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Abstract. Ecologists commonly assess ecological patterns at the population level, focusing
on the average response of all individuals within a population, but to predict how populations
will respond to land-use change we must understand how changes to habitat differentially
affect individuals within a population. For example, forest management is a widespread type of
land-use that impacts wildlife through the loss of key habitat features, but individuals within a
population may vary in their responses to this loss due to differences in habitat selection
among individuals. Specifically, intraspecific variation in habitat selection has been linked to
animal personalities (i.e., consistent behavioral differences among conspecifics), but previous
research has not examined whether the relationship between personality and habitat selection
is influenced by land-use change. To address this knowledge gap, we tested the hypothesis that
land-use change alters the association between personality and microhabitat selection in small
mammals. Specifically, we investigated two main questions: (1) To what extent are personality
type and microhabitat selection correlated among conspecifics? (2) Does land-use change alter
individual patterns of microhabitat selection? To answer these questions, we conducted a large-
scale field experiment over 4 years, contrasting unmanaged forest (control) with managed
forest (two silvicultural treatments) in Maine, USA. We examined the relationships between
habitat selection and personality traits in deer mice (Peromyscus maniculatus) and southern
red-backed voles (Myodes gapperi). We found that personality traits were correlated with
microhabitat selection at multiple spatial scales. Furthermore, land-use change altered these
patterns of selection; resulting in either the loss of personality-associated selection or in novel
patterns of selection in managed forests. These findings suggest that promoting structural com-
plexity at multiple spatial scales, such as by interspersing stands of mature forest with managed
stands, may maintain a variety of intraspecific habitat selection patterns and the associated
ecological outcomes.

Key words: animal personality; forest management; hierarchical habitat selection; intraspecific varia-
tion; microhabitat; small mammals.

INTRODUCTION

Land-use change alters the structure and connectivity
of landscapes (Lindenmayer and Fischer 2007, Turner et
al. 2007), resulting in substantial changes to the func-
tioning of ecosystems worldwide (Steffen et al. 2004,
Dirzo et al. 2014). Managed forests represent one of the
most widespread land-uses, with roughly 71% of the
Earth’s forests actively managed for timber and other
commodities (IPCC 2019). The management of forested
land for timber, biofuels, and recreation involves chang-
ing forest stand structure and composition to meet man-
agement goals, often diminishing or degrading key
habitat features for wildlife (Fisher and Wilkinson 2005,
Zwolak 2009, Gasperini et al. 2016). The way wildlife
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populations respond to the loss or degradation of key
habitat features is, in part, a culmination of the response
of each individual in the population. Consequently, we
must understand how land-use change alters individual-
level resource use and behavior if we are to predict how
populations and communities will respond to land-use
change (Miranda et al. 2013, Sutherland et al. 2013).
For years, ecologists assumed that all individuals
within a species moved throughout the landscape and
utilized resources similarly, following the traditional
ideas of resource partitioning (Hutchinson 1957, Scho-
ener 1974). The niche variation hypothesis (Van Valen
1965, Roughgarden 1972), however, posits that popula-
tions can exhibit among-individual variation in resource
use, and this topic has gained traction in recent years
(Bolnick et al. 2003, Costa-Pereira et al. 2018). The abil-
ity of conspecifics to use different resources and occupy
functionally different niches is likely to facilitate the
response of populations under changing conditions
(Moran et al. 2016). Therefore, identifying the effects of
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TaBLE 1. Mechanisms with the ability to generate behavioral correlations between personality and habitat selection across
landscapes.

Mechanism Description Sources

Niche picking Individuals of a certain personality type seek out certain  Stamps and Groothuis (2010a, b), Sih

habitats or features of the environment
Individuals of a certain personality type modify selective

Niche construction
environments

Matching habitat choice

The habitat chosen via niche picking is that which best

et al. (2018), Schirmer et al. (2019)

Odling-Smee et al. (1996), Laland et al.
(2016)

Edelaar et al. (2008)

“matches” an individual’s abilities to use this

environment

The environment influences
behavior

Habitat-specific mortality

matching habitat choice

Density-driven assortment
low density
Congregating with similar
individuals
Social networks

personality types

according to personality traits

The environment itself can influence the behavior of
individuals; for example, safe environments can
encourage individuals to behave more boldly

Certain personality types are more or less likely to
survive in specific environments; may be a result of
Certain personality types may seek out areas of high or

Individuals may congregate in areas with similar

Conspecifics may distribute within social networks

Tuttle and Ryan (1982), Sharpe and
Horne (1998), Lopez et al. (2005),
Webster et al. (2007), Peluc et al. (2008)

Jaenike and Holt (1991), Edelaar et al.
(2008)

Pearish et al. (2013), Sih et al. (2018),
Schirmer et al. (2019)

Johnson et al. (2017)

Croft et al. (2009), Snijders et al. (2014),
Best et al. (2015), Carter et al. (2015)

Notes: Provided are the mechanism, a brief description, and a non-exhaustive list of references. Note that these mechanisms are

not all mutually exclusive.

a changing environment on intraspecific variation in
habitat selection should be of great interest to ecologists
and conservationists alike (Sih et al. 2011, Moran et al.
2016).

Several studies have highlighted the ecological impor-
tance of interindividual differences in resource use and
spatial distribution (Aradjo et al. 2011, Bolnick et al.
2011, Schreiber et al. 2016). Such differences can be dri-
ven by sex, age classes, morphometric differences, and
individual specialization (Bolnick et al. 2003, Zwolak
2018). Notably, one driver of individual specialization
shown to affect resource use and spatial distribution is
animal personality (Boon et al. 2008, Kobler et al. 2009,
Boyer et al. 2010, Pearish et al. 2013, Gharnit et al.
2020, Wat et al. 2020). Personality refers to consistent
individual differences in the behavior of conspecifics
(Gosling 2001, Sih et al. 2004, Stamps and Groothuis
2010b). A growing body of research highlights the exis-
tence of associations between personality types and
habitat selection, in which individuals with certain per-
sonality types occur disproportionately in certain physi-
cal or social environments (for example, because certain
personality types select specific microhabitats or select
areas with high densities of similar personality types)
(Wilson et al. 1993, Bergmiiller and Taborsky 2010,
Réale et al. 2010a, Stamps and Groothuis 20105, Schir-
mer et al. 2019, 2020). This has been referred to as spa-
tial niche specialization (Schirmer et al. 2019, 2020). A
range of mechanisms may generate correlations between
personality type and habitat selection across landscapes
(Plomin et al. 1977, Stamps and Groothuis 2010a); eight
are described in Table 1.

When anthropogenic changes alter structural charac-
teristics of the environment, the capacity for individuals
in a population to adapt will determine the ability of that

population to persist. Ultimately, shifts in personality-
associated habitat selection caused by land-use change
may be an important mechanism affecting the response
of populations and communities to global change. How-
ever, although a few studies have recognized the capacity
for personality traits to influence habitat selection
and resource use (Wilson et al. 1993, Bergmiiller and
Taborsky 2010, Réale etal. 2010q, Stamps and
Groothuis 2010b, Schirmer et al. 2019, 2020), previous
research has not assessed the extent to which land-use
change might affect this process. This knowledge would
provide novel justification for the importance of land-
scape complexity and heterogeneity. That is, it would
show that by maintaining landscape complexity and
heterogeneity we may maintain suitable habitat for vary-
ing personality types and contribute to fostering
intraspecific trait diversity.

To address this knowledge gap, we tested the hypothe-
sis that land-use change alters individual patterns of
microhabitat selection by small mammals. Specifically,
we investigated two main questions (Fig. 1): (1) To what
extent are personality type and microhabitat selection
correlated among conspecifics? and (2) Does land-use
change (specifically, silvicultural practices) alter these
individual patterns of microhabitat selection? We pre-
dicted to see correlations between personality traits (such
as boldness and activity rates) and selection for major
structural components in the forest such as the amount
of vegetative cover or coarse woody debris (i.e., a mecha-
nism referred to in the literature as niche picking;
Table 1). Specifically, we expected that timid small mam-
mals would select for areas with more vegetative cover
than bolder individuals (Carrete and Tella 2010, Holt-
mann et al. 2017) as bold individuals often take more
risks and suffer higher predation (Réale et al. 20105,
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Objective #1: Determine whether personality traits and microhabitat selection are correlated among individuals
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G. 1. A conceptual diagram identifying the two main objectives of this study. Deer mice (Peromyscus maniculatus) and south-

ern red-backed voles (Myodes gapperi) were trapped, individually marked, and personality traits were measured using three stan-
dardized tests (i.e., an emergence test, an open-field test, and a handling test. The open-field test is pictured here). We next
identified correlations between personality traits (i.e., activity level, exploration, docility, and boldness) and selection for key micro-
habitat features. We predicted that personality traits such as activity level would correlate with the tendency to select for different
microhabitat features (such as tree size, pictured here). Among-individual correlations between personality traits and microhabitat
selection were compared across three forest types to assess whether silvicultural practices shift patterns of microhabitat selection.

Dammhahn et al. 2018) and that more active individuals
would select areas with larger, cone-bearing trees due to
increased metabolic needs (Biro and Stamps 2010).
Furthermore, as a primary mechanism thought to
maintain personality variation within animal popula-
tions is fluctuating selection associated with environmen-
tal heterogeneity (Sih et al. 2004, Réale et al. 20105, Le
Ceeur et al. 2015), we predicted that in forests treated
with different silvicultural manipulations, there would
be observable differences in the correlation between per-
sonality traits and selection for major structural compo-
nents. We expected that these differences would be
associated with the activity rates, docility, or boldness/
risk-taking capacities of individuals and explained by
variation in key resource availability between forest
treatments. For example, we expected this selection to be

more prominent where important microhabitats are less
abundant (i.e., that correlations between boldness/timid-
ness and coarse woody debris would be stronger in man-
aged forest types where these features are scarcer and
only the more bold or aggressive individuals gain
access). Additionally, as typically decisions made on
broader scales have greater impacts on fitness (Rettie
and Messier 2000, Dupke et al. 2017), we expected that
patterns of selection would be stronger at coarser ecolog-
ical scales (i.e., the selection of the home range vs. the
selection of daily capture locations).

To achieve our objectives, we conducted a large-scale
field experiment over 4 years in which we contrasted two
replicates of unmanaged forest (control) with four areas
of managed forest (two silvicultural treatments — two
replicates each). The study was conducted in Maine
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(USA); target species were the deer mouse (Peromyscus
maniculatus) and the southern red-backed vole (Myodes
gapperi). We used small mammals as model species
because standard methods exist to assess their personali-
ties (Carter et al. 2013, Brehm and Mortelliti 2018, Maz-
zamuto et al. 2018, Brehm et al. 2020) and microhabitat
selection (Dueser and Shugart 1978, Longland and Price
1991, Mortelliti and Boitani 2007, Kellner and Swihart
2014).

METHODS

Study area and small mammal trapping

This study was conducted at the Penobscot Experi-
mental Forest (44°51’ N, 68°37 W) in Maine, USA.
Here, different compartments have been logged sepa-
rately, managed with contrasting silvicultural treatments,
and replicated twice in a randomized experimental
design. Approximately 25 ha of forest has been retained
in two separate units and left unmanaged since the late
1800s to serve as a reference. The Penobscot Experimen-
tal Forest is a mixed conifer-deciduous forest (Brissette
and Kenefic 2014) and is dominated by shade-tolerant
conifers including balsam fir (Abies balsamea), red
spruce (Picea rubens), and Eastern hemlock (75uga
canadensis) (Kimball 2014).

From June through October during 4 years consecu-
tively (2016-2019) we implemented a large-scale
capture-mark-recapture experiment in four areas (repre-
senting two contrasting silvicultural treatments) and
used two areas of unmanaged forest as reference sites.
The treatment areas used were as follows: treatment 1
(even-aged cut) and treatment 2 (shelterwood cut with
reserves). Due to the contrasting silvicultural systems,
these forest stands differ greatly in the understory den-
sity, diameter of trees present, light levels, and quantity
of downed woody material and snags. These varying
structural characteristics have generated highly contrast-
ing habitat types for small mammals (for further infor-
mation about the forestry treatments used, a brief
description of each site, and photographs see Appendix
S2: Table S1).

We trapped small mammals in six separate study grids
(two control grids in reference areas and two grids in
each of two replicated treatment areas). The area of the
treatments used in this study was 12.8 ha on average
(range: 9.49-19.39 ha). Each trapping grid was 0.81 ha
in area and was positioned at or close to the center of
the treatment area to minimize edge effects. The mean
home range for Peromyscus in this study system was
0.34 ha (range: 0.08-1.01 ha), and for Mpyodes was
0.33 ha (range: 0.05-0.87 ha). Home-range calculations
were estimated using the getverticeshr command from
the adehabitatHR package in program R to extract the
kernel home-range contours with a 75% home-range
estimation (Calenge 2006). Trapping grids consisted of
100 flagged points spaced 10 m apart. The mean

ALLISON M. BREHM AND ALESSIO MORTELLITI

Ecological Applications
Vol. 31, No. 8

distance between grids was approximately 1.42 km, and
the mean distance between duplicate grids of the same
treatment was approximately 1.44 km. We placed one
Longworth small mammal trap at each flagged point.
We baited traps with a mixture of sunflower seeds, oats,
and freeze-dried mealworms, and bedded traps with cot-
ton stuffing. We checked Longworth traps twice per day
(just after sunrise and in the late afternoon). We trapped
at each grid for 3 consecutive days and nights each
month for 5 consecutive months each year totaling over
35,000 trap nights (trap nights = number of active
traps X number of nights).

Animal tagging and behavioral tests

Before animals were handled or tagged, we used three
standardized tests to measure behaviors that would later
be used to assess personality. An emergence test was used
to assess boldness (Brown and Braithwaite 2004, Carter
et al. 2013), an open-field test to measure activity and
exploration in a novel environment (Walsh and Cum-
mins 1976, Perals et al. 2017), and a handling bag test to
measure docility and the response to handling by an
observer (Martin and Réale 2008, Montiglio et al. 2012,
Taylor et al. 2014). We performed behavioral tests once
monthly to ensure that animals would not habituate to
the tests. See Brehm et al. (2019, 2020) and Appendix S1
for detailed behavioral test procedures.

After the behavioral tests were complete, we anes-
thetized animals with isoflurane and inserted passive
integrated transponder (PIT) tags (MiniHPTS8, Biomark,
Boise, Idaho, USA) subcutaneously at the midback.
Animals were also marked with a small animal ear tag
(Style 1005-1, National Band & Tag Co., Newport,
Kentucky, USA). We recorded sex, body mass (mea-
sured using a 100 g Pesola Lightline spring scale), body
length, tail length, and age class (juvenile, subadult, or
adult; based on body size and pelage coloration). Ani-
mals were released at the site of capture post-processing.

To quantify behavior from videotaped emergence and
open-field tests, recordings were played back in the labo-
ratory. For emergence tests, an observer recorded
whether or not the animal emerged (defined as all four
feet having left the Longworth trap), the latency to
emerge, and the total time spent at the end of the Long-
worth tunnel before emerging. When an individual did
not emerge from the test after the three-minute cutoff,
the latency to emerge was set to 1.25x the maximum test
length. Open-field tests were analyzed using the behav-
ioral tracking software ANY-maze® (version 5.1; Stoelt-
ing Co., Wood Dale, Illinois, USA). To assure the
independence of response variables in our analyses, all
behavioral variables were screened for correlation before
analysis (using R < 0.7 as threshold) (Dormann et al.
2013). See Appendix S2: Table S2 for pairwise correla-
tions between all behavioral variables used for each
study species, and Table 2 (modified from Brehm et al.
[2019]) for a complete list of the behaviors used, their
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TABLE 2. Repeatable behavioral traits from three different behavioral tests performed on deer mice (Peromyscus maniculatus) and
southern red-backed voles (Myodes gapperi).

Personality Behavioral
Behavior trait test Description Notes about interpretation Sources
Handling Docility Handling  Total number of seconds of Interpreted as a measure of Boon et al. (2007),
time bag inactivity during a 1- docility or as a response to ~ Martin and Réale
minute handling bag test stressful confinement (2008), Montiglio et al.
(2012), Taylor et al.
(2014)
Latency to Bold/timid  Emergence Latency (in seconds) to The latency to emerge from Brown and Braithwaite
emerge emerge from trap in the a shelter and into a novel (2004), Carter et al.
emergence test. An animal  or open environment is (2013), Gracceva et al.
was considered to have commonly assessed on a (2014)
emerged when all four feet  timid/bold continuum
left the trap where increased latency
signals increased timidness
Time at end Bold/timid  Emergence Total number of seconds We interpret increased time
of tunnel spent at the end of the at the end of the tunnel as
tunnel before emerging a sign of timidness. These
individuals had a more
timid/fearful behavioral
tendency and required
time to survey the arena
before emergence
Mean speed Activity Open field Mean speed in the open- This is a direct measure of ~ Carter et al. (2013),
field test in (m/s). locomotion and activity in ~ Gracceva et al. (2014)
Calculated by dividing the  the open-field test
total distance traveled in
the test by the test
duration
Proportion time ~ Anxiety/ Open field Proportion of test duration ~Grooming in small Choleris et al. (2001),
grooming stress spent grooming mammals is an indicator of ~ Fernandez-Teruel and
anxiety and stress. In the Estanislau (2016),
deer mouse, a nocturnal Kalueff et al. (2016)
species, the open-field test
represents an environment
of high aversiveness and
increased grooming
suggests lower anxiety and
better coping. In contrast,
for the vole (a more
diurnal species) low to
moderate grooming seems
to signal coping, whereas
high amounts of grooming
indicate high anxiety
Rear rate Activity and Open field Rate of rearing (rears/s). Rearing is commonly Choleris et al. (2001),
exploration Rearing is defined as assessed as correlating Prut and Belzung
forelegs leaving the arena positively with activity, (2003), Martin and
floor and represents part of the Réale (2008), Tanaka
animal’s diversive et al. (2012)
exploration, or the search
phase of exploratory
behavior
Proportion Bold/timid  Open field Proportion of test duration Entering into the center, Barnett (1976), Treit

time center

spent in the center portion
of the arena

“unsafe” areas in the open-
field arena signifies
boldness and avoidance of
these areas indicates
fearfulness

et al. (1989), Choleris
et al. (2001), Gracceva
et al. (2014)

Notes: These variables are considered personality traits, and this table provides a guide for their interpretation, a non-exhaustive
list of citations supporting these interpretations, the behavioral test each trait was measured using, and a description of the behav-
ior. This table was interpreted from Brehm et al. (2019), and a more thorough behavioral interpretation is provided there.

description and interpretation, and supporting sources.
Briefly, we used the following variables: handling time
(the number of seconds immobile in a handling test; note
that the term handling time should not be confused with

a term sometimes used in ecological literature to indicate
the time spent handling, processing, and consuming
food items), latency to emerge and time at tunnel end
(from the emergence test), mean speed (in Peromyscus
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only), rear rate, proportion of time grooming, and propor-
tion of time in the center (from the open-field test).

Repeatability of behavior in standardized tests

To determine which behaviors could be considered per-
sonality, we calculated the adjusted repeatability and
associated 95% confidence intervals for key behaviors
performed in the standardized tests using the rptR pack-
age in R (Stoffel et al. 2017). Statistically, repeatability
refers to the proportion of the total phenotypic variation
that can be attributed to individual differences (Dinge-
manse et al. 2009, Nakagawa and Schielzeth 2010,
Dingemanse and Dochtermann 2013). Practically, this
means that repeatability equals the between-individual
variance divided by the total phenotypic variance
(between-individual variance + within-individual vari-
ance). The random effect of individual ID was included
in the models and fixed effects included sex, body condi-
tion (calculated using the scaled mass index) (Peig and
Green 2009), silvicultural treatment, and trapping ses-
sion. In all models, we used 1,000 parametric bootstraps
and 100 permutations. We used Box-Cox transforma-
tions on the response variable to approach normality
when necessary (Box and Cox 1964, Yang et al. 2011)
and we assessed normality by visually inspecting Q-Q
plots and by plotting the fitted values against the residual
values. Note that we use the term “repeatability” from
this point forwards, but that these estimates are “adjusted
repeatabilities” because they have been estimated from
mixed models fit with fixed effects (Wilson 2018).

We considered any behavioral trait with a 95% CI for
repeatability that excluded zero to be a personality trait
(Nakagawa and Schielzeth 2010), but we emphasize that
this classification as significantly repeatable does not say
anything about the strength of repeatability. We used the
raw behavioral variables themselves as measures of per-
sonality (Dingemanse et al. 2004, 2012), instead of using
a principal component analysis (PCA) or similar dimen-
sionality reduction technique (Boon et al. 2007, Martin
and Réale 2008). We made this choice to maximize the
variation in behavioral measurements, to remain consis-
tent with our previous work (Brehm and Mortelliti 2018,
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Brehm et al. 2019, 2020), and because components
retained from a PCA can sometimes become difficult to
interpret biologically (Lever et al. 2017).

Microhabitat selection

Microhabitat selection refers to the disproportionate
use of certain microhabitat features in relation to what is
available in the environment (Johnson 1980, Jones 2001).
The theory of habitat selection is well established, and it
has been long recognized that selection occurs at multi-
ple hierarchical orders (i.e., animals select for different
habitat features at different spatial and temporal scales)
(Johnson 1980, Krausman 1999, Manly et al. 2002,
Mayor et al. 2009, McGarigal et al. 2016). This includes
broad-scale selection of the geographic range to the fine-
scale selection of microhabitat features. In this study, we
were interested in selection occurring at the second order,
or the selection of a home range (i.e., where an individ-
ual positions its home range), and selection at the third
order, or the selection of microhabitat features within the
home range (Fig. 2). For a glossary of terms associated
with habitat selection and hierarchical orders, see
Appendix S2: Table S3.

In July 2017, we recorded detailed microhabitat mea-
surements within a 5 m radius of each trap site (100 sites
per trapping grid, 600 sites total). Microhabitats include
structural components of the environment such as fallen
logs and woody vegetation cover. Structural components
such as these can shift drastically following silvicultural
disturbance and result in changes to microhabitat use by
small mammals (Kellner and Swihart 2014). In line with
previous literature on small mammal microhabitat use
(Dueser and Shugart 1978, Price and Kramer 1984,
Mortelliti and Boitani 2007, Hille and Mortelliti 2010,
Fukasawa 2012), variables measured included: percent
cover of mosses, herbs, and forbs, percent cover of
shrubs and saplings at three height categories, meters of
coarse woody debris present (in two size categories), per-
cent canopy cover, and the diameter at breast height
(DBH) of the largest tree. See Appendix S2: Table S4 for
a brief description of each microhabitat variable and
more detail about methods of measurement.

Fic. 2. Habitat selection by small mammals occurs at multiple spatial scales. Second-order selection (a): within the trapping
grid, individuals select a home range. This home range may contain more or less of a specific habitat feature than is available on
average in the trapping grid. Third-order selection (b): Within the home range, individuals may more frequently select sites that con-
tain more of a specific habitat feature than is available on average in the home range.
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We used a PCA to reduce the number of measured
microhabitat variables and to create meaningful “com-
ponents” which would explain the structural variation in
our study areas. We used a simplimax rotation (Kiers
1998), which is a form of oblique rotation that optimizes
for simplicity in the structure of the pattern matrix while
minimizing the correlation between components. The
Kaiser-Guttman criterion was used to select the number
of principal components to retain (Kaiser 1991).

Third-order selection

For each microhabitat component, we calculated a
variable that would encompass an individual’s tendency
to select for that component at the third order of selec-
tion (or selection for specific components of habitat
within the home range) (Johnson 1980). To calculate the
true selection of a resource, it is necessary to take the
availability of that resource into account; as selection is
defined as use that is disproportionate to a resource’s
availability (Johnson 1980, Mayor et al. 2009). To do
this, we subtracted the mean microhabitat component
value in the neighborhood of available traps from the
component value at an individual’s capture site.
Through this subtraction, we were able to quantify
whether an individual selected for higher or lower than
average microhabitat features. Therefore, positive selec-
tion values indicate that the trap site of choice had a
greater component value than was available on average,
and negative values indicate the opposite. We :z-
standardized this value of selection by dividing by the
standard deviation (meaning that the value would be
given in units of standard deviation from the mean):

PC1 capture site — PC1 neighborhood

lect PC1 =
Select PC sd(neighborhood)

The neighborhood radius for each species was calcu-
lated by estimating the mean distance between consecu-
tive capture locations, pooled over individuals
(calculated using the secr package in R; Efford 2021).
This rendered a species-specific estimate for daily activ-
ity per trapping grid, and we used the overall mean per
species as the neighborhood radius. Within this neigh-
borhood radius, we included only trap sites that were
available (had no capture on the specific trap occasion).
Neighborhood radii were as follows: Peromyscus (mean:
28.05 m, range: 21.56-46.11 m); Mpyodes (mean:
24.39 m, range: 10-47.89 m).

If daily selection for microhabitat is repeatable among
individuals, this suggests limited behavioral plasticity.
Therefore, using previously described methods for
repeatability analysis, we assessed the extent to which
individuals differed consistently in their daily microhabi-
tat selection. We calculated the adjusted repeatability of
the microhabitat selection variables using silvicultural
treatment, sex, body condition, body mass, and trapping
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year as fixed effects, and including the random effect of
individual ID.

Data used in third-order analyses included 1,716
observations from 570 individual deer mice and 1,383
observations from 475 individual southern red-backed
voles (mean number of observations per individual deer
mouse was 3.01 + 2.89 [range 1-29] and per southern
red-backed vole was 2.91 £ 2.61 [range 1-18]). See
Appendix S2: Fig. S1 for plots showing the number of
captures per individual used in these analyses.

Second-order selection

For each microhabitat component, we calculated a
variable that would encompass an individual’s tendency
to select for that component at the second order of selec-
tion (or selection of the home range) (Johnson 1980,
Krausman 1999). To do this, we removed all individuals
who had fewer than four captures. Then, for the remain-
ing individuals, we calculated the mean value of each
microhabitat component across all of their capture loca-
tions. We then subtracted the mean value available in the
trapping grid from each individual’s mean component
value following the same procedures as above (and z-
standardizing once more). Positive values indicate that
an individual’s home range had a greater component
value than was available on average in the trapping grid,
and negative values indicate the opposite.

PC1 home range — PC1 grid
sd(grid)

Select PC1 home range =

Because this analysis rendered one unique value per
individual, no repeatability analysis was performed on
the second-order selection values.

Data used in second-order analyses included 1,071
observations from 162 individual deer mice and 8§23
observations from 129 individual voles (mean number of
observations per individual deer mouse was 6.61 + 3.14
[range 4-29] and per southern red-backed vole was
6.38 + 2.65 [range 4-18]).

Assessing correlations between personality traits and
microhabitat selection

Finally, we determined whether personality traits and
microhabitat selection at the third order were correlated
using multiresponse Bayesian models fit with Markov
chain Monte Carlo methods using the M CM Cglmm sta-
tistical package for R (Hadfield et al. 2010). We esti-
mated the correlation between the habitat selection
variables described above and the behavioral variables as
measured on the day of this habitat selection (i.e., on the
day that each trap site was chosen). When an individual
was captured on an occasion when a behavioral test was
not performed (such as when weather conditions were
too poor to perform behavioral tests) we used the
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individual’s most recent behavioral measurement. This
gave us a repeated measures design and allowed us to
measure the among-individual-level covariance between
traits which can then be used to derive an among—
individual-level correlation between these traits. We
chose these methods as opposed to using the mean
behavior or a best linear unbiased predictor (BLUP)
(Houslay and Wilson 2017b).

We used non-informative (parameter expanded) priors
for both the individual and residual variances of the per-
sonality variables and the microhabitat selection vari-
ables (prior specifications: R structure degree of belief
(nu) = 0.002; G structure degree of belief = 2.0,
alpha.mu = rep(0, 2), alphaV = diag(25*2, 2, 2)) (Had-
field 2015, Olafsdéttir and Magellan 2016, Houslay and
Wilson 20174, Brehm and Mortelliti 2018). We scaled
the response variables using the scale function in Base R
to help with model fit and ease of interpretation. We fit
an unstructured covariance matrix for the grouping vari-
able of individual ID, which allowed us to calculate the
variance in each response variable due to differences
among individuals as well as the covariance between
these variances. For the residual variation (or the within-
individual variation), we constrained these to equal zero
as, although both traits have repeated measures, they
were not measured at the same time (Dingemanse and
Dochtermann 2013, Hadfield 2015). Models were run
with a burn-in of 25,000 and subsequent 1,000,000 itera-
tions (thinning interval of 500). This resulted in Markov
chain Monte Carlo (MCMC) sample sizes of 1,950. We
inspected plots of traces and posterior distributions to
confirm convergence (Hadfield et al. 2010) and con-
firmed that autocorrelation between samples was low
using the R package coda (Monnahan et al. 2017). We
performed analyses on each species separately, and we
inspected the correlation between the response variables
for each silvicultural treatment separately and compared
these correlations among treatments. In all, we have run
14 models per treatment for Peromyscus (7 personality
traits X 2 microhabitat components) and 12 models per
treatment for Myodes (6 personality traits X 2 microhab-
itat components).

Fixed effects included sex, body condition (scaled and
centered), body mass (scaled and centered—used as a
proxy for age), and year. To obtain a posterior distribu-
tion of the correlation between the dependent variables,
we standardized the bivariate model covariances on a
scale from —1 to 1 by dividing the corresponding covari-
ance between the two variables by the product of the
square root of their variances (Houslay and Wilson
2017a). We assessed the 95% confidence interval of the
correlation and considered intervals that excluded zero
to signal significance.

We assessed whether the repeatable behavioral vari-
ables correlated with microhabitat selection at the sec-
ond order following similar methods as above, however,
as outlined by Houslay and Wilson (2017a), we fixed the
within-individual variance in the non-repeated measures
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to equal a very small positive number as a trait measured
only once has no within-individual variance (Houslay
and Wilson 20174, Brehm and Mortelliti 2018). We
included the same fixed effects as in the univariate mod-
els. For trace and density plots of all posterior distribu-
tions of the correlations between dependent variables see
Appendix S3.

All research was conducted in accordance with and
approved by the University of Maine’s Institutional Ani-
mal Care and Use Committee (IACUC numbers A2015-
11-02 and A2018-11-01).

REsuLTs

Microhabitat structure

Following dimension reduction of the trap-level
microhabitat characteristics with PCA, we retained two
components (Appendix S2: Table S5). The third compo-
nent was very close to the cutoff using the Kaiser-
Guttman rule and so we decided to focus on the first
two components (Appendix S2: Fig. S2). The first com-
ponent (PC1) characterized a gradient ranging from
areas with a dense ground cover (mosses, herbs, and
forbs) and a more open canopy toward areas with less
ground cover and a closed canopy and the second com-
ponent (PC2) had the highest loadings for the abun-
dance of coarse woody debris (CWD) present and the
DBH of the largest tree. We, therefore, interpreted the
first component to be a measure of ground cover and
light levels and the second to represent key resource
availability (seed-bearing trees and CWD).

Trapping and behavioral data

Over four trapping years in our study population
(June through October 2016-2019) we obtained behav-
ioral data (via standardized tests) from 577 individual
deer mice and 473 individual southern red-backed voles.
Both species showed repeatability for all behavioral vari-
ables measured. Mean repeatability was 0.346 for deer
mice (mean CI = 0.26-0.45) and 0.221 for voles (mean
CI = 0.12-0.37). See Appendix S2: Table S6 for all
repeatability estimates and sample sizes.

Both behavioral data and microhabitat selection data
(via capture site) were available for 3,099 observations
from 1,045 total individuals from the two study species.
We found selection at the third order for microhabitat
characteristics to have low but significant repeatability
in all instances (Appendix S2: Table S7).

Effects of land-use change on personality-associated
microhabitat selection

Individual selection for certain components of micro-
habitat structure and one or more personality traits were
significantly correlated across all individuals at one or
both orders of selection in both study species. Moreover,
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the strength and direction of the correlations differed
among the unmanaged forest and silvicultural treat-
ments (Table 3). For example, we commonly saw that
relationships that were present in the unmanaged forest
were lost in one or both silvicultural treatments. For
instance, we observed a positive relationship between
activity and exploration in an open-field test (based on
the rate of rearing) and selection for areas within the
home range (third-order selection) with increased
ground cover and light levels (PC1) in both deer mice
and southern red-backed voles (deer mice: mean correla-
tion = 0.38, CI = 0.04-0.68; voles: mean correlation =
0.40, CI = 0.11-0.68), but this relationship was not sig-
nificant in either the even-aged or shelterwood treat-
ments (Fig. 3). In addition, out of seven relationships in
the even-aged forest, five were unique to this treatment

TABLE 3.
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and all four relationships seen in shelterwood forest were
only present in that treatment.

In red-backed voles, we observed a correlation
between docility level (based on handling time) and
microhabitat selection at the second order (home-range
selection), and our results showed that this effect was
also present in one of the forest treatments (Fig. 4). In
this instance, we found a negative relationship between
docility level and selection for PC2 in the reference forest
(mean correlation = —0.49, CI =-0.77 to -0.18).
Higher values for this second component are representa-
tive of larger trees and therefore more abundant food
resources (i.e. seeds) and increased structural attributes
important for small mammals (runways via CWD). In
the even-aged forest, this negative relationship was less
strong, but still significant (mean correlation = —0.40,

Correlations between repeatable behavioral variables and selection for two components of microhabitat structure at the

second and third orders of selection in deer mice (Peromyscus maniculatus) and southern red-backed voles (Myodes gapperi).

Order of Reference Even-aged Shelterwood
Species selection Corr. (x,y) Correlation  95% CI Correlation  95% CI Correlation 95% CI
Peromyscus Third (PC1, rear rate) 0.38% 0.04, 0.68 —-0.12 —-0.42,0.19 -0.22 —-0.68, 0.19
maniculatus order
Second (PC1, mean 0 —-0.30, 0.28 -0.32  -0.58, -0.02 0.02 —0.24,0.26
order speed)
(PC1, prop. 0.2 —-0.10, 0.47 0.37+ 0.06, 0.65 -0.24 —0.50, 0.01
groom)
(PC1, handling -0.35t  —0.70, —0.01 0.1 —-0.25,0.43 0.17 —0.11,0.48
time)
(PC1, time —-0.35 —0.70, 0.01 0.36+ 0.08, 0.62 -0.27 —0.56, 0.02
tunnel)
(PC2, mean —-0.08 —-0.56, 0.44 -0.13 —-0.41,0.13 0.25&  0,0.52
speed)
(PC2, handling —-0.03 —0.43,0.34 0.11 —-0.25, 0.46 —0.28+ —-0.55, -0.01
time)
Myodes Third (PC1, rear rate) 0.4+ 0.11, 0.68 -0.32 —-0.76, 0.15 0.19 —-0.26, 0.65
gapperi order (PC1, prop. —-0.05 —-0.36, 0.27 —-0.19 —-0.68,0.33 0.44+% 0.09, 0.83
groom)
(PC1, latency -0.37t  —0.69, —0.02 0.45% 0,094 —-0.04 —0.53,0.43
emerge)
(PC2, prop. -0.07 —0.58,0.44 0.11 —-0.51,0.85 —0.34% —-0.68,0
groom)
(PC2, handling -0.67t  -0.98,-0.38  -0.25 —-0.90, 0.35 -0.34 —-0.72, 0.05
time)
Second (PC2, prop. —-0.06 —-0.38,0.24 0.46+ 0.12,0.78 —-0.07 —0.33,0.20
order groom)
(PC2, handling -0.49t  -0.77,-0.18  —0.47 -0.77, —0.01 0 —-0.30, 0.31
time)
(PC2, time —-0.29 —-0.62, 0.05 -0.51f  -0.83,-0.13  —-0.09 —0.40, 0.21
tunnel)

Notes: Correlations were estimated as the posterior mean for a correlation based on Markov chain Monte Carlo (MCMC) Baye-
sian models controlling body mass, body condition, trapping year, and sex. Behavioral variables involved in significant correlations
include mean speed in the open field, rears per second in the open field (rear rate), proportion of time grooming in the open field
(prop. groom), latency to emerge from the emergence test (latency emerge), time spent at the end of the emergence tunnel (time tun-
nel), and seconds immobile in a handling test (handling time). Only results that were significant in at least one treatment are shown.
Data used in third-order analyses included 1,716 observations from 570 individual deer mice and 1,383 observations from 475 indi-
vidual southern red-backed voles (mean number of observations per individual deer mouse was 3.01 + 2.89 [range 1-29] and per
southern red-backed vole was 2.91 £ 2.61 [range 1-18]). Data used in second-order analyses included 1,071 observations from 162
individual deer mice and 823 observations from 129 individual voles (mean number of observations per individual deer mouse was
6.61 + 3.14 [range 4-29] and per southern red-backed vole was 6.38 + 2.65 [range 4-18]).

195% CI does not include or cross zero.

195% CI includes, but does not cross, zero.
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Fic. 3. Personality-microhabitat associations are altered by silvicultural practices in deer mice (Peromyscus maniculatus) and

southern red-backed voles (Myodes gapperi). In unmanaged forests, more active and exploratory mice and voles select areas within
their home range (third-order selection) with more ground cover and higher light levels (PC1) than less active and exploratory indi-
viduals, but this relationship was absent in all of the forest treatments. Activity/exploration was interpreted from the rate of rearing
in an open-field test. Correlations were estimated as the posterior mean for a correlation based on Markov chain Monte Carlo
(MCMC) Bayesian models controlling body mass, body condition, trapping year, and sex. Estimates in the unmanaged forest were
as follows: (Peromyscus maniculatus) posterior mean = 0.38, 95% credible interval (0.04, 0.68); (Myodes gapperi) posterior mean =

0.40, 95% credible interval (0.11, 0.68).

CI = -0.77 to —0.01). Additionally, our results showed
that docile red-backed voles also selected areas with less
CWD and smaller trees than were available on average
within their home ranges (third-order selection) com-
pared with less docile, more aggressive individuals (mean
correlation = —0.67, CI = —0.98 to —0.38). However, at
this third order, the correlation was only significant in
the unmanaged forest (Fig. 4).

DiscussioN

Within a fully controlled and replicated field experi-
ment performed over 4 years, we investigated the rela-
tionships  between  microhabitat selection  and
personality traits of individual deer mice and southern
red-backed voles. By using MCMC correlation analyses
we found that personality traits were associated with
patterns of microhabitat selection at the second and
third orders of selection. Furthermore, at both orders
these patterns of selection varied depending on land-use
differences; resulting in either the loss of personality-
associated microhabitat selection or in novel patterns of
selection in managed forests. These findings underpin a

novel mechanism that may contribute to affecting the re-
sponse of species to global change and reinforce the need
for understanding individual-level resource use to com-
prehend patterns within populations and communities.
The relationship between personality traits and fitness
is well established (Smith and Blumstein 2008, Moiron
et al. 2020), and personality-associated habitat selection
is a key mechanism through which personality traits can
affect fitness. In this study we show that, depending on
the environment and the availability of preferred and
non-preferred resources, selection patterns of individuals
differ; probably allowing for favorable home-range
placement and daily movement patterns. Specifically,
contrasting silvicultural treatments result in dissimilar
relationships between personality traits and habitat
selection, which could drive fitness differences between
habitats if, for example, certain personality types are
more or less likely to survive in specific environments.
This is a phenomenon that warrants further investiga-
tion in this study system as this could, in turn, influence
the behavioral diversity of populations experiencing
anthropogenic disturbance (Miranda et al. 2013,
Mortelliti and Brehm 2020). Understanding how
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Third order
Selection within home range for PC2

Correlation between docility (handling time) and selection for PC2
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Fic. 4. Correlations between docility (in a handling bag test) and selection for PC2 at the second order and third order in
southern red-backed voles (Myodes gapperi). Selection for tree size and coarse woody debris (PC2) decreases with increasing docility
in the unmanaged forest at both the second and third orders of selection, and in the even-aged treatment at the second order only.
Correlations were estimated as the posterior mean for a correlation based on Markov chain Monte Carlo (MCMC) Bayesian mod-
els controlling body mass, body condition, trapping year, and sex. (Second order) Unmanaged: posterior mean = —0.49, 95% credi-
ble interval (—0.77, —0.18); even-aged: posterior mean = —0.40, 95% credible interval (—=0.77, —0.01). (Third order) Posterior

mean = —0.67, 95% credible interval (—0.98, —0.38).

altering resource availability and habitat structure will
influence future resource use by animal populations is
fundamental if we are to predict how populations will be
affected by land-use change and minimize our impact on
ecosystem structure and function. We suggest that this
study highlights one overlooked factor, personality-
associated habitat selection, which may influence popu-
lation and community responses to global change.

Personality traits and the selection for key resources

The second microhabitat component, characterized by
the diameter of trees and the amount of CWD present,
was a prominent variable correlated with the personality
traits of both species at the second and third orders of
selection. This component describes two forest features
that are well known to influence small mammal habitat
selection and are characteristic of older, less disturbed
(especially logged) forests. As primary seed predators
and dispersers in forest ecosystems (Vander Wall 1990,
2010, Jansen et al. 2004, Vander Wall et al. 2005), small
mammals rely on mature, seed-bearing trees for a

substantial portion of their diet. Although many tree
species begin bearing seeds between 5 and 25 years of
age, optimal seed production does not occur until much
later; age 20-30 years in Eastern white pines (Pinus stro-
bus), 50+ years for red oaks (Quercus rubra), and over
100 years in others (Krugman and Jenkinson 1974, Per-
key and Wilkins 2001, Bonner and Karrfalt 2008). As a
result, mature trees are the primary contributors to a
forest’s seed bank and a central resource for granivorous
rodents such as deer mice and red-backed voles.

The observed relationships between the selection of
PC2 and personality traits may be influenced heavily by
tree species composition and whether the dominant tree
type of a forest stand is of a preferred or non-preferred
food source. In fact, four out of six trends found between
personality and selection for PC2 in voles may be
explained by the selection or avoidance of the dominant
tree species by individuals with docile or timid personal-
ity types. For example, we found that more docile or
timid voles avoided areas with large seed-bearing trees,
while bolder or more aggressive individuals selected
these areas in the forest (as seen in Fig. 4 and Table 3).
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These trends occurred in either the unmanaged forest or
in the even-aged forest treatment where Eastern white
pine is a dominant tree type. It is well established that
Eastern white pine is an important and preferred food
source for our study species (Abbott 1962, Abbott and
Quink 1970, Duchesne et al. 2000, Boone and Mortelliti
2019). Conversely, Eastern hemlock and balsam fir are
non-preferred food sources for both small mammal spe-
cies (Abbott and Hart 1960, Duchesne et al. 2000,
Boone and Mortelliti 2019), and these two tree species
dominate the shelterwood forest treatment. It is possible
that, in the forest stands where the white pine is domi-
nant, docile and timid voles are avoiding the areas of the
forest with large, cone-bearing white pine trees because
of foraging competition with deer mice and the Ameri-
can red squirrel (Tamiasciurus hudsonicus). This finding
may support the idea that there is a difference in compet-
itive ability between docile or timid individuals and their
aggressive and bolder counterparts, in which the timid
and docile are actively displaced by the better competi-
tors and instead are found in areas of lower competition
(Schirmer et al. 2019).

Coarse woody debris (CWD) volume and tree diame-
ter varied significantly across our reference sites and the
treatments used in this study which could further
explain some of the differences in personality-associated
habitat selection across treatments. See Appendix S2:
Figs. S3, S4 for kernel density plots showing the distri-
bution of the microhabitat components across the study
areas and a PCA plot showing PC1 vs. PC2 by treat-
ment, respectively. The reference sites had more CWD
available and trees were larger than in the two managed
forest types. Just as mature, seed-bearing trees are criti-
cal for small mammals, woody debris in the form of
downed trees and stumps is widely recognized as an
important resource for these species. Our results are in
line with previous research in which associations
between woody debris and home range are well docu-
mented (Kaminski et al. 2007, Vanderwel et al. 2010,
Fauteux et al. 2012). Indeed, CWD provides key struc-
tural complexity, nutrients, and substrate for a variety
of plant and animal species and is crucial to the overall
health of a forest ecosystem (Maser and Trappe 1984,
Harmon et al. 1986, Fukasawa 2012) making it essential
for the conservation of biodiversity (Johnson and
O’Neil 2001, Lindenmayer and Franklin 2002). In many
managed forests, the quantity of large living trees and
dead wood has been greatly depleted as large trees are
of important value for timber and wood products, and
standing dead wood is often removed before it can cause
damage to living trees (Hansen et al. 1991, Berg et al.
1994, Linder and Ostlund 1998, Fraver et al. 2002, Gibb
et al. 2005).

We also observed several relationships between per-
sonality traits and selection for the first microhabitat
component (PC1), which described the quantity of
herbaceous ground cover, mosses, and grasses that were
present at a site, as well as the amount of light present
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(via canopy openness). This component shows a clear
difference between the even-aged forest (which has less
ground cover and less open canopy) and the reference/
shelterwood forests (both of which have more ground
cover and canopy openness) (Appendix S2: Fig. S4).
Our results show a positive relationship between the
level of activity and exploration and third-order selec-
tion for PC1 in the unmanaged forest by both deer mice
and red-backed voles (Fig. 3). Sites with ample ground
cover and a more open canopy were characterized by
high scores for this microhabitat component. In other
words, in both study species, when compared with less
active and exploratory individuals, highly active and
exploratory individuals were found at sites that had
more ground cover and light than was available on aver-
age in the home range. As more active individuals have
higher metabolic requirements (Biro and Stamps 2008,
Careau et al. 2008, Réale et al. 2010b), our results may
represent an example of personality-matching habitat
choice (Table 1; Edelaar et al. 2008). Here, highly active
and exploratory individuals may preferentially select for
areas with highly caloric, seasonal food resources. In our
study sites, these included wild raspberry (Rubus occi-
dentalis), wild strawberry (Fragaria vesca), bunchberry
(Cornus canadensis), and Canada mayflower (Maianthe-
mum canadense), and these species are common to newly
created forest gaps. PC1 was also characterized by the
amount of mossy ground cover where moisture-loving
insects (another important food source) may be abun-
dant.

Another reason why relatively more active individuals
may seek out areas with denser ground cover is for
added protection from aerial predators (Longland and
Price 1991). Several studies have linked personality
traits such as activity and exploration to predation-
associated mortality rates (Smith and Blumstein 2008,
Rodel et al. 2015, Moiron et al. 2020), therefore it is
likely that these differences in predation risk may drive
individuals to select more or less strongly for sites of
refuge. Furthermore, this could mean that individuals
who take more risks offset increased predation-induced
mortality through habitat selection, but further work is
required to assess this phenomenon. Regardless of the
mechanism driving the relationship between activity/ex-
ploration and selection for ground cover and light
levels, the presence of this trend in both study species is
noteworthy.

We found several instances in which the personality
traits of deer mice and southern red-backed voles corre-
lated significantly with selection for key habitat features
at the population level. Interestingly, there were trends
that we had expected to see that were not supported by
our results. For example, we predicted that we may see
an overarching trend between the degree of boldness
and selection for vegetative ground cover (Carrete and
Tella 2010, Holtmann et al. 2017, Schirmer et al. 2019).
Instead, the majority of observed relationships with this
habitat component involved activity level in both species.
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In voles, there were two significant correlations between
boldness/timidness (latency to emerge from an emer-
gence test) and selection for ground cover, but this rela-
tionship was not uniform among treatments (Table 3).
Instead, bolder voles selected home ranges with less
ground cover in the unmanaged forest—consistent with
the findings of Carrete and Tella (2010) and Holtmann
et al. (2017)—but in the even-aged treatment this rela-
tionship was reversed, and bolder individuals selected
home ranges with more vegetative cover (Table 3); the
finding in this treatment was consistent with those of
Schirmer et al. (2019). The apparent discrepancies
between existing empirical studies may reflect differences
in the history of land-use or forest management in a
study area.

Additionally, we had expected to see stronger patterns
of selection at coarser ecological scales (i.e., second
order: home-range selection vs. third order: daily activity
patterns), as decisions made on broader scales can have
greater impacts on fitness (Rettie and Messier 2000,
Dupke et al. 2017). We did see more patterns at the sec-
ond order vs. the third order when looking at deer mice
(six significant correlations vs. one), but in voles we saw
six significant correlations at the third order compared
with four at the second order and the strength of these
correlations was comparable at both orders. The idea
that more limiting factors drive habitat selection at
coarse scales but are less influential at finer scales (Rettie
and Messier 2000) has ambiguous support in the litera-
ture (as discussed by Dupke et al. 2017), and our study
adds to those that do not show clear support for this
hypothesis.

Management implications

In this study, we identified a system in which land-use
change has altered patterns of personality-associated
habitat selection and influenced the distribution of indi-
viduals across the population. The congregation of simi-
lar individuals in a population can potentially drive
divergent selection (Rice 1987, Via 1999), influence pat-
terns of transmission for diseases and parasites (Boyer et
al. 2010, Dizney and Dearing 2013, VanderWaal and
Ezenwa 2016, Sih et al. 2018), and could ultimately limit
behavioral trait diversity on the landscape. Additionally,
within-population differences in resource use or habitat
selection could reduce intraspecific competition, perhaps
having ecological consequences, for example by impact-
ing patterns of species coexistence (Chesson 2000). Ulti-
mately, these phenomena may influence which
individuals persist in response to anthropogenic distur-
bance and knowledge of these processes should inform
management actions (Merrick and Koprowski 2017).

It is well known that maintaining heterogeneity at
multiple ecological scales is vital for fostering biodiver-
sity (MacArthur and MacArthur 1961, Stein et al.
2014), however practitioners typically promote hetero-
geneity to maximize interspecific (rather than
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intraspecific) richness and diversity. A recent study by
the authors showed that behavioral diversity is affected
by heterogeneity in vegetation (Mortelliti and Brehm
2020), and here we add to this existing knowledge by
showing that implementing silvicultural practices (such
as even-aged or 2-stage shelterwood) across a landscape
may create the conditions favored by only certain per-
sonality types, and are likely to play a role in shaping the
personality composition of populations (with possible
loss of intraspecific diversity). Indeed, previous research
on the study system investigated here has shown that
contrasting methods for managing forests have shifted
the distribution of personalities present in different areas
of the landscape (Brehm et al. 2019); something that can
have both ecological and fitness consequences (Smith
and Blumstein 2008, Sih et al. 2012, Wolf and Weissing
2012, Carere and Maestripieri 2013, Lapiedra et al.
2018). To support behaviorally diverse populations and
their associated functions, habitat heterogeneity should
be maintained at multiple ecological scales. Maintaining
landscapes where mature forest stands are interspersed
with managed stands may create suitable habitats for dif-
ferent behavioral types and therefore encourage
intraspecific behavioral diversity (and its important eco-
logical and evolutionary consequences).

CONCLUSIONS

The adoption of forest management techniques that
maintain healthy, functioning ecosystems is a crucial
step toward limiting anthropogenic effects on biodiver-
sity. Landscape ecologists and conservation biologists
must identify silvicultural methods that promote the
maintenance of suitable habitat at multiple spatial scales
by promoting connectivity, habitat heterogeneity, and
stand structural complexity (Hunter 1990, Lindenmayer
and Franklin 2002); this is vital to maintain not only
interspecific diversity and richness, but to promote
intraspecific behavioral diversity and its associated func-
tions. In this study, we distinguished key patterns of
microhabitat selection that are correlated with animal
personalities at multiple scales. Our results show that,
depending on the type of silvicultural system imple-
mented, forest management can alter patterns of
intraspecific habitat selection. This study provides a
novel addition to the mechanistic underpinnings of spe-
cies’ responses in the face of global change.
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