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Abstract Landscapes differ in the composition and configu-
ration of habitats, and this heterogeneity can influence the
manner in which invasive species spread in complex ways.
To understand this complexity, we outline a framework that
identifies how landscape heterogeneity influences spread by
causing dispersal behaviour and local population growth to
vary across the landscape. We use this framework to review
progress over the last 5 years in understanding landscape ef-
fects on invasive spread, focussing on the role of interactions
between landscape heterogeneity, dispersal and population
processes.
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Introduction

Species introduced to regions outside their native range be-
come invasive when they spread away from the site of initial
introduction to establish self-sustaining populations in new
locations [1]. Understanding the processes that control the
pattern and rate at which invasive species spread is key to
forecasting and managing their potential impacts [2–4].

Much of our understanding of spread dynamics comes
from mathematical models of populations expanding across

homogeneous landscapes [5–7]. However, invasions typically
unfold across more complex landscapes, and attention has
shifted toward understanding how landscape heterogeneity
(the composition and configuration of habitats) can influence
the pattern and rate of invasive species spread [8–11]. Perhaps
the dominant theme to emerge from this research is the wide
variation in outcomes obtained from relatively simple spread
models, with this complexity arising for three key reasons.
The first is that the pattern and rate of species spread is context
specific, depending on both the traits of the species concerned
and individual landscape composition and configuration.
Second, theoretical studies show that the key demographic
processes driving spread, including rates of dispersal and local
population growth, can have non-linear responses and both
interact and feedback on one another, leading to highly vari-
able outcomes given slight changes to demographic parame-
ters, landscape configuration or starting conditions [12].
Finally, recent work has highlighted the role that demographic
and environmental stochasticity can play in affecting spread
rates, with their influence mediated by interactions with other
demographic processes [13, 14]. These complex interactions
and the varied outcomes they generate make it difficult to
identify general principles governing the effect of landscape
structure on invasive spread [15, 16].

Our aim in this review is twofold. First, to illustrate the
potentially complex interactions that can drive spread we de-
velop a framework that aims to capture the key processes
underlying spread, and use this framework to identify the
ways in which landscape heterogeneity can influence the
spread of invasive species. Second, using this framework we
review progress over the last five years in understanding land-
scape effects on invasive spread.

To do this, we conducted a systematic review of studies
published since 2010 as indexed by Web of Science and
Google Scholar, using the followingWeb of Science keywords:
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TOPIC: ((invas* OR alien OR exotic) AND (land*)) AND
(spread OR expansion) AND YEAR PUBLISHED: (2010–
2015). This returned 809 articles, which we refined to 503 by
specifying the following Web of Science fields:
ENVIRONMENTAL SCIENCES ECOLOGY OR PLANT
SCIENCES OR BIODIVERSITY CONSERVATION OR
ZOOLOGY OR AGRICULTURE OR MARINE
FRESHWATER BIOLOGY. These 503 articles were further
narrowed to 180 based on their title. We reviewed the abstracts
of these 180 articles and identified a subset we considered most
relevant to the aims of this review. Our choice was selective:
there have been several excellent reviews of landscape effects
on invasive spread [6, 11, 17], and rather than coveringmuch of
the same ground, we focus on recent developments in under-
standing how landscape heterogeneity and interactions between
spread processes generate variation in spread dynamics, using
the framework we develop.

Conceptual Framework for Spread

Spread involves an increase in the number of locations or area
occupied by a species [12]. At its core, spread is a population
process that can be understood as a repetitive sequence of
events (Fig. 1): individuals arrive and settle at a location, with
settlement implying that arriving individuals persist at that lo-
cation. Given conditions suitable for reproduction, those indi-
viduals then produce propagules that either contribute to local
population growth or disperse to new locations. If conditions
are suitable at these new locations, dispersed propagules settle
and reproduce, producing propagules that are dispersed to fur-
ther locations, and so forth [18]. Figure 1 illustrates these
events, with arrows identifying the steps between dispersal,
settlement and local population growth that result in spread.

We include settlement and local population growth as sep-
arate events to accommodate sink habitats: locations where
arriving individuals can survive (settle) but local reproduction
is insufficient for positive population growth, and occupancy
relies on the continued arrival of individuals from elsewhere
[19]. This distinction is important when considering the
spread of invasive species, because sink habitats will usually
be included in the area an invader has occupied, and thus
contribute to measures of spread, although in reality it is dif-
ficult to distinguish sink from non-sink locations [20]. The
transition from settlement to population growth implies that
conditions are suitable for the establishment of a self-
sustaining population at a given locality.

A large body of theory shows that in homogeneous land-
scapes, the rate at which an invasive species spreads is criti-
cally dependent on its dispersal capability and its rate of pop-
ulation growth when rare [5, 7, 21]. Real landscapes are not
homogeneous, and typically comprise a variety of habitats
with different characteristics. For a given species, habitats
can differ both in their suitability for movement, with some
habitats facilitating and others impeding dispersal [22], and in
their suitability for survival and reproduction, leading to spa-
tial variation in local population growth rates [23]. Landscape
heterogeneity can thus directly affect spread through variation
in habitat suitability that results in varying rates of dispersal,
settlement and local population growth across the landscape.
The direct effects of habitat suitability on these demographic
processes are shown as arrows in Fig. 1.

Although habitat variation can affect spread directly by
causing dispersal and local population growth rates to vary,
complex spread dynamics often arise through interactions be-
tween these processes, creating the potential for non-linear
responses, feedback and thresholds in spread behaviour, lead-
ing to highly variable outcomes [12]. While the arrows in

Fig. 1 Conceptual framework for
understanding landscape effects
on the spread of invasive species.
Landscapes differ in the
composition and configuration of
habitats. For a given invader,
landscapes comprise habitats of
varying suitability for movement,
survival and reproduction, which
influences spread by generating
spatiotemporal heterogeneity in
both dispersal behaviour and local
population dynamics (settlement
and population growth)
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Fig. 1 identify the direct effects of one process on another,
multiple arrows pointing to the same process identify the po-
tential for interactions, meaning outcomes could exhibit great-
er variability because they depend on the joint effects of two
processes whose effects may not be additive. Settlement and
the transition to population growth, for example, depend on
both dispersal and habitat suitability for survival and repro-
duction (Fig. 1). Rather than acting independently, however, it
is the interaction between these processes that determines the
probability that a population will establish at a new location
[24, 25]. Low rates of dispersal, for example, may allow pop-
ulations to settle in patches of suitable habitat, but may not
provide sufficient propagules for establishment in patches of
less suitable habitat [25], resulting in spread being strongly
influenced by the make-up of habitat patches that differ in
their suitability for population growth. In contrast, high rates
of dispersal may provide sufficient propagules to overcome
establishment barriers [26], meaning spread is much less af-
fected by differences among habitat patches in their suitability
for population growth. As a consequence, while landscape
heterogeneity may cause dispersal behaviour and local popu-
lation growth to vary across the landscape somewhat indepen-
dently, spread is critically dependent on how these processes
interact to jointly determine outcomes. Here we use the frame-
work shown in Fig. 1 to review progress over the last 5 years
in understanding how landscape-level heterogeneity in dis-
persal behaviour and population growth can influence spread
dynamics, first by considering the direct effects of heteroge-
neity on each of these processes separately, and second by
examining the importance of interactions.

Direct Effects of Landscape Heterogeneity
on Dispersal Behaviour

The rate at which invasive species spread is known to be
highly sensitive to variation in dispersal parameters, with
spread rate increasing as both mean dispersal distance and
the frequency of long-distance dispersal events increase
[12, 21]. Nevertheless, for a given species, spread is often
modelled assuming a fixed dispersal kernel that does not
vary across the landscape. Relative to this, patterns of
spread are likely to differ if, instead, a landscape com-
prises habitats or has features that differentially affect
the movement of individuals, leading to spatial and/or
temporal heterogeneity in dispersal behaviour. Spatially,
dispersal behaviour may vary if propagule movement is
facilitated in some habitats but not others, resulting in
more propagules able to move a greater distance through
some parts of the landscape [22]. If the mean dispersal
distance remains the same, introducing spatial heteroge-
neity in dispersal behaviour should increase invasion
speed, because this will increase the frequency of

longer-distance dispersal events, which have a dispropor-
tionate influence on spread rates [21, 27]. Ellner and
Schreiber [27] have shown that this is the case for tem-
poral variation, with increasing variation in dispersal rates
accelerating invasive spread because this results in an in-
crease in the frequency of longer-distance dispersal
events. We expect the same outcome given spatial hetero-
geneity, whereby the addition of landscape features or
vectors that facilitate long-distance dispersal will increase
invasion speed. Human-assisted dispersal can play a key
role in this regard, with even occasional long-distance
movements by humans substantially accelerating the
spread of invasive species [28, 29].

Empirical studies of invasive spread highlight the im-
portance of landscape features that influence propagule
movement. Caplat et al. [30] and Jongejans et al. [14],
for example, show that invasion speed in two wind-
dispersed species is highly sensitive to variation in wind
speed, implying that the strength and direction of wind
patterns across the landscape are likely to be critical de-
terminants of spread dynamics [31]. Data on how wind
patterns vary across the landscape can be used to identify
areas connected by high rates of dispersal, which is where
management may be most effective in limiting spread
[32]. Similarly, Miller et al. [33] show that variation in
local vegetation structure affects spread by creating bar-
riers to movement. They show a steeper decline in the
density of the wind-dispersed invasive herb Hieracium
lepidulum away from stream habitat, which acts as a prop-
agule source, when the surrounding vegetation is forest
rather than grassland. The ability of H. lepidulum to
spread more rapidly into grassland habitat is most likely
due to greater dispersal distances across low-growing
grassland vegetation relative to forest, which creates a
taller barrier (see also [34]). This suggests that manage-
ment to reduce spread would be most effective if it
targeted control in parts of the landscape acting as a
source for rapid dispersal into surrounding areas (in this
case grassland stream habitat [33]).

Nevertheless, relative to settlement and population
growth, which we discuss below, few invasion studies
have quantified the extent to which landscape heterogene-
ity affects dispersal behaviour, and fewer still have ex-
plored the consequences of such heterogeneity for spread
dynamics [35]. This is most likely due to the difficulty in
measuring dispersal, but highlights an important gap in
understanding. The increasing availability of genetic data
allowing the spatial locations of parents and their off-
spring to be matched [36] provides a way of quantifying
rates of dispersal across the landscape and identifying
landscape features that act as barriers or facilitate move-
ment [37]. Such approaches are starting to be applied to
invasion questions [38].
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Direct Effects of Landscape Heterogeneity on Local
Population Processes

In simple spread models across homogeneous landscapes, rate
of spread depends on population growth rate when rare: all
else being equal, higher rates of population growth result in
faster spread [39], because more rapidly growing local popu-
lations are able to supply greater numbers of propagules that
then disperse and settle (Fig. 1). Variation across the landscape
in local population growth rates should therefore directly af-
fect spread dynamics.

Many studies that have explored how heterogeneity in
local population processes affect invasive spread have
employed spatially explicit simulation models, because
the added complexity of allowing population processes
to vary means analytical approaches are less tractable or
require strongly simplifying assumptions [40–42]. While
simulation models are informative, it is not always clear
whether the findings from modelling a given scenario are
system-specific or provide more general insights.
Significant progress has been made recently, however, in
deriving analytical solutions for spread dynamics across
landscapes where population growth rates vary spatially.
Perhaps the most accessible treatment is by Dewhirst and
Lutscher [43], who derive several important results that
generalise findings from earlier simulation studies. A
key outcome is that the relationship between landscape
heterogeneity and rate of spread can be highly non-linear.
Simulation models, for example, have previously identi-
fied the existence of ‘invasion thresholds’ whereby inva-
sive spread occurs most rapidly and extensively across
landscapes with some minimum proportion and distribu-
tion of suitable habitat [11]. Dewhirst and Lutscher [43]
show that, as a rule of thumb, in a landscape comprising
suitable and less-suitable habitat patches, the minimum
proportion of suitable habitat, pmin, required for an invad-
er to spread is:

pmin ¼
1−r2
r1−r2

where r1 and r2 are the population growth rates when rare in
suitable and less suitable habitat patches, respectively (assum-
ing r2 < 1). When r2 = 0 (i.e., populations are unable to estab-
lish in unsuitable patches,) the proportion of suitable habitat
required for spread is 1/r1, implying that much larger areas of
suitable habitat are required for invasive spread if that suitable
habitat has relatively low rates of population growth. These
outcomes depend on the shape of the invader species’ dispers-
al kernel, and the above rules apply when the variance, and
hence the mean dispersal distance, is large relative to the av-
erage distance between suitable habitat patches, meaning that
suitable patches are well connected by dispersal. As the mean

dispersal distance declines relative to the distance between
habitat patches, the probability that some suitable patches
may not be colonised increases, and pmin also increases.

Dewhirst and Lutscher [43] also show that, in the absence
of Allee effects, the rate of invasive spread across a landscape
comprising habitat patches that differ in suitability for popu-
lation growth is a function of the spatially weighted average
population growth rate of the different patches. This confirms
the intuitive idea that increasing the area of habitat unsuitable
for population growth should slow invader spread by creating
habitat sinks that effectively act as dispersal barriers. Rigot
et al. [44] provide a recent demonstration, showing that the
rate of spread of the pine bast scale Matsucoccus feytaudi is
slower in diverse landscapes having patches of suitable and
unsuitable habitat, relative to more homogeneous landscapes.

What remains less well understood analytically is how the
spatial arrangement of habitat patches, as opposed to the pro-
portion of suitable habitats or degree of fragmentation, affects
spread (but see [45]). Spatial simulation models reinforce
what we might anticipate: that spatial aggregation of suitable
habitat can slow the rate of spread, withmore spread occurring
across greater distances where suitable habitat forms corridors
or stepping stones that allow rapid movement or jumps
through unsuitable habitat [18]. This highlights the impor-
tance of habitat corridors and stepping stones in facilitating
invasive spread, and the potential for management to slow
spread by targeting populations in these habitats [2, 3, 46].

A further source of heterogeneity in population processes
are temporal fluctuations due to demographic and environ-
mental stochasticity. Recent work has identified two important
consequences of temporal stochasticity. First, while theoreti-
cal studies have shown that temporal variability in dispersal
can lead to increased rates of invasive spread [27], the oppo-
site is true for population growth, where temporal variation in
growth rates causes spread to slow relative to a temporally
stable landscape [27]. This occurs because long-term mean
population growth rates at localities will decline with increas-
ing variance in local population growth rates [47], meaning
invasion speed will slow as temporal variability increases.
Fitzpatrick et al. [48], for example, show that spread of the
hemlock woolly adelgid Adelges tsugae is slowed substantial-
ly by cold winter temperatures, and that regions with greater
temperature variability, leading to extremes lethal to popula-
tions, have slower spread rates.

Second, temporal stochasticity means that invasive spread
is not a deterministic process: any real-life invasion represents
one outcome contingent on a series of probabilistic events,
such that we could see a different outcome if we reran the
process. How important is this variation? Melbourne and
Hastings [16] show that spread of the flour beetle (Tribolium
castaneum) is remarkably variable in replicate landscapes
comprising identical habitat patches. This variability arises
in part through demographic stochasticity, but also through
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other stochastic processes perhaps related to the initial condi-
tions in small founding populations [16]. The implication is
that stochasticity makes it inherently difficult to predict the
trajectory of any given invasion, even under laboratory-
controlled homogeneous conditions. In contrast, Giometto
et al. [49] show much higher levels of repeatability in the
spread of the freshwater ciliate Tetrahymena under similar
controlled conditions, although any uncertainty will almost
certainly be magnified in heterogeneous landscapes (e.g.
[48]).

Interactions Between Landscape Heterogeneity,
Dispersal and Population Processes

The previous two sections considered how landscape-induced
variation in dispersal and population processes can indepen-
dently affect spread dynamics. While heterogeneity in these
processes alone can generate substantial variation in patterns
of spread, recent work has emphasised that interactions be-
tween these processes have the potential to generate even
greater complexity.

Central to understanding the variability in outcomes that
can result from interactions between dispersal and population
processes is the role of stochasticity. While deterministic
models treat population density and spread as continuously
varying, in reality, spread involves the dispersal of a discrete
number of individuals. When only a few individuals disperse
to a new locality, the resulting small founding population will
be prone to extinction through fluctuations in size due to de-
mographic and environmental stochasticity [24]. As a conse-
quence, spread via the establishment of new populations is a
probabilistic process, with the probability of a new population
establishing jointly dependent on the number of individuals
that disperse and settle (the size of the founding population)
and the suitability of the locality for survival and reproduction
(see Fig. 1 and [24, 25, 50]).

Relative to a deterministic spread model, the inclusion of
stochasticity should slow the spread of an invasive species,
because small founding populations just beyond the edge of
the invasion front can go extinct in even suitable localities.
Eventually, however, these localities should be colonised as
populations at the edge of the invasion front grow and supply
a greater number of propagules, leading to more frequent col-
onisation events and larger founding populations, resulting in
higher probabilities of establishment. The potential to colonise
beyond the invasion front, however, depends on the ability of
established populations near the front to produce sufficient
propagules, and hence on the degree to which reproductive
output is density-dependent.

In homogeneous landscapes, the combined effects of
density dependence and demographic stochasticity have
been shown to result in only a modest slowing of invasion

speed [51]. In heterogeneous landscapes, however, these
processes can interact to have large effects on spread rates
[13]. In a fragmented landscape comprising patches that
are both suitable and unsuitable for population growth,
spread will slow if populations on the edge of the inva-
sion front cannot produce enough dispersing propagules
to successfully colonise suitable habitat patches that are
sufficiently far away. Without density-dependent regula-
tion, initially small populations at the invasion front will
grow and increase their propagule output, eventually pro-
ducing sufficient numbers of propagules that disperse
across a habitat gap to ensure colonisation of distant
patches. However, if density-dependent regulation causes
per capita reproductive output to decline as populations
increase in size, total propagule output may not increase
greatly as edge populations grow, meaning distant patches
continue to receive few propagules, resulting in a low
probability of colonisation and greatly slowing the rate
of spread [13].

While we are not aware that this effect has been dem-
onstrated in real populations, Warren et al. [50] have
shown that the relevant conditions arise in the invasive
grass Microstegium vimineum. This species shows vari-
able recruitment across the landscape (equivalent to set-
tlement in Fig. 1) that is jointly dependent on the number
of seeds arriving at a locality and the suitability of that
locality, such that the probability of colonisation increases
with greater seed supply and in more favourable habitats.
Subsequent reproductive output, however, is strongly den-
sity-dependent, with low-density populations producing
roughly the same number of seeds as high-density popu-
lations. While the number of seeds produced by an initial-
ly low-density population is sufficient for positive local
population growth [50], strong density dependence then
limits the number of seeds available for dispersal as the
population grows, potentially limiting its ability to pro-
vide sufficient seeds to colonise more distant localities.
This potential for density dependence to interact with het-
erogeneity in suitability for population growth has impli-
cations for the traits we associate with species having high
rates of invasive spread. While previous work has
emphasised the importance of traits linked to rapid popu-
lation growth rate when rare, Pachepsky and Levine [13]
show that traits associated with reproduction at both high
and low densities may be important.

The importance of interactions between landscape het-
erogeneity, dispersal and population processes is likely to
depend on the extent to which rates of dispersal and pop-
ulation growth are correlated across the landscape, with
strong correlations potentially accelerating rates of spread
through positive feedback between dispersal and popula-
tion growth. For example, while Ellner and Schreiber [27]
showed that temporal variation in population growth rate
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slows spread, such variation will increase the rate of
spread if it is positively correlated with dispersal variabil-
ity. In other words, invasive spread will accelerate if
favourable years for local population growth are also as-
sociated with favourable years for dispersal. Similarly,
Schreiber and Lloyd-Smith [15] show that spread rates
increase when dispersal and population growth rates are
positively correlated in spatially heterogeneous land-
scapes, and slow when they are negatively correlated.
These findings are important because it may be relatively
common for good years or good habitat patches to provide
conditions favourable for both population growth and dis-
persal. Many animal species, for example, exhibit density-
dependent dispersal [52], such that patches of higher pop-
ulation growth may lead to greater dispersal distance
among animals to avoid crowding effects. Similarly, road-
sides are often identified as conduits for the rapid spread
of invasive species because they provide corridors of suit-
able habitat, but also because human-mediated transport
along road corridors can facilitate long distance dispersal
[38, 53].

The implication is that spatiotemporal heterogeneity in en-
vironmental conditions can result in windows of opportunity
where conditions are particularly favourable for both popula-
tion growth and dispersal [54], and that even brief windows of
opportunity could play a critical role in accelerating the spread
of invasive species. Such heterogeneity also provides a plau-
sible mechanism for the widely observed time lag between
establishment and the start of rapid population growth and
spread in invasive species [15, 55].

If spatial variation in dispersal and population growth
are positively correlated, then management aimed at re-
ducing spread may be most effective if it targets habitats
with high suitability for both [32]. Without detailed
knowledge of how dispersal and population growth vary
across the landscape, it is less clear which should be
targeted. Coutts et al. [12] found that dispersal was the
main factor driving spread in a spatially explicit invasive
plant simulation model, implying that management aimed
at limiting dispersal at key locations in the landscape may
be the most effective way to slow invasions. Nevertheless,
they also found that interactions between drivers could
result in habitat manipulations having highly variable
and unpredictable outcomes. Indeed, we suspect there is
no universal answer as to the relative importance of dis-
persal versus population growth in influencing spread,
given the potential for these processes to both interact
and covary across the landscape. In pine species, for ex-
ample, Caplat et al. [30] found that intraspecific variation
in seed terminal velocity had the largest effect on spread
rate via wind, while Nathan et al. [56], using a similar
approach, found that wind velocity was more important.
The differing results were attributed to stronger mean

wind velocity in the Nathan et al. [56] study, emphasising
the importance of landscape context and highlighting that
spread dynamics result from interactions between land-
scape conditions and demographic processes.

Conclusion

Figure 1 provides a framework identifying how landscape
heterogeneity affects invasive spread, both as a direct conse-
quence of variations in dispersal, settlement and population
growth across the landscape, and because the joint effects of
these processes are not additive, resulting in interactions that
increase the range of possible outcomes. Our review has iden-
tified areas of recent progress in understanding how these
processes combine to determine invasive spread, but has also
highlighted gaps in our understanding that provide avenues
for further research:

1. Relative to understanding how variation in population
processes affect spread, we understand less about how
dispersal behaviour varies across the landscape and the
implications of this for spread dynamics.

2. Interactions between landscape heterogeneity, dispersal
and population processes appear key to understanding
spread, and demographic and environmental stochasticity
play a central role in these interactions.

3. Spread dynamics should be influenced by the degree to
which variation in dispersal behaviour and population
processes are correlated across the landscape, because this
can result in positive feedback that disproportionately
drives spread.
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