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Abstract 

This study focused on the diet and feeding habits of the invasive pufferfish Lagocephalus sceleratus in the coastal waters of 
Crete (Cretan and Libyan Sea, eastern Mediterranean). The diet was composed of a wide variety of organisms, while the number 
of specimens with empty gastrointestinal tracts was low (14.41%). In total we were able to identify 38 different species of fish and 
invertebrates within the tracts analysed. Fish were the main diet component, followed by crustaceans and mollusks (mostly gastro‑
pods and cephalopods). At family level, the most significant preys were Sparidae and Mullidae teleosts, along with Cavoliniidae 
gastropods. The trophic level of L. sceleratus was estimated to be 4.13. The trophic niche breadth was intermediate, whereas the L. 
sceleratus population exhibits a mixed feeding strategy. Spatiotemporal differences in diet composition were also identified. The 
application of generalized additive models (GAMs) revealed that depth at which the fish were captured, season, region and total 
length, were significant predictors of the probability of occurrence of its most frequent prey groups. Fish prey occurrence was more 
probable in autumn and summer and at circa 20‑25 m depth. In contrast, the probability of consuming crustaceans was higher in 
spring and winter and in specimens measuring 450‑500 mm in length, and lower at 20‑25 m, whilst increasing until a maximum at 
40 m. The probability of non‑cephalopod mollusks consumption was higher in winter and in the Libyan Sea, as well as at greater 
depths. Fish size had a significant effect on the likelihood of consuming photosynthetic organisms (algae and seagrass) and cepha‑
lopods, which was higher in larger fish. This study presents further evidence of the negative impact of L. sceleratus on the fisheries 
sector, revealing both predation on commercial species and the ingestion of various fishing gear parts.

Keywords: Lagocephalus sceleratus; diet; trophic level; binomial GAMs.

Introduction

Human‑mediated species introductions are acceler‑
ating all over the world, and the Mediterranean Sea is 
especially at risk, as a major hotspot of marine bioinva‑
sions (Kalogirou et al., 2012; Farrag et al., 2015). The 
Suez Canal is the primary entry point of non‑indigenous 
species into this region (Galil, 2023). The opening of this 
canal in 1869 set off an ongoing process of colonization 
(Carpentieri et al., 2009; Bal & Khan, 2022). Commonly 
called Lessepsian migration, a term coined by Por (1978), 
this phenomenon has caused a dramatic change in the 
fauna of the Levantine basin and, to a certain extent, the 
entire Mediterranean (Papaconstantinou, 1990; Albano et 
al., 2021; Gabel et al., 2022).

Lagocephalus sceleratus (Gmelin, 1789), commonly 
known as the silverstripe blaasop or silver‑cheeked toad‑

fish (Jribi & Bradai, 2012; Özbek et al., 2017), is among 
the rapidly expanding Lessepsian invaders. Originating 
from the Red Sea, the Indian and the Pacific Ocean (Smith 
& Heemstra, 1986), this pufferfish was first recorded in 
the Mediterranean Sea in 2003 (Akyol et al., 2005). Since 
then, it has significantly extended its range, now span‑
ning the Black Sea and most Mediterranean subregions, 
recently reaching the Strait of Gibraltar (Azzurro et al., 
2020). Its expansion and establishment are aided by its 
unique biological and ecological aspects, such as repro‑
duction at an early age, the ability to compete with native 
top predators and the lack of predatory control (Ulman 
et al., 2021a). It is likely that rising sea temperatures are 
likewise enhancing its further dispersal (Jribi & Bradai, 
2012; Coro et al., 2018). 

L. sceleratus is one of the largest members of the fam‑
ily Tetraodontidae (Kasapidis et al., 2007; Michailidis, 
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2010) and is found mainly at depths from 18 to 100 m, in 
a wide range of habitats, including sandy and muddy bot‑
toms, rocky substrates, and seagrass meadows (Yaglioglu 
et al., 2011; Ulman et al., 2021a; Ulman et al., 2021b). 
It is regarded as a generalist carnivore with a broad and 
diversified diet (Boustany et al., 2015), mainly consisting 
of crustaceans, fish, cephalopods, and other mollusksmol‑
luscs (Sabrah et al., 2006; Rousou et al., 2014; Boustany 
et al., 2015). 

The silver-cheeked toadfish is considered as one of the 
Mediterranean’s worst 100 invasive species (Streftaris & 
Zenetos, 2006), as it negatively affects native biodiversi‑
ty, local fisheries, and human health (Ünal et al., 2015; 
Ulman et al., 2021a; Ulman et al., 2022; Christidis et al., 
2024; Ulman et al., 2024). Most importantly, the invasion 
of L. sceleratus has raised public health awareness as its 
consumption has led to many cases of food‑poisoning, 
some of which were lethal (Kalogirou, 2013; Ben Sou‑
issi et al., 2014; Ünal et al., 2015; Özbek et al., 2017; 
Galanidi et al., 2018; Kleitou et al., 2018; Abd Rabou, 
2019). These poisoning cases are attributed to the inges‑
tion of tetrodotoxin (TTX), a potent highly stable neuro‑
toxin contained in the tissues of pufferfish species, which 
has no known antidote (Moczydlowski, 2013). Moreo‑
ver, some rare incidents of attacks and bites on bathers 
by this species pose another safety threat (Galanidi et al., 
2018; Ulman et al., 2024). Additionally, fishers operating 
in the eastern Mediterranean have reported that the sil‑
ver-cheeked toadfish has major socio-economic impacts 
on small-scale fisheries (Ünal & Bodur, 2017; Abd Ra‑
bou, 2019; Christidis et al., 2024). Pufferfish can damage 
nets and longlines with their strong beak‑like teeth, dur‑
ing feeding on prey caught by fishing gears (Nader et al., 
2012; Boustany et al., 2015). Such pufferfish-fisheries 
interactions lead to catch losses and extra costs for gear 
replacement (Ünal et al., 2015; Christidis et al., 2022; 
Christidis et al., 2024). Lastly, fishers presume that this 
species is a major contributor to the reduction of local 
stocks of commercial cephalopods through predation 
(Nader et al., 2012).

Several studies have investigated the diet composition 
of the silver-cheeked toadfish in the eastern Mediterra‑
nean (e.g., Michailidis, 2010; Aydin, 2011; Kalogirou, 
2013; Boustany et al., 2015; Hammoud & Salama, 2016; 
Hussain et al., 2020; Ulman et al., 2021b; Ersönmez et 
al., 2023). Nonetheless, only few of them have managed 
to identify preys to family and species level (Hussain et 
al., 2020; Ulman et al., 2021b; Gabel et al., 2022; Ersön‑
mez et al., 2023). In Crete (southern Greece), this species 
was first recorded in 2005 (Kasapidis et al., 2007), and 
today it is widespread throughout the waters surrounding 
the island (Christidis et al., 2022), where it is a recur‑
rent bycatch and often reported to practice depredation 
(Christidis et al., 2024). However, so far, no research has 
focused on its feeding habits in this area. Generally, inva‑
sive species can disrupt native food webs (Gallardo et al., 
2016), and since L. sceleratus might be a top predator in 
the Mediterranean (Ulman et al., 2021b), the investiga‑
tion of predator‑prey interactions is essential in order to 
elucidate the ecological and economic impacts of this spe‑

cies. Moreover, gut content analysis and diet studies al‑
low us to document a fish’s prey spectrum and the trophic 
relationships in which they are involved (Devi & Sivan, 
2017). This research attempts to investigate aspects of L. 
sceleratus feeding ecology in the coastal waters of Crete, 
i.e., diet composition, trophic level and feeding strategy. 
For the first time, binomial generalized additive models 
were also utilized for this species in order to investigate 
the factors influencing the probability of predation on dif‑
ferent prey groups.

Materials and Methods

Sample collection

The collection of an adequate number of fish to carry 
out an analysis of diet composition proved to be a difficult 
task, mainly due to the recent alternations in fishing tactics 
of the Cretan fishers in order to avoid L. sceleratus and the 
associated gear and catch damages caused by this species 
(Christidis et al., 2024). During our extended sampling 
period (June 2017 to October 2022), the number of spec‑
imens collected each year was low, especially during the 
winter months (Table S1). Consequently, the analysis of 
L. sceleratus diet was performed after pooling all data ir‑
respective of year. Pooling data over broad temporal scales 
(years, months) integrates temporal heterogeneity and the 
results of the analysis present average conditions. 

In total, 236 specimens of L. sceleratus were analysed. 
Out of these, 204 specimens were collected onboard the 
commercial fishing fleet and 32 from samplings carried out 
with experimental fishing gears (handlines, fishing rods) in 
the seas around Crete (107 and 129 specimens from the 
Cretan Sea and Libyan Sea, respectively) (Fig. 1). Fish‑
ing depth ranged from 1.5 to 60 m.

Collected specimens were dissected after recording 
their total length (TL, mm), total weight (TW, g) and evis‑
cerated weight (EW, g). TL ranged from 145 to 787 mm 
and TW from 36.7 to 4910 g. The sex of the specimens 
was identified macroscopically (Christidis et al., 2021), 
resulting in a sample of 112 males and 124 females. 

Laboratory analysis

The gastrointestinal tracts of the specimens were 
weighed and dissected. This species lacks a stomach that 
is well-separated from the intestine, given that pufferfish 
stomachs do not have a digestive function, being primari‑
ly used for inflation for defence purposes (Wilson & Cas‑
tro, 2010). The contents were extracted from the tract and 
preys were identified macroscopically, or using a stereo‑
scope, to the lowest taxonomic level possible. They were 
then counted and weighed with a precision of 0.01 g. Fish 
otoliths, scales and cephalopod beaks aided in the identifi‑
cation. The contents were categorized into non‑food items 
(fishing gears, substrate, metal), food items (prey and 
baits) and unidentified items. Preys were further divided 
into eight groups [cephalopods, crustaceans, fish, echi‑
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noderms, non‑cephalopod mollusks (herein “mollusks”), 
photosynthetic organisms (herein “plants”), polychaetes, 
and coral fragments]. 

Data analysis

The proportion of empty stomachs was calculated for 
the entire sample and per season, using the vacuity index 
(Vi):
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weight (W%) were quantified using the equations proposed by Berg (1979), Hyslop (1980) and Cortés 

(1997), respectively: 

𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂% =  
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚ℎ 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑁𝑁𝑁𝑁% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑊𝑊𝑊𝑊% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 
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The adequacy of the collected sample size for describing the diet of the species was verified by 

computing a prey accumulation curve for the whole sample based on random addition of individuals and 

100 permutations. This computation was performed using the vegan package in R (Oksanen et al., 2022). 

Prey accumulation curves indicate a sufficient sample size when an asymptote is reached, demonstrating 

that the cumulative number of identified prey taxa (y-axis) stabilizes as the cumulative number of 

examined stomachs increases. 

The trophic niche breadth of the population was calculated using Levin’s standardized index (BA), 
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𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑁𝑁𝑁𝑁% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑊𝑊𝑊𝑊% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

The significance of each prey in the diet of L. sceleratus was expressed through the index of 

relative importance IRI and the IRI%, calculated by the equations proposed by Hacunda (1981): 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼 =  (N% +  W%) ∗  FO% 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼% =  
IRI
∑𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼

∗ 100 

The adequacy of the collected sample size for describing the diet of the species was verified by 

computing a prey accumulation curve for the whole sample based on random addition of individuals and 

100 permutations. This computation was performed using the vegan package in R (Oksanen et al., 2022). 

Prey accumulation curves indicate a sufficient sample size when an asymptote is reached, demonstrating 

that the cumulative number of identified prey taxa (y-axis) stabilizes as the cumulative number of 

examined stomachs increases. 

The trophic niche breadth of the population was calculated using Levin’s standardized index (BA), 

as proposed by Hurlbert (1978):  

𝐵𝐵𝐵𝐵 =  
1

∑𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗2
 

𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴 =  
𝐵𝐵𝐵𝐵 − 1
𝑛𝑛𝑛𝑛 − 1

 

he significance of each prey in the diet of L. scel-
eratus was expressed through the index of relative im‑
portance IRI and the IRI%, calculated by the equations 
proposed by Hacunda (1981):

(herein “mollusks”), photosynthetic organisms (herein “plants”), polychaetes, and coral fragments].  

 

Data analysis 

The proportion of empty stomachs was calculated for the entire sample and per season, using the 

vacuity index (Vi): 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖% =  
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠

∗ 100 

For each prey, the frequency of occurrence (FO%) and its contribution in numbers (N%) and 

weight (W%) were quantified using the equations proposed by Berg (1979), Hyslop (1980) and Cortés 

(1997), respectively: 

𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂% =  
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚ℎ 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑁𝑁𝑁𝑁% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑊𝑊𝑊𝑊% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

The significance of each prey in the diet of L. sceleratus was expressed through the index of 

relative importance IRI and the IRI%, calculated by the equations proposed by Hacunda (1981): 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼 =  (N% +  W%) ∗  FO% 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼% =  
IRI
∑𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼

∗ 100 

The adequacy of the collected sample size for describing the diet of the species was verified by 

computing a prey accumulation curve for the whole sample based on random addition of individuals and 

100 permutations. This computation was performed using the vegan package in R (Oksanen et al., 2022). 

Prey accumulation curves indicate a sufficient sample size when an asymptote is reached, demonstrating 

that the cumulative number of identified prey taxa (y-axis) stabilizes as the cumulative number of 

examined stomachs increases. 

The trophic niche breadth of the population was calculated using Levin’s standardized index (BA), 

as proposed by Hurlbert (1978):  

𝐵𝐵𝐵𝐵 =  
1

∑𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗2
 

𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴 =  
𝐵𝐵𝐵𝐵 − 1
𝑛𝑛𝑛𝑛 − 1

 

The adequacy of the collected sample size for describ‑
ing the diet of the species was verified by computing a 
prey accumulation curve for the whole sample based on 
random addition of individuals and 100 permutations. 
This computation was performed using the vegan pack‑
age in R (Oksanen et al., 2022). Prey accumulation curves 
indicate a sufficient sample size when an asymptote is 
reached, demonstrating that the cumulative number of 

identified prey taxa (y-axis) stabilizes as the cumulative 
number of examined stomachs increases.

The trophic niche breadth of the population was cal‑
culated using Levin’s standardized index (BA), as pro‑
posed by Hurlbert (1978): 

wh

(herein “mollusks”), photosynthetic organisms (herein “plants”), polychaetes, and coral fragments].  

 

Data analysis 

The proportion of empty stomachs was calculated for the entire sample and per season, using the 

vacuity index (Vi): 

𝑉𝑉𝑉𝑉𝑖𝑖𝑖𝑖% =  
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠

∗ 100 

For each prey, the frequency of occurrence (FO%) and its contribution in numbers (N%) and 

weight (W%) were quantified using the equations proposed by Berg (1979), Hyslop (1980) and Cortés 

(1997), respectively: 

𝐹𝐹𝐹𝐹𝑂𝑂𝑂𝑂% =  
𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑠𝑠𝑠𝑠𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡ℎ𝑠𝑠𝑠𝑠 𝑤𝑤𝑤𝑤𝑖𝑖𝑖𝑖𝑚𝑚𝑚𝑚ℎ 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑁𝑁𝑁𝑁% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

 𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑛𝑛𝑛𝑛𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

𝑊𝑊𝑊𝑊% =  
𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚 𝑖𝑖𝑖𝑖

𝑚𝑚𝑚𝑚𝑜𝑜𝑜𝑜𝑚𝑚𝑚𝑚𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜 𝑤𝑤𝑤𝑤𝑢𝑢𝑢𝑢𝑖𝑖𝑖𝑖𝑒𝑒𝑒𝑒ℎ𝑚𝑚𝑚𝑚 𝑜𝑜𝑜𝑜𝑓𝑓𝑓𝑓 𝑡𝑡𝑡𝑡𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 𝑚𝑚𝑚𝑚𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑚𝑚𝑚𝑚𝑠𝑠𝑠𝑠
∗ 100 

The significance of each prey in the diet of L. sceleratus was expressed through the index of 

relative importance IRI and the IRI%, calculated by the equations proposed by Hacunda (1981): 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼 =  (N% +  W%) ∗  FO% 

𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼% =  
IRI
∑𝐼𝐼𝐼𝐼𝑅𝑅𝑅𝑅𝐼𝐼𝐼𝐼

∗ 100 

The adequacy of the collected sample size for describing the diet of the species was verified by 

computing a prey accumulation curve for the whole sample based on random addition of individuals and 

100 permutations. This computation was performed using the vegan package in R (Oksanen et al., 2022). 

Prey accumulation curves indicate a sufficient sample size when an asymptote is reached, demonstrating 

that the cumulative number of identified prey taxa (y-axis) stabilizes as the cumulative number of 

examined stomachs increases. 

The trophic niche breadth of the population was calculated using Levin’s standardized index (BA), 

as proposed by Hurlbert (1978):  

𝐵𝐵𝐵𝐵 =  
1

∑𝑚𝑚𝑚𝑚𝑗𝑗𝑗𝑗2
 

𝐵𝐵𝐵𝐵𝐴𝐴𝐴𝐴 =  
𝐵𝐵𝐵𝐵 − 1
𝑛𝑛𝑛𝑛 − 1

 

ere B is the Levin’s measure for niche breadth, pj is the 
proportion of individuals using resource j or fraction of 
items in the diet that belong to food category j, and n is 
the number of food categories. The BA index ranges from 
0 to 1, where values 0‑0.39, 0.4‑0.6 and 0.61‑0.9 indicate 
a narrow, intermediate and broad trophic niche, respec‑
tively (Grossman, 1986). The niche breadth calculation 
was based on the numerical abundance of all identified 
prey groups. 

The feeding strategy of L. sceleratus was explored 
graphically by plotting the prey-specific abundance (A%) 
against the frequency of occurrence (FO) (Amundsen et 
al., 1996). Prey-specific abundance was calculated for 
each prey group using the following equation, proposed 
by Amundsen et al. (1996):

where Si is

where B is the Levin’s measure for niche breadth, pj is the proportion of individuals using resource j or 

fraction of items in the diet that belong to food category j, and n is the number of food categories. The BA 

index ranges from 0 to 1, where values 0-0.39, 0.4-0.6 and 0.61-0.9 indicate a narrow, intermediate and 

broad trophic niche, respectively (Grossman, 1986). The niche breadth calculation was based on the 

numerical abundance of all identified prey groups.  

The feeding strategy of L. sceleratus was explored graphically by plotting the prey-specific 

abundance (A%) against the frequency of occurrence (FO) (Amundsen et al., 1996). Prey-specific 

abundance was calculated for each prey group using the following equation, proposed by Amundsen et al. 

(1996):   

𝐴𝐴𝐴𝐴% =  
𝛴𝛴𝛴𝛴𝑆𝑆𝑆𝑆𝑖𝑖𝑖𝑖
𝛴𝛴𝛴𝛴𝑆𝑆𝑆𝑆𝑡𝑡𝑡𝑡

∗ 100 

where Si is the tract content (number) composed by prey group i, and St is the total tract content only in 

predators with prey group i in their tracts. The feeding strategy is represented on the vertical axis of the 

plot, where a predator can be characterized as specialist if some points are located in the upper part, or as a 

generalist if all points are located in the lower part of the plot. Additionally, the diagonals of the plot 

provide information on prey importance and phenotypic contribution to niche width. Specifically, points in 

the lower left corner indicate rare or unimportant prey, while points in the upper right corner indicate 

dominant prey. Points in the upper left corner suggest that some individuals of the predator population 

specialize in specific prey, and points in the upper right corner indicate specialization of the whole 

population in specific prey.     

 The trophic level for L. sceleratus was estimated using the dietr package in R, with the DietTroph 

function (Borstein, 2020). This estimation was based on the weight contribution of each prey group, in 

190 of our specimens with non-bait food items. We used the default trophic levels of our broad taxonomic 

prey groups (fish, cephalopods, mollusks, crustaceans, corals, echinoderms, polychaetes, and plants) 

available in dietr through the FishBasePreyVals dataset. Food items identified as baits of hooked gears 

were excluded from all calculations.   

The probabilities of occurrence of the major prey groups (fish, crustaceans, “mollusks”, “plants” 

and cephalopods) in L. sceleratus tracts were investigated by means of generalized additive model (GAM) 

techniques (Hastie & Tibshirani, 1990). Binomial GAMs assuming a logit link function were used. The 

main advantage of GAM over traditional regression methods is its capability to model non-linear 

relationships, which is a common feature of many ecological datasets (Darbyson et al., 2003; Fleming et 

al., 2016), between a response variable and multiple explanatory variables using non-parametric 

smoothers. In the present case, the non-linear predictors included sampling depth (‘DEPTH’) and total fish 

length (‘TL’). In addition, geographical region (‘REGION’), season (‘SEASON’), sex (‘SEX’) and fishery 

 the tract content (number) composed by prey 
group i, and St is the total tract content only in predators 
with prey group i in their tracts. The feeding strategy is 
represented on the vertical axis of the plot, where a pred‑
ator can be characterized as specialist if points are located 
in the upper part, or as a generalist if points are located in 
the lower part of the plot. Anally, the diagonals of the plot 
provide information on prey importance and phenotyp‑
ic contribution to niche width. Specifically, points in the 
lower left corner indicate rare or unimportant prey, while 
points in the upper right corner indicate dominant prey. 
Points in the upper left corner suggest that some individ‑
uals of the predator population specialize in specific prey, 

Fig. 1: Sampling locations of L. sceleratus specimens.
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and points in the upper right corner indicate specializa‑
tion of the whole population in specific prey.    

 The trophic level for L. sceleratus was estimated 
using the dietr package in R, with the DietTroph func‑
tion (Borstein, 2020). This estimation was based on the 
weight contribution of each prey group, in 190 of our 
specimens with non‑bait food items. We used the default 
trophic levels of our broad taxonomic prey groups (fish, 
cephalopods, mollusks, crustaceans, corals, echinoderms, 
polychaetes, and plants) available in dietr through the 
FishBasePreyVals dataset. Food items identified as baits 
of hooked gears were excluded from all calculations.  

The probabilities of occurrence of the major prey 
groups (fish, crustaceans, “mollusks”, “plants” and ceph‑
alopods) in L. sceleratus tracts were investigated by 
means of generalized additive model (GAM) techniques 
(Hastie & Tibshirani, 1990). Binomial GAMs assuming 
a logit link function were used. The main advantage of 
GAM over traditional regression methods is its capabili‑
ty to model non‑linear relationships, which is a common 
feature of many ecological datasets (Darbyson et al., 
2003; Fleming et al., 2016), between a response variable 
and multiple explanatory variables using non‑parametric 
smoothers. In the present case, the non‑linear predictors 
included sampling depth (‘DEPTH’) and total fish length 
(‘TL’). In addition, geographical region (‘REGION’), 
season (‘SEASON’), sex (‘SEX’) and fishery type (‘CR’) 
from which the specimens had been collected – either 
commercial or recreational/experimental – were entered 
as factors into the models. The smoother function used for 
the non‑linear predictors was a penalized cubic regression 
spline and model fitting was accomplished using the mgcv 
library (Wood, 2017) in the R language environment. The 
procedure automatically selects the degree of smoothing 
based on the generalized cross‑validation score, which is 

a proxy of the model’s predictive performance. Moreo‑
ver, the “select = TRUE” option was used, which shrinks 
to 0 any spurious model terms, indicating that they should 
not be included in the model. In order to avoid dubious 
relationships regarding depth and total length, the model 
was constrained to be at maximum a quartic relationship 
for those variables. Hence, the maximum degrees of free‑
dom for the relevant smoothing terms, measured as the 
number of knots (k), was set to 4 (i.e., k=5 in the GAM 
formulation).

Results

Prey accumulation curve

The prey accumulation curve presented in Figure 2 
shows that no asymptote is reached, indicating that the 
collected sample size is inadequate to describe the full 
range of the L. sceleratus diet. However, when consider‑
ing only prey with IRI > 0.1%, an asymptote is reached at 
approximately 110 specimens.

Diet composition and feeding habits

From the 236 tracts examined, the vacuity index 
was 14.41%, while it varied throughout the year (4.48% 
in spring, 23.53% in summer, 16.18% in autumn and 
17.91% in winter). In total, 1090 items (total weight 
3377.22 g) were found, consisting mainly of food (990 
items weighting 3273.30 g), whereas non‑food (81 
items, total weight 88.04 g) and unidentified (19 items, 
total weight 15.96 g) items were also recorded. Moreo‑
ver, in two tracts only the baits were found, eight tracts 

Fig. 2: Cumulative prey curves of L. sceleratus in Crete coastal waters. Red line represents the curve using all prey found within 
the tracts, whereas the blue line represents the curve using only prey with IRI >0.1%.
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contained only non‑food items, such as parts of sub‑
strate and a small square piece of metal (one tract), and 
in another two, only unidentified items were found. Re‑
garding the non-food items, identified parts of substrate 
were mainly grains of sand (43.20% of total substrate 
weight), followed by stones (5.08%), pebbles (1.74%) 
and fragments of Foraminifera tests (external shells) 
(0.04%). Fishing gears found were mainly pieces of net 
(84.62% of the total number of fishing gears record‑
ed), hooks (12.82%) and lines (2.56%) (Table 1). The 
highest percentage of fishing gear was recorded in the 
tracts of specimens caught by purse seines (25.00% of 
the total purse seine specimens), followed by specimens 
caught by longlines (22.22%) and static nets (19.62%) 
(Table 2).

The general frequency of occurrence and relative im‑
portance of each prey category are presented in Table 3. 
The most important preys were fish, crustaceans, cephalo‑
pods, “mollusks”, and “plants” such as seagrasses and al‑
gae (Table 3). Overall, preys that were identified to lower 
taxonomic levels belonged to 44 families, 46 genera and 
38 species (Table S2). Based on IRI% the most important 
families were Sparidae (5.30%) and Mullidae (0.94%) 
teleosts, the Cavoliniidae gastropods (1.88%) and Oc‑
topodidae, specifically Octopus vulgaris Cuvier, 1797 
(0.44%). A notable finding was the occurrence of non-in‑
digenous species (NIS) in the diet of L. sceleratus such 
as the lionfish Pterois miles (Bennett, 1828), the yellow‑
spotted puffer Torquigener flavimaculosus Hardy & Ran‑
dall, 1983, the dusky spinefoot Siganus luridus (Rüp‑

Table 1. Frequency of occurrence (FO, %), number (N) and weight (W, g) of items found in   L. sceleratus tracts by general cat‑
egory.

Categories N of tracts FO% N W
Food Preys 190 80.50 975 3124.07

Baits 13 5.51 15 149.23
Non-food Fishing gears 36 15.25 39 65.26

Net 33 13.98 33 57.84

Line 1 0.42 1 0.11

Hook 4 1.69 5 7.31
Substrate 23 9.75 41 22.66

Sand 14 5.93 ‑ 9.79

Pebbles 4 1.69 ‑ 0.39

Stones 3 1.27 ‑ 1.15

Others* 3 1.27 ‑ 11.33
Metal 1 0.42 1 0.04

Unidentified 17 7.20 19 15.96
Empty 34 14.41 ‑ ‑
Total 1090 3377.22

*Foraminifera tests, unspecified

Table 2. Number of collected specimens and percentage of tracts in which fishing gears were found, according to the gear by 
which the specimens were caught.

Fisheries Gear N of individuals % of tracts with:

Net Line Hook

Commercial Boat seine 29 0.00 0.00 0.00

Purse seine 8 25.00 0.00 0.00

Nets 158 19.62 0.00 1.27

Longlines 9 0.00 0.00 22.22

Recreational Handlines 14 0.00 7.14 0.00

Fishing rod 16 0.00 0.00 0.00

Speargun 2 0.00 0.00 0.00
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pell, 1829), the Golani round herring Etrumeus golanii 
DiBattista, Randall & Bowen, 2012, the African blue 
swimming crab Portunus segnis (Forskål, 1775) and the 
bigfin reef squid Sepioteuthis lessoniana Lesson, 1831. 
The contribution of identified NIS to the IRI index was 
1.88%. Moreover, unidentified remains of pufferfish spe‑
cies (teeth of tetraodontids) were found in six tracts (Ta‑
ble S2). 

The Levin’s standardized index was found to be 0.4, 
indicating an intermediate niche breadth. L. scelera-

tus was found to exhibit a mixed feeding strategy with 
some individuals specializing in invertebrate preys; over‑
all, however, the entire sampled population exhibited a 
generalized feeding on fish preys (Fig. 3). The feeding 
strategy diagram (Fig. 3) reveals that the majority of L. 
sceleratus specimens in our study fed on fish, indicat‑
ing that the Cretan population specialises in this prey 
(point located above the diagonal from the upper left to 
the lower right of the figure). Small proportions of some 
prey (e.g., coral parts) were occasionally included in the 

Table 3. Frequency of occurrence (FO%), number (N), numeric percentage (N%), weight (W in g), weight percentage (W%), 
index of relative importance (IRI) and index of relative importance percentage (IRI%) of items found in L. sceleratus tracts by 
prey group. Only tracts with non‑bait prey items were considered (n = 190). Trophic level (Troph) is presented for each group.

Group Number 
of Tracts FO% N N% W W% IRI IRI% Troph*

Cephalopods 22 11.57 27 2.77 431.66 13.81 191.8 1.82 3.2

Coral 1 0.53 1 0.10 0.14 <0.10 0.05 <0.00 2.3

Crustaceans 64 33.68 157 16.10 273.59 8.76 837.28 7.92 2.5

Echinoderms 16 8.42 21 2.15 54.71 1.75 32.84 0.31 2.4

Fish 148 77.89 322 33.03 2319.27 74.24 8355.26 79.07 3.5

Mollusks 47 24.73 398 40.82 22.09 0.71 1027.04 9.72 2.6

Plants 42 22.11 47 4.82 22.44 0.72 122.49 1.16 1.0

Polychaetes 2 1.05 2 0.21 0.17 <0.1 0.22 0.00 2.1

*Values from FishBasePreyVals data frame following FishBase and TrophLab.

Fig. 3:  Feeding strategy plot of L. sceleratus. Points represent different prey types. FO: frequency of occurrence; A(%): prey-spe‑
cific abundance.
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diet of some specimens, and are therefore characterized 
as rare and unimportant (points in the lower left part). 
Finally, some individuals specialized mainly in benthic 
invertebrates, such as polychaetes and mollusksmolluscs, 
primarily gastropods and bivalves (points positioned to‑
wards the upper part). 

Across all specimens, trophic level ranged from 2.00 
± 0.00 to 4.50 ± 0.80, with the first representing the spec‑
imens that were found to feed only on seagrasses and al‑
gae, and the latter ones found to feed only on fish. The 
mean trophic level of L. sceleratus in our study was esti‑
mated to be 4.13 ± 0.69.

GAMs for the probability of occurrence of preys

The GAM for the probability of finding fish prey ex‑
plained 13.90% of total deviance and revealed that the 
effects of SEASON and DEPTH were significant (Table 
4). The probability of fish consumption was higher during 
summer and autumn. With regard to DEPTH, the proba‑
bility decreased after 20‑25 m. (Fig. 4). Meanwhile, the 
GAM fitted for crustaceans explained 14.00% of the total 
deviance and included SEASON, DEPTH and, margin‑
ally, TL as significant predictors (Table 4). The proba‑
bility of occurrence of crustaceans decreased at around 
20‑25 m and increased thereafter, peaking at 40 m. It was 

Table 4. Analysis of deviance for the GAM models for fish, crustacean, non-cephalopod mollusk (‘Mollusk’), photosynthetic 
organisms (‘Plant’) and cephalopod preys of L. sceleratus. The statistical significance of the explanatory variables of each model 
is also presented.

Explanatory variable Residual d.f Residual deviance Cumulative variance 
explained (%)

p-value

Fish prey probability 
MEAN 186.00 196.71

SEASON 183.00 182.27 7.34 0.02
REGION 182.00 182.21 7.37 0.11

SEX 181.00 181.37 7.80 0.88
CR 180.00 179.66 8.67 0.23

DEPTH 176.92 169.31 13.90 0.02
TL 176.92 169.31 13.90 0.73

Crustacean prey probability
MEAN 186.00 237.59

SEASON 183.00 225.04 5.28 0.00
REGION 182.00 225.03 5.29 0.87

SEX 181.00 217.70 8.37 0.09
CR 180.00 216.19 9.01 0.07

DEPTH 177.65 207.79 12.50 0.02
TL 176.46 204.28 14.00 0.05

Mollusk prey probability
MEAN 186.00 208.65

SEASON 183.00 198.00 5.10 0.03
REGION 182.00 185.35 11.20 0.03

SEX 181.00 182.27 12.60 0.36
CR 180.00 181.86 12.80 0.48

DEPTH 176.56 172.24 17.40 0.04
TL 176.56 172.24 17.40 0.54

Plant prey probability
MEAN 186.00 196.71

SEASON 183.00 186.81 5.03 0.25
REGION 182.00 183.06 6.94 0.07

SEX 181.00 182.46 7.24 0.07
CR 180.00 180.69 8.14 0.70

DEPTH 179.09 178.53 9.24 0.09
TL 174.03 165.09 16.10 0.02

Cephalopod prey probability
MEAN 186.00 135.47

SEASON 183.00 132.62 2.10 0.39
REGION 182.00 126.42 6.68 0.12

SEX 181.00 126.38 6.71 0.92
CR 180.00 125.44 7.40 0.29

DEPTH 180.00 125.44 7.40 0.87
TL 178.13 118.36 12.60 0.02
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significantly higher in winter and spring. Additionally, 
it was slightly higher in mid‑sized specimens (circa 450 
mm) (Fig. 4). The model for non‑cephalopod mollusks 
(‘Mollusks’) had DEPTH, SEASON and REGION as 
significant predictors and explained 17.40% of total de‑
viance (Table 4). The relationship between DEPTH and 
probability of mollusk consumption was similar to that of 
crustaceans, with minimum probability at around 22 m 
and maximum at 40 m. The probability was also higher 
in winter and in the Libyan Sea (Fig. 4). The model for 
algae and seagrass (‘Plant’) explained 16.10% of devi‑
ance (Table 4), with plant consumption being higher in 
medium-sized fish as well as those measuring about 520 
mm TL (Fig. 4). Similarly, only TL was significant in the 
model for cephalopods, which explained 12.60% of total 
deviance (Table 4). The probability of cephalopod con‑
sumption was positively related to size, being maximum 
at 550 mm TL (Fig. 4).

Discussion

The analysis of tract contents showed that the diet of 
L. sceleratus is mostly composed of fish and supplement‑
ed by crustaceans and mollusks. Comparisons with results 
of previous studies carried out in the Mediterranean are 
presented in Table 5. No studies on the diet of this species 
in its native range have been found. Past studies indicate 
that the diet of L. sceleratus is highly variable, but mostly 
carnivorous, as reported for several other Tetraodontidae 
species (e.g., Tortonese, 1986; Denadai et al., 2012; Mo‑
hamad & Fadhilah, 2013; Devi & Sivan, 2017; Chartosia 
et al., 2021; Seetha et al., 2023; Ulman et al., 2023).

Our study estimated that the trophic level of L. scel-
eratus is circa 4.13. A similar estimate (4.15) has been 
reported by Ulman et al. (2021b), but a more recent study 
by Ersönmez et al. (2023) calculated an even higher 
trophic level (4.41). The silver-cheeked toadfish can thus 
be classified as a top predator in its invaded range.  

The proportion of empty tracts was overall low, peak‑

Fig. 4: Plots showing the results of the GAMs performed. Only significant predictors for each model are shown. TL: total length.
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Table 5. Contribution of the main prey categories to the diet of L. sceleratus from various locations in the Mediterranean Sea (FO= 
frequency of occurrence, W= weight contribution, V= volume contribution, IRI= index of relative importance).

Reference Sample 
size Region Fish 

(%)
Crustacea 

(%)
Mollusks

 (%)
Cephalopods 

(%)
Echinoderms 

(%)
Fishing 

Gear (%)

Akbora et al., 
2020

(FO%)
24 Cyprus (North) 43 22 14 21

Aydin et al., 2011
(W%) 656 Turkey 

(Levantine) 14 71 4

Boustany et al., 
2015

(FO%)
132 Lebanon 38 15 14 12.6

Christidis et al., 
2021

(FO%)
83 Crete, Greece 76.0 29.6 8.4 16.9 5.6

Ersönmez
  et al., 2023

(IRI%)
287 Turkey 

(Levantine) 44 54 negligible negligible negligible 10.0

Hussain et al., 
2020
(V%)

146 Ain El‑Ghazala, 
Libya 10.2 17.4 72.5

Hussain et al., 
2020
(V%)

22 Derna, Libya 100

Kalogirou 2013
(FO%) 290 Rhodes, Greece 5.2 18.6 14.5 28.6

Michailidis 2010 
(FO%) 6656 Cyprus 27 7.3 4.5 0.2 8.6

Sabrah et al., 
2006

(FO%)
174 Suez Canal 5 25 70

Torcu-Koç     et 
al., 2020
(FO%)

208 Turkey 
(Levantine) 41.2 12.3 18.7

<2%

Ulman              et 
al., 2021b

(FO%)
563 Turkey (Aegean 

and Levantine) 24 26 11
48 hooks, 
9 nets, 2 

wires

Hammoud & 
Salama 2016

(FO%)
192 Syria 46.5 5.9 12.8 17.7

This study
(FO%) 236 Crete, Greece 74.00 32.00 23.50 11.00 8.00 18.00

This study
(IRI%) 236 Crete, Greece 79.07 7.92 9.72 1.82 0.31 ‑

This study (N%) 236 Crete, Greece 33.03 16.10 40.82 2.77 2.15 ‑

This study (W%) 236 Crete, Greece 74.24 8.76 0.71 13.81 1.75 ‑
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ing in summer and gradually decreasing until spring 
when it was extremely low. The high frequency of empty 
tracts indicates low feeding intensity during this season. 
Other studies have reported similar findings (Hussain et 
al., 2020; Ulman et al., 2021b; Ersönmez et al., 2023). 
This seasonal pattern could be related to the spawning 
period, which occurs from late spring to early summer 
(Peristeraki et al., 2010, unpublished data). The lower 
feeding intensity during the spawning period could be 
due to reproductive behaviour, as pufferfishes are known 
to make benthic nests as well as guarding and caring for 
their eggs (Kawase et al., 2014; Santhanam, 2017). 

The feeding strategy plot (Fig. 3) suggests that L. 
sceleratus exhibits a mixed feeding strategy in Crete, 
with varying degrees of specialization and generalization 
on different prey types (sensu Amundsen et al., 1996). 
Although a wide variety of preys is consumed and the 
majority of the sampled population is overwhelmingly 
piscivorous, some individuals seem to specialize in mol‑
lusks or polychaetes (i.e., the prey groups in the upper left 
corner of Figure 3). A closer look at the dataset revealed 
that mollusks or polychaetes dominated (> 60%) the diet 
of a subgroup of 23 fish, ranging from 157 to 709 mm 
TL and caught during the cold months of the year (74% 
in winter, 26% in spring/autumn). Specialization in such 
low mobility preys can be attributed to a temperature ef‑
fect on L. sceleratus feeding behaviour (see below). 

The most significant fish prey families were Sparidae 
(namely Diplodus spp., Spicara spp. and Boops boops 
(Linnaeus, 1758)) and Mullidae (Mullus spp.) (Table S1). 
A previous study carried out in Crete showed that the main 
species depredated in nets and longlines were Pagrus pa-
grus (Linnaeus, 1758), Diplodus sargus (Linnaeus, 1758) 
and Mullus surmuletus Linnaeus, 1758 (Christidis et al., 
2022). As Akbora et al. (2020) have reported, the type of 
fishery from which the specimens are collected for diet 
analysis could influence the observed importance of fish 
prey, since this species often depredates on fishing gears. 
In the current study, fishing nets were frequently found 
in the tracts, with fish wrapped within them, demon‑
strating that this tetraodontid is capable of attacking the 
catch on the nets and ripping them apart. Lines and hooks 
were also found yet less frequently, possibly due to the 
ease with which hooked fish can be eaten (Boustany et 
al., 2015). Still, hooks were found not only in specimens 
caught with longlines but also in those collected by nets, 
indicating that L. sceleratus has the ability to swallow 
hooks without causing lethal harm. The fishing gear parts 
found in the tracts confirm that L. sceleratus may seri‑
ously affect coastal fisheries, depredating on fishing gears 
and damaging commercial catches and fishing gears. This 
has also been evidenced in previous studies (Michailidis, 
2010; Boustany et al., 2015; Akbora et al., 2020; Ulman 
et al., 2021b; Ersönmez et al., 2023; Christidis et al., 
2024). Small-scale fisheries in Crete seem to be particu‑
larly affected (Christidis et al., 2024). It is interesting to 
note that in our study the probability of fish ingestion was 
lower at greater depths, in accordance with the findings 
of Christidis et al. (2024), who reported that the prob‑
ability of depredation decreases with increasing depth. 

Nevertheless, in our study, fishery type did not have a 
significant effect on the probability of fish occurrence in 
the tracts (Table 4) and, therefore, we may conclude that, 
even without depredation, fish would remain the primary 
prey of L. sceleratus. More in depth analysis of species 
depredation on fishery catches in the Mediterranean Sea 
is required.

Algae and seagrass were frequently found among the 
prey items of L. sceleratus, while similar results have 
been reported from Cyprus (Michailidis et al., 2010). Sea‑
grass and specific algal substrates often serve as habitats 
for small fish and benthic crustaceans which are poten‑
tial preys of L. sceleratus. Therefore, it remains unclear 
whether the silver-cheeked toadfish is intentionally assim‑
ilating plant material or if this is simply an unintentional 
act during prey capture. In this study, approximately 10% 
of the tracts contained parts of substrate (pebbles, sand, 
stones), indicating that this species ingests a variety of 
non-food items, likely acquired while digging on the bot‑
tom to feed on benthic organisms (Ulman et al., 2021b).

With regard to overall mollusks, gastropods were 
the most frequent preys, with the family Cavoliniidae 
being the most important. However, cephalopods were 
also found, with the main prey being Octopus vulgar-
is (Table S1). In Crete, this species is often depredated 
by L. sceleratus from nets (Christidis et al., 2022). In 
some other regions of the eastern Mediterranean, fishers 
claim that the expansion of the silver-cheeked toadfish 
has been causing a decline in squid and octopus popula‑
tions (Michailidis, 2010; Kalogirou, 2013; Ünal & Bo‑
dur, 2017). Although not as high as in previous studies 
(e.g., Sabrah et al., 2006; Kalogirou, 2013; Hussain et al., 
2020), the FO of cephalopods (11.57%) in this study may 
support this allegation. However, multiple factors can 
influence cephalopod stocks. For instance, there is evi‑
dence that the increase in sea temperature due to climate 
change may be provoking a decline in octopus popula‑
tions (Vargas‑Yáñez et al., 2009). A direct contribution 
of L. sceleratus predation to the decline of cephalopod 
populations should be further investigated. 

It is worth noting that prey items of L. sceleratus rap‑
idly transform into digested items and lose their visually 
identifiable characteristics (Ulman et al., 2021b), making 
it difficult to identify preys to low taxonomic levels un‑
less they have been eaten recently. This potentially intro‑
duces a bias in diet composition with taxa having hard 
parts, such as bones, otoliths, cephalopod beaks, or shells 
being overrepresented. Still, the results confirm the op‑
portunistic predator profile of L. sceleratus, given that 38 
species, 46 genera and 44 families were identified during 
the tract content analysis.

In this study, various NIS were identified in the diet of 
L. sceleratus i.e., the teleost species P. miles, T. flavimac-
ulosus, E. golanii and S. luridus, as well as the decapod P. 
segnis and the squid S. lessoniana. These preys occurred 
in 4.66% of the tracts analysed and made up 6.23% of to‑
tal prey weight. Previous studies conducted in the eastern 
Mediterranean found that NIS are a significant component 
of the diet of L. sceleratus and concluded that this puffer‑
fish may control other NIS populations through predation 
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(Chaikin et al., 2023; Ulman et al., 2021b). However, in 
our study, the occurrence and quantity of NIS prey were 
substantially lower compared to those of indigenous prey, 
suggesting that predation pressure from L. sceleratus is 
mostly exerted on indigenous preys, and thus may not be 
sufficient to control other NIS populations through top-
down regulation. Although cannibalistic tendencies have 
been observed in the native range of the species and the 
Mediterranean Sea (Ulman et al., 2021b; Ersönmez et al., 
2023), this study does not provide any direct confirma‑
tion of cannibalism. However, cannibalism incidents can‑
not be excluded, as the pufferfish teeth found in six tracts, 
unidentified to lower taxonomic level, might belong to L. 
sceleratus specimens. Furthermore, Cretan fishers men‑
tion that the species predate on dead discarded specimens 
of L. sceleratus (personal communication).

Although Ulman et al. (2021b) found that prey com‑
position did not differ significantly between juvenile and 
adult specimens, our models show that fish size, which 
is directly related to maturity attainment, has a signifi‑
cant effect on the consumption of crustaceans, plants 
and cephalopods, with these groups being preferred by 
larger individuals. Similarly, Hussain et al. (2020) found 
an increasing dependence on a crustacean‑based diet 
with fish growth, and Kalogirou (2013) showed that 
large‑sized L. sceleratus shift to molluscivorous feeding, 
heavily preying on Sepia officinalis Linnaeus, 1758 and 
Octopus vulgaris. The latter authors suggested that such 
an ontogenetic diet shift is possibly related to a habitat 
change, which happens when fish reach first maturity, i.e., 
early‑life stages tend to concentrate on sandy bottoms, 
whereas mature specimens switch to seagrass meadows. 
Additionally, the suggested diet shift to large‑sized preys, 
such as cephalopods and crabs, could be attributed to 
morphological changes, as older fish have bigger mouths, 
and are better equipped for crushing and ingesting large 
prey (Hussain et al., 2020).

In the GAMs models, sampling area (i.e., Cretan or 
Libyan Sea) was a significant predictor only of the prob‑
ability of mollusks consumption. Specifically, mollusks 
were consumed more frequently in the Libyan Sea com‑
pared to the Cretan Sea (Fig. 4). A previous work focusing 
on the toxicity of L. sceleratus in Crete showed that the 
TTX concentration in pufferfish tissues was substantial‑
ly higher in the Libyan Sea compared to the Cretan Sea 
(Christidis et al., 2021). It is noteworthy that some mol‑
lusk taxa, such as gastropods and bivalves, contain TTX 
(Rambla‑Alegre et al., 2017). Among these, members of 
the families Muricidae and Nassaridae, both of which 
were found during this study, are known TTX‑bearers 
(Biessy et al., 2019). In conclusion, the previously re‑
ported regional difference in TTX concentration in Crete 
could be explained by higher mollusks consumption in 
the Libyan Sea.

In this study, fish contributed more to the diet of the sil‑
ver-cheeked toadfish during summer and autumn. On the 
other hand, crustacean consumption was more prevalent 
in both spring and winter, with mollusks being consumed 
more frequently during winter. Our findings agree with those 
of Ersönmez et al. (2023), who observed a higher impor‑

tance of crustaceans from March to May and of fish prey 
from June to September in southern Turkey. The above‑
mentioned seasonal differences in prey consumption could 
be related to the effect of temperature on the metabolic 
rates of the species and, consequently, its hunting behav‑
iour. It has been demonstrated that a change of just 3ºC in 
water temperature significantly affects oxygen consump‑
tion rates in the pufferfish Takifugu flavidus (Li, Wang & 
Wang, 1975) (Shi et al., 2010). In recent years, sea surface 
temperature in Crete exhibits minimum values in winter 
(16‑17oC), increases from April to June (18‑24oC), peaks 
in summer (25‑27oC) and progressively decreases from 
October to December (24‑19oC) (Fig. 8 in Somarakis et 
al., 2021). Consequently, during winter and spring, when 
water temperature and the metabolic rates of the species 
are lower, L. sceleratus possibly opts to consume low‑mo‑
bility prey such as benthic crustaceans and bivalves, while 
in summer it prefers to prey on fish.

Our models show that depth also influences the proba‑
bility of occurrence of fish, crustaceans, and mollusksmol‑
luscs in the L. sceleratus diet. It appears that L. sceleratus 
ingests fish more often in shallow waters, and barely con‑
sumes fish at depths greater than 30 m. On the other hand, 
depth had the opposite effect on the occurrence of crusta‑
ceans and other mollusk preys, which was maximal at cir‑
ca 40 m. This may also be attributed to water temperature, 
as deeper waters are cooler, rendering L. sceleratus less 
mobile and reducing its swimming speed (Wardle, 1980). 
It appears that, due to temperature differences amongst 
seasons and/or depth, the probability of consuming fish is 
inversely related with that of consuming crustaceans and 
non‑cephalopod mollusks. Interestingly, an increase in 
temperature can positively influence depredation by this 
species on fishing gears, which mostly relates to preying 
on fish and cephalopod catches (Christidis et al., 2024). 

The findings of this study enrich our knowledge on the 
feeding biology of L. sceleratus in the eastern Mediter‑
ranean. Identifying such a large quantity of prey to family or 
even species level is a notable accomplishment, and it con‑
tributed to providing a more thorough picture of the L. scel-
eratus diet. Our data further demonstrate that this species 
severely impacts small-scale fisheries by simultaneously 
consuming targeted catch and damaging fishing gears. 
Given the potential ecological threat posed by L. sceler-
atus, which competes with native or even other invasive 
carnivores, as well as the health threat resulting from its 
high toxicity, additional research is vital to minimize the 
current outcomes of its invasion and to predict upcom‑
ing impacts. Due to the potential effect of the diet of this 
species on TTX concentration in its flesh, future studies 
should focus on the diet‑TTX relationship. Furthermore, 
considering the difficulty in identifying digested items, 
DNA analysis tools could be employed in order to obtain 
more detailed results. In addition, the analysis of stable 
isotopes in the soft tissue and otoliths of L. sceleratus 
could also improve our knowledge on the trophic ecology 
of this species and, in particular, gain a better understand‑
ing of its relationship with TTX‑bearing organisms.
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Appendix 

Table S1. Number of L. sceleratus specimens (N) collected per year and season (Winter: January-March, Spring: April-June, 
Summer: July‑September, Autumn: October‑December).

Year Season N
2017 Autumn 6

Spring 1
Summer 4

2018 Autumn 23
Winter 1
Spring 8

Summer 12
2019 Autumn 2

Winter 4
Spring 19

2020 Autumn 26
Winter 41
Spring 10

Summer 13
2021 Autumn 8

Winter 21
Spring 15

Summer 5
2022 Autumn 3

Spring 14

Table S2. Frequency of occurrence (FO%), number (N), numeric percentage (N%), weight       (W, g), weight percentage (W%), in‑
dex of relative importance (IRI) and index of relative importance percentage (IRI%) of prey items found in 190 L. sceleratus tracts. 

Number of 
Tracts FO% W W% N N% IRI IRI%

‘Plants’
 ‘Plants’ unid. 14 7.37 6.28 0.20 14 1.44 12.09 0.49
 Chlorophyta
  Caulerpaceae
    Caulerpa prolifera 2 1.05 0.79 0.03 2 0.21 0.25 0.01
 Thracheophyta
  Alismatales unid. 14 7.37 14.49 0.46 16 1.64 15.48 0.63
  Cymodoceaceae
    Cymodocea nodosa 7 3.68 0.10 0.00 7 0.72 2.65 0.11
  Posidoniaceae
     Posidonia oceanica 7 3.68 0.79 0.03 7 0.72 2.76 0.11
Cnidaria
 Anthozoa
  Anthozoa unid. 1 0.52 0.14 0.00 1 0.10 0.05 0.00
Annelida
 Polychaeta
  Polychaeta unid. 1 0.52 0.09 0.00 1 0.10 0.05 0.00
  Sabellidae unid. 1 0.52 0.08 0.00 1 0.10 0.05 0.00

Continued
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Number of 
Tracts FO% W W% N N% IRI IRI%

 Crustacea
   Crustacea unid. 7 3.68 4.72 0.15 8 0.82 3.57 0.15
  Malacostraca
   Malacostraca unid. 3 1.58 0.93 0.03 3 0.31 0.54 0.02
    Amphipoda unid. 3 1.58 0.56 0.02 6 0.62 1.01 0.04
    Decapoda
     Decapoda unid. 4 2.11 0.14 0.00 4 0.41 0.87 0.04
     Pleocyemata
      Pleocyemata unid. 1 0.52 0.01 0.00 1 0.10 0.05 0.0
      Brachyura
         Brachyura unid. 32 16.84 161.24 5.16 72 7.38 211.17 8.61
         Calappidae
           Calappa granulata 1 0.52 7.95 0.25 1 0.10 0.18 0.01
         Parthenopidae
           Parthenopoides 
massena 2 1.05 7.96 0.25 2 0.21 0.48 0.02

         Inachidae
           Inachus spp. 1 0.52 0.19 0.00 2 0.21 0.11 0.00
         Polybiidae
           Liocarcinus spp. 1 0.52 9.50 0.30 3 0.31 0.32 0.01
         Dromiidae unid. 1 0.52 0.37 0.01 1 0.10 0.06 0.00
         Portunidae 
           Portunidae unid. 9 4.74 30.48 0.98 11 1.13 10.00 0.41
           Portunus segnis 1 0.52 3.17 0.10 1 0.10 0.10 0.00
      Anomura
         Anomura unid. 4 2.11 5.67 0.2 8 0.82 2.15 0.09
         Paguridae unid.  3 1.58 22.54 0.72 7 0.72 2.28 0.09
         Diogenidae unid. 2 1.05 11.89 0.38 5 0.51 0.93 0.04
      Caridea
         Caridea unid. 3 1.58 2.54 0.08 3 0.31 0.62 0.03
    Isopoda
     Isopoda unid. 6 3.16 3.62 0.12 18 1.85 6.23 0.25
     Cirolanidae
       Eurydice sp. 1 0.52 0.11 0.00 1 0.10 0.05 0.00
Mollusca
   Cephalopoda
      Cephalopoda unid. 7 3.68 7.81 0.25 8 0.82 3.94 0.16
      Octopodidae
        Octopus vulgaris 7 3.68 368.08 11.78 8 0.82 46.37 1.89
      Sepiidae
        Sepia spp. 2 1.05 11.73 0.38 2 0.21 0.62 0.03
        Sepia officinalis 4 2.11 42.66 1.37 6 0.62 4.20 0.17
      Loliginidae
        Loliginidae unid. 1 0.52 0.86 0.03 1 0.10 0.07 0.00
        Loligo vulgaris 1 0.52 0.01 0.00 1 0.10 0.05 0.00
        Sepioteuthis lessoniana 1 0.52 0.51 0.02 1 0.10 0.06 0.00
   Gastropoda
      Gastropoda unid. 16 8.42 0.55 0.02 21 2.15 18.27 0.75

Continued
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Number of 
Tracts FO% W W% N N% IRI IRI%

      Muricidae
        Hexaplex trunculus 2 1.05 9.39 0.30 2 0.21 0.54 0.02
      Nassaridae
        Tritia mutabilis 2 1.05 1.52 0.05 3 0.31 0.38 0.02
        Tritia turulosa 1 0.52 0.17 0.00 1 0.10 0.05 0.00
      Cerithiidae
        Bittium sp. 1 0.52 0.10 0.00 3 0.31 0.16 0.01
      Hyalocylidae
        Hyalocylis spp. 5 2.63 0.88 0.03 9 0.92 2.50 0.10
      Creseidae
        Creseis spp. 3 1.58 1.93 0.06 20 2.05 3.33 0.14
       Cavoliniidae
        Cavolinia spp. 11 5.79 3.37 0.11 86 8.82 51.70 2.11
        Diacria spp. 14 7.37 2.66 0.09 117 12.00 89.10 3.63
   Bivalvia unid. 8 4.21 1.38 0.04 132 13.54 57.17 2.33
   Scaphopoda unid. 3 1.58 0.15 0.00 4 0.41 0.65 0.03
Echinodermata
 Echinodermata unid. 1 0.52 0.01 0.00 1 0.10 0.05 0.00
  Echinoidea
    Echinoidea unid. 6 3.16 10.23 0.33 9 0.92 3.95 0.16
    Parachenidae
      Paracentrotus lividus 1 0.52 0.14 0.00 1 0.10 0.05 0.00
    Loveniidae
      Echinocardium spp. 2 1.05 11.52 0.37 2 0.21 0.61 0.02
  Ophiuroidea
    Ophiuroidea unid. 1 0.52 28.00 0.90 2 0.21 0.58 0.02
    Ophiurida unid. 6 3.16 4.81 0.15 6 0.62 2.43 0.10
Chordata
 Elasmobranchii
  Batoidea 1 0.52 5.79 0.19 1 0.10 0.15 0.01
 Teleostei
   Teleostei unid. 105 55.26 439.71 16.82 164 14.07 1706.98 69.61
   Siganidae
     Siganus luridus 2 1.05 4.16 0.13 3 0.31 0.46 0.02
   Pomacentridae
     Chromis chromis 3 1.58 91.83 2.94 8 0.82 5.94 0.24
   Apogonidae
     Apogon imberbis 1 0.52 2.33 0.07 1 0.10 0.09 0.00
   Synodontidae
     Synodus saurus 6 3.16 141.55 4.53 7 0.72 16.59 0.68
   Carangidae
     Trachurus spp. 5 2.63 10.23 0.33 7 0.72 2.76 0.11
   Alosidae
     Sardina pilchardus 2 1.05 34.92 1.12 6 0.62 1.83 0.07
   Dussumieriidae
     Etrumeus golanii 2 1.05 87.71 2.81 6 0.62 3.60 0.15
   Clupeidae
     Clupeidae unid. 6 3.16 56.62 1.81 7 0.72 7.99 0.33

Continued
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Number of 
Tracts FO% W W% N N% IRI IRI%

     Sardinella spp. 1 0.52 5.46 0.17 2 0.21 0.20 0.01
     Sardinella aurita 2 1.05 47.27 1.51 4 0.41 2.02 0.08
   Scaridae
     Sparisoma cretense 3 1.58 51.74 1.66 3 0.31 3.11 0.13
   Sparidae
     Sparidae unid. 9 4.74 126.93 4.06 10 1.03 24.13 0.98
     Boops boops 11 5.79 132.08 4.23 14 1.44 32.83 1.34
     Dentex dentex 2 1.05 18.64 0.60 2 0.21 0.85 0.03
     Pagellus erythrinus 2 1.05 22.43 0.72 3 0.31 1.08 0.04
     Pagrus pagrus 4 2.11 104.52 3.35 4 0.41 7.93 0.32
     Sarpa salpa 3 1.58 146.83 4.70 3 0.31 7.92 0.32
     Diplodus spp. 2 1.05 10.50 0.34 2 0.21 0.58 0.02
     Diplodus annularis 2 1.05 41.64 1.33 2 0.21 1.62 0.07
     Spicara sp. 1 0.52 3.24 0.10 1 0.10 0.10 0.00
     Spicara maena 3 1.58 55.34 1.77 3 0.31 3.29 0.13
     Spicara smaris 7 3.68 48.47 1.55 10 1.03 9.49 0.39
   Mullidae
      Mullidae unid. 5 2.63 65.62 2.10 5 0.51 6.86 0.28
      Mullus spp. 4 2.11 29.15 0.93 4 0.41 2.83 0.12
      Mullus barbatus 3 1.58 61.37 1.96 3 0.31 3.59 0.15
      Mullus surmuletus 6 3.16 130.17 4.17 7 0.72 15.45 0.63
   Scorpaenidae
     Pterois miles 1 0.52 43.97 1.41 1 0.10 0.79 0.03
     Scorpaena spp. 3 1.58 55.43 1.77 3 0.31 3.29 0.13
     Scorpaena porcus 2 1.05 25.02 0.80 2 0.21 1.06 0.04
     Scorpaena scrofa 1 0.52 35.45 1.13 1 0.10 0.64 0.03
   Triglidae
     Chelidonichthys lastoviza 1 0.52 14.02 0.45 1 0.10 0.29 0.01
   Uranoscopidae
     Uranoscopus scaber 1 0.52 17.06 0.55 1 0.10 0.34 0.01
   Trachinidae
     Trachinus spp. 2 1.05 48.91 1.57 2 0.21 1.87 0.08
   Serranidae unid. 1 0.52 2.05 0.07 1 0.10 0.09 0.00
   Tetraodontidae
      Tetraodontidae unid. 7 3.68 36.73 1.18 7 0.72 6.99 0.29
      Torquigener 
flavimaculosus 4 2.11 55.21 1.77 5 0.51 4.81 0.20
   Atherinidae
      Atherinidae unid. 1 0.52 1.49 0.05 1 0.10 0.08 0.00
      Atherina spp. 1 0.52 0.35 0.01 2 0.21 0.11 0.00
   Syngnathidae unid. 2 1.05 0.58 0.02 2 0.21 0.24 0.01
   Pleuronectiformes
      Pleuronectiformes unid. 1 0.52 4.35 0.14 1 0.10 0.12 0.00
      Bothidae unid. 1 0.52 2.40 0.08 1 0.10 0.09 0.00

Table S2 continued
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