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ABSTRACT

Aim Typically, non-indigenous species have been studied in relation to either
the invaded (recipient) community or the donor community. However, we still
lack a broad understanding of the mechanisms underlying the establishment of
non-indigenous species that combines both perspectives. Since the opening of
the Suez Canal, hundreds of species have invaded the Mediterranean from the
Red Sea, forming a unique system in which the entire species pool (donor,
non-indigenous and recipient) is known. Focusing on species ecological traits,
we assess the drivers underlying the establishment of non-indigenous species
from the onset of the invasion to the present.
Location The Mediterranean and Red Seas.
Methods We compiled traits for shallow-water hard-bottom-associated fishes
in the Mediterranean (recipient community) and the Red Sea (donor
community). We compared the multivariate community trait structure of nonindigenous species with the donor and recipient assemblages, using a novel
method to objectively assign trait-weights, thereby increasing the robustness of
the results. Patterns were contrasted with two types of null models which
provide distinct insights into the ecological processes.
Results Non-indigenous fishes are very diverse ecologically, substantially
increasing the total community trait diversity of the Mediterranean. Trait
similarity between non-indigenous and indigenous Mediterranean species was
lower than expected, indicating that non-indigenous fishes tend to occupy
relatively vacant niches within the Mediterranean. However, we further found
that over time non-indigenous species display increased trait similarity to
indigenous Mediterranean species. This suggests that trait constraints
associated with successful establishment are weakening.
Main conclusions Non-indigenous species establish in relatively vacant
ecological niches, opening the possibility for predicting establishment using
ecological traits. However, the weakening of trait constraints through time suggests
that forecasting future establishment may be difficult. Faced with an accelerating
pace of invasion, it appears that the Mediterranean is going to be transformed into
an extension of the Red Sea in terms of trait and species composition.
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INTRODUCTION
What hurdles need to be overcome for non-indigenous species to become established? This question is fundamental for
understanding the invasion process (Elton, 1958; Lockwood
et al., 2013). First, non-indigenous species will not survive if
their physiological requirements are not met – a limitation
often referred to as environmental matching or habitat
filtering (Ricciardi et al., 2013). Second, high propagule
pressure may overcome threats to a small population and
therefore have a positive effect on establishment probability
(Lockwood et al., 2005; Simberloff, 2009). Third, biotic interactions can either impede or facilitate the establishment of
non-indigenous species (Parker et al., 2006; Strauss et al.,
2006). Finally, establishment success may be predominantly
related to stochastic processes, independent of the environment or biotic interactions. However, the relative importance
of these different processes in controlling establishment is
still unclear.
By adopting a community-wide approach, it is possible to
circumvent detailed species-specific dynamics and focus on
broad patterns that may elucidate the major underlying processes. In particular, ecological traits offer a taxonindependent currency for comparing communities (Adler
et al., 2013) that can be used to understand fundamental biological processes (McGill et al., 2006). Traits can be used to
assess whether biotic interactions are an important process
underlying invasions (HilleRisLambers et al., 2012). For
example, Fargione et al. (2003) found a negative relationship
between the trait diversity of indigenous communities and
their capacity to resist invasion, supporting the idea that
more diverse systems should resist colonization.
Ecological insights into the dynamic of invasion are typically reached by either comparing non-indigenous species
with the indigenous (recipient) community (Belmaker et al.,
2009; Edelist et al., 2013; Azzurro et al., 2014; Elleouet et al.,
2014) or with the communities in their native range (donor
community) (Prinzing et al., 2002; Belmaker et al., 2013;
Kalusova et al., 2013). Comparison of non-indigenous species
with the recipient community is used to understand how
invasion alters the indigenous community and whether the
structure of the recipient community influences invasion success (Parker et al., 2006; Lockwood et al., 2013; Ricciardi
et al., 2013). In contrast, comparison between nonindigenous species and the donor community is important
for identifying what differentiates a successful nonindigenous species from an unsuccessful one (Hierro et al.,
2005). These two questions are seldom addressed simultaneously (Casado et al., 2015). However, the establishment process is the joint result of species selectively moving between
their native and invasive ranges, overcoming potential environmental filtering and interacting with members of the
recipient community. Thus, studying only the donor or
recipient communities might reveal an incomplete picture
and we still lack a joint understanding of the mechanisms
behind the establishment of non-indigenous species.
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Since the Suez Canal was opened for shipping in 1869,
hundreds of metazoan species have invaded the Mediterranean from the Red Sea (Zenetos et al., 2012; Katsanevakis
et al., 2014a). In the eastern Mediterranean, the total biomass
of non-indigenous fish species may exceed that of indigenous
species (Edelist et al., 2013). This may entail substantial ecological and socio-economic consequences such as large-scale
landscape changes, declines in abundance of indigenous species and the alteration of fishing catch (Lasram & Mouillot,
2009; Coll et al., 2010; Katsanevakis et al., 2014b; Verges
et al., 2014). The high number of non-indigenous species
and their large impact make it critically important to understand the establishment of non-indigenous species in this
region.
While the number of non-indigenous species is staggering,
their clear origin (the Red Sea) also means that the donor
pool can be easily delineated. Together with the good taxonomic and ecological record available for fishes (Golani &
Bogorodsky, 2010; Psomadakis et al., 2012; Golani et al.,
2013; Froese & Pauly, 2015), the Mediterranean and Red Sea
represent a unique system where the entire species pool
(recipient, non-indigenous and donor communities) can be
defined.
In recent years, the trait structure of Mediterranean species
has received growing attention (Mouillot et al., 2011; Albouy
et al., 2015a; Guilhaumon et al., 2015; Nawrot et al., 2015).
Specific climatic affinity and, to a lesser extent, ecological
traits such as large home range and schooling, were able to
partially explain the establishment and spread of nonindigenous species (Lasram et al., 2008; Arndt & Schembri,
2015; Nawrot et al., 2015; Samaha et al., 2016). While these
studies may reveal specific trait filters associated with establishment, they do not characterize the multidimensional ecological niche of the assemblage. Thus, they are limited in
their ability to test whether the ecological role of a species, in
relation to either the donor or recipient communities, influences establishment.
The ecological role of species within their community can
be quantified using the multivariate trait distribution of species. Previous studies have found non-indigenous and indigenous Mediterranean fishes to generally possess similar traits
(Elleouet et al., 2014). However, using morphological traits,
Azzurro et al. (2014) recently showed that wherever nonindigenous fishes occupied a distinct morphological space
(i.e. unoccupied by indigenous Mediterranean species) they
tended to become more abundant. To our knowledge, no
study to date has compared the multivariate trait structure of
non-indigenous species with both Red Sea and Mediterranean communities simultaneously.
In this study, we characterized the ecological trait structure
of the non-indigenous fish community from the onset of the
invasion to the present. The unique temporal perspective
provided us with the opportunity to identify changes in the
drivers of non-indigenous species establishment through
time. Trait-based analyses suffer from the subjectivity associated with trait weights, undermining the ecological
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interpretation. Taking advantage of the known donor and
recipient communities, we propose a novel algorithm to
objectively assign trait weights in such analyses. This method
allowed us to identify the ecological mechanisms associated
with the establishment of non-indigenous species and the
ensuing changes in the recipient community.

expanded for Red Sea and Indo-Pacific species using
Belmaker et al. (2013) and Parravicini et al. (2014), and for
Mediterranean species based on Golani et al. (2006).

MATERIALS AND METHODS

The above six traits were used to form a multidimensional
trait space in which species with similar ecological traits,
which are more likely to compete, were placed close to each
other whereas dissimilar species were further apart. If all traits
were continuous, we could use the traits themselves as coordinates in a six-dimensional trait space. However, as many traits
were ordinal, we first computed the species trait–distance
matrix using the extended Gower dissimilarity index (Podani,
1999), where each trait was first assigned with equal weight;
see ‘Sensitivity analyses’ below for the influence of trait
weights. This trait dissimilarity matrix was constructed
between all (Mediterranean and Red Sea) species where dissimilarity distances range between 0 (identical) and 1 (total
dissimilarity). The dissimilarity matrix was converted to trait
space using principal coordinate analysis (PCoA; see Legendre
& Legendre, 2012). Negative eigenvalues of the dissimilarity
matrix, not defined ecologically, were removed using the
Lingoes correction (Legendre & Legendre, 2012). The computational time of trait diversity indices becomes an issue if all
possible axes are used. Moreover, as axes explain progressively
less of the variation, very high-dimensional trait space is generally uninformative. Therefore, we used 12 PCoA axes to
ordinate the dissimilarity matrix and the quality of the
reduced space (Legendre & Legendre, 2012) was 0.6.

Species lists and traits
Species inventories were compiled for shallow water (maximum depth < 200m) hard-bottom-associated species for the
Mediterranean (recipient) and Red Sea (donor) communities.
The Mediterranean species checklist was based on Psomadakis
et al. (2012), and the Red Sea checklist on Golani & Bogorodsky (2010). Hard-bottom affinity and depth distribution were
taken from Albouy et al. (2015b) augmented with expert
knowledge. These checklists are useful for obtaining comprehensive information about species pools but do not contain
information on species abundances. To avoid considering rare
species which may represent vagrant individuals we included
only established non-indigenous species, defined as species
with a minimum of three published records from either different localities or in different periods (Golani et al., 2013).
For temporal analysis, we used the year of first record of a
non-indigenous species in the Mediterranean as a proxy for
the year of establishment.
After filtering, we included 670 Red Sea species (52 of
them non-indigenous in the Mediterranean) and 139 indigenous Mediterranean species that are all shallow water, hardbottom-associated species. Though we present results using
fishes from across the entire Mediterranean, extremely similar
patterns were obtained when using only eastern Mediterranean species (results not shown).
Traits describing the ecological roles played by species
within a community were identified and compiled from published literature augmented with information from expert
opinion. Six traits were used: diet, home range, activity,
schooling level, height in the water column and body size
(see Appendix S2 in the Supporting Information). These
traits are commonly used to describe the ecological role of
fish species in the community (Belmaker et al., 2013;
Mouillot et al., 2014; Albouy et al., 2015b). While these are
coarse-scale traits, increasing trait resolution (e.g. accounting
for additional traits) will be unlikely to alter our conclusions
as these traits already account for the main axes of trait variation among fishes (Guillemot et al., 2011; Mouillot et al.,
2014). Note that our aim here is not to identify specific traits
that facilitate establishment, and where the careful selection
of traits is critical, but to characterize the ecological role of
species within their communities.
The traits used are species-level attributes that do not
accommodate intraspecific variation in trait values. Given the
scale of our study, we could not account for intraspecific variability of traits among life stages and focused on adults only.
Trait compilation was based on Froese & Pauly (2015), but
C 2016 John Wiley & Sons Ltd
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Trait dissimilarity

Trait diversity indices
In order to infer community assembly mechanisms, we used
five indices that characterized the dispersion of species within
trait space. We then estimated how index values change from
the onset of the invasion to the fish community present in
2013. We divided these indices into two groups: (1) withincommunity indices that characterized the entire nonindigenous community; and (2) between-community indices
that focused on the trait dissimilarities between the nonindigenous and the Mediterranean (recipient) community.
Table 1 summarizes the ecological inferences associated with
different trait dispersion patterns.
Within community indices
Three established trait diversity indices were chosen, quantifying the entire distribution of non-indigenous species traits
(Villeger et al., 2008).
Trait richness represents the amount of trait space (i.e. the
convex hull volume) occupied by non-indigenous species
(Villeger et al., 2008). High trait richness values are associated with communities that occupy diverse ecological niches.
Trait evenness quantifies the regularity of the distribution
of non-indigenous species in trait space. Trait evenness will
be maximized by an even distribution of species in the trait
3
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Table 1 Possible trait dispersion patterns and the underlying ecological processes.
Underlying ecological processes

Within non-indigenous
communities

Between non-indigenous
and indigenous
communities

Donor (Red Sea) null model

Trait clustering (e.g. low
trait richness)

Non-indigenous species have similar
traits to each other. These traits
may enhance the establishment
successes of non-indigenous
species

Trait over-dispersion (e.g. high
trait evenness)

Non-indigenous species have dissimilar traits to each other. This
may indicate competition among
non-indigenous species

Trait similarity (e.g. high
Ripley’s k index)

Trait filters operate on nonindigenous species, promoting
the establishment of species with
traits that are already occupied by
Mediterranean species. May indicate that non-indigenous species
experience trait-based constraints
similar to indigenous Mediterranean species
Trait filters operate on nonindigenous species, promoting
establishment of species that
occupy empty regions of the
Mediterranean species trait space.
May indicate competition among
non-indigenous species and Mediterranean species (biotic
resistance)

Trait dissimilarity (e.g. low
Ripley’s k index)

space, and decreases when some parts of the trait space are
empty while others are densely populated (Mouchet et al.,
2010). Trait evenness is calculated by measuring the regularity of branch lengths in the minimum spanning tree that
links all species. The minimum spanning tree links all the
points contained in an N-dimensional space with the minimum sum of branch lengths dl:
S21
X

trait evenness5

i51



1
1
2
min PEWl ;
S21
S21
1
12 S21

(1)

(1) Non-indigenous species perform
a small subset of the traits performed by indigenous Mediterranean species. Therefore they are
less likely to alter Mediterranean
community functionality
(2) Non indigenous species are
functionally similar and fill a new
niche in the Mediterranean, thus
significantly alter the community
functionality
Non-indigenous species perform
many ecological functions compared with indigenous Mediterranean species. Non-indigenous
species are likely to alter Mediterranean community functionality
Non-indigenous species share similar traits with Mediterranean species. Non-indigenous species are
less likely to alter Mediterranean
community functionality

Non-indigenous species tend to
occupy empty regions of the
Mediterranean species trait-space.
Non-indigenous species may alter
Mediterranean community
functionality

Trait divergence quantifies the tendency of non-indigenous
species to be far from the mean distance to the community
centre of gravity in trait space (Mouchet et al., 2010). High
values of trait divergence are associated with a high degree of
niche differentiation among species within communities: species are very dissimilar and potentially weak competitors
(Mouchet et al., 2010). Trait divergence was calculated as:

trait divergence 5

dl stands
where S is the total species richness, PEWl 5dl =RS21
l
for partial evenness and l represents branch presence/absence
(see Villeger et al., 2008, for further details).
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Recipient (indigenous
Mediterranean) null model

Trait patterns

Dd1dG
Djdj1dG

(2)

where dG is the distance to the community centre of gravity,
Dd is the sum of deviances from the centre of gravity, Djdj is
the sum of the absolute deviances from the centre of gravity
(see Villeger et al., 2008, for further details).
C 2016 John Wiley & Sons Ltd
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Between community indices
We calculated two between-community indices to quantify the
trait dissimilarity between non-indigenous species and the recipient Mediterranean community.
The average nearest neighbour (ANN) index measures the
average minimum trait distance between a non-indigenous
species and its closest indigenous Mediterranean species in
terms of traits. Higher ANN values mean that nonindigenous species are entering relatively vacant ecological
niches in the Mediterranean.
We also calculated a modified Ripley’s k index, defined in
this study as the average number of indigenous neighbouring
Mediterranean species within trait distance r from each nonindigenous species. Higher values of Ripley’s k mean that
non-indigenous species are entering more crowded ecological
niches in the Mediterranean. By using different radii (r) it is
possible to get a continuous representation of the change in
the number of neighbouring species across different trait distances. This is important, as it is not a priori known with
what traits distance species cease to interact. Nonetheless, it
is assumed that smaller r-values better represent competition
as then the index only account for species that have similar
ecological traits. Ripley’s k index was calculated as:

k5

1
NNIS

NNIS Nindigenous
X
X
i51



I di;j < r

(3)

j

where NNIS and Nindigenous are the number of nonindigenous and indigenous species in the observed community, respectively; I is the indicator function (1 if its operand
di;j < r is true, 0 otherwise), and di;j is the distance in trait
space between species i and j (see Ripley, 1976, for the original definition).
We used two versions of Ripley’s k index. The first was calculated as the average across all non-indigenous species. Second,
to detect species-specific patterns over time, we also examined
index values for each non-indigenous species separately.
Null communities
The above indices are sensitive to the number of nonindigenous species and will be further constrained by the identity of species in the donor and receipt communities. Thus, in
order to discern ecologically meaningful processes, we compared
the observed patterns of the indices with patterns derived from
null communities. We considered two types of null communities that provide distinct insights into the community structuring processes (Table 1): (1) a donor null community – random
selection of species from the Red Sea; (2) a recipient null community – random selection of species from the Mediterranean.
Observed values of trait diversity indices were compared with
1000 iterations of each null model.
We further examined the change in the trait structure of
Mediterranean fishes through time. For each year a nonindigenous species was recorded, the above indices were estimated considering the traits of the indigenous species as well
C 2016 John Wiley & Sons Ltd
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as the non-indigenous species that were present at that time.
The null model was based on random draws from the donor
(Red Sea) community with the number of species drawn
being equal to the number of non-indigenous species that
year. Again, we used 1000 iterations of the null model.
When examining species-specific patterns of Ripley’s k
index over time, we were concerned that the greater number
of species entering in recent years may have caused an
upward bias to the observed slope. Thus, the observed slopes
(using both ordinary least squares and quantile regressions)
were compared with slopes estimated from random draws
from the Red Sea. This was done by simulating 1000 random
non-indigenous invasion sequences: for each observed establishment event, we estimated Ripley’s k index by randomly
drawing a single Red Sea species. We then calculated the null
slope as the relationship between Ripley’s k index and time.
The distribution of slopes over the 1000 iterations was then
compared with the observed slope. If the observed slope lay
outside 95% of the simulated slopes, we concluded that the
observed slope is statistically different from null model
expectations.
Sensitivity analysis
Trait weighting in trait-based analyses is typically arbitrary.
Just as there is no a priori reason to give one trait a higher
weight than another, there is no a priori reason for giving
equal weights to all traits. Lacking a better method, most
studies typically change trait weighting and examine the sensitivity of the results to the change in trait values (Guillemot
et al., 2011; Belmaker et al., 2013; Mouillot et al., 2014). Here,
we capitalize on the availability of trait values for both the
donor and recipient communities to suggest a novel method
to determine the effect of trait weighting on the results.
We use an optimization algorithm to find the trait weights
that minimize the differences in trait indices between the
donor and recipient communities. Any difference still
detected in the trait structure will thus represent a genuine
and meaningful difference. We would like to emphasize that
this method is conservative in nature as it is designed to
minimize the differences in trait values between assemblages.
To perform trait-difference minimization, traits were given
discrete weights between 1 and 3, and the trait combinations
that gave the minimum difference in trait index value between
the donor and recipient communities were selected. We conducted this procedure for each within-community trait index
(i.e. trait richness, trait evenness, and trait divergence) as well
as for the distance between the communities’ centroids. We
also used the mean of these four weighting variations, interpreted as the consensus minimal difference between communities for these set of traits (see Appendix S1).
RESULTS
We compared the multivariate trait structure of Red Sea and
the Mediterranean fish communities with the nonindigenous community (Fig. 1). No significant differences
5
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Figure 1 (a) Map of the study
region. (b) Non-metric
multidimensional scaling
(nMDS; stress 5 0.2)
visualization of the multivariate
trait patterns of Red Sea,
indigenous Mediterranean and
non-indigenous species. There
is no significant difference
between the centroids of the
different communities
(ANOSIM; P 5 0.33).
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Figure 2 Observed trait index values (solid black lines) and the distribution of null expectations for: (a) trait richness, (b) trait
evenness, (c) trait divergence, (d) average nearest neighbour index (ANN), (e) and (f) Ripley’s k (average number of Mediterranean
neighbours across trait-dissimilarity radii). Panel (f) shows a zoomed-in (dissimilarity radii < 0.025) version of panel (e). Null models
are based on random samples from either Red Sea (dark/red) or indigenous Mediterranean communities (light/blue).

were found between the mean trait composition of the three
communities (analysis of similarity, ANOSIM; P 5 0.334).
In comparison with both the donor-based (Red Sea) and
recipient (Mediterranean) null models, most non-indigenous
within-community indices fell within the null model
6

expectations (Fig. 2). Exceptions included high trait evenness
(P 5 0.07) and significantly low trait divergence (P 5 0.024)
for the recipient-based null model (Fig. 2b & c, respectively).
Thus, most of the within-community indices pointed at a
random selection of Red Sea species and that non-indigenous
C 2016 John Wiley & Sons Ltd
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(f) Ripley's k (R=0.1)

Figure 3 Temporal analyses showing Mediterranean community change through time. (a) Total Mediterranean (indigenous and nonindigenous) fish species richness. (b)–(f) Trait indices change through time for the Mediterranean community (indigenous and nonindigenous species). The bold black dots represent the observed values and the shaded area represents the expected values (95% of
simulation value) based on a null model using random samples from the Red Sea species. ANN, average nearest neighbour index.

species performed trait functions comparable to a random
selection of indigenous Mediterranean species.
However, when we used between-community indices that
capture trait differences between non-indigenous and indigenous communities we found significant departures from null
model expectations. In particular, for Ripley’s k index we
found that the number of Mediterranean indigenous neighbours of non-indigenous species was smaller than expected
for both the recipient and donor-based null models (Fig. 2e;
P < 0.001 for most dissimilar radius values between 0 and
0.3). This was especially evident at small dissimilarity radii,
where biotic interactions were hypothesized to be strongest
(Fig. 2f; dissimilarity radii between 0 and 0.03). This means
that a trait filter operated on non-indigenous species, promoting establishment of species that occupied empty regions
of the trait space of the Mediterranean species.
We found that trait richness increased dramatically over
time, indicating that the current Mediterranean (Fig. 3b),
including both indigenous and non-indigenous species, contains much higher ecological diversity than prior to the
establishment of non-indigenous species. The initial increase
in trait richness was within the null model expectation and
hence mostly associated with increased non-indigenous species richness (Fig. 3a). However, trait richness was
C 2016 John Wiley & Sons Ltd
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significantly higher than null model expectations during the
final 5 years of the analysis (Fig. 3b; P < 0.001). We found
Ripley’s k values to be significantly lower than expected
through most of the study period (Fig. 3f; P < 0.001). These
results suggest that non-indigenous species inhabited new
unpopulated niches contributing to a total increase in the
number of trait combinations used by Mediterranean fishes.
To detect species-specific patterns we further examined
Ripley’s k index for each non-indigenous species separately
(for a trait dissimilarity radius of 0.1). We found that while
non-indigenous species tended to occupy empty regions in
trait space, over time a higher proportion of non-indigenous
species occupied regions of trait space already occupied by
indigenous species (Fig. 4). This was not simply caused by
the greater number of species entering in recent years, but
rather by an increasing tendency of non-indigenous species
to establish in occupied niches, as both the linear regression
and the quantile regression slopes (s 5 0.9) were significantly
higher than expected from random draws from the Red Sea
(P < 0.001). A possible explanation might be that the Mediterranean has been undergoing an ‘invasional meltdown’
where successfully established non-indigenous species are
facilitating the establishment of new invaders. We discuss this
possibility in detail in the Discussion.
7
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Ripley's k

Implications for Mediterranean invasion

Figure 4 Ripley’s k index (the number of indigenous
neighbours within a trait-dissimilarly radius of 0.1) for each
non-indigenous species against its year of introduction. Both the
ordinary least squares regression (solid line) and the quantile
regression (dashed line, s 5 0.9) slopes are significantly higher
than estimated from random samples from the Red Sea
(P < 0.001 for both). These results show that although nonindigenous species generally inhabit less crowded regions of trait
space, recent establishments of non-indigenous species are
characterized by a higher number of Mediterranean
neighbouring species.

All the above patterns were robust to variations in the trait
weighting scheme based on our sensitivity analysis (see Table
S1 and Figs S1–S4 in Appendix S1), strengthening our confidence in the conclusions.
DISCUSSION
In this study, we characterized the establishment of nonindigenous fishes in the Mediterranean, from the onset of the
invasion to the present day, using species traits. Since the
Red Sea and Mediterranean represent an exceptional system
where the entire species pool is known, we were able to
uniquely compare the trait structure of non-indigenous fish
with both the donor and the recipient communities. We
found that non-indigenous species tended to occupy relatively empty niches in the Mediterranean (Figs 2e, f & 3f).
This implies that those non-indigenous species were preadapted to the local conditions and found opportunities in
the Mediterranean to realize their niche. However, when we
followed species establishment from its onset to the present
day, it seems that this tendency has been weakening over
time (Fig. 4). These patterns would have been difficult to
detect using each trait independently, since all three fish
communities (donor, recipient and non-indigenous) were
similar in terms of their distribution of individual traits
(Fig. 1b).
8

When we directly contrasted the traits of non-indigenous
species with those of indigenous species using betweencommunity indices such as ANN, and particularly Ripley’s k
index, important non-random patterns emerged (Fig. 2d–f).
In particular, non-indigenous species showed significantly
low values of Ripley’s k index, both when compared with
Red Sea- and Mediterranean-based null models. This was
especially evident at small trait dissimilarity radii (Fig. 2f),
where the similarity between non-indigenous and indigenous
species was highest and hence the radii are hypothesized to
be associated with the strongest biotic interactions.
These results suggest that non-indigenous species tend to
occupy ecological niches that are relatively devoid of indigenous species, and that the success of non-indigenous species
in the Mediterranean might be associated with their ability
to exploit ecological niches not previously occupied. For
instance, invasive rabbitfishes (Siganus luridus and Siganus
rivulatus) are among the very few herbivorous fish species in
the Mediterranean. As such, they experience little competition from other fish species and therefore have established
abundant populations which have profoundly changed the
Mediterranean ecosystem by removing macroalgal canopies
and sea grass (Verges et al., 2014). Our findings suggest that
establishment success associated with empty niches may be
generally common in this system.
Most non-indigenous species trait indices (trait richness,
trait evenness, and trait divergence) that were based on patterns over the entire assemblage did not show substantial
deviations from null models (Fig. 2a–c). This could have suggested that invasion by non-indigenous species is largely random with respect to the trait examined. However, indices
that directly contrast assemblages, such as Ripley’s k index,
and thus directly quantify the differences between nonindigenous and indigenous species, revealed significant deviations from random expectations (Fig. 2d–f). These indices
also put high weights on small trait differences where biotic
interactions are strongest. The differences between the
between-community and within-community index results
highlight the utility of indices that directly contrast assemblages, as opposed to the more commonly used indices that
only recover the overall trait structure (e.g. trait richness,
trait evenness, and trait divergence) (Belmaker & Jetz, 2013).
A signal of an association of ecological success with differences from indigenous species was also found by Azzurro
et al. (2014) when using morphological traits. This reinforces
our conclusions. However, as with most previous trait-based
studies, Azzurro et al. (2014) did not take the trait structure
of the donor (Red Sea) community into account. Thus, while
they were able to explain differences among non-indigenous
species in abundance, they could not assess whether trait filters were in operation in the establishment stage. For example, a significant difference between non-indigenous species
and Mediterranean species may simply arise due to inherent
differences between the trait structure of Red Sea and
C 2016 John Wiley & Sons Ltd
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Mediterranean fishes. Here, we use the Red Sea donor community to show that trait filters have been in operation promoting establishment of Red Sea species that are dissimilar
to indigenous Mediterranean species and, conversely, retarding the establishment of species in niches that are already
occupied.
These results may arise from two mirroring processes
determining establishment success (Catford et al., 2009). The
first process follows the empty niche hypothesis: nonindigenous species are successful because they use resources
that indigenous species do not (Shea & Chesson, 2002;
Hierro et al., 2005). The second process is competitive interactions between non-indigenous species and indigenous species, influencing invasion success. Such interactions have
been referred to in the literature as ‘biotic resistance’ (Elton,
1958): the ability of indigenous species to reduce the establishment success of non-indigenous species. (Parker et al.,
2006; Kimbro et al., 2013). These two options essentially represent two views of the same process (Catford et al., 2009).
Hence, our findings provide indirect evidence for biotic
resistance retarding the establishment of non-indigenous
species.
Our choice of ecological traits was aimed at characterizing
species ecological niches within their community. Indeed,
similar traits are widely used to describe the ecological role
of fish species (Guillemot et al., 2011; Belmaker et al., 2013;
Mouillot et al., 2014; Albouy et al., 2015b). This aim is different from the goal of characterizing the specific traits that
facilitate establishment success and where the precise choice
of traits is pivotal. Studies that have examined traits associated with establishment success have found that species with
pelagic propagules (Lasram et al. (2008), that form schools
over large home ranges (Belmaker et al. (2013), live at shallow depths (Arndt & Schembri, 2015) and have a pelagic lifestyle (Samaha et al., 2016) have a higher chance of becoming
established. However, for our purpose, more detailed traits
are unlikely to modify the patterns found here. To illustrate
this, imagine that a shark and a goby are compared by diet
and size. Additional, more detailed, data may reveal they also
differ in their fecundity or pelagic larval duration (traits that
may be associated with a high invasiveness potential), but
this new information will add little to the understanding of
trait dissimilarity between these species.
The temporal analysis revealed that throughout the invasion process most within-community indices (trait richness,
trait evenness, and trait divergence) did not show substantial
deviations from null models. Nevertheless, this does not
mean that the trait structure of the Mediterranean fishes has
remained static. In fact, we find a huge increase in the number of ecological roles performed by fishes in the Mediterranean, as seen in the large increase in trait richness (Fig. 3b).
The effect on ecological measures such as stability of fish
assemblages or total system productivity, e.g. fishing yield, of
the drastic increase in the range of ecological traits present in
the Mediterranean is unclear. On the one hand a greater
number of species performing more ecological functions
C 2016 John Wiley & Sons Ltd
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would suggest that the assemblage as a whole captures more
of the available resources. Hence, we may expect total fish
biomass and its temporal stability to go up (McCann, 2000).
On the other hand it is clear that, as invaders, some nonindigenous species may have detrimental effects on specific
indigenous species and perhaps on the community as a
whole (see our former example for Siganus spp.).
Non-indigenous species consistently possessed trait combinations with few indigenous neighbours in trait space (Fig.
3f). However, closer examination of each species showed that
this relationship is time dependent (Fig. 4). Over time, more
non-indigenous species have become established in niches
that are already occupied by indigenous species. Henriksson
et al. (2016) outlined the possible development of biotic
resistance in ecosystems under a steady influx of nonindigenous species. They state that if successful nonindigenous species make weak contribution to resistance or
even possess facilitative attributes then biotic resistance
should decrease with time. This is also known as the invasional meltdown hypothesis (Simberloff & Von Holle, 1999).
Our findings that over time non-indigenous species are being
increasingly established in occupied niches (Fig. 4) are consistent with the scenario of a possible invasional meltdown.
This could imply that as the species composition of the Mediterranean becomes more similar to the Red Sea it is becoming easier for new non-indigenous species to become
established. In addition, increasing environmental similarity
between the Mediterranean and the Red Sea (Raitsos et al.,
2010) could lead to higher invasion success of Red Sea species through time, even in niches that were previously dominated by indigenous ones. These findings echo previous
concerns that species from the Red Sea will facilitate the
establishment of additional ecologically related species, causing the collapse of the indigenous community (Rilov & Galil,
2009; Edelist et al., 2013).
Trait weighting in ecology
Sensitivity analyses of trait weighting schemes are fundamental to reinforce confidence in the results of multivariate traitbased studies. However, objective and clear guidelines for
doing this are largely absent. Since it is rarely known a priori
which traits are the most important, trait-based studies typically assign equal weight to each trait. However, some traits
could be more important in defining the ecological niche
than others. We have presented here a novel and objective
algorithm for selecting trait weighting based on minimizing
ecological differences between communities. We calculated
weighting schemes that minimize the trait difference between
the donor and recipient communities for several indices. For
instance, traits were weighted to have a trait richness that is
as similar as possible between the donor and recipient communities. We then averaged the trait weights across many
such indices to arrive at consensus weights that produce the
highest trait similarity between donor and recipient communities. The robustness of our findings to the different trait
9
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weighting schemes (Appendix S1) lends support to our
conclusions.
In the present form this method is designed for cases in
which a group of species is compared with two other groups
in which it is nested (non-indigenous species are compared
with both the recipient and the donor communities). However, in principle, the same method may also be used as a
conservative test for trait differences when comparing just
two groups (e.g. trait dispersion between Red Sea and Mediterranean fishes or between non-indigenous and indigenous
Mediterranean fishes). Thus, a similar objective trait weighting algorithm could be readily generalized to other systems
and taxa.
CONCLUSIONS
In this study, we have shown that non-indigenous species in
the Mediterranean tend to establish non-randomly in relatively vacant niches. Yet, over time, these dynamics are
changing and non-indigenous species are being increasingly
established in already occupied ecological niches. In light of
these findings, we suggest that trait filters, such as those associated with biotic resistance, are diminishing over time, possibly indicating a state of invasional meltdown. Faced with
an accelerating pace of establishment of non-indigenous species, this raises considerable concerns about the ability of the
Mediterranean ecosystem to retain its original faunal characteristics. It appears that the Mediterranean is probably going
to be transformed into an extension of the Red Sea in terms
of species and trait composition.
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