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ABSTRACT

Resource selection functions (RSFs) can be used to map suitable habitat of a species
based on predicted probability of use. The spatial scale may affect accuracy of such
predictions. To provide guidance as to which spatial extent or grain is appropriate
and most accurate for animals, we used the concept of hierarchical selection orders
to dictate extent and grain. We conducted a meta-analysis from 123 RSF studies of
886 species to identify differences in prediction success that might be expected for
five selection orders. Many studies do not constrain spatial extent to the grain of the
next broader selection order in the hierarchy, mixing scaling effects. Thus, we also
compared accuracy of single- vs. multiple-grain RSFs developed at the unconstrained
extent of an entire study area. Results suggested that the geographical range of a
species was the easiest to predict of the selection orders. At smaller scales within the
geographical range, use of a site was easier to predict when environmental variables
were measured at a grain equivalent to the home-range size or a microhabitat feature
required for reproduction or resting. Selection of patches within home ranges and
locations of populations was often more difficult to predict. Multiple-grain RSFs
were more predictive than single-grain RSFs when the entire study area was considered
available. Models with variables measured at both small and large (> 100 ha) grains
were usually most predictive, even for many species with small home ranges. Multiple-
grain models may be particularly important for species with moderate dispersal
abilities in habitat fragments surrounded by an unsuitable matrix. We recommend
studies should no longer address only one grain to map animal species distributions.

Keywords
Fragmentation, predictive accuracy, resource selection, scale, selection order, spe-
cies occurrence.

INTRODUCTION

RSF predictions (Johnson, 1980; Wiens, 1989; Meyer et al.,
2004). Although RSFs can be applied to plants or animals, the

A resource selection function (RSF) is defined as any statistical
model that is proportional to the probability of use by a species
(Manly et al., 2002). RSFs typically relate used and unused sites
or used and random sites to environmental variables to predict
site use by a species, assuming probability of use is directly pro-
portional to values of the resources in the area. One of the most
important applications of RSFs is mapping species distributions
to aid in conservation (Aradjo etal., 2004), reserve design
(Cabeza et al., 2004), population viability analysis, or land man-
agement planning (Boyce et al., 2002). RSFs also have been used
to assess biodiversity hotspots (Grand et al., 2004), calculate
expected extinction rates (Carroll et al., 2004; Epps et al.,
2004), guide re-introduction efforts (Harig & Fausch, 2002;
Schadt et al., 2002), and predict spread of invasive species (Havel
et al., 2002; Thuiller et al., 2005). For any application, the spatial
scale of measurement could greatly affect the accuracy of the

focus of this paper is on the effect of scale on accuracy of animal
RSFs.

When designing a study to develop an RSF for an animal,
one must first determine which spatial scale is appropriate for
measuring model variables, specifying both grain (resolution)
and extent (areal coverage) (Vaughan & Ormerod, 2003). Some
studies give no justification for the scale chosen. For others, the
decision is often related to one of the four hierarchical selection
orders defined by Johnson (1980) that meets the study’s objec-
tives. First-order selection is the selection of the geographical
range of a species. Within that range, second-order selection
determines the home range of an individual or social group.
Third-order selection is the use of different habitat patches
(‘patch’ is a contiguous vegetation type) within the home range.
Fourth-order selection is use of feeding sites within a habitat
patch. For the purposes of this paper, we expanded fourth order
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RSF accuracy across scales

Table 1 The hierarchical scales of selection orders, and example study objectives for each. The mean (bold), SE (in parentheses), and range
(in italics) of Kk and D, for resource selection functions of vertebrates* are shown. Only reproductive, latrine, or resting sites were included in the
estimates given for k¥ and D,  at fourth-order selection

Scale of used area (optimum grain)

Order Biological level  within available habitat (spatial extent) ~ Examples of RSF study objectives wt D,
0 Species Geographical ranges Assess biodiversity, movement of invasive — 0.88 (0.004) A
within world or parts of world species, climate change 0.52-1.00
1 Population Regions containing populations Reserve designs, metapopulation viability 0.43 (0.03) A 0.75 (0.03) B
within geographical ranges analysis, land-use planning, reintroductions  0.00-0.83 0.36-0.98
2 Individual Home ranges within regions habitat management, 0.60 (0.05) AB 0.80 (0.04) AB
containing populations conservation of used areas 0.27-0.89 0.54-0.92
3 Individual Patches within habitat management or 0.49 (0.07) AB 0.67 (0.06) B
life requirement home ranges mitigation of impacts 0.11-0.87 0.40-0.85
at patch scale
4 Individual life Microhabitats within used patches Protection or creation of 0.68 (0.07) B 0.74 (0.16) AB%}
requirement key life-history attributes 0.32-1.00 0.35-1.00

at local scale

*0 order from sample of species of 173 birds (SB) with small (< 100 ha) home range (HR), 214 birds with large (= 100 ha) HR (LB), 88 mammals with
small HR (SM), 72 mammals with large home range HR (LM), 67 reptiles with small HR (SR), and 43 amphibians with small HR (A). 1st order from 43
SB,3LB,3SM, 1LM, 14 A, 13 SR, 3 fish (F). 2nd order from 9SB, 2 LB, 1 SM, 7 LM; 3rd order from 3 SB, 10 LB, 6 LM, 1 reptile with large home range
(LR). 4th order from 5 SB,3 LB, 4 SM, 7 LM, 1 SR, 2 F.

+tWithin same column, different capital letters indicate significant pairwise differences (P <0.05) using Tukey’s post-hoc comparison test. ANOVA
F; 100 = 6.08, P =0.001 for x; F, ;,, = 17.08, P < 0.001 for D,,. Mean prevalence for x was 0.32, 0.45, 0.44, and 0.44 for orders 1, 2, 3, and 4, respectively.

Prevalence for D,, was 0.27,0.33, 0.50, 0.21, and 0.41 for orders 0, 1, 2, 3, and 4, respectively.
tSample size for 4th order D, is very low at n = 4, providing low power to detect differences with other orders.

to include selection of any local feature within a habitat patch to
meet life requirements.

We added an additional order to Johnson’s (1980) to account for
selection of areas used by populations within the geographical
range, which some RSF studies address (hereafter referred to as
Ist order, changing Johnson’s 1st to 0 order, Table 1). Habitat
perfectly suitable for individuals may be too fragmented or iso-
lated to support a population or metapopulation (Hanski, 1998),
which would only become apparent by assessing selection at the
population level. If appropriate, first-order selection could be
divided further into population (1st order a) and metapopula-
tion (1st order b) selection orders. If a home range is large, third-
order selection could be divided further into small landscapes
within home ranges (mosaic of patches, 3rd order a), as well as
homogeneous patches within landscapes of home ranges (3rd
order b).

In a hierarchical analysis, the selection order ideally should
dictate the grain (pixel size) used to map presence and the spatial
extent of the area to be surveyed and considered available (Wiens
et al., 1987; Luck, 2002). For example, in second-order selection
the grain for presence should be the seasonal or annual home-
range size (area an animal normally travels in day to day activities
throughout the period of interest), and the spatial extent for
selecting used, unused or random sites should be limited to the
area containing the local population of that individual. In fourth-
order selection, nest or den sites should be compared to nearby
unused sites in the same habitat patch. In other words, the spatial
extent should be constrained to the grain of the next lower
(broader-scale) selection order to hold conditions at other scales

© 2006 The Authors

constant (Table 1). Similarly, the grain size for presence should
not be smaller than the grain size of the next higher (finer) order to
avoid mixing selection orders and weakening the model. Although
commonly done, this means that second-order RSFs should not
compare used microhabitat sites or patches inside a home range
to unused microhabitat sites or patches that are both inside and
outside the home range. Environmental correlates such as percent-
age of each land cover, mean elevation, or distance to a feature
should be measured at the same grain size as presence, although
other grains could be added. Although rarely done, comparisons
should use a paired or matched statistical design in the RSF if
more than one population or patch is evaluated (i.e. discrete
choice logistic regression; Manly et al., 2002; Boyce et al., 2003).

If the area considered available is not constrained and encom-
passes a study area that has a larger spatial extent than the next
lower selection order, multiple grains of selection may be influ-
encing the location of a life-history characteristic of interest or
individual home range. For example, selection of a raptor’s nest
site in a relatively large tree (4th order) may be contingent on
whether that tree is within a patch that provides enough canopy
cover for the young (3rd order) and is near grassland containing
food resources available within the birds’ home range (2nd order).
The potential home range around the prospective nest site may
contain all life requirements for an individual but not be used
because it is within a landscape that contains habitat amounts
too small or isolated to sustain a viable population or is near
human activities that disturb the animals (1st order). Finally, if
the landscape is outside the geographical range of the species due
to climatic or other factors, the tree will not be used (0 order).
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Thus, when the spatial extent chosen as available is uncon-
strained to a large study area, one might expect multiple-grain
(hereafter referred to as multigrain) models to perform better at
predicting animal locations than a single-grain model. In this
paper, multigrain models are defined as models with more than
one buffer size (grain) around the used or unused (or random)
pixel, with each buffer representing a different hierarchical order.
The used ‘pixel’ is the minimum grain mapped to delineate a
used site. The need for such multigrain models may be most pro-
nounced for specialist species living in one habitat type that is
fragmented or isolated, especially if they have a moderate to lim-
ited ability to disperse between fragments (Noon & McKelvey,
1992; Doak, 2000; Bergman et al., 2004). Metapopulation theory
states that size and isolation of a habitat fragment containing a
population are important determinants of fragment occupancy
for species that have limited dispersal among disparate fragments
(Hanski, 1998). The dispersal ability shifts depending on the
species tolerance of the matrix surrounding the habitat patches
(Ricketts, 2001), and thus poor suitability of the matrix also may
increase the importance of multigrain RSFs.

Multigrain models may provide high prediction accuracy and
eliminate the need for constraining the available area. Many
studies prefer not to constrain the spatial extent and instead
randomly sample potential habitat throughout a study area
to obtain used and unused sites (Design I in Manly et al., 2002).
Multigrain RSFs may be ideal for such studies or mapping of
local features such as nests, dens, or even used patch types within
home ranges. However, if only one selection order is of interest,
multigrain models may not be necessary, or as predictive.

The aim of this paper is to provide some guidance on how to
(1) choose the appropriate spatial scale or scales (grain and
extent) for developing RSFs for an animal species and (2) assess
the accuracy of the final RSF model relative to other studies with
similar objectives, information sorely lacking due to the variety
of methods used to assess ‘accuracy’ of RSFs. To achieve our
objectives, we compared accuracy of published RSFs having
variables measured at different grains and multiple grains for
many species with various life-history characteristics. Our specific
objectives were to determine (1) if habitat use at certain selection
orders is easier to predict than other selection orders, irrespective
of the species, and (2) if multiscale RSFs are more predictive than
single-scale models, and if so, under what conditions.

METHODS

Comparison of selection orders and multigrain RSFs

We used a meta-analysis approach, obtaining information from
123 published papers for 886 animal species (1070 RSFs) at
grains ranging from point locations (nest or roost tree) to
2500 km?. Of the 886 species, 341 had RSFs measured at grains
finer than the geographical (0 order) grain and 545 were meas-
ured only at the geographical grain (2500 km?). The majority of
the finer-grain RSFs were logistic regression models (e.g. Augustin
et al., 1996; Cowley et al., 2000), although some were discrimi-
nant function analyses (e.g. Welsh & Lind, 2002; Woolf et al.,

2002) and generalized additive models (GAM; e.g. Suarez-
Seoane et al., 2002; Knapp et al., 2003). The geographical-grain
RSFs were GAMs (Thuiller et al., 2004). Stepwise approaches
were the most commonly used methods to select the final model
from a set of candidate models (e.g. Matsuoka et al., 1997;
Mitchell et al., 2001), although quite a few used information-
theoretical criteria (e.g. Gibson et al., 2004; Suorsa et al., 2005).

Based on the minimum pixel size used to depict presence, we
first classified each RSF as characterizing presence at the micro-
habitat, patch, home range, population, or geographical grain.
Microhabitat included conditions at a local site such as a nest,
feeding, or resting site. Patch habitat was smaller than the home
range, yet larger than microhabitat and often represented charac-
teristics of homogeneous areas within the home range (e.g. patch
of large trees or grassland). For the home-range grain, the pixel
size (square, circle or 100% minimum convex polygon) must
have approximated the estimated size of the home range. We
obtained most sizes of home ranges from the published litera-
ture, although some were interpolated from regressions of mean
body size on home range developed for each taxonomic group
(Schoener, 1968; Turner et al., 1969; Harested & Bunnell, 1979;
Minns, 1995). The population grain included presence pixels
much larger than the home range but less than 2500 km?, the
pixel size we used for the grain of the geographical range. A
2500 km? pixel is small for the minimum size of discrete parts of
the geographical range, but was the best available. We purposely
included a variety of taxonomic groups in each grain size to
identify generalities across species.

If the spatial extent considered available in a study was con-
strained according to the criteria in Table 1, we further classified
the RSF into a selection order. If extent of an RSF was not con-
strained and sampling occurred throughout the study area, we
recorded whether the RSF was single grain (i.e. measured at the
scale of the presence pixel) or was multigrain (at least two grains),
measured across additional hierarchical scales of selection. To meet
the objective of identifying factors that delineate a geographical
range, spatial extents at the geographical grain included large
areas discovered or known to have zero probability of use. In
contrast, studies at smaller grains had different objectives and
generally omitted such habitats from within the study area, such
as terrestrial habitat for fish or trees too small for nests.

Used sites and sites randomly selected from available habitat
are not mutually exclusive, which may reduce prediction accu-
racy when both are used in RSFs (Boyce et al., 2002). Neverthe-
less, we included RSFs developed using random as well as unused
sites because mean accuracy in each grain category was nearly
identical or often higher than it was for presence/absence RSFs.

We estimated mean prediction accuracy of each grain category
of RSF using Cohen’s kappa (x) and Somers’ D, (D,,). Both
measures are relatively comparable across studies despite
changes in species prevalence (Manel et al., 2001), particularly
when assessed on calibration data using logistic regressions
(McPherson et al., 2004). Except for the geographical grain, the
majority of the RSFs were logistic regressions (90%), and classi-
fication accuracy was reported mainly for calibration data sets
that did not show strong significant trends with prevalence,
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Figure 1 Relationship between prevalence (proportion of sites
used) and Somers’ D, for 657 generalized additive models that
predicted presence of vertebrates at the geographical scale
(zero-order selection) using bioclimatic and land cover variables
(regression equation is D,,=0.93-0.18. prevalence, r* = 0.26,

P <0.001).

although we did find a significant, slight decrease in accuracy
with increasing prevalence in the zero-order GAMs (Fig. 1). We
accounted for this decrease in our comparisons.

Kappa and D, both have a scale ranging from —1 (opposite or
negative agreement and correlation, respectively) to 0 (no better
than random) to 1 (perfect agreement or correlation). Kappa was
calculated using sensitivity, specificity (typically calculated using
0.5 thresholds), and sample sizes provided in published papers
using the equation in Fielding and Bell (1997). Somers’ D,, if not
reported, was derived from the more commonly reported con-
cordance statistic, ¢ (Harrell, 2001), or from area (AUC) under a
receiver operating characteristic curve (AUC and c are identical).
In some cases, we requested information from authors when data
needed to calculate k were missing from a paper, and we had to
supplement grain categories of low sample size with results from
a few unpublished graduate theses. Analysis of variance (ANOvA)
with Tukey’s post-hoc comparison test (o0 = 0.05) was used to
compare K or D,, among grain categories, applying Box-Cox
power transformations when necessary to meet test assumptions
(Sokal & Rohlf, 1995). We also assessed the magnitude of differ-
ences to evaluate biological, rather than statistical significance
(Anderson et al., 2000).

Accuracy of RSFs depends on the assumption that values of
environmental variables in the model are directly proportional to
probability of occupancy by a species (Manly et al., 2002). Unfor-
tunately, factors rarely measured sometimes reduce effectiveness
of the RSF for prediction, including resource availability, interac-
tions with other species, historical biogeography, demographic
stochasticity, detectability, and rarity of the species (O’Neil &
Carey, 1986; Van Horne, 1986; Garshelis, 2000; Manel et al., 2001;
Morrison, 2001; Gu & Swihart, 2004). Nonetheless, by looking
across many RSFs, general scaling patterns should emerge.

Fragmentation effects

Because we found that RSFs of some species were predicted best
at single grains, we investigated the effect of fragmentation and
suitability of the surrounding matrix on the need for multigrain

© 2006 The Authors
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models. First, we compared accuracy of RSFs of three studies of
passerine birds that included single- and multigrain models
(multigrain was less and greater than the home range) in fragmented
shrub (Bolger eral., 1997) and forest habitats (Mitchell er al.,
2001; Hagan & Meehan, 2002). Each study area contained dif-
ferent levels of unsuitability of the matrix. Second, we assessed the
effect of an organism’s dispersal ability in fragmented landscapes
on accuracy of multigrain vs. single-grain models by comparing
RSFs for 17 sedentary and 23 vagile butterfly and moth species.
The multigrain models included conditions of fragments in
which populations occurred (population grain), as well as the
landscape surrounding the fragment (metapopulation grain).
The single-grain models included only the fragment conditions.

Comparison of three fixed grain sizes

We also compared RSFs developed within individual studies to
qualitatively determine if multigrain models (at least two grains)
were often selected as ‘best’ by authors (criteria used varied with
the study) compared to single-grain models. We fixed the boundaries
of the grain sizes to three scales commonly addressed by studies
because studies comparing biologically determined scales were
less available. The three grains were local (< 100 ha), landscape
(100-10,000 ha), and regional (> 10,000 ha) scales. One purpose
of this exercise was to evaluate if RSFs for species with small
home ranges are more predictive when they include grains far
beyond the home range where metapopulation dynamics could
become important. We were able to use 136 species from our
original pool of 886 species for this analysis plus an additional
110 species from 19 other published RSF studies. Furthermore,
we added 135 Australian species from an unpublished but com-
prehensive government document with RSFs (NSW NPWS, 1994),
bringing the total to 381. All studies used for this comparison
had available area unconstrained to the study area and pixel size
varied from point locations to 169 km?.

RESULTS

Comparison of selection orders and multigrain RSFs

Among five hierarchical selection orders, mean D, accuracy of
vertebrate RSFs at the geographical order (0-order selection) was
highest (0.88), which was>16% higher than the population-
(1st) and patch-level (3rd) orders (Table 1), even when adjusted
to match prevalence of the other orders (using regression in
Fig. 1). Unfortunately, ¥ could not be calculated from published
studies for the geographical order, but could be averaged over
sufficiently large sample sizes for the rest of the selection orders,
providing greater power to detect differences among first
through fourth orders than D,, (13 <n,<133; 4< ny < 42).
Mean x of the fourth-selection order was over 50% highér than
mean ¥ of the population-level (1st) order, when fourth order
included reproductive, latrine, or resting sites of vertebrates
(Table 1). However, fourth-order feeding sites or used sites
unassigned to any activity were three times harder to predict on
average than dens, nests, latrines, and rest sites (F, 3 =26.90,
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Figure 2 Mean (1 SE) correct classification beyond chance using
kappa (x) of vertebrate RSFs among grain sizes used to depict
presence when spatial extent is (1) constrained for each selection
order, (2) unconstrained to entire study area and environmental
variables are measured at the single scale of the presence pixel, or
(3) unconstrained and variables are measured at multigrain scales.
Dashed lines show mean D, (when available) for comparison.

For the four groups shown from left to right, grain sizes of
environmental variables are (a) microsite at reproductive, latrine,
or rest sites (For K, ANova F, ,; = 21.35, P < 0.001); (b) microsite at
feeding or unspecified use sites (F,5 = 21.41, P < 0.001); (c) patches
smaller than home range areas but larger than microsites (F,;, = 3.84,
P =10.026); and (d) areas equal to the home-range size (F, 55 = 0.91,
P =0.409). From left to right, selection orders, shown by open bars,
are 4th, 4th, 3rd, and 2nd order. * = differences in x are significant
(P <0.05) between two bars underneath the asterisk based on Tukey’s
post-hoc test (note: multigrain bar for microfeeding sites also was
significantly higher than bar of constrained microfeeding sites).

P <0.001, open-bar microsites in Fig. 2). In general, although not
always statistically significant, selection orders based on poorly
understood boundaries, such as the boundary of a biologically
meaningful ‘patch’ (3rd order) or of a ‘population’ (1st order),
had lower accuracy than selection orders with more obvious
boundaries such as the geographical range (0 order), home range
(2nd order), or reproductive site (4th order; Table 1).

Unfortunately, most invertebrate species were sampled at the
population (1st) order and could not be compared across selec-
tion orders. The mean K of first-order RSFs was 0.37 (SE = 0.031,
n=71), a value similar to the low mean « of 0.43 of first-order
RSFs for vertebrates (Table 1; F, 5 =2.06, P=0.15). The low
classification success of the invertebrates corroborates that it is
difficult to predict locations of populations.

In non-hierarchical RSFs of vertebrate species, where available
area was not constrained to the pixel size of the next hierarchical
level, multigrain models averaged a higher x than single-grain
models (= 20%, Fig. 2). The exceptions were RSFs with home range
as the pixel size. However, D,, showed the same trend of reduced
accuracy in single-grain models even at the home-range grain
(D,, was 2.6 times lower, F, ;; = 5.67, P = 0.005, Fig. 2). Uncon-
strained multigrain models were quite effective, performing with
accuracy similar to constrained hierarchical models, or better in
the case of feeding/general-use sites at the microscale (Fig. 2).

For all the RSFs with grains finer than the geographical range,
the larger species with home ranges > 100 ha often had the most
predictive models (59%), even though they composed the
minority (17%) of the RSFs. RSFs of highest accuracy (> 0.83 for
K or 20.93 for D,,) were those that predicted black bear dens
(Ursus americanus; Oli et al., 1997), brown bear home ranges
(Ursus arctos; Posillico et al., 2004), East Caucasian tur patches
within home ranges (Capra cylindricornis; Gavashelishvili, 2004),
otter patches (Lutra lutra) containing spraints (White et al,
2003), forest patches of lion-tailed macaque (Macaca silenus;
Umapathy & Kumar, 2000), brood-rearing patches of lesser
scaup (Aythya affinis; Fast et al., 2004), and nests of four large
bird species including black kites (Milvus migrans; Sergio et al.,
2003), black vultures (Aegypius monachus; Poirazidis et al.,
2004), house crows (Corvus splendus; Soh et al., 2002), and
merlins (Falco columbarius; Hull Sieg & Becker, 1990). RSFs
of smaller species with similarly high accuracy were those that
predicted pool use by small-mouth bass (Micropterus dolomieu)
and Ouchita mountain (Lythrurus snelsoni) shiners (Taylor,
1997) and areas used by populations of smallmouth salamander
(Ambystoma texanum; Kolozsvary & Swihart, 1999), viperine
snakes (Natrix maura), dice snakes (Natrix tessellata; Guisan &
Hofer, 2003), mountain vizcachas (Lagidium viscacia; Walker
et al., 2003), and African pied starlings (Spreo bicolour; McPherson
et al., 2004). Notably, nine of these 17 species occurred in frag-
mented habitats.

Fragmentation effects

Increasing unsuitability of the matrix appears to increase the
need for adding broader grains of habitat analysis to RSFs for
small birds. RSFs of passerine birds in fragmented habitats were
significantly more predictive using multigrain than single-grain
models when the matrix contained unsuitable urban develop-
ment or was composed mostly of young, intensively managed
stands (ny more than doubled; Fig. 3). In contrast, single, local-
grain RSFs were as predictive as multigrain RSFs in fragmented
forests composed of a variety of more suitable successional stages
with abundant medium to mature stands (Fig. 3).

Dispersal ability appeared to affect importance of multigrain
RSFs for butterflies and moths in fragmented landscapes. Vagile
lepidopterans able to disperse frequently to distant populations had
a tenfold higher k when environmental variables were measured
at both the metapopulation grain and the population grain than
when measured at only the population grain. In contrast, sedentary
butterflies showed less of an increase in accuracy (only 75%) using
multigrain RSFs, and the increase was not significant (Fig. 4).

Comparison of three fixed grain sizes

Of 366 species with RSFs developed from candidate variables
measured at more than one of three fixed grain sizes (< 100 ha,
100-10,000 ha, > 10,000 ha), the majority (62%) of the RSFs
selected as ‘best’ were multigrain. This was true of many species
with home ranges < 100 ha, as well as those with larger home
ranges. Multigrain RSFs were best for 72% of reptiles, 89% of
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Figure 3 Mean (£ 1 SE) classification accuracy (Somers’ D, ) of
RSFs with environmental variables measured at the single-patch
grain of the presence pixel and at multiple grains for three studies
of passerine birds. Urban = shrubland habitat in an urban matrix in
California (aNova F, 5, = 5.28, P = 0.028; Bolger et al., 1997);
Young = mostly young forest matrix from intensive harvest in the
south-east (ANOvA F, 5 = 23.76, P < 0.001; Mitchell et al., 2001);
Mature = abundant medium age to mature forests fragmented by
harvest in Maine (aNova F, ;; = 0.92, P = 0.344; Hagan & Meehan,
2002). * = significant difference between the two bars.
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Figure 4 Fragment-scale accuracy (£ 1 SE) of RSFs compared to
multigrain (fragment and surrounding landscape) accuracy for
moth and butterfly groups of differing mobility (sedentary ANova
F,,;=0.60, P = 0.450; vagile F, |, = 32.26, P < 0.001). * = significant
difference between the two bars.

fish, and 62% of bird species with small home ranges and for
51% of birds and 66% of mammals with landscape to regional
scale (>100 ha) home ranges. However, amphibians (48% of
best RSFs were multigrain), small mammals (33%), and lepidop-
terans (43%) had the majority of the ‘best’ RSFs measured at
grains < 100 ha.

DISCUSSION

The effects of scale on biological organisms appear to be partially
independent and partially dependent of the size of the organism
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and area needed to meet habitat requirements. For example, the
Earth’s macroclimate changes at a broad scale across the planet,
strongly affecting the distribution of an organism at the grain of
the geographical range in a predictable fashion independent of
an organism’s size (Guisan & Zimmerman, 2000; Pearson et al.,
2004; Guisan & Thuiller, 2005). This became evident when we
observed the highest classification accuracy at the 0 order for all
species using RSFs with bioclimatic variables, regardless of the
animal’s size and taxonomic group. Inclusion of land cover vari-
ables with the bioclimatic variables did little to improve predic-
tions (Thuiller et al.,, 2004). However, the distribution of an
organism within the geographical range was easier to predict
when the scale of measurement matched a grain dependent
on the size or life history of the organism such as the home
range (2nd order) or a local habitat feature required for
reproduction or resting (4th order). In particular, local
reproductive sites (nests, dens) of large animals were generally
easy to predict, possibly because such trees or logs must be large
to accommodate large animals, and large features are rare
across the landscape. When features required for reproduction
are abundant in the landscape, probably the case for smaller
species, fine-grain selection of such sites may be more difficult to
detect. Similarly, feeding sites were difficult to predict probably
because an animal requires food to be abundant in an area to
support individuals. Thus, differentiating feeding or general
use sites from available sites at the micrograin was often
challenging.

For broader grains, large species require large areas of specific
habitat components that may be rare (and thus easy to predict) on
the landscape because humans commonly remove or fragment
components at that scale. For example, urbanization and roads
fragment wolf and bear habitat or increase risk of mortality
(Mladenoff et al., 1999; Naves et al., 2003) but may have little
effect on small bird or mammal populations contained within a
fragment (Umapathy & Kumar, 2000). Notably, small species
sometimes had highly predictive RSFs when evaluated at the
population grain, probably because human and natural distur-
bances (fire, hurricanes) fragment their habitat at that scale.

Compared to unconstrained single-grain RSFs, multigrain
RSFs applied to an entire study area were more effective at pre-
dicting species distributions, as effective as the hierarchical
approach using selection orders. The majority of species appear
to be responding to habitat patterns at more than one grain
(Mackey & Lindenmayer, 2001). Even a number of species
with small home ranges < 100 ha (> 33%) were predicted best by
adding grains measured at large scales (> 100 ha) such as some
molluscs (Dunk et al., 2004), rodents (Walker et al., 2003), small
birds (Saab, 1999) and fish (Pont et al., 2005). One advantage
of using a multigrain RSF and not constraining the available area
is that one single equation, rather than multiple hierarchical
equations, can be used to map the distribution of a species. It also
may eliminate variables that are highly correlated across scales,
focusing attention on variables at scales that are most limiting for
a species (Meyer et al., 2002, 2004).

A number of RSFs, particularly for small species, did not
require inclusion of grains > 100 ha to create the best models.
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One reason may be that large grains are less important to small
species in unfragmented habitats or fragments with less hostile
matrices, as suggested by our comparisons of the three passerine
bird studies. Other multigrain bird studies show this same trend
(Knick & Rotenberry, 1995; Saab, 1999). Unfortunately, multigrain
vs. single-grain RSF comparisons are infrequently conducted for
large numbers of other taxa, making it difficult to state whether
this result can be generalized to other taxonomic groups.

Before assuming fragmentation increases the importance of
multigrain models in other taxa, dispersal ability should be con-
sidered. In fragmented landscapes, habitat occupancy by lepi-
dopteran populations was best predicted using multigrain RSFs
for strong but not weak dispersers. We expected the opposite —
that strong dispersers would easily occupy all fragments and not
show a matrix or metapopulation effect. Ricketts (2001) simi-
larly found movements of butterfly species with high vagility
were more impacted by quality of the matrix and distance to
other fragments than were sedentary species. In that study,
mobile species decreased their dispersal rates when the matrix
was less suitable for crossing (more conifers), whereas sedentary
species rarely left the patch. However, when a species was
extremely vagile, the matrix became unimportant because all
matrix types were suitable for crossing. Most likely many of our
‘vagile’ species had intermediate levels of mobility, explaining
why the matrix and distance to surrounding fragments were still
important. Taylor (1997) found similar mobility effects with fish
isolated in pools in a drying stream. Pool volume dictated fish
presence in the isolated pools far more than did distance of the
pool from the downstream confluence. In contrast, fish in stream
sections with connected pools and thus greater mobility were
predicted best with larger or multigrain RSFs that accounted for
pool volume and distance.

Our results should be interpreted with caution because,
although we tried to have a mix of different vertebrate taxa of
different sizes in each compared category, percentages were not
equal. Small mammals were infrequently sampled at multiple
scales. Ideally, we should have the same species percentages in
each compared category, but such information was unavailable
at sufficient sample sizes. Additionally, classification success
often was provided in a paper only for scales that produced a
strong, predictive model, and success was not tested on inde-
pendent data. Consequently, accuracy is probably biased
upward, which may have reduced our ability to detect significant
differences among scales or selection orders. Nevertheless, this is
the first study that has compared accuracy across many pub-
lished studies and provides a baseline to assess the quality of
future studies. This study should be repeated when larger sample
sizes for each major taxonomic group become available in each
grain category and selection order.

Recommendations

In agreement with Vaughan and Ormerod (2003), we recom-
mend that studies should no longer address just one scale to
develop a distribution map for a species, even for highly localized
species. Use of either nested or multigrain RSFs is recommended.

The grain depends on each selection order of interest, and extent
should be either constrained to the selection order (with sites
compared using discrete choice models) or, if unconstrained,
multiple grains around a site should be measured that include
the larger hierarchical scales inherent in the study area. The min-
imum grain selected for the population order is often arbitrary
and could be guided by criteria such as the minimum area
needed for a viable population based on area-incidence relation-
ships with body size (Biedermann, 2003).

We observed a bias toward sampling invertebrates at the
population grain and sampling large vertebrates at home-range
or smaller grains. Logistically, sampling the home range of a snail
or the habitat of populations of grizzly bears may be difficult, but
we consider such endeavours worth pursuing. Finally, more studies
should report at least two measures comparable among studies,
such as K or D,,. The threshold-free D,, derived from AUC is
often preferred (McPherson et al., 2004; Vaughan & Ormerod,
2005), but both measures will assist comparative meta-analyses
such as this one (Fielding, 2002; Guisan & Thuiller, 2005).

ACKNOWLEDGEMENTS

We thank the Department of Botany and particularly, Greg
Brown, for supporting this research. Thanks also to Erik Beever
for organizing the symposium and for his and two other review-
ers’ thoughtful and constructive suggestions for improving the
manuscript.

REFERENCES

Anderson, D.R., Burnham, K.P. & Thompson, W.L. (2000) Null
hypothesis testing: problems, prevalence, and an alternative.
Journal of Wildlife Management, 64, 912-923.

Aratjo, M.B., Cabeza, M., Thuiller, W., Hannah, L. & Williams,
PH. (2004) Would climate change drive species out of
reserves? An assessment of existing reserve-selection methods.
Global Change Biology, 10, 1618-1626.

Augustin, N.H., Mugglestone, M.A. & Buckland, S.T. (1996) An
autologistic model for the spatial distribution of wildlife.
Journal of Applied Ecology, 33, 339-347.

Bergman, K.O., Askling, J., Ekberg, O., Ignell, H., Wahlman, H. &
Milberg, P. (2004) Landscape effects on butterfly assemblages
in an agricultural region. Ecography, 27, 619-628.

Biedermann, R. (2003) Body size and area-incidence relation-
ships: is there a general pattern? Global Ecology and Biogeography,
12,381-387.

Bolger, D.T., Scott, T.A. & Rotenberry, J.T. (1997) Breeding bird
abundance in an urbanizing landscape in coastal southern
California. Conservation Biology, 11, 406—421.

Boyce, M.S., Mao, J.S., Merrill, E.H., Fortin, D., Turner, M.G.,
Fryxell, J. & Turchin, P. (2003) Scale and heterogeneity in hab-
itat selection by elk in Yellowstone National Park. Ecoscience,
10, 421-431.

Boyce, ML.S., Vernier, P.R., Nielsen, S.E. & Schmiegelow, EK.A.
(2002) Evaluating resource selection functions. Ecological
Modelling, 157, 281-300.

© 2006 The Authors

294 Diversity and Distributions, 12, 288-297, Journal compilation © 2006 Blackwell Publishing Ltd



Cabeza, M., Aratdjo, M.B., Wilson, R.J., Thomas, C.D., Cowley,
M.J.R. & Moilanen, A. (2004) Combining probabilities of
occurrence with spatial reserve design. Journal of Applied
Ecology, 41, 252-262.

Carroll, C., Noss, R.E, Paquet, P.C. & Schumaker, N.H. (2004)
Extinction debt of protected areas in developing landscapes.
Conservation Biology, 18, 1110—1120.

Cowley, M.J.R., Wilson, R.J., Leon-Cortes, J.L., Gutierrez, D.,
Bulman, C.R. & Thomas, C.D. (2000) Habitat-based statistical
models for predicting the spatial distribution of butterflies and
day-flying moths in a fragmented landscape. Journal of Applied
Ecology, 37, 60-72.

Doak, P. (2000) Population consequences of restricted dispersal
for an insect herbivore in subdivided habitat. Ecology, 81,
1828-1841.

Dunk, J.R., Zielinski, W.J. & Preisler, H.K. (2004) Predicting the
occurrence of rare mollusks in northern California forests.
Ecological Applications, 14,713-729.

Epps, C.W., McCullough, D.R., Wehausen, J.D., Bleich, V.C. &
Rechel, J.L. (2004) Effects of climate change on population
persistence of desert-dwelling mountain sheep in California.
Conservation Biology, 18, 102—113.

Fast, PL.F, Clark, R.G., Brook, RW. & Hines, J.E. (2004) Pat-
terns of wetland use by brood-rearing lesser scaup in northern
boreal forest of Canada. Waterbirds, 27, 177—182.

Fielding, A.H. (2002) What are the appropriate characteristics of
an accuracy measure? Predicting species occurrences: issues of
accuracy and scale (ed. by J.M. Scott, P.J. Heglund, M.L. Morri-
son, J.B. Haufler, M.G. Raphael, W.A. Wall and EB. Samson),
pp. 64—73. Island Press, Washington, D.C.

Fielding, A.H. & Bell, J.E. (1997) A review of methods for the
assessment of prediction errors in conservation presence/
absence models. Environmental Conservation, 24, 38—49.

Garshelis, D.L. (2000) Delusions in habitat evaluation; measur-
ing use, selection, and importance. Research techniques in ani-
mal ecology: controversies and consequences (ed. by L. Boitani
and T.K. Fuller), pp. 111-164. Columbia University Press, New
York.

Gavashelishvili, A. (2004) Habitat selection by East Caucasian tur
(Capra cylindricornis). Biological Conservation, 120,391-398.
Gibson, L.A., Wilson, B.A., Cahill, D.M. & Hill, J. (2004) Spatial
prediction of rufous bristlebird habitat in a coastal heathland:
a GIS-based approach. Journal of Applied Ecology, 41,213-223.

Grand, J., Buonaccorsi, J., Cushman, S.A., Griffin, C.R. & Neel,
M.C. (2004) A multiscale landscape approach to predicting
bird and moth rarity hotspots in a threatened pitch pine-scrub
oak community. Conservation Biology, 18, 1063—1077.

Gu, W. & Swihart, R.K. (2004) Absent or detected? Effects of
non-detection of species occurrence on wildlife habitat mod-
els. Biological Conservation, 116, 195-203.

Guisan, A. & Hofer, U. (2003) Predicting reptile distributions at
the mesoscale: relation to climate and topography. Journal of
Biogeography, 30, 1233—1243.

Guisan, A. & Thuiller, W. (2005) Predicting species distribution:
offering more than simple habitat models. Ecology Letters, 8,
993-1009.

© 2006 The Authors

RSF accuracy across scales

Guisan, A. & Zimmerman, N.E. (2000) Predictive habitat
distribution models in ecology. Ecological Modelling, 135,
147-186.

Hagan, J.M. & Meehan, A.L. (2002) The effectiveness of stand-
level and landscape-level variables for explaining bird occur-
rence in an industrial forest. Forest Science, 48, 231-242.

Hanski, I. (1998) Metapopulation dynamics. Nature, 396, 41—49.

Harested, A.S. & Bunnell, EL. (1979) Home range and body
weight: a reevaluation. Ecology, 60, 389—402.

Harig, A.L. & Fausch, K.D. (2002) Minimum habitat require-
ments for establishing translocated cutthroat trout popula-
tions. Ecological Applications, 12, 535-551.

Harrell, EE. (2001) Regression modeling strategies: with applica-
tions to linear models, logistic regressions, and survival analysis.
Springer-Verlag, New York.

Havel, J.E., Shurin, J.B. & Jones, J.R. (2002) Estimating dispersal
from patterns of spread: spatial and local control of lake inva-
sions. Ecology, 83, 3306—3318.

Hull Sieg, C. & Becker, D.H. (1990) Nest-site habitat selected by
merlins in southeastern Montana. Condor, 92, 688 —694.

Johnson, D.H. (1980) The comparison of usage and availability
measurements for evaluating resource preference. Ecology, 61,
65-71.

Knapp, R.A., Matthews, K.R., Preisler, H.K. & Jellison, R. (2003)
Developing probabilistic models to predict amphibian site
occupancy in a patchy landscape. Ecological Applications, 13,
1069-1082.

Knick, S.T. & Rotenberry, J.T. (1995) Landscape characteristics
of fragmented shrubsteppe habitats and breeding passerine
birds. Conservation Biology, 9, 1059-1071.

Kolozsvary, M.B. & Swihart, R.K. (1999) Habitat fragmentation
and the distribution of amphibians: patch and landscape cor-
relates in farmland. Canadian Journal of Zoology, 77, 1288—
1299.

Luck, G.W. (2002) The habitat requirements of the rufous
treecreeper (Climaceris rufa). 1. Preferential habitat use dem-
onstrated at multiple spatial scales. Biological Conservation,
105, 383-394.

Mackey, B.G. & Lindenmayer, D.B. (2001) Towards a hierarchical
framework for modelling the spatial distribution of animals.
Journal of Biogeography, 28, 1147-1166.

Manel, S., Williams, H.C. & Ormerod, S.J. (2001) Evaluating
presence-absence models in ecology: the need to account for
prevalence. Journal of Applied Ecology, 38, 921-931.

Manly, B.E]., McDonald, L.L., Thomas, D.L., McDonald, R.L. &
Erickson, W.P. (2002) Resource selection by animals: statistical
design and analysis for field studies, 2nd edn. Kluwer. Academic
Publishers, Dordrecht.

Matsuoka, S.M., Handel, C.M., Roby, D.D. & Thomas, D.L.
(1997) The relative importance of nesting and foraging sites in
selection of breeding territories by Townsend’s warblers. Auk,
114, 657-667.

McPherson, .M., Jetz, W. & Rogers, D.J. (2004) The effect of
species’ range sizes on the accuracy of distribution models:
ecological phenomenon or statistical artifact? Journal of
Applied Ecology, 41, 811-823.

Diversity and Distributions, 12, 288-297, Journal compilation © 2006 Blackwell Publishing Ltd 295



C. B. Meyer and W. Thuiller

Meyer, C.B., Miller, S.L. & Ralph, C.J. (2002) Multi-scale land-
scape and seascape patterns associated with marbled murrelet
nesting areas on the US west coast. Landscape Ecology, 17,95-115.

Meyer, C.B., Miller, S.L. & Ralph, C.J. (2004) Logistic regression
accuracy across different scales for a wide-ranging species, the
marbled murrelet. Resource selection methods and applications
(ed. by S. Huzurbazar), pp. 94-106. Omnipress, Madison,
Wisconsin.

Minns, C.K. (1995) Allometry of home range size in lake and river
fishes. Canadian Journal of Aquatic Sciences, 52, 1499-1508.
Mitchell, M.S., Lancia, R.A. & Gerwin, J.A. (2001) Using
landscape-level data to predict the distribution of birds on a
managed forest: effects of scale. Ecological Applications, 11,

1692-1708.

Mladenoff, D.J., Sickley, T.A. & Wydeven, A.P. (1999) Predicting
gray wolf landscape recolonization: logistic regression models
vs. new field data. Ecological Applications, 9, 37—44.

Morrison, M.L. (2001) A proposed research emphasis to over-
come the limits of wildlife-habitat relationship studies. Journal
of Wildlife Management, 65, 613—623.

Naves, J., Wiegand, T., Revilla, E. & Delibes, M. (2003) Endangered
species constrained by natural and human factors: the case of
brown bears in northern Spain. Conservation Biology, 17,
1276-1289.

Noon, B.R. & McKelvey, K.S. (1992) Stability properties of the
spotted owl metapopulation in southern California. The
California spotted owl: a technical assessment of its current status
(ed. by . Verner, K.S. McKelvey, B.R. Noon, R.J. Gutiérrez, G.I.
Gould, Jr and T.W. Beck), pp. 187-206. General Technical
Report, PSW-GTR-133. US Department of Agriculture Forest
Service, Pacific Southwest Research Station, Albany, California.

NSW NPWS (New South Wales National Parks and Wildlife
Service) (1994) Fauna of north-east NSW forests. North East
Forests Biodiversity Study Report No. 3. NSW National Parks
and Wildlife Service, Sydney, Australia.

O’Neil, L.J. & Carey, B. (1986) Introduction: when habitats fail as
predictors. Wildlife 2000: modeling habitat relationships (ed. by
J. Vernier, M.L. Morrison and C.J. Ralph), pp. 207-208. Uni-
versity of Wisconsin Press, Madison.

Oli, M.K,, Jacobson, H.A. & Leopold, B.D. (1997) Denning ecology
of black bears in the White River National Wildlife Refuge,
Arkansas. Journal of Wildlife Management, 81, 700-706.

Pearson, R.G., Dawson, T.P. & Liu, C. (2004) Modelling species
distributions in Britain: a hierarchical integration of climate
and land-cover data. Ecography, 27, 285-298.

Poirazidis, K., Goutner, V., Skartsi, T. & Stamou, G. (2004)
Modelling nesting habitat as a conservation tool for the
Eurasian black vulture (Aegypius monachus) in Dadia Nature
Reserve, northeastern Greece. Biological Conservation, 118,
235-248.

Pont, D., Hugueny, B. & Oberdorff, T. (2005) Modelling habitat
requirement of European fishes: do species have similar
responses to local and regional environmental constraints?
Canadian Journal of Fisheries and Aquatic Sciences, 62,163—173.

Posillico, M., Meriggi, A., Pagnin, E., Lovari, S. & Russo, L.
(2004) A habitat model for brown bear conservation and land

use planning in the central Appenines. Biological Conservation,
118, 141-150.

Ricketts, T.H. (2001) The matrix matters: effective isolation in
fragmented landscapes. The American Naturalist, 158, 87-99.

Saab, V. (1999) Importance of spatial scale to habitat use by
breeding birds in riparian forests: a hierarchical analysis.
Ecological Applications, 9, 135-151.

Schadt, S., Revilla, E., Weigand, T., Knauer, F, Kaczensky, P,
Breitenmoser, O.R.S., Bufka, L., Cerveny, J., Koubek, P,
Huber, T., Stanisa, C. & Trepl, L. (2002) Assessing the suitabil-
ity of central European landscapes for the reintroduction of
Eurasian lynx. Journal of Applied Ecology, 39, 189-203.

Schoener, T.W. (1968) Sizes of feeding territories among birds.
Ecology, 49, 123-141.

Sergio, E, Pedrini, P. & Marchesi, L. (2003) Adaptive selection of
foraging and nesting habitat by black kites (Milvus migrans)
and its implications for conservation: a multi-scale approach.
Biological Conservation, 112, 351-362.

Soh, M.C.K., Sodhi, N.S., Seoh, R.K.H. & Brook, B.W. (2002)
Nest site selection of the house crow (Corvus splendens), an
urban invasive bird species in Singapore and implications
for its management. Landscape and Urban Planning, 59, 217—
226.

Sokal, R.R. & Rohlf, EJ. (1995) Biometry: the principles and prac-
tice of statistics in biological research, 3rd edn. W.H. Freeman,
New York.

Suarez-Seoane, S., Osborne, P.E. & Alonso, J.C. (2002)
Large-scale habitat selection by agricultural steppe birds in
Spain: identifying species—habitat responses using generalized
additive models. Journal of Applied Ecology, 39, 755-771.

Suorsa, P,, Huhta, E., Jantti, A., Nikula, A., Helle, H., Kuitunen, M.,
Koivunen, V. & Hakkarainen, H. (2005) Thresholds in selection
of breeding habitat by the Eurasian treecreeper (Certhia
familiaris). Biological Conservation, 121, 443—452.

Taylor, C.M. (1997) Fish species richness and incidence patterns
in isolated and connected stream pools: effects of pool volume
and spatial position. Oecologia, 110, 560-566.

Thuiller, W., Ardujo, M.B. & Lavorel, S. (2004) Do we need land-
cover data to model species distributions in Europe? Journal of
Biogeography, 31, 353-361.

Thuiller, W, Richardson, D.M., Pysek, P., Midgley, G.F., Hughes,
G.O. & Rouget, M. (2005) Niche-based modelling as a tool for
predicting the risk of alien plant invasions at a global scale.
Global Change Biology, 12, 2234-2250.

Turner, EB., Jennrich, R.I. & Weintraub, J.D. (1969) Home range
and body size of lizards. Ecology, 50, 1076—1081.

Umapathy, G. & Kumar, A. (2000) The occurrence of arboreal
mammals in the rainforest fragments in the Anamalai Hills,
south India. Biological Conservation, 92,311-319.

Van Horne, B. (1986) Summary: when habitats fail as predictors
— the researcher’s viewpoint. Wildlife 2000: modeling habitat
relationships (ed. by J. Verner, M.L. Morrison and C.J. Ralph),
pp. 257-258. University of Wisconsin Press, Madison,
Wisconsin.

Vaughan, I.P. & Ormerod, S.J. (2003) Improving the quality
of distribution models for conservation by addressing

© 2006 The Authors

296 Diversity and Distributions, 12, 288-297, Journal compilation © 2006 Blackwell Publishing Ltd



shortcomings in the field collection of training data. Conserva-
tion Biology, 17,1601-1611.

Vaughan, I.P. & Ormerod, S.J. (2005) The continuing challenges
of testing species distribution models. Journal of Applied Ecology,
42,720-730.

Walker, R.S., Novaro, A.J. & Branch, L.C. (2003) Effects of patch
attributes, barriers, and distance between patches in the
distribution of a rock-dwelling rodent (Lagidium viscacia).
Landscape Ecology, 18, 185—192.

Welsh, H.H. Jr & Lind, A.J. (2002) Multiscale habitat relationships
of stream amphibians in the Klamath-Siskiyou region of California
and Oregon. Journal of Wildlife Management, 66, 581—602.

© 2006 The Authors

RSF accuracy across scales

White, P.C.L., McClean, C.J. & Woodroffe, G.L. (2003) Factors
affecting the success of an otter (Lutra lutra) reinforcement
programme, as identified by post-translocation monitoring.
Biological Conservation, 112, 63-371.

Wiens, J.A. (1989) The ecology of bird communities, Vol. 2. Cam-
bridge University Press, New York.

Wiens, J.A., Rotenberry, J.T. & Van Horne, B. (1987) Habitat
occupancy patterns of North American shrubsteppe birds: the
effects of spatial scale. Oikos, 48, 132-147.

Woolf, A., Nielsen, C.K., Weber, T. & Gibbs-Kieninger, T.J.
(2002) Statewide modeling of bobcat, Lynx rufus, habitat in
Mllinois, USA. Biological Conservation, 104, 191-198.

Diversity and Distributions, 12, 288-297, Journal compilation © 2006 Blackwell Publishing Ltd 297



