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Ecological and phenotypic effects on survival and habitat
transitions of white-footed mice
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Animals often confine their movements to familiar areas and preferred habitats, resulting in increased fitness
through enhanced survival and reproduction. However, the link between preferential habitat use and fitness
is rarely tested, especially when individual phenotype is considered. Through multi-state modeling of mark-
recapture data, we assessed the influence of habitat type, sex, and body size on the daily survival and habitat-
transition probabilities of white-footed mice (Peromyscus leucopus). Habitat states tested were forest edge versus
forest interior, and grassy versus shrubby habitat. Females were more likely to survive than males, and mass had a
positive effect, whereas foot length a negative effect on survival. Females were more likely to exhibit habitat-type
fidelity between edge and interior states than males. Body mass negatively affected daily transition between edge
and interior, whereas foot length had a positive effect. Individuals were most likely to remain within the shrubby
habitat and leave the grassy habitat. Mass had a negative effect on daily transition probability between grassy and
shrubby habitats, foot length had a positive effect, and sex had no effect. Individuals with the greatest probability
of moving between habitat types had the lowest probability of survival, likely a result of occupying unfamiliar
space. Our results show that white-footed mice in general seem to select habitat types where fitness expectations
are likely to be greatest, but that transitions between habitats often depend on phenotypic characteristics of

individuals.
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Animal movement during habitat choice is a fundamental pro-
cess that greatly affects patterns of ecology and evolution, influ-
encing the distribution and abundance of organisms within and
among populations, communities, and ecosystems (Holyoak
et al. 2008; Nathan et al. 2008; Patterson et al. 2008; Cagnacci
et al. 2010). Most animals confine their activity to areas with
which they are relatively familiar (Piper 2011; Berner and
Thibert-Plante 2015; Bevanda et al. 2015). The development
of such preferential habitat use may offer direct fitness ben-
efits in the form of elevated survival. Tests demonstrating a
link between habitat preference, the likelihood of moving
between habitats, and survival are rare, however (Garshelis
2000; Hoogland et al. 2006; Brown et al. 2008). Furthermore,
relatively few studies have addressed how an individual’s phe-
notypic characteristics, such as sex or body size, affect habitat
transitions and the related fitness consequences (Holyoak et al.
2008; Delaney and Warner 2016).

The widespread abundance and generalist nature of the
white-footed mouse (Peromyscus leucopus), which can be

found across eastern North America and occupies a variety of
habitat types, including woodland, grassland, and agricultural
fields (Lackey 1978; Cummings and Vessey 1994; Nupp and
Swihart 2000), has permitted several studies of differential
habitat use and movement patterns (M’Closkey and Fieldwick
1975; Dueser and Hallett 1980; Richardson 2010). Few studies,
however, have examined how habitat use varies with both sex
and body size (Seagle 1985; Halama and Dueser 1994; Dooley
and Bowers 1996; Klein and Cameron 2012), and fewer still
incorporated a measurement of actual transitions between
habitats rather than abundance patterns to explore differences
(Klein and Cameron 2012). The survival consequences of pref-
erential habitat use by white-footed mice have been understud-
ied, especially within sex and body-size categories.
Peromyscus leucopus preferentially uses structurally com-
plex habitats, such as those with extensive vertical structure,
dense undergrowth, and large trees and logs (Myton 1974;
Barry and Francq 1980; Kaufman et al. 1983; Barnum et al.
1992). Edge habitats and areas with more shrubby growth can
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have more vertical structure and higher plant species diver-
sity (Wiens 1974; Edwards 1983; Oosterhoorn and Kappelle
2000). Mice thus should be more likely to move toward forest
edge or shrubby habitat and less likely toward habitats that are
within the forest interior or more grassy. Individual dispersal
between habitats, which can be influenced by population den-
sity, aggression, and the presence of nearby conspecifics of the
opposite sex (Metzgar 1971; Hansen and Batzli 1978; Krohne
et al. 1984), is typically biased toward males and juveniles
(Krohne et al. 1984; Wolff and Lundy 1985). When density and
aggression affect dispersal, the small-bodied, subordinate indi-
viduals are those that tend to disperse (Metzgar 1971; Hansen
and Batzli 1978; Van Horne 1982; Halama and Dueser 1994).
Using mark-recapture data collected across a single sea-
son, and a multi-state modeling approach, we investigate how
movement patterns in white-footed mice relate to fitness using
daily survival estimates. Because structurally complex habitats
are thought to be preferred, and preferred habitats may confer
a survival advantage (Barnum et al. 1992; Garshelis 2000), we
predicted that mice are more likely to stay within the forest
edge and in shrubby habitats where they have higher survival.
Because movement between habitats is risky (Hoogland et al.
2006; Clobert et al. 2012) and males, juveniles, and subordi-
nates are more likely to move, we predicted that males and
smaller-bodied individuals would have reduced survival.

MATERIALS AND METHODS

Study site—The study was conducted at the Mary K. Oxley
Nature Center (—=95.903°N, 36.223°E), located approximately
11 km northeast of downtown Tulsa, Tulsa County, Oklahoma,
United States. The study site covers both forest and main-
tained prairie habitat (Fig. 1). The former is dominated by oak
(Quercus macrocarpa and Q. palustris), cottonwood (Populus
spp.), elm (Ulmus spp.), and green ash (Fraxinus pennsylva-
nica), whereas the prairie mainly consists of Johnson grass
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Fig. 1.—Map depicting the portion of the Mary K. Oxley Nature
Center in Tulsa, Oklahoma, where the mark-recapture study was con-
ducted during 2015. Grid-based trapping sites are shown by symbols
that also indicate the habitat type at each forest trap site.

\

(Sorghum halepense), big bluestem (Andropogon gerardii), and
indiangrass (Sorghastrum nutans). Fallen trees and exposed
roots are numerous throughout the forest habitat.

Sample collection.—We conducted a mark-recapture study
in a forest habitat from March through December 2015. During
the first 3 months, due to inclement weather, trapping was
conducted irregularly in multiple 300-m transects across the
study site until a feasible trap-grid area was determined. The
prairie divided the forest and created a prominent forest edge
(Fig. 1); however, no white-footed mice were ever captured in
the prairie (despite our placing 56 traps in a 7 x 8 grid in the
prairie and operating them with the same frequency as in the
forest—Hannebaum 2016). Starting in June, Sherman SFA (H.
B. Sherman Traps, Inc., Tallahassee, Florida) live traps were
placed in the forest in 2 grids of 48 traps with 20-m spacing
between each trap (Fig. 1). Within each trap, hay and oats
were provided and replaced as required. Trapping sessions
were conducted over 4 consecutive nights, weather permitting,
with traps set in the evening, checked, and then closed every
morning. Trapping sessions lasted 4 nights and occurred every
3 weeks to avoid biasing movement patterns of “trap-happy”
mice. All trapping sites within the grid were GPS marked using
a handheld Garmin Oregon 450t (Garmin Ltd., Olathe, Kansas)
for spatial analysis and to ensure traps were positioned at the
same location every session. Upon initial capture, individual
mass, sex, right hind foot length, and location of capture were
recorded, and an individual ID number was assigned. Using
GPS coordinates for each trapping site, we determined the
maximum distance moved (m) between traps and the total num-
ber of captures for each individual.

As both white-footed mice and deermice (Peromyscus man-
iculatus) may co-occur at the site, accurate species identification
was performed through genetic analysis, requiring collection
of a small noninvasive tissue biopsy (5-mm tail clip) that was
stored in 95% ethanol at —18°C. Each individual was implanted
with a unique passive integrative transponder (PIT) tag (Biomark
MiniHPTS; Biomark Inc., Boise, Idaho), inserted under the
scruff of the individual’s neck prior to release at the site of cap-
ture. Tagged individuals were identified during successive cap-
tures using a Biomark 601 reader to track individual movement
patterns over time. Mass was recorded for each mouse on each
successive capture, and all masses for an individual were aver-
aged for analyses. Hind foot length was only measured during
1st capture because the hind feet of white-footed mice have been
shown to reach adult form by the 8th or 9th day and adult length
within 28 days after birth. Because juveniles typically enter
the trappable population 22 days after birth (Millar et al. 1979;
Guetzow and Judd 1981), foot size is unlikely to have varied
between captures. This justified using foot length as a fixed lin-
ear covariate (see below). All animal handling procedures were
approved by The University of Tulsa’s Animal Care and Use
Committee (TU-0041) and conformed to published American
Society of Mammalogists guidelines for the use of wild mam-
mals in research (Sikes et al. 2016).

DNA extraction and species identification.—Genomic DNA
was extracted from tail biopsies using the Gentra Puregene
DNA extraction kit (Qiagen, Germantown, Maryland) and then
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stored at —18°C prior to use. Species identity was confirmed
using species-specific mtDNA primers, following Rogic et al.
(2013).

Statistical analysis.—Multi-state modeling (Hestbeck et al.
1991; Brownie et al. 1993) using the program MARK (White
and Burnham 1999; Cooch and White 2016) was used to esti-
mate daily survival and transition probabilities of white-footed
mouse individuals among habitat types. MARK uses encoun-
ter histories to compute maximum likelihood estimates of
survival, recapture, and transition probabilities. Each model
is compared against other models and ranked according to fit
using the 2nd-order variant of the Akaike Information Criterion
(AIC —Akaike 1973; Sugiura 1978; Burnham and Anderson
2002). The model with the lowest AIC_ value is considered the
best model (Burnham and Anderson 2002). Overdispersion in
the data was addressed by calculating a median c-hat in MARK
(¢ = 1.30) for the fully parameterized (single-state) Cormack—
Jolly—Seber model and using that c-hat to adjust parameter
variances and infer model fit (based on the resulting QAIC)) in
subsequent multi-state analyses.

We categorized the forest into the following habitat types
that corresponded to multiple states in our analyses: edge ver-
sus interior, and grassy versus shrubby. Each forest trapping
site could be assigned to 1 of 4 categories (Fig. 1), which repre-
sented the state for an individual upon each capture. However,
we had to conduct 2 separate multi-state analyses, 1 involv-
ing edge versus interior states, and another with grassy ver-
sus shrubby states, as the sample size (number of individuals
caught) was not sufficient to use all 4 states in a single analysis.

Trapping sites located < 15 m from the edge of the prai-
rie and forest interface and the road and forest interface were
assigned to the edge state, whereas trap points located > 15 m
from these edges were assigned to the interior state (Fig. 1).
We chose 15 m as the cutoff point between edge and interior
habitat types because white-footed mouse densities have been
shown to change over 15-m intervals (Cummings and Vessey
1994; Wolf and Batzli 2002). Using this method, 33% of the
traps were assigned to the edge state and 67% were assigned to
the interior state (Fig. 1).

The ground cover of the forest consisted of a patchwork of
inland sea oats (Chasmanthium latifolium). Trapping sites for
which C. latifolium made up at least 65% of the surrounding
ground cover within 1 m? of the trap were assigned to the grassy
habitat state (Fig. 2). All other trapping sites were assigned to
the shrubby habitat state. The ground cover of shrubby sites
ranged from shrubs to forbs and included areas of relatively
bare ground, covered with woody leaf litter (Fig. 2). Plant
species diversity measured in the prairie portion of the Oxley
Nature Center showed that areas consisting exclusively of grass
had species diversity (as measured by the Shannon Index) that
was about one-half that of areas with more forbs and inva-
sive shrubs (C. R. Brown, pers. obs.). Using our classification
scheme, 50% of the traps were assigned to the grassy state and
50% were assigned to the shrubby state.

We conducted multi-state analyses following Lebreton and
Pradel (2002), in which the survival parameter is denoted S;

tat types.

recapture parameter, p; and habitat-transition (or movement)
parameter, W. For each parameter, the effect of time was held
constant, as captures were not numerous enough to model strict
time-dependence or even that based on broader categories such
as month only. We allowed parameters to be dependent on sex,
habitat type (habitat), average mass (mass), and hind foot length
(foot). We first determined the main factors affecting survival and
recapture and then modeled factors affecting habitat-transition
probability using our best-fitting survival and recapture parame-
terizations. As in most mark-recapture studies (e.g., Brown et al.
2016), we measured local apparent (relative) survival only, and
emigration out of the study area could not be distinguished from
mortality. Once the best-fitting transition parameterization was
determined, we retried different combinations of factors poten-
tially affecting survival while using our best-fitting recapture
and transition parameterizations (see Supplementary Data SD1
and SD2). We generally use the term “movement” in a statisti-
cal sense to describe transitions between habitat states (sensu
Lebreton and Pradel 2002).

Potential predictors of transition probability that we tested
included average mass and hind foot length. These were mod-
eled as continuous linear coefficients in MARK. Although
mass could vary across capture occasions, use of an average
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value is one way to handle continuously varying covariates that Survival and recapture.—The best-fitting model for each
are unknown on the occasions when an individual is present habitat analysis contained an effect of sex on daily survival
but not captured (Bonner and Schwarz 2006). We also mod- probability (Tables 1 and 2). Models that pooled the sexes or
eled average mass as a quadratic coefficient (mass?) because separated the habitat types had higher QAIC_ values, making
studies have shown that individuals toward either extreme of them poorer fits (e.g., models 12, 14, 15, 27, 28, 30 versus
the body-size spectrum may be at a disadvantage, especially models 1, 9, 24; Tables 1 and 2). Models including an effect of
in relation to survival (Blanckenhorn 2000; Covas et al. 2002). individual mass and foot length on survival had lower QAIC,
Interactions among linear covariates (mass * foot) were also scores than those that included 1 or none of these covariates
modeled. Correlated variables can negatively affect model (e.g., models 1, 17 versus models 6, 9, 10, 21, 24, 29; Tables
selection by individually producing similar fits to the data 1 and 2). The top models did not include mass squared (e.g.,
(Freckleton 2011). However, little colinearity between average models 4, 18 versus models 1, 17; Tables 1 and 2).
mass and hind foot length was detected (r*> = 0.129), so both Survival probabilities were estimated from the best-fitting
variables were used as independent predictors (Vergouw et al. model for each analysis. Females were more likely to survive than
2010). As estimated ages based on characteristics such as pel- males on a day-to-day basis (female S = SE = 0.994 + 0.002;
age color, body size, or reproductive condition are not always male S £ SE = 0.988 + 0.003 for both models). Mass had a
reliable (Kunz et al. 1996), age effects were not tested. positive effect on survival (§ + SE = 1.023 + 0.337 for the
edge-interior model; 3 + SE = 1.041 + 0.336 for the grassy-
shrubby model), whereas foot length had a negative effect
REsuLTs (B + SE = —0.502 + 0.243 for the edge-interior model;
A total of 325 captures of white-footed mice was made during B = SE = -0.504 + 0.244 for the grassy-shrubby model; Figs.
6,697 trap nights from March through December 2015. These 3A-D).
consisted of 75 white-footed mouse individuals (49 males, 26 For daily recapture probability, the best-fitting model for
females). Maximum distance moved between trapping sites for ~ each analysis contained an effect of sex, habitat type, and
30 males averaged (= SE) 52.2 (+ 4.7) m, ranging from 19.1 mass (Tables 1 and 2). Recapture probability was highest for
to 103.5 m. For 19 females, maximum distance averaged (+ intermediate-mass mice and lower for mice at either end of the
SE) 42.7 (+ 6.7) m, ranging from 18.5 to 114.2 m. Maximum distribution (A + SE = —0.583 + 0.244, 3 + SE =-1.12 £ 0.280
distance moved was unaffected by sex (F, ,, = 0.20, P = 0.20), for the edge-interior model; A + SE = —-0.527 + 0.189,
body mass (F ,, = 0.93, P = 0.34), or foot length (F ,, = 2.57, B+ SE =-0.972 + 0.223 for the grassy-shrubby model). Actual
P =0.12), varying significantly only with the number of times recapture probabilities showed that mice in interior and grassy
an individual was captured (F' ,, = 26.10, P < 0.0001, analysis habitats were more likely to be recaptured than mice in the edge
of covariance). Maximum distance increased as the total num- and shrubby habitats, and males were more likely to be recap-
ber of captures increased ( = SE = 3.550 + 0.695). tured than females on a day-to-day basis (p = SE for: female,

Table 1.—Representative multi-state models to assess the effect of sex, edge and interior forest habitat types (habitat), average mass (mass),
average mass squared (mass?), hind foot length (foot), and an average mass and hind foot length interaction (mass * foot) on daily survival (S)
and habitat-transition (W) probabilities in 75 white-footed mice (Peromyscus leucopus) individuals, captured at the Mary K. Oxley Nature Center,
Oklahoma, during 2015 (k = number of estimable parameters; = = Akaike model weight).

Model #  S:sex S:habitat S:mass S§:mass® S:foot W:sex W:habitat W:mass W:mass® W:foot W:mass*foot AQAIC, k [0

1 X X X X X X X 0.00 16 0.24
2 X X X X X X X X 1.08 17 0.14
3 X X X X X 1.34 14 0.12
4 X X X X X X X X 2.06 17 0.09
5 X X X X X X 2.20 15 0.08
6 X X X X X X 2.58 15 0.07
7 X X X X 4.38 12 0.03
8 X X X X X X 7.42 15 0.01
9 X X X X X 7.82 14 0.00
10 X X X X X X 9.79 15 0.00
11 X X X X 10.48 12 0.00
12 X X X X 10.85 14 0.00
13 X X X 11.39 11 0.00
14 X X X X X 95.59 12 0.00
15 X X X X X X 96.86 14 0.00
16 X X X X X X X X 11,620.38 14 0.00

aThe effect of time was held constant. Covariates included in each model are denoted with an “X”.
"All models have the following recapture (p) covariates: sex, habitat, mass, and mass.
‘w values do not sum to 1 because only a subset of the models evaluated are shown here.
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Table 2.—Representative multi-state models to assess the effect of sex, grassy and shrubby forest habitat types (habitat), average mass (mass),
average mass squared (mass?), hind foot length (foot), and an average mass and hind foot length interaction (mass * foot) on daily survival (S)
and habitat-transition (\V) probabilities in 75 white-footed mice (Peromyscus leucopus), captured at the Mary K. Oxley Nature Center, Oklahoma,
during 2015* (k = number of estimable parameters; w = Akaike model weight).

Model #  S:sex S:habitat S:mass S:mass® S:foot W:sex W:habitat W:mass W:mass> W:foot W:mass*foot AQAIC, k& [N

17 X X X X X X 0.00 14 037
18 X X X X X X X 2.07 15 0.13
19 X X X X X X X 2.19 15 0.12
20 X X X X X X X 2.20 15 0.12
21 X X X X X 2.69 13 0.10
22 X X X X X 4.55 13 0.04
23 X X X X 6.89 12 0.01
24 X X X X 8.46 12 0.01
25 X X X X 8.54 13 0.01
26 X X X X 8.61 14 0.00
27 X X X 9.75 11 0.00
28 X X X X 9.91 11 0.00
29 X X X X X 10.45 13 0.00
30 X X X X X 10.64 13 0.00
31 X X X 33.73 11 0.00
32 X X X X 39.56 14 0.00

“The effect of time was held constant. Covariates included in each model are denoted with an “X”.
"All models have the following recapture (p) covariates: sex, habitat, mass, and mass’.
‘w values do not sum to 1 because only a subset of the models evaluated are shown here.
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Fig 3.—Effect of average mass (A, C) and hind foot length (B, D) on the probability of daily survival of white-footed mice (Peromyscus leucopus)
captured at the Mary K. Oxley Nature Center, Oklahoma, during 2015, when comparing edge and interior habitat types (A, B) and grassy and
shrubby habitat types (C, D). In A and C, the effect of mass is plotted for the mean value of hind foot length; in B and D, the effect of hind foot
length is plotted for the mean value of mass. Solid lines represent the predicted probability of female or male daily survival, and dotted lines rep-
resent the 95% CIs. A and B are based on model 1 (Table 1), while C and D are based on model 17 (Table 2).
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edge = 0.125 £ 0.036; female, interior = 0.261 £ 0.056; male,
edge = 0.221 £ 0.031; male, interior = 0.969 + 0.037; female,
grassy = 0.502 £ 0.135; female, shrubby = 0.115 + 0.025; male,
grassy = 0.982 + 0.025; male, shrubby = 0.311 + 0.034).

Transitions between forest edge and interior—The best-
fitting edge-interior multi-state models all contained an effect
of habitat type and sex on daily habitat-transition probability
(Table 1), whereas models that pooled the sexes or the habitat
types had higher QAIC, values, making them poorer fits (e.g.,
models 7, 11, 13 versus model 3; Table 1). Those including an
effect of individual mass and foot length on transition revealed
lower QAIC, scores than models that included 1 or none of
these covariates (e.g., model 1 versus models 3, 5, 8; Table 1).
Models that included mass squared or an interaction between
average mass and hind foot length also were not well supported
(e.g., models 2, 16 versus model 1; Table 1).

Habitat-transition probabilities were estimated from the best-
fitting edge-interior model (Table 3). The data revealed that
transition was sex-biased, and that the probability of transition
from the interior to the edge was greater than that from edge to
the interior. Females were 11-26x more likely to remain in a
habitat type than they were to change habitats. In contrast, males
were only 1.5-7x more likely to remain in the same habitat type.
Males showed a greater probability of moving from the interior
to the edge habitat than from the edge to the interior, even though
interior habitat was twice as abundant (Fig. 1). Mass had a nega-
tive effect, and foot length a positive effect, on transition prob-
ability from edge to interior habitats (3 + SE = —0.559 + 0.274
and 0.434 + 0.215, respectively; Figs. 4A and 4C).

Transitions between grassy and shrubby habitats.—The
better-fitting grassy-shrubby multi-state models all contained
an effect of habitat type on daily transition probability but did
not contain an effect of sex (Table 2). Models that pooled the
habitat types or separated the sexes had higher QAIC_ values
(e.g., models 26, 31, 32 versus models 23; Table 2). Those that
included an effect of individual mass and foot length on transi-
tion often revealed lower QAIC, scores than those including 1
or none of these covariates (e.g., model 17 versus models 22,
25, 31; Table 2). The top model did not include mass squared or
an interaction between average mass and hind foot length (e.g.,
models 19, 20 versus model 17; Table 2).

Habitat-transition probabilities were estimated from the
best-fitting grassy-shrubby model (Table 3). Individuals were

9% more likely to stay within the shrubby habitat type than to
move from shrubby to grassy habitats even though the avail-
ability of these forest habitat types was equal (Fig. 1). In
contrast, individuals were slightly more likely to move from
grassy to shrubby habitat than to remain within the grassy habi-
tat type. Mass showed a negative effect on habitat transition
(B = SE =-0.828 + 0.264), whereas foot length showed a posi-
tive effect (f = SE = 0.468 + 0.181; Figs. 4B and 4D).

DiscussioN

Through multi-state modeling of mark-recapture data collected
over a 10-month period, we assessed the influence of habitat
type, sex, and body size on the daily survival and habitat-tran-
sition probabilities of white-footed mice in a relatively complex
forest habitat. Females were more likely to survive than males
on a day-to-day basis, while mass had a positive effect and
foot length a negative effect on daily survival. Sex and body
size affected the daily probability of an animal moving among
the forest edge and the interior. Females were more likely to
remain within a single habitat type than males, and mass had a
negative effect and foot length a positive effect on daily habitat-
transition probability. When a habitat transition did occur, it
was most likely to be from interior to edge habitat. Body size
appeared to affect daily transition probability among grassy
and shrubby habitats, with individuals most likely to remain at
the shrubby sites and leave the grassy habitat. Mass had a nega-
tive effect on daily transition between habitats, whereas foot
length had a positive effect.

Habitat effects.—Peromyscus leucopus is believed to prefer
structurally complex habitat (Myton 1974; Barry and Francq
1980; Kaufman et al. 1983; Barnum et al. 1992); thus, we
predicted that mice would be more likely to move to and stay
within edge and shrubby habitats than to move to and stay
within interior and grassy habitats. The results revealed a pat-
tern of habitat fidelity, with mice generally preferring to remain
within a single habitat type; however, when transitions between
habitats occurred, they were more likely in the direction of inte-
rior to edge and grassy to shrubby. Habitat fidelity can be ben-
eficial, especially during the dispersal stage of an individual’s
life. Opting to move into or through familiar habitat reduces
the costs (e.g., increased predation risk, delayed reproduc-
tion) associated with detecting or assessing suitable habitat

Table 3.—Sex-dependent habitat-transition probabilities and standard errors (+ SE)* for 75 white-footed mice (Peromyscus leucopus), captured
at the Mary K. Oxley Nature Center, Oklahoma, during 2015, dependent upon direction of transition between edge and interior or grassy and
shrubby forest habitat types. Movement probabilities were estimated from model 1 (Table 1) and model 17 (Table 2).

From To interior To edge To grassy To shrubby
Female, edge 0.037 +£0.023 0.963 +0.023

Female, interior 0.923 £ 0.044 0.077 £ 0.044

Male, edge 0.112 £ 0.022 0.888 +0.022

Male, interior 0.641 + 0.064 0.359 + 0.064

Both sexes®, grassy 0.477 £ 0.064 0.523 £ 0.064
Both sexes®, shrubby 0.098 +0.017 0.902 +0.017

For all values, the 95% CIs did not overlap zero.
"There was no significant sex effect on these transitions.
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Fig. 4.—Effect of average mass (A, C, E) and hind foot length (B, D, F) on probability of a transition from edge to interior habitat (A-D) and from
grassy to shrubby habitat (E, F) in white-footed mice (Peromyscus leucopus) captured at the Mary K. Oxley Nature Center, Oklahoma, during
2015. In A, C, and E, the effect of mass is plotted for the mean value of hind foot length; in B, D, and F, the effect of hind foot length is plotted
for the mean value of mass. For A-D, solid lines represent the predicted probability of a transition from interior to edge habitat or from edge to
interior habitat. For B and D, solid lines represent the predicted probability of moving from shrubby to grassy habitat or from grassy to shrubby
habitat. Dotted lines represent the 95% CIs. A-D are based on model 1 (Table 1), while E and F are based on model 17 (Table 2). There was no
sex effect on transitions among grassy and shrubby habitats (E, F).

(Davis and Stamps 2004; Clobert et al. 2012). Furthermore, The finding that white-footed mice lack a strong fidelity to
individuals can enhance their performance when they rely on grassy habitat is in line with previous studies of the species
habitat-specific foraging experience and predator recognition (Getz 1961; Kaufman et al. 1983; Barnum et al. 1992; Dooley
in familiar habitat (Griffin 2004; Stamps and Swaisgood 2007; and Bowers 1996). Mice may avoid grass as a strategy to reduce
Davis 2008). predation risk (Barnum et al. 1992), or they may simply prefer
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shrubby habitat and therefore are more likely to move away
from grassy areas. Grassy habitat might offer less food com-
pared to shrubby habitat, which contains more vertical habi-
tat structure and allows for greater species diversity of plants
(Wiens 1974; Edwards 1983) and greater availability of fruits,
seeds, and insects that are consumed by white-footed mice
(M’Closkey and Fieldwick 1975; Wolff et al. 1985; Anderson
et al. 2003; Meikle and Wilder 2005).

Our edge-interior movement results are interesting because
there has been debate over whether edge habitat is considered
higher quality for white-footed mice than interior habitat.
Forest edges often contain a greater density of understory veg-
etation, which white-footed mice have been shown to prefer
(Myton 1974; Dueser and Shugart 1978; Kaufman et al. 1983;
Drickamer 1990), compared to the interior forest (Cummings
and Vessey 1994; Anderson et al. 2003). The edge may also
have a higher abundance of food compared to the interior
(Wilder and Meikle 2005). Observed differences in reproduc-
tive fitness, with edge habitat containing females with more
litters, more juveniles per female, and a greater proportion of
reproducing females, further support the edge as a higher qual-
ity habitat (Dooley and Bowers 1996; Wolf and Batzli 2002;
Wilder and Meikle 2005, 2006). In at least one case, however,
maternal survival and reproductive success were greatest in the
forest interior (Morris 1991, 1996), potentially resulting from
increased parasitism, predation, and exposure to more extreme
winter temperatures at the edge (Wolf and Batzli 2001, 2004;
Wilder et al. 2005).

Sex effects.—Significant sex effects on daily habitat-transi-
tion probability were revealed in the edge-interior comparison
but not for the grassy-shrubby one. Females showed strong
habitat fidelity. The relationship for males was, however,
weaker, particularly when comparing the probability of going
from interior to edge habitats. Habitat fidelity for females
may be a reflection of their home-range size, which tends to
be smaller than for males and more dependent on resource
needs for reproduction (Hansen and Batzli 1978) or more spa-
tially focused around a nest site. Home-range size of males,
in contrast, appears mostly dependent on access to multiple
mates and the need to travel to find these mates (Kirkland and
Layne 1989). As the area of use decreases, we would expect
the likelihood of multiple habitat types within the home range
to also decrease. This correlation would be especially so for
edge and interior habitat types because their distribution is not
as patchy as the grassy and shrubby habitats, which exist as a
mosaic throughout the forest.

Furthermore, a female’s mean squared distance from the
center of its activity increased with distance from the edge,
potentially resulting from a reduction in food and nest sites
within the interior habitat (Klein and Cameron 2012). This sug-
gests that the edge is of higher quality than the interior, but if
so, why did we not see a female preference for the edge? One
possibility is that the edge may already be densely populated
with females holding small territories, preventing other females
from moving into the edge (Anderson et al. 2006). Little infor-
mation on the typical densities of females in these habitat types

exists to allow comparisons with our present data set (Anderson
et al. 2006; Klein and Cameron 2012).

While no difference in male use of habitat along an edge
to interior gradient has previously been reported (Klein and
Cameron 2012), the higher proportion of reproductive females
reported within edge habitat (e.g., Dooley and Bowers 1996;
Wolf and Batzli 2002; Wilder and Meikle 2005, 2006) suggests
that movement of males into edge habitats, as we found, may
be reproductively advantageous.

Body-size effects.—Smaller-bodied individuals are often
juveniles or behaviorally subordinate animals (Dewsbury 1979).
Both categories are considered most likely to disperse or move
when compared to adults and dominant individuals (Gaines and
McClenaghan 1980; Van Horne 1982). Our findings support an
increased likelihood of smaller-bodied individuals (i.e., those
of lower body mass) moving between habitats. Likely drivers
are density-dependent processes, where at high population den-
sities dominant (higher-mass) individuals occupy the highest
quality habitat and force subordinate individuals into habitat of
lower quality (Fretwell 1972). Multiple studies have suggested
that aggressive adult white-footed mouse force dispersal by
juveniles and subordinate animals and discourage their immi-
gration (Metzgar 1971; Hansen and Batzli 1978; Van Horne
1982; Halama and Dueser 1994).

We found that mice with larger feet, independent of body
mass, were more likely to make a habitat transition. This might
reflect larger-footed animals having increased running effi-
ciency associated with longer hind limbs, allowing for increased
stride length with reduced energetic costs of cycling the limbs
(Myers and Steudel 1985; Steudel 1990; Carrano 1999; Kelly
et al. 2006). More efficient locomotion efficiency could then
lead to the larger-footed animals simply being more active in
general, and thus for this reason might be more likely to be
caught in a different habitat. However, we found little evidence
that foot length (or mass or sex) affected the maximum distance
that individual white-footed mice moved between traps. This
would suggest that mice that changed habitats were not in fact
inherently more likely to be active (e.g., by virtue of greater
locomotion efficiency), and thus they were probably respond-
ing to other cues in moving to a different habitat. Why larger-
footed individuals would be more likely to move from grassy
to shrubby habitats, and from forest interior to edge, is unclear
at present.

Fitness consequences.—Dispersal is considered a risky strat-
egy (Clobert et al. 2012) that negatively affects survival (e.g.,
Metzgar 1967; Ambrose 1972; Yoder et al. 2004; Brown et al.
2008; Forrester et al. 2015), with the risk often attributed to
reduced foraging efficiency or decreased ability to detect or
avoid predators in unfamiliar areas. Our findings reveal a pat-
tern where females, heavier individuals, and individuals with
shorter feet have a higher probability of daily survival than
males, lighter individuals, and individuals with longer feet,
respectively. Interestingly, the phenotypic categories least
likely to survive were also the categories with the highest prob-
ability of transitioning between habitat types, suggesting that
movement to a different habitat is indeed risky for white-footed



HANNEBAUM ET AL.—SURVIVAL AND HABITAT TRANSITIONS IN MICE 9

mice. The survival costs associated with switching among
habitat types could be one reason why individuals of this spe-
cies seem to prefer particular habitats (Kaufman et al. 1983;
Barnum et al. 1992).

Although our sample size did not allow us to consider an
effect of date, such effects probably exist. Given the annual
population cycle of white-footed mice in which population
density peaks in the fall or winter and levels out in the spring
(Adler and Tamarin 1984), daily survival is probably reduced
in the winter and spring and increases in the summer and fall.
White-footed mice are known to nest communally in the win-
ter and establish individual home ranges in the spring with
the onset of the breeding season (Nicholson 1941). Such sea-
sonal shifts in home range could be reflected in habitat-transi-
tion probabilities, if, for example, the home range during the
breeding season encompasses greater habitat patchiness than
a home range during the nonbreeding season (or vice versa).
We encourage future studies to consider the spatial autocorrela-
tion of trap-habitat designations in order to separate transitions
related to spatial context and those related to actual behavioral
decisions of the individual.
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SUPPLEMENTARY DATA

Supplementary data are available at Journal of Mammalogy
online.

Supplementary Data SD1.—List of all multi-state models
used to assess the effect of sex, edge and interior forest habi-
tat types (habitat), average mass (mass), average mass squared
(mass?), hind foot length (foot), and an average mass and hind
foot length interaction (mass * foot) on daily survival (S),
recapture (p), and habitat-transition (W) probabilities in 75
white-footed mice (Peromyscus leucopus) captured at the Mary
K. Oxley Nature Center, Oklahoma, during 2015. The effect of
time was held constant. Covariates included in each model are
denoted with an “X”.

Supplementary Data SD2.—List of all multi-state mod-
els used to assess the effect of sex, grassy and shrubby for-
est habitat types (habitat), average mass (mass), average mass
squared (mass?), hind foot length (foot), and an average mass
and hind foot length interaction (mass * foot) on daily survival
(8), recapture (p), and habitat-transition (W) probabilities in 75
white-footed mice (Peromyscus leucopus) captured at the Mary
K. Oxley Nature Center, Oklahoma, during 2015. The effect of
time was held constant. Covariates included in each model are
denoted with an “X”.

LiTERATURE CITED

ADLER, G. H., anD R. H. TaAMARIN. 1984. Demography and reproduc-
tion in island and mainland white-footed mice (Peromyscus leuco-
pus) in southeastern Massachusetts. Canadian Journal of Zoology
62:58-64.

AKkAIKE, H. 1973. Information theory and an extension of the maxi-
mum likelihood principle. Pp. 267-281 in International sympo-
sium on information theory (B. N. Petran and F. Csaki, eds.). 2nd
ed. Akademiai Kiadi, Budapest, Hungary.

AwMmBRosE, H. W. 1972. Effect of habitat familiarity and toe-clipping
on rate of owl predation in Microtus pennsylvanicus. Journal of
Mammalogy 53:909-912.

ANDERSON, C. S., A. B. Capy, anp D. B. MEIKLE. 2003. Effects of veg-
etation and edge on the abundance and distribution of white-footed
mice (Peromyscus leucopus) in small and large forest patches.
Canadian Journal of Zoology 81:897-904.

ANDERSON, C. S., D. B. MEIKLE, A. B. Capy, AND R. L. SCHAEFER.
2006. Annual variation in habitat use by the white-footed mouse,
Peromyscus leucopus: the effects of forest patch size, edge
and surrounding vegetation type. Canadian Field-Naturalist
120:192-198.

Barnum, S. A., C. J. MANVILLE, J. R. TESTER, AND W. J. CARMEN. 1992.
Path selection by Peromyscus leucopus in the presence and absence
of vegetative cover. Journal of Mammalogy 73:797-801.

Barry, R. E., anp E. N. FrancQ. 1980. Orientation to landmarks
within the preferred habitat by Peromyscus leucopus. Journal of
Mammalogy 61:292-303.

BEerNER, D., aAND X. THIBERT-PLANTE. 2015. How mechanisms of
habitat preference evolve and promote divergence with gene flow.
Journal of Evolutionary Biology 28:1641-1655.

Bevanpa, M., E. A. FroNHOFER, M. HEURICH, J. MULLER, AND
B. REINEKING. 2015. Landscape configuration is a major determi-
nant of home range size variation. Ecosphere 6:1-12.

BranckeNHORN, W. U. 2000. The evolution of body size: what keeps
organisms small? The Quarterly Review of Biology 75:385-407.

BoONNER, S. J., aND C. J. ScHwaRz. 2006. An extension of the Cormack-
Jolly-Seber model for continuous covariates with application to
Microtus pennsylvanicus. Biometrics 62:142—-149.

Brown, C. R., M. B. BRown, anp K. R. BrazZEAL. 2008. Familiarity
with breeding habitat improves daily survival in colonial cliff swal-
lows. Animal Behaviour 76:1201-1210.

Brown, C. R., M. B. Brown, E. A. Rochg, V. A. O’BRrieN, anp C.
E. PaGk. 2016. Fluctuating survival selection explains variation in
avian group size. Proceedings of the National Academy of Sciences
113:5113-5118.

Brownig, C., J. E. Hings, J. D. Nicnors, K. H. PoLLuck, AND J.
B. HestBECK. 1993. Capture-recapture studies for multiple strata
including non-Markovian transitions. Biometrics 49:1173—-1187.

BurnHaM, K. P., AND D. R. ANDERSON. 2002. Model selection and mul-
timodel inference: a practical information-theoretic approach. 2nd
ed. Springer-Verlag, New York City, New York.

Cacnaccl, F, L. Borrang, R. A, PoweLL, anp M. S. Boyce. 2010.
Animal ecology meets GPS-based radiotelemetry: a perfect storm
of opportunities and challenges. Philosophical Transactions of the
Royal Society of London, B. Biological Sciences 365:2157-2162.

CarrANO, M. T. 1999. What, if anything, is cursor? Categories versus
continua for determining locomotor habit in mammals and dino-
saurs. Journal of Zoology (London) 247:29-42.

CLOBERT, J., M. BAGUETTE, T. G. BENTON, AND J. M. BuLLock. 2012.
Dispersal ecology and evolution. Oxford University Press, Oxford,
United Kingdom.



10 JOURNAL OF MAMMALOGY

CoocH, E. G., anp G. C. WHITE. 2016. Program MARK: a gentle
introduction. 16th ed. http://www.phidot.org/software/mark/docs/
book/. Accessed 28 July 2016.

Covas, R., C. R. BrRowN, M. D. ANDERSON, AND M. B. Brown.
2002. Stabilizing selection on body mass in the sociable weaver
Philetairus socius. Proceedings of the Royal Society of London,
B. Biological Sciences 269:1905-1909.

CumMINGS, J. R., aND S. H. VEssey. 1994. Agricultural influences on
movement patterns of white-footed mice (Peromyscus leucopus).
American Midland Naturalist 132:209-218.

Davis, J. M. 2008. Patterns of variation in the influence of natal
experience on habitat choice. The Quarterly Review of Biology
83:363-380.

Davis, J. M., anp J. A. Stamps. 2004. The effect of natal experience on
habitat preferences. Trends in Ecology & Evolution 19:411-416.
DELANEY, D. M., AND D. A. WARNER. 2016. Age- and sex-specific vari-
ations in microhabitat and macrohabitat use in a territorial lizard.

Behavioral Ecology and Sociobiology 70:981-991.

DEewsBuRry, D. A. 1979. Copulatory behavior of deer mice (Peromyscus
maniculatus): 1. A study of some factors regulating the fine
structure of behavior. Journal of Comparative and Physiological
Psychology 93:161-177.

DooLEy, J. L., AND M. A. Bowers. 1996. Influences of patch size and
microhabitat on the demography of two old-field rodents. Oikos
75:453-462.

DrickaMER, L. C. 1990. Microhabitat preferences of two species of
deermice Peromyscus in a northeastern United States deciduous
hardwood forest. Acta Theriologia 35:241-252.

Dugser, R. D., anp J. G. HaLLerT. 1980. Competition and habitat
selection in a forest-floor small mammal fauna. Oikos 35:293-297.

DuEser, R. D., anp H. H. SHuGArT. 1978. Microhabitats in a forest-
floor small mammal fauna. Ecology 59:89-98.

Epwarps, D. 1983. A broad-scale structural classification of vegeta-
tion for practical purposes. Bothalia 14:705-712.

FORRESTER, T. D., D. S. Casapy, AND H. U. WiTT™ER. 2015. Home sweet
home: fitness consequences of site familiarity in female black-
tailed deer. Behavioral Ecology and Sociobiology 69:603-612.

FRrReckLETON, R. P. 2011. Dealing with collinearity in behavioural and
ecological data: model averaging and the problems of measure-
ment error. Behavioral Ecology and Sociobiology 65:91-101.

FretweLL, S. D. 1972. Populations in seasonal environments.
Princeton University Press, Princeton, New Jersey.

Gainges, M. S., anp L. R. McCLENAGHAN. 1980. Dispersal in small
mammals. Annual Review of Ecology, Evolution, and Systematics
11:163-196.

GarsHELIS, D. L. 2000. Delusions in habitat evaluation: measuring
use, selection, and importance. Pp. 111-153 in Research tech-
niques in animal ecology: controversies and consequences (L.
Boitani and T. K. Fuller, eds.). Columbia University Press, New
York City, New York.

Getz, L. L. 1961. Notes on the local distribution of Peromyscus
leucopus and Zapus hudsonius. American Midland Naturalist
65:486-500.

GRrIFFIN, A. S. 2004. Social learning about predators: a review and
prospectus. Learning & Behavior 32:131-140.

Guerzow, D. D., anp E. W. Jupp. 1981. Postnatal growth and develop-
ment in a subtropical population of Peromyscus leucopus texanus.
Southwestern Naturalist 26:182—191.

Harama, K. J., anp R. D. Dueser. 1994. Of mice and habitats: tests
for density-dependent habitat selection. Oikos 69:107-114.

HanNEBAUM, S. L. 2016. The influence of landscape heterogeneity and
individual phenotype on the movement patterns, genetic diversity,
and genetic structure of the white-footed mouse. Ph.D. disserta-
tion, The University of Tulsa, Tulsa, Oklahoma.

Hansen, L., anD G. O. Barzri. 1978. The influence of food avail-
ability on the white-footed mouse: populations isolated woodlots.
Canadian Journal of Zoology 56:2530-2541.

HESTBECK, J., J. D. NicHoLS, AND R. A. MALEckI. 1991. Estimates of
movement and site fidelity using mark-resight data of wintering
Canada geese. Ecology 72:523-533.

HoLvoak, M., R. CasaGranpl, R. NaTHAN, E. REVILLA, AND
O. SpieceL. 2008. Trends and missing parts in the study of move-
ment ecology. Proceedings of the National Academy of Sciences
105:19060-19065.

HoocLanD, J. L., K. E. CanNoN, L. M. DEBARBIERI, AND T. G. MANNO.
2006. Selective predation on utah prairie dogs. The American
Naturalist 168:546-552.

Kaurman, D. W., S. K. PeTERSON, R. FrisTik, AND G. A. KAUFMAN.
1983. Effects of microhabitat features on habitat use by Peromyscus
leucopus. American Midland Naturalist 110:177-185.

KELLY, S. A., P. P. CzecH, J. T. WiGHT, K. M. BLANK, AND T. GARLAND,
Jr. 2006. Experimental evolution and phenotypic plasticity of
hindlimb bones in high-activity house mice. Journal of Morphology
267:360-374.

KirkLAND, G. L., anDp J. N. LAYNE. 1989. Advances in the study of
Peromyscus (Rodentia). Texas Tech University Press, Lubbock.
KLEIN, G. P, anD G. N. CamERON. 2012. Effect of habitat gradients on
space use by white-footed mice (Peromyscus leucopus). Journal of

Mammalogy 93:706-715.

Kronng, D. T., B. A. Dusss, anp R. Baccus. 1984. An analysis of
dispersal in an unmanipulated population of Peromyscus leucopus.
American Midland Naturalist 112:146-156.

Kunz, T. H.,, C. WEMMER, AND V. Havssen. 1996. Sex, age, and
reproductive condition of mammals. Pp. 279-290 in Measuring
and monitoring biological diversity, standard methods for mam-
mals (D. E. Wilson, F. Russell Cole, J. D. Nichols, R. Rudran, and
M. S. Foster, eds.). Smithsonian Institution Press, Washington,
D.C.

Lackey, J. A. 1978. Geographic variation in habitat use by the white-
footed mouse, Peromyscus leucopus. American Midland Naturalist
100:171-178.

LeBreTON, J. D., AND R. PrADEL. 2002. Multi-state recapture mod-
els: modeling incomplete individual histories. Journal of Applied
Statistics 29:353-369.

M’Croskey, R. T., anp B. FieLpwick. 1975. Ecological separa-
tion of sympatric rodents (Peromyscus and Microtus). Journal of
Mammalogy 56:119-129.

MEIKLE, S. M., aNnp D. B. WiLpeEr. 2005. Reproduction, foraging
and the negative density-area relationship of a generalist rodent.
Oecologia 144:391-398.

METZGAR, L. H. 1967. An experimental comparison of screech owl
predation on resident and transient white-footed mice (Peromyscus
leucopus). Journal of Mammalogy 48:387-391.

METzGAR, L. H. 1971. Behavioral population regulation in the
woodmouse, Peromyscus leucopus. American Midland Naturalist
86:434-448.

MILLAR, J. S., F. B. WILLE, aND S. L. IvErson. 1979. Breeding by
Peromyscus 1in seasonal environments. Canadian Journal of
Zoology 57:719-727.

Morris, D. W. 1991. Fitness and patch selection by white-footed
mice. American Naturalist 138:702-716.


http://www.phidot.org/software/mark/docs/book/
http://www.phidot.org/software/mark/docs/book/

HANNEBAUM ET AL.—SURVIVAL AND HABITAT TRANSITIONS IN MICE 11

Morris, D. W. 1996. Temporal and spatial dynamics among patches
connected by habitat selection. Oikos 75:207-219.

MyEers, M. J., aNnp K. STEUDEL. 1985. Effect of limb mass and its
distribution on the energetic cost of running. The Journal of
Experimental Biology 116:363-373.

MyToN, B. 1974. Utilization of space by Peromyscus leucopus and
other small mammals. Ecology 55:277-290.

NaTHAN, R., ET AL. 2008. A movement ecology paradigm for unify-
ing organismal movement research. Proceedings of the National
Academy of Sciences 105:19052-19059.

NicHoLsON, A. J. 1941. The homes and social habits of the wood-
mouse (Peromyscus leucopus noveboracensis) in Southern
Michigan. American Midland Naturalist 25:196-223.

Nurp, T. E., anp R. K. SwinarT. 2000. Landscape-level correlates
of small-mammal assemblages in forest fragments of farmland.
Journal of Mammalogy 81:512-526.

OO0STERHOORN, M., AND M. KappeLLE. 2000. Vegetation structure and
composition along an interior-edge-exterior gradient in a Costa Rican
montane cloud forest. Forest Ecology and Management 126:291-307.

PartersoN, T. A., L. THomas, C. WiLcox, O. OVASKAINEN, AND
J. MartHIOPOULOS. 2008. State-space models of individual animal
movement. Trends in Ecology and Evolution 23:87-94.

Piper, W. H. 2011. Making habitat selection more “familiar”: a review.
Behavioral Ecology and Sociobiology 65:1329-1351.

RicHArDsON, M. L. 2010. Effects of grassland succession on com-
munities of small mammals in Illinois, USA. Biologia 65:344-348.

Rocic, A., N. TessiEr, P. LEGENDRE, F. LAPOINTE, AND V. MILLIEN.
2013. Genetic structure of the white-footed mouse in the context of
the emergence of Lyme disease in southern Quebec. Ecology and
Evolution 3:1-14.

SEAGLE, S. W. 1985. Patterns of small mammal microhabitat uti-
lization in cedar glade and deciduous forest habitats. Journal of
Mammalogy 66:22-35.

Sikes, R. S., aND THE ANmMAL CARE AND USE COMMITTEE OF THE
AMERICAN SOCIETY OF MAMMALOGISTS. 2016. 2016 Guidelines of the
American Society of Mammalogists for the use of wild mammals
in research and education. Journal of Mammalogy 97:663-688.

Stawmps, J. A., aND R. R. Swaiscoop. 2007. Someplace like home:
experience, habitat selection and conservation biology. Applied
Animal Behaviour Science 102:392-409.

StEUDEL, K. 1990. The work and energetic cost of locomotion. I. The
effects of limb mass distribution in quadrupeds. The Journal of
Experimental Biology 154:273-285.

SuGiura, N. 1978. Further analysts of the data by Akaike’s infor-
mation criterion and the finite corrections. Communications in
Statistics — Theory and Methods 7:13-26.

VaN Horng, B. 1982. Niches of adult and juvenile deer mice
(Peromyscus maniculatus) in seral stages of coniferous forest.
Ecology 63:992-1003.

VErRGouw, D., ET AL. 2010. The search for stable prognostic models
in multiple imputed data sets. BioMed Central Medical Research
Methodology 10:81.

Wartg, G. C., anp K. P. BurnHam. 1999. Program MARK: sur-
vival estimation from populations of marked animals. Bird Study
46(suppl.):S120-S139.

WiENs, J. A. 1974. Habitat heterogeneity and avian community struc-
ture in North American grasslands. American Midland Naturalist
91:195-213.

WILDER, S. M., A. M. ABtaHI, AND D. B. MEIKLE. 2005. The effects
of forest fragmentation on densities of white-footed mice
(Peromyscus leucopus) during the winter. American Midland
Naturalist 153:71-79.

WIiLDER, S. M., anp D. B. MEekte. 2005. Reproduction, foraging
and the negative density-area relationship of a generalist rodent.
Oecologia 144:391-398.

WILDER, S. M., aNnp D. B. MEIKLE. 2006. Variation in effects of
fragmentation on the white-footed mouse (Peromyscus leu-
copus) during the breeding season. Journal of Mammalogy
87:117-123.

WoLr, M., anD G. BarzLi. 2001. Increased prevalence of bot
flies (Cuterebra fontinella) on white-footed mice (Peromyscus
leucopus) near forest edges. Canadian Journal of Zoology
79:106-109.

WoLr, M., anp G. Barzii. 2002. Effects of forest edge on popula-
tions of white-footed mice Peromyscus leucopus. Ecography
25:193-199.

WoLF, M., anD G. Barzui. 2004. Forest edge — high or low quality
habitat for white-footed mice (Peromyscus leucopus). Ecology
85:756-769.

Worrr, J. O., R. D. Dugser, aND K. S. Barry. 1985. Food habits of
sympatric Peromyscus leucopus and Peromyscus maniculatus.
Journal of Mammalogy 66:795-798.

WoLrr, J. O., anp K. I. Lunpy. 1985. Intra-familiar dispersion pat-
terns in white-footed mice, Peromyscus leucopus. Behavioral
Ecology and Sociobiology 17:381-384.

YODER, J. M., E. A. MARsCHALL, AND D. A. Swanson. 2004. The cost
of dispersal: predation as a function of movement and site familiar-
ity in ruffed grouse. Behavioral Ecology 15:469-476.

Submitted 11 April 2017. Accepted 17 July 2017.

Associate Editor was Loren Hayes.


https://www.researchgate.net/publication/321106446

