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ABSTRACT

 

The traditional approach to understanding invasions has focused on properties of
the invasive species and of the communities that are invaded. A well-established
concept is that communities with higher species diversity should be more resistant to
invaders. However, most recently published field data contradict this theory, finding
instead that areas with high native plant diversity also have high exotic plant diver-
sity. An alternative environment-based approach to understanding patterns of
invasions assumes that native and exotic species respond similarly to environmental
conditions, and thus predicts that they should have similar patterns of abundance
and diversity. Establishment and growth of native and exotic species are predicted
to vary in response to the interaction of plant growth rates with the frequency
and intensity of mortality-causing disturbances. This theory distinguishes between
the probability of establishment and the probability of dominance, predicting that
establishment should be highest under unproductive and undisturbed conditions
and also disturbed productive conditions. However, the probability of dominance by
exotic species, and thus of potential negative impacts on diversity, is highest under
productive conditions. The theory predicts that a change in disturbance regime
can have opposite effects in environments with contrasting levels of productivity.
Manipulation of productivity and disturbance provides opportunities for resource
managers to influence the interactions among species, offering the potential to
reduce or eliminate some types of invasive species.
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INTRODUCTION

 

There is increasing recognition that the theories and experi-

mental approaches of community ecology have the potential to make

major contributions to understanding and managing plant

invasions (Huston, 1994; Tilman, 1997; Davis 

 

et al

 

., 2000; Shea

& Chesson, 2002). However, the various ecological theories,

experiments, and observations have come to strikingly different

conclusions. Well-established ecological theory makes the explicit

prediction that communities with high species diversity should

be more difficult to invade than communities with lower diversity

(Elton, 1958; Tilman, 1997), yet experimental evidence is equi-

vocal (D’Antonio & Levine, 1999) and nearly all observational data

contradict this prediction (D’Antonio & Levine, 1999; Shea &

Chesson, 2002).

Most of the theories about species invasions have focused on

the properties of the species themselves, including both the

invasive species and the native species that potentially resist the

invasion (Baker, 1965, 1974; Newsome & Noble, 1986; Binggeli,

1996; Rejmánek & Richardson, 1996; Roy, 1998; Daehler & Carino,

2000; Kolar & Lodge, 2001; Shea & Chesson, 2002). There is clearly

variation in life-history attributes that affects invasive potential

in different environments (Baker, 1965; Crawley, 1986; Rejmánek

& Richardson, 1996; Rejmánek 

 

et al

 

., 2004). In addition, there

may be genetic and evolutionary dynamics that alter the compet-

itive ability of exotic species (Ellstrand & Schierenbeck, 2000;

Siemann & Rogers, 2001).

Several recent invasion experiments in which species diversity

was the treatment variable support the prediction that high

diversity communities are more resistant to invasion (Tilman,

1993, 1997; Levine, 2000; Kennedy 

 

et al

 

., 2002). However, other

experiments found no effect of species richness on invasibility

(Lavorel 

 

et al

 

., 1999). Re-evaluation of the positive experimental

results suggests that factors other than variation in species

diversity, such as total biomass or plant density, may actually be

causing the observed responses (Wardle, 2001; Weltzin 

 

et al

 

., 2003).
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In addition, field surveys of invasive species richness in relation

to native species richness have found a pattern opposite to that

seen in the experiments. A survey of parks and preserves around

the world found a positive correlation between the number of

native species and the number of exotic species (Lonsdale, 1999).

A higher-resolution study of vegetation in the Rocky Mountains,

western deserts, and Great Plains of North America also found

that native and exotic species richness were positively correlated

across sample areas at several levels of sampling resolution

(Stohlgren 

 

et al

 

., 1998; Stohlgren 

 

et al

 

., 2001). In riparian systems,

the areas with the highest diversity of native plant species also

had the greatest number of exotic species, in both California

(Levine, 2000) and the southern Appalachians (Brown & Peet,

2003). The fact that almost all of the field data published to date

contradict not only the primary theory of invasibility and divers-

ity, but also the results of short-term experiments with randomly

selected species assemblages, suggests that our understanding of

this topic remains incomplete.

 

An environment-based theory of diversity and 
invasibility

 

While the traditional approach to understanding invasions has

been to focus on the properties of the organisms themselves, e.g.

a niche-based competition approach (Shea & Chesson, 2002), an

alternative approach is to focus on the properties of the physical

environment that affect species survival, growth, and inter-

actions (Huston & DeAngelis, 1994; Huston, 1994; Stohlgren, 2002).

The role of physical environmental conditions, such as soils and

climate, is receiving increasing attention in discussions of

invasive species (e.g. Crawley 

 

et al

 

., 1987; Hobbs & Atkins, 1988;

Huenneke 

 

et al

 

., 1990; Vitousek, 1990; Stohlgren 

 

et al

 

., 1997,

1999a,b, 2001, 2002; Richardson & Bond, 1991; Higgins &

Richardson, 1998; Alpert 

 

et al

 

., 2000; Larson 

 

et al

 

., 2001).

The basic premise of this approach is that invasive species are

not qualitatively different from native species, and respond to

environmental conditions in the same ways as native species

respond (Huston, 1994). This premise is supported by the analy-

sis of Sax (2001), who found that the latitudinal patterns of

species richness and range size were similar between exotic and

native species of birds, mammals and fish (this study did not

examine plants). In a comparison of native and naturalized spe-

cies richness of herbaceous plants in Mediterranean shrublands

of Chile and California, Sax (2002) found positive correlations

between native and naturalized species richness, as well as similar

patterns of richness in relation to elevation.

Thus, the same processes that influence native species popula-

tion dynamics and diversity also influence the establishment and

survival of exotic species, and consequently allow prediction of

patterns of exotic species diversity using the same theories and

models used for native plant diversity (e.g. Huston, 1994;

Williamson, 1996; D’Antonio & Levine, 1999; Davis 

 

et al

 

., 2000;

Shea & Chesson, 2002). The approach presented here is derived

from the dynamic equilibrium model of species diversity (Huston,

1979, 1994), and specifically addresses two distinct components

of invasions: (1) the probability of successful establishment of

invaders, and (2) the probability that an established invader will

have a significant (dominant) effect on the invaded community.

The dynamic equilibrium model is based on the interaction of

two fundamental ecological processes that operate at the level of

individual organisms: growth and mortality. Environmental

properties that influence growth and mortality vary at all spatial

scales, from topographic gradients on a hillside to continental or

global gradients of temperature and precipitation (e.g. Franklin,

1995). Every landscape can be characterized on the basis of prop-

erties that affect plant growth, such as soil fertility and moisture,

and properties that affect mortality, such as the frequency and

intensity of natural or man-made disturbances. Across this range

of interacting conditions, the relative importance of different

ecological processes related to growth and survival varies consist-

ently, allowing predictions about the availability of different

types of resources, the dynamics of competitive exclusion,

population stability and survival, species diversity, and the rates of

many ecological and ecosystem processes (Huston, 1979, 1994).

Disturbances that cause sudden mortality can operate either

to increase or to decrease the effect of two major causes of stress-

related mortality, thus either increasing or decreasing population

survival and species diversity (Paine, 1966; Connell, 1978;

Huston, 1979, 1994; Sousa, 1979; Bakker, 1989). Such sudden

mortality can result from biotic processes such as herbivory or

predation, or from abiotic processes such as floods, lightning,

extreme weather, etc.

The two primary non-disturbance processes that reduce

population sizes are mortality due to abiotically generated stresses

from extreme conditions or insufficient resources, and mortality

caused by biotic stresses from competitive interactions that

also reduce resources. These two types of stresses tend to occur

in contrasting environments, which makes generalizations

about the effect of stress or productivity on diversity and

invasibility nearly impossible (e.g. Alpert 

 

et al

 

., 2000; Davis

 

et al

 

., 2000).

Abiotically generated stresses typically occur in unproductive

environments that are unfavourable because of climatic conditions

(e.g. too hot, too cold, or too dry) or because of low resource avail-

ability caused by geological and soil conditions (e.g. infertile,

toxic, or shallow soils). In these environments light availability

for most plants is high because low levels of soil resources or a

short growing season limit the accumulation of biomass that

produces shade. Biotically generated stresses typically occur in

more favourable environments, where most species can grow

well, but the largest, most competitive species can reduce or

eliminate populations of poorer competitors by reducing levels

of resources such as light (i.e. causing stress due to low light

levels). This shift of ecological processes, limiting resources, and

types of stress along an environmental gradient from unfavour-

able to favourable growth conditions leads to the widely observed

unimodal pattern of species diversity along productivity gradi-

ents (Grime, 1973a,b, 1979; Huston, 1979, 1980; Doyle, 1981;

Tilman, 1987; Grace, 1999; Dodson 

 

et al

 

., 2000), as well as a shift

from positive interspecific interactions (e.g. facilitation) to nega-

tive interactions (e.g. competition) (Callaway & Walker, 1997;

Holmgren 

 

et al

 

., 1997).
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The dynamic equilibrium model integrates the effect of

disturbances with the changing resource levels and stresses that

occur along a productivity gradient to predict population sur-

vival and species diversity. The unique prediction of this model is

that the effect of mortality-causing disturbances on species

diversity (i.e. on the survival of both native and exotic species)

should 

 

reverse

 

 between productive and unproductive environ-

ments. That is, in unproductive environments, an increase in

disturbance-caused mortality generally eliminates slowly growing

species and leads to a 

 

decrease

 

 in species diversity (Fig. 1a), while

in productive environments, an increase in disturbance-caused

mortality causes an 

 

increase

 

 in diversity (Fig. 1c), by reducing the

biomass of the dominant species and making critical resources,

particularly light, available to smaller plants. An analogous

reversal occurs for the effect of increased productivity in high

(Fig. 2d) vs. low disturbance environments (Fig. 1f ), because of the

shift from stress tolerance to competitive exclusion as distur-

bance frequency decreases.

 

Tests of diversity predictions

 

The prediction about the reversal of disturbance effects on diver-

sity (Huston, 1979) was recently tested using a meta-analysis of

published studies of grazing effects in contrasting environments

(Proulx & Mazumder, 1998). Grazing fits the definition of a

mortality-causing disturbance because it results in the mortality of

all (in the case of grazing of phytoplankton) or part (in the case of

most terrestrial grazers) of a plant and thus affects both survival

and competitive interactions. The relative ease of grazer manipu-

lation in aquatic and terrestrial systems has led to a large number

of published grazing experiments. These studies were reviewed

by Proulx & Mazumder (1998) for their meta-analysis, which

found numerous examples of the reversal of grazing effects on

species diversity (plant species richness) between productive and

unproductive environments predicted by the dynamic equilibrium

model (Fig. 1). All of the studies conducted in nutrient-poor,

unproductive systems showed that plant diversity 

 

decreased

 

 with

increased intensity of grazing (Fig. 2a, compare with Fig. 1a). In

contrast, most of the published experiments in systems that

could be classified as productive (based on measured nutrient

levels, precipitation, or qualitative assessments such as oligo-

trophic vs. mesotrophic) showed an 

 

increase

 

 in plant diversity in

response to grazing (Fig. 2b, compare with Fig. 1c). Another

meta-analysis (Worm 

 

et al

 

., 2002) confirmed the predicted

reversals along productivity gradients (at different levels of dis-

turbance) and also along disturbance gradients (at different

levels of productivity). As with all ecological processes based on

interactions among individual organisms, the effects of grazing

on competitive interactions are likely to disappear at spatial scales

larger than the scale at which organisms interact (see Huston,

Figure 1 Predictions of the Dynamic Equilibrium Model of species 
diversity. Both disturbance type and frequency, and growth rates 
(plant productivity, population growth rates) vary across landscapes 
in response to geology, topography, and climate. Diversity is reduced 
by failure of populations to survive under conditions of high 
frequency of disturbances and low productivity (upper left corner), 
and also by competitive exclusion under high productivity 
conditions where mortality-causing disturbances are infrequent 
(lower right corner). Diversity is predicted to be highest where these 
two processes cancel each other, which is illustrated along the 
diagonal line from the lower left corner to the upper right (from 
Huston, 1994; based on Huston, 1979). The effect on species 
diversity of a change in disturbance frequency or intensity can be 
reversed from one environment to another, depending on local 
conditions of productivity and growth rates (e.g. (a) vs. (c)). 
Similarly, the effect on species diversity of the same change in 
productivity can completely reverse, depending on the disturbance 
regime (e.g. (d) vs. (f)). Intermediate conditions produce the 
classical unimodal response ((b) and (e)). Within a given 
disturbance regime, changing either frequency or intensity is 
predicted to have the effects shown. However, in situations where 

 

frequency and intensity are inversely correlated, as most fire regimes, 
patterns can be more complex. In all cases, the properties of 
individual species must be considered in predicting species-specific 
or functional type responses. (from Huston, 1979, 1994).
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1999), where environmental heterogeneity obscures the effects of

local interactions (e.g. Stohlgren 

 

et al

 

., 1999b).

As a consequence of these response reversals, it is often impos-

sible to detect the effects of disturbance on diversity. Without an

appropriate stratification of data based on environmental condi-

tions (Huston, 2002), the patterns within the data are hidden,

leading, for example, to the conclusion that grazing has no pre-

dictable effects on species diversity (Feminella & Hawkins, 1995;

Steinman, 1996). Similarly, plant communities with different

combinations of productivity and disturbance differ in invasibility,

which can lead to the conclusion that productivity has no effect

on invasibility (e.g. Davis 

 

et al

 

., 2000). This model helps explain

many of the apparent inconsistencies and exceptions in the

effects of stress, disturbance, nutrient addition, and other factors

on both diversity and invasibility (e.g. Alpert 

 

et al

 

., 2000; Davis

 

et al

 

., 2000; Shea & Chesson, 2002).

 

Environmental influences on invasibility

 

The predictions of the dynamic equilibrium model for the

invasibility of different environments (Huston, 1994) are derived

from its predictions for population survival and species diversity

of plants in general, whether native or exotic, and address two

distinct components of invasibility: (1) the probability of estab-

lishment; and (2) probability of dominance by established invaders.

With regard to establishment of exotic invaders, assuming

equivalent propagule availability across all environments, the model

predicts that the probability of successful establishment of plant

species (native and exotic) is greatest under two contrasting

sets of environmental conditions: unproductive and relatively

undisturbed environments, and productive disturbed environments

(Fig. 3a).

For the effect of invaders, the model predicts that the impact

will generally be largest in the most productive environments,

where plant growth rates are high, diversity is often low due to

competitive exclusion, and dominant invaders can potentially

replace dominant native species (Fig. 3b). Since successful estab-

lishment is required before a species can become dominant, the

overall probability of dominance by an exotic species is greatest

in the upper right quadrant of the environmental space (high

disturbance, high productivity). This contrasts dramatically with

the lower left quadrant (low disturbance, low productivity)

where the probability of establishment is high, but the probabil-

ity of dominance is low. Under these conditions, exotic species

are predicted to have relatively little negative impact, and to

assimilate into the native community, unless they change either

productivity or the disturbance regime. Extremely unproductive

and stressful environments have a low probability of successful

invasion by any plant species, and typically have low diversity of

native plants and few exotic species.

The resource-fluctuation theory of plant invasions (Davis

 

et al

 

., 2000) also emphasizes that increases in resource availabil-

ity, as a result of mortality-causing disturbances, natural climatic

fluctuations, or eutrophication, tend to increase the invasibility

of many environments. These predictions are generally consist-

ent with the dynamic equilibrium model (Huston, 1979, 1994).

Figure 2 (a) Effect on plant species richness of mortality-causing 
disturbances in nutrient-poor ecosystems (aquatic and marine) in 
which mortality is caused by grazing (Proulx & Mazumder, 1998). 
All of the studies showed a decrease in species richness under 
unproductive conditions, as predicted by the dynamic equilibrium 
model (Figure 1a). (b) Effect on plant species richness of mortality 
caused by grazing or mowing in nutrient-rich (natural or fertilized) 
ecosystems (aquatic, marine, and terrestrial). Results are shown for 
24 comparisons reported in 13 published studies examined in a 
literature review by Proulx & Mazumder (1998), most (21 of 24) 
showed the increase in species richness under productive (i.e. 
nutrient-rich) conditions predicted by the dynamic equilibrium 
model. These data are a test of the prediction illustrated in 
(Figure 1c, High Growth Rates). + indicates a significant positive 
response (14 out of 24 comparisons). – indicates a significant 
negative response (1 out of 24 comparisons). Numbers by lines refer 
to study numbers listed in Proulx & Mazumder (1998). Note that 
study 22, and to a lesser extent 21a and b, show the unimodal 
response of the ‘intermediate disturbance hypothesis’ (Figure 1b).
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Tests of invasibility predictions

 

Although the predictions of the dynamic equilibrium model for

invasive species have never been explicitly tested, most of the

recently published results are consistent with these predictions.

The field surveys mentioned previously (Stohlgren 

 

et al

 

., 1998;

Lonsdale, 1999; Levine, 2000) found a positive correlation between

native and exotic species richness, as would be expected if both

exotic and native species were responding similarly to environ-

mental conditions over the full range from low diversity to high

diversity.

An experimental study (Burke & Grime, 1996) produced results

relevant to the dominance prediction of the dynamic equilibrium

model, and found the highest percent cover of exotic species in

the most productive and most disturbed experimental treatment

(Fig. 4). These experimental results are consistent with the

observation that riparian areas, which generally have fertile

soils and a high disturbance frequency, plus effective long-

distance transport of propagules, are among the most heavily

invaded vegetation types (e.g. Stohlgren 

 

et al

 

., 1998, 2002; Brown

& Peet, 2003).

The distinction between the conditions that allow plant estab-

lishment vs. those that promote dominance (Fig. 3) is clearly

demonstrated in a detailed survey of alien plant distributions at

Theodore Roosevelt National Park in North Dakota, USA (Larson

 

et al

 

., 2001). Two contrasting vegetation types, riparian wood-

land and dry grassland, had numbers of alien species that were

two to three times the mean of all 1300 transects sampled, indi-

cating high rates of exotic establishment (cf. Figure 3a). Of these

two types, the woody riparian vegetation (

 

Populus/Juniperus

 

)

had a much higher frequency (

 

∼

 

60%) of alien species per transect

(an index of abundance or dominance) than did a drier grassland

type (

 

Agropyron smithii/Stipa viridula

 

), which had a frequency

(

 

∼

 

30%) that was less than the mean for all transects (Larson

 

et al

 

., 2001; p. 135) (cf. Figure 3b). Overall, the riparian and

mesic vegetation types had higher numbers or frequencies of

Figure 3 Predicted community susceptibility to invasions and degree of dominance of invading species in environments classified according to 
disturbance and productivity. The concentric ellipses represent contours of species diversity, with the high diversity represented by the small 
ellipse in the lower left corner and diversity decreasing away from the ellipse, analogous to Figure 1. (a) Predicted susceptibility of communities 
to invasion. Darker shading indicates higher probability of successful invasion. Note that communities with low diversity are least likely to be 
invaded successfully, and communities with high diversity are most likely have invaders establish successfully. (b) Predicted dominance and life 
histories of successful invaders under various combinations of productivity and disturbance. Darker shading indicates greater dominance of a 
community by a successful invader. Note that if invaders alter the disturbance regime by increasing frequency or intensity, the community will 
shift to lower diversity and higher dominance by the invader (from Huston, 1994).

Figure 4 Dominance of invasive species in relation to the 
experimental interaction of productivity (fertilization) and 
disturbance regime. Darker shading indicates an increasing 
percentage of vegetative cover contributed by exotic species, in 
mixtures that include both native and exotic species. Note that this 
pattern results from both the increased probability of establishment 
under disturbed, productive conditions (Figure 3a) and the pattern 
of maximum dominance (Figure 3b) predicted by the dynamic 
equilibrium model. Based on date in Burke & Grime (1996).



 

M. A. Huston

 

172

 

Diversity and Distributions

 

, 

 

10

 

, 167–178, © 2004 Blackwell Publishing Ltd

 

alien species, while the most xeric sites tended to have low

numbers and frequencies, consistent with the expected decrease

in total species richness under extremely unproductive condi-

tions. Finally, the sites that showed the greatest increase in the

number or frequency of alien species with disturbance were the

more mesic sites, including the riparian vegetation types, as well

as the 

 

A. smithii/S. viridula

 

 grasslands, consistent with the

predictions of the dynamic equilibrium model (Fig. 1c).

 

Implications for management and control of exotic 
plants

 

The two primary options suggested by the dynamic equilibrium

model for controlling or eliminating exotic species are: (1)

manipulation of the disturbance regime; and (2) manipulation

of productivity. The success of this approach depends on know-

ing enough about the productivity and disturbance regime of

any location to estimate its relative location on the graph of

productivity and disturbance (Fig. 1). In many situations, a

qualitative estimate based on knowledge of the range of environ-

mental conditions within the region should be sufficient to get

started. All natural resource management should be carried out

in the context of the adaptive management approach, in which

management actions are treated as experiments, with careful

monitoring of the results, and modification of future manage-

ment as appropriate (Holling, 1978; Walters, 1986).

 

Disturbance management

 

Disturbed areas are more easily invaded (by native or exotic

species) than undisturbed areas (Elton, 1958; Hobbs & Huenneke,

1992; Mack 

 

et al

 

., 2000), but this effect is found primarily under

more productive conditions (Huston & DeAngelis, 1994; Huston,

1994). Environments that are both productive and disturbed,

such as agricultural or riparian areas, often have serious exotic

problems caused by dominance of the invading species.

The critical property of disturbances is that they kill part or all

of some individual plants, thus affecting both survival and com-

petitive ability, and making various types of resources available

to surviving plants. Obviously any particular disturbance, such

as a fire, flood or ice storm, will have different effects on individual

plants that differ in species, size, and other properties. For exam-

ple, a ground fire in a savanna is likely to cause mortality of tree

seedlings, but have no effect on mature trees. Because of these

differential effects, the consequences of many types of distur-

bances for species composition are fairly predictable (Huston,

1994, 2003), although the relative effects on native vs. exotic

species will depend on the particular adaptations of the species

involved. The imposition of species-specific mortality, such as

grazing or forms of ‘biocontrol’, in a situation where growth of

exotic plants is already reduced by competition or other causes of

resource reduction, can have a strong negative effect on the

population of the exotic species (McEvoy & Coombes, 1999;

Scherber 

 

et al

 

., 2003).

Manipulation of disturbance often involves an effort to return

to some approximation of the ‘natural’ disturbance regime. In

unproductive environments, increasing the frequency or the

intensity of disturbances is likely to greatly reduce or even elimi-

nate the populations of some species (hopefully including exotic

species), and thus reduce overall diversity. In contrast, in produc-

tive environments, an intensified disturbance regime is more

likely to decrease the biomass of dominant species and increase

diversity, potentially allowing the successful establishment or

expansion of both native and exotic species. Consequently, in

productive environments the general management prescription

for controlling most exotics will be a reduction in disturbance,

which will often allow native species to out-compete exotics. In

unproductive environments, the best management plan is likely

to be an increase in disturbance mortality, at least to typical (or

historic) levels to which native species are more likely to be

adapted. The specific details of which native and which exotic

species increase or decrease in response to the treatment will

depend on the particular adaptations of each species in relation

to the local environmental conditions, particularly productivity

and disturbance.

In fire-adapted vegetation, such as Mediterranean climate

shrublands, prevention of fire typically leads to a decrease in the

abundance and diversity of small, fire-adapted species, and

an increase in the abundance of species that are likely to be larger

in size, and better competitors in the absence of fire (Barro &

Conard, 1991; Sax, 2002; Keeley & Fotheringham, 2003). This

change may be accompanied by a reduction in the relative

abundance and species richness of herbaceous exotic species (Sax,

2002; Meiners 

 

et al

 

., 2002), which suggests that, at least in some

cases, the invasive exotic species of disturbed sites may be less

shade tolerant, or otherwise less able to withstand competition

than are the native herbaceous species. Unfortunately, there

are numerous examples of fire-adapted exotic species, generally

grasses, that invade fire-sensitive vegetation and create a fire

regime that severely impacts the native species (Mack, 1981,

1989; D’Antonio & Vitousek, 1992; Brooks 

 

et al

 

., 2004).

Control of exotics through manipulation of disturbance will

inevitably reduce the abundance of some native species as well,

which will require careful monitoring and adaptive manage-

ment. In a study of five Italian cities (Grapow & Blasi, 1998), the

urban exotic species increased in their absolute and relative con-

tribution to the flora along a gradient of increasing disturbance

impact. In other situations, such as the fire-adapted shrublands

discussed above, increasing disturbance (fire frequency) would

be expected to increase the abundance and proportion of native

shrub species in the flora, but could also increase the abundance

of exotic herbaceous species (e.g. Sax, 2002). When an extreme

disturbance regime, such as cultivation, is terminated, and

natural vegetation allowed to regenerate, there will generally be a

‘succession’ of invasive species that changes with disturbance

frequency (and time since last disturbance). This scenario has

occurred over much of eastern North America, where it is obvi-

ous that most of the invasive species of agriculture and old fields

are no longer present in the forests that have regrown from the

ploughed fields and pastures. Nonetheless, other exotic species may

still be surviving in or newly invading the forests, representing

‘later’ stages of the succession of exotic species.
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Resource and productivity management

 

Productivity is more difficult to manage than disturbance, because

it is the continuous consequence of environmental conditions

interacting with changing sizes and types of plants, rather than

the result of episodic events. Plant productivity should not be

confused with standing biomass, which may vary greatly in

either productive or unproductive environments, depending on

the length of time since the last mortality-causing disturbance.

Productivity influences diversity by different mechanisms across

the gradient from low to high potential productivity. In unpro-

ductive environments, any increase in plant growth rates can be

critical for allowing plants to survive. In productive environ-

ments, high growth rates allow rapid accumulation of biomass,

and (in the absence of imposed mortality such as grazing or fire)

a high maximum level of biomass, which produces dense shade

and competitive exclusion of smaller and/or less shade-tolerant

plants (Keddy, 1989; Reader & Best, 1989; Berendse, 1994; Keddy

 

et al

 

., 1997).

Management prescriptions for manipulation of productivity

to control exotics in unproductive areas would include a reduc-

tion in nutrients or water, keeping in mind that this will affect

some native species as well. In naturally productive areas, a fur-

ther increase in productivity, particularly if there has been some

degradation in productivity from human activities, may reduce

exotics through competition from native species. A similar effect

can be achieved even without fertilization, if plant succession

and biomass accumulation are allowed to proceed. In this case,

prevention of disturbance allows the natural processes of plant

growth and competitive interactions to reduce water and nutri-

ents through uptake, and light through shading. The shade intol-

erant exotic species of open or disturbed areas will be eliminated

by succession over time, as will shade intolerant native species.

This phenomenon can be observed during old-field succession

anywhere in the world. In the eastern United States, exotic species

such as Japanese honeysuckle (

 

Lonicera japonica

 

) and Japan grass

(

 

Microstegium vimineum

 

) are greatly reduced in abundance,

or completely eliminated by the development of a dense forest

canopy (Huston, unpublished data).

Humans increase nutrients through eutrophication of ter-

restrial, aquatic, and marine systems, with dry deposition of

nitrogen being the primary terrestrial impact (Vitousek 

 

et al

 

., 1997)

and both nitrogen and phosphorus impacting waters. Humans

also decrease soil nutrients through harvest and removal of

nutrient-containing plant material, and through soil erosion

(e.g. LaFon 

 

et al

 

., 2000). Areas with depleted nutrients can be at

least partially replenished through fertilization, although changes

in other soil properties, such as porosity, density, and organic

matter content, are also necessary for restoration of productivity.

Short-term reductions in the nutrients available to plants can

be achieved through addition of organic matter with low nutri-

ent content, such as sawdust or sugar. This practice is potentially

useful for the establishment of native species in eutrophied areas

where competition from nutrient-demanding exotics is a pro-

blem (Wilson & Gerry, 1995; Kirkham & Kent, 1997) but may be

less effective in extreme environments (Cione 

 

et al

 

., 2002).

Humans can impact resources indirectly through harvesting

plants. Because harvests kill organisms, and thus make the

resources that they contain or use available to other organisms,

such disturbances generally increase the amount of resources

(light, water, nutrients) for the organisms that survive. This may

produce a response that differs from that expected from mortal-

ity alone. For example, in tall-grass prairies in North America, a

high fire frequency (every one to two years) reduces, rather than

increases, plant diversity because its primary effect is to increase

productivity and the intensity of competition, rather than to kill

plants (Briggs & Knapp, 1995). By burning dead plant litter, the

fire releases nutrients that would otherwise be unavailable. The

resulting increase in productivity leads to increased competition

for light, which is the opposite of the effect of fire in some other

situations. A similar reduction in diversity can result from

increased productivity caused by invasion by nitrogen-fixing

species (Vitousek & Walker, 1989; Maron & Connors, 1996).

Plants growing in productive environments (high nutrient

and water availability) are likely to become larger and produce

more seeds than plants growing in unproductive environments

(Lang 

 

et al

 

., 1956; Meyer & Root, 1993; Greipsson & Davy, 1997;

Loeppky 

 

et al

 

., 1999; Cheplick, 2001). Consequently, the actual

number individual plants and of exotic species becoming estab-

lished in a disturbed productive area is likely to be higher than

in an equally invasible, unproductive area, where propagule

production is much lower. The spatial arrangement of productive

and unproductive areas on a landscape can have a strong

influence on patterns of propagule availability (Shmida & Wilson,

1985), which can be further influenced by natural and anthropo-

genic disturbances patterns, and the input of propagules from

outside the region (e.g. Brown & Peet, 2003). In contrast, in

unproductive environments exotic species often ‘fit in’ with the

natural community without becoming dominant and having a

strong effect on the native species (Knops 

 

et al

 

., 1995; Kolb, 1999;

cited in Alpert 

 

et al

 

., 2000; Meiners 

 

et al

 

., 2001).

In many cases of high-impact invasions, there is evidence that

the ‘natural’ environmental conditions had been altered prior

to the successful invasion. In general, such changes operate to

reduce the stresses and low resource levels to which the native species

have become adapted, and thus provide a competitive advantage

to other species which do not have the restrictive adaptations

(e.g. drought tolerance, slow growth, etc.) needed to survive the

missing natural stresses. Examples include nitrogen deposition

that has increased nutrient availability in European heathlands

and in the mountains surrounding the Los Angeles Basin and

may facilitate the replacement of native shrublands with either

native or exotic grasses (Bakker & Berendse, 1999; Padgett &

Allen, 1999; Edgerton-Warburton & Allen, 2000; Cione 

 

et al

 

.,

2002); drying of the Everglades that reduced flooding stress and

allowed 

 

Melaleuca

 

 to invade natural wetlands (Myers, 1983, 1984;

Bodle 

 

et al

 

., 1994); and the overgrazing of western rangelands

that may have facilitated the invasions of exotic species such as

 

Centaurea maculosa

 

 and leafy spurge (

 

Euphorbia esula

 

), which

now cover millions of acres (Asher, 1995; Westbrooks, 1998).

Climatic cycles, or directional climatic change, can have a

similar effect on drought stresses and productivity. In particular,
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prolonged wet periods are likely to facilitate invasions of exotics

into arid systems or shallow-soil environments, such as barrens,

in humid systems. Conversely, prolonged dry periods are likely to

facilitate invasions into humid systems, by reducing the vigour

and canopy density of native species and allowing the invasion of

more drought-adapted species. However, in dry climates, extreme

droughts are likely to reduce the distribution of exotic species

(particularly perennials), and the distributions of some natives as

well (Weaver & Albertson, 1939; Swetnam & Betancourt, 1998).

Any shift to more favourable climatic conditions may favour

species that evolved in less stressful environments (e.g. certain

exotic species) that do not have the adaptations and associated

reductions in competitive ability possessed by the native species,

which are adapted to survive the extreme conditions periodically

encountered over their evolutionary history.

Plant physiology and life history determine the environmental

limitations of particular exotic (or native) species, and thus

provide insights into their potential control, as well as their

invasiveness (Rejmánek & Richardson, 1996). Shade tolerance is

a fundamental plant property that is a consequence of plant

adaptations (e.g. leaf structure, root:shoot allocation) and environ-

mental conditions. Because plants lose water by transpiration

when they are taking up carbon dioxide during photosynthesis,

plants can use light more efficiently if they have abundant water

(Smith & Huston, 1989). Shade has been observed to reduce

drought tolerance in tree seedlings (Chapman, 1945; Kozlowski,

1949; Withers, 1979; Vance & Zaeer, 1991; Veenendaal 

 

et al

 

., 1996).

In low light conditions, such as forest understorey, this can be

critical for survival.

The spatial coverage of shade-tolerant species such as 

 

Micro-

stegium

 

 can be greatly reduced on landscapes where natural

forest succession creates deeper shade and restricts them to the

wettest portions of the landscape (Cole, 2002). In wetter years, or

in wetter climates, the distribution of such moderately shade

tolerant-species would be expected to expand over more of the

landscape. Any management actions that increase the shade pro-

vided by the forest canopy, particularly if accompanied by drier

conditions, should greatly reduce the abundance of such species.

In general, intact forests have very few successful invaders.

However, few forests are free from disturbances that make them

more susceptible to invasion. One suite of species in particular,

those from Mediterranean climates that are drought tolerant and

also relatively shade tolerant, are increasingly serious invaders of

disturbed forests, particularly in urban areas where such species

are used in horticulture. These species include English Ivy (

 

Hedera

helix

 

), Oregon grape (

 

Mahonia

 

 sp.), and 

 

Vinca

 

 sp. Fortunately,

species with these adaptations are relatively slow growing, but

unfortunately, they survive most natural stresses (Sack & Grubb,

2002).

The relative proportion of a landscape occupied by different

combinations of productivity and disturbance differs from one

climatic region to another. In arid regions, areas with high pro-

ductivity are rare, and are likely to be heavily impacted by both

native animals and human activities. In areas with higher precip-

itation, productive areas are more widespread, and unproductive

areas are rare and potentially susceptible to invasion.

One critical consideration for management using either

disturbance or productivity manipulation is the RESPONSE

 

reversal

 

 that occurs between one extreme of a productivity or

disturbance gradient and the other extreme. There are two funda-

mentally different types of response reversals (Huston, 2002),

which must be distinguished for effective conservation and

management. Single-factor response reversals occur in any situation

with a unimodal response along an environmental gradient, such

as a resource or temperature gradient. The biological response

(e.g. species richness) increases from low to intermediate levels of

the resource, and decreases from intermediate to high values,

forming a unimodal or ‘hump-backed’ curve such as that described

for species richness by Grime (1973a, 1979) and others. Thus, as

has been observed, adding nutrients can increase diversity and

invasibility, particularly on nutrient-poor soils (Heddle & Specht,

1975; Hobbs 

 

et al

 

., 1988; Huenneke 

 

et al

 

., 1990), but adding

nutrients can also decrease diversity and invasibility on soils of

intermediate to high fertility (Huston, 1980; Tilman, 1987;

Huston & DeAngelis, 1994).

The second type of response reversal involves two interacting

factors, such as growth rates and disturbance as described earlier

(Fig. 1). In this situation, the biological response along an

increasing gradient of one of two interacting factors (i.e. either

increasing productivity or increasing disturbance frequency or

intensity) will reverse along most or all of the gradient, depend-

ing on the level of the other factor (e.g. Figure 1a vs. 1c). The

most important consequence of this process is that the same

change in a factor (e.g. disturbance frequency) can have opposite

effects on the same portion of the disturbance gradient, depend-

ing on the level of productivity.

 

CONCLUSIONS

 

Making 

 

a priori

 

 predictions about what portions of a landscape

are most likely to be impacted by invasive plant species provides

critical information for monitoring and managing plant invasions,

and is likely to be much more accurate than predictions of which

exotic species will be present. The predictions of the dynamic

equilibrium model about the interactive effect of productivity and

disturbance on both species diversity and invasibility differ from

the predictions of classical ecological theory, and have been vali-

dated in studies over a wide range of environmental conditions.

Many properties of plant invasions can be predicted on the

basis of environmental conditions that affect both native and

exotic species. The probability of establishment (invasion) and

the severity of impact (dominance) vary independently over

environmental gradients, and have similar patterns in both native

and exotic species. The critical environmental properties for

predicting invasibility are productivity, which is influenced by

climate and soils, and disturbance regimes, such as the frequency

of fire, floods, ice storms, cultivation, grazing, etc. Both of these

properties vary over landscapes at scales ranging from local to

global, and both can be affected to some degree by human

activities.

Low-productivity environments are relatively easily invaded, even

in the absence of disturbance, but the cover of exotic invasive
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species, and thus their potential negative impact, is generally

low. In contrast, undisturbed productive environments are rarely

invaded, as are extremely unproductive and stressful environ-

ments. Unproductive areas generally have fewer and less intense

agricultural disturbances, and lower input of external propagules

by humans and animals. Disturbed productive environments are

most easily invaded, and the probability that the invaders become

dominant and have a significant impact is high.

Understanding landscape variation in the probability and

impact of invasion by exotic species should allow development of

more efficient monitoring programs for exotic invasions, more

effective control through management, and better prioritization

of control activities.
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