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Abstract Insight from theory has shown the useful-

ness of considering time lags in both plant and animal

invasions, but this topic has yet to be fully explored

with real examples. Here we define and investigate

several types of lags using Red Sea fish invasions of

the Mediterranean as a case study. By exploring both

conceptual and analytical aspects of time lags, we

suggest that this concept can be applied to both the

ecology and management of invasions. Through the

review of available literature and by compiling a

comprehensive geo-referenced database, we show that

our understanding of the temporal nature of invasion

can be confounded by our varying capability to

perceive it. This deep, sometimes inextricable, con-

nection between the temporal nature of a process and

its observation represents a critical issue for our

understanding of the Lessepsian phenomenon, and is a

challenge for invasion biology more generally. While

our case study is associated with a very specific date in

which the Suez Canal opened, our framework is

expected to broaden the notion of time lags in

bioinvasions research.

Keywords Red Sea � Mediterranean � Fish � Time

lags � Detection � Monitoring

Introduction

Time lags are an increasingly recognized aspect of

both plant and animal invasions (Crooks 2005;

Daehler 2009; Essl et al. 2011). The term lag is

generally used to indicate a ‘relative slowness’

(Crooks 2005), and this concept often refers to a

period of slow growth of an invader preceding the
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onset of population outbreaks (e.g. Mack et al. 2000;

Rilov et al. 2004). These seemingly dormant periods

may range from a few years to several centuries

(Whitney and Gabler 2008) and they have been

documented in taxa such as plants (Larkin 2012),

invertebrates (Rilov et al. 2004; Witte et al. 2010), and

vertebrates (Aagaard and Lockwood 2014). The

notion of lag, however, has been used in different

ways among authors, and it broadly refers to either the

delayed onset or relatively slow rate of an invasion

process (Crooks 2011). In theory, this concept can be

applied across all the subsequent phases of the

invasion, from the arrival of a new invader up to its

ecological integration in the new environment (Crooks

2011). Time lags can be also related to the human-

dimension of invasions (Ricciardi 2013), including

our readiness to note, monitor, and manage invasions,

but so far very few studies have investigated these

topics (Crooks 2005). Despite the importance of time

lags for understanding and managing invasions (e.g.

Bellard et al. 2016) these are seldom documented or

quantified, and our understanding of lags is largely

shaped by anecdotal observations (Larkin 2012).

Here we explore these temporal aspects of biolog-

ical invasions using the Lessepsian fishes as a case

study. Lessepsian species are Red Sea organisms,

which have entered the Mediterranean via the Suez

Canal (Por 1971). This process is one of the most

important biogeographic events of modern history and

is emblematic of the contemporary ‘‘Anthropocene’’

(Zalasiewic et al. 2010). Red Sea species entering the

Mediterranean are causing major ecological and

economic impacts (Galil 2009), and increasing scien-

tific attention is devoted to explore patterns and

processes associated with this invasion (for fish

species, see Belmaker et al. 2009, 2010; Ben Rais

Lasram et al. 2010; Azzurro et al. 2014; Bernardi et al.

2016; Parravicini et al. 2015). With respect to the

difficulties to quantify invasion dynamics, Lessepsian

species present some distinct advantages for research.

The invasion vector is assumed to be the Suez Canal,

and the place where the migrants arrive is known,

being the opening of the Canal at Port Said. Also, the

date of vector initiation is known, corresponding to the

opening of this maritime route in 1869. Moreover, in

comparison with other marine introductions, exotic

fish species in the Mediterranean are quite well-

tracked, due to their conspicuous appearance and their

importance in eastern Mediterranean fisheries. Our

goal here is to capitalize on these advantages to

examine time lags throughout the invasion process and

identify challenges in operationalizing the concept,

including intersections with the human dimensions of

invasion detection andmanagement. Using this insight

from the Lessepsian fishes, we aim to address the more

general concept of lag (Crooks 2011), which has

remained relatively underexplored in invasion

biology.

Conceptual framework

Time lags were investigated across both the ecological

and the human dimensions of Lessepsian invasions.

The latter relates to those aspects of the invasions that

are influenced by social factors and/or human actions

in our society (McNeely 2001). Three consecutive

phases of the invasion process were considered:

Arrival (consisting of transport and introduction),

Establishment of permanent populations, and Geo-

graphic spread, drawing on the invasion stages

suggested by Blackburn et al. (2011) (Table 1). For

each of these stages, time lags were analysed for both:

Onset—The temporal offset between discrete events,

and Rate—Changes of the same process at different

times (Crooks 2011). Considering that our perception

of the temporal nature of all these phases depends on

our ability to identify and quantify invasion, we also

focused on the implications of Detection lags across

these invasion phases (sensu Crooks 2011). A con-

ceptual scheme of the relationships between the onset

of the above mentioned phases of an invasion and their

detection is presented in Fig. 1. Finally, Response lags

were taken into consideration to define and to evaluate

aspects related to the communication, awareness and

management of biological invasions.

Database of Lessepsian fish

Mediterranean records of Lessepsian fish species were

compiled from published sources and grey literature.

These were used to compile a geo-referenced

database, which includes data on the recorded species,

year of detection, year of publication, and other

relevant information (see Azzurro et al. 2013 for an

earlier version of the database). The list of species was

extracted from Golani et al. (2013) plus other recent
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publications, which provided records of Lessepsian

fish species. We considered 96 fish species in the

analyses, which represent all the likely Lessepsian

migrants (see Supplementary information Table 1).

This number includes also species (e.g. Abudefduf

vaigiensis, Champsodon nudivittis, Champsodon

ARRIVAL ESTABLISHMENT SPREAD

Vector initiation
(1869, Suez Canal opening)

LAG IN ESTABLISHMENT 

LAG IN GEOGRAPHICAL SPREAD

PERCEIVED  LAGS 

DETECTION LAGS 

LAG IN ARRIVAL

DETECTION  
OF ARRIVAL

DETECTION  
OF ESTABLISHMENT 

DETECTION  
OF SPREAD

RESIDENCE TIME

MINIMUM RESIDENCE TIME

‘TRUE’ LAGS 

Fig. 1 Schematic illustration of our conceptual framework for

lag times in Lessepsian fish species according to the onset of

three subsequent stages of an invasion: (i.e. arrival; establish-

ment of a self sustaining population; geographical spread).

Detection lag is the time spanning the real onset of a new stage

and its detection; ‘True’ lags are the real, often unmeasured time

needed for the onset of a new stage; Perceived lags are the way

in which we usually measure time lags, based on the assumption

that the onset of a new stage corresponds to its detection. The

term ‘‘minimum residence time’’ typically indicates the length

of time since detection, explicitly recognizing that this might be

an underestimate

Table 1 Definitions of lag times for Lessepsian fish invasion

Kind of lag Definition

Detection Detection lags may be applied to all the stages of invasion: Arrival: Time between the actual arrival
of a species and its first detection; Establishment: Time between the actual establishment of a
permanent population and its detection; Geographical spread: Time between actual onset of
geographical spread and its detection

Arrival or

introduction

Onset Time between the vector initiation (the opening of the Suez canal in 1869*) and the species arrival

Rate Change in the rate of arrivals with time

Establishment Onset Time between arrival of a species and the establishment of a permanent population

Rate Change in the rate of establishment with time

Geographical

spread

Onset Time between the establishment of a permanent population and the subsequent geographical spread

Rate Difference in the rates of dispersal (speed)

Response Response lags are defined as the time between the detection of a discrete event and a subsequent
action of society. It may concern the time needed to Communicate (this include publication lags)
and Manage these events

Lags related to our capacity to perceive and to respond to invasions (‘the human dimension’) are highlighted in bold

Lag times in Lessepsian fish invasion
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vorax, Iniistius pavo, Parablennius thysanius, Platex

teira, Terapon theraps) whose migration through the

Suez Canal is considered plausible but not completely

ascertained, as other means of transport, such as

ballast water, are also possible vectors. Unconfirmed

species or records of doubtful origin (e.g. Champ-

sodon capensis, Omobranchus punctatus, Istiblennius

edentulous, Priacanthus hamrur, Tylosurus crocodi-

lus, Chirocentrus dorab) were not considered. Overall,

the total number of geo-referenced observations

included into the database was of 2164. Out of these,

1363 were extracted from published sources and the

remaining 821 records from grey literature, unpub-

lished sources, and existing databases.

Lags in detection

For an invader to appear in a system, it first must arrive

and then it must be documented (Crooks 2005),

therefore some lapse of time will nearly always exist

between the first entrance and the subsequent discov-

ery of the new Lessepsian species. All non-intentional

invasions are likely to suffer from this kind of

Detection lag (Crooks 2011) and Perceived lags are

the way in which we usually measure time lags, based

on the assumption that the onset of a new stage

corresponds to its detection. The term ‘‘minimum

residence time’’ (Simberloff and Rejmánek 2010)

typically indicates the length of time since detection,

explicitly recognizing that detection lags might make

these underestimates of the residence time (Table 1;

Fig. 1).

Lessepsian species provide a variety of examples of

how detection lags might arise. One example is

mistaken identity. For example, the Arabian scad,

Trachurus indicus was identified for the first time from

Iskenderun Bay in 2004 but this species was probably

conflated with native Trachurus spp. due to similar

morphologies (Bilecenoglu 2010). Similarly, the

ocean anchovy Stolephorus insularis, first recorded

along Israeli shores in 2009, has been overlooked for

years due to its external similarities with the native

Engraulis encrasicolus (Fricke et al. 2012). Other

remarkable misidentifications, such as those related to

Pempheris rhomboidea and Saurida lessepsianus, did

not generate detection lags, since the species were

immediately recognized as exotic even if with a

different name (e.g. Azzurro et al. 2015; Russell et al.

2015). Detection lags might also tend to be more

frequent or prolonged for relatively inconspicuous

species. Small, non-commercial fishes have more

chances to pass unnoticed, especially in poorly

monitored areas of the Mediterranean. On the con-

trary, eye catching characteristics, such as the tubular

shape of Fistularia commersonii, the prominent fins of

Pterois miles; or the bright colors of Heniochus

intermedius are certainly of great help to spot a

newcomer (Golani 2010; Golani et al. 2013). These

lags in detection are critical as they affect our ability to

estimate the prevalence of other types of lags (Crooks

2005).

Sampling efforts typically vary through time,

space, and taxonomic group. For example the

improvement of sampling methods or more scientists

actively looking for introduced species increase the

probability of detection of a species, reducing the

detection lag trough time. Detection lags have prob-

ably been very significant during the onset of Lessep-

sian invasion, with a strong reduction in the length of

this lag over the last three decades because of the

increasing scientific efforts. This can lead to an

accelerating pattern in the discovery record that does

not necessarily reflect changes in the underlying

introduction rates. Thus, the rate at which new exotic

species are described does not always provide a

realistic picture of introduction rates (Costello and

Solow 2003; Belmaker et al. 2009). Considering the

widespread concern on increasing introductions, rec-

ognizing the potential of detection lags to skew

patterns is essential, especially with data based on

discovery records.

Lags in arrival

A true lag in arrival can be defined as the time interval

between the initiation of the vector—the opening of

the Suez Canal in 1869—and the entry of a new

species into Mediterranean waters. As highlighted

above, however, species are only recorded when they

are encountered and accurately documented by scien-

tists. Therefore, an unknown detection lag between

these non-intentional introductions and their subse-

quent discovery always exists, meaning that true lag

times can be overestimated (Table 1; Fig. 1).

Nonetheless, striking patterns emerge in both the

appearance of individual species (onset lags) and the

E. Azzurro et al.
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accumulation of species appearances over time (rate

lags).

Onset

The first Lessepsian fish, Atherinomorus forskalii, was

detected 33 years after the opening of the Suez Canal

(Tillier 1902). This time lapse can be taken as the

maximum lag for the onset of the entire Lessepsian

migration, but the actual date of first arrival (of this or

some other species) is almost certainly earlier than

this. Following the detection of A. forksalii, we had to

wait 25 more years (58 years after the opening of the

Suez Canal) for the detection of other Lessepsian

fishes (e.g. Hemiramphus far, Alepes djedaba, Siganus

rivulatus, Stephanolepis diaspros, Hyporhamphus

affinis, Liza carinata and Corygalops ochetica). The

chronological order of all these introductions is a way

to represent the individual lags in arrival (Table II):

from the first species to be recorded A. forksalii up to

the most recent ones e.g. Epinephelus geoffroyi

(Golani et al. 2015) which took 146 years to cross

the Canal and be observed. Given that detection lags

have likely decreased in recent years, these newer

reports indicate that even after one-and-a-half cen-

turies, the Suez Canal continues to operate as a viable

vector of invasion.

Rate

We can also consider how the rate of appearance of

Lessepsian fish, expressed as the cumulative increase

of species detections, has changed over time. In order

to test for changes in the rate of arrival, we computed

the slope of the cumulative curve in 5-year periods

from 1930 to 2014 (85 years or 17 periods), and fitted

a linear model of cumulative number of species per

year within each 5-year period. Looking at the

observed arrivals of Lessepsian fishes over time,

changes seem to be obvious (Fig. 2). There was long

early lag in invader appearance, and only after 1927

(Steiniz 1927) did new species begin to more regularly

appear. During the period 1930–2014, the average

number of new species detected per year is 1.02.

Results of the linear model show that this background

level was significantly higher in the second half of the

1970s (slope of the linear fit 1.2 new sp/year) and it is

significantly higher every 5-year period from the early

1990s to the present (1.4–2.6 new sp/year).

Although detection lags complicate efforts to

disentangle true invasion patterns from our changing

ability to perceive them, significant advances have

been made in developing analytical tools to control for

sampling effort in the estimation of introduction rates

(Costello and Solow 2003; Solow and Costello 2004).

Belmaker et al. (2009) used the discovery record of

native species to control for sampling effort in

Lessepsian fish migration and this analytical approach

should represent an excellent example of how to

potentially account for detection lags.

These observed changes in the rate of introductions

are likely related to a variety of factors, including time

needed for the species to become associated with the

vector (enter the Canal), changes in characteristics of

vector (changes in the Canal itself), and changes in

receiving waters. We know little about the details of

species entering the Canal, but modelling efforts like

those described above (Belmaker et al. 2009) provide

insight into possible dynamics associated with the

pool of species in the Red Sea entering the Mediter-

ranean. We know more about the characteristics and

biological implications of changes in the Suez Canal.

Due to its convoluted history, the Suez Canal has

changed in its capacity as an effective vector of

invasion, and changes are expected for the near future

due to its expansion (Galil et al. 2015). It long

remained inhospitable to marine organisms, mainly
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Fig. 2 Cumulative number of detected Lessepsian fish species

in the Mediterranean Sea through time. Some major lags in the

onset of Lessepsian fish migration are showed: Lag in the onset

of Lessepsian fish migration (33 years after the opining of the

Suez Canal); Lag in the onset of linear rate of recorded arrivals

(58 years). These lags are calculated according to the assump-

tions made in Fig. 1
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due to two different salinity barriers: the hypersaline

bitter lakes and the Nile dilution that constituted a

barrier for Lessepsian passage. With the continuous

dissolution of the salt beds and the construction of the

Aswan Dam in 1965–1967, both barriers became

weaker allowing Red Sea species to enter the

Mediterranean with variable lags in their arrival (Galil

2006 for a review). More recently, the perceived

intensification in the number of new arrivals has been

mostly attributed to the temperature increase in the

eastern Mediterranean (e.g. Raitsos et al. 2010). As

already mentioned, all these conclusions would prob-

ably be refined by a realistic estimation of detection

lags.

Lags in establishment

Establishment is related to the capacity of newly-

arrived species to survive and reproduce in their new

environment (Table 1; Fig. 1). While conceptually

straightforward, operationally it is more difficult to

assess than arrival, which can be documented by the

appearance of a single individual. For this analysis,

Lags in establishment were explored on the basis of

the definition adopted by the CIESM atlas of exotic

fish species in the Mediterranean Sea (Golani et al.

2013), that consider as established those species that

have self-maintaining populations as evidenced by a

minimum of two (three for fishes) published records

from either different localities or in different periods.

This choice was motivated by the lack of specific

information regarding the time of establishment for all

Lessepsian fish species. Then, the lag in the onset of

establishment for each species can be quantified as the

time elapsed between the first Mediterranean species

record and the third observation (separated in space

and time). This was calculated for the 69 species for

which there were such 3 records.

Onset

Lags of establishment calculated with the ‘third record

criterion’ vary from 0, as in the case of Vanderhostia

mertensi, to several decades, as for Etrumeus golanii

(see Supplementary information Fig. 1a, b). The

bluespotted cornetfish F. commersonii was observed

in the eastern Mediterranean (Bariche et al. 2013),

25 years before its establishment and concomitant

invasion. Similarly, E. golanii was firstly recorded in

the Mediterranean Sea in 1961, but no more sightings

of this species were made until the nineties, when it

reappeared in large numbers (Golani 2000). Other

significant examples of lag in establishment can be

given: An abundant population of Sargocentron

rubrum was observed in Israel only in the 19800s
(Golani and Ben-Tuvia 1985; Spanier 2000), almost

four decades after its first sighting in the same region.

In the Levant Sea, Scomberomorus commerson was

detected in the 300s but it remained a rare species for

more than half a century (Ben-Tuvia 1978), becoming

one of the most abundant pelagic species only in the

last two decades (Golani 2010). It is therefore possible

that these earliest records represented abortive

attempts of colonization, while the reappearance and

subsequent success of these species at establishing a

sustainable population were the result of further events

of introduction. Thus, the failure of individuals or

populations to establish at a given location does not

preclude the possibility that a subsequent introduction

of the same species at that location will succeed. As a

matter of fact, a series of failed introductions have

happened before establishment, with lags sometimes

longer than the lifespan of an individual.

Rate

Potential lags in the rate of establishment, were

examined using the cumulative increase of established

species (3rd records) over time. This estimated lag in

establishment significantly decreased along with time

elapsed since the opening of the Suez Canal

(p\ 0.001; R2 = 0.3176) (Fig. 3). Beyond changing

detection lags, factors associated with changing

Mediterranean climate (Macias et al. 2013) can act

to modify survival or reproduction and influence the

probabilities of establishment of exotic organisms.

Specifically, increasing establishment rates are

expected for warm adapted species in a warming

Mediterranean environment (Jørgensen et al. 2012;

Marras et al. 2015).

Lags in geographical expansion

Lags in geographical expansion were computed by

calculating the distance of the first detection to the

entry point at Suez and the distance between

E. Azzurro et al.
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successive detections points against the time elapsed.

To establish the distance travelled by fishes over

successive detection points, we projected the geo-

graphic positions of detection points over the 50 m

depth contour, as an approximation to the complexity

of Mediterranean coastlines. We explored differences

across species within the same geographical sector,

and sectors for the same species. Two main Mediter-

ranean sectors were considered: The Asian—Euro-

pean shores (AEU) and the African shores (AF) and

twelve species for which at least 3 records were

available for both the AEU and the AF sectors.

Differing patterns of geographical expansion were

also exemplified by comparing spread rates of two

very abundant species, F. commersonii and S. luridus,

based on: (a) the maximum distance travelled each

year, and (b) by only plotting the maximum recorded

spread (front of the invasion).

Onset

Once a species arrives in a new environment it may

spread across that environment and a variable amount

of time can go by between the establishment of a

permanent population and its further geographical

expansion. This lapse of time is what we define as lag

in the onset of geographical expansion (Table 1).

Some species started to expand their range immedi-

ately after their establishment. This is the case of F.

commersonii, which reached the western limits of the

Mediterranean Sea in only 7 years (Azzurro et al.

2012). Similarly, other species such as the silver-

cheeked toadfish Lagocephalus sceleratus, the thread-

fin bream Nemipterus randalli, and the Indian scad

Decapterus russelli spread soon after their first

detection (Akyol et al. 2005; Lelli et al. 2008,

Bilecenoglu and Russell 2008). In other cases,

Lessepsian species remained confined for years in

small sectors of the Eastern Mediterranean before

starting to spread. This is the case of E. golanii, S.

rubrum, Lagocephalus guentheri, andUpeneus moluc-

censis, which did not show signs of westward expan-

sion for decades (Golani 2010).

Rate

Rates of geographical expansion may vary among

species and across space and time. The analysis of

dispersal rates (Fig. 4) show that they vary strongly

according to Lessepsian fish species. For instance F.

commersonii was detected at subsequent distances of

more than 1000 km from one year to the next in Asian-

European shores (AEU), while L. guentheri was

always detected in nearby areas in African shores

(AF) (Fig. 4). The comparison of the rate of expansion

through the Asian—European shores (AEU) and the

African shores (AF) did not result in any clear

geographical pattern. In fact, out of 12 Lessepsian

Fig. 3 The year of first species record in the Mediterranean Sea

is plotted against the number of years until the third published

record. According to (Golani et al. 2013), this gives us an

indication of the time needed to establish a permanent

population. N. species = 58

Fig. 4 Boxplots with estimates of distances travelled by 12

selected Lessepsian fishes along the Asian-European (dark grey)

and the African (grey) margins. Boxplots show summary

statistics of distances travelled between consecutive detection

points (leading edge of the invasion): average, 25 and 75

percentiles; 10 and 90 percentiles and outlying values. Outliers

shown as open circles

Lag times in Lessepsian fish invasion
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fish included in the analysis, 6 species progress faster

on the North African shores, while exactly the same

number of species progress faster along the Asian—

European shores. Note also that the same species may

show very different rates of dispersal along the

southern shores or along the northern shores (e.g. A.

djedaba, L. guentheri, S. chrysotaenia, U. pori), while

in other cases the speed is quite similar (F. commer-

sonii, S. commerson). The speed of dispersal is around

500 km/year on average.

Examining the time course of spread for individual

species can also be used to detect potential intraspeci-

fic lags in geographic expansion. This can be exem-

plified by the differing patterns of spread of two

abundant Lessepsian fishes, F. commersonii and S.

luridus, away from the Suez Canal along Asian—

European shorelines (Fig. 5). As noted earlier, F.

commersonii exhibited a consistent, and rapid spread

away from Suez. The pattern for S. luridus, however,

differs in that there appeared to be a 30-year lag and

relatively low spread rates until 2004. Looking at

Fig. 5 (right panels), we can estimate that the invasion

front expanded at a rate of ca 3000 km/

50 years = 60 km/year in S. luridus and ca

3500 km/7 years = 500 km/year in F. commersonii,

where the front is defined as the non-decreasing

distance of subsequent observations It is also worth

noting the intriguing spread pattern for the latter

species. After the initial sprint (Fig. 5, top left), the

speed of F. commersonii showed an apparent decrease

corresponding to the crossing of the Sicily Strait in

2003–2004 and then it increased again until 2007,

when the species reached its maximum distance from

the entry point.

As seen with the spread of F. commersonii,

geography and transitional areas might serve as

important controls on spread rates (Azzurro et al.

2012). According to Ben Rais Lasram et al. (2010), the

speed of dispersal increased over time for species

restricted to the Levantine basin such as Apogo-

nichthyoides pharaonis, Callionymus filamentosus,

Hemiramphus far, Herklotsichthys punctatus,

Fig. 5 Geographic spread of Fistularia commersonii and

Siganus luridus along the northern rim of the Mediterranean

calculated as the maximum observed distance from the point of

introduction (i.e. Port Said at the opening of the Suez Canal) in

each given year. Speeds were computed according to both the

maximum distance travelled each year (MAX) and by only

plotting the maximum recorded extents (FRONT)

E. Azzurro et al.

123

Author's personal copy



Lagocephalus suezensis and Petrocirtes ancylodon.

Conversely for species that spread beyond the Levant,

the speed of dispersal can decrease at transitional

zones e.g. Equulites kluntzingeri, Parexocoetus

mento, Siganus luridus, Siganus rivulatus when they

reached the Adriatic and Tyrrenian seas. The factors

that could explain the observed patterns merit more

study, but likely include species-specific population

dynamics and biogeographic patterns in dispersal

within the new environment. Also, as highlighted

throughout, an accurate estimation of expansion rates

would necessitate that human-related factors such as

sampling probabilities and detection rates be

disentangled from spread dynamics, but this remains

difficult to do.

Lags in human response

Lag in response pertains to the human dimension of

the invasions and can be defined as the time between

the detection of a discrete event and a subsequent

action of society. The detection lag, discussed above,

is of primary importance but difficult to know. Related

to this, however, it is possible assess the time needed to

publish the occurrence of a new exotic species in

Fig. 6 Publication lag of

(a) all Lessepsian fish

records (N = 1011

observations) and (b) first
Mediterranean records only

(N = 83 observations)
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scientific journals. These publication lags (the lapses

of time between the detection of a Lessepsian species

and its publication) were calculated using every point

in the dataset for which both the year of detection and

the year of publication were available (N observa-

tions = 1011 out of 2022). Publication lags were also

calculated for a subset of occurrences represented by

the first species records (N observations = 83).

Among Lessepsian fishes, this publication lag ranged

from 0 to 38 years. Plotting every published record along

the temporal axis (Fig. 6a, b), we observe a significant

reduction of this time lapse, from early records to recent

ones. This trend is visible both if we consider our entire

set of observations (N = 1011; R2 = 0.26, p\0.001)

or only the first Mediterranean records (N = 75;

R2 = 0.11, p\0.005). The reasons for this trend are

likely related to the expedited publication process and to

the increasing scientific attention devoted to biological

invasions. Interestingly, the slope of the linear regression

between publication lag and time is comparable to what

we observed for establishment lag estimated through

publications records (Fig. 3).

Other important response lags include the time

needed to set management actions or for promoting

public awareness. The timing of these responses is a

key component of our ability to react to the problems

raised by biological invaders and the development of

early warning and rapid response policies is in general

the most efficient approach to manage these invasions

(Genovesi et al. 2010). This temporal aspect of the

human dimension clearly influences the success of

actions aimed to control unwanted invaders before

they become irreversible (Barbour et al. 2011). Public

awareness is especially important when some risks are

posed by a newly introduced exotic species. This is the

case of the toxic Lagocephalus sceleratus, which has

already caused fatal accidents when consumed by

unaware people in the eastern basin. Differential

distribution and efficacy of communication efforts

among the stakeholders generate a different con-

sciousness of people with respect to this phenomenon

(Ben-Souissi et al. 2014) and this is a further outcome

for lags in human response.

Conclusions

Time is an important parameter in biological invasion

and the case of Lessepsian fishes gave us the

opportunity to tackle some general and unexplored

aspects of time lags. Every stage of an invasion has an

initiation and it may proceed at a certain rate that is

expected to change according to both spatial and

temporal factors. Being informed on temporal aspects

of an invasion is crucial not only for the development

of more effective policy but is also valuable for testing

the efficacy of efforts invested in response to the

invasion problem. Using the example of Lessepsian

fishes, we showed that the notion of lags can be

theoretically applied to different stages of invasions

and to the way in which we monitor, understand and

manage them. These latter aspects, which belong to

the human dimension, are certainly complex but

sometimes tractable, as in the case of a correct

estimation of introduction rates. In many other cases,

however, it is extremely difficult to approach this

subject in a quantitative way, given the nature of

available information. Thus the observed picture is the

product of the interaction between the dynamics of

invaders and our capability to perceive it, and

disentangling these aspects is one of the major

challenges to understanding and managing invasions.

Humans are both the cause and, potentially, the

solution for biological invasions and we showed how

the human dimension penetrates the various aspects of

lag times, adding new layers of complexity to an

already multifaceted problem (Le Maitre et al. 2004).

As the human dimension is one of the most unpre-

dictable variables for management (McNeely 2001;

Bellard et al. 2016), bringing attention to this factor is

expected to be more effective than focusing primarily

on exotic species themselves as the problem. The way

in which we deal with biological invaders will

undoubtedly change over time, and the methods to

monitor and manage these species are evolving.

Hopefully, both detection and response lags can be

gradually reduced by increasing research efforts and

also better harmonizing strategies to address the need

for early warning and rapid response policies.
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