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Animal movement strategies are thought to be determined by the
spatiotemporal variation of resources in an environment. Observations of
various species indicate that the occurrence of migratory versus resident
movements depends on resource predictability and the associated costs
and benefits of tracking resource availability versus remaining in a familiar
range. Here, we use 21 years of GPS data from seven populations (n =
239) of pronghorn (Antilocapra americana) and 12 populations (n = 283)
of elk (Cervus canadensis) across Wyoming, USA to test if resource-based
hypotheses predict individual movement strategies within a common
geographic range. We identified three distinct movement strategies in
each species—residents, dual-range migrants and multi-range migrants.
Spatiotemporal variation in resources did explain variation in strategies
in both pronghorn and elk, with residents experiencing less spatial
and greater year-to-year variation than migratory individuals. However,
spatiotemporal variation did not predict differentiation between dual-
and multi-range migrants in either species. Climatic conditions were also
important, especially in elk, where individuals were less likely to be
resident when they experienced worse winters. Our findings demonstrate
that the movement strategies of temperate ungulates are consistently
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linked to spatiotemporal resource variation across scales, but additional mechanisms can also facilitate localized behavioural n
differences.

1. Introduction

The ability to move allows animals to buffer themselves against local environmental changes and maintain access to resources
that fluctuate across both time and space [1,2]. At large scales, animal movement patterns have been conceptualized into three
broad strategies: range residency, migration and nomadism [1]. Residents typically remain in the same location year-round,
occupying a small proportion of the overall population range (e.g. urban coyotes (Canis latrans) [3]). Migrants exhibit regular,
repeated movements between ranges, often tracking seasonal resource availability (e.g. the autumn and spring migrations of
many dabbling ducks in North America [4]). Nomads use neither of these strategies and tend to have unpredictable patterns
of movement across space (e.g. loggerhead sea turtles (Carefta caretta) in the oceanic stage [5]). The movement strategies : ™
that individuals employ influence the spatial distributions of populations [1], contribute to the structure and functioning of
ecosystems [2,6], and are essential to the effective implementation of conservation efforts [7,8].

The existing ecological framework for understanding animal movement strategies posits that residency, migration, and
nomadism should occur in distinct environments, each with specific configurations of spatiotemporal resource availability
and distribution [1,9] (figure 1). Migration is expected to develop as a behavioural strategy when resources are spatially
heterogeneous, such as the mountains and plains in western North America, but highly predictable in time, such as seasonal
environments [1]. Nomadism, on the other hand, is predicted to arise when the temporal predictability of resources is low, such
as in desert or steppe biomes with sporadic rainfall [2]. Finally, range residency, in which animals form a static home range or
territory, should occur when resources are predictable in space and time and sufficiently abundant across an individual’s range
(e.g- tropical primates such as howler (Alouatta palliata) and spider monkeys (Ateles geoffroyi) feeding on plant foods [1,10]).

Empirical support for the resource-based framework for the evolution of animal movement strategies has been identified
across taxa and ecosystems. In ungulates, for example, the classically nomadic saiga (Saiga tatarica) inhabit the Eurasian steppe
where precipitation is highly unpredictable across the landscape [2,8]. In contrast, in the mountains and plains of North
America, where there is high spatial and strong seasonal variation in resource availability between high and low elevations,
ungulates such as mule deer (Odocoileus hemionus) often exhibit long-distance, seasonal migrations [11,12]. Large-scale studies
show that resource waves that move across the landscape over time predict the occurrence of migration in ungulates [13],
while residents tend to occur in areas with less spatial variation in resources [14]. Similar patterns have been observed in avian
taxa; for example, banded stilt (Cladorfiynchus leucocephalus) [15] and white ibis (Eudocimus albus) [16] exhibit nomadism in
response to the varied availability of high-quality habitat, while migrations of Arctic terns (Sterna paradisaea) are facilitated by
spatiotemporal variation in resource availability [17].

While the increased availability and longevity of fine-scale animal location data has facilitated greater understanding of
movement patterns over large spatial and temporal scales, it has also revealed behaviours that appear to contradict resource-
based hypotheses for animal movement strategies. Specifically, even among individuals in the same population and environ-
ment, movement strategies can vary extensively [18-20]. The phenomenon of partial migration, in which only a proportion of
a given population migrates and others remain resident [21], has been well documented in birds, fishes, and ungulates [22-24].
The basic premise of partial migration is that each strategy should be equally successful (i.e. individuals have similar fitness
and sub-populations achieve similar intrinsic rates of increase) at certain relative proportions or frequencies within a population
[23]. Other studies have identified a range of taxa in which a proportion of a largely migratory or resident population appears
to exhibit patterns more akin to nomadic movement [2]. In both cases, the movement strategies used by a given species can also
vary from one population to the next (e.g. [25,26]).

The relationship between animal movement strategies and spatiotemporal variation in resources is less well understood
when several distinct movement strategies occur in the same species in the same geographic region. In these circumstances,
it is possible that resource-based hypotheses are still broadly applicable, but some landscapes may have enough variability in
habitat configuration within a population’s range to support multiple strategies. Some landscapes may also abruptly transition
between patterns of high and low spatiotemporal variation over small spatial scales (e.g. where homogeneous grassland and
heterogeneous montane habitats meet; the centre point of figure 1A), in which case some apparent overlap among different
strategies is expected. In both circumstances, the predicted outcome would include multiple strategies where the proportion of
each strategy reflects the relative benefits of each strategy at low population densities [23,27,28]. Empirically testing these ideas
is challenging, however, because we can only observe the realized resource environment that each individual inhabits given
their chosen movement strategy. It is important to also consider the possibility that the association between a given movement
strategy and spatiotemporal variation in resources could arise, in part, from the movement strategy itself exposing individuals
to different resource environments. For example, an individual who migrates between seasonal ranges in a mountainous
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environment would experience higher spatial and lower year-to-year variation in resources compared to residents.

If no evidence for a relationship between movement patterns and spatiotemporal resource distribution among individuals
living in close proximity is detected, there are two primary alternative hypotheses. First, each strategy may be successful at
least some of the time or for some individuals and is maintained in localized portions of a population via social learning
and cultural transmission [29]. For instance, different proportions of a population may specialize in exploiting alternative
resource niches (e.g. [30]) and pass their specific movement strategies down to the next generation by learning from parents or

Downloaded from royalsocietypublishing.orgfrspb/article-pdffdoi/10.1098/rsph.2025.1973/4149567 /rspb.2025.1973 pdf
by Montana State University Bozeman user
on 03 September 2026



Downloaded from royalsocietypublishing or
by Montana State University Bozeman user
on 03 September 2026

Spatial heterogeneity of resources
Low High

Low

Nomadism

m Temporal predictability of resources 5,
High

movement strategies. Figure adapted from [2]. (B) Example tracks of migrant (blue), nomadic (yellow) and resident (brown) pronghorn in the same population in
Wyoming, USA (approximate location inset).

other conspecifics. Second, other natural and anthropogenic environmental conditions, such as climate, landscape connectivity,
agriculture, development and hunting pressure, may play a greater role in observed movement strategies when differentiation
among individuals occurs at a fine scale. Among these factors, there is strong evidence to suggest that snow accumulation
and winter severity can influence the movements of both resident and migratory ungulates either by acting as a barrier to
movement or by increasing movement rates or prompting range shifts to escape adverse winter conditions [31-34]. Croplands
and proximity to human development have also been shown to affect how ungulates move across the landscape and may serve
as attractive features due to the provision of supplementary food sources or result in avoidance to reduce negative encounters
with humans [29,30,34-37].

Here, we used a multi-species comparative approach with two ungulate species that are sympatric but have different
ecological requirements and life histories to test resource-based hypotheses for individual movement strategies. We used
GPS-collar data from seven populations of pronghorn (Antilocapra americana) and 12 populations of elk (Cervus canadensis)
across the core of their North American distribution (Wyoming, USA). In this region, anecdotal evidence suggests that resident,
migrant, and nomadic individuals of both pronghorn and elk live in close proximity in the same populations [23,25,32,38].
We tested the following objectives: objective 1: quantify individual movement strategies (i.e. is there quantitative evidence of
residency, migration, and nomadism in the same populations, and in what relative proportions?) in pronghorn and elk across
our study area; objective 2: test the theoretical predictions from the hypothesis that animal movement strategies are determined
by the spatiotemporal variation of resources in an environment (as outlined by Mueller & Fagan [1] and shown in figure 1A)
for two species in a single region, i.e. residents are found in areas of low spatial and high year-to-year variation, and vice
versa for migrants, while nomads are associated with areas of high year-to-year variation (low temporal predictability); and
objective 3: test alternative hypotheses related to climatic conditions and anthropogenic features that may explain the observed
variability in pronghorn and elk movement strategies. We focused on climatic conditions and anthropogenic features because of
the existing evidence that supports a relationship with pronghorn and elk movement [31-34]. Specifically, we hypothesized that
the following factors influence individual movement strategies: snow accumulation and winter severity [31-34] (representing
climatic conditions), and the presence of croplands and proximity to human development [29,30,34-37] (representing anthropo-
genic features). Current evidence suggests that each of these factors can both increase and decrease movement of ungulates;
therefore, we did not make specific directional predictions about the relationship between these variables and individual
movement strategies [29-37].

2. Methods

(a) Movement data collection and cleaning

We synthesized GPS movement data from 7 = 239 adult female pronghorn and »n = 283 adult female elk from seven pronghorn
and twelve elk populations in Wyoming, USA, collected between 2000 and 2021. We operationally defined a population as
all collared animals captured within a similar area such as a state-designated herd management unit. Study populations were
distributed across Wyoming, ranging from the mountain foothills in the Upper Green River, Bighorn and Wind River Basins
in the north and west, to more open, arid environments in the Red Desert and Shirley Basin in south-central and southeastern
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Wyoming. Detailed descriptions of population habitats and climatic conditions can be found in [34,39,40] for pronghorn and
[37,41-44] for elk, and in electronic supplementary material, appendix S1.

All movement data were collected from GPS collars affixed to individual adult (>1 year old) female pronghorn and elk : =
following capture via helicopter net-gunning. All captures followed protocols in accordance with guidelines from the American -
Society of Mammalogists [45] and permits (electronic supplementary material, appendix S1). The fix rate of the GPS collars
ranged from 1 to 4 h for pronghorn and 1-24 h for elk, with a median of 1 h across all study populations (see electronic
supplementary material, appendix S1).

(b) Objective 1: quantifying individual movement strategies

Two of the most common methods for classifying the movement strategies of animals include using net-squared displacement
curves [46] or estimating the spatial overlap between seasonal ranges [47]. While the former approach is particularly effective
for distinguishing migratory individuals, its utility is limited for populations that do not conform to typical migratory move-
ment patterns [47]. To determine individual movement strategies in our study populations, we adapted methods for measuring
migratory movements using seasonal range overlap from Cagnacci et al. [47]. We also tested and found strong agreement
between the movement classifications derived from the spatial overlap method and the net-squared displacement approach
(electronic supplementary material, appendix S2). We estimated the extent of overlap in individual space use or ranges over
different periods and used these measurements of spatial overlap as continuous metrics to quantify alternative movement
strategies. Our final dataset only included individuals for which we had at least 21-23 months of consecutive data (the
temporal extent depended on the time of year that each individual was collared initially and the seasonal cycles; see electronic
supplementary material, appendix S1) such that we could compare space use both within and across years. We generated
a series of occurrence distributions (ODs) for each individual using either a Brownian bridge movement model or kernel
utilization distribution and a grid resolution of 150 x 150 m? [48,49]. For each individual, we estimated the following ODs: a
summer range for each year of available data, a winter range for each year of available data, and individual monthly ranges for
each month across the available dataset. Summer was defined as 1 June-31 August and winter was defined as 1 December—28/29
February. We used the calendar month to define the data period for the monthly ODs. This resulted in a minimum of 21-23
distinct monthly ODs for each individual.

We then measured the volumetric overlap, which accounts for relative intensity of use, between pairwise combinations
of the ODs for each individual using the 95% ODs and the Bhattacharyya affinity overlap index [49-52]. We distilled the
measurements of pairwise OD overlap into four distinct and continuous movement metrics. First, we calculated the average
seasonal overlap (metric 1), which we measured as the overlap between summer and winter ranges in the first year and
the overlap between summer and winter ranges in the second year. This metric measured the extent to which individuals
use distinct ranges between summer and winter and estimated each individual’s tendency towards a resident (higher values
nearing 1) or migratory (lower values nearing 0) strategy. Second, we calculated the overlap between summer ranges (metric
2) and the overlap between winter ranges (metric 3) across years. We expected true migratory individuals to use the same
seasonal ranges from year to year (higher values towards 1), whereas switching seasonal ranges from year to year (lower
values towards 0) could indicate nomadism or another alternative strategy. Finally, we calculated the mean overlap between all
pairwise combinations of the monthly ODs that were >1 month apart for each individual, to minimize the effects of temporal
autocorrelation (metric 4); for instance, an OD from July would be compared to the ODs in all other months except for June
and August. We termed this metric the average annual overlap and expected it to measure each individual’s tendency towards
a resident strategy (higher values nearing 1) within a single year. We then used a subset of these movement metrics (i.e. metric
1—average seasonal overlap, metric 2—summer range overlap, metric 3—winter range overlap) and k-means clustering [25,53]
to classify animals into three distinct movement strategies. We found the following strategies in our study populations: (i)
residents, (ii) true migration in which animals consistently used the same seasonal ranges from year to year (i.e. dual-range
migrant), and (iii) a more flexible migratory strategy in which animals had different summer or winter ranges from year
to year (ie. multi-range migrant/seasonally nomadic, which has been previously observed and defined in [54,55]; electronic
supplementary material, appendix S3, figure S1). Based on anecdotal evidence from our study populations, we had expected to
find resident, migrant, and nomadic strategies; however, our quantitative assessment of these herds supported the presence of
multi-range migrants rather than true nomads.
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() Objective 2: individual movement strategies and spatial and year-to-year variation in resources

To quantify the resource environment experienced by each individual, we estimated their year-round range as a 95% kernel
utilization distribution, using 21-23 months of data for each individual, depending on availability, and a grid resolution of 150
x 150 m? [48,49]. We then extracted environmental covariates that are known to be highly correlated with resource availability
for ungulates to each individual year-round range (see electronic supplementary material, appendix S1). We estimated spatial
variation in resources by calculating the s.d. of each environmental covariate across each individual year-round range. For
covariates with multiple years of data, we first calculated the mean value across years for each grid cell within the year-round
range and then estimated the s.d. of these mean values. We then used a principal components analysis to aggregate the standard
deviations of all environmental covariates (many of which were strongly correlated) into a single measurement of spatial
variation in resources (see electronic supplementary material, appendix S1, S3, figures S2 and S3).
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We measured temporal predictability of the resource environment as the year-to-year variation in resources within each “
individual year-round range. We used three variables known to be strongly associated with resource availability for temperate
ungulates—date of peak spring green-up, length of the primary growing season (i.e. spring length in days) and total above-
ground herbaceous biomass (lbs per acre) [56]. We estimated resource variation between years by extracting the mean value
for each covariate in each year across all grid cells in each individual range and then calculated the standard deviation of
these annual mean values (electronic supplementary material, appendix S1). Because the date of peak spring green-up and
spring length were strongly correlated (R? > 0.7), we used generalized linear regression models and a comparison of the
Akaike information criterion corrected for small sample sizes (AICc) to identify which of these covariates performed best in
explaining variation in individual movement strategies (see electronic supplementary material, appendix S1). We identified the
combination of spring length and herbaceous biomass as the top model for both species and used these covariates to represent
year-to-year variation in resources (electronic supplementary material, appendix S3, figures S2 and S3).

We used mean daily snow depth to determine overall winter conditions and relative winter severity (see electronic supple-
mentary material, appendix S1), which we used as indices of climatic conditions for each individual’s year-round range [31-34].
We used percent agriculture and mean distance to roads in each individual’s year-round range as indices of anthropogenic
features on the landscape (see electronic supplementary material, appendix S1) [34-37].

We fitted generalized linear regression models to assess the relationship between individual movement strategies—as
defined by our metrics of spatial overlap—and spatial and year-to-year variation in resources. For each species, we fitted three
candidate models for four different subsets of the overall dataset, including (i) all animals, (ii) only dual-range migrants and
multi-range migrants, (iii) only residents and dual-range migrants, and (iv) only residents and multi-range migrants. In each
model set, we used one of the spatial overlap metrics as the response variable to differentiate between the movement strategies
being compared in each model set (e.g. we used seasonal overlap as the response variable for models comparing residents and
dual-range migrants).

The three candidate models were the same across each model set and included (i) spatial variation and (ii) year-to-year
variation in resources (represented by both spring length and aboveground herbaceous biomass) as predictor variables, and (iii)
an intercept-only model (electronic supplementary material, appendix S3, table S3). We did not include spatial and year-to-year
variation in resources in the same model because these variables were often highly correlated (R? > 0.6). For the model sets with
all animals, we used seasonal overlap as the response variable (i.e. high values represented residents, low values represented
dual-range or multi-range migrants). For the model sets with dual-range and multi-range migrants, we used overlap among
winter ranges across years as the response variable (i.e. high values represented dual-range migrants, low values represented
multi-range migrants). To compare residents and dual-range migrants, we also used seasonal overlap as the response variable
(i-e. high values represented residents, low values represented dual-range migrants). Lastly, we used annual overlap as the
response variable in the model sets with residents and multi-range migrants (i.e. high values represented residents, low
values represented multi-range migrants). We used a beta distribution for each model because our response variables were
proportional values bounded between 0 and 1 (electronic supplementary material, appendix S1). We scaled and centred all
predictor variables within each subset of data prior to model fitting and compared model fits using AICc.

We conducted a sensitivity analysis to verify the robustness of our results by separating the contributions of the resource
environment and individual behavioural decisions on the observed relationship between spatial and year-to-year variation
in resources and individual movement strategies (as defined by our metrics of spatial overlap). We tested the consistency
of this relationship when all individuals had a standardized domain of availability from which we sampled the spatial and
year-to-year variation in resources. In contrast to our primary analysis in which the availability domain was determined by
each individual’s year-round range derived from GPS location data, this standardized domain was independent of the locations
where individuals established their ranges. Thus, it reflects the overall resource environment available to that individual
rather than only the environment they experienced while using their movement strategy. We delineated a circular buffer of a
standardized radius around the centroid of each individual’s GPS locations in winter (1 December—28/29 February). The buffer
radius was approximately equal to the 95% quantile of the areas of the annual ranges estimated for pronghorn (3765 km?) and
elk (1647 km?). We used these standardized domains to re-calculate the spatial and year-to-year variation in resources for each
individual, following the same procedure described above for the empirical year-round ranges. We then replicated the same set
of beta regression models for objective 2 and compared the results.
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(d) Objective 3: alternative hypothesis testing

We fitted another series of generalized linear models with a beta distribution to test our alternative hypotheses on how climatic
conditions and anthropogenic features may influence the individual movement strategies we defined in our study system. We
repeated the same data partitioning and model fitting procedures as described for objective 2 but tested seven candidate models
for each of the four model sets for each species (electronic supplementary material, appendix S3, table S4). We compared our
alternative hypotheses directly against the resource-based hypotheses tested in objective 2 by including the top model from
objective 2 for each of the four model sets as one of the seven candidate models. The other six models included an intercept-only
model, a model with climatic conditions (overall winter conditions and relative winter severity), a model with anthropogenic
features (per cent agricultural lands and distance to roads), and three other models with a combination of these variables and
the covariates from the top model in objective 2 (electronic supplementary material, appendix S3, table S4). We selected the
best-fitting model using a comparison of AICc.
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3. Results
(a) Objective 1: quantifying individual movement strategies

Both pronghorn and elk displayed diverse movement strategies (figure 2; electronic supplementary material, appendix S3,
tables S1, S2 and S4-56). Average seasonal overlap was skewed towards 0 with a median of 0.27 (range: 0-0.91) for pronghorn
and 0.23 (range: 0-0.84) for elk (figure 2; electronic supplementary material, appendix S3, tables S1, S2 and 54-56). The average
summer overlap and average winter overlap from one year to the next was relatively high, with a median of 0.86 for summer
and 0.68 for winter for elk, and a median of 0.78 for summer and 0.62 for winter for pronghorn (figure 2). Average annual
overlap was consistent across species, with a median overlap of 0.31 for both pronghorn and elk and ranges of 0.07-0.82 and
0.11-0.70, respectively (figure 2; electronic supplementary material, appendix S3, figures S5 and S6).

The k-means clustering identified approximately 38% of pronghorn and 33% of elk as residents, with high overlap in space
use year-round and across years. A similar proportion of individuals (38% of pronghorn and 45% of elk) were identified
as dual-range migrants, with distinct summer and winter ranges that were consistent across years. The remaining 24% of
pronghorn and 22% of elk shared a similar movement strategy; however, this strategy diverged from the traditional definition
of nomadism in which individuals should move through the landscape in a seemingly unpredictable way [2]. These individuals
instead displayed multi-range migration [54,55] or seasonal nomadism [2] characterized by low seasonal overlap and low
overlap between winter ranges across years. A few pronghorn in this group also had low overlap between summer ranges,
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which suggests a movement pattern closer to true nomadism, but we did not analyse this movement strategy separately because
of the small sample size. Likewise, a few resident pronghorn (n = 5) and dual-range migrant elk (n = 4) had noticeably lower
summer range overlap (<25%) compared to other individuals in their respective groups.
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(b) Objective 2: individual movement strategies and spatial and year-to-year variation in resources

In almost all cases, year-to-year variation in resources (the consistency of spring length and/or aboveground herbaceous
biomass) was the strongest predictor of pronghorn and elk movement strategies (electronic supplementary material, appendix
S3, tables S5-58). Spatial variation (the aggregate variation in all environmental covariates across an individual’s range) in
resources was also a significant predictor of individual movement strategies but was only the top model in one model set
(electronic supplementary material, appendix S3, tables S5-S8 and figure S7). In both species, we found strong evidence
that individuals were more likely to be residents (i.e. high overlap between seasonal ranges) in areas with high year-to-year
variation in resources and more likely to be dual-range migrants (i.e. low overlap between seasonal ranges) in areas with
more predictable resources (figure 3). These relationships were consistent when we considered all animals (ps—R* = 0.52 for
pronghorn, ps—R* = 0.27 for elk), and only those individuals identified as either residents or dual-range migrants (ps—R”> = 0.51
for pronghorn, ps—R? = 0.26 for elk; figure 3A,B,D,E; electronic supplementary material, appendix S3, tables S7 and S8).

We also found strong evidence that the divergence between the resident and multi-range migrant strategies was associated
with either spatial or year-to-year variation in resources. In pronghorn, individuals were more likely to be resident (i.e. high
annual overlap in space use) when there was more variation in spring length across years (ps—R* = 0.42, § = 0.46 [0.37-0.55];
figure 3C; electronic supplementary material, appendix S3, table S7). In elk, individuals were more likely to be resident in areas
with low spatial variation in resources (ps—R* = 0.52, § = —0.48 [-0.55 to —0.40]; figure 3F; electronic supplementary material,
appendix S3, table S8).

We did not find strong evidence that spatial and year-to-year variation in resources explained the divergence between
dual-range migrant and multi-range migrant strategies in either species. For elk, our model selection identified the null
(intercept only) model as the top model (electronic supplementary material, appendix S3, table S8). For pronghorn, individuals
were more likely to be dual-range migrants compared to multi-range migrants (i.e. higher overlap between winter ranges
across years) when year-to-year variation in aboveground herbaceous biomass was higher ( = 0.33 [0.15-0.50]; electronic
supplementary material, appendix S3, table S7 and figure S8B). However, there was also weak evidence (§ = -0.18 [-0.35 to
—0.01]; electronic supplementary material, appendix S3, table S7) that individuals were more likely to be dual-range migrants
when year-to-year variation in spring length was lower and the explanatory power of this model was relatively low (ps—R* =
0.11; electronic supplementary material, appendix S3, tables S7 and figure S8A).

The relationship between spatial and year-to-year variation in resources and individual movement strategies remained
consistent between the models based on empirical year-round ranges and the models based on a standardized domain
of availability. The only difference in the model selection process was that the top model for the dual- and multi-range
migrant dataset for pronghorn was no longer the model that included year-to-year variation in spring length and aboveground
herbaceous biomass, but the model that included only spatial variation in resources as a covariate (electronic supplementary
material, appendix S3, table S9). This model revealed a positive relationship between spatial variation in resources and overlap
between winter ranges across years, demonstrating that these individuals were more likely to be dual-range migrants compared
to multi-range migrants in areas with more spatial variation in resources (ps—R* = 0.24, § = 0.62 [0.45, 0.79]; electronic supple-
mentary material, appendix S3, table S11). All other top models remained the same between the analyses based on empirical
year-round ranges and those based on the standardized domain of availability (electronic supplementary material, appendix S3,
tables S9 and 510).

We found some changes in effect size and explanatory power using the standardized domain of availability, but this varied
between species. For elk, the ps—R? values and coefficient estimates for the significant covariates remained similar between the
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Figure 3. Seasonal and annual overlap in space use as a function of spatial variation in resources and year-to-year variation in plant phenology (i.e. spring length
(days), aboveground herbaceous biomass (lbs per acre)) for pronghorn (A-C) and elk (D—F). The colour of points represents the movement strategy for each
individual—residents (brown), dual-range migrants (blue) and multi-range migrants (yellow). Pronghorn and elk exhibited resident strategies when spring length
and herbaceous biomass were less predictable across time. Black lines represent the prediction of the coefficient estimate from a beta regression model. Grey bands
represent the 95% confidence interval.

sensitivity analysis and our primary analyses using the empirical year-round ranges, apart from a lower ps—R* value for the
resident and multi-range migrant model (0.36 compared to 0.52) (electronic supplementary material, appendix S3, tables 511
and S12). For pronghorn, we observed slightly lower effect sizes for the significant covariates that were present in models
across both analyses, and the ps—R* values were roughly half of those same values in the primary analyses (apart from the
model set for which the top model changed and the ps—R* value actually increased —dual- and multi-range migrants) (electronic
supplementary material, appendix S3, tables S11 and S12).

() Objective 3: alternative hypothesis testing

In testing our alternative hypotheses—climatic conditions and anthropogenic features—for individual movement strategies, we
found continued support for year-to-year variation in resources as an important predictor of movement strategies in pronghorn
(electronic supplementary material, appendix S3, tables S13 and S15). For the model sets that included all animals, only
residents and dual-range migrants, and only residents and multi-range migrants, the top model remained the same as the top
model identified in objective 2 (electronic supplementary material, appendix S3, tables S13 and S15). For the model set that
included only dual- and multi-range migrants, we found that year-to-year variation in spring length (8 = -0.36 [-0.56 to —0.16])
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and aboveground herbaceous biomass (§ = 0.34 [0.14-0.54]) had similar relationships with the dual- and multi-range migrant n
strategies as identified in objective 2 (electronic supplementary material, appendix S3, tables S15 and figure S8), but the top
model also included relative winter severity, per cent agricultural lands, and distance to roads, and had a higher ps-R* (0.16
compared to 0.11; electronic supplementary material, appendix S3, tables 513 and 515). Of these covariates, only relative winter
severity was significantly associated with whether an individual was a dual- or a multi-range migrant—individuals were more
likely to be a multi-range migrant (i.e. lower overlap between winter ranges across years) when winter severity was higher (8 =
—0.24 [-0.42 to -0.06]; figure 4A; electronic supplementary material, appendix S3, table S15).

In elk, we found that climatic conditions and anthropogenic features were predictors of individual movement strategies, and
in several cases, better predictors than spatial or year-to-year variation in resources (figure 4B—F). For all model sets, the top
model contained at least one climatic or anthropogenic variable, and three of the four model sets contained either overall winter
conditions or relative winter severity (electronic supplementary material, appendix S3, tables S14 and S16). When present in the
top model, spatial and year-to-year variation in resources retained the same relationships with individual movement strategies
as identified in the models for objective 2 (electronic supplementary material, appendix S3, table 516). Across all elk, we found
some evidence to suggest that individuals had lower overlap between seasonal ranges with higher relative winter severity
(8 = —0.14 [-0.26 to —0.01]; figure 4B; electronic supplementary material, appendix S3, table S16), but year-to-year variation
in spring length and aboveground herbaceous biomass was retained in the top model and the latter had the greatest effect
size (f = 0.51 [0.39-0.63]; electronic supplementary material, appendix S3, tables S14 and S16). For those elk identified as
being either a dual- or a multi-range migrant, we found only weak evidence (ps—R” = 0.04) that the presence of anthropogenic
features influenced individual movement strategies. These elk were more likely to be multi-range migrants (i.e. lower overlap
between winter ranges across years) when nearer to roads (§ = 0.19 [0.02-0.35]; figure 4F; electronic supplementary material,
appendix S3, table S16). For those elk identified as resident or dual-range migrants, we found that climatic conditions were a
better predictor of individual movement strategies than spatial and year-to-year variation in resources (ps—R? = 0.30; electronic
supplementary material, appendix S3, tables S14 and S16). Both relative winter severity (8 = -0.16 [-0.29 to —0.02]; figure 4D;
electronic supplementary material, appendix S3, table 516) and overall winter conditions (f = -0.57 [-0.71 to -0.42]; figure 4C;
electronic supplementary material, appendix S3, table S516) were negatively correlated with seasonal overlap, indicating that
individuals were more likely to be resident in areas with more mild winters. For those elk identified as being either a resident
or multi-range migrant, spatial variation in resources remained an important predictor of individual movement strategies (8 =
—0.50 [-0.57 to —0.42]; electronic supplementary material, appendix S3, table 516); while relative winter severity was also in the
top model (8 =-0.11 [-0.19 to —0.04]; figure 4E; electronic supplementary material, appendix S3, table 516), the addition of this
covariate resulted in only a marginal improvement in explanatory power (ps—R*> = 0.54 compared to 0.52 in the top model for
objective 2; electronic supplementary material, appendix S3, tables 514 and 516).
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4. Discussion

We used long-term GPS-location data from two ungulate species with varied life histories to test resource-based hypotheses
for individual movement tactics when several movement strategies co-exist within a common geographic range. We found
that individual movement strategies varied widely and that spatial and year-to-year variation in resources—ranging from
environments with high spatial variation and predictability in resource availability to more spatially homogeneous and less
predictable regions—are important factors underpinning localized differences in movement strategies. We identified three
distinct movement strategies in each species—residents and dual-range migrants were present as expected, but the third
strategy did not conform to traditional nomadic movements. Instead, these individuals were multi-range migrants who adopted
semi-nomadic movement patterns but only seasonally. In both species, we found that year-to-year variation in resources
explained variation (52% in pronghorn and 27% in elk) among individuals using either resident or migratory (both dual- and
multi-range migrants) movement strategies: resident individuals were consistently found in areas with less spatial and greater
year-to-year variation. These relationships held when we isolated the effects of the resource environment on movement using
a standardized domain of availability. However, we found weak support in pronghorn and no support in elk that spatial
and year-to-year variation in resources drives differentiation between dual-range migrants and multi-range migrants. Climatic
conditions were also important for individual movement strategies, and primarily in elk—individuals were less likely to be
resident when they experienced worse winter conditions or relative winter severity. Overall, we demonstrate that resource
variation remains a key component of ungulate movement strategies at fine scales, but that factors such as climatic conditions
also play a role in shaping diverse movement strategies in these species.

Our results support the well-known idea that the benefits of migration, and therefore its occurrence, will be greatest in
landscapes with cyclic patterns of availability in resources that also vary in space [1,13]. In both species, residents tended
to occur in areas with low temporal predictability (e.g. spring length was more variable from year to year) and low spatial
variation (e.g. high prairie/grassland habitats), while migrants occupied regions where resource availability was predictable
from year to year but varied in space. Recent explorations of animal migrations have shown that many of the benefits of
seasonal movements for herbivores are derived from the migration path itself as animals ‘surf the green wave’ and optimize
nutritional gains en route [56-58]. While the phenology of the green wave shapes migration timing, length and dynamics
[13,59], we found that migration was best predicted by lower year-to-year variation in the length of spring or the amount of
aboveground herbaceous biomass. This finding suggests that consistency in the amount of resources available is important for
understanding the occurrence of migratory strategies and supports recent work that found a similar pattern for pronghorn
across Montana, USA [60].
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Despite anecdotal evidence of nomadism in our study populations, other than a handful of pronghorn individuals, we did not
find quantitative support for this movement strategy. In both species, we instead identified an alternative movement strategy that
did not fit the definition of residency or dual-range migration, in which 22-24% of individuals tended to move between summer
and winter ranges but switched seasonal ranges year to year (i.e. multi-range migrants or seasonal nomads). While we did have
multiple years (21-23 months) of GPS-location data for each individual, the identification of true nomadic movements may require
even longer time frames, particularly for relatively long-lived species. Ecologically, this finding indicates that some behavioural
flexibility in movement decisions may be beneficial for animals in environments where seasonal variation can result in extreme and
challenging conditions that may be less predictable from year to year. Generally, we found multi-range migrants to be associated
with environments with more severe winters, which echoes previous research suggesting that this strategy is used on a facultative
basis to escape adverse conditions [19,32]. The multi-range migrant strategy has been identified across a variety of temperate
ungulate species, including other populations of elk [61] and pronghorn [32], as well as moose [19] and mule deer [54]. Our results
from >20 populations highlight the widespread and common nature of this behaviour.

The qualitative agreement between the empirical-range models and the standardized domain models supports a consistently
significant effect of spatial and year-to-year variation in resources on the movement strategies of pronghorn and elk. We found
lower effect sizes and ps—R® values in a majority of cases (although the lowest ps—R* for a non-null model was still >0.2).
This difference was largely unsurprising because, in addition to standardizing the domain of availability, these ranges were
also standardized to a circular distribution, which likely reduced the environmental variation within each individual’s habitat
domain relative to their empirical range. For example, many of the individuals in our dataset with high spatial variation in
their observed ranges have narrow, elongated distributions because they migrate every year from low-elevation winter ranges
to high-elevation summer ranges. The difference in explanatory power also indicates that there is likely a positive feedback loop
between the resource environment and individual behavioural decisions. For example, short-distance migrations could arise in
environments with some degree of spatial and year-to-year variation in resources and slowly extend over greater distances to
exploit larger gradients of spatiotemporal variation as individuals gain more information about their environment [1,2].

Our findings also emphasize the importance of climatic conditions for informing individual movement choices. Both elk
and pronghorn are known to exhibit dynamic responses to winter conditions [23,25,32,37,62-65]. The divergence between
residents and dual-range or multi-range migrants in elk was best explained by models that included the winter conditions
each individual experienced. Individuals who experienced worse winters had lower seasonal overlap and were more likely
to be dual-range or multi-range migrants compared to residents. We did not find the same importance of winter conditions
for pronghorn; spatial and year-to-year variation remained the most important predictors of seasonal range overlap. This
difference may be due to the range of environmental conditions experienced by our study populations. Elk in our study could
be coarsely sorted into two groups—those living in more homogeneous, low snow areas (plains regions) and those living in
mixed elevation, high snow areas (montane regions). The stronger relationship between movement strategies and winter for
elk likely emerged from the contrast in environmental conditions experienced by each of these groups and the sensitivity of
ungulate movements to winter dynamics [66,67]. Pronghorns resided in comparatively similar environmental conditions, in
plains regions with less snow, and thus their movement patterns may be more heavily influenced by other landscape features,
namely spatial and year-to-year variation in resources [56-58,68,69].

We did not find a strong effect of anthropogenic features on elk or pronghorn movement strategies. Other research has
demonstrated that pronghorn and elk movements can be heavily impacted by anthropogenic activities such as roads, fences and
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energy development [26,34-36,70]. Our use of relatively coarse metrics that could be readily and reliably estimated across the m
large spatial extent of our study area to index human activities (i.e. distance to roads and percent agricultural lands) may have
obscured some of the underlying relationships. Assessing the same relationships examined here but with metrics more tailored
to addressing specific questions about anthropogenic effects on individual movement strategies would be an interesting avenue
for further research. For example, there is increasing evidence that sociality is an essential component of animal movement
decisions, particularly with respect to navigating anthropogenically modified landscapes [71-73], and research in other species
such as red deer (Cervus elaphus) [74] and moose [19] has found that migratory and nomadic movements can be prompted by
the onset of the hunting season.

Recent declines in many migratory and nomadic species have resulted in a strong push to understand and conserve these
movements [2,12,75-77]. We empirically tested the role of resource variation for animal movement strategies in pronghorn
and elk herds where several movement strategies were all found within the same geographic region in Wyoming, USA.
Our results emphasize the centrality of spatiotemporal resource variation in shaping individual movement strategies across
diverse species and add to our understanding of the origins of different movement strategies by encompassing highly local
variation among individuals. Our work also reiterates the importance of winter conditions for the movements of temperate
ungulates. These findings provide a starting point for more behaviourally informed conservation strategies of free-ranging
wildlife. Mapping spatiotemporal variation in resources across diverse landscapes will enable more robust assessment of where
different movement strategies are most likely to be found, where they may have already been lost, and how best to conserve

each strategy for long-term resiliency of migratory ungulate populations.
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