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Impacts of biological invasions on 
disturbance regimes 
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R ecent research shows that 
the disproportionate ef- 
fects of a single plant func- 
tional group may best pre 

diet the effects of biodiversity on 
ecosystem functioniJ. Ecosystem- 
level fluxes of energy and matter 
can be altered by organismal traits 
such as plant litter quality (review 
in Ref. 3), resource acquisition by 
plants or animals (e.g. Refs 4-6), or 
microclimatic factors that modu- 
late rates of ecosystem processesr. 
Some species interact strongly with 
the disturbance regime of an eco- 
system. Because disturbance rep- 
resents a primary control over the 
variance of ecosystem processes 
in time, these species can also 
have strong effects on ecosystem 
processesa. Growing evidence sug- 
gests that the removal or addition 
of species that interact strongly 
with disturbance regimes often re- 
sults in discrete state changes in 
ecosystem structure and function. 
Biological invasions represent the 

Human management activities have 
altered the frequency and intensity of 

ecosystem disturbance often with 
enormous impacts on landscape structure 

and composition. One additional and 
under-appreciated way in which humans 

have altered disturbance regimes is 
through the introduction of invasive 

non-native species, themselves capable of 
modifying existing disturbance reglmes or 
introducing entirely new disturbances. In 
many cases, modlflcations of disturbance 

regimes results in maintenance of 
ecosystems in a new or transitional state. 
There is now evidence that alteration of 

disturbance regime may be the most 
profound effect that a species or 

functional group can have on ecosystem 
structure and function. 
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regimelz. These include examples 
where invaders changed physical 
or biological aspects of the dis- 
turbance, and/or changed the re- 
sponse of the biota to disturbance 
(Table 1). Invaders either intro- 
duce, enhance or suppress events 
such as fire and erosion, or are 
themselves agents of disturbance - 
disrupting the soil or sediment, or 
killing a significant fraction of the 
community in a relatively short 
period of time. They can also 
change the consequences of the 
disturbance force by changing the 
aggregate response or range of re- 
sponses of the biotic community. 
Our review covers the most com- 
mon mechanisms through which 
invaders alter disturbance regimes, 
emphasizing ways in which eco- 
systems are being changed in pre- 
viously unrecognized ways. We 
use Sousa’sl3definition of disturb 
ante as a Dunctuated event or 

addition of a new species identity into an ecosystem; thus, 
they offer model systems for understanding the mecha- 
nisms by which species or functional groups alter disturbance 
regimes. 

New evidence suggests that invaders alter disturbance 
regimes in both disrupted and intact systems, and that in 
many cases these alterations result in profound changes, 
including direct species replacements and changes in eco 
system processes that ultimately control plant and animal 
activity. Invasion can result in a positive feedback between 
disturbance and the abundance of non-native species, such 
as the positive feedback observed between some intro- 
duced grasses and fires. Alternatively, invasion may result in 
feedbacks that lead to depression or removal of the invader 
from the systemg. 

It is well known that invasions can be promoted by dis- 
turbancei”,ll, but it is less generally recognized that invad- 
ers can alter disturbance regimes (but see Refs 5,7) because 
causality is often difficult to determinelz. Invaders that are 
initially promoted by an outside disturbance can maintain 
the system in an altered state, or introduce a qualitatively 
new type of disturbance and further change the system. In 
cases where invaders establish without disturbance (or with 
a minimal level of disturbance) alterations to the disturb- 
ance regime also occur. Causality is much clearer in these 
cases. 

Here we review new and accumulated evidence that indi- 
vidual species in terrestrial ecosystems can cause profound 
and often irreversible alterations to those systems. We un- 
covered 58 studies from throughout the world where invad- 
ers are associated with subsequent changes in disturbance 
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series of events that kill or damage 
existing organisms, directly or in- 

directly increase resource availability and create an oppor- 
tunity for new individuals to become established. 

Invaders that interact with physical forces 
of disturbance 
Fire enhancement 

Recently, D’Antonio and Vitousek’ suggested that grass 
invasions create feedbacks that cause potentially irrevers- 
ible alterations in the fire regime in many invaded ecosys- 
tems. We identified 14 regionally or taxonomically distinct 
cases in which grass invasions increased the frequency 
and/or intensity of fire. In at least two cases (Refs 14,15), ini- 
tial disturbance was not required to set the cycle in motion, 

Table 1. How invaders alter disturbance regimes 
Alteration Example Refs 

____-- 
Fire enhancement Grasses increase rates of fire frequency, 14,15 

spread, and/or areal extent 
Fire suppression Trees decrease fine fuel load and fire spread 20-22 

in grassland or open woodland 
Increased erosion Trees increase stream bank collapse in 24 

riparian zones 
Decreased erosion Plants stabilize mobile substrates 9,26,21 
Increased biotic Pigs increase soil drsturbance 6.29,30, 

disturbance 33,37 
Increased biotic Pests or pathogens cause stand-level or 43,44 

disturbance population-level dieback 
Change in Invader changes susceptibility of community 47-49 

consequences of to physical forces of disturbance 
disturbance 
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The high surface area:volume ratio of grass leaves and typi- 
cal accumulation of dead biomass increase the probability 
of fire particularly in ecosystems that previously lacked a 
large grass component. Grass and/or fire feedbacks have 
been documented in many parts of the world. We now rec- 
ognize that in western USA they are responsible for large- 
scale conversion of mixed shrub-steppe vegetation to stands 
of introduced annual grasses in the Great Basini4. In Hawaii 
Volcanoes National Park, both fire frequency and extent 
have increased since grass invasion15; and in seasonal sub- 
montane woodlands, fires clearly promote the spread and 
thickening of introduced grassesi6. These grasses create a 
homogeneous canopy compared to native forest, promot- 
ing higher wind speeds and greater rates of fire spreadn. 

Promotion of fire by invaders has also been suspected in 
some ecosystems where woody invaders occur. For ex- 
ample, in South African fynbos, the Australian shrub Hakea 
sericea increases fuel loads and decreases average live fuel 
moisture content, yet simulated fire spread rates under 
moderate weather were lower than in uninvaded shrubland 
due to differences in fuel-packing densityis. Sites invaded by 
the shrub Acacia saligna also had higher fuel loads than un- 
invaded sites, but fuel moisture was greater. Hence, model 
predictions under moderate weather were again similar for 
invaded and uninvaded sites. Under extreme weather con- 
ditions, however, fire intensity was higher in invaded versus 
pristine fynbosis, and intense fires have occurred in invaded 
sites. They are thought to stimulate germination and poss- 
ibly facilitate the establishment of new stands of invader@. 

Fire suppression 
Few published studies correlate presence of plant in- 

vaders with suppression of existing fire regimes (Refs 20- 
23). Those available involve invasion by woody species into 
mesic or flooded grassland sites where invaders then sup- 
press understory fuel development*O-23. In Australian flood 
plains invaded by the shrub Mimosa pigra, fires have been 
observed to go out as they enter M. pigra thicketszl, where 
understory biomass is lower than beneath native shrubs**. 
The invasion of M. pigra leads to a decreased frequency and 
intensity of early dry season fires -when these woodlands 
have historically burned 22. The pepper tree, Schinus tere- 
binthifolius, invades fire-maintained prairies and abandoned 
farmland in Florida. Mature stands can have densities up to 
11355 stems ha-i, with almost complete suppression of 
understory grasses2°. Doren and Whiteakerzo found that the 
reduction in fine fuels beneath S. terebenthifolius canopies 
depressed fire intensity and spread. These effects could 
benefit recruitment and survival of S. terebenthifolius be 
cause young seedlings are fire sensitive and adults are killed 
by crown fires20. 

Increased geomorphological disturbance 
Introduced species may affect geomorphology of the 

invaded site by altering substrate stability directly or by in- 
fluencing the composition of the understory or litter layer, 
in turn affecting erosional processes. Acacia meamsii, an 
Australian invader of South African ecosystems, increases 
stream bank erosion due to relatively easy uprooting during 
high flow periods24. Macdonald and Cooper25 attribute this 
to its lower root investment and more shallow root system 
compared to dominant native species. Post-flood river banks 
are rapidly colonized by exotic species*“. 

Decreased geomorphological disturbance 
There are many examples of plants that bind and sta- 

bilize disturbed substrates, thus reducing the frequency 
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or intensity of natural disturbances and potentially leading 
to accelerated succession. Grasses with extensive root 
systems are used to stabilize landslides and eroded hill- 
slopes, mining and construction scars, other human- 
disturbed sites and sand dunes. Clonally-growing species 
that ramify via stolons or rhizomes are particularly suc- 
cessful at stabilizing disturbed and mobile substrates. Some 
species introduced for substrate stabilization have be- 
come invaders of natural ecosystems. For example, Euro- 
pean beach grass, Ammophila arenaria, alters dune for- 
mation patterns where it has invaded in North America26, 
New Zealand and Australia*r. In southern Australia, A. aren- 
aria is more efficient at trapping sand than native beach 
grasses, and results in new foredune formation and larger 
dune size than dunes formed by native grasses27. The con- 
sequences of these changes for native species are largely 
unknown. 

The impacts of introduced species on substrate stability 
may extend across ecosystems. For example, the invasion 
of South African fynbos by a suite of woody invaders has re- 
sulted in a 3-to lo-fold increase in above-ground biomassi*. 
Increased transpiration of intercepted rainfall has led to a 
50% decrease in flow levels of some stream catchments, 
which would reduce sedimentation, erosion and in-stream 
disturbances. 

Substrate stabilization by invaders can lead to acceler- 
ated rates of succession. Bermuda grass (Cynodon dactylon) 
invades stream courses in Arizona and influences commu- 
nity development by increasing substrate stabilitys. Sites 
dominated by C. dactylon retained more substrate during 
floods, including basal fragments of native aquatic macro 
phytes. Post-flood development of the aquatic macrophyte 
community proceeded more quickly in these sites than in 
those lacking C. dactylon. Overgrazed and eroded hillslopes 
in Tunisian woodlands are invaded by Pinus halepensis, 
which stabilizes soil and enhances establishment of native 
shrubs and trees33. 

Invaders that are biotic disturbance agents 
Pigs 

The European pig (Sus scrofa) is currently found on all 
continents except Antarctica, and on many oceanic islands, 
and is the most obvious example of how an invading animal 
that is not reliant upon disturbance to invade a system can 
directly alter a disturbance regime. By grubbing for roots, 
underground stems, and macroinvertebrates, pigs can till 
large areas of soil resulting in plant death*s, root deathc, mix- 
ing of soil horizons6,*9JO, increased rates of nutrient miner- 
alizationsJj, and decreased rates of nitrogen retentione. In 
Californian coastal prairies, pigs disturb 7.4% of the surface 
area each year, while native soil disturbers (e.g. gophers) 
turn over ~1% of meadow areas2g. Pig-grubbing is associ- 
ated with a depression of soil micro- and macroarthropod 
numberssJ0, but may also be associated with increased 
macroinvertebrate numbers31. 

Pig invasion into forested communities often results 
in the removal or replacement of the herbaceous under- 
story32.33. Removal of the understory may alter ecosystem 
nutrient retention6132, and lead to more rapid decomposi- 
tion of soil organic matterfi. Singer et al.6 compared soil 
characteristics before pig invasion and 10 years later in a 
Tennessee forest and found a 65% decrease in soil organic 
matter and significant leaching of base cations and nitrogen 
from the soil profile. They also found elevated nitrogen in 
groundwater from watersheds where pigs had rooted. In 
contrast, pig impacts on grasslands do not appear to be 
largesd. 
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Other large feral animals 
Feral goats and sheep have severely altered island eco- 

system@,36 where they are suspected of contributing to soil 
disturbance and loss. However, most studies of these ani- 
mals have focused on their impacts on endangered native 
island species and not on their role in altering disturbance 
cycles or promoting further invasions. Spatz and Mueller- 
Dombois37 found that the removal of feral goats led to a de- 
cline in introduced annual grasses and an increase in native 
woody perennials and introduced fire-promoting perennial 
grassesl5. Thus, although the initial impact of goats is often 
difficult to assess, elimination of goats may lead to increases 
in fire frequency and further invasion by introduced grasses. 

There is also evidence that feral ungulates can cause a 
decline in above-ground biomass production, thus causing 
a change in disturbance regimes in fire-prone ecosystems. 
The introduction of livestockgrazing into the western United 
States corresponds to a decrease in fire frequency in western 
coniferous forests due to decreases in understory fuels*. 

Feral Eurasian water buffalo (Bubafus b&&is) have been 
found to increase invasion by annual plants in Northern Ter- 
ritory, Australia because of their soil-disturbing activities? 
Russell-Smith and Bowman33 reported that soil damage 
caused by water buffalo was present in all but one of 16 dif- 
ferent vegetation types in this area and 20% of over 1000 sites 
they surveyed were impacted by water buffalo. However, 
the long-term ecosystem consequences of water buffalo dis- 
turbance and the plant species they appear to promote are 
unknown. 

Small herbivores and detritivores 
Small herbivores and detritivores have been implicated 

in changed disturbance regimes, including altered substrate 
mixing4”,41, large-scale seed depredation@, and stand-level 
dieback25.43!44. In New Zealand pastures, European earth- 
worms (Lumbricidae) significantly increased decomposition 
and plant production through their effects on soil mixingho. 
In contrast, European earthworms in the North American 
tallgrass prairie reduced soil turnover and nutrient miner- 
alization compared to the native earthworm species (Mega- 
scolecidae) they are replacingdl. In many systems, exotic 
herbivorous insects can initiate a boom-and-bust cycle of 
stand-level dieback. North American bark beetles (1,s spp) 
have caused increased tree death following fires in tropical 
pine forest@. Dieback of many North American hardwoods 
has been associated with outbreaks of the European Gypsy 
moth (Lymanh-ia dispar)a. In both of these examples, stand 
regeneration occurs following collapse of pest populations. 
Leucaena leucocephaia, an invasive shrub on many oceanic 
islands, underwent severe dieback when the psyllid bug 
Heteropsyllu cubana was introduced from Middle America25. 
Ten years after introduction of the psyllid in Hawaii, how- 
ever, some stands have increased dramatically to cover 
greater area than before dieback45. 

Invaders that affect the consequences 
of disturbance 

Some invaders introduce a qualitatively new response to 
a disturbance, often concurrent with the introduction of a 
new disturbance regime. This appears to be particularly true 
where introduced grasses have created a grass/fire cycle7. 
For example, Schizachyrium condensatum, a Central American 
grass that has invaded Hawaiian woodlands, not only in- 
creases the frequency and size of fires, but regenerates rap- 
idly from basal meristems following intense fire, Few of the 
dominant native species are able to do so, and introduced 
grasses increase their dominance after fire’. 
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Introduced plant species in grazing land ecosystems 
often introduce a qualitatively different suite of traits that 
interact with the biological disturbance of grazing. There 
are many examples where invaders with thorns, prickles, or 
chemical defenses have reduced the impact of grazers on a 
system and led to the abandonment of pastures46. 

Invaders that differ subtly from natives can change 
community response to disturbance as well, although these 
responses in terms of community structure are also likely to 
be subtle. Caldwell et ~1.~~ compared the response to graz- 
ing of a native grass and its exotic congener and found that 
the canopy of the exotic recovered more quickly from graz- 
ing and had a higher photosynthetic capacity in new tissue 
than did the native species. With heavy livestock grazing, 
this and other native grasses are being replaced over much 
of their range by the exotic species47. In South African fyn- 
bos, Australian BQ~S~Q spp and exotic Pinus spp respond to 
fire by seeding more prolifically than native species, leading 
to their replacement43. Macdonald et al49surveyed Reunion 
island after a cyclone and found that many of the exotic spe- 
ties were more damaged than native species. The only native 
trees to show heavy damage were either in thickets of the ex- 
otic shrub Lantuna camara, or had the exotic canes of Rubus 
alceifolius intertwined in their canopies. By being more sen- 
sitive to damage and making natives more susceptible, in 
this case, invaders may change the outcome of disturbance. 

Invasion and disturbance: understanding the effects of 
changing species composition on ecosystem function 

Disturbance is widely assumed to promote biological in- 
vasion+. In turn, invaders can cause changes in disturbance 
regimes that profoundly alter the composition and succes- 
sional trajectory of a community, and development of the ece 
system. Disturbance regimes are a primary control over the 
variances of ecosystem processes in time. Hence, invasion- 
driven alterations of disturbance dynamics are examples of 
important single-species impacts on ecosystem processes8. 
As humans continue to move species around the globe and 
increase direct disturbances to ecosystems, the two-way link 
between disturbance and invasion will become even stronger. 
Introduced species now make up a substantial portion of 
the flora and fauna in many regions of the world50 yet their 
impacts have rarely been systematically studied. In many of 
the studies reviewed here, positive relationships exist be- 
tween the altered disturbance regime, the success of the in- 
vader, and the demise of some portion of the native assem- 
blage. Most of these studies, however, only identify initial 
effects of alteration, cover a relatively short period, and do 
not explicitly identify effects on other ecosystem processes 
or changes in ecosystem structure and function. We require 
further research that builds on our current mechanistic 
understanding of disturbance alteration by following sub- 
sequent community and ecosystem changes over the time- 
scale of succession and ecosystem development. 
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