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ABSTRACT: The detrimental effects of invasion by Indo-Pacific lionfish Pterois volitans/miles on
western Atlantic fishes have spurred concerns for Mediterranean fish biodiversity, where Lessepsian lionfish P. miles have recently established populations in the eastern basin. In order to assess
the potential impact on biodiversity, we examined key behavioural and ecological traits of lionfish
and the resident fish community in the Mediterranean that may contribute to lionfish invasion success. We focussed on Cyprus, where lionfish were first sighted in 2012 and have now formed
abundant and stable populations. Using field observations, we examined lionfish predatory
behaviour and feeding ecology, and naiveté of resident fish species to hunting lionfish. Our findings suggest that lionfish in the Mediterranean are crepuscular generalist predators, with targeted
prey dominated by small-bodied benthic or bentho-pelagic associated species. Such prey are
more likely to be native than introduced (Lessepsian) fishes, with native prey fishes showing
greater naiveté towards lionfish than Lessepsian prey species. Notably, one of the Mediterranean’s key ecological fish species (the native damselfish Chromis chromis) showed the highest
level of naiveté and was the most heavily targeted prey. Overall, lionfish in the Mediterranean
show similar predatory behaviour and ecology to their western Atlantic counterparts. Although
the establishment of Mediterranean lionfish populations is still recent, it may result in a similar
disruption to reef fish biomass to that recorded in the Atlantic, with impacts on the structure and
biodiversity of reef fish communities and the services they provide.
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Human activities, such as land-cover change,
chemical release, overharvesting, climate change
and species transport/invasion, are having a profound impact on global biodiversity (Dirzo et al. 2014,
McGill et al. 2015, Gordon et al. 2018), often resulting in rapid changes in the abundance, diversity and

composition of species (McCauley et al. 2015, Webb
& Mindel 2015, Hughes et al. 2018). Although there
has been focus on the numerical response of populations to human-induced rapid environmental
change, substantial impacts on the behaviour of individuals may also be apparent (Tuomainen & Candolin 2011, Sih et al. 2011, Wong & Candolin 2015).
Such behavioural impacts may be particularly rele-
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vant where rapid environmental change results in
increases in the abundance of invasive species within
habitats (D’Amore et al. 2009, Sih et al. 2010).
Indeed, invasive species can generate ecological
effects that propagate along the food-web and may
trigger trophic cascades, resulting in a generalised
decrease in the abundance and diversity of native
communities (Moyle & Light 1996, Strayer 2010, Gallardo et al. 2016). In this respect, a central focus of
invasion biology research has been to examine the
factors that increase our ability to predict which
species may become invasive (Kolar & Lodge 2001,
Hayes & Barry 2008). This work has revealed a range
of life-history, ecological and behavioural traits that
are associated with successful invasion, which can be
used to determine the subsequent consequences of
an invasion on the invaded ecosystem (Chapple et al.
2012).
The invasion process involves a series of sequential
stages (transport, introduction, establishment and
spread) that a population has to go through to become a successful invader (Blackburn et al. 2011,
Chapple et al. 2012). Each stage presents varied abiotic (i.e. associated with different geography and
environment) and biotic barriers (i.e. dispersal, reproduction, feeding, competition) that individuals
within an invading population must overcome to succeed (Blackburn et al. 2011); only individuals with
certain life-history and behavioural traits may then
move forward between steps in the invasion process
(Chapple et al. 2012). As a result of such ‘filtering’ of
individuals, the invading population is not a random
subset of the native natal population (Felden et al.
2018), while traits ‘selected’ for in individuals during
one stage of the invading process may be maladaptive and lead to invasion failure in subsequent stages
(Chapple et al. 2012, Felden et al. 2018). Thus, the
introduction or establishment of an invasive species
in a novel region will not necessary lead to the species becoming invasive and to similar impacts on
local biodiversity as observed elsewhere.
Substantial negative impacts on native fish biodiversity have been well documented following the
invasion of lionfish Pterois volitans/miles (hereafter
‘Atlantic lionfish’) in the western Atlantic ocean
(Albins & Hixon 2013, Côté & Smith 2018). Such biodiversity loss may mirror that for native biodiversity
in the Mediterranean (Galanidi et al. 2018), where a
Lessepsian invasion (i.e. from the Suez Canal, Egypt)
by lionfish P. miles (Bennett, 1828) (hereafter ‘Mediterranean lionfish’) has recently begun (Bariche et al.
2013, Jimenez et al. 2016, Kletou et al. 2016, Azzurro
et al. 2017). Research on Mediterranean lionfish is in

its infancy, and it is still not clear whether Mediterranean lionfish are set for a pan-Mediterranean invasion or whether they will be limited to the Levantine
side of the basin (Azzurro et al. 2014, Johnston &
Purkis 2014), where the environmental affinity to the
Red Sea is higher (i.e. warmer water temperature).
Nevertheless, the extensive work on the ecological,
behavioural and life-history traits contributing to the
invasion success of lionfish in the western Atlantic
provides a basis for understanding the traits potentially facilitating the Mediterranean invasion (reviewed by Côté & Smith 2018). Such understanding
may allow us to predict the impact on local and
regional biodiversity of the Mediterranean invasion,
and the management decisions needed to effectively
mitigate long-term changes in community structure
(Morris & Whitfield 2009).
Mediterranean lionfish share important life-history
and trophic traits with Atlantic lionfish, which may
enhance the likelihood of invasion success within the
Mediterranean (Kleitou et al. 2019). High growth
rates (up to 20 cm total length [TL] in the first year),
large body size (up to 37 cm TL at 4 yr) and early maturation (sexual maturity in <1 yr) in Mediterranean
lionfish (Kleitou et al. 2019) can be expected to translate into rapid rates of population increase (Morris &
Whitfield 2009, Edwards et al. 2014, Côté & Smith
2018), which is often an essential prerequisite to outcompete native competitors for spaces and resources
during the establishment phase of the invasive process (Holway & Suarez 1999, Chapple et al. 2012).
Moreover, early studies on Mediterranean lionfish
stomach contents reported that they feed on a wide
range of crustacean and fish species (Kleitou et al.
2019, Zannaki et al. 2019), suggesting they are generalist predators and that they may be well equipped
to deal with environmental stochasticity in the invaded region (Côté & Smith 2018, Peake et al. 2018).
However, evidence of dietary specialization on species with particular morphological (i.e. small, elongated body) and behavioural traits (i.e. benthic habitat use, solitary) has been reported for the Atlantic
lionfish (Green & Côté 2014, Chappell & Smith 2016),
implying stronger predatory pressure on certain species, increasing the risk of localised species extirpation and loss of entire ecological and functional roles
(Peake et al. 2018). Lastly, although there is no information on the naiveté of native prey to Mediterranean lionfish, results from the Atlantic would suggest
that naiveté will be an important precursor to Mediterranean lionfish population success (Anton et al.
2016, Benkwitt 2017, Haines & Côté 2019). Specifically, the ‘naïve prey’ hypothesis postulates that
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native prey suffer heavy predation by a novel predator due to the lack of recent co-evolutionary history
and effective antipredator behaviour (Cox & Lima
2006, Sih et al. 2010, Paolucci et al. 2013). Such prey
naiveté may then allow the invasive predator a competitive advantage compared to native counterparts
(Anton et al. 2016).
To predict how the structure and biodiversity of
Mediterranean fish communities will be impacted,
the objective of this study was to document and
assess patterns in activity and feeding of Mediterranean lionfish, as well as investigate the potential for
native (compared to non-native) prey naiveté. We
focussed on Cyprus, which is at the forefront of the
Mediterranean invasion and holds an abundant and
stable population of lionfish in shallow and deep
waters (Jimenez et al. 2016, 2019a, Kletou et al.
2016). First, we quantified the behaviour of Mediterranean lionfish at 3 time points (i.e. sunrise, noon
and sunset) to test the hypothesis of a crepuscular
pattern in hunting activity (i.e. sunrise and sunset), as
this has been shown in the Atlantic invasion (Cure et
al. 2012, Benkwitt 2016) and invoked as one of the
behavioural traits facilitating their invasive success
(i.e. increased hunting success and broader array of
prey available) (Hobson 1973, Potts 1990, Green et
al. 2011). Secondly, we characterised the feeding
ecology of Mediterranean lionfish, quantifying the
diversity of species preyed upon and the number of
times each species was targeted. We related this
feeding behaviour to fine-scale and broad-scale prey
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abundance. We predicted that lionfish would broadly
be generalist predators by feeding on a diverse array
of prey (Peake et al. 2018), but would also show some
level of dietary specialization towards species with
certain behavioural and morphological traits (Green
& Côté 2014, Chappell & Smith 2016). Lastly, we investigated the levels of behavioural naiveté towards
lionfish in native and Lessepsian prey species, predicting that native prey would be more naïve towards
hunting lionfish (Anton et al. 2016).

2. MATERIALS AND METHODS
2.1. Site selection and methodology for recording
and quantifying Mediterranean lionfish behaviour

To develop a dataset of Mediterranean lionfish
behaviour, in September 2018 we videoed Mediterranean lionfish behaviour at sunrise (between
07:30 and 08:30 h), noon (13:30−14:30 h) and sunset
(17:00−18:00 h) across 6 rocky reefs (mean ± SE area:
0.056 ± 0.004 km2) off the eastern coast of Cyprus
(Protaras; 35° 0’ 6” N, 34° 4’ 12” E; details in Fig. 1). A
total of 80 individual Mediterranean lionfish were
recorded across sites and time of day. All sites were
dominated by rocky reef and ranged in depth
between 3.8 and 12.3 m (mean depth: 7.5 ± 0.2 m).
Sites were separated by at least 600 m of sand and
deeper waters (up to 30 m). Sites and time of observations were randomised. Within each site where
Mediterranean lionfish were identified, care was taken to not video the
same individual twice by swimming
unidirectionally along each site during
the dive, and videoing fish as encountered (Green et al. 2011). We dived at
each site only once within a day (~1 h
dive), and if we returned to the same
site on a different day, care was taken
to observe fish at different time periods from the previous visit (i.e. sunrise, noon or sunset) and in different
areas of the site (Côté & Maljkovic
2010, Cure et al. 2012).
Once identified, Mediterranean lionfish were allowed to acclimate for
3 min to the diver, and were then
filmed for 5 min, with a minimum distance of 3 m between diver and lionfish (D’Agostino et al. 2019). During
the 3 min acclimation period, the
Fig. 1. Study area and sampling locations in the western part of Cyprus. Inset
diver estimated Mediterranean lionshows the location of Cyprus (in black) in the Mediterranean Sea
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fish body size (small: ≤10 cm TL; medium: 11−20 cm;
large: ≥ 21 cm), group size (number of lionfish within
1 m radius from the focal lionfish), water depth (m)
and temperature (nearest 0.1°C), measured using the
dive computer RATIO ix3M, visibility (low: <10 m,
medium: 10−20 m, high: > 20 m) and current strength
(low: diver barely kicking to maintain position;
medium: periodic kicking required by diver to maintain position; high: constant kicking by diver
required to maintain position); cloud cover was
recorded at the beginning of each dive as either clear
(0−25%), partly cloudy (25−75%) or overcast (> 75%)
(Côté & Maljkovic 2010, Cure et al. 2012). Underwater data collection and video recording were carried out by 3 experienced divers (D.D., S.H. and
L.H.); pilot data (not included in the study) where all
divers observed the same individuals, were collected
on the first day and used to calibrate data collection
methodology between observers. Mediterranean
lionfish size estimation error was <10%.
To quantify activity budget of each Mediterranean
lionfish, videoed behaviour was classified into 4
categories, with each category of behaviour scored
every 10 s across the 5 min video (Green et al. 2011).
Mediterranean lionfish were considered ‘resting’
when motionless on the substratum, with dorsal
spines held flat along the dorsal midline and pectoral
fins closed; ‘hunting’ when approaching/chasing
potential prey, with head and flared pectoral fins
directed at prey and dorsal spines undulating and
erected; ‘hovering’ when nearly motionless above
the substratum; and ‘transiting’ when swimming
from one part of the benthos to another (for examples
of lionfish resting and hunting behaviour, see Videos
S1−S4 in the Supplement at www.int-res.com/articles/
suppl/m638p123_supp/). In addition, to quantify
movement of each Mediterranean lionfish, ‘distance
moved’ was quantified (in cm) by estimating the total
distance moved (to the nearest 5 cm) in every 30 s
interval during each 5 min video, using the lionfish
individual size as reference against the background
reef. Any videos in which fish displayed an adverse
reaction to the diver’s presence (i.e. staring at divers
or assuming defensive posture, < 5% of individuals)
were excluded from analysis.

2.2. Quantification of Mediterranean lionfish
feeding ecology and fish community structure
To quantify Mediterranean lionfish feeding ecology, during each 5 min video we counted the number
of times individuals (hereafter ‘prey species’) were

targeted (‘times targeted’) across all predation attempts (defined as the action of a lionfish pursuing a
single individual). Prey species trophic guild and origin (i.e. native or Lessepsian) were extracted from
FishBase (Froese & Pauly 2000).
To characterise the composition of the community
with which Mediterranean lionfish associate, either
because of shared habitat preferences, or perhaps
because of predator−prey relationships, the abundance of all prey species within 1 m radius of focal
lionfish was estimated within each video (hereafter
‘fine-scale prey abundance’). To characterise the fish
community in the broader area which Mediterranean
lionfish could potentially associate with or prey upon,
‘broad-scale prey abundance’ was estimated as the
sum of all Mediterranean lionfish prey estimated
from underwater visual census surveys conducted
on SCUBA during 6 sampling expeditions (winter,
spring, summer and autumn 2017; winter and summer 2018). Such surveys were undertaken at 5 reef
sites (between Protaras and Cape Greco, Fig. S1 in
the Supplement) in the same area as where behavioural observations were quantified. Sites were
located at depths ranging between 3.5 and 20 m
(average 9.3 m). At each site, 3 replicate transects of
25 × 5 m were surveyed and all fish were identified to
species, enumerated and their size (cm TL) estimated. Only prey fish ≤5 cm TL and from species that
had been previously observed to have been targeted
by lionfish during the behavioural observations,
were selected to estimate fine- and broad-scale prey
abundance.

2.3. Quantification of prey fish naiveté to
Mediterranean lionfish predation
To examine and compare naiveté between native
Mediterranean and Lessepsian prey species, the
‘closest approach distance’ (i.e. the distance [cm] at
which small prey fish [i.e. ≤5 cm TL] stopped approaching or turned away from lionfish) was quantified during each 5 min video (Anton et al. 2016). Distance between prey and Mediterranean lionfish was
visually estimated by using focal Mediterranean lionfish size (which had been previously estimated in
situ) as a reference. If the same prey individual approached a Mediterranean lionfish multiple times
during the 5 min observation period, only the closest
approach was enumerated. The distance of 60 cm
was used as minimum starting distance for observation of closest approach distance, as pilot observations showed that prey species predominantly res-
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pond to the presence of hunting lionfish within this
distance. In order to control for predator behaviour,
closest approach distance measures were only calculated from videos where Mediterranean lionfish were
identified as hunting (see Section 2.4) (n = 31).
Mediterranean lionfish behaviour, feeding ecology
and native prey naiveté data were initially extracted
from 15% of videos and independently quantified by
2 observers. As results differed by < 5% between
observers, all remaining quantification of data from
video analyses were carried out by 1 observer (D.D.).

2.4. Statistical analysis
2.4.1. Behavioural patterns of Mediterranean
lionfish
As there was no significant difference in visibility
(always > 20 m), currents (always low), cloud cover
(always clear) and depth (Kruskal-Wallis test, H =
3.3323, df = 2, p = 0.189) between sampling periods
(sunrise, noon, sunset), these environmental variables were not included in further statistical models.
Similarly, water temperature was excluded from further analysis because its variation between sampling
periods, although statistically significant (H = 15.328,
df = 2, p < 0.001), was very limited in magnitude (27.0
to 28.2°C), reflecting normal diel temperature variation during the observational period.
Behavioural analyses only focussed on resting and
hunting, which represented > 80% of the behaviours
enacted across all videos, as well as total distance
moved. To understand the relationship between the
response variables of resting, hunting and total distance moved to the independent factors of sampling
time (sunrise, noon and sunset), prey availability,
Mediterranean lionfish body size (small, medium and
large) and group size (1, 2 or 3 individuals), separate
generalised linear mixed models (GLMMs) were
used. A GLMM with binomial error distribution and
logit link function was used to model the probability
of resting and hunting behaviour being observed in a
5 min video. We took this approach because data for
proportion of time spent resting and hunting were
bimodal, with a high proportion of 1s and 0s, and
data transformation did not result in either normality
or homoscedasticity within either data set. An individual was considered as ‘resting’ if > 50% of the proportion of time during the 5 min period was spent
resting, and ‘hunting’ if > 50% of the 5 min period
was spent hunting (Cure et al. 2012). To model total
distance moved, a Gaussian error structure was used.
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Total distance moved data were log (x + 1) transformed prior to testing to satisfy test assumptions. In
both GLMMs, we fitted random intercepts for the
factors site (6 levels) and date of sampling (5 levels),
followed by backwards model selection using likelihood ratio tests to examine the significance of each
term removed from each model.

2.4.2. Mediterranean lionfish feeding ecology
and prey association
To determine whether Mediterranean lionfish were
associated with, and preyed upon, prey in relation to
their abundance in the wider community, 2 types of
test were conducted. First, we used Pearson’s correlation tests to look for a relationship between the likelihood of a prey species being targeted, its local (finescale) abundance, and its broad-scale abundance in
the area. A positive correlation would imply that prey
selection is influenced by availability. Second, we
used chi-squared tests to determine whether there
were significant differences in the relative abundance
of prey species targeted by Mediterranean lionfish,
and their relative fine- and broad-scale abundance. A
significant difference would imply that Mediterranean lionfish are selective about the prey that they attack. In order to meet chi-squared test assumptions,
Thalassoma pavo, Coris julis and Symphodus spp. individuals were grouped together by family as ‘Labridae’; Gobius vittatus (Gobiidae), Scorpaena notata
(Scorpaenidae) and Apogon imberbis (Apogonidae)
were grouped as ‘rare species’; while Siganus rivulatus (Siganidae) and Sparisoma cretense (Scaridae)
were grouped together because they had relatively
high abundance, but were seldom targeted (Table S1
in the Supplement).

2.4.3. Native versus invasive prey naiveté
to Mediterranean lionfish predation
To determine whether there was a significant difference in closest approach distance between native
and invasive prey species and Mediterranean lionfish, and whether prey species would approach lionfish at different distances depending on predator
size, a GLMM with Poisson error distribution and log
link function was used. The model had closest
approach distance as the response variable and the
interaction between origin (native vs. invasive) and
lionfish size (small, medium, large) as fixed effects,
with lionfish ID as random intercept (as multiple

Mar Ecol Prog Ser 638: 123–135, 2020

128

Table 1. Result of generalised linear mixed model analysis of the effects of biotic/abiotic factors on the behaviour of Mediterranean lionfish. Binomial error distribution with logit link function for resting and hunting behaviour; Gaussian error structure
for distance moved. Significant p-values are highlighted in bold
Response

Predictor

Resting (inactive)

Time of day
Size
Fine-scale prey abundance
Time of day × fine-scale prey abundance
Group size

Hunting

Time of day
Fine-scale prey abundance
Size
Time of day × fine-scale prey abundance
Group size

Distance moved

Time of day
Fine-scale prey abundance
Time of day × fine-scale prey abundance
Size
Group size

observations were conducted on each lionfish). All
data were analysed in R v. 3.5.1 (R Core Team 2019)
using the ‘nlme’ package (Pinheiro et al. 2015) for
mixed-effects models, and statistical significance was
determined at p < 0.05.

Residual
deviance (df)

Change in
deviance (df)

p

69.691 (5)
65.163 (6)
61.218 (7)
59.712 (9)
58.662 (11)

14.55 (2)
4.5288 (1)
3.9442 (1)
1.5062 (2)
1.0503 (2)

< 0.001
0.033
0.047
0.471
0.592

84.570 (5)
77.258 (6)
72.662 (7)
71.875 (9)
71.181 (11)

12.894 (2)
7.3121 (1)
4.5956 (1)
0.7874 (2)
0.6942 (2)

0.002
0.007
0.032
0.675
0.707

8.1149 (2)
0.4872 (1)
4.5762 (2)
0.1006 (1)
0.6343 (2)

0.017
0.485
0.102
0.751
0.728

179.34 (6)
178.85 (7)
174.28 (9)
174.18 (10)
173.54 (12)

3.2. Mediterranean lionfish feeding ecology
and prey association

3.1. Behavioural patterns of Mediterranean
lionfish

Mediterranean lionfish targeted 10 prey species
from 7 families, encompassing only grazers and
meso-predators (Table 2). Prey targeted were predominantly small-bodied benthic or bentho-pelagic
associated species; predatory activity was dominated
by predation attempts on Chromis chromis (Pomacentridae) and juvenile Thalassoma pavo (Labridae)
(Videos S2 & S3, respectively).

We quantified patterns in activity and feeding of 76
Mediterranean lionfish (sunrise n = 27, noon n = 25
and sunset n = 24) ranging in size from 7 to 35 cm TL
(mean ± SE: 19 ± 0.8 cm) during a total of 380 min of
video. Mediterranean lionfish were observed alone
or in groups of up to 3 individuals. Time of the day
had a significant effect on resting, hunting and distance moved (Table 1), with Mediterranean lionfish
spending the highest proportion of time hunting, as
well as moving longer distances at sunrise and sunset
(Figs. 2 & 3a). At noon, Mediterranean lionfish spent
the majority of time resting (Video S1). Lastly, finescale prey abundance and Mediterranean lionfish
individual size had a significant effect on resting and
hunting behaviour, with hunting behaviour more
likely when prey availability was high and lionfish
size was small (Table 1). Fine-scale prey abundance
ranged between 0 and 41 individual prey fish per
Mediterranean lionfish, with highest abundances
apparent at sunset (Fig. 3b).

Fig. 2. Time budget of invasive Mediterranean lionfish on
Cypriot rocky reefs across time of day for resting, hunting,
hovering and swimming. Shown are mean (± SE) proportions of time spent in each behaviour

3. RESULTS

Fig. 3. (a) Changes in Mediterranean lionfish distance
moved and (b) changes in fine-scale prey abundance at
different times of the day. Thick horizontal lines show the
medians, boxes show the inter-quartile range, whiskers indicate the range of data, dots are individual data points, and
red diamonds show the mean

Although important, community prey abundance
did not completely predict Mediterranean lionfish
species-specific targeting rate. Despite the significant positive correlation between the number of
times a species was targeted and its fine-scale abundance, and between fine-scale and broad-scale prey
abundance, the likelihood of a species being predated upon was not always proportionate to its abundance, either in the immediate vicinity of the lionfish,
or in the broader area (Table 3). For example, while
C. chromis broad-scale abundance (64%) reflected
its fine-scale abundance (64.8%) and the number of
times it was targeted (48.3%), we observed contrasting trends for Siganus rivulatus/Sparisoma cretense

Observed capture

a

Chromis chromis a
Thalassoma pavo
Parupeneus forsskali
Apogon imberbis
Coris julis
Sparisoma cretense
Gobius vittatus a
Siganus rivulatus
Symphodus sp.
Symphodus rostratus
Scorpaena notata

Targeted
species

Pomacentridae
Labridae
Mullidae
Apogonidae
Labridae
Scaridae
Gobiidae
Siganidae
Labridae
Labridae
Scorpaenidae

Family

3.8 (0.4)
3.5 (0.47)
3.5 (0.3)
3.4 (0.61)
3.4 (0.1)
2.9 (0.24)
2.9 (0.27)
2.0 (0.0)
nd
3.5 (0.0)
3.7 (0.2)

Trophic level
(± SE)

Native
Native
Invasive
Native
Native
Native
Native
Invasive
nd
Native
Native

Origin

Adult
Juvenile
Juvenile
Adult
Juvenile
Juvenile
Adult
Juvenile
nd
Juvenile
Juvenile

Life
status

42
22
8
4
4
2
1
1
1
1
1

Times
targeted

331
64
50
6
13
8
1
34
2
1
1

Fine-scale
prey
abundance

6162
193
336
5
330
619
2
1966
5
2
9

Broad-scale
prey
abundance

48.28
25.29
9.2
4.6
4.6
2.3
1.15
1.15
1.15
1.15
1.15

Time
targeted
index (%)

64.77
12.52
9.78
1.17
2.54
1.57
0.20
6.65
0.39
0.2
0.2

Fine-scale
prey relative
abundance
(%)

63.99
2
3.49
0.05
3.43
6.43
0.02
20.42
0.05
0.02
0.09

Broad-scale
prey relative
abundance
(%)

Table 2. Potential prey fish species, the frequency with which they were targeted by Mediterranean lionfish and their relative abundance in the immediate vicinity of
Mediterranean lionfish (fine-scale abundance) and in the broader area (broad-scale abundance). Both absolute (total number of individuals sighted across all samples)
and relative (proportion of all individuals sighted) measures of abundance are given. Species ranked by ‘times targeted’. Trophic level 2 indicates herbivorous fish,
level 3 indicates meso-predators. Origin: native = Mediterranean Sea, invasive = Red Sea (Lessepsian); nd: no data available
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Table 3. Results of Pearson correlation and chi-squared tests examining patterns of abundance of potential prey species targeted by Mediterranean lionfish, in the immediate vicinity of Mediterranean lionfish (fine-scale abundance) and in the
broader area (broad-scale abundance). Correlation tests (cor) examine whether the relative abundance of prey targeted or in
the vicinity of Mediterranean lionfish reflect (at least partly) the availability of those species in the community. Chi-squared
tests examine whether prey species are targeted or associated with Mediterranean lionfish in proportions that are significantly
different from what would be expected at random. ‘–’ indicates that a chi-squared test was not performed. Significant p-values
are highlighted in bold
Observation

Pearson correlation test

Chi-squared test

Times targeted × fine-scale prey abundance
t = 3.355, df = 3, p = 0.043; cor 0.89 χ2 = 22.92, df = 4, p = 0.00013
Times targeted × broad-scale prey abundance
t = 1.581, df = 3, p = 0.212; cor 0.67 −
Fine-scale prey abundance × broad-scale prey abundance t = 3.823, df = 3, p = 0.031; cor 0.911 χ2 = 238.82, df = 4, p < 0.001

Table 4. Result of generalised linear mixed model analysis, with Poisson error distribution and log link function, of the effects
of origin and Mediterranean lionfish size on the closest approach distance of prey. Significant p-values are highlighted in bold
Response

Predictor

Residual deviance (df)

Change in deviance (df)

p

3171.1 (3)
2932.1 (5)
2929.4 (7)

238.98 (1)
2.6976 (2)
2.4139 (2)

< 0.001
0.26
0.299

Closest approach distance Origin
Lionfish size
Origin × lionfish size

and Labridae. In detail, despite S. rivulatus /S. cretense being the second most abundant taxa in the
area (26.8% broad-scale abundance), fine-scale
abundance was intermediate (8.2%) and they were
seldom targeted by Mediterranean lionfish (3.4%). In
comparison, Labridae individuals had low broadscale abundance (5.5%), but relatively high finescale abundance (15.6%) and were highly targeted
(32.2%) (Table 2, Table S1).

tion, 1 individual of Gobius vittatus showed nearly
no response to approaching Mediterranean lionfish
(closest approach distance ≤2 cm) and was eventually cornered and preyed upon (Video S4).

4. DISCUSSION
Given the significant impacts of lionfish invasion
on native fish communities in the western Atlantic

3.3. Native versus invasive prey naiveté to
Mediterranean lionfish predation
Origin (i.e. native versus invasive) had a significant
effect on closest approach distance, while Mediterranean lionfish size and the interaction between size
and origin had no significant effect (Table 4). Native
fish species approached more closely to Mediterranean lionfish than invasive fish species did (Fig. 4).
Particularly, C. chromis (n = 182), T. pavo (n = 48),
Coris julis (n = 8) and Apogon imberbis (n = 3)
showed the nearest approach distances (mean ± SE:
25.2 ± 0.9, 32.9 ± 1.6, 23.9 ± 4.2 and 23.3 ± 2.4 cm,
respectively), while S. rivulatus (n = 30) and S. cretense (n = 6) showed the furthest approach distances
(53.9 ± 0.8 and 51.3 ± 1.8, respectively). We recorded
12 instances in which native prey fishes (11 C. chromis, 1 T. pavo) swam within less than 10 cm of a lionfish’s mouth (minimum distance 5 cm), while the closest distance recorded by an invasive prey fish species
(Parupeneus forsskali, Mullidae) was 30 cm. In addi-

Fig. 4. Closest approach distance (cm) of native and invasive
prey fishes. See Fig. 3 for explanation of the box plot parameters

D’Agostino et al.: Lionfish feeding ecology and prey naiveté

and Caribbean Sea, the recent establishment of lionfish in the western Mediterranean has created
considerable concern amongst conservationists and
other sectors of society (Kletou et al. 2016, Jimenez et
al. 2017). Although the extensive array of research on
the ecological, behavioural and life-history traits
determining the invasion success of Atlantic lionfish
may give us an indication of the consequences of the
Mediterranean lionfish invasion (Côté & Smith 2018),
it is important to establish whether such key traits are
similarly present in the Mediterranean invasion. We
examined Mediterranean lionfish in situ behaviour
and feeding ecology, and also investigated whether
native Mediterranean prey species are naïve towards
the invasive lionfish. We found that Mediterranean
lionfish, at least in shallow habitats, are crepuscular,
generalist predators with some level of prey specialization. In addition, native fish species showed a
lower level of predator awareness to Mediterranean
lionfish than invasive Lessepsian species. Our results
show considerable similarities between Atlantic and
Mediterranean lionfish traits and give an indication
of the potential scope of impact due to the lionfish
invasion, as well as the possible flow-on consequences to the ecosystem and coastal food web.

4.1. Mediterranean lionfish behaviour, feeding
ecology and prey association
Mediterranean lionfish activity varied significantly
throughout the day, with the highest activity during
sunrise and sunset; thus, Mediterranean lionfish can
be described as active crepuscular predators. Such
feeding behaviour is consistent with previous studies
on lionfish behaviour in their native (Indo-Pacific)
and invaded range (western Atlantic ocean) (Cure et
al. 2012, Benkwitt 2016), suggesting that Mediterranean lionfish have maintained their native behaviour,
and that activity is influenced by light levels (Côté &
Maljkovic 2010). At sunrise and sunset, all activities
related to foraging (time spent hunting, distance
moved) were highest, while around noon most of the
Mediterranean lionfish were observed resting or hiding under rock ledges. In lionfish, crepuscular feeding activity may be associated with increased hunting success due to their high visual acuity in low light
conditions (Green et al. 2011). In the Mediterranean,
the ability of lionfish to successfully hunt during twilight hours may potentially be an additional trait
leading to their invasion success. As prey abundance
may increase during twilight, resulting from the
change-over between diurnal and nocturnal species
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(Hobson 1973, Potts 1990), a crepuscular generalist
predator will have access to a broad array of prey
species, potentially increasing the likelihood of successfully colonising a new environment. Although
we did not systematically quantify nocturnal activity,
4 active Mediterranean lionfish were observed during a pilot observation immediately after sunset, indicating that individuals may be hunting at night. This
hypothesis is corroborated by the common findings
of nocturnal prey species in Mediterranean lionfish
stomach contents (Zannaki et al. 2019, N. Stern pers.
comm.) and by studies showing nocturnal behaviour
in Red Sea lionfish (Fishelson 1975, McTee & Grubich 2014). However, studies on invasive Atlantic
lionfish report little or no nocturnal activity (Green et
al. 2011, McCallister et al. 2018), suggesting potential differences in nocturnal behaviour between lionfish in natal vs. invaded habitats. Further studies are
needed to shed light on this potentially important
behavioural trait.
The likelihood of hunting behaviour was positively
influenced, though not absolutely determined, by
fine-scale prey abundance, with such behaviour
more prevalent when prey was locally abundant. For
example, high levels of predation on C. chromis were
found, but was also expected, as this prey species
was the most abundant both at the fine- and broadscale level. The Labridae (predominantly juvenile
Thalassoma pavo) were also heavily targeted; although the broad-scale abundance of this group was
low, they showed high abundance in the vicinity of
Mediterranean lionfish. Such density-dependent
feeding behaviour may then indicate that Mediterranean lionfish may be associating with habitats where
potential prey are more locally abundant. Indeed,
Hunt et al. (2019) recently described how the Atlantic
lionfish’s position on the reef and aggregating
behaviour are predominantly driven by large-scale
habitat complexity, with such complexity resulting in
high prey abundance. Such patterns highlight that
lionfish are generalist predators that may consume
available and easily accessible prey (Peake et al.
2018). We can then expect population expansion of
Mediterranean lionfish to be a stepwise progression,
with individuals moving with prey abundance, resulting in localised depletion of prey populations preceded by movement of lionfish populations.
Small body size combined with a shallow body
shape, and solitary, demersal behaviour may increase
the likelihood of being preyed upon by Mediterranean lionfish. Such patterns of predation mirror those
found for Atlantic lionfish (Green & Côté 2014, Chappell & Smith 2016). For example, in the current study,
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the heavily predated species T. pavo and the other
Labridae juveniles fit the description of a small and
shallow body shape combined with demersal behaviour, while the most heavily predated species,
Chromis chromis, are small sized and gather over the
rocky substratum to feed on meroplankton at dusk, to
shelter during the night and to breed (Aguzzi et al.
2013, Pinnegar 2018). In comparison, despite juveniles of Siganus rivulatus and Sparisoma cretense being the second and third most abundant species at the
broad-scale level, with intermediate fine-scale abundance, both were not an important prey species for
Mediterranean lionfish. Both species are relatively
deep bodied, showing schooling behaviour and possessing (S. rivulatus only) defensive venomous dorsal
spines (Popper & Gundermann 1975, de Girolamo et
al. 1999), potentially reducing their likelihood of
being preferentially preyed upon.

4.2. Native versus invasive prey naiveté to
Mediterranean lionfish predation
Species-specific anti-predatory behaviour may
influence predation rates of Mediterranean lionfish,
with native Mediterranean fishes (which have been
evolutionarily isolated from lionfish) showing closer
approach distances (i.e. higher naiveté) to Mediterranean lionfish than co-evolved (Lessepsian) fishes.
These results are in line with the native prey naiveté
theory, which posits that native prey lack effective
anti-predatory responses to a novel predator, due to
lack of exposure to the predator archetypes over evolutionary time (Cox & Lima 2006, Sih et al. 2010,
Paolucci et al. 2013). This theory has been postulated
to explain the predatory advantage of lionfish in the
western Atlantic Ocean compared to native predators, and the disproportionate impact that lionfish
have exerted on native Atlantic prey populations
(Anton et al. 2016, Haines & Côté 2019). These results suggest that, without considerable changes in
the behavioural response of prey fishes in the Mediterranean, substantial negative impacts on prey populations may occur (Strauss et al. 2006). For example,
a sharp decline in prey population abundance will
lead to reduced genetic variation, thereby diminishing the potential for adaptation to current environmental change (i.e. tropicalization of the Mediterranean Sea) (Strauss et al. 2006, Bianchi 2007).
However, due to a strong selective predatory pressure, we would expect that prey recognition might
eventually evolve in native Mediterranean fish
(Strauss et al. 2006), as evolution of prey response to

invasive predators has been shown to be possible in
just a few generations (Berger 2001). Indeed, negative size-selective mortality (as per the highly targeted Labridae), has been linked to the selection of
faster-growing phenotypes (Belk et al. 1993, Ellis &
Gibson 1995, Sogard 1997) coupled with the selection of more shy and less active individuals (Sbragaglia et al. 2019). However, whether larger and
more wary fish will be better adapted to cope with
Mediterranean lionfish predation in the future is
unknown. Nevertheless, to date, there is no evidence
of adaptation of western Atlantic prey fish to the
threat of Atlantic lionfish, even though lionfish populations have been established for over a decade
(Anton et al. 2016, Haines & Côté 2019).

4.3. Implications for the wider marine community
As both C. chromis and T. pavo play fundamental
roles in the Mediterranean ecosystem (Guidetti &
Dulčić 2007, Milazzo et al. 2011, Galasso et al. 2015,
Pinnegar 2018), selective predation and localised
reduction in populations may have substantial flowon effects on the wider marine community. For example, C. chromis populations channel carbon, phosphorus and nitrogen from the pelagic zooplankton
system to the rocky littoral environment in the form
of liquid and solid waste (Bracciali et al. 2012, Pinnegar 2018), subsidising nutrients in one of the most
oligotrophic seas in the world (Krom et al. 2014). Furthermore, C. chromis is the most abundant prey species of meso-predator fishes and seabirds, and is a
major consumer of zooplankton and fish eggs (Pinnegar 2018), meaning that reductions in the abundance of C. chromis may have a strong negative
impact on the coastal food web. In parallel, T. pavo
feeds on small molluscs, crustaceans, annelids and
echinoderms (Guidetti 2004, Galasso et al. 2015,
Sinopoli et al. 2017), with its population abundance
having been linked to top-down regulation of sea
urchin populations (Guidetti & Dulčić 2007, Galasso
et al. 2015). Therefore, reductions in the abundance
of this species may accelerate local shifts in community structure from the ubiquitous sea grass bed to
predominantly grazed barrens, in an environment
already under strong pressure by invasive fish grazers (i.e. Siganus rivulatus and S. luridus) (Vergés et
al. 2014). Lastly, Mediterranean lionfish in Cyprus
have been increasingly shown to use caves as diurnal
refuge habitats and perhaps as feeding grounds
(Jimenez et al. 2019b). Such behaviour may then
overlap and, through increased predation, impact the
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diel migrations of fish and crustacean species between caves and external habitats. Such migration
provides an important source of nutrients to the relatively nutrient-poor epibenthic communities in caves
(Coma et al. 1997, Bussotti et al. 2018). The impact of
Mediterranean lionfish preying on diel migrants may
then have substantial consequences for the maintenance of such nutrient-poor communities, increasing
the likelihood of locally mediated losses of cavespecific benthic communities.
Our findings show that Mediterranean lionfish possess many of the behavioural and ecological traits that
have been key in determining the invasion success of
Atlantic lionfish. Although the Mediterranean lionfish
invasion is still at its early stages (first reported established populations in Lebanon and Cyprus in 2015)
(Jimenez et al. 2016, Azzurro & Bariche 2017), selective predation and prey naiveté may have substantial
population impacts on a range of native prey species
(Albins & Hixon 2013, Côté & Smith 2018, Peake et al.
2018). Such impacts are expected to be in line with
biodiversity impacts of the western Atlantic lionfish
invasion, which has been linked to significant changes
in native fish communities, including reductions in
prey species density, biomass, recruitment and richness (Albins & Hixon 2008, Albins 2015, Benkwitt
2015, Palmer et al. 2016) and even local species extirpation (Ingeman 2016). Ultimately, because Mediterranean lionfish are at the beginning of the spreading
stage of the invasion process (Chapple et al. 2012), it
is still unknown whether the behavioural and life-history traits measured in this study will be adaptive for a
pan-Mediterranean invasion (Candolin 2018), where
different thermal regimes and oceanographic conditions occur (Johnston & Purkis 2014). Hence, further
studies are needed to track the potential expansion of
the Mediterranean lionfish distribution, and to evaluate the potential for predator−prey co-evolution of
life-history and behavioural traits, by comparing differences in those traits between well-established and
recently invaded areas.
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