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Abstract Multi-scale landscape studies are becoming a well-
used way to examine the influence of environmental, land-
scape, or habitat factors on the abundance or occurrence of
species. Multi-scale studies are especially useful when the
ecological neighborhood of the organism–landscape interac-
tion is unknown. We review the development of multi-scale
approaches and further clarify the associated terminology ap-
plied to different aspects of spatial scale. In particular, we
argue that ecological neighborhood and analytical focus are
not equivalent, although analytical focus may be used to infer
ecological neighborhood. We suggest several potential im-
provements to multi-scale landscape studies that remain to
be explored. Results from multi-scale studies could be used
to guide ecologically sustainable landscape planning by iden-
tifying local management practices that are suited to the land-
scape context.
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Introduction

The use of multiple-scale studies and the interest in determin-
ing the most appropriate spatial scales for investigating spe-
cies–environment relationships has increased in recent de-
cades [1, 2]. The past forty years have seen a great increase
in explicit consideration of not only the spatial aspects of scale
[3–6] but also the temporal scales associated with ecological
processes [7, 8]. Examination of the spatial scaling of different
ecological processes continues to reveal the hierarchy of rela-
tionships that determine species’ geographic range and abun-
dance. Many of the most important current ecological ques-
tions [9] are directly related to understanding the scale of
ecological processes (e.g., BHow local is adaptation?^).

There continues to be interest in finding the spatial scales at
which phenomena occur in order to conduct ecological re-
search at appropriate scales for the objects under study [7,
10]. For example, when studying the influence of the pattern-
ing of land use on the abundance of a species, what sized areas
should be used? Using an area too large or too small to be
relevant to the processes that determine abundance of the or-
ganism could lead to an incorrect failure to reject the null
hypothesis of no effect. The techniques available for spe-
cies–environment investigations that seek to find relevant spa-
tial scales also continue to grow apace [e.g., 11]. One type of
investigation of spatial scaling involves the determination of
the scale at which species respond to aspects of their environ-
ment. The determination of spatial scales that are relevant to
ecological interactions may be accomplished by using repli-
cated focal patches wherein the species data is determined and
environmental or landscape data is gathered from larger areas
of varying radii around the focal patches. This type of multi-
scale approach is a natural progression from studies that use
replicated landscapes around focal study patches [12] and
from multi-scale ‘zooming’ which examines dependent and
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independent variables in the same, but varying sized, areas
[13]. This multiple scale adaptation of the focal patch ap-
proach [12] may have been inspired by the ecological neigh-
borhood concept (sensu [7]).

Our objectives for this review are to: 1) briefly outline the
history of multiple scale studies to highlight the links between
recent developments and the ecological neighborhood, 2) use
this history as context for suggesting nomenclature for various
aspects of spatial scale to avoid confusion, 3) suggest that the
scale of an ecological interaction and the scale best used to
examine such an interaction is different both in concept and in
magnitude by examining mechanistic determinants of analyt-
ical foci, and 4) suggest several fruitful avenues for improving
multiple scale ecological studies.

In ecological studies the term scale is used to invoke a
collection of related measures (Table 1) and many researchers
have called for a more careful use of the term, with most
agreeing that the specific aspect of scale should instead be
used rather than the ambiguous term scale [16]. The most
commonly invoked aspects of scale are referred to as grain
[14, 15] and extent [14, 16]. We will promote in this paper the
seldom-used term (but see [17]) focus. Focus is the the area to
which grains are aggregated to form a study replicate [18].
Part of the confusion in ecological scaling arises because the
terms focus and grain are both used to refer to the size of the
study replicates. These two terms should be used to describe
different entities: focus for the size of study replicates and
grain for the smallest distinguishable analytical unit or the
smallest area whose characteristics evoke an ecological re-
sponse. It is important to distinguish among scale terminology
applied to the phenomenon under study, the units of informa-
tion used in analyses (e.g., in GIS layers), and the ecological
interactions under study [16, 19]. This is especially important
with grain and focus because the response grain may in some
cases be more closely analogous to analytical focus than to the
analytical grain. We may therefore, define the focus as a mea-
sure used in analyses to understand ecological interactions
between organisms and their environment and as the size of
the aggregation of information collected within grains into
study replicates. A study replicate here would consist of a
habitat patch or defined area of habitat for example, and the
associated quantities of species abundance and any

environmental measures of interest. The dimension of the
units within which data are taken is the study grain (e.g.,
quadrats or map pixels) and the dimension to which the data
are aggregated for that study replicate (e.g., the habitat patch)
is the focus (e.g., proportion of 30 × 30 m pixels of forest
cover within 1 km). Other terms that have been used in the
literature to indicate what focus has been defined as [18] in-
clude: local extent [15], characteristic scale [20], environmen-
tal context [21], scale of effect [10], and spatial extent [22].

We suggest the adoption of new terms to refer to aspects of
scale in ecological studies to clarify usage. By including both
the type of measure (e.g., grain or focus) and the realm of its
usage (i.e., analytical unit or scale of ecological interaction) we
can clarify not only the meaning of focus (analytical focus;
[18]) but also resolve the uses of the term grain: response grain
for the on-the-ground area or resolution at which the study
organism differentiates habitat for example [7], analytical grain
for map pixels, and analytical focus for the size of study repli-
cates (Fig. 1). Ideally then, investigations using a given analyt-
ical focus will uncover the important ecological neighborhood
at which an ecological relationship ‘operates.’ Ecological
neighborhood and the analytical focus are distinct quantities
because they need not have the same magnitude although the
latter may give an indication of the former. The use of these
binomial terms is less convenient than focus, grain, or scale, but
they are more clear in the measure being referred to. Most
importantly, these terms make clear the separation of the scale
of ecological interactions and the scale at which the patterns of
abundance resulting from these interactions should be studied.

Early studies that made an explicit link between the area of
the study replicate and the area relevant to ecological interac-
tions explicitly considered spatial scale by examining ecolog-
ical relationships at several discrete temporal and spatial mag-
nitudes. A study of white-footed mice and meadow voles in
different habitats found that microhabitat factors did not pre-
dict abundance when other selection pressures from larger foci
were included [23]. A study on two simulated species using a
spatially explicit cellular automaton model at a small scale and
two larger scales defined by the ecological processes of inter-
specific interaction and of dispersal found interactions be-
tween the scale of interspecific interaction (response grain)
and scale of dispersal (ecological neighborhood) [24]. The

Table 1 Spatial scale-related
terminology Term Definition Reference

Grain The size of the smallest unit in the study. [14]

The lower boundary of resolution at which species–environment relationships can be
resolved.

[15]

Extent The area of the full region under study. [16]

May delimit the entire time period of the study. [15]

Range The distance between study units, [13]
Termed ‘lag’ in geosatistical analyses.
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recognition that different phenomena alter communities and
abundance of single species has also been recognized in aquat-
ic habitats. Aquatic macroinvertebrates were studied to exam-
ine the influences on these communities of factors prevalent
within five differently sized areas approximating different an-
alytical foci from the local habitat to the ecoregion [25].
Different factors influenced invertebrate abundance at differ-
ent analytical foci.

Studies of a single species have been carried out at different
‘scales’ because different processes occur within different en-
velopes of time and space. For example, deer mice forage and
disperse within differently sized ecological neighborhoods
[26]. The distances within which deer mice forage and dis-
persal were found to be approximately 60 m and 140 m, re-
spectively. Short dispersal on the order of 140 m is unlikely to
allow for selecting among many potential home sites and sug-
gests that the role of habitat selection on local population
dynamics may be overestimated [26]. This result highlights
the importance of understanding how different factors influ-
ence individuals at different spatial foci and how such inter-
actions influence the population and thus observed density.

Clearly, the interest in using study replicates of different
sizes, and the recognition that different processes occur within
areas of different sizes, is common across many taxa and types
of habitat. The ecological neighborhood of similar processes
as inferred from analytical foci can vary widely amongst dif-
ferent taxa. For example, the abundance of longhorned beetles
was found to respond to proportion forest cover at analytical
foci from 20 m to 2000 m depending on the species [20].

The Ecological Neighborhood and Focal Patch
Studies

The ecological neighborhood was developed as a way to de-
lineate the area relevant to an ecological interaction [7]. This
construct built upon the work of several previous researchers
in this area (e.g., [27–32]). Much of the early work that led to
the formation of the ecological neighborhood as an ecological
construct came from a mechanistic view of the impacts of
adjacent plants on each other. There has long been discussion
of the impacts of plant density on plant growth, but plants are
influenced by their immediate neighbors through limited wa-
ter, light, and nutrients rather than through density per se [33].
The ecological neighborhood of an organism was defined as
the region within which the organism is active or influences or
is influenced by a given ecological process during a time pe-
riod associated with the process [7]. It was a term for describ-
ing the areal extent of an environmental interaction.

The focal patch approach to organism–environment studies
compares data on the organism in replicated focal patches and
the larger environment or landscape within a larger analytical
focus (Fig. 2a) [12]. Varying some aspect of spatial scale,
usually analytical grain or analytical focus, is one method of
examining relationships between organisms and landscapes or
environmental gradients to uncover the ecological neighbor-
hood. The first way that such species–environment relation-
ships were examined was to use an appropriate statistical
model of the form Species = f(Environment) with measures
of interest taken on species (e.g., occurrence, density, nest
success) and the environment (e.g., habitat amount, food
abundance) within the same sized replicate or window. The
window size may then be altered or ‘zoomed’ (sensu [13]) and
some measure of the model fit and the nature of the relation-
ship can be examined across window sizes (Fig. 2b). The
relevant measure of the nature of the relationship within each
individual window size may be the slope for example. For this
type of study, the size of the window is the same for the study
organism and the environment or landscape. Ideally, the
zooming approach allows researchers to find the ecological
neighborhood at which an ecological relationship ‘operates’
and to examine the change in the relationship or the degree to
which the signal reaching the researcher from the ecological
relationship is attenuated at increasingly remote analytical foci

Fig. 1 Existing and suggested new terminology for different quantities in
ecological studies. The features in black represent the quantity being
invoked by the term while features in gray provide context. Response
grain and ecological neighborhood are investigated with analytical grains
and analytical foci, respectively, although the magnitude of the ecological
and corresponding analytical quantity may be different. Response grain,
resolution at which an organism distinguishes heterogeneity. Analytical
grain, smallest unit of area in the analysis. Ecological neighborhood, area
within which an interaction occurs or distance at which an organism is
influenced. Analytical focus, area to which analytical grains are
aggregated to form replicates in analysis. Species’ geographic range,
entire area occupied by individuals within a species. Analytical extent,
total area from which data are taken in a study
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(e.g., [18]). The zooming approach to spatial scaling was used
in a study examining correlations between seabirds and their
prey [34]. It was found that the relationship became apparent
at a particular window size and was not apparent at larger or
smaller window sizes (Fig. 2b). The window size, or analyti-
cal focus, at which the seabird abundance–prey fish abun-
dance relationship was strongest was assumed to represent
the response grain, the area relevant to the decision-making
process of the seabirds. This highlights the fact that whether
the best analytical foci reflects the response grain or the eco-
logical neighborhood must be decided based upon the ecolog-
ical process under study.

The interest in the influence of pattern on ecological pro-
cesses was brought to the forefront by landscape ecologists,
who have increased usage of the habitat patch and of the
landscape as study units [35, 36]. Landscape ecological

research has been aimed at understanding the impacts of land-
scape pattern on the abundance or occurrence of a species or
the diversity within a taxon. For example, a study on birds
found that the responses of bird species to vegetation charac-
teristics of forest patches and to structural and vegetation char-
acteristics of the surrounding forested landscapes differed
among species [37]. The vegetation characteristics within the
larger or smaller analytical foci were more important depend-
ing on the species of bird. Analytical foci have been used to
examine much larger areas as well [e.g., 38].

The focal patch approach has been extended to use various
analytical foci [12, 36]. This extension of the focal patch ap-
proach differs from the earlier zooming approach in that the
analytical foci of the dependent and independent variables are
not the same. The analytical focus of the dependent variable is
fixed at the habitat patch, for example, while the analytical
focus of the independent variable is measured within a differ-
ent, usually larger, area. The focal patch approach was pro-
posed as a way to use landscapes as replicates because exper-
imental manipulation of such units are unlikely due to logis-
tical constraints. For each study unit (i.e., replicate) a depen-
dent variable such as species’ abundance is measured within
the focal patch or within a fixed area. The independent vari-
able is an environmental or landscapemeasure taken within an
area of different size than the dependent variable. Each study
replicate thus consists of patch and landscape measures at a
location and each replicate represents a different landscape.
Focal patch studies are called multi-scale because they inves-
tigate the dependent variable and the landscape independent
variable at different ‘scales’ (analytical foci; [12]). In compar-
ing this type of study with the zooming of Schneider [13]
(Fig. 2b), the importance of having another aspect of scale
besides grain and extent becomes clear. When increasing the
size of the window of observation, it may seem convenient to
simply consider this an increase in the analytical grain of the
study. However, the original data may still exist at the smaller
resolution, regardless of how they are aggregated as the win-
dow size increases (e.g., by taking a mean). The original an-
alytical grain of the data conveys information on the precision
and detectable heterogeneity of the data that the analytical
focus and extent (and the ecological neighborhood) cannot.

An alteration to the focal patch approach allows for the
detection of the analytical focus that maximizes the degree
to which the actual strength of the organism–landscape rela-
tionship is detected by a study. The analytical focus of the
response is held constant (e.g., abundance of a species in
similarly-sized focal ponds), while the analytical focus of the
predictor landscape variable is altered through some range of
sizes (Fig. 2c; [12]). The idea that ecological neighborhoods
have different sizes for different activities [7] leads logically to
such an approach, as one analytical focus will not be suited for
all ecological interactions. Landscape features necessary for
daily foraging will be important within a smaller area than

Fig. 2 Multiple scale studies for examining landscape–organism
relationships. Different analytical foci are represented as differently
sized circles within which the species or landscape is viewed. The data
on the study organism and the data on the environment or landscape are
collected within circles centered on the same point (i.e., in the same
landscape) but these are shown in separate columns here for clarity. (a)
Multi-scale focal patch study in which the data on the study organism
come from replicated focal habitat patches (one shown here) and the
landscape or environmental predictor data come from a larger analytical
focus centered on the focal patch. (b) Zooming study design in which the
landscape and species data are viewed within several different analytical
foci, however the species data are related to landscape data within the
same analytical focus as indicated by the dotted line. (c) Multiple
analytical foci focal patch study approach in which species data come
from replicated focal patches or areas of the same size and the landscape
data come from several different analytical foci centered on the focal
habitat patches
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those features that allow for population persistence. This type
of study allows the relevant analytical focus to be identified
[20] so that the strength of the species–environment relation-
ships are reflected accurately by the results at the appropriate
analytical focus. Using a smaller or larger analytical focus
would lead to attenuation of the measured relationship and a
less accurate measure of the importance of the environment in
determining the species’ response.

The progression of studies aimed at uncovering the area
representing species’ response grains and ecological neigh-
borhoods has led to multiple scale study approaches. ‘Multi-
scale’ is now usually taken to mean that the analytical focus is
varied through some range of sizes, despite its former usage
[12] to mean that the species and environment are measured
within different analytical foci whether or not these are varied.

Multi-scale Studies to Find Appropriate Spatial
Focus

Amajor concern in ecological studies should be the possibility
that the relationships between the study organism and any
habitat, environmental, or other species are not accurately
measured because of the analytical focus at which they are
measured [12, 20, 39]. To identify the analytical focus at
which the abundance (or other measure) of a species responds
to an aspect of the environment, the peak in the response curve
(e.g., analytical focus with greatest correlation, R2, AIC)
should be bracketed by foci encompassing larger and smaller
areas (Fig. 3). The analytical focus at this peak is where this
signal will be least attenuated. The signal itself is the strength
of the relationship, the type of model that best fits (e.g., linear,
polynomial, exponential), the retained predictor variables, and
the coefficients and their signs. One possible guideline is to
use foci at an order of magnitude above and below the
suspected ‘scale of response’ [40••]. Using too small a range
of foci could result in the researcher missing the response
‘signal’ [40••], or suggesting incorrect habitat relationships
for their study species [39]. The strength of the relationship

between dependent and independent variables should peak
and decline at analytical foci greater and less than the peak.
The lack of a maximum response strength at an intermediate
analytical focus, e.g., a monotonic increase, suggests that the
appropriate analytical focus exists outside the range of values
used [40••]. Regardless of the range of foci used, a lack of a
detected relationship should not be assumed to suggest scale-
invariance [41].

Environmental independent variables that are variable only
when using a very large analytical focus, such as climate, may
not be able to be incorporated into a multi-scale type study
because spatial replicates do not exist in sufficient number.
The influence upon bark beetles of stand-, landscape-, and
regional-level variables was recently studied using a multi-
scale spatial approach and a temporal analysis to examine
effects of climate [42•]. Landscape connectedness of beetle
populations and of host trees were both found to contribute
to outbreaks. The use of a 23 year temporal extent allowed the
researchers to examine variation in climate and detect its ef-
fect. This analysis would not have been possible using a single
time interval because the distance over which the climate var-
ied was greater than the spatial extent of the study. There may
be other solutions yet to be discovered for limitations to multi-
scale studies, especially when variables of different dimen-
sionality are used together.

Several spatial statistics and analytical frameworks have
been adopted to relate species data to environmental variables
to help identify the ecological neighborhood or at least the
relevant analytical focus of from a range of foci (see [11, 16]
for review). Traditional statistical methods such as generalized
linear models and Spearman’s correlation coefficient have
been applied to the identification of the analytical focus. For
example, Holland et al. [20] found the optimal analytical foci
for longhorn beetle species by repeated linear regressions on
subsets of survey data across a range of analytical foci. The
relevant analytical focus was taken to be the radius with the
greatest mean r value.

Besides generalized linear models [20, 43–45], several oth-
er analytical approaches have been used recently for ‘multi-
scale’ analysis: principal coordinates of neighbor matrices
[46], multi-scale pattern analysis [47], Spearman’s rank corre-
lation [48–51], multidimensional scaling [52], and classifica-
tion tree analysis [53]. Analytical approaches from other dis-
ciplines have also been borrowed for the identification of rel-
evant analytical foci, such as geostatistical variograms [54].
As well, network modularity analysis has been used to iden-
tify the module, or set of tightly connected habitat patches or
local populations, for examining ecological genetics [55]. The
identified connected patches were then used to identify the
‘critical scale’ for animal movement and gene flow. Wagner
and Fortin [56•] proposed a conceptual framework for land-
scape genetics at four levels of analysis that are analogous to
our analytical foci: node, link, neighborhood and boundary.

Fig. 3 Ecological studies using different analytical foci attempt to ‘tune
in^ to the ecological signal of organism–environment relationships. The
analytical foci with the strongest relationship (e.g., greatest correlation,
R2, AIC) is where this signal will be least attenuated (asterisk). The signal
itself is the nature of the relationship between the organism and the
landscape
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Thus, the tool kit for identifying relevant analytical foci has
greatly expanded to allow many different research questions
to be asked and applicable types of data to be used.

The plant community at a location is influenced by many
different environmental factors all acting at different ‘scales’
but Carlile et al. [57] suggest that this leads to an ‘inherent
scale’ of the resulting community. They examined the progres-
sion of autocorrelation toward zero as the lag distance increases
as an indicator of this inherent scale. Amethod for the detection
of ecological neighborhood with similar theoretical underpin-
nings has been suggested [58]. The latter study used the same
term ‘inherent scale’ to indicate what we would consider to be
the ecological neighborhood. The researchers used simulations
of a virtual species to show that residual spatial autocorrelation
increased as the analytical focus was shifted further from the
sought-after ecological neighborhood [58].

Several issues can arise in the identification of the analyt-
ical focus that best reflects the ecological neighborhood and
strength of the species–environment relationship. The identi-
fication of the best analytical focus can be biased by
pseudoreplication [20, 59••] spatial dependence [58, 59••,
60] and the modifiable areal unit problem [61, 62•]. These
issues and potential solutions are well-covered in the cited
publications.

Species vary in the size of their ecological neighborhoods
[e.g., 20]. Therefore, studies that use species richness or sim-
ilar aggregate measures as a response variable will likely suf-
fer attenuation in the strength of the measured response be-
cause the analytical focus chosen will be suboptimal for many
of the species. Minimizing this signal loss will involve first
identifying the relevant biological traits that determine the
ecological neighborhood of the species involved. Species that
respond to similarly-sized ecological neighborhoods may then
be examined together at the appropriate common analytical
focus. For example, species richness of beetles associatedwith
dead aspen wood are more strongly related to the amount of
dead deciduous woodwithin 3 km than to the amount within 1
or 2 km [43]. When the dependent variable of species richness
is expanded to include saproxylic beetles not associated with
aspen, the optimal spatial focus shifts away from 3 km with a
concomitant decrease in the strength of the richness–land-
scape relationship. The shifts could be because aspen is a
relatively minor component of the forest in the area and that
dead aspen is an ephemeral resource, hence species using dead
aspen are adapted to long distance dispersal compared to the
other beetle species which use wood of tree species that are
more widespread [43].

Determinants of the Optimal Spatial Focus

Movement distance is a major determinant of the ecological
neighborhood for mobile organisms [7]. However, this

neighborhood is not necessarily the ideal analytical focus to
use because the ecological neighborhood is not the same as the
ideal analytical focus. Jackson and Fahrig [10] used a simula-
tion to find that analytical foci that measured landscape pre-
dictors at 4–9 times the mean lifetime dispersal distance led to
better predictors of abundance. Their result highlights the im-
portance of not selecting an analytical focus equal to the ex-
pected dispersal of the study organism. Conversely, the ana-
lytical focus that results in the best fit of organism data to
landscape data should not be uncritically assumed to represent
the dispersal or foraging distance of a species. Distances trav-
eled for specific activities may translate into predictable ana-
lytical foci, but this remains to be studied. In particular, there
will likely be several biological and ecological variables nec-
essary besides movement distance necessary to explain a large
proportion of the variance in the relationship between ecolog-
ical neighborhood and analytical focus. The simulation study
of Jackson and Fahrig [10] is a step in this direction.

Presence in a habitat patch may be determined by the va-
gility of uncommon dispersers whose movement is in the
distal tail of the dispersal kernel [63]. Species’ occurrence
may therefore not be well modeled by population means.
Occurrence may also be the result of many generations of
dispersers, with habitats required at each generational step.
Therefore, the landscape variation that corresponds to differ-
ences in occurrence may need to be measured at some multi-
ple of mean dispersal distance [10]. The analytical focus found
to reflect the relationship between occurrence and landscape
connectivity may therefore be a multiple of the ecological
neighborhood as determined by dispersal. Despite the differ-
ence between ecological neighborhood and analytical focus
used to infer it, some studies with the spatial focus set at an
estimate of mean dispersal have successfully found relation-
ships between landscape parameters and study organism
abundance (e.g., [64]). Such successes may occur because
the magnitude of the landscape features measured at estimate
of mean dispersal are representative of the composition and
configuration of features in the larger surrounding areas as
well. For example, if the abundance of leopard frogs in focal
ponds is well predicted by the number of habitat patches with-
in a distance corresponding to expected annual dispersal, this
may indicate that the density and configuration of ponds with-
in the replicated landscapes would remain similar if a larger
spatial focus was used to measure the larger surrounding
areas. The relationship may be weaker at this spatial focus in
less homogeneous regions. Alternatively, the strength of the
organism–environment relationship may not change signifi-
cantly with a change in the focal scale of the study. The
strength of relationship not varying with change in focal scale
could occur either because the relationship is not biologically
important as indicated by a low value of association, or be-
cause the relationship is important across a wide range of
spatial foci. The latter hypothesis could be addressed by
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investigating larger and smaller foci. Local habitat conditions
determine whether a species can use a patch or part of a land-
scape. The larger region surrounding the potential habitat will
determine whether potential colonizers can reach the habitat.
Therefore, suitable conditions and landscape connectivity
(sensu [65]), are necessary, but in themselves insufficient,
conditions for occurrence of a species. Habitat, necessary re-
sources, and accessibility may be viewed as sequential filters
to occurrence [66]. Habitat quality and habitat connectivity
influenced abundance of several species of longhorned beetles
at differently-sized ecological neighborhoods, as estimated
with different spatial foci of best model fit among species
[67]. The different species of longhorned beetles likely faced
different ecological challenges, with each having a different
ecological neighborhood. Furthermore, the surrounding area
will determine the pool of potential colonizers [68] through
the playing out of these same dynamics for other adjacent or
overlapping landscapes [69]. Therefore, studies that incorpo-
rate both the local habitat conditions and the wider landscape
should lead to greater predictability of occurrence or abun-
dance [66]. For example, when Pearson [68] incorporated at-
site vegetation and surrounding landscape vegetation classes,
the resulting regression analyses explained >80 % of the var-
iation for several species of over-wintering birds. Including
only one of the independent environmental variables, or in-
cluding local and landscape variables but measuring them at a
single analytical focus, would have inappropriately weakened
the strength of the measured relationship.

Organisms have ecological neighborhoods that vary in size
depending on the activity or ecological interaction under con-
sideration [7]. The size of the ecological neighborhood may
vary from a small neighborhood influencing foraging deci-
sions to larger neighborhoods encompassing large regions that
determine nest location or natal dispersal success. However,
determinants of relevant magnitudes of areas such as move-
ment distances will also vary somewhat with landscape and
among individuals. If there is a continuum in the type of ac-
tivities undertaken, or at least in the relevant ecological neigh-
borhood, then characterizing a species’ movement or ecolog-
ical neighborhood may require an infinite number of dispersal
kernels as they are traditionally thought of. This will be espe-
cially important for animals that are not central place foragers
(e.g., non-social insects). For animals that do not make repeat-
ed trips from a central location it will be more difficult to
assign any segment of their lifetime movement into a discrete
category. Therefore, it will be difficult to employ traditional
dispersal kernels that have different moments for different
activities. The probability of a given distance being covered
by these organisms could be seen as a three dimensional sur-
face, or even a probability density function of higher dimen-
sionality, that represents a lifetime dispersal kernel that inte-
grates probability over the range of activities performed or the
time since birth (Fig. 4). The benefit of this more complex

view will depend on the variance of the dispersal kernels for
the different activities and interactions.

Eagles select areas to use for different activities according
to variation at different response grains [15]. Foraging sites are
selected based upon fine-grained variation in water depth,
while selection of nesting sites is based upon canopy height
variability within a small focus on the order of tens of meters.
The difference between the observed response grains high-
lights the importance of using an analytical focus appropriate
for the activity under study. Using a focus radius based upon
home range (5–35 km2; [15]) or lifetime dispersal may be
appropriate for determining accessibility of potential habitat
sites but would not be appropriate for uncovering local deci-
sions regarding foraging and nesting.

The different ways that the landscape filters species occur
at different spatial grains (sensu [7]) and should be examined
at different analytical foci. However, an analytical focus
should not be selected in isolation. The decisions or interac-
tions that determine usage of an area are made at a given
response grain and within a given ecological neighborhood,
but they are constrained by the interactions at higher scales.
Ecological studies will therefore be much more revealing if
the different processes are considered together as a hierarchi-
cal system [70]. For example, habitat will remain unoccupied
regardless of resources and environmental conditions if habi-
tat fragmentation [71] or population extinction thresholds [72]
prevent colonization. In addition, activities relevant at differ-
ent response grains and in different ecological neighborhoods
may interact and these interactions may even shift species’
geographical ranges over time [73]. An understanding of the
ecological context of the study species will therefore continue
to be invaluable in interpreting results of multi-scale studies.

We have mainly discussed bottom-up influences of the
landscape on the abundance of a species at a location or in a
patch. However, top-down influences such as predation can

Fig. 4 A lifetime activity movement kernel for a species. The arrow
indicates the more traditional view of a dispersal kernel is represented
by a two dimensional slice from this distribution of movement distance
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also have a large influence on species’ occurrence [73]. If this
has a large effect on the variation in a prey species’ abundance
among locations, it will be important to consider. The influ-
ence of top-down effects on species’ occurrence may be chal-
lenging to uncover because the ecological neighborhood of
the relationship may have little to do with the movement of
the prey species.

The Future of Spatial Focus Studies

An area ripe for investigation is the incorporation of some
estimate of the number of dispersers, or population size as a
proxy, in the determination of a patch-specific analytical focus
around habitats. This variable-focus approach should allow
for further ‘tuning in on the ecological signal’ because the area
of interaction or distance to the places from which individuals
originate is a function of the product of the number of dis-
persers and dispersal kernel. The number of organisms rele-
vant to an ecological neighborhood can be seen as a number of
random draws from the dispersal kernel (Fig. 4). If the eco-
logical neighborhood is determined by some level of cumula-
tive probability of dispersers reaching that distance, for exam-
ple, then this will change with the number of dispersers as well
as with the dispersal kernel. In metapopulation studies, the
sizes of nearby patches are included in the determination of
probability of exchanging individuals because size is a deter-
minant of population size and persistence [74]. Using a vari-
able analytical focus that depends upon some estimate of the
number of dispersers may be seen as an extension of the
mathematics of metapopulation studies into multiple-foci fo-
cal patch studies.

Another necessary advance in multi-scale studies is the
development of methods to differentiate the signals returned
through analyses of real ecological relationships and those
created by the modifiable areal unit problem.Multi-scale stud-
ies as discussed here have greatly improved our understanding
of relationships between organisms and their environments or
the wider landscape. However, it remains possible that ob-
served changes in relationships across spatial foci are an arti-
fact of the grain at which things in nature are quantified [75].

In order to strengthen studies on the ecological neighbor-
hood or analytical focus at which landscape–organism inter-
actions occur, we must expand the use of experimental ap-
proaches in parallel with the predominant phenomenological
approach. In this way, we can begin to formulate ‘strong hy-
potheses’ (sensu [76]) about the ecological relationships that
determine the different aspects of the scale (e.g., [77]) of eco-
logical interactions. Experiments on the mechanisms of eco-
logical interactions will occur in concert with modeling stud-
ies, which are far ahead of experimental studies (e.g., [10]).
Multiple foci studies similar to Wiens and Milne’s [78] study
of tenebrionid beetle movement in different plots may be a

tractable way to begin examining the relationship between
ecological neighborhood and analytical focus. We must re-
main focused on the biology underlying these relationships
[15]. Multi-scale studies may have a proximate goal of deter-
mining the factors altering the appropriate analytical focus.
However, their ultimate goal is to achieve a greater under-
standing of the ecological interactions under study through
the use of appropriately sized study replicates. Greater under-
standing of the ecological interactions will thus strengthen the
hypothesis under study by eliminating one source of type II
error.

Finally, we now have the tools to extend the use of multi-
scale focal patch studies further into landscape management to
increase ecological sustainability. For example, a multi-scale
approach was recently used to examine the ‘scale of effect’ of
restorations in forested landscapes [79]. A multiple analytical
foci study examined the damage done by monk parakeets to
crops within fields and how this damage level was related to
characteristics of the field and the surrounding landscape
within three analytical foci (1000, 3000 and 5000 m) [80].
This study found different sets of variables explained the dam-
age at the different foci. These results suggest field cultural
practices that may reduce crop damage, and also landscape
features within particular analytical foci that will influence
crop damage as well.

Altering the balance between pest and beneficial species
using relatively benignmethods such as conservation biological
control are to be preferred over less sustainable management
options. While it will only be logistically possible to alter entire
landscapes to this end in a few select cases, ecologists can
recommend particular practices that are best suited to given
landscape contexts. One factor in such recommended practices
could be how given landscapes are predicted to support pest
species or exotic invasive species versus species that are benign
or providers of ecosystem services. For example, studies have
shown that devastating bark beetles such as the southern pine
beetle Dendroctonus frontalis have a different dispersal kernel,
at least at the tail of the distribution, than their checkered beetle
predator Thanasimus dubius [81]. There will be many other
parameters of dispersal behavior, habitat needs, foraging behav-
ior, and landscape thresholds and connectivity that are integrat-
ed into the optimal spatial foci for such species. If landscape
parameters that determine occurrence of such pest and benefi-
cial species can be found by using multiple spatial foci land-
scape studies, these parameters could help guide appropriate
management for tipping the balance between the tree-killing
pest beetle and its beneficial (to human interests) predator. For
example, Ryall and Fahrig [82] found that landscapes with less
pine forest had focal patches with greater abundances of the
bark beetle Ips pini and lower abundances of their predators.
Determining the spatial foci that individually reveal ecological
interactions for bark beetle and predator abundance could lead
to recommendations of ‘good landscapes’ and ‘bad landscapes’
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for future pine forests. Land use recommendations based on the
likelihood of supporting pest and beneficial species will be
complicated by the effects of climate differentially affecting
the pests and their predators. Climate not only varies across
very large areas, but also has a much greater impact on pest
wood-borers by causing tree stress than on the predators. For
example, recent work on an exotic invasive wood-borer sug-
gests that natural enemies usually keep wood-borers in check,
but that reductions in tree health can allow the wood-borer
populations to outstrip the ability of natural enemies to control
them [83].

There remain several determinants of relevant analytical foci
to be investigated. Throughout future multiple scale research, it
will be useful to keep in mind that the ecological neighborhood
and our refinements to it are constructs that aid us by focusing
our investigations at appropriate scales. Organisms are not ‘in-
fluenced by spatial scale’ any more than plants are influenced
by plant density per se. To be sure, plants are influenced by
neighboring plants and lack of resources. Similarly, mobile spe-
cies are influenced by many ecological interactions that occur
across different distances. Analytical foci are simply lenses that
may be varied in size to allow the results of ecological studies to
best represent the studied species–environment relationship
(Fig. 2). They are a step toward discovering the important
mechanisms driving abundances rather than phenomena that
themselves impact abundance. By using consistent and clear
terminology and remaining focused on the ecological mecha-
nisms at play we can keep ‘scale’ in its rightful place in the
ecologist’s toolbox rather than lurking in the fields and forests
amongst our study species.
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