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Abstract
Marine invasions are well-recognized as a worldwide 
threat to biodiversity and cause for tremendous economic 
damage. Fundamental aspects in invasion ecology are not 
yet fully understood, as there is neither a clear definition 
of invasive species nor their characteristics. Likewise, 
regulations to tackle marine invasions are fragmentary 
and either restricted to specific regions or certain aspects 
of the invasion process. Nonetheless, marine anthropo-
genic vectors (e.g., vessel fouling, ballast water, aquacul-
ture, marine static structures, floating debris, and 
human-mediated climate change) are well described. The 
most important distribution vector for marine non- 
indigenous species is the shipping sector, composed by 
vessel fouling and ballast water discharge. Ship traffic is a 
constantly growing sector, as not only ship sizes are 
increasing, but also remote environments such as the 
polar regions are becoming accessible for commercial 
use. To mitigate invasions, it is necessary to evaluate spe-
cies’ capability to invade a certain habitat, as well as the 
risk of a region of becoming invaded. On an ecological 
level, this may be achieved by Ecological Niche Modelling 
based on environmental data. In combination with quanti-
tative vector data, sophisticated species distribution mod-
els may be developed. Especially the ever-increasing 
amount of available data allows for comprehensive mod-
elling approaches to predict marine invasions and provide 
valuable information for policy makers. For this article, 

we reviewed available literature to provide brief insights 
into the backgrounds and regulations of major marine 
vectors, as well as species distribution modelling. Finally, 
we present some state-of-the-art modelling approaches 
based on ecological and vector data, beneficial for realis-
tic risk assessments.
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10.1  Non-indigenous and Invasive Species

Non-indigenous species (NIS) can have negative effects on 
receiving ecosystems and are considered one of the major 
global threats to biodiversity (Ruiz et al. 1997; Casas et al. 
2004; Raffo et  al. 2009). Apart from ecological conse-
quences, substantial economic damage can be caused by 
overly abundant introduced species or harmful species 
such as pathogens (e.g., Pimentel et al. 2000, 2001). The 
effects of introductions and establishments of new species 
in a community are unpredictable, as a multitude of biotic 
and abiotic factors determine the onset and further devel-
opment of an invasion. Depending on the receiving habitat 
and the observed parameter, the same species can have 
negative but also positive effects (McLaughlan et al. 2014). 
Because of the variety of factors of each invasion, under-
standing them on the species-, pathway-, and ecosystem 
level is essential for adequate evaluation and possible 
management.

Despite their ecological and economic relevance, not even 
the basic terminology of introduced or invasive species is 
clearly determined among scientists and regulations. Over 
time, several definitions have been proposed for biological 
invasions. The most basic one is being a non-indigenous 
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 species (NIS), namely, a species introduced after the discov-
ery of America and the onset of large-scale transatlantic ship 
traffic (Leppäkoski et al. 2013; Ricciardi et al. 2013). More 
specifically, Richardson and Pyšek (2006) defined invasion 
ecology as the study of human-mediated introductions of 
species to areas beyond their native range without consider-
ing the impact on the invaded habitat. Alpert et  al. (2000) 
included effects of NIS and described an invasive species as 
“one that both spreads in space and has negative effects on 
species already in the space that it enters.” According to 
Boudouresque and Verlaque (2002) introduced and invasive 
species can be differentiated by the conspicuous role the lat-
ter play in the recipient ecosystems, which is characterized 
by becoming dominant and potentially taking the place of 
keystone species. The previous examples show how much 
definitions can vary in only a few studies – with more being 
considered, they even begin to contradict each other, both in 
terminology and procedure (e.g., Blackburn et  al. 2011; 
Guy-Haim et al. 2018).

Although not clearly defined, bioinvasions are a topic of 
public interest (García-Llorente et  al. 2008) and there are 
several national eradication programs and policies estab-
lished (see New Zealand, USA; Myers et al. 2000, Wotton 
et al. 2004). However, on a global scale, overarching regula-
tions to mitigate marine invasions are missing. This is 
reflected in the EU legislative 1143/2014, which only deals 
with anthropogenically introduced species, but does not con-
sider naturally introduced species. Moreover, international 
conventions for marine traffic are not binding across the 
globe or only concern certain aspects of dispersal mecha-
nisms (see Sect. 10.2). One reason for this fragmentation 
among marine NIS regulations might be the influence of eco-
nomic interests, which dilute scientific expertise (Margolis 
et al. 2005).

To develop efficient regulations, it is essential to gain an 
in-depth understanding of human-mediated vectors and fac-
tors influencing invasion success. Ecological Niche Models 
(ENM) can be powerful in evaluating invasion potential and 
are currently implemented at the frontier of invasion science 
(see Sect. 10.3). Figure 10.1 sets the framework for this arti-
cle, in which we summarize knowledge on anthropogenic 
vectors and give insights into methods and developments of 
ENM as a potential forecasting tool. We intend to contribute 
to the understanding of bioinvasions at a broader scale and 
shine a light on necessary future efforts to develop efficient 
regulations.

10.2  Anthropogenic Vectors

Defining which vector has the highest impact in terms of the 
number of introductions, establishment rate, and effects on 
the new habitat is challenging because their effectiveness 

and frequency vary with time and geographical region 
(Williams et al. 2013). In general, failed introductions and 
invasions pose a problem in cross-vector analysis, because 
they mostly remain hidden, leading to strong biases in intro-
duction rates per vector (Zenni and Nuñez 2013). About four 
decades ago, ship traffic and aquaculture were identified as 
the major vectors for marine human-mediated introductions 
(Carlton 1979). Recent studies suggest that this assumption 
has not changed much and efforts have been undertaken to 
rank vectors regarding their potential of dispersing NIS. On 
a global level, a positive correlation between cargo ship traf-
fic and marine introductions reveals the vast contribution of 
marine traffic to create connectivity across distant geo-
graphic regions (Seebens et  al. 2016). Ship traffic can be 
divided into two NIS pathways: the colonization of vessel 
hulls with sessile or small motile species (hereafter fouling 
species), and the transportation of organisms and their early- 
life stages (eggs, larvae) in ballast water tanks (Ruiz et al. 
1997; Cohen and Carlton 1998; Godwin 2003). On a regional 
level, a cross-vector comparison in California revealed ves-
sel fouling as the most important vector followed by ballast 
water and aquaculture (Williams et al. 2013). However, the 
authors claim that results cannot be extrapolated and are 
case-specific with respect to area, time, and vector 
composition.

This review examines the following marine vectors: ves-
sel fouling, ballast water, mariculture, marine static struc-
tures, floating anthropogenic litter, and human-mediated 
climate change. This selection encompasses the major vec-
tors, affecting most marine ecosystems worldwide. Live spe-
cies trade with ornamental (Weigle et  al. 2005) and bait 
species (Weigle et  al. 2005; Fowler et  al. 2016) represent 
minor vectors and therefore will not be elaborated in this 
article. Canals play an important role in the distribution of 
marine species on regional scales (see Gollasch 2006 for the 
influence of the Suez Canal on Mediterranean species com-
position). However, they represent the removal of physical 
barriers between adjacent regions and allow migration in a 
variety of ways (e.g., shipping related or natural dispersal), 
which are covered in the sections mentioned above. 
Therefore, we do not include an individual chapter on this 
vector.

10.2.1  Vessel Fouling

The importance of hull fouling for marine invasions is 
unquestionable. A convenient parameter to quantify the 
marine invasion risk through hull fouling is the wetted sur-
face area (WSA) of ships (Miller et al. 2018) and an approach 
of calculating the WSA of the world fleet of commercial ves-
sels resulted in 325 × 106 m2(Moser et al. 2016). Marine traf-
fic is continuously increasing and even remote areas, such as 
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the Arctic, become available for commercial shipping due to 
melting sea ice (Miller and Ruiz 2014).

Antifouling coatings are applied to vessel hulls and repel 
many fouling species that would normally settle on sub-
merged vessel areas (Williams et al. 2013). Yet, there are cer-
tain organisms that are immune to antifouling components 
such as the bryozoan Watersipora subtorquata, which may 
serve as a foundation species providing settlement space for 
subsequent epibionts (Floerl et al. 2004). Small disruptions 
of 1–2 cm in antifouling coatings may enable the settlement 
of a wide range of sessile marine species, which can easily 

be overseen in cryptic spots like keels or propeller shafts 
(Piola and Johnston 2008). Godwin (2003) observed weak-
nesses of antifouling coatings at weld seams and spots where 
smaller boats were placed on wooden blocks while painted. 
He also assumed that slow velocities and long port stays 
increase the potential of sessile species to settle and survive 
on vessel hulls (Godwin 2003). Kauano et al. (2017) tested 
persistence of fouling species after being dragged with 5, 15, 
and 20 knots for 20 min. Although the overall trend shows a 
negative correlation between velocity and persistence, 90% 
of the species were present with at least 20% of their original 

Fig. 10.1 Marine Bioinvasions in the Anthropocene: the most impor-
tant vectors for alien invasive species across geographic regions are 
anthropogenic transportation means, such as shipping- and mariculture- 
related transfers. Also passively drifting litter and stable structures con-
tribute to the transport and introduction of species. Quantification of 
introductions along these vectors allows for identification of major 
pathways across the globe. Ecological Niche Modelling can help to 
identify suitable environmental conditions for species in question. 
While correlative approaches are well established for the investigation 

of realized niches, laboratory studies can yield important additional 
information about the species’ fundamental niche and hence contribute 
to the understanding of ecological mechanisms which influence a spe-
cies’ distribution potential. Transportation data and Ecological Niche 
Models can be combined to evaluate invasion risk. Identification of 
areas with high introduction pressure and understanding of the species 
being transported along are an important step prior to the development 
of regulations, management plans, and mitigation strategies. However, 
to date, only few international regulations are effective which success-
fully control the spread of species
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abundance after being dragged with 20 knots. Some limita-
tion to vessel fouling is provided by desiccation. Kauano 
et al. (2017) found that most soft-bodied sessile species died 
after being outside of the water for 24 hours, whereas bar-
nacles survived 120 hours. Another example for desiccation 
resistance are sporophytes of the invasive kelp Undaria pin-
natifida that released viable spores even after 3 days outside 
of the water (Bollen et al. 2017).

Large cargo vessels such as bulk carriers, tankers, and 
container ships are usually equipped with slow-speed engines 
(Endresen et al. 2003), meaning that they rarely travel faster 
than 20 knots, and are only put on dry dock every 5 years 
when their hulls are cleaned and repainted. Yet, these vessels 
represent 79% of the WSA of the commercial world fleet and 
substantially contribute to geographical connectivity (Moser 
et  al. 2016; Seebens et  al. 2016). In combination with the 
knowledge mentioned above, this may explain why vessel 
fouling is still a major pathway for NIS on a global scale.

Trends in the marine traffic industry favor larger container 
ships and hub-ports (Shenkar and Rosen 2018), from which 
smaller transport vessels carry goods to smaller ports, repre-
senting one example of secondary spread. Small-scale boat-
ing may contribute to secondary spread of NIS, especially in 
areas with intense tourism or recreational activities (Anderson 
et  al. 2015). Many marine invertebrates, such as ascidians 
and bryozoans, have very short natural dispersal ranges and 
hence marine traffic or rafting debris is likely to enable their 
long-range dispersal (Petersen and Svane 1995). This is 
underlined by a case study in the great barrier reef where ses-
sile NIS were found about 80 km offshore at an isolated coral 
reef that is frequently visited by boats (Piola and Johnston 
2008).

In 2011, the International Marine Organization (IMO) 
published a resolution for the responsible management of 
vessel fouling to reduce the risk of NIS introduction (IMO 
2011). However, these are mere voluntary guidelines and 
despite the global significance of vessel fouling for NIS dis-
persal, there is no enforced regulation on an international 
level yet. There are some examples for implemented hull 
fouling standards on a national and regional level represented 
by New Zealand (Ministry for Primary Industries 2014), and 
the National Park of Galapagos, Ecuador (Campbell et  al. 
2015). Both regulations require clean vessel hulls and anti-
fouling coatings prior to the arrival of vessels.

10.2.2  Ballast Water

Ballast water discharge is the vector with the most manage-
ment rules among the important anthropogenic dispersal 
mechanisms. The International Convention for the Control 
and Management of Ships’ Ballast Water and Sediments (here-
after the BW Convention) was adopted by the IMO in 2004 

and came into force in September 2017 (IMO 2004). 
According to requirements regulating the behavior of ballast 
water discharge, the BW Convention can be split into two 
major parts.

The first part obliges incoming vessels to exchange their 
ballast water at least 200 nautical miles offshore in a mini-
mum depth of 200 m. The USA, not a signatory to the BW 
Convention, implemented a similar requirement. A study 
assessing ballast water exchanges in the USA from 2005 to 
2007 found that most vessels abide with this rule, however, 
especially vessels that journeyed along the South and North 
American coasts still exchange their ballast water in coastal 
areas frequently (Miller et  al. 2011). Similar results were 
obtained by a study targeting the Taiwanese maritime cargo 
sector showing that up to 30% of the surveyed ships exchange 
ballast water closer to shore than 200 nautical miles (Liu 
et al. 2014).

The second part of the BW Convention restricts the total 
amount of viable organisms in discharged ballast water to up 
to ten with a size of >50 μm m−3 plus up to ten with a size of 
<50 μm ml−1 (IMO 2004). To meet these restrictions, vessels 
are obliged to install ballast water treatment plants (e.g., 
electro-chlorination, UV treatment, and filtration). Given 
those conditions, Reusser et al. (2013) developed a model to 
predict the invasion rate per year through foreign ballast 
water discharge in the US Pacific Coast. Based on existing 
invasive species records and assuming a linear relationship 
between discharged organisms and successful invasions, 
they calculated that a new invasion would only occur every 
10–100 years.

Shipping routes and source regions of ballast water affect 
the survivability of organisms at the ship’s destination 
(Verling et  al. 2005). For example, do transport routes 
through the Panama Canal expose attached specimens to 
tropical and partially freshwater conditions leading to tem-
perature and osmotic stress (Miller and Ruiz 2014). The BW 
Convention requires ships to keep records of ballast water 
activities, so that uptake areas can be compared to discharge 
areas on demand and high risks of introductions can be 
avoided. Additionally, port states are empowered to conduct 
ballast water controls on incoming foreign ships and, if nec-
essary, impose sanctions.

Still, a minimum risk of biointroduction remains and is 
positively correlated to the amount of ballast water dis-
charged in an area (Reusser et al. 2013). This is important to 
consider in major ports serving as hubs for international 
maritime trade such as Shanghai, Singapore, or Rotterdam. 
Moreover, a study of the Chinese ballast water capacity con-
firmed the rising amount of ballast water in line with the 
growing maritime transport sector (Zhang et al. 2017).

P. Laeseke et al.



199

10.2.3  Mariculture

Many marine species have been intentionally transported 
across broad geographical distances to be husbanded in 
aquacultures. The largest contributors to the global maricul-
ture industry are Asian countries with China being by far the 
most important among them (FAO 2016). Other countries, 
such as Norway, Chile, and Indonesia have fast-growing 
mariculture industries as well (Buschmann et al. 2009). The 
most important cultured organisms worldwide are finfish, 
mollusks, crustaceans, and seaweed species. In 2014, 580 
aquatic species have been registered with the FAO as hus-
banded species (FAO 2016). These species are often non- 
indigenous in the place where they are kept, meaning an 
escape would directly lead to an introduction into the new 
habitat. Examples for intentionally introduced species are 
the Pacific oyster Crassostrea gigas, domesticated salmon, 
and many seaweed species (Naylor et al. 2001). In contrast, 
accidental introductions may occur due to associated hitch-
hikers such as parasites, algae (e.g., Codium fragile), and 
various fouling species that live on or in aquaculture gear 
and husbanded species (Naylor et al. 2001).

Focusing on introductions to urban areas, Padayachee 
et al. (2017) investigated the taxa composition introduced by 
several marine vectors and found a significant difference 
between the categories Mariculture and Fisheries. Vertebrates 
were almost exclusively introduced for cultivation, while 
plants dominated, and were exclusive to, the equipment- 
facilitated arrivals. The continuous transfer of equipment and 
seed stock between maricultures has an especially high 
potential of species introduction (Forrest and Blakemore 
2006). One striking example for this is the kelp Undaria pin-
natifida, used for mariculture. It arrived to Europe alongside 
the Pacific oyster and has since been spread independently of 
oyster cultivation for farming or as a fouling species and 
recently reached German waters (Schiller et al. 2018). This 
was largely enabled by its tolerance to various conditions, 
including surviving overland transport on boat hulls or ropes 
(Bollen et al. 2017).

After vessel fouling, shellfish farming is considered the 
second most important vector for the 277 registered non- 
indigenous seaweeds worldwide. Especially red corticated 
algae, but also a variety of other taxa, live in association 
with farmed shellfish (Williams and Smith 2007). Seaweed 
mariculture itself is only a minor but efficient way of sea-
weed introductions, because farmed algae are specifically 
chosen for their competitiveness (Williams and Smith 
2007). Interestingly, seaweed mariculture is the fastest-
growing sector of aquaculture posing one-quarter of the 
global volume produced by aquaculture (FAO 2016). This 
growth is mainly due to seaweed farms in Indonesia and 
China that were established during the last 20  years. 
Between 2004 and 2014, the global aquaculture industry has 

grown rapidly and the percentage share of total worldwide 
fish harvest increased from 31.1% to 44.1% (wild catches 
and aquaculture products including non-food uses; FAO 
2016). While regulations on an international level are miss-
ing, there are some examples for guidelines of the treatment 
of aquaculture organisms and gear, proposing sterilization 
prior to moving it to a new location. An example is the 
Australian National Biofouling Management Guidelines for 
the Aquaculture Industry that proposes different treatment 
methods such as exposures to air, fresh water, heat, or chem-
icals (NSPMMPI 2013).

10.2.4  Static Maritime Structures

There is a growing number of various static maritime struc-
tures (SMS), which are occasionally relocated and thus pose 
a risk to transport marine NIS or serve as stepping stones 
(i.e., oil and gas platforms, offshore wind farms, navigational 
buoys, non-cargo barges, and dry docks; Iacarella et  al. 
2018). Most SMS are characterized by their large and com-
plex wetted surface area (WSA), providing space for fouling 
organisms, which, in turn, may attract predators (Friedlander 
et al. 2014; Todd et al. 2018). These artificial communities 
often differ from surrounding species assemblages 
(Stachowicz et al. 2002). Oil and gas platforms represent a 
major part of SMS and will therefore be the main focus of 
this section.

After being stationary for years, oil and gas platforms 
may be moved to a new service location, for repair, or decom-
mission. To be able to navigate, they are either equipped with 
engines, towed by tug vessels (wet-tow), or carried on heavy 
lifting ships (dry-tow; Robertson et  al. 2018). The former 
two options pose a risk for NIS dispersal, because platforms 
stay in the water during transport and are transported at very 
low speed (<8 knots), allowing associated organisms to 
travel along. In contrast to vessel fouling, translocated oil 
and gas platforms may introduce entire ecosystems to new 
geographical areas, including large sessile and mobile spe-
cies across all trophic levels from algae to vertebrates 
(Ferreira et al. 2006; Yeo et al. 2009). Incidences of stranded 
or intentionally moved oil and gas platforms prove the intro-
duction of a range of invertebrate species (Foster and Willan 
1979; Ferreira et al. 2006; Page et al. 2006; Yeo et al. 2009), 
as well as fish species (Yeo et al. 2009; Wanless et al. 2010; 
Pajuelo et al. 2016).

Abandoned oil and gas platforms are frequently trans-
formed into artificial reefs instead of being decommissioned 
(“rigs to reefs”; reviewed by Bull and Love 2019), because 
they foster entire marine ecosystems and due to high demol-
ishment costs. This practice is largely unregulated with 
respect to its biological implications, an issue in need of 
addressing, considering that a large number of the roughly 
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7000 oil platforms worldwide were already reaching the end 
of their service time in 2003 (Hamzah 2003).

Iacarella et  al. (2018) emphasized that regulations con-
cerning marine NIS introductions through SMS are still 
missing. This is especially worrying considering that the 
Arctic might become more available for commercial use, 
including drilling operations, with decreasing sea ice.

10.2.5  Marine Litter

We have long known about how ocean currents can transport 
a wide variety of structures, which may then serve as a raft 
for fouling species (Guppy 1917; Thiel and Gutow 2005; 
Wichmann et  al. 2012). The presence of floating plastic 
debris in the oceans has increased tremendously in recent 
decades and continues to grow (PlasticsEurope 2013). Due 
to this increment of potential vectors, we very well might be 
on the brink of a new era for marine invasions.

The exact sources of anthropogenic debris are often 
unknown, since trajectories of floating objects are hard to 
track, being influenced by seasonal variations in wind and 
current conditions (Kiessling et  al. 2015). The United 
Nations Joint Group of Experts on the Scientific Aspects of 
Marine Pollution (GESAMP) have estimated that land-based 
sources account for up to 80% of the world’s marine litter, 
60–95% of the waste being plastic debris (Sheavly 2005). 
However, shipping activities have also been a major source 
of marine litter (Scott 1972). Despite agreements to forbid 
ship waste dumping (London Dumping Convention, promul-
gated in 1972; Lentz 1987), compliance and enforcement 
still pose significant challenges (Carpenter and Macgill 
2005). In fact, in some regions up to 95% of all litter items 
are shipping-related (Van Franeker et al. 2011), and debris 
composition in the Baltic Sea and North Pacific Ocean leaves 
little doubt that ocean-based sources are major contributors 
to marine debris (Moore and Allen 2000; Fleet et al. 2009; 
Keller et al. 2010; Watters et al. 2010; Schlining et al. 2013).

The predominance of plastic as floating litter and as accu-
mulated debris on shorelines is not due to the amounts in 
which it is produced relative to other types of waste, but to its 
remarkable persistence and durability (Andrady 2015). The 
long life expectancy of a piece of plastic contrasts to the 
natural processes of consumption and decomposition that 
organic flotsam eventually undergoes (Vandendriessche 
et al. 2007). It is because of this persistence that today we are 
facing the possibility of human litter more than doubling 
rafting opportunities, particularly at high latitudes (Barnes 
2002), and potentially propagating fauna outside of their 
native ranges (Barnes et al. 2009; Gregory 2009) and up to 
the most remote polar marine environments (Barnes et  al. 
2010; Lusher et al. 2015). Because of its overall high num-
bers, plastic debris offers rafting opportunities that quantita-

tively surpass other floating substrata in the oceans. As 
Goldstein et al. (2012) suggest, many species may no longer 
be limited by the availability of suitable substrata to adhere 
to. On top of enhancing transport of rafting communities, the 
availability of plastic may favor the transport of certain spe-
cies over others. This is because rafting communities on lit-
ter and, e.g., macroalgae are described as similar, but less 
species rich in the former (Winston et  al. 1997; Gregory 
2009).

Over 1200 taxa have been associated with natural and 
anthropogenic flotsam (Thiel and Gutow 2005), and many 
organisms and potential invaders were first described on 
marine litter (Jara and Jaramillo 1979; Stevens et al. 1996; 
Winston et al. 1997; Cadée 2003). One most notable event 
was the record of a 188-ton piece of a former dock, dislodged 
during a tsunami in Japan in 2011, stranded in Oregon and 
accounting for the first record of over 100 species non-native 
to the west coast of the USA (Choong and Calder 2013). 
While samples taken from beach litter collections show a 
bias towards sessile organisms with hard calcified structures 
(Winston et al. 1997; Gregory 2009), debris collected afloat 
include a higher diversity of soft-bodied and/or motile spe-
cies (Astudillo et al. 2009; Goldstein et al. 2014). Overall, 
cnidarians, bryozoans, mollusks, and crustaceans seem to be 
the most abundant taxa registered. Today, we know plastic 
can host a variety of pathogens: the ciliate Halofolliculina 
sp., which targets coral skeletal structures (Goldstein et al. 
2014), potential human and animal pathogens of the genus 
Vibrio (Zettler et  al. 2013), and dinoflagellates known to 
cause harmful algal blooms (Masó et al. 2003).

What ensures colonization and survival during transport 
on a plastic raft? Kiessling et al. (2015) reviewed 82 publica-
tions with the aim of characterizing marine debris rafters, 
their biological traits, and identifying the specific conditions 
rafters face in order to survive their voyages. Their results 
suggest that a majority of species act as facultative rafters 
(77%), as fully sessile (59%), and as suspension feeders 
(72%). This can easily be compared to communities of algae 
rafts, which are more complex at the structural level, and 
more capable of hosting mobile species with different feed-
ing patterns (Thiel and Gutow 2005).

Colonization might influence certain characteristics of a 
plastic raft. Floating behavior might be altered, as the added 
weight of rafters may stabilize an otherwise highly buoyant 
and unbalanced object. This would increase colonization 
probability (Bravo et al. 2011) and the succession of the raft-
ing community, but heavy fouling on a plastic item may 
increase the raft’s weight and cause it to sink (Ye and 
Andrady 1991; Barnes et al. 2009). If this causes death and 
loss of rafters, it may result in decolonization and resurfacing 
of the item (Ye and Andrady 1991), extending the life of 
plastic as a vector. The size of a particular piece of debris can 
also play a part in influencing the species richness and 
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 density of organisms rafting on it. Studies have shown a pos-
itive correlation between higher taxonomic richness and a 
larger surface area of plastic debris (Carson et  al. 2013; 
Goldstein et al. 2014). However, this may be due to stochas-
tic effects, biased sampling efforts (smaller items sink faster 
when colonized by fewer organisms) or other characteristics 
of the raft such as stability (Goldstein et al. 2014).

Although it is not expected that marine litter opens up 
novel pathways that are not available for other rafting mate-
rials (Lewis et al. 2005), it is more durable, more pervasive, 
and travels slower in comparison with vessel hulls, factors 
that might favor the survival of rafters (Barnes 2002). 
Therefore, the presence of plastic debris in the ocean might 
be adding another dimension to rafting and dispersal 
opportunities.

Today, we are familiar with calls to consider plastic as 
hazardous materials (Rochman et al. 2013), investing in bet-
ter controls for waste management (European Commission 
2018), and seeing strong lobbying in certain sectors of social 
media. As Rech et al. (2016) state, our main research priori-
ties should center around estimating the impact of marine 
litter on NIS dispersal, and identifying sources and sinks by 
better understanding behavior of debris in ocean currents. 
Future research should consider unifying sampling methods 
to obtain comparable results and including base knowledge 
of local communities to better monitor arrivals of NIS while 
continuing our advance in taxonomic and genetic identifica-
tion methods to be able to better identify species that might 
be cryptic or yet unknown to us (Carlton and Fowler 2018).

Finally, recognizing that the plastic problem is theoreti-
cally an avoidable one, research should be accompanied by 
management that aims in the direction of education and pub-
lic awareness, the surveillance and protection of sink zones, 
and the reduction of production through taxation and 
banning.

10.2.6  Climate Change

Hellmann et al. (2008) identified possible ways in which cli-
mate change may affect NIS either directly or by influencing 
their competitors or dispersal: Firstly, climate change alters 
traits of habitats such as temperatures and CO2 concentra-
tions, which may reduce environmental constraints for 
marine invaders and diminish native species’ competitive-
ness. Ultimately, this would increase the establishment rate 
of NIS in a new habitat. Secondly, climate change alters 
human-induced propagule pressure by affecting maritime 
tourism, cargo, and recreational activities. Finally, Hellmann 
et al. (2008) argued that climate change may lead to range- 
shifts of species, a trend that has been documented multiple 
times in the scientific literature, and which does not only 
affect NIS, but also native species (Sorte et al. 2010b; Carlton 

2011; Wernberg et  al. 2011; Canning-Clode and Carlton 
2017; Martínez et al. 2018).

Although marine range-shifts occurs at a slower rate than 
marine introductions through anthropogenic vectors, the 
impacts on ecological communities in both scenarios can be 
very similar (Sorte et al. 2010a) and thus range-shifts due to 
human-induced climate change may be considered a type of 
anthropogenic introduction.

Climate change predictions include not only a change in 
the overall temperature but also the increasing climate vari-
ability (Rhein et al. 2013). Aperiodic cold snaps have been 
observed to reduce the number of invasive species (Canning- 
Clode et al. 2011). In this particular example, a cold snap in 
January 2010  in Florida, USA caused high mortalities of 
many marine organisms, among them the invasive porcelain 
crab Petrolisthes armatus (Firth et  al. 2011; Kemp et  al. 
2011). Testing the survivability of P. armatus in cold water 
treatments, Canning-Clode et al. (2011) found that abnormal 
cold temperatures decrease the population of the invasive 
crab. Cold snaps limiting NIS might be relevant worldwide, 
but do not balance out climate change-induced range-shifts 
of NIS (Canning-Clode and Carlton 2017). In fact, individ-
ual examples show that NIS may expand to a broader distri-
bution range after its population got reduced by a cold snap 
(Crickenberger and Moran 2013). Canning-Clode and 
Carlton (2017) assumed that NIS surges will eventually out-
number NIS setbacks along with predicted warming climate. 
This is underlined by several studies showing the beneficial 
impact of warmer water on NIS (Stachowicz et  al. 2002; 
Sorte et al. 2010b; Kersting et al. 2015).

Stachowicz et al. (2002) found several benefits for non- 
native fouling species in warmer water temperatures. 
During a 10-year monitoring  campaign, starting in 1991, 
they found a positive correlation between mean tempera-
ture and total recruitment of NIS, whereas the opposite 
trend was observed for native species. Additionally, non-
native fouling species started their recruitment earlier in 
warmer waters, a remarkable advantage over native spe-
cies. Stachowicz et al. (2002) also tested the growth of two 
non-native and one native ascidian species under different 
water temperatures resulting in faster growth of the former 
in warm water conditions. Sorte et al. (2010b) conducted 
mortality experiments with four native and seven non-
native sessile species (bryozoans, colonial and solitary 
tunicates, and hydroids) in increased temperature treat-
ments. They observed that the temperature at which only 
50% of the species were alive is 3 °C higher for NIS than 
for native species, suggesting that NIS are more resistant to 
abnormally high temperatures.

Overall, there seems to be a trend of species shifting their 
ranges polewards along the continental coasts with proceed-
ing climate change (Müller et al. 2009; Sorte et al. 2010a; 
Wernberg et al. 2011; Morley et al. 2018).
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10.3  Forecasting

Of all transferred species, only a small number become truly 
invasive (see the “tens rule”; Williamson and Fitter 1996). 
Identifying the potential of an introduced species for disper-
sal and establishment can be useful in risk assessment. In this 
cause, Ecological Niche Modelling (ENM) and Species 
Distribution Models (SDM) can be of great help when pre-
dictions of species’ potential distributions are needed. 
Conservation biology can, besides other applications (Guisan 
and Thuiller 2005; Gavin et al. 2014), profit from SDMs for 
risk assessment of invasions (Peterson 2003; Thuiller et al. 
2005; Seebens et al. 2016). An ecological niche represents an 
n-dimensional (e.g., food-availability and temperature gradi-
ent) space in which a species can thrive (Hutchinson 1957). 
For distribution modelling, a model is usually calibrated on a 
species’ niche and then projected onto the geographic space 
of interest. Here, the calibration process is conducted on 
available information of a species’ known distribution and/or 
biological traits and the projection area is compared with the 
needs of a species. Like that, the suitability of an area can be 
evaluated and visualized. Calibration and projection can be 
done on historical and present-day data and allow predic-
tions for simulated environmental conditions as, e.g., for 
future or past climate scenarios. The importance of invasion- 
risk assessments is underlined by Leung et al. (2002) who 
developed a bio-economic model as a framework to assess 
costs and benefits of invasions and their prevention efforts. 
Leung et al. (2002) demonstrated that investment in preven-
tion over damage repair is to be preferred for society. For risk 
assessments, the recognition of suitable habitat of a species 
is of central interest. Hence, ENM is an important tool for 
policy makers to evaluate and to react to possible invasions 
before they can get economically or ecologically out of hand. 
Although ENM/SDM-related publications have become 
more and more abundant and yield valuable information for 
a diverse array of interests, there is a huge gap in the number 
of available publications between the terrestrial and the 
aquatic realm and between organizational organism levels. 
While a lot of studies are accessible for especially terrestrial 
higher plants, mammals, and birds, aquatic (small) taxa are 
still underrepresented (Soininen and Luoto 2014). Hence, 
methodological aspects in the following section are partly 
explained based on terrestrial studies. To understand the 
underlying concept of ecological niche modelling, Soberon 
and Peterson (2005) elaborated the work of Pulliam (2000) 
and presented the BAM-diagram. The BAM diagram con-
sists of a set of suitable biotic, abiotic and accessible (move-
ment) spaces. Thus, A represents the fundamental niche and 
the intersection of B and A represents the realized niche of a 
species. The fundamental niche is the space which can theo-
retically be inhabited by a species. Contrary, the realized 

niche represents the fundamental niche which is actually 
inhabited but truncated due to abiotic or biotic factors. M can 
contain naturally accessible regions as well as regions which 
are reachable through anthropogenic influence. Restrictions 
of M can be inherent (dispersal capacity of a species) or 
external and either of natural (e.g., land bridges) or artificial 
character (e.g., dams; Watters 1996, Ovidio and Philippart 
2002). In the context of this paper, M (with respect to disper-
sal vectors) and A (with respect to changing climate) play 
major roles. Implementation of B (as biotic interactions) into 
models is still an area of investigation and rather case- 
specific than following established concepts.

10.3.1  Limitations of Models 
Through Knowledge Gaps

Distribution modelling is the projection of an identified niche 
from one geographic range to another under the presumption 
that species occupy the same conditions in  both regions 
(Peterson and Vieglais 2001). Therefore, environmental data 
(predictor variables) in a species’ distributional range is cor-
related with occurrence data (response variable). Nowadays, 
more and more databases are becoming available to provide 
researchers with valuable data for predictors (e.g., bio- oracle, 
worldclim, MerraClim) as well as distributional data (e.g., 
gbif, iobis) in  addition to available primary sources (e.g., 
herbaria, museum collections, scientific reports, field guides, 
citizen science projects). Although correlative models have 
great predictive power, they can only identify the realized 
niche based on available distributional and environmental 
data. However, species are not necessarily in equilibrium 
with their environment and not all suitable environmental 
combinations might be represented in the distributional 
training range (Jackson and Overpeck 2000). Hence, these 
models may underestimate the fundamental niche of a spe-
cies, leading to narrowed projections of suitable habitat 
(Kearney and Porter 2009; Martínez et al. 2015). Additionally, 
even in native distributional ranges parts of populations are 
in fact sink populations (Soberon and Peterson 2005) and 
might, therefore, reflect unsuitable environmental conditions 
for reproduction but suitable for survival. There are many 
other possible cases, in which the observed distribution of a 
species does not cover all suitable environmental conditions 
(e.g., sampling bias, seasonality, anthropogenic influences, 
and recent introduction). In any case, models based on 
unfilled niches could lead to erroneous assumptions on suit-
ability of habitat for a given species (Peterson 2005). 
Likewise, projections into niche space beyond the identified 
realized niche can only be speculative. Therefore, models 
based on physiological knowledge are an important addition 
to classic correlative models (Kearney and Porter 2009). 
These mechanistic  models make use of physiological 
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 knowledge (e.g., survival thresholds or performance over 
environmental gradients) to identify abiotically suitable 
spaces (Kearney and Porter 2009; Buckley et  al. 2010; 
Diamond et al. 2012; Martínez et al. 2015). Identification of 
physiological limits is more laborious than correlative mod-
elling, but these models are not subject to incomplete distri-
bution data. In 2017, the GlobTherm database has been 
launched (Bennett et al. 2018), which includes experimen-
tally determined thermal tolerances for more than 2000 
aquatic and terrestrial species, providing a promising tool for 
future more holistic modelling approaches. While correlative 
models might assume too narrow niches, mechanistic mod-
els might, in ignorance of biological influences, assume too 
wide niches. The resulting discrepancies might bear the 
potential to investigate factors influencing the prevalence of 
a species and be useful in invasion risk assessment.

10.3.2  Invasions and Niche Shifts

It is a central assumption of SDM that species do occupy 
the same niche in their novel range as in their native range 
and across time periods. However, this has been subject of 
debates and evaluation studies in the past under the term 
“niche shift.” This term implies changes in the realized 
niche of a species with respect to the centroid of the niche, 
the margins, and/or frequency of occupied environmental 
conditions (Guisan et al. 2014). Although studies have been 
published, which suggest niche shifts in invaded territories 
(e.g., Maron et  al. 2004; Fitzpatrick et  al. 2006; 
Broennimann et al. 2007), ecological niches have also been 
shown to be a rather conservative feature of species’ and 
can be transferred to other than the native regions (Prinzing 
et al. 2001; Broennimann et al. 2007; Tingley et al. 2009; 
Petitpierre et al. 2012). Petitpierre et al. (2012) investigated 
50 holarctic terrestrial plant species from herbs to trees and 
found niche expansion of more than 10% in the invaded 
range for only 14% of the studied species. Furthermore, 
they stated that genetic admixing (repeated introductions or 
hybridization) or reduced competition in the novel range do 
not automatically lead to substantial niche expansions. 
Ecological niches are even conserved over evolutionary 
time scales (i.e., several million years), as has been shown 
by Peterson et al. (1999). The authors built ecological niche 
models for 37 sister taxa of birds, mammals, and butter-
flies, and were able to reciprocally predict the geographical 
distribution of the respective sister taxon with high accu-
racy. Larger niche dissimilarity was found only on the 
higher taxonomic family level. Naturally, due to shared 
ancestry, niches of sister taxa tend to be highly similar. This 
was demonstrated by comparison to more distant taxa and 
to what can be expected from their environmental back-
ground alone (Warren et al. 2008). However, comparison of 

ecological niches of sister taxa and respective outlier 
groups does not necessarily indicate close phylogenetic 
relationship (Warren et al. 2008). Hence, not only phyloge-
netic relationship but also the environmental framework 
defines the species’ niches. This is in line with Ackerly 
(2003): Species’ niches are maintained throughout space 
and time and adaptation in specific traits seems to have a 
more stabilizing function in maintaining this niche. 
Adaptive evolution still may occur under the following sce-
narios: When a species colonizes islands in environmental 
space (not necessarily equivalent with geographical space), 
in trailing edge populations during migrations, or adapta-
tion within the occupied niche space (due to environmental 
changes) (Ackerly 2003). To identify true niche shifts, 
Guisan et al. (2014) propose to build ENMs with gradually 
trimmed environmental data from the native and novel 
range and to investigate the effects of rare climatic condi-
tions on resulting niche overlap metrics.

Large niche shifts can erroneously be assumed when spe-
cies niches are derived from unfilled niches. For example, if 
a species occupies environmental conditions in a new geo-
graphic region (e.g., an invaded site) which are not found in 
its native range. In fact, populations rather persist at the 
edges than in the center of their historical distributional 
range (Lomolino and Channell 1995), and building a niche 
model on occurrence data from a certain time span can only 
yield a snapshot of the actual niche and might result in biased 
projections (Faurby and Araújo 2018). Including historical 
distributional and environmental data may be important to 
prevent modelling of biased niches. Also the findings of 
Peterson et al. (1999) might allow to considerably enhance 
the available information on tolerated environmental condi-
tions by carefully including the realized niches of sister taxa. 
Distributional ranges and concomitant realized niches are 
massively narrowed through anthropogenic influences (e.g., 
extinctions or displacement; Lomolino and Channell 1995) 
but, in contrast, can become enormously enhanced through 
dispersal events (anthropogenically through increasing 
global trade and aquaculture, Ruiz et al. 1997, or naturally 
through drift, Waters 2008). An example of how unfilled 
niches may pose problems for accurate ecological niche 
modelling is given by Peterson (2005): He explained how 
non-equilibrium distributional data may lead to biased niche 
assumptions and hence underestimate a species’ niche as in 
the case in Ganeshaiah et al. (2003). Ganeshaiah et al. (2003) 
modelled the ecological niche of the terrestrial sugarcane 
woolly aphid (Ceratovacuna lanigera) to predict its invasion 
potential across India. However, they used distributional 
records which were collected during the process of migra-
tion, and therefore could not cover the whole range of suit-
able environmental conditions. Thus, the suitable range was 
underestimated and Peterson (2005) suggested using native 
distributional data to train an ENM in order to capture the 
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whole ecological niche for more realistic information on 
potential habitat.

While biotic interactions play a central role in ecology, 
they are only recently being integrated into niche modelling. 
Their former omission could be due to either the difficulties 
of implementing highly complex and dynamic biotic interac-
tions, population and dispersal dynamics or because of the 
general assumption that rather abiotic (climatic) factors are 
the main drivers of species distributions (Woodward and 
Williams 1987). Models based on climatic variables alone 
have good predictive power, but biotic interactions can be of 
major importance (Araújo and Luoto 2007; Soininen et al. 
2013). However, including biotic interactions does not nec-
essarily lead to an increase in predictive power (Raath et al. 
2018), but, in contrast, might even lead to a decrease (Silva 
et al. 2014). Nevertheless, they can be of great importance 
when it comes to predicting invasion success, as has been 
shown by Silva et al. (2014) for the crown-of-thorns sea star.

10.3.3  Assessing Invasions

Predicted high suitability of a certain range does not imply a 
risk of invasion. Species distribution models give informa-
tion on how well a certain area matches the requirements of 
a certain species. Intact environments and species communi-
ties as well as geographic obstacles may prevent the invasion 
of a species. In fact, successful invasions often follow several 
failed introductions (Sax and Brown 2000) and although a 
potentially suitable habitat might be available, intrinsic and 
extrinsic factors are able to prevent a successful invasion. 
Firn et al. (2011) did not find evidence for a general pattern 
of higher abundance in non-native ranges of introduced spe-
cies (“invasion paradox,” Sax and Brown 2000). Only a 
small fraction of the 26 investigated species did show a 
higher abundance in the new range. The other species were 
as abundant as in their native ranges or less abundant.

Simple ecological niche models can give good estima-
tions of the extent of range shifts under projected climate 
conditions. However, at finer scales, models can be improved 
by including high-detail data for dispersal capacity and land- 
use data when it comes to accurate local predictions 
(Fordham et  al. 2018). Even if data on dispersal capacity 
cannot be included in a model, general predictions of inva-
sion risk are possible. Thuiller et al. (2005) showed that inva-
sion prediction based on climatic variables in combination 
with economic data such as tourism and trade intensity is a 
usable and important tool in identifying invasion risk 
between regions at a global scale. Tourism and trade were 
used as proxies for propagule pressure from source regions 
(namely, South Africa) to target regions. For risk assessment 
of marine bioinvasions via ports and main shipping routes, 
an intermediate distance between origin and recipient port of 

8000 to 10,000  km seems to be significant for high-risk 
assignment (Seebens et  al. 2013). Generally, main traffic 
highways across the oceans exist, of which some have higher 
invasion probabilities than others (e.g., between Asia & 
Europe and Asia & North-America). Seebens et al. (2016) 
successfully developed a model to predict migrations of 
marine algae-based only on occupied environmental condi-
tions and marine traffic data. Furthermore, they used histori-
cal invasion data to identify the invasion risk for ecoregions 
around the world and were able to identify the respective 
invasion probability.

Predictive models are not equally good among taxa. 
Soininen et al. (2013) found that predictive power of species 
distribution models decreases with decreasing body size of 
the organism under investigation to exceptionally low values 
when compared to taxonomic groups of larger body size. 
This might be due to the fact that especially small planktonic 
taxa might be drifted to unsuitable habitats and therefore 
exhibit source and sink populations alike within their distri-
butional range. Soininen and Luoto (2014) further investi-
gated how species-specific traits can influence the predictive 
power of distribution models. They investigated 4911 AUC 
values (“Area under curve,” an indicator of predictive power 
of a model) of 50 publications on taxonomically widespread 
organisms. One conclusion was that predictability increases 
with body size, which might be due to the fact that smaller 
organisms are more prone to colonization-extinction dynam-
ics, fine-scale environmental fluctuations, and have less 
niche plasticity than larger taxa. Interestingly, they did not 
find a trend in predictability over dispersal mode (i.e., pas-
sive, non-flying active, and flying) and thereby underlined 
the findings of Kharouba et al. (2013). Furthermore, niches 
of organisms from lower trophic levels might be more reli-
ably predicted by abiotic predictors alone than from higher 
trophic levels (Soininen and Luoto 2014). However, this 
notion could not be verified in an earlier comparative study 
by Huntley et al. (2004) on 306 higher plant, insect, and bird 
taxa.

10.4  Conclusions

Under increasing globalization and blue growth (i.e., marine 
cargo shipping, mariculture, oil and gas drilling, and deep- 
sea mining), human-mediated vectors will continuously 
homogenize marine species assemblages across bio- 
geographical regions. Although ballast water is the only vec-
tor with a worldwide binding regulation, guidelines to face 
the threat of invasions are constantly improved and official 
frameworks are beginning to be implemented on a broader 
scale. For example, the European Union is now considering 
plastic pollution as a threat and carrying out mitigation strat-
egies such as banning certain one-use products. An efficient 
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starting point for the prevention of bionvasions could be to 
control the number of organisms attached to vessel hulls and 
in ballast water tanks prior the vessel’s arrival in hub-ports.

Species Distribution Models (SDMs) have the potential to 
become powerful and valuable tools in identifying high-risk 
areas and species and developing mitigation strategies. To 
achieve this, we conclude that two things are necessary: 
quantifying vectors (e.g., wetted surface area (WSA) of 
ships), and gathering non-indigenous species records and 
making these publicly available. Moreover, quantifying 
human-mediated vectors may also facilitate the opportunity 
of performing holistic cross-vector comparisons. One exam-
ple would be to compute WSA values and complexity 
degrees, not only for ships but also for floating plastic and oil 
platforms, which would enable realistic comparisons 
between these three vectors. At the onset of increased eco-
nomic exploration in polar regions, it is imperative to push 
the understanding of bioinvasions and lower the risk of 
potential ecosystem shifts due to unintended species 
introductions.

 Appendix

This article is related to the YOUMARES 9 conference ses-
sion no. 13: “Higher temperatures and higher speed – Marine 
Bioinvasions in a changing world.” The original Call for 
Abstracts and the abstracts of the presentations within this 
session can be found in the Appendix “Conference Sessions 
and Abstracts”, Chapter “9 Higher temperatures and higher 
speed – Marine Bioinvasions in a changing world”, of this 
book.
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