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The number of released individuals, which is a component of propagule

pressure, is considered to be a major driver for the establishment success

of non-native species. However, propagule pressure is often assumed to

result from single or few release events, which does not necessarily apply

to the frequent releases of invertebrates or other taxa through global trans-

port. For instance, the high intensity of global shipping may result in

frequent releases of large numbers of individuals, and the complexity of

shipping dynamics impedes predictions of invasion dynamics. Here, we pre-

sent a mathematical model for the spread of planktonic organisms by global

shipping, using the history of movements by 33 566 ships among 1477 ports

to simulate population dynamics for the comb jelly Mnemiopsis leidyi as a

case study. The degree of propagule pressure at one site resulted from the

coincident arrival of individuals from other sites with native or non-native

populations. Key to sequential spread in European waters was a readily

available source of propagules and a suitable recipient environment. These

propagules were derived from previously introduced ‘bridgehead’ popu-

lations supplemented with those from native sources. Invasion success is

therefore determined by the complex interaction of global shipping and

local population dynamics. The general findings probably hold true for

the spread of species in other complex systems, such as insects or plant

seeds exchanged via commercial trade or transport.

provided by Electronic Publication Informati
1. Introduction
The introduction of non-native species into new locales is one of the greatest

threats to biodiversity [1], and the global spread of species has strongly

increased during the last decades [2]. This is mainly a consequence of the glo-

balization of trade and transport as many species are accidentally carried by

means of global transportation [2]. The complexity of current transport

dynamics can lead to complex movement patterns of non-native species, even

for a single transportation mode. For example, the release of ballast water by

cargo ships is one of the world’s largest transport vectors of species [3] and

the large number of individual ship movements leads to complicated dynamics

of how species in ballast tanks are dispersed. The high variability in transport

dynamics can have pronounced effects on the number of released individuals at
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a certain site and thus on establishment success [4]. However,

the interaction of these large-scale spreading dynamics on

local establishment success is less understood.

The invasion success of a species, expressed as the estab-

lishment of a new population at a non-native locale, depends

on various factors, but a reliable predictor across taxonomic

groups and studies is the number of released individuals,

which is the propagule pressure [5,6]. Low propagule

pressure often leads to a disproportionally low probability

of establishment owing to e.g. Allee effects or environmental

stochasticity [7], whereas increasing propagule pressure is

associated with increased invasion success [8]. The relation-

ship between these variables can be formulated as a dose–

response or risk–release relationship [9]. The drivers of the

propagule pressure and the shape of the risk–release

relationship are of considerable practical interest as it may

inform the effort required to reduce invasion risk [9]. The

concepts of propagule pressure and Allee effects suggests

that a threshold of propagule pressure is required to over-

come negative population growth at low population

density, but this threshold can vary considerably in space

and time owing to e.g. environmental mismatches and

biotic interactions [10]. In addition, propagule pressure is a

function of strength and frequency of invasion events and

thus can strongly fluctuate over time [6].

The process of biological invasions has often been simpli-

fied to the release of individuals at a specific time at one site,

which allows analysis of invasion success based on this single

founding population [8]. While this may be a realistic

assumption for cases involving large organisms like the

intentional introduction of vertebrates (e.g. fishes, birds), it

is insufficient for species that are released on a quasi-continu-

ous rate at multiple sites [4]. For instance, a high shipping

intensity between two ports can result in a high rate of

exchange of species living at these ports. A single release

event may not be sufficient for the establishment, but the

regular release of individuals of the same species may

result in the growth of the founding population to a size

that is high enough to overcome the disadvantages of small

founding populations. This may also be the case if ships

travel along different routes, originate from different ports

or have varying numbers of intermediate stops. Conse-

quently, the success of an invasion—defined here as the

establishment of a non-native population—in such a complex

network is determined by the combined effect of the total

number of released individuals at a port during a given

time period and the population dynamics at the recipient

site. Although studies have analysed the global spread of

species by ships using information on the last port of call

[11,12], the network of shipping trajectories has rarely been

taken into account to simulate global spread dynamics (but

see [13]). Furthermore, the spatio-temporal dynamics of pro-

pagule pressure and the consequences for a successful

invasion in complex networks remain poorly understood.

Here, we present a modelling study to analyse the inter-

action of global transportation and local population

dynamics. In particular, we are interested in (i) how the

movement of individuals in a complex network influences

the variation in propagule pressure in space and time, and

(ii) how this spatio-temporal variation in propagule pressure

affects establishment success.

As a case study, we use the introduction of the comb jelly

Mnemiopsis leidyi from North America into European waters
by ballast water of ships. Mnemiopsis leidyi is native to the

Atlantic coastal waters of North and South America and was

first reported in the Black Sea in the early 1980s [14]. In 1990,

the species was recorded in the Aegean Sea [15]. The species

was then reported in other parts of the eastern (1992) and

then western Mediterranean Sea (2005), and subsequently in

the Baltic (2006) and North Seas (2006) [16–19]. Recently, the

genetic diversity of native and non-native populations was ana-

lysed by four studies [20–23]. The first two suggested that

M. leidyi was introduced independently to northern (North,

Baltic Seas) and southern Europe (i.e. Black, Azov and Caspian

Seas). The latter two studies analysed the pathways of introduc-

tion to the Mediterranean Sea. Bolte et al. [23] assumed

introductions only from the Black Sea, while Ghabooli et al.
[21] concluded the possibility of introduction from both the

native region and the Black Sea. Mnemiopsis leidyi almost

certainly was introduced by ship’s ballast water [22,24].

We first present a novel mathematical model for the

spread of marine planktonic species among ports transported

by ballast water of cargo ships, thereby explicitly accounting

for the interaction of Allee effects and environmental con-

ditions. Using nearly three million ship movements, the

model simulates the population dynamics of M. leidyi in

ca 1500 ports worldwide, and in ballast water tanks of greater

than 33 000 ships. In a second step, the set of best-fitting

models was used to analyse spreading dynamics and to

determine spatio-temporal variation in propagule pressure

leading to a successful invasion. Finally, we establish risk–

release curves for different scenarios to analyse variation

among sites and the reliability of the observed curves. We

show that the complexity in transportation can lead to coun-

terintuitive spatio-temporal developments of propagule

pressure and establishment success.
2. Material and methods
(a) Environmental data
We approximated food availability for M. leidyi by nutrient con-

centrations such as phosphorus, nitrate and silicate, which

represent important drivers of primary productivity [25]. We

obtained global data for mean annual temperature, salinity,

nitrate, phosphate and silicate from the World Ocean Atlas

(WOA, www.nodc.noaa.gov). We extracted the minimum

annual sea surface temperature from monthly temperature data

provided by WOA. For most ports, salinity was recalculated

from water density data provided by IHS Fairplay (www.ihsfair-

play.com; now www.ihs.com) and water temperature. If these

data were not available, we obtained salinity from WOA. A

more detailed description of the salinity calculation can be

found in Seebens et al. [26].

(b) Shipping data
Data of global ship movements were obtained as arrival and

departure dates of 33 566 cargo ships larger than 10 gross

tonnes, operating during 2007–2008 between 1477 ports world-

wide. This information was used to reconstruct travel routes

for each individual ship during that time period on a daily

basis [27]. Altogether, the final dataset contained 2 934 610 indi-

vidual ship movements between two ports. The date of arrival

and departure was recorded by the Automatic Information

System and was provided by IHS Fairplay. To simulate longer

time periods, ship movements were repeated after 2 years.

Because the database contained less information on ship

http://www.nodc.noaa.gov
http://www.ihsfairplay.com
http://www.ihsfairplay.com
http://www.ihs.com
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points of spread of M. leidyi (b – e).

royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

286:20190036

3

movement at the edge of this time window, this caused a recur-

rent drop in propagule pressure every 2 years (see Results),

which, however, should not affect overall results.

In addition, ship-specific information such as the cargo-

carrying capacity was also reported. The ship’s carrying capacity

measured in deadweight tonnes was used to estimate the total

ballast tank volume of a ship. According to published lists of

ship sizes and ballast tank capacities for different ship types

[28], total ballast tank volume was on average one-fifth of the

ship’s carrying capacity. We adopted this relationship and calcu-

lated total ballast tank volume in m3 (i.e. tonnes) for each ship

type and ship size accordingly (electronic supplementary

material, figure S1). The network of all shipping trajectories

was described in more detail in Kaluza et al. [27] and the

calculation of ballast tank capacities was presented in Seebens

et al. [26].
(c) Genetic data
Ghabooli et al. [20,21] investigated sequence variation in the

nuclear ribosomal internal transcribed spacer (ITS) region of

16 native and non-native populations of M. leidyi in America

and Europe. Genetic differentiation among populations was

measured using pairwise Fst. We removed three sample sites

(Caspian Sea and South America) for which shipping data

were lacking. We aggregated sites located close to each other to

match the resolution of ship movement data. Our final dataset

included four native sites distributed evenly along the east

coast of the USA (Narragansett Bay, Rhode Island; Tampa Bay,

Florida; Chesapeake Bay, Virginia; Morehead City, North Caro-

lina) (figure 1) and five invaded sites in Europe (Black Sea,

Baltic Sea, and three sites in the Mediterranean Sea at the

coasts of Israel, France and Spain). Fst values were averaged

between these sites such as to obtain an Fst matrix with native

sites as rows and invaded sites as columns (electronic sup-

plementary material, table S1). Reusch et al. [22] conducted a

similar type of analysis using microsatellites, though they

sampled populations different from Ghabooli et al. resulting in

a lower number of sites matching our ship data. We performed

the same modelling approach using data from Reusch et al. but
as the overall results did not deviate distinctly from those

using data from Ghabooli et al., we presented results only

using the latter.
(d) Model
We modelled the population dynamics of M. leidyi using ordin-

ary differential equations (ODE) for each port and ship, which

resulted in 35 043 ODEs. As the importance of adaptation of

M. leidyi to local environmental conditions for the invasion of

European sites was unclear, we investigated three different

model versions: (i) we ignored environmental conditions (inva-

sion driven only by population dynamics and shipping);

(ii) we assumed that M. leidyi is adapted to the mean environ-

mental conditions of the full native range (one ecotype); and

(iii) we considered four ecotypes, each adapted to the local

environmental conditions of the sampled regions. For the sake

of simplicity, we assumed that environmental preferences of eco-

types were retained (no local adaptation). We performed an

extensive model selection procedure to identify the model that

best fitted the observed data. The best-fitting model was then

used to investigate relationships between propagule pressure,

environmental conditions and establishment success.

The model was intentionally kept simple for aspects specific

to ballast water transport or population dynamics of M. leidyi.
These simplifications were necessary to facilitate a general under-

standing of the observed dynamics under investigation. We

modelled M. leidyi’s population dynamic in a port i using a logis-

tic growth function that incorporated an Allee effect, extended by

a mortality term mi Ni [29]:

_Ni ¼ rNi(k �Ni)(Ni � a)� miNi, ð2:1Þ

with Ni being the population density in individuals m23 in port i,
r the growth rate (assumed to be identical in all ports), k the

carrying capacity in the case of a perfect environmental match

(mi ¼ 0) and a the Allee threshold (i.e. the density below which

the population experiences negative growth due to an Allee

effect) in the case of perfect environmental match. Here, we

refer to the Allee effect in its broader sense, capturing all kinds

of mechanisms which might lead to an increased probability of
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extinction at low density, including demographic and environ-

mental stochasticity [30], which play an important role even for

parthenogenetic species such as M. leidyi. The within-port

mortality mi linearly scales with environmental mismatches

of species requirements and local conditions or was set con-

stant if no environmental factors were considered. A low

environmental match would result in high mortality at that

port (see below).

The model had two equilibria: an unstable equilibrium at a
and a stable one at k if mi ¼ 0 (electronic supplementary

material, figure S2). An increase in mi . 0 would result in a

change of the equilibria, which we then denoted as the realized

critical density areal and the realized carrying capacity kreal.

That is, while a and k were kept constant, areal and kreal

depend on mi and thus indirectly on environmental matches.

A mismatch with optimal environmental conditions (i.e.

higher mi) would give rise to an elevated areal and a lower

kreal, and thus a lower probability to establish a new population

(electronic supplementary material, figure S2). The realized

critical density areal can be regarded as a barrier which has to

be overcome by the species for successful invasion. Note that

areal depended on local environmental conditions and thus

was location-specific. We calculated areal by solving equation

(2.1) for _N ¼ 0 using the parameters of the best-fitting model

(see below).

To incorporate environmental conditions, we let mi depend

on the environmental mismatch between environmental con-

ditions in the ports and the preferences of the species or

ecotype. The mortality mi owing to environmental mismatches

was calculated as follows:

mi ¼
1

n

Xn

e¼1

mejXe
i � Xe

specj, ð2:2Þ

with Xe
i denoting the value of a standardized environmental par-

ameter e of the port i, Xe
spec the value of the optimal condition of

the species or the ecotype and me the relative contribution of par-

ameter e to the overall mortality. As environmental factors e, we

used annual mean values of water temperature and salinity,

nitrate, phosphate and silicate as proxies for productivity, and

minimum winter temperature of the respective regions. We

tested the model with all possible combinations of environmental

parameters.

Populations Sk of M. leidyi in ballast tanks of ship k were

assumed to decrease exponentially with mortality rate mk

[31,32] according to

_Sk ¼ �mkSk, ð2:3Þ

where mk was assumed to be constant for all ships.

Each time a ship k entered a port i, it was assumed that bal-

last water was discharged, which resulted in a release of M. leidyi
individuals if Sk . 0. For simplicity, we assumed that the same

amount of ballast water, which was released, was also uploaded,

and thus the total amount of water did not change in ports or

ballast tanks. Although the populations N and S were modelled

as densities of individuals, the exchange of individuals between

ports and ships necessitated the calculation of total numbers of

individuals, which was done as follows (electronic supplemen-

tary material, figure S3): For simplicity, the volume of released

or uploaded ballast water was assumed to be a constant pro-

portion s of the total capacity of ballast water tanks vk of the

ship. The capacity of ballast water tanks was a function of the

ship’s carrying capacity as described above (see ‘Shipping

data’). Thus, svk denoted the volume of discharged or uploaded

ballast water and svkSk was the number of released individuals

by ship k if it was entering a port on that day. After summing

up over all ships ki entering port i on a given day and dividing

by the port volume vi (considered here to be constant for all
ports), the density of individuals Ii released by all ships entering

the port on this day was given by

Ii ¼
1

vi

X

ki

svki Ski : ð2:4Þ

This immigration term was simultaneously added once per day

to the population density Ni in equation (2.1). That is, numeri-

cally the differential equation (2.1) was solved in bursts of one

day length. At the end of each simulation burst, population den-

sities Ni were increased to the new values Ni þ Ii, which were

then taken as initial density for the simulation burst of the suc-

cessive day. We assumed that the removal of individuals from

port water owing to ballast water uptake did not influence

species densities in ports as this influence should be vanishingly

small. We therefore did not include an emigration term in the

calculation of Ni.

Likewise, we calculated the immigration of individuals Ik

from the port into the ship’s ballast tanks and the emigration

Ek out of a ship:

Ik ¼
1

vk

X

ik

svkNi ¼
X

ik

sNi,

Ek ¼
1

vk

X

ik

svkSik ¼
X

ik

sSik : ð2:5Þ

These terms were added to the ship population densities

once per simulation day according to Sk þ Ik 2 Ek.

The parameters a and all mortality rates (i.e. in-ship mortality

mk, in-port mortality mi in the scenario of no environmental vari-

ation and otherwise mTemp, mTm, mSal, mNit, mPhos and mSil for

different environmental factors, electronic supplementary

material, table S2) were estimated by model fitting (see below).

The following parameters were assumed to be constant: in-port

growth rate r ¼ 0.1 d21; in-port carrying capacity of the popu-

lation k ¼ 1 individual m23; port volume vi ¼ 106 m3; fraction

of released/uploaded ballast water of total ballast tank capacity

s ¼ 0.05. The relationship between ballast tank capacity and

port volume vi/vk ranged from 4 � 1025 to 0.15 with a median

of 8 � 1023. The values of the constant parameters were chosen

based on educated guesses rather than on in situ measurements

owing to the lack of data. Note that the choice of these values,

although affecting the predicted absolute propagule pressure,

did not influence the overall results qualitatively. For instance,

a certain port would always be invaded before another one irre-

spective of the choice of these parameters. As a consequence, the

absolute population densities and propagule pressures predicted

in this study should be interpreted carefully.

(e) Simulations and model selection
Temporal developments of population densities Ni and Sk were

calculated using the Euler method, which is a simple but efficient

way of approximating ODEs. Each model version was parame-

trized using four simulation runs, starting at one of the four

source regions in the native range (figure 1). A simulation run

was initialized by setting the population density of the ports in

a source region to the carrying capacity. In all other ports, initial

population densities were zero. A source region was defined by

the ports located in the direct vicinity of the sampling site in

Ghabooli et al. [20,21] and represented by three to six ports

(figure 1). Parametrization of the model was done by construct-

ing two matrices of similarity proxies of native (rows) and

non-native (columns) populations, one with Fst values obtained

from Ghabooli et al. [20,21] and another one with invasion

times. For the latter, we extracted the invasion time, which was

the time when a non-native population exceeded areal. If popu-

lation density did not exceed areal, invasion time was set to a

maximum value.
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Parametrization was done by applying the optimization

algorithm ‘simulated annealing’ [33], which attempted to find

the best fit between simulation results and Fst data calculated

as the correlation coefficient between simulation results and Fst

data. We thereby assumed that an early invasion time indicated

frequent introductions of individuals, which should result in

lower Fst values. In extreme cases, Fst should saturate at very

high numbers of exchanged individuals, but this was unlikely

to be the case here. Only a positive sign of the correlation coeffi-

cient was accepted as an improvement in model fit.

Parametrization was repeated several times with varying initial

settings and various numbers of iterations to avoid being

trapped in a local minimum of the model fit landscape. The

obtained parameter settings were used as starting points for

further optimization runs to get confidence in calibration results.

Model versions were compared among each other using Akaike’s

information criterion corrected for small sample sizes (AICc) [34]

obtained from the regression between Fst values (electronic sup-

plementary material, table S1) and invasion times. The number

of parameters used for the AIC calculation was taken from the

model rather than from the regression to include a penalty for

more complex models. The model version and parametrization

with the lowest AICc was selected as the best-fitting model.

For each model fit, we calculated AIC weights (AICw) [34].

AICw can be interpreted as the weight of evidence in favour of

a single model run being the best fit. We used AICw to investi-

gate the importance of a single parameter by summing up the

AICw of all model fits including a certain parameter. An

AICw of one indicated a high relevance of that parameter setting.

In addition to the single best-fitting model, we determined

the set of best-fitting models, which were those models with

DAICc , 5 compared to the best-fitting model. The set of

best-fitting models were used to analyse the influence of parame-

trization on model results. This required an equivocal

distribution of parameter values, which was not achieved by

applying simulated annealing. We therefore tested all combi-

nations of all parameters within a predefined range of the full

parameter space. The resolution of the parameter ranges has to

be comparatively coarse owing to the large number of possible

permutations. For example, a variation of the eight parameters

with only five different possible values resulted in more than

1.5 million model runs. Consequently, we restricted this

procedure to the selection of the six me values and tested 16 055

different parameter combinations.

The results of the best-fitting models were used to analyse the

interaction of propagule pressure, which was the realized critical

density, and the probability of invasion. The probability of inva-

sion at a port was expressed as the proportion of successful

invasions at that port among all best-fitting models (DAICc less

than 5). The propagule pressure was calculated as the mean

number of released individuals in a port for 10 days. The

choice of a time period, although arbitrary, minimized influences

of the highly variable shipping intensity on the calculation of

propagule pressure. A change of the time period would result

in a change of the mean propagule pressure. A commonly

applied risk–release functional relationship [5,35] was fitted to

compare the propagule pressure required for a successful inva-

sion across different sites: P(Inv) ¼ x[1 2 exp(2yp2)] with

P(Inv) being the invasion probability related to propagule

pressure p under the constraint of an Allee effect, and x and y
being fitted scale and shape parameters, respectively.
3. Results
The total number of ships leaving one of the United States

(US) source regions during the study period 2007–2008

varied from 263 ships departing from Narragansett Bay to
nearly 10 times that number leaving Chesapeake Bay (n ¼
2437). This was also reflected in the origin of ships entering

European ports: in all cases, most ships came from

Chesapeake Bay, and, in all but one case, more than 50% of

the ship calls were from ports in Chesapeake Bay (electronic

supplementary material, figure S4).

The best-fitting scenario was obtained using a model with

four environmental factors (annual mean temperature, sal-

inity, phosphate and silicate) and considering four distinct

ecotypes of M. leidyi as the initial condition (R2 ¼ 0.65, elec-

tronic supplementary material, table S2). Using this model

version, invasions were successful in the northern European

seas and in the Mediterranean Sea but not in the Black Sea

(figure 2). Ignoring environmental conditions revealed a con-

siderably worse model fit, whereas the consideration of only

a single ecotype performed slightly worse (electronic sup-

plementary material, table S2). In the following, we only

analysed the results of the best-fitting model in more detail.

The analysis of the set of best-fitting models revealed that

the determination of the parameter values was often unam-

biguous in the sense that in most cases, a narrow range of

the parameter values were superior, which indicated low

uncertainty (electronic supplementary material, figure S5).

Exceptions were a and mT, which showed a slightly broader

range of values with similar fits.

Using the parametrization of the single best-fitting model,

we calculated the critical density areal, which gave us a map of

suitability for each ecotype (electronic supplementary

material, figure S6). The ports with the lowest areal values

were often those ports which were invaded along a clear lati-

tudinal gradient (figure 2): populations originating from the

northern US east coast established in northern European

seas, whereas populations from the southern US east coast

tended to establish at warmer ports in the Mediterranean

Sea. However, we also found counterintuitive results: indi-

viduals from Tampa Bay established in the comparatively

cold port of Antwerp, Belgium, probably owing to intense

shipping, whereas individuals from Chesapeake Bay did

not establish in any European port despite high shipping

intensity. The analysis of the evolution of propagule pressure

revealed that the number of individuals released into
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Figure 3. Interaction of propagule pressure and realized critical density of the
best-fitting model at European ports before the very first invasion happened.
(a) The temporal development of the propagule pressure indicated by the
number of released individuals per day in European ports is shown for the
four invasion scenarios. The oscillations reflect the 2-year period of shipping
data availability. (b) Scatter plots of mean propagule pressure released at a
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M. leidyi in any European port. The port of the first invasion (green) and
the subsequently invaded ports are highlighted (yellow).
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European ports originating from Chesapeake Bay was

initially two to three orders of magnitude higher compared

to those from other source populations (figure 3a). However,

propagule pressure from Chesapeake Bay did not change

substantially over the course of the whole simulation and

always remained below the level of 100 individuals per

day. By contrast, propagule pressure from Narragansett

Bay, Morehead City or Tampa Bay started at lower levels

but thereafter rose continuously with ongoing simulations

until they exceeded this threshold.

Interestingly, the propagule pressure released into Euro-

pean ports increased with time (figure 3a), despite recurrent

shipping intensities and stable environmental conditions.

This occurred because simulations started with a low

number of native populations (three to six ports), which

quickly spread to neighbouring ports of similar suitability.

The propagule pressure at a single European port was then

the result of the coincident arrival of individuals released by

various ships from a growing number of source ports. For

instance, individuals from Tampa Bay first established three

new populations within the USA before arriving in the Medi-

terranean Sea, and those from Morehead City established five

new populations, three in the USA, one in Panama and one

Hong Kong, before arriving in European waters. This was

not the case for individuals native to Chesapeake Bay, which

did not establish new populations outside this region.
On average, propagule pressure imposed on European

ports was equally high irrespective of the source region,

whereas the mean realized critical density was compara-

tively high for individuals from Morehead City and

Tampa Bay (figure 3b). However, in all scenarios except

Chesapeake Bay, at least one port existed with both low

realized critical density and high propagule pressure,

which was the port invaded first (see green dots in

figure 3b). High propagule pressure from Chesapeake

Bay was mostly imposed on ports with a high realized

critical density, which hindered the establishment of new

populations. Once an initial founding population was

established, M. leidyi invaded other nearby ports even if

they had a realized critical density comparable to those

in the Chesapeake Bay scenario, but in contrast, the estab-

lishment was supported by individuals from the nearby

founding population, which enabled the species to

invade less suitable habitats as well.

The systematic analysis of the full parameter space

revealed that many parameter settings provided similar fits.

To test the robustness of our findings, we therefore compared

the results of all top fitting models (n ¼ 197), which are those

with an AICc deviating by less than five from the overall best-

fitting model. This set of best-fitting models illustrated that

the Baltic Sea was invaded from Narragansett Bay in 94%

of all cases (electronic supplementary material, table S3).

Similarly, individuals from Tampa Bay and Morehead City

always invaded the Mediterranean Sea, whereas individuals

from Chesapeake Bay were only rarely successful in Europe

(only 2% of all cases). Model selection had very little effect

on these findings, as frequencies did not change. For

example, using the best 500 model simulations (instead of

197) resulted in a success rate of 82% from Narragansett

Bay to the Baltic Sea, 100% from Tampa Bay or Morehead

City to the Mediterranean Sea, and only 6% from Chesapeake

Bay. The invasion patterns (electronic supplementary

material, table S3) were very consistent with data of genetic

similarity from Ghabooli et al. [20,21] (Pearson’s corre-

lation coefficient 0.84 between data shown in the

electronic supplementary material, tables S1 and S3).

The risk–release relationships demonstrated that invasion

probability increased rapidly with propagule pressure below

ca 30 individuals d21, and levelled off thereafter (figure 4).

Averaged over source regions, an invasion probability

of 50% was achieved with 27 individuals released d21.

However, it was also clear that the risk–release relationship

was highly variable, depending on environmental heterogen-

eity. That is, high propagule pressure alone did not

necessarily result in a high invasion probability. The risk–

release relationship was steeper when we only considered

sites of best environmental conditions, i.e. the 50% invasion

probability could be obtained with the release by 17 individ-

uals d21 when only sites with an areal less than 0.01 were

considered (figure 4).
4. Discussion
The spread of non-native species by means of global trans-

portation is expected to surge globally [36] but can be

complex owing to the large number of individual vehicles

and the multitude of routes they can take. Although we

applied our model to the population and spreading dynamics
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of M. leidyi, our study provides a number of important

insights into the spread of non-native species in complex net-

works in general. We show that invasion success depends

critically upon the interactions of global transport and local

population dynamics. Owing to the high intensity of ship

traffic, individuals were frequently introduced into numerous

ports simultaneously, though often at densities, which were

insufficient to found a new population. Invasion success

depends critically on the coincident arrival of individuals

from various source populations, which may be native or

non-native, at ports providing suitable conditions. As

global ship traffic continues to increase, with ever more

complicated shipping networks, there will exist additional

opportunities for invasions [36].

We show that the spread of M. leidyi was driven by com-

plex source–sink dynamics [37]: populations in ballast water

tanks and in most ports represent sink populations as they

faced negative growth and could only exist because of regular

input of individuals from viable source populations. How-

ever, if many sink populations merge—as may happen

when many ships release individuals at similar times in the

same port—the merged population in the port may overcome

the realized critical density and establish a non-native popu-

lation. The ships releasing these individuals do not have to

originate directly from the same source population. Indeed,

ships often stop at intermediate sites and may take different

routes to the same destination [27]. It is therefore difficult to

precisely predict new establishments based only on direct

port-to-port comparisons [12]. Thus, spreading dynamics of

species transported in such a complex network can be

much more complicated than the often-assumed, single

invasion event [8].

The complexity of numerous individual ship movements

and ballast water releases, and population dynamics (which

depend on multiple factors) impedes a thorough analysis of

spreading dynamics. We therefore developed a model to cap-

ture the main processes under investigation, which ignored

aspects potentially important for more specific case studies
such as directed ballast water transport or life-history

dynamics. We intentionally kept the model simple to ease

our understanding of resulting simulations, which comes

at the cost of simplifying shipping and population dynamics.

Although this might affect the interpretation of the simu-

lated spread of M. leidyi or individual port invasion

probabilities, it did not influence our overall conclusions

about the interaction of global transportation and local

population dynamics.

The probability of invasion clearly increased with pro-

pagule pressure. On average, there was a 50% probability

of invasion when a critical propagule pressure of 27 indi-

viduals d21 was released (figure 4). However, the exact

value of the critical propagule pressure needs to be inter-

preted carefully for three reasons. First, the concept of

propagule pressure is poorly defined when individuals of

the same species were released at quasi-continuous rates,

such as with planktonic species. Second, we assumed a

homogeneous distribution of individuals throughout the

entire port immediately after the release of individuals.

Third, abundances cannot be accurately predicted in our

approach owing to an absence of abundance data, which

could be used to assess the reliability and robustness of par-

ameter selection. Hence, absolute numbers calculated here

are difficult to compare with measured densities. The

risk–release relationship is of considerable practical interest

[9,38], but our study highlights the difficulty of estimating

it owing to interactions with local environmental con-

ditions. A high propagule pressure does not necessarily

lead to a successful invasion if the releasing site is of poor

environmental quality, which is indicated by a high areal

in figure 4; considering only suitable sites results in a stee-

per increase (dashed line in figure 4) as compared to a curve

fitted to all sites (solid line in figure 4). This difference

introduces spatial variation in the shape of the risk–release

relationship, which has to be taken into account when

interpreting the curve.

Despite the recognized importance of propagule pressure

[6,38] for the prediction of an invasion event, high propagule

pressure by itself does not guarantee successful invasion. For

instance, by far the highest shipping intensity in our study

originated from Chesapeake Bay and resulted in high propa-

gule pressure imposed on European ports, a magnitude

higher in fact than that associated with Narragansett Bay

(figure 3a). But this did not result in a successful invasion.

The reason was twofold: high numbers of individuals were

only released into ports with less suitable conditions (i.e.

high realized critical density) (figure 3b, electronic sup-

plementary material, figure S6) and individuals from the

native source population were not able to establish in other

ports, which may have served as ‘bridgehead’ populations

to support the spreading process [39]. Starting from other

source regions allowed the species to establish outside

Europe, resulting in the progressive increase in propagule

pressure released into European ports (figure 3a). In

addition, more individuals were released into the most

suitable European ports (green dots in figure 3b), which

allowed populations to establish despite less favourable

environmental conditions.

Our results support conclusions drawn by Ghabooli et al.
[21] and Reusch et al. [22] of multiple introductions into Euro-

pean waters, as all of our best-fitting models revealed

dominant northern and southern invasion pathways. But
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the model failed to simulate the spread of M. leidyi into the

Black Sea, where the species was first observed in Europe

[15]. In the Black Sea, areal was lowest for individuals arriving

from Chesapeake Bay or Narragansett Bay (electronic sup-

plementary material, figure S6), but our simulations failed

to account for individuals from these regions establishing in

the Mediterranean Sea or the Black Sea (figure 2). The discre-

pancy between model predictions and field data highlights a

drawback inherent to all studies trying to reconstruct spread

dynamics: usually, the likelihoods of different spreading

scenarios are analysed, although a high probability does

not have to indicate true patterns. It is also worth mentioning

the recent hypothesis [7] that mortality during transport may

not be stochastic, but selective, retaining additive genetic var-

iance in the surviving population that would help avoid

negative consequences of low propagule pressure. While

chances are low, alternative spread scenarios may, in fact,

represent the true invasion pathway. However, definitive evi-

dence of the true invasion pathways was missing. In

addition, we lacked information pertaining to shipping inten-

sity of inland canals in Europe, nor did we consider other

means of transportation such as water currents [18]. We

can, however, not rule out the possibility that the actual

spread of M. leidyi was driven by developments of propagule

pressure more complex than considered here, because of high

variation in releases and potential unidirectional transport of

ballast water [40].

In conclusion, this study illustrated how the interactions

of spatio-temporal variation in propagule pressure and local

population dynamics may affect the spread of a non-native

species in a complex, global shipping network. The
propagule pressure imposed at one site can be the result of

complex spreading dynamics along different routes. The

number of individuals transported along a single route at

one time may be very low and insufficient for the establish-

ment of a new population, but the combined release of

several of these sink populations at the same port may

result in a sufficiently high density to overcome the Allee

threshold. This may not only hold true for species trans-

ported in ballast water, but similar dynamics can be

expected for other transportation networks such as commod-

ity flows and other taxonomic groups (such as insects or

plants), which are frequently transported in larger quantities.

Expanding global shipping traffic highlights that the complex

network analysed here may become the norm rather than the

exception for facilitating global spread of non-native species.
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