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Anthropogenic introduction of species is 
homogenizing the earth’s biota. Conse- 
quences of introductions are sometimes 
great, and are directly related to global 
climate change, biodiversity an4 release 
of genetically engineered organisms. 
Progress in invasion studies hinges 1 on 
the following research trends: realization 
that species’ ranges are naturally dynamic; 
recognition that colonist species and target 
communities cannot 6e studied independently, 
but that species-community interactions 
determine invasion success; increasingly 
quantitative tests of how species and habitat 
characteristics relate to invasi6ility and 
impact; recognition from paleobiologicab 
experimental and modeling studies that 
history, chance and determinism together 
shape community invasibility. 

-._ -.___- 

The earth’s biota is being homogen- 
ized rapidly as human activities 
increasingly introduce species out- 
side their natural range. Large-scale 
examples include construction of 
the Suez Canal that connected the 
Red and Mediterranean Seas, and 
the Welland Canal that connected 
the Atlantic Ocean with most of the 
North American Great Lakes. More 
piecemeal exchanges of biota occur 
constantly as species accompany 
humans into non-native habitats. 
For most countries, the number of 
documented introductions is within 
a range of 102--IO” species. Even 
The Netherlands, a very small 
country, has at least 300 exotics’. 
These numbers are probably only 
the tip of the iceberg; introductions 
of large numbers of species go 
undetected. Such species transport 
has serious consequences for both 
man and nature. Indeed, Crosby2 
concludes that the movement of 
diseases, weeds, and agricultural 
plants and animals with Europeans 
was vital to the success of Euro- 
pean imperialism. 

Interest in exotic species has re- 
surged recently because the charac- 
teristics and ecological impact of 
exotic species may provide clues to 
longstanding issues in the study of 
community assembly (e.g. import- 
ance of competition and predation, 
complexity and stability, import- 
ance of keystone species, and the 
influence of history on community 
structure). Furthermore, range expan- 
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sions are inextricably related to 
global environmental and economic 
issues of increasing importance - 
climate change, habitat fragmentation, 
declining biodiversity and the intro- 
duction of genetically engineered 
organisms. 

Two classic volumes, by Elton3 
and by Baker and Stebbins4, 
described many of the patterns 
and explanations about invading 
species that are still prominent in 
the current literature (see below). 
Since 1983, however, at least 13 
additional volumes on biological 
invasions have appeared’,5-‘6. Many 
of these have a regional (The 
Netherlands’, Australia’, South 
Africaa, North America and Hawaii’) 
or biome (tropics14, Mediterranean’5) 
focus, and were sponsored by the 
International Council of Scientific 
Unions’ Scientific Committee on 
Problems of the Environment 
(SCOPE). Compilations of intro- 
duced species and case studies, 
including the sometimes dramatic 
ecological impact of exotics, domi- 
nate several of these volumes. 
Many chapters in these volumes 
provide post hoc analyses of how 
well a case study fits the purported 
characteristics of invading species. 
Others generalize from a few case 
studies about the characteristics of 
invaders or invasible communities. 
Yet for most characteristics, data 
adequate for a rigorous analysis 
simply do not exist. These volumes 
supply many fascinating examples 
of exotics and their impact, and 
provide overwhelming evidence 
that biological invasions are a com- 
mon and important phenomenon. 

Progress is emerging on several 
research fronts. As a result of 
empirical studies encompassing a 
range of temporal scales - from 
paleobiological to contemporary - 
the naturally dynamic character 
of species ranges is increasingly 
appreciated. After much effort in 
the older literature to describe the 
characteristics that make a species 
a good invader or that make a 
community invasible, ecologists 
are making more rapid progress 
with a shift in focus to the critical 
interaction of invader and target 
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community. In addition, older, 
more qualitative assessments of 
the attributes of invaders and 
invaded communities are giving 
way to quantitative tests of puta- 
tive patterns. A variety of novel 
approaches to paleobiological analy- 
ses, microcosm experiments and 
modeling studies is suggesting that 
history, chance and determinism 
interact to shape ever-changing 
communities. However, the import- 
ant roles of history and chance in 
community assembly mean that the 
ability to predict the fate and impact 
of a specific introduced species is 
still elusive. 

Are exotic species ecological 
malignancies? 

Popular science writers, environ- 
mentalists and, sometimes, ecologists 
vilify exotic species as ecological 
abnormalities, even ‘malignancies’ 
in the environment”. This character- 
ization is understandable, given the 
rapid spread and impact of exotics 
like the zebra mussel (Dreissena 
polymorpha) in North AmericaI 
(Box I). Nevertheless, a long-term 
view suggests that on all spatial 
scales, species range changes occur 
constantly and are an important 
structuring force of natural com- 
munities’3,‘9,20. During the last 20 
million years, many episodes of mass 
interchanges of biotas occurred as 
a result of tectonic activity”. During 
the last IO 000 years, ranges every- 
where on the earth have changed 
as the Pleistocene ice ages ended. 
The mesic forests of Wisconsin, 
USA, for example, have had their 
current species composition for 
only about 2000 years*‘. On 
timescales of decades to years, 
many species ranges also fluctuate 
as a result of alterations in climate 
and biological interactions’j. Thus, 
biological invasions are common- 
place in nature, and should not, in 
general, be viewed as abnormal 
events. This perspective needs to 
be incorporated into the theory of 
ecological communities. 

On the other hand, humankind’s 
acceleration of biological introduc- 
tions and the extent to which it is 
producing global homogenization, 

133 



TREE vol. 8, no. 4, April 7993 

may accomplish something in a few 
decades that movements of the 
earth’s crustal plates could never 
accomplish. Thus, biological in- 
vasions do pose a threat to current 
ecological communities and global 
biodiversity. This perspective needs 
to be incorporated into policymaking 
for the regulation and management 
of species movements by humans. 

Statistical patterns and conceptual 
models of invasions 

What percentage of colonists 
(species introduced outside their 
native range) become invaders 
(establish themselves)? Statistics 
that merit confidence are rare: failed 
colonists are underrecorded; there 
is an overrepresentation of organisms 
that are easy to observe; for many 
taxonomic groups, no data exist; 
and in biological control studies, 
there is an overrepresentation of 
species likely to be successful. The 
lowest percentage of establishment 
reviewed by various authors20 is 
about 35%, but this is certainly a 
gross overestimate. Williamson22 
thinks the correct number is 
around 10%. This is roughly consist- 
ent with Vermeij’s’9 estimates for 
biotic exchanges during the Miocene 
to Pleistocene. For most taxa, the 
proportion of the potential donor 
biota that became established in 
the recipient community was 
<l-24%, but was as high as 46% for 
one taxon19. The concordance of 
paleobiological and contemporary 
estimates suggests that, averaging 
over many taxa, a small proportion 
of invaders establish themselves. 
But focusing on average success 
may hinder progress in under- 
standing what determines invasion 
success. Future research should, 
therefore, focus more systematically 
on the biological significance of 
different percentages for different 
taxa and different target communities. 

The two leading causes of failure 
to become established are inap- 
propriate climate and predation, 
but the impact of competition, dis- 
ease and other factors are probably 
underestimated because they are 
more difficult to measure2?. 

What percentage of established 
exotics have an impact on the 
native community? Clearly, in 
some strict sense, every estab- 
lished species has an impact on 
the native community24. However, 
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the percentage that have an impact 
large enough to be perceived by 
the typical ecological study is much 
smaller, with estimates from 
reviews”,20,24 ranging from 2 to 40%. 
Such estimates, like those for col- 
onization success, are fraught with 
uncertainty. These estimates might 
increase with more careful exam- 
ination of exotics or they may be 
inflated because studies showing 
no effects are not published. 

Predation and habitat changes 
are the most often cited mech- 
anisms of impact of exotics on 
native species”,24. The difficulty of 
documenting competition and 
other subtle interactions may lead 
to their underestimation, but pre- 
dation is apparently a particularly 
potent force as the primary cause 
of extinction of native species, e.g. 
island lizards25 and African Great 
Lakes cichlids26. Whereas many, if 
not most, colonists have little 
impact on invaded communities, 
three examples, in addition to the 
zebra mussel (Box l), illustrate how 
strong the direct and indirect 
impacts of invaders can be. 

On the island of Hawaii, the exotic 
nitrogen-fixing tree Myrica hya 
colonizes volcanic ash and open 
native forests, increasing inputs of 
nitrogen (N) by as much as four 
times in these N-limited systems27. 
One result is that exotic earth- 
worms are two to eight times more 
abundant under Myrim than under 
an abundant native tree2$. For 
some abundant native plants, how- 
ever, the negative effects of Myrjca 
litter accumulation and shading 
outweigh the positive impact of 
increased soil N29. Thus, this exotic 
alters nutrient cycling, changes the 
physical structure of open forests, 
and displaces native trees. 

In northern Wisconsin lakes, the 
exotic crayfish Orconectes rusticus 
drives native congeners locally extinct 
via mechanisms that include an 
interaction of competition for 
shelter and selective predation by 
fish30r3’. In addition, predation by 
the invader reduces the abundance 
of macrophytes and some invert- 
ebrates by as much as 100%30f32. 
These changes probably reduce 
populations of some fishes and 
change the flow of energy and 
nutrients in lakes?. 

The introduction of another 
aquatic decapod, the oppossum 

shrimp (Mysis relicta), into Flat- 
head Lake, Montana, changed the 
flow of energy between the lake 
and the terrestrial ecosystem. 
Through a complex set of trophic 
interactions, the introduction of the 
shrimp reduced salmon numbers, 
which decreased dramatically the 
numbers of eagle and grizzly bear 
that fed on salmon34. 

Thus, My&i-, Orconedes and Mysis 
are keystone species and affect 
population, community and ecosystem 
processes in the invaded community. 
These examples may be unusual 
only in that they are relatively well 
studied. 

Are there characteristics that are 
common to successful colonists, to 
invaders that have a large impact 
on the invaded community, and to 
communities that are invasible? 
From particular case studies, many 
authors have proposed general 
answers to these questions (Box 2). 
One of the most oft cited general- 
izations is that successful colonists 
have high r, but this is not sup- 
ported by correlative analysis3’. 
Predators, particularly vertebrate 
predators, seem to be overrep- 
resented among exotics that have a 
large community impact. This is 
especially true for islands, probably 
because island communities are 
depauperate in vertebrates, par- 
ticularly mamma1s27,36. The crayfish 
and shrimp examples above, how- 
ever, show that predators need not be 
vertebrates to have a large impact. 

It is increasingly recognized that 
the characteristics of the target 
community are as important to the 
fate and impact of an introduction 
as the characteristics of the intro- 
duced species. Many authors think 
that disturbance predisposes a 
community to invasion, but many 
counterexamples show disturbance 
is not a requisite37, and can even 
hinder invasion, e.g. exclusion of 
trees from fire-maintained prairie. 
Some authorsY8 have argued that 
disturbance enhances invasibility 
for plants more than for animals, 
but large extinction events during 
the last 20 million years have 
apparently enhanced invasibility 
for animals as well as for plants”. 
Thus, conflicting evidence on the 
role of disturbance typifies the 
evaluation of many generalizations 
(see Box 21, and emphasizes that 
such patterns are probabilistic. The 
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role of disturbance and other fac- 
tors probably also differs among 
taxa and community types. 

In paleobiological reconstruc- 
tions19, the strong asymmetries in 
the direction of invasion between 
newly joined communities are con- 
sistent with the large impact of 
exotics on islands: both patterns 
suggest that less speciose, less 
biologically ‘sophisticated”’ com- 
munities - those in which species 
are less adapted to multiple com- 
petitors and predators - are more 
prone both to invasion and to be 
changed by invasion. That is, the 
percentage of species from the 
more speciose community that 
becomes established in the less 
speciose community is greater than 
the percentage of species from the 
less speciose community that 
becomes established in the more 
speciose community. Thus, more- 
saturated communities are hypoth- 
esized to resist invasion and to be 
the source of successful colonists 
into other communities”. The 
degree to which this description 
of invaders - highly competitive, 
defended against predation - is 
inconsistent with the still widely 
held view that invaders are typi- 
cally pioneer species (see Box 2) 
calls for further study. Certainly, 
paleobiological evidence and recent 
studies on islands provide strong 
evidence that biological interac- 
tions are very important in deter- 
mining success of colonists. For 
most other purported character- 
istics of invaders and invaded com- 
munities, data are inadequate for 
rigorous testing. 

The difficulty of testing for pat- 
terns from real case histories has 
led to a potentially fruitful increase 
in the use of mathematical and 
experimental models of invasions. 
Cases” shows that for multispecies 
Lotka-Volterra communities, Elton’s 
argument that more-speciose com- 
munities are more resistant to in- 
vasion is correct. Case36 argues 
that the ways in which his Lotka- 
Volterra communities are unrealistic 
only make his conclusions con- 
servative. These results emphasize 
the importance of the character- 
istics of both the colonist species 
and the target community in deter- 
mining invasion success. 

Microcosm experiments in which 
the order and rate of invasions are 

manipulated, strongly support the 
importance of both invader and 
community characteristics, and the 
corollary that the history of a com- 
munity strongly influences its invas- 
ibility39,40. Whereas Drake4’ asserts 
that microcosm results support 
the importance of deterministic 
‘assembly rules’, what is most strik- 
ing about the mathematical and 
experimental results is that any 
‘rules’ operate in a context estab- 
lished in large part by chance. Two 
similar communities may, in fact, 
have gotten that way by different 
paths and may be on different tra- 
jectories4’. Therefore, as Drake40,” 
points out, inferring causation from 
contemporary patterns is rife with 
pitfalls. 

Can we predict the outcome of a 
species colonization? 

‘Ecologists can make some power- 
ful and wide-ranging predictions 
about invasions . . . On the other 
hand, ecologists cannot accurately 
predict the results of a single in- 
vasion or introduction event.‘42 This 

quotation from Ehrlich4z accurately 
synthesizes the state of ecologists’ 
study of invasions in particular and 
community structure in general. 
Some generalizations are supported 
by several types of evidence; for 
instance, all other things being 
equal, a given species is more likely 
to succeed in invading a species- 
poor community than a species- 
rich community. Yet, because all 
patterns are characterized by large 
variance and exceptions, we cannot 
with any confidence predict the 
outcome of any particular introduc- 
tion. For successful prediction, 
every potential invader and target 
community must be intensively 
studied, perhaps, Simberloff 24 sug- 
gests, with the equivalent of a PhD 
dissertation. Given the thousands 
of introductions occurring every 
year, clearly a serious mismatch 
exists between the need for study 
and the resources of ecologists. 

Conclusions: lessons for ecology 
Recent research has shown that 

range changes are an integral part 
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of natural communities that are 
accelerated by humans. Exotic 
species will therefore cause in- 
creasing economic disruption, and 
become a more important focus of 
ecological study and natural- 
resource management. For example, 
annual mitigation costs for biofouling 
of water intakes by zebra mussels 
are forecast to reach $2-4 billion 
for the American Great Lakes alone 
(see Box I). Global changes in 
climate will both cause more range 
changes, and respond to range 
changes of species that alter 
ecosystem processes like gas and 
water vapor fluxes. Because some 
exotic species cause extinction of 
native species, increasing introduc- 
tions will lead inevitably to further 
reductions in global biodiversity. 

Thus, progress in the ecological 
study of invasions is essential to 
understanding what determines the 
dynamics of ecological communities, 
and to predict ecological and 
economic impact of range changes. 

As ecologists are recognizing, the 
study of invasions can be profitably 
studied with correlative approaches, 
mathematical models and exper- 
imental microcosms. As reviewed 
above, the characteristics of the 
community and of a colonist are 
both critical to the success of 
invasion and the impact of a 
successful coIonisP. The complexity 
of the interaction between species 
and community - each of which 
alone is difficult enough to charac- 
terize - is a central reason why pre- 
dictions about specific introduc- 
tions are so difficult to make. 

Regarding community character- 
istics, paleobiological evidence 
suggests that many communities 
are not saturated - many invasions 
simply increase species richness”. 
On the other hand, much evidence 
suggests that some communities 
are saturated: biological interac- 
tions, especially predation by 
natives, are often the cause of 
failed colonization”; probability of 
success declines with the species 
richness of the target community? 
and mass extinctions enhance in- 
vasion success’9. The prevalence of 
exotics on islands results, in part, 
from the facts that predators (es- 
pecially vertebrate predators) are 
rare on islands, and that island 
communities are, in general, low in 
species richness. However, a para- 
dox about the role that predation 
by natives plays in resisting in- 
vasions should be addressed in 
future research: in contrast to pre- 
dation’s role in resisting invasion 
(see above), microcosm39 and 
fieIdd3 studies demonstrate that 
predation can enhance community 
invasibility by allowing the coexist- 
ence of competitors. 

Regarding colonist character- 
istics, there seem to be few, if any, 
general characteristics of successful 
colonists. Among successful animal 
colonists, predators are more likely 
to have a large impact on the 
native community24,25. Identification 
of potential keystone species from 
among colonists should be pur- 
sued. Such species might include: 
top predators; species that differ 

markedly from natives in resource 
use, e.g. zebra mussel and Myrica; 
species that would alter disturb- 
ance intensity, e.g. pigs that root 
forest floor, grasses that enhance 
fires; and species, especially 
plants, that would provide a novel 
habitat, e.g. trees invading a her- 
baceous community24,27. That the 
impact of such species blurs the 
boundaries of population, com- 
munity and ecosystem ecology is an 
important lesson for all ecologists. 

An emerging lesson for com- 
munity ecology is that the outcome of 
any introduction into a community 
depends not only on deterministic 
interactions of one species with the 
abiotic and biotic environment. 
The outcome depends also on the 
path by which the native com- 
munity arose. Thus, every ecologi- 
cal community is captive to the his- 
torical contingencies of the order 
and rate of invasions by which it 
was assembled. These details usu- 
ally are difficult, if not impossible, 
to learn. Therefore, predictions 
about the outcome of colonizations 
will always suffer uncertainty, and, 
at best, will emerge only from 
focused studies on particular 
potential invaders and target com- 
munities 
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Do Grasses Fight Back? The Case for 
Antiherbivore Defences In the past, discussion about grass-grazer 

interactions has tended to centre on 
whether they represent some sort of mutu- 
afism. However, intense grazing pressure 
is more likely to have selected for the pres- 
ence of various antiherbivore defences in 
grasses. Many grasses contain silica, 
which functions in some cases as a physical 
defence. Others contain various secondary 
compounds which have negative effects on 
both invertebrate and vertebrate herbi- 
vores. Much recent evidence suggests that 
plants with higher levels of these defences 
deter herbivores more effectively than 
plants without them. 
-__ -__ __. 

Grazing by vertebrate herbivores 
is an important process maintain- 
ing many grassland communities’,2. 
Grasses, with their basal meristems 
and tillering habits, are better able 
than most other plants to recover 
from herbivory. There has been a 
continuing and lively debate as to 
whether grasses and grazers have 
coevolved in a mutualistic sense 
and whether grazing benefited 
grasses and other plants2J. While 
there is little doubt that grazers 
greatly influence the outcome of 
competition between different plant 
species, there is little evidence that 
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the act of grazing per se increases 
the fitness of grasses2 or any other 
plant species, except under highly 
specific circumstances4,5. 

Westoby6 pointed out that the 
main way in which a plant benefits 
from herbivory is if its neighbour is 
grazed while it escapes damage. 
Thus, we may expect to find selec- 
tion in grasses for various antiher- 
bivore defences, which are usually 
placed in three main categories: 
( 1) physical defences, (2) chemical 
defences and (3) mutualisms. It is 
increasingly recognized that many 
plant characteristics that function 
as deterrents to herbivory may also 
play other roles in plants, so that a 
particular functional response to 
herbivory does not necessarily 
imply selection by herbivores for 
that trait7. The literature on plant 
chemical defences is enormous 
and there is increasing evidence 
that genotypes with relatively 
greater levels of secondary com- 
pounds experience reduced levels 
of herbivory and higher fitness8,9. 
However, the evidence for induced, 
i.e. rapid-response, defences’O and 

physical defences’ resulting in 
selection for particular genotypes 
is still equivocal. An additional 
category of plant response is 
compensatory growth, in which the 
negative impact of herbivory is 
reduced by replacement of lost 
photosynthetic tissue”. 

Here we review the recent evi- 
dence on (I) the variety of anti- 
herbivore defences in grasses, 
(2) whether variability in the level 
of defences is linked to variability 
in herbivory by invertebrates and 
vertebrates, (3) whether these 
defences are inducible” and (4) 
whether better-protected individ- 
uals experience increased fitness. 

Silica 
A recent review of the mechan- 

isms and functional significance of 
tissue silicification, the most wide- 
spread characteristic of grasses 
thought to play a role in herbivore 
resistance, concluded that while 
invertebrate herbivory is reduced 
in plants with higher levels of silica, 
its deterrent effect on vertebrate 
herbivores is not directly apparent”. 
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