was considerably lower than what has been reported from
Mediterranean MPAs (Sala et al., 2012; Guidetti et al., 2014).
Nevertheless, it is interesting to note that some exceptional sites,
mainly of low FP, displayed biomass values of ≥30 kg 1000
m−2, and fall within the range of sites with intermediate or
high protection status in the Mediterranean basin (Sala et al.,
2012; Guidetti et al., 2014; Dimitriadis et al., 2018). These results
indicate that regardless the oceanographic differences between
the eastern and western Mediterranean (e.g., trophic status,
temperature levels, and topographic complexity), shallow rocky
reef fish in the Aegean Sea have the potential to reach biomass
levels equivalent to those observed in sites of intermediate or even
high protection status of the western Mediterranean (which is
generally conceived as more productive; Coll et al., 2010).

With regards to depth, although the Shannon-Wiener and
Simpson’s diversity indices were not statistically different between
the 5 and the 15 m depth zones, the number of species was
significantly higher at 15 m. Moreover, community structure
displayed significant differences. Fish density and biomass were
generally greater at 15 m depth, while differences between
low and high FP were more pronounced at this deeper zone.
Also, fish biomass values were higher than those reported by
Giakoumi et al. (2012) from the 3 m depth zone in the Cyclades
Islands, suggesting the existence of some depth-related trend
in fish abundance and biomass. In several cases, the protection
provided by deeper waters (>10 m) has been shown to enhance
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FIGURE 4 | Mean biomass and the 95% confidence interval (A) of total fish and trophic groups, and (B) of commercial status groups, for low and high fishing
pressure (FP) sites, as well as their difference (Low – High), at the 5 and 15 m depth zones. C, commercial; C-sp, commercial small pelagic; NC, non-commercial;
LC, non-commercial or sold in some areas but at low value.

diversity and abundance of fish species in coral reef ecosystems
(e.g., Tyler et al., 2009; Pereira et al., 2018) and Mediterranean
MPAs (Claudet et al., 2010). The main reasoning in support
of the “deep reef refugia” hypothesis is that as depth increases,
deeper parts of the reefs are less exposed to existing pressures
(e.g., overfishing, pollution, temperature rise) than shallow reefs
(Bongaerts et al., 2010). For example, certain recreational fishing
activities such as spear-fishing, which also form a common
practice in coastal Mediterranean rocky reefs, are subjected to
diver physiology-related depth limitations; hence their effects
are reduced with increasing depth. Besides, the bathymetric
distribution of Mediterranean rocky reef fish is known to be
affected by several factors, such as feeding habits and seasonal
variations in water temperature (Bell, 1983; Vergés et al., 2012).
Several commercially important fish, such as groupers and sea

breams, undertake ontogenetic migrations during their life cycle,
and larger individuals are more common in deeper waters
(Sala et al., 2012). As our underwater visual survey can only
provide a snapshot in time, it is possible that the present depth-
related observations reflect a natural seasonal variation in the
distribution of fish communities. Nevertheless, similar to Pereira
et al. (2018), our results also suggest that fishing pressure,
along with other natural or anthropogenic disturbances, may be
attenuated in deeper waters, hence providing some protection
that allows the persistence of higher biomass levels.

Geographic location was found to have the most pronounced
effect on fish community structure. Overall, the N Aegean sites
scored significantly higher values in fish species number and
density, and presented a higher carnivore biomass. On the other
hand, the S Aegean sites had a higher biomass of thermophilous
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TABLE 5 | PERMANOVA results of rocky reef fish community structure in relation
to geographic location, fishing pressure, and depth zone, based on square root
transformed density data.

Source df MS Pseudo-F p Variance

components

(Square root)

Geographic location (GL) 1 14166.0 16.8 0 22.1

Fishing pressure (FP) 1 3900.8 4.6 0 10.6

Depth zone (DZ) 1 7033.7 8.3 0 15.1

GL × FP 1 520.4 0.6 0.79 −4.9

GL × DZ 1 642.6 0.8 0.66 −3.8

FP × DZ 1 1191.5 1.4 0.18 5.1

GL × FP × DZ 1 643.14 0.8 0.66 −5.4

Residuals 50 843.64 0.8 29

Total 57

Numbers in bold indicate significant differences (p < 0.05). df, degrees of
freedom, MS, Mean square estimates of variation based on within groups
distances; Variance components (square root): sums of squared effects divided
by degrees of freedom.

TABLE 6 | PERMANOVA results of rocky reef fish community structure in relation
to geographic location, fishing pressure, and depth zone, based on square root
transformed biomass data.

Source df MS Pseudo-F p Variance
components
(Square root)

Geographic location (GL) 1 16140.0 15.6 0 23.6

Fishing pressure (FP) 1 6020.5 5.8 0 13.5

Depth zone (DZ) 1 6942.3 4.7 0 14.7

GL x FP 1 728.3 0.7 0.7 −4.8

GL x DZ 1 673.8 0.6 0.8 −5.2

FP x DZ 1 1049.4 1 0.4 0.9

GL x FP x DZ 1 367.0 0.4 0.9 −9.9

Residuals 50 1037.4 32.2

Total 57

Numbers in bold indicate significant differences (p < 0.05). df, degrees of
freedom; MS, Mean square estimates of variation based on within groups
distances; Variance components (square root): sums of squared effects divided
by degrees of freedom.

and allochthonous species. A N Aegean to S Aegean gradient, in
terms of species richness and abundance, is commonly reported
in the literature, especially regarding benthic sessile species,
such as sponges, gorgonians and corals (e.g., Voultsiadou, 2005;
Sini et al., 2017), but also for commercial fish species (e.g.,
Katsanevakis et al., 2010a,b). This distinctive pattern is usually
linked to the more productive waters of the N Aegean Sea, which
are greatly affected by the inflowing waters of the Black Sea,
and the freshwater input of large rivers (e.g., Coll et al., 2010;
Würtz, 2010). As the distribution pattern of allochthonous and/or
northward expanding thermophilous species has been rather well
documented in the Aegean Sea, it is interesting to note that
S. luridus was one of the fish species with the highest overall
biomass. The species was recorded in all S Aegean sites, where
it presented particularly high values compared to other common
native species, whereas in the N Aegean it was only observed

at the southern coasts of Chios Island (sites 3-L, 4-L, 4-H in
the NE Aegean). Although occasional records of few S. luridus
individuals have been reported from several sites of the NE
Aegean since 2013 (Evagelopoulos et al., 2015; Ismen et al., 2015;
Tsirintanis and Katsanevakis, 2017), the large numbers recorded
in Chios Island may be a forerunner of the further expansion and
successful establishment of the species in the N Aegean Sea. It
is also worth mentioning that, of the four grazing fish species
existing in the Aegean rocky reefs, the biomass of the native
S. sarpa in the S Aegean sites was considerably lower than that of
S. luridus and S. cretense, while it had the highest biomass in the N
Aegean sites. This is in contrast to the report of Giakoumi (2014),
when S. salpa represented 79% of the grazers’ abundance in
the S Aegean. These observations suggest a potential northward
displacement of the species due to competition pressure for space
and food resources following the expansion of the siganids, and
the subsequent lowering of algal biomass (Azzurro et al., 2007;
Giakoumi, 2014).

Our work provides the most comprehensive assessment of
shallow rocky fish community structure in the Aegean Sea
to date, and offers important reference data to be used in
future monitoring and management decisions. Fish communities
present a rather degraded status, with particularly low density
and biomass values of commercially important fish species
belonging to higher trophic levels. Nevertheless, most species
(including the commercially targeted ones) were at a better
state in areas of reduced fishing pressure, as fish density,
biomass and size structure were notably enhanced, sometimes
reaching biomass values equivalent to those reported from
strictly enforced MPAs. By changing the population structure
and size composition of fish communities, fishing can alter
marine food webs with cascading effects on the structure
of habitats and the surrounding ecosystems (Turner et al.,
1999; Pinnegar et al., 2000; Ling et al., 2015). Recovery
requires the elimination or reduction of fishing activities to
sustainable levels for sufficient time to allow different species
or ecosystem components to recuperate to a more resilient
state that will ensure the long term provision of ecosystem
goods and services, and hence, the profitability of local fisheries
(McClanahan et al., 2007; Libralato et al., 2010; Garciá-Rubies
et al., 2013). Provided that sites of lower FP represent areas
of lower conflicting interests for fisheries, whilst enhancing
fish biomass, it is suggested that such areas should be taken
into account in future marine conservation planning efforts
aiming at the sustainable management of living marine resources,
either as MPAs or as other important sites for conservation
(Petza et al., 2019). As the establishment of well-designed
and effectively enforced MPAs involves important trade-offs
between socio-economic interests and ecological benefits, it
is essential that other fisheries management schemes are also
effectively implemented in areas outside MPAs, in order to
enhance conservation benefits, and to provide supplementary
protection to fish species with a greater level of mobility or
larger home-ranges (Giakoumi et al., 2017; Petza et al., 2019).
In the same respect, the potential of deeper parts of rocky reefs
in the provision of additional protection, and the reinforcement
of biomass levels, should be further highlighted in respective
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FIGURE 5 | Non-metric Multidimensional Scaling (nMDS) plot of fish density (A,C,E) and biomass (B,D,F), in relation to sites located in different geographic
locations (north or south Aegean Sea), depth zones (5 and 15 m), and which are subjected to different levels of fishing pressure (high or low). Points represent
different depth stations (i.e., 28 stations, as in two stations only data from the 5 m depth zone were considered; for details see description in section “Materials and
Methods”). Clusters represent 50% similarity; continuous line indicates the most discrete clustering.

management schemes (Claudet et al., 2010; Lindfield et al., 2014;
Pereira et al., 2018).

Along with the need to increase the coverage of well-
established MPAs, an overall reduction of fishing effort at the

low FP levels would contribute to a significant improvement
of the status of the rocky reef communities in the Aegean
Sea, as on average a double increase of density and an almost
triple in biomass were observed in areas of reduced pressure
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by small-scale fisheries. The main bottleneck is that, as data on
fishing effort by coastal small-scale and recreational fisheries is
currently not available, it is not possible to estimate the exact
difference in fishing effort between low and high FP sites, or even
better, the relation between fish abundance or biomass and fishing
effort, in order to provide policy makers with guidelines on the
desirable level of FP reduction. Despite that, policies to reduce
the fishing effort over rocky reefs are urgently needed to assist the
recovery of these ecosystems and secure the sustainability of their
ecosystem services.
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