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Abstract

With growing interest in landscape connectivity, it is timely to ask what research has been done and what re-
mains to be done. I surveyed papers investigating landscape connectivity from 1985 to 2000. From these papers,
I determined if connectivity had been treated as an independent or dependent variable, what connectivity metrics
were used, and if the study took an empirical or modeling approach to studying connectivity. Most studies treated
connectivity as an independent variable, despite how little we know about how landscape structure and organism
movement behaviour interact to determine landscape connectivity. Structural measures of connectivity were more
common than functional measures, particularly if connectivity was treated as an independent variable. Though
there was a good balance between modeling and empirical approaches overall — studies dealing with connectivity
as a dependent, functional variable were mainly modeling studies. Based on the research achieved thus far, fu-
ture landscape connectivity research should focus on: (1) elucidating the relationship between landscape struc-
ture, organism movement behaviour, and landscape connectivity (e.g., treating connectivity as a dependent
variable), (2) determining the relationships between different measures of connectivity, particularly structural and
functional measures, and (3) empirically testing model predictions regarding landscape connectivity.

Introduction Merriam 1979; Liro and Szacki 1987; Potter 1990;

Szacki and Liro 1991; Johnson et al. 1992) led to

Merriam (1984) recognized that landscape structure
and organism movement are inter-related and referred
to the landscape property caused by that interaction
as “connectivity”. Early research into landscape con-
nectivity focused on the presence and arrangement of
movement corridors. Both modelling and empirical
studies suggested that changing landscape connectiv-
ity by manipulating corridors (both presence/absence
and corridor quality) led to changes in regional popu-
lation size and persistence (Fahrig and Merriam 1985;
Lefkovitch and Fahrig 1985; Burel 1989; Henein and
Merriam 1990). An increasing appreciation of organ-
ism movements through non-habitat or matrix ele-
ments (Reddingius and den Boer 1970; Wegner and

questioning the necessity of corridors for interpatch
movement (Merriam 1991; Hobbs 1992). Subse-
quently, the concept of connectivity grew to encom-
pass the influence of the entire landscape and “the
degree to which the landscape facilitates or impedes
movement among resource patches” (Taylor et al.
1993). In part due to this history, landscape connec-
tivity is currently viewed either structurally, where
connectivity is entirely based on landscape structure
(usually habitat contiguity), or functionally, where
behavioural responses to the landscape elements
(patches and edges) are considered along with the
spatial structure of the landscape (Tischendorf and
Fahrig 2000b).
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Figure 1. Number of published papers addressing landscape connectivity (up to and including 2000) determined by a search of the Biosys
database using the criteria “connectivity and (landscape or habitat or patch)” in the keywords, title, or abstract. Appropriateness of papers

was determined by scanning the title.

Landscape connectivity can affect individuals and
populations in heterogeneous landscapes. A land-
scape’s connectivity can determine foraging success
when organisms forage over multiple patches (Koza-
kiewicz 1995) and dispersal success (Merriam 1994,
Gustafson and Gardner 1996; Schumaker 1996;
Schippers et al. 1996; Berggren et al. 2001). In turn,
dispersal success can influence local population dy-
namics and metapopulation stability via immigration
rates (Brown and Kodric-Brown 1977; Hanski and
Gilpin 1997; Hanski 1999). Thus, to understand
populations in heterogeneous landscapes it is essen-
tial to understand how organism movement behaviour
and landscape structure interact to determine land-
scape connectivity.

The potential for landscape connectivity to impact
populations in heterogeneous landscapes, and the ob-
vious implications for conservation biology, has led
to an increasing interest in landscape connectivity
(Figure 1) and a proliferation of connectivity mea-
sures (Tischendorf and Fahrig 2000b). Given this in-
creasing interest, it is timely to reflect on previous
trends in connectivity research. Specifically, has
research focused on understanding how landscape
structure and movement behaviour interact to deter-
mine landscape connectivity (connectivity as a
dependent variable) or how landscape connectivity
might impact other ecological process (connectivity
as an independent variable)? What measures of con-

nectivity are being used? How many studies take an
empirical versus a modeling approach? Such reflec-
tions will also point toward future research needs.

Methods

I searched the literature from 1985 to 2000 for papers
with keywords “connectivity” and either “landscape”
or “patch” or “habitat” presenting original research on
landscape connectivity (as opposed to review papers).
From the papers, I determined: 1) whether connectiv-
ity was treated as an independent or dependent vari-
able, 2) the approach used to investigate landscape
connectivity (empirical or modeling), and 3) the
measure of connectivity used. Measures of connectiv-
ity were broadly classified as either structural or
functional. The measures where also classified into
ten types: 1) measures based on the presence or ab-
sence of corridors; 2) measures based on distances,
sometimes weighted by some measure of dispersal
ability, between habitat patches; 3) measures based on
the amount of habitat in the landscape; 4) measures
based on contagion or percolation; 5) measures based
on dispersal success; 6) measures based on graph
theory; 7) measures based on the probability of mov-
ing between patches; 8) measures based on the
amount of time spent searching for a new habitat
patch; 9) measures based on the rate of reobservation



of displaced individuals; and 10) measures based on
immigration rates.

Results

I found 63 papers investigating connectivity (Table
1). The papers covered a broad range of landscape
types but studies using animals were much more
prevalent than studies using plants (42 animal stud-
ies, 4 plant studies, and 17 modeling studies without
a specific organism, Table 1). Approximately three
quarters of the papers used landscape connectivity as
an independent variable to explain some other
ecological processes (77.8%, Figure 2). At the indi-
vidual level, landscape connectivity was related to
movement behaviour (Arnold et al. 1993; Lecomte
and Clobert 1996; Wiens et al. 1997; Farmer and Par-
ent 1997; Browne et al. 1999; With et al. 1999), spa-
tial distributions (With and Crist 1995; Andreassen et
al. 1998; Bjgrnstad et al. 1998), and dispersal success
(Demers et al. 1995; Bjgrnstad et al. 1998; Rosenberg
et al. 1998; Brooker et al. 1999; With and King 1999).
At the population level, landscape connectivity was
related to species occurrence (Laan and Verboom
1990; Clergeau and Burel 1997; Grashof-Bokdam
1997), population levels (Fahrig and Merriam 1985;
Lefkovitch and Fahrig 1985; Henein and Merriam
1990; Paillat and Butet 1996; Fitzgibbon 1997;
Schmigelow et al. 1997; Gonzalez et al. 1998; Henein
et al. 1998; Zabel and Tscharntke 1998; Petit and Bu-
rel 1998a; Petit and Burel 1998b), population persis-
tence (Lefkovitch and Fahrig 1985; Adler and
Nuernberger 1994; Hjermann and Ims 1996; Swart
and Lawes 1996; Hess 1996a; Hess 1996b; Henein et
al. 1998; Root 1998), and population spread (Lavorel
et al. 1995; Hutchinson and Vankat 1998). Finally, at
the community level, landscape connectivity was re-
lated to community structure (Grashof-Bokdam 1997,
Le Coeur et al. 1997; Schmigelow et al. 1997; Ault
and Johnson 1998; Collinge and Forman 1998), pol-
linator efficacy (Steffan-Dewenter and Tscharntke
1999), and species richness/diversity (Laan and Ver-
boom 1990; Metzger 1997; Zabel and Tscharntke
1998). Almost all the studies using landscape
connectivity as an independent variable measured
connectivity structurally (47 of 48 studies, Figure 2).
Of those studies (independent, structural) three quar-
ters were empirical (35 of 47 studies, Figure 2). The
lone study using a functional measure of connectivity
as an independent variable was a modeling study.
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Studies using connectivity as a dependent variable
were evenly split between structural and functional
measures of connectivity (8 studies each, Figure 2).
When connectivity was a dependent variable, studies
using structural measures were evenly split between
empirical and modeling approaches (4 studies each,
Figure 2) while studies using functional measures
where dominated by modeling approaches (6 of 8
studies, Figure 2).

Many different measures of connectivity have been
used in landscape connectivity research. Connectivity
measures based on organism movement (e.g., dis-
persal success, immigration rate, search time) were
more common in studies that used connectivity as a
dependent variable while measures based on land-
scape structure (e.g., corridors, distance, amount of
habitat) were more common in studies that used con-
nectivity as an independent variable (Figure 3a).
Studies tended to use different connectivity metrics
depending on whether they took a structural or func-
tional view of landscape connectivity (Figure 3b).
Studies that used connectivity metrics based on land-
scape structure had a good balance between model-
ing and empirical approaches while studies that used
connectivity metrics based on organism movements
tended to use modeling approaches (Figure 3c). With
very few exceptions, studies investigated a single
measure of connectivity (only 8 of the studies in
Table 1 considered multiple measures of landscape
connectivity).

Discussion

Landscape connectivity arises from complex interac-
tions between landscape structure and movement be-
haviour (Merriam 1984; Taylor et al. 1993). Accord-
ingly, landscape connectivity should be treated as a
dependent variable. Landscape connectivity has the
potential to influence many ecological processes in
heterogeneous landscapes, such as population persis-
tence or the distribution of individuals in a landscape.
Accordingly, landscape connectivity should be treated
as an independent variable. These approaches need
not be exclusive (though they often are). In fact, both
approaches are necessary for a broad understanding
of landscape connectivity.

Relatively few researchers treat landscape connec-
tivity as a dependent variable. Yet the question of how
landscape spatial structure and movement behaviour
interact to determine landscape connectivity is crucial
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Figure 2. A hierarchical decomposition of studies of landscape
connectivity that used connectivity as an independent or dependent
variable (top level), took a structural or functional view of connec-
tivity (middle level), and used modeling or empirical approaches
(bottom level). The size of each pie indicates the number of stud-
ies. Studies fitting into two categories (e.g., used both modeling and
empirical approaches) were counted in each of those categories.
The number of studies in each category is indicated.

for understanding landscape connectivity. Many
landscape indices depend, often non-linearly, upon
either landscape state (e.g., habitat amount, fragmen-
tation; Gustafson and Parker 1992; Hargis et al. 1998)
or sampling scale (Turner et al. 1989; Plotnick et al.
1993; Cain et al. 1997). Modeling work has found
similar complex interactions between landscape
structure and some landscape connectivity metrics
(Tischendorf 2001; Goodwin and Fahrig 2002b). Fur-
thermore, since a particular landscape index quanti-
fies a single aspect of the overall landscape structure
(Gustafson 1998) and different aspects of landscape
structure may influence landscape connectivity more
or less strongly some landscape indices may be more
or less strongly related to landscape connectivity. The
relationship between landscape structure and land-
scape connectivity is unclear. Any effect of landscape
structure on landscape connectivity will depend on

693

the details of movement behaviour within and
between the different landscape elements. Most ani-
mals move differently in non-habitat patches than in
habitat patches (e.g., Baars 1979; Rijnsdorp 1980;
Wallin and Ekbom 1988; Hansson 1991; Johnson et
al. 1992; Matter 1996; Andreassen et al. 1996b;
Charrier et al. 1997; Collins and Barrett 1997). Edge
crossing behaviour (Mauremooto et al. 1995; Mills
1995; Schultz and Crone 2001), perceptual ability
(Yeomans 1995; Zollner and Lima 1997), and density
effects (Herzig 1995; Rhainds and Gries 1997,
Andreassen and Ims 2001) have all been demon-
strated to influence movement. Tischendorf (Tischen-
dorf and Fahrig 2000a; Tischendorf 2001) modeled
movement within landscapes using four generalized
movement patterns (e.g., habitat specialist, habitat
generalist) and found movement behaviour to influ-
ence landscape connectivity. Research that elucidates
how movement behaviour and landscape spatial
structure interact to set landscape connectivity is
therefore essential for understanding landscape con-
nectivity, yet research using connectivity as a depen-
dent variable is relatively rare.

Studies using connectivity as a dependent variable
tend to take modeling approaches. Modeling has two
advantages: 1) it is possible to completely manipulate
landscape structure in the model, which is not true in
the field, and 2) it is much easier to track movement
in simulations than in the field. Though well suited to
investigating landscape connectivity, simulations only
produce predictions and potential insight into natural
systems, which should be held up to empirical scru-
tiny. However, simulation predictions are rarely tested
empirically (but see Fahrig and Merriam 1985; With
and Crist 1995; Brooker et al. 1999; With and King
1999) and empirical studies are rarely designed to test
specific model predictions (but see Wiens et al. 1997).
The propensity for models to rely on unrealistic
movement behaviour may explain the paucity of em-
pirical tests of model predictions. Many connectivity
simulations model movement as random walks (Doak
et al. 1992; Schumaker 1996; Schippers et al. 1996;
With et al. 1997; Ruckelshaus et al. 1997; With and
King 1999), which tend to ignore many of the com-
plexities of movement behaviour in landscapes
(Travis and French 2000). Furthermore, simulations
use a variety of schema, including patch models (Hof
and Flather 1996; Hess 1996b), cellular automata
(Green 1994), grid based movements (Schumaker
1996; Schippers et al. 1996; With et al. 1997; Henein
et al. 1998; With and King 1999), and vector based
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Figure 3. The distribution of different metrics of landscape connectivity by (a) connectivity used as an independent vs. dependent variable,
(b) structural vs. functional measures of connectivity, and (c) empirical vs. modeling approaches. If a paper presented both categories (e.g.,
used both modeling and empirical approaches) it was counted twice, thus the number of papers for any one connectivity metric can change
from pane to pane.



movements (Tischendorf and Fahrig 2000a) to model
movement. Cellular automata and grid based move-
ment models may not model movement very realisti-
cally and the grain of the landscape constrains,
possibly inappropriately, the scale at which move-
ments are simulated (Tischendorf 1997). Patch mod-
els often model movements as patch transition
probabilities that are, unrealistically, independent of
the intervening landscape (Hof and Flather 1996;
Hess 1996b). Similarly, models might inappropriately
use the same movement rules in both habitat and ma-
trix elements (Schumaker 1996). Vector based move-
ment models seem the most appropriate approach as
they need not be constrained by the approach and
scale taken to model the landscape (Tischendorf
1997). Also, empirical measures of movement are
usually based on a vector description of movement
trails (Turchin et al. 1991; Goodwin and Fahrig
2002a). Even so, simulations may lack an important
nuance of movement behaviour (such as edge-cross-
ing behaviour) critical to determining landscape con-
nectivity. Thus the need for empirical tests of
landscape connectivity simulations, even well de-
signed ones. Unfortunately, simulation and empirical
studies tend to use different measures of connectivity.
Simulation studies have used dispersal success
(Schumaker 1996; Schippers et al. 1996; Ruckelshaus
et al. 1997; Tischendorf and Fahrig 2000a), search
time (Doak et al. 1992; Tischendorf and Fahrig
2000a), and cell immigration (Tischendorf and Fah-
rig 2000a) while empirical studies have used dispersal
success (Andreassen et al. 1996a) and re-observation
frequency (Pither and Taylor 1998). This discrepancy
impedes our ability to assess the validity of simula-
tion results.

More commonly, researchers treat landscape con-
nectivity as an independent variable and ask how
landscape connectivity impacts some other ecological
process such as species distribution or population dy-
namics. Such studies are important as they indicate
the potential impact of landscape connectivity on in-
dividuals, populations, and communities in heteroge-
neous landscapes. However, they assume that the
measure of connectivity employed accurately repre-
sents landscape connectivity for the organism in
question. This might explain the almost exclusive use
of structural measures of landscape connectivity
when analyzing connectivity as an independent vari-
able — structural measures avoid the potential compli-
cations of movement behaviour thereby seeming
more accurate. In addition, studies using landscape
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connectivity as an independent variable tend to be
empirical, making structural measures attractive since
landscape structure is relatively easy to quantify and
many metrics have been developed (Gustafson 1998).
However, structural measures of connectivity may not
be ecologically meaningful, that is they may not re-
flect the ability of the organism to move through the
landscape if critical aspects of movement behaviour
are not incorporated in the metric of landscape struc-
ture. For example, if individuals move between habi-
tat patches exclusively via corridors then the degree
to which habitat patches are interconnected by corri-
dors will be a good measure of landscape connectiv-
ity. If animals avoid corridors or move between
habitat patches without using corridors then the pres-
ence of corridors will overestimate or underestimate,
respectively, landscape connectivity. Another struc-
tural measure, percolation theory, tends to focus on
the presence of spanning clusters (Green 1994; With
and Crist 1995; With et al. 1997; Metzger and
Décamps 1997; Tiebout and Anderson 1997), habitat
patches that cross from one side of the landscape to
another (Gardner et al. 1989). Spanning clusters may
have no bearing on an organism’s ability to move be-
tween habitat patches in the landscape (compare to
the definition of connectivity in Taylor et al. 1993).
More subtly, the use of structural connectivity mea-
sures may colour a researcher’s assumptions about
movement. For example, structural measures of con-
nectivity tend to divide the landscape into habitat and
an impenetrable matrix element (With et al. 1997,
Metzger and Décamps 1997; Tiebout and Anderson
1997), which is unrealistic for most species. In these
cases, if animals truly are restricted to habitat then
structural measures of connectivity will accurately
estimate landscape connectivity but as the likelihood
of movement into and through the matrix increases
structural measures connectivity will increasingly un-
derestimate landscape connectivity. Functional mea-
sures of connectivity, while more likely to be
ecologically meaningful, are more difficult to attain
than structural measures of connectivity, especially if
care is taken to study movements at the appropriate
spatial scale for the organism. Juvenile dispersal and
migratory movements can cover very large distances
making the movements difficult to study in any de-
tail, though studying the movements of smaller
organisms in an experimental model system (Wiens
et al. 1993) can circumvent some of the logistical
problems. Given the relative ease of assessing land-
scape structure, it is fruitful to ask if there is a pre-
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dictable link between landscape structure and func-
tional connectivity. This is still an open question.
Studies using a connectivity metric to explain an-
other ecological process without understanding how
that metric is influenced by the state of the landscape
or the details of organism movement will lack gener-
ality. While a study might find a strong effect of con-
nectivity for a particular organism in a particular
landscape, those findings may not hold in other situ-
ations, possibly even the same organism in landscapes
with different structure. It is necessary, therefore, to
quantify the effects of landscape structure and move-
ment behaviour on a connectivity metric (treat that
metric as a dependent variable) before using that
metric to explain other ecological processes. Any
measure of connectivity used as an independent var-
iable must be thoroughly investigated as a dependent
variable first. With little overlap between the connec-
tivity measures used as dependent and independent
variables, such comparisons are presently impossible.
Furthermore, modeling has illustrated the possibility
of complex relationships between different connectiv-
ity metrics ranging from metrics being uncorrelated
to complex non-linear relationships that change as the
state of the landscape changes (Tischendorf and Fah-
rig 2000a; Goodwin and Fahrig 2002b). This implies
that different connectivity metrics may not be directly
comparable, making comparisons of studies using
different metrics difficult or impossible. Since there
are many connectivity metrics in the literature and
most studies use a single metric, there will be many
issues of comparing studies and generating generality
for some time to come. These difficulties hinder any
general understanding of landscape connectivity.
Studies of landscape connectivity are divided be-
tween those that seek to understand how landscape
structure and movement behaviour interact to dictate
connectivity and those that seek to evaluate the im-
pact of connectivity on other ecological processes. At
present, the two different approaches are isolated due
to the use of different connectivity metrics. Studies
are biased toward using connectivity as an indepen-
dent variable. To fully understand landscape connec-
tivity and evaluate its importance for other ecological
processes both independent and dependent ap-
proaches are required, it is not enough to do one
without the other. To this end, we need to bolster re-
search, particularly empirical research, using connec-
tivity as a dependent variable. This will require more
research on how landscape structure influences land-
scape connectivity, how movement behaviour can

impact connectivity and how functional measures of
connectivity can be related to landscape structure. In
particular, models should incorporate more realistic
movement behaviour to determine which aspects of
behaviour have a large effect on landscape connectiv-
ity. This, in turn, will require empirical research into
the movement responses of organisms to landscape
structure (e.g., landscape elements and edge types).
Finally, we need more research interrelating various
connectivity metrics. There are many measures of
connectivity yet few studies to date have compared
multiple measures of connectivity. What little work
has been done comparing multiple connectivity met-
rics suggests that metrics may only be weakly corre-
lated and difficult to relate one to the other.
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