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a  b  s  t  r  a  c  t

The  intermediate  disturbance  hypothesis  (IDH)  predicts  a  hump-shaped  pattern  between  community
diversity  and  disturbance,  and  is  central  to understanding  patterns  of  species  diversity.  Here,  we  examine
IDH  in  the  context  of alien  plant  invasions.  IDH  can  offer  insight  into  the  role  of disturbance  in  facilitating
plant  invasions  and  the  effect  of these  invasions  on floristic  diversity.

Early stages  of succession  are  most  susceptible  to invasion  because  resources  and  colonisation
opportunities  are  elevated  after  disturbance.  This trend  is  accentuated  by human-mediated  dispersal,  a
bias towards  early  successional  species  in the  alien  species  pool,  the  tendency  for  fast-growing  species  to
profit  most  from  enemy  release,  and  increased  disturbance  levels  in human-modified  habitats.  Human
disturbance,  coupled  with  plant  introductions,  extends  the diversity–disturbance  curve  and  shifts  peak
diversity  towards  higher  disturbance  levels.  However,  invasive  aliens  can  reduce  native  diversity  at  the
community  scale,  especially  in  mid  succession  where  competitive  interactions  structure  communities.
Certain  invasive  plants  may  have  higher  impacts  because  they  overcome  some  life history  tradeoffs  as
a result  of  their  association  with  humans  or novel  evolutionary  histories,  e.g.  enemy  release.  This  may
directly  or  indirectly  (e.g.  through  plastic  reallocation  of resources  from  defence  into  growth)  enable
invasive  plants  to colonise  earlier  or persist  into  later  stages  of  succession.  By modifying  disturbance
regimes,  invaders  that  transform  the  environment  may  also  interfere  with  succession  and  precipitate  low
diversity  communities.  Low  introduction  rates  of  late  successional  species  may  currently  limit impacts
of  aliens  under  infrequent  disturbance.
IDH is  a useful  framework  for understanding  ecological  communities.  However,  because  of  the novel
evolutionary  histories  of alien species  and  the  anthropogenic  context  in  which  they  invade,  disturbance
levels  that  maximise  total  diversity  in invaded  communities  can  differ  from  those  that  maximise  native
diversity.  Joint  consideration  of IDH  and  alien  invasion  patterns  suggests  a  range  of  strategies  can  be  used
to  manage  diversity.
∗ Corresponding author. Tel.: +61 3 8344 5422; fax: +61 3 9348 1620.
E-mail address: catfordj@unimelb.edu.au (J.A. Catford).

I

1
h
p
t

433-8319/$ – see front matter ©  2011 Elsevier GmbH. All rights reserved.
oi:10.1016/j.ppees.2011.12.002
© 2011 Elsevier GmbH. All rights reserved.

ntroduction

The intermediate disturbance hypothesis (IDH; Paine and Vadas,

969; Grime, 1973; Connell, 1978) is one of the fundamental
ypotheses in ecology and has been implicated in structuring
atterns of species richness in terrestrial and aquatic ecosys-
ems across the globe (Shea et al., 2004). IDH proposes that
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Fig. 1. In early stages of invasion, the addition of alien species combined with human
disturbance extends the IDH curve and augments species richness in high distur-
bance sites; it does not reduce native diversity. Early stages of invasion focus on
colonisation and include introduction and naturalisation sensu Richardson et al.
(2000).  Grey shading indicates pre-invasion community species diversity under
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he  historical disturbance regime; lines indicate diversity post-invasion and post-
nthropogenic disturbance: solid black line, community diversity; dotted black line,
lien diversity; solid grey line, native diversity.

he relationship between species richness/diversity and distur-
ance is hump-shaped such that intermediate levels of disturbance
aintain the highest biological diversity in plant and animal com-
unities. Although the pattern is widely observed, the mechanisms

nderlying IDH reflect the complex interplay between life-history,
iotic interactions and historical disturbance regimes that will
e particular to any one ecosystem (Menge and Sutherland,
987). Disturbance also facilitates biological invasion, which can
hreaten native diversity (Hobbs and Huenneke, 1992; Pyšek and
ichardson, 2006). As threats to biodiversity intensify (McKee et al.,
004) and rates of species invasion continue to rise (Hellmann
t al., 2008; Hulme et al., 2009), effective ecological management
equires detailed understanding of relationships among distur-
ance, invasion and diversity (Hulme, 2006).

The IDH hump-backed curve is most commonly attributed
o the interplay between disturbance and tradeoffs in species’
ife history traits along successional gradients (Connell, 1978;
heil and Burslem, 2003; Rejmánek et al., 2004; Shea et al.,
004). Low or reduced levels of disturbance will lead to low
iversity through competitive exclusion and the dominance of

ong-lived species, while high or increased levels of disturbance
ill eliminate species incapable of rapid re-colonisation and

rowth (Huston, 1979). As a result, community diversity peaks at
ntermediate levels of disturbance causing a hump-shaped pat-
ern (Fig. 1). We  use this explanation of IDH (i.e. an emphasis
n colonisation–competition tradeoffs) as the basis of our discus-
ions because colonisation–competition tradeoffs are commonly
nvoked when considering IDH and are also thought to be partic-
larly important for biological invasions (Seabloom et al., 2003).
owever, it should be noted that many other niche tradeoffs can
otentially affect patterns of species diversity over time and space
e.g. competitive ability versus predator resistance, investment in
eproduction versus survival, differential use of resources or toler-
nce to abiotic conditions; Stearns, 1989; Kneitel and Chase, 2004).

Although disturbance has been defined in different ways
Pickett and White, 1985; Mackey and Currie, 2000; Shea et al.,
004), here we  view disturbance as any relatively discrete event
hat increases resource availability (e.g. nutrients, light) through
he partial or total destruction of plant biomass (Grime, 1977;

onnell, 1978). Under this definition, biotic interactions such as
razing are a form of disturbance, but competitive effects of alien
lants are not considered as such because they do not result in
he physical removal of plant biomass. Disturbance events can be

s
p
t
e
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haracterised by their duration, frequency, intensity, timing, spatial
xtent and variability (White and Pickett, 1985; Shea et al., 2004).
hile each of these disturbance parameters is ecologically impor-

ant, for simplicity we  concentrate only on disturbance frequency,
r time since last disturbance. Time since disturbance relates to
esource availability and stage of succession, and is thus associated
ith level of stress and strength of competition for resources (Fig. 1;
onnell and Slatyer, 1977; Grime, 1977). IDH can apply to a single

ocation followed over time or to a mosaic of habitat patches that
re at different successional stages at one point in time (Shea et al.,
004); we focus on the former. IDH is most commonly applied to
pecies richness, but it can also be applied to species and functional
iversity (Mackey and Currie, 2001; Shea et al., 2004); here, we con-
entrate on species richness and species diversity. Despite decades
f research on IDH, alien plant invasions have rarely been viewed in
he context of IDH (cf. Hobbs and Huenneke, 1992; Kowarik, 2008).
DH can offer insight into the role of disturbance in facilitating bio-
ogical invasions and the impact of alien plants on diversity and
isturbance regimes.

In general, the life history strategies of alien and native plant
pecies are constrained by similar tradeoffs (Leishman et al., 2010;
enuelas et al., 2010; cf. Huston and Smith, 1987; Funk and
itousek, 2007). Alien and native species may  thus be expected

o respond in the same way  to disturbance and succession. How-
ver, of the collection of native and alien species within a region,
t is likely that the alien species will be better adapted to anthro-
ogenic disturbance (Kowarik, 2008). The alien species pool may
lso contain species that have been released from natural ene-
ies (Blumenthal et al., 2009) and belong to “novel” functional

roups, which can prompt major biogeochemical changes and
hifts in disturbance regimes and can alter the trajectory of sec-
ndary succession (Vitousek et al., 1987, 1997; Sullivan et al., 2007).
uch differences between native and alien species can have impor-
ant implications for understanding aliens’ interactions with, and
ffects on, other species in a community.

In this paper, we consider the relationship between alien plant
nvasions and IDH by addressing two  questions: in accordance with
DH, (1) at what disturbance frequencies is alien plant colonisation

ost likely and why, and (2) where along the disturbance contin-
um (at which successional stage) are alien plants likely to reduce
ommunity diversity and why? We  use understanding of commu-
ity and invasion ecology to answer these questions. We  support
ur arguments with empirical evidence from a variety of terrestrial
cosystems and include disturbance types that range from live-
tock grazing to floods to volcanic eruptions (though much of the
ost relevant literature has focused on old-field successions). We

onclude the paper by discussing implications and strategies for
anaging plant communities and how patterns of invasion might

hange in the future. In keeping with IDH, this paper focuses on
nvasion and the disturbance–diversity relationship, but we  recog-
ise that links between succession and invasion ecology are much
roader (Davis et al., 2005).

uestion 1: In accordance with IDH, at what disturbance
requencies is alien plant colonisation most likely and why?

Frequently disturbed areas are most vulnerable to species
nvasion because resource availability is elevated, increasing the
robability of successful colonisation and recruitment (Fig. 1).
s depicted in models of succession (Connell and Slatyer, 1977),

pecies richness in frequently disturbed areas is not limited by com-
etition for (or tolerance of) limiting resources; instead, it reflects
he ability of species to colonise, grow rapidly and withstand local
nvironmental conditions (Huston and Smith, 1987). Conditions
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ollowing disturbance are particularly amenable to colonisation by
oth native and alien species, but there are several reasons why
lien species are especially successful in these areas. The tendency
or most alien species to successfully invade early successional
ystems can be attributed to their close association with humans,
apacity to exploit human disturbance and their novel evolutionary
istories, as described below.

Dominance of alien species that colonise soon after disturbance
an be heightened when humans alter disturbance regimes, typ-
cally by elevating disturbance frequencies or introducing new
orms of disturbance (Fig. 1; Hannah et al., 1995). Having evolved
nder historical disturbance conditions, native species may  be
oorly adapted to more frequent or novel forms of disturbance
Shea et al., 2004). For example, native species of Californian coastal
age scrub are well adapted to natural spring fires but are sensitive
o human-mediated ploughing, grazing and autumn fires (Fleming
t al., 2009). Subsequently, the “novel niches” at the high end of
he disturbance gradient may  be wholly occupied by alien species

ore tolerant of such conditions (Fig. 1; Moles et al., 2008). Even
f some native species can tolerate modified disturbance regimes,
lien species may  greatly outnumber them and therefore domi-
ate early successional systems. For example, in human-degraded
iparian zones of the Hunter River, Australia there are 106 extant
arly successional alien plant species compared to 26 early succes-
ional native ones, and 33 native species associated with mid-late
uccession are now locally extinct (Kyle and Leishman, 2009). Even
n naturally disturbed braided river systems of New Zealand, over
0% of plant species are naturalised aliens (Williams and Wiser,
004).

Humans can increase the propagule pressure of alien species,
nd this is most advantageous in early succession where resource
vailability is high. As well as transporting alien species to the
nvaded range, humans (intentionally and unintentionally) help to

ove species around the landscape (Hodgkinson and Thompson,
997). Species associated with human activities are thus likely to be
ispersed more widely (Hulme, 2009), which extends the disper-
al distance of alien species (Shea et al., 2004) in a way that may
e unrelated to their natural dispersal abilities. Humans can also
rovide alien species with an advantage by planting them in high
umbers in gardens, plantations or as agricultural crops (Lambdon
t al., 2008; Essl et al., 2010). Consequently, they can become
ver-represented in the local species pool from which colonists
re drawn, increasing the likelihood of alien plant establishment
Simberloff, 2009). The invasive grass, Agropyron cristatum, for
xample, can naturally only disperse over short distances (∼5 m),
o its invasion relies on its close proximity to abandoned fields
here it was planted (Heidinga and Wilson, 2002) or accidental

ransportation associated with human activities. Many Pinaecae
pecies (pine family) commonly colonise disturbed environments,
ut Pinaceae species used in plantation forestry are 2–4 times more

ikely to naturalise than those without commercial value (Essl et al.,
010).

Because alien species propagule pressure is high around areas
f human activity (Pyšek et al., 2010), it is necessarily elevated
round areas disturbed by humans. In various models of succes-
ion (Connell and Slatyer, 1977; Huston and Smith, 1987), rapid
olonisation is considered important for occupying space in early
uccession. The ready supply of alien plant propagules close to
isturbed areas may  lead to “seed swamping” or earlier arrival
f alien propagules post-disturbance, enabling alien species to
olonise highly disturbed areas more rapidly than native species

see Huston and Smith, 1987). Human-driven increases in propag-
le pressure therefore provide a storage and dispersal advantage
o alien species, with the greatest benefit occurring in low compe-
ition, high disturbance sites (Bellingham et al., 2005b).

o
t
t
l
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These propagule pressure effects are often magnified by a
propagule bias” effect. Alien species are a non-random sample
f the global species pool (Daehler, 1998) largely because most
liens are introduced (either deliberately or accidentally) through
griculture, forestry and horticulture (Lambdon et al., 2008; Essl
t al., 2010). Many of these alien species possess traits that pre-
dapt them to exploit disturbance (e.g. high relative growth rate,
mall seed size, low root–shoot ratios, Wilsey and Polley, 2006; van
leunen et al., 2010) and be successful in the early stages of suc-
ession (Daehler, 2003). Aliens colonising sites with high resource
vailability often have higher specific leaf area, foliar nutrient con-
ent and photosynthetic capacity than native species, which results
n faster growth and higher photosynthetic productivity (Leishman
t al., 2007; Penuelas et al., 2010). Alien species tend to be posi-
ioned further along the leaf economics spectrum towards faster
rowth (Leishman et al., 2010; Penuelas et al., 2010; cf. Dawson
t al., 2011 for an exception to this finding) and are well adapted
o environments with high disturbance and resource availability.

These patterns in life history traits of aliens may  partly
tem from propagule bias, but they may  also reflect that early
uccessional species are more successful invaders than late suc-
essional species. Studies comparing the traits of invasive and
on-invasive alien plant species can help to disentangle these pat-
erns. Rejmánek and Richardson (1996) found that short juvenile
eriod, small seed mass and short interval between large seed
rops distinguished 12 invasive from 12 non-invasive pine species.
hese three traits are associated with early successional conditions
n that they enable rapid population growth through early and
onsistent reproduction, high fecundity, long distance dispersal
nd high relative seedling growth rate (Rejmánek and Richardson,
996). Supporting these findings, a meta-analysis that compared
rowth performance-related traits of 125 invasive and 196 non-
nvasive plant species revealed that mean trait values for invasive
pecies were consistently higher than those of non-invasive ones
van Kleunen et al., 2010). These findings suggest that early succes-
ional characteristics associated with faster growth do predispose

 species to becoming invasive.
Another explanation for the greater success of early successional

lien species may lie in enemy release. Although not a universal
nding (Chun et al., 2010), a reduction in herbivores and pathogens
an lead to faster growth and a longer lifespan in the new environ-
ent. While enemy release should be beneficial to both early and

ate successional species, survivorship takes priority over growth as
esource availability declines, so plants invest more in defence than
roductivity as succession progresses (Cates and Orians, 1975).
onsequently, fast growing early successional species have more
and experience greater limitation from) natural enemies than late
uccessional species (Davidson, 1993), so potentially lose more
nemies (in absolute terms) when they leave their home range. As a
esult, they experience a greater effect of enemy release than stress-
olerant species characteristic of late succession (Blumenthal et al.,
009). The alien species fitness advantage associated with enemy
elease will therefore be higher in early successional communities
Blumenthal et al., 2009). This has been proposed as a potential
xplanation for the great success of many alien species in grass-
ands (Kulmatiski et al., 2008).

In summary, we  hypothesise that early stages of succession
haracterised by frequent disturbance are most susceptible to
olonisation by alien plants (Fig. 1). This is consistent with suc-
ession theory (Wilson, 1969), but is accentuated because of
uman-mediated dispersal advantages, the increased frequency

f disturbance in human-modified habitats, and the apparent bias
owards early successional species in the alien species pool. The
endency for early successional alien species to experience greater
evels of enemy release than later successional species may  provide
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Fig. 2. Once established, invasive alien species able to persist into late successional
stages may  displace more than one native species causing a shift and reduction in
peak diversity. Numbers indicate the mechanism that causes a reduction in diver-
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ity,  1: niche pre-emption, 2: apparent competition, 3: interference competition, 4:
xploitative competition, 5: transformation of the environment; grey arrows indi-
ate position along the disturbance gradient where mechanisms have greatest effect.
ther details as in Fig. 1.

 further fitness advantage for early successional alien invaders.
lthough we contend that most alien species will colonise and
stablish in early succession, we note that many alien species can
stablish and persist into later stages of succession. As discussed
elow, alien species may  also affect native species diversity (Fig. 2).
hile the hump-shaped curve remains, we predict that the concen-

ration of colonising alien species at the high end of the disturbance
pectrum can extend the diversity–disturbance gradient (Fig. 1).
atterns of native and alien species richness in vegetation relevés
round Berlin, Germany support this prediction (Kowarik, 2008).

uestion 2: In accordance with IDH, where along the
isturbance continuum are alien plants likely to reduce
ommunity diversity and why?

Given that IDH relates to patterns of community rich-
ess/diversity, this is the currency with which we  evaluate the

mpacts of alien species, particularly because such impacts are
ften of conservation concern (Vilà et al., 2011). However, we
cknowledge that this is not the only effect of invasions, and that
eductions in diversity need not result in local extinction (Davis,
003), especially over the short-term.

We  propose that there are five main ways in which alien species
ay  reduce local diversity – through niche pre-emption, apparent

ompetition, interference competition, exploitative competition
nd transformation of the environment. These mechanisms can
ccur at any point along a disturbance gradient, but some are likely
o be more pronounced at particular stages of succession. Com-
etition for resources, for instance, is most important in mid-late
uccession (Grime, 1977), so declines in diversity from exploitative
ompetition are expected to be concentrated there (Fig. 2). In con-
rast, the composition of early successional communities is largely
etermined by colonisation probabilities (Foster et al., 2004), and

nterspecific interactions are correspondingly weak (as is often
ssumed in lottery models of community assembly, for example:
acala and Tilman, 1994). As such, exploitative competition is less
mportant, but alien species can reduce native plant diversity under
igh disturbance through niche pre-emption and apparent compe-
ition. We  briefly discuss the five mechanisms below, and illustrate
ays in which alien species can exploit these mechanisms and lead

o diversity reductions at the community scale.
1) Niche pre-emption
When the composition of a community is determined by

a lottery, a bias towards alien species in the propagule pool
olution and Systematics 14 (2012) 231– 241

would mean less representation by natives even if species do
not interact (Sale, 1977). If alien species have faster growth
rates or more efficient dispersal (human-mediated or not) than
native colonists, alien species can colonise available microsites
first, which will effectively pre-empt native species (Mwangi
et al., 2007). Such displacement is unlikely to cause reductions
in total plant diversity, but native diversity may  decline, as
observed following invasion of the alien annual geophyte Oxalis
pes-caprae in Mediterranean olive groves (Vilà et al., 2006). As
a result of its comparatively early and short-season phenol-
ogy, O. pes-caprae has replaced vulnerable and endemic ruderal
species and reduced native species diversity at these frequently
disturbed sites. Niche pre-emption impacts patterns of species
colonisation, so it will be most evident in, though not restricted
to, early succession (Fig. 2).

2) Apparent competition
If invasive alien species suffer less from generalist herbivores

and pathogens than native species while simultaneously sup-
porting larger populations of these herbivores and pathogens,
this can result in apparent competition (Eppinga et al., 2006).
If some individuals of native species are then replaced by indi-
viduals of the less enemy-constrained alien species, diversity
can decline because of reductions in species evenness. Appar-
ent competition can occur at anywhere along the disturbance
gradient, but will likely have greatest impact in early succes-
sion where plant community composition is most likely to be
shaped by natural enemies (reflecting the greater number of
enemies in early succession; Blumenthal et al., 2009). In Califor-
nian grasslands, experimental addition of the alien annual forb,
Brassica nigra, resulted in almost a ninefold increase in the con-
sumer impact of small native mammals on native bunchgrass,
Nasella pulchra, inhibiting N. pulchra’s establishment (Orrock
et al., 2008).

3) Interference competition
Alien colonists may  inhibit native species recruitment and

performance through interference competition, via such mech-
anisms as allelopathy (Vilà et al., 2006). Allelopathic or
antimicrobial root exudates of alien species may  more strongly
suppress natives because native competitors are not adapted to
them (Callaway and Ridenour, 2004). For example, phytotoxic
root exudates of the invasive Eurasian forb, Centaurea macu-
losa, were found to markedly reduce the growth (height and
leaf number) of native plant species in its invaded range in
Montana, but not in its home range in Romania (Thorpe et al.,
2009; cf. Weir et al., 2010). Interference competition can occur
at all stages of succession, but it will likely have the highest
impacts in mid  succession where species richness is highest
and stronger plant–plant interactions are expected (Fig. 2).

4) Exploitative competition
Effects of exploitative competition will be most apparent

in mid-late succession where resources become limiting and
plant diversity is high (Fig. 2). If an alien species is more com-
petitive than its native counterparts, it can co-opt more of
the available resources leading to a decline in native species
abundance or richness (White et al., 2006). In forest ecosys-
tems, the species that pose the greatest threat to community
structure and diversity are shade-tolerant species that persist
or increase with succession (Martin et al., 2009). In a recent
review, Martin et al. (2009) identified 139 invasive alien plant
species established in North America that are shade-tolerant.
These include Acer platanoides (Martin et al., 2010), Lonicera

tatrica (Woods, 1993) and Microstegium vimineum (Flory and
Clay, 2010); all of which are present in mid-late succession
(Table 1). Unlike their native competitors, some alien shade-
tolerant species are still able to achieve rapid growth despite
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Table 1
Impacts of invasion on plant diversity: examples of alien plant species that invade early and mid-late stages of succession and displace one or more native species resulting in a reduction in native species diversity or community
species  diversity. Early succession: stage immediately following a disturbance that has high resource availability and high physical stress; characterised by short-lived species with high fecundity, long dispersal distances, fast
growth  rates and small stature. Mid-late succession: low physical stress; sere dominated by long-lived species able to effectively compete for, or tolerate, limiting resources (Grime, 1977; Huston and Smith, 1987).

Alien species Invaded system Early
successional

Mid-late
successional

Native
diversity
reduction

Community
diversity
reduction

Description References

Oxalis pes-caprae (annual
geophyte)

Mediterrannean islands X X Replaced vulnerable and endemic ruderal species Vilà et al. (2006)

Chrysanthemoides
monilifera subsp.
rotundata (shrub)

Dunes, eastern Australia X X X Native species richness reduced by 35–75% across a
range of life forms in invaded sites

Mason and French
(2008)

Cinchona pubescens (tree) Uplands, Santa Cruz,
Galápagos

X X X Over 50% decline in diversity and cover, but not
richness, of native species

Jäger et al. (2009)

Imperata  cylindrical
(rhizomatous grass)

Longleaf pine flatwoods,
Mississippi, USA.

X X X Reduced plot species richness by 60–80% within
3 years; by increasing shade, can displace shorter
plants (i.e. most groundcover herbs)

Brewer (2008)

Agropyron cristatum
(perennial grass)

North American prairie X X X X Invades native prairie from abandoned agricultural
fields; at 30% cover, reduces overall diversity by 35%
(gamma and beta diversity both affected)

Heidinga and Wilson
(2002)

Taeniatherum
caput-medusae (annual
grass)

North American sagebrush X X X Plant diversity in heavily invaded sites reduced by
85% and richness by 60% compared with uninvaded
sites.

Davies (2011)

Microstegium vimineum
(grass)

Forest understoreys, USA X X X X Reduced native plant species diversity by 38% within
two  years

Eschtruth and Battles
(2009) and Flory and
Clay (2010)

Fallopia  spp. (rhizomatous
herbs)

Europe X X X X Reduce species diversity and alter community
structure

Hejda et al. (2009)

Tradescantia fluminensis
(clonal herb)

Forest understoreys, New
Zealand

X X X X 10-fold reduction in tree seedling species richness in
forest understoreys in invaded sites compared with
uninvaded sites

Standish et al. (2001)

Ligustrum robustum subsp.
walkeri (shrub)

La Réunion wet forests X X X X At least 5 native species threatened with extinction Lavergne et al. (1999)

Lonicera  tatarica (shrubby
honeysuckle)

woodlands, northeastern
USA

X X X X In mesic stand with rich soil, herb cover and species
richness and tree seedling density substantially
depressed when L. tatarica cover > 30%

Woods (1993)

Miconia  calvescens (tree) Rainforests, Tahiti X X X X Reduced fecundity of understorey trees; almost 50%
of  Tahiti’s endemic species threatened with
extinction

Meyer and Florence
(1996)

Triadica (Sapium) sebifera
(tree)

Louisiana forests, USA X X X X Arresting succession from Salix nigra to Nyssa
aquatica-Taxodium distichum forest in the
Atchafalaya Basin

Rejmánek unpublished
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the low light conditions (Bellingham et al., 2005b; Martin et al.,
2010). Fast growth rates are associated with competitive abil-
ity (Grime, 1977) and invasiveness (van Kleunen et al., 2010).
The ability to maintain relatively high growth despite low light
conditions will ensure that an invasive alien species can secure
a greater share of resources and thus be highly invasive even in
undisturbed forests. An advantage through exploitative com-
petition is not necessarily limited to shade-tolerance: species
differ in their tolerance to other resources, such as moisture
and nutrients (Connell and Slatyer, 1977).

5) Transformation
Some alien plants promote or inhibit disturbance by trans-

forming the habitats they invade because of their growth
form, ecology or life history characteristics (Richardson et al.,
2000). By maximising or minimising the frequency of distur-
bance over a sequence of disturbance events, these species
can attain an advantage over resident species by maintain-
ing particular conditions or disturbance regimes. Among the
best-known examples are alien grasses that alter fire regimes.
A variety of alien C3 and C4 grasses have promoted fire in
Hawaii, North, Central and South America, South Africa and
Australia (D’Antonio and Vitousek, 1992). In northern Australia,
savannas dominated by the alien grass Andropogon gayanus
have a fuel load up to seven times higher than native grass
savannas. The resultant increase in fire frequency and intensity
causes tree mortality, reduces understorey diversity and pro-
motes a self-sustaining grass-fire cycle (Rossiter et al., 2003).
At the other end of the spectrum, highly competitive species
can inhibit disturbance (e.g. Ammophila arenaria stabilises sand
dunes: Buell et al., 1995) potentially preventing succession
from being reset. Through positive feedbacks on disturbance,
self-perpetuating monocultures, or near-monocultures, can
form resulting in a flattened (and then a shortened) IDH curve. If
an invasive alien species maintains conditions or a disturbance
regime that did not exist previously, then the pre-invasion
diversity–disturbance curve may  no longer apply. This trans-
formation might be interpreted as an alternate stable state, but
it may  be more accurately referred to as an alternate transient
state (Fukami and Nakajima, 2011); its length of persistence is
uncertain.

These five mechanisms are not limited to alien species, but
lien species can potentially have a greater impact on community
iversity than native species because of their novel evolutionary
istories and association with humans; these may  allow them to
vercome life history tradeoffs that are associated with compe-
ition and colonisation. Longer-lived aliens that are expected to
ominate later in succession may  colonise earlier and in greater
umbers because of frequent human-mediated dispersal and intro-
uction. These species can displace shorter-lived species that are
ypically the most successful colonists after a disturbance. Instead
f a gradual change from shorter- to longer-lived species as the for-
er  die, species composition and diversity will then remain similar

hrough early to mid  succession and the associated peak in diver-
ity at mid  succession will decrease (Fig. 2). Elevated propagule
ressure can also help early successional alien species to persist

nto later stages of succession.
On arrival in a new range, alien species may  lose special-

st and generalist enemies (Keane and Crawley, 2002), they may
orm new symbiotic relationships (Mitchell et al., 2006) and their

llelopathic chemicals may  become “novel weapons” that more
ffectively suppress competitors (Callaway and Ridenour, 2004). As
ith human-mediated dispersal and increased propagule pressure,

hese altered dynamics may  allow some alien species to establish

t
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r persist in conditions to which they are otherwise poorly adapted
Table 2; DeWalt et al., 2004; Martin et al., 2010).

Focusing on enemy release, early successional species that are
eleased from natural enemies may  be able to persist into later
tages of succession (DeWalt, 2005; Kulmatiski et al., 2008). If late-
uccessional species are released from enemies against which they
ormally invest resources for defence, they may re-allocate these
esources towards development of faster growth rates and seed
roduction (Joshi and Vrieling, 2005); this would enable them to
olonise a greater number of sites in early succession (Blumenthal
t al., 2009). For example, A. platanoides, an invasive tree in the US,
s able to maintain high growth rates under low light (Martin et al.,
010). In its introduced range, A. platanoides suffers three times less
erbivory than it its native range (Adams et al., 2009), and it expe-
iences less herbivore attack than a native congener (Cincotta et al.,
009). As well as high physiological plasticity (Martin et al., 2010),
he ability of this species to occupy and maintain high growth rates
n a variety of environmental conditions may  partly relate to enemy
elease. The invasive shrub Clidemia hirta similarly benefits from
educed herbivory in its introduced range enabling it to invade for-
st understoreys where it is not normally found in its native range,
s well as the open habitats that it usually occupies (DeWalt et al.,
004).

Together, the five mechanisms discussed above can potentially
educe diversity at any point along the (historical) disturbance gra-
ient (Fig. 2). Depending on the number of alien colonists and
he degree to which disturbance frequencies have been elevated,
nvasion may  result in a bimodal hump-shaped curve. It seems

ore likely, however, that the unimodal curve will remain, with
eak diversity reduced. The greatest losses in diversity will occur

n mid-late succession where diversity and competition are high
Fig. 2). To date, there has only been a modest amount of evi-
ence to support this prediction. This may  reflect that there has
een insufficient time to witness competitive impacts of invasive
pecies on diversity (Davis, 2003), particularly in relatively undis-
urbed environments where invasion is necessarily slower and also
ess frequently examined (Martin et al., 2009). However, impacts
f some mid-late successional alien species are increasingly being
ocumented. The alien perennial grass Agropyron cristatum invades
ndisturbed mixed-grass prairie in the northern Great Plains of
anada and reduces species richness by c. 70% and species diversity
y 45% (Christian and Wilson, 1999). Grasslands dominated by this
lien grass are stable for decades and experience little reciprocal
nvasion by native species (Heidinga and Wilson, 2002). The shade
olerant alien tree Miconia calvescens invades Tahitian rainforests
Meyer and Florence, 1996) and by intercepting light, its dense
anopies have reduced the fecundity and reproductive capacity of
wo endemic understorey trees (Psychotria speciosa and Psychotria
ahitensis, Meyer et al., 2003). It has been predicted that, without
ntervention, up to 50 of Tahiti’s 107 endemic plant species may  go
xtinct as a result of this single alien species (Meyer and Florence,
996).

Summarizing the impacts of invaders on the IDH curve (Fig. 2),
e suggest that colonists in early successional communities may

mpact native diversity through apparent competition and niche
re-emption, but this will result in the smallest reduction in
iversity (typically a one-for-one displacement). We  predict that
id-late successional invasions will have a larger impact on native

iversity (potentially a one-for-many displacement), being driven
y exploitative competition and the ability of alien species to
ircumvent some evolutionary tradeoffs. In the case of species that

ransform the environment, we propose that the greatest reduction
n diversity will also occur in mid-late succession but diversity will
e affected across all successional stages. By altering disturbance
egimes, this subset of species seems to fundamentally interfere
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Table 2
Examples of some invasive alien species that may  alter the appearance of IDH curve and the mechanisms by which they do so: (a) species that circumvent some life history
tradeoffs, and (b) species that alter the frequency of disturbance inhibiting succession.

Alien species Mechanism for altering IDH prediction Ecosystem References

(a) Avoid evolutionary tradeoff
Acer platanoides (tree) Enemy release; high physiological

plasticity; shade tolerance
Forests, USA Adams et al. (2009) and Martin

et al. (2010)
Bischofia javanica (tree) High physiological plasticity; shade

tolerance; rapid growth
Wet  forests, oceanic islands, Japan Hata et al. (2006)

Clidemia hirta (shrub) Enemy release; shade tolerance Forest understoreys, Hawaii DeWalt et al. (2004)
Ligustrum robustrum subsp. walkeri (tree) Shade tolerance; rapid growth Wet  forests, La Réunion Lavergne et al. (1999)
Miconia calvescens (tree) Enemy release; shade tolerance;

ruderal characteristics, e.g. fast growth
rates, prolific seed production, efficient
dispersal

Wet  forests, Tahiti Meyer and Florence (1996)

Microstegium vimineum (grass) Enemy release; high propagule
pressure; high physiological plasticity;
shade tolerance

Forest understoreys, USA Eschtruth and Battles (2009)
and Flory and Clay (2010)

Pittosporum undulatum (tree) High physiological plasticity; shade
tolerance; rapid growth

Wet  forests, Jamaica Bellingham et al. (2005b)

(b)  Transform environment in their favour
Ammophila arenaria (grass) Decrease soil disturbance Coastal dunes, California, USA Buell et al. (1995)
Andropogon gayanus (grass) Increase fire frequency: higher fuel

load increases fire frequency and
intensity

Tropical savannas, Australia Rossiter et al. (2003)

Mimosa pigra (shrub) Decrease fire frequency Wetlands, northern Australia Lonsdale and Miller (1993)
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Multiple grass species Increase fire frequency: promote
self-sustaining grass-fire cycle

ith the process of succession. While they typically maintain com-
unities at either very late or early stages of succession, over time

pecies that transform ecosystems may  affect community composi-
ion at all successional stages by shifting disturbance frequencies in

 particular direction, decoupling the relationship between distur-
ance and diversity in the invaded ecosystems. When extended to
volutionary timeframes though (and assuming no further invasion
y other transformers), other species in the area will likely adapt
o a transformed system, but this process of rebuilding diversity is
low.

Empirical evidence (cited above) supports various elements of
ur integration of IDH and alien plant invasion (Figs. 1 and 2). How-
ver, field surveys along disturbance gradients will help to provide
ore rigorous tests of our predicted patterns. Manipulative stud-

es will be required to assess the validity of specific mechanisms.
his is no small task, but many useful experiments could be car-
ied out within a context of adaptive management. Ultimately, we
xpect our framework to be valuable for informing biodiversity
anagement.

iscussion

anagement implications

In light of the mechanisms and impacts of invasion, there appear
o be four main approaches for responding to and managing inva-
ion: do nothing; control introduction and manage the propagule of
upply alien and native species; manage environmental conditions;
nd manage invasive species populations. These approaches are
ot mutually exclusive and a combination of strategies will likely
e required.

1) Do nothing – let succession take its course
Supporting the notion that alien species tend to be early
successional colonists, several studies have shown that the
proportion of alien species significantly decreases with time
since disturbance (Bellingham et al., 2005a; Murphy et al.,
2008). Active restoration of invaded areas by removal of alien
Multiple ecosystems, worldwide D’Antonio and Vitousek (1992)

species immediately following disturbance may therefore be
unnecessary (Dewine and Cooper, 2008), and can even be coun-
terproductive (D’Antonio and Meyerson, 2002). In fact, alien
plants able to tolerate anthropogenic increases in disturbance
may  play a valuable role in secondary succession and ecosys-
tem restoration (Ewel and Putz, 2004), particularly if the native
species pool is impoverished because of anthropogenic activ-
ities. However, there are several arguments against this as
outlined below.

Alien plant species that colonise and dominate soon after
disturbance can alter ecosystem function and properties and
can potentially alter successional pathways (Vitousek et al.,
1987; Peltzer et al., 2009), even though the alien species may
be relatively short-lived and subsequently replaced by native
species (Sullivan et al., 2007). Although the success of many
alien species seems to relate to early successional characteris-
tics, some invasive species can outcompete functionally similar
native species and persist and dominate over long periods of
time (Christian and Wilson, 1999). It has been hypothesised
that alien species establish in high disturbance areas first and,
from there, they can adapt to and colonise sites with different
environmental conditions (Clark and Johnston, 2011). And, of
course, not all alien species are early successional species that
will be replaced over time; some are long-lived K-strategists
that are highly competitive, can invade undisturbed areas and
can persist for decades (Wilsey et al., 2009; van Kleunen et al.,
2010).

2) Control introduction and manage propagule supply
Preventing the introduction and establishment of invasive

alien species will obviously be the most effective management
strategy. Weed risk assessment approaches used in quarantine
and biosecurity are typically based on alien species’ life his-
tory traits, environmental preferences and a species’ current
weed status in other countries, but they rarely assess the likely
impact of an invasive plant (Hulme, 2012). We  have argued that

species invading mid-successional seres tend to have the great-
est impact on diversity and these species might have several
distinguishing characteristics that can be included in weed risk
assessments. For example, species that achieve success through
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exploitative competition can be identified based on their tol-
erance to low resource availability combined with traits such
as high physiological plasticity, high fecundity, ability to reach
reproductive maturity early, ability to resprout, a large seed-
bank, fast growth rate, and/or release from enemies (Meyer and
Florence, 1996; Bellingham et al., 2005b; Martin et al., 2010; van
Kleunen et al., 2010). The trait values of alien species should
be considered relative to the recipient community with the
idea that the more novel a functional group to which an alien
species belongs, the greater the potential impact (Callaway and
Ridenour, 2004; Brewer, 2008).

To reduce the establishment of alien species and impacts
of niche pre-emption, reducing propagule pressure of alien
species and increasing the propagule supply of native species
could tilt the balance towards native species (or at least put
them on a more level playing field). Sources of alien species
propagules could be reduced by e.g. preventing urbanisation
close to nature reserves (von der Lippe and Kowarik, 2008; cf.
Teo et al., 2003), managing botanic garden and crop/plantation
species in vicinity of important ecosystems (Hulme, 2011), and
focusing control efforts on reducing spread from alien invasion
hotspots (Ibáñez et al., 2009). Native species suitable for direct
sowing should be selected based on their traits and ability to
establish and persist under the current environmental condi-
tions (Funk et al., 2008; Moles et al., 2008). This approach will
be particularly valuable (and effective) in systems that have
experienced environmental modification and those in early
succession where colonisation opportunities are at their high-
est, including alien-dominated systems (Christian and Wilson,
1999; Davis and Pelsor, 2001).

3) Manage environmental conditions
In situations where the relative abundance of alien species

has increased following environmental modification (Catford
et al., 2011), it may  be more effective to target the cause of
the problem (e.g. altered disturbance regimes) than attempt
to manage plant populations directly, i.e. the symptom
(MacDougall and Turkington, 2005; Hulme, 2006). For exam-
ple, the invasive grass Cortaderia jubata is the only species in
the local species pool capable of growing along severely eroded
road cuts in California (Fig. 3). Rather than applying herbicide
to control C. jubata,  it would be more effective to reduce the
disturbance frequency by stabilising the soil; this would pro-

vide suitable conditions for a greater range of species, including
natives (M.  Rejmánek, unpublished).

The ability of some alien species to modify environmen-
tal conditions in their favour means that these species have

e
p
f
c

ig. 3. Cortaderia jubata (Pampas grass) growing along severely eroded road cuttings in c
nder  very high disturbance frequencies that native species cannot tolerate. When herbic

ource: M.  Rejmánek
olution and Systematics 14 (2012) 231– 241

the greatest potential to alter the character and function of
an ecosystem. If management is committed and sustained,
directly targeting the environmental parameter that these
species change may  be a useful control technique, as seen
in control burns of the alien fire-suppressing species Mimosa
pigra in Australia (Lonsdale and Miller, 1993). The addition
of carbon-rich substrates may  reduce the legacy of high N in
soils colonised by nitrogen-fixing aliens, and activated charcoal
may  be used to neutralise impacts of harmful allelochemi-
cals (Hulme, 2006). However, such management actions may
be hard to execute (e.g. promoting fire), may have non-target
impacts, and – unless the target species is eradicated – may be
futile over the long term as the species will continue to modify
the habitat. Modifying aspects of the environment that these
species do not actively change may  warrant exploration. For
example, altering river flow regimes (e.g. higher water table,
earlier spring floods) may  inhibit growth and germination of the
alien Impatiens glandulifera in riparian zones in Europe (Tickner
et al., 2001), though it may  come at the cost of inhibiting native
species or facilitating other alien species (Hulme and Bremner,
2006).

4) Manage invasive species populations to reduce their impact
For some highly invasive species, it may  be more effective

to focus on weed control techniques that directly target their
populations. Traditional control techniques like herbicide use
and mechanical removal may  help to alleviate the competitive
effects of some species and limit further spread. Highly invasive,
competitive species that have experienced enemy release may
be suitable targets for biological control; fast-growing species
typically benefit the most from enemy release (Blumenthal
et al., 2009), so they should be a priority.

uture trends

Global increases in international trade and changes to trading
outes will bring new species to different areas (Hulme, 2009),
nd demands of industry for different plant types will ensure that
pecies with a increasing variety of life history traits are introduced.
ven tropical forests, which are typically considered more resis-
ant to invasion than other ecosystems, are likely to experience
ncreased numbers of alien species as forestry practices shift to
lanting shade-tolerant alien species that can persist in lower light

nvironments characteristic of late succession (Fine, 2002). If the
ropagule bias towards early successional species is reduced in the
uture, many more alien species will be able to occupy late suc-
essional stages and the potential for new negative impacts will

oastal areas of California, USA. This apomictic South American species establishes
ides are used to kill C. jubata,  more erosion follows precipitating further invasion.
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ncrease. Even if all species introductions ceased today, impacts
ould neverthless continue to rise (Essl et al., 2011). In addition to

he lag-phase common to many plant invasions (Aikio et al., 2010),
he slower rate of absolute invasion by late successional species

eans that many alien species already introduced into ecosystems
ay  have gone unnoticed. This trend is exacerbated by the dearth

f invasion research in late successional communities (Martin et al.,
009).

While most alien species appear to respond in much the same
ay as native species, a crucial fraction of the alien species pool

an significantly affect the ecosystems they invade (Christian and
ilson, 1999; Liao et al., 2008). As ecosystems are increasingly

ltered through biological invasions and environmental modifica-
ion (Hobbs et al., 2006), potential differences between alien and
ative species’ effects on ecological processes must continue to be
xamined. There is already empirical evidence to suggest that the
ovel evolutionary histories of alien species affect the way com-
unity diversity is maintained, and that diversity is maintained at

 lower level than in communities made up of coevolved native
pecies (Wilsey et al., 2009; Penuelas et al., 2010).

The scenarios and examples explored in this paper illustrate that
DH is a useful framework for understanding ecological commu-
ities and for highlighting ways in which alien species can affect
iversity across a broad range of systems. However, because of
he novel evolutionary histories of alien species and the anthro-
ogenic context in which they invade, disturbance levels that
aximise total diversity in invaded communities may  differ from

hose that maximise native diversity. In particular, alien plants that
an overcome some life history tradeoffs and those that transform
isturbance regimes may  alter the hump-shaped curve that IDH
redicts. With increasing rates of invasion (Hulme et al., 2009)
nd the advent of novel ecosystems (Hobbs et al., 2006), the role
nd response of these species in community dynamics should be a
esearch priority.
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