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Abstract
Purpose of Review Our ability to detect effects of the landscape context on wildlife often depends on the spatial scale at which
environmental variables are measured. Theory suggests that the scale at which the species most strongly responds to this
context—its scale of effect—should depend on the type of biological response. This is hypothesized to occur because the
temporal scale regulating the response is linked to the spatial scale at which the species interacts with its environment; i.e. the
scale of effect should be larger for responses influenced by forces acting over longer time periods. Here I test the prediction that
the scale of effect increases in the order: fecundity < abundance < occurrence < genetic diversity, using a quantitative review of
studies that empirically estimated scales of effect.
Recent Findings The scale of effect of a given environmental variable depended on the type of response in 70% of the 145 cases
identified in this review. However, scales of effect did not increase in the predicted order. This is likely, at least in part, because
some studies did not include a wide enough range of scales in their analyses to accurately estimate the scales of effect.
Summary Future research is needed to test this prediction using study designs that allow for accurate estimation of scales of
effect. Nevertheless, my results have implications for wildlife research and landscape management, suggesting that we cannot
assume that a species responds to its landscape context at only one scale.
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Introduction

The landscape context is often important for understanding
the effects of environmental variables (e.g. amount of forest
cover, road density) on a biological response (e.g. abundance)
[1]. However, our ability to detect those effects can strongly
depend on the spatial scale at which environmental variables
are measured (i.e. the landscape size or spatial extent).

Empirical evidence suggests that the strength of the relation-
ship between an environmental variable and a biological re-
sponse varies with the scale of measurement, and significant
relationships are often detected at only certain scales [2–5].
This suggests that our ability to detect an effect of the land-
scape context depends on whether we select the appropriate
scale of measurement.

We do not usually know the actual scale at which a species
responds to the landscape context. In the absence of this in-
formation we must rely on empirical methods to estimate the
appropriate scale of measurement. Researchers typically esti-
mate the appropriate scale in a ‘multi-scale study’ (Fig. 1) by:
(1) measuring the response at multiple sampling sites within
the study area; (2) measuring a given environmental variable
at multiple scales, represented by different-sized square or
circular areas centered on each sampling site; (3) estimating
strength of effect of that environmental variable on the re-
sponse (e.g. r2 from a linear regression model) at each scale;
and (4) comparing the strength of relationship across scales,
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and selecting the scale at which the relationship is strongest.
The scale where the relationship is strongest is often called the
‘scale of effect’ [5, 6].

Different species tend to respond to the landscape context
at different scales [2–5], and there have been a number of
hypotheses proposed to explain why the scale of effect varies
among species. The most prominent of these predict that the
appropriate scale of measurement increases with the species’
home range/territory size, and that the scale increases with the
species’ dispersal distance [7••]. Indeed, when researchers
justify a species-specific choice of scale, it is based on its
mobility [8•]. This assumes that the scale at which a species
responds to the landscape context is related to the scale at
which it perceives and interacts with the landscape.

Although there is some theoretical and empirical evidence
to support the suggestion that the scale at which a species
responds to environmental variables depends on its mobility
(as reviewed in [7••]), this is clearly not the only factor that
determines the scale of effect. For example, empirical studies
have also shown that different environmental variables affect a
given species’ response at different scales [9–11]. This idea
that species respond to different environmental variables at
different scales has been particularly influential in the field
of habitat suitability modeling [12].

Although the influence of the environmental variable type
on the scale of effect has been well documented, few have
considered that the scale may also depend on the type of

biological response (e.g. fecundity vs. abundance). For exam-
ple, in their review of landscape ecology studies, Mayer and
Cameron [13] found no evidence that authors considered the
type of biological response when selecting the scale of mea-
surement for environmental variables. However, simulation
modeling supports the prediction that the scale of effect of a
given environmental variable varies with the type of biologi-
cal response measured for a given species (or species group)
[14••].

Furthermore, Jackson and Fahrig [14••] hypothesized that
the scale of effect of a given environmental variable should
be larger for biological responses that are influenced by
forces acting over longer temporal scales than for biological
responses influenced by forces acting over shorter temporal
scales. This is based on the assumed link between the tem-
poral scale regulating the biological response and the spatial
scale at which the species interacts with its environment
over that temporal scale. For example, fecundity is positive-
ly influenced by the availability of resources during and
immediately before the breeding period [15, 16]. Thus, en-
vironmental variables likely have their strongest effects on
fecundity at a small spatial extent, i.e. within the foraging
habitat (Fig. 2a). In contrast, abundance at a given location
is influenced not only by effects of local environmental con-
ditions on birth and death rates, but also by the rates of
immigration of individuals to that location. Thus the scale
of effect for abundance should encompass the environmental

Fig. 1 Typical design of a multi-scale study, used to empirically estimate
the scale at which a species responds to the landscape context. (a) The
response (e.g. abundance) is measured at multiple sampling sites within
the study area. (b) The environmental variable of interest (e.g. the
proportion of the landscape in forest) is measured at multiple scales,
represented by different-sized circular or square areas centered on each

sampling site. (c) The strength of effect of that environmental variable on
the response (e.g. r2 from a linear regression model) is measured at each
scale. (d) The strength of relationship is compared across scales, and the
scale of effect is designated as the scale at which the relationship is
strongest
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context encountered by dispersers moving to that location
(Fig. 2b). Occurrence, which depends on cumulative extinc-
tion and colonization events over a number of generations,
and genetic diversity, which accumulates genetic contribu-
tions of past immigrants to the local gene pool, should have
even larger scales of effect that encompass the environmen-
tal context experienced by multiple generations of dispersers
(Fig. 2c-d). In summary, this leads to the prediction that the
spatial scale of effect of a given environmental variable on a
species’ biological response should increase in the following
order: fecundity < abundance < occurrence < genetic diver-
sity (as predicted by [7••]).

In this paper I used a quantitative review of published
multi-scale studies to address the following three questions:

(1) Does the scale of effect of a given environmental variable
depend on the type of biological response measured for a
given species?

(2) If the scale of effect does differ among response types,
does it vary as predicted, i.e. does the scale of effect
increase in the order: fecundity < abundance < occur-
rence < genetic diversity?

(3) Does the degree of consistency with the above prediction
depend on the design of the study to select the scale of

Fig. 2 The scale of effect is predicted to increase in the following order:
fecundity < abundance < occurrence < genetic diversity. (a) Fecundity is
influenced by the availability of resources during/immediately before the
breeding period and thus, environmental variables likely have their
strongest effects on fecundity within the foraging habitat. (b)
Abundance at a given location is influenced not only by effects of local
environmental conditions on birth/death rates, but also by the rates of
immigration of individuals to that location. Thus the scale of effect for
abundance should encompass the environmental context encountered by

dispersers moving to that location in a given season. (c) Occurrence
depends on cumulative extinction and colonization events over a
number of generations, and thus should have a larger scale of effect that
encompasses the environmental context experienced by several
generations of dispersers. (d) Genetic diversity accumulates genetic
contributions of past immigrants to the local gene pool, and thus should
have a scale of effect that encompasses the environmental context
experienced by many generations of dispersers
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effect? I include this final question because prior meta-
analysis has shown that empirical estimates of the scales
of effect can be strongly dependent on the design of the
study to select those scales [8•]. If the degree of consis-
tency with the above prediction depends on attributes of
the study design known to (or suspected to) decrease the
accuracy of scale selection, then these aspects of the
study design could be obscuring differences in scales of
effect driven by the biological response. In this case, the
results of this analysis could be used to make recommen-
dations to improve the design of future studies that test
for differences in scales of effect between different bio-
logical response types.

Methods

Literature Search and Study Selection

I searched ISI Web of Science (Clarivate Analytics, USA;
accessed December 2, 2016) for multi-scale studies that eval-
uated relationships between a given environmental variable
and at least two of the four biological responses: fecundity,
abundance, occurrence, genetic diversity. To identify multi-
scale studies I used the following search string: buffer* OR
“focal patch*” OR “focal point*” OR “landscape area*” OR
“landscape size*” OR “spatial scale*” OR “spatial extent*”.
To identify the subset of multi-scale studies that included at
least two of the four biological responses, I combined the
previous search string with all pairwise combinations of the
following search strings for the four biological responses (fe-
cundity AND abundance, fecundity AND occurrence, fecun-
dity AND genetic diversity, etc.):

(1) fecundity: fecundity OR reproduct*
(2) abundance: abundance OR cover OR density OR

prevalence
(3) occurrence: incidence OR occupancy OR occurrence OR

presence
(4) genetic diversity: genetic*

I further limited each search to English-language articles
published in the past 10 years (2006–2016) in the
Environmental Sciences & Ecology subject area.

I reviewed the methods section of each article identified in
my literature search, using the following criteria (modified
from [8•]) to identify the relevant subset of articles. I included
only articles that met the following seven criteria:

(1) At least one environmental variable was measured at two
or more scales around a central sampling site, so that a

scale of effect could be selected using a multi-scale study
design (Fig. 1).

(2) The same scales (e.g. 0.5, 1.0, and 1.5 km) were used to
estimate environmental variable values for all sample
locations within a given study. For example, I excluded
studies that measured environmental variables in a patch,
landscape, and region, because the sizes of these vary
among sample locations.

(3) The source data (e.g. classified land cover map) for the
environmental variable measurements was the same for
all scales.

(4) The resolution (or grain) of the data used to measure the
environmental variable was the same for all scales, be-
cause the spatial grain of an environmental variable can
also affect its relationship with a biological response [7••,
17].

(5) The environmental variable was measured within the
bounds of a given spatial extent (e.g. proportion of the
area in wetland), rather than measuring the distance to a
landscape feature (e.g. distance to the nearest wetland).

(6) The study looked at the relationship between a given
environmental variable (measured at two or more scales;
see criterion 1) and at least two of the four target biolog-
ical responses (fecundity, abundance, occurrence, genet-
ic diversity), for at least one species or species group. For
example, a study that looked at the relationship between
forest amount within 0.5, 1.0, and 1.5 km and occurrence
was included only if it also looked at the relationship
between forest amount within 0.5, 1.0, and 1.5 km and
the fecundity, abundance, or genetic diversity of the
same species (or species group). Species richness was
included as a multi-species measure of occurrence, but
only if the other biological response(s) were aggregated
over the same set of species (e.g. bat species richness vs.
total bat abundance).

(7) The size of the sample area was the same for each bio-
logical response in the study, and did not co-vary with
the scale of measurement of the environmental variable.

Data Extraction for Quantitative Review

For each article that met the criteria defined above, I extracted
the scale of effect reported by the author(s), or from tables or
graphs in the study, for each relationship between a biological
response and environmental variable that was measured at
multiple scales. The scale of effect was typically estimated
as the single scale at which the relationship between the re-
sponse and environmental variable was strongest, selected
from the set of possible scales tested by the author(s). The
strength of relationship was typically measured as the lowest
Akaike Information Criterion (AIC) value, highest r2, or larg-
est │correlation coefficient│ (see Online Resource 1 for a full
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list of metrics). If the strength of relationship was identical at ≥
2 scales, I recorded the mean scale of effect. For studies using
a circular landscape, the scale was measured as the radius of
that circular landscape. For square landscapes the scale was
half the width of the square. I also classified whether the
relationship was scale-sensitive or not. A relationship was
scale-sensitive if the selected scale of effect improved model
fit relative to at least one other tested scale (e.g. ΔAIC > 2,
Δr2 > 0.01; Online Resource 1), or if the relationship at the
selected scale was significantly better than the relationship at
at least one other tested scale, in a statistical test performed by
the author(s) (as in [8•]). Note that in some cases I was unable
to assess whether a relationship was scale-sensitive, for exam-
ple, because the authors included estimates of model fit for
only the most supported scale. I classified the scale sensitivity
in these cases as ‘unknown’.

I also recorded attributes of the study design to select the
scale of effect, i.e. the smallest assessed scale, largest assessed
scale, distance between adjacent scales, number of scales, and
approach to scale selection. In cases where the distance be-
tween adjacent scales was not constant across all scales, I used
the mean distance between adjacent scales. For example, if the
author(s) tested relationships at 0.5, 1, 5, and 10 km scales, I
recorded the distance as 3.2 km (averaging the distances be-
tween adjacent scales: 0.5, 4, and 5 km). I classified papers as
using one of three approaches to scale selection. First, a com-
mon scale of effect could be estimated for all environmental
variables by simultaneously modeling the relationships be-
tween a biological response and all environmental variables
measured at the same scale (e.g. by multiple regression), re-
peated for each potential scale. The scale with the strongest
overall model fit was then selected as the scale of effect (here-
after called the ‘multivariate-single-scale’ approach). Because
the same scale was selected for all environmental variables
based on the strength of the combined effect of these variables
on the response, I recorded the selected scale only once, rather
than including the same scale for each individual environmen-
tal variable. Second, a scale of effect could be estimated si-
multaneously for all environmental variables but without as-
suming a common scale of effect (the ‘multivariate-multi-
scale’ approach). This was done by comparing the strengths
of the multivariate relationships between the biological re-
sponse and all environmental variables as described above,
with the exception that here they compared among all possible
combinations of the tested scales. For example, if authors
were testing for effects of road density and forest amount on
species richness at 1 and 2 km, they would model species
richness as a function of: (1) roads(1 km) + forest(1 km), (2)
roads(1 km) + forest(2 km), (3) roads(2 km) + forest(1 km),
and (4) roads(2 km) + forest(2 km). Third, a scale of effect
could be estimated independently for each environmental var-
iable measured at the landscape scale by modeling the rela-
tionship between the biological response and each individual

variable at every scale and selecting the scale at which the
relationship was strongest for each variable (the ‘univariate’
approach). Studies that included only one environmental var-
iable were included in this final category. I also recorded the
study taxa (e.g. mammal, bird, amphibian) and the number of
sampling sites included in the analysis.

Statistical Analysis

No studies estimated scales of effect for more than two bio-
logical responses for a given species (or species group) and
environmental predictor. Therefore, to test my first prediction
I used a Χ2 test of association to compare the number of times
I found different scales of effect of a given environmental
variable on a pair of biological responses to the number of
times I found the same scale of effect. The prediction that
the scale of effect of a given environmental variable depends
on the biological response would be supported if different
scales of effect were found significantly more often than the
same scale of effect, at α = 0.05.

Second, I used aΧ2 test of association to test the prediction
that scales of effect of a given environmental variable should
increase in the following order: fecundity < abundance < oc-
currence < genetic diversity. Specifically, I compared the
number of times I found that the difference in the scales of
effect of a given environmental variable on a pair of response
variables was in the predicted direction versus the number of
times the difference was in the opposite direction. The predic-
tion that the scale of effect increases in the order fecundity <
abundance < occurrence < genetic diversity would be support-
ed if differences in the scales of effect of a given environmen-
tal variable on a pair of response variables were in the predict-
ed direction significantly more often than differences in the
opposite direction.

Finally, I evaluated the degree to which consistency with
the above prediction depended on the following attributes of
the study design—the smallest assessed scale, largest assessed
scale, distance between adjacent scales, number of scales, and
approach to scale selection—as well as the categorized scale
sensitivity and taxa. For this analysis I treatedmy comparisons
of the scales of effect between biological responses as an or-
dinal variable with three levels: (1) the difference in the scales
of effect of a given environmental variable for a pair of bio-
logical responses was opposite to the prediction (scales of
effect increase in the following order: genetic diversity < oc-
currence < abundance < fecundity); (2) there was no differ-
ence in the scales of effect of an environmental variable for a
pair of biological responses; and (3) the difference in the
scales of effect of a given environmental variable for a pair
of biological responses was consistent with the prediction. I
used a cumulative link mixed effects model to model the re-
lationships between this ordinal response variable and the
seven predictors, including study identity as a random effect
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to account for repeated measurements within studies. I also
weighted the analysis towards studies with more sampling
sites (ln-transformed to normalize the distribution of weights),
under the assumption that studies with a larger sample size
produce more reliable estimates of the real-world conditions
that sample represents. A weighted cumulative link mixed
effects model estimates model parameters by maximizing
the summed log-likelihood of weighted observations [18].
Thus this weighting meant that observations with more sam-
ple sites (a higher weight) affected the log-likelihood of the
model more than observations with fewer sites (a lower
weight). All predictors were modeled as fixed effects. The
smallest assessed scale, largest assessed scale, and distance
between adjacent scales were ln-transformed for analysis.
All statistical analyses were done in R [19], using the ‘ordinal’
package [20] for the cumulative link mixed effects model.
Data used in these analyses are available through Mendeley
Data [21].

Results

Twenty-three of the 1512 articles I reviewed met my selection
criteria (see Literature search and study selection, above).
These studies provided sufficient data to make 145 compari-
sons of scales of effect between paired biological responses,
i.e. they identified scales of effect of a given environmental
variable on two of my four target biological responses (fecun-
dity, abundance, occurrence, genetic diversity) for a given
species or species group. The majority of these comparisons
were between scales of effect for abundance vs. occurrence
(111 / 145 comparisons), followed by fecundity vs. occurrence
(27 / 145), fecundity vs. abundance (5 / 145), and abundance
vs. genetic diversity (2 / 145). Mean scales of effect were
5.43 km (range 0.01–20.00 km, n = 32) for measures of fe-
cundity, 2.41 km (range 0.05–50.00 km, n = 118) for measures
of abundance, 3.13 km (range 0.01–32.00 km, n = 138) for
measures of occurrence, and 1.5 km (range 1.50–1.50 km, n =
2) for measures of genetic diversity (Online Resource 2). See
Table 1 for a full summary of the collected study design
attributes.

The scale of effect depended on the type of biological re-
sponse. I found different scales of effect of a given environ-
mental variable on a pair of response variables significantly
more often (101 / 145 comparisons) than I found the same
scale of effect (44 / 145 comparisons; Χ2 = 22.41, p < 0.001;
Fig. 3).

Although the scale of effect depended on the type of
biological response, these scales of effect did not in-
crease in the predicted order. Instead, I found that dif-
ferences in the scales of effect were not significantly
more likely to be in the predicted order (i.e. fecundity
< abundance < occurrence < genetic diversity, 52 / 101

comparisons) than in the opposite direction (i.e. genetic
diversity < occurrence < abundance < fecundity, 49 /
101 comparisons; Χ2 = 0.09, p = 0.85; Fig. 3).

However, the probability of detecting differences in the
scales of effect in the predicted direction depended on the
attributes of the study design to select the scales of effect.
Specifically, I found that studies that had smaller minimum
scales, larger maximum scales, smaller distances between ad-
jacent scales, fewer tested scales, and a multivariate approach
to scale selection were more likely to detect a difference in the
scales of effect consistent with the prediction (Fig. 4a-e).
However, only the largest assessed scale, distance between
scales, and number of scales significantly affected this proba-
bility (Fig. 5).

The probability of detecting the predicted differences
in the scales of effect also depended on the scale sen-
sitivity. Differences in the scales of effect were more
likely to be in the predicted direction when the re-
sponses were scale-sensitive than when they were not
(Figs. 4f and 5).

Table 1 Summary of study attributes, scale sensitivity, and taxa
included in this quantitative reviewa. For continuous study attributes,
the mean and range of values (in brackets) were calculated for the 145
cases where there was a scale of effect identified for the relationships
between two of the four biological responses (fecundity, abundance,
occurrence, genetic diversity) and a given environmental variable. For
categorical predictors, I provide the number of cases in each category

Predictor Summary

number of sampling sites 105 (10–978)

smallest assessed scale
(km)

0.38 (0.005–5)

largest assessed scale (km) 7.22 (0.01–50)

distance between
adjacent scales (km)

1.47
(0.025–22.5)

number of scales 7 (2–11)

number of scale-sensitive
relationships

zero 9

one 15

two 93

unknown 28

taxa bird 36

mammal 12

herptile 8

invertebrate 89

approach to scale selection multivariate-single-scale 21

multivariate-multi-scale 10b

univariate 114

a Study data extracted from [23–45]
b The multivariate-single-scale and multivariate-multi-scale categories
were combined for analysis
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Discussion

This quantitative review shows that the scale of effect of a
given environmental variable can—and often does—depend
on what biological response you measure. I found different
scales of effect of a given environmental variable on different
biological responses (for a given species, study area, etc.) in
70% of the cases identified in this review. This suggests that
scales of effect for a given species depend not only on the
environmental variable you measure [9–11], but also on the
type of species’ response. To my knowledge, this has been
previously hypothesized [7••, 14••] but not tested using data
from empirical studies.

Although this review clearly shows that scales of effect can
differ among biological responses, it is less clear whether this
occurs because the scale of effect of a given environmental
variable increases with the temporal scale regulating the bio-
logical response. Overall, the scales of effect were not more
likely to be in the predicted direction (scales of effect increas-
ing in the order: fecundity < abundance < occurrence < genetic

diversity) than in the opposite direction (genetic diversity <
occurrence < abundance < fecundity). However, I found
strong evidence that the probability of detecting effects in
the predicted direction depended on the quality of the study
design. In particular, studies were more likely to find differ-
ences in scales in the predicted direction when they included
smaller minimum scales, larger maximum scales, and smaller
distances between adjacent scales, although only the latter two
effects were statistically significant. This may occur because
studies that include a wider range of scales and have smaller
distances between tested scales more accurately estimate the
scale of effect than studies that include a narrow range of
scales and large distances between tested scales. Indeed, in
my review 37% (54 / 145) of cases had at least one estimated
scale of effect at the smallest assessed scale and 43% (63 /
145) had at least one scale of effect at the largest assessed
scale, suggesting that actual scales may have been smaller or
larger than estimated in these cases, respectively. There is also
theoretical support for this prediction: Jackson and Fahrig
[14••] used an individual-based, spatially-explicit simulation
model to show that scales of effect of habitat amount and
fragmentation were smallest for abundance, intermediate for
occurrence, and largest for genetic diversity. Thus it is possible
that scales of effect do vary in the predicted order—with scales
of effect for fecundity < abundance < occurrence < genetic
diversity—but some studies were unable to detect this because
of suboptimal study design.

The probability of detecting differences in scales of effect
in the predicted direction was also higher when the species’
responses to an environmental variable were ‘scale-sensitive’,
i.e. when the strength of relationship between a response and a
given environmental variable varied with scale. A scale of
effect for a response-environmental variable relationship is
likely more accurate when the response is scale-sensitive than
when it is not. In the latter case the selected scale of effect is
less likely to be biologically relevant, either because the spe-
cies is not affected by that environmental variable or because it
responds similarly to the variable across the tested scales [5].
Alternatively, scale-insensitivity of relationships may indicate
an issue with the design of the study to select the scales of
effect; for example, effects of scale on the relationshipmay not
be detected if the resolution of the land cover data used to
estimate environmental variable values is larger than the dis-
tance between scales (resulting in high cross-scale
collinearity).

Surprisingly, we also found that the probability of detecting
the predicted differences in the scales of effect was lower in
studies that tested more scales than in studies that tested fewer
scales. This is counter-intuitive, because one would expect
that studies with a wider range of scales and smaller distances
between scales—which were more likely to detect differences
in the predicted direction—would also havemore tested scales
than a study with a narrow range of scales and larger distances.

Fig. 3 Number of cases where the scale of effect of a given
environmental variable was the same vs. different for a pair of
biological responses, and the number of cases where differences in the
scales of effect were in the predicted direction (scales of effect increased
in the order: fecundity < abundance < occurrence < genetic diversity) vs.
opposite direction (genetic diversity < occurrence < abundance <
fecundity)
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Fig. 5 Levels of support for effects of the study attributes, scale
sensitivity, and taxa on the probability of detecting the predicted
differences in the scales of effect, i.e. scales of effect increased in the
order: fecundity < abundance < occurrence < genetic diversity.
Relationships were modeled by a cumulative link mixed effects model.
I included study identity as a random effect where the random effect of
study identity was a normally-distributed variable with a mean = 0 and a
model-estimated sd = 2.08, and weighted the analysis towards studies
with more sampling sites. Parameter estimates for categorical predictors

with n categories in a cumulative linkmixed effects model are made for n-
1 categories relative to the remaining category (e.g. for mammals,
herptiles, and invertebrates relative to birds). Therefore, the estimated
effect for the following categories—multivariate approach to the scale
selection, zero scale-sensitive relationships, and birds—are set to zero
in this figure. Parameters with 95% confidence intervals (CI) that do
not cross zero have significant effects on the probability of detecting
differences in the scales of effect of a given environmental variable
consistent with the prediction

Fig. 4 Predicted effects of the study attributes (a–e), (f) scale sensitivity,
and (g) taxonomic group on the probability of detecting differences in the
scales of effect of a given environmental variable consistent with the
prediction, i.e. scales of effect increased in the order: fecundity <
abundance < occurrence < genetic diversity. Relationships were
modeled by a cumulative link mixed effects model, including the study

identity as a random effect and weighting the analysis towards studies
with more sampling sites. In each plot, all other predictors are held
constant: continuous predictors are held at their mean values, approach
to scale selection = multivariate, number of scale-sensitive
relationships = zero, and taxa = bird
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However, the cross-study correlations between the number of
scales and the smallest assessed scale, largest scale, and dif-
ference between scales in this review were relatively weak
(Spearman ρ = −0.22, 0.25, and −0.25, respectively).
Correlations were weak because studies with the largest
assessed scales did not tend to also have the smallest scales
and smallest distances between scales. This unexpected de-
cline in the probability of detecting the predicted differences
in the scales of effect with increasing number of scales may be
explained, at least in part, by a relationship between the num-
ber of scales and the scale sensitivity of the responses. All of
the cases with two scale-insensitive responses had the maxi-
mum number of tested scales and there were, on average,
fewer tested scales in cases with more scale-sensitive re-
sponses (Online Resource 3).

Next Steps

Further empirical study is needed to test the prediction that the
scale of effect of a given environmental variable increases in
the order: fecundity < abundance < occurrence < genetic di-
versity. In particular, studies including estimates of scales of
effect for fecundity and genetic diversity were lacking in our
data set, as were studies of some taxonomic groups (e.g.
herptiles, plants). Such studies should be designed to mini-
mize the chance of misidentifying the scale of effect. I suggest
the following as a list of ‘best practices’ for such studies,
expanding on the recommendations made by Miguet et al.
[7••]:

(1) Include a wide enough range to encompass the scales of
effect for all responses. This is difficult to do without a
priori knowledge of the scales of effect (which is the case
for many species). However, theory suggests that scales
of effect on abundance should be 4–9 times the median
dispersal distance [6]. Thus one should test scales smaller
than the species home range and scales larger than 4–9
times the median dispersal distance, to encompass scales
for responses predicted to have smaller and larger scales
of effect than abundance.

(2) The distance between adjacent scales should be small
enough to detect differences in scales among biological
responses. The appropriate distance will depend, in part,
on the spatial autocorrelation in the environmental vari-
able of interest. This is because differences in the re-
sponse between two adjacent scales can be detected only
when there are differences in the measured environmen-
tal variable at these scales (i.e. the cross-scale correlation
is < 1).
Ideally, one would also consider the functional grain of a
species, i.e. the smallest spatial scale at which a species
perceives and responds to spatial heterogeneity in its

environment [22]; however, in practice this information
is likely unavailable for many species.

(3) Select a set of study landscapes that have similar cross-
landscape variability in environmental variable values
when those values are measured at each scale. This is
because, all else being equal, the estimated strength of
relationship between a response and environmental var-
iable will be weaker when there is less variability in the
environmental variable values. Thus the scale of effect
may not match the scale at which the species responds to
the landscape context if the variance in the environmen-
tal variable is lower at that scale than at the other tested
scales.

(4) Use the finest-resolution data available for measuring
environmental variables, as errors in measurement of
environmental variables may reduce the ability to detect
the scale of effect.

(5) Check for non-linear relationships between a biological
response and an environmental variable, because use of
an inappropriate (linear) model when the true relation-
ship is non-linear may lead to misidentification of the
scale of effect.

Conclusions

Our ability to detect an effect of the landscape context on a
species depends on whether we select the appropriate scale of
measurement. The predictions that different species respond
to the landscape context at different scales and that a given
species may respond to different environmental variables at
different scales have been well supported in previous studies.
This is the first study to support the prediction that the scale at
which a species responds to the landscape context also de-
pends on what type of species’ response you measure, based
on a review of published empirical studies.

These study results have implications for researchers
looking to identify the appropriate scale of measurement for
environmental variables. Estimation of scales of effect based
on multi-scale analyses can be costly: it requires sampling in
multiple landscapes, separated by perhaps larger-than-
necessary distances (to incorporate all potential scales of ef-
fect), and replicate analyses at each of the potential scales.
Thus research would be easier if the scale of effect could be
predicted a priori. One way to do this is to use the selected
scales of effect for your species from previously-published
studies. However, the results of this quantitative review sug-
gest that one should not extrapolate the previously-published
scale of effect for one biological response to another.
Furthermore, I found no clear support for the prediction that
the scale of effect increases in the order: fecundity < abun-
dance < occurrence < genetic diversity. This suggests that one
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cannot use knowledge of the relative differences in the tem-
poral scale regulating the biological responses to extrapolate
scales of effect from one response type to another. Thus multi-
scale analyses, although costly, are currently the most reliable
way to estimate the scale at which a species response is affect-
ed by the landscape context.

These study results also have implications for landscape
management, suggesting that landscape management may fail
to meet conservation objectives if the biological response con-
sidered when selecting the scale of management does not
match the response of conservation concern. For example,
landscape management to promote genetic diversity may be
unsuccessful if the selected scale of management is smaller
than the scale at which a species’ genetic diversity is affected
by the landscape context, because human-caused landscape
changes outside of the managed area could cause declines in
genetic diversity. Our study suggests this could occur if the
selected scale of management is based only on knowledge of
the scale at which the species’ fecundity/abundance/occur-
rence responds to that landscape context. Therefore managers
should be careful to consider what biological response is most
appropriate to meet their management goals, and to select a
scale appropriate for that response. One cannot assume that a
species responds to its landscape context at only one scale.
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