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Abstract

Background: Conservation and management of migratory animals has gained attention in recent years, but the
majority of research has focused on stereotypical ‘migrant’and resident’ behaviors, often failing to incorporate any
atypical behaviors or characterize migratory behaviors beyond distance and timing of the migration. With migration
threatened by anthropogenic development and climate change, it is crucial that we understand the full range of
migratory behaviors. Our objective was to demonstrate and characterize the variation in migration strategies, includ-
ing typical and atypical migratory behaviors for mule deer (Odocoileus hemionus) in Utah, USA.

Methods: Because calculation of common metrics such as distance, timing, and use of stopovers during migration
did not adequately describe the variation we observed in migratory behavior for this species—particularly when ani-
mals visited multiple (> 3) ranges for extended lengths of time—we developed additional methods and categories to
describe observed variation in migratory behavior. We first categorized trajectories based on the number of discrete,
separate ranges and range shifts between them. Then, we further characterized the variation in migration strategies
by examining the timing, duration, and distance traveled within each of the categories. We also examined if and how
frequently individual deer switched among categories from year to year.

Results: We classified 1218 movement trajectories from 722 adult female mule deer, and found that 54.4% were
dual-range migrants, who made one round-trip to one distinct range. Multi-range migrants (23.6%) made one round-
trip during which they stayed at multiple discrete ranges. Commuters (1.0%) traveled to the same range multiple
times, and poly migrants (1.5%) made multiple round-trips to different ranges. Gradual movers (2.5%) did not show

a discrete range shift but moved gradually between ranges, whereas residents (12.6%) never left their home ranges,
and dispersers (4.4%) left but never returned. Of the deer that we monitored for multiple years, 51.2% switched
among categories.

Conclusion: We conclude that the substantial number of atypical migratory strategies, as well as the number of
deer that switched categories, underlines the importance of studying these less-stereotyped behaviors that may be
exhibited by large proportions of populations. Acknowledging and investigating the full complexity and diversity in
migratory strategies might uncover unknowns with respect to underlying factors and drivers of migration, and can
help shape effective conservation strategies.
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winter ranges [1-3]. The loss of migration routes can be
detrimental to population and community structures
as well as plant-herbivore dynamics [4]. Additionally,
we could lose one of the most iconic phenomena in the
natural world, which may be impossible to restore [5, 6].
Despite an increasing amount of research, there are still
many factors of migration that are not understood [7, 8].
For example, several authors have claimed that classic
examples of typical migratory behavior (i.e. large-scale,
seasonal movements between two discreet ranges) are
probably the exception rather than the rule for many spe-
cies, and that migration should be viewed as a continuum
of behaviors ranging from resident to migrant [9, 10].
However, the majority of migration studies focus only on
typical resident or typical migratory behaviors, failing to
incorporate any atypical migratory movements [11, 12].
With migration threatened by anthropogenic develop-
ment and climate change, it is crucial that we understand
the full range of migratory behaviors [12].

Seasonal migration is generally considered to be a strat-
egy to deal with spatiotemporal variation in resources
and other selection pressures such as predators and para-
sites [7, 8, 13, 14]. For example, migratory individuals can
have improved demographic rates compared to residents,
although much remains to be learned [15, 16]. Similarly,
many questions remain regarding the stimuli that trigger
migration. Some evidence indicates that animals initiate
migratory movements in response to changes in snow-
pack and forage quality and quantity [13, 17]. If these are
the proximate reasons for migration, one would expect
migratory behavior to vary across space and time in rela-
tion to these factors. Indeed, migratory behavior appears
to vary along environmental gradients [18], and some
animals are known to migrate in some years but not in
others [19]. Trade-offs between the costs and benefits of
migration can also result in partial migration, where one
portion of a population remains resident and another
portion migrates [20, 21]. Although recent studies have
improved our understanding of migratory behavior dra-
matically, most of our knowledge still relies extensively
on classic examples of stereotypical migration [9]. Study-
ing the full range of migratory behaviors would allow for
improved conservation of migrant and partially-migrant
species [9, 11].

As most studies only consider typical examples of clas-
sic migration, little effort has been made to define exactly
what type of movements can be considered migratory
[11, 12]. Traditional views hold that migrations occur
twice a year during fall and spring (at northern latitudes)
to and from the winter range, and that migratory move-
ments take place between separate, discrete ranges with
perhaps some stopovers along the way. Animals that do
not follow this typical pattern are often not considered
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in analyses. For example, Bischof et al. [8] and Mysterud
et al. [22] excluded animals that exhibited ‘irregular’ or
‘ambiguous’ movement patterns, whereas both Monteith
et al. [23] and Peters et al. [18] censored animals that
migrated outside of the typical season. A recent review
by Xu et al. [24] considered plasticity in migratory pro-
pensity as well as timing and destination, but failed to
consider animals that might take multiple migratory trips
and/or have multiple destinations. Cagnacci et al. [12]
considered different methods to classify migrations and
found that they only succeeded at identifying ‘neat and
stereotypic’ migratory behaviors, but not atypical ones.
They argued that, as these atypical behaviors appear to be
the rule rather than the exception for ungulates, a con-
ceptual framework of the full range of ungulate migra-
tory behaviors should be adopted, rather than forcing
methods to identify stereotyped movement patterns [12].
Although identifying and categorizing unique movement
behaviors has been done for dispersal tactics, no compre-
hensive framework has been suggested for migration tra-
jectories [25].

By excluding atypical migrations, we may be oversim-
plifying a complex behavioral phenomenon to the point
that it negatively affects our inference [26]. Depending on
the frequency of atypical migratory behavior as well as
the biological question asked, assuming that all individu-
als that migrate follow the classic pattern could result
in incorrect conclusions. This could potentially lead to
ineffective conservation strategies, as well as inaccurate
estimates of factors such as population connectivity and
gene flow [27]. For example, the typical pattern of migra-
tion is described as a seasonal two-way movement in
response to spatiotemporal variation in food resources.
With increasing understanding that variation exists in
populations, this idea that migration is in response to
resource availability may be insufficient for many patterns
of movement that are migratory. Additionally, if animals
exhibit plasticity in their migratory behavior between
years, it seems more likely that they switch to an interme-
diate behavior rather than from one extreme to the other
[9, 10]. Therefore, studying animals that exhibit atypical,
intermediate migratory behaviors is a great opportunity
to gain a better understanding of what drives migratory
behaviors and how animals can adapt their strategies [9].
To do this, we need to categorize and quantify migratory
patterns in standardized, reproducible ways, so that they
can be analyzed and compared [11, 12].

Here, we demonstrate an approach to characterizing
migration patterns using GPS location data from mule
deer (Odocoileus hemionus). Mule deer are a culturally
and economically important species distributed through-
out the intermountain western United States [28, 29].
They are also one of only a handful of remaining long



van de Kerk et al. Mov Ecol (2021) 9:44

distance migrating mammals in North America, the
preservation of which provides major challenges in the
area with the fastest rate of human population growth
in the United States [29, 30]. Mule deer exhibit sub-
stantial variation in their migratory behavior, with both
resident, migrant, and mixed migration strategies occur-
ring across populations [31, 32]. The average distance of
their migration is 66 km [33], but distances up to 772 km
have recently been observed in Wyoming, marking the
third longest ungulate migration globally after caribou
and reindeer [34]. Atypical migratory behaviors by mule
deer have been largely overlooked or excluded in scien-
tific literature, even though they have been observed
[35]. Moreover, although migratory plasticity appears
to be low for mule deer, only switches between the two
extremes of resident and typical migratory behaviors, and
changes in timing or destination have been assessed [24,
36].

Our objective was to characterize and demonstrate the
variation in migratory behaviors of mule deer, includ-
ing typical migration as well as any atypical behaviors.
We defined different categories of migration strategies
based on the number of ranges used each year and the
number of range shifts between them. We then used an
automated process to categorize 1218 annual movement
trajectories made by 722 unique deer, and estimated
distance, timing and duration of migration for the tra-
jectories within each category. We also investigated the
trajectories of deer that we monitored for multiple years
to assess how often they switched among strategies and
between which strategies switching occurred. Thereby,
we elucidated shortcomings of current practices and
paved the way for much needed research addressing the
full range of migratory behaviors, and how they might
change with climate change and continued anthropo-
genic development.

Methods

Data collection

Adult female mule deer (> 1 year old in early winter) were
captured in the early winters of 2014—2019, between 16
November and 23 December of each year. We captured
deer throughout the state of Utah, USA, between 37° and
42° latitude and — 114° and — 109° longitude, at elevations
ranging from 670 m in southwestern Utah to 3500 m in
the northeast. Deer were net-gunned from a helicopter,
after which they were hobbled, blindfolded and trans-
ported to a nearby landing zone in a sling under the heli-
copter. There, deer were taken out of the sling and fitted
with a global positioning system (GPS)-collar (model
type G2110E2H, G5-2DH, or W300; Advanced Telem-
etry Systems, Isanti, MN, USA). The GPS collars were
programmed to acquire a fix at intervals ranging from 0.5
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to 13 h, and several deer were recaptured in later years
to replace their collars with a newer model. Otherwise,
captured deer were monitored until their death, or until
their collar failed. All captures were conducted by a pri-
vate capture company contracted by the Utah Division
of Wildlife Resources. Deer were captured and handled
in compliance with the requirements of the Institutional
Animal Care and Use Committee for Brigham Young
University (protocol 150110) and the guidelines for the
use of wild mammals in research of the American Society
of Mammalogists [37].

Data preparation

For each individual, we split up the data into trajecto-
ries lasting one ‘migratory year, which started at July
1 and ended on June 30. We chose July 1 as start of the
year because mule deer parturition in Utah has finished
at that time [38]. For purposes of this study, we refer to
the range an animal is at on July 1st as their ‘summer
range’ for that year. For a typical migrant, one migratory
trajectory should include some time spent at the sum-
mer range followed by fall migration to the winter range,
followed by a stay at the winter range and finally spring
migration back to the summer range. Some animals were
monitored during multiple migratory years and therefore
occurred in the dataset more than once. For each migra-
tory year we only included animals that were monitored
the entire 12 months and excluded animals that only
had partial data. We reduced the GPS data to one aver-
age location per day to eliminate the effect of variable fix
intervals and reduce the influence of exploratory move-
ments [18, 39]. We used the average daily locations to
calculate the daily net squared displacement (NSD) val-
ues of the annual movement trajectories. The NSD meas-
ures the straight line distance between a starting location
and every subsequent location, and is a fundamental sta-
tistic in movement analyses as it synthesizes key proper-
ties of an animal movement trajectory [40, 41]. The NSD
pattern of a typical migrant shows a double-sigmoidal
curve or hat shape: starting off at low values as the animal
remains in its summer range, then rapidly increasing as it
migrates to its winter range in fall, relatively stable again
during winter, followed by a rapid decrease in spring as
the animal migrates back to its summer range [8, 41]. The
NSD plot of a resident animal remains flat, as it resides
in the same area year-round. However, upon initial exam-
ination of our NSD plots, we found that many of them
were not residents, but also did not show the double-sig-
moidal curve of a typical migrant.

Identifying distinct ranges and range shifts
Although Xu et al. [24] examined plasticity in distance
and timing of migration of mule deer, they did not
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categorized migration strategies beyond migratory or
resident. However, simple metrics of distance and tim-
ing do not adequately capture the variation in migratory
behaviors when animals take multiple trips away from
their summer range or visit more than two ranges, which
many mule deer in Utah did. Therefore, our first step was
to identify the number of distinct ranges used by each
deer, as well as the number and timing of range shifts (for
pseudocode, see Additional File 1). We automated the
detection of any range shifts in annual movement trajec-
tories in Program R [42] (for pseudocode, see Additional
File 1). We treated the NSD as a time series and used
the R package strucchange [43] to identify ‘breakpoints;,
indicating points in time where there was a change in the
mean NSD, thereby splitting the time series up in ‘seg-
ments. We considered all possible segmentations for any
number of breakpoints and identified the optimal break-
points for each trajectory as the set of breakpoints with
the minimum BIC [44].

To avoid classifying occasional sallies or stopovers dur-
ing migration as a separate range, we set the minimum
segment length to a set number of consecutive days,
representing the minimum time required to be spent at
a location for it to be considered a separate range. There
are not any clear definitions in the literature regarding
length of stopovers for mule deer, but Sawyer and Kauft-
man [45] described stopover ecology for this species.
In their study area, average duration of spring and fall
migrations was only ~ 21 days & ~ 8 days (95% CI). More-
over, total migration distances ranged from 18—144 km
with stopovers occurring every 5.2 to 6.7 km, which
creates an expectation of multiple stopovers per indi-
vidual of <11 days in duration [45]. Therefore, we set the
minimum segment length to 14 consecutive days, and
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included a 14 day buffer before and after the migratory
year to avoid misclassifying movements that occurred at
the end and beginning of the year.

Not every breakpoint indicated a range shift, as a
change in the mean NSD also occurs at a range expan-
sion or shrinkage. Therefore, we used the R package over-
lapping [46] to calculate the overlap between the density
distributions of NSD values among the segments. We
considered segments to be the same range if the over-
lap was>5% (Fig. 1) and disregarded the breakpoints
between them. The remaining breakpoints were consid-
ered to indicate the timing of range shifts, with the seg-
ments in between shifts representing the amount of time
spent at a particular range.

Categorizing trajectories
Our next step was to categorize the trajectories based on
the ranges and range shifts we identified (for pseudocode,
see Additional File 1). We grouped the trajectories into 7
distinct categories (Fig. 2). First, we split the trajectories
up based on the number of round-trips taken (Fig. 2A).
Each round-trip consisted of an “outbound movement”:
a range shift where the animal leaves its summer range,
as well as an “inbound movement”: a range shift where
the animal returns back to its summer range. Trajecto-
ries encompassed either one, multiple, or no round-trips.
Making one or more round-trips away from the summer
range might allow animals to better exploit resources or
avoid unfavorable conditions [47]. However, leaving a
familiar range is inherently risky, and the risk increases
with the number of round-trips taken [48].

The trajectories that encompassed one round-trip were
then split up based on the number of ranges that were
visited during that trip (Fig. 2B). Dual-range migrants

Day

Fig. 1 The process of analysis of an annual mule deer trajectory based on Net Squared Displacement (NSD). At step 1 the number of breakpoints
(vertical dashed lines) is identified, at step 2 the segments that overlap are combined. This particular animal took one trip away from its summer
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range (range 1), during which it visited two other ranges (range 2 and 3) and was classified as a multi-range migrant
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Fig. 2 Decision tree indicating how we categorized movement
trajectories into migration strategies for mule deer (Odocoileus
hemionus) captured between 2014 and 2019 in Utah, USA

visited one range during their trip in addition to their
summer range, their annual trajectory comprising a total
of two ranges. Deer that visited multiple distinct ranges
during their trip were classified as multi-range migrants.
Using multiple ranges during a trip requires additional
range shifts and increases associated risks, but might also
allow for better tracking of resources like plant phenol-
ogy, also called green wave surfing or jumping [8].

The trajectories that encompassed multiple round-
trips were split up based on the destinations of those
trips (Fig. 2C). Deer that visited the same range during
each of their trips were classified as commuters, whereas
poly-migrants traveled to different ranges. Commuting
between two ranges might allow animals to optimally
exploit resources in both ranges, whereas making multi-
ple round-trips to different ranges allow the animal to use
resources in even more ranges, but at the cost of travers-
ing more unfamiliar and potentially riskier terrain [47].

Finally, we grouped the deer that did not make any
round-trips into 3 separate categories (Fig. 2D). Dis-
persers made a distinct outbound movement, but did
not make an inbound movement back to their original
summer range. Although dispersal is usually limited
to younger age classes, adult mule deer also occasion-
ally disperse [49]. Residents remained on one range the
whole year, whereas gradual movers did not stay within
a typical home range, as determined by their NSDs sur-
passing 25 km for at least 14 consecutive days (average
mule deer home range size 24.95 km? [50]). We distin-
guished between residents and gradual movers because
theoretically, residents would be at lower risk always
being on familiar terrain, whereas gradual movers might
spend more time on unfamiliar terrain but can also use
resources of a larger area.

After classifying all the trajectories, we calculated the
percentage of trajectories in each category. For trajecto-
ries that included at least one round-trip, we estimated
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single and total combined trip lengths as well as the mean
and maximum distance between ranges. We also inves-
tigated whether animals migrated during typical fall and
spring time periods. Consistent with previous examina-
tions of migration, we reasoned that a migrant should
typically be on its winter range at the minimum during
January—March, the coldest winter months with the most
snow cover in Northern latitudes [32, 51]. In addition,
migrants should be back on their summer range, where
available forage is more abundant and nutritious during
most of the year that snow is not present, prior to par-
turition in June [38, 52] and stay as long as possible to
maximize growth prior to winter. Therefore, for animals
that took a single trip, we estimated whether outbound
migration took place during September—December, and
inbound migration during April-June. Finally, we also
examined the frequency at which individuals we moni-
tored for multiple years switched among strategies, and
between which strategies they switched.

Results

We categorized 1218 movement trajectories of 722
unique adult female mule deer from July 2015 through
June 2020 (for all categorized trajectories, see Additional
File 2). Deer were tracked for an average of 20 months;
293 deer were included in the analyses for multiple years.

The majority of deer (n=949, 77.9%, Fig. 3) made
one round-trip away from its summer range. Dual-
range migrants (n=662, 54.4% of total) visited one
range during this trip, whereas multi-range migrants
(n=287, 23.6% of total) visited multiple separate
ranges. Departure dates for outbound movements,
as indicated by the breakpoint indicating the first
range shift and start of the trip, averaged Novem-
ber 9+1.70 (SE) days and October 30+2.20 days for
dual- and multi-range migrants, respectively. Inbound
movements, indicated by the second breakpoint at
the end of the trip, started on 26 April£0.93 days
and 6 May=3.48 days. Movements took place during
typical fall and spring time periods for 80.8% of dual-
range migrants (n=>535, 43.9% of total) and 14.3% of
multi-range migrants (n=41, 3.4% of total). For dual-
range migrants, the distance between the two ranges
was on average 25.15+0.65 km, and the trip length
was 167.82+2.13 days (Fig. 4). Trips of multi-range
migrants lasted 188.67 +£2.46 days and comprised
3.20+0.03 ranges that were on average 31.30 £ 1.05 km
from the summer range, with the farthest range being
34.82 £ 1.07 km away (Fig. 4).

Several trajectories (n=32, 2.6%, Fig. 5) comprised
not one but multiple round-trips away from the sum-
mer range. Commuters (n=12, 1.0% of total) took mul-
tiple trips to the same range, whereas poly-migrants
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Fig. 3 Examples of net-squared displacement (NSD) plots and movement trajectories for migration strategies comprising one distinct out and back
trip observed in mule deer (Odocoileus hemionus) captured between 2014 and 2019 in Utah, USA. Categories include dual-range migrants (54.4% of
1218 trajectories) and multi-range migrants (23.6%)

(n=18, 1.5% of total) took trips to different ranges.
Commuters took on average 2.21+0.11 trips to the
same range 11.67+1.62 km away from their summer
range, for a combined trip length of 178.71 £12.05 days.
Poly-migrants took 2.05+0.10 trips to 2.17 +0.12 dif-
ferent ranges that were on average 16.36+1.67 km
from their summer range, for a combined trip length of
221.94+19.67 days (Fig. 4).

A substantial number of movement trajectories
(n=237, 19.5%, Fig. 6) did not encompass any round-
trips. Among this category, dispersers (n=53, 4.4%
of total) showed only an outbound movement but no
inbound movement back to their original summer
range. They left their summer range around 14 October
(£13 days) and used 2.21+0.15 other ranges. For the
remaining trajectories (n=184), no significant range
shifts were detected, including the residents (n=153,
12.6% of total), who stayed at one range, and the gradual

movers (n=31, 2.5% of total), who exhibited gradual
range shifts. Residents showed an average displacement
of 1.55+0.07 km, whereas gradual movers displaced and
average of 8.03£0.92 km throughout the year.

Out of 722 unique deer we monitored for at least a year,
293 deer were tracked for multiple years. The majority of
these deer (51.2%) exhibited more than one unique strat-
egy (Table 1). Between successive years, deer switched
among categories 41.9% of the time (Table 2).

Discussion

It has been widely acknowledged that a complete under-
standing of the behaviors and drivers resulting in dif-
ferent kinds and degrees of migration should be a focus
point of animal movement research [11, 53]. However,
the majority of recent migration studies have focused
on effects of environmental factors on the decision of
whether to migrate or not, thereby largely ignoring the
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occurrence of different migratory strategies beyond ste-
reotyped resident and migrant behaviors, and discarding
data from animals whose movement patterns do not fit
these categories [8, 12, 18, 22, 23]. Additionally, the lack
of clear definitions and criteria defining migration pat-
terns prevents consistently categorizing and comparing
animals across studies and species [11]. We developed
categories of migratory behavior based on unique cri-
teria and found that, out of 1218 annual migration tra-
jectories, 87.4% could be considered migratory, but only
half of those fit the typical pattern of ‘classic’ migration.
The substantial number of atypical migratory strate-
gies underlines the importance of acknowledging and
studying these less-stereotyped behaviors exhibited by a
majority of migrants.

Only 43.9% of all the trajectories in our study could
be considered typical migrants, who made one round-
trip to a single winter range and migrated during fall
and spring, respectively. Another 10.4% were dual-range
migrants that traveled outside of the typical time periods.
The largest group of atypical behaviors were the multi-
range migrants (23.6%); individuals that did not migrate
to a single winter range, but instead migrated to several
different ranges. Although there are not any clear defini-
tions in the literature regarding duration of stopovers, we
chose a conservative 14 day limit based on data available
for mule deer [45]. If a longer duration were chosen, then
some of these multi-range migrants could be classified as
typical migrants. The animals we labeled as multi-range
migrants, however, used intermediate ranges for longer

duration (often many months) than has been described
for stopovers with this species [45]. Moreover, many of
these animals spent more time on intermediate ranges
than they did on either summer or winter ranges each
year and it seems appropriate to label those behaviors
as use of multiple ranges as opposed to simply stopover
areas. Poly migrants (1.5%) also visited multiple ranges
but did so during not one but multiple round-trips. Com-
muters (1.0%) only visited one range besides the summer
range, but made multiple trips to that separate range.
Dispersers (4.4%) left their summer range but never
returned, even though this study only included adults
(>2 years old at start of summer) whereas mule deer
are thought to disperse as yearlings [49]. Finally, gradual
movers (2.5%) did not show any distinct range shifts but
did not fit the resident (12.6%) category because their
movements covered an area substantially bigger than
a typical home range [50]. Although we did not explic-
itly include a category of ‘nomads; which can be broadly
defined as making irregular, non-migratory long-distance
movements [54], both our disperser and our gradual
mover category might fit this label.

Our results are mostly descriptive in nature and sev-
eral patterns of movement illustrated herein lack a clear
linkage to ecological significance. Based on previous
examinations of migration in mule deer [2, 23, 32, 36]
and hypothesized patterns of cultural transmission from
adult to offspring [5], we were expecting animals to use
mostly typical patterns of movement (e.g., resident, one-
time migrant, or one-time migrant with stop overs) and
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be consistent among years. Our results illustrate that
there is considerable variation among individuals and
plasticity within individuals that is not explained by a
single overarching idea or concept (e.g., access to high
quality food or reducing the risk of predation [4]). The
different migratory behaviors exist likely because there
is, or was, an increase in fitness of an individual or group
of individuals that adopted the behavior. Future research
should focus on understanding the ecological significance
of various patterns of migration to enhance conservation.
For example, the use of multiple ranges is important to
note because one cannot arbitrarily select one range to
be managed as the winter range and disregard the oth-
ers [10]. Commuters and poly-migrants might only need
to escape winter conditions for short amounts of time, or
migrate for reasons completely unrelated to weather or
resource availability [11].

Utah is topographically, climatically and ecologically
diverse, spanning a large variety ecoregions, many of

which are representative of large parts of the mule deer’s
range outside of Utah [55]. Thus, although no other stud-
ies reported proportions of atypical migratory behaviors
of mule deer, we have no reason to believe mule deer in
Utah behave differently than mule deer elsewhere. As
the timing of mule deer migration is associated with fac-
tors such as winter severity and plant phenology [23],
environmental diversity can result in heterogeneity in
migratory behaviors [11, 22]. Indeed, we saw substan-
tial variation among migratory trajectories. We also
observed more plasticity than typically reported for this
species, as the majority of deer switched among different
strategies from one year to the next. This appears to con-
trast with a study by Sawyer et al. [36], who concluded
that mule deer demonstrate little plasticity in terms of
whether they migrate or not. However, they focused on
switches between typical dual-range migrant and resi-
dent behavior, which were uncommon in our sample
as well. Variation and plasticity in migration strategies
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may be a mechanism to avoid a mismatch with weather
conditions in fall and plant phenology in spring [23].
Although the tracking of plant phenology in spring,
also known as green wave surfing [2], has mostly been

studied in the context of typical migration, atypical pat-
terns may emerge when migrants are unable to track
phenology closely due to landscape barriers (such as riv-
ers and roads), discontinuities in resources, or risks such
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Table 1 Number of mule deer (Odocoileus hemionus) captured between 2014 and 2019 in Utah, USA that we monitored for 2, 3, or 4
consecutive years (n), and the percentage that used 1, 2, 3, or 4 different strategies among years

Years monitored 1 strategy 2 strategies 3 strategies 4 strategies Total n
2 years 522 47.8 - - 138

3 years 505 41.1 84 - 107

4 years 354 458 14.6 42 48

Table 2 Transition matrix indicating the percentage of mule deer (Odocoileus hemionus) captured between 2014 and 2019 in Utah,
USA that exhibited a specific strategy in one year (column) and switched to another strategy in the next year (row) or exhibited the

same strategy again (main diagonal, italic)

Dual-range Multi-range Commuter Poly-migrant Disperser Resident Gradual mover
migrant migrant
Dual-range migrant 67.8 455 25.0 20.0 455 21.6 66.7
Multi-range migrant 21.2 45.5 250 40.0 18.2 9.5 16.7
Commuter 0.7 0.9 0.0 0.0 0.0 0.0 0.0
Poly-migrant 0.7 1.8 0.0 20.0 4.5 0.0 0.0
Disperser 4.8 1.8 0.0 20.0 22.7 2.7 0.0
Resident 37 36 250 0.0 4.5 62.2 16.7
Gradual mover 1.1 09 25.0 0.0 4.5 4.1 0.0

as vulnerability to predation. However, Bischof et al.
[8] point out that any appropriately timed movement
between ranges with different phenological development
can provide a nutritional benefit, even without exploit-
ing the full potential of the green wave. In addition to
variation in timing, strategies that involve the use of mul-
tiple winter ranges could also be an adaptation to maxi-
mize resource use by balancing the benefits of migration
with the risks and costs of moving. The costs of moving
increase with distance, and multi-range migrants trave-
led farther than any other category. Climate variations
may cause different migration strategies to be adaptive or
maladaptive in different years [10]; one possible explana-
tion for multiple strategies coexisting at the same time
within a population.

Although simplifying complex behavior is often an
acceptable and practical method to answer ecological
questions, it could also lead us to disregard complexi-
ties that might hold the key to a full understanding of
a complex phenomenon such as migration. Atypical
migrants may represent an important part of the popu-
lation, whose behavior might uncover unknowns on the
underlying factors and drivers of migration [12]. Addi-
tionally, detailed investigations of migratory movement
yield important information for conservation and man-
agement plans. For example, animals that move slower
and more gradually between ranges might be less vulner-
able to predation or starvation, but they may also have
more opportunity to damage crops and cause conflict

along their way [8]. Standardizing or simplifying migra-
tory behavior can result in inadequate or even incorrect
information resulting in ineffective management. For
the migrants that used more than one winter range, for
example, there was no ‘average’ range to be managed, nor
can we easily decide which range is most important [10].
Therefore, more detailed description and parameteri-
zation of migratory behaviors is not only beneficial for
migration research, but also of vital importance for main-
taining and restoring this iconic phenomenon.

Conclusion

By developing categories that encompass migratory
strategies that fall in the typical migrant and resident
categories as well as all atypical, mixed or interme-
diate strategies, we have helped elucidate the need
for research addressing the entire range of migratory
behaviors. One important question to answer would
be how the proportion of different strategies relates
to factors thought to affect migratory timing, such as
winter severity and plant phenology. A related question
is whether individual deer switch between strategies
from year to year depending on certain intrinsic and
external conditions to improve their fitness. Certain
strategies could be restrained or prohibited by habi-
tat alterations such as landscape barriers, resulting in
a decrease of migratory diversity. Such a decrease may
negatively affect populations because migratory diver-
sity makes populations more resilient to environmental
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change and population declines [56], which is particu-
larly important in the light of current climate change
and anthropogenic pressures. Therefore, acknowledg-
ing and investigating the full complexity and diversity
in migratory strategies can help shape effective conser-
vation and management plans for populations at higher
or lower levels of risk [36].
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