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of memory, however, remains difficult.
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Background To navigate, animals balance nearby perceptual cues, random search, and memory. Isolating the role

Methods Here, we use a mechanistic movement model to do so, simulating animals responding solely to local per-
ceptual cues (i.e, lacking memory) and comparing their paths with actual routes taken. By comparing route efficiency,
we evaluate whether actual routes incorporate knowledge beyond the perceptual range (i.e, spatial memory).
Results We show that wolverines (Gulo gulo) employ spatial memory to plan routes through a rugged, mountainous
landscape. Furthermore, we find that wolverines most commonly plan routes to destinations 5.3-9.8 km ahead. We
estimate that route-planning saves wolverines, on average, 19.3 kcal per 135 min of movement.

Conclusions Our findings provide a template for evaluating how free-living animals recall the world beyond their
perceptual range, offer a window into the cognitive mechanics underpinning navigation for this species, and support
adding wolverines to the primate-dominated list of species with complex spatial memory.

Keywords Carnivore, Circuitscape, Cognitive map, Energy landscape, Glacier National Park, Gulo gulo, Movement

Background

To navigate heterogenous landscapes, animals bal-
ance perceptual cues, random search, and memory of
resources beyond their perceptual range [1]. Of these, the
roles of perceptual cues and random search have received
considerable attention, whereas attributing movement to
memory remains analytically challenging [1, 2]. Nonethe-
less, evidence is accumulating to support memory as an
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important driver of movement decisions across a variety
of free-living taxa. For instance, a growing body of litera-
ture supports memory’s role in shaping and maintain-
ing long-distance ungulate migration [3-5] and within
home-range movements of non-human primates [6, 7].
Evidence for spatial memory among free-living animals
typically stems from evaluating revisitation dynamics to
valuable sites or resource patches [8—11]. For instance,
wolf (Canis lupus) revisitation to resource patches may
be influenced by knowledge of recent prey availability [8,
10], and feral hogs (Sus scrofa) are more likely to select
recently visited habitat patches promoting foraging and/
or reducing thermal exposure [9]. Focusing on such high-
value sites is intuitive given their clear fitness benefits,
such as increased food acquisition and reduced mortal-
ity risk. This approach, however, leaves unaddressed the
possibility that animals recall and incorporate a broader
range of landscape attributes into movement decisions,
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including energetic costs of competing possible routes to
distant destinations.

Animals contending with a spatially variable energy
landscape generally make movement decisions that
reduce energy expenditure [12-15]. Such movement
responses are typically evaluated using, and therefore
constrained to, a traditional step selection analysis (SSA)
framework, wherein energy expenditure is incorporated
at the level of steps (i.e., segments connecting consecu-
tive animal locations [16]). Most responses are therefore
observed at short temporal grains, likely correspond-
ing with animals’ perceptual distance (e.g., [13]). For
instance, African lions avoid steeper slopes at 5—15-min
step intervals, but show no avoidance at longer (> 1 h)
intervals [13]. Selection for energetically efficient move-
ment paths beyond the perceptual range (i.e., incorporat-
ing spatial memory of the energy landscape), however,
remains largely unaddressed.

Animals with knowledge of their distant environ-
ment (i.e., beyond perceptual range) may plan routes
that reduce energy expenditure by incorporating knowl-
edge of out-of-sight landscape features such as moun-
tain passes, corridors of un-obstructive vegetation, or
updrafts. Such route-planning behavior has been shown
in chimpanzees (Pan troglodytes), which follow least cost
paths to out-of-sight goals [6]. Since goal orientation is
implicit in such behavior, the time/distance scale of effi-
cient routes likely reflects the cognitive process by which
animals select destinations, which in turn may be influ-
enced by the spatial distribution of resources or cogni-
tive capacity. For instance, animals inhabiting landscapes
with abundant food resources may select closer destina-
tions, and therefore plan shorter routes, than those con-
tending with sparser resources.

The wolverine (Gulo gulo) is a territorial mesocarni-
vore occupying montane, boreal, and Arctic regions of
the Northern Hemisphere [17]. In winter, the species pri-
marily obtains food from ungulate carcasses left by other
predators [18, 19], parts of which they cache for later use
[20]. Such carcasses are typically sparsely distributed
and, possibly because of this sparsity, wolverines main-
tain large territories (up to 1500 km? in montane regions;
[18]). In mountains, wolverines avoid steep slopes and
prefer valley bottoms [21], likely driven at least in part by
movement energetics. This preference notwithstand-
ing, collared wolverines are observed summiting moun-
tain peaks and crossing high ridges [22], suggesting that
movement decisions may sometimes reflect cumulative
energy expenditure along distant (unperceived) paths
rather than solely immediate (perceived) energetic costs.

Here, we use a mechanistic movement simulator and
high-frequency movement data from free-living wolver-
ines in a mountainous landscape to test the hypothesis
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that these animals use spatial memory to plan energeti-
cally efficient routes through unseen terrain. We use the
term “unseen” to refer to landscape features or regions
that cannot be perceived by the animal from its current
location. We predict that wolverines follow lower-resist-
ance (i.e., more efficient) routes compared with simulated
wolverines responding solely to local perceptual cues (i.e.,
lacking memory), and that such route-planning occurs at
a relatively long time/distance horizon, given the species’
general reliance on sparse prey resources [18, 23].

Methods

Overview

To evaluate the role of spatial memory in wolverine
movement, we compared observed movement routes to
simulated “local-knowledge” (SLK) routes for the same
starting and ending locations. We created SLK routes
using a mechanistic movement simulator lacking spatial
memory, parameterized from observed wolverine move-
ment data using an integrated step selection analysis
(iSSA) approach. SLK routes therefore represent wol-
verine movement solely in response to local perceptual
cues, i.e., lacking spatial memory. We then compared
landscape resistance along observed versus SLK routes
to evaluate whether actual wolverine routes were more
efficient than SLK routes, indicating use of spatial knowl-
edge beyond perceptual range. We detail these methods
below.

Study system

We collected 26,473 locations from five subadult (1-2
years) and adult (> 2 years) wolverines (1F, 4 M) in
Glacier National Park (Montana, USA) between 26
March—-15 April 2005, 8 January—23 March 2006, and 18
January—12 March 2007. Glacier National Park encom-
passes approximately 4,000 km? of mountainous terrain,
with elevations ranging from 960 to 3,190 m. Coniferous
forest dominates lower and mid elevations, transitioning
to alpine tundra, meadow, and barren ground at higher
elevations. The park is bisected by a single road, which is
snow-covered and closed during winter when these data
were collected.

We captured wolverines in baited log-box traps, anes-
thetized them using Medetomidine and Ketamine, and
fitted them with GPS3300SL Lotek GPS collars (200 g;
Lotek Wireless, Inc., Newmarket, Ontario, Canada). We
programmed collars to record fixes every five minutes
and used this fix rate for all analysis. Capture and han-
dling procedures were reviewed and approved by the
University of Montana Institutional Animal Care and Use
Committee.
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Processing and analyzing wolverine movement data

To remove erroneous fixes, we screened data following
[24]. Given our focus on movement, we excluded clusters
(i.e., sequences of locations separated by less than 75 m)
over 20 min in duration, which we expected to generally
be associated with food items and/or resting. This yielded
only paths connecting clusters, within which short (< 20
min) periods of stationary behavior could occur, which
we assumed were too brief to be the object of goal-ori-
ented movement.

To generate observed movement routes for analysis,
we further segmented these paths, which could be of any
duration, into set-duration “routes,” ranging from 30 to
225 min at 15 min intervals (Fig. 1). Evaluating routes
across this range of durations allowed us to test our pre-
diction that route-planning occurs at longer rather than
shorter time/distance horizons. We excluded routes in
which (i) displacement (i.e., straight-line distance from
start to end) was <200 m, (ii) fewer than 80% of possi-
ble steps had been recorded as successful GPS fixes, (iii)
route length (i.e., sum of step lengths) was >2X displace-
ment, indicating non-directed movement, and (iv) the
route end was visible from the route start, which we
determined using the viewshed function in the R package
terra [25, 26]. These routes did not overlap temporally
(i.e., a route only began after the previous had ended),
and we evaluated all possible temporal shifts to maximize
the number of routes per duration. For instance, for 30
min duration routes, we calculated the number of routes
yielded when routes started 0, 5, 10, 15, 20, and 25 min
past the hour, and used the shift that yielded the most
routes. This process yielded 14 route sets (i.e., one for
each duration between 30 and 225 min) across the five
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study animals, with sample sizes ranging from 648 routes
at the 30 min duration to 35 routes at the 225 min dura-
tion (Fig. 1, Table S1).

In addition to set-duration routes, we expected that
wolverines might exhibit route-planning behavior toward
known destinations regardless of duration. To evaluate
this, we extracted wolverine paths between subsequent
clusters, with the end cluster having been visited pre-
viously by the same animal while wearing a collar. This
yielded an additional set of 29 routes, ranging from 75 to
535 min in duration (median =245 min) and 6.3 to 31.7
km in length (median =13.8 km).

To characterize the influence of local perceptual cues
on wolverine movement, we fit a step selection function
(SSF [16]) to all data in the 30 min route set (i.e., the most
inclusive set of directed movement data). We matched
each observed step with five “available” steps, generated
using random draws from gamma and Von Mises dis-
tributions fit to the step lengths and turning angles of
the observed steps, respectively. We included a range of
covariates shown to influence wolverine movement else-
where, or that we expected might influence movement
here. Specifically, we evaluated wolverine response to ele-
vation, slope angle, a binary variable indicating whether
the location fell on a ridge (hereafter “ridge”), modeled
energy expenditure of the step (hereafter “energy”), dis-
tance to streams/rivers, and the land cover classes for-
est, shrub, grassland, barren, and road (covariate details
in Appendix S1). Land cover classes were represented
as separate binary variables for each class (e.g., forest/
not forest), which allowed us to evaluate whether each
class should be retained in the model separately, and to
evaluate scale-specific selection for each class separately

Fig. 1 Example 30-min (a) and 135-min (b) routes for a male wolverine in Glacier National Park, USA and Waterton Lakes Provincial Park, CA.
Routes are differentiated by color; black paths indicate movement data shorter than the route duration and open circles indicate data excluded
from the analysis
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(described below). We fit models in the R package amt
[27].

To determine the scale at which wolverines selected
land cover classes, slope, and elevation, we calculated the
majority landcover class and the mean slope and eleva-
tion within 30 to 990 m radii at 120 m increments. We
then fit univariate models for each covariate-scale com-
bination and used Akaike’s Information Criterion (AIC)
to determine which scale to retain for further analysis.
Representing each land cover class at its appropriate spa-
tial scale helped avoid collinearity among classes, since,
if included at the same scale, each binary variable could
be represented as one minus the sum of the other catego-
ries. We verified that such collinearity was not an issue
using Pearson’s correlation coefficient between each
binary class and one minus the sum of the other classes
at the selected scales. We included slope, elevation, and
distance to stream/river as quadratic terms, and approxi-
mated each step’s energy expenditure in Joules as

E= {8m0‘66 + 501 + sin (20 — 74)]m0'88}d (1)

where d is the distance traveled in meters, © is the slope
of the step in degrees, and m is the body mass of the ani-
mal in kilograms [28, 29], which we assigned as 11 kg
for all study animals (i.e., the mean weight during cap-
ture across individuals). This model of energetic cost
was derived from empirical data across a variety of taxa,
informed by muscle physiology mechanics [29]. We con-
firmed <0.6 Pearson’s correlation coefficient between any
two SSF covariates.

We evaluated AIC for SSFs containing all combina-
tions of these covariates and chose the best model as
that with the lowest AIC (Table S2). We also retained
the best model excluding energy for later use when
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evaluating movement efficiency ("Evaluating whether
wolverine routes incorporate spatial memory" section).
To reduce bias of parameter estimates, we included the
step length, natural log of step length, and cosine of the
turning angle as covariates in all candidate models [30].
This process therefore yielded a fitted SSF describing how
wolverines respond to local (i.e., traversable in 5 min)
perceptual cues. We used this model to generate a static
habitat kernel by multiplying the selection coefficients by
their respective environmental rasters (excluding energy,
since rasterization depends on an animal’s current loca-
tion) and summing the products [31]. This habitat kernel
is therefore a rasterized map with pixel values reflecting
probability of use by wolverines, disregarding any influ-
ence of movement or energy [31].

Generating local-knowledge routes using mechanistic
movement simulation

To simulate routes driven solely by perceptual (i.e., local)
cues, we used the fitted SSF to parameterize a mechanis-
tic movement simulator, closely following the methods
of [32, 33]. The simulator incorporated the SSF-derived
habitat kernel, energetic cost of movement, and move-
ment parameters (e.g., step length, turning angle), and
we used it to simulate 100 routes from the start to the
end locations of each actual route (Fig. 2). To ensure that
routes reached the end, we also incorporated a distribu-
tion of “deviation angles,” parameterized from the empir-
ical data, reflecting the tendency of wolverines to move
toward the end location. In this way, simulated routes
are intended to account for all non-memory drivers of
wolverine movement in this landscape. Metrics compar-
ing the distance and number of steps of simulated versus
observed routes are in Table S3. We detail the simulator
in Appendix S2.

Fig. 2 Example 135 min routes of a GPS-collared wolverine (blue) and simulated local-knowledge wolverines (red), overlaid on a topographic map
(a), energy-based Circuitscape output (b), and resource-based Circuitscape output (c) connecting the route start and end locations. In b and ¢,

lighter colors represent areas of higher current (i.e, lower resistance)
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Evaluating whether wolverine routes incorporate spatial
memory

To evaluate whether wolverines incorporated knowl-
edge beyond their perceptual range into movement deci-
sions, we compared (1) total modeled energy expenditure
and (2) efficiency of actual versus SLK routes. To deter-
mine total energy expenditure, we calculated the energy
expenditure for each step using Eq. 1 and summed
across steps within each route. To determine efficiency,
we relied on Circuitscape (version 5.0.0, run in Julia ver-
sion 1.8.5 [34]). Circuitscape treats landscape pixels as
resistors, and identifies where current flows across the
landscape, preferentially following areas of low resist-
ance [34]. Cumulative flow of current can be summed
for each pixel, such that sums reflect relative use by
an animal avoiding high-resistance areas while mov-
ing between two nodes [34]. In this way, the cumula-
tive flow maps produced by Circuitscape can be used
to compare the efficiency of multiple alternative paths
between two locations, with more efficient paths mov-
ing through pixels with higher cumulative flow. A route’s
Circuitscape-derived energetic efficiency is therefore
inversely correlated with its total energy expenditure, and
we evaluated both to make our results comparable with
previous studies using similar definitions of efficiency
(e.g., [35]), while also ensuring that any observed patterns
were consistent across these similar but distinct metrics.
We assumed that exploiting more efficient and less ener-
getically costly routes through unseen terrain than SLK
routes reflected spatial memory of that terrain.

We defined and evaluated efficiency in two ways. First,
we generated a rasterized energy landscape for the study
area following [28]. This relies on Eq. 1, wherein a transi-
tion matrix is calculated representing the energetic cost
of moving between any two neighboring cells, and all
incoming values for each cell are averaged for rasteriza-
tion. Applying Circuitscape through this raster identifies
the relative energetic efficiency of each landscape pixel,
such that cumulatively using higher current values indi-
cates a more efficient route (Fig. 2b).

Second, we applied Circuitscape through the inverse of
the exponentiated habitat kernel generated from the best
SSF that excluded energy as a covariate ("Processing and
analyzing wolverine movement data" section; Fig. 2c).
We used this definition of efficiency to evaluate whether
wolverines incorporate other landscape attributes, such
as the spatial distribution of food resources and the park
road, into planning routes. We term this definition of
efficiency “resource efficiency;” reflecting the diversity of
possible landscape drivers it represents.

We applied Circuitscape through each of these ras-
ters separately for each route, with the route start and
end as input locations (Fig. 2). We then extracted the
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Circuitscape current values associated with each wolver-
ine location (simulated and real) and calculated median
values for each route. We excluded route start and ends
because these always had current values of 1 and inflated
median values of shorter routes. We used median values
rather than sums because simulated and real routes often
contained different numbers of steps.

To compare observed and simulated routes, we used
paired Wilcoxon signed-rank tests to account for non-
normality in our data [36]. We used these tests to eval-
uate whether each of the response variables (resource
efficiency, energy efficiency, and total energy expendi-
ture) varied by path type (SLK versus observed) within
each set of routes (i.e., the 30 min route set, 45 min
route set, etc., including the route set to known desti-
nations). Since paired Wilcoxon tests allow only one
observation per sample pair, we ran each test 100 times
for each route set, randomly drawing a new paired SLK
route for each observed route during each iteration. We
extracted estimates of the difference of medians between
the two groups, along with associated 95% confidence
intervals, and considered observed routes different from
SLK routes if the median 95% C.I. for a given route set
did not overlap zero. These models therefore address the
question: are actual wolverine routes more efficient than
available/simulated routes? We standardized (i.e., sub-
tracted mean and divided by standard deviation) predic-
tor values before fitting models to compare effect sizes
across models.

Finally, we calculated Pearson’s correlation coefficient
between median efficiency scores for resource- and
energy-based definitions of efficiency to evaluate the
extent to which each represented different landscape
drivers.

Quantifying energetic savings conferred by route-planning
behavior

To quantify energy savings, we chose a route set at which
wolverines consistently selected energetically efficient
routes and calculated the median difference between the
modeled energy cost incurred by the wolverine and the
modeled energy cost incurred by simulated wolverines
for that route. To calculate energy cost, we summed the
result of Eq. 1 across all steps in each route.

Results

Local-knowledge step selection function results

The top SSF included slope, elevation, ridge, energy,
streams/rivers, and the land cover classes shrub, grass,
and road. Wolverines selected slope, elevation, and road
at the 30 m pixel resolution but showed the strongest
response to shrub and grass landcover classes when sum-
marized within 150 m of the animal’s location. Holding
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all other variables constant, wolverines were 1.44 times
more likely to choose pixels that were ridges than not
ridges, 1.16 times more likely to select pixels coded
shrubby than not shrubby, 1.49 times less likely to select
pixels coded grassy than not grassy, and 4.09 times more
likely to select pixels on the snow-covered and closed
park road than pixels not on the road. In addition, wol-
verines were 1.06 times more likely to take a step if it
required 1 kcal less energy. Relative selection strength
(RSS [37]) for elevation increased across the gradient
available to study animals (Figure S1), whereas wolver-
ines preferred intermediate slopes (Figure S2) and areas
closer to streams (Figure S3).

Comparing observed versus local-knowledge routes

Wolverines exploited more resource-efficient routes
than SLK routes when navigating to destinations rang-
ing from 30 to 180 min ahead and exploited more ener-
getically efficient routes when navigating to destinations
30-150 min ahead (Fig. 3). Observed routes had lower
total energy expenditure across all route durations we

Route distance (km)

30 60 90 120 150 180 210

4) Energy efficiency + Resource efficiency

+ Total energy expenditure

=}
»

|
5
-
——
——
——
—
—e—
—_——
—_—

Difference between observed and
SLK routes (standardized)
o
1
i
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1

30 60 9 120 150 180 210
Route duration (minutes)

Fig. 3 Median distance traveled (top; confidence band shows 95%
interquantile range) and median difference in energy efficiency,
resource efficiency, and total energy expenditure between observed
and simulated local knowledge (SLK) routes by route duration
(bottom). Differences were evaluated using a paired Wilcoxon
signed-rank test and data were standardized prior to analysis
to facilitate effect size comparison across route durations. Larger
absolute differences are consistent with a stronger reliance on spatial
memory to plan efficient routes
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evaluated (30-225 min). Pearson’s correlation coeffi-
cients between resource-efficiency and energy-efficiency
of routes were high, ranging from 0.79 at the 195 min
duration to 0.98 at the 30 min duration.

Median estimated differences between observed and
SLK routes were highest for energy efficiency at the
105-150 min time horizon, for resource efficiency at
the 105-195 min horizon, and for total energy expendi-
ture at the 120—195 min horizon (Fig. 3; Table S4). These
time horizons correspond to roughly 5.3—9.8 km traveled
(Fig. 3; Table S3). For 135 min routes, falling within the
peak time horizon for energetic efficiency, mean mod-
eled energy savings of actual routes over SLK routes was
19.3 kcal (Table 1, Fig. 4). At this route duration, all study

Table 1 Modeled energy saved using spatial memory of unseen
terrain at the 135 min route duration compared with SLK routes

Individual Median (kcal) 95% interquantile Number
range of routes

M1 28.0 —56.5-152.1 54

M3 17.2 —346-936 15

M23 109 -2.1-57.2 6

M19 15.0 - 14.1-596 3

F4 474 5-89.8 2

Population 19.3 —-39.1-1413 80

Negative values indicate instances in which SLK routes used less energy than
observed routes

400

3001

200+

Energy (kcal)

1004

Memor);—based
(taken)

Fig. 4 Locomotion-associated energy required to traverse 135 min

memory-informed routes used by wolverines (right), compared

with median energy required to traverse simulated local-knowledge

routes connecting the same start and end locations (left). Median

energy savings is 19.3 kcal

Local—knlowledge
(simulated)
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animals saved energy over matched SLK routes, and
median energy savings ranged between 10.9 and 47.4 kcal
across individuals (Table 1).

Routes to previously-visited destinations had lower
total energy expenditure than their SLK counterparts
(median estimated difference from Wilcoxon signed
rank tests performed on the standardized dataset =-—
0.30, median 95% confidence interval: — 0.58 to — 0.02).
We found no difference, however, in either resource
efficiency (median estimated difference from Wilcoxon
signed rank tests =0.09, median 95% confidence inter-
val: — 0.22-0.35) or energy efficiency (median estimated
difference from Wilcoxon signed rank tests =— 0.01,
median 95%

confidence interval: — 0.35-0.27) for these routes.

Discussion

We provide evidence that wolverines incorporate spatial
memory of their unseen surroundings into route-plan-
ning decisions. Doing so enables them to plan efficient
routes through distant rugged terrain, saving on aver-
age 19.3 kcal (roughly the equivalent of one third of a
vole [Microtus spp.; [38]) per 135 min of movement. In
addition, we identify 5.3—9.8 km as the predominant dis-
tance horizon at which wolverines plan such routes (i.e.,
the median distances traveled in 105-195 min), although
route-planning was evident for destinations up to 10.7
km ahead (i.e., the median distance traveled in 225 min).
We were able to arrive at these findings by isolating the
drivers of movement attributable to local (i.e., perceived)
cues, simulating movement solely in response to such
cues, and evaluating whether paths actually taken were
more efficient. We found broad support that actual wol-
verine paths were more efficient than those relying on
local cues alone, consistent with the use of spatial mem-
ory of unseen surroundings.

Total energy expenditure generally exhibited larger
differences between observed and SLK routes than did
either Circuitscape-derived efficiency metric, while
both efficiency metrics exhibited larger variation across
route durations. This is demonstrated in Fig. 3 and in
the finding that observed routes to known destinations
were less energetically costly than their SLK counter-
parts but did not differ in either efficiency metric. We
suspect that these differences derive from nuances
in what each metric represents; the ability of Cir-
cuitscape current values to detect differences between
routes generally relies upon a path following one or
two high-current corridors, whereas comparing total
energy expenditure does not. The finding that total
energy expenditure was lower across all evaluated route
durations (30-225 min) suggests that wolverines may
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incorporate spatial memory into route-planning at all
durations, but the uniform pattern in elevated selection
at 105-195 min durations across all metrics indicates
that route-planning behavior is strongest at that time
horizon.

Evaluating memory and learning in free-living ani-
mals is notoriously challenging, since infallible evidence
requires perfect knowledge of an individual’s past experi-
ence and potentially confounding cues [1, 2]. We suggest
that accounting for local perceptual drivers of movement
and thereby isolating the role of knowledge beyond the
perceptual range is one method to circumvent some,
though not all, such complications. We are unable to
exclude, for example, the possibility that wolverines fol-
low sequential landmarks (e.g., scent marks, terrain
features) along established routes, rather than flexibly
incorporating spatial memory at every movement deci-
sion [39]. For such routes to follow efficient corridors,
however, would require spatial memory during their
creation. Applying our method to individuals traversing
novel terrain (such as dispersing subadults) would further
exclude confounding explanations, since they would be
expected to not move more efficiently than SLK routes.

Encoding and retrieving memories requires energy, so
it is expected that memory processes conferring net fit-
ness benefits (e.g., gaining more energy than is spent, or
avoiding a previously encountered predator’s den [1]) are
favored through natural selection. Evaluating the balance
of memory’s benefits and costs, however, is challenging.
By comparing the energetic cost of movement with and
without spatial memory, our method offers an approach
for quantifying one potentially adaptive function of spa-
tial memory: energetic savings associated with remem-
bering the surrounding unseen energy landscape. This
provides a transferrable method for incorporating such
benefits into empirical movement models, as well as a
metric for comparative studies of memory across taxa or
populations inhabiting different energy landscapes [40].
Since our approach relies on a unified theory of locomo-
tion derived from other taxa, it could be extended using
biologgers (e.g., tri-axial accelerometers) and respirom-
etry to validate cost of locomotion [41]. Additional work
addressing the influence of landscape features beyond
slope angle (e.g., substrate hardness, fine-scale rough-
ness, vegetative cover) on locomotion costs would help
further resolve the energy savings of spatial memory [42].

To our knowledge, no previous study has evaluated
the time/distance horizon on which animals plan travel
routes. Such horizons could provide a novel metric
for selecting taxon-specific, cognitively-informed step
intervals for step selection analyses, a perennial prob-
lem in such studies [16]. We expect that this horizon is
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influenced by cognitive capacity and/or the spatial distri-
bution of resources; comparing horizons across popula-
tions encountering a gradient of resource density (e.g.,
prey abundance) may help disentangle the relative influ-
ence of each.

The time/distance horizon we identified (5.3—9.8 km)
falls comfortably within typical territory sizes for this
population (496 km? for males and 141 km? for females;
[22]) and is under half of the mean daily travel distance
of roughly 20 km (]. Copeland, unpublished data). This
horizon is also consistent with our expectations for a
species relying on sparse ungulate carrion at this time of
year; median pairwise distance between carrion-contain-
ing sites visited by collared wolverines between January
and March 2006 was 10.6 km (J. Copeland, unpublished
data). This figure reflects sites accessed by researchers
the following summer, however, which likely biases this
estimate high (i.e., since not all sites were visited, and
some sites may have lost evidence of carrion in the inter-
vening months).

Our findings fit well with the Ecological Intelligence
Hypothesis, which posits that environment acts as a
selective pressure governing cognition [43]. Increased
diversity and patchiness of food resources, for exam-
ple, have been hypothesized as selective forces for more
advanced spatial cognition [44], as has food caching
behavior [45]. As generalist scavengers relying on cach-
ing to fuel lactation, wolverines fit these criteria [46]. Our
study suggests that wolverines remember both energetic
and resource-based landscape attributes when plan-
ning routes, although the collinearity of the two suggests
that landscape attributes representing energetic costs
(e.g., slope) may have obscured those representing food
resources (e.g., landcover type) in our SSF models. None-
theless, our study provides evidence echoing [6] that
diverse facets of landscape variability, such as topography
and resulting energetic costs, likely join food resource
distribution in driving selection for spatial memory.

We emphasize that our findings derive from five indi-
viduals, four of whom were male, during winter only. As
such, we see these results more as an intriguing spring-
board for future research than a conclusive investigation
of the topic. These restrictions highlight ripe avenues for
such future research, including differences across seasons
and sexes in how spatial memory influences movement,
as may be expected based on reproductive status and
food availability. These limitations notwithstanding, we
believe that this analysis offers a rare look into the cog-
nitive mechanics underpinning navigation in free-living
animals.
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Conclusions

We provide evidence that a solitary wide-ranging car-
nivore, the wolverine, uses spatial memory of its home
range to plan and follow energetically efficient routes to
unseen destinations. In doing so, we demonstrate the
utility of mechanistic movement modeling for isolat-
ing memory- versus perceptual-cue-driven movement.
This approach fits well into the SSF-based framework
for analyzing animal movement and can be readily
adapted for any animal with high-frequency relocation
data. In addition, we introduce a quantitative metric
for evaluating the scale at which animals exhibit spa-
tial memory, a topic which has received sparse atten-
tion in the literature, and offer a method for estimating
locomotion-associated energetic benefit of memory.
Cumulatively, our findings support adding these mam-
malian carnivores to the primate-dominated list of taxa
exhibiting a complex spatial awareness of their unseen
surroundings.
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