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Abstract

Biodiversity in the Mediterranean is undergoing rapid restructuring due to climate change and the spread of non-
indigenous species (NIS). This study presents the first integrated assessment of alien species distribution along the
Turkish Aegean coast, utilizing SCUBA surveys, acoustic seabed mapping, and in situ environmental
measurements collected between June and August 2024. Data from 321 dives (5—40 m) and grab samples (40-50
m) were analyzed to characterize NIS assemblages and their habitat associations. A total of 20 alien species were
recorded, including eight macroalgae, one seagrass (Halophila stipulacea), seven fishes, and four invertebrates.
Three macrophytes—Caulerpa cylindracea, Caulerpa taxifolia, and Stypopodium schimperi—were dominant,
with C. cylindracea increasing toward the north while others remained confined to southern sectors. Invasive
fishes, such as Pterois miles and Torquigener flavimaculosus, showed strong associations with seagrass patches
and mixed substrates between 10 and 30 m. Significant regional differences in species composition were observed
(PerMANOVA, p < 0.05), driven primarily by distinct water masses. Near-bottom temperature and salinity were
the strongest environmental drivers, explaining 23.6% and 18.7% of the variance, respectively. Thermophilic and
halophilic species were most abundant in southern sites influenced by Levantine water intrusions. These findings
provide essential baseline data for monitoring, risk assessment, and the development of targeted management
strategies in this highly dynamic marine region.
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Introduction

Biodiversity hotspots, despite ongoing debate, remain widely used for guiding conservation priorities and enabling
cost-effective strategies to protect biological diversity in both terrestrial and, increasingly, marine ecosystems
(Marchese 2015). Understanding biodiversity is essential for maintaining ecosystem sustainability. Earlier work
by Médail and Quézel (1997) highlighted two major centers of terrestrial plant diversity within the Mediterranean
Basin: a western region encompassing the Iberian Peninsula and Morocco, and an eastern region including Tiirkiye
and Greece.

Marine ecosystems worldwide are under growing pressure from alien species (Wallentinus & Nyberg 2007
Molnar et al. 2008; Katsanevakis et al. 2014b; Perzia et al. 2023). The introduction of alien (non-indigenous)
species—defined under EU Regulation 1143/2014 and the Marine Strategy Framework Directive 2008/56/EC—
is now considered one of the most significant threats to marine environments (Tsiamis et al.2020). Biological
invasions can profoundly affect native biodiversity, ecosystem processes, human health, and economic sectors
(Grosholz 2002; Vila et al. 2010). Global assessments merging species distribution data with human-impact
indicators have identified new priority conservation areas, particularly in high-latitude regions and areas beyond
national jurisdiction (Selig et al. 2014; Marchese 2015).

In the Mediterranean Sea, more than 500 alien species have long been recognized (Galil 2007). Although the
immediate loss of native populations may not always be evident, invasions lead to declines in genetic diversity,
ecosystem functions, and habitat complexity, increasing the risk of long-term local extinction and biotic
homogenization. These concerns underscore the need for sustained, long-term monitoring across regions (Tsiamis
et al.2018). Multiple introduction pathways have been documented—including aquaculture, shipping (ballast
water and hull fouling), recreational boating, canals, altered circulation patterns, and climate-driven environmental
changes (Boudouresque & Verlaque 2005; Katsanevakis et al. 2013; Zenetos et al. 2012). Proposed mitigation
measures include constructing high-salinity locks within the Suez Canal to reduce species transfer, which
historically occurred naturally via the hypersaline Bitter Lakes (Hewitt et al. 2006). Introductions can be intentional
or accidental, with cascading trophic effects—for example, Beroe ovata Bruguiére, 1789 controlling Mnemiopsis
leidyi A. Agassiz, 1865 in the Black Sea (Mutlu 2009), Pterois miles (Bennett, 1828) preying on puffer fish larvae
and juveniles (non-scientific pers. comm.) fishes, or Conomurex persicus (Swainson, 1821) feeding on Caulerpa
taxifolia var. distichophylla (Sonder) Verlaque, Huisman & Procaccini, 2013 in the eastern Mediterranean (Mutlu
et al. 2022a). Conversely, native species such as Mytilus galloprovincialis Lamarck, 1819 have been negatively
affected by invasive predators like Rapana venosa (Valenciennes, 1846) (Mutlu et al. 2022b). Every newly
introduced and established species initially colonized shallow waters and subsequently evolved adaptations that
allowed expansion to deeper grounds, as later-introduced non-indigenous species were readily accommodated
within benthic marine environments (Ketchum, 1983). Regular biodiversity monitoring, therefore remains
essential for informed management and regulation (Galil et al. 2014; Zenetos et al. 2017a).

Non-indigenous species (NIS) range from microscopic organisms to large macrofauna. Their population dynamics
are shaped by life-history strategies (K- or r-selected), which determine how effectively they exploit available
resources after establishment (Coll et al. 2010; Mutlu et al. 2025a). Every newcomer enters an already structured
trophic system, often resulting in ecological and economic consequences at local and regional scales (Mutlu et al.
2023). Nevertheless, NIS can disrupt native ecosystems, altering food webs, reducing biodiversity, and causing
socio-economic impacts (Galanidi et al.2023; Albano et al.2024).

The Mediterranean Sea—the world’s largest semi-enclosed basin—extends from the Strait of Gibraltar to the Suez
Canal and harbors exceptional biodiversity (Tsiamis et al.2018). However, it is also one of the most threatened
marine regions due to rapid NIS introductions (Katsaros et al. 2022). These species arrive through shipping,
aquaculture, escapes from captivity, or natural dispersal via currents (Zenetos et al. 2010; Katsanevakis et al.
2014a). Climate warming further accelerates these processes by facilitating the northward expansion of tropical
species (Bianchi 2007; Zenetos et al. 2022). Indeed, the rate of alien species spread now exceeds the pace of
temperature increase itself, posing a stark warning for the region’s future (Nykjaer, 2009; Raitsos et al. 2010).
More than 500 alien macrophytes, invertebrates, and fishes have been documented across Mediterranean coastal
habitats (Galil 2008).



Comprehensive inventories show nearly 1000 alien species reported for the Mediterranean, of which
approximately 745 are considered valid (Zenetos et al. 2005). Numerous studies have examined the ecological
impacts of Lessepsian migrants entering through the Suez Canal (Por 1978; Galil 2000, 2006; Goren & Galil
2005). The Mediterranean has therefore become a global laboratory for studying invasion processes and their
ecological implications (Zenetos et al. 2022; Wilcox et al. 2024). Currently, more than 1000 NIS are established
in the basin (Galanidi et al. 2023). Introduction patterns vary spatially: approximately 80% of non-indigenous
crustaceans in the eastern Mediterranean originate from the Indo-Pacific and arrive via the Suez Canal; while
shipping and aquaculture dominate introductions in the western Mediterranean (Zenetos et al. 2010, 2012).
Because of its central role as both a filter and a corridor for Lessepsian species, the Suez Canal remains one of the
most influential pathways shaping regional biodiversity (Molnar et al. 2008; Essl et al. 2018).

The Aegean Sea, part of the Mediterranean system, is its largest and shallowest subdivision and is connected with
surrounding seas and oceans via straits and canals (Coll et al. 2010; Zenetos et al. 2025). Given intensive maritime
traffic, warming trends, and the basin’s diverse physicochemical conditions, the Aegean is vulnerable to NIS
introductions from multiple sources (Katsanevakis et al. 2014a; Ragkousis et al. 2023). Although the highest alien
species richness occurs in the southern Aegean (Ragkousis et al. 2023), numerous records have been documented
in the north as well. By 2020, 212 NIS had been recorded in Greek Aegean waters—92 in the north and 196 in the
south (Zenetos et al. 2020). Historically, the northern Aegean has been considered a biodiversity hotspot due to its
high number of endangered species (Coll et al. 2010). Recent assessments report 324 alien species in the Aegean
Sea, with Mollusca, fishes, polychaetes, and crustaceans representing the most diverse groups (Zenetos et al. 2025).
Peaks in introductions occurred in 2000-2005 and again in 2012-2017, followed by a decline in recent years.
Along the Turkish Aegean coast alone, 98 alien species have been documented (Cinar et al. 2005).

Recent SCUBA-based surveys in Greek waters indicate that NIS establishment is most pronounced in the southern
and eastern Aegean (Zenetos et al. 2017b; Kampouris et al. 2023). Because many alien species are tropical and
most abundant during summer, a comprehensive survey was conducted along the entire Turkish Aegean
coastline—from Dat¢a (Mugla) to Enez (Edirne)—in summer 2024. The aim of the present study is to provide
updated, quantitative information on both established and newly detected alien species in the region and to
contribute to ongoing efforts to refine the regional alien species inventory.

Material and Methods

This study combines SCUBA-based surveys, acoustic mapping, in-situ measurements of physical and optical water
properties, and statistical analyses to assess the presence of non-indigenous species (NIS) and their relationship
with habitat and environmental conditions along the Aegean coast of Tiirkiye.

Sampling
SCUBA surveys

Between June and August 2024, a total of 321 SCUBA dives were conducted along shallow coastal zones (5-30
m, occasionally to 40 m) of the Turkish Aegean Sea (Fig. 1). Two buddy divers performed all surveys. Standard
dive depths were 5, 10, 15, 20, 25, and 30 m. At deeper sites (40—-50 m), a van Veen grab was used where diving
was not feasible.

During each dive, macroflora and macrofauna associated with Posidonia oceanica (Linnaeus) Delile, 1813
meadows were recorded on underwater plates. Selected immobile or doubtful specimens were collected and
brought aboard R/V Akdeniz Su for identification. At each station, the bottom depth and station code were
documented.
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Fig. 1. Study area in red rectangular (a), and SCUBA sampling stations colored with geographical latitude (b)

Acoustic data

Acoustic surveys were performed using a BioSonics DT-X scientific echosounder (206 kHz split-beam), integrated
with a differential GPS (GARMIN). The cruise progressed from south to north over three months (June—August
2024) (Fig. 1; tracklines in Fig. 4). Acoustic transects were spaced 100-500 m apart and covered depths from
approximately 10-70 m, occasionally extending to 200 m for benthic and plankton-related work, or as shallow as
5 m depending on navigational constraints.

Habitat and bottom classification were processed using PosiBiom (Mutlu, 2023) for Posidonia mapping (Mutlu,
2025) and Visual Bottom Typer (VBT ver. 1.10, BioSonics Inc.) for substrate characterization. The first and second
echoes of the bottom return were analyzed and calibrated following Mutlu et al. (2022¢). Substrate categories
included rock (1), sand (slime: 2; rough: 3), and mud (slime: 4; rough: 5). Rock and Posidonia substrates could
not be acoustically separated and were treated collectively as hard bottom.

The materials and methods included the collection of SCUBA-based data, acoustic data, surface and near-bottom
physical water data, and statistical analyses to recognize NIS and NIS-habitat-environment relations in the Aegean
Sea.

Environmental measurements



At each of the 321 stations, surface and near-bottom (2—3 m above seabed) water samples were collected using a
5 L Nansen bottle (Fig. 1). Temperature, salinity, conductivity, dissolved oxygen, pH, and total suspended matter
were measured using a portable multi-parameter probe (HACH HQ40d).

Optical measurements included Secchi disk depth and vertical profiles of photosynthetically active radiation
(PAR) down to 50 m (maximum cable length), recorded using a spherical LI-COR sensor (SPQA-4671) coupled
to an LI-1400 data logger. PAR values were converted to mol photons-cm™-s™, and the light reaching the seafloor
was estimated using depth-attenuation regressions for each station.

Monthly averaged satellite-derived chlorophyll-a (4 x 4 km resolution) for June—August 2024 was provided by
Mutlu (2025).

Data analysis
SCUBA and species data

Specimens collected from 0.4 x 0.4 m quadrats and all visual sightings were examined for NIS, and species
identifications were verified on board. Presence—absence data were recorded along with depth and station location.
Bottom depths obtained acoustically were rounded to the nearest sampling depth for analysis. A histogram of depth
distribution across all stations is shown on Fig. 2.
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Fig. 2. Frequency-histogram distributions of bottom depth classes of SCUBA sampling stations in the Aegean
coast study.

Habitat and environmental mapping

Environmental variables (temperature, salinity, conductivity, dissolved oxygen, pH, and suspended matter) were
interpolated using kriging in Surfer 12, based on variogram-optimized models. Water density (ot) was calculated
using the formula of Fofonoff and Millard (1983) and used to construct TS diagrams for water mass identification.
Optical parameters (PAR, Secchi depth) and chlorophyll data were processed as described above. Previously



published environmental maps (Mutlu, 2025) are included to support interpretation of NIS—environment
relationships.

Statistical analysis

Presence—absence data for NIS and associated environmental variables were analyzed using univariate and
multivariate statistical approaches.

Soyer Index (Soyer, 1970) was applied to classify species as constant (DO% > 50), common (25-49%), or rare
(DO% < 25). Bray—Curtis similarity based on presence—absence data was used for all multivariate analyses. Non-
metric multidimensional scaling (nMDS)** was performed to visualize assemblage patterns. PERMANOVA (one-
way: region or water mass; two-way: region x depth) tested differences in NIS composition. SIMPER identified
species contributing most to regional similarities and differences. Canonical Correspondence Analysis (CCA) was
selected because gradient length exceeded 3, indicating unimodal response patterns. Monte Carlo permutation tests
(CANOCO 4.5) evaluated the significance of relationships between NIS assemblages and environmental
parameters.

Software used included PRIMER 6 with PERMANOVA-+, CANOCO 4.5, and Surfer 12.

Results and Discussion

The comprehensive re-evaluation of established alien species in the Mediterranean by taxonomic specialists led to
substantial changes in the list previously compiled by Galil et al. (2016). In total, 73 species were removed—35
reclassified as non-established and 37 deemed not truly alien—while 72 new species were added. As a result, the
number of confirmed established alien species in the Mediterranean reached 613 by 2016, representing a 28% rise
compared to the previous four years. When casual occurrences are included (208 species), the overall alien fauna
in the basin increases to 821 species (Zenetos et al.2017a).

Study Area Environment

The study region includes several national parks and marine protected areas (MPAs). Casual alien species were
present only in minimal proportions within these MPAs, indicating that most alien taxa were already well
established, with a considerable share recognized as invasive (e.g., Datca—Bozburun, Gokova, Ildir—Karaburun,
Foca, Ayvalik, Gokgeada, Saroz) (Bilecenoglu & Cimar et al.2021). The broader area also includes aquaculture
facilities, major metropolitan centers such as Izmir, densely populated summer tourism zones around the Izmir
Peninsula, recreational boating and bathing sites, petroleum refineries (e.g., Aliaga), and busy commercial ports
(Izmir) (Mutlu, 2025) (Figs. 1b, 3, 4). Recreational pressures intensified notably during summer (June—
September). The Izmir Peninsula and Gulf represent one of the most anthropogenically affected coastal sectors
(Yelekei et al.2021; Mutlu & Akgali, 2022). In the last two years, the Gulf experienced severe red-tide events (Fig.
5), leading to mass fish mortality in September (Mutlu, 2025).

Bottom Habitats

The seafloor environment consisted of Posidonia oceanica meadows (Fig. 3) and a mosaic of sediment types—
including rock, sand, and mud fractions—characterized acoustically for the first time in this region (Mutlu et
al.2022c; Yalc¢in et al.2023) (Fig. 4).

Seagrass coverage is shown in Figure 3. On the southern Aegean coast, Posidonia occurred mainly as small,
discontinuous patches, whereas in the northern sector it formed larger, more continuous meadows. Areas hosting



marine fish farms were largely devoid of seagrass. The prevalence of small-fragmented beds in the south contrasted
with extensive northern meadows in Dikili, Ayvalik, Bozcaada, Gokceada, and Enez Bays. Several sites showed
evidence of habitat degradation due to anchoring, trawling, aquaculture structures, and pollution (Fig. 3).
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Fig. 3. Posidonia oceanica distribution along the Turkish Aegean coast (from Mutlu 2025) and arrival date for the
region during the cruise by R/V Akdeniz Su. Circle denotes present location of fish farms and cages, derived from
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the google map.

Acoustic seabed classification identified two main categories: hard substrates (including seagrass stands and rocky
bottoms) and soft substrates (sand and mud). Sediments were further differentiated based on grain size
composition, where “slime mud” contained >70% mud and “rough sand” had >70% sand (Mutlu et al.2022c) (Fig.
4).



In most areas, hard bottoms overlapped with P. oceanica meadows (Figs. 3, 4). Seagrass also occurred on some
soft substrates, especially in the northern section of the study area. Aside from isolated hard-bottom zones,
sediment texture generally transitioned from coarse to finer materials with increasing depth, with slime mud
dominating the deeper parts of the shelf.
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Fig. 4. Regional bottom type distribution classified by VBT along the acoustical tracklines of the Turkish Aegean
Sea, in the order of south to north of the study area. Red dashed area shows marine protected area (MPA).

Water Physics

Sea surface temperatures ranged from 20.5 to 28.5 °C, while near-bottom waters varied between 18 and 28 °C
(Fig. 5a). Both layers reached their highest temperatures in the Gulf of izmir. Surface salinity values spanned 30.5—
38 PSU, compared with 33—37.5 PSU near the seabed (Fig. 5b). Surface and bottom pH measurements showed
similar ranges across stations (Fig. 5¢). A general south-to-north decline in salinity was evident, particularly in
bottom waters. In contrast, dissolved oxygen and pH increased slightly toward the north, opposite to the pattern
observed for total suspended solids (Fig. 5d, e). The Gulf of izmir displayed the highest pH, lowest oxygen
concentrations, and moderate levels of suspended matter in bottom waters.

Cold, low-salinity water entering the Aegean through the Dardanelles—originating from the Black Sea—was
detectable near the strait outflow. Farther north, however, surface waters were comparatively warmer. In the
northernmost region, the influence of the Meri¢ River further reduced salinity.

Temperature—salinity (T—S) analyses identified four water masses arranged from south to north (Fig. 5f). This
structure was especially clear in near-bottom waters. At the southern stations, warm and saline Mediterranean
waters predominated. These transitioned northward into South Aegean waters, characterized by slightly lower
salinity and a broader temperature range. Further north, salinity decreased again while temperatures remained
relatively comparable. At the northern boundary of the study area, Black Sea inflow contributed to the coldest and
least saline bottom waters, while surface waters there were comparatively warm (Fig. 5f).

Because sampling progressed from south in June to north in August (Fig. 1), an overall increase in water
temperature from early to late summer was expected and is reflected in the observed south—north thermal structure.
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Optics: Secchi Disk Depth and PAR

The greatest Secchi disk depth, 31.5 m, was measured off the Gelibolu Peninsula. Overall, water transparency
increased with distance from the coast toward offshore waters. In contrast, notably reduced Secchi depths occurred
in areas influenced by fish farming activities (Fig. 6a) and in regions affected by Black Sea inflow, where turbidity
was higher. The shallowest Secchi depths were observed at station P93 (3 m) and at station P219 (4 m) (Figs. 1,
6a).
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Fig. 6. Secchi disk depth (a) distribution measured in the Aegean Sea study (maximum circle corresponds
proportionally to 31.5 m) and the density of the PAR (b) value reaching the bottom measured in the Aegean Sea
study (mol photon/cm?/s) (from Mutlu, 2025).

Because PAR measurements were taken at different times of day and under varying weather conditions, some
natural variability is expected; therefore, percent-based comparisons provide a more reliable interpretation of
bottom-reaching light. According to the analysis (Fig. 6b), bottom PAR values ranged from 3.243 to 6.261 mol
photons cm™ s™' (equivalent to 324.3—-626.1 umol photons m™ s™'). In several regions—Dat¢a, Gokova, the
southern izmir Peninsula, and Edremit Bay including its southern section—bottom irradiance generally fell
between 3 and 4 mol photons cm™ s™!. The highest bottom PAR values occurred in the northernmost part of the
study area, with Babakale (Edremit) and the cape of the Bodrum Peninsula standing out as the locations receiving
the greatest light intensity (Figs. 1, 6b).

Water Chemistry

Chlorophyll (Chl) concentrations generally increased from June to August throughout the coastal zone of the study
area. Several locations consistently exhibited elevated Chl levels, most notably the izmir Gulf—heavily influenced
by the metropolitan area—and regions hosting marine fish farms (Figs. 1, 7). These hotspots became increasingly
pronounced over time, with the highest values recorded in August. In contrast, Datca and Gokova gulfs showed
the lowest Chl concentrations, similar to the typically oligotrophic Turkish Mediterranean coast.
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In June, waters adjacent to the Dardanelles Strait displayed moderate Chl levels, reflecting the influence of Black
Sea outflow entering the Aegean through the Sea of Marmara. As the season progressed, areas that were
persistently high in Chl expanded locally. For example, the izmir Gulf was entirely covered by very high Chl
concentrations in August, during a prolonged brown-reddish discoloration event that coincided with mass fish
mortality. Likewise, Chl levels around fish farm zones peaked sharply in August.

These conditions likely promoted intense zooplankton production, as the Aegean Sea—typically cooler than the
eastern Mediterranean—is experiencing progressively warmer summers. Elevated zooplankton biomass would, in
turn, attract small pelagic fish and contribute to the formation of dense fish school aggregations.
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Fig. 7. Monthly averaged surface chlorophyll distribution in a resolution of 4 x 4 km for June, July and August
2024 along the coast of the study area (from Mutlu, 2025).

Alien Species

There is broad global agreement that preventing the arrival and secondary spread of marine alien species requires
comprehensive, pathway-based management strategies (Ojaveer et al.2018). Non-indigenous species (NIS) remain
a central concern for numerous international and European legislative frameworks (Boon et al.2020). Their
distribution varies notably across Mediterranean regions: current records list seven NIS in the Adriatic Sea, 78 in
the Ionian, 92 in the North Aegean, 113 in the Levantine Basin, and 196 in the South Aegean. Importantly,
transport- and stowaway-related introductions have shown a clear upward trajectory in the Levantine and South
Aegean, whereas no comparable increase has been reported for the Ionian or North Aegean sectors (Zenetos et
al.2020).

During the present SCUBA surveys, 19 alien species representing six taxonomic groups were recorded (Table 1).
These species occurred at 60 sampling stations, with seaweeds and fishes being the most species-rich groups (seven
species each). Echinoderms were represented by two species, while the remaining taxa comprised a single species
each (Table 1). Across the Mediterranean, a total of 986 alien species has been catalogued, with 775 of them
documented in the eastern basin (Zenetos et al.2012). The South Aegean and the Hellenic Levantine Seas remain
the most affected subregions, hosting 106 and 84 Lessepsian species respectively, while the North Aegean and
Ionian Seas harbour over 40 species each (Zenetos et al.2020).
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The influx of non-indigenous organisms has accelerated in recent decades, generating substantial ecological,
socioeconomic, and cultural consequences (Zenetos & Galanidi, 2020; Zenetos et al.2012). Recent surveys from
the North Aegean reported several newly detected species— Acanthophora nayadiformis (Delile) Papenfuss, 1968,
Asparagopsis taxiformis (Delile) Trevisan de Saint-Léon, 1845, Caulerpa cylindracea Sonder, 1845 and Codium
fragile subsp. fragile (Suringar) Hariot, 1889) —despite this region being one of the least impacted areas in the
eastern Mediterranean (Katsanevakis et al.2020a; Katsaros et al.2022).

Based on the Soyer constancy index (Soyer, 1970), none of the recorded species exhibited high constancy at the
regional scale (DO1% < 25). Among the 60 sites investigated, Caulerpa cylindracea was the most prevalent taxon,
occurring at 55% of stations and classified as a constant species. Caulerpa taxifolia followed, whereas all
remaining species were categorized as rare (DO2% < 25). Three species—Caulerpa taxifolia var. distichophylla,
Caulerpa mexicana Sonder ex Kiitzing, 1849, and Caulerpa taxifolia (M. Vahl) C. Agardh, 1817 —were reported
for the Aegean Sea for the first time in earlier studies (Mutlu et al.2025b, c, d), although their spatial distributions
were not previously mapped. Udotea flabellum (J. Ellis & Solander) M. Howe, 1904, earlier observed along the
Turkish Aegean coast (Forti¢ et al.2023), is confirmed here again, supporting its ongoing establishment in the
region.

Research from other Mediterranean subregions has highlighted similar ecological shifts. For instance, the
CIMPAL modelling framework (Cumulative IMPacts of invasive Alien species) has been applied to assess alien
species impacts in Maltese waters (Bartolo et al.2021). Studies from the Adriatic Sea documented changes in
sediment biogeochemistry beneath Caulerpa racemosa var. cylindracea canopies—such as elevated surface
organic carbon, nitrogen, and phosphorus (Matijevi¢ et al.2013)—and reported its lack of sexual reproduction
(Zuljevié et al.2012) as well as its influence on native sponge communities (Zuljevi¢ et al.2011). Additional work
has detailed the distribution of the invasive red alga Womersleyella setacea (Hollenberg) R.E. Norris, 1992 in the
Adriatic (Nikoli¢ et al.2010).

Table 1. Percent dominance of the species in a total number of 321 stations (DO1%), and in number of stations
where the alien species occurred. Abb. Species abbreviation used in CCA analysis. Taxa; F: fish, C: Cnidaria, E:
Echinodermata, M: Mollusca, S: seagrass, and W: seaweeds.

Taxa Species Abb. DO1% DO2% Depth (m)
Fauna
Pterois miles Pvol 1.50 8.33 15-30
Sargocentron rubrum Srub 0.30 1.67 15
Lagocephalus sceleratus Lsce 30 1.67 20

Torquigener flavimaculosus Tfla 1.80 10.00 30

Apogonichthyoides pharaonis Aimp .50 8.33 10-30

F

F

F

F

F

F Siganus rivulatus Sriv 0.30 1.67 30

F Nemipterus randalli Nran 3¢ 1.67 15

C Rhizostoma pulmo Rpul 39 1.67 0,20
E Synaptula reciprocans Srec 1.80 1000 20
E Diadema setosum Dset 5 19 11.67 30
M Pinctata radiata Prad 3 1.67 10
Flora

S Halophila stipulacea Hsti 0.90 5.00 5-20
A" Caulerpa taxifolia var. distichophylla Ctvd 0.90 5.00 15-20
w Caulerpa cylindracea Ceyl 9.88 5500 40
" Caulerpa mexicana Cmex 39 1.67 15

13



Ctax 5 49 1333 1550

W Caulerpa taxifolia

W Penicillus capitatus Peap 60 3.33 20

" Stypopodium schimperi Ssch g9 10.00 10-23
W Udotea flabellum Utla (3 167 °

Spatial Distribution Patterns

Spatial patterning differed among taxa. Alien fishes and echinoderms were predominantly recorded along the
southern Turkish Aegean coast, although Apogonichthyoides pharaonis (Bellotti, 1874) showed a northward
extension. In contrast, seaweeds were more common along the northern coast, despite also being present in the
south. The invasive green alga Caulerpa cylindracea was widespread and detected along all northern coastal
stations.

Fauna
Fish

Water-column characteristics relevant to alien species distributions are discussed in the ecological section of this
study.

Most of the alien fish—particularly the rare species Lagocephalus sceleratus (Gmelin, 1789), Siganus rivulatus
Forsskél & Niebuhr, 1775, Sargocentron rubrum (Forsskal, 1775), and Nemipterus randalli Russell, 1986—were
found near the southern margin of the study area around Gokova Gulf, a designated MPA (Table 1, Fig. 8). Adults
of L. sceleratus commonly occupy Posidonia oceanica meadows, as documented in Saros Gulf (Katsanevakis et
al.2014c¢), whereas juveniles typically settle on sandy bottoms across the Mediterranean (Kalogirou et al.2012).
The species’ rapid colonization ability has been linked to significant negative effects on local fish and squid
populations (Kalogirou, 2013). Its westward expansion has also been confirmed in the Northern Ionian Sea
(Ragkousis et al.2020).

In the southeastern Aegean, populations of S. luridus, S. rivulatus, and S. rubrum have expanded around Karpathos
and Chalki Islands (Thessalou-Legaki et al.2012). Rabbitfishes are known to restructure food webs by accelerating
algal turnover and serving as abundant prey for coastal predators such as groupers (Goren & Galil, 2005).

Within the present survey, the most frequently observed alien fishes were Pterois miles and Apogonichthyoides
pharaonis, followed by Torquigener flavimaculosus Hardy & Randall, 1983 (Fig. 8). A northward expansion of
T. flavimaculosus has been reported along the southeastern Turkish Aegean coast, and L. sceleratus has similarly
been recorded around Zakynthos Island in the Tonian Sea (Tsiamis et al.2015).

Alien fish occupied depths between 5 and 30 m (Table 1, Fig. 8). T. flavimaculosus was found as shallow as 5 m,
whereas Pterois miles (Bennett, 1828) was recorded mainly between 15 and 30 m and A. pharaonis between 10
and 30 m. Most pufferfish were found deeper than 5 m, with one exception.

In the present study, P. miles was among the taxa with DO, >10%. Its presence was primarily associated with
small patches of seagrass meadows and rocky substrates, occurring exclusively along the southern Aegean coast—
similar to its pattern in the Alboran Sea (Fortic et al.2023). The species was typically recorded in areas with
relatively low PAR, but its distribution showed no clear relationship with chlorophyll concentrations (Figs. 3—4,
6-8). Its westward spread in the Mediterranean is believed to occur through natural dispersal processes, consistent
with recent assessments of its thermal niche (Dimitriadis et al.2020). Reports compiled from citizen observations
in the Aegean Sea (Giovos et al.2018) also support its presence within the depth range surveyed here. Pterois miles
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is a tropical scorpaenid originating from the Indian Ocean and the Red Sea (Langeneck et al.2023). Although
closely related to Pterois volitans (Linnaeus, 1758), the two species can be distinguished through genetic markers
and specific meristic characters (Wilcox et al.2017). Both are considered among the most successful invasive
marine fishes worldwide, exerting strong pressures on native biodiversity wherever they establish (Ulman et
al.2022).

Apogonichthyoides pharaonis displayed a different spatial pattern. The species was concentrated around the Izmir
Peninsula, likely influenced by prevailing surface currents and the presence of fish-farming facilities. It occurred
on rocky bottoms with or without seagrass and was associated with moderate PAR and chlorophyll levels (Figs.
34, 6-7).
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Fig. 8. Spatial distribution for the occurrence of alien fish species.

Cnidaria

A single scyphozoan cnidarian, Rhizostoma pulmo (Macri, 1778), was incidentally observed at the surface in front
of the Gediz River outflow in the Gulf of Izmir, where an intense red-tide event and pronounced eutrophic
conditions were present (Fig. 9). In the Mediterranean, cnidarians include 53 non-indigenous species, ranking
seventh among NIS groups and reflecting an increase of seven species (13.2%) compared with the earlier inventory
of Zenetos et al. (2010) (Zenetos et al.2012). The western Aegean, along with several islands in the Cyclades, is
among the regions most affected by jellyfish proliferations. Recent assessments identified R. pu/mo—notably due
to its capacity to transport bacterial pathogens capable of infecting marine organisms and humans (Stabili et
al.2020)—as one of the most impactful species. Other species highlighted for their ecological and socio-economic
relevance include Pelagia noctiluca (Forsskal, 1775), Cotylorhiza tuberculata (Macri, 1778), and Aurelia aurita
(Linnaeus, 1758) (Chiappi et al.2025).
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Fig. 9. Spatial distribution for the occurrence of alien cnidarian species Rhizostoma pulmo.

Echinodermata

Two echinoderm species were documented: the holothuroid Synaptula reciprocans (Forsskél, 1775) and the
echinoid Diadema setosum (Leske, 1778). Both were recorded at depths of 5-30 m (Table 1), with their distribution
confined to the area between Datca and Izmir along the southern Aegean coast (Fig. 10). D. sefosum was first
reported in the Mediterranean in 2006 near the Kas Peninsula on the southwestern coast of Tiirkiye (Yokes &
Galil, 2006). No further individuals were observed there between 2007 and 2009 (Yokes & Galil, 2006), but
subsequent records appeared in Gokova Bay (Katsanevakis et al.2014c; Tsiamis et al.2015).

The two species shared a core distributional area in Gokova Gulf, a marine protected area where extensive
proliferation of several non-indigenous species has been noted, including the Indian Ocean seagrass Halophila
stipulacea, the strombid gastropod Conomurex persicus, the Indo-Pacific holothuroid Synaptula reciprocans, and
the rabbitfishes Siganus rivulatus and S. luridus (Galil, 2017). Neither echinoderm was detected between the izmir
Peninsula and Goékova. Since its initial detection in Gokova, D. sefosum has been considered likely to spread
further in the Aegean Sea, which is strongly influenced by Lessepsian migration, human-mediated introductions,
regional circulation, and ongoing sea warming (Katsanevakis et al.2014c¢). In the present study, both species
(especially D. setosum) were observed in association with small seagrass patches and rocky substrates, while no
clear relationship was detected with chlorophyll or PAR levels. The first Greek record of D. setosum was reported
by Tsiamis et al. (2015), adding a new alien echinoderm to Hellenic waters following the earlier documentation of
Synaptula reciprocans (Zenetos et al.2011). More recently, D. setosum has expanded westward into the Ionian Sea
(Ragkousis et al.2020).
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Fig. 10. Spatial distribution for the occurrence of alien echinoderm species

Mollusca

This taxonomic group played only a minor role in the present survey. The bivalve Pinctada radiata (Leach, 1814)
was detected incidentally, as its larvae had settled on the housing of the acoustic transducer during a 12-day stay
in izmir Harbor. The transducer was cleaned upon retrieval, allowing the specimens to be examined. Given the
locations where the species is typically recorded—such as areas near mussel farms, artificial structures including
pontoons, marinas, and sheltered bays—aquaculture activities and maritime traffic appear to be the most plausible
combined vectors facilitating its introduction to the region (Gozlan et al.2024; Haubrock et al.2025). Citizen-
science data further indicate that the most frequently reported molluscs are Conomurex persicus (Swainson, 1821)
and Pinctada imbricata radiata, with 27 and 25 records respectively from Greek waters (Crocetta et al.2017).
Among alien molluscs in the Aegean Sea, P. radiata shows the widest spatial distribution (Chiappi et al.2025).
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Fig. 11. Spatial distribution for the occurrence of alien molluscan species, Pinctata radiata.
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Non-indigenous macrophytes represent a distinct category of human-driven ecological pressure (Coll et al.2012).
Over the past two centuries, biodiversity in the Mediterranean Sea has undergone rapid and substantial change,
shaped by a combination of historical contingency and contemporary environmental forces. Following the
Messinian salinity crisis, most tropical taxa failed to recolonize the Eastern Mediterranean, creating ecological
vacancies that later enabled both diversification and biological invasions. In more recent times, multiple
anthropogenic stressors—including coastal development, habitat alteration, and pollution—have further reshaped
Mediterranean biota, promoted species turnover and facilitated the establishment of newcomers (Orfanidis et
al.2021).

Macrophytes, in particular, can profoundly influence ecosystem dynamics by dominating available space and
functioning as habitat-forming engineers (Thresher, 2000). Notable invasive examples include Stypopodium
schimperi (Kiitzing) Verlaque & Boudouresque, 1991, Caulerpa taxifolia, and C. racemosa (Bianchi, 2007,
Zenetos et al.2012).

Seagrass

A single non-native seagrass, Halophila stipulacea (Forsskél) Ascherson, 1867, was recorded exclusively in
Gokova Gulf at depths of 5-20 m, with a DO,% value of 5 (Table 1, Fig. 12). Its occurrences coincided with
coarse sandy substrates and small, patchy meadow formations within the gulf (Figs. 3—4, 12). In the southeastern
Mediterranean, H. stipulacea is considered a recent Lessepsian migrant introduced through the Suez Canal
(Sghaier et al.2011). DNA barcoding analyses confirmed that H. stipulacea is the only alien seagrass present in
the Mediterranean, clarifying that records attributed to Halophila decipiens by Gerakaris et al. (2020) were
misidentifications (Garcia-Escudero et al.2022). Chemical ecology may contribute to its success of invasion. For
example, the establishment of the alien aplysiid Syphonota geographica (A. Adams & Reeve, 1850) has been
linked to the presence of H. stipulacea, suggesting potential facilitative interactions (Mollo et al.2008).

Fig. 12. Spatial distribution for the occurrence of alien seagrass species, Halophila stipulacea.
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Seaweeds

Eight alien seaweeds were identified in the study area, three of which showed dominance values of DO3;% > 10%:
Caulerpa cylindracea, Caulerpa taxifolia, and Stypopodium schimperi (Kiitzing) Verlaque & Boudouresque, 1991
(Table 1). Overall, seaweeds occupied a depth range of 5-50 m. In the southeastern Aegean, on Karpathos and
Chalki Islands, Caulerpa racemosa var. cylindracea (accepted name, Caulerpa cylindracea) has also been
documented (Thessalou-Legaki et al.2012).

The highly invasive form of C. cylindracea, native to southwestern Australia, was first detected in the
Mediterranean in 1990 and has since expanded from Cyprus to Spain and even to the Canary Islands (Verlaque et
al.2003, 2004). In the present study, C. cylindracea occurred at only a few sites in the south but was widespread
in the northern sector, with increasing abundance toward the north (Fig. 13). This species is capable of dominating
even dense, diverse native macroalgal communities (Piazzi et al.2001, 2003). It was typically associated with
extensive seagrass meadows, reaching a maximum depth of 41 m, and was recorded across bottoms ranging from
5to 40 m (Table 1, Figs. 34, 13). Its northern distribution also coincided with areas where PAR exceeded 5.5 mol
photon/cm?/s (Fig. 5). The proliferation of C. cylindracea has been shown to trigger major changes in benthic
community structure, including increases in polychaetes, bivalves, and echinoderms, and declines in gastropods
and crustaceans. Although total species richness may rise, this is mainly due to increases in polychaete diversity
(Galil, 2007).

Caulerpa taxifolia and C. taxifolia var. distichophylla were recorded expanding northward from the southern
Aegean, at depths of 15-50 m and 15-20 m, respectively (Fig. 13). Initial publications (Mutlu et al.2025b, c) did
not show full spatial coverage because some samples were analyzed later; the present work now provides both the
northernmost and southernmost confirmed occurrences of these taxa in the Aegean Sea. C. taxifolia is known to
form species-poor assemblages, reducing littoral biodiversity and posing a significant threat to the ecological
balance of coastal habitats (Longpierre et al.2005). The variety C. faxifolia var. distichophylla has been reported
from Antalya Bay (Mutlu et al.2022a) and later along the Aegean coast (Mutlu et al.2025b). C. taxifolia is also
associated with substantial declines (25-55%) in native hard-substrate algal richness and can outcompete
Cymodocea nodosa (Ucria) Ascherson and Posidonia oceanica under certain conditions (Verlaque & Fritayre,
1994; Ville'le & Verlaque, 1995; Ceccherelli & Cinelli, 1999).

Another congeneric species, Caulerpa mexicana, was recorded at 10 and 15 m in Izmir Gulf. However, no
specimens were confirmed during subsequent laboratory examinations, as reported by Mutlu et al. (2025d), and
earlier Mediterranean records remain limited to the easternmost basin.
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Fig. 13. Spatial distribution for the occurrence of alien seaweeds species.

Stypopodium schimperi was the least dominant of the seven alien seaweeds and was absent from the southernmost
part of the study area, outside Gkova Gulf, where the influence of the Mediterranean Sea was strongest (Figs. 5f,
13). The species did not occur at the shallowest or deepest surveyed depths; instead, it was restricted to 10—25 m.

Two additional species, Penicillus capitatus Lamarck, 1813 and Udotea flabellum, were detected at two and one
stations, respectively (Table 1, Fig. 13). U. flabellum had been previously reported from Gokova Gulf at 3—11 m,
where it exhibited high coverage (70—-100%) (Forti¢ et al.2023).

Cmar et al. (2021) identified six major hot-spot regions for alien species establishment in the Turkish Seas,
including the Aegean Sea: Iskenderun Bay, Mersin Bay, Antalya Bay, Fethiye Bay, Gokova Bay, and izmir Bay.
These areas are characterized by multiple introduction pathways, such as shipping and the Suez Canal corridor.
Several of the species detected in the present study—~Halophila stipulacea, Stypopodium schimperi, Caulerpa
cylindracea, Siganus luridus, and Pinctada imbricata radiata—have already been documented in the northern
Aegean around Lesvos Island, close to the Turkish coastline (Evagelopoulos et al.2015).

Ecological community of alien species

The alien species assemblage was primarily structured according to regional and water-mass classifications. Some
stations overlapped within these classifications, sharing identical species composition with 100% similarity (Figs.
14, A1). Regional separation was statistically significant at p < 0.05, and water masses also differed significantly
(Table 2). The two-way PerMANOVA confirmed differences among regions (F = 7.602, p = 0.001; p(MC) =
0.001), but no depth-related differences were detected (F = 0.86516, p = 0.656; p(MC) = 0.669) nor an interaction
between region and depth (F = 0.59622, p = 0.905; p(MC) = 0.912). Biodiversity tended to be higher in coastal
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and shelf environments and decreased with depth. Long-term trends indicate that overexploitation and habitat
degradation have historically been major drivers of biodiversity declines (Coll et al.2010).
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Fig. 14. nMDS plot of alien species analyses based on Bray-Curtis index calculated from presence/absence data
of the species: stations classified by regions (1: south and 2: north) (a) and water masses (1: Mediterranean Sea, 2:
southern Aegean, 3: northern Aegean and 4: Black Sea waters).
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Table 2. PerMANOVA analysis to test difference of alien species among the stations of regions and water masses.
p and p(MC) is PerMANOVA and Monte Carlo test significance level, respectively. Bold p denotes significant
difference at p < 0.05.

Source df SS MS F p p(MC)
Region 1 29871 29871 10.237 0.001 0.001
Residuals 58 1.6924E5 2917.9

Total 59 1.9911E5

Water masses 3 43341 14447 5.1938 0.001 0.001
Residuals 56 1.5577E5 2781.5

Total 59 1.9911E5

According to FAO (1991) interpretations, the southern region was largely characterized by two dominant
contributors—7Torquigener flavimaculosus and Synaptula reciprocans—followed by Pterois miles, though mean
similarity values remained low (Table 3). In contrast, the northern Aegean was typified by a single key contributor,
Caulerpa cylindracea, which also acted as the principal discriminator between north and south (85.15%
dissimilarity). This species is widely established throughout the Mediterranean (Katsanevakis et al.2020b). No
interaction among these dominant species was detected (Fig. Al in supplementary file). The alien seagrass
Halophila stipulacea and the invasive ochrophyte Stypopodium schimperi occurred mainly in the South Aegean,
whereas C. cylindracea was abundant in both northern and southern sectors (Ragkousis et al.2023; Tsirintanis et
al.2023). In general, faunal aliens appeared predominantly in the south (Coll et al.2010; Katsanevakis et al.2014a),
while macrophytes tended to dominate northern areas (Coll et al.2010), although Katsanevakis et al. (2014a)
reported high macrophyte diversity extending to the Saroz Gulf under Black Sea influence.

Table 3. Similarity table and contributors of alien species, * is contributor species within each region (R1: south
and R2: north) station, determined from an analysis of a similarity of percentages, SIMPER. + is discriminator
species between regions (Avg. Sim.: Average similarity at each region, Av. Sim; average similarity, Sim/SD;
correction term and Cum.%: cumulative percent contribution of the similarities, and SD; standard deviation of the
similarity).

Species R1 Avg. Sim: 11.52  Av.Sim _ Sim/SD  Cum.%

*Torquigener flavimaculosus  2.35 0.26 20.39
Caulerpa cylindracea 2.16 0.16 39.19
*Synaptula reciprocans 2.06 0.21 57.11
*Pterois miles 1.73 0.21 72.09
Stypopodium schimperi 1.30 0.11 83.37
Diadema setosum 0.80 0.16 90.35
R2: Avg. Sim: 51.40

+*Caulerpa cylindracea 49.53 1.11 96.36

Among the physical variables examined, temperature (especially near-bottom temperature) was the strongest
driver of alien species assemblage structure, explaining 23.6% of the variance on CCA1 (Table 4, Fig. 15). Species
showed a weak positive relationship with sea-surface temperature and negative relationships with near-bottom
dissolved oxygen and density (Table 4, Fig. 15). Near-bottom salinity also structured the assemblage, creating a
distinct separation between northern and southern sectors, and pH contributed to this discrimination.
Evangelopoulos et al. (2024) reported that the higher establishment success of non-native fishes in the northeastern
and southern Aegean is linked to favorable abiotic conditions. The northeastern Aegean receives highly saline (>
38.5 psu) Levantine waters, and coastal SST ranges from mean 19-20°C with winter minima of 12-15°C
(Androulidakis & Krestenitis, 2022). In the southeastern Aegean, mean and minimum SSTs are 20-23°C and 14—
17°C, respectively (Androulidakis & Krestenitis, 2022). Continued warming and salinity increases may give
thermophilic aliens a competitive advantage over native biota. If current hydrographic conditions in the southern
Aegean persist, major shifts in biotic composition are expected, with weaker impacts projected for the northern
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Aegean (Pancucci-Papadopoulou et al.2012). Species distributions were negatively correlated with total suspended
matter in both surface and near-bottom waters. The northern region was characterized by higher pH and density,
lower salinity and temperature, and reduced suspended matter, whereas opposite conditions prevailed in the south
(Table 4, Fig. 15). This contrast explained 18.7% of the variance. Significant Spearman correlations between
species and environmental variables on CCAl1 and CCA2 indicated that distribution patterns were strongly
associated with specific near-bottom temperature and salinity regimes, consistent with GAM-derived additive co-
linear trends (Table 4, Fig. 15b). Total variance explained reached 68% by CCA4. All four canonical axes were
validated by Monte Carlo permutation tests (F = 1.784, p = 0.014), although CCA1 alone was not significant (F =
4.271, p = 0.168). Thermophilic species were fewer than species preferring cooler waters; similarly, halophilic
species were less numerous than those favoring lower salinity (Fig. 15).
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Fig. 15. Triplot (stations, species, and environmental parameters) of CCA analysis based on presence/absence of

alien species; species-environment-relation at stations classified by bottom depth (a), and by regions with

Generalized Additive Model (GAM) solution of near-bottom temperature in °C (gradient colors with black label)

and salinity in ppt (dashed black line with blue label) (b) (see Table 1 and 4 for abbreviations of species and

environmental parameters, respectively).

Table 4. Summary of statistical measures of environmental parameters of CCA correlation (prefix of variables; S:

sea surface, and N: Near-bottom water) with NIS.

Variables Abb. CCAl CCA2

Bottom depth D -0.1869 0.2515

Sea surface water

Temperature ST 0.2387 0.0442

Salinity SS -0.0031 -0.3078
pH SpH -0.0546  0.4880

Total suspended matter STSM  -0.0002 -0.3278
Dissolved oxygen SD -0.0122  -0.0236
Conductivity SC -0.0280 -0.3244
Density SDn -0.0581 -0.2959
Near-bottom water

Temperature NT 0.4509 -0.3706
Salinity NS -0.0109 -0.5567
pH NpH 0.0381  0.5047

Total suspended matter NTSM -0.0373 -0.4170
Dissolved oxygen ND -0.2064 0.3053

Conductivity NC 0.0511  0.1064

Density NDn -0.2613 -0.2764
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Eigen values: 0.768 0.610

Species-environment correlations: 0.896 0.831
Cumulative percentage variance
of species data : 9.0 16.2
of species-environment relation: 23.6 42.3

The CIMPAL (Cumulative Impacts of Invasive Alien Species) index showed that high-impact scores were four
times more common in the South than the North Aegean. Macrophytes were responsible for highest CIMPAL
scores (>10), occurring far more frequently in the south (76%) (Tsirintanis et al.2023). Fish contributed 13% of
cumulative impacts and were more influential on coastal habitats in the southern Aegean, where high (>10) fish-
related CIMPAL scores were also more common (Tsirintanis et al.2023). Caulerpa cylindracea was the only
macrophyte among the eight ICAS affecting shallow soft substrates and ranked as the most impactful species in
that habitat (Argyrou et al. 1999; Rizzo et al. 2017, 2020). Shallow (0—60 m) hard substrates were the most severely
impacted habitat, followed by shallow soft bottoms and seagrass meadows. Several species (C. cylindracea,
Siganus luridus, and Siganus rivulatus) were consistently among the most impactful across their distribution,
though rankings varied depending on habitat type and the indicator used (Tsirintanis et al.2023). Overall, strong
impacts were more frequent in the South Aegean, driven largely by alien fish and macrophytes. Katsanevakis et
al. (2014a) demonstrated that alien species composition varies across Mediterranean ecoregions, including within
the Aegean Sea, likely due to distinct water-mass characteristics, where NIS/IS ratios are particularly high

(Katsanevakis et al.2014a).

Conclusion

This study provides the most comprehensive assessment to date of the spatial distribution, ecological patterns, and
environmental drivers of marine alien species along the Turkish Aegean coast. A total of 19 non-indigenous taxa
spanning six major groups were documented, with macrophytes and fishes constituting the most species-rich
components of the assemblage. Although none of the recorded species exhibited high regional constancy,
several—most notably Caulerpa cylindracea, Caulerpa taxifolia, Pterois miles, Torquigener flavimaculosus, and
Synaptula reciprocans—showed clear spatial structuring that reflects both environmental gradients and
biogeographic connectivity within the Aegean Sea. Marked north—south contrasts characterized the alien
community. The southern Aegean supported a richer assemblage of faunal aliens, influenced by warmer, saltier
Levantine-derived waters and multiple introduction pathways, particularly shipping and Lessepsian migration.
Conversely, macrophyte invaders such as C. cylindracea dominated the northern Aegean, consistent with their
broad ecological tolerance and ability to colonize extensive seagrass habitats. Several species recorded here—
including C. taxifolia, C. taxifolia var. distichophylla, and C. mexicana—represent the northernmost or most recent
occurrences in the basin, underscoring the continuing northward expansion of several thermophilic invaders.
Multivariate analyses demonstrated that alien assemblages were structured primarily by region and water-mass
characteristics rather than depth. Among environmental variables, near-bottom temperature emerged as the
strongest driver, followed by salinity and pH, all of which aligned with known large-scale hydrographic gradients.
These findings support previous work, indicating that warming trends and increasing salinity in the eastern

Mediterranean enhance the establishment success of Indo-Pacific taxa and may intensify future biotic
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homogenization. The presence of invasive macrophytes capable of altering benthic community structure, together
with predatory fishes such as P. miles and ecosystem-modifying echinoderms like Diadema setosum, highlights
the potential for substantial ecological consequences in both northern and southern subregions. Moreover, the
detection of Halophila stipulacea and several caulerpacea species in new localities indicates rapid habitat turnover
in coastal and shelf ecosystems. Overall, these results demonstrate that the Turkish Aegean Sea is undergoing an
active and spatially heterogeneous phase of biological invasion driven by a combination of environmental change,
propagule pressure, and regional circulation processes. Continued monitoring, pathway-based management, and
coordinated regional action are essential to mitigate further introductions and to understand the long-term

ecological implications of an increasingly alien-dominated seascape.

Acknowledgment

I thank to Yasar Ozvarol, my SCUBA buddy, researcher of the project, Erhan Mutlu coordinating the project for
drawing bottom type map, and Berivan Elif Aslan, Zeynep Narli and Zeynep Zabun and crew of R/V Akdeniz Su
for their helps on board.

Funding Data of this paper were funded by the Scientific and Technical Council of Tiirkiye, TUBITAK, with

grant no: 124Y031 and coordinated by Erhan Mutlu, researchers: Barig Akgali, Yasar Ozvarol and Berivan Elif
Aslan.

Declarations
Conflict of interest The author declares no competing interests.
Ethical approval No animal testing was performed during this study.

Sampling and field studies All necessary permits for sampling and observational field studies have been
obtained by the author from the competent authorities and are mentioned in the acknowledgements, if applicable.

Data availability The datasets generated during and/or analyzed during the current study are available from
the corresponding author on reasonable request.

References

Albano, P.G., Hong, Y., Steger, J., Yasuhara, M., Bartolini, S., Bogi, C., Bosnjak, M., Chiappi, M., Fossati, V.,
Huseyinoglu, M.F., Jiménez, C., Lubinevsky, H., Morov, A.R., No¢ ,S., Papatheodoulou, M., Resaikos, V.,
Zuschin, M., Guy-Haim, T. (2024). New records of non-indigenous species from the eastern Mediterranean
Sea (Crustacea, Mollusca), with a revision of genus Isognomon (Mollusca: Bivalvia). Peer] 12, e17425

https://doi.org/10.7717/peerj.17425

Androulidakis, Y. S., and Krestenitis, Y. N. (2022). Sea surface temperature variability and marine heat waves
over the aegean, ionian, and cretan seas from 2008-2021. J. Mar. Sci. Eng. 10, 42. doi:
10.3390/jmse10010042

Argyrou, M.; Demetropoulos, A.; Hadjichristophorou, M. (1999). Expansion of the macroalga Caulerpa racemosa

and changes in softbottom macrofaunal assemblages in Moni Bay, Cyprus. Oceanol. Acta, 22, 517-528.

26


https://doi.org/10.7717/peerj.17425

Bartolo, A.G., Tsiamis, K., and Kiipper, F.C. (2021). Identifying hotspots of non-indigenous species’ high impact
in the Maltese islands (Central Mediterranean Sea). Mar. Pollut. Bull. 164: 112016.

Bianchi, C.N. (2007). Biodiversity issues for the forthcoming tropical Mediterranean Sea. Hydrobiologia, 580, 7—
21. http://dx.doi.org/10.1007/s10750-006-0469-5

Bilecenoglu, M., Cinar, M.E. (2021). Alien Species Threat across Marine Protected Areas of Turkey—An Updated

Inventory. J. Mar. Sci. Eng., 9, 1077. https://doi.org/10.3390/jmse9101077

Boon, P.J., Clarke, S.A., Copp, G.H., (2020). Alien species and the EU Water Framework Directive: a comparative
assessment of European approaches. Biological Invasions, 22, 1497-1512.

Boudouresque CF, Verlaque M (2005) Nature conservation, Marine Protected Areas, sustainable development and
the flow of invasive species to the Mediterranean Sea. Scientific reports of the Port-Cros national park,
France 21:29-54

Ceccherelli, G., Cinelli, F., (1999). Effects of Posidonia oceanica canopy on Caulerpa taxifolia size in a north-
western Mediterranean bay. J. Exp. Mar. Biol. Ecol. 240, 19-36.

Chiappi M, Stranga Y, Kalloniati C, Tsirintanis K, Tsirtsis G, Azzurro E and Katsanevakis S (2025) CIMPAL
expanded: unraveling the cumulative impacts of invasive alien species, jellyfish blooms, and harmful algal
blooms. Front. Mar. Sci. 12:1631423. doi: 10.3389/fmars.2025.1631423

Cinar, M., Bilecenoglu, M., Ozturk, B., Katagan, T., & Aysel, V. (2005). Alien species on the coasts of Turkey.
Mediterranean Marine Science, 6(2), 119—146. https://doi.org/10.12681/mms.187

Cinar ME, Bilecenoglu M, Yokes MB, Oztiirk B, Taskin E, Bakir K, et al. (2021) Current status (as of end of
2020) of  marine alien species in Turkey. PLoS ONE 16(5): ¢0251086.
https://doi.org/10.1371/journal.pone.0251086

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Ben Rais Lasram, F., Nike Bianchi, C., Corbera, J., Dailianis,
T., Danovaro, R., Estrada, M., Froglia, C., Galil, B.S., Gasol, J. M., Gertwagen, R., Gil, J., Guilhaumon, F.,

Kesner-Reyes, K., Kitsos, M.S., Koukouras, A., Lampadariou, N., Laxamana, E., Lopez-Fe de la Cuadra,
C.M., Lotze, HXK., Martin, D., Mouillot, D., Oro, D., Raicevich, S., Rius-Barile, J., Saiz- Salinas, J.I., San
Vicente, C., Somot, S., Templado, J., Turon, X., Vafidis, D., Villanueva, R., Voultsiadou, E., (2010). The
biodiversity of the Mediterranean Sea: estimates, patterns, and threats. PLoS One, 5(8), el1842.
https://doi.org/10.1371/journal. pone.0011842

Coll M., Chiara Piroddi, Camille Albouy, Frida Ben Rais Lasram, William W. L. Cheung, Villy Christensen,

Vasiliki S. Karpouzi, Frangois Guilhaumon, David Mouillot, Michelle Paleczny, Maria Lourdes Palomares,
Jeroen Steenbeek, Pablo Trujillo, Reg Watson, Daniel Pauly (2012). The Mediterranean Sea under siege:
spatial overlap between marine biodiversity, cumulative threats and marine reserves. Global Ecology and
Biogeography, 21, 465480

Crocetta F, Gofas S, Salas C, Tringali LP, Zenetos A (2107) Local ecological knowledge versus published
literature: a review of non-indigenous Mollusca in Greek marine waters. Aquatic Invasions, 12(4): 415-434.
DOI: https://doi.org/10.3391/ai.2017.12.4.01

Dimitriadis, C., Galanidi, M., Zenetos, A., Corsini-Foka, M., Giovos, 1. et al.(2020). Updating the occurrences of
Pterois miles in the Mediterranean Sea, with considerations on thermal boundaries and future range

expansion. Mediterranean Marine Science, 21 (1), 62-69.

27


http://dx.doi.org/10.1007/s10750-006-0469-5
https://doi.org/
https://doi.org/10.12681/mms.187
https://doi.org/10.1371/journal.%20pone.0011842

Essl, F., Bacher, S., Genovesi, P., Hulme, P.E., Jeschke, J.M., Katsanevakis, S., Kowarik, 1., Kiihn, 1., PySek, P.,
Rabitsch, W., Schindler, S., Van Kleunen, M, Vila, M., Wilson, J.R.U., Richardson, D.M. (2018). Which
Taxa Are Alien? Criteria, Applications, and Uncertainties. BioScience, 68(7), 496-509.
https://doi.org/10.1093/biosci/biy057

Evagelopoulos A, Poursanidis D, Papazisi E, Gerovasileiou V, Katsiaras N, Koutsoubas D. (2015). Records of

alien marine species of Indo-Pacific origin at Sigri Bay (Lesvos Island, north-eastern Aegean Sea). Marine
Biodiversity Records, 8: €35, 1-10. doi:10.1017/S1755267215000123

Evangelopoulos A, Karampetsis D, Christidis A, Gubili C, Sapounidis A, Adamidou A, Kamidis N and Koutrakis
E (2024) Non-native fish species in the North Aegean Sea: a review of their distributions integrating
unpublished fisheries data. Front. Mar. Sci. 11:1398037. doi: 10.3389/fmars.2024.1398037

FAO (1991) Lecture notes prepared for the training workshop on the statistical treatment and interpretation of

marine community data. FAO/IOC/UNEP Training Workshop, Alexandria, Egypt. FAO: Rome, Italy. 212 pp.

Fofonoff NP and Millard RC Jr, (1983). Algorithms for computation of fundamental properties of seawater.
UNESCO Technical Papers in Marine Science, 44, 53 pp.

Forti¢, A., Al-Sheikh Rasheed, R., Almajid, Z., Badreddine, A., Baez, J. C., Belmonte-Gallegos, A., Bettoso, N.,
Borme, D., Camusa, F., Caracciolo, D., Cmar, M. E., Crocetta, F., Cetkovié, L., Dogan, A., Galiya, M., Garcia
De Los Rios Y Los Huertos, Alvaro, Grech, D., Guallart, J., Giindeger, G., Kahrié, A., Karachle, P. K.,
Kulijer, D., Lombarte, A., Markovi¢, O., Martinez Jiménez, E., Sukran Okudan, E., Orlando-Bonaca, M.,
Sartoretto, S., Spinelll, A., Tuney Kizilkaya, I., & Virgili, R. (2023). New records of introduced species in
the Mediterranean Sea (April 2023). Mediterranean  Marine  Science, 24(1), 182-202.
https://doi.org/10.12681/mms.34016

Galanidi, M., Aissi, M., Ali, M., Bakalem, A., Bariche, M., Bartolo, A.G., Bazairi, H., Beqiraj, S., Bilecenoglu,
M., Bitar, G., Bugeja, M., Carbonell, A., Castriota, L., Chalabi, A., Cinar, M.E., Dragicevic, B., Dulcic, J.,
Ahmed El-Haweet, A.E., Farrag, M.M.S., Evans, J., Galil, B., Guerin, L., Hyams-Kaphzan, O., Kapedani,
R., Kamberi, E., Livi, S., Macic, V., Masse, C., Mavric, B., Orlando-Bonaca, M., Ouerghi, A., Petovic, S.,
Png-Gonzalez, P., Schembri, P.J., Shenkar, N., Sghaier, Y.R., Shakman, E., Yahyaoui, A., Yokes, M.B.,
Zenetos, A. (2023). Validated Inventories of Non-Indigenous Species (NIS) for the Mediterranean Sea as
Tools for Regional Policy and Patterns of NIS Spread. Diversity, (15), 962. DOI:10.3390/d15090962

Galil, B.S., (2000). A sea under siege — alien species in the Mediterranean. Biol. Inv. 2, 77-186.

Galil, B.S., (2006). The marine caravan — the Suez Canal and the Erythrean invasion. In: Gollasch, S., Galil, B.S.,
Cohen, A.N. (Eds.), Bridging Divides: Maritime Canals as Invasion Corridors. Monographiae Biologicae 83.
Springer, pp. 207-300.

Galil B.S. (2007). Loss or gain? Invasive aliens and biodiversity in the Mediterranean Sea. Marine Pollution
Bulletin 55 (2007) 314-322

Galil B. S. (2008). Alien species in the Mediterranean Sea—which, when, where, why? Hydrobiologia 606:105—
116 DOI 10.1007/s10750-008-9342-z

Galil BS, Marchini A, Occhipinti-Ambrogi A, Minchin D, Narscius A, Ojaveer H, Olenin S (2014) International
arrivals: widespread bioinvasions in European Seas. Ethology Ecology & Evolution 26: 152-171,

https://doi.org/10.1080/03949370.2014.897651

28


https://doi.org/10.1093/biosci/biy057

Galil, B.S., Marchini, A., Occhipinti-Ambrogi, A., (2016). East is east and West is west? Management of marine
bioinvasions in the Mediterranean Sea. Estuar. Coast. Shelf S. http://dx.doi.org/10.1016/j.ecss.2015.12.021.

Galil B. (2017). Eyes Wide Shut: Managing Bio-Invasions in Mediterranean pp. Chapter 10, 187-206. In Marine
Protected Areas Management of Marine Protected Areas: A Network Perspective, First Edition, Paul D.
Goriup (ed). John Wiley & Sons Ltd.

Garcia-Escudero, C.A., Tsigenopoulos, C.S., Gerakaris, V., Tsakogiannis, A., and Apostolaki, E.T. (2022). ITS
DNA barcoding reveals that Halophila stipulacea still remains the only nonindigenous seagrass of the
Mediterranean Sea. Diversity 14: 76.

Gerakaris, V., Lardi, P.L., and Issaris, Y. (2020). First record of the tropical seagrass species Halophila decipiens
Ostenfeld in the Mediterranean Sea. Aquat. Bot. 160: 103151.

Giovos 1., Kleitou, P., Paravas, V., & et al. (2018) Citizen scientists monitoring the establishment and expansion
of Pterois miles (Bennett, 1828) in the Aegean Sea, Greece', Cahiers de Biologie Marine, 59(4).
10.21411/CBM.A.8DFA67CE

Goren, M., Galil, B.S., (2005). A review of changes in the fish assemblages of Levantine Inland and marine
ecosystems following the introduction of non-native fishes. J. Appl. Ichthyol. 21, 364-370.

Gozlan, R. E., Bommarito, C., Caballero-Huertas, M., Givens, J., Mortillaro, J. M., Pepey, E., Ralaiarison, P. R.,
Senff, P., Combe, M. (2024). A one-health approach to non-native species, aquaculture, and food security.
Water Biology and Security, 3(2), 100250.

Grosholz, E., (2002). Ecological and evolutionary consequences of coastal invasions. Trends in ecology &
evolution, 17 (1), 22-27.

Haubrock, P. J., Novello, M., Abreo, N. A., Bloniska, D., Sampaio Franco, A. C., Soto, L., ... & Britton, R. (2025).
A Global Account of Established Non-Native Fish Species. Global Change Biology, 31(8), ¢70451.

Hewitt, C., Minchin, D., Olenin, S., Gollasch, S., (2006). Canals, invasion corridors and Introductions. In:
Gollasch, S., Galil, B.S., Cohen, A.N. (Eds.), Bridging Divides: Maritime Canals as Invasion Corridors.
Monographiae Biologicae 83. Springer, pp. 301-306.

Kalogirou, S., (2013). Ecological characteristics of the invasive pufferfish Lagocephalus sceleratus (Gmelin,
1789) in Rhodes, Eastern Mediterranean Sea. A case study. Mediterranean Marine Science, 14, 251-260.

Kalogirou, S., Wennhage, H., Pihl, L., (2012). Non-indigenous species in the Mediterranean fish assemblages:
Contrasting feeding guilds of Posidonia oceanica meadows and sandy habitats. Estuarine, Coastal and Shelf
Science, 96, 209-212.

Kampouris TE, Pappou S, Erga Z, Kouloumperis V, Batjakas IE (2023) Assessing the fish fauna diversity and
abundance at Aegean and Ionian seas, with emphasis on certain NIS fish species via Scientific diving and
Visual Census. PLoS ONE 18(11): €0294770. https://doi.org/10.1371/journal.pone.0294770

Katsanevakis S, Zenetos A, Belchior C, Cardoso AC (2013) Invading European Seas: assessing pathways of
introduction of  marine aliens. Ocean and Coastal Management 76: 64-74,
https://doi.org/10.1016/j.ocecoaman.2013.02.024

Katsanevakis, S., Coll, M., Piroddi, C., Steenbeek, J., Ben Rais Lasram, F. er al.(2014a). Invading the
Mediterranean Sea: biodiversity patterns shaped by human activities. Frontiers in Marine Science, 1, 32.

Katsanevakis, S., Wallentinus, 1., Zenetos, A., Leppédkoski, E., Cinar, M. E. et al.(2014b). Impacts of marine

invasive alien species on ecosystem services and biodiversity: a pan-European review. Aquatic Invasions, 9,

29


http://dx.doi.org/10.1016/j.ecss.2015.12.021

391-423Katsanevakis, S., Poursanidis, D., Hoffman, R., Rizgalla, J., Rothman, S.B.-S., Levitt-Barmats, Y.A.,
Hadjioannou, L., Trkov, D., Garmendia, J.M., Rizzo, M., et al. (2020a). Unpublished Mediterranean records

of marine alien and cryptogenic species. Biolnvasions Records 9: 165-182.

Katsanevakis, S., Acar, U., Ammar, L, Balci, B. A., Bekas, P., Belmonte, M., Chintiroglou, C. C., Consoli, P.,
Dimiza, M., Fryganiotis, K., Gerovasileiou, V., Gnisci, V., Giilsahin, N., Hoffman, R., Issaris, Y., Izquierdo-
Gomez, D., [zquierdo-Munoz, A., Kavadas, S., Koehler, L., Konstantinidis, E., Mazza, G., Nowell, G., Onal,
U., Ozen, M. R, Pafilis, P., Pastore, M., Perdikaris, C., Poursanidis, D., Prato, E., Russo, F., Sicuro, B.,
Tarkan, A. N., Thessalou-Legaki, M., Tiralongo, F., Triantaphyllou, M., Tsiamis, K., Tuncer S., Turan, C.,
Tiirker, A., & Yapici, S. (2014c). New Mediterranean Biodiversity Records (October 2014). Mediterranean
Marine Science, 15(3), 675—695.

Katsanevakis, S., Poursanidis, D., Hoffman, R., Rizgalla, J., Rothman, S.B.-S., Levitt-Barmats, Y.A.,
Hadjioannou, L., Trkov, D., Garmendia, J.M., Rizzo, M., et al. (2020a). Unpublished Mediterranean records

of marine alien and cryptogenic species. Biolnvasions Records 9: 165-182.

Katsanevakis S, Poursanidis D, Hoffman R, Rizgalla J, Rothman SB-S, Levitt-Barmats Y, Hadjioannou L, Trkov
D, Garmendia JM, Rizzo M, Bartolo AG, Bariche M, Tomas F, Kleitou P, Schembri PJ, Kletou D, Tiralongo
F, Pergent C, Pergent G, Azzurro E, Bilecenoglu M, Lodola A, Ballesteros E, Gerovasileiou V, Verlaque M,
Occhipinti-Ambrogi A, Kytinou E, Dailianis T, Ferrario J, Crocetta F, Jimenez C, Evans J, Ragkousis M,
Lipej L, Borg JA, Dimitriadis C, Chatzigeorgiou G, Albano PG, Kalogirou S, Bazairi H, Espinosa F, Ben
Souissi J, Tsiamis K, Badalamenti F, Langeneck J, Noel P, Deidun A, Marchini A, Skouradakis G, Royo L,
Sini M, Bianchi CN, Sghaier Y-R, Ghanem R, Doumpas N, Zaouali J, Tsirintanis K, Papadakis O, Morri C,
Cinar ME, Terrados J, Insacco G, Zava B, Soufi- Kechaou E, Piazzi L, Ounifi Ben Amor K, Andriotis E,
Gambi MC, Ben Amor MM, Garrabou J, Linares C, Forti¢ A, Digenis M, Cebrian E, Fourt M, Zotou M,
Castriota L, Di Martino V, Rosso A, Pipitone C, Falautano M, Garcia M, Zakhama-Sraieb R, Khamassi F,
Mannino AM, Ktari MH, Kosma I, Rifi M, Karachle PK, Yapict S, Bos AR, Balistreri P, Ramos Espla AA,
Tempesti J, Inglese O, Giovos I, Damalas D, Benhissoune S, Huseyinoglu MF, Rjiba- Bahri W, Santamaria
J, Orlando-Bonaca M, Izquierdo A, Stamouli C, Montefalcone M, Cerim H, Golo R, Tsioli S, Orfanidis S,
Michailidis N, Gaglioti M, Taskin E, Mancuso E, Zunec A, Cvitkovi¢ 1, Filiz H, Sanfilippo R, Siapatis A,
Mavri¢ B, Karaa S, Tirker A, Monniot F, Verdura J, El Ouamari N, Selfati M, Zenetos A (2020b)
Unpublished Mediterranean records of marine alien and cryptogenic species. Biolnvasions Records 9(2):
165-182, https://doi.org/10.3391/bir.2020.9.2.01

Katsaros C., Orfanidis S., Kiipper F.C., (2022). What’s new in marine botany of the Eastern Mediterranean?
Botanica Marina 2022; 65(4): 221-230

Ketchum, B.H. (1983). Estuaries and Enclosed Seas (Ecosystems of the World). Elsevier Scientific Publishing
Company: Amsterdam, The Netherlands, p. 500.

Langeneck, J., Bakiu, R., Chalari, N., Chatzigeorgiou, G., Crocetta, F., Dogdu, S. A., ... & Zenetos, A. (2023).
New records of introduced species in the Mediterranean Sea (November 2023). Mediterranean Marine

Science, 24(3), 610-632. Longpierre, S., Robert, A., Levi, F., Francour, P., 2005. How an invasive alga

30



species (Caulerpa taxifolia) induces changes in foraging strategies of the benthivorous fish Mullus
surmuletus in coastal Mediterranean ecosystems. Biodivers. Conserv. 14, 365-376.

Marchese C. (2015). Biodiversity hotspots: A shortcut for a more complicated concept. Global Ecology and
Conservation 3 (2015) 297-309

Matijevic, S., Bogner, D., Bojanic, N., Zuljevic, A., Despalatovic, M., Antolic, B., Nikolic, V., and Bilic, J. (2013).
Biogeochemical characteristics of sediments under the canopy of invasive alga Caulerpa racemosa var.
cylindracea (PeljeSac peninsula, Adriatic Sea). Fresenius Environ. Bull. 22: 3030-3040

Medail F, Quezel P. (1997). Hot-Spots Analysis for Conservation of Plant Biodiversity in the Mediterranean Basin.
Annals of the Missouri Botanical Garden, 84(1), 112-127

Mollo, E., Gavagnin, M., Carbone, M., Castelluccio, F., Pozone, F., Roussis, V., Templado, J., Ghiselin, M.T.,
and Cimino, G. (2008). Factors promoting marine invasions: a chemolecological approach. Proc. Natl. Acad.
Sci. U. S. A. 105: 4582-4586.

Molnar JL, Gamboa RL, Revenga C, Spalding MD (2008) Assessing the global threat of invasive species to marine
biodiversity. Frontiers in Ecology and the Environment 6: 458—492, https://doi.org/10.1890/070064

Mutlu, E. (2009). Recent distribution and size structure of gelatinous organisms in the southern Black Sea and

their interactions with fish catches. Marine Biology, 156(5), 935-957.

Mutlu, E., & Akgali, B. (2022). Seasonal macro-floral distribution on soft bottoms in a gulf of a metropolitan
providence, Izmir, Aegean Sea. Ecological Life Sciences, 17(3), 86-103.

Mutlu, E., Olguner, C., Gékoglu, M., & Ozvarol, Y. (2022a). Population Dynamics and Ecology of Caulerpa
prolifera vs Caulerpa taxifolia var. distichophylla within a Levantine Gulf. Thalassas: An International

Journal of Marine Sciences, 38(2), 1311-1325.

Mutlu, E., Kideys, A. E., Sahin, F., Erik , G., Aksu, H., Erdem, E., Karayiicel, S., & Bat, L. (2022b). Population
dynamics and ecology of the invasive veined rapa whelk, Rapana venosa in the southern Black Sea. Estuarine

Coastal and Shelf Science, 268, 107807.

Mutlu, E., Olguner, C., Gékoglu, M., & Ozvarol, Y. (2022c). Seasonal growth dynamics of Posidonia oceanica in
a pristine Mediterranean gulf. Ocean Science Journal, 57(3), 381-397.

Mutlu, E. (2023). A package of script codes, POSIBIOM for vegetation acoustics: POSIdonia BIOMass. Journal
of Marine Science and Engineering, 11(9), 1790.

Mutlu, E., Meo, I.D., Miglietta, C., & Deval, M.C. (2023). Ecological indicative stressors of native vs. non-native
fish in an ultra-oligotrophic region of the Mediterranean Sea. Sustainability, 15(3), 2726.

Mutlu, E. (2025). A Broad-Scale Summer Spatial Structure of Pelagic Fish Schools as Acoustically Assessed
Along the Turkish Aegean Coast. Journal of Marine Science and Engineering, 13(9), 1807.

Mutlu, E., Miglietta, C., de Meo, 1., & Deval, M. C. (2025a). Comparison of population dynamics parameters
estimated for 34 bony fishes in oligotrophic Mediterranean shelf/break waters. Journal of Fish Biology,

https://doi.org/10.1111/jfb.70302

Mutlu, E., Ake¢ali, B., Ozvarol, Y., Narli, Z., Aslan, B. E., & Zabun, Z. (2025b). Recent plant traits of Caulerpa
taxifolia var. distichophylla in the Turkish Aegean Sea. Aquatic Sciences and Engineering, 40(2), 63-73.

31



Mutly, E., Akcaly, B., Zabun, Y. O. Z., Narl, Z., & Aslan, B. E. (2025¢). Depth-gradient biometrics of the invasive
seaweed Caulerpa taxifolia spreading northward along the Turkish Aegean coast Tiirkiye Ege Journal of

Fisheries and Aquatic Sciences, 42(2), 158-172.

Mutlu, E., Ozvarol, Y., Akcali, B., Aslan, B. E., Narli, Z., & Zabun, Z. (2025d). Comprehensive biometric study
on the invasive seaweed, Caulerpa mexicana, in the Aegean Sea. Canakkale Onsekiz Mart University Journal

of Marine Sciences and Fisheries, 8(1), 46-63.

Nikolic, V., Zuljevic, A., Antolic, B., Despalatovic, M., and Cvitkovic, 1. (2010). Distribution of invasive red alga
Womersleyella setacea (Hollenberg) RE Norris (Rhodophyta, Ceramiales) in the Adriatic Sea. Acta Adriat. 51:
195-202.

Nykjaer, L., (2009). Mediterranean Sea surface warming 1985-2006. Climate Research, 39, 11-17.

Ojaveer, H., Galil, B. S., Carlton, J. T., Alleway, H., Goulletquer, P., Lehtiniemi, M., ... Zaiko, A. (2018).
Historical baselines in marine bioinvasions: Implications for policy and management. PLoS ONE, 13,
€0202383. https://doi.org/10.1371/journal.pone.0202383

Orfanidis, S., Rindi, F., Cebrian, E., Fraschetti, S., Nasto, 1., Taskin, E., Bianchelli, S., Papathanasiou, V.,
Kosmidou, M., Caragnano, A., et al. (2021). Effects of natural and anthropogenic stressors on fucalean brown
seaweeds across different spatial scales in the Mediterranean Sea. Front. Mar. Sci. 8: 658417

Pancucci-Papadopoulou MA, Dionysios E. Raitsos, Maria Corsini-Foka, (2012). Biological invasions and climatic
warming: implications for south-eastern Aegean ecosystem functioning. Journal of the Marine Biological
Association of the United Kingdom, 2012, 92(4), 777-789. doi:10.1017/S0025315411000981

Perzia, P.; Cillari, T.; Crociata, G.; Deidun, A.; Falautano, M.; Franzitta, G.; Galdies, J.; Maggio, T.; Vivona, P.;
Castriota, L. (2023). Using Local Ecological Knowledge to Search for Non-Native Species in Natura 2000
Sites in the Central Mediterranean Sea: An Approach to Identify New Arrivals and Hotspot Areas. Biology,
12, 1158. https://doi.org/10.3390/biology12091158

Piazzi, L., Balata, D., Cecchi, E., Cinelli, F., (2003). Co-occurrence of Caulerpa taxifolia and C racemosa in the
Mediterranean Sea: interspecific interactions and influence on native macroalgal assemblages. Crypt. Alg.
24,233-243.

Piazzi, L., Ceccherelli, G., Cinelli, F., (2001). Threat to macroalgal diversity: effects of the introduced alga
Caulerpa racemosa in the Mediterranean. Mar. Ecol. Prog. Ser. 210, 149—-159.

Por, F.D., (1978). Lessepsian Migration — the influx of Red Sea Biota into the Mediterranean by way of the Suez
Canal. In: Ecological Studies, 23. Springer, Springer-Verlag, Berlin-Heidelberg-New York, pp. 228.

Ragkousis, M., Abdelali, N., Azzurro, E., Badreddine, A., Bariche, M., Bitar, G., Crocetta, F., Denitto, F., Digenis,
M., El Zrelli, R., Ergenler, A., Forti¢, A., Gerovasileiou, V., Grimes, S., Katsanevakis, S., Kogak, C.,
Licchelli, C., Loudaros, E., Mastrototaro, F., Mavri¢, B., Mavruk, S., Miliou, A., Montesanto, F., Ovalis, P.,
Pontes, M., Rabaoui, L., Sevingel, N., Spinelli, A., Tiralongo, F., Tsatiris, A., Turan, C., Vitale, D., Yalgin,
F., Yapici, S., & Zenetos, A. (2020). New Alien Mediterranean Biodiversity Records (October 2020).
Mediterranean Marine Science, 21(3), 631-652.

Ragkousis, M.; Sini, M.; Koukourouvli, N.; Zenetos, A.; Katsanevakis, S. (2023). Invading the Greek Seas:
Spatiotemporal Patterns of Marine Impactful Alien and Cryptogenic Species. Diversity, 15, 353.

32


https://doi.org/10.3390/

Raitsos DE, Beaugrand G, Georgopoulos D, Zenetos A, Pancucci-Papadopoulou AM, Theocharis A,
Papathanassiou E (2010). Global climate change amplifies the entry of tropical species into the Eastern
Mediterranean Sea. Limnol. Oceanogr., 55(4), 2010, 1478—1484

Rizzo, L.; Pusceddu, A.; Stabili, L.; Alifano, P.; Fraschetti, S. (2017). Potential effects of an invasive seaweed
(Caulerpa cylindracea, Sonder) on sedimentary organic matter and microbial metabolic activities. Sci. Rep.,
7,12113.

Rizzo, L.; Pusceddu, A.; Bianchelli, S.; Fraschetti, S. (2020). Potentially combined effect of the invasive seaweed
Caulerpa cylindracea (Sonder) and sediment deposition rates on organic matter and meiofaunal assemblages.
Mar. Environ. Res. 159, 104966.

Selig, E.R., Turner, W.R., Troeng, S., Wallace, B.P., Halpern, B.S., Kaschner, K., Lascelles, B.G., Carpenter,
K.E., Mittermeier, R.A., (2014). Global priorities for marine biodiversity conservation. PLoS One 9, €82898.

Sghaier, Y.R., Zakhama-Sraieb, R., Benamer, 1., and Charfi-Cheikhrouha, F. (2011). Occurrence of the seagrass
Halophila stipulacea (Hydrocharitaceae) in the southern Mediterranean Sea. Bot. Mar. 54: 575-582.

Soyer J (1970) Bionomie benthique du plateau continental de la cote catalane francaise. III. Les peuplements de
copépodes harpacticoides (Crustacea). Vie Milieu 21:337.

Stabili, L., Rizzo, L., Basso, L., Marzano, M., Fosso, B., Pesole, G., et al. (2020). The microbial community
associated with Rhizostoma pulmo: Ecological significance and potential consequences for marine organisms
and human health. Mar. Drugs 18 (9), 1- 24. doi: 10.3390/MD18090437

Thessalou-Legaki M., O. Aydogan, P. Bekas, G. BILGE, Y.O. Boyaci, E. Brunelli, V. Circosta, F. Crocetta, F.
Durucan, M. ERDEM, A. Ergolavou, H. FILIZ, F. Fois, E. Gouva, K. Kapiris, S. Katsanevakis, Z. Kljaji¢,
E. Konstantinidis, G. Konstantinou, D. Koutsogiannopoulos, S. Lamon, V. Maci¢, R. Mazzette, D. Meloni,
A. Mureddu, 1. Paschos, C. Perdikaris, F. Piras, D. Poursanidis, A.A. Ramos-Espla, A. Rosso, P. Sordino, E.
Sperone, A. Sterioti, E. Tagkin, F. Toscano, S. Tripepi, L. Tsiakkiros, A. Zenetos, (2012). New
Mediterranean Biodiversity Records (December 2012). Medit. Mar. Sci., 13/2, 2012, 312-327

Thresher, RE., (2000). Key threats from marine bioinvasions: a review of current and future issues. p. 24-34. In:
Marine bioinvasions: Proceedings of a conference January 24-27, 1999. MIT Sea Grant College Program.
Pederson, J. (Ed.).

Tsiamis, K., Aydogan, 0, Bailly, N., Balistreri, P., Bariche, M., Carden-Noad, S., Corsini-Foka, M., Crocetta, F.,
Davidov, B., Dimitriadis, C., Dragicevi¢, B., Drakuli¢, M., Dul¢i¢, J., Escanez, A., Fernandez-Alvarez, F.,
Gerakaris, V., Gerovasileiou, V., Hoffman, R., Izquierdo-Gémez, D., Izquierdo-Muiioz, A., Kondylatos, G.,
Latsoudis, P., Lipej, L., Madiraca, F., Mavri¢, B., Parasporo, M., Sourbés, L., Taskin, E., Tirker, A., &
Yapici, S. (2015). New Mediterranean Biodiversity Records (July 2015). Mediterranean Marine Science,
16(2), 472-488. https://doi.org/10.12681/mms.1440

Tsiamis Konstantinos, Argyro Zenetos, Ivan Deriu, Eugenio Gervasini, Ana Cristina Cardoso, (2018). The native
distribution range of the European marine non-indigenous species. Aquatic Invasions (2018) Volume 13,
Issue 2: 187-198

Tsiamis K, Azzurro E, Bariche M, et al. (2020). Prioritizing marine invasive alien species in the European Union
through horizon scanning. Aquatic Conserv: Mar Freshw Ecosyst. 2020; 30:794-845.
https://doi.org/10.1002/aqc.3267

33



Tsirintanis, K.; Sini, M.; Ragkousis, M.; Zenetos, A.; Katsanevakis, S. (2023). Cumulative Negative Impacts of
Invasive Alien Species on Marine Ecosystems of the Aegean Sea. Biology, 12, 933.
https://doi.org/10.3390/biology 12070933

Ulman, A., Ali, F.Z., Harris, H.E., Adel, M., Al Mabruk, S.A.A. et al.(2022). Lessons from the Western Atlantic
Lionfish Invasion to Inform Management in the Mediterranean. Frontiers in Marine Sciences, 9, 865162

Verlaque, M., Fritayre, P., (1994). Modification des communaute’s algales méditerranéennes en presence de
I’algue envahissante Caulerpla taxifolia (Vahl) C. Agardh. Oceanologia acta 17, 659—-672.

Verlaque, M., Durand, C., Huisman, J.M., Boudouresque, C.F., Le Parco, Y., (2003). On the identity and origin
of the Mediterranean invasive Caulerpla racemosa (Caulerpales, Chlorophyta). Eur. J. Phycol. 38, 325-339.

Verlaque, M., Afonso-Carrillo, J., Candelaria Gil-Rodriguez, M., Durand, C., Boudouresque, C.F., Le Parco, Y.,
(2004). Blitzkrieg in a marine invasion: Caulerpla racemosa var cylindracea (Bryopsidales, Chlorophyta)
reaches the Canary Islands. Biol. Inv. 6, 269-281.

Vila, M., Basnou, C., Pysek, P., Josefsson, M., Genovesi, P. et al.(2010). How well do we understand the impacts
of alien species on ecosystem services? A pan-European, cross-taxa assessment. Frontiers in Ecology and
the Environment, 8 (3), 135-144.

Villéle, de X., Verlaque, M., (1995). Changes and degradation in a Posidonia oceanica bed invaded by the
introduced tropical alga Caulerpa taxifolia in the northwestern Mediterranean. Bot. Mar. 38, 79-87.

Wallentinus I, Nyberg CD (2007). Introduced marine organisms as habitat modifiers. Marine Pollution Bulletin
55:323-332, https://doi.org/10.1016/j.marpolbul.2006.11.010

Wilcox, C.L., Motomura, H., Matsunuma, M., Bowen, B.W., (2017). Phylogeography of lionfishes (Pterois)
indicate taxonomic over splitting and hybrid origin of the invasive Pterois volitans. Journal of Heredity, 109
(2), 162-175.

Wilcox, M., DiBacco, C., Sardelis, S., McKenzie, C., Howland, K., Therriault, T.W. (2024) A framework for the
development of defensible and fit-for-purpose priority lists for non-indigenous species. Management of

Biological Invasions, 15(4), 635-656,

Yal¢in, M. G., Mutlu, E., Olguner, C., Atakoglu, 0. 0., Bat, L., & Ozkan, E. Y. (2023). Spatial geochemical
structure of soft sediment on shallow littoral of the Gulf of Antalya, the eastern Mediterranean Sea. Marine

Pollution Bulletin, 193, 115155.

Yelekci O, Ibello V, Fach B, Kucuksezgin F, Yumruktepe C, Sayin E, Salihoglu B, Tugrul S (2021). Assessing
the impact of nutrient loads on eutrophication in thesemi-enclosed Izmir Bay combining observations and
coupled hydrodynamic-ecosystem modelling. MeditMar Sci 22(3), 677—696.

Yokes, B., Galil, B., (2006). The first record of the needlespined urchin Diadema setosum (Leske, 1778)

(Echinodermata: Echinoidea: Diadematidae) from the Mediterranean Sea. Aquatic Invasions, 1 (3), 188-190.

Zenetos, A., Cinar, M., Pancucci-Papadopoulou, M., Harmelin, J., Furnari, G., Andaloro, F., Bellou, N., Streftaris,

N., & Zibrowius, H. (2005). Annotated list of marine alien species in the Mediterranean with records of the

worst invasive species. Mediterranean Marine Science, 6(2), 63—118. https://doi.org/10.12681/mms.186

Zenetos, A., Gofas, S., Verlaque, M., Cinar, M., Garcia Raso, J., Bianchi, C., Morri, C., Azzurro, E., Bilecenoglu,
M., Froglia, C., Siokou, I., Violanti, D., Sfriso, A., San Martin, G., Giangrande, A., Katagan, T., Ballesteros,
E., Ramos-Espla, A., Mastrototaro, F., Ocana, O., Zingone, A., Gambi, M., Streftaris, N. (2010). Alien

species in the Mediterranean Sea by 2010. A contribution to the application of European Union’s Marine

34


https://doi.org/10.1016/j.marpolbul.2006.11.010
https://doi.org/10.12681/mms.186

Strategy Framework Directive (MSFD). Part 1. Spatial distribution. Mediterranean Marine Science, 11(2),
381. https://doi.org/10.12681/mms.87

Zenetos, A., Cinar, M.E., Crocetta, F., Golani, D., Rosso, A., Servello, G., Shenkar, N., Tibiri¢a, Y., and Yokes,
M.B. (2011). "Alien species in the Mediterranean Sea by 2010. A contribution to the application of European
Union’s Marine Strategy Framework Directive (MSFD). Part I. Spatial distribution." Mediterranean Marine
Science, 12(2), 381-493.

Zenetos, A., Gofas, S., Morri, C., Rosso, D., Violanti, D., Garcia Raso, J.E., Cinar, E., Almogi-Labin, A., Ates,
A.S., Azzurro, E., et al. (2012). Alien species in the Mediterranean Sea by 2012. A contribution to the
application of European Union’s marine Strategy framework directive (MSFD). Part 2. Introduction trends
and pathways. Mediterr. Mar. Sci. 13: 328-352.

Zenetos A., Cinar M.C., Crocetta F., Golani D., Rosso A., Servello G., Shenkar N., Turon A., Verlaque M.,
(2017a). Uncertainties and validation of alien species catalogues: The Mediterranecan as an example.
Estuarine, Coastal and Shelf Science 191 (2017) 171e187

Zenetos A, Liami A, Xentidis NJ, Corsini-Foka M. (2017b). Marine Alien Species at Pserimos Island (Greece):
census with the help of citizen scientists. Journal of the Marine Biological Association of the United
Kingdom, 97(3), 629-634. doi:10.1017/S0025315417000418

Zenetos, A. and Galanidi, M. (2020). Mediterranean nonindigenous species at the start of the 2020s: recent
changes. Mar. Biodiv. Rec. 13: 10.

Zenetos, A.; Karachle, P.K.; Corsini-Foka, M.; Gerovasileiou, V.; Simboura, N.; Xentidis, N.J.; Tsiamis, K.
(2020). Is the trend in new introductions of marine non-indigenous species a reliable criterion for assessing
good environmental status? The case study of Greece. Mediterr. Mar. Sci. 21, 775-793.

Zenetos, A., Albano, P. G., Lopez Garcia, E., Stern, N., Tsiamis, K., Galanidi, M. (2022). Established non-
indigenous species increased by 40% in 11 years in the Mediterranean Sea. Medit. Mar. Sci. 23(1), 196-212.
https://doi.org/10.12681/mms.29106

Zenetos, A., Dogan, A., Bakir, A.K., Chatzigeorgiou, G., Corsini-Foka, M., Dagli, E., Evangelopoulos, A., Merig,
E., Stoumboudi, M., Taskin, E., Yokes, M.B., Galanidi, M. (2025). Non-Indigenous Species (NIS) Know No
Geopolitical Borders—An Update of NIS in the Aegean Sea. Diversity, 17(1), 12.
https://doi.org/10.3390/d17010012

Zuljevic, A., Thibaut, T., Despalatovic, M., Cottalorda, J.M., Nikolic, V., Cvitkovic, I., and Antolic, B. (2011).
Invasive alga Caulerpa racemosa var. cylindracea makes a strong impact on the Mediterranean sponge
Sarcotragus spinosulus. Biol. Invasions 13: 2303-2308.

Zuljevic, A., Antolic, B., Nikolic, V., Despalatovic, M., and Cvitkovic, I. (2012). Absence of successful sexual

reproduction of Caulerpa racemosa var. cylindracea in the Adriatic Sea. Phycologia 51: 283-286.

35


https://doi.org/10.3390/d17010012

Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

e AlienSppBiodiveristAgeanBAA.SUPP.docx


https://assets-eu.researchsquare.com/files/rs-8392789/v1/3bf8aa42cbbd0dea29d62ae5.docx

