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Abstract 
The analysis of animal movement patterns can provide important informa-
tion on animals’ responses to habitat features. In this study, the movement 
paths of eastern chipmunks (Tamias striatus) were examined in four land-
scapes, with different levels of habitat fragmentation, using either fluorescent 
powdering or spool-and-line tracking. Descriptions of the tree and ground 
vegetation communities were performed in the vicinity of the trail to obtain 
information on habitat use and habitat selection. Several key movement va-
riables were calculated, including the total path length, net distance, fractal 
dimension, and radius of gyration. Despite statistically significant differences 
in some of the movement metrics between the four landscapes, the overall 
movement patterns were generically the same for all of chipmunk paths ex-
amined in this study. The data were compared to trends expected based on 
random or correlated random walks, as well as Lévy-walk models. The mean 
squared net displacement did not support the correlated random walk predic-
tions, except at smaller spatial scales, but overall demonstrated Lévy-like su-
per diffusive behaviour. Lévy-like patterns were also confirmed from the 
move-length distributions that demonstrated truncated-tail power-law beha-
viour. Although this would suggest invariance of the movement patterns at all 
spatial scales studied, fractal analysis revealed at least two transitions in 
movement patterns at scales of around 2 and 5 m. The transition point at 2 m 
was negatively correlated with the density of small trees, while the transition 
at ~5 m was positively correlated with the spatial distribution of large trees. 
As the habitat-preference data showed that small trees are among the least 
preferred habitat component, while large trees were among the most pre-
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ferred habitat, chipmunks are likely to alter their movement behaviour to 
avoid small trees, and attracted towards large trees possibly to avoid preda-
tors. Overall, we determined three principal domains of movement: at smaller 
spatio-temporal scales, foraging activities dominate and the movement is 
highly correlated but also random; at intermediate spatial scales, chipmunks 
may be moving to avoid predators, using different environmental cues, and 
the movement is more directed (but still influenced by vegetation patterns at 
intermediate scales); at larger spatio-temporal scales, the movement is domi-
nated by long-range/long-term memory and homing to burrows and other 
key habitat features, such as food caches, drives more directed movement. 
The fact that scale-dependent movement mechanisms could give rise to LW 
patterns is consistent with recent studies. 
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1. Introduction 

Movement is an important aspect of an animal’s behaviour that influences fo-
raging, predation risk, and interactions with conspecifics and members of other 
species [1] [2] [3]. Many factors affect an animal’s movement patterns, including 
habitat quality, resource availability and even anthropogenic features. For exam-
ple, an animal may be positively influenced by finding a mate or encountering 
suitable habitat, but negatively affected if the habitat found is unsuitable, or if a 
predator is encountered (e.g., [4]). The sum of such influences on the individuals 
within a population ultimately affects population dynamics and the composition 
of the community [5]. 

Movement patterns are the result of complex behavioural responses to envi-
ronmental factors and landscape features operating at different spatial scales 
[6]-[12]. At smaller temporal scales, animals move to accomplish daily basic ac-
tivities such as foraging, defense of territories, finding mates, and care for 
offspring. Over longer time periods, animals perform movements at larger spa-
tial scales that are related to dispersal, migration and colonization events. Addi-
tionally, habitat heterogeneity (i.e. the structural and compositional complexity 
of the habitat) may influence the decisions made by organisms when moving 
through their habitats, such as by impeding locomotion [13] [14], creating risks 
to movement [15], modifying foraging areas [16], enhancing protection against 
predators [16] [17], and increasing visual obstruction [18]. Movement paths for 
various animal species have been investigated with respect to habitat hetero-
geneity, including small mammals [8] [10] [12] [19]. For example, [19] found 
that at larger spatial scales wood mice (Apodemus sylvaticus) exhibited random 
movement as they moved among bushes, but at smaller spatial scales their 
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movements were directed toward particular bushes. Similarly, [20] found deer 
mice (Peromyscus maniculatus) had straighter pathways in areas where shrubs 
were sparse, and then became more tortuous with increasing shrub cover. 
Another study showed that the short-tailed weasel (Mustela erminea) made 
more tortuous paths in foraging areas than in areas used exclusively as travel 
routes [10]. 

The responses of animals to habitat heterogeneity may also be affected by life 
history and innate behavioral characteristics of the organisms themselves in-
cluding body size, perceptual range, home range, habitat specificity, predation 
risk, reproductive stage, and gender (e.g., [6] [9] [12] [19] [21]). Perceptual 
range represents the range at which an animal can perceive landscape elements 
and other habitat features [7] [22] [23] [24]. The typical perceptual range of a 
species may vary depending on the geometry and structural complexity of the 
habitat within which it moves [24] [25] For animals using vision as a primary 
tool to recognize or identify habitat features within their habitats, perceptual 
range can directly affect the spatial scale at which they respond to them. Hence, 
movement patterns may reflect differences in how organisms perceive habitat 
heterogeneity and its components over a given range of spatial scales. Studies on 
spatial memory and navigation also suggest that many animal species are capa-
ble of re-orienting themselves and re-tracing their paths using prior knowledge 
of specific locations within their home ranges [26] [27]. In particular, several 
studies have demonstrated the capacity of rodents to use visual landmarks such 
as habitat features (e.g., shrubs, trees) to direct their activities during the course 
of their movements within the home range [19] [28] [29] [30]. Although rodent 
species may vary with respect to this ability, one could predict that territorial 
species will make use of visual landmarks to reach different parts of their home 
range (e.g., territory) more frequently than non-territorial species. Since move-
ment allows individuals to find food and mates, and avoid predators, an animal’s 
movement pathway may also reflect the decisions made by the organism to op-
timize the success of these fundamental activities. For example, males of many 
mammalian species, including rodents, have larger home ranges and dispersal 
ranges than females because parental care is generally confined to females. It has 
also been found that small-mammal species tend to choose habitats that favour 
predator avoidance over food availability; hence, some resources are utilized to a 
greater extent than would be predicted from the availability of the resource [31] 
[32] [33].  

Animal movement patterns have been examined using several models includ-
ing random, correlated random, and biased random walks (e.g. [12] [34] [35] 
[36]). In addition, fractal analysis has often been used as a tool to study move-
ment patterns. In the correlated random walk (CRW) model, the walker ex-
ecutes a “move” by randomly selecting the speed, duration (or length), and 
turning angle (angle between consecutive moves which is chosen relative to the 
direction of the previous step) of the move. Repeated application of this proce-
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dure produces a path that is characterized by three distributions: move speed, 
move size, and turning angle. Although the sampling from these distributions is 
both independent and random, there is a tendency for the movement to become 
directed due to correlations between the turning angles [34] [35]. Consequently, 
CRW has been used to describe random movements with a certain level of direc-
tionality (e.g. [12] [37] [38]). 

Another model that has been used to describe the movement of many organ-
isms (e.g., amoeba, spider monkeys, jackals, etc.) is the Lévy walk (LW) model 
[27] [36] [39] [40] [41]. LW can be described as a biased random walk characte-
rized by the presence of rare but extremely large “jumps” [42]. The distributions 
of move lengths for LW do not fall off as rapidly at long distances as compared 
to Gaussian distributions. The small jumps are interspersed with longer jumps 
causing the variance of Lévy distributions to diverge in contrast to the finite va-
riance observed in the random walk model. As a result, Lévy trajectories describe 
distributions with longer, power-law tails. The LW model shows spatial-scale 
invariance in both the length of constituent steps and the duration between steps 
[43]. In the LW model, the net squared displacement from the point of release of 
the walker increases with time more rapidly as compared with the random walk 
or correlated random walk models, resulting in what physicists call “anomalous” 
or “super” diffusion. This suggests that the LW model may describe an efficient 
way of covering large regions of space, especially when compared to random 
motion [44].  

Another method that is commonly employed to study animal movement pat-
terns is fractal analysis (FA), which has been traditionally used to quantify pat-
terns, processes, or objects of irregular form. Two properties of fractals are im-
portant when describing animal movement. First, fractals can have non-integer 
dimensions, characterized by the fractal dimension (D), contrary to Euclidean 
geometry [45]. For example, D for movement paths varies between 1 when the 
path is straight and 2 when the path is so tortuous as to completely cover a 
plane. Hence D provides a means of assessing path complexity or tortuosity. 
Second, most fractal structures found in nature possess self-similarity across a 
range of spatial scales, meaning that the pattern observed at smaller spatial scales 
is reproduced at larger spatial scales. Consequently, if a movement path exhibits 
fractal behaviour, then the value for D obtained at smaller measurement scales 
will be the same value as that obtained at larger scales, and hence will be a 
scale-independent measure [46]. However, before D can be used as a descriptor 
of the tortuosity or complexity of a movement pathway, it must first be demon-
strated that it does not change over the range of spatial scales examined [46] 
[47], or else the use of one value of D for the whole pathway is invalid. Nonethe-
less, changes in D can still be informative, since such scale-dependent shifts in a 
pattern may be indicative of a transition in processes that regulate the observed 
patterns [48]. This suggests that D can be used as a tool to examine the scales at 
which the animal’s response to its environment changes. 
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Eastern chipmunks (Tamias striatus) are habitat specialists [49], suggesting 
that habitat features (and disturbances that affect the structure of the habitat) 
can influence their decisions when moving within their home range. They have 
relatively small home ranges, generally less than 0.50 ha [50]-[55], and defend 
small territories or core areas (15 - 25 m in radius) around their burrows. How-
ever, eastern chipmunks are also known to make longer movements (>50 m) for 
exploration and dispersal through open fields or fencerows [49] [52] [56]. 
Therefore, we predict that at smaller spatial scales eastern chipmunks will use 
familiar landmarks (e.g., trees, shrubs) to orient themselves during the course of 
their daily movements. At larger spatial scales, the movements of eastern chip-
munks may be more influenced by the overall structural complexity of the habi-
tat. Since different types of vegetation will exhibit different fractal patterns, an 
animal’s interaction with the different types of vegetation will be reflected by 
changes in fractal dimension. Finally, given that eastern chipmunks are diurnal 
animals that rely heavily on their vision [55], we also hypothesize that their 
movement is ultimately governed by the coupling between innate behaviour and 
habitat characteristics over multiple spatial and temporal scales. 

The main purpose of this study was to investigate the movement patterns of 
the eastern chipmunk in four landscapes in Prince Edward Island (Canada), with 
each landscape varying in the level of fragmentation and habitat structure. Al-
though CRW and LW models were employed as “null-hypotheses” models of 
scale-independent movement, we predicted scale-dependent variation in the re-
lationships between movement metrics and habitat features. The FA of the 
movement patterns did reveal transitions in movement at different spatial scales, 
supporting the importance of a multiscale approach when studying the move-
ment patterns of animals inhabiting fragmented landscapes.  

2. Methods 
2.1. Study Sites 

This study was conducted from May to October 2002 in central Prince Edward 
Island (PEI), Canada. Four study sites (Figure 1) that varied in their habi-
tat-fragmentation level were identified using ArcView: GIS (version 8.1) with the 
2000/02 PEI Corporate Landuse Inventory. Habitat fragmentation variables used 
to differentiate study sites were the size of the forest patches, the area of sur-
rounding agricultural fields, and the presence of hedgerow connections between 
forest patches. Sites consisted of continuous forest, with virtually no surround-
ing agriculture within a 1000 m radius (Brackley), small connected patches of for-
est within an agricultural surrounding (Morell), various-sized connected patches 
of forest within an agricultural surrounding (Pleasant Grove), and various-sized 
unconnected patches of forest within an agricultural surrounding (Cavendish). 
All four sites were fragmented approximately 50 - 60 years ago, and are now 
surrounded by agricultural fields that were part of two-year potato and hay rota-
tions. 
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Figure 1. Map of Prince Edward Island (Canada) indicating two main towns (stars) and 
the location of the four agricultural landscapes examined in this study. 

2.2. Capture, Handling and Data Collection 

At each study site, we established trapping grids that covered about 10% of the 
forest-patch area. Trapping grids consisted of trapping stations (1 Sherman 
live-trap per trapping station) spaced 10 m apart [57] with traps baited with ei-
ther sunflower seeds or a mixture of peanut butter and rolled oats. Captured 
eastern chipmunks were ear-tagged (Monel 1 ear-tags), sexed and weighed with 
Pesola scales (±2 g) (sensu [56]). Only animals that had no external wounds, dis-
figurements, and that were not pregnant or lactating, were used for movement 
experiments. Movement data were obtained using two methods: fluorescent 
powdering [29] and spool-and-line tracking [58]. We initially decided to use 
fluorescent powdering because it was assumed that this technique could provide 
fine-scale information on the movement made by the individual [29]. Prior to 
their release, the animal’s body was brushed with fluorescent powder (RadiantTM 
fluorescent pigment), so its precise trajectory through the habitat could be 
tracked the next evening using a hand-held ultraviolet light. Subsequently, each 
animal trail was re-traced with pink flagging tape. Unfortunately, after using this 
technique for a few days, we realized that the tracking of several paths during 
one evening was tremendously time-consuming. Therefore, we decided to re-
place this technique with the spool-and-line tracking [59] which was originally 
not used in this study because of concern that the line would not catch well in 
areas without ground cover objects or trees. After conducting some field tests, 
we concluded that the spool-and-line tracking technique was not only less 
time-consuming, but it produced equivalent quality data than the fluorescent 
powder technique. The spool-line technique involved the attachment (using 
cyanoacrylate glue) of a small balloon (~15 mm in diameter) containing a spool 
of thread (180 m in length weighing ~25 mg) to the upper back of the chipmunk 
before it was released. The thread snagged on objects on the forest floor as the 
chipmunk moved, leaving a continuous trail that could be re-traced with flag-
ging tape any time of the day.  
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We recorded data on habitat features (Table 1) surrounding each chipmunk’s 
trail at both the microhabitat and the macrohabitat levels. For each movement 
path, we collected microhabitat data using 1 m × 1 m plots located both along 
the path, and 2 m away from the path (on alternating sides) at 5 m intervals. The 
macrohabitat structure around the movement path was recorded by gathering 
data in 5 × 5 m plots at intervals of 25 m.  

 
Table 1. Microhabitat and macrohabitat features associated with the movement pathways 
of the eastern chipmunks. 

Habitat variable Description 

Microhabitat 

Soil temperature Soil temperature using a digital thermometer (˚C) 

Soil moisture 
Soil moisture using a meter that quantifies moisture on a  
continuous scale from 1 (very dry) to 10 (very wet) 

Canopy cover 
Percent canopy above the midpoint of the microhabitat plot using 
a spherical densitometer 

Small trees Percent of plot covered by trees less than 5 m in height 

Medium trees Percent of plot covered by trees 5 to 10 m in height 

Tall trees Percent of plot covered by trees more than 10 m in height 

Ground cover 
Average % cover each of trees, shrubs, grass, moss, herbs, and 
vines, logs, stumps, and other woody debris 

Evenness of living ground cover Smith and Wilson evennessa of the classes of living ground cover 

Evenness of non-living ground 
cover 

Smith and Wilson evennessa of the classes of non-living ground 
cover 

Macrohabitat 

Small tree density Density (per m2) of trees less than 5 m in height 

Medium tree density Density (per m2) of trees 5 to 10 m in height 

Large tree density Density (per m2) of trees greater than 10 m in height 

Stump density Density (per m2) of stumps 

Log density Density (per m2) of logs 

Dead tree density Density (per m2) of dead trees 

Tree circumference Average tree circumference (at breast height) 

Evenness of tree species Smith and Wilson evennessa of trees 

a Calculated using the software Ecological Methodology [92]. 

2.3. Movement Metrics and Analyses 

Movement paths were recorded with a Sony® DCR-TRV530 digital video camera 
as a sequence of digital pictures. As pictures were taken at different heights and 
orientations, fluorescent markers of fixed length (25 cm) were placed at 1 m in-
tervals along the paths and oriented in the same cardinal direction in order to 
establish a calibration standard for subsequent movement-path processing and 
analysis. Using Paint Shop Pro, v. 7., each picture was corrected (rescaled and 
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reoriented) to the calibration settings and then merged together to reconstruct 
the original movement path. SigmaScan Pro 5 was then used to obtain xy coor-
dinates of each movement path, correctly scaled against the calibration settings, 
in order to calculate movement metrics and other statistical analyses used in this 
study. Note that to take into consideration the time usually required for an ani-
mal to move away from the researcher and/or reorient itself after being released, 
we excluded from the analyses the first 10 m of the path.  

A number of complementary metrics were utilized to characterize individual 
paths and explore movement behaviour. The program VFractal [60], which has 
been used in various studies to analyze animal movement paths (e.g., [3] [10] 
[46] [61]), was used to directly obtain a number of these movement metrics, in-
cluding the total path length (m), the mean cosine of the turning angles (formed 
by changes in direction among steps) and associated variance, and the net dis-
placement (the straight-line distance between the starting and end points of the 
path; m). Additional analysis was performed using the program AMAP (Animal 
Movement Analysis Program), a software package developed by one of the au-
thors (S.B. Opps4). A number of metrics were obtained from this program based 
on the following equations. A tortuosity factor was calculated as the ratio of the 
net displacement divided by the total path length (sensu [8]), 

1

EE
N

i
i

ξ

=

=

∑

R

R
,                        (2.1) 

where EER  is the end-to-end vector and iR  is the length of each path seg-
ment (or step). This ratio will vary between 0 (no displacement) to 1 (path is a 
straight line). We also examined the effective size or shape of the movement 
paths using the radius of gyration (Rg), a tool commonly used in polymer phys-
ics [62], which is defined as  

( )22

1

1 N

g i CM
i

R
N =

= −∑ R R ,                  (2.2) 

where iR  gives the position of a particular segment along the path relative to 
some origin and CMR  denotes the center-of-mass position defined as, 

1

1 N

CM i
iN =

= ∑R R .                      (2.3) 

According to Flory’s mean-field theory for polymers [63], both Rg and REE 
demonstrate the following scaling behaviour, 

~gR Nν ,                         (2.4) 

where N is the total number of segments along the polymer chain and ν is the 
Flory exponent that depends on the solvent conditions. In particular, under 
“good” solvent conditions where the polymer interacts favourably with the sol-
vent molecules, ν = 3/5 and the chains are more stretched out and elongated. 
Under “poor” solvent conditions, ν = 1/3, and the polymer is more compact. In 
the current context, we predict that in good habitat under favourable foraging 
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conditions, movement paths will be more compact and Rg will scale closer to ν = 
1/3. In contrast, in poor habitat (when searching for good habitat) or when 
avoiding predation, the movement paths will be more extended and Rg will then 
scale as ν = 3/5.  

A number of theoretical random-walk models were employed to examine if 
they explained the observed movement patterns. The CRW model was tested for 
agreement by comparing the observed mean squared net displacement (MSND), 

2
nR  of movement paths at step n with predictions based on the CRW model, 

( )2E nR , as provided by the following equation developed by [34] (for the case of 
symmetric distribution of the turning angle), 

( )
( )1 2

2 2
2 1

2
2 1

1E 2
1 1

2 , for 1
1

n

n
c cR nl l n

c c

cn l l n
c

− −
= + −  − − 

 ≈ + − 


              (2.5) 

where again n denotes the number of consecutive steps along the path, l1 is the 
mean move length (over n steps), l2 is the mean of the move length squared (or 
second moment), and c is the mean cosine of the turning angle. Values for both 

2
nR and ( )2E nR  were obtained using the Vfractal program and comparisons 

were conducted using the conventional approach of pooling all paths together 
[35], as well as by examining paths from each study site separately. For pooled 
data, we could compare observed with expected values, at a given number of 
consecutive steps, using a chi-squared test. For an overall comparison based on 
all n, we used a test statistic developed by [64], 

( )
( )

2 2

Diff 21

E1

E

k n n

n
n

R R
R

k R=

−
= ∑ ,                   (2.6) 

with associated variance given by the estimate, 

( ) ( )
( ) ( )Diff

2 2
2

2 21 21

s.e. s.e.1ˆ
E E

n m
R

n m

N N

n m

R R

k R R
σ

= =

= ∑∑ .               (2.7) 

RDiff is normally distributed and, under the null hypothesis of a correlated 
random walk, the expected value is zero. Thus, z-values could be calculated as, 

Diff

2
Diff ˆRz R σ= , to test for statistical significance. To complement these calcula-

tions, we also compared the slopes of the curves of 2
nR and ( )2E nR  using a 

standard t-test with a Bonferroni correction. To substantiate the CRW computa-
tions, the persistence and directionality of movement paths were also evaluated, 
including a comparison between the distribution of the cosines of the turning 
angles and a uniform distribution using the Shapiro-Wilk test.  

The LW model predicts that the MSND will grow faster in time than that of 
random walk because of the possibility for the walker to take larger steps. Con-
sequently, Lévy walks are “super diffusive” and the MSND satisfies a power-law 
function of the time, t, of the form:  

https://doi.org/10.4236/oje.2020.1010042


S. B. Opps et al. 
 

 

DOI: 10.4236/oje.2020.1010042 697 Open Journal of Ecology 
 

( )2 ~R t t α− , where 1 2α< <                (2.8) 

To test whether movement paths followed the LW model, we examined the 
relationship between mean squared net displacement and consecutive steps giv-
en that the time of travel is proportional to a movement step. The relationship 
between these two variables (mean squared net displacement and consecutive 
steps) was tested for a power-law relationship by examining their log-log rela-
tionship using linear regression analysis. Values of slopes were recalculated us-
ing a reduced major axis. Variations in movement paths due to gender or habitat 
(i.e., study site) that may be revealed by this model were examined by comparing 
the slope of the log-log relationships using a t-test for regression slopes with 
Bonferroni correction when dealing with multiple comparisons. Another signa-
ture of an LW walk is that the truncated-tail move-length distribution satisfies a 
power-law relationship [43] [44] of the form: 

( ) ~P l l µ− , where 1 3µ< <                 (2.9) 

Thus, although the existence of very large moves is rare, there is still a finite 
probability of observing infrequent larger-length moves as there is no intrinsic 
move-length scale—it is scale-free (or fractal-like). For example, it may be prof-
itable for an organism to occasionally be making larger moves in situations 
where resources are scarcely distributed.  

Fractal analysis is another tool frequently used to probe for scale-free move-
ment behaviour; however, caution must be employed because D is not necessar-
ily constant over all spatial scales for a given movement path, as the patterns are 
not always self-similar, and so a single value of D cannot be used to describe the 
complete movement pattern [35] [46]. Nonetheless, changes in D may indicate 
transitions in movement behavior that can provide important information about 
how animals respond to their environment at different spatial scales [5] [65]. As 
we were unable to identify constant values of D over all spatial scales from our 
fractal analysis of movement paths in this study, we used D as a probe to identify 
transitions in movement; we compared D between study sites, and also between 
sexes, to identify transitions in movement at certain spatial scales separated by 
domains where D remained scale invariant. We first examined the relationship 
between total path length and the log of step size using locally weighted sequen-
tial smoothing (LOESS; [66]) in SAS. A non-linearity of the relationship between 
these two variables was used as an indicator that D changed with the spatial 
scale. Transitions were identified with LOESS at locations where there was a sig-
nificant change in the slope of the relationship between total path length and log 
of step size. As suggested by [47], slopes of these relationships were recalculated 
using a reduced major axis. Fractal dimensions of each domain were computed 
using the formula provided by [67], 

1 DL s −= ,                        (2.10) 

where L is the total path length, s is the step size, and D is the fractal dimension. 
For each path, we compared D among domains using t-test for slopes and Bon-
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ferroni correction when paths had more than two domains.  

2.4. Microhabitat and Macrohabitat Metrics and Analyses 

All microhabitat and macrohabitat variables were tested for normality (Shapi-
ro-Wilk test) and transformations were performed when needed. Relationships 
between movement metrics and both microhabitat and macrohabitat characte-
ristics were first assessed using Pearson correlation analysis. In an effort to de-
termine underlying meaningful interactions among habitat variables, principal 
component analysis (PCA) was performed for microhabitat and macrohabitat 
variables separately. Habitat variables were entered into the PCA and important 
composite (PC) axes were retained. Importance was defined operationally by 
evaluating eigenvalues, considering only those >1 [68], and by a scree plot 
(looking for an inflection in the magnitude of eigenvalues arranged in decreasing 
order). In an effort to develop equations to predict variability in movement me-
trics, the relationship between movement metrics and PC axes were examined 
using stepwise multiple regression analysis. All statistical analyses were per-
formed using SAS.  

Habitat preference in the eastern chipmunk was examined using a rank prefe-
rence index developed by [69]. For each chipmunk, thirteen habitat classes were 
ranked in terms of both use and availability (Table 1). To assess habitat use, the 
average percentage of each ground-cover class used along a pathway was deter-
mined using the information on microhabitat variables. Habitat availability was 
quantified by determining the average percentage of each ground-cover class 
available based on the microhabitat descriptions surrounding the pathways. For 
each class, the difference between the usage and availability was determined and 
ranked from the greatest to the least usage (termed the rank difference). Using 
information from all animals combined, the rank differences for each class were 
averaged. Using these average values, the habitat cover classes could then be 
sorted, with the smallest average rank being the most preferred class [69]. Sig-
nificant differences among habitat classes (i.e., if eastern chipmunks significantly 
preferred certain classes over others) were examined using the Hotellings T2 test 
(sensu [69]) in conjunction with the Bayesian decision procedure [70]. 

3. Results 

We obtained 32 movement paths of eastern chipmunks in four fragmented 
landscapes. Out of these 32 paths, 14 were obtained using the fluorescent powder 
technique and 18 were collected via the spool-and-line technique. Paths obtained 
with the fluorescent powder technique (mean length = 23.4 ± 15.2 m) were sig-
nificantly shorter (t = 2.374; p = 0.0242) than those obtained with the 
spool-and-line technique (mean length 37.9 ± 19.3 m). However, no other sig-
nificant differences in movement metrics between these two techniques were 
observed during this study. Therefore, the rest of the analyses were conducted by 
pooling together the paths obtained with both techniques (sensu [46]). Statistical 
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analyses examining the total path length were conducted using a dummy varia-
ble that distinguished between the two techniques.  

It should be noted that although we did find statistically significant differences 
between the four landscapes for the various quantities investigated in this study, 
the movement patterns were generically very similar and exhibited common 
features; hence, we also include here findings obtained when all of the move-
ment paths were pooled together from all four landscapes. 

3.1. Comparison with the CRW Model 

When pooling together all of the movement paths, t-test analyses showed that 
2
nR  differed significantly from the expected value ( )2E nR  according to a CRW 

model (RDiff = 3.2923; n = 32; p = 0.0001; Figure 2). When paths were examined 
individually, 18 of the 32 paths differed significantly (p < 0.05) from the ex-
pected value ( )2E nR  based on the CRW model. Interestingly, all the paths col-
lected in Brackley (n = 7) followed the CRW model, whereas all those collected 
in Morell (n = 8) differed significantly from the CRW model. Paths also differed 
significantly from the CRW model when examining females (t-test; RDiff = 
2.6539; n = 12; p = 0.0001) and males (t-test; RDiff = 3.7434; n = 20; p = 0.0001) 
separately. The distribution of the mean cosine of turning angles of all individu-
als pooled together was non-uniformly distributed (p = 0.0150), suggesting di-
rectionality in the movement. However, we observed a difference in the distribu-
tion of the mean cosine of turning angles among study sites when examining 
them separately. The distribution of the mean cosine of turning angles was 
non-uniformly distributed for Cavendish (p > 0.05), Morell (p > 0.05), and 
Pleasant Grove (p > 0.05), but was uniformly distributed in Brackley (p < 0.05).  

 

 
Figure 2. The difference between the observed mean squared net displacement 
for the eastern chipmunk compared to that predicted for a correlated random 
walk (CRW). It is clear that the observations (circles connected by solid black 
line) do not match with predictions based on the CRW model (solid red line), 
since the theoretical curve falls outside of the 95% confidence intervals (dashed 
lines) associated with the observed data. 
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3.2. Comparison with the LW Model 

The relationship between MSND and consecutive steps was well fit by a pow-
er-law function with an estimated value for the exponent of 1.68 (SE = 0.02; r2 = 
0.98; Figure 3A). However, there were significant differences (t-tests for slopes; 
p < 0.05) in the value of the exponent among study sites when examined sepa-
rately (Figure 3B). The exponent was 1.58 (SE = 0.02; r2 = 0.99) in Brackley, 1.63 
(SE = 0.03; r2 = 0.99) in Cavendish, 1.81 (SE = 0.01; r2 = 0.99) in Morell, and 1.75 
(SE = 0.03; r2 = 0.99) in Pleasant Grove. The log-log relationship of MSND and 
consecutive steps also demonstrated power-law behavior with exponent values 
of 1.63 for females and 1.74 for males. This is consistent with the fact that males 
cover significantly larger regions of space than females (t-test for slopes; p < 
0.05). Note that all of the exponents obtained in the MSND analysis obeyed the 
scaling behavior expected for the LW model (see Equation (2.8)), with the scal-
ing exponents, α, ranging between 1 - 2.  
 

 
 

 
Figure 3. Log-log plots of the mean squared net displacement versus the number of con-
secutive steps: A. A graph for the pooled paths of the eastern chipmunk, the resultant 
power-law behavior demonstrates Lévy-like movement patterns. B. Graphs for each of the 
four study sites exhibit power-law relationships characteristic of Lévy-like movement 
patterns, with scaling exponents α falling in the range 1 - 2. 
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A complementary scaling analysis was conducted for the LW model by ex-
amining the move-length distribution. As noted in the literature [44] [71], it is 
preferable to use the cumulative or survival distribution for this kind of analysis 
due to the noisy features at larger move lengths due to sampling errors. When 
constructing histograms to explore power-law relationships, such as in Equation 
2.9, there is always the challenge of determining the optimal bin width. As well, 
binning of data tends to lose finer-grained information about the data as indi-
vidual values are lumped together within a given range [71]. By instead calculat-
ing the cumulative distribution function, no binning of the data is required and 
no information is lost, so a more complete and accurate picture emerges. In 
Figure 4, it is demonstrated that the tails of the survival move-length distribu-
tions are roughly linear on a log-log plot, as determined by regression analysis 
(except for Cavendish, which had an r2 value of 0.92, the other three sites had r2 
values of ~0.99). Thus, power-law behavior (Equation (2.9)) is exhibited for all 
of the landscapes studied, with the scaling exponents, μ, falling within the 2 - 3 
range as predicted for the LW model [43] [44]. Naturally, it is impossible to 
avoid statistical noise in the tail extremes, due to the limitations of sample size.  

The radius of gyration, Rg, demonstrated similar scaling behavior (Equation 
(2.4)) as the MSND (Figure 5). The Flory exponent, ν, ranged from 0.742 for 
Brackley to 0.892 for Morell with Cavendish and Pleasant Grove falling in be-
tween with values of 0.841 and 0.855, respectively. Again, although there were 
measurable differences between the four different study sites, with Brackley 
clearly standing out from the other landscapes, the overall trends were very sim-
ilar.  

 

 
Figure 4. A log-log plot of cumulative (survival) distributions of move lengths for 
each of the four study sites. The resultant heavy-tail power-law behavior, with 
scaling exponents μ falling in the range 1 - 3, demonstrates Lévy-like movement 
patterns for all of the study sites. 
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Figure 5. A log-log plot of the radius of gyration as a function of the number of 
consecutive steps. for each of the four study sites. The Flory exponent, ν, ranged 
from 0.742 for Brackley to 0.892 for Morell with Cavendish and Pleasant Grove 
falling in between with values of 0.841 and 0.855, respectively. 

3.3. Fractal Analysis 

All animal movement paths consistently exhibited marked changes in fractal 
dimension (D), suggesting a scale-dependency for D. The examination of the 
log-log relationship between total path length and step size (ruler length along 
the path) for each of the four landscapes consistently showed 1 - 3 transitions in 
D, as indicated by the change in slope (Figure 6A). Again, as the generic move-
ment behaviour was similar across all landscapes, all animal paths were pooled 
together and the fractal analysis revealed changes in D at 2.1 m and 7.6 m 
(Figure 6B). Transitions in D were also detected when examining the log-log 
relationship between total path length and step size of individual paths. All 
movement paths revealed a transition in D at approximately 2.0 ± 1.2 m (n = 
32). In addition, 21 paths showed a second transition in D at 5.9 ± 1.4 m, and 8 
paths showed a third transition in D at approximately 12.7 ± 1.2 m. The number 
of transitions observed per path was significantly related to path length 
(ANOVA; p = 0.0015; Figure 7). These transitions in D defined two domains in 
movements for 11 individuals, three domains for 13 individuals, and 4 domains 
in movements for 8 other individuals. For each path, we calculated D for each 
domain when enough data were available to conduct regression analysis. Aver-
aging D over all paths gave us the following results: 1.107 ± 0.132 (n = 27), 1.175 
± 0.184 (n = 31), 1.437 ± 0.514 (n = 20), and 1.087 ± 0.107 (n = 8) for the first, 
second, third, and fourth domains, respectively. D differed significantly between 
the first and second domain in 22 out 27 paths (t-test, p < 0.05). Significant dif-
ferences in D between the second and third domain were found in 18 out of 20 
paths (p < 0.05).  
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Figure 6. Log-log plots of the total path length as a function of the step size (ruler length 
along the path): A. Graphs for each of the four study sites demonstrate changes in the 
slope, and hence changes in the fractal D, corresponding to 1 - 3 transitions in movement 
patterns. B. A graph of the pooled data where fractal analysis revealed changes in D at 2.1 
m and 7.6 m. 

 

 
Figure 7. A box-plot summarizing the fractal-analysis results: the number of 
transitions in D, per path, was significantly correlated with the total path length. 
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3.4. Relationships between Path Variables and Habitat Features 

Most movement metrics were weakly, but significantly, associated with macro-
habitat variables (Table 2). A few exceptions were the location of first transitions 
(association with the evenness of non-living things; r = 0.38; p = 0.03) and the 
variance of the average cosine among turning angles (association with soil hu-
midity; r = −0.43; p = 0.02). Interestingly, locations of the second and third tran-
sitions were associated with macrohabitat variables exclusively. The mean cosine 
of turning angles was also marginally associated with the evenness of non-living 
things (r = −0.32; p = 0.08). PCA of the microhabitat variables yielded three PC 
axes that cumulatively explained 69.6% of the variability in microhabitats. PCA 
of the macrohabitat variables also resulted in three PC axes that together ex-
plained 70.5% of the variation in macrohabitats. When micro and macro habitat 
variables were grouped together, the resulting PCA indicated significant differ-
ences between the study sites. Stepwise multiple regression analysis did not im-
prove the results obtained with correlation analysis for any movement metric. 
The rankings of the habitat classes, according to habitat preference, were signif-
icantly different from one another (Hotellings T2 = 59.94, F = 3.16, n = 32, p < 
0.05) (Figure 8). Tall trees were found to be preferred significantly more than 
any other habitat feature followed by logs. Small shrubs, herbs, and small trees 
were significantly less preferred than other habitat classes.  

 
Table 2. Relationships between movement metrics and habitat characteristics along movement paths of eastern chipmunks col-
lected during this study. Only associations that are significant at p < 0.10 are shown in this table. Movement metrics included in 
this table are: A tortuosity factor, ξ (see Equation (1)), Rg/TBL, where Rg is the radius of gyration and TPL is the total path length, 
LWα is the Lévy Walk model exponent α (Equation (8)), and T1, T2, and T3 identify three spatial scales where there were transi-
tions in movement behavior. Principal component axes describing macrohabitat features are: “PC1Macro” is strongly associated 
with the density of large, medium and small trees; “PC2Macro” is strongly associated with canopy cover and the diversity of trees 
community; and “PC3Macro” is strongly associated with the circumference of trees and the evenness of tree species. “r” is the Pear-
son correlation coefficient, “p” is the probability and “n” is the sample size. 

Habitat Metric Tortuosity Factor, ξ Rg/TPL LWα T1 T2 T3 D2 D3 

Trees circumference 
r = 0.36 
p = 0.04 
n = 32 

0.33 
p = 0.06 
n = 32 

  
0.45 
p = 0.04 
n = 21 

 
−0.33 
p = 0.07 
n = 31 

−0.41 
p = 0.07 
n = 20 

Dead trees density     
0.56 
p < 0.01 
n = 21 

−0.54 
p = 0.05 
n = 8 

  

Small trees density   
−0.36 
p = 0.05 
n = 32 

 
0.43 
p = 0.05 
n =21 

−0.57 
p = 0.04 
n = 8 

  

Large trees density     
0.42 
p = 0.06 
n = 21 

   

Habitat Metric Tortuosity Factor, ξ Rg/TPL LWα T1 T2 T3 D2 D3 

Logs density      
−0.53 
p = 0.06 
n = 13 
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Continued 

Canopy cover 
−0.42 
p = 0.02 
n = 32 

−0.32 
p = 0.07 
n = 32 

      

PC1Macro     
0.49 
p = 0.03 
n = 19 

−0.63 
p = 0.04 
n = 8 

  

PC2Macro 

−0.35 
p = 0.06 
n = 29 

       

PC3Macro   
0.39 
p = 0.04 
n = 29 

0.40 
p = 0.03 
n = 29 

    

 

 
Figure 8. Relationships among the classes of habitat features from a habitat 
preference analysis for eastern chipmunks. Habitat classes sharing a common 
underline are not significantly different. 

4. Discussion 

In this study, we examined the movement paths of the eastern chipmunk in four 
landscapes of varying levels of habitat fragmentation on Prince Edward Island, 
Canada. All of the 32 paths exhibited scale-dependent changes in movement be-
haviour. Although there were statistical differences between the four landscapes 
in terms of the movement metrics analyzed in this study, these differences were 
relatively weak and, overall, the 32 paths exhibited similar scale-dependent 
changes in movement behaviour. In particular, at smaller spatial scales, <2 m, 
the movement did agree with the CRW model as demonstrated by the MSND 
graphs and the convergence of the fractal D to 1. At larger temporal and spatial 
scales, the MSNDs exceeded the CRW-model predictions demonstrating su-
per-diffusive movement behaviour. As we did address potential autocorrelation 
issues here, which can confound CRWs with LWs [72], we are reasonably confi-
dent that the LW model better described the movement patterns over all spatial 
scales, as the scaling exponents for all of the four landscapes consistently fell 
within the predicted regimes (Equations (2.8) and (2.9)). In the context of op-
timal foraging theory, the LW model describes an efficient way for animals to 
maximize fitness (i.e., obtain the most benefit (food resources) for the lowest 
cost (energy spent)) in resource-poor areas. By occasionally making larg-
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er-length moves, a Lévy walker can cover greater areas per unit time and hence, 
in principle, minimize the amount of energy expended while searching for re-
sources.  

To gain greater insight into the movement behaviour, it is important to ex-
plore possible relationships between the movement patterns and certain habitat 
features at different spatial scales (e.g., [36] [43]). Our fractal analyses showed 
that all of the movement paths examined in this study presented at least one, of-
ten 2 - 3, transition points in the fractal D that could be associated with changes 
in movement behaviour in response to habitat features occurring at different 
spatial scales. Most chipmunk paths showed a transition at ~2 m that appeared 
to be negatively related to the density of small trees, suggesting that chipmunks 
were actively avoiding small trees. This hypothesis is corroborated by the habitat 
preference data where, in comparison with other classes of ground vegetation, 
small trees were among the least preferred habitat classes. At spatial scales in the 
vicinity of 5 m, there was another transition in movement, followed by a slight 
decrease in D. This transition point was positively related to the large-tree den-
sity, which had a mean spacing of ~5 m. This result also complies with the habi-
tat-selection data that indicated a strong preference for large trees. It may then 
be suggested that at larger spatial scales, on the order of 5 m, the movement pat-
tern of the eastern chipmunk is governed by the spatial distribution of large trees 
(i.e. the chipmunks were moving within patches of large trees with a mean spac-
ing of 5 m). 

Hence, at spatial scales of ~2 m there is good evidence that chipmunks are 
avoiding habitats with small trees and low-canopy cover and, at spatial scales of 
~5 m, are selecting out areas with larger trees and denser canopy. The radius of 
gyration calculations supports these findings, where it was found that movement 
pathways were more compact in habitats with a greater overstory while more 
extensive in areas with low-canopy cover. However, as the Flory exponents were 
all greater than 3/5 (indicating more directed or extensive movement patterns). 
This would suggest that chipmunks spend the majority of time either avoiding 
predators or seeking out resources at larger spatial scales. Our results here are 
similar to other studies of eastern chipmunk habitat use, where they have been 
found to be abundant in areas with a greater overstory density and lower 
amounts of ground foliage cover in Vermont [73], in forests with a greater den-
sity of trees in Illinois [74], and in fencerows with higher amounts of tree cover, 
tall shrubs, and litter/bare ground in Ottawa [56]. Habitats with denser canopy, 
and hence with a more open understory, may be preferred by eastern chipmunks 
based on their predator-avoidance strategies. A dense canopy cover probably 
provides the greatest amount of protection from avian predators. They are also a 
diurnal species and rely strongly on their sense of vision [75], so increases in the 
amount of understory vegetation could increase the difficulty in detecting pre-
dators [76] [77] [78]. Logs (which were found to be a highly preferred resource) 
may also allow them to increase predator detection, by permitting them to be 
slightly raised above the height of some of the ground vegetation. The role of 
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habitat structure and visual impediments on the cost of foraging under preda-
tion risk has been widely noted in the literature [79] [80]. Reference [55] found 
that the locomotory behaviour of eastern chipmunks differed between more 
fragmented corridor habitats and continuous forest, with individuals spending 
more time in predator-vigilance behaviour in the more fragmented habitats. 
Therefore, predation risk may have an important influence on the behaviour of 
eastern chipmunks. 

At larger spatial scales, greater than 5m, there was a decrease in D suggesting a 
transition from more tortuous movement (reflective of the fractal dimension of 
the underlying vegetation pattern) to more directed-movement patterns. This 
result complies with the results of other studies of small-mammal movement 
(e.g., [81] [82] [83]). At these larger spatial scales, previous knowledge and spa-
tial memory regarding their habitat may permit larger-scale directionality. The 
hypothesis that chipmunks have spatial memory is supported by other research 
(e.g., [82]). The researchers found that chipmunks that translocated across an 
unforested gap, outside of their home range, were generally able to find their 
way back and that more adults than juveniles found their way back. Homing, or 
long distance homeward orientation [83], was given as a probable explanation 
for this finding, implying that prior experience within the area by the adult 
chipmunks increased their success in returning home. Although the researchers 
could not discount other explanations (e.g., juveniles have greater motivation to 
disperse rather than to return home), the importance of prior knowledge of an 
area in successful homing by small mammals has been demonstrated in other 
studies [81] [83]. 

Eastern chipmunks are territorial individuals that defend a core area [50] [54]. 
Additionally, they tend to spend about three quarters of their time in the area 
within 25 m of their burrow entrance [51]. These traits may also add plausibility 
to the hypothesis that memory is likely to play an important role in their move-
ment behaviour. They should have sufficient time to be able to develop internal 
maps of their core areas, and most likely recognize habitat characteristics in their 
core areas in order to more successfully defend these areas against conspecifics. 
Therefore, eastern chipmunks may possess both short-term memory about their 
previous movements, and memory of actions/events occurring over longer-time 
periods. A component of both long and short-term memory would be spatial 
memory that allows the chipmunks to know where they are in relation to other 
important objects (e.g., primary burrow and food caches). 

Although there were statistically significant differences between the land-
scapes selected for this study, a key point to recognize is that the movement 
paths obtained in this study were at the forest-patch level and, hence, we were 
unable to examine movement patterns that covered the full extent of any given 
field-site at the landscape scale. Hence, although the effects of fragmentation 
may have had some indirect impact on movement behaviour in this study, we 
were unable to determine significant differences in movement patterns between 
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landscapes. Thus, in order to examine the effect of habitat fragmentation at the 
landscape scale, improved tracking methods would need to be employed in or-
der to obtain longer movement paths. However, fragmentation at the for-
est-patch scale may play an important role in affecting movement. For example, 
since the paths of the eastern chipmunks were more elongated in areas with 
low-canopy cover, which represent functionally fragmented regions, this type of 
habitat may be less preferred. In comparison with other small-animal movement 
studies, reference [84] found that in more fragmented habitats, prairie voles 
(Microtus ochrogaster) and deer mice moved greater distances. Their move-
ments were at spatial scales that reflected daily movement, and therefore in 
fragmented habitats (which the authors viewed as unfavourable for these spe-
cies) they were forced to travel farther distances to meet their daily foraging and 
other requirements.  

5. Conclusions 

In summary, our results clearly show that the movement patterns of eastern 
chipmunks are scale-dependent and strongly influenced by both innate beha-
viour and habitat features, agreeing with findings from other studies (e.g., [3] 
[11] [85]). One explanation for these findings is that chipmunk movement be-
haviour is regulated by daily activities within their home range, such as foraging, 
predator avoidance, and homing. At spatial scales less than 2 m, chipmunks may 
be engaged in foraging activities within suitable habitat. At spatial scales on the 
order of 5 m, chipmunks may be switching their movement in an effort to avoid 
predators in areas with small trees and low-canopy cover and move towards 
more favourable habitat, such as large trees with greater canopy cover. At even 
larger spatial scales, movement is more likely driven by longer-term memory 
and homing behaviour that is characterized by more directed-movement pat-
terns.  

It is interesting that, despite evidence for scale-dependent changes in move-
ment behaviour, all of the movement data were well supported by the LW mod-
el—implying scale-invariant movement patterns. It is possible that scale-specific 
activities, including foraging and predator avoidance, are strongly influenced by 
the fractal distribution of resources across various spatial scales up to the for-
est-patch level. In a two-part study on spider monkeys [43] [86], it was demon-
strated that primates could optimally search for fruits in a tropical forest under 
the assumption that they memorized the relative value of a given tree based on 
its fruit content and travel distance. Although the search strategy was a memo-
ry-driven, non-LW process, the resulting LW movement pattern that was gener-
ated could be explained by the self-similar distribution of tree sizes. Using a 
memory-enhanced, multiscaled, random-walk (MRW) model with site fidelity, 
reference [87] demonstrated that a LW pattern could also emerge in patchy, but 
non-fractal, landscapes. This important study illustrated how a model that ba-
lanced short-term and local (“tactical moves”) with less frequent, but long-
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er-ranging travel (“strategic moves”) could produce a scale-free space-use 
process—but not LW, due to memory dependence.  

Other studies have also demonstrated that movement patterns characteristic 
of Lévy walks can surface from processes not related to optimal foraging [88] 
and may emerge from different types of non-Lévy search strategies [89]. For 
example, it has been demonstrated that composite Brownian Walks (CBW), con-
sisting of a mixture of two or more simple random walks (SRW) (scale-specific 
strategies) can generate heavy-tailed power-law distributions of move lengths 
that look Lévy-like (scale free), but may be more efficient than the scale-free 
strange kinetics of LWs for foraging in patchy landscapes [44] [90] However, 
this type of emergent-school view of the origins of animal foraging has been 
contested by the evolutionary-school view that maintains that, in situations 
where a forager’s information is limited to its immediate vicinity and resources 
are sparse, animals evolved to optimize their foraging success by adopting a LW 
search strategy. For example, using a reaction-diffusion algorithm, reference [41] 
explored the effects of landscape diversity on efficient search strategies and 
found that the LW model consistently presented the optimal solution within a 
wide range of landscapes (with landscapes varying in the level of fragmentation, 
heterogeneity, size and distribution of patches, target density, etc.). Hence, given 
the robustness of their findings, there is good evidence supporting an evolutio-
nary origin for Lévy walks as a more general optimal search strategy (in contrast 
to specific search strategies based on detailed forager-habitat interaction mod-
els that give rise to Lévy-like patterns). In a recent review, reference [91] 
summarizes the “heated debate” between these two schools of thought, where 
it would appear that Lévy walk movement patterns are ubiquitous and are con-
text-independent, whereas the underlying generative processes may be con-
text-specific.  

Based on our findings here for the eastern chipmunk, our data suggest that 
scale-specific movement strategies are employed as the chipmunks switch be-
tween different daily activities. Although we observe LW-like movement pat-
terns, it is likely that such scale-free patterns are emerging due to both the fractal 
distribution of resources and cognitive mapping. As stated by reference [88], 
“Lévy walks emerge spontaneously and naturally from innate behaviours and 
innocuous responses to the environment but, if advantageous, then there could 
be selection against losing them”. However, due to the fact that our evidence is 
indirect and we do not have first-hand behavioural observations, we cannot 
completely discount the possibility of LW-like processes at play, that has evolved 
over time, but that these movement patterns are modulated by specific walk-
er-environment interactions that are (spatially and temporally) scale-dependent.  
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