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Abstract
Background: Several migratory ungulates, including caribou, are dramatically declining. Caribou of the Barrenground ecotype, which forms its own subspecies, are known to be mainly migratory. By contrast, within the Woodland subspecies, animals of the Boreal ecotype are known to be mainly sedentary, while those within the Northern
and Central Mountain ecotypes to be partially migratory, with only some individuals migrating. Promotion of conservation actions (e.g., habitat protection) that are specific to both residents and migrants, as well as to the areas they
frequent seasonally (which may be separate for migrants), requires distinguishing migration from other movement
behaviours, which might be a challenge.
Methods: We aimed at assessing seasonal movement behaviours, including migratory, resident, dispersing, and
nomadic, for caribou belonging to the Barren-ground and Woodland subspecies and ecotypes. We examined
seasonal displacement, both planar and altitudinal, and seasonal ranges overlap for 366 individuals that were GPScollared in Northern and Western Canada. Lastly, we assessed the ability of caribou individuals to switch between
migratory and non-migratory movement behaviours between years.
Results: We detected migratory behaviour within each of the studied subspecies and ecotypes. However, seasonal
ranges overlap (an index of sedentary behaviour) varied, with proportions of clear migrants (0 overlap) of 40.94% for
Barren-ground caribou and 23.34% for Woodland caribou, and of 32.95%, 54.87%, and 8.86% for its Northern Mountain, Central Mountain, and Boreal ecotype, respectively. Plastic switches of individuals were also detected between
migratory, resident, dispersing, and nomadic seasonal movements performed across years.
Conclusions: Our unexpected findings of marked seasonal movement plasticity in caribou indicate that this phenomenon should be better studied to understand the resilience of this endangered species to habitat and climatic
changes. Our results that a substantial proportion of individuals engaged in seasonal migration in all studied ecotypes
indicate that caribou conservation plans should account for critical habitat in both summer and winter ranges.
Accordingly, conservation strategies are being devised for the Woodland subspecies and its ecotypes, which were
found to be at least partially migratory in this study. Our findings that migration is detectable with both planar and
altitudinal analyses of seasonal displacement provide a tool to better define seasonal ranges, also in mountainous and
hilly environments, and protect habitat there.
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Background
Ungulate migration is an important natural phenomenon that affects both individual animals and ecological
processes in the areas they seasonally frequent [1]. Yet,
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migratory behaviours are disappearing worldwide [2–4],
so the study of ungulate migration is becoming increasingly important [5, 6]. The promotion of conservation
actions that are specific to migrants, and to the areas
they frequent [7], requires, as a first step, distinguishing
migration from other movement behaviours, which is
challenging [8, 9].
Migratory behaviour is commonly defined as the movement from one location to another and back, allowing
animals to exploit seasonally- and geographically-variable resources (e.g., food, habitats in a broader sense,
favorable climate, or breeding conditions) or avoid
unfavorable conditions (e.g., predators, disease) [10]. In
mountainous environments, these seasonal movements
may also occur altitudinally (vertically) as opposed to
planarly (horizontally; e.g., latitudinal migration in temperate and colder climates) [11]. Resident behaviour
is instead characterized by comparatively short movements occurring within an area that is often frequented
throughout an animal’s lifetime [12]. Other common
movement behaviours include nomadism and dispersal,
though the classification of these can also prove challenging [13]. Nomadic animals shift ranges continuously [14],
whereas dispersing animals move from a natal range to a
new range where they settle [15].
Seasonal movement behaviours are sometimes assessed
for whole populations, which may result in a generalized, forced, and limiting description [16, 17]. Some species may be partially migratory, where within the same
population only a fraction of individuals migrate [18, 19].
Appropriately defining and detecting seasonal movement
behaviours of individuals, including in partially migratory
populations [18, 20], may aid assessments of diversity
within species and also affect conservation and management strategies in the areas frequented seasonally [21].
Individuals may also not be limited to one seasonal
movement behaviour throughout their lifetime. Instead,
they may switch behaviours between years, exhibiting
behavioural plasticity [22]. For example, through the
results of several studies on ungulates, it is now apparent
that individuals can and do switch between migrant and
resident movement behaviours [11, 23]. These switches in
behaviour could be attributed to environmental changes
from year to year, to learning, predation risk, competition, or a combination of all the above [10]. Individuals
that are plastic in migratory behaviour are presumably
more resilient to environmental or land-use changes [24].
Thus, determining (lack of ) migratory plasticity may
help identify at-risk populations (for example, those with
a higher proportion of non-plastic individuals, whose
seasonal ranges are experiencing human-caused habitat
alterations) [25, 26].
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Assessing seasonal movement behaviours is now
aided by the use of animal-mounted sensors such as
radio (e.g., Very High Frequency; VHF) and satellite
(e.g., Geographic Positioning System; GPS) transmitters, which allow for data collection over considerable
geographic scales [27, 28]. A common methodological
approach is estimating seasonal ranges from the spatial
clustering of telemetry locations during key times of
the year, such as winter and summer [29]. Migrants are
then classified based on the amount of seasonal range
overlap [30, 31]. Though this approach to distinguishing migratory behaviour is straightforward, it may not
detect altitudinal migration [32]. A newer approach is
conducting Net Squared Displacement (NSD) analyses
to examine seasonal planar displacement of individuals [33]. Additionally, recent adaptations of the NSD
approach by Spitz et al. (2017) [13] have provided a
method for analyzing altitudinal movement behaviours,
as well.
Caribou (Rangifer tarandus) are known for having
one of the longest-range migrations among ungulates
[34], and are drastically declining across their distributional range, which also includes North America
[35–37]. The presence and type of migratory behaviour
are known to vary across caribou subspecies, ecotypes,
and populations (i.e., caribou is partially migratory)
[38, 39]. Caribou of the Barren-ground ecotype, which
forms its own subspecies (R. t. groenlandicus—Fig. 1),
are known to be mainly migratory, performing longdistance migrations (~ 300 km one way) [34, 40]. By
contrast, within the Woodland subspecies (R. t. caribou), animals of the Boreal ecotype are known to be
mainly sedentary, while those within the Northern and
Central Mountain ecotypes (like all Mountain ecotypes
of Western Canada) to be partially migratory, with
some individuals only migrating and performing short
distance migration (up to 70 km one way [38, 40]). Yet,
formal and quantitative assessments of partial migration are lacking for caribou subspecies and ecotypes
living in Western Canada. Furthermore, recent studies
indicate the presence of plasticity in seasonal movement behaviours of Mountain and Alaskan caribou,
with animals switching from migrant to resident behaviour or changing the location of calving grounds across
years [41, 42]). Therefore, studying and quantifying
migration and seasonal movement plasticity in endangered caribou is becoming a priority.
We aimed at assessing the seasonal movement behaviours of caribou belonging to the Barren-ground and
Woodland subspecies and ecotypes. We examined seasonal displacement, both planar and altitudinal, and
seasonal range overlap for individuals that were GPScollared in Northern and Western Canada (Fig. 1). Lastly,
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Fig. 1 Caribou sampled in Northwestern Canada for seasonal movement analyses. Black numbered circles indicate sampled populations (also
referred to as “herds”, as they might not be genetically or ecologically distinct). Circles are proportional to sample size per population (mean = 13.07,
SD = 9.57, range 1–33). Grey-scale polygons show the distribution of subspecies and ecotypes: diagonal black lines represent the Barren-ground
subspecies (R. t. groenlandicus); black-dots, black, and light gray represent the Northern Mountain, Central Mountain, and Boreal ecotypes,
respectively, within the Woodland caribou subspecies (R. t. caribou). A summary table of our sample of monitored caribou individuals is in Additional
file 4: Data file S1

we assessed the ability of caribou individuals to switch
between migratory and non-migratory movement behaviours in different years.

Methods
Study area

Our study included caribou of the Barren-ground and
Woodland subspecies belonging to 29 populations across
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Alberta, British Columbia, Northwest Territories, Nunavut, and Yukon, Canada (Fig. 1). The sampled Barrenground ecotype, which forms its own subspecies, resided
within the southern arctic tundra, taiga plain, and shield
ecozones of the Northwest Territories and Nunavut.
These ecozones are characterized by seasonally variable
snow and ice cover with predominantly treeless and flat
areas, or rolling hills where the land is dominated by both
wetlands and shrublands [43]. The sampled caribou of
the Woodland subspecies belonged to three ecotypes:
Northern Mountain, Central Mountain, and Boreal.
Northern Mountain caribou predominantly resided in
the boreal, montane, and taiga cordillera ecozones of the
Rocky Mountains [43]. Central Mountain caribou occupied a mix of flat and mountainous areas, characteristic
of boreal plain and montane cordillera ecozones (respectively) [44]. Boreal caribou inhabited boreal and taiga
plain ecozones, which have little variability in elevation
[45, 46].
Data collection and screening

Female caribou were radio-collared by government staff
or contractors of Alberta, British Columbia, Northwest Territories, Nunavut, and Yukon between 1998
and 2018, each following their respective government’s
standardized permitting, animal care, and handling procedures. The collaring of females was decided by the
governing bodies, since females are considered as a first
monitoring priority for conservation. Females are also
ideal to define seasonal movements in caribou [47], as
they show fidelity to areas used during a fixed calving
period [39]. Collars varied with respect to their duration
(minimum = 2 months, maximum = 6 years) and were
equipped with a fix interval ranging from hourly to daily.
Following Cagnacci et al. (2015) [17], we filtered and
standardized telemetry data for each animal to obtain
daily locations. After screening procedures, the data set
contained 230,791 locations for 366 unique individuals: 64 individuals belonged to the Barren-ground subspecies and 302 individuals belonged to three ecotypes
within the Woodland subspecies (Northern Mountain,
nindividuals = 92; Central Mountain, n
 individuals = 79; Boreal,
nindividuals = 131).
Planar and altitudinal seasonal displacement analyses

We examined planar displacement of caribou by conducting Net Squared Displacement (NSD) analyses
within the R package MigrateR, which allows the classification of individuals as either Migrant, Mixed Migrant
(i.e., individuals returning to a different location than the
initial one), Resident, Disperser, or Nomad (see methodology in Additional file 1: Method S1) [13, 33]. With these
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analyses, the distance (in square kilometers, km2; i.e., the
squared displacement) from a starting telemetry location to all subsequent locations for an individual during a
year is graphed (Fig. 2a–d). A family of a priori regression
models, each representing the curve indicating a different movement behaviour (see Additional file 1: Method
S1, for a description of models) are then fit to the distribution. Then, the best model (if fitting a Migrant, Mixed
Migrant, Resident, Disperser, or Nomad curve) is chosen
through Akaike’s Information Criteria (AIC) [48].
We conducted analyses for both a winter and a calving start date (see Additional file 1: Method S2), as some
caribou may show fidelity to calving grounds used in late
spring (typically Barren-ground caribou), while others to
wintering areas (some Mountain ecotypes; [49]). We also
utilized the option Relative Net Squared Displacement
(rNSD), which is ideal for start date selection [13]. We
set the parameter called ρ to 30 (indicating that a caribou had to spend at least 30 days in a range to be considered migratory) following recommendations established
for ungulates [17, 50]. We conducted NSD-planar analyses for different subsets of behavioural categories: (a)
inclusion of all movement categories (Migrant, Mixed
Migrant, Resident, Disperser, and Nomad; (b) removal of
the nomadic category (following the methods of Peters
et al., 2017 [50]); or (c) category limitation to Migrant or
Resident behaviour.
This study’s Woodland caribou were located in mountain ranges and some of them, particularly within Northern and Central Mountain ecotypes, are known to
migrate altitudinally [49]. We therefore used MigrateR
to also examine altitudinal displacement and classify
individuals as Migrant, Resident, or Disperser (classification as Nomad and Mixed Migrant is not offered by this
type of analysis) [13]. Similarly to NSD-planar analyses,
NSD-altitudinal analyses were conducted for two start
dates. Finally, we conducted NSD-altitudinal analyses for
all movement categories and also removed the Disperser
category for categorization to exclusively Migrant or Resident behaviour.
Seasonal ranges overlap and comparison of methods

We calculated an index of overlap (IO) between winter
and summer ranges frequented by individual caribou,
with IO ranging from 0 to 1 (higher and lower values
indicating resident and migratory behaviour, respectively;
Fig. 2e–h). We defined summer (1 July—15 September)
and winter (1 December—30 April) seasons following
McDevitt et al. (2009) [47] and only used individuals with
at least 30 locations per season [51]. For each animal, we
estimated seasonal utilization distributions (UD) using
the kernelUD function (with reference bandwidth) within
the adehabitatHR package [52] in R version 3.5. We then

Theoret et al. Movement Ecology

(2022) 10:12

Page 5 of 14

Fig. 2 Seasonal movement patterns monitored with GPS-collars for caribou in Northwestern Canada. Panels a–d show net square displacements
for caribou individuals classified as Migrant, Resident, Nomad, or Disperser (a description of patterns for Mixed-Migrants is in Methods). The
displacement is best represented by a bell curve (marked with a continuous line above) when the animal is migratory (a). An animal is classified
as Resident (b) when the best fitting line quickly reaches an asymptote. Whereas Nomad (c) and Disperser (d) are characterized by diagonal or “s”
shaped lines, respectively. Solid lines represent the best fitted models, while other lines represent unsupported models of seasonal movement.
Panels e–h show winter and summer locations for the same animals above. e shows a complete separation of seasonal ranges, typical of migratory
animals, while the animal in f has ranges overlap and is considered Resident. For Nomads (g) and Dispersers (h), locations are provided in shades of
grey, representing time of year (ranges not provided as not established). A detailed description of NSD models representing seasonal movement
behaviours is in Additional file 1: Method S1

derived range contour polygons from the 95% fixed-kernel isopleth. Finally, we determined the IO for each animal following McDevitt et al. (2009) [47]:

IO = [2A12 /(A1 + A2 )]
2

where A12 is the area of overlap (km ) between the summer and winter 95% isopleths, and A1 and A2 are the
areas (km2) of the summer and winter 95% isopleths for
the animal, respectively. Individuals with 0% overlap were
considered “clear migrants”, as this is an intuitive threshold to distinguish migratory movements from other seasonal movements.
To compare results obtained with the two methods
(NSD vs. ranges overlap), we ran the Kruskal–Wallis oneway analysis of variance, within IBM SPSS Statistics [53],
to test whether seasonal ranges overlap (IO) was different
between seasonal movement categories obtained with
NSD planar or with altitudinal displacement analyses
(above). When significance was detected (p value < 0.05),
we then used the Mann–Whitney U test to determine

pairwise differences
categories.

between

seasonal

movement

Assessing behavioural plasticity

We assessed individual switches in seasonal movements
between years (i.e., a form of behavioural plasticity)
based on the NSD categorization of movement obtained
from either planar or altitudinal displacement analyses.
We obtained a plasticity metric (P) for each caribou using
the following equation:

P = �CYears /(CYears − 1)
where CYears is the total number of years of data, and
∆CYears is the number of categorization switches
between sequential years. We calculated P among
Resident, Nomad, Disperser, and Migrant plus MixedMigrant behaviours exhibited in a given year (note that
firm categorizations as Mixed Migrant are disputed
in the literature and could represent Migrants) [33].
We also calculated P for Resident vs. Migrant binary
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Table 1 Metrics of seasonal ranges overlap and planar and altitudinal displacement for caribou subspecies (Barren-ground and Woodland), and, separately, for the studied
Woodland ecotypes (in italics)
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categorizations. A plasticity metric equal to 1 indicates
switches in behaviour categorization between all sequential years (indicating that the animal was completely plastic), while a plasticity metric of 0 indicates no switch.

Results
Migratory behaviour detected within each subspecies
and ecotype

Results of planar displacement analyses conducted with a
calving start date indicated that a large proportion of animals within each subspecies and ecotype was classified
as Migrant (Table 1). In particular, when classification
was restricted to only two types of seasonal movement
behaviour (Migrant or Resident), 90% of Barren-ground
caribou and 59% of Woodland were classified as Migrant.
Within the Woodland subspecies, proportions of migratory animals varied by ecotype: 70%, 59%, and 55% of
Migrants were detected for Northern Mountain, Central Mountain, and Boreal caribou, respectively. When
we considered all behavioural types, a large proportion
of migrants were actually classified as Mixed Migrant,
where individuals made a return movement to a different location than their initial one. Sedentary animals
were sparse, varying from 2% of Barren-ground to 4% of
Boreal caribou. High proportions of caribou were Dispersers, especially within ecotypes of the Woodland subspecies (Table 1). The removal of the Nomadic category
from analyses provided similar classifications of animals
(Additional file 2: Table S1).
When planar displacement analyses were conducted
with a winter start date, behavioural classification
changed compared to analyses conducted with a calving
start date. In particular, more Residents (38%) and Dispersers (22%) were detected for Barren-ground caribou
when using either the binary or the all-categories classification, respectively.
Results of altitudinal displacement analyses, which
were conducted for Woodland caribou only, indicated a
higher proportion of Migrants compared to planar displacement analyses, particularly when using a binary
classification (Fig. 3, Table 1 and Additional file 2:
Table S1). Within Northern Mountain, Central Mountain, and Boreal ecotypes, 84%, 79%, and 66% of animals
were Migratory (respectively; percentages reported for
winter start date). Differences in seasonal behaviour type
classification were negligible when using a winter or calving start date.
Mean values of migration distance (one way), calculated for migratory animals only, were 318.47 km
for Barren-ground caribou (range = 140.71–986.39)
and 49.71 km for Woodland caribou (range = 6.31–
129.93). Within Woodland caribou, the mean value
for the Northern Mountain ecotype was 56.02 km
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(range = 8.48–129.94) and that for the Central Mountain ecotype was 54.97 km (range = 15.90–81.68).
Finally, the mean migration distance for the Boreal
ecotype was 28.75 km (range = 6.30–76.36).
Seasonal ranges overlap varying between subspecies
and ecotypes

The median value of seasonal ranges overlap for Barren-ground caribou was 3%, with a proportion of clear
migrants (IO = 0) of 40.94% (Table 1). The median
ranges overlap for Woodland caribou was 14%, with
a proportion of clear migrants (IO = 0) of 23.34%.
Within the Woodland subspecies, seasonal ranges overlapped by 0% (median) for both the Northern and Central Mountain ecotypes, and by 22% (median) for the
Boreal ecotype. The proportions of clear migrants were
32.95%, 54.87%, and 8.86% for the Northern Mountain,
Central Mountain, and Boreal ecotypes, respectively.
Differences in overlap between seasonal movement
categories

We examined differences in seasonal ranges overlap
between movement categories obtained with planar
(Additional file 2: Table S2) or altitudinal displacement analyses (Additional file 2: Table S3). Within the
Barren-ground subspecies, we did not detect differences in seasonal ranges overlap between Dispersers,
Migrants, Mixed Migrants, and Residents (Fig. 4a),
indicating that this subspecies was more homogeneous than the Woodland subspecies, which included
multiple ecotypes in this study. Differences in overlap were detected within the Woodland subspecies
(planar displacement analyses; Fig. 4b). Migrants
had lower overlap (median = 3.94, c.i. = 3.54) than
Residents (median = 38.79, c.i. = 12.40), Nomadic
individuals (median = 22.58, c.i. = 11.12), Mixed
Migrants (median = 12.65, c.i. = 3.40), and Dispersers
(median = 17.47, c.i. = 4.94), with these last two further differentiated from Residents. Within the Woodland ecotypes, differences between seasonal movement
categories were detected only for Northern Mountain
caribou (Additional file 3: Fig. S1). When comparing
overlap of seasonal movement categories obtained with
altitudinal displacement analyses (Additional file 3:
Fig. S1), differences were detected only for Northern Mountain caribou, in which Migrants had lower
overlap (median = 7.78, c.i. = 5.71) than Dispersers
(median = 0, c.i. = 5.09).
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Fig. 3 Planar vs. altitudinal displacement in caribou. Planar (a) and altitudinal (b) displacement plots implying classification of the same animal as
Resident or Migrant, respectively. Panel c shows seasonal ranges for the same caribou

Seasonal movement plasticity detected in subspecies
and ecotypes

Seasonal movement plasticity, calculated as a metric varying from 0 (fixed behaviour) to 1 (entirely plastic behaviour), was detected within each studied subspecies and
ecotype, particularly when examining switches between
Migratory and Resident behaviours only, and vice-versa
(Fig. 5, Additional file 2: Table S4). Plasticity, between

Migratory and Resident behaviours only, determined
with planar displacement analyses was 0.19 and 0.47 for
the Barren-ground and Woodland subspecies, respectively. We detected approximately an equal amount of
switches from Migrant to Resident and from Resident
to Migrant. Within the Woodland subspecies, plasticity values for Northern Mountain, Central Mountain,
and Boreal caribou were 0.33, 0.4, and 0.52, respectively.
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Fig. 4 Comparisons of seasonal ranges overlap between seasonal movement categories obtained with displacement analyses. Panel a shows
seasonal ranges overlap (%) for Barren-ground caribou individuals classified with planar displacement analyses as Dispersers, Migrants, Mixed
Migrants, or Residents (low sample sizes for Dispersers and Residents may invalidate statistical comparisons). Panel b shows the same information
for Woodland caribou individuals (Nomad were also detected). Panel c also shows this information for Woodland caribou individuals that were
instead classified with altitudinal displacement analyses (this analysis was not conducted for Barren-ground caribou). The upper-case letters A/B/C
and their combinations denote significant differences. Sample sizes are reported (n), as well as 95% confidence intervals

Plasticity of seasonal movements determined with altitudinal displacement analyses was 0.4 for the Woodland subspecies, and 0.31, 0.6, and 0.57 for its Northern
Mountain, Central Mountain, and Boreal ecotypes,
respectively.

Discussion
Detection of migration in both Barren‑ground
and Woodland caribou

In this study, we detected seasonal migration in Barren-ground caribou and in surprisingly large numbers
of individuals belonging to the Woodland subspecies,
where residential behaviour was expected to be the norm
[39, 54, 55]. Our results supported conventional knowledge that Barren-ground caribou are mostly migratory,
exhibiting seasonal returns to their calving grounds [56–
58]. By contrast, when using a winter start date in our
analyses, we detected fewer migratory animals, which
could be expected since the winter ground locations for

Barren-ground caribou have been known to fluctuate relative to calving ground locations [59, 60].
However, contrary to current knowledge [39, 54, 55],
we also detected a high number of migratory animals
in the Woodland subspecies, which was confirmed with
both altitudinal and planar analyses of seasonal displacement, although such migrations were of shorter
range. This last finding suggests that Woodland caribou
practice altitudinal migration as much as planar migration, quantitatively supporting what has been previously
observed qualitatively for this subspecies [61–63]). The
ranges of the planar migrations that we detected were
several folds greater for Barren-ground than for Woodland caribou and in line with the literature [34, 40]. These
scale considerations also apply to seasonal ranges overlap analyses (discussed below), where a similar value of
overlap has different implications for the vast ranges of
barren ground caribou. Therefore, our results for Woodland caribou might not have conservation implications
as substantial as for Barren-ground caribou, where
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Fig. 5 Behavioural plasticity in caribou. Panels a and b show seasonal ranges and a displacement plot (respectively) of an individual performing
migration during 2012. Panels c and d show seasonal ranges and displacement plot (respectively) for the same animal being Resident in 2014

conservation planners are investing significant resources
to delineate and protect the extensive migratory routes
[64]. Our study focused on distances of migration. However, animals, caribou included, also have minor shifts
between seasonally used core areas. Future studies could

evaluate and compare migratory to other seasonal range
shifts and relate those to environmental drivers.
For Woodland caribou, analyses conducted with either
a winter or calving start date indicated equivalent proportions of seasonal movement behaviours (and similar
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proportions of migrants), supporting the observation
that wintering and calving grounds are equally established [49], and contrary to the more variable wintering
grounds of Barren-ground caribou.
Seasonal displacement analyses conducted for the
Woodland ecotypes showed that the proportion of
migratory animals was higher for Northern and Central
Mountain caribou than for Boreal caribou. Mountain
ecotype migrants were numerous when examining altitudinal displacement in particular, aligning well with current understandings that these caribou can migrate from
forested wintering areas to alpine or subalpine areas,
where they calve in the spring and remain for the summer [65–68]. Boreal migrants were relatively less numerous, but still more than expected based on the literature,
which describes them as largely sedentary [38, 69, 70].
Boreal caribou may inhabit relatively flat stands of boreal
forest across Canada [71]. However, this study’s Boreal
caribou were from the foothills or hilly regions of Western Canada, so the availability of resources may be more
spatially (altitudinally and geographically) and temporally
segregated, offering migrants the opportunity to access
these seasonally [72].
Our assessment of seasonal ranges overlap further
supported results of the displacement analyses. Overlap
values were lower for Barren-ground animals, supporting the notion that this subspecies is largely migratory
[73]. By contrast, higher values were detected for Woodland animals—and for the Boreal ecotype in particular—where residential behaviour is known to occur more
frequently [39]. On the other hand, seasonal overlap was
lower for Northern and Central Mountain caribou, suggesting that migratory behaviour was prevalent within
these two ecotypes, again an original finding. Firm delineation of caribou into geographically separate ecotypes
is currently being debated in the literature [38], and our
results could in theory have been influenced by misclassifications of some caribou base upon provenance. This
study was the first to analyze caribou GPS data with new
biostatistical approaches to determine migration, and this
could explain partially why migrants were not detected in
several previous studies. Overall, seasonal overlap values
were lower than expected within each studied ecotype,
contradicting the generalization that Woodland caribou
are primarily non-migratory [39, 54, 55].
Difficulties in categorizing seasonal movement behaviours
in caribou

Like other authors, we found that seasonal movement
categorization through displacement analyses can be
time-consuming and open to interpretation [17]. For
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example, some of our dispersers may have instead been
residents or migrants, even after taking precautions to
reduce such an issue (i.e., we defined a minimum time
of range occupancy) [33, 50]. To avoid misclassification,
researchers have suggested visually inspecting displacement outputs for final categorization [13, 74, 75], which
may not be feasible when analyzing a large number of
individuals, as we did. Overall, using multiple methods
and comparing results is advisable [17, 76, 77]; as such,
we conducted and evaluated several variations of planar
and altitudinal displacement analyses, and also examined
ranges overlap. Furthermore, we tested seasonal overlap
differences between movement categories obtained with
displacement analyses, which, to our knowledge, has not
been accomplished before.
Various studies that used seasonal ranges overlap analyses to detect migrants and residents followed the traditional definition of ungulate migration, which requires
allopatric seasonal ranges and considers any amount
of overlap greater than 0% indicative of resident behaviour [30, 31, 78]. However, like others [17], we found that
individuals categorized as Migrant or Mixed Migrant
through displacement analyses had varying degrees of
seasonal range overlap. We suggest that seasonal displacement and ranges overlap analyses may be considered complementary methods for describing movement
behaviour. Finally, it is also possible that in some circumstances intermediate seasonal movement behaviours occur [74, 79, 80], which will defy any classification
effort. In view of our results, streamlined displacement
models examining three major classes of seasonal movement behaviours (Migrant, Resident, and others) could
perhaps provide useful results. Finally, the development
of integrative approaches, such as combining altitudinal
and planar displacement analyses, might also be useful in
discerning between seasonal movements.
Tendency to switch seasonal movement behaviours
and conservation of caribou

Though recent studies have detected plasticity in the
migratory behaviour of large herbivores [81–83], there
remains a lack of understanding surrounding behavioural
plasticity in caribou, which weakens conservation efforts
[38, 41]. Future studies could look at the natural, climatic
and anthropic drivers of switches in seasonal movement
behaviours, and perhaps try to correct them if related
to human impacts. Our results indicated that plasticity of migratory movements across years was present
in both subspecies of caribou, though at a larger scale
for Woodland individuals and in particular for its Central Mountain ecotype. The levels of seasonal movement
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plasticity we found were comparable to those described
for elk, an ungulate that is known for flexibility in movement patterns [84, 85]. Individuals that switch between
migratory and resident behaviours are presumably at a
greater advantage, as they may be more resilient to environmental or land-use changes [50, 86]. Nonetheless, as
recently found [41], caribou that switch behaviour from
migrant to resident forcibly by human-caused habitat
alterations of seasonal ranges and migratory routes may
have lower survival. Our findings did not support a pattern in switches from migratory to resident behaviour or
vice-versa, and detection of temporal trends in plasticity
would require a longitudinal study. Further studies could
test whether plasticity in seasonal movements is influenced by natural factors (related to caribou, other species
or the environment) and by human factors as they vary
by area.
Furthermore, migratory behaviour could also have a
genetic component, as shown by Cavedon et al. (2019)
[87] and potential genetic determination may diminish
the resilience and survival of caribou. In support to this
argument, Cavedon et al. (2022) [88] documented genes
determining migratory behaviour in caribou, which
could further impact the species, possibly by permanent
loss of the genetic drivers, even just by drift, in some
populations already at low numbers. We failed to detect
any temporal trends in plasticity. Regardless, our unexpected findings of marked seasonal movement plasticity in caribou indicate that this phenomenon should be
better studied to understand the resilience of this endangered species to habitat and climatic changes.

Abbreviations
NSD: Net square displacement; IO: Index of overlap.

Conclusions
Our findings that a substantial proportion of individuals engage in seasonal migration in all studied ecotypes
indicate that caribou conservation plans should account
for critical habitat (sensu [71]) in both summer and winter ranges. The practice is fairly established for the widely
known migratory Barren-ground subspecies [89], but
conservation strategies are still being devised for the
Woodland subspecies, also including its Northern Mountain, Central Mountain, and Boreal ecotypes [90, 91],
which were found to be at least partially migratory in this
study. Our findings that migration is detectable with both
planar and altitudinal analyses of seasonal displacement
provide a tool to better define seasonal ranges, also in
mountainous and hilly environments as well as to protect
habitat there. Delineation of seasonal ranges is a necessary next step to perform habitat selection and/or connectivity analyses, to enable conservation planners to
preserve caribou habitat throughout the year.
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