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Abstract The introduction of Red Sea species
through the Suez Canal has caused dramatic alteration
of Eastern Mediterranean marine communities, how-
ever changes at the level of trophic interactions remain
poorly understood. Capitalizing on this spectacular
bioinvasion, we used stable isotope analysis to depict
the novel fish food web occurring in the Eastern
Mediterranean, off the Lebanese coast. Multivariate
analyses were performed on six trophic groups
contrasting the 8'°N-3'°C ratios of native (MED)
versus non-indigenous (Lessepsian-LES) species.
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Community-wide aspects of trophic structure were
explored by means of recently developed quantitative
metrics, such as the average distance to centroid and
the standard ellipse area. Although the trophic posi-
tions of Lessepsian and native species were compa-
rable, native fishes generally showed a greater trophic
diversity than Lessepsians, the latter being mainly
located in the central region of the available trophic
space. We argue that the original trophic niche of
native species has widened out due to the shift they
have made towards less preferred food items, whilst
highly competitive invaders are exploiting more
energetic resources. In the absence of historical data,
our observations agree with the idea of a rapid change
of the Eastern Mediterranean food web, driven by
niche displacements through trophic competition.
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Introduction

Food webs provide the architecture that underlies
species diversity patterns and ecosystem functioning
(Chassot et al. 2010; Tunney et al. 2012). The structure
of ecosystems is however undergoing profound changes
due to the increasing human domination of natural
environments. In marine habitats, species interactions
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are subject to the large-scale impacts of fisheries (Pauly
etal. 1998), climate change (Larsen and Ormerod 2013)
and invasive species (Solan et al. 2004; Cardinale et al.
2006). The current scenarios are characterized by
species loss/replacement from human activities and by
species gain through intentional or accidental introduc-
tions (Byrnes et al. 2007). Such re-organization of
biological communities raises fundamental questions
about the functional consequences of species replace-
ments (Montoya et al. 2009; Woodward et al. 2010) and
the study of trophic networks has much to offer to the
study of these emerging assemblages (Duffy et al. 2007;
Albouy et al. 2014). However, while ecologists have
long investigated patterns of biological homogenization
through invasion (Vitousek et al. 1997; Sala et al. 2000),
the scarce knowledge available on the impact of such
large-scale processes on food web properties is some-
what surprising. Trophic relationships are a central issue
for ecologists interested in the coexistence of species
and today biological invasions provide ‘natural’ ex-
periments for contemporary ecologists, with great
potential to investigate both the theoretical and applied
aspects of species niche (Shea and Chesson 2002; Sax
et al. 2007). Trophic aspects of the niche (e.g. Leibold
1995) are of primary importance for understanding
interaction networks and functional responses in
biological communities (Newsome et al. 2007; Layman
et al. 2007; Turner et al. 2010). However, while trophic
responses are habitually investigated at the species
level, entire food webs are less often considered and
very scarce information is available on newly formed
assemblages (Vander Zanden et al. 1999; Carey and
Wahl 2010; Walsworth et al. 2013).

The sudden combination of species that have
evolved in different systems and never interacted
before is expected to provoke complex changes to the
structure and functioning of the community (Webb
1991; Robertson et al. 2004; Albouy et al. 2014).
Then, understanding the trophic organization of an
invaded community may help reconstruct changes in
ecosystem properties (Mack et al. 2000; Clavel et al.
2011) and provide useful information on the stability
and future evolution of the ecosystems (McCann
2000). For example, according to classical ecological
theory, weakly interacting species stabilize commu-
nity dynamics by dampening oscillations between
consumers and resources whilst high niche overlap
may lead to strong competition with the exclusion of
less competitive species (Odum 1953).
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Specific alterations of food webs properties have
sometimes been highlighted after invasive events (e.g.
Byrnes et al. 2007; Vander Zanden et al. 1999; Jackson
et al. 2012). While in the Mediterranean region
modelling approaches have been recently used to
tackle this issue (Albouy et al. 2013, 2014; Pinnegar
et al. 2014), a general understanding of how complex
real food webs respond to biological invasions has not
been achieved and empirical studies are surprisingly
rare in the marine environment (Schulze et al. 2012).

The Eastern Mediterranean Sea (hereafter EMED),
the world’s most invaded marine region (Edelist et al.
2013), provided us with a unique unplanned ex-
periment to understand how biological invasions are
affecting food web properties. The opening of the Suez
Canal in 1869 has enabled the passage of hundreds of
taxa from the Red Sea (Galil 2009; Zenetos et al.
2012), giving rise to one of the greatest biogeographic
convolutions of the contemporary globe (Por 2010).
These organisms, known as Lessepsian migrants (Por
1971), comprise 90 fish species recorded so far in the
Mediterranean Sea (updated from Golani et al. 2013).
Furthermore, Lessepsian migration has visibly accel-
erated in recent decades (Ben Rais Lasram and
Mouillot 2009; Golani 2010). Thus, the native
Mediterranean fish community, originating mainly
from the Atlantic Ocean, after the Messinian crisis, is
now being mixed with tropical species of Indo-Pacific
origin. It is very likely that this large scale invasion,
has been reshuffling the overall Mediterranean food
web with unclear implications of such a change. While
other global threats alter trophic structure through top-
down or bottom-up effects, invasive species create
new links altering interspecific relationships at the
different trophic levels. In the EMED of today,
Lessepsian fish species constitute a large proportion
of commercial captures, exceeding 90 % in some
locations (Goren and Galil 2005; Edelist et al. 2011;
Bariche 2012). Notwithstanding this dominance of
exotic fishes, no Mediterranean species is known to
have disappeared since the opening of the Suez Canal
(Golani 2010). However, many native fishes seem to
have been displaced by their exotic counterparts, and
some to the point of local extirpation (Galil 2007). As
an example, the native herbivorous fish Sarpa salpa is
considered to be outcompeted by the rabbitfish
Siganus rivulatus along the easternmost sectors of
the Mediterranean Sea (Bariche et al. 2004). The same
has probably happened for other pairs of exotic versus
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native species, such as: Saurida macrolepis versus
Synodus saurus; Upeneus moluccensis versus Mullus
barbatus; Callionymus filamentosus versus C. pusillus
(reviewed by Galil 2007 and Golani 2010). Regarding
diet composition in the new environment, detailed
studies exist for certain Lessepsian fish species
(Golani 1993, 1994; Azzurro et al. 2007; Kalogirou
et al. 2007; Bariche et al. 2009) but historical data are
generally missing and links within the new food webs
still have to be identified.

Here we employed stable isotopes analyses (SIA)
of nitrogen and carbon together with recently devel-
oped analytical tools to characterize the trophic
structure of the perturbed rocky reef fish community
in the Eastern Mediterranean Sea. SIA represents a
commonly employed tool for the study of trophic
interactions in aquatic ecosystems (Pinnegar and
Polunin 2000), and a powerful way to depict the
trophic characteristics of an organism, upon which
niche research relies (Newsome et al. 2007). This
technique offers long-term estimates of the prey that
have been incorporated into predator tissue, with
promising applications in invasion biology (e.g.
Cucherousset et al. 2007; Bodey et al. 2011 for fish
species). Stable isotope composition provides an
indication of the origin and transformations of organic
matter to trace the use and fluxes of resources from the
individual to the community level (Newsome et al.
2012).

Isotopic values (8'°N-8'C) are usually projected
in two-dimensional plots, and the relative position
occupied by the consumers in this bivariate space (d-
space) is used to infer various structural aspects of
particular food web (Jackson et al. 2011). Individual
positions within d-space define the ‘isotopic niches’
(Newsome et al. 2007), which are conceptually
equivalent to the Hutchinsonian niche concept
(Hutchinson 1957) and a good proxy for the ‘trophic
niche’ (Elton 1927). Analogously, the variability
among individual positions or the size of 5-space they
occupy may be used to define the width of the niche of
a species or population (Bearhop et al. 2004).

Recently, stable isotopes have been applied to
quantitatively characterize community-wide aspects
of trophic structure (Layman et al. 2007, 2012; Turner
etal. 2010) providing new perspectives for the study of
biological communities. Drawing on these new ap-
proaches, we aimed at describing the present structure
of the fish food web in the EMED, and discuss its

potential evolution. We therefore analysed the isotopic
values of littoral EMED fishes, of both native and
Lessepsian origin, based on the whole assemblage and
on trophic guilds. Our specific ecological questions
were: (1) Do Lessepsian species rely on the same
resource pool than native counterparts? (2) What
trophic positions do Lessepsians occupy with respect
to the receiving assemblage?

Methods
Study area and sample collection

Sampling was conducted in the easternmost part of the
Mediterranean Sea, off the coast of Lebanon. Fishes
selected for this study encompassed some of the most
common species from the coastal rocky habitats of the
Levantine basin (Harmelin-Vivien et al. 2005; Bariche
2012). These included highly invasive fishes (62 % of
the analysed Lessepsian species—LES) such as Fis-
tularia commersonii (Azzurro et al. 2013), Siganus
spp. (Sala et al. 2011) and Upeneus spp. (Otero et al.
2013) together with common Mediterranean rocky fish
species. Among the natives, special effort was made to
sample Sarpa salpa, a species that has become
particularly rare in the study area.

In order to give an indication of their abundance,
both native and Lessepsian fish species were ranked
according to three levels of increasing success, based
on their abundances in the study area: (1) not
established or rare; (2) occasional to common but
never very abundant; (3) very abundant or dominant,
drawing on the abundance levels suggested by
Azzurro et al. (2014) (see Appendix 1 in ESM).

Fish specimens, of both native and exotic origin,
were purchased during December 2011-March 2012
from commercial catches (mostly captured by tram-
mel nets) at three landing sites (Beirut 33°53'55"N,
35°33’3"E; Batroun 34°15'26”N, 35°39'25"E and
Tripoli 34°27'11”"N, 35°49'0"E). The sites were
situated within less than 70 km distance of each other
(while fishing grounds were at a maximum distance of
60 km, on average around 40 km). For each species,
we selected specimens of similar sizes (Appendix 1 in
ESM; ANOVA test, p > 0.05) among the most
common sizes present in the landings. Upon collec-
tion, fishes were immediately frozen (—20 °C). Pieces
of white muscles were sampled from the upper side,
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close to dorsal fins. A sufficient number of replicates
was considered, with 121 LES specimens versus 73
MED and a minimum of 16 replicates for each
trophic group (groups defined below). Concurrently
to the period when fishes were collected, the
zooplankton community was sampled from the near
shore surface water off Batroun by means of a
200 pm mesh-size plankton net. Macroalgae, sea-
grasses and invertebrates (Table 1), representing
common neritic species in the study area, were
collected from Batroun, within the same sampling
period. Macroalgae and seagrasses were scraped in
order to remove epiphytes (bryozoans, etc.), which
can represent a source of inorganic carbon. Muscle
tissue was extracted from benthic invertebrates and
used for stable isotope analyses.

All samples (including invertebrates, seagrasses
and macroalgae) were dried to constant weight at
60 °C, powdered and packed into tin capsules. Each
sample weighted from 0.3 to 1.0 mg. Stable isotope
measurements of fishes and potential sources were
carried out by a Flash EA 1112 Elemental Analyser
coupled to a Delta C Finnigan MAT isotope ratio mass
spectrometer (IRMS) through a Conflo III Finnigan
MAT interface at the “Serveis Cientifico-Técnics” of
the University of Barcelona (Spain). Samples were run
against international standards (generally run for
every 12 samples): IAEA CH7, IAEA CH6 and USGS
24 for §"°C and TAEA N1 and IAEA N2 and IAEA

NO; for "°N. Analytical errors were 0.1 for 8'°N and
0.2 for 3'°C.

The §'°C and §'°N values were obtained in parts
per thousand (%o) according to the following equation:
8"°C or 8" N = [(Ryumpie/Rstandard)— 11 x 10° where
R = ">C/'2C or ’N/"N and relative to Vienna Pee
Dee Belemnite (vPDB) and atmospheric N, standards,
respectively.

Since lipids were not extracted from the samples
prior to SIA, arelationship was used between C/N ratios
and 8'*C ratios in order to evaluate the effect of lipids on
the isotopic value. Values of %C and %N for C/N ratios
were measured simultaneously during SIA from the
elemental percentages. The bulk 8'°C values were
normalized for lipid concentration according to the
model proposed by Kiljunen et al. (2006). Invertebrates
lipid corrections were calculated according to Post et al.
(2007). The 813C1ipidfree values obtained were compared
afterwards with 8'>Cy with Paired ¢ test. The trophic
position of each species was calculated according to the
equation proposed by Post (2002): ((8"°Nggn — &'
Npase)/TEF) 4 2 considering the grazer gastropods
(limpets and  Monodonta  turbinata:  mean
8'°N = 2.8 =+ 0.8 %o) as baseline and a trophic enrich-
ment factor (TEF) of 2.9 %o (McCutchan et al. 2003). In
the case of herbivores, the equation was changed as
follows: [(SISNﬁsh - 815Nseagrass+seaweed)/TEF] + la
where the baseline was represented by the average
3N value of seagrasses and macroalgae (mean

Table 1 List of species/taxa, their isotopic composition and C/N ratios [plus Standard Deviation (SD), in parenthesis], considered as
potential primary food sources for littoral fishes off the coast of Lebanon

Source Description Trophic guild 35N e 33Con C/N
Hypnea sp. Red alga Primary producer 4.8 (0.7) —17.8 (0.8) 23.2 (2.1)
Ceramiales Red alga Primary producer 3.6 (0.9) —16.4 (0.0) 17.5 (0.3)
Ulva lactuca Green alga Primary producer 3.1 (0.2) —19.7 (0.1) 36.7 (4.7)
Enteromorpha sp. Green alga Primary producer 15.9 (1.0) —17.2 (1.3) 11.5 (1.9)
Halophila stipulacea® Seagrass Primary producer 4.0 (0.8) —18.3 (0.3) 20.1 (0.1)
Lithophaga lithophaga Mussel Filter feeder 3.2 (0.9) —20.3 (1.5) —18.3 (0.1) 5.1 (L.5)
Spondylus spinosus® Spiny oyster Filter feeder 6.2 (0.2) —17.9 (0.1) —15.8 (0.0) 5.3 (0.1)
Brachidontes pharaonis® Mussel Filter feeder 4.1 (0.5) —15.5 (1.8) —14.5 (0.9) 4.1 (0.5)
Monodonta turbinata Gastropod Grazer 3.7 (0.2) —8.5 (1.6) —7.7 (1.2) 4.0 (0.0)
Limpets Gastropod Grazer 2.2 (0.3) —6.0 (0.7) —5.5 (0.7) 3.8 (0.1)
Zooplankton Crustaceans Grazer 5.8 (0.9) —20.7 (0.5) —18.2 (0.4) 5.6 (0.2)

For invertebrates also 8'>C values corrected for lipid (833Ceop) are reported

* Non indigenous species
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3N = 3.9 + 0.9 %o, except Enteromorpha sp.) and
TEF was 2.0 %o according to Wyatt et al. (2010).

Statistical analyses and quantitative metrics

Multivariate analyses were performed on the whole
assemblage and on six trophic groups (TG, Table 2),
contrasting the 8'°N-3'3C ratios of native versus
Lessepsian species. These groups were defined a priori
on the basis of prey/resource type (i.e. zooplankton,
macroalgae and seagrasses, epibenthic-infaunal prey
etc.), which is available from literature.

A Two-way PERMANOVA (“Lessepsian vs. na-
tive species—LES vs. MED” and “TG”, both fixed and
crossed within each other) was performed on the
Euclidean resemblance matrix of untransformed bi-
variate data (3'°N and 8'3C values). PERMANOVA
was carried out on replicates considering 1) a data set
encompassing only our own data (i.e. 31 LES and 17
MED species) and 2) an extended data set including
values from literature for native species (i.e. 10
additional species) in order to compare approximately
the same number of species from the two categories
(31 LES vs. 27 MED species). This was done with
Type III sums of squares and was based on a Euclidean
distance matrix and 9999 permutations of the residuals
under a reduced model. Because the values were
comparable, the following analyses were performed
only on the first data set.

A PERMDISP test (a test for multivariate disper-
sion, Anderson et al. 2008) was carried out both on the
first factor (LES vs. MED) and on the interaction term
(LES vs. MED x TG) in order to obtain the within
group dispersion and in turn to have a proxy of the
trophic specialization/generalism, i.e. the greater the

Table 2 Trophic groups defined by characteristic prey type

value of average dispersion, the greater the degree of
generalism of the trophic groups. In addition, the test
returns the average distance from centroids, and that
can be used as a measure of “community” trophic
diversity. All multivariate analyses were carried out on
replicate values for each species, in order to increase
sample size.

All data were tested for normality and heteroscedas-
ticity using Kolmogorov—Smirnov and Levene’s tests,
respectively with Statistica 7.0. Multivariate analyses
were carried out with PRIMER6 & PERMANOVA
plus (PRIMER-E Ltd, Plymouth, UK).

We also used a quantitative metric derived from
stable isotopes data to reveal key aspects of trophic
structure, i.e. the standard ellipse area (SEA) as a
measure of the mean core population isotopic niche
which is robust to variation in sample size (Jackson
et al. 2011). Additionally, we have also calculated a
sample size corrected version of the standard ellipse
area (referred to as SEAc) according to Jackson et al.
(2011). The corrected ellipse is employed to circum-
vent the bias that arises when sample sizes are small.
SEAc were calculated for the whole community data
and for trophic groups contrasting LES versus MED in
both cases.

In the absence of historical data on the native food
web prior to Lessepsian migration, we took into
account literature isotopic data of two Mediterranean
areas not invaded by Lessepsian fishes at the time of
the study: the Balearic Islands (Deudero et al. 2004)
and Corsica (Pinnegar and Polunin 2000). The data
from the two locations were used to calculate quan-
titative metrics and to generate SEAc, which were
compared to the respective ellipses of the EMED
(invaded) assemblage. SEAc was calculated using the

Abbreviation Trophic group Prey type

PL Planktivores Mixed zooplankton, including small benthic invertebrates

BC Benthic carnivores (microinvertivores) Primarly infaunal/epifaunal invertebrates

(0] Omnivores Mixed herbivorous and carnivorous diet

H Obligate herbivores Macroalgae and plants

GC Generalized carnivores (macroinvertivores) A variety of mobile epibenthic prey that may include
fishes, crabs, shrimps and gastropods

PI Piscivores Mainly fishes but also squids and crustaceans
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R statistical computing package (R Development Core
Team 2011): see Jackson et al. (2011) for detailed
methodology on SEAc calculations.

Mixing models

To estimate the potential food sources for LES and
MED assemblages and for each trophic group we
applied a Bayesian model in SIAR 4.1.1 (Stable
Isotope Analysis in R 2.12.2). This model allowed the
inclusion of sources of uncertainty. In particular, the
variability in the isotope values (mean and standard
deviation) of prey species can be incorporated into the
model (Parnell et al. 2010). STAR uses Markov-chain
Monte Carlo modelling, takes data on consumer stable
values and fits a Bayesian model of the diet habits
based on a Gaussian likelihood function with a
Dirichlet prior mixture distribution for the mean.
The model also assumes that each target value (i.e. the
stable isotope data for each individual) comes from a
Gaussian distribution with an unknown mean and
standard deviation. The structure of the mean is a
weighted combination of the food sources’ isotopic
values. The standard deviation depends on the uncer-
tainty in the fractionation corrections and the natural
variability among target individuals within a defined
group. We used the trophic enrichment factor (TEF) of
1.3 £ 0.3 %o for Cand 2.9 £ 0.3 %o for N provided in
McCutchan et al. (2003) for BC and PL. For GC and PI
we adjusted the TEF to their trophic position
(TP = 4-5), considering that they do not feed directly
on primary consumers, rather on secondary or tertiary
consumers, thus the TEF used was 2.6 %o for C and
5.8 %o for N. For herbivores we considered a TEF of
0.53 £ 1.2 %o for C and 2.0 £ 0.4 %o for N according
to Wyatt et al. (2010). Mixing models were run first for
LES versus MED assemblages and then for all trophic
groups separately, in order to highlight the contribu-
tion of the different potential food sources to each
group among native and exotic species.

Among potential food sources (Table 1), we in-
cluded in the model those representing benthic and
pelagic endpoints such as grazing molluscs (that feed
on the epilithic biofilm) on one hand (Monodonta
turbinata and limpets), and filter feeders (Lithophaga
lithophaga) and zooplankton (a mix of herbivores and
carnivore species, mainly copepods) on the other. We
also selected Spondylus spinosus, which showed a
mean 8'°C value intermediate between the other two
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filter feeding bivalves (L. lithophaga and Brachidon-
tes pharaonis). S. spinosus feeds on algal particulate
organic matter (not only on phytoplankton) and thus it
is expected to be an appropriate proxy of a detritus-
based food chain. For herbivorous species, the model
was run by selecting the seagrass Halophila stipula-
cea, the green alga Ulva lactuca and the red algae
Ceramiales and Hypnea sp.

Results

Analyses were carried out on lipid-corrected sam-
ples since the comparisons between 8"3Cu and
613Cﬁpidﬁee values showed significant differences
(t = 9.66, df = 386, p < 0.001) (Table 3).

Isotopic composition

A total of 194 specimens belonging to 48 fish species
(17 MED and 31 LES) were analysed for SIA
(Appendix 1 in ESM). The highest 3'°N values among
LES were found in Sphyraena chrysotaenia (12.1 +
0.2 %o) and Sillago suezensis (12.5 £ 0.4 %o), and the
lowest in the mugilid Liza carinata (4.9 £ 0.5 %eo;
Table 3; Fig. 1a). Among native fishes, the highest
8"°N values were displayed by the peacock wrasse
Symphodus tinca (12.1 & 0.5 %0) and by the dusky
grouper Epinephelus marginatus (12.3 £ 0.0 %o),
while at the opposite extreme was located the
striped red mullet Mullus surmuletus (6.1 £
0.5 %o). Overall 3'°C values ranged from —19.5 to
—13.6 %0 in native fishes, and from —19.7 to
—10.9 %o in LES, while 83 lipid-corrected values
varied from —17.9 to —10.8 %o in native fishes, and
from —19.7 to —13.5 %o in LES (Table 3; Fig. 1a).
Differences between LES and MED §'°C values
were significant (Paired ¢ test = —4.37, df = 192,
p < 0.001). Individual species used for the trophic
group analyses were well grouped in isotopic space
(Fig. 1b), and their distribution was similar within a
trophic group (i.e. BC MED and BC LES etc.).

Trophic positions (TP) of both native and Lessep-
sian species spanned more than three levels, from
herbivores (TP = 1.9) to piscivores (TP = 5.6;
Table 3). The mean TP of Lessepsians was 4.3, while
that of natives was 4.1 (Table 3), however this
difference was not significant (Paired ¢ test = 1.83,
df =192, p = 0.06).
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Table 3 Isotopic composition (3'°N and §'C), C/N ratios and Trophic Position (TP) of fish analysed for SIA in this study (£SD, in
parenthesis)

Species Status TG 53N 8"3C 3"3Cron C/N TP

Apogon queketti LES PL 9.6 (0.2) —18.0 (0.2) —16.7 (0.1) 3.7 (0.1) 4.3 (0.2)
Apogon smithi LES PL 9.5 (0.4) —18.1 (0.3) —16.7 (0.3) 3.7 (0.0) 4.3 (0.1)
Atherinomorus forskali LES PL 9.6 (0.1) —18.0 (0.7) —16.6 (0.1) 3.9(0.2) 4.5 (0.3)
Callyonimus filamentosus LES BC 8.3 (0.5) —18.9 (0.9) —17.5 (0.7) 3.8 (0.1) 4.0 (0.2)
Champsodon vorax LES GC 8.7 (0.2) —17.5 (0.5) —16.0 (0.2) 3.8 (0.1) 3.7 (0.1)
Equulites klunzingeri LES BC 9.1 (0.5) —18.6 (0.9) —16.5 (0.5) 4.3 (0.5) 4.2 (0.2)
Fistularia commersonii LES PI 11.1 (0.2) —15.4 (0.5) —14.0 (0.2) 3.7 (0.0) 4.9 (0.3)
Hemiramphus far LES PL 9.7 (0.4) —17.5 (0.2) —16.2 (0.2) 3.6 (0.1) 4.4 (0.1)
Heniochus intermedium LES BC 10.9 (0.4) —17.6 (0.4) —16.1 (0.0) 3.7 (0.0) 4.8 (0.2)
Lagocephalus sceleratus LES BC 10.4 (1.0) —15.8 (0.6) —14.5 (0.5) 3.6 (0.2) 4.6 (0.3)
Lagocephalus spadiceus LES BC 10.1 (0.7) —16.2 (0.3) —14.9 (0.09) 3.7 (0.1) 4.4 (0.2)
Lagocephalus suezensis LES BC 9.4 (0.6) —16.0 (0.4) —14.8 (0.5) 3.6 (0.2) 4.3 (0.2)
Liza carinata LES (0] 4.9 (0.5) —20.0 (0.8) —16.5 (0.6) 5.9 (0.8) 2.7 (0.2)
Nemipterus randalli LES BC 8.8 (0.7) —18.9 (0.7) —17.3 (0.8) 3.8 (0.1) 4.1 (0.3)
Ostorhinchus fasciatus LES PL 9.7 (0.7) —17.9 (0.3) —16.6 (0.4) 3.8 (0.0) 4.2 (0.3)
Oxyurichthys petersi LES BC 7.7 (0.5) —20.8 (0.4) —19.3 (0.4) 3.8 (0.0) 3.7 (0.2)
Pempheris rhomboidea LES PL 11.6 (0.6) —16.8 (0.4) —15.4 (0.6) 3.7 (0.1) 5.0 (0.2)
Platicephalus indicus LES GC 9.9 (0.0) —16.8 (0.1) —15.3 (0.2) 3.8 (0.1) 4.5 (0.0)
Plotosus lineatus LES BC 10.8 (0.9) —17.1 (0.6) —15.6 (0.7) 3.8 (0.1) 4.7 (0.3)
Pomadasys stridens LES BC 10.8 (0.4) —16.1 (0.4) —14.6 (0.5) 3.8 (0.2) 4.7 (0.1)
Sargocentron rubrum LES GC 9.8 (0.2) —16.6 (0.8) —15.0 (0.7) 3.9 (0.1) 4.4 (0.1)
Saurida macrolepis LES GC 10.2 (0.5) —16.9 (0.2) —15.6 (0.1) 3.7 (0.1) 4.5 (0.2)
Siganus luridus LES H 5.9 (0.1) —16.1 (0.3) —14.5 (0.2) 3.8 (0.2) 2.0 (0.1)
Siganus rivulatus LES H 9.7 (0.6) —18.4 (0.9) —16.2 (0.7) 4.1 (0.9) 3.8 (0.3)
Sillago suezensis LES BC 12.5 (0.4) —15.2 (0.3) —14.1 (0.6) 3.8 (0.1) 5.2 (0.3)
Sphyraena chrysotaenia LES PI 12.1 (0.2) —16.9 (0.5) —14.7 (0.7) 3.7 (0.3) 5.6 (0.5)
Stephanolepis diaspros LES BC 8.7 (0.1) —16.1 (0.3) —14.8 (0.4) 3.6 (0.1) 4.0 (0.0)
Terapon puta LES GC 8.8 (0.5) —20.0 (0.1) —17.6 (0.3) 4.3 (0.4) 4.1 (0.2)
Torquigener flavimaculosus LES BC 8.8 (0.6) —16.6 (1.0) —15.5(0.9) 3.8 (0.1) 3.8 (0.2)
Upeneus moluccensis LES BC 9.4 (0.3) —17.4 (0.0) —15.9 (0.2) 3.8 (0.1) 4.3 (0.1)
Upeneus pori LES BC 10.2 (0.8) —16.6 (0.7) —15.2 (0.8) 3.7 (0.2) 4.6 (0.3)
Apogon imberbis MED PL 10.8 (0.4) —18.1 (1.5) —16.3 (0.9) 4.1 (0.5) 4.8 (0.1)
Boops boops MED PL 8.3 (0.7) —19.1 (0.7) —17.0 (0.8) 43 (0.4) 3.9 (0.3)
Chromis chromis MED PL 7.9 (0.3) —18.5 (0.1) —16.8 (0.0) 4.0 (0.1) 3.7 (0.1)
Diplodus sargus MED GC 9.2 (0.4) —14.4 (0.7) —14.0 (0.8) 4.1 (0.4) 4.5 (0.3)
Epinephelus marginatus MED PI 12.3 (0.0) —14.6 (0.6) —12.8 (0.7) 3.8 (0.1) 5.3 (0.0)
Mullus barbatus MED BC 8.8 (0.1) —19.5 (0.2) —17.0 (0.7) 4.1 (0.1) 4.2 (0.1)
Mullus surmuletus MED BC 6.1 (0.4) —18.5 (0.4) —17.0 (0.5) 3.8 (0.1) 3.1 (0.1)
Mycteroperca rubra MED PI 10.5 (0.3) —15.7 (0.2) —14.4 (0.1) 3.6 (0.0) 4.7 (0.1)
Oedalechilus labeo MED (0] 9.3 (1.1) —17.5 (1.0) —16.1 (1.0) 3.7 (0.0) 4.3 (0.4)
Sarpa salpa MED H 6.0 (0.3) —13.6 (1.1) —12.3 (1.2) 3.9 (0.1) 1.9 (0.1)
Sciaena umbra MED BC 11.2 (0.4) —14.5 (0.3) —13.2 (0.4) 3.7 (0.0) 4.8 (0.2)
Scorpaena porcus MED GC 10.2 (0.4) —15.3 (0.6) —14.0 (0.7) 3.6 (0.1) 4.6 (0.1)
Serranus cabrilla MED GC 8.6 (0.5) —17.8 (0.2) —16.3 (0.2) 3.8 (0.0) 4.0 (0.2)
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Table 3 continued

Species Status TG 3N 313 3"3Ceonr C/N TP

Serranus scriba MED GC 11.8 (0.2) —16.2 (0.4) —14.6 (0.4) 3.9 (0.3) 5.1 (0.1)
Sparisoma cretense MED H 8.4 (0.2) —17.1 (0.0) —15.6 (0.0) 3.8 (0.0) 2.6 (0.4)
Symphodus tinca MED BC 12.1 (0.5) —16.8 (0.4) —14.5 (0.2) 4.2 (0.4) 5.2 (0.2)
Thalassoma pavo MED BC 9.5 (0.6) —16.0 (1.1) —14.6 (1.0) 3.8 (0.1) 4.3 (0.2)

The status of the species (Lessepsian, LES vs. native, MED) and its trophic group (TG) according to Table 2 are also indicated.
Species names were revised according to recent taxonomic updates (see Appendix 1 in ESM)
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Fig. 1 8'°Nversus 5'°C scatterplot of fish species, macroalgae, seagrass, zooplankton and benthic invertebrates collected off Lebanese
coast (a) with a detail of the different trophic groups within the isotopic space (b). Trophic groups abbreviations were in Table 2

Multivariate analyses and standard ellipse area

PERMANOVA showed significant differences in the
isotopic ratios of MED and LES species, among
trophic groups and for the interaction (Table 4).
However, pair-wise comparisons performed on the
interaction “LES versus MED x TG” showed sig-
nificant differences in 8'°N-8'°C centroid location
between LES and MED only for benthic carnivores
(GC: t = 2.48, p = 0.006), herbivores (H: t = 2.35,
p =0.002) and planktivores (PL: t=2.27,
p = 0.02), the other TG not showing significant
differences between LES and MED. Since PERMA-
NOVA showed similar results for both data sets
(with and without literature data, Table 4), the
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following analyses were performed by using our
own data.

The PERMDISP global test was significant
(F1,184 = 14.33, p < 0.001) with the average disper-
sion of the MED isotope ratios greater than that of LES
(mean MED 2.36 4 0.14 vs. mean LES = 1.65 +
0.12). The pair-wise comparisons (only comparison
among the same TG were considered) performed on the
interaction term “LES versus MED x TG” (global test
Fi1184 =425, p <0.001) showed significant differ-
ences in the multivariate dispersion of benthic carni-
vores (Table 5) while the other TG were not significant.
However the average distance from centroids, as a
measure of multivariate dispersion, was generally
greater in MED species than in LES (Table 6).
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Table 4 Results of PERMANOVA main tests for data set a)
(own data) and data set b) (including literature data), after 9999
permutations

Source df MS Pseudo-F
Data set a (only own data)

LES versus MED 1 14.24 4.13%*
TG 5 56.48 16.38%**
LES versus MED x TG 5 13.58 3.93%*x
Residuals 165 3.45

Total 176

Data set b (including literature data)

LES versus MED 1 24.32 6.65%*
TG 5 43.34 11.85%#%*
LES versus MED x TG 5 21.33 5.83 %%
Residuals 176 3.66

Total 187

LES are non-indigenous species, MED are native species, TG
are trophic groups as defined in Table 2

* p<0.05; ** p<0.01; *** p<0.001

Table 5 Results of PERMDISP test carried out on trophic
groups (TG) for LES and MED: pair-wise comparisons, ab-
breviations of trophic groups as in Table 2

LES versus MED x TG t

PL 1.70™*
BC 2.77%*
GC 1.75™%
PI 0.81™*
H 0.11%*

The standard ellipse area SEAc of LES and MED
greatly overlapped (Fig. 2; Table 7) but SEAc of LES
was significantly smaller than that of MED
(P > 99.99 %). Furthermore, the isotopic location of
the natives and LES SEAc differed substantially
among trophic groups and varied in size (Table 7).
The SEAc of LES was significantly smaller than those
of MED in all trophic groups (Table 7) except in
herbivores (H) and piscivores (PI), which have similar
SEAc. The overlap between the isotopic niche areas
was low in all groups (Table 7), while it was greater in
benthic carnivores (BC), being approximately 25 and
38 % of the MED and LES areas in BC.

The average distance to centroid CD of LES
(Table 8) was comparable with the respective values
of Western Mediterranean (WMED) assemblages

Table 6 Results of PERMDISP test carried out on trophic
groups (TG) for LES and MED: average distance from cen-
troids (CD) and standard errors (SEs), abbreviations of trophic
groups as in Table 2

LES MED
TG Size CD SE Size CD SE
PL 27 0.89 0.13 9 1.34 0.23
BC 52 1.64 0.14 16 245 0.19
GC 15 1.11 0.20 12 1.59 0.13
PI 11 1.47 0.31 17 1.19 0.27
H 12 1.94 0.24 13 1.89 0.31

13

Fig. 2 Convex hull polygons and SEAc ellipses of the whole
community (LES in red and MED in black). The convex hulls is
a measure of the total area drawn around the most extreme data
points on the isotope bi-plot, while the SEAc is as a proxy of the
mean core population isotopic niche and it is insensitive to
sample size (see further details in the text)

(Corsica and Balearic Islands), while SEAc was greater.
Overall both SEAc and CD significantly differed among
groups (SEAc comparisons in SIAR: all groups
P > 99 % except Balearic Islands versus Corsica, see
Table 8; PERMDISP for CD: Fj3,gs = 6.63, p =
0.0001). Both SEAc and CD generated by native fish
from Lebanon (MED) were significantly greater (two-
fold or more) than SEAc and CD of both native WMED
and Lessepsian (LES) assemblages (Table 8).

Mixing models

SIAR results (Fig. 3) indicated for both LES and MED a
great reliance on zooplankton and S. spinosus as a
primary food source. However the contribution of both
sources varied in the two groups (LES: zooplankton
mean contribution = 43 %, MED = 28 %; S. spinosus
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Table 7 SEAc of all data (all) and of trophic groups of native fish (MED) and non-indigenous species (LES)

Metrics All data GC BC H PL PI

MED LES MED LES MED LES MED LES MED LES MED LES
SEAc 11.38  5.82%**% 59 2.38% 10.07 491%% 4.5 5.24™% 421 1.18**  1.47 23
overlap ellipses 5.52 0.79 491 0.61 0.82 0.43

Abbreviations of trophic groups as in Table 1. Details on SEAc and CD,, are provided in the text
* > 99 % probability; ** > 99.9 %; *** > 99.99 %; n.s. not significant difference

Table 8 Comparison of SEAc and Average distance (CD)
from centroids (based on PERMDISP test) of Mediterranean
fish communities from the Balearic Islands (source: Deudero
et al. 2004, indicated as BALIS), Corsica (source: Pinnegar and
Polunin 2000, named CORS) and Lebanon (source: this study;
native species = MED; Lessepsians = LES)

SEAc CD SE

BALIS 249 1.14 0.06
CORS 341 141 0.06
MED 11.38 245 0.15
LES 520 1.87 029

Pairwise test
SEAc MED > LES > BALIS = CORS
CD MED > LES = BALIS = CORS

Details on SEAc and CD are provided in the text

mean contribution LES =28 %, MED = 32 %),
although differences were not significant. This same
pattern, a greater dependence on a pelagic derived
materials than on benthic ones in LES species, was
found when running STAR for each of the trophic groups
(Fig. 3). Significant differences were found in the
consumption of L. lithophaga within the BC group
(greater in BC_MED than in BC_LES). The consump-
tion of grazing molluscs by GC group was also greater in
GC_MED than in GC_LES). Other significant differ-
ences were related to the contribution of Ulva sp. and H.
stipulacea to the diet of herbivores, being significantly
greater in H_MED than in H_LES, while an opposite
trend was found for consumption of Ceramiales.

Discussion
The current findings provide a first insight into the

novel Eastern Mediterranean food web, following
Lessepsian invasion. The studied assemblages are
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constituted by a mixture of species of both exotic
(LES) and native (MED) origins, both co-existing in
the contemporary Eastern Mediterranean Sea. Lessep-
sian and native species showed statistically indistin-
guishable trophic positions (mean TP LES = 4.3;
mean TP MED = 4.1). Differences in isotopic values
resulted to be particularly marked for native goatfishes
(especially Mullus surmuletus), which fed on more '*C
and "N depleted trophic resources with respect to
their exotic analogues (genus Upeneus). Previous
studies based on stomach contents (Golani 1994)
highlighted a large overlap between the diets of
Upeneus spp. and Mullus spp., with M. surmuletus
preying mostly on carnivorous polychaetes, such as
Labioleanira hyleni. Yet, our findings showed a very
different situation. In facts the low 3'°N values of
native goatfishes (especially M. surmuletus) (see
Table 2) were no longer consistent with a diet based
on carnivorous polychaetes (mean &' N > 9 %o,
Fanelli et al. 2011). This supports a possible niche
displacement of native goatfishes towards lower
trophic level prey, such as deposit feeders. Addition-
ally to such striking example, some other cases can be
recalled, such as the black scorpionfish Scorpaena
porcus off the Turkish coasts. In this area, which is less
invaded than the Lebanese coast, S. porcus mostly
feed on M. barbatus (Basginar and Saglam 2009). Our
results, with a mean 3'°N of 10.2 %o for S. porcus,
hardly supported a diet based chiefly on goatfishes
(mean 8'°N = 8.8 %o for M. barbatus) and suggest
this species feeds on lower trophic level prey. Still
Serranus cabrilla (ca. 14 cm TL) in the Edremit Bay
(Turkey) mainly prey on fish and secondarily on
decapods and cephalopods (Tiirker Cakir and Hatice
Torcu 2002), while its 85N off the Lebanon coasts
(8.6 £ 0.5) was not consistent with such a diet and
again points to a displacement to lower trophic level

prey.
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While Lessepsian and native assemblages showed a
similar range of 8'°C values (~6 %o), 8'°C was
generally (and significantly) lower in LES (ranging
from —20.8 to —15.2 %o and from —19.7 to —13.5 %o,
when considering 8'°C values corrected for lipids)
than in MED (from —19.5 to —13.6 %0; —17.9 to
—10.8 %o for lipid-corrected values). Lower &'°C
values for LES species could indicate a more oriented
diet towards organisms of pelagic origin or on prey
which rely on planktonic sources. In addition, the
lower 8'°C range found in LES fishes would suggest a
narrower range of food sources with respect to natives.

When examining the whole assemblage, 3'°N and
3'°C data indicated a comparable range of trophic
resources on which Lessepsian and native feeding
groups rely upon. However while native fishes are on
the edge of the cloud of data points (Fig. 1a), invaders
seem to be concentrated towards the center. This

overlap seems to be particularly clear for benthic
carnivores and strong competitive interactions are
expected to occur among them. Benthic carnivores,
such as Upeneus spp., Saurida macrolepis or Lago-
cephalus spp., occurred in high abundances along the
eastern sectors of the basin and included some of the
most invasive fishes of the Mediterranean Sea (Goren
and Galil 2005; Harmelin-Vivien et al. 2005; Bariche
2012). The ultra-oligotrophic waters of the Eastern
Mediterranean waters support scarce benthic re-
sources (Azov 1991; Krom et al. 2004), reasonably
augmenting the probability of trophic competition
among benthic feeders.

Here we used some quantitative metrics (SEAc and
CD), originally developed to work at the species level,
with functional groups (i.e. trophic groups). Individual
species used in the trophic group analyses were
reasonably well grouped within the isotopic space
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(see Fig. 1b), and/or their distribution was similar
within a trophic group (i.e. BC MED and BC LES
etc.). Nevertheless, this approach may have some
caveats, since the metrics used to examine dispersion
and niche width could be affected by outlier species
within functional groups.

The metrics SEAc and CD (based on PERMDISP)
were found to be generally higher in natives with
respect to LES (see Fig. 1a; Table 5, 6), and this could
mirror a lower trophic specialization of the former
species with respect to the latter. Speculating on this
observation, one might conclude that native species
have been pushed to sub-optimal foods/habitats by
their exotic competitors. From one side, the relatively
low ecological diversity of the EMED (reviewed by
UNEP-MAP RAC/SPA 2010) provides limited biotic
resistance to biological invasions (e.g. Por 1978;
Golani 2010) and this could allow exotic species to
maintain their dietary preferences. At the same time,
the EMED fish community is accommodating new and
highly competitive species, increasing the redundancy
of its food webs. This is particularly apparent for
species located at intermediate trophic positions
(benthic and general carnivores), while the picture is
less obvious at the two extreme ends of the food web
(herbivores and piscivores). In fact, herbivorous and
piscivorous fishes of exotic origin generally showed
higher SEAc values with respect to native species
whilst CD values of LES and MED species are
comparable (see Table 8). As far as herbivores are
concerned, macroalgae and seagrasses are theoretical-
ly non-limiting, abundant, resources. However, si-
ganids were shown to deplete algal biomass in the
Eastern Mediterranean (Sala et al. 2011). The com-
petitive trophic interactions may thus occur within this
guild, even in the presence of dietary differences
among siganids and native herbivores (Azzurro et al.
2007). So far, some biological features, such as rapid
growth and reproduction rates have been invoked to
explain the success of siganids (Bodilis et al. 2013).
Here we highlight that trophic traits should be
carefully considered to explain the competitive supe-
riority of these invaders with respect to native
herbivores. At the highest trophic levels, suitable
resource partitioning and low overlap occurred in our
study. This is probably due to high abundance of
intermediate trophic level species, as prey for pis-
civorous predators. This may be in turn a consequence
of the decrease of high trophic level fishes in the
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Eastern Mediterranean (Stergiou 2005), as in other
oceanic areas (Pauly et al. 1998). The EMED could
then potentially host new top predator species.

In the absence of historical data, it is extremely
difficult to reconstruct how exotic species have
influenced the native food web, but the current picture
offered the opportunity to make significant inferences
on this process. We propose that Lessepsian species
are displacing native species toward less specialized
diets due to the increased efficiency of the trophic
strategies displayed by the Lessepsian taxa. This is
deduced by the average distance from centroids and
quantitative metrics comparisons. Invasive species are
generally regarded as generalist predators (Morris and
Akins 2009; C6té and Maljkovic 2010; Jud et al. 2011;
Muioz et al. 2011) and biased towards low trophic
level consumers (Byrnes et al. 2007), with a progres-
sive depression of the mean trophic level of the
invaded communities. However, our findings point to
a different scenario in which native and exotic species
rely on similar resources but Lessepsians (at least
benthic carnivores) tend to exploit a smaller group of
prey. On the contrary, natives have now a more
diversified diet. According to Azzurro et al. (2014),
introduced species may become abundant either
because they can have access to new resources and/
or because they use new strategies to exploit them.
Present results support this second hypothesis and the
idea that the trophic strategies displayed by the
Lessepsian taxa are more efficient than the strategies
adopted by native species. An interesting parallelism
can be made with the expansion of the lionfish (the
complex Pterois miles, P. volitans) in the Western
Atlantic. One of the accepted reasons to explain the
great success of these scorpaenids was a higher
specific trophic behaviour in the invaded environment
(Layman and Allgeier 2012).

In absence of isotopic data from the EMED
community prior to the invasion, the comparison
between WMED and EMED SEAc represents an
additional possibility to corroborate our hypothesis of
a change in the native food web. Isotopic data
provided by Pinnegar and Polunin (2000) and Deudero
et al. (2004) may be taken as a reference of two non-
invaded Mediterranean areas (Corsica and Balearic
Islands). These two studies took into account the most
representative species of the rocky fish assemblages,
and all feeding guilds were well represented in these
works. Interestingly, the standard ellipse area SEAc
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turned out smaller in these non-invaded assemblages
(Corsica: Pinnegar and Polunin 2000; Balearic Is-
lands: Deudero et al. 2004) than in the invaded one
(Lebanon: present study). Both the SEAc and the
average distance from centroid (CD) of the WMED
assemblages were of comparable sizes (although
slightly larger in the case of SEAc) with respect to
the SEAc and CD generated by the only Lessepsian
species in Lebanon (Table 5, 6). Taking into account
all the obvious limitations of such a comparison,
including the variability of different isotope-ratio
mass-spectrometers employed (Mill et al. 2008), the
considerable oceanographic differences between the
Western and Eastern Mediterranean (Moutin and
Raimbault 2002; Pantoja et al. 2002; Cartes et al.
2014) and the different sampling periods, we can still
recognize that the metrics of WMED assemblages
provide further support to the idea that a widening of
the native food web has happened after Lessepsian
invasion. Finally we may consider that the 5'°N values
of both particulate organic nitrogen (Pantoja et al.
2002) and of Mediterranean species, such as the red
shrimp Aristaeomorpha foliacea (Cartes et al. 2014),
generally decrease from the western to the Eastern
Mediterranean. Our results confirmed this general
pattern, but only when native fishes are considered.
Instead, the 3'°N of Lessepsian species appeared more
enriched in the eastern sectors of the basin, as if they
were consuming higher trophic level prey.

All together this evidence reinforces the idea of a
measurable niche shift of native species following the
Lessepsian invasion. To date, no local extinctions
have occurred in the Mediterranean Sea but in its
easternmost sectors, some species have probably
reached a state of local, commercial and functional
disappearance. By analysing historical data, Edelist
et al. (2013) highlighted a significant decline of many
native species, some to near extirpation levels but no
net change in species richness. Native fishes are
probably being replaced by species with similar
ecological niches (Edelist et al. 2013), which occupy
similar trophic position in the food web. As a result,
the overall trophic space is widening out under the
increasing redundancy of the novel community in a
nutrient-deprived ecosystem. Thus, the fish commu-
nity of the Eastern Mediterranean remains far from
being in a steady state. The current findings indicated
a direction in the evolution of these communities

towards niche shifts and niche displacements through
trophic competition.
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