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Understanding factors affecting the functional diversity of ecological
communities is an important goal for ecologists and conservationists.
Previous work has largely been conducted at the community level; however,
recent studies have highlighted the critical importance of considering intras-
pecific functional diversity (i.e. the functional diversity of phenotypic traits
among conspecifics). Further, a major limitation of existing literature on
this topic is the lack of empirical studies examining functional diversity of
behavioural phenotypes—including animal personalities. This is a major short-
coming because personality traits can affect the fitness of individuals, and
the composition of personalities in a population can have important ecologi-
cal consequences. Our study aims to contribute to filling this knowledge
gap by investigating factors affecting the functional diversity of personality
traits in wild animal populations. Specifically, we predicted that the richness,
divergence and evenness associated with personality traits would be
impacted by key components of forest structure and would vary between
contrasting forest types. To achieve our objective we conducted a fully repli-
cated large-scale field experiment over a 4 year period using small mammal
populations as a model system. We found that greater heterogeneity in the
cover of shrubs, coarse woody debris and canopy cover was associated
with a greater richness, lower divergence and lower evenness in personality
traits. Greater population density was associated with greater functional
richness and lower functional divergence and evenness of personality
traits. To maintain a behaviourally diverse population and its associated
functions, managers may promote heterogeneity in vegetation and increased
population density, which we found to be the most important determinants
driving functional diversity of personality traits.
1. Introduction
Defaunation leads to a loss of functional diversity in ecosystems [1]. While earlier
studies havemostly focusedondecreases in functional diversity caused by the loss
of species, more recently researchers have highlighted the potential consequences
of loss of intraspecific functional diversity [2,3], such as the loss of phenotypic
traits associated with ecosystem functions. This phenomenon generates cryptic
function loss [4], whereby a species is still present in an ecosystem but part of
the functions associated with it are lost. Many cases of cryptic function loss
have been documented such as eutrophication owing to decrease in the abun-
dance of oysters, and lowered nutrient deposition and seed dispersal as
consequences of reduction in seabird and bat abundances [4]. A possible source
of cryptic function loss from ecosystems is the loss of certain personality types
from a population. Personalities are defined as behavioural differences among
individuals that are consistent over time and across contexts [5–7]. The personality
composition of a population (i.e. the richness and the evenness of different
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Figure 1. Conceptual overview of the project. Land-use change (silvicultural treatments) creates contrasting environmental conditions: variations in the structure and
heterogeneity of vegetation which are coupled with variation in small mammal density over time and space (i.e. among treatments). We examined how variation in
environmental conditions and demographics affected the functional diversity of behavioural ( personality) traits. Graphs on the right show contrasting values of
functional diversity: high ( pink) versus low (grey) functional richness, high versus low divergence, high versus low evenness. (Online version in colour.)
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personality types) is important and has ecological conse-
quences [6,8]. As an example Brehm et al. [9] recently
suggested potential seed dispersal impairment as a conse-
quence of shifts in the personality composition of small
mammal populations caused by habitat modifications.

Despite the recent surge in research investigating personal-
ities in wild populations, studies focusing on the functional
diversity of personality traits are lacking (but see [10,11]
for other behavioural traits). Specifically, it is unclear how
the diversity of personality traits in a population vary as a
function of environmental characteristics such as the quality
and heterogeneity of habitats, as well as population density.
Understanding the determinants of behavioural diversity
will help preserve, maintain and manage behaviourally
diverse populations and the associated functions, thus allow-
ing managers to integrate this ecological parameter into
conservation actions. As an example, if functional behavioural
diversity of populations increases with environmental hetero-
geneity, then this supports managing habitats to maintain
heterogeneity [12]. The goal of this work is to contribute to
filling this gap.

Theoretical work suggests that environmental hetero-
geneity increases variation in phenotypic traits, including
behavioural traits such as personality [13–15]. Empirical
work on personality traits partly supports this prediction. As
an example Dubuc-Messier et al. [16] found divergent person-
ality traits in blue tits inhabiting two habitat types that differed
in the degree of heterogeneity, whereas Dochtermann et al. [17]
did not find significant differences in a similar comparison
focused on small mammals. Furthermore, empirical studies
on habitat matching and behavioural type–environment cor-
relations provide indirect support for theoretical predictions
[18–20], as they support the idea that variation in environ-
mental characteristics should be linked to variation in
personality traits. Likewise several studies have shown that
population density affects the personality composition of
populations [21,22]. Specifically, both Le Galliard et al. [22]
and Nicolaus et al. [21] found density-dependent selection on
personality traits in the common lizard (Zootoca vivipara) and
the great tit (Parus major).

These previous studies, however, did not explicitly test
for a relationship between habitat structure and the richness,
evenness and divergence of personality traits. The functional
trait diversity approach [23,24] provides several advantages
as it explicitly measures the trait space occupied by a species
in a certain environment (functional richness), the distribution
in abundance (i.e. evenness) and the overall divergence of
the trait distribution [24,25] (figure 1). The objectives of this
study are to: (i) test for a relationship between environmental
characteristics and the functional diversity of personality
traits in populations living in contrasting environments, and
(ii) concurrently assess if and to what extent the behavioural
diversity varies with population density.

To achieve our objectives we conducted a fully replicated
large-scale field experiment over a 4 year period. Behavioural
diversity of small mammal populations was assessed in
three highly contrasting environments: two treatment areas
characterized by intensive silvicultural management (even-
aged forestry and two-stage shelterwood) and reference
(unmanaged) areas. We focused on small mammals because
methods to assess their personality traits are well established
[26,27], their personality traits may have functional conse-
quences on ecosystems [9] and, further, the density of small
mammal populations fluctuates drastically over time, thus
providing the experimental conditions for establishing a
link between behavioural diversity and population density.
In line with theoretical and empirical work on phenotypic
trait variation, we predicted the richness and divergence
of behavioural traits would increase with the amount and
heterogeneity of key environmental resources [28,29] such
as shrubs and coarse woody debris [30–32]. In addition, we
predicted that an increase in population density (i.e. compe-
tition) would promote the richness and divergence of
behavioural traits [15]. Specifically, we predicted that greater
density would lead to greater trait richness because of a
sampling effect (more individuals results in more different
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phenotypes) and greater competition would increase the like-
lihood of disruptive selection [33] which would manifest as
greater divergence among phenotypes.
 lsocietypublishing.org/journal/rspb
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2. Material and methods
(a) Study area and experimental design
The study was conducted in the Penobscot Experimental Forest
(44°510 N, 68°370 W, Maine, USA), located in the transitional zone
between the eastern broadleaf and boreal forests. Here units
were chosen at random and logged separately with different silvi-
cultural treatments (two independent replicates per treatment).
Each replicate treatment used in this study averages 12.84 ha in
area (range 8.32–17.49 ha) and two blocks of forest (25 total ha)
have remained unmanaged since the late 1800s and serve as refer-
ence. For this study, we selected two treatments and one reference
type that generated contrasting habitat types for small mammals.
These include even-aged forest, two-stage shelterwoodandunman-
aged forest (the following descriptions are provided using [34]).

(1) Treatment 1: even-age forest (two replicate sites). This treat-
ment is characterized by dense stands of trees that are all the
same age-class. This type of forest is characterized by very
sparse shrubby or herbaceous understory cover, with a dense
canopy and low light-levels.

(2) Treatment 2: two-stage shelterwood (two replicate sites).
This treatment is used in silviculture to increase growth and ver-
tical structure, as well as provide downed wood and snags and is
accomplished by retaining large trees from the older cohort and
then applying an even-aged cut. The resulting forest is composed
of a mosaic of mossy understory, downed woody material, open,
grassy patches, small saplings, and large standing residual trees.

(3) Reference: unmanaged forest (two replicate sites). This
forest type is characterized by large, individual overstory trees
which die naturally and are replaced by understory trees. The
resulting forest is very open (i.e. low shrub cover) with abundant
downed woody material.

Common trees in the forest include red spruce (Picea rubens),
balsam fir (Abies balsamea), eastern hemlock (Tsuga canadensis),
easternwhite pine (Pinus strobus), northernwhite-cedar (Thuja occi-
dentalis), and hardwoods such as maples (Acer spp.), birches
(Betula spp.) and red oak (Quercus rubra) [34]. The most abundant
small mammal species which were included in this study are: deer
mice (Peromyscus maniculatus), southern red-backed voles (Myodes
gapperi) and northern short-tailed shrews (Blarina brevicauda).

(b) Small mammal trapping and handling
Within each of our six sites we positioned a 90 m × 90 m small
mammal trapping grid using Longworth traps (10 m distance
between traps, 100 traps total). Traps were baited with a mix
of sunflower seeds, rolled oats and mealworms; cotton was pro-
vided for bedding. Traps were left active for three consecutive
days and were checked twice in a 24 hour period.

Following capture, individuals were subject to behavioural
measurements (detailed below) and then anaesthetized using
Isoflurane. Animals were then marked with passive integrated
transponder (PIT) tags (Biomark MiniHPT8, 134.2 kHz) and
either a small animal ear tag or a distinctive haircut (i.e. for
shrews, which have no external auricle). For each individual
we recorded sex, body mass (using a Pesola Lightline spring
scale), body length, tail length, age class ( juvenile versus adult)
and reproductive status. Individuals were released in the
proximity of the site of capture.

Trapping was conducted monthly (June to October) at each
grid from 2016 to 2019, for a total of 20 trapping sessions per
grid. The mean distance between grids is approximately 1.47 km,
and the mean distance between replicates (i.e. grid within the
same treatment) is approximately 1.17 km. The area covered by
each trapping grid (0.81 ha) was, at a minimum, less than 10%
the area covered by each treatment and large enough to encompass
multiple home-ranges of individual small mammals. Further
details on methods are available in [9,26,35,36].

(c) Behavioural measurements
Personality of captured individuals was assessed using a stan-
dard open-field test [27,37], in which animals are recorded as
they explore an arena. Test boxes (size: 46 × 46 × 50 cm) are
placed on a level platform and underneath a tarp to control for
light levels and canopy cover. We use software ANY-MAZE

(V. 5.1; Stoelting Co., Wood Dale, IL) to automatically track
animal movement and quantify behaviour. The test is conducted
prior to marking animals and once per session (to avoid test
habituation) on new and recaptured individuals (minimum inter-
val between tests is one month). In our previous work [26,36] we
showed that trap confinement does not affect our behavioural
measurements and that personality does not affect trappability,
thus demonstrating that our sample is not biased towards certain
personality types.

(d) Microhabitat and heterogeneity measurements
At each trapping site, during the summer of 2017 (the midpoint
of this study), we recorded microhabitat measurements within
a 5 m radius of each trap site (100 sites per trapping grid, 600
sites total). Variables measured included: per cent cover
of mosses, grasses and herbs, per cent cover of shrubs and
saplings at two height categories, metres of coarse woody
debris present and per cent canopy cover. More details are pro-
vided in the electronic supplementary material, table S1. For
each of these variables we calculated the average value for
each trapping grid and the coefficient of variation as a measure
of heterogeneity [38,39].

(e) Data analysis
(i) Personality
Personality variables to be included were selected based on our
previous work [9]; a repeatability analysis was conducted on
the raw variables (electronic supplementary material, appendix
S1 and table S2). Variables selected are described in detail in
the electronic supplementary material, table S4 and include: pro-
portion of time spent in the centre of the open field test
(interpreted as an indicator of boldness), rear rate (interpreted
as an indicator of vertical exploration and activity, proportion
of time spent grooming (interpreted as an indicator of anxiety)
and mean speed (a proxy for activity, electronic supplementary
material, table S4). To account for variability in the behaviour
measurements of each individual we calculated the individual’s
best linear unbiased predictor (BLUP) for each of the behaviour
variables, after controlling for sex, body size, forestry treatment,
trapping session and year as fixed effects and individual identity
(ID) as random effect (as done for the repeatability analyses, elec-
tronic supplementary material, appendix S1 and table S2). We
adopted the approach followed by [40–42] to minimize the risk
of transferring BLUP errors into the functional diversity analyses
[43,44]. We used the sim function in package arm [45] to simulate
1000 series of individual BLUPs and then used the mean as the
behaviour score for each individual [40–42]. Subsequently we
conducted a principal component analysis with varimax rotation
on the mean BLUP for each of the four behaviours [42,46], to
derive a more synthetic measure of the behaviour profile of
each individual. The factor scores for the three derived com-
ponents were then used to calculate the indices of functional
behavioural diversity.
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(ii) Functional behavioural diversity
Traditional approaches for measuring functional diversity in com-
munities [25] have recently been adapted by Carmona et al. [24,47]
for intraspecific trait variation. These methods are based on trait
probability density functions (TPD), which reflect the probability
of observing a given value for a variable [47] and are calculated
through kernel density estimation. TPD’s allow the estimation of
several components of functional diversity such as functional rich-
ness, functional evenness and functional divergence. Functional
richness is the amount of functional space occupied by a trait and
it is equivalent to the sum of the hypervolumes of cells in which
the TPD is greater than zero [47]. Functional evenness reflects the
distribution of abundance within trait space (figure 1) and it is
quantified by estimating the overlap between the TPD of the trait
and a hypothetical trait distribution occupying the same functional
volume with uniform probabilities (i.e. maximum possible even-
ness for a given functional volume). Functional divergence reflects
the extent to which trait values are close to the centre of gravity
of the distribution (i.e. with high functional divergence the trait
is distributed towards the extremes of its functional volume
[24,47]. Functional diversity measurements were calculated for
each population (i.e. within a grid) for each species, using data
from all 20 trapping sessions, thus they represent the cumulative
richness, evenness and divergence of behavioural traits observed
in a given grid on a given year (out of a total of 4 years of
sampling). All calculations were performed using the R package
TPD (https://CRAN.R-project.org/package=TPD).

(iii) Factors affecting functional behavioural diversity
To test for a relationship between the structure and heterogeneity
of habitat variables and the behavioural diversity of small
mammal personality traits, we used mixed effects models with
grid as random effect (to account for potential dependence
among all animals sampled in the same grid) [48]. The functional
richness, diversity and evenness for each species that we observed
in each grid on a given year (n = 24, six grids sampled for 4 years)
were used as dependent variables, whereas explanatory variables
included the microhabitat variables and their coefficients of vari-
ation (electronic supplementary material, table S1) and the
number of individuals caught in the grid each year (a proxy for
population density). To avoid collinearity all variables were
screened for correlation prior to analysis (usingR < 0.7 as threshold
[49]). We conducted a preliminary analysis with mixed effect
models to check whether the microhabitat variables were at all
related with population abundance. The analysis showed that
these are not related (i.e. the null model was always included in
the top model set, electronic supplementary material, table S3).
Because the variable treatment and microhabitat variables were
linked by design, we decided to focus on the microhabitat vari-
ables as these are probably more directly related to the habitat
features generating functional diversity in personality traits. We
compared models through the Akaike information criteria cor-
rected for small sample sizes (AICc) and obtained predictions
through model averaging using top ranking models within 2
delta AICc [50]. To avoid over-parametrization we initially fitted
models with single predictors and then fitted additive models
with variables included within 2 delta AICc from the top model
(only if the null model was not included in the top model set).
3. Results
We measured personality traits in a total of 1276 unique indi-
viduals in the period 2016–2019 (574 Pe. maniculatus, 470
M. gapperi and 232 B. brevicauda). During the 4 years of
study, captures for all three species (n = 3938) peaked in
2018 (n = 1872) and were lowest in 2019 (n = 376).
Results for the principal component analysis are shown in
the electronic supplementary material, table S5. For all three
species the first component (PC1) was characterized a gradient
of activity and exploration, with the two variables mostly con-
tributing to the component being rear rate and mean speed.
The second component (PC2) for Pe. maniculatus and
B. brevicauda and PC3 for M. gapperi were highly related to
the proportion of time spent in the centre of the arena (with
high scores representing individuals passing higher amounts
of time in the centre of the open field arena). The third com-
ponent (PC3) for Pe. maniculatus and PC2 for M. gapperi were
instead highly related to the proportion of time spent grooming
(high scores being individuals grooming extensively). Individ-
uals of Blarina did not groom, so this variablewas not included
in the principal component analysis for this species.

Results for the mixed effects models are shown in table 1
(main results for PC1 and PC2, additional results reported in
the electronic supplementary material, table S6). The two
most widespread predictors of the functional diversity of per-
sonality traits (i.e. based on inclusion in the top ranking
model set) were population density and the heterogeneity
of microhabitat (shrub cover, coarse woody debris and canopy
cover; table 1, electronic supplementary material, table S6).
The direction of the relationship between the heterogeneity of
vegetation and functional richness and divergence was
positive in most cases (greater richness and greater divergence
with greater heterogeneity) (table 1 and figure 2), and it was
negative for evenness in all cases but one (table 1 and
electronic supplementary material, table S6). The direction of
the relationship between population density and functional
richness was always positive (greater richness with greater
density), and it was negative for evenness and divergence in
all cases but one (figure 3).
4. Discussion
Through a large-scale field experiment conducted over a 4 year
period, we found that the functional diversity of personality
traits in three target small mammal species was influenced by
both the vegetation characteristics of the environment and by
the population density. Specifically, we found that greater het-
erogeneity in the cover of shrubs, coarse woody debris and
canopy cover was associated with a greater richness, lower
divergence and lower evenness in the personality traits describ-
ing the mean speed and rearing rate, proportion of time
grooming and proportion of time spent in the centre of the
open-field arena. Greater population density was associated
with greater functional richness and lower functional diver-
gence and evenness of personality traits. As personality traits
have ecological consequences [6,8,9] and can affect the demo-
graphics of populations [27,51,52] practitioners should
incorporate the functional diversity of personality traits in
conservation plans. Our results suggest that, where direct
measurements are not possible, vegetation heterogeneity and
population density may be used as proxies for functional be-
havioural diversity in wildlife populations. However, further
studies are needed to assess the generality of this relationship.

(a) Microhabitat heterogeneity
The observed intraspecific relationship between heterogeneity
and functional diversity matches a well-established pattern for
interspecific data, particularly at the population and
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the CV of coarse woody debris (CWD) abundance. R2 values shown are the conditional coefficients of determination for the top model. Data points represent
observed values (one per session per trapping grid over a 4 year sampling period) of functional behavioural diversity (functional divergence) and vegetation het-
erogeneity (CVs of shrub abundance <2 m in height and CWD abundance).
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Figure 3. Model averaged predicted relationships (and 95% CI) between functional behavioural diversity measurements and population abundance of Peromyscus
maniculatus (n = 24). (a) shows the relationship between functional richness in PC1 (rear rate and mean speed) and log-transformed population abundance.
(b) shows the relationship between functional evenness in PC1 and population abundance. R2 values shown are the conditional coefficients of determination
for the top model. Data points represent observed values (one per session per trapping grid over a 4 year sampling period) of functional behavioural diversity
(functional richness and evenness) and population abundance.
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community levels [32,53–55]. Indeed the positive relationship
between heterogeneity of key vegetation structures and the
richness and divergence of personality traits are in line with
our predictions. High vegetation heterogeneity corresponds
to greater availability of potential niche space [39,54,55].
For example, relatively open areas may be preferred by risk--
taking (i.e. bolder) individuals, whereas more dense areas
may be preferred by more timid individuals [18,56].
Consequently, a highly heterogeneous environment allows
for more individuals to be positioned in the most suitable
microhabitat. We cannot untangle whether niche occupation
is the result of habitat matching [18,19] or development
(i.e. individuals growing in a specific microhabitat develop cer-
tain personality traits [7]). However, regardless of the
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mechanism generating the observed patterns, the ecological
implications are that a greater variety of behavioural pheno-
types (and the associated ecological outcomes), should be
expected in areas characterized by greater vegetation hetero-
geneity. As ecologists recognize the potential for intraspecific
trait variation to impact community and ecosystem processes,
a focus on the intraspecific niche has grown considerably in
recent years [57], and interest in intraspecific behavioural vari-
ation is no exception [58]. Empirical studies that identify the
drivers of trait variation (via functional diversity) in popu-
lations and that propose methods to promote variation are
important avenues for further research.

The observed positive relationship between heterogeneity
and divergence is in line with our expectations and with com-
munity level studies [59]. The highest values of vegetation
heterogeneity are observed in areas with high contrasts,
such as grids with both areas of high shrub density and
very open areas with low density of shrubs. These grids
may thus be characterized by niche space for animals with
contrasting personality traits, such as highly exploratory
versus less exploratory voles, or fast paced versus slow
paced shrews, which probably determines the high diver-
gence value (table 1). The negative relationship between
evenness and heterogeneity is in line with community level
studies [59]: more homogeneous environments are character-
ized by a more even distribution of traits.

Among the four heterogeneity measures considered,
the two related to shrubs appeared more frequently in top
ranking models. These findings are in line with existing
knowledge on shrubs providing key habitat features for
rodents, as these provide both shelter from predators (such
as aerial predators) [30,31] and facilitate the interaction with
seeds [60]. Furthermore, shrubs are directly linked to food
resource abundance as many provide fruit that are consumed
by small mammal species [61,62]. Likewise coarse woody
debris and canopy cover are also known to be important
habitat features for small mammals [31,63].

Vegetation heterogeneity and population abundance were
not related in our study system. Thiswas shownbypreliminary
analyses conducted with mixed effect models with abundance
as dependent variable andmicrohabitat variables as predictors
(electronic supplementarymaterial, table S3). Future long-term
investigations (i.e.more than 4yearsof duration) are required to
determine if a relationship exists over the long term.

We acknowledge that our microhabitat measurements
were conducted once (halfway through the study), in line
with other studies in the Penobscot Experimental Forest
[34]. While more frequent measurements would have been
ideal, inter-annual changes in the microhabitat structure of
our temperate forest system are relatively slow, therefore it
is unlikely that these affected our results (i.e. variation
among treatments is much stronger than inter-annual
variation within a treatment).
(b) Population density
The abundance of our small mammal populations varied
strongly during the 4 year duration of the study, which is
in line with the expected periodicity of small mammal popu-
lation cycles in Maine [64]. The observed positive relationship
between population density and both the functional richness
and divergence of behavioural traits is in line with our pre-
dictions and may be interpreted in several non-exclusive
ways. First, we need to take into account a ‘sampling
effect’: more individuals simply means greater chances of
observing a different phenotype (the variable is continuous
so each individual has a unique score). The probabilistic
nature of this relationship however, does not mean the
relationship is an artefact. Indeed, it shows that at a given
point in time and space (i.e. a 1 ha area of forest) the distri-
bution of personality traits (and the associated ecological
outcomes) will depend on the total number of individuals
present in the area. In the case of small mammals this
number will probably be less than 60–70 individuals ha−1

under many circumstances [65], consequently our results
suggest that an increase in the abundance of individuals
may be associated with a greater richness of personality
traits and all the associated ecological outcomes.

Beyond the sampling effect, which is stochastic in nature,
the relationship between functional diversity and population
density is probably shaped in a more deterministic manner
by other processes. As an example, greater population den-
sity may determine elevated competition among
individuals which could lead to increased disruptive selec-
tion [33] and thus greater functional divergence. Contrary
to predictions, we observed negative relationships between
abundance and the functional divergence of multiple traits
for all three species (table 1): that is higher abundance
coincided with lower divergence. This result suggests that
any sampling effect was probably minor, because otherwise
we would have expected a neutral relationship between
divergence and density. Our results thus suggest that stabiliz-
ing selection may occur with higher abundances. In these
instances, mean values of the personality traits tend to be
advantageous [66]. Further studies focusing on fitness esti-
mation are required to clarify the processes generating the
observed pattern.
5. Conclusion
We show that the richness, divergence and evenness of
personality traits in wild populations are linked to key
characteristics of the environment such as vegetation hetero-
geneity and a fundamental demographic parameter:
population density. Maintaining functional diversity is widely
considered a key conservation outcome [67,68] and our study
provides evidence to suggest that conservation practitioners
should consider vegetation heterogeneity and population
density as key factors associated with high diversity of
behavioural phenotypes.

Ethics. Experiments in this study were approved by the University of
Maine’s Institutional Animal Care and Use Committee (IACUC
number A2015_11_02 and A2018_11_01).

Data accessibility. Data and scripts are available at the following link
(Figshare site): https://figshare.com/s/317a6217b4ef013c31fb.

Authors’ contributions. A.M. and A.M.B. conceived and designed the
study; A.M. and A.M.B. collected and analysed the data; all authors
contributed to manuscript preparation.

Competing interests. We declare we have no competing interests.
Funding. This study was supported by the USDA National Institute of
Food and Agriculture, McIntire-Stennis, project number (ME041620
and ME041913) through the Maine Agricultural and Forest Exper-
iment Station, by the National Science Foundation (NSF Career IOS
no. 1940525), Penobscot Experimental Forest (ROT funds), American
Society of Mammalogists (Research in Aid), Chase Graduate Fellow-
ships, Sigma Xi grant in aid of research, UMaine GSG research funds
and University of Maine RRF (RRF graduate and undergraduate

https://figshare.com/s/317a6217b4ef013c31fb
https://figshare.com/s/317a6217b4ef013c31fb


royalso

8
research Assistants). This is Maine Agricultural and Forest
Experiment Publication number 3788.

Acknowledgements. We thank a number of dedicated field and labora-
tory technicians for helping with data collection and video analysis.
We also thank Laura Kenefic (US Forest service) and Keith Kanoti
(UMaine) for maintaining and facilitating research at the Penobscot
Experimental Forest. A special thanks goes to Sara Boone for help
with project management and data collection.
cietypublish
References
ing.org/journal/rspb
Proc.R.Soc.B

287:20201713
1. Dirzo R, Young HS, Galetti M, Ceballos G, Isaac NJB,
Collen B. 2014 Defaunation in the Anthropocene.
Science 345, 401–406.

2. Cianciaruso AMV, Batalha MA, Gaston KJ, Petchey
OL, Ecology S, Jan N, Gaston J. 2009 Including
intraspecific variability in functional diversity.
Ecology 90, 81–89.

3. Albert CH, de Bello F, Boulangeat I, Pellet G, Lavorel
S, Thuiller W. 2012 On the importance of
intraspecific variability for the quantification of
functional diversity. Oikos 121, 116–126. (doi:10.
1111/j.1600-0706.2011.19672.x)

4. McConkey KR, O’Farrill G. 2015 Cryptic function loss
in animal populations. Trends Ecol. Evol. 30,
182–189. (doi:10.1016/j.tree.2015.01.006)

5. Sih A, Bell A, Johnson JC. 2004 Behavioral
syndromes: an ecological and evolutionary overview.
Trends Ecol. Evol. 19, 372–378. (doi:10.1016/j.tree.
2004.04.009)

6. Wolf M, Weissing FJ. 2012 Animal personalities:
consequences for ecology and evolution. Trends Ecol.
Evol. 27, 452–461. (doi:10.1016/j.tree.2012.05.001)

7. Carere C, Maestripieri D. 2013 Animal personalities:
behavior, physiology and evolution. Chicago, IL:
University of Chicago Press.

8. Sih A, Cote J, Evans M, Fogarty S, Pruitt J. 2012
Ecological implications of behavioural syndromes.
Ecol. Lett. 15, 278–289. (doi:10.1111/j.1461-0248.
2011.01731.x)

9. Brehm AM, Mortelliti A, Maynard GA, Zydlewski J.
2019 Land use change and the ecological
consequences of personality in small mammals.
Ecol. Lett. 22, 1387–1395. (doi:10.1111/ele.13324)

10. Kühl HS et al. 2019 Human impact erodes
chimpanzee behavioral diversity. Science 363,
1453–1455. (doi:10.1126/science.aau4532)

11. Stone PA, Snell HL, Snell HM. 1994 Behavioral
diversity as biological diversity: introduced cats and
lava lizard wariness. Conserv. Biol. 8, 569–573.
(doi:10.1046/j.1523-1739.1994.08020569.x)

12. Ritchie M. 2010 Scale, heterogeneity, and the
structure and diversity of ecological communities.
Princeton, NJ: Princeton University Press.

13. Pamela Delarue EM, Kerr SE, Lee Rymer T. 2015
Habitat complexity, environmental change and
personality: a tropical perspective. Behav. Processes
120, 101–110. (doi:10.1016/j.beproc.2015.09.006)

14. Montiglio P-O, Ferrari C, Reale D. 2013 Social niche
specialization under constraints: personality, social
interactions and environmental heterogeneity. Phil.
Trans. R. Soc. B 368, 20120343. (doi:10.1098/rstb.
2012.0343)

15. Wilson DS, Yoshimura J. 1994 On the coexistence of
specialists and generalists. Am. Nat. 144, 692–707.
16. Dubuc-Messier G, Reále D, Perret P, Charmantier A.
2017 Environmental heterogeneity and population
differences in blue tits personality traits. Behav.
Ecol. 28, 448–459. (doi:10.1093/beheco/arw148)

17. Dochtermann NA, Jenkins SH, Swartz MJ, Hargett
AC. 2017 The roles of competition and
environmental heterogeneity in the maintenance of
behavioral variation and covariation. Ecology 93,
1330–1339.

18. Holtmann B, Santos ESA, Lara CE, Nakagawa S.
2017 Personality-matching habitat choice,
rather than behavioural plasticity, is a likely
driver of a phenotype–environment covariance.
Proc. R. Soc. B 284, 20170943. (doi:10.1098/rspb.
2017.0943)

19. Jacob S, Bestion E, Legrand D, Clobert J, Cote J.
2015 Habitat matching and spatial heterogeneity of
phenotypes: implications for metapopulation and
metacommunity functioning. Evol. Ecol. 29,
851–871. (doi:10.1007/s10682-015-9776-5)

20. Pearish S, Hostert L, Bell AM. 2013 Behavioral type-
environment correlations in the field: a study of
three-spined stickleback. Behav. Ecol. Sociobiol. 67,
765–774. (doi:10.1007/s00265-013-1500-2)

21. Nicolaus M, Tinbergen JM, Ubels R, Both C,
Dingemanse NJ. 2016 Density fluctuations represent
a key process maintaining personality variation in a
wild passerine bird. Ecol. Lett. 19, 478–486.
(doi:10.1111/ele.12584)

22. Le Galliard JF, Paquet M, Mugabo M. 2015 An
experimental test of density-dependent selection on
temperament traits of activity, boldness and
sociability. J. Evol. Biol. 28, 1144–1155. (doi:10.
1111/jeb.12641)

23. Martello F, De Bello F, De Castro Morini MS, Silva
RR, De Souza-Campana DR, Ribeiro MC, Carmona
CP. 2018 Homogenization and impoverishment of
taxonomic and functional diversity of ants in
eucalyptus plantations. Sci. Rep. 8, 1–11. (doi:10.
1038/s41598-018-20823-1)

24. Carmona CP, de Bello F, Mason NWH, Lepš J. 2016
Traits without borders: integrating functional
diversity across scales. Trends Ecol. Evol. 31,
382–394. (doi:10.1016/j.tree.2016.02.003)

25. Mason NWH, Mouillot D, Lee WG, Wilson JB. 2005
Functional richness, functional evenness and
functional divergence: the primary components of
functional diversity. Oikos 111, 112–118.

26. Brehm AM, Mortelliti A. 2018 Mind the trap: large-
scale field experiment shows that trappability is not
a proxy for personality. Anim. Behav. 142,
101–112. (doi:10.1016/j.anbehav.2018.06.009)

27. Boon AK, Réale D, Boutin S. 2007 The interaction
between personality, offspring fitness and food
abundance in North American red squirrels. Ecol.
Lett. 10, 1094–1104. (doi:10.1111/j.1461-0248.
2007.01106.x)

28. Kark S, Mukerji T, Safriel UN, Noy-Meir I, Nissani R,
Darvasi A. 2002 Peak morphological diversity in an
ecotone unveiled in the chukar partridge by a novel
estimator in a dependent sample (EDS). J. Anim.
Ecol. 71, 1015–1029. (doi:10.1046/j.1365-2656.
2002.00665.x)

29. Stark J, Lehman R, Crawford L, Enquist BJ, Blonder
B. 2017 Does environmental heterogeneity drive
functional trait variation? A test in montane and
alpine meadows. Oikos 126, 1650–1659. (doi:10.
1111/oik.04311)

30. Sozio G, Mortelliti A. 2016 Empirical evaluation of
the strength of interspecific competition in shaping
small mammal communities in fragmented
landscapes. Landsc. Ecol. 31, 775–789.

31. Dueser RD, Shugart HH. 1978 Microhabitats in a
forest-floor small mammal fauna. Ecology 59,
89–98.

32. Stirnemann I, Mortelliti A, Gibbons P, Lindenmayer
DB. 2015 Fine-scale habitat heterogeneity
influences occupancy in terrestrial mammals in a
temperate region of Australia. PLoS ONE 10, 1–16.
(doi:10.1371/journal.pone.0138681)

33. Bolnick DI. 2004 Can intraspecific competition drive
disruptive selection? An experimental test in natural
populations of sticklebacks. Evolution (N. Y.) 58,
608–618. (doi:10.1111/j.0014-3820.2004.tb01683.x)

34. Kenefic LS, Brissette JC. 2014 Penobscot
Experimental Forest: 60 years of research and
demonstration in Maine, 1950–2010. Gen. Tech.
Rep. NRS-P-123. US Department of Agriculture,
Forest Service, Northern Research Station, Newtown
Square, PA.

35. Boone S, Mortelliti A. 2019 Small mammal
preferences of tree seeds in an eastern mixed forest.
For. Ecol. Manage. 449, 117487.

36. Brehm A, Tironi S, Mortelliti A. 2020 Effects of trap
confinement on personality measurements in two
terrestrial rodents. PLoS ONE 15, e0221136. (doi:10.
1371/journal.pone.0221136)

37. Smith BR, Blumstein DT. 2013 Animal personality
and conservation biology. The importance of
behavioral diversity. In Animal personalities.
Behavior, physiology, and evolution (eds C Carere,
D Maestripieri), pp. 381–413. Chicago, IL: Chicago
University Press.

38. Tuanmu MN, Jetz W. 2015 A global, remote
sensing-based characterization of terrestrial habitat
heterogeneity for biodiversity and ecosystem
modelling. Glob. Ecol. Biogeogr. 24, 1329–1339.
(doi:10.1111/geb.12365)

http://dx.doi.org/10.1111/j.1600-0706.2011.19672.x
http://dx.doi.org/10.1111/j.1600-0706.2011.19672.x
http://dx.doi.org/10.1016/j.tree.2015.01.006
http://dx.doi.org/10.1016/j.tree.2004.04.009
http://dx.doi.org/10.1016/j.tree.2004.04.009
http://dx.doi.org/10.1016/j.tree.2012.05.001
http://dx.doi.org/10.1111/j.1461-0248.2011.01731.x
http://dx.doi.org/10.1111/j.1461-0248.2011.01731.x
http://dx.doi.org/10.1111/ele.13324
http://dx.doi.org/10.1126/science.aau4532
http://dx.doi.org/10.1046/j.1523-1739.1994.08020569.x
http://dx.doi.org/10.1016/j.beproc.2015.09.006
http://dx.doi.org/10.1098/rstb.2012.0343
http://dx.doi.org/10.1098/rstb.2012.0343
http://dx.doi.org/10.1093/beheco/arw148
http://dx.doi.org/10.1098/rspb.2017.0943
http://dx.doi.org/10.1098/rspb.2017.0943
http://dx.doi.org/10.1007/s10682-015-9776-5
http://dx.doi.org/10.1007/s00265-013-1500-2
http://dx.doi.org/10.1111/ele.12584
http://dx.doi.org/10.1111/jeb.12641
http://dx.doi.org/10.1111/jeb.12641
http://dx.doi.org/10.1038/s41598-018-20823-1
http://dx.doi.org/10.1038/s41598-018-20823-1
http://dx.doi.org/10.1016/j.tree.2016.02.003
http://dx.doi.org/10.1016/j.anbehav.2018.06.009
http://dx.doi.org/10.1111/j.1461-0248.2007.01106.x
http://dx.doi.org/10.1111/j.1461-0248.2007.01106.x
http://dx.doi.org/10.1046/j.1365-2656.2002.00665.x
http://dx.doi.org/10.1046/j.1365-2656.2002.00665.x
http://dx.doi.org/10.1111/oik.04311
http://dx.doi.org/10.1111/oik.04311
http://dx.doi.org/10.1371/journal.pone.0138681
http://dx.doi.org/10.1111/j.0014-3820.2004.tb01683.x
http://dx.doi.org/10.1371/journal.pone.0221136
http://dx.doi.org/10.1371/journal.pone.0221136
http://dx.doi.org/10.1111/geb.12365


royalsocietypublishing.org/journal/rspb
Proc.R.Soc.B

287:20201713

9
39. Bar-Massada A. 2015 Complex relationships
between species niches and environmental
heterogeneity affect species co-occurrence patterns
in modelled and real communities. Proc. R. Soc. B
282, 20150927. (doi:10.1098/rspb.2015.0927)

40. Dingemanse NJ, Moiron M, Araya-Ajoy YG, Mouchet
A, Abbey-Lee RN. 2020 Individual variation in age-
dependent reproduction: fast explorers live fast but
senesce young? J. Anim. Ecol. 89, 601–613. (doi:10.
1111/1365-2656.13122)

41. Gharnit E, Bergeron P, Garant D, Réale D. 2020
Exploration profiles drive activity patterns and
temporal niche specialization in a wild rodent.
Behav. Ecol. 31, 772–783. (doi:10.1093/beheco/
araa022)

42. Villegas-Ríos D, Réale D, Freitas C, Moland E, Olsen
EM. 2018 Personalities influence spatial responses to
environmental fluctuations in wild fish. J. Anim. Ecol.
87, 1309–1319. (doi:10.1111/1365-2656.12872)

43. Hadfield JD, Wilson AJ, Garant D, Sheldon BC, Kruuk
LEB. 2010 The misuse of BLUP in ecology and
evolution. Am. Nat. 175, 116–125. (doi:10.1086/
648604)

44. Houslay TM, Wilson AJ. 2017 Avoiding the misuse of
BLUP in behavioral ecology. Behav. Ecol. 28,
948–952. (doi:10.1093/beheco/arx023)

45. Gelman A, Su Y-S. 2018 arm: Data analysis using
regression and multilevel/ hierarchical models. R
package version 1.10-1. See https://CRAN.R-project.
org/package=arm.

46. Dingemanse NJ, Wright J, Kazem AJN, Thomas DK,
Hickling R, Dawnay N. 2007 Behavioural syndromes
differ predictably between 12 populations of three-
spined stickleback. J. Anim. Ecol. 76, 1128–1138.
(doi:10.1111/j.1365-2656.2007.01284.x)

47. Carmona CP, Bello F, Mason NWH, Lepš J. 2019 Trait
probability density (TPD): measuring functional
diversity across scales based on TPD with R. Ecology
100, 1–8. (doi:10.1002/ecy.2876)

48. Zuur AFAF, Leno EN, Walker N, Saveliev AA, Smith
GM. 2009 Mixed effects models and extensions in
ecology with R. New York, NY: Springer-Verlag
New York.
49. Dormann CF et al. 2013 Collinearity: a review of
methods to deal with it and a simulation study
evaluating their performance. Ecography (Cop.). 36,
027–046. (doi:10.1111/j.1600-0587.2012.07348.x)

50. Burnham KP, Anderson DR. 2002 Model selection and
multimodel inference: a practical information-theoretic
approach, 2nd edn. New York, NY: Springer Verlag.

51. Moirón M, Laskowski KL, Niemelä PT. 2020
Individual differences in behaviour explain variation
in survival: a meta-analysis. Ecol. Lett. 23, 399–408.
(doi:10.32942/OSF.IO/TZ2V8)

52. Smith BR, Blumstein DT. 2008 Fitness consequences
of personality: a meta-analysis. Behav. Ecol. 19,
448–455. (doi:10.1093/beheco/arm144)

53. Tews J, Brose U, Grimm V, Tielbörger K, Wichmann
MC, Schwager M, Jeltsch F. 2004 Animal species
diversity driven by habitat heterogeneity/diversity:
the importance of keystone structures. J. Biogeogr.
31, 79–92. (doi:10.5700/rege502)

54. MacArthur R, MacArthur JW. 1961 On bird species
diversity. Ecology 42, 594–598.

55. Stein A, Gerstner K, Kreft H. 2014 Environmental
heterogeneity as a universal driver of species
richness across taxa, biomes and spatial scales. Ecol.
Lett. 17, 866–880. (doi:10.1111/ele.12277)

56. Carrete M, Tella JL. 2010 Individual consistency in
flight initiation distances in burrowing owls: a new
hypothesis on disturbance-induced habitat
selection. Biol. Lett. 6, 167–170. (doi:10.1098/rsbl.
2009.0739)

57. Schirmer A, Hoffmann J, Eccard JA, Dammhahn M.
2020 My niche: individual spatial niche
specialization affects within- and between-species
interactions. Proc. R. Soc. B 287, 20192211. (doi:10.
1098/rspb.2019.2211)

58. Costa-Pereira R, Pruitt J. 2019 Behaviour,
morphology and microhabitat use: what drives
individual niche variation? Biol. Lett. 15, 20190266.
(doi:10.1098/rsbl.2019.0266)

59. Lee MB, Martin JA. 2017 Avian species and
functional diversity in agricultural landscapes: does
landscape heterogeneity matter? PLoS ONE 12,
1–21. (doi:10.1371/journal.pone.0170540)
60. Orrock JL, Danielson BJ, Brinkerhoff RJ. 2004 Rodent
foraging is affected by indirect, but not by direct,
cues of predation risk. Behav. Ecol. 15, 433–437.
(doi:10.1093/beheco/arh031)

61. Mortelliti A, Grentzmann I, Fraver S, Brehm A,
Calkins S, Fisichelli NA. 2019 Small mammal
controls on the climate-driven range shift of woody
plant species. Oikos 128, 1726–1738. (doi:10.1111/
oik.06643)

62. Gasperini S, Bonacchi A, Bartolommei P, Manzo E,
Cozzolino R. 2018 Seasonal cravings: plant food
preferences of syntopic small mammals. Ethol. Ecol.
Evol. 30, 12–25. (doi:10.1080/03949370.2017.
1310141)

63. Bowman JC, Sleep D, Forbes GJ, Edwards M. 2000
The association of small mammals with coarse
woody debris at log and stand scales. For. Ecol.
Manage. 129, 119–124. (doi:10.1016/S0378-
1127(99)00152-8)

64. Ogawa R, Mortelliti A, Witham JW, Hunter ML. 2017
Demographic mechanisms linking tree seeds and
rodent population fluctuations: insights from a 33-
year study. J. Mammal. 98, 419–427. (doi:10.1093/
jmammal/gyw200)

65. Krebs CJ. 2013 Population fluctuations in rodents.
Chicago, IL: Chicago University Press.

66. Réale D, Berteaux D, McAdam AG, Boutin S. 2003
Lifetime selection on heritable life-history traits in a
natural population of red squirrels. Evolution (N. Y.)
57, 2416–2423. (doi:10.1111/j.0014-3820.2003.
tb00253.x)

67. Devictor V, Mouillot D, Meynard C, Jiguet F, Thuiller
W, Mouquet N. 2010 Spatial mismatch and
congruence between taxonomic, phylogenetic and
functional diversity: the need for integrative
conservation strategies in a changing world. Ecol.
Lett. 13, 1030–1040. (doi:10.1111/j.1461-0248.
2010.01493.x)

68. Cadotte MW, Carscadden K, Mirotchnick N. 2011
Beyond species: functional diversity and the
maintenance of ecological processes and services.
J. Appl. Ecol. 48, 1079–1087. (doi:10.1111/j.1365-
2664.2011.02048.x)

http://dx.doi.org/10.1098/rspb.2015.0927
http://dx.doi.org/10.1111/1365-2656.13122
http://dx.doi.org/10.1111/1365-2656.13122
http://dx.doi.org/10.1093/beheco/araa022
http://dx.doi.org/10.1093/beheco/araa022
http://dx.doi.org/10.1111/1365-2656.12872
http://dx.doi.org/10.1086/648604
http://dx.doi.org/10.1086/648604
http://dx.doi.org/10.1093/beheco/arx023
https://CRAN.R-project.org/package=arm
https://CRAN.R-project.org/package=arm
http://dx.doi.org/10.1111/j.1365-2656.2007.01284.x
http://dx.doi.org/10.1002/ecy.2876
http://dx.doi.org/10.1111/j.1600-0587.2012.07348.x
http://dx.doi.org/10.32942/OSF.IO/TZ2V8
http://dx.doi.org/10.1093/beheco/arm144
http://dx.doi.org/10.5700/rege502
http://dx.doi.org/10.1111/ele.12277
http://dx.doi.org/10.1098/rsbl.2009.0739
http://dx.doi.org/10.1098/rsbl.2009.0739
http://dx.doi.org/10.1098/rspb.2019.2211
http://dx.doi.org/10.1098/rspb.2019.2211
http://dx.doi.org/10.1098/rsbl.2019.0266
http://dx.doi.org/10.1371/journal.pone.0170540
http://dx.doi.org/10.1093/beheco/arh031
http://dx.doi.org/10.1111/oik.06643
http://dx.doi.org/10.1111/oik.06643
http://dx.doi.org/10.1080/03949370.2017.1310141
http://dx.doi.org/10.1080/03949370.2017.1310141
http://dx.doi.org/10.1016/S0378-1127(99)00152-8
http://dx.doi.org/10.1016/S0378-1127(99)00152-8
http://dx.doi.org/10.1093/jmammal/gyw200
http://dx.doi.org/10.1093/jmammal/gyw200
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00253.x
http://dx.doi.org/10.1111/j.0014-3820.2003.tb00253.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01493.x
http://dx.doi.org/10.1111/j.1461-0248.2010.01493.x
http://dx.doi.org/10.1111/j.1365-2664.2011.02048.x
http://dx.doi.org/10.1111/j.1365-2664.2011.02048.x

	Environmental heterogeneity and population density affect the functional diversity of personality traits in small mammal populations
	Introduction
	Material and methods
	Study area and experimental design
	Small mammal trapping and handling
	Behavioural measurements
	Microhabitat and heterogeneity measurements
	Data analysis
	Personality
	Functional behavioural diversity
	Factors affecting functional behavioural diversity


	Results
	Discussion
	Microhabitat heterogeneity
	Population density

	Conclusion
	Ethics
	Data accessibility
	Authors' contributions
	Competing interests
	Funding
	Acknowledgements
	References


