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Abstract
1. The migratory movements of wild animals can promote abundance and support 

ecosystem functioning. For large herbivores, mounting evidence suggests that mi-
gratory behaviour is an individually variable trait, where individuals can easily 
switch between migrant and resident tactics. The degree of migratory plasticity, 
including whether and where to migrate, has important implications for the ecol-
ogy and conservation of large herbivores in a changing world.

2. Mule deer (Odocoileus hemionus) are an iconic species of western North America, 
but are notably absent from the body of literature that suggests large herbivore 
migrations are highly plastic. We evaluated plasticity of migration in female mule 
deer using longitudinal GPS data collected from 312 individuals across nine popu-
lations in the western United States, including 882 animal-years (801 migrants 
and 81 residents).

3. We followed both resident and migratory mule deer through time to determine 
whether individual animals switched migratory behaviours (i.e., whether to mi-
grate) from migratory to residency or vice versa. Additionally, we examined the 
fidelity of individuals to their migration routes (i.e., where to migrate) to determine 
whether they used the same routes year after year. We also evaluated whether 
age and reproductive status affected propensity to migrate or fidelity to migra-
tory routes.

4. Our results indicate that mule deer, unlike other large herbivores, have little or no 
plasticity in terms of whether or where they migrate. Resident deer remained resi-
dents, and migrant deer remained migrants, regardless of age, reproductive status 
or number of years monitored. Further, migratory individuals showed strong fidel-
ity (>80%) to their migration routes year after year.

5. Our study clearly shows that migration plasticity is not ubiquitous among large 
herbivores. Because of their rigid migratory behaviour, mule deer may not adapt 
to changing environmental conditions as readily as large herbivores with more 
plastic migratory behaviour (e.g., elk). The fixed migratory behaviours of mule 
deer make clear that conservation efforts aimed at traditional seasonal ranges and 
migration routes are warranted for sustaining this iconic species that continues to 
decline across its range.
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1  | INTRODUC TION

A growing body of literature highlights the role that migration plays 
in sustaining large herbivore populations, promoting abundance 
and supporting ecosystem functions (Avgar, Street, & Fryxell, 2014; 
Bauer & Hoye, 2014; Fryxell, Greever, & Sinclair, 1988; Middleton 
et al., 2018). Yet, conservation efforts aimed at protecting migration 
routes face serious challenges across the globe, including habitat 
loss, fragmentation, jurisdictional complexity and climate change 
(Berger & Cain, 2014; Bolger, Newmark, Morrison, & Doak, 2008; 
Harris, Thirgood, Hopcraft, Cromsigt, & Berger, 2009). To help plan 
for and predict how these challenges will affect migratory herbi-
vores, ecologists have begun to examine the behavioural plasticity 
of large herbivores as it relates to migration, so that managers can 
identify conservation measures that better reflect how adaptable 
species may be to changing environmental conditions (Eggeman, 
Hebblewhite, Bohm, Whittington, & Merrill, 2016; Morrison & 
Bolger, 2012; Peters et al., 2017).

Migratory plasticity is a general concept that can encompass at 
least two distinct behaviours in large herbivores, including whether 
to migrate and where to migrate (Gurarie et al., 2017). The decision of 
whether to migrate often refers to facultative migration or “switch-
ing” behaviour, where animals may migrate one year, but not the 
next. Although switching behaviour has been documented in a wide 
range of taxa, including fish, birds, amphibians and insects (Chapman, 
Brönmark, Nilsson, & Hansson, 2011; Grayson, Bailey, & Wilbur, 
2011; Skov et al., 2011; Sutherland, 1998), researchers have tradi-
tionally assumed that the migratory status of large herbivores was 
fixed (Eggeman et al., 2016). However, several recent studies that 
monitored individual animals for multiple years have shown varying 
degrees of switching behaviour, including impala (Aepyceros melam-
pus) (Gaidet & Lecomte, 2013), moose (Alces alces) (White, Barten, 
Crouse, & Crouse, 2014), roe deer (Capreolus capreolus) (Cagnacci 
et al., 2011; Gurarie et al., 2017; Peters et al., 2017), white- tailed 
deer (Odocoileus hemionus) (Fieberg, Kuehn, & Delgiudice, 2008; 
Sabine et al., 2002), red deer (Cervus elaphus) (Martin et al., 2018; 
Mysterud et al., 2011) and North American elk (Cervus canadensis) 
(Eggeman et al., 2016; Hebblewhite & Merrill, 2011). Together, these 
studies led Eggeman et al. (2016) to conclude that all large herbi-
vores can, and do, switch between the two basic movement tactics 
of residency and migration. Further, both theoretical research and 
empirical research suggest the propensity to migrate may change in 
response to a variety of factors, including population density, age, 
reproductive status and even personality (Chapman, Hulthén, et al., 
2011; Found & St. Clair, 2016, 2017; Mysterud et al., 2011). For ex-
ample, in wildebeest (Connochaetes taurinus), switching behaviour 
was related to reproductive status (Morrison & Bolger, 2012); in roe 

deer, the proportion of migratory animals was influenced by popula-
tion density (Mysterud et al., 2011); and in moose, the propensity to 
migrate was associated with age (Singh, Börger, Dettki, Bunnefeld, 
& Ericsson, 2012).

In addition to the decision of whether to migrate, the decision 
of where to migrate represents another dimension of variation in 
behaviour for migratory animals. For an individual, where to move 
is fundamentally influenced by information derived from local en-
vironmental cues and past experience (Nathan et al., 2008). Site 
fidelity is the spatial manifestation of implementing previously ac-
quired information and is widespread among the animal kingdom 
(Broderick, Coyne, Fuller, Glen, & Godley, 2007; Denoël, Dalleur, 
Langrand, Besnard, & Cayuela, 2018; Dyer, 1996; Steingrímsson & 
Grant, 2003; Wakefield et al., 2015). Decisions associated with site 
fidelity to migratory routes are rooted in a variety of navigation and 
orientation mechanisms (Bracis & Mueller, 2017) and the spatiotem-
poral distribution of landscape attributes (Aikens et al., 2017; Merkle 
et al., 2016; Mueller & Fagan, 2008) that may influence the level of 
fidelity. Although common in large herbivores (Merkle, Sigaud, & 
Fortin, 2015; Wolf, Frair, Merrill, & Turchin, 2009), site fidelity oper-
ates along a spectrum that ranges from individuals with weak fidel-
ity or unpredictable movements (Mueller et al., 2011), to individuals 
with strong fidelity that move predictably along the same route year 
after year (e.g., Aikens et al., 2017; Sawyer, Kauffman, Nielson, & 
Horne, 2009).

Flexible migratory behaviours such as switching and low fidel-
ity are presumed to be a driving force behind the maintenance of 
partial migration (Chapman, Brönmark, et al., 2011; Kaitala, Kaitala, 
& Lundberg, 1993), where depending on environmental conditions, 
the relative costs and benefits of whether and where to migrate can 
vary. Such behavioural flexibility provides an important adaptive ad-
vantage for species in response to environmental change (Beever 
et al., 2017; Schindler et al., 2010; Shaw, 2016; Sih, Ferrari, & Harris, 
2011). For instance, for some marine mammals, weak fidelity during 
migration may result in greater rewards in terms of mass gain during 
anomalous weather conditions, which are predicted to increase in 
frequency with climate change (Abrahms et al., 2018). Until recently, 
the extent of flexibility in migratory behaviours had not been widely 
explored in large herbivores (Eggeman et al., 2016), but such work is 
critical to understanding the adaptive capacity of migratory herbi-
vores in a rapidly changing world (Shaw, 2016).

Quantifying migratory plasticity can help shape conservation 
planning for large herbivores by identifying populations most at risk 
and developing conservation actions that accommodate various lev-
els of plasticity (Faille et al., 2010; Lafontaine, Drapeau, Fortin, & 
St- Laurent, 2017). For example, animals that can switch migratory 
behaviours, where one year they migrate between seasonal ranges 
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and the next year they do not, are presumably more resilient to envi-
ronmental or land- use changes that negatively affect their traditional 
migration routes (sensu Gilroy, Gill, Butchart, Jones, & Franco, 2016). 
Similarly, animals that migrate every year, but show low fidelity to 
their routes, have the option to use an alternative migration route if 
one is blocked or becomes unsuitable. In contrast, animals that do not 
switch migratory behaviours and migrate every year along the same 
route may not quickly adapt to land- use or environmental changes 
that negatively impact their migration routes (Morrison & Bolger, 
2012; Sawyer et al., 2013). Such behavioural differences among taxa, 
species, and even populations have clear conservation implications, 
as migratory populations with high switching rates or low fidelity to 
routes may accommodate a much wider range of environmental con-
ditions and protective measures, whereas animals with low switching 
rates and high fidelity to routes require the protection and continued 
permeability of existing migration corridors. Mule deer have a broad 
geographic range and can migrate a wide range of distances (Sawyer, 
Middleton, Hayes, Kauffman, & Monteith, 2016), but have been no-
ticeably absent from research demonstrating high plasticity in migra-
tion (Eggeman et al., 2016). Here, we use longitudinal monitoring via 
GPS collars from 312 mule deer, covering 882 animal- years across 
nine populations in the western United States, to quantify the extent 
of switching behaviour and fidelity to migration routes of an iconic 
species that is declining across its range (DeVos, Conover & Headrick, 
2003; Bergman, Doherty, White, & Holland, 2015).

2  | MATERIAL S AND METHODS

2.1 | Study area

Our study included nine prominent populations of mule deer that 
ranged in size from 500 to 12,000 individuals and occupied sea-
sonal ranges in New Mexico, Colorado and Wyoming (Figure 1). 
The Wyoming populations were located in the Upper Green River 
Basin (UGRB: 42°49′N, 109°54′W), Wyoming Range South (WRS: 
42°56′N, 110°30′W), Wyoming Range North (WRN: 42°25′N, 
110°21′W), Red Desert (RD: 41°44′N, 108°53′W), Chokecherry 
Project Area (CPA: 41°40′N, 107°11′W), Atlantic Rim North (ARN: 
41°20′N, 107°41′W), Atlantic Rim South (ARS: 41°7′N, 107°35′W) 
and the Platte Valley (PV: 41°7′N, 106°30′W). All eight Wyoming 
populations wintered in low- elevation (~1,800–2,200 m) sagebrush 
(Artemisia sp.) basins. Animals from the UGRB, WRN, WRS, RD and 
PV generally migrated through a variety of mid- elevation mountain 
shrub and lodgepole pine (Pinus contorta) communities to high- 
elevation (~2,400–3,100 m) summer ranges characterized by mon-
tane and subalpine habitats (Abies lasiocarpa, Picea engelmannii). 
The ARN, ARS and CPA animals migrated to mid- elevation (~2,300–
7,700 m) foothills dominated by mixed- mountain shrubs and aspen 
(Populus tremuloides). We note too that some PV animals migrated 
up to 110 km south to summer ranges in North Park, Colorado, 
USA, whereas some ARS animals moved south to winter ranges in 
Colorado. Additionally, some WRS and UGRB animals migrated to 
summer ranges in Idaho. The New Mexico population was located in 

the San Juan Basin (SJB: 36°55′N, 107°22′W), east of Navajo Lake. 
The winter range in the SJB was characterized by pinyon (Pinus edu-
lis) and juniper (Juniperus scopulorum) woodlands interspersed with 
sagebrush. The population of mule deer in the SJB migrated 40 to 
120 km north through mid- elevation Ponderosa (Pinus ponderosa) 
and scrub oak (Quercus gambelii) communities to high- elevation 
subalpine and alpine summer ranges in the San Juan Mountains of 
Colorado, USA.

2.2 | Animal capture and movement data

We used helicopter net- gunning to capture adult (≥1.5 years of age) 
female deer from the winter ranges of our nine study herds, during 
winters 2007 through 2017. All mule deer were captured following pro-
tocols consistent with the University of Wyoming Institutional Animal 
Care and Use Committee and recommendations of the American 
Society of Mammalogists (Sikes & Gannon, 2011). We equipped ani-
mals with GPS collars (Telonics, Mesa, Arizona, USA) programmed to 
collect locations every two hours at all study sites, except WRN and 
WRS, where GPS collar (ATS Iridium, Isanti, Minnesota, USA) collected 
locations every 1 to 5 hr. We recaptured mule deer approximately 

F IGURE  1 Migration routes and locations of Atlantic Rim North 
(ARN), Atlantic Rim South (ARS), Chokecherry Project Area (CPA), 
Platte Valley (PV), Red Desert (RD), San Juan Basin (SJB), Upper 
Green River Basin (UGRB), Wyoming Range North (WRN) and 
Wyoming Range South (WRN) mule deer populations in Wyoming, 
Colorado, Idaho and New Mexico, USA
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every 2 years and fit with new collars. We restricted our analysis to 
animals that completed a minimum of three consecutive migration se-
quences, for example spring, autumn, spring, so that switching behav-
iour and migration fidelity could be assessed across seasons and years. 
Fix success of GPS collars was >99% precluding fix- rate bias or other 
bias introduced by missing locations (Frair et al., 2010).

2.3 | Identifying migratory and resident behaviour

We mapped GPS location data in ArcMap (Environmental Systems 
Research Institute, Redlands, California) to determine which animals 
were migratory and resident. We classified animals as resident when 
their winter and summer ranges overlapped, whereas migratory ani-
mals made distinct movements between seasonal ranges. For migra-
tory animals, we then used net squared displacement to calculate the 
start and end dates of spring and autumn migrations (Bunnefeld et al., 
2011), by setting the starting position to 15 December, when mule deer 
occupied their winter range. Because we collected longitudinal data 
for individual animals, ranging from 1.5 (three migrations) to 6 years 
(12 migrations), we examined movement data each year and season 
(i.e., spring and autumn) to determine whether any animals switched 
between migratory and resident behaviours. Of the nine populations 
we sampled, five (ARN, CPA, PV, RD and WRS) were partially migra-
tory, while the other four (ARS, SJB, UGRB and WRN) were completely 
migratory. We examined potential switching events in 27 resident in-
dividuals, representing 81 animal- years of data, and in 285 migratory 
individuals representing 801 animal- years, including 796 spring and 
730 autumn migration sequences (Table 1). We verified our sample size 
was sufficient to detect a reasonably low rate of switching events (i.e., 
<0.01) using a power analysis (Supporting Information Appendix S1).

2.4 | Migration fidelity analysis

To evaluate whether individual animals used the same migratory 
routes across seasons and years, we developed a simple metric 

where fidelity was defined as the proportion of GPS locations dur-
ing a seasonal migration in year t + 1 that were contained within a 
99% contour around a Brownian bridge movement model (BBMM; 
Horne, Garton, Krone, & Lewis, 2009) calculated from a spring or 
autumn migratory trajectory from year t. To minimize the effects 
of small amounts of drifting of summer and winter ranges from 
year to year, we removed the first and last 24 hr of the migratory 
movement in year t + 1 before calculating our fidelity metric. We 
parameterized BBMMs with 10 m location error and 100 × 100 m 
grid cell size using the “BBMM” package in R (R Foundation for 
Statistical Computing, Vienna, Austria). Given our data contained 
repeated measures of individuals and multiple populations with 
uneven sample sizes, we used a mixed- effects model of the mean 
to estimate fidelity for each population. In the model, our fidel-
ity metric for a given individual in a given year was the response 
variable, and we specified a random intercept for animal ID nested 
within population. Because spring and autumn migration routes 
may differ slightly (Sawyer & Kauffman, 2011), we estimated fi-
delity of spring migrations to the first spring migration in the 
sequence of data for each individual, and fidelity of autumn migra-
tions to the first autumn migration we documented for each indi-
vidual, separately. Because changes in migration behaviour may 
not be detected in short- term studies of 1 or 2 years (Eggeman 
et al., 2016; Fieberg et al., 2008), we examined whether the num-
ber of years an individual was monitored influenced fidelity. Here, 
we fit a mixed- effects linear model, where fidelity was the re-
sponse variable and number of years monitored was the predictor 
variable, and we assigned individual animals nested within popula-
tion as random intercepts and slopes.

We also evaluated the influence of age and reproductive status on 
switching behaviour and fidelity, because they are individually variable 
traits (Eggeman et al., 2016) and are expected to change depending 
upon state of the animal (Jachowski & Singh, 2015; Monteith et al., 
2011; Mysterud et al., 2011; Singh et al., 2012). Upon initial capture for 
142 animals in six of the study populations, we extracted the incisiform 

TABLE  1 Study duration, sample sizes for animal and migration sequences, and monitoring duration of GPS- collared mule deer in nine 
study populations across the Intermountain West, USA

Study population Study duration

Migrants Residents Years monitored

n
Spring 
sequences

Autumn  
sequences n Min Max

Atlantic Rim North (ARN) 2005–2016 17 34 28 1 2 3

Atlantic Rim South (ARS) 2005–2017 40 83 72 0 2 5

Chokecherry Project Area (CPA) 2013–2017 8 29 28 17 3 5

Platte Valley (PV) 2011–2013 19 39 36 5 2 3

Red Desert (RD) 2011–2017 38 82 73 3 2 4

San Juan Basin (SJB) 2012–2017 48 184 177 0 2 6

Wyoming Range North (WRN) 2013–2016 41 112 102 0 2 4

Wyoming Range South (WRS) 2013–2016 33 93 86 1 2 4

Upper Green River Basin (UGRB) 2009–2017 41 140 128 0 2 6
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canine using standardized methods to facilitate ageing via cementum 
annuli (Bleich et al., 2003; Swift et al., 2002). To test the influence of 
age on fidelity, we used a mixed- effects linear model parameterized 
with fidelity between years 2 and 1 of monitoring as the response and 
age at capture as the predictor variable, while also including population 
as a random intercept and slope.

Each autumn in four of the study populations, we assessed 
the number of juveniles at heel via ground surveys conducted in 
December, which we used as a metric of recruitment of young to 
6 months of age (Monteith et al., 2014). We obtained recruitment 
data for 98 animals totalling 174 animal- years. Among ungulates, 
recruitment (i.e., the presence of young at heel) is thought to be a 
potential factor influencing migratory plasticity because of the en-
ergetic costs associated with lactation incurred by adult females 
(Monteith et al., 2013). Thus, the body condition of adult females 
that recruit young vs. those that do not may vary considerably and 
potentially influence migratory behaviour (DeMars, Auger- Méthé, 
Schlägel, & Boutin, 2013; Monteith et al., 2011; Singh & Ericsson, 
2014). We evaluated whether the presence of young at heel in 
December influenced fidelity in the subsequent spring migration by 
fitting a linear mixed model where recruitment was treated as an 
indicator variable with a 1 as recruitment (1 or 2 fawns) and 0 as no 
recruitment, and individual deer nested within population as random 
intercept.

3  | RESULTS

3.1 | Migratory and resident behaviour

Of the 27 resident animals, representing 81 animal- years, all re-
mained residents. Similarly, none of the 285 migratory animals, 
representing 801 animal- years, switched to residency. Of the 285 
migrants, 124 animals were monitored ≥3 years, 76 were monitored 

≥4 years, 31 were monitored ≥5 years, and 14 were monitored for 6 
consecutive years. Because no animals switched between resident 
and migratory behaviour or vice versa, we did not explore the in-
fluence of age, reproductive status or monitoring time on switching 
behaviour. Rather, it was clear that those factors had no influence 
on switching behaviour. Notably, our sample included all adult age 
classes (mean = 5.4, n = 142, SD = 2.6, range 1–12) and recruitment 
status ranging from 0 to 2 young.

3.2 | Migratory fidelity

Mule deer showed high fidelity to migration routes across seasons 
and years (Figures 2 and 3). The proportion of GPS locations dur-
ing spring migrations that overlapped a UD estimated from the first 
spring migration was 0.81, whereas the same metric of fidelity be-
tween autumn migrations was 0.89. During both spring and autumn 
migrations, the SJB population displayed the highest fidelity, whereas 
WYS population displayed the lowest. Among individual animals, fi-
delity did not change with number of years monitored for spring (β 
for year monitored = 0.01, SE = 0.01, 95% CI = −0.002 to 0.025) or 
autumn migrations (β for year monitored = −0.008, SE = 0.006, 95% 
CI = −0.020 to 0.004). Moreover, fidelity to migratory route was not 
affected by age during spring (βage = 0.02, SE = 0.01, 95% CI = 0.000, 
0.04) or autumn (βage = 0.01, SE = 0.01, 95% CI = −0.006, 0.018), and 
fidelity was not affected by reproductive status, as indexed by the 
presence of young at heel (Figure 4; βrecruit = 0.021, SE = 0.034, 95% 
CI = −0.046, 0.087).

4  | DISCUSSION

Plasticity of migratory behaviour, including decisions about whether 
and where to migrate, is an important trait, which may mediate the 

F IGURE  2  (a) Fidelity of spring mule deer migrations and 95% CIs to first recorded spring migration averaged across individuals (n = 276) 
and populations (n = 9) in Wyoming, Colorado and New Mexico, USA. (b) Fidelity of autumn mule deer migrations and 95% CIs to first 
recorded autumn migration averaged across individuals (n = 231) and populations (n = 9) in Wyoming, Colorado and New Mexico, USA
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adaptability of large herbivores to environmental change. We found 
no evidence of such plasticity in a sample of 312 individual animals 
representing 882 animal- years across nine major mule deer popula-
tions in western North America. Switching migratory behaviour has 
been reported in moose (Singh & Ericsson, 2014; White et al., 2014), 
impala (Gaidet & Lecomte, 2013), white- tailed deer (Fieberg et al., 
2008; Sabine et al., 2002), red deer (Mysterud et al., 2011), roe deer 
(Cagnacci et al., 2011; Gurarie et al., 2017), elk (Eggeman et al., 2016) 
and other ungulates, but was absent in mule deer. Instead, migra-
tory deer remained migratory and resident deer remained resident, 
regardless of age, reproductive status or the number of years they 
were monitored. Additionally, individual deer showed strong fidel-
ity to their migratory routes year after year, during both spring and 
autumn migrations.

Although plasticity in migratory and other behaviours has been 
linked to species resilience and ability to adapt to environmental 
change (Beever et al., 2017; Hendry, Farrugia, & Kinnison, 2008; 
Shaw, 2016; Sih et al., 2011), our results indicate that mule deer as a 
species likely have little or no plasticity in terms of whether or where 
they migrate, providing evidence that not all migratory ungulates 
have the capacity to quickly adapt to environmental change. Our 
study was restricted to females, so it is possible migratory behaviours 
of males may vary (sensu Peters et al., 2019). But, given the fixed mi-
gratory tactics of female mule deer, conservation efforts that target 

traditional seasonal ranges and migratory routes are warranted and 
likely key to any long- term maintenance or recovery of this iconic 
species that continues to decline across its range. This clear con-
servation focus is in sharp contrast to the more plastic migratory 
movements of other species that make targeted conservation more 
difficult (Runge, Martin, Possingham, Willis, & Fuller, 2014).

A suite of other ungulate species have displayed annual rates of 
switching migratory behaviour, ranging from 2% to 15% (Gaidet & 
Lecomte, 2013; Gurarie et al., 2017; Singh & Ericsson, 2014; White 
et al., 2014), most of which are thought to be underestimated be-
cause of the short duration (i.e., 2–3 years) of typical GPS collar 
studies (Eggeman et al., 2016; Fieberg et al., 2008). Long- term study 
of the Ya Ha Tinda elk herd in Canada revealed 52% of migrants 
switched to residency and 32% of residents switched to migration, 
with an annual switch rate of 15% (Eggeman et al., 2016). Such flex-
ible migratory behaviours are expected to support partial migration 
(Chapman, Brönmark, et al., 2011; Kaitala et al., 1993), promote 
fitness (Lafontaine et al., 2017) and clearly have the capacity to in-
fluence the proportion of migrants and residents (Hebblewhite & 
Merrill, 2011; Hebblewhite et al., 2006). Although Eggeman et al. 
(2016) conclude, “…the null hypothesis should be that ungulates 
can, and do, switch between migratory strategies,” our study clearly 
shows that this null hypothesis is rejected for mule deer.

It is unclear why mule deer would be exempt from this seemingly 
ubiquitous behaviour among large herbivores. We know that individ-
ual attributes such as age (Eggeman et al., 2016; Singh et al., 2012), 
reproductive status (Morrison & Bolger, 2012; Singh & Ericsson, 
2014) and nutritional condition (Monteith et al., 2011) can influence 

F IGURE  3 Example of 12 migration sequences across 6 years 
collected from Deer # 6 and Deer #20 in the San Juan Basin (SJB) 
population, illustrating strong fidelity to migration routes across 
seasons and years, 2011–2017

F IGURE  4 Fidelity to spring migration routes as a function of 
reproductive status, that is 0, 1 or 2 young recruited previous year, 
for 98 individual mule deer from four populations totalling 174 
animal- years (grey circles) in western Wyoming, USA, 2013–2017. 
Overall estimates of mean fidelity (and 95% CIs) denoted by black 
bars and derived from a mixed- effects linear model of spring 
fidelity as a function of December recruitment (with individual 
animal nested within population as random intercept and slope)
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migratory behaviour, but our sample of animals covered all age classes 
and included females with various reproductive and thus nutritional 
states. Even personality traits (Chapman, Hulthén, et al., 2011) such 
as whether animals are ambidextrous or not have been attributed to 
flexible migratory behaviours in elk (Found & St. Clair, 2016, 2017). 
Moreover, environmental factors such as winter severity, population 
density and predation risk can trigger switching (Cagnacci et al., 2011; 
Chapman, Brönmark, et al., 2011; Eggeman et al., 2016; Fieberg et al., 
2008; Mysterud et al., 2011). Although we did not explicitly measure 
environmental factors at our nine study sites, we can reasonably as-
sume that all were exposed to inter- annual variation in weather, pop-
ulation density and predation risk that is inherent among the highly 
variable temperate systems of the Rocky Mountains. For example, 
the UGRB population alone experienced a 42% reduction in abun-
dance during our study period (Sawyer, Korfanta, Nielson, Monteith, 
& Strickland, 2017), and the WRS and WRN populations suffered 
35% adult mortality during the unusually harsh winter of 2016–2017 
(K. Monteith, University of Wyoming, unpublished data). In short, our 
sample of mule deer across the western United States was exposed 
to a variety of factors commonly associated with switching migra-
tory behaviour in other ungulate species. Although we observed no 
switching behaviour, the relatively small amounts of inter- population 
variation in fidelity and the generally higher fidelity during autumn 
migrations compared with spring we suspect may be due in part to 
variable snow conditions that animals encounter during spring migra-
tion (Monteith et al., 2011).

One possible explanation for the rigid migratory behaviour of 
mule deer may be an especially strong reliance on memory for navi-
gation. Large herbivores are known to use memory to reduce uncer-
tainty in movement and foraging behaviour (Avgar et al., 2015; Bailey, 
Rittenhouse, Hart, & Richards, 1989; Merkle, Fortin, & Morales, 2014). 
Migrations shaped largely by memory and experience may be less flex-
ible compared with those acquired from more plastic means, such as 
horizontal social learning from conspecifics (Bracis & Mueller, 2017). 
Thus, the lack of switching migratory behaviour or using new routes 
by mule deer may simply reflect a behavioural constraint imposed 
by memory (Tello- Ramos, Branch, Kozlovsky, Pitera, & Pravosudov, 
2019). Relatedly, the apparent ease with which elk can switch migra-
tory behaviours (Eggeman et al., 2016) and modify migration timing 
(A. Middleton, University of California, unpublished data) may indicate 
a capacity to form memories or experience more quickly that allow 
them to modify migratory behaviour (sensu Bracis & Mueller, 2017). 
Relying too strongly on spatial memory can impose costs such as in-
dividuals becoming “caught” in areas of the landscape that are of poor 
quality (Merkle, Potts, & Fortin, 2017). Fidelity to spring and autumn 
migrations for mule deer were both high and, on average, exceeded 
80% across years. Certainly, such strong fidelity to migratory routes 
through time suggests a strong reliance on memory, but future work 
is needed to elucidate the underlying cognitive mechanisms mule deer 
and other large herbivores use to navigate during migration.

Mule deer showed strong fidelity to their migratory routes, re-
gardless of the distances travelled. Migration distance strongly in-
fluenced the proportion of migratory animals in the Ya Ha Tinda 

elk herd (Eggeman et al., 2016), but appears to have no such influ-
ence with mule deer, as migration distances in our study generally 
ranged from 40 to 110 km, with extremes in the RD population from 
20 to 264 km (Sawyer et al., 2016). The wide variation in migration 
distances combined with the absence of behavioural flexibility in 
switching or fidelity suggests the spectrum of behaviours between 
residency and migration evident in other large herbivores (Cagnacci 
et al., 2011, 2016; Martin et al., 2018) is not present in mule deer. 
Rather, the only spectrum of migratory behaviour in mule deer ap-
pears to be restricted to the migratory segment, including the wide 
range of distances those individuals travel and the timing with which 
they move during migration (Aikens et al., 2017; Sawyer et al., 2016).

The ontogeny of migration remains a related, but largely un-
answered question for many species, including large ungulates. 
Unlike some avian species that are genetically programmed to mi-
grate (Helbig, 1991), others appear to have strong cross- cultural 
links in large- scale movements including migration (Harrison et al., 
2010; Valenzuela, Sironi, Rowntree, & Seger, 2009). Indeed, mi-
gratory behaviours of ungulates appear to be culturally transmit-
ted from mother to offspring (Jesmer et al., 2018; Nelson, 1998; 
Sweanor & Sandegren, 1988), yet the mechanisms underlying cul-
tural transmission are unclear—in part because of the long- term and 
multi- generational data necessary to understand them (Gaillard, 
2013). Flexibility in both propensity to migrate (Eggeman et al., 
2016; Fieberg et al., 2008) and natal dispersal (Debeffe et al., 2014; 
Wahlström & Liberg, 1995) can be important pathways to the de-
velopment of migratory behaviour in some ungulates (Cote et al., 
2017). In lieu of random dispersal, however, inheritance of a migra-
tory route by the offspring from the mother implicitly transfers a 
successful migratory tactic to the offspring (Harrison et al., 2010). 
Nevertheless, cultural inheritance calls to question how migration 
developed in the first place, but also creates urgency in conserving 
existing migrations, as restoring lost migratory behaviour may take 
decades or longer (Jesmer et al., 2018). Although further work is 
clearly warranted to understand the ontogeny of migration in migra-
tory ungulates and in particular, the relative roles of natal dispersal 
and cultural inheritance, our results indicate that once a migratory 
route is adopted, it functionally becomes a fixed trait for mule deer.

Avian scientists have coined the term “migratory diversity” to 
describe the variability of movements within partially migratory 
populations—a metric that reflects whether migratory movements 
spread animals out over larger areas or restrict them to smaller 
areas (Gilroy et al., 2016). Further, studies have shown that bird 
populations with high migratory diversity tend to be more resilient 
to environmental change and population declines (Gilroy et al., 
2016). We suggest it may be helpful to extend this concept to large 
herbivores, where migratory diversity encompasses both the ex-
tent of switching behaviour (i.e., whether to migrate) within a popu-
lation and the degree of fidelity that individuals show to migratory 
routes (i.e., where to migrate). Thus, the spectrum of migratory 
diversity of large herbivores could range from species or popula-
tions that exhibit high rates of switching and low fidelity to routes, 
to those that do not switch behaviours and show strong fidelity to 
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routes. Similar to avian studies, we would expect ungulates with 
low migratory diversity to be less resilient to habitat loss, climate 
change and other perturbations that affect migration habitat. The 
lack of migratory diversity may be one of the reasons why mule 
deer populations have generally declined in recent decades, while 
elk populations continue to flourish (Lindzey, Hepworth, Mattson, 
& Reese, 1997; Sandoval, Holechek, Biggs, Valdez, & VanLeeuwen, 
2005). Preserving or enhancing migratory diversity may be key to 
population persistence and, for mule deer, mediating common fac-
tors associated with population declines, including predation, dis-
ease transmission and habitat loss (DeVos et al., 2003; Gill, 1999). 
As habitat loss and climate change continue to alter landscapes, 
it is reasonable to expect ungulates with high migration diversity, 
like elk, to adapt more readily than species with low migration  
diversity like mule deer.
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