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Abstract 

Background:  Holling (Can Entomol 91(5):293–320, 1959) was the first to describe a functional response between a 
predator’s consumption-rate and the density of its prey. The same concept can be applied to the habitat selection of 
herbivores, specifically, the change in relative habitat use with the change in habitat availability. Functional responses 
in habitat selection at a home-range scale have been reported for several large herbivores. However, a link to Holling’s 
original functional response types has never been drawn, although it could replace the current phenomenological 
view with a more mechanistically based understanding of functional responses.

Methods:  In this study, discrete choice models were implemented as mixed-effects baseline-category logit models 
to analyze the variation in habitat selection of a large herbivore at seasonal and diurnal scales. Thus, changes in the 
use of land cover types with respect to their availability were investigated by monitoring 11 land cover types com-
monly used by roe deer (Capreolus capreolus) in the Bavarian Forest National Park, Germany. Functional response 
curves were then fitted using Holling’s formulas.

Results:  Strong evidence of non-linear functional responses was obtained for almost all of the examined land cover 
types. The shape of the functional response curves varied depending on the season, the time of day, and in some 
cases between sexes. These responses could be referenced to Holling’s types, with a predominance of type II.

Conclusions:  Our results indicate that Holling’s types can be applied to describe general patterns of the habitat 
selection behavior of herbivores. Functional responses in habitat selection may occur in situations requiring a trade-
off in the selection of land cover types offering different resources, such as due to the temporally varying physiologi-
cal needs of herbivores. Moreover, two associated parameters defining the curves (prey density and predation rate) 
can aid in the identification of temporal variations and in determinations of the strength of the cost-benefit ratio for a 
specific land cover type. Application of our novel approach, using Holling’s equations to describe functional responses 
in the habitat selection of herbivores, will allow the assignment of general land cover attraction values, independent 
of availability, thus facilitating the identification of suitable habitats.

Keywords:  Discrete choice, Herbivore, Landscape complementation, Landscape of fear, Mixed effects, Multinomial, 
Ungulate
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Introduction
Habitat selection studies have shed light on the mecha-
nisms and driving forces underlying the spatial behav-
iors of animals [1]. Variations in the habitat selection of 
animals were linked to differences in the occupied envi-
ronments, usually differences in resource availability [2]. 
Although landscapes are increasingly being characterized 
based on the climatic and environmental data collected 
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using high-precision remote sensing [e.g. 3], many stud-
ies are still based on the assumption that habitat selec-
tion remains constant over the spectrum of available 
habitats (or resources) within an area [4, 5]. However, 
more than 20 years ago, Mysterud and Ims published a 
seminal paper showing that the use of a land cover type 
varies non-linearly with its availability, thereby merging 
the concept of functional response with the habitat use 
of animals within their home range third order selection, 
[6]. Subsequent empirical studies of different large herbi-
vores within their home ranges confirmed the availability 
dependence of habitat selection [e.g. 7–11], such that the 
concept of functional response has been applied to both 
the habitat use and the habitat selection of herbivores [5].

Observations of functional response patterns within 
an animal population have shown that habitat selection 
behavior at the individual level changes in relation to the 
availability of land cover types within that animal’s home 
range, as the different land cover types are used for spe-
cific available resources, such as food or cover, related to 
an individual’s fitness [12, 13]. Land cover types differ in 
the structure of their vegetation and, from an animals’ 
perspective, in the cost-benefit ratio of their use, as use 
inevitably involves a trade-off between often oppos-
ing needs, such as protection against predators vs. food 
intake [14]. The strength of this trade-off depends on the 
resources offered by a given land cover type and affects 
the use of a land cover type with respect to its availabil-
ity [15]. For example, the strength of a food/cover trade-
off for moose (Alces alces) was linked to the strength of 
the functional response, such that functional response 
patterns were particularly pronounced during periods 
with the largest constraints, such as a high predation risk 
or the increase in energetic requirements necessitated 
by lactation [16]. Consequently, an animal’s functional 
response in habitat selection takes into account spatio-
temporal variations in the perceived risk as well as the 
animal’s changing physiological requirements. Therefore, 
the functional responses of wildlife reflect the need to 
manage risk-resource trade-offs [14, 17], which will vary 
over time for the different land cover types.

Several methods to quantify variations in habitat 
selection with respect to environmental covariates are 
available [1, 18, 19], but the most widely employed is 
the analysis of resource selection functions [RSFs; 20], 
in which a combination of case-control-based sam-
pling and logistic regression is used to relate the spa-
tial use of animals to landscape characteristics [7, 21]. 
RSFs have been applied in different approaches aimed 
at identifying functional responses in habitat selec-
tion. For example, habitat selection coefficients can 
be estimated separately for individuals or groups with 
different habitat availabilities, with or without the 

inclusion of random effects [22, 23], although inclusion 
is strongly recommended [24]. Alternatively, habitat 
availability can be included as a fixed effect [11, 15, 25] 
or as an interaction with other covariates [26] to model 
the functional response explicitly. Functional response 
is usually presented as the effect of availability on either 
odds ratios [13, 15] or the selection coefficients [11, 23, 
25]. For more formulations, see [5]. Although the rela-
tionships revealed by RSFs may indicate a functional 
response, they are difficult to interpret and quantify [4, 
27, 28] because they represent selection for or against 
a certain habitat or resource unit but do not directly 
depict the relationship between availability and actual 
use [e.g., 15, 29].

Specifically, use cannot easily be inferred from a 
resource selection analysis because habitat selection is a 
function of and therefore dependent on availability [5]. 
Following Johnson (1980), use and selection are identi-
cal only in the theoretical case of equal availabilities of 
resource types. If the selection probabilities are aver-
aged over all available units, probabilities of use can be 
obtained [29] and contrasted with the availability of a 
habitat or resource unit; however, no such a study is 
known to the authors.

The term functional response was introduced by Hol-
ling [30] who described the ability of carnivores, and spe-
cifically that of small insectivorous mammals, to handle 
and consume prey items according to the level of prey 
availability. Depending on the time required for search-
ing, handling, and consuming individual prey, three types 
of functional responses curves depict the relationship 
between a carnivore’s ability to use prey items and prey 
availability: linear (type I), concave (type II), and sig-
moid type III, [30]. Specialist carnivores were presumed 
to exhibit a type II functional response, i.e., the number 
of killed prey increases rapidly with prey density and 
levels off when search time and prey manipulation con-
strain the rate of prey consumption [31]. For a generalist 
predator, by contrast, a slower increase in the number of 
killed prey results in a sigmoid curve and thus a type III 
response, indicative of changes in the search target and 
foraging habitat as well as prey switching [32].

As defined by [30], functional responses take place at 
the finest scale of resource selection by an animal, i.e., 
at the within-habitat scale fourth order selection, [6]. 
Likewise, in herbivores, functional responses were ini-
tially studied at the bite level [33], with the amount of 
food ingested and processed by an animal related to food 
availability. The ability of herbivores to find, select, and 
process specific plants or their parts is similar to the abil-
ity of carnivores to search, hunt, and consume prey and 
is thus subject to behavioral constraints that generally 
manifest as type II functional responses [34].
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Resource selection is a hierarchical process with 
respect to resource availability and the geographical 
range of a species. How food processing is scaled up 
from a fourth-order selection to higher spatial scales, 
such as the within-home range (third-order selection) 
and landscape scale second order selection [6], and the 
behavioral and physiological adjustments or movement 
constraints that may occur in the process, are insuffi-
ciently understood but see [27]. Here, we demonstrate 
that the equations underlying Holling’s types can also be 
used to model the functional response in habitat use as 
determined from field data for a theoretical approach, 
see [28], thus allowing a mechanistic rather than simply a 
phenomenological view of functional response.

Although Holling’s equations were originally developed 
for predator-prey systems, the occurrence of functional 
responses in other domains characterized by a saturation 
of consumption has already been found in other areas of 
biology, such as in the foraging of plants [35] and enzyme 
kinetics [36]. As an alternative method of assessing func-
tional responses in habitat selection, we propose multi-
nomial logit discrete-choice models [37], which take into 
account the multinomial structure of the data in analyses 
of use of specific choices. An advantage of this approach 
is the simple inference of functional response, because 
(proportional) use can be directly related to (propor-
tional) availability, as originally proposed by Mysterud 
and Ims [38]. In this study, GPS locations of 36 free-
ranging roe deer in the Bavarian Forest National Park, 
Germany were used to analyze the habitat selection of 
roe deer in 11 land cover types located within the home 
ranges of individuals. Specifically, we investigated how 
the use of a particular land cover type varied depending 
on its relative availability within the home range [38], 
taking into account temporal variations in use patterns 
at daily and monthly scales [15, 39] as well as differences 
between sexes [40–42].

The goal of this study was to relate the functional 
response curves of roe deer for each land cover type—
both seasonally, i.e., during summer (June) and winter 
(December), and depending on the time of day, i.e., 
during day (noon) and night (midnight)—to Holling’s 
types. Based on previous studies of prey consumption 
by large mammalian carnivores [43, 44], we predicted 
that a non-linear relationship between the use of a land 
cover type and its availability (Holling’s type II or III) 
would prevail over use proportional to availability (Hol-
ling’s type I) (H1). Specifically, type II responses were 
expected more frequently in land cover types provid-
ing a specific resource, such as forage in meadows (H2) 
and type III responses in the use of difficult to access 
land cover types, e.g., disturbance areas, (H3). Our rea-
soning was that a land cover type in which movement 

barriers, such as deadwood, had to be overcome or 
required some form of adjustment would be used only 
if the availability of that type within the home range 
exceeded a certain threshold and therefore could no 
longer be avoided [25]. In addition, given the seasonal 
changes in the cost-benefit ratio of land cover types and 
their use, such as imposed by the changing physiologi-
cal requirements of individuals, as well as the varia-
tions in the risk perceived by roe deer over time, such 
as human disturbances during daytime, the functional 
response was expected to differ both seasonally and 
over the course of the day, resulting in the need for roe 
deer to re-evaulate the risk-resource trade-off over time 
(H4) [14, 15, 45, 46]. Finally, we predicted that func-
tional response curves would differ between sexes (H5) 
[41].

Material and methods
Study area and data
The study area encompassed the Bavarian Forest National 
Park (BFNP), located in south-eastern Germany along 
the Czech Republic-German border (center coordinates 
49 ◦3′19′′N , 13 ◦12′9′′E ). Along the park’s altitudinal gra-
dient, three major forest types can be distinguished. Sub-
alpine spruce forests of Norway spruce (Picea abies) and 
to a lesser extent mountain ash (Sorbus aucuparia) pre-
vail above 1100 m (16% of the area). On slopes between 
600 and 1100 m mixed montane forests containing Nor-
way spruce, white fir (Abies alba), European beech (Fagus 
sylvatica), and sycamore maple (Acer pseudoplatanus 
predominate 68% of the area; [47]). In wet valley bottoms 
(16% of the area), often associated with cold-air pockets, 
Norway spruce, mountain ash, and birch (Betula pen-
dula, B. pubescens) are the dominant trees [48]. Since the 
mid-1990s, massive bark beetle (Ips typographus) prolif-
erations have occurred in the BFNP’s forests, resulting 
in a dieback of old spruce trees over an area of ∼7000 ha 
[49]. Multispectral aerial images of the study area from 
2008 [50] were used to classify forest areas according to 
their land cover [51], which was grouped into 11 classes 
(see Table 1). Images with a resolution of 0.4 m were used 
to isolate vegetation against the background of other 
underlying surfaces, different kinds of vegetation, and 
different stages of vegetation of the same species [52].

The estimated roe deer population density in the BFNP 
is low, ranging between 1 and 3 animals/km2 [53]. Hence, 
density was not expected to affect habitat selection 
behavior [25, 28]. From 2005 until 2012, a total of 168 roe 
deer were monitored. (details on roe deer capture and 
data processing are provided in Additional file 1: Appen-
dix S1a). The final analysis consisted of 15,267 locations 
of 17 females and 19 males.
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Statistical methods
Process overview
For each individual, the relative availability of all land 
cover types in its home range was computed on a 
monthly basis (see Availability section). The model’s data 
set (see Modeling odds ratios) was generated by combin-
ing information on each position from the preprocessed 
GPS telemetry data with information on the used land 
cover type, the ID and sex of the recorded individual, 
the time of day (hour), and the month of data collec-
tion. The data set was then divided into ten subsets, one 
for each land cover type, except the reference type. The 
subset for landscape type i contained only those entries 
when it was used plus the entries when the reference 
type was used. For each subset, the response variable pre-
sent was added, which was 1 if the respective land cover 
type was used and 0 if the reference type was used. A 
column for the value of relative availability, unique for a 
specific individual and month, was included. In cases in 
which present = 0 , the value assigned to availability cor-
responded to the availability of the focal land cover type 
(not the reference type) in the monthly home range of the 
recorded individual.

The ten data sets were used to build ten independent 
logistic regression models that included hour, month, 
relative availability, and the sex and ID of the individual 
as explanatory variables. Predictions of these models (on 
the link scale) provided the log odds ratios (ORs), an indi-
cator of the likelihood that animals select land cover type 
i over the reference type if they are equally available. The 
values of the ORs were used to derive the choice prob-
ability, by applying the multinomial logit link (see Multi-
categorical logit model). The choice probability πi is the 
probability that the used land cover type is type i. Since 
the logistic regression models included the time of day 
and the time of year (month), the ORs were calculated 
separately for each time slot (hour, month) and therefore 
so were the choice probabilities.

In our study, the choice probability was equivalent to 
the proportional use of a land cover type (see Terminol-
ogy). Proportional use was predicted over the observed 
ranges of availability for all land cover types for a specific 
time slot. These curves were used to determine the opti-
mal Holling’s function.

Availability
Availability was assessed for each individual per month 
and was calculated as a 95% minimum convex polygon 
around an individual’s locations on a monthly basis using 
the R-package adehabitatHR [54]. Data from individuals 
with a biologically unrealistic home range size, due, for 
example, to dispersal behavior, were discarded, using the 

90th percentile as a cut-off value (for females: 182 ha, for 
males: 459 ha). A rasterized landscape with a grid cell size 
of 10× 10m2 was used to obtain the proportion of each 
land cover type in the collection of available land cover 
types within the monthly home ranges referred to as the 
relative availability or the proportion available [55].

Modeling odds ratios
Ten logistic regression models were fitted that estimated 
the OR of using a land cover type versus the reference 
type. The land cover type with the highest prevalence 
was chosen as the baseline category [sensu  56], which 
in the BFNP was the old mixed stand, used in 27% of all 
recorded locations. The data set for the ith model was 
limited to observations from land cover type i and the 
baseline category K, where the binary response variable 
was Y = 1 if an individual was observed in land cover 
type i and Y = 0 if it was observed in the reference land 
cover type K. Hence, no pseudo-absence points needed 
to be generated.

The models fi(x = αi + βiXj + fi1(hour,month)

fi2(rel.availibilty)+ log(rel.availability)+ ǫij + γiyear   , 
i = 1, . . . ,K − 1 included the possible effects of time 
(hour, month), sex, season, and the relative availability of 
the land cover type. The relative availability of a land 
cover type i varied across the home ranges of different 
animals j and depended on the time of year (m, month). 
This variation was accounted for by including the loga-
rithm of the relative availability of a land cover type 
within the corresponding monthly home range of the 
animal j as an offset term “base rate”, [1].

The offset reflected the assumption of a linear increase 
of the OR with increasing availability. Any deviation 
from this direct proportionality with factor 1, and hence, 
any form of a functional response [38], was detected 
by including either a parametric or non-parametric 
(smoothing spline) effect of availability. Whether the type 
of functional response varied depending on the time of 
year (on a monthly basis) and with respect to the indi-
vidual’s sex was then investigated. The smoothness of the 
spline functions over the range of availability was con-
trolled for by setting the smoothing parameter to � = 2 
[57, p.128].

Temporal variation in selection behavior was accounted 
for by including a term for time fi1(hour,month) , mod-
eled by a cyclic (tensor product) smooth function, with or 
without distinguishing between the sexes [58]. Although, 
for the sake of simplicity, neither further covariates, such 
as continuous variables (e.g. distance to roads), nor ran-
dom slopes were included in the model formula, exten-
sions are technically feasible [56]. Variations in selection 
behavior across individuals and years were considered by 
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including simple random effects ǫij , γiyear on the intercept 
for individuals and years, to enable the prevalence to vary 
between individuals and year [8].

Because random slopes are technically integrable and 
allow coefficients to vary randomly across individuals 
according to some continuous distribution, their inclu-
sion in the models, if possible, is highly recommended 
[24]. However, in our models there was no variable for 
which a random slope would have been reasonable.

Model selection and model fit
Eighteen different models fi(x) estimating the effects 
of the above mentioned variables on the ORs were esti-
mated for each land cover type i = 1, . . . ,K  , whereby the 
focus was on the varying effect of relative availability. To 
take into account the problem of over-fitting, the predic-
tion performance of all models was measured by apply-
ing a ten-fold cross-validation (for details, see Additional 
file 1:Appendix 1b).

Multicategorical logit model
As our aim was to analyze the choice behavior of ani-
mals confronted with a discrete set of options, i.e., 
11 land cover types, the multinomial structure of 
the data was taken into account by the application 
of discrete-choice models [59, 60], since the prob-
abilities of choosing one of the land cover types at 
a specific time P(Y = i|xt) = πi(xt) must sum to 1, 
π1(xt)+ · · · + πK (xt) = 1 for any xt . The fitted logistic 
regression models explained above describe how strongly 
the use of a specific land cover type deviates from the use 
of the reference type (over the range of observed avail-
ability and over time). As all models referred to the same 
reference or baseline category, we refer to them in the 
following as baseline-category logit models [56]. The next 
step was to calculate the use distribution [55] by using 
the multinomial link.

The baseline-category logit models model the variation 
of the odds; in this case, the probability of selecting land 
cover type i divided by the probability of selecting the ref-
erence type K for an animal encountering land cover type 
i or K. Hence, predictions of these baseline-category logit 
models for specific xt on the link scale provide the log OR 
log πi(xt )

πK (xt )
= fi(xt) . Based on the log OR fi(xt) for all land 

cover types, derived as explained above, the use distribu-
tion was estimated using the multinomial logit link [56]:

(1)

πi(xtj) =
exp(fi(xtj))

1+
∑K−1

s=1 exp(fs(xtj))

=
αi + βiXtj + · · · + ǫij + γiyear

1+
∑K−1

s=1 (αs + βsXtj + · · · + ǫsj + γsyear)

for each land cover type i = 1, . . . ,K  , for animals j at time 
t. fK  is 0 for identifiability reasons. The denominator of 
Eq. 1 was the same for all land cover types i at a specific 
time t. For the predictions, it was ensured that the sum of 
the values for relative availability over all land cover types 
equaled 1.

Terminology
The discrete choice model provides the probability that 
a certain land cover type is chosen over the other avail-
able land cover types. This so-called choice probability 
depends on the probability of selection and on the pro-
portion of the other available types in the choice set. 
The model implicitly assumes that all units in the choice 
set (here, land cover types) are equally reachable by the 
individuals. Since the time interval between two record-
ings was > 25 h, it was assumed that every location in the 
home range could be reached. As the entire study area 
was categorized into discrete land cover types, the choice 
set was identical to the set of available units and therefore 
the choice probability was identical to the use distribu-
tion [55]. In our study, because the choice set consisted 
of categorical land cover types, the use distribution was 
equivalent to proportional use [55].

In the following, the term selection refers to the action 
that a resource unit (or land cover type) is selected inde-
pendent of its availability in the area when it is encoun-
tered by an animal [55].

Referencing Holling’s types in the context of habitat selection
Predictions of the proportional use of all land cover types 
were made over the observed range of relative avail-
ability. The functional response curves of roe deer were 
linked to Holling’s types by estimating an optimal fit for 
each curve relating proportional use to the availability of 
a land cover type based on Holling’s equations [30]. The-
oretically, this could have been done for all times of year 
and day for each land cover type. However, we focused 
on specific times, namely, summer (June) versus winter 
(December), and on day (noon) versus night (midnight). 
For type I: hI (x) = ax , where x is the relative availability 
of a land cover type (a value between 0 and 1), and a the 
proportionality factor; then for type II: hII (x) = ax

b+x ; for 
type III: hIII (x) = ax2

b2+x2
 . The optimization routine mini-

mized the residual sum of squares between the values 
of hI (x) , hII (x) and hIII (x) and the values of πi(x) (Eq. 1) 
estimated from the multicategory logit models by finding 
optimal values for a and b. The R function optim of the 
package stats [61] was used for this purpose, with the val-
ues of a and b limited to 0 and 1 for both hII and hIII . The 
Holling type with the smallest residual sum of squares 
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was considered to best explain the shape of the obtained 
functional response curve.

The most familiar Holling’s type is the type II func-
tional response that is mathematically equivalent to 
the Michaelis–Menten equation [36]. The Holling type 
describes predator-prey-dynamics, and the Michaelis 
and Menten equation enzyme kinetics using the same 
formula [35]:

where x is the number of prey (or amount of substrate) 
available to a predator (or enzyme), y(x) is the preda-
tion rate (or reaction rate), and the parameters a and b 
describe the functional relation between prey density (or 
substrate concentration) and predation rate (or reaction 
rate). In the equation, a is the maximum value (upper 
limit) of the number of prey (or substrate) a predator (or 
enzyme) can handle. In fact, a is an asymptote, which 
means that as x becomes larger its value is approached 
but is never reached. The value b is the Michaelis–
Menten-constant ( Km ), i.e., the substrate concentration 
at which the enzyme reaction rate is half of the maximum 
rate. In chemistry, a and b are used to characterize an 
enzyme-substrate-complex; in particular, Km is a meas-
ure of the affinity of an enzyme for a particular substrate.

Given the Michaelis–Menten equation (2) in the con-
text of habitat selection behavior, x is the proportion 
of availability of a habitat in the home range, limited to 
between 0 and 1, y(x) is the proportional use of a habitat, 
also limited to between 0 and 1, a is the maximum pro-
portional use, and b is the availability of a habitat at which 
the habitat is used half of the maximum  use ( y(b) = a

2
 , 

Fig. 1). While the latter parameter may be rather elusive, 
b and a become ecologically valuable and interpretable if 
limit calculations are applied:

•	 if b → 0 , then proportional use → a

•	 if b → 1 , then proportional use → a
2

•	 if a → 0 , then proportional use → 0

For small x compared to b, y(x) converges to aN/b, based 
on a linear slope for a small value of x. However, for a 
larger x, y(x) converges to a and b is neglibible. Further-
more, for given parameters a and b, the value of avail-
ability x when availability equals proportional use can be 
derived from the Eq. (2). If y = x is inserted in the Eq. (2), 
then proportional use equals availability if x = a− b (and 
of course, if x = 0 , Additional file 1: Appendix S2). It is 
clear that as b becomes smaller so do the availabilities 
at which proportional use reaches its saturation. Thus, 
the smaller the value of b (minimum 0), the faster the 
increase in proportional use with increasing availability. 

(2)y(x) =
ax

b+ x

The larger the value of b (maximum 1), the slower the 
increase in proportional use with increasing availability. 
Furthermore, if a > b , x = a− b is the availability of a 
habitat at which a switch in use occurs, from being dis-
proportionately high to being disproportionately low. 
Consequently, for b > a , there is no disproportionally 
higher use at all, but instead a disproportionally lower 
use for all availabilities in the range of 0–1.

A similar relation between a and b applies in functional 
type III. The value of availability when availability equals 
proportional use is x1,2 = a

2
±

√(
a
2

)2 − b2 (for the 
derivation, see the Additional file  1: Appendix S2). This 
implies that b must be < a/2 to ensure that there is such 
a point. However, b > a/2 implies it can be derived that 
a habitat is used disproportionally less than its availabil-
ity over the entire range of availability. In addition, the 
inflection point b/

√
3 , defined as the value of availability 

when the curve changes from convex to concave, can also 
be calculated (see Additional file  1: Appendix S2 for a 
derivation). Ecologically speaking, for values greater than 
this proportion of availability, selection is higher than in 
the case of availabilities below the inflection point and 
thus, relative use is disproportionately higher than rela-
tive availability.

Consequently, the parameters of Holling’s equation can 
be used to identify the attractivity of a habitat for animals 
(Table 2).

Fig. 1  Concept plot of the most familiar Holling’s type II functional 
response y(x) = ax

b+x for a = 0.8 and b = 0.15 . x is the proportion 
of availability of a habitat in the home range, limited between 
0 and 1, f(x) is the use of a habitat limited between 0 and a, the 
upper bound of use and b the availability of a habitat at which the 
habitat is used half of the maximum ( f (b) = a

2
 ). Parameters a and b 

become ecologically valueable and interpretable when applying limit 
calculations (see Additional file 1: Appendix S2, S6)
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The methods described herein are implemented 
and available in the R-package FunResp  with enclosed 
vignette [62, Additional file  3]. A simulation study in 
Additional file  2: Appendix S3 provides a methodologi-
cal overview of how Holling’s types and habitat selection 
analysis can be linked to analyses of habitat selection.

Results
A general behavioral pattern observed in roe deer in 
the BFNP was a change in their habitat use based on 
the availability of a land cover type (Fig.  2). Functional 
responses to almost all land cover types were clearly 
determined, as the estimated proportional use curves dif-
fered strongly from straight lines (Fig. 2). The exception 
was the use of old mixed stands, especially during winter, 
in which case use equaled availability (Fig.  2). Basically, 
three main patterns emerged (Fig.  2): an approximately 

linear relationship (Holling’s type I), a concave curve 
(type II), and a sigmoid curve (type III).

A type II response indicates increasing use with 
increasing availability, but a decrease in the selection 
probability with greater availability (whereby selection 
is the use of a land cover type if it is encountered). The 
proportional use of a land cover type varied distinctly 
between seasons and depending on the time of day, as did 
the parameters a and b. Type II responses were particu-
larly pronounced for land cover types primarily offering 
a single resource (Table  1), such as food in the case of 
meadows.

The estimated maximum proportional use a was typi-
cally much greater than b (Additional file 1: S4, S5). If a is 
larger than b, the use of a specific land cover type is dis-
proportionately high as long the availability is less than 
x∗ = a− b ( Fig. 1, for a derivation, see Additional file 1: 

Fig. 2  Shapes of functional response curves based on Holling’s types I, II or III for all habitats in June for 19 males roe deer during night (red dashed 
line) and day (green dot-dashed line) and the associated estimated optimal values for the parameters defining the Holling type. Black lines in the 
background of the coloured curves are the estimated proportional use based on multicategory logit models. Grey line indicates proportionality of 
use to availabilty (absence of functional response)
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S2). The value of b indicates the strength of the propor-
tional use irrespective of availability, with a smaller b cor-
responding to a greater proportional use for small values 
of availabilities. Hence, the value of b provides informa-
tion about how fast the functional curve reaches satu-
ration and is an indicator of the attractiveness of a land 
cover type. The value of a quantifies the potential maxi-
mum proportional use of a land cover type but it must be 
regarded in light of the value of b (for details, see Addi-
tional file 1: S6).

For instance, the probability of males using cultivated 
meadows in summer increased strongly with increas-
ing availability for very low values of availability (< 0.03), 
with a very steep slope; however, for higher values of 
availability (> 0.1), the slope was almost 0 (Fig.  2). This 
high use for small values of availability was reflected in 
the small value of b (Table 3). For cultivated meadows in 
summer at midnight, b = 0.01 , resulting in a very steep 

increase in the functional response curve. Compared to 
unmanaged meadows, in which b = 0.03 , this increase 
was less pronounced at midnight and especially less pro-
nounced at noon for b = 0.17 . For many of the land cover 
types (e.g., clearcuts, young stands, old deciduous, and 
medium mixed stands, Table  3), there were large varia-
tions in the b-value for different times of day and year but 
also between males and females.

If b < a , the value of b influences when the shift occurs 
from selective use to avoidance, which is the tipping 
point x∗ = a− b . This value differed greatly between dif-
ferent land cover types but also within land cover types 
for different times of day and year (Table  3). For males 
in summer at midnight unmanaged meadows were fre-
quently used (proportional use > proportional availabil-
ity) when availability was less than x∗ = 0.26 and were 
avoided (proportional use < proportional availability) 
when the availability of unmanaged meadows exceeded 
26% of the home range’s area. In summer at noon, the 
tipping point was smaller ( x∗ = 0.22 ), indicating that 
the use of unmanaged meadows was less at noon than at 
midnight (Table 3).

Discussion
As predicted by our hypotheses, the proportional use of 
a land cover type by roe deer was well described as func-
tional responses, with distinct variability in the shapes 
of those responses among land cover types and depend-
ing on the month, time of day and, in a few cases, an 
individual’s sex. Thus, our results were consistent with 
a non-linear relationship between proportional use 
and the availability of a land cover type, as this pattern 
occurred in most of the considered land cover types. 

Table 1  Overview of the relative availability of habitat types in the study area, the relative availability within the home ranges, and the 
relative use of those habitat types by roe deer in the Bavarian Forest National Park, in descending order of use

The values for cover are the means (and standard deviations) of the fractional cover above 2 m over the study area, as derived from high-resolution airborne laser-
scanning (LiDAR, light detection and ranging) in summer. Biomass is the average value of dried biomass within 1 m3 of a habitat type adapted from [58]

Habitat Availability in the 
study area

Availability in the 
home range

Proportional use Cover Biomass ( gm−3)

Old deciduous 0.184 0.230 0.247 0.77 (0.31) 45 (79)

Old mixed 0.231 0.393 0.188 0.73 (0.34) 54 (75)

Old coniferous 0.220 0.188 0.170 0.63 (0.35) 24 (58)

Cultivated meadows 0.051 0.060 0.102 0.16 (0.2) 299 (91)

Medium mixed 0.075 0.045 0.079 0.67 (0.33) 85 (80)

Unmanaged meadows 0.020 0.014 0.064 0.31 (0.26) 349 (41)

Clearcuts 0.046 0.024 0.062 0.25 (0.24) 29 (57)

Young stands 0.020 0.009 0.047 0.36 (0.27) 54(-)

Anthropogenic 0.027 0.022 0.018 0.36 (0.33) 300 (-)

Medium deciduous 0.015 0.007 0.014 0.66 (0.36) 89 (114)

Disturbance area 0.111 0.008 0.010 0.31 (0.24) 10 (53)

Table 2  Interpretation of the parameters in Hollings’ equations 
of functional response types I, II and III

a is the maximum proportional use of a habitat, and b the availability of a 
habitat at which the habitat is selected with half of the maximum probability. 
These conditions allow a determination of whether the proportional use 
of a resource unit is disproportionally low (proportional use < proportional 
availability) over the entire range of availability. If this condition does not 
hold, the value of availability at which it equals the proportional use can be 
determined

Holling type Use<availability for the 
entire range of availability 
if

Use = availability for

I a < 1 −
II b > a x = a− b

III b > a/2
x1,2 = a

2
±

√(
a

2

)2 − b2
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Furthermore, the shapes of the curves could be linked to 
Holling’s equations and the functional response param-
eters in turn estimated. By comparing those parameters 
with respect to the time of day, the season, sex, and dif-
ferent land cover types, our approach sheds light on the 
temporal variations in the use of land cover types by large 
herbivores.

The parameters describing the functional response 
curves can be interpreted ecologically using the same 
terms applied by Holling to prey-predator-systems [63]. 
When transferred to the habitat use behavior of ani-
mals, these parameters provide information about the 
functional relationship between habitat availability and 
proportional use, and especially about general habitat 
preference or avoidance behaviors either as a function or 
independent of habitat availability. For a type I functional 
response, the slope describing the increase in the preda-
tion rate with increasing prey density (a in hI (x) = ax ) 
is also relevant to habitat use, as it represents the linear 
increase in the proportional use of a resource unit with 
the latter’s increasing availability.

For type II and type III functional responses, 
hII (x) = ax

b+x and hIII (x) = ax2

b2+x2
 , a is the asymptote that 

is approached as x increases. While it originally repre-
sented the maximum number of prey a predator can 
handle per unit time, when applied to habitat use it indi-
cates the theoretical maximum use of a resource unit at a 
specific time (season and time of day). The value of b was 
originally defined as the prey density at which a preda-
tor exhibits half of its maximum predation rate, which is 
associated with the handling time. In the case of habitat 
use, value of b is the availability at which a resource unit 
is used at half of its theoretical maximum use during a 
specific time. Thus, the smaller the value of b the greater 
the attraction of the resource unit for an animal, as the 
functional response curve becomes saturated for very 
small values of availabilities. Consequently, in the context 
of habitat use, b is associated with the attractiveness of a 
resource unit for a species.

A type II functional response, indicative of a continu-
ous decrease in the probability of selection with increased 
availability of a resource unit, was the most commonly 
observed pattern, especially in summer (Fig. 2). However, 

Table 3  Parameters estimated for Holling’s equations fitted to the functional response curves describing the use of the available 
habitat types by male roe deer in the Bavarian Forest National Park in summer (June) at different times of day (noon/midnight)

Associated curves are shown in Fig. 2. Holling’s equations for type I hI(x) = ax , where x is the availability of a habitat; for type II: hII(x) = ax

b+x
 and for type III: 

hIII(x) = ax
2

b2+x2
 . The fraction a

b
 indicates the selection strength independent of availability of a habitat: the greater the value the greater the general use. The value 

x
∗ = a− b for Holling type II is the availability when use equals availability, hence the value of relative availability at which no selection occurs, which is the tipping 

point at which habitat selection switches to habitat avoidance (Fig. 1)

Habitat Sex Month Hour type a b a/b x
∗

Old mixed m 6 0 I 0.71 0

12 I 0.94 0

Bark beetle area m 6 0 I 0.40 0

12 II 0.39 0.17 2.34 0.23

Unmanaged meadows m 6 0 II 0.29 0.03 9.16 0.26

12 II 0.39 0.17 2.31 0.22

Cultivated meadows m 6 0 II 0.24 0.01 22.67 0.23

12 III 0.02 0.04 0.40 0

Clearcuts m 6 0 II 0.18 0.07 2.51 0.11

12 II 0.20 0.09 2.35 0.12

Young stands m 6 0 II 0.16 0.12 1.35 0.04

12 II 0.20 0.06 3.52 0.15

Old deciduous m 6 0 II 0.24 0.18 1.32 0.06

12 II 0.30 0.21 1.45 0.09

Old coniferous m 6 0 I 0.37 0

12 I 0.46 0

Medium mixed m 6 0 III 0.19 0.21 0.90 0

12 II 0.82 0.72 1.14 0.10

Medium deciduous m 6 0 II 0.13 1.00 0.13 0

12 II 0.00 0.00 0.87 0

Anthropogenic m 6 0 II 0.05 1.00 0.05 0

12 II 0.00 1.00 0.00 0
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the upper limit of proportional use (denoted by a) and 
the degree of attraction (denoted by b) differed between 
different land cover types and over different time scales.

Habitat use by herbivores can involve a trade-off 
between conflicting needs, such as food intake and risk 
avoidance, which affects the proportion of time the ani-
mals spend using a resource unit [15, 58]. For instance, 
the high availability of forage biomass offered by mead-
ows can satisfy the energy demands of roe deer but the 
lack of cover implies a higher risk [64]. By contrast, habi-
tats such as medium-aged mixed stands offer shelter 
but their forage biomass is of lower quality and quantity 
[Table  3; 10, 65]. Consequently, the trade-off between 
conflicting needs will be perceived differently by an ani-
mal depending on the land cover type, such that stronger 
perceived trade-offs will result in more pronounced func-
tional response curves [16]. Hence, risk-resource trade-
offs may manifest as a functional response in habitat use 
[15, 38] and insights into the nature of those trade-offs 
can be gained by determining the Holling’s type and 
associated parameters a and b.

For the studied roe deer in the BFNP, type II functional 
response patterns indicated the saturation of propor-
tional use for relatively small values of relative availabil-
ity for some land cover types. This was demonstrated by 
the preference of males for cultivated meadows (Fig.  2) 
in summer during the night, as the use of this land cover 
type strongly increased for very low availabilities (half 
maximum use at availability b = 0.01 ) but remained 
almost constant for as availability increased, with an 
upper limit of a = 0.24 . Thus, male roe deer did not 
spend more than one fourth of their time in a meadow 
during the night, but it was apparently enough to satisfy 
their needs; this pattern did not change when the avail-
ability of cultivated meadows within the home range 
increased further, consistent with the strong trade-off 
that confronts animals using this land cover type [16]. 
The ratio a/b (Table  3, Additional file  1: Appendix  S6) 
describes the strength of the functional response: the 
larger the ratio, the greater the overall proportional use. 
A ratio > 1 implies that proportional use exceeds propor-
tional availability, resulting in a higher level of selection 
probability for availabilities less than x∗ = a− b . A small 
a/b ratio indicates a less pronounced or even an absent 
functional response as found for land cover types with a 
low food vs. cover trade-off, such as medium-aged mixed 
stands (Table 3, Fig. 2).

In type III responses, proportional use is low at low 
availabilities but then increases rapidly. The presence of 
land cover types evoking a type III functional response 
suggested that in those cases availability influenced habi-
tat use to a larger degree than did an individual’s physi-
ological needs. In predator-prey dynamics, a type III 

response occurs in systems with more than one prey spe-
cies and can be explained by either a learning process or 
prey switching [34, 66]. In the context of habitat use in 
herbivores, a type III response may occur if an individ-
ual has no other option than to become accustomed to a 
habitat type.

In our study, in land cover types that provided a lower 
diversity of resources, such as cultivated meadows, with 
their large amounts of forage but little cover, strong satia-
tion occurred even at low levels of availability. In mead-
ows, the deer’s focus on forage rather than on cover 
resulted in a functional response curve resembling Hol-
ling’s type II [30], indicating that once an animal has ful-
filled its need for forage, it switches to another land cover 
type, one that offers a different resource than meadows. 
This finding agrees with a previous study of the forag-
ing strategy of ungulates: having filled their stomachs, 
the animals moved to another, safer place to chew and 
ruminate [67]. However, for land cover types that pro-
vide both food and cover, such as young stands, their use 
by roe deer was only slightly attenuated with increas-
ing availability, as the deer were not focused on a single 
resource [25]. These findings imply the presence of land-
scape complementation sensu [68] involving different 
land cover types, which can impact habitat use because 
roe deer must vary their use of different land cover types 
to obtain the resources needed to meet their current 
physiological needs [41, 69].

In land cover types mainly used for foraging, the time 
spent therein should have a strongly positive correlation 
with forage intake. Accordingly, due to the strong cor-
relation in grazers between bite size and biomass intake, 
saturation should be more pronounced in land cover 
types mainly used for foraging but otherwise containing 
less diverse resources. For roe deer, as a browser, bite size 
depends on leaf size [70]; thus, the relationship between 
the time spent in a land cover type and the amount of 
biomass intake will not necessarily be linear. Instead, the 
time needed for a deer to fill its stomach will depend on 
the detection and accessibility of suitable forage, which 
can strongly vary between different land cover types. 
When suitable forage is abundant and the detection time 
is therefore low, as in meadows and clearcuts, use would 
be directly related to forage intake, as shown for grazers.

This study was based on a data set of roe deer from a 
specific study region, namely, the BFNP. While habitat 
selection is a complex process, involving a wide range of 
variables, our approach can be applied to detect general 
trends in habitat selection, thus fostering the develop-
ment of effective large-scale wildlife management and 
protection measures. However, we emphasize that the 
two-step process described herein has the disadvantage 
that the uncertainty, in the form of confidence intervals, 
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is difficult to calculate. To obtain functional response 
curves that include confidence intervals, the multinomial 
regression could also be estimated using the R package 
mgcv [57], whose confidence intervals tend to be smaller 
than those obtained with baseline category logit models 
[56]. Subsequently, the optimal Holling type and its asso-
ciated parameters could be estimated using maximum 
likelihood methods instead of the least-squares method, 
such that uncertainties in the estimation could be quan-
tified. In principle, bootstrap methods can also be used 
to account for imprecision. Even more welcome would 
be Bayesian models, for which a full hierarchical model 
would be created, that already contain Holling’s func-
tional curves. This would overcome the two-step process 
and quantify the uncertainty in parameter estimation.

Conclusions
From an ecological perspective, the parameters a and 
b, for estimating maximum proportional use and the 
attractiveness of a habitat, respectively, can shed light 
on general trends in habitat selection or avoidance. The 
approach introduced herein, using multicategorical logit 
models and relating the derived functional response 
curves to Holling’s types, can facilitate the detection 
of general trends in habitat selection and avoidance, 
by replacing a phenomenological view of functional 
responses with a more mechanistic view. Application of 
the equations underlying Holling’s functional response 
types to the habitat selection behavior of animals enables 
estimates of the relevance of a particular habitat type for 
the species of interest, thus shedding light on the cost-
benefit ratio as perceived by animals using this habitat. A 
further advantage of this approach is that it can improve 
comparisons of the habitat selection behavior of animals 
in different study areas).

Supplementary Information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s40462-​021-​00282-6.

Addtional file 1: Appendix S1a: Roe Deer Capture and Radiotelemetry 
Data. Appendix S1b: Model selection and model fit. Appendix S2: Holling’s 
equations as applied to habitat selection. Appendix S4: Shapes of the 
functional response curves for males and females in June and December. 
Appendix S5: Overview tables of the optimal models describing the three 
Holling types for males and females in June and December. Appendix S6: 
Overview of the effect of varying Holling’s type II parameters a and b on 
the functional response curve, linking the proportion of availability of a 
habitat with the proportional use.

Additional file 2: Appendix S3: Simulation study.

Additional file 3. Vignette to R package FunResp.

Acknowledgements
This study is part of a project on the predator-prey relationship of Eurasian 
lynx, roe deer and red deer carried out by the Bavarian Forest National Park 
Administration, Department of Conservation and Research. Financial support 
was provided by the EU programme INTERREG IV (EFRE Ziel 3), and the Bavar-
ian Forest National Park Administration. CD was supported by the Scholarship 
Programme of the German Federal Environmental Foundation (Deutsche 
Bundesstiftung Umwelt). We thank Horst Burghart, Martin Gahbauer, Helmut 
Penn, Michael Penn and Lothar Ertl for technical support. We are grateful to 
Christophe Bonenfant for enriching our knowledge about the ecology of 
ungulates. We would like to thank two anonymous reviewers who made many 
constructive suggestions that greatly improved the manuscript. We thank 
Wendy Ran for copy editing a draft of the manuscript.

Author contributions
CD, MH designed the study; MH organised and supervised data collection 
and management; CD performed the analysis and wrote an initial draft of the 
manuscript; all authors contributed to the revisions of the manuscript, read 
and approved the final manuscript.

Funding
German Federal Environmental Foundation (Deutsche Bundesstiftung 
Umwelt). Open Access funding enabled and organized by Projekt DEAL.

Availability of data and materials
The raw data used in this study are accessible via the eurodeer database www.​
eurod​eer.​org.

Declarations

 Ethics approval and consent to participate
None.

Competing interest
The authirs declare that they have no comprting interest.

Author details
1 Department of Biometry and Environmental System Analysis, Univer-
sity of Freiburg, Freiburg, Germany. 2 Department of Visitor Managment 
and National Park Monitoring, Bavarian Forest National Park, Grafenau, 
Germany. 3 Chair of Wildlife Ecology and Management, University of Freiburg, 
Freiburg, Germany. 4 CEFS, INRAE, Université de Toulouse, Castanet‑Tolosan, 
France. 

Received: 4 February 2021   Accepted: 23 August 2021

References
	1.	 Manly B, McDonald L, Thomas D, McDonald T, Erickson W. Resource selec-

tion by animals: statistical design and analysis for field studies. London: 
Chapman and Hall; 2002.

	2.	 Boyce M, Vernier P, Nielsen S, Schmiegelow F. Evaluating resource selec-
tion functions. Ecol Model. 2002;157(2–3):281–300.

	3.	 Ewald M, Dupke C, Heurich M, Müller J, Reineking B. LiDAR remote 
sensing of forest structure and GPS telemetry data provide insights on 
winter habitat selection of European roe deer. Forests. 2014;5(6):1374–90. 
https://​doi.​org/​10.​3390/​f5061​374.

	4.	 Beyer HL, Haydon DT, Morales JM, Frair JL, Hebblewhite M, Mitch-
ell M, Matthiopoulos J. The interpretation of habitat preference 
metrics under use-availability designs. Philos Trans R Soc B Biol Sci. 
2010;365(1550):2245–54. https://​doi.​org/​10.​1098/​rstb.​2010.​008.

	5.	 Holbrook JD, Olson LE, DeCesare NJ, Hebblewhite M, Squires JR, Steen-
weg R. Functional responses in habitat selection: clarifying hypotheses 
and interpretations. Ecol Appl. 2019;29(3):01852.

	6.	 Johnson D. The comparison of usage and availability measurements for 
evaluating resource preference. Ecology. 1980;61(1):65–71.

https://doi.org/10.1186/s40462-021-00282-6
https://doi.org/10.1186/s40462-021-00282-6
http://www.eurodeer.org
http://www.eurodeer.org
https://doi.org/10.3390/f5061374
https://doi.org/10.1098/rstb.2010.008


Page 12 of 13Dupke et al. Movement Ecology  2021, 9(1):45

	7.	 Boyce MS, McDonald LL. Relating populations to habitats using resource 
selection functions. Trends Ecol Evol. 1999;14(7):268–72. https://​doi.​org/​
10.​1016/​S0169-​5347(99)​01593-1.

	8.	 Gillies C, Hebblewhite M, Nielsen S, Krawchuk M, Aldridge C, Frair J, Saher 
D, Stevens C, Jerde C. Application of random effects to the study of 
resource selection by animals. J Anim Ecol. 2006;75(4):887–98. https://​doi.​
org/​10.​1111/j.​1365-​2656.​2006.​01106.

	9.	 Herfindal I, Tremblay J-P, Hansen BB, Solberg EJ, Heim M, Saether B-E. 
Scale dependency and functional response in moose habitat selection. 
Ecography. 2009;32(5):849–59. https://​doi.​org/​10.​1111/j.​1600-​0587.​2009.​
05783.

	10.	 Bjørneraas K, Herfindal I, Solberg EJ, Sæther BE, van Moorter B, Rolandsen 
CM. Habitat quality influences population distribution, individual space 
use and functional responses in habitat selection by a large herbivore. 
Oecologia. 2012;168(1):231–43.

	11.	 Moreau G, Fortin D, Couturier S, Duchesne T. Multi-level functional 
responses for wildlife conservation: the case of threatened caribou in 
managed boreal forests. J Appl Ecol. 2012;49(3):611–20. https://​doi.​org/​
10.​1111/j.​1365-​2664.​2012.​02134.x.

	12.	 McLoughlin P, Gaillard J, Boyce M, Bonenfant C, Messier F, Duncan P, 
Delorme D, Van Moorter B, Said S, Klein F. Lifetime reproductive success 
and composition of the home range in a large herbivore. Ecology. 
2007;88(12):3192–201.

	13.	 Losier CL, Couturier S, St-Laurent M-H, Drapeau P, Dussault C, Rudolph T, 
Brodeur V, Merkle JA, Fortin D. Adjustments in habitat selection to chang-
ing availability induce fitness costs for a threatened ungulate. J Appl Ecol. 
2015;52t(2):496–504. https://​doi.​org/​10.​1111/​1365-​2664.​1240.

	14.	 Martin J, Vourc’h G, Bonnot N, Cargnelutti B, Chaval Y, Lourtet B, Goulard 
M, Hoch T, Plantard O, Hewison AJM, et al. Temporal shifts in landscape 
connectivity for an ecosystem engineer, the roe deer, across a multiple-
use landscape. Landsc Ecol. 2018;33(6):937–54.

	15.	 Godvik IMR, Loe LE, Vik JO, Veiberg V, Langvatn R, Mysterud A. Temporal 
scales, trade-offs, and functional responses in red deer habitat selection. 
Ecology. 2009;90(3):699–710. https://​doi.​org/​10.​1890/​08-​0576.

	16.	 Mabille G, Dussault C, Ouellet J-P, Laurian C. Linking trade-offs in habitat 
selection with the occurrence of functional responses for moose living in 
two nearby study areas. Oecologia. 2012;170(4):965–77. https://​doi.​org/​
10.​1007/​s00442-​012-​2382-0.

	17.	 Gaudry W, Gaillard J-M, Saïd S, Bonenfant C, Mysterud A, Morellet N, 
Calenge C. Same habitat composition but different use: evidence of 
context-dependent habitat selection in roe deer females. Sci. Rep. 2018;8.

	18.	 Aebischer NJ, Robertson PA, Kenward RE. Compositional analysis of 
habitat use from animal radio-tracking data. Ecology. 1993;74(5):1313–25.

	19.	 Warton DI, Shepherd LC. Poisson point process models solve the pseudo-
absence problem for presence-only data in ecology. Ann Appl Stat. 
2010;4(4):2203–4.

	20.	 McGarigal K, Wan HY, Zeller KA, Timm BC, Cushman SA. Multi-scale 
habitat selection modeling: a review and outlook. Landsc Ecol. 
2016;31(6):1161–75.

	21.	 Thurfjell H, Ciuti S, Boyce M. Applications of step-selection functions in 
ecology and conservation. Move Ecol. 2014;2(1):4. https://​doi.​org/​10.​
1186/​2051-​3933-2-4.

	22.	 Hebblewhite M, Merrill E. Modelling wildlife-human relationships for 
social species with mixed-effects resource selection models. J Appl Ecol. 
2008;45(3):834–44. https://​doi.​org/​10.​1111/j.​1365-​2664.​2008.​01466.

	23.	 Roever CL, Van Aarde RJ, Leggett K. Functional responses in the habitat 
selection of a generalist mega-herbivore, the African savannah elephant. 
Ecography. 2012;35(11):972–82.

	24.	 Muff S, Signer J, Fieberg J. Accounting for individual-specific variation in 
habitat-selection studies: efficient estimation of mixed-effects models 
using Bayesian or frequentist computation. J Anim Ecol. 2020;89(1):80–92. 
https://​doi.​org/​10.​1111/​1365-​2656.​13087.

	25.	 van Beest FM, McLoughlin PD, Mysterud A, Brook RK. Functional 
responses in habitat selection are density dependent in a large herbivore. 
Ecography. 2016;39(6):515–23.

	26.	 Matthiopoulos J, Hebblewhite M, Aarts G, Fieberg J. Generalized func-
tional responses for species distributions. Ecology. 2011;92(3):583–9. 
https://​doi.​org/​10.​1890/​10-​0751.

	27.	 Van Moorter B, Visscher D, Herfindal I, Basille M, Mysterud A. Infer-
ring behavioural mechanisms in habitat selection studies getting the 

null-hypothesis right for functional and familiarity responses. Ecography. 
2013;36(3):323–30. https://​doi.​org/​10.​1111/j.​1600-​0587.​2012.​07291.x.

	28.	 Avgar T, Betini GS, Fryxell JM. Habitat selection patterns are den-
sity dependent under the ideal free distribution. J Anim Ecol. 
2020;89(12):2777–87.

	29.	 Avgar T, Lele SR, Keim JL, Boyce MS. Relative selection strength: quan-
tifying effect size in habitat- and step-selection inference. Ecol Evol. 
2017;7(14):5322–30. https://​doi.​org/​10.​1002/​ece3.​3122.

	30.	 Holling C. The components of predation as revealed by a study of 
small-mammal predation of the European pine sawfly. Can Entomol. 
1959;91(5):293–320.

	31.	 Andersson M, Erlinge S. Influence of predation on rodent populations. 
Oikos. 1977;29(3):591–7. https://​doi.​org/​10.​2307/​354359.

	32.	 Taylor R. Predation. Chapman and Hall, New York; 1984. https://​doi.​org/​
10.​1007/​978-​94-​009-​5554-7.

	33.	 Spalinger D, Hobbs N. Mechanisms of foraging in mammalian herbivores: 
new models of functional response. Am Nat. 1992;140(2):325–48. https://​
doi.​org/​10.​1086/​28541.

	34.	 Real L. The kinetics of functional response. Am Nat. 
1977;111(978):289–300.

	35.	 McNickle GG, Brown JS. When Michaelis and Menten met Holling: 
towards a mechanistic theory of plant nutrient foraging behaviour. AoB 
PLANTS. 2014. https://​doi.​org/​10.​1093/​aobpla/​plu066.

	36.	 Michaelis L, Menten ML. Die kinetik der invertinwirkung. Biochem Z. 
1913;49(333–369):352.

	37.	 Cooper A, Millspaugh J. The application of discrete choice models to 
wildlife resource selection studies. Ecology. 1999;80(2):566–75. https://​
doi.​org/​10.​1890/​0012-​9658(1999)​080[0566:​TAODCM]​2.0.C.

	38.	 Mysterud A, Ims R. Functional responses in habitat use: availability influ-
ences relative use in trade-off situations. Ecology. 1998;79(4):1435–41.

	39.	 Herfindal I, Drever MC, Hogda K-A, Podruzny KM, Nudds TD, Grotan V, 
Saether B-E. Landscape heterogeneity and the effect of environmental 
conditions on prairie wetlands. Landsc Ecol. 2013;27(10):1435–50. https://​
doi.​org/​10.​1007/​s10980-​012-​9798-.

	40.	 Ruckstuhl KE, Neuhaus P. Sexual segregation in ungulates: a comparative 
test of three hypotheses. Biol Rev. 2002;77(1):77–96.

	41.	 Morellet N, Van Moorter B, Cargnelutti B, Angibault JM, Lourtet B, Merlet 
J, Ladet S, Hewison AJM. Landscape composition influences roe deer 
habitat selection at both home range and landscape scales. Landsc Ecol. 
2011;26(7):999–1010.

	42.	 Bourgoin G, Marchand P, Hewison AJM, Ruckstuhl KE, Garel M. Social 
behaviour as a predominant driver of sexual, age-dependent and 
reproductive segregation in mediterranean mouflon. Anim Behav. 
2018;136:87–100.

	43.	 Messier F. Ungulate population models with predation: a case study with 
the North American moose. Ecology. 1994;75(2):478–88.

	44.	 Chan K, Boutin S, Hossie T, Krebs C, O’Donoghue M, Murray D. Improving 
the assessment of predator functional responses by considering alternate 
prey and predator interactions. Ecology. 2017;98(7):1787–96.

	45.	 Bonnot N, Verheyden H, Blanchard P, Cote J, Debeffe L, Cargnelutti B, 
Klein F, Hewison AJM, Morellet N. Interindividual variability in habitat 
use: evidence for a risk management syndrome in roe deer? Behav Ecol. 
2015;26(1):105–14. https://​doi.​org/​10.​1093/​beheco/​aru169.

	46.	 Padié S, Morellet N, Hewison AJM, Martin J-L, Bonnot N, Cargnelutti B, 
Chamaillé-Jammes S. Roe deer at risk: teasing apart habitat selection 
and landscape constraints in risk exposure at multiple scales. Oikos. 
2015;124(11):1536–46.

	47.	 Cailleret M, Heurich M, Bugmann H. Reduction in browsing intensity may 
not compensate climate change effects on tree species composition in 
the Bavarian forest national park. For Ecol Manag. 2014;328:179–92.

	48.	 Heurich M, Neufanger M. Die Wälder des Nationalparks Bayerischer 
Wald. Ergebnisse der Waldinventur 2002/2003 Im Geschichtlichen und 
Waldökologischen Kontext. Wissenschaftliche Reihe, vol. 16, p. 176. 
Nationalpark Bayerischer Wald, Grafenau 2005.

	49.	 Lausch A, Heurich M, Fahse L. Spatio-temporal infestation patterns of Ips 
typographus (L.) in the Bavarian Forest National Park, Germany. Ecol Indic. 
2013;31, 73–81.

	50.	 Heurich M, Baierl F, Zeppenfeld T. Waldentwicklung im Nationalpark 
Bayerischer Wald in den Jahren 2006 bis 2011. Ergebnisse der Luftbil-
dauswertung und Hochlageninventur. Berichte aus dem Nationalpark 
8/12, 2012;36.

https://doi.org/10.1016/S0169-5347(99)01593-1
https://doi.org/10.1016/S0169-5347(99)01593-1
https://doi.org/10.1111/j.1365-2656.2006.01106
https://doi.org/10.1111/j.1365-2656.2006.01106
https://doi.org/10.1111/j.1600-0587.2009.05783
https://doi.org/10.1111/j.1600-0587.2009.05783
https://doi.org/10.1111/j.1365-2664.2012.02134.x
https://doi.org/10.1111/j.1365-2664.2012.02134.x
https://doi.org/10.1111/1365-2664.1240
https://doi.org/10.1890/08-0576
https://doi.org/10.1007/s00442-012-2382-0
https://doi.org/10.1007/s00442-012-2382-0
https://doi.org/10.1186/2051-3933-2-4
https://doi.org/10.1186/2051-3933-2-4
https://doi.org/10.1111/j.1365-2664.2008.01466
https://doi.org/10.1111/1365-2656.13087
https://doi.org/10.1890/10-0751
https://doi.org/10.1111/j.1600-0587.2012.07291.x
https://doi.org/10.1002/ece3.3122
https://doi.org/10.2307/354359
https://doi.org/10.1007/978-94-009-5554-7
https://doi.org/10.1007/978-94-009-5554-7
https://doi.org/10.1086/28541
https://doi.org/10.1086/28541
https://doi.org/10.1093/aobpla/plu066
https://doi.org/10.1890/0012-9658(1999)080[0566:TAODCM]2.0.C
https://doi.org/10.1890/0012-9658(1999)080[0566:TAODCM]2.0.C
https://doi.org/10.1007/s10980-012-9798-
https://doi.org/10.1007/s10980-012-9798-
https://doi.org/10.1093/beheco/aru169


Page 13 of 13Dupke et al. Movement Ecology  2021, 9(1):45	

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

	51.	 Gonzalez RS, Latifi H, Weinacker H, Dees M, Koch B, Heurich M. Integrat-
ing lidar and high-resolution imagery for object-based mapping of forest 
habitats in a heterogeneous temperate forest landscape. Int J Remote 
Sens. 2018;39(23):8859–84. https://​doi.​org/​10.​1080/​01431​161.​2018.​15000​
71.

	52.	 Belyaev B, Belyaev Y, Katkovskii L, Kurikina T, Kazak A, Shuplyak V. Clas-
sification of forest areas by spectrozonal images obtained from onboard 
a helicopter. J Appl Spectrosc. 2004;71(2):263–9.

	53.	 van Beeck Calkoen ST, Leigh-Moy K, Cromsigt JP, Spong G, Lebeau LC, 
Heurich M. The blame game: Using edna to identify species-specific tree 
browsing by red deer (cervus elaphus) and roe deer (capreolus capreo-
lus) in a temperate forest. For Ecol Manag. 2019;451:117483.

	54.	 Calenge C. The package Adehabitat for the R software: tool for the analy-
sis of space and habitat use by animals. 2006.

	55.	 Lele SR, Merrill EH, Keim J, Boyce MS. Selection, use, choice and occu-
pancy: clarifying concepts in resource selection studies. J Anim Ecol. 
2013;82(6):1183–91. https://​doi.​org/​10.​1111/​1365-​2656.​12141.

	56.	 Agresti A. Categorical data analysis, 2nd edition. Wiley, Hoboken (2002). 
https://​doi.​org/​10.​1002/​04712​49688

	57.	 Wood SN. Generalized additive models: an introduction with R. Chapman 
and Hall/CRC (2006). https://​doi.​org/​10.​1201/​97813​15370​279

	58.	 Dupke C, Bonenfant C, Reineking B, Hable R, Zeppenfeld T, Ewald M, 
Heurich M. Habitat selection by a large herbivore at multiple spatial and 
temporal scales is primarily governed by food resources. Ecography. 
2017;40(8):1014–27.

	59.	 Duchesne T, Fortin D, Courbin N. Mixed conditional logistic regression for 
habitat selection studies. J Anim Ecol. 2010;79(3):548–55. https://​doi.​org/​
10.​1111/j.​1365-​2656.​2010.​01670.

	60.	 Craiu RV, Duchesne T, Fortin D, Baillargeon S. Conditional logistic regres-
sion with longitudinal follow-up and individual-level random coefficients: 
a stable and efficient two-step estimation method. J Comput Graph Stat. 
2011;20(3):767–84. https://​doi.​org/​10.​1198/​jcgs.​2011.​0918.

	61.	 R Core Team: R: a language and environment for statistical computing. R 
Foundation for Statistical Computing, Vienna, Austria. R Foundation for 
Statistical Computing (2017). https://​www.R-​proje​ct.​org/.

	62.	 Dupke C. FunResp—multicategory logit models for habitat selection 
analysis including functional response. GitHub 2020.

	63.	 Bolker BM. Ecological models and data in R. Princeton University Press, 
Princeton (2008), New Jersey. https://​doi.​org/​10.​2307/j.​ctvcm​4g37.

	64.	 Frid A, Dill L. Human-caused disturbance stimuli as a form of predation 
risk. Conserv Ecol. 2002;6(1).

	65.	 Bonnot NC, Goulard M, Hewison AJM, Cargnelutti B, Lourtet B, Chaval Y, 
Morellet N. Boldness-mediated habitat use tactics and reproductive suc-
cess in a wild large herbivore. Anim Behav. 2018;145:107–15.

	66.	 Dawes J, Souza M. A derivation of holling’s type I, II and III functional 
responses in predator-prey systems. J Theor Biol. 2013;327:11–22.

	67.	 Kamler JF, Jedrzejewska B, Jedrzejewski W. Activity patterns of red deer in 
Białowieża National Park, Poland. J Mammal. 2007;88(2):508–14. https://​
doi.​org/​10.​1644/​06-​MAMM-A-​169R.

	68.	 Dunning JB, Danielson BJ, Pulliam HR. Ecological processes that affect 
populations in complex landscapes. Oikos. 1992;169–175.

	69.	 Haase CG, Fletcher RJ, Slone DH, Reid JP, Butler SM. Landscape comple-
mentation revealed through bipartite networks: an example with the 
Florida manatee. Landsc Ecol. 2017;32(10):1999–2014.

	70.	 Gross J, Shipley L, Hobbs N, Spalinger D, Wunder B. Functional response 
of herbivores in food-concentrated patches: tests of a mechanistic 
model. Ecology. 1993;74(3):778–91. https://​doi.​org/​10.​2307/​194080.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.1080/01431161.2018.1500071
https://doi.org/10.1080/01431161.2018.1500071
https://doi.org/10.1111/1365-2656.12141
https://doi.org/10.1002/0471249688
https://doi.org/10.1201/9781315370279
https://doi.org/10.1111/j.1365-2656.2010.01670
https://doi.org/10.1111/j.1365-2656.2010.01670
https://doi.org/10.1198/jcgs.2011.0918
https://www.R-project.org/
https://doi.org/10.2307/j.ctvcm4g37
https://doi.org/10.1644/06-MAMM-A-169R
https://doi.org/10.1644/06-MAMM-A-169R
https://doi.org/10.2307/194080

	Holling meets habitat selection: functional response of large herbivores revisited
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Introduction
	Material and methods
	Study area and data
	Statistical methods
	Process overview
	Availability
	Modeling odds ratios
	Model selection and model fit
	Multicategorical logit model
	Terminology
	Referencing Holling’s types in the context of habitat selection


	Results
	Discussion
	Conclusions
	Acknowledgements
	References


