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Abstract
The rate of biological invasions has strongly increased during the last decades, mostly due to the acceler-

ated spread of species by increasing global trade and transport. Here, we combine the network of global

cargo ship movements with port environmental conditions and biogeography to quantify the probability of

new primary invasions through the release of ballast water. We find that invasion risks vary widely between

coastal ecosystems and classify marine ecoregions according to their total invasion risk and the diversity of

their invasion sources. Thereby, we identify high-risk invasion routes, hot spots of bioinvasion and major

source regions from which bioinvasion is likely to occur. Our predictions agree with observations in the

field and reveal that the invasion probability is highest for intermediate geographic distances between donor

and recipient ports. Our findings suggest that network-based invasion models may serve as a basis for the

development of effective, targeted bioinvasion management strategies.
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INTRODUCTION

During the last few centuries thousands of species have dispersed

beyond their native ranges and have transformed marine ecosystems

around the world (Ruiz et al., 1997; Mack et al., 2000; Kolar &

Lodge, 2001; Lockwood et al., 2007). In the past decades the world-

wide dispersal of species has increased by orders of magnitude, and

this has contributed to some regions now being invaded by several

new species per year (Cohen & Carlton, 1998; Reise et al., 1998;

Coles et al., 1999; Hewitt et al., 2004). The globalisation of maritime

trade plays a key role in this accelerated spread of species because

many of them are dispersed by cargo ships (Kolar & Lodge, 2002;

Hulme, 2009). For stability reasons, cargo ships load large amounts

of ballast water which may contain aquatic species entrained as

stowaways over long distances. The release of ballast water is

assumed to represent the world’s largest invasion vector (Ruiz et al.,

1997). Even though invasive species are now recognised as one of

the greatest threats to marine biodiversity (Sala et al., 2000; Molnar

et al., 2008; McGeoch et al., 2010), pathways for species dispersal

remain poorly understood on a global scale (Mack et al., 2000;

Hulme, 2009) and only a few studies have explicitly incorporated

data of shipping networks to predict invasion dynamics (Drake &

Lodge, 2004; Tatem et al., 2006; Brawley et al., 2009; Keller et al.,

2010), not least due to the paucity of comprehensive information

about shipping traffic.

Recently, there has been progress in the global tracking of ship

journeys. The Automatic Identification System (AIS), mandatory on

cargo ships engaged in international voyages, automatically reports

approaching ships to coastal stations. Based on these data, Kaluza

et al. (2010) constructed the network of global cargo ship move-

ments providing information about the volume, frequency, origin

and destination of shipping connections between ports worldwide.

Using this analysis, prominent patterns in the global cargo shipping

traffic could be identified, such as the most central ports in the net-

work, shipping sub-networks and communities of highly intercon-

nected ports – indicating the ports and routes which can be central

to the spread of non-native species (Kaluza et al., 2010; K€olzsch &

Blasius, 2011).

Invasion models purely based on shipping routes provide a first

important step towards understanding patterns of ship-associated bi-

oinvasion (Drake & Lodge, 2004; Tatem et al., 2006; Kaluza et al.,

2010; K€olzsch & Blasius, 2011). However, the likelihood of new

introductions depends not only on shipping intensity but also on

other ecological and environmental factors that allow non-native

species to persist (Keller et al., 2010). To achieve a more compre-

hensive estimation of global marine bioinvasion potentials, we com-

bine in this study AIS-based data about global cargo shipping with

ballast water release protocols, port environmental conditions (i.e.

temperature and salinity) and biogeography to develop a model of

marine bioinvasion by worldwide shipping. Our modelling approach

differs from other invasion models (Kolar & Lodge, 2002; Drake &

Lodge, 2004; Tatem et al., 2006; Keller et al., 2010) in several impor-

tant ways: First, the model simultaneously integrates propagule pres-

sure (expressed by global shipping and ballast water releases),

invasibility (expressed by environmental matching between source

and destination sites) and community mismatch (expressed by

biogeographic dissimilarity). Second, the model explicitly considers

the full trajectory of marine vessels by considering all ports previ-

ously called by a ship as potential sources for non-native species.

This is crucial for risk estimation as species in ballast water tanks

easily can be introduced to multiple ports of call. Third, the model

does not describe the spread of a particular known species, but

instead estimates the likelihood for the invasion of a new, previ-

ously unknown species from a large pool of potential invaders.

Using this framework, our model quantifies the probability that a

non-native species is successfully introduced and establishes a popu-
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lation in a new environment for every port and shipping connection

worldwide. We denote this probability as the ‘risk of invasion’,

although we acknowledge that we do not consider the further

spread of a non-native species after its first introduction nor its

impact to the recipient ecosystem. The invasion risks obtained in

this way show a large variation among port-to-port connections,

mainly depending on shipping intensity, environmental match and

geographic distances. To obtain a better insight into invasion flows

at a global scale, we aggregate the calculated invasion risks at the

level of large-scale marine ecoregions. This allows us to compare

our model predictions to empirical data and to classify ecoregions

according to their aggregated invasion risk and the evenness of rela-

tive invasion risks from different source regions associated with

worldwide shipping activity. Based on our model results and the

empirical data, we formulate an intermediate distance hypothesis

stating that the likelihood of new introductions is maximal for geo-

graphic distances of about 8000–10 000 km between donor and

recipient sites. Finally, we use our model framework to investigate

scenarios for invasion mitigation by ballast water treatment.

MATERIALS AND METHODS

Data

Ship movement data

We use ship movement data recorded during 2007 and 2008 by the

AIS, a transponder system installed on board of ships and in ports,

at canals and other land sites. The system automatically reports the

location of a ship and other information such as ship size, ship type

and date when a ship enters the transmission range (�30 km) of

another AIS transponder. The data are made available by Lloyd’s

Register Fairplay (http://www.lrfairplay.com) for commercial pur-

poses and have been used by Kaluza et al. (2010) to reconstruct the

network of global cargo ship movements. The data include both

international and domestic shipping. However, AIS devices had not

been installed in all ships and ports in 2008. The database repre-

sents 67% of the world fleet of ships measured in dead weight ton-

nages. The remaining 33% of the world vessel fleet mainly consists

of small ships (i.e. 52% of these ships are smaller than 1000 gross

tonnages) and thus are less important for shipping-associated pri-

mary invasions (see calculation of ballast water releases below).

Following Kaluza et al. (2010), we used these data to construct a

trajectory (i.e. a list of ports or canals visited by the ship and sorted

by time, including arrival and departure dates) for each ship in the

database. Contrary to Kaluza et al. (2010), we did not restrict our

analysis to ships larger than 10 000 gross tonnages, but instead

included ships of all sizes reported by AIS. In addition, we consid-

ered all ship movements in the time span 2007–2008 because we

believe it to be representative of global traffic patterns, and there-

fore should provide a reasonable approximation of species transport

across years. The resulting network includes 32 511 ships which

made 2 892 523 voyages calling at 1469 distinct ports.

Ballast water releases

Ballast water releases were calculated using data provided by the

National Ballast Information Clearinghouse (NBIC Online Data-

base, 2012). NBIC collects ballast water discharge volumes for every

ship calling a port in the USA since 2004, which constitutes the

most comprehensive sampling available yet. In this study we com-

piled 717 250 releases during 2004-01-01–2012-07-12 with an aver-

age of 65 205 releases for each ship type. The relationship between

ballast water releases and ship sizes for those ships common to our

database (42%) shows a large variability and many ships did not

release any ballast water during their stay in a port. The fraction z

of port calls without ballast water discharges depended on ship type

ranging from 42% (Bulk-Dry) to 88% (Refrigerated Cargo). Exclud-

ing the zero releases, we assumed a power-law relationship between

released ballast water and ship sizes for all ship types to fit a mean

ballast water release W specific to the type and size of a vessel

(Figure S1). Consider now a ship sailing from port i to port j on

route r with dr intermediate stopovers. At each intermediate stop-

over, we assume that an average fraction zWr=Vr of ballast water is

exchanged with z being the fraction of zero releases and Vr the bal-

last tank volume of a ship. The average total amount of ballast

water from port i that is released at port j is then described by

Br ¼ zWr ð1� zWr=Vr Þ
dr . The ballast tank volume of a ship is

estimated from the ship’s carrying capacity measured in dead weight

tonnes. A list of mean ballast tank volumes for various ship size

classes and vessel types, provided by ABS (2011), indicates that on

average Vr is one quarter of the ships’s carrying capacity.

Data of port conditions

For each port, surface water temperatures were taken from the

World Ocean Atlas (WOA, http://www.nodc.noaa.gov) which con-

tains 50-year averages at a 1� resolution. Surface water salinities

were compiled from Lloyd’s Register Fairplay (http://www.port-

guide.com) providing port-specific water densities for most of the

ports used in this study (69%). Water densities were transformed to

salinities using water temperatures from the WOA according to

McCutcheon et al. (1993). For the remaining ports, salinities were

taken from the WOA. Port salinities are difficult to sample repre-

sentatively as the density of the water can fluctuate distinctly in

space and time. We therefore tested the robustness of our result by

comparing our model predictions with the model outcome using

salinity data of Keller et al. (2010) (Figure S2). Environmental data

were averaged annually, except for simulating seasonal invasion risks

where monthly temperature averages were taken from the World

Ocean Atlas and interpolated to a daily resolution.

Data of reported invasions

For model validation we used field data of reported invasion events.

The data describe either the number of reported introductions of

marine species from various source regions into one of the follow-

ing four sites: North Sea, Europe (Reise et al., 1998), Pearl Habor,

Hawaii (Coles et al., 1999), Port Phillip Bay, Australia (Hewitt et al.,

2004), and San Francisco Bay, USA (Cohen & Carlton, 1998); or

they describe the number of reported invasions in various ecore-

gions (Molnar et al., 2008). Only those studies were included provid-

ing sufficient information about the source regions of invaded

marine species. If distinguished in the reference, only species likely

to have been introduced by ships (North Sea, various ecosystems)

or through ballast water releases (Port Phillip Bay) were considered.

Model for marine bioinvasion

The model estimates the likelihood of new primary invasions for

every port call of a vessel from a large pool of species at previous

stopover sites. Consider a ship that sails from donor port i to a
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recipient port j along a route r of successive stopover sites (see Fig-

ure S3 in Supporting Information). Our model accounts for the fact

that bioinvasion is a multistage process: A species must pass three

distinct invasion transitions, which act as successive filters, before it

can successfully invade the recipient port along route r. Each transi-

tion is associated with an independent probability of failure, as dif-

ferent requirements must be met to pass from one stage to the

next:

(i) The probability to be alien

PijðAlienÞ ¼ 1þ
c

dij

� ��b

ð1Þ

describes the likelihood that a native species in donor port i is non-

native in recipient port j. This probability is estimated by biogeo-

graphical dissimilarity (Tuomisto et al., 2003; Thieltges et al., 2009)

which we assume to increase sigmoidally with the geographical dis-

tance dij between sites (Tuomisto et al., 2003). Here, b > 0 is a

shape parameter and c is a characteristic geographic scale on which

species composition does not change (Spalding et al., 2007). The

probability P(Alien) is a crucial component of our model and

accounts for the fact that the likelihood of new introductions

increases with the dissimilarity between the donor and recipient

communities. In particular, this term ensures that the invasion risks

between two closely located ports are negligible which is a natural

assumption as the vicinity of a port should contain almost only spe-

cies that are already present at the port. Note that P(Alien) identifies

the chance that a species is non-native, but does not differentiate

whether or not this species has potential negative impact in the reci-

pient ecosystem.

(ii) The probability of introduction

Pr ðIntroÞ ¼ qr ð1� e�kBr Þe�lDtr ð2Þ

depends on the survival of species entrained in ballast tanks, which

decays exponentially with mortality rate l as a function of travel

time Dtr (Verling et al., 2005; Wonham et al., 2001, 2005), it

increases with the total amount of ballast water Br that originates

from port i (k is a characteristic constant), and it is reduced by the

factor qr due to possible ballast water treatment. This factor can be

set specific to different ship movements, ports or ship types and

thus allows modelling different ballast water treatment scenarios. If,

for example, ballast water is treated equally at every port call of the

ship and q describes the fraction of species left in the ballast water

after a single treatment, the risk reduction over the full trajectory is

given by qr ¼ qdr þ 1.

(iii) The probability of establishment

PijðEstabÞ ¼ a e
�1

2

DTij

rT

� �2

þ
DSij

rS

� �2h i

ð3Þ

increases with the environmental similarity between donor and reci-

pient ports, which is modelled as a Gaussian function of the differ-

ences in water temperature DTij and salinity DSij , standardised by

rT and rS , as the two main environmental factors during establish-

ment, and a is the basic probability of establishment.

Assuming that these three probabilities are independent (Figure

S4), their product determines the likelihood of a new primary inva-

sion by ballast water release originating from one particular ship

movement r. Here, ’primary invasion’ refers to the establishment of

new species introduced from their native geographic range.

Although, our model takes into account indirect connections

between donor and recipient ports via intermediate stopovers along

a shipping route, it neither considers secondary invasions due to

stepping-stone processes (Floerl et al., 2009), nor the further spread

of species after establishment, nor their impact to recipient ecosys-

tems.

The total invasion risk PijðInvÞ from i to j (i.e. the probability of

observing at least one primary invasion during the study period

2007–2008) is the complement of species failing to invade on all

shipping routes rij in the network that are directly or indirectly con-

necting port i to j (Figure S3),

PijðInvÞ ¼ 1�Prij ½1� PijðAlienÞPr ðIntroÞPijðEstabÞ�: ð4Þ

The risk of a new invasion at port j is obtained by aggregating inva-

sion risks over all shipping connections passing through j,

PjðInvÞ ¼ 1�
Y

i

½1� PijðInvÞ�: ð5Þ

Aggregated invasion risks can be similarly obtained for different

ships, ship types (Figure S5), ports (Figure S6), geographic regions or

ecosystems. The expected number of new establishments in port j in a

time period τ can be calculated as Nj ¼ � log ð1 � PjðInvÞÞ � s=s0,
with the duration of the study period s0 ¼ 2 years. The model set-up

also allows us to resolve the temporal dynamics of invasion risks such

as risk development during the voyage of a ship (Figure S7) or the

seasonal dynamics of ecoregions (Figure S8). Parameter values were

taken as follows: b = 8, c = 1000 km, l = 0.02 per day,

k ¼ 0:002m�3, a = 0.00015, rT ¼ 2 �C and rS ¼ 10 ppt. A sensi-

tivity analysis is provided in the Supplementary Information (Figure

S9). The model, its main assumptions, as well as various model exten-

sions are described in detail in the Appendix 1 of the Supporting

Information.

RESULTS AND DISCUSSION

Hotspots and highways of marine bioinvasion

The estimated invasion risks show great geographic heterogeneity

and vary strongly among the different ports and shipping connec-

tions (Fig. 1 and Figure S6). The majority of ports are unlikely to

receive new primary introductions via ballast water, and high inva-

sion risks are concentrated on a small number of ports. These inva-

sion hot spots are mainly located in (South) East Asia (eight ports

among the top 20), the Middle East (five ports among the top 20),

but also in the USA (three ports among the top 20), with Singa-

pore, the Suez Canal (Egypt), Hong Kong and the Panama Canal

being the sites of highest invasion probability (Fig. 1a and Table

S1). All identified invasion hot spots are characterised by high ship-

ping intensity and, in general, the invasion risk increases with the

number of ship arrivals (Spearman’s q = 0.68, Fig. 1b). On the

other hand, a high shipping intensity does not necessarily lead to a

high invasion risk. Most notably, North Sea ports do not rank

among the top endangered ports despite their enormous maritime

traffic. This result is contrary to previous studies which identified

invasion hot spots solely from shipping intensity (Drake & Lodge,

2004). Traffic volume alone constitutes a poor predictor of bioinva-

sion rates (Verling et al., 2005; Minton et al., 2005) owing to the

neglect of other critical factors (Figure S10). For instance, our

model results change distinctly if port environmental conditions are

© 2013 John Wiley & Sons Ltd/CNRS
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neglected by setting PijðEstabÞ constant for all links (Spearman cor-

relation of link invasion risks between the two models, q = 0.71).

Ignoring environmental heterogeneity resulted in a distinct increase

in invasion risks of Central European ports such as Antwerp and

Hamburg which then rank among the top 20 high-risk ports.

The major invasion pathways (Table S2) align with the frequently

visited shipping routes Asia – Europe and Asia – North America

(Kaluza et al., 2010) (Fig. 2a). However, high invasion risks can also

be observed on shipping connections at low latitudes as many fre-

quently visited ports are located in tropical to subtropical areas with

very similar climatic conditions.

Invasion risk of ecoregions

Even aggregated over larger scales, coastal ecosystems vary strongly

in the distribution of source regions from which bioinvasion is

likely to occur. Whereas for some regions (e.g. Northern European

Seas, North-East Pacific) the major invasion pathways are concen-

trated on relatively few ‘highways’ of bioinvasion, there is a striking

diversity of high-risk routes for others (e.g. North-West Pacific)

(Fig. 2b–d). These differences result from a combination of traffic

volume, distance to the most connected regions and environmental

similarity. For instance, with respect to maritime traffic, the North-

ern European Seas are most strongly connected to tropical and sub-

tropical ecosystems. However, among the adjacent water bodies

only the North-West Atlantic provides sufficiently similar climatic

conditions and thus dominates as the major source region of inva-

sions (Fig. 2b).

P
(I

n
v
)

S
in

g
a

p
o

re

S
u

e
z
 C

a
n

a
l

H
o

n
g

 K
o

n
g

P
a

n
a

m
a

 C
a

n
a

l

K
a

o
h

s
iu

n
g

S
u

e
z

P
o

rt
 S

a
id

B
u

s
a

n

J
e

b
e

l 
A

li

K
a

w
a

s
a

k
i

D
u

rb
a

n

Y
o

k
o

h
a

m
a

N
Y

 &
 N

J

L
o

n
g

 B
e

a
c
h

X
ia

m
e

n

F
u

ja
ir
a

h

L
o

s
 A

n
g

e
le

s

L
a

 P
la

ta

Q
in

g
d

a
o

S
a

n
to

s

0.0

0.1

0.2

0.3

0.4

0.5

0.6

No treatment, ρ = 1

ρ = 0.75

ρ = 0.25

P
(I

n
v
) 

ra
n

k

0 300 600 900 1200
0

300

600

900

1200

Number of arriving ships rank

(a)

(b)

Figure 1 Predicted invasion risks in rank order. (a) Estimated invasion

probability P(Inv) of the top 20 highest risk ports for three different levels of

ballast water treatment q (see also Table S1). (b) Rank plot showing the

relationship between the number of arriving ships at a port and the port

invasion risk (without ballast water treatment, q = 1); each dot characterises a

single port.
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as in (a) but restricted to all connections with destination in one of the three target regions (black rectangles): (b) Northern European Seas, (c) North-East Pacific and (d)

North-West Pacific. Shipping routes are calculated as the shortest geodesic paths on water (Kaluza et al., 2010).
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To identify global invasion flows, we estimated the mutual inva-

sion risks between 15 coastal ecosystems, distinguished according to

common concepts of marine biogeography (Spalding et al., 2007)

(Fig. 3a, Table S3). For each ecoregion we calculated the vulnerabil-

ity, that is the total probability PjðInvÞ of new invasions into that

region, and risk composition, that is the evenness Ej 2 ½0; 1� of rel-
ative invasion probabilities into that region from various source

regions (Pielou, 1966). Thereby, the ecoregions can be classified into

several categories (Fig. 3b) (see also the network visualisation of the

mutual invasion risks, Figure S11). The most endangered marine

ecosystems (Central Indo-Pacific, North-West Pacific, Mediterranean

Sea, and North-West Atlantic) combine high invasion risk with high

evenness, reflecting the central position in the worldwide flow of

trade, together with the short environmental distance to most adja-

cent regions. Another class of ecoregions is characterised by a high

invasion risk despite small evenness (Western Indo-Pacific and

North-East Pacific). These regions are highly vulnerable, but receive

species from only few source regions. In contrast, ecoregions with

small values of total risk and evenness are only weakly connected to

a small number of source regions and thus are relatively immune to

invasions (Tropical East Pacific). Finally, some ecoregions combine

a low invasion risk with high evenness (South-East Pacific, Tropical

East Atlantic and Lusitanian). Ecosystems in this class have a cen-

tral position in the shipping network, but due to a small shipping

intensity the total invasion risk remains small.

Seasonality of invasion risk

Many ports experience a striking seasonality in their environmental

conditions and shipping intensity. Considering seasonally resolved

temperature data in the model resulted in a distinct seasonal pattern

of invasion risks in most ecosystems (Figure S8). Even tropical eco-

systems, characterised by a low seasonal variation in environmental

conditions, experience distinct intraannual changes in the risk of being

invaded. This can be explained by seasonal variation in the match of

environmental variables at tropical regions with those at the potential

source areas in temperate regions. Notably, the seasonality of the

invasion risk may vary strongly within the same climatic zone, for

example the highest risk in North America was achieved at the west

coast in winter but at the east coast during summer (Figure S8b).

Ship types

The global shipping network consists of multiple layers each repre-

senting the movements of a different ship type with specific move-

ment characteristics. For instance, oil tankers operate between a few

ports, whereas bulk carriers move more randomly (Kaluza et al.,

2010). Consequently, invasion dynamics may be associated with a

specific ship type which indeed can be seen in the variation in high-

risk links among ship types (Figure S5). Container ships show a

diverse pattern of high-risk routes connecting almost all continents,

whereas oil tankers, bulk carriers and ro-ro-cargo ships exhibit only

a few routes with a high invasion probability. Ship types may also

vary in their ballast water performances (Verling et al., 2005). Some

ship types like container ships usually have large amounts of ballast

water loaded, whereas others like oil tankers or bulk carriers need

additional ballast mainly in one direction when they are empty. Con-

sequently, propagule pressures can be specific to the type of the ship

and the direction of travel (Minton et al., 2005). However, ship-based

data including the directionality of ballast water transport are not

available on a global scale and could not be considered in this study.

Comparison with field data

For model validation, we compared the expected number of inva-

sions with recorded data on the frequency and source regions of
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Q
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P
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P

i pij log pij=logðnÞ.
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marine invasions in four of the most invaded marine regions of

the world (Cohen & Carlton, 1998; Reise et al., 1998; Coles et al.,

1999; Hewitt et al., 2004) and with the recorded number of inva-

sive species in various ecoregions (Molnar et al., 2008) (Fig. 4). As

the field studies differ in scale and sampling effort, we normalised

the distributions of simulated and reported species numbers prior

to the analysis, discarding the absolute value of invasion risks. We

found only small deviations in the root mean squared error

(RMSE) of reported data and model results (see also Figure S12):

[RMSE = 0.06 (North Sea), RMSE = 0.08 (Pearl Harbor),

RMSE = 0.08 (Port Phillip Bay), RMSE = 0.12 (San Francisco

Bay) and RMSE = 0.08 (various ecoregions)]. This agreement

between model predictions and field data indicates that our model

is able to capture the relative contribution of different source

regions to the observed non-native species in a particular site (e.g.

the model correctly predicts the North-West Atlantic and the

North Pacific as the major source regions for invasions into the

North Sea) (Fig. 4a–d, f–i). On the other hand, the model predic-

tions provide a balanced estimate of invasion risks across global

sites (i.e. we do not overpredict certain source regions in relation

to others) (Fig. 4e, j).

In a sensitivity analysis we found that, in general, the model is

robust to the choice of parameter values; most parameter variations

have only minor influence on the RMSE (Figure S9). The strongest

parameter sensitivity is found in the shape of the distance depen-

dency of the biogeographic dissimilarity. To retain the predictive

power of the model, both parameters b and c should be above crit-

ical levels (b > 6, c > 600 km). Otherwise, the sigmoidal shape of

the community dissimilarity is essentially eliminated, which is a cru-

cial element of our model. Similarly, the mortality rate of organisms

inoculated in a ballast tank should be sufficiently small

(l � 0:02d�1) so that invasion risks on long connections are not

suppressed too much.

Despite the observed agreement between model predictions and

recorded invasion events, there remains a degree of uncertainty in

the overall risk estimate. This is mainly due to the simplifications

inherently associated with model building, but also to the limited

availability of comprehensive data of invasion flows to calibrate the

model. Data sampling, for example, is strongly biased towards some

well-investigated sites in industrial countries, whereas almost no data

exist for Asia which is among the regions most strongly impacted

by invasion risks. Furthermore, for many established non-natives,

the vector of introduction is uncertain. Thus many studies of mar-

ine invasions do not distinguish between introduction due to aqua-

culture, hull fouling or ballast water releases. This might explain, for

example, some of the discrepancies between model predictions and

the number of reported invasions in San Francisco Bay (Fig. 4).

Intermediate distance hypothesis

Interestingly, the field data show that most introduced species origi-

nate from sites of intermediate geographic distances to destination

ports (8000–10 000 km, Fig. 5a). This observation is confirmed

with remarkable agreement by our model predictions (Fig. 5b) and

can be explained as follows: At short distances, the probability for

the introduction of a non-native species is small, resulting in a low

invasion risk. At large distances, the shipping intensity is reduced

and the chance to survive the transport is small, also resulting in a

low invasion risk. Transportation along links of intermediate dis-

tance ensures both a high chance for the introduction of non-native

species and their survival during transportation (Figure S13). Our

numerical investigations demonstrate that this pattern of maximal
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invasion risk at intermediate distances is robust to a wide range of

parameter settings, providing a first indication that it may be com-

mon at least in marine bioinvasion.

Mitigation scenarios

Efforts to minimise the risk of bioinvasion through shipping are

currently hotly debated. This discussion was boosted by a conven-

tion of the International Maritime Organization (IMO 2004) which

postulates the treatment of ballast water on board of all ships.

Adhering to the proposed standards, we tested the effect of reduc-

ing the invasion probability by a fraction q every time a ship enters

a port (Drake & Lodge, 2004; Minton et al., 2005). Although the

uniform risk reduction for all ships is a very rough approximation

of the currently debated ballast water treatments, our simulations

reveal that already moderate efforts of ballast water treatment can

yield substantial results (Fig. 1a). For example, overall invasion

probabilities can be reduced by 56 or 82% if ballast water is treated

according to a treatment effort of 25 or 50% at every port respec-

tively (Fig. 6). This overproportional effect is explained by the fact

that successive risk reductions at single ports multiply during the

voyage of a ship. Consequently, considerable global risk reduction

can be achieved by reducing risks at only a few selected high-risk

ports (Fig. 6). A ballast water treatment effort of 25% at the 10

ports of highest invasion risk yields an average reduction in invasion

risks on the whole network by 24.8%. This contrasts findings of

other studies (Drake & Lodge, 2004) that did not consider the pos-

sibility of invasions from ports prior to the last port call.

Model uncertainty

Any attempt to model invasion dynamics is impeded by two major

difficulties. The first challenge is the limited availability of compre-

hensive data for model calibration and validation. With the currently

available AIS records, information about global shipping traffic has

a sound database. To test the dependence on the shipping data, we

investigated how the model results change if the shipping database

is artificially reduced from a 2-year time span to a single year. We

found only minor changes: simulated invasion risks from data

restricted to the year 2007 or 2008 correlated with the general inva-

sion risks with Spearman’s q = 0.98 or q = 0.99 respectively. To

test for the influence of data about environmental variables, we per-

formed model simulations based on two different data sets for port

salinities and found a strong correlation in the simulated port inva-

sion risks (Spearman’s q = 0.99) (Figure S2). From the perspective

of sufficient data, our study suffers mostly from the lack of knowl-

edge about ballast water management. Even a detailed database of

ballast water release for a large collection of ports, as for example

provided by NBIC, does not specify some crucial information, such

as the origin of the ballast water, or the amount of ballast water

transported to other countries or exchanged outside ports. In the

model we resolved this by assuming a constant ballast water

exchange at every port call, specific to ship type and ship size, which

may give rise to substantial errors in the estimated exchanged ballast

water volumes at the level of a single ship. However, the effect of

these variations is the more suppressed the more ships travel on the

same link because the invasion risk between a pair of ports is

calculated from the average over many ship movements (on average
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432 ship movements per link were recorded along the top 100 000

high-risk links between two ports connected either directly or via

intermediate stopover sites). A more severe problem is the missing

data about the directionality of ballast water movements; although

the direction of shipping traffic is explicitly considered in our model,

directional ballast water transfers (i.e. uptake vs. deposition of water)

are not explicitly incorporated. Given the demonstrated global pat-

terns of shipping bulk resources (e.g. grain, raw materials), this could

be a systematic bias in our risk estimations; however, due to the lack

of data, this limitation cannot be resolved yet.

The second problem in modelling invasion dynamics is the correct

formulation of the model itself. To begin with, bioinvasion is inher-

ently a complex process. Beyond the presence of suitable environ-

mental conditions, the probability of establishment is contingent on

other factors, such as trophic levels, niche occupancy, population

dynamics or biotic resistance (Lockwood et al., 2007). These factors

are relevant influential factors determining the success of establish-

ment and act as sources of uncertainty within the model. Moreover,

many of these factors are not fully understood and are still contro-

versially debated (Lockwood et al., 2007) and are often not easy to

translate into surrogates which can be used for modelling. For exam-

ple, according to the biotic resistance hypothesis (Kennedy et al.,

2002), the biotic pressure imposed on newly introduced individuals

may be approximated in models by the species richness in the recipi-

ent community; however, this hypothesis is still under debate, partic-

ularly in marine systems (Fridley et al., 2007; Stachowicz et al., 2007).

Other factors are inherently difficult to incorporate into a model set-

ting that is designed to quantify invasion dynamics from a large pool

of species with a priori unknown traits. For example, our model

framework does not lend itself to describe the probability that an

established species is a true invader in the sense that it poses nega-

tive impacts on the recipient ecosystem.

To test the robustness of our results we formulated different

model extensions that: (1) consider the influence of species rich-

ness in the recipient or in the donor ports, (2) include hull fouling

as an additional invasion vector or (3) implement a simplified

description of shipping traffic assuming a constant ballast water

release for all ships (see Appendix S1). For each model variant we

applied a non-linear optimisation algorithm to find the parameter

set with the best fit to the reported invasion data (Table S4). In

general, the considered model variants did not differ significantly

in their predictive power and fitted the data almost equally well.

This indicates that the quality of the model cannot easily be

improved by incorporating additional invasion mechanisms. In par-

ticular, the model fit was not improved by including hull fouling as

another bioinvasion vector, but also not impaired significantly by

simplifying the model description of ballast water release. The best

fit was obtained by the model variant which implements a mecha-

nism for biotic resistance in the recipient community, by assuming

that the probability of establishment P(Estab) is a decaying function

of species richness. Using this mechanism, the invasion risk in eco-

regions with large biodiversity (i.e. mostly the tropical regions) is

suppressed. Most notably, this reduces invasion risks in the Central

and Western Indo-Pacific (orange bars in Fig. 4e) which yields a

better overall description of the field data (Fig. 4j). However, as

the empirical evidence for the biotic resistance is weak (Fridley

et al., 2007; Lockwood et al., 2007; Stachowicz et al., 2007), we did

not include this mechanisms in the main model version in this

study.

CONCLUSIONS

The ability to forecast locations at the greatest risk of new invasions

remains one of the main challenges confronting invasion biologists

(Mack et al., 2000; Kolar & Lodge, 2001). Among the uncertainties

are the lack of detailed information about ballast water releases on a

global scale, the relevance and implementation of biotic interactions

and the likelihood that an established species poses negative impacts

in the recipient ecosystem. Our study highlights that a forecast of

invasions can only be achieved by combining information concern-

ing ballast water transport, environmental heterogeneity and biogeo-

graphic distributions. Our vector-based modelling approach

provides new avenues in this direction; it allows predicting expected

shifts in invasion risks caused by global climate change (e.g. rising

water temperature), changing trading patterns or new shipping

routes (e.g. opening of Arctic passages), new ballast water

management options (e.g. ’mid-ocean-exchange’) and it may serve as

a basis for the establishment of effective and targeted mitigation

programs.
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