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Abstract Invasive species, range-expanding species,

genetically modified organisms (GMOs), synthetic organ-

isms, and emerging pathogens increasingly affect the human

environment. We propose a framework that allows compar-

ison of consecutive stages that such novel organisms go

through. The framework provides a common terminology for

novel organisms, facilitating knowledge exchange among

researchers, managers, and policy makers that work on, or

have to make effective decisions about, novel organisms. The

framework also indicates that knowledge about the causes

and consequences of stage transitions for the better studied

novel organisms, such as invasive species, can be transferred

to more poorly studied ones, such as GMOs and emerging

pathogens. Finally, the framework advances understanding of

how climate change can affect the establishment, spread, and

impacts of novel organisms, and how biodiversity affects, and

is affected by, novel organisms.

Keywords Biological invasions � Ecological novelty �
Emerging diseases � Genetically modified organisms �
Range-expanding species � Synthetic organisms

INTRODUCTION

Recent efforts have attempted to integrate research on

‘‘ecological novelty’’ (Kueffer et al. 2011), ‘‘novel ecosys-

tems’’ (Hobbs et al. 2009), and ‘‘novel organisms’’, where

the latter are organisms that are either novel anywhere

[genetically modified organisms (GMOs), synthetic organ-

isms, some emerging pathogens] or novel in a given envi-

ronment (invasive non-native species, range-expanding

species). Novel organisms are an important part of global

change and increasingly affect the human environment. In

Europe, for instance, there are over 10,000 non-native

species, many of which are known to have an ecological or

economic impact, e.g., the Chinese mitten crab (Eriocheir

sinensis), insects such as the thrips Frankliniella occiden-

talis and Heliothrips haemorrhoidalis, or the Japanese

knotweed (Fallopia japonica) (Vilà et al. 2010). Kettunen

et al. (2008) estimated that total costs caused by invasive

species in Europe probably exceed €20 billion per year.

Novel organisms have largely been studied in isolation,

e.g., invasion biologists have focused on invasive species,

and disease ecologists have focused on emerging patho-

gens. Integrating research on novel organisms promises to

reveal previously overlooked similarities between such

organisms, and it facilitates exchanges of knowledge,

ideas, and research methods among researchers, managers,

and policy makers working on different novel organisms.

We aim to advance this integration by providing a frame-

work that illustrates similarities among novel organisms

(Fig. 1). We suggest that an integrated understanding of

novel organisms will allow for improved monitoring,

evaluation, and management of novel organisms.

The framework is based on the rich theory and conceptual

foundation that has been developed for invasive species in the

last decades (e.g., Lockwood et al. 2007). The literature about

other types of novel organisms is not as well developed

conceptually, and we argue that some concepts developed for

invasive species are also suitable for other novel organisms.

A particularly useful idea in the invasion literature has been

the ‘‘invasion process’’ which distinguishes the consecutive

stages that invasive species go through (Jeschke and Strayer

2005; Hellmann et al. 2008; Walther et al. 2009; Blackburn

et al. 2011; and references therein). Although it is somewhat

arbitrary into how many stages the invasion process should be

divided, a typical sequence of stages is: (1) transport (inten-

tionally or accidentally) of the species from its native to a non-

native range ? (2) release or escape of the species from
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captivity in the non-native range ? (3) establishment of one

or more self-sustaining populations ? (4) spread. The con-

cept of the invasion process has proven fruitful not only for

researchers but also managers and policy makers, as it has, for

instance, helped develop cost-effective barriers and man-

agement actions at different stages of the invasion process

(Clout and Williams 2009). As we will show here, similar

processes also apply to other types of novel organisms,

including emerging pathogens which are not typically

considered in the new field of the ecology of novel organisms

(Kueffer et al. 2011).

SIMILARITIES AMONG NOVEL ORGANISMS

All novel organisms go through similar stages. Compared to

the stages that invasive species go through (described above

and illustrated in Fig. 1), range-expanding species naturally

Fig. 1 Proposed framework for comparing novel organisms. Invasive species, range-expanding species, GMOs, synthetic organisms, and

emerging pathogens go through consecutive stages drawn as framed boxes. For example, transport, release, establishment, and spread for

invasive species. The process can be stopped at each transition between two stages (drawn as thick white arrows), for example, a pathogen that

has jumped to and replicated within a novel host (stage 2) may not establish itself in the novel host (e.g., Lyme disease with humans as novel host

species). Those species that are released or established, and especially those that have spread can have severe environmental and economic

impacts (yellow arrows), for example, by influencing biodiversity. To improve clarity, range-expanding species are not depicted explicitly. They

are similar to invasive species, except they are not transported to a non-native range and released there, but instead are naturally dispersing to a

non-native range where climate change may facilitate their establishment and spread. Blue (for GMOs) and red (for pathogens) arrows starting

from different stages and pointing to the transport stage of invasive species illustrate that both GMOs and pathogens can become invasive, too:

they can be transported beyond the region where they were first produced (GMOs) or where they first jumped to and replicated within a novel

host (emerging pathogens). The probability that they will be transported beyond this region increases with their abundance, so it is higher for

later stages of their processes (establishment and spread). Arrows pointing at the jump-to-novel-host stage of emerging pathogens illustrate that

GMOs can serve as novel hosts (blue arrows) and that emergent pathogens can be a source for further novel pathogens (red arrows), again with

higher probabilities in later stages of the processes. Invasive species can serve as novel hosts as well (not illustrated to improve the figure’s

clarity). The grey-shaded boxes illustrate that altered climate and biodiversity affect probabilities of species to establish, spread, and have

impacts. The effect of climate change is therefore both direct (because the new climate can, for example, better match a species’ fundamental

ecological niche) and indirect (e.g., by reducing biodiversity). Biodiversity itself is also changed by impacts of novel organisms
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disperse into a new range rather than being actively trans-

ported and released by humans. Hence, the first stage for

range-expanding species is natural dispersal (replacing the

stages ‘‘transport’’ and ‘‘release’’), whereas the later stages

are the same as for invasive species: establishment and

spread. Range-expanding species are expanding or shifting

their range, e.g., as a result of climate change, which enables

them to establish and spread in environments that were

previously unsuitable for them. Some authors have sug-

gested that the definition of ‘‘invasive species’’ be extended

to include range-expanding species, stressing the similarities

between these two types of novel organisms (Hellmann et al.

2008; Walther et al. 2009; Engel et al. 2011).

The consecutive stages that GMOs and synthetic

organisms go through are similar as well: they undergo

production, release, establishment, and spread (Fig. 1;

Sharples 1982; Regal 1986, 1993; Williamson 1993; Ko-

warik 2010). A GMO is defined as an organism in which

the genetic material has been altered in a way that does not

occur naturally by mating and/or natural recombination

(EC 2001). Typically, this genetic alteration is due to the

introduction of one or more foreign genes, which are called

transgenes. Once released, populations of GMOs might

establish or spread themselves, or the transgene(s) might

establish or spread in non-GM populations via gene

transfer. Consideration of the potential release, establish-

ment, and spread of GMOs is highly relevant for their

environmental risk assessment [see e.g., the Cartagena

Protocol on Biosafety (Secretariat of the Convention on

Biological Diversity 2000) or EFSA 2010]. Several studies

have been published with evidence for the establishment of

transgenes in the wild (e.g., Reichman et al. 2006; War-

wick et al. 2008). Synthetic organisms are completely

synthesized by humans; their genomes are typically built

by assembling short DNA sequences (‘‘bio-bricks’’)

(Preston 2008; Deplazes and Huppenbauer 2009). No case

of a synthetic organism establishing in the wild is currently

known. Nevertheless, considering how different synthetic

organisms can be from other organisms, it seems important

to assess their potential environmental risks.

Pathogens can emerge via a variety of pathways. For

instance, rapid evolution of a microbe can result in a major

change in its pathogenicity, transmissibility, or ability to

invade a new host species. ‘‘Emergence events’’ can also be

caused by long-distance dispersal of a pathogen or its host

or vector. Others are caused by the movements of a

potential host, previously unexposed to a pathogen, into

areas where it is vulnerable to infection.

Emerging pathogens can be novel everywhere, similar

to GMOs and synthetic organisms, whereas invasive and

range-expanding species are novel only in their non-native

range. One example is the rapid evolution of antibiotic-

resistant bacteria, which are functionally distinct from their

wild-type ancestors. Although the first stages that emerging

pathogens go through do not exactly match those of other

types of novel organisms, the overall process is similar: (1)

jump to a novel host ? (2) replication within the novel

host ? (3) establishment within the host population ? (4)

spread (Fig. 1; see also Hudson et al. 2008; Hatcher et al.

2012). Most of the emerging pathogens of humans are, or

were, zoonotic, meaning that they are transmitted to

humans from non-human vertebrates (Taylor et al. 2001;

Woolhouse et al. 2005; Jones et al. 2008). Zoonotic

pathogens, therefore, must ‘‘jump’’ from the native, non-

human host to humans; this stage is analogous to anthro-

pogenic transport of a species to a novel habitat. Indeed,

some cases of emergence (e.g., that of West Nile virus in

North America) consist of both the human transport of the

pathogen (probably via the accidental importation of

mosquito vectors from the Middle East to New York City)

and species jumps from avian reservoir hosts, via mos-

quitoes, to humans (LaDeau et al. 2008). For emerging

pathogens of non-human animals, plants, and microbes, the

situation is the same—species jumps with or without long-

distance transport often cause the emergence event. Fol-

lowing the reservoir-to-human species jump, the pathogen

typically must replicate in the novel human host for it to

cause disease (Wolfe et al. 2007; Lloyd-Smith et al. 2009).

Genetic changes in the pathogen that facilitate replication

in the novel host can either precede or follow the species

jump. These genetic changes, often in response to a dif-

ferent suite of immune defenses in the novel host, can lead

to tight co-adaptation between the pathogen and novel host.

The same or additional genetic changes can modify a

pathogen so that it becomes transmissible directly between

individual humans. For example, HIV/AIDS is caused by

pathogens that circulated within non-human primate hosts,

jumped to humans, and eventually evolved to specialize on

humans. Establishment of the emerging disease can

accompany either sustained transmission from zoonotic

hosts to humans (with or without a vector), or human-to-

human transmission. Establishment can be followed by

spatial spread, again in parallel to other novel organisms.

ORGANISMS CAN BE NOVEL IN MULTIPLE

WAYS

An important insight from comparing types of novel

organisms is that some can be novel in multiple ways. In

particular, GMOs, synthetic organisms, and emerging

pathogens can become invasive, just as more ‘‘traditional’’

invasive species can (cf. Perkins et al. 2008). As mentioned

above, GMOs, synthetic organisms, and some emerging

pathogens have a higher level of novelty than invasive

species, as they are novel to any region, whereas invasive
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and range-expanding species are only novel to regions

beyond their native range. As a result, GMOs, synthetic

organisms, and emerging pathogens can go through two

processes: process 1 can lead to their establishment and

spread in their original environment (drawn as thick white

arrows in Fig. 1), and process 2 can lead to their transport,

release, establishment, and spread in other regions of the

world [as invasive organisms; drawn as blue (for GMOs,

synthetic organisms) and red (for pathogens) arrows in

Fig. 1].

Although we are unaware of a GMO completing all

stages of process 2, examples exist of GMOs completing

either the first stage or stages one and two. For instance,

GloFish, fluorescent GM fish, have been produced in the

U.S. and sold on the U.S. market since 2003. Even though

they have not been approved for the European market, they

have often been illegally transported to and sold in Europe,

where they can now be found in many people’s aquaria.

They have thus completed the first stage (transport) of

process 2. Seeds and pollen of GM crops can be passively

dispersed (e.g., by wind), causing their unintentional

transport over possibly large distances (Warwick et al.

2008). They have thus completed stages one and two

(transport and release) of process 2.

In the case of emerging pathogens, it is well known that

on airplanes, pathogens can be transported to almost any

place in the world within 1–2 days (similarly to other

microbes or insects). They are thus able to rapidly com-

plete stages one and two of process 2. The importance of

the large-scale spread of pathogens is reflected by the

inclusion of many pathogens in listings of particularly

harmful invaders (e.g., in the Global Invasive Species

Database’s ‘‘100 of the World’s Worst Invasive Alien

Species’’; www.issg.org/database; see also Hatcher et al.

2012). Invasive species, range-expanding species, GMOs,

and synthetic organisms can all also serve as novel hosts

for emerging pathogens (indicated in Fig. 1 for GMOs and

synthetic organisms by blue arrows pointing at the jump-

to-novel-host stage of emerging pathogens; not shown in

Fig. 1 for invasive species and range-expanding species in

order to improve the figure’s clarity). Thus, different types

of novel organisms are highly interconnected.

KNOWLEDGE EXCHANGE ABOUT NOVEL

ORGANISMS

This section develops promising examples for knowledge

exchange about novel organisms among researchers,

managers, and policy makers. The examples are organized

around two broad questions: Which organisms and with

which traits tend to become successful novel organisms?

And, Which ecosystems are especially susceptible to novel

organisms?

Which Organisms and with Which Traits Tend

to Become Successful Novel Organisms?

In invasion ecology, recent research has shown that the

traits determining transition probabilities in the invasion

process are stage-dependent. In particular, traits that

facilitate transport and release often do not facilitate

establishment and spread (Cassey et al. 2004; Jeschke and

Strayer 2006; Blackburn and Jeschke 2009). Typically with

invasive species, the transport and release stages are

directly influenced by humans, whereas the establishment

and spread stages depend more on environmental condi-

tions (which may, however, be influenced by humans, e.g.,

due to human-driven climate change, Fig. 1 and below).

The same is true for GMOs and synthetic organisms, where

humans produce and release (intentionally or accidentally)

organisms, but establishment and spread of organisms is to

a greater degree influenced by environmental conditions. In

the case of emerging pathogens, we might expect, a priori,

similar patterns. For example, the first two stages of

emergence (jump to and replication within a novel host) are

either directly influenced by humans (e.g., human activities

putting pathogens in closer contact with novel hosts) or

chance events, whereas establishment and spread might be

largely influenced by environmental conditions. In other

words, the factors that promote initial species jumps might

not also promote establishment or subsequent spread.

Due to these differences in human influence among the

stages, it is not surprising that the traits correlated with high

transition probabilities between stages vary depending on the

stage. For example, for invasive vertebrates in Europe and

North America, species being hunted by humans have a

significantly higher probability of being transported and

released into a non-native range than species that are not

hunted by humans (Jeschke and Strayer 2006). However,

their probability of becoming established and spreading

tends to be lower than for other species. Overall, hunted

vertebrates (e.g., muskrat, Ondatra zibethicus, Canada

goose, Branta canadensis, or brook trout, Salvelinus fonti-

nalis) are more often invasive than non-hunted vertebrates,

but this is only due to their higher probability of being

transported and released (stages 1 and 2), and cannot be

explained by differences in establishment and spread (stages

3 and 4; Jeschke and Strayer 2006). Similar observations

were made for other characteristics of species, for example,

vertebrates with a large native range are more often invasive

than vertebrates with a smaller native range, because the

former have a higher probability of being transported and

released than the latter (Cassey et al. 2004; Jeschke and
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Strayer 2006; Blackburn and Jeschke 2009; and references

therein). In the case of emerging pathogens, we are not aware

of similar studies. Based on the outlined stage-dependent

differences for invasive species, it would be promising to

investigate also which traits in pathogens make them more

likely to jump to and replicate within a novel host (Wool-

house et al. 2005), and to establish themselves and spread

following a species jump. Similarly for GMOs, it would be

fruitful to focus on each stage when investigating traits that

increase the likelihood of high impacts.

The probability that an organism will successfully

transition from one stage to the next—its transition prob-

ability—has received considerable attention in invasion

ecology. Most notably, the tens rule has proposed that

transition probabilities are around 10%, that is of 100

species released into a non-native range, about 10 species

will establish themselves, and 1 species will spread (Wil-

liamson 1993). These suggested transition probabilities

have also been used as rough estimates of how many

GMOs released into the wild will become established

(Regal 1993; Williamson 1993). However, subsequent

research about invasive species has suggested that animals,

particularly vertebrates, have generally higher transition

probabilities than plants (Jeschke and Strayer 2005; Jes-

chke et al. 2012) and that taxonomic differences in tran-

sition probabilities also exist within vertebrates, as

mammals appear to have higher transition probabilities

than birds (Jeschke 2008). Such differences should be

investigated for other novel organisms as well, as risk

assessment needs to be adjusted to taxonomic differences.

Especially for emerging pathogens, general differences

in transition probabilities between the different stages

might be expected. For example, one might expect patho-

gens with hosts that are ecological generalists or human

commensals to be most likely to jump to novel hosts,

including humans, due to higher contact rates with organ-

isms belonging to other species. One might expect patho-

gens with high rates of mutation or other genetic change,

such as viruses or bacteria under selection via antimicro-

bials, to be most likely to replicate and establish within

novel hosts following the species jump. And one might

expect pathogens infecting highly generalized and geo-

graphically widespread hosts or vectors to be most likely to

spread following establishment.

Which Ecosystems Are Especially Susceptible

to Novel Organisms?

Less diverse ecosystems may be more susceptible to

invaders, and likewise, pathogens may be transmitted more

readily in ecological communities with reduced diversity.

In invasion ecology, the biotic resistance hypothesis, also

known as diversity-invasibility hypothesis, posits that

diverse ecosystems and communities (e.g., measured as

species richness) are more resistant against invaders than

less diverse ecosystems and communities (Elton 1958;

Fridley et al. 2007; Jeschke and Genovesi 2011; Jeschke

et al. 2012). In disease ecology, a similar idea has been

formulated: more diverse communities often have lower

rates of pathogen transmission than less diverse commu-

nities (Ostfeld and Keesing 2000; Keesing et al. 2010);

genetically diverse populations have been shown in some

cases to be more resistant to pathogens than less diverse

populations (Lively 2010 and references therein); and

individuals with a diverse immune system (e.g., MHC

diversity) are more resistant to pathogens than other indi-

viduals (Sommer 2005). In invasion ecology, resistance has

not yet been investigated at these different ecological

scales. We suggest that future studies investigate the rela-

tionship between the genetic diversity of populations

within a community and genotypic (genomic) diversity of

individuals within populations on the one hand, and their

resistance to biotic invasions on the other. This could be

very informative, as studies varying in spatial scale have

found different levels of support for biotic resistance

against biological invasions (Fridley et al. 2007).

Aside from biodiversity, many other characteristics of

ecosystems could potentially influence their susceptibility

to novel organisms. When investigating such characteris-

tics, it is again important to separate different stages. An

illustrative example is the case of HIV. When the ailment

later termed ‘‘acquired immunodeficiency syndrome’’

(AIDS) was first described in the 1980s, it was assumed

that the locations and human populations where it was

initially reported, i.e., urban communities of mostly gay

males and intravenous drug users in large American and

European cities, somehow facilitated the emergence of this

new disease. Consequently, risk factors such as urban liv-

ing, homosexuality, sexual promiscuity, and drug use were

identified in early studies as leading to emergence (Fauci

2003). In fact, however, evidence now indicates that the

initial species jump of what was probably a simian

immunodeficiency virus from apes to humans occurred

decades earlier in central Africa, and probably not in

homosexual populations (Fauci 2003). Scientists had mis-

takenly treated what we now know was the post-estab-

lishment spread of a new pathogen as one of the initial

stages of emergence (species jump followed by replica-

tion). It is now evident that the factors eliciting the initial

emergence had nothing to do with urbanization or sexual

promiscuity. Only subsequent spread is facilitated by

unprotected sex between infected individuals and many

uninfected ones of either sex. This can occur in rural as

well as urban environments. Currently, incidence of HIV/

AIDS is vastly higher in sub-Saharan Africa and south Asia

than in European or North American cities (Illife 2006).
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A similar phenomenon has been suggested by P.

Genovesi (pers. comm.) for invasive species, namely that

patterns of apparent ecosystem susceptibility to invasive

species may change with time: shortly after the transport to

and release into a non-native environment, non-native

species will be found mainly where they were released.

Indeed, currently observed numbers of invasive species in

different regions are mainly driven by what has been

termed community-level propagule pressure, that is the

number of different species transported to and released in

non-native environments (Jeschke and Genovesi 2011 and

references therein). But similarly to HIV/AIDS and other

pathogens, it might be true for invasive species that cur-

rently observed patterns will change with time when

invasive species have dispersed to locations where they

find the best conditions for post-establishment spread.

CLIMATE CHANGE, BIODIVERSITY, AND NOVEL

ORGANISMS

Novel organisms are both drivers and consequences of

global environmental change and are highly connected

with current environmental problems. Climate change

affects the probabilities that novel organisms establish,

spread, and have high environmental impacts (Fig. 1).

Some invasive species benefit from climate change, e.g.,

the Asian tiger mosquito (Stegomyia albopicta syn. Aedes

albopictus) and the waterflea Daphnia lumholtzi (Hellmann

et al. 2008; Walther et al. 2009; Engel et al. 2011). Such

organisms are both invasive and range-expanding. It is

obvious that many other range-expanding species benefit

from climate change as well. Further examples for novel

organisms benefiting from climate change are emerging

pathogens, e.g., avian malaria (Lapointe et al. 2012). Cli-

mate change also directly affects biodiversity, for example

when environmental conditions change too quickly for

species to be able to adapt to them or migrate to areas with

more suitable conditions (if such areas still exist; e.g.,

Bellard et al. 2012).

As pointed out in the previous section (Which ecosys-

tems are especially susceptible to novel organisms?), bio-

diversity can affect novel organisms. The reverse is true as

well: novel organisms can affect biodiversity (Fig. 1). For

instance, invasive species are known to be able to reduce

species richness (e.g., rats, cats, and other predators have

eliminated endemic island species, especially birds; Cla-

vero and Garcı́a-Berthou 2005; Loehle and Eschenbach

2012). The same is true for emerging pathogens: a current

example is chytridiomycosis which is threatening

amphibians worldwide (Pounds et al. 2006). Compared to

biological invasions and emerging pathogens, effects of

GMOs and synthetic organisms on biodiversity have been

much less thoroughly investigated (Ricciardi et al. 2011).

Although such studies do exist (e.g., Chambers et al. 2010),

there are too few to allow for general conclusions. Also,

not many GMOs have been released into the wild thus far,

especially not animals. Such a lack of knowledge is critical,

as policy makers need guidance for making decisions

whether or not a given GMO should be approved for

market release. Here again, comparing GMOs with other

types of novel organisms can be helpful.

CONCLUSIONS

Besides promoting the fruitful exchange of ideas and

approaches among researchers working on different types

of novel organisms, the framework outlined in Fig. 1 also

eases communication among other natural and social sci-

entists as well as managers and policy makers when dis-

cussing novel organisms, for instance when possible

management actions are devised. Such discussions are often

complicated by different perspectives and terminologies,

and a common framework allows usage of a common lan-

guage. In this way, we hope that both researchers and

practitioners will benefit from the framework proposed

here. Furthermore, by explicating similarities among types

of novel organisms, our framework suggests ways to inte-

grate policy and management of novel organisms. For

example, given that invasive species, GMOs, synthetic

organisms, and emerging pathogens are all potentially

transported worldwide, the framework suggests that border

controls and similar measures against unrecorded transport

and release of novel organisms should be discussed and

implemented jointly for all types of novel organisms rather

than separately for each type. Europe has a system in place

that deals with applications for market approval of GMOs

(e.g., EC 2001; EFSA 2010), but it has no system that would

effectively avoid undeclared transport and release of GMOs

into Europe. We suggest the development of a system that is

effective against undeclared transport and release of GMOs

as well as other types of novel organisms. Similarly for the

later stages, establishment and spread (Fig. 1), our frame-

work suggests that a joint policy and management for all

types of novel organisms will be more cost-effective than if

they are done separately for each type. Thus to avoid neg-

ative impacts of novel organisms, integration of research

and policy for all types of novel organisms seems most

promising. The framework presented here may contribute to

such an integration and may generally serve as a useful tool

for effective biosafety and biosecurity.
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Blackburn, T.M., P. Pyšek, S. Bacher, J.T. Carlton, R.P. Duncan, V.
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