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Conservationists have frequently touted the merits of increased landscape connectivity, usually focusing on the eﬃcacy
of conservation linkages (corridors) for maintaining viable populations of target species. An often-mentioned, but still
greatly understudied, concern is that increased landscape connectivity via linkages may also aid the movement of undesired species. This paper provides conceptual guidance for research on one major aspect of this gap: invasive plants in
conservation linkages. To guide research goals and methods, I develop a conceptual model describing eight interaction
types between invasive plants and linkages, i.e. the ways that invasive plants can exist in and move into, through, and out
of conservation linkages. Each interaction type within the model has three main components: linkage, matrix, and focal
species. I discuss several aspects of these components, including a) diﬀerentiating among matrix types, b) understanding edge eﬀects within the linkages, and c) incorporating relevant invasive species’ ecology (primarily dispersal ecology).
Spatially-explicit documentation of invasive plant distribution is essential to understanding these interactions. By focusing on landscape-scale patterns in real-world systems, this model will enhance landscape-level knowledge of invasion
ecology and aid land managers in identifying and prioritizing research and management decisions regarding invasive
plants in conservation linkages.

For more than twenty years, conservation biologists have
explored the merits of increased landscape connectivity,
usually focusing on the eﬃcacy of conservation linkages for
maintaining viable populations of target species (Noss 1987,
Simberloﬀ et al. 1992, Beier and Noss 1998, Bennett 1999,
Haddad et al. 2003, Crooks and Sanjayan 2006, Haddad
and Tewksbury 2006, Boitani et al. 2007). Conservation
linkages (also known as corridors) are intended to combat
the negative eﬀects of widespread, pervasive habitat fragmentation and isolation by facilitating native plant and
animal movement between habitat patches (Beier and Noss
1998, Anderson and Jenkins 2006, Crooks and Sanjayan
2006, Damschen et al. 2006). World-wide, studies of
linkage design and function for a wide variety of species
and habitats have proliferated (Wikramanayake et al. 2004,
Williams et al. 2005, Beier et al. 2006, 2011,). However, all of
these modeling, observational, and experimental studies only
mention potential negative or undesired eﬀects of linkages
(Proches et al. 2005). An often-mentioned but rarely studied
concern is that increased landscape connectivity via linkages
may aid the movement of undesired species (e.g. invasive
plants) or events (e.g. ﬁre or spread of disease) (Simberloﬀ
et al. 1992, Beier and Noss 1998, With 2004, Anderson and
Jenkins 2006, Hulme 2006, Beier et al. 2008, Fausch et al.
2009, Sullivan et al. 2011, Brudvig et al. 2012).
This paper directly addresses an important aspect
of this gap: the relationship between invasive plants

and conservation linkages. I propose a decision-making
approach that will aid managers in identifying and
prioritizing appropriate research and management actions
given their focal conservation linkage, invasive plant species, and surrounding matrix. I developed a conceptual
model that consists of eight types of interactions between
linkages and invasives. I then elaborate on the most salient
knowledge gaps using major components of the conceptual model. This examination of the potential negative
consequences of using conservation linkages does not
imply that linkages are a net negative for conservation
eﬀorts. Indeed, current evidence favors conservation of
linkages for native plants and animals as well as ecosystem
processes (Tewksbury et al. 2002, Crooks and Sanjayan
2006, Damschen et al. 2006, Doerr et al. 2011). However,
a fuller understanding of the negative eﬀects of linkages
can better maximize their net positive eﬀects.

Background and rationale
Deﬁnitions
A conservation linkage is ‘connective land intended to promote movement of multiple focal species or propagation
of ecosystem processes’ (from Beier et al. 2008). Here I
use the term ‘linkage’ due to its broad deﬁnition and to
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avoid confusion with other uses of the term ‘corridor’ (e.g.
‘transportation corridor’). ‘Invasives’ refer to plants that are
non-native, have invasive characteristics, and are a management priority for control.
Why invasive plants and linkages?
Many invasives are not detectably impacted or are positively
impacted by habitat fragmentation (but see With 2002,
Minor et al. 2009, Alofs and Fowler 2010). This is likely due
to their ability to disperse and colonize at high rates and their
association with edge habitat, which increases with fragmentation (Richardson and Pysek 2006, Nehrbass et al. 2007,
Nathan et al. 2008, Andrew and Ustin 2010). Therefore,
movement of invasives in conservation linkages may diﬀer
signiﬁcantly from that of many native plants (Crooks and
Suarez 2006, Damschen et al. 2006, Hulme 2006).
To conceptualize the ways in which invasive plants may
interact with conservation linkages and the ecological variables that inﬂuence these interactions, I integrated several
facets of invasion and landscape ecology. Invasive plants are
of special concern with respect to conservation linkages due
to a) linkages’ high edge-to-area ratios and b) the role of
matrix habitat.
Edge habitat often has been positively associated with
plant and animal invasion (Brothers and Spingarn 1992,
With 2002, Bartuszevige et al. 2006, Theoharides and Dukes

2007, Cilliers et al. 2008) through a variety of mechanisms,
including increased light and wind exposure. Although
many existing and planned linkages have relatively high
edge-to-area ratios, potentially increasing their susceptibility
to invasion (Panetta and Hopkins 1991, Deckers et al. 2004,
Hansen and Clevenger 2005), only one published study has
directly addressed the relationship between edges and invasive plants in linkages – a study of plant spillover from experimental connected (via corridors) and unconnected habitat
patches into the surrounding matrix (Brudvig et al. 2009).
There, connectivity and distance from edge helped determine how many native plant species spilled into the matrix,
but exotics were not aﬀected by either factor.
Invasive plants turn another aspect of connectivity on its
head: the role of the matrix. Matrix is deﬁned here as the
habitat adjacent to a linkage (Fig. 1) and is often highly heterogeneous (see below). Matrix structure, conﬁguration, and
ecological characteristics can aﬀect connectivity for native
focal species (Ricketts 2001, Goodwin and Fahrig 2002,
Rodewald 2003, Donald and Evans 2006, Hilty et al. 2006,
Schmitz et al. 2007, Prugh et al. 2008, Magle et al. 2009,
Diaz et al. 2010, Rico et al. 2012). However, these studies
examine how matrix aﬀects only native species, and generally assume that the focal species’ source patches are the connected habitat patches and/or the linkage while the matrix
is unsuitable habitat. With invasives, however, the population source is often the matrix itself (Cook et al. 2002, Pysek
et al. 2002, Rodewald 2003, Murphy and Lovett-Doust

Figure 1. Interaction types between invasive species and conservation linkages. Arrows denote direction of invasion; green shapes denote
invasive plant species occurrence. (a) Invasion throughout the landscape (neutral model). (b) Invasion from matrix does not penetrate linkage boundary (barrier). (c) Matrix invasion stays along linkage edges (partial habitat). (d) Matrix invasion penetrates throughout linkage
(complete habitat). (e) Matrix invasion spreads through linkage into habitat patches (‘drift-fence’ conduit). (f ) Invasion from habitat patch
through linkage moves into connected, uninvaded patch (‘classical corridor’ conduit). (g) Invasion from linkage spreads into surrounding
matrix (source 1). (h) Like (g), but invasion spreads from linkage into habitat patches (source 2).
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2004, Kupfer et al. 2006, Nascimento et al. 2006, Foxcroft
et al. 2011).
Existing work on invasive plants and linkages
Expanding theory and practice with respect to invasive
plant ecology and landscape ecology of conservation linkages can aid crucial management decisions. Despite the
potential importance of plant invasion in linkages, I found
only two empirical studies of the eﬀects of linkage features
on invasive plant connectivity. Damschen et al. (2006)
demonstrated that native plant species richness, but not
invasive plant richness, increased with increased connectivity. Conversely, Deckers et al. (2008) showed that increased
hedgerow connectivity in an agricultural setting enhanced
the invasion potential of a non-native tree species. These
contrasting results emphasize that more empirical research
is needed to determine the patterns and processes of plant
invasion into and through linkages. We also lack conceptual
guidelines. Here I propose a conceptual model framework
to guide research and decision-making.

Conceptual model
The conceptual model describes the ways that invasive plants
can exist in and move into, through, and out of landscape
linkages, i.e. interaction types between invasive plants,
linkages, and surrounding matrices (Fig. 1). It can also be
applied to many native species, plants and animals, but the
speciﬁc arguments used below are tailored to invasive plant
concerns. By focusing on landscape-scale patterns in realworld systems, the model suggests research approaches that
can enhance landscape-level knowledge of invasion ecology
and aid land managers in prioritizing, designing, and/or
managing conservation linkages.
Interaction types in the conceptual model
I propose eight interaction types, illustrating each with topics
to guide management decisions (Fig. 1): 1) neutral model, 2)
barrier, 3) habitat (subdivided into two habitat functions),
4) conduit (subdivided into two conduit functions), and 5)
source (subdivided into two source functions). A diagnostic
key (Fig. 2) illustrates the decision-making process managers can use to determine how an invasive plant species (or
group) may be interacting with the matrix and linkage based
on observational data. The details of each interaction type
and methods of detection are described below.
The majority of references cited in the sections below
are not from linkage-oriented studies of invasive plants,
which are almost non-existent. Rather, literature on habitat
fragmentation and invasive plant ecology is cited to detail
which interactions types listed below are likely to be operating in linkages, supported by a few key linkage studies
and reviews (Table 1).

connected habitat patches (Fig. 1a and Fig. 2). Neutral
models, using random or fractal algorithms, are useful for
comparison with real-world distribution patterns to determine the degree and type of spatial structure of species’
populations across the landscape (With 1997, With and
King 1997). A neutral model for a focal landscape will help
researchers and managers verify or rule out potential patterns
listed in Fig. 1.
In situations where the neutral model applies, the problem
of controlling focal invasive plant species transcends matrixlinkage-patch landscape conﬁguration. If the focal invasives
are ubiquitous then the abiotic or biotic attributes of the
linkage or matrix largely will not matter to the invasion pattern or process. Note that some invasive plants could have
been in the matrix, connected patches, and/or linkage well
before the linkage was constructed or managed. The interaction types discussed here will be most useful for evaluating
and prioritizing management actions for invasives that either
arrived or underwent rapid expansion (active invasion) after
linkage creation. However, just because an invasive plant has
established does not mean invasion processes cannot continue or change due to factors such as changing disturbance
conditions (Johnstone 1986, Chabrerie et al. 2007).
Barrier

Ideally, a conservation linkage would function as a barrier
to invasive plants coming in from the surrounding matrix
(Fig. 1b). Foxcroft et al. (2011) provide evidence that a
protected park boundary served as a barrier to non-native
plants coming in from the matrix. Since edge eﬀects are
often important in invasive plant establishment and diﬀerent
matrix types may alter distribution patterns (sections Habitat
and Matrix characteristics), managers might examine how
the patterns change across the matrix-linkage boundary as a
measure of boundary permeability (Ries et al. 2004, Foxcroft
et al. 2011). Various analytical methods can detect spatiallyexplicit changes in plant patterns across potential boundaries
(Fortin and Drapeau 1995, Fagan et al. 2003, Kent et al.
2006, Fitzpatrick et al. 2010 and Table 1). The boundary
function of the linkage edge may depend on the type and
conﬁguration of the adjacent matrix. Identifying areas that
have hard edges versus softer edges (Lopez-Barrera et al.
2007) and then narrowing down the various abiotic and
biotic causes will help managers determine ‘danger zones’.
The distinction between barrier and partial habitat (Fig. 1c)
may be diﬃcult to ascertain (see also Fig. 2). Both types of
interactions will likely have more invasives in the matrix
than the linkage, so a close examination of the linkagematrix boundary would be key.
If the linkage is indeed functioning as a barrier to focal
invasive plant species (either in its entirety or from certain
matrix types), managers might justiﬁably relax their concerns about invasion into their conservation land. Of course,
that could change if the matrix habitat changes (e.g. wildland matrices are developed into suburban housing) or with
the arrival of a new invasive plant species.
Habitat

Neutral model

In the simplest scenario, there are no diﬀerences between
invasive plant distribution in the matrix, linkage, and

More mobile species may move through linkages in a few
hours or days, but for slower-moving or sessile species (like
plants), conservation linkages may serve initially as habitat,
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Conduit
drift fence/trap
(Fig. 1e)

Yes

Could be
transitional stages
of other Conduit,
Source 1, or
Source 2

No

Is the probable
source the matrix?

No, there are some
invesives in all but
the pattern is not
uniform

Partial
habitat
(Fig. 1c)

Yes

Complete
habitat
(Fig. 1d)

Same in both

Barrier
(Fig. 1b)

No

Are the invasives
clumped along the
linkage edge?

More in matrix

Are there more invasives in
the linkage or in the matrix?

No, there are invasives
mainly in the linkage
and matrix

Source 1
(Fig. 1g)

More in
linkage

Source 2
(Fig. 1h)

Linkage

Conduit
classical corridor
(Fig. 1f)

Patch

Is the probable
source the linkage or
one of the patches?

No, there are invasives
mainly in the linkage
and connected habitat
patches

Figure 2. Diagnostic key for determining the likely interaction type between a conservation linkage and focal invasive plant species (or group). Further detail for each type (from Fig. 1) is provided
in the text.

Null model
(Fig. 1a)

Yes

Is the pattern of invasion
throughout linkage, matrix,
and connected habitat patches
the same?
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Conduit (drift-fence and
classical corridor)

Habitat (partial and
complete)

Author and date

Tikka et al. 2001

determining spatiallydependent structure

Christen and Matlack 2006

Townsend and Levey 2005

Ewers et al. 2007

Anderson and Jenkins 2006
Hilty et al. 2006
Theoharides and Dukes 2007

Sullivan et al. 2009

Christen and Matlack 2009

Kalwij et al. 2008

Hilty et al. 2006

Foxcroft et al. 2011

Ries et al. 2004
Hilty et al. 2006
Lopez-Barrerra et al. 2007

Fitzpatrick et al. 2010

Fagan et al. 2003
Kent et al. 2006

Fortin and Drapeau 1995

With and King 1997

With 1997

conduit types

edges vs interiors

determining habitat quality

boundary permeability

boundary detection

Barrier

Key topic

Developing neutral/
null models

Neutral

Classes of interactions

observational/modeling study of invasive
plants and roads

observational study of invasive plants
and roads
observational study of invasive plants
and roads
observational study of invasive plants
and roads
review book on corridors
review book on corridors
review on plant invasion factors
and stages
observational study of interacting edge
effects in forest corridors on an
invertebrate community
observational study of pollen transfer in
experimental linkages
observational study of plants and roads

review on neutral models in conservation ecology
review on neutral models in landscape
ecology
review of boundary detection methods
with empirical example
review of boundary detection methods
review of spatial statistics for plant
ecology
modeling study on speciﬁc boundary
method using empirical invasive
species example
review on edge ecology
review book on corridors
observational study of edge
effects on seed dispersal across
forest boundaries
observation study of edge effects on
invasive plant spread into parks
review book on corridors

Type and focus of work

(Continued)

how to differentiate between drift fence and traditional
corridor hypotheses
demographic models used for comparison of different dispersal
patterns to determine conduit function; use of chronosequences for snapshot data; using parallel and perpendicular
transects in a linkage from edge to establish dispersal
capability and patterns; role and meaning of spatiaul
autocorrelation for conduit function

relationship between habitat area and distance to edge in
community composition; impact of edge habitat, patch/
linkage size, and invasive species on conservation goals; how
width of linkage might alter edge effects; reasons for
differences between edge vs interior in invasive species
richness and abundance

beneﬁts of increased habitat in linkage; methods for differentiating between habitat and conduit function patterns; importance of physical scale when collecting and analyzing
spatially-explicit data

different mechanisms of boundary function; importance of edge
physical structure; how to quantify boundary permeability;
importance of the relative amount of edge in a linkage
and ways to measure it

how to choose appropriate boundary detection method based
on type of available data; overview of boundary detection
methods, inc. wombling, moving split windows, and spatial
clustering; ways to address spatial autocorrelation

deﬁnitions of neutral/null models; different types of neutral
models; application to deﬁning connectivity and species’
perceptions of the landscape

Relevance to linkages and invasives

Table 1. Literature used in background for the eight interaction types (grouped into ﬁve categories below) presented in Fig. 1. Most of the literature does not come from studies or reviews about conservation linkages but is supportive (in other contexts) of the potential for linkages to serve one of the detailed functions with respect to invasive plant species (or groups).
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Source (1 and 2)

Classes of interactions

Table 1. Continued.

spillover effect

genetic structure

graph theory

Key topic

Author and date

Cordeau et al. 2011

Brudvig et al. 2009

De Cauwer et al. 2008

Sosnokie et al. 2007

Smith et al. 1999

Marshall 1989

Rico et al. 2012

Luque et al. 2012

Dyer et al. 2012

Kirchner et al. 2003

Luque et al. 2012

Alagador et al. 2012

Minor et al. 2009

Calabrese and Fagan 2004
Minor and Urban 2008

Christen and Matlack 2009

Type and focus of work
observational study of invasive plants
and roads
review on connectivity measures
review on graph theory and modeling
example using birds
observational/modeling study of invasive
and native plants’ connectivity
in fragmented landscape
modeling study on habitat linkages
using graph theory
preface to special issue on connectivity
in Landscape Ecology
observational study on rare aquatic
plant dispersal along corridors
observational study on native tree pollen
connectivity across habitat types
preface to special issue on connectivity
in Landscape Ecology
observational/modeling study of
grassland community genetic
connectivity
observational study of weed ingress into
agricultural ﬁelds
experimental study of weed ingress into
agricultural ﬁelds
observational study of weed ingress into
agricultural ﬁelds
experimental study of weed ingress into
agricultural ﬁelds
observational study on native plant
spillover in experimental linkages
experimental study of weed ingress into
agricultural ﬁelds

distribution patterns to show spillover effect; incorporation of
landscape context and dispersal mode when determining
spillover; examples of application, analysis, and intepretation

examples of application, analysis, and interpretation; how
graph theory can be incorporated into genetic connectivity;
need to incorporate both demographic data and genetic
connectivity data to establish current functional connectivity

background on graph and network theory; how to think about
connectivity for conservation using graph theory; combining
spatially-explicit habitat data with dispersal data; examples of
application, analysis, and interpretation; how species spatial
structure can differ based on dispersal mode

Relevance to linkages and invasives

while movement occurs across generations (Anderson and
Jenkins 2006, Hilty et al. 2006) (Fig. 1c, d). This parallels studies demonstrating that man-made linear features
(roads, trails, etc.) can function more as habitat for invasives than as dispersal conduits (Kalwij et al. 2008, Sullivan
et al. 2009). Within linkages, diﬀerences in species’ diversity
and abundance may diﬀer along the edge versus the interior
(Anderson and Jenkins 2006, Hilty et al. 2006, Ewers et al.
2007) with invasive plants more abundant in edges than
in interiors (Theoharides and Dukes 2007). Diﬀerentiation
between partial and complete habitat is relevant for management and should be obvious from invasive distribution
patterns (Fig. 2). The most easily-observable distinction
between habitat and conduit interaction types would be if
the invasive plant is also present in the connected habitat
patches (Fig. 2). However, just because a species has not
yet invaded the connected habitat patches does not mean
that the linkage may not function as a conduit. Figure 2
functions as a starting guide for land managers but once the
observational pattern has been examined, processes must be
examined as detailed below.
The distinction between habitat function and conduit
function (see also section Conduit) deserves further explanation. If an invasive plant proliferates in part or all of a
linkage, it does not necessarily mean that the linkage is
facilitating movement of that species. The conduit function implies directed dispersal, evidenced by diminishing
abundance away from source populations (Levin et al. 2003,
Levey et al. 2005, Christen and Matlack 2006, Kalwij et al.
2008). Determining the source population will often be a
top management priority when examining the functional
relationship between linkages and invasives. The clearest
indication of a conduit function would be the presence of
‘wave spread’ (Christen and Matlack 2006) from the source
population into and along the linkage. First, the eﬀects of
habitat heterogeneity must be separated out (Christen and
Matlack 2006, Sullivan et al. 2009) and then an examination of patterns parallel and perpendicular to the linkages
will help determine if invasion is being directed by the linkage (cf. Christen and Matlack 2006, 2009). A linkage that
is functioning as a conduit should exhibit non-random patterns of distribution. This snapshot observational method
of diﬀerentiating between habitat and conduit would be a
straightforward ﬁrst step, followed by direct examination of
movement via seed traps, genetic studies, or other methods
(section Conduit) if time and resources permit.
The same methods used to detect boundaries (section
Barrier) can detect diﬀerences between edges and interiors to
distinguish between habitat interaction types (Fig. 1c vs 1d).
If a focal linkage is functioning as habitat for a particular species or suite of invasive plants, its conservation value could be
compromised due to the negative direct and indirect impacts
of invasive plants on the native species the linkage is meant
to serve (Panetta and Hopkins 1991, Hilty et al. 2006).
Particular management strategies will depend on which
linkage characteristics contribute to habitat quality for a
given species. Eradicating local populations might have only
short-term eﬀects if the source population (here, the matrix)
remains intact or the habitat quality in the linkage remains
high. If the linkage serves as partial habitat for focal invasive plant species, managers could concentrate their control

eﬀorts along the edges of linkages. The balance between
management strategies targeting the matrix versus linkage
populations will depend on the stage of invasion of the species and its life history (Epanchin-Niell and Hastings 2010).
For example, for species in the spreading phase controlling
satellite populations within the linkage might be a more
immediate strategy (Catford et al. 2009).
Conduit

Conservation linkages are meant to facilitate, directly or indirectly, the movement of native plants and animals. Invasive
plants also may move into one or both of the connected
habitat patches from the matrix (Fig. 1e) or move via linkages from one connected habitat patch to the other (Fig. 1f )
(Hilty et al. 2006). These two possible conduit functions represent the ‘drift fence’ (Fig. 1e) and the ‘traditional corridor’
function (Fig. 1f ), well-illustrated by Townsend and Levey
(2005). Deckers et al. (2008) documented a traditional corridor function in their study of invasive plant movement, via
bird dispersers, in a hedgerow system. Figure 2 highlights the
fact that interaction types other than habitat or barrier will
likely require more of an inspection of processes (determining source populations and direction of movement) behind
the observational patterns. Nonetheless, there may be observational distinctions between the ‘drift fence’ and ‘traditional
corridor’ types (Fig. 2).
There are several ways managers can determine if there is
actual movement into and/or through the linkages. If multiyear, longer-term studies are not feasible, spatially-explicit
snapshot data can be analyzed based on random versus
spatially-dependent patterns of richness and abundance (cf.
section Habitat and Tikka et al. 2001, Christen and Matlack
2006, 2009). Arrays of seed traps in the matrix, linkage, and
connected habitat patches could help determine where and at
what abundances seeds are being dispersed. Another (albeit
resource-intensive) way to determine actual conduit function would be to monitor multi-year spatially-dependent
genetic changes in species populations (cf. Rico et al. 2012)
or snapshot data of genetic structure across populations
(cf. Kirchner et al. 2003, Christen and Matlack 2006, Dyer
et al. 2012). Graph theory also has become increasingly popular in connectivity research, for both animal and plant species,
combining spatially explicit habitat data and dispersal data
(Calabrese and Fagan 2004, Luque et al. 2012). Minor and
Urban (2008) provide a research framework for using graph
theory for understanding habitat connectivity, and Minor
et al. (2009) examined native and invasive plant connectivity
between fragmented habitat patches using graph theory.
Management control eﬀorts will also depend on whether
the linkage is functioning as a drift fence (Fig. 1e) or a traditional corridor (Fig. 1f ) since the source populations diﬀer.
As noted above (section Habitat), control strategies targeting
satellite populations or habitat quality characteristics might
also be eﬀective. The key determinant for deciding management focus would be the mechanisms behind the conduit
pattern observed. For example, if the species is being
transported along the linkage by birds (Deckers et al. 2008),
managers might want to alter management of the linkage
with regards to that dispersal vector and not just to the locations where the plant species establishes (see also section
Species’ ecological characteristics).
1325

Source

Conversely, a linkage may be the source of invasive plant
invading previously uninvaded matrix (Fig. 1g, h). Invasives
along the edge or throughout the linkage could invade the
matrix and/or the connected habitat patches (a combination of Figure 1g and 1h is also possible). Spillover may
be of most concern where the matrix habitat has a highly
controlled plant species composition, such as in agricultural
landscapes (Sosnoskie et al. 2007, Brodt et al. 2009 but for
a note of encouragement, see Marshall 1989, Smith et al.
1999, De Cauwer et al. 2008, Cordeau et al. 2011). There
are observational diﬀerences between the two source interaction types (Fig. 2). However, if a focal linkage is undergoing
active or changing invasion, the source may not be apparent. This is where process (mechanisms underlying observed
patterns) comes into the forefront, and methods such as
seed traps, also suggested above, would help identify those
mechanisms.
If the linkage is functioning as the source for invasive
plants, then management eﬀorts should be concentrated
at those source populations within the linkage, especially if
presence of invasives is impacting other conservation goals
of the linkage system. Control or eradication should also be
attempted in the matrix or the connected habitat patches,
depending on the interaction type.
Knowledge gaps and components within
conceptual model
After examining and analyzing the spatial pattern of invasive plant distribution and abundance within the focal
linkage landscape, researchers and managers should focus
on the processes behind the patterns. This involves looking
at the main components in the interaction types in Fig. 1:
the linkage, the matrix, and the focal species. All three are
fundamental to assessing landscape connectivity (Taylor
et al. 2006). To assess actual functional connectivity of a
linkage for a particular species, relevant landscape structure
and species-speciﬁc movement ecology should be incorporated (Taylor et al. 2006, Damschen et al. 2008, Lizée
et al. 2012, Rico et al. 2012). Rico et al. (2012) present
a conceptual model for studying functional connectivity
for plants in fragmented landscapes, emphasizing collecting data on the likely source populations of a species (predispersal characteristics), landscape structural elements (e.g.
matrix types) and dispersal mode (dispersal characteristics),
and actual establishment (post-dispersal characteristics).
Below I provide the most relevant characteristics of these
three components in the context of critical knowledge gaps
about how linkages and invasive plants interact. Additionally,
I highlight decision-making ‘shortcuts’ that will aid managers in prioritizing management actions when trying to
understand and control plant invasions in their linkages.
Matrix characteristics

1) How will matrix identity impact invasive plant processes
in a linkage system?
Many conservation linkages will likely be imbedded
in multi-use landscapes, and thus the matrix cannot be
simply treated as uniform ‘non-linkage’. Diﬀering types
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of matrix can diﬀerentially inﬂuence invasive pattern and
process within the linkage, such as the nature and depth of
edge eﬀects (in non-linkage contexts: Mesquita et al. 1999,
Jules and Shahani 2003, Murphy and Lovett-Doust 2004,
Harper et al. 2005, Porensky 2011). Multiple studies have
demonstrated that increasing levels of human disturbance
impacts, usually negatively, native and non-native plant species in adjacent linkages and/or fragmented habitat patches
(Boutin and Jobin 1998, Schmitz et al. 2007, Brady et al.
2009, Cutway and Ehrenfeld 2010, Ernoult and Alard
2011, Jamoneau et al. 2011). The level of structural contrast
between matrix and linkage habitat can also aﬀect whether
the diﬀering matrix types are enabling or preventing species movement between matrix and linkage or serving as
a source/sink (Kupfer et al. 2006); speciﬁcally, decreasing
structural contrast may enhance functional connectivity for
plants (Prevedello and Vieira 2010). Focusing on levels of
human disturbance and/or structural contrast are decisionmaking shortcuts for this information gap.
2) What are the most appropriate spatiotemporal scales
for determining matrix eﬀects on invasive plant processes?
For some species and questions, the matrix types directly
adjacent to a linkage may be the only ones worth examining (Hilty et al. 2006). However, if, for example, an invasive plant is transported readily by a wide-ranging animal
that crosses matrix habitat, then one should examine invasive plant patterns in matrix types at greater distances from
the linkage. Due to the dynamic nature of human use of
fragmented landscapes (e.g. new housing developments),
managers should keep in mind that the matrix could change
and impact conclusions based on the previous matrix type
(Fagan et al. 2003, Jules and Shahani 2003). The history of
the matrix should likewise be incorporated. For example, if
one of the matrix types is suburban housing, the length of
time since development may be of relevance to invasive plant
patterns.
Linkage characteristics

1) How will edge eﬀects alter how linkages and invasive
plants interact?
Edges remain a central focus in landscape ecology due
to their roles in mediating ecological ﬂows between patch
mosaics, impacting dispersal and habitat quality (Cadenasso
and Pickett 2001, Cadenasso et al. 2003, Ries et al. 2004).
Edge eﬀects are not ﬁxed and will vary among even closelyrelated species (Young et al. 1995, Cadenasso and Pickett
2001, Ries and Sisk 2004). However, some generalizations can be made across landscapes that are ﬂoristically
and structurally similar (Cilliers et al. 2008). If managers
have similar matrix types adjacent to similar linkages, they
might be justiﬁed a decision-making shortcut by attributing ﬁndings from one matrix-linkage study to another
area. Ries and Sisk (2004) present a predictive model of
edge eﬀects that enables researchers to better understand
the mechanisms behind observed edge-response patterns of
abundances. The model is based on resource (quality) differences between habitat patches and within the edge itself
(Ries and Sisk 2004, Ries et al. 2004). As a general rule,
edge eﬀects may be most severe when there is a sharp structural contrast between matrix and linkage (Anderson and
Jenkins 2006, Hilty et al. 2006). Quantifying edge eﬀects

will help managers understand not only which interaction type (Fig. 1) prevails for which species but also why
that particular interaction type occurs (process behind
pattern).
2) What are the eﬀects of interacting edges within
linkages?
Researchers should also recognize the impact of having
interacting edge eﬀects within a type of landscape feature
(i.e. a linkage) that is highly ‘edgy’. Edge interactions can
occur when the two edges of the linkage are physically close
enough for their individual edge eﬀects to interact in additive
or even synergistic, i.e. non-intuitive ways. Interacting edges
can signiﬁcantly alter the shape and depth of edge eﬀects,
depending on the width of the linkage/patch, total linkage/
patch area, and strength and direction of simple edge eﬀects
(Ries et al. 2004, Ewers et al. 2007, Harper et al. 2007,
Porensky 2011, Porensky and Young 2013). If the simple
eﬀects of edges on invasive plants are impacted by interacting linkage edges, management focus and strategies will have
to alter to reﬂect those process-changing interactions.
Species’ ecological characteristics

1) How do diﬀering dispersal syndromes and dispersal distance change how invasive plants interact with linkages?
Because the conceptual model presented here focuses
on movement, understanding dispersal ecology, the most
crucial aspect of movement ecology for plants, of focal
invasives is essential (Damschen et al. 2008, Holyoak et al.
2008, Nathan et al. 2008). Minor et al. (2009) found that
the conﬁguration of fragmented habitat patches impacted
the connectivity for non-native and invasive plant populations less than it did for native plants, likely due to greater
dispersal ability of the invasives. Some invasives capable of
occasional long-distance dispersal may be relatively unaffected by landscape fragmentation (With 2002, Minor
et al. 2009), but there may be a tradeoﬀ between dispersal
distance and colonization ability if species with short-range
dispersal modes establish more rapidly in landscapes with
clumped suitable habitat (With 2002).
Many of the explanations why invasive plants can spread
so quickly and thoroughly can be reduced to speciﬁc aspects
of landscape structure in conjunction with dispersal mode
(With 2002, Deckers et al. 2008, Christen and Matlack
2009, Flory and Clay 2009). For example, Deckers et al.
(2008) found that an invasive tree’s distribution pattern
clusters around larger trees that are seed sources or around
hedgerow intersections; this is due to the perching preferences of the species’ main disperser (birds). That particular
dispersal syndrome makes those hedgerows function as
conduits for invasives, not just habitat.
The few studies involving linkage features (for conservation or not) and plant species (invasive or native) suggest
that bird- and mammal-dispersed species may be most
strongly aﬀected, usually positively, by the presence of linkages (Damschen et al. 2008, Brudvig et al. 2009, Andrew
and Ustin 2010). In addition, Damschen et al. (2008) found
that both bird-dispersed and wind-dispersed plant species
are impacted by experimental corridors, albeit in diﬀerent
time-dependent ways. In their experimental corridor system, richness of bird-dispersed species increases in habitat
patches linked by corridors, independent of edge amount.

Given adequate time and resources, studying invasive plant
dispersal would entail research on the movement patterns or
processes of their dispersal agents, both biotic and abiotic.
Managers might choose to make a decision-making shortcut by focusing on animal- or bird-dispersed invasive plant
species as these may be the most impacted by linkage
characteristics.
2) How do stage of invasion and life history change the
interaction type?
There will be diﬀerences in research goals and applicability of the conceptual model for a nascent versus an
established invader (Brady et al. 2009, Andrew and Ustin
2010). For example, an established, widespread invasion
can obscure the inﬂuence of diﬀerent matrix types, especially if the landscape is highly fragmented (Brady et al.
2009). Additionally, landscape structure may inﬂuence
demographic factors more strongly than dispersal factors at certain stages of invasion (With 2002, 2004). For
example, although well-distributed suitable habitat for an
invasive plant can aid dispersal, aggregated habitats might
enhance that species’ establishment and reproduction success (Bergelson et al. 1993). Additionally, invasive plant
species with diﬀerent life histories could interact diﬀerently with landscape-level habitat patterns. For example,
an invasive plant species with an annual lifecycle and high
fecundity may spread more quickly through a linkage than
its perennial counterpart with lower fecundity even if both
are dispersed by the same vectors.

Applicability of conceptual model
Although this paper focuses on invasive plants, the interaction types and main components presented in the conceptual
model can be applied to other invasive species, including animals and pathogens. In fact, the model and discussion above
also may help researchers and managers determine the pattern and process behind native plant and animal movement
in conservation linkages. Because a biotic dispersal agent’s
movements may strongly facilitate invasive plant spread
(Malo and Suarez 1997, Buckley et al. 2006, Deckers et al.
2008), the model’s interaction types should also be viewed
with that type of movement capacity in mind. Researchers
and managers can narrow down the range of possible types
due to the dispersal agent, focusing their data-collection
and/or modeling eﬀorts.
Studying non-experimental landscape linkages may
limit one’s ability to diﬀerentiate the impacts of potentially
enhanced connectivity from intercorrelated factors, such as
increased habitat area or edge. Replicated experiments may
be the best method for rigorously testing the mechanisms
behind observed patterns (Damschen et al. 2006). However,
landscape-scale experiments are diﬃcult (Kupfer et al. 2006,
De Cauwer et al. 2008). Some encouraging studies suggest
that confounding factors may be manageable. In a metareview of corridor studies, Gilbert-Norton et al. (2010)
found that even when corridor eﬀectiveness studies do not
control for area eﬀects, their results are usually still valid.
Using similar landscapes with the same focal species but
without conservation linkages can serve as controls (Haddad
and Tewksbury 2006).
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Final thoughts
This paper is meant to not only provoke further thought on
the theoretical aspects of linkage connectivity but also to give
researchers and land managers decision-making guidance
and tools to assess the issue of invasive plants in conservation
linkages (Fig. 2). Understanding not only what is happening in the focal landscape (patterns) but also why (process)
will help managers predict future invasions and manage current ones. Research based on the model presented here may
suggest innovative management practices, such as intentionally fragmenting conserved lands within a linkage to halt
the dispersal of invasive plants, i.e. an invasive ‘ﬁrebreak’
(With 2004, Alofs and Fowler 2010). Such research may also
support the recommendations of Minor and Gardner (2011)
that managers adjust their invasive control methods depending mainly on dispersal ecology, in particular the probability
of long-distance dispersal. Focusing on enhancing habitat quality for natives (thereby reducing the abundance of
invasives), via restoration or edge management, may be
another eﬀective general approach to reducing the extent
that conservation linkages function as habitat or conduits
for invasives (With 2004, Crooks and Suarez 2006). This
research and management work necessarily entails the
involvement of multiple, diverse stakeholders (Bennett
1999, Bennett 2004, Sanderson et al. 2006, Franklin and
Lindenmayer 2009, Aune et al. 2011, Beier et al. 2011)
whose lands may function as sources of invasive plants or
may be aﬀected by invasives in the linkages.
Acknowledgements – Special thanks to T. P. Young, K. Rice,
J. Randall, M. Santos, L. M. Porensky, K. Weinersmith,
H. Finkelstein, and the Young lab, all members from 2007 through
present. Financial support came from an NSF Graduate Research
Fellowship and a UC Davis Plant Sciences Graduate Fellowship.

References
Alagador, D. et al. 2012. Linhing like with like: optimising
connectivity between environmentally-similar habitats.
– Landscape. Ecol. 27: 291–301.
Alofs, K. M. and Fowler, N. L. 2010. Habitat fragmentation caused
by woody plant encroachment inhibits the spread of an invasive
grass. – J. Appl. Ecol. 47: 338–347.
Anderson, A. B. and Jenkins, C. N. 2006. Applying nature’s
design: corridors as a strategy for biodiversity conservation.
– Colombia Univ. Press.
Andrew, M. E. and Ustin, S. L. 2010. The eﬀects of temporally
variable dispersal and landscape structure on invasive species
spread. – Ecol. Appl. 20: 593–608.
Aune, K. et al. 2011. Assessment & planning for ecological
connectivity: a practical guide. – Wildlife Conservation
Society.
Bartuszevige, A. M. et al. 2006. The relative importance of landscape and community features in the invasion of an exotic
shrub in a fragmented landscape. – Ecography 29: 213–222.
Beier, P. and Noss, R. F. 1998. Do habitat corridors provide
connectivity? – Conserv. Biol. 12: 1241–1252.
Beier, P. et al. 2006. South Coast Missing Linkages: restoring connectivity to wildlands in the largest metropolitan area in the
USA. – In: Crooks, K. R. and Sanjayan, M. (eds), Connectivity
conservation. Cambridge Univ. Press, pp. 555–586.

1328

Beier, P. et al. 2008. Forks in the road: choices in procedures for
designing wildland linkages. – Conserv. Biol. 22: 836–851.
Beier, P. et al. 2011. Toward best practices for developing regional
connectivity maps. – Conserv. Biol. 25: 879–892.
Bennett, A. F. 1999. Linkages in the landscape: the role of corridors
and connectivity in wildlife conservation. – IUCN.
Bennett, G. 2004. Integrating biodiversity conservation and
sustainable use: lessons learned from ecological networks.
– International Union for the Conservation of Nature.
Bergelson, J. et al. 1993. Rates of weed spread in spatially heterogeneous environments. – Ecology 74: 999–1011.
Boitani, L. et al. 2007. Ecological networks as conceptual frameworks or operational tools in conservation. – Conserv. Biol. 21:
1414–1422.
Boutin, C. and Jobin, B. 1998. Intensity of agricultural practices
and eﬀects on adjacent habitats. – Ecol. Appl. 8: 544–557.
Brady, M. J. et al. 2009. Habitat attributes of landscape mosaics
along a gradient of matrix development intensity: matrix management matters. – Landscape Ecol. 24: 879–891.
Brodt, S. et al. 2009. Factors aﬀecting adoption of hedgerows and
other biodiversity-enhancing features on farms in California,
USA. – Agrofor. Syst. 76: 195–206.
Brothers, T. S. and Spingarn, A. 1992. Forest fragmentation and
alien plant invasion of central Indiana old-growth forests.
– Conserv. Biol. 6: 91–100.
Brudvig, L. A. et al. 2009. Landscape connectivity promotes plant
biodiversity spillover into non-target habitats. – Proc. Natl
Acad. Sci. USA 106: 9328–9332.
Brudvig, L. A. et al. 2012. Corridors promote ﬁre via connectivity
and edge eﬀects. – Ecol. Appl. 22: 937–946.
Buckley, Y. M. et al. 2006. Management of plant invasions
mediated by frugivore interactions. – J. Appl. Ecol. 43:
848–857.
Cadenasso, M. L. and Pickett, S. T. A. 2001. Eﬀect of edge
structure on the ﬂux of species into forest interiors. – Conserv.
Biol. 15: 91–97.
Cadenasso, M. L. et al. 2003. A framework for a theory of
ecological boundaries. – Bioscience 53: 750–758.
Calabrese, J. M. and Fagan, W. F. 2004. A comparison-shopper’s
guide to connectivity metrics. – Front. Ecol. Environ. 2:
529–536.
Catford, J. A. et al. 2009. Reducing redundancy in invasion ecology by integrating hypotheses into a single theoretical framework. – Divers. Distrib. 15: 22–40.
Chabrerie, O. et al. 2007. Deﬁning patch mosaic functional types
to predict invasion patterns in a forest landscape. – Ecol. Appl.
17: 464–481.
Christen, D. and Matlack, G. 2006. The role of roadsides in
plant invasions: a demographic approach. – Conserv. Biol. 20:
385–391.
Christen, D. C. and Matlack, G. R. 2009. The habitat and conduit
functions of roads in the spread of three invasive plant species.
– Biol. Invasions 11: 453–465.
Cilliers, S. S. et al. 2008. Patterns of exotic plant invasions
in fragmented urban and rural grasslands across continents.
– Landscape Ecol. 23: 1243–1256.
Cook, W. M. et al. 2002. Island theory, matrix eﬀects and
species richness patterns in habitat fragments. – Ecol. Lett. 5:
619–623.
Cordeau, S. et al. 2011. Sown grass strips harbour high weed
diversity but decrease weed richness in adjacent crops.
– Weed Res. 52: 88–97.
Crooks, K. R. and Sanjayan, M. 2006. Connectivity conservation.
– Cambridge Univ. Press.
Crooks, K. R. and Suarez, A. V. 2006. Hyperconnectivity,
invasive species, and the breakdown of barriers to dispersal.
– In: Crooks, K. R. and Sanjayan, M. (eds), Connectivity
conservation. Cambridge Univ. Press, pp. 451–478.

Cutway, H. B. and Ehrenfeld, J. G. 2010. The inﬂuence of
urban land use on seed dispersal and wetland invasibility.
– Plant Ecol. 210: 153–167.
Damschen, E. I. et al. 2006. Corridors increase plant species
richness at large scales. – Science 313: 1284–1286.
Damschen, E. I. et al. 2008. The movement ecology and dynamics
of plant communities in fragmented landscapes. – Proc. Natl
Acad. Sci. USA 105: 19078–19083.
De Cauwer, B. et al. 2008. Management of newly established ﬁeld
margins on nutrient-rich soil to reduce weed spread and seed
rain into adjacent crops. – Weed Res. 48: 102–112.
Deckers, B. et al. 2004. Factors aﬀecting plant species composition
of hedgerows: relative importance and hierarchy. – Acta Oecol.
26: 23–37.
Deckers, B. et al. 2008. Impact of avian frugivores on dispersal and
recruitment of the invasive Prunus serotina in an agricultural
landscape. – Biol. Invasions 10: 717–727.
Diaz, A. et al. 2010. The eﬀect of the landscape matrix on the
distribution of dung and carrion beetles in a fragmented
tropical rain forest. – J. Insect Sci. 10.
Doerr, V. A. J. et al. 2011. Connectivity, dispersal behaviour and
conservation under climate change: a response to Hodgson
et al. – J. Appl. Ecol. 48: 143–147.
Donald, P. F. and Evans, A. D. 2006. Habitat connectivity and
matrix restoration: the wider implications of agri-environment
schemes. – J. Appl. Ecol. 43: 209–218.
Dyer, R. et al. 2012. Pollination graphs: quantifying pollen pool
covariance networks and the inﬂuence of intervening landscape
on genetic connectivity in the North American understory tree,
Cornus ﬂorida. – Landscape Ecol. 27: 239–251.
Epanchin-Niell, R. S. and Hastings, A. 2010. Controlling
established invaders: integrating economics and spread
dynamics to determine optimal management. – Ecol. Lett. 13:
528–541.
Ernoult, A. and Alard, D. 2011. Species richness of hedgerow
habitats in changing agricultural landscapes: are alpha and
gamma diversity shaped by the same factors? – Landscape Ecol.
26: 683–696.
Ewers, R. M. et al. 2007. Synergistic interactions between edge and
area eﬀects in a heavily fragmented landscape. – Ecology 88:
96–106.
Fagan, W. F. et al. 2003. Integrating edge detection and dynamic
modeling in quantitative analyses of ecological boundaries.
– Bioscience 53: 730–738.
Fausch, K. D. et al. 2009. Invasion versus isolation: trade-oﬀs
in managing native salmonids with barriers to upstream
movement. – Conserv. Biol. 23: 859–870.
Fitzpatrick, M. C. et al. 2010. Ecological boundary detection using
Bayesian areal wombling. – Ecology 91: 3448–3455.
Flory, S. L. and Clay, K. 2009. Eﬀects of roads and forest successional age on experimental plant invasions. – Biol. Conserv.
142: 2531–2537.
Fortin, M.-J. and Drapeau, P. 1995. Delineation of ecological
boundaries: comparison of approaches and signiﬁcance tests.
– Oikos 72: 323–332.
Foxcroft, L. C. et al. 2011. Protected-area boundaries as ﬁlters of
plant invasions. – Conserv. Biol. 25: 400–405.
Franklin, J. F. and Lindenmayer, D. B. 2009. Importance of matrix
habitats in maintaining biological diversity. – Proc. Natl Acad.
Sci. USA 106: 349–350.
Gilbert-Norton, L. et al. 2010. A meta-analytic review of corridor
eﬀectiveness. – Conserv. Biol. 24: 660–668.
Goodwin, B. J. and Fahrig, L. 2002. How does landscape structure
inﬂuence landscape connectivity? – Oikos 99: 552–570.
Haddad, N. M. and Tewksbury, J. J. 2006. Impacts of corridors
on populations and communities. – In: Crooks, K. R. and
Sanjayan, M. (eds), Connectivity conservation. Cambridge
Univ. Press, pp. 390–415.

Haddad, N. M. et al. 2003. Corridor use by diverse taxa. – Ecology
84: 609–615.
Hansen, M. J. and Clevenger, A. P. 2005. The inﬂuence of
disturbance and habitat on the presence of non-native
plant species along transport corridors. – Biol. Conserv. 125:
249–259.
Harper, K. A. et al. 2005. Edge inﬂuence on forest structure and
composition in fragmented landscapes. – Conserv. Biol. 19:
768–782.
Harper, K. A. et al. 2007. Interaction of edge inﬂuence from
multiple edges: examples from narrow corridors. – Plant Ecol.
192: 71–84.
Hilty, J. A. et al. 2006. Corridor ecology: the science and
practice of linking landscapes for biodiversity conservation.
– Island Press.
Holyoak, M. et al. 2008. Trends and missing parts in the
study of movement ecology. – Proc. Natl Acad. Sci. USA 105:
19060–19065.
Hulme, P. E. 2006. Beyond control: wider implications for
the management of biological invasions. – J. Appl. Ecol. 43:
835–847.
Jamoneau, A. et al. 2011. Drivers of plant species assemblages
in forest patches among contrasted dynamic agricultural
landscapes. – J. Ecol. 99: 1152–1161.
Johnstone, I. M. 1986. Plant invasion windows: a time-based
classiﬁcation of invasion potential. – Biol. Rev. 61: 369–394.
Jules, E. S. and Shahani, P. 2003. A broader ecological context to
habitat fragmentation: why matrix habitat is more important
than we thought. – J. Veg. Sci. 14: 459–464.
Kalwij, J. M. et al. 2008. Road verges as invasion corridors? A
spatial hierarchical test in an arid ecosystem. – Landscape Ecol.
23: 439–451.
Kent, M. et al. 2006. Geostatistics, spatial rate of change analysis
and boundary detection in plant ecology and biogeography.
– Prog. Phys. Geogr. 30: 201–231.
Kirchner, F. et al. 2003. Role of corridors in plant dispersal: an
example with the endangered Ranunculus nodiﬂorus. – Conserv.
Biol. 17: 401–410.
Kupfer, J. A. et al. 2006. Not seeing the ocean for the islands: the
mediating inﬂuence of matrix-based processes on forest fragmentation eﬀects. – Global Ecol. Biogeogr. 15: 8–20.
Levey, D. J. et al. 2005. Eﬀects of landscape corridors on seed
dispersal by birds. – Science 309: 146–148.
Levin, S. A. et al. 2003. The ecology and evolution of seed dispersal: a theoretical perspective. – Annu. Rev. Ecol. Evol. Syst. 34:
575–604.
Lizée, M.-H. et al. 2012. Matrix conﬁguration and patch
isolation inﬂuences override the species–area relationship
for urban butterﬂy communities. – Landscape Ecol. 27:
159–169.
Lopez-Barrera, F. et al. 2007. Eﬀects of varying forest edge permeability on seed dispersal in a neotropical montane forest.
– Landscape Ecol. 22: 189–203.
Luque, S. et al. 2012. Landscape connectivity analysis for conservation: insights from combining new methods with ecological
and genetic data. – Landscape Ecol. 27: 153–157.
Magle, S. B. et al. 2009. A comparison of metrics predicting
landscape connectivity for a highly interactive species along
an urban gradient in Colorado, USA. – Landscape Ecol. 24:
267–280.
Malo, J. E. and Suarez, F.1997. Dispersal mechanism and transcontinental naturalization proneness among Mediterranean
herbaceous species. – J. Biogeogr. 24: 391–394.
Marshall, E. J. P. 1989. Distribution patterns of plants associated
with arable ﬁeld edges. – J. Appl. Ecol. 26: 247–257.
Mesquita, R. C. G. et al. 1999. Eﬀect of surrounding vegetation
on edge-related tree mortality in Amazonian forest fragments.
– Biol. Conserv. 91: 129–134.

1329

Minor, E. S. and Urban, D. L. 2008. A graph-theory framework
for evaluating landscape connectivity and conservation
planning. – Conserv. Biol. 22: 297–307.
Minor, E. S. and Gardner, R. H. 2011. Landscape connectivity
and seed dispersal characteristics inform the best management strategy for exotic plants. – Ecol. Appl. 21:
739–749.
Minor, E. S. et al. 2009. The role of landscape connectivity
in assembling exotic plant communities: a network analysis.
– Ecology 90: 1802–1809.
Murphy, H. T. and Lovett-Doust, J. 2004. Context and connectivity in plant metapopulations and landscape mosaics: does the
matrix matter? – Oikos 105: 3–14.
Nascimento, H. E. M. et al. 2006. Eﬀects of the surrounding
matrix on tree recruitment in Amazonian forest fragments.
– Conserv. Biol. 20: 853–860.
Nathan, R. et al. 2008. A movement ecology paradigm for unifying
organismal movement research. – Proc. Natl Acad. Sci. USA
105: 19052–19059.
Nehrbass, N. et al. 2007. A simulation model of plant invasion:
long-distance dispersal determines the pattern of spread.
– Biol. Invasions 9: 383–395.
Noss, R. F. 1987. Corridors in real landscapes: reply to Simberloﬀ
and Cox. – Conserv. Biol. 1: 159–164.
Panetta, F. D. and Hopkins, A. J. M. 1991. Weeds in corridors:
invasion and management. – In: Saunders, D. A. and Hobbs,
R. J. (eds), Nature conservation 2: the role of corridors. Surrey
Beatty and Sons, pp. 341–351.
Porensky, L. M. 2011. When edges meet: interacting edge eﬀects
in an African savanna. – J. Ecol. 99: 923–934.
Porensky, L. M. and Young, T. P. 2013. Edge interactions in fragmented and patchy landscapes. – Conserv. Biol. 27: 509–519.
Prevedello, J. A. and Vieira, M. V. 2010. Does the type of matrix
matter? A quantitative review of the evidence. – Biodivers.
Conserv. 19: 1205–1223.
Proches, S. et al. 2005. Landscape corridors: possible dangers?
– Science 310: 779–783.
Prugh, L. R. et al. 2008. Eﬀect of habitat area and isolation on
fragmented animal populations. – Proc. Natl Acad. Sci. USA
105: 20770–20775.
Pysek, P. et al. 2002. Patterns of invasion in temperate nature
reserves. – Biol. Conserv. 104: 13–24.
Richardson, D. M. and Pysek, P. 2006. Plant invasions: merging
the concepts of species invasiveness and community invasibility.
– Prog. Phys. Geogr. 30: 409–431.
Ricketts, T. H. 2001. The matrix matters: eﬀective isolation in
fragmented landscapes. – Am. Nat. 158: 87–99.
Rico, Y. et al. 2012. Determinants of actual functional connectivity for calcareous grassland communities linked by rotational
sheep grazing. – Landscape Ecol. 27: 199–209.
Ries, L. and Sisk, T. D. 2004. A predictive model of edge eﬀects.
– Ecology 85: 2917–2926.
Ries, L. et al. 2004. Ecological responses to habitat edges:
mechanisms, models, and variability explained. – Annu. Rev.
Ecol. Evol. Syst. 35: 491–522.

1330

Rodewald, A. D. 2003. The importance of land uses within the
landscape matrix. – Wildl. Soc. Bull. 31: 586–592.
Sanderson, J. et al. 2006. Escaping the minimalist trap: design
and implementation of large-scale biodiversity corridors.
– In: Crooks, K. R. and Sanjayan, M. (eds), Connectivity
conservation. Cambridge Univ. Press, pp. 620–648.
Schmitz, M. F. et al. 2007. Inﬂuence of management regimes of
adjacent land uses on the woody plant richness of hedgerows
in Spanish cultural landscapes. – Biol. Conserv. 135:
542–554.
Simberloﬀ, D. et al. 1992. Movement corridors – conservation
bargains or poor investments? – Conserv. Biol. 6: 493–504.
Smith, H. et al. 1999. Uncropped edges of arable ﬁelds managed
for biodiversity do not increase weed occurrence in adjacent
crops. – Biol. Conserv. 89: 107–111.
Sosnoskie, L. M. et al. 2007. Field margin weed-species diversity
in relation to landscape attributes and adjacent land use.
– Weed Sci. 55: 129–136.
Sullivan, J. J. et al. 2009. Distribution and spread of environmental weeds along New Zealand roadsides. – N. Z. J. Ecol. 33:
190–204.
Sullivan, L. L. et al. 2011. Can dispersal mode predict corridor
eﬀects on plant parasites? – Ecology 92: 1559–1564.
Taylor, P. D. et al. 2006. Landscape connectivity: a return to the
basics. – In: Crooks, K. R. and Sanjayan, M. (eds), Connectivity conservation. Cambridge Univ. Press, pp. 29–43.
Tewksbury, J. J. et al. 2002. Corridors aﬀect plants, animals, and
their interactions in fragmented landscapes. – Proc. Natl Acad.
Sci. USA 99: 12923–12926.
Theoharides, K. A. and Dukes, J. S. 2007. Plant invasion across
space and time: factors aﬀecting nonindigenous species
success during four stages of invasion. – New Phytol. 176:
256–273.
Tikka, P. M. et al. 2001. Road and railway verges serve as dispersal
corridors for grassland plants. – Landscape Ecol. 16: 659–666.
Townsend, P. A. and Levey, D. J. 2005. An experimental test of
whether habitat corridors aﬀect pollen transfer. – Ecology 86:
466–475.
Wikramanayake, E. et al. 2004. Designing a conservation
landscape for tigers in human-dominated environments.
– Conserv. Biol. 18: 839–844.
Williams, P. et al. 2005. Planning for climate change: identifying minimum-dispersal corridors for the Cape proteaceae.
– Conserv. Biol. 19: 1063–1074.
With, K. A. 1997. The application of neutral landscape models in
conservation biology. – Conserv. Biol. 11: 1069–1080.
With, K. A. 2002. The landscape ecology of invasive spread.
– Conserv. Biol. 16: 1192–1203.
With, K. A. 2004. Assessing the risk of invasive spread in
fragmented landscapes. – Risk Anal. 24: 803–815.
With, K. A. and King, A. W. 1997. The use and misuse of neutral
landscape models in ecology. – Oikos 79: 219–229.
Young, T. P. et al. 1995. Long-term glades in acacia bushland
and their edge eﬀects in Laikipia, Kenya. – Ecol. Appl. 5:
97–108.

