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Abstract

Context Spatial scale is an important consideration

for understanding how animals select habitat, and

multi-scalar designs in resource selection studies have

become increasingly common. Despite this, examina-

tion of functional responses in habitat selection at

multiple scales is rare. The perceptual range of an

animal changes as a function of vegetation association,

suggesting that use, selection and functional responses

may all be habitat- and scale-dependent.

Objectives Our objective was to determine how

varying grain size affects our interpretation of func-

tional response in habitat selection and to elucidate

scalar and landscape effects on habitat selection.

Methods We quantified the functional response of

GPS-collared, female white-tailed deer (Odocoileus

virginianus, n = 18) inRidingMountainNational Park,

Canada, to different habitat types. Functional responses

were quantified at multiple spatial scales by regressing

proportion of habitat used against proportion of habitat

available at different buffer radii (ranging from

75–1000 m radius) surrounding used (telemetry) loca-

tions and available points within the individual’s

seasonal home range. We examined how functional

responses changed as a function of grain by plotting

grain size against the slope of the functional response.

Results We detected functional responses in most

habitat types. As expected, functional responses

tended to converge towards 1 (use proportional to
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availability) at large buffer sizes; however, the rela-

tionship between scale and functional response was

typically non-linear and depended on habitat type.

Conclusions We conclude that a multi-scalar

approach to modelling animal functional responses

in habitat selection is important for understanding

patterns in animal behaviour and resource use.

Keywords Functional response � Grain � Habitat
selection � Perceptual range � Scale-dependence �
Spatial memory � White-tailed deer � Ungulates

Introduction

Interpretation of space-use patterns of animals is

intimately linked to our understanding of animal

movements through distinct habitat types or vegeta-

tion associations. The arrangement of habitat will

directly influence how habitat selection processes are

detected and interpreted (Wiens et al. 1993). Land-

scapes are by their nature heterogeneous, and therefore

organisms cannot always obtain an optimal combina-

tion of resources within their home range (Orians and

Wittenberger 1991). As such, individuals may select

resources proportionally to availability (act as fine-

grained foragers sensu MacArthur and Levins 1964),

or select resources disproportionally (coarse-grained

foragers), depending on whether the proportion of a

habitat type in a home range equals the proportion of

time spent within it. However, individuals may

simultaneously be fine- or coarse-grained foragers

depending on the relative availability of the resource

in question. How availability affects the use of habitats

by animals is referred to as the functional response in

habitat selection (hereafter ‘functional response’;

Mysterud and Ims 1998), which has been detected in

a variety of taxa including ungulates (Osko et al. 2004;

Godvik et al. 2009; Herfindal et al. 2009; Morellet

et al. 2011; Beyer et al. 2013; Leclerc et al. 2014; van

Beest et al. 2015), bears (Mauritzen et al. 2003), birds

(Gillies and St Clair 2010; Deville et al. 2013), and

elephants (Roever et al. 2012).

How scale affects animal resource selection is a

question of fundamental importance in ecology

(Wiens 1989; Levin 1992; Wheatley and Johnson

2009). Modifying the scale of analysis has been shown

to affect patterns in resource selection (Boyce et al.

2003; Anderson et al. 2005; Meyer and Thuiller 2006;

Ciarniello et al. 2007; Leblond et al. 2011, Laforge

et al. 2015) as well as the detection of interspecific

competition (Whittaker and Lindzey 2004) and sexual

segregation (Bowyer et al. 1996). Spatial scale in

ecology can be defined by two components, extent and

grain (Hobbs 2003). When dealing with decisions

made by individuals, extent is the area deemed

available to the animal and is typically defined by

the framework established by Johnson (1980). Grain

can be defined either as the minimummapping unit for

habitat data (Thompson and McGarigal 2002; Hobbs

2003) or as the area surrounding used and available

telemetry points defining availability (Meyer and

Thuiller 2006; Laforge et al. 2015). We use the latter

definition here, and use ‘resolution’ to describe the

former. Multi-scalar studies of functional responses in

habitat selection are rare, and usually consider the

extent component of scale (Herfindal et al. 2009).

Incorporating grain into studies of habitat selection

and associated functional responses may deepen our

understanding of how animals select for sites based on

neighbouring habitat. Traditional methods of quantify-

ing habitat at the resolution of the data are sensitive to

changes in the resolution of the data and risk general-

izing potentially distinct habitats based on differences in

their ecological context. Integrating grain size into

analyses of functional responses is important for

understanding the scale at which an animal might

perceive its environment. Animals may be selecting for

patches as opposed to points (Rettie and McLoughlin

1999), making the consideration of ‘landscape context

variables’ sensu Leblond et al. (2011) vital to the study

of animal space use. The relationship between scale and

functional response is also likely to depend on habitat

type and behaviour. Habitat type is known to affect

vigilance behaviour in mule deer (Odocoileus hemi-

onus; Altendorf et al. 2001) and red deer (Cervus

elaphus; Jayakody et al. 2008), suggesting that habitat

composition can affect the size of the perceptual range

of individuals (Olden et al. 2004). For example, animals

are likely to have a smaller perceptual range when

travelling in enclosed habitats such as forest compared

to open habitats, where detection of predators becomes

more important at larger spatial scales. Incorporating

grain into the analysis of functional responses also

allows for the inclusion of resources not traditionally

considered in functional response studies, namely

measures of habitat diversity and linear features such

as roads and streams (but see Beyer et al. 2013).
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Functional grain has been shown to be important in

animal mobility (Romero et al. 2009) and morphology

(Turlure et al. 2010). Baguette and Van Dyck (2007)

suggested that changes in functional grain encompass-

ing different patch sizes and configurations would alter

how animals perceive, and ultimately disperse through

their environment. To our knowledge, no studies have

yet examined how modifying grain size affects inter-

pretation of functional responses in habitat selection.

Our goal was to examine functional responses at

multiple grain sizes for various habitat types for white-

taileddeer (Odocoileus virginianus) inRidingMountain

National Park, Manitoba, Canada, and the surrounding

agricultural matrix.We produced seasonal home ranges

for 18 femalewhite-tailed deer and quantified functional

response at multiple grain sizes by regressing the

proportion of habitat that an animal used against the

proportion of habitat available to the individual com-

puted at different buffer radii surrounding used (teleme-

try) locations and available points within the

individual’s seasonal home range. We plotted the slope

of the functional response as a function of grain size.We

hypothesized that if individuals select habitat differently

depending on grain size, the functional response would

also change as a function of grain. Because use and

availability overlap the least at smaller grain sizes of

analysis, we predicted that functional responses would

be strongest and most evident at smaller grains and

weaken as grain size increased. Patch size in most

landscapes varies as a function of vegetation type, as

landscapes are naturally heterogeneous. Animal move-

ment behaviour is likely influenced by patch size and

functional grain of the landscape (Baguette and Van

Dyck 2007; Romero et al. 2009), as well as by

perceptual range, which is known to vary by vegetation

type (Olden et al. 2004). We therefore predicted that

functional grain would interact with patch size and

perceptual range to affect the shape of the function

generated when plotting the functional response slope

against scale across different habitat types.

Methods

Study area

The study area was located in southwest Manitoba,

Canada (51�N, 100�W; Fig. 1). The area contained

two distinct habitats: the forest-dominated area within

Riding Mountain National Park (RMNP) and the

surrounding agricultural matrix. RMNP is a 2974 km2

protected area that consists of eastern deciduous

forest, northern boreal forest and rough fescue grass-

lands with areas of wetland (Rowe 1972; Caners and

Kenkel 2003). Higher elevations in the park are

dominated by spruce (Picea spp.), pine (Pinus bank-

siana) and aspen (Populus tremuloides). The area

surrounding the park is intensively managed for the

production of annual cereal and oilseed crops, peren-

nial forage crops and as cattle pasture (Brook 2010),

interspersed with deciduous forest, wetland and

grassland.

The area is populated by a large diversity of

wildlife species. During the study period, it was

estimated that there were 2700 elk (Cervus canaden-

sis), 2500 moose (Alces alces) and a large population

of white-tailed deer (Brook and McLachlan 2006).

Predators in the area include wolves (Canis lupus),

black bears (Ursus americanus), and coyotes (Canis

latrans).

Fig. 1 Riding Mountain National Park, MB, Canada and the

surrounding agricultural region. White-tailed deer telemetry

data were collected in the dark shaded area

Landscape Ecol (2016) 31:855–863 857

123



Data collection and habitat variables

Adult female white-tailed deer (n = 18) were cap-

tured via a net gun fired from a helicopter (Cattet et al.

2004) in February 2006 and fitted with GPS tracking

collars. Collars were active for one year and recorded

locations at 2–4 h intervals. Stationary collars had a

mean overall accuracy of 15.0 m (Brook 2008).

Individuals were captured in the agricultural area

north of RMNP and in the north of the park but were

free to enter or exit the park at any point along the

boundary. A total of 20,799 locations were collected,

with a mean of 452 (SD = 317.5) locations per animal

per season.

We created seasonal 95 % minimum convex poly-

gon (MCP) home ranges (Osko et al. 2004; van Beest

et al. 2010) for each white-tailed deer (n = 46 deer

seasons). MCPs are frequently used in habitat selec-

tion studies as it is considered a simple, unambiguous

and objective method to delineate all areas used and

available to individuals (Godvik et al. 2009; Herfindal

et al. 2009). By constructing 95 %MCPs we removed

used locations at the outer edge of the seasonal home

ranges. This was done because visits to the edges of

home ranges are typically exploratory movements and

as such habitat use of ungulates can differ substantially

from habitat use within the home range (Börger et al.

2006; van Beest et al. 2011). We also objectively

defined season length based on differences in move-

ment rate over time as measured for the same collared

female white-tailed deer as presented in van Beest

et al. (2013). To better reflect availability and to

include habitat just outside the 95 % home range, we

buffered 95 % MCPs by 327 m (the mean distance

travelled between successive GPS fixes). Within each

individual’s home range we generated random points

equal to the number of GPS fixes. Telemetry points

located in lakes were removed (n = 15) and lakes

were excluded when generating random points, since

lakes were not deemed habitat useable by white-tailed

deer. We also removed all telemetry locations located

outside the buffered home ranges.

We quantified several environmental covariates at

the resolution of the data and in concentric buffers

around used and available points to analyse the effect

of changing grain on functional response (Fig. 2). We

used an existing landcover-vegetation map developed

from 30 m resolution Landsat 5 satellite imagery

(Geobase: http://www.geobase.ca). We used buffers

with radii of 75, 150, 327, 500, 750 and 1000 m using

ArcMap (ArcGIS 10, ESRI Redlands, California,

USA) and Geospatial Modelling Environment (Beyer

2012). We chose grain sizes to reflect a continuum of

scales, with 75 m being the smallest size to reasonably

capture any meaningful surrounding habitat on a raster

map with a 30 m resolution, and the maximum size

approaching the mean diameter of white-tailed deer

seasonal home ranges for this population. The 327 m

buffer was chosen as it was the mean distance travelled

by white-tailed deer between GPS fixes. Field vali-

dation on the landcover map was performed in 2011

and showed that 84 % of validated points were accu-

rate, with the majority of misclassified points being

due to changes in agricultural cropland (Dugal et al.

Fig. 2 Example of how use and availability were quantified for

a single white-tailed deer in Riding Mountain National Park,

MB (2006–2007). In a no buffers were added and used and

available resources were quantified only at the resolution of the

raster dataset (i.e., single pixel, 30 m 9 30 m). Here, functional

response was quantified using the proportion of used versus the

number of available points in each habitat type. In b buffers with
a radius of 150 mwere added to used and available locations and

functional responses were quantified using the mean of the

proportion of habitat in the buffers. In c buffers are increased to
500 m in radius
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2013). Within each buffer, we calculated the propor-

tion of forest, annual cropland, perennial cropland,

grassland and wetland as well as density of streams

and unpaved roads (m 9 ha-1). We used Simpson’s

Diversity Index as a measure of landscape hetero-

geneity, because it was most descriptive of white-

tailed deer habitat use in RSF modelling for this

population (Laforge et al. 2015).

Quantifying functional responses

We quantified functional responses for each resource

type by regressing, for each seasonal home range, the

use of the resource against its availability (Mysterud

and Ims 1998, Morellet et al. 2011). At the resolution

of the data (i.e., for the finest level of analysis where

buffers were not used), this was simply the proportion

of points used and available.We were therefore unable

to model linear features or diversity at this scale. For

buffers, values corresponded to mean proportion of the

habitat type (or simple mean for linear features and

diversity) across all available and used buffers. Since

we had several seasonal home ranges for each

individual deer, our methods corresponded to a

repeated measures analysis. We therefore used mixed

effects linear regression (R package lme4; Bates et al.

2015) to quantify functional responses in habitat

selection with individual fitted as a random intercept to

account for any patterns in the model residuals owing

to repeated observation of the same individual but also

to account for unbalanced observations among indi-

viduals (Pinheiro and Bates 2000).

A beta coefficient for availability (slope) of one

corresponds to no functional response (use remains

proportional to availability as availability changes), a

slope of zero indicates constant use of a resource and a

slope different than one and zero indicates a functional

response in habitat selection. A slope greater than one

indicates a positive functional response, where selec-

tion of the resource increases with increasing avail-

ability, a slope between 0 and 1 indicates a negative

functional response (where use of a resource increases

with increasing availability but selection decreases). A

negative slope would indicate that use of the resource

declines with increasing availability. To determine the

effect of changing grain of analysis on functional

response, we then estimated the slope and standard

error of the functional responses at each grain of

analysis and plotted slope against scale for each

habitat type using generalized additive modeling (R

package mgcv, Wood 2015).

Results

We detected a clear relationship between grain size

and the strength of the functional responses. As grain

size increased, the slope of the functional response

typically approached 1, as shown for relative use of

forest (Fig. 3). Of the eight habitat types examined, six

had 95 % confidence intervals (CI) for the slope of the

functional response that did not overlap the 95 %CI of

the slope of the response at one or more other grain

sizes, suggesting significant differences in functional

response as a function of grain (Fig. 4). Functional

responses were most evident at small and intermediate

grain sizes; however, selection estimates at smaller

grains were also associated with larger standard errors

(Fig. 4).

White-tailed deer displayed unique functional

responses dependent on habitat type and grain size

(Fig. 4). White-tailed deer showed a strongly negative

functional response in relative use of forest and both

types of crop at small buffer sizes, but as grain size

increased, the slope of the functional response weak-

ened and approached one. The functional response in

relative use of wetland cover was also negative at

small grain sizes, but became positive (proportionally

more use as availability increased) at large grains.

Stream density had a positive functional response at

small grain sizes, which saturated towards one as grain

size increased. Functional response of grasslands was

weak across all grain sizes, whereas road density and

Simpson’s Diversity displayed a positive functional

response at intermediate grain size and a negative

response at large grain sizes (Fig. 4).

Discussion

We found a significant effect of grain size on the

interpretation of white-tailed deer functional

responses. The strongest functional response was

either detected at the smallest grain (five habitat

types) or at intermediate grains (three habitat types)—

providing moderate support for our first prediction that

the smallest grains would result in a larger functional

response. The functional response to all habitat types
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displayed a tendency to saturate at 1 as grain size

approached the seasonal home range size of white-

tailed deer. The response of white-tailed deer to each

habitat type displayed a unique relationship between

functional response and grain size (in support of our

second prediction). These results suggest that our

interpretation of functional responses in habitat selec-

tion is dependent on the grain at which habitat is

quantified.

Animal habitat selection is based on trade-offs,

with individuals typically having to balance the

acquisition of optimal forage with the risk of predation

(Sih 1980). In ungulates, this involves balancing

foraging bouts in more productive open habitats where

predation risk is higher against ruminating and resting

in covered forest habitats (Mysterud et al. 1999).

Hence, as availability of profitable foraging (open)

habitats increases, we should see an increase in their

use; however, due to time budgets, we would not

expect a constant increase. Therefore, the functional

response is expected to be between constant and

proportional use, termed the ‘real world trade-off

hypothesis’ by Godvik et al. (2009). Our results

suggest that changing the scale at which observations

are made affects the interpretation of this trade-off,

and as such underscore the importance of examining

scale in functional response studies.

Despite the acceptance of the importance of scalar

processes to the examination of animal habitat selec-

tion (Wiens 1989; Levin 1992), they have rarely been

examined in the context of functional responses.

Herfindal et al. (2009) found that home range size was

an important factor in functional response at both the

home range- and landscape-level of selection; how-

ever, they did not consider how the relative abundance

of different habitat types affects functional response.

Functional response can vary across selection orders

(Herfindal et al. 2009), therefore varying grain size for

different resources may encompass different levels of

selection on continua of scales. Habitat selection, and

Fig. 3 Functional

responses of adult female

white-tailed deer across four

seasons (n = 46 deer

seasons) to forest habitat at

four grains of analysis in

Riding Mountain National

Park, 2006–2007. The black

line is the slope of the

functional response, with a

95 % confidence envelope

represented by dotted lines.

A slope of 1 would represent

a proportional increase in

use with increasing

availability (represented by

a dashed line); whereas a

slope of 0 would indicate

constant use of the resource
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as a result functional response, is influenced not only

by the composition of habitats but also by their

configuration (Stubblefield et al. 2006; Radford and

Bennett 2007). Functional grain of analysis has also

been shown to be important when analysing landscape

connectivity and animal dispersal (Baguette and Van

Dyck 2007; Galpern and Manseau 2013). As such, the

inclusion of grain size in functional response studies is

important for two reasons. Firstly, it incorporates

patch size and landscape heterogeneity into the

analysis, which are important factors in habitat

selection studies (Rettie and McLoughlin 1999).

Secondly, it allows for the inclusion of habitat types

surrounding an individual location, which may have

an impact on resource selection patterns. For example,

an individual may choose to forage in open habitats

that are near closed habitats as potential refuge from

predators.

White-tailed deer displayed a positive functional

response to roads that was highest at intermediate

(327 m) scales, suggesting that as the density of

unpaved roads increased in their seasonal home ranges,

white-tailed deer selected for areas within 327 m of

roads. Moose have been shown to select for roads at

intermediate scales (Rempel et al. 1997) while avoid-

ing them at small scales (Dussault et al. 2007). By

contrast, elk (Cervus canadensis) have been shown to

avoid roads at the landscape scale and select for roads

at smaller scales due to their association with edge

habitat (reviewed byAnderson et al. 2005). Beyer et al.

(2013) found a functional response to road crossings in

moose. Our results show that there is an interaction

between scale of observation and functional response

in how ungulates select habitat surrounding roads.

The interaction between buffer size and functional

response varied by habitat type, indicating a change in

how animals respond to scale across habitats. To

navigate across landscapes, animals use cues from the

landscape (either via environmental gradients or navi-

gational beacons; Fagan et al. 2013) and by means of

spatial memory. Animal behaviour varies as a function

of habitat (Altendorf et al. 2001; Jayakody et al. 2008);

therefore, how an animal travels through a landscape

will be directly affected by the composition and

configuration of that habitat. An animal’s perceptual

range is not fixed, but varies across both habitat types

(Olden et al. 2004) and functional grain (Baguette and

van Dyck 2007), influencing the scale at which habitat

selection decisions are made and subsequently the

spatial scale of the functional response.

Conclusions

We have shown that the functional response in habitat

selection of white-tailed deer is contingent upon the

spatial scale of investigation. Is there a ‘best’ scale at

Fig. 4 Slope and 95 % confidence intervals for functional

responses across several grains of analysis for adult female

white-tailed deer (n = 18) in Riding Mountain National Park,

2006–2007. Dashed line indicates a slope of one (proportional

use at that grain)
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which to make conclusions about functional

responses? Animals face different pressures at differ-

ent scales, often simultaneously. Habitat management

likewise occurs on many spatial scales, with the

establishment of protected areas or policies on hunting

quotas occurring at broad spatial scales, to fencing on

individual farms which occur on small scales. As such,

prescribing an ideal scale for any analysis (or indeed,

even for a single resource) may not be possible nor

advisable. By contrast, functional responses are likely

to be most ecologically relevant at scales at which

selection is known to be highest. Future studies could

incorporate a multi-grain resource selection function

approach (Laforge et al. 2015) to determine what grain

sizes are most relevant for each habitat type and

incorporate them into studies of functional responses.
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