
ORIGINAL
ARTICLE

Analysis of Red Sea fish species’
introductions into the Mediterranean
reveals shifts in introduction patterns
Carol Samaha, Heinrich zu Dohna* and Michel Bariche

Department of Biology, American University

of Beirut, 11–0236 Beirut, Lebanon

*Correspondence: Heinrich zu Dohna,

Department of Biology, American University of

Beirut, 11–0236, Beirut, Lebanon.
E-mail: hb54@aub.edu.lb

ABSTRACT

Aim The Mediterranean Sea is one of the most threatened marine systems in

the world. One of the major threats is the introduction of alien species from

the Red Sea through the Suez Canal into the Mediterranean. The aim of our

study was to address two interrelated questions, namely which traits of Red Sea

fish species are associated with the species’ introduction into the Mediterranean

Sea and how the introduction patterns changed over time.

Location

Red Sea and Mediterranean Sea

Methods We used Cox regressions to identify traits of Red Sea species that

are associated with the rate at which new alien Red Sea species are recorded in

the Mediterranean (hazard rate) and to identify groups of species with different

temporal trends of their baseline hazard rates. We fitted latent-variable models

to determine whether different trends in baseline hazard rates can be attributed

to trends in detection or introduction.

Results Our results showed that the highest hazard rate occurred among pela-

gic species, species living over soft bottoms, species present in small families

and species recorded in the Red Sea close to the Suez Canal. We also found

that alien species could be separated into three groups with different temporal

trends in baseline hazard rates. The different trends were due to changes in

introduction rate rather than detection. Two groups with historically low intro-

duction rate showed an increase in introduction rate over time.

Main conclusions Our results provide novel biogeographical explanations for

introduction patterns that were previously attributed to the effects of sea sur-

face temperature and interspecific competition. The trends uncovered by our

analysis indicate that the profile of introduced species is changing with poten-

tially profound consequences for the Mediterranean Sea.

Keywords

climate change, Cox regression, fish, introduction rate, invasion, Lessepsian

migration, Mediterranean Sea

INTRODUCTION

The Mediterranean Sea is considered a marine biodiversity

hotspot and one of the most invaded marine regions in the

world (Coll et al., 2010; Costello et al., 2010; Edelist et al.,

2013; Katsanevakis et al., 2013). Due to its enclosed geogra-

phy and long history of human settlement on its shores, the

Mediterranean Sea is exposed to various anthropogenic

threats. One such threat is the introduction of alien species

from the Red Sea through the Suez Canal, a phenomenon

that is referred to as ‘Lessepsian migration’. By the year

2013, 90 exotic fish species of Indo-Pacific origin had been

recorded in the Mediterranean since the construction of the

Suez Canal (Golani et al., 2013). There is evidence that some

Lessepsian fishes have displaced native Mediterranean species

(e.g. Bariche et al., 2004; Edelist et al., 2013; Galil et al.,

2014) and have fundamentally altered ecosystems in the

Mediterranean (Sala et al., 2011; Verg�es et al., 2014). In light
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of the current and potential future impact of Lessepsian

migrants, an accurate assessment of the risks posed by the

Suez Canal is a pressing task for marine ecologists.

Studies addressing the risk posed by alien species aimed at

predicting either which species are likely to cross from the

Red Sea into the Mediterranean (Belmaker et al., 2013) or

which species can become established after they crossed into

the Mediterranean (Arndt & Schembri, 2015). Belmaker

et al. (2013) analysed which traits among reef-associated

fishes from the Indo-Pacific are significant predictors for the

probability of introduction into the Mediterranean. Their

analysis confirmed previous observations [e.g. that species

forming large schooling groups have higher introduction

probabilities (Golani, 2010)] and produced new results (e.g.

that species occurring at higher maximum temperatures in

the Indo-Pacific have higher introduction probabilities).

Based on the latter result, the authors concluded that high

sea surface temperature in the Mediterranean constitutes a

barrier for introduction of species occurring at lower temper-

atures in the Indo-Pacific and that global warming would,

therefore, be unlikely to accelerate species’ introductions

from the Red Sea into the Mediterranean.

The detection of traits associated with introduction proba-

bilities provides important information about ecological

mechanisms and future risks of such introductions. However,

there are several challenges for the detection of these traits.

One challenge is that there are numerous correlated traits

that can be associated with introduction risk and any partic-

ular one could be a strong or poor predictor of introduction

risk, depending on other traits included in the analysis.

Another challenge is the ecological and geographical defini-

tion of the source pool, i.e. the set of species that could

potentially become introduced. For example, if the geograph-

ical delineation of the source pool is too wide, statistically

significant predictors of introduction could simply indicate

traits associated with an occurrence close to the Suez Canal,

rather than traits associated with the introduction itself. A

third challenge is that the introduction risk could change dif-

ferently over time for different species. In that case, a simple

introduction probability, as used in earlier studies, does not

adequately represent future introduction risk.

The Suez Canal has been widened and deepened multiple

times since its initial construction (Rilov & Galil, 2009; Galil

et al., 2014). It has been expanded further in 2015 by the

digging of a new 35-km-long shipping lane (www.suezcanal.-

gov.eg, last accessed 2 March 2016). To assess the risk posed

by this expansion, it is important to know whether previous

expansions led to an increase in the invasion rate. A key

component in answering this question is to determine

whether there is evidence that the invasion rate increased

over time in the past. Several authors have noted an increase

in the rate at which species from the Indo-Pacific are

recorded in the Mediterranean (Galil, 2008b; Golani, 2010;

Raitsos et al., 2010; Edelist et al., 2013). However, an

increase in the rate at which alien species are recorded does

not necessarily indicate an increase in the introduction rate.

Such an increase could occur if detection of alien species

improves over time due to increased surveillance. Further-

more, even if the introduction rate and the per-species detec-

tion probability stay constant, the rate at which new alien

species are recorded can increase over time. This is because

alien species are usually not detected immediately upon

introduction and unrecorded species can accumulate and

contribute to a rise in the detection rate (Costello & Solow,

2003; Solow & Costello, 2004). In fact, a latent-variable

model that accounted for the possibility of undetected intro-

ductions produced no evidence for an increase in the rate at

which Indo-Pacific species are introduced into the Mediter-

ranean Sea (Belmaker et al., 2009).

The purpose of this study is to combine an analysis of tem-

poral trends in introduction risk with an analysis of species

traits associated with introduction, while addressing some of

the challenges of detecting those traits. Based on careful a pri-

ori considerations, we delineated a source pool that included

only potential migrants and compiled a large set of predictor

variables for the source pool species. We employed a Cox-pro-

portional hazard model to identify predictors of introduction

risk. We tested the proportionality assumption to reveal

whether there are groups of species with different temporal

trends in introduction risk. We fitted latent-variable models to

determine whether trends in introduction rates were due to

changing introduction or detection rates.

MATERIALS AND METHODS

Species included in the analysis

Our analysis considered all bony fish species that were

reported from the Red Sea by Golani & Bogorodsky (2010).

Based on species accounts present on www.fishbase.org (Fro-

ese & Pauly, 2013; last accessed 30 September 2013), we

updated synonyms and excluded from the list of Golani &

Bogorodsky (2010) species that are also native to the

Mediterranean Sea, occur in deep water (> 100 m upper

range depth) or are globally distributed (see Table S1.1 in

Supporting Information, Fig. 1a). The resulting list contained

a total of 960 fish species. Since any of these species could

theoretically move to the Mediterranean via the Suez Canal,

they will be referred to as the ‘source pool’ (see Table S1.1).

We used the online CIESM Atlas of Exotic Species in the

Mediterranean (Golani et al., 2013; last accessed 5 May

2014) to determine which source pool species have at least

one record in the Mediterranean. We did not consider

records of Acanthopagrus bifasciatus, Terapon theraps and the

first record of Pomadasys stridens as the locations of these

records in the Mediterranean clearly suggest a presence not

related to a passage through the Suez Canal (Lipej et al.,

2008; Golani et al., 2013; Ben Souissi et al., 2014). Fishes

that were recorded in the CIESM’s list (Golani et al., 2013)

but were absent from the source pool (Golani & Bogorodsky,

2010) were not included in the analysis to ensure that the

definition of the source pool (species that could pass through
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the Suez Canal) was independent of the measured outcome

(occurrence in the Mediterranean). We identified 78 species

from the source pool that have records in the Mediterranean

(Golani et al., 2013). They will be referred to as ‘introduced

species’ (see Table S1.2).

Predictor variables included in the dataset

Biological information for all species within the source

pool was compiled from a dataset acquired from www.

fishbase.org (Froese & Pauly, 2013). For each species, the data-

set contained fields with information on taxonomy, ecology,

behaviour, life history, morphology and an additional field

with comments. We extracted from these comments further

information and incorporated it manually into the main fields.

The number of species present in the Red Sea within each fam-

ily was included as a separate field. Additional information

was obtained from the literature for six variables with missing

records. They included information on distribution, longevity,

length, activity, type of bottom and food items. We retained

for the study only fields with records available for at least 20%

of the species in the source pool (Fig. 1b).

In addition, we downloaded from www.fishbase.org (Fro-

ese & Pauly, 2013) all available sampling location data in the

Red Sea and Indian Ocean (Fig. 2). We obtained the data

from the fishbase website by selecting ‘Indian Ocean’ in the

section ‘Information by Ecosystem’ and by selecting ‘Point

data’ (downloaded on 11 April 2015). These data contained

the latitude, longitude and fish species observed per location

for 1191 locations. These sampling data were not exhaustive,

i.e. some source pool species were not recorded in any sam-

pling locations from the Red Sea and some species were not

recorded in any sampling locations from the entire Indian

Ocean. We obtained for each of these sampling locations the

yearly range and monthly maximum sea surface temperature

(SSTrange and SSTmax, respectively) from the Bio-ORACLE

database (Tyberghein et al., 2012, downloaded on 24 April

2015). We calculated for each species from the source pool,

with at least one record in the location data, the mean

SSTrange and maximum SSTmax among all its sampling

locations and included the mean SSTrange and maximum

SSTmax as predictor variables. Furthermore, we determined

for each species the sampling location that is closest to the

Suez Canal and included the shortest ‘great-circle distance’

from the closest location to the canal as predictor variable

(variable ‘minimum distance to canal’). The resulting dataset

had a total of 33 predictor variables (see Table S1.3).

Cox regressions

A Cox-proportional hazard model (Cox, 1972) was used to

estimate the effects of predictor variables on the rate at

(a) (b)

Figure 1 Flow chart for data pre-
processing: (a) procedure to select species

for inclusion in the source pool and (b)
procedure to screen variables for inclusion

as predictor or stratifying variable in model
selection procedure. Note that our grouping

procedure generated a single stratifying
variable from all variables that violated the

proportionality assumption so that a single
variable could contribute to stratification

and enter as predictor variable.
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which new introduced species are recorded in the Mediter-

ranean Sea. Following standard survival analysis terminology,

we will refer to this rate as the ‘hazard rate’. The events

described by this hazard rate are the first recordings of new

alien species from the source pool. It is important to note

that this hazard rate is not the same as the introduction rate,

as it is influenced by the rate at which species are introduced

and the rate at which introduced species are detected. We

will use the term ‘true introduction rate’ when we refer to

the rate at which species are introduced. Our analysis consid-

ered the year of first record in the Mediterranean as an event

time. All source pool species with no record of introduction

were treated as right-censored observations with the year

2013 as censoring time (Fig. 1a). The year 2013 was chosen

as it coincided with the last update of the CIESM online

database at the time of our analysis (Golani et al., 2013).

The number of years was counted since the opening of the

Suez Canal in 1869 (i.e. year 2013 was treated as year 144).

We clustered species by family in each Cox regression to

account for phylogenetic non-independence of different fish

species.

The analysis contained three parts, the screening of

potential predictor variables, the selection of the best com-

bination of predictor variables that passed the screening,

and an analysis of the temporal change in the hazard rate

and true introduction rate. The screening itself was carried

out in several steps (Fig. 1b). We tested each of the 33 vari-

ables individually for an association with the hazard rate

using a Cox regression model and a likelihood ratio test for

significant model fit. We adjusted the P-values according to

the adaptive Benjamini–Hochberg correction (Benjamini &

Hochberg, 2000) to keep the false discovery rate among the

screened variables below 5%. We tested all variables that

passed the screening for a violation of the proportionality

assumption. The proportionality assumption states that the

proportional differences in hazard rates between subjects

with different covariates stay constant over time. Screened

variables entered the model selection procedure as stratify-

ing variables if they violated the proportionality assumption

and as predictor variables otherwise. When a screened pre-

dictor variable contained missing values for more than 40%

of the source pool species, the missing values for this vari-

able were replaced by its mean value among all species that

contained a record for this variable. We performed a Cox

regression for all possible combinations of screened predic-

tor variables and selected the combination with the lowest

Akaike’s information criterion (AIC) value as the best

model (Burnham & Anderson, 2002). We tested the good-

ness-of-fit of the best model following the method by Par-

zen & Lipsitz (1999) using eight rate classes. We calculated

the correlations between all variables that passed the screen-

ing but did not test whether correlations differed signifi-

cantly from zero as different species could not be

considered independent observations. In addition to the

standard Cox regression, we fitted a Cox regression with a

ridge penalty (R package ‘penalized’; Goeman, 2010) using

all predictor variables of the best model to analyse the

robustness of the regression coefficients.

Temporal change in the introduction rate

To analyse the temporal change in the hazard rate, we

assigned species to groups with similar baseline hazard rates.

First, we tested all variables that passed the screening for a

deviation from the proportionality assumption on a global

level (Grambsch & Therneau, 1994). Then, we applied the

following grouping procedure to each variable that showed

a significant deviation: we tested for the deviation from pro-

portionality among all pairs of factor levels within a variable

(Grambsch & Therneau, 1994) and pooled pairs of factor

levels whose baseline hazard rate did not deviate signifi-

cantly from proportionality, starting with the pair whose

comparison produced the largest P-value. After each pool-

ing, we recalculated the P-values for the comparisons of the
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Figure 2 Study area with point locations.
The map is based on a rectangular

projection with equivalent longitude and
latitude scales at the centre of the map. Our

analysis of point locations included all
locations from the Red Sea and Indian

Ocean that contained source pool species.
The map shows, therefore, only a subset of

the point locations used in the analysis.
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new groups. The procedure stopped once there was a signif-

icant deviation from proportionality between all pairs of

groups. After we applied this procedure to all predictor vari-

ables that showed a deviation from proportionality, we

combined the newly created groups from different variables

and created a single new variable with a factor level for each

group combination. We repeated the grouping procedure

for this newly created variable and thereby obtained a single

grouping variable that defined groups with different baseline

hazard rates.

We fitted different versions of the model developed by

Solow & Costello (2004) to determine the most likely rea-

son for different baseline hazard rates. Different species

could have different baseline hazard rates because they expe-

rienced a different change in their true introduction rate, a

different change in their detection rate or a different change

in both. According to the model by Solow & Costello

(2004), the true introduction rate lt changes with time t

according to

lt ¼ eb0þb1t

The introductions described by this rate are not observed

directly. The probability of a species becoming detected in

year t given that is was introduced in year s is given by the

following:

pst ¼ expðc0 þ c1t þ c2e
t�sÞ

1þ expðc0 þ c1t þ c2et�sÞ
The parameter b1 estimates how the true introduction rate

changed with time, the parameter c1 estimates how the

detection probability changed with time and the parameter

c2 estimates how the detection probability changed with time

since introduction.

We fitted 16 models of different complexity and used the

AIC value to rank them. The trend parameters for introduc-

tion (b1) or detection (c1 and c2) were either constrained

to zero or unconstrained, leading to four possible combina-

tions of trend parameter constraints. Similarly, the parame-

ters of detection and introduction could either be the same

for all groups with different baseline hazard rates or be dif-

ferent for each group, leading to four possible combinations

of how parameters differed between groups. Together these

two sets of four combinations led to a total of 16 different

models.

We estimated the maximum likelihood values for parame-

ters for all 16 models through numerical optimization proce-

dures. We used zero as starting values for the parameters b1,
c0, c1 and c2 and log(N/T) for b0, where N denotes the total

number of observed introduced species and T the total num-

ber of years. The starting value for b0 was chosen so that exp

(b0) = N/T, i.e. according to the starting values there is no

temporal trend in introduction and the yearly introduction

rate equals the total number of introduced species divided by

the length of the observation period. The observation period

started with the first Mediterranean record in 1902 and

ended in 2013, the last year CIESM was updated at the time

of our analysis. We calculated the AIC values for all models

to rank them. In addition, we performed likelihood ratio

tests to determine whether individual trend parameters of

the highest ranked model differed from zero. All calculations

were performed using the statistical programming language

R 3.2.1 (R Core Team, 2013).

RESULTS

Variable screening

Of 33 screened traits of fishes living in the Red Sea, six

were significantly associated with introductions, when con-

trolling for a false discovery rate of 5% (see Fig. S2.1).

These were schooling, demersal-pelagic distinction, type of

bottom, number of species per family, minimum distance

to canal and SSTmax (see Table S1.3). The baseline hazard

rates of species associated with different categories of the

variables ‘schooling’ and ‘type of bottom’ deviated signifi-

cantly from the proportionality assumption. Our grouping

procedure separated species into three groups with distinct

baseline hazard rates. In the subsequent analyses, the Cox-

proportional hazard model was stratified according to these

three groups with separate baseline introduction rates. The

variables ‘schooling’, SSTmax and ‘minimum distance to

canal’ contained each missing records for more than 40%

of the species. To include these variables in the model

selection procedure, we replaced missing values by means.

For all species whose schooling value was missing but avail-

able for at least one member of the same family, we

replaced the missing value by the mean schooling value of

all species of the same families. For all other species, we

replaced the missing ‘schooling’ values by the overall mean.

We replaced the missing values for SSTmax and ‘minimum

distance to canal’ by their overall means among all other

species. To evaluate the effects of these replacements, we

ran single-variable Cox regressions before and after replac-

ing the missing values. The replacement of missing values

by means changed the estimated regression coefficients by

12–21% of their pre-replacement values but did not affect

the signs of the estimated coefficients or the significance

levels of the P-values.

Selection of the best model

The best combination of predictor variables according to the

AIC excluded SSTmax and schooling and contained thus

four of the six traits that were associated with introductions

(Table 1). According to the best model, the hazard rate was

higher among species living close to the surface, among spe-

cies living over soft bottoms, among species found within

less diverse families and among species with a low minimum

distance to the canal (Table 1, Fig. 3). The goodness-of-fit

test showed no significant deviation between the predicted

and observed hazard rates. There were moderate correlations

among the predictor variables (Table 2). However, a penal-

ized ridge regression analysis showed that, despite these
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correlations, the sign and magnitude of the estimated coeffi-

cients were robust (see Fig. S2.2).

Change in introduction rate

Our grouping procedure separated species into three groups

with distinct baseline hazard rates: group I included all spe-

cies that had the type of bottom category ‘none’ and any

schooling level (i.e. all pelagic species); group II included all

species with the type of bottom category ‘hard’ and school-

ing level 1 (i.e. solitary or species living in pairs on or close

to hard bottoms); and group III included all remaining spe-

cies (i.e. all species living on or close to soft bottoms or

alternatively on both types of bottoms and non-solitary spe-

cies living on or close to hard bottoms). The best fitting

model for the change in introduction rate contained a con-

stant detection probability (c1 = c2 = 0) that was the same

for each group and a true introduction rate that changed dif-

ferently over time for each group (Table 3). The maximum

likelihood parameter estimates for this model were c0 = 11.5

for all groups, b0 = �2.0, b1 = 0.004 for group I, b0 = �14,

b1 = 0.13 for group II and b0 = �2.3, b1 = 0.02 for group

III. The value for c0 implies a yearly detection probability of

> 99.9%. The difference in AIC value to any model with

constant true introduction rate is > 10, providing strong evi-

dence for a temporal increase in the true introduction rate

(Table 3). The trend parameter b1 differed significantly from

zero for groups II and III (for both groups P < 10�5, likeli-

hood ratio test) but not for group I (P = 0.52, likelihood

ratio test). Hence, there is evidence that the introduction rate

increased over time for species of groups II and III (i.e. all

demersal species) but not for group I (all pelagic species)

(Fig. 4). Furthermore, b1 was more than six times higher for

group II (solitary or species living in pairs on or close to

hard bottoms) than for group III (other demersal species),

indicating a strong recent surge in the introduction rate of

group II species (Fig. 4).

DISCUSSION

We performed Cox regressions to determine which attributes

of fishes present in the Red Sea are associated with the rate

at which new alien species from the Red Sea are recorded in

the Mediterranean (hazard rate). We also analysed whether

the true introduction rate changed over time. Our results

showed that the highest hazard rate occurred among pelagic

species, species living over soft bottoms, species present in

small families and species recorded close to the Suez Canal.

We also found that alien species could be separated into

three groups, each displaying a different temporal trend in

their true introduction rate. Two groups showed an increase

in true introduction rate over time. The group that showed

the strongest increase in introduction rate was solitary fishes

living on hard bottoms.

Our analysis has several limitations. The dataset we anal-

ysed contained many missing records. We removed 27 vari-

ables because these variables had records for 20% of the

species or fewer. Some of these removed variables could have

an influence on the introduction rate. We, furthermore,

replaced missing values by mean values. Even though we do

not have evidence that this replacement affected our conclu-

sions, more complete data would undoubtedly improve the

estimated effects of the variables on the introduction rate.

Another area of possible improvement is our method of

accounting for phylogenetic dependence. We accounted for

phylogenetic dependence by introducing random family

effects. A similar method has been used in a previous study

(Belmaker et al., 2013). There are methods to account for

phylogenetic effects more thoroughly in regression models

(e.g. Ives & Garland, 2010). However, we are not aware of

such methods in the context of Cox regressions and applying

these methods would require sequence data for all species in

the source pool.

Our analysis – and previous studies, e.g. Belmaker et al.

(2013) – assumed that the introductions of different species

were independent of each other. This assumption can be jus-

tified as we used the date of first record in the Mediter-

ranean as event time. Hence, our analysis focused on early

stages of the introduction process, a stage that is less likely

to be influenced by the presence of other species (Azzurro

et al., 2014). There is no overlap between the significant pre-

dictors that we identified in our study and the significant

predictors of a species’ establishment success after it had

crossed into the Mediterranean (Arndt & Schembri, 2015).

This is despite the fact that all significant predictors used in

Arndt & Schembri (2015) were also used in our study. This

lack of overlap suggests that the different stages of the intro-

duction process pose different ecological challenges. Hence,

the predictors identified in our study are more related to the

species ability to pass through the Suez Canal than to its

establishment success.

Table 1 Estimated coefficients and P-values of predictor

variables that are part of the best model explaining the
introduction rate of fish from the Red Sea to the Mediterranean

Sea.

Variable Encoding

Estimated

coefficient P

Number of species

per family

Integer �0.01 0.039

Demersal – pelagic* 1 = surface �0.98 0.0003

2 = midwater

3 = close to bottom

4 = on the bottom

Type of bottom Hard �1.1 0.001

Both � –
Soft 0.46 0.17

None (pelagic) – –
Minimum distance

to the canal

Real number �0.0002 0.0007

*Species belonging to multiple categories were assigned the mean

value of these categories.
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A novel result of our study is that species belonging to

small families were more prone to be introduced into the

Mediterranean than species from large families. There are

several possible reasons for this. Theoretical models of sym-

patric speciation (Doebeli & Dieckmann, 1999) and empiri-

cal analyses of herbivorous insects (Hardy & Otto, 2014)

have shown that ecological specialization tends to be associ-

ated with higher diversification rates. Hence, species from

highly diverse families might be more specialized and there-

fore less likely to colonize new habitats. Another possible

explanation for the association between small family size and

higher hazard rate could be that allopatric speciation creates

a negative correlation between dispersal ability and family

size. Members of families of good dispersers might have

undergone allopatric speciation less often than members of

families of poor dispersers, and as a result, families of good

dispersers are less diverse than families of poor dispersers.

Lessepsian migrants might predominantly come from fami-

lies of good dispersers and therefore from smaller families.

The correlations between predictor variables indicate that

species from small families tend to occur away from the bot-

tom (surface or midwater) and in large schools (Table 3).

Hence, two traits that are associated with higher hazard rates

are overrepresented in small families, suggesting an associa-

tion between good dispersal and low within-family diversity.

A full analysis of this association would require a phylogeny-

based estimation of the influence of these two traits on

diversification rate (FitzJohn et al., 2009), which is beyond

the scope of this study. Regardless of the reason for the asso-

ciation between intra-family diversity and introduction risk,

the fact that species from small families are more likely to

pass into the Mediterranean provides a new explanation for

0.
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Figure 3 Proportion of source pool (Red
Sea) fish species with no record from the

Mediterranean Sea since the opening of the
Suez Canal. Species were grouped by (a)

schooling size, (b) habitat in relation to the
bottom, (c) type of bottom, (d) number of

species within each family, (e) closest
distance to Suez Canal among records from

sampling locations in the Indian Ocean and
(f) groups with different baseline hazard

rate.
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Belmaker et al.’s (2013) observation that Lessepsian migrants

show a higher trait evenness and divergence than randomly

selected Red Sea species. The high trait evenness and diver-

gence of Lessepsian migrants has previously been interpreted

as evidence that migrants are filtered by competition (Bel-

maker et al., 2013; Azzurro et al., 2014). We provide the

alternative explanation that Lessepsian migrants represent

more families than a random sample from the source pool.

Our analysis confirms the previously discovered associa-

tions between the hazard rate and the variables SSTrange,

SSTmax, type of bottom, schooling level and a species’

occurrence in the water column (Golani, 1993, 2010; Bel-

maker et al., 2013). The high hazard rate among soft-bottom

fishes detected in our study matches the previous observation

that Lessepsian species make up a large percentage among

species that are common in sandy habitats in the northern

Red Sea (Golani, 1993).

Our results regarding the associations between the hazard

rate and the variables SSTrange and SSTmax match the

results of a previous study (Belmaker et al., 2013), but our

results also provide new interpretations for these associa-

tions. The association between hazard rate and SSTrange was

not strong enough to overcome our false discovery rate

threshold. This could be because our set of sampling loca-

tions might differ from the ones used by Belmaker et al.

(2013) or because we used a large number of variables and

controlled for a false discovery rate. The association between

high SSTmax and high hazard rate was strong enough to

pass the screening, but the variable SSTmax was not part of

the best model when other correlated variables were

included. The variable SSTmax showed the strongest correla-

tion with the variable ‘distance to the canal’ (Table 2), which

suggests a novel explanation of the effect of SSTmax. Since

Minimum

distance to

canal

Number of

species per

family

Demersal –
pelagic Schooling

Type of

bottom SSTmax

Minimum

distance to

Canal

– 0.02 0.07 �0.11 0 �0.19

Number of

species per

family

– – 0.17 �0.31 0.27 �0.06

Demersal –
pelagic

– – – �0.57 �0.24 �0.11

Schooling – – – – 0 0.11

Type of

bottom

– – – – – �0.06

SSTmax – – – – – –

Table 2 Correlation estimates among the
six traits (predictor variables) associated

with the rate at which fish species are
introduced from the Red Sea to the

Mediterranean Sea.

Table 3 Results of the five best models fitted to times at which

fish species introduced from the Red Sea are first detected in the
Mediterranean Sea.

Parameters

constrained

to zero

Parameters

shared

between

groups

Log-

likelihood

Number

parameters AIC DAIC

c1 and c2 c0, c1
and c2

�148.5 7 311 0

c1 and c2 None �147.5 9 313 2

None c0, c1
and c2

�148.5 9 315 4

None None �144.1 15 318.1 7.1

b1 None �148.7 12 321.3 10.3
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Figure 4 Observed (solid step lines) and fitted (dashed lines)

cumulative number of detected fish species introduced from the
Red Sea to the Mediterranean for the three groups that have a

different baseline hazard rate according to the proportionality
test. The labels next to the lines indicate the groups (I–III). See
text for description of groups. The fitted line corresponds to the
highest ranked model (constant detection shared by all groups

and increase in introduction rates).
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SSTmax is higher in the Red Sea than in most parts of the

Indo-Pacific (see Fig. S2.3), species occurring at sampling

locations in the Red Sea tend to have a higher SSTmax.

Therefore, SSTmax might simply be a proxy for a species’

occurrence in the Red Sea sampling locations but itself not a

predictor of the introduction probability. This interpretation

of the effect of SSTmax is supported by two additional pieces

of evidence. SSTmax is generally lower in the eastern

Mediterranean than in the Red Sea (see Fig. S2.3), and its

value in the native range does not predict the establishment

success in the Mediterranean (Arndt & Schembri, 2015). In

contrast, Belmaker et al. (2013) interpreted the association

between SSTmax and introduction probability as evidence

that high maximum temperatures in parts of the eastern

Mediterranean restrict the introduction of species that occur

at lower temperatures in the Indo-Pacific. According to their

interpretation, global warming will slow down the invasion

process from the Red Sea into the Mediterranean. Our inter-

pretation of the effect of SSTmax does not suggest such an

effect of global warming. More detailed data on the geo-

graphical distribution and thermal tolerance of Red Sea spe-

cies are needed to disentangle the effects of SSTmax and

geographical distance to the canal and to determine whether

global warming will slow down Lessepsian migration as sug-

gested by Belmaker et al. (2013) or facilitate it as suggested

earlier by other researchers (Lasram & Mouillot, 2009; Rait-

sos et al., 2010).

Our results show that the average hazard rate is higher

among species living close to the surface than among species

living midwater or close to the bottom (Fig. 3b), which is in

accordance with Belmaker et al. (2013). However, our analy-

sis of introduction rate trends also shows that demersal spe-

cies, while having a lower average introduction rate than

pelagic species (Fig. 3b), made up the majority of the alien

species that were recorded in recent time (groups II and III

in Fig. 4). This is partly because there are more demersal

than pelagic species in the source pool and partly because

the introduction rate remained roughly constant over the last

century for pelagic species (group I) but increased over time

among demersal species (groups II and III) (Figs 2f & 3). As

a result, the current introduction rate is highest among dem-

ersal species. The current increase in introduction rate is

highest among solitary hard-bottom species (group II) as 9

out of the 10 introduced solitary hard-bottom species have

been recorded in the Mediterranean since 2002 (Fig. 4).

The increase in true introduction rate among species of

groups II and III is at odds with Belmaker et al. (2009),

who analysed temporal trends in true introduction rates of

Lessepsian species and found no evidence for a temporal

increase in the true introduction rate. Belmaker et al.

(2009) used a different analysis method and a different

dataset than our study and did not separate species into

groups with different baseline hazard rates. To determine

whether their result deviated from ours due to a difference

in data or methodology, we repeated Belmaker et al.’s anal-

ysis on their dataset but introduced a distinction between

demersal and pelagic species. When applied separately to

demersal and pelagic species, the method of Belmaker et al.

provided statistical evidence for an increase in the true

introduction rate in demersal species but not for pelagic

species (results not shown). This indicates that Belmaker

et al. (2009) did not detect increasing true introduction

rates because they did not separate species according to dif-

ferent baseline hazard rates and not because they used dif-

ferent data or methodology.

According to the highest ranked model in our study, the

increase in the hazard rate is due to an increase in the true

introduction rate rather than due to an improved detection.

However, it is unclear to what degree our result is a conse-

quence of the particular functions we used. The temporal

change in records of introduced species is well approximated

by the exponential function we used for the true introduc-

tion rate, and as a result, the highest ranked model assumes

an immediate detection of introduced species – an assump-

tion that is certainly not true. The highest ranked model is,

therefore, not necessarily an accurate description of the

underlying processes but rather a benchmark to measure

alternative models against. The highest ranked model per-

formed substantially better than any model we fitted with

constant true introduction rates. Hence, the models we fitted

provide strong evidence for an increase in the true introduc-

tion rate among demersal species.

Our estimation of temporal trends in introduction rates

did not consider the effects of source pool depletion. The

true introduction rate in our analysis is the total number of

species introduced per time, i.e. the number of species in the

source pool multiplied by the per-species introduction prob-

ability. Since we considered first records, a species ceases to

be part of the source pool once it has been recorded in the

Mediterranean, and hence, each introduction event reduces

the introduction rate. Therefore, the per-species introduction

probabilities must have increased even more than the

increase in introduction rate shown in our analysis.

The ecological reason for the increase in the true introduc-

tion rate of demersal species (group III) over time is unclear.

This increase could have been due to repeated expansions of

the Suez Canal, the change in its salinity over time, or other

unknown environmental changes within the canal. It could

also be due to an increase in the susceptibility of the

Mediterranean to the establishment of new species, as the

invasibility of an environment can be influenced by an

assortment of biotic and abiotic events and processes (Davis,

2011).

The detected sharp increase in the last decade of solitary

species living mainly on hard bottom (group II, Fig. 4)

might be results of aquarium release events. Species that are

potentially used in aquariums constitute 80% of the species

in group II (i.e. 8/10) and only around 18% of the species in

groups I and III (i.e. 12/68). It is, therefore, conceivable that

the recent surge in the detection of group II species is due to

the increase in the trade of tropical marine species in the

Middle East, rather than to environmental changes. Genetic
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studies that can better locate the geographical source of

newly introduced alien species are likely to shed more light

on this hypothesis (Bariche et al., 2015).

Regardless of the underlying reasons, the recent increase in

the true introduction rate of demersal species should be a

cause of concern. Introduced demersal species have the

potential to drastically affect sensitive Mediterranean coastal

ecosystems (Sala et al., 2011). Our analysis treated the first

Mediterranean record as event time and therefore focused on

the early stage of the introduction process. The date of col-

lection may lag years behind the date of introduction, and it

could take years for an introduced species to become estab-

lished (Galil, 2008a). Therefore, we assume that the full eco-

logical cost of the recent surge in introductions of demersal

species is not yet apparent. Furthermore, the concentration

of recent records of newly introduced species with histori-

cally low introduction rates indicates a shift in the nature of

species introductions into the Mediterranean. It is important

to understand the reason for this shift, particularly in light

of the further expansion of the Suez Canal. If we do not

understand and mitigate the ecological risks associated with

the expansion of the Suez Canal, the integrity of a large part

of the Mediterranean ecosystem could be in jeopardy.
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