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Abstract. Partial migration, when only part of the population migrates seasonally while the 37 

other part remains resident on the shared range, is the most common form of migration in 38 

ungulates. Migration is often defined by spatial separation of seasonal ranges and 39 

consequently, classification of individuals as migrants or residents is usually only based on 40 

geographic criteria. However, the underlying mechanism for migration is hypothesized to be 41 

movement in response to spatiotemporal resource variability and thus, migrants are assumed to 42 

travel an ‘ecological distance’ or shift their realized ecological niches. While ecological and 43 

geographic distances should be related, their relationship may depend on landscape 44 

heterogeneity. Here, we tested the utility of ecological niche theory to both classify migratory 45 

individuals and to understand the underlying ecological factors for migratory behavior. We 46 

developed an integrative approach combining measures in geographic and ecological niche 47 

space and used this to classify and explain migratory behavior of 71 annual roe deer 48 

(Capreolus capreolus) movement trajectories in five European study areas. Firstly, to assess 49 

the utility of the ecological distance concept for classifying migratory behavior, we tested 50 

whether roe deer sought the same ecological conditions year-round or moved to different 51 

ecological conditions by measuring the annual ecological distance travelled and the seasonal 52 

niche overlap using multivariate statistics. Comparing methods to classify migrants and 53 

residents based on geographic and ecological niche space, we found that migratory roe deer 54 

switched between seasons both in geographic and in ecological dimensions. Secondly, we 55 

tested which seasonal ecological factors separated resident from migrant niches using 56 

discriminant analysis and which broad-scale determinants (e.g., spatiotemporal forage 57 

variation and population density) predicted migration probability using generalized linear 58 

models. Our results indicated that factors describing forage and topographic variability 59 

discriminated seasonal migrant from resident niches. Determinants for predicting migration 60 

probability included the temporal variation (seasonality) and also the spatial variability of 61 
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forage patches. Lastly, we also found suggestive evidence for a positive relationship between 62 

population density and migration probability. By applying the ecological niche concept to the 63 

study of partial migration in ungulates, our work underlines that partial migration is a form of 64 

behavioral plasticity. 65 

Keywords: Capreolus capreolus, partial migration, behavioral plasticity, niche switching, 66 

realized niche, ecological distance, ungulates, large herbivores, spatiotemporal variation, 67 

NDVI 68 

 69 

INTRODUCTION 70 

Animal movement in response to resource gradients can take many forms (Müller and 71 

Fagan 2008). One much studied movement behavior is migration, which is classically 72 

referred to as the seasonal movement of individuals from one region to another 73 

(Southwood 1962, Fryxell and Sinclair 1988, Dingle and Drake 2007). ‘Classic’ round-trip 74 

migrations, such as the long- distance ones performed by songbirds that migrate between 75 

temperate and tropical zones, Serengeti wildebeest (Connochaetes taurinus) that follow 76 

green-up and escape limiting conditions, or pods of great whales migrating across oceans 77 

seeking more favorable birth sites, are the well-known type of migration. While many of 78 

these ‘classic’ migrations take place across long distances, migration distances may vary 79 

by orders of magnitude even within taxa (Hein et al. 2012). Consequently, migration as a 80 

general phenomenon can neither be described by its distance nor the characteristics of its 81 

routes (Cagnacci et al. 2016). For example, in large herbivores, seasonal movement 82 

distances may vary greatly as a function of local spatiotemporal resource variability 83 

(Müller and Fagan 2008, Müller et al. 2011, Teitelbaum et al. 2015).  84 

Despite being a well-known and common ecological phenomenon, there is currently no 85 

unifying consensus on how to describe and define migration (Dingle and Drake 2007, 86 
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Cagnacci et al. 2011, Bӧrger and Fryxell 2012). Nonetheless, two commonly acknowledged 87 

concepts seem to separate residency from migration. Firstly, migration is defined by the spatial 88 

separation (i.e. allopatry) of seasonal ranges (Southwood 1962, Dingle and Drake 2007, 89 

Fryxell and Sinclair 1988). However, spatial separation is a descriptive geographic measure, 90 

and therefore does not explain the underlying ecological mechanisms, or motivations, for 91 

migration. Secondly, migratory behavior is hypothesized to occur in response to 92 

spatiotemporal resource variability (Fryxell and Sinclair 1988, Müller et al. 2011, Shaw and 93 

Couzin 2013). Differences in the spatial distribution of seasonal resources and their 94 

predictability are likely the main contributors to variation in seasonal movement (Fryxell et al. 95 

2004, Müller et al. 2011). The study of migration has accordingly tended to focus firstly on 96 

whether migration occurs or not (the patterns), and then, secondly, on the determinants of 97 

migration (the processes; Cagnacci et al. 2016), without explicitly making the link between the 98 

two.  99 

Partial migration, when only a portion of individuals within a population migrate, 100 

while the remainder stays resident either on the breeding or non-breeding range, is the most 101 

common form of migration. The phenomenon has been long recognized in temperate-zone 102 

birds (Lack 1943) and, more recently, in a wide range of species from other taxonomic groups 103 

including ungulates (e.g. Cagnacci et al. 2016), amphibians (Grayson and Wilbur 2009), and 104 

fish (Kerr et al. 2009). Ecological theory predicts that both movement tactics (migration and 105 

residency) will persist in the same population if the cost of migration is compensated by 106 

improved habitat quality in seasonal environments and if some form of density dependence 107 

exists (Taylor and Norris 2007). Partial migration should therefore be seen as a population 108 

level phenomenon (Taylor and Taylor 1977) that emerges as a consequence of individual 109 

behavior. Consequently, individual migratory status may be either obligate or facultative 110 

(Terrill and Able 1988). Specifically, individuals may adopt either a fixed strategy throughout 111 
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their adult lives, usually resulting from genetic polymorphism (Lundberg 1988) or individuals 112 

can be plastic in their migratory behavior between years due to condition dependence or 113 

learned behavior via experience (Chapman et al. 2011a). Interestingly, strong evidence for 114 

genetic determinism for such migratory dimorphism is limited to date, especially for ungulates 115 

(Lundberg 1988, Barnowe-Meyer et al. 2013). Instead, research suggests that most animals 116 

display behavioral plasticity in migration ‘tendency’ in response to spatiotemporal variability 117 

of resources (Cagnacci et al. 2011, Chapman et al. 2011b, Sih et al. 2012). For example, 118 

landscapes with very low spatial and temporal variation commonly support sedentary 119 

populations, while landscapes with high variability in space and time favor seasonal 120 

movements in the form of migration or nomadism in response to changes in resource 121 

distributions (Jonzén et al. 2011, Müller et al. 2011, Hein et al. 2012). With increasing 122 

seasonality and predictability, cue-driven migration, where animals migrate following seasonal 123 

stimuli, becomes more frequent (Sabine et al. 2002). In less predictable environments, 124 

facultative migration, where animals migrate only during certain years in response to 125 

environmental variation, may be expected (Nicholson et al. 1997, Sabine et al. 2002, Fieberg 126 

et al. 2008). Consequently, migration has also been viewed in the context of behavioral 127 

syndromes (Dingle and Drake 2007). For example, Olsson et al. (2006) found that brown trout 128 

(Salmo trutta) exhibited a flexible migratory tendency and local conditions had a strong impact 129 

upon individual decision making. Thus, one cause of confusion in the study of migration is 130 

that seasonal movement is very flexible and seldom fits well into two discrete categories of 131 

residency or migration, instead it occurs along a gradient of migration between these two 132 

endpoints (Cagnacci et al. 2011). Partially migratory systems provide an ideal model system 133 

for studying migration, because of the explicit opportunity for comparisons of mechanisms 134 

driving the different individual migratory strategies (Chapman et al. 2011b).   135 



 7 

Agreement on measuring or classifying migration has also not been achieved 136 

(McClintock et al. 2012). Consequently, classifying migratory behavior commonly depends on 137 

arbitrary rules that are often study-specific. Furthermore, classifications of migratory behavior, 138 

such as the net squared displacement (NSD; Bunnefeld et al. 2011, Bӧrger and Fryxell 2012, 139 

Singh et al. 2012), the degree of overlap between seasonal home ranges (Mysterud 1999, Ball 140 

et al. 2001, Fieberg and Kochanny 2005) or spatial clustering of seasonal locations (Cagnacci 141 

et al. 2011, 2016), are usually solely based on geographic space (the pattern). Uncertainty in 142 

geographic distance-based classification is often reported in animals that undertake multiple 143 

trips, have stop-over sites, do not stabilize in seasonal home ranges or undertake frequent 144 

excursions (Cagnacci et al. 2011, Mysterud et al. 2011, Bischof et al. 2012). Because changes 145 

of environmental conditions in space and time present the motivation to migrate (the 146 

determinants), definitions of migration based on geographic space alone are incomplete to 147 

understand the underlying processes of migration (Cagnacci et al. 2011). Although several 148 

authors have emphasized that migration involves moving between different habitats (occupy 149 

different realized ecological niches), this concept has not been used to measure, describe or 150 

define migratory versus non-migratory states (Jonzén et al. 2011). 151 

Distances between seasonal ranges of migrants have been commonly considered in 152 

geographic space, including horizontal and altitudinal distances, but rarely in environmental 153 

space as ecological distances traveled (LeResche 1974). The concept of the ‘ecological 154 

distance’ suggests that migratory movements should involve a change in environment between 155 

seasons to be adaptive. This implies that migratory behavior may not solely be described using 156 

geographic measures, but also in terms of the switch from one environment to another. For 157 

example, very short distance migrations in heterogeneous landscapes may not be detectable 158 

with geographic classification measures, but migrants may accomplish large environmental 159 

changes similar to migrations across long geographic distances in homogenous landscapes 160 
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(Fig.1; Edwards and Ritcey 1956, White et al. 2014). Such short geographic distance 161 

migrations are typically altitudinal migrations that result in changes in microclimate (Shaw 162 

and Couzin 2013) and have been documented for Neotropical birds (Boyle 2011) or Sierra 163 

Nevada bighorn sheep (Ovis canadensis sierrae, Spitz et al. 2016). Interestingly, such short 164 

distance movements have fueled discussions on whether to actually consider them migrations 165 

and arbitrary thresholds have often been applied. For example, Mysterud et al. (2011) and 166 

Bischof et al. (2012) considered migratory movements in red deer only if the distance between 167 

seasonal ranges exceeded 3 000 m. In contrast in very homogenous, often flat, landscapes 168 

migrants must move long geographic distances to achieve significant environmental changes. 169 

Such migrations are typical for tundra dwelling populations of caribou (Rangifer tarandus; 170 

Bergman et al. 2000). Consequently, under extreme circumstances, depending on the 171 

landscape, individuals may occupy non-overlapping seasonal ranges with similar ecological 172 

niche conditions. In contrast, in a sufficiently heterogeneous landscape, individuals may even 173 

have geographically adjacent or even partly overlapping seasonal ranges, yet including widely 174 

different ecological niche conditions. Thus, the relationship between the environmental 175 

distances travelled and the associated geographic distances will ultimately be a function of the 176 

spatial heterogeneity of the habitat an individual occupies. A framework explicitly addressing 177 

both geographic and ecological distance is important to enhance our understanding of 178 

migration. 179 

Ecological niche theory predicts that different species thrive within specific ranges of 180 

environmental conditions in distinct geographic ranges (Hutchinson 1957). The fundamental 181 

niche encompasses all n-dimensional combinations of abiotic factors in which a species can 182 

persist without immigration (Soberón 2007), while the realized niche represents the proportion 183 

that is actually occupied by a species in the presence of biotic factors, such as predation and 184 

inter- or intraspecific competition (Hirzel and Le Lay 2008). Consequently, density 185 
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dependence is not only a common determinant for migration, but is also a major biotic 186 

determinant for limiting the realized niche within the fundamental niche space (Soberón and 187 

Nakamura 2009). Interestingly, it is often assumed that migrants change ecological conditions, 188 

but migration may also be linked to social factors related to aggregation in seasonal groups not 189 

necessarily requiring a seasonal switch of habitat (Wahlström and Liberg 1995). While it has 190 

been tested whether particular ecological factors, such as elevation or distance to coast 191 

(Mysterud et al. 2011), differ between winter and summer ranges of migrants, a coherent 192 

framework encompassing a wide range of ecological factors has rarely been explored. The 193 

dimensions of the realized niche can be estimated by measuring ecological conditions at 194 

geographic locations where animals are present. The geographic space inhabited by an 195 

organism depends on the distribution of ecological conditions in space and time (Pulliam 196 

2000), but movement defines which geographic areas are accessible, thus, further restricting 197 

realized habitat (Soberón 2007). Through the lens of accessibility, movement consequently 198 

plays a critical role in determining the dimension of the ecological niche (Soberón 2007). 199 

Furthermore, migration provides an excellent example of variation in the realized niche in 200 

time (Jonzén et al. 2011). Differential movement between geographically distinct ’niches’ over 201 

time can be a critical component shaping the spatial distribution of species, populations and 202 

individuals (Soberón 2007, Soberón and Nakamura 2009).   203 

The extent to which migratory individuals occupy similar niches throughout the year, 204 

indicating the ecological distance travelled, remains a fundamental question in migration 205 

studies (Jonzén et al. 2011). Interestingly, in Neotropical birds climatic niche followers, which 206 

travel no ecological distance, and niche switchers, which travel across ecological distances, 207 

have been found in both residents and migrants (Nakazawa et al. 2004, Laube et al. 2015, 208 

Gómez et al. 2016). In contrast, it may be unlikely for terrestrial migrants in seasonal 209 

temperate environments, such as large herbivores, to follow seasonal niches, because they are 210 
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commonly restricted to their climatic zones due to locomotive constraints. In this case, the 211 

geographic distance an individual has to migrate to achieve an ecological displacement may be 212 

a function of the spatiotemporal landscape heterogeneity (Shaw and Couzin 2013). However, 213 

under the paradigm of adaptability one expects changes in the realized niche of migrants 214 

offering increased access to fitness-enhancing factors, such as forage or reproduction, and 215 

avoidance of fitness-decreasing factors, such as predation risk or intra- or interspecific 216 

competition (Avgar et al. 2013). Understanding to what degree migrants travel ecological 217 

distances, as well as how geographic distances to achieve those ecological distances may vary 218 

in landscapes with different configurations may aid in understanding ecological constraints on 219 

migration. Yet, such relationships remain untested for any taxonomic groups apart from birds 220 

(Nakazawa et al. 2004, Jonzén et al. 2011, Laube et al. 2015, Gómez et al. 2016).  221 

Large herbivores represent an ideal taxonomic group of high ecological and economic 222 

importance (Hobbs 1996, Gordon et al. 2004) to study variation in migratory behavior, 223 

especially because many migratory species are partially migratory, including impalas 224 

(Aepyceros melampus; Gaidet and Lecomte 2013), African buffalo (Syncerus caffer; Naidoo 225 

et al. 2012), Serengeti wildebeest (Fryxell et al. 1988), moose (Alces alces; Ball et al. 2001), 226 

pronghorn (Antilocapra americana, White et al. 2007), red deer (Cervus elaphus elaphus; 227 

Mysterud et al. 2011), elk (Cervus elaphus canadensis; Hebblewhite et al. 2008), white-tailed 228 

deer (Odocoileus virginianus; Grovenburg et al. 2011) and roe deer (Capreolus capreolus; 229 

Cagnacci et al. 2011, Mysterud et al. 1999). Ungulate migration has been suggested to be 230 

flexible, and individuals can show variation in migratory behavior from year to year due to 231 

condition dependence in a facultative manner (Nelson 1995, Fieberg et al. 2008, Grovenburg 232 

et al. 2011). For large herbivores, migratory movements are commonly undertaken in response 233 

to spatiotemporal forage patterns (Fryxell 1991). Specifically, the forage maturation 234 

hypothesis (FMH) predicts that migrants benefit from adaptive spring movements across 235 
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ecological distances to gain prolonged access to high quality forage on summer ranges 236 

(Fryxell and Sinclair 1988, Hebblewhite et al. 2008), and to reduce predation risk (Fryxell and 237 

Sinclair 1988) or parasite loads (Folstad et al. 1991, Mysterud et al. 2016). Return migrations 238 

to lower elevations from summer to winter ranges are mainly related to avoiding adverse 239 

weather conditions depleting forage resources and restricting movements (Cagnacci et al. 240 

2011). In general, landscapes that show very little broad-scale variation and low levels of 241 

seasonality in habitat suitability should support sedentary populations, while landscapes that 242 

vary across broad scales, and are seasonally predictable should favor migration (Jonzén et al. 243 

2011, Müller et al. 2011, Hein et al. 2012). Because forage intake is often also a function of 244 

local herbivore density, migration is commonly viewed as a strategy to reduce density-245 

dependent competition for forage by migrating away from over-utilized shared seasonal ranges 246 

(Fryxell and Sinclair 1988, Mysterud et al. 2011, Middleton et al. 2013, Hopcraft et al. 2014). 247 

The costs of migration can be balanced by migrating to alternate high quality habitat (Taylor 248 

and Taylor 1977). For example, Mysterud et al. (2011) and Eggeman et al. (2016) tested the 249 

competition avoidance hypothesis in Norway and Canada, respectively, and showed that 250 

variability in ungulate migration was related to density. Another study by Nelson (1995) 251 

indicated that white-tailed deer limited the time spent on shared winter ranges due to density 252 

dependent competition. Thus, extrinsic ecological gradients in forage and risk, and intrinsic 253 

gradients in density itself, comprising spatiotemporal variability in the realized ecological 254 

niche, are likely to explain partially migratory behavior in large herbivores (Fryxell and 255 

Sinclair 1988).  256 

The overall twin objectives of our paper are to test the efficacy of the ecological 257 

distance concept (LeResche 1974) to firstly, serve as a framework for describing/ measuring 258 

(patterns) and to secondly, assess and explain the mechanisms (determinants) of migration in a 259 

large herbivore species with high behavioral plasticity (see Fig. 2 for a conceptual outline; 260 
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Cagnacci et al. 2011). We evaluated the ecological distance concept using individual animal 261 

movement data from five study areas from one of the most common ungulate species with a 262 

wide distribution in Europe, the European roe deer (Melis et al. 2009). Roe deer occupy a 263 

broad range of habitats from northern Scandinavian boreal forests to Mediterranean chaparral 264 

environments (Linnell et al. 1998). Roe deer alternate between two main behavioral and 265 

physiological seasons annually: the reproductive season in spring and summer, when this 266 

species is mainly solitary and territorial, and the winter season, when small family groups can 267 

be observed (Hewison et al. 1998). It should be noted that in contrast to all other temperate 268 

zone ungulates, roe deer mate during summer rather than autumn. A wide range of seasonal 269 

movement patterns have been documented within populations with intermediate-distance 270 

migrations in northern environments (Wahlström and Liberg 1995, Mysterud 1999) and short 271 

distance migrations in the Alps (Ramanzin et al. 2007). Cagnacci et al. (2011) found 272 

individual-level differences in migration probability and distance as a function of winter 273 

severity and topography resulting in different proportions of migrants across Europe. Because 274 

roe deer display a high level of behavioral plasticity (Cagnacci et al. 2011), and many 275 

populations are partially migratory, roe deer are an ideal model species for the study of 276 

migration.  277 

Keeping in mind our twin objectives to describe (Fig. 2, Objective 1; ‘Patterns’) and 278 

explain (Fig. 2, Objective 2; ‘Determinants’) migratory behavior in this large herbivore, we 279 

tested a set of three hypotheses. Firstly, we assessed the patterns of migration using 280 

geographic and ecological migration measures (Fig. 2, Objective 1; ‘Patterns’) and evaluated 281 

the hypothesis that terrestrial ungulate migration entails a shift in ecological niche space (niche 282 

switching) or that migrants travel an ecological distance (H1, the ecological migration distance 283 

hypothesis; Fig. 1 and Fig. 2) when moving in geographic space. While we expected that all 284 

roe deer would switch seasonal niches to some degree (e.g. due to seasonal range expansion/ 285 
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contraction), under the ecological migration distance hypothesis (H1) we predicted that (P1) 286 

seasonal realized ecological distance and niche overlap should follow a gradient from 287 

residency to migration (i.e. seasonal niches should overlap least for migrant and most for 288 

resident roe deer). If we could confirm the key assumption that roe deer migrate not only in 289 

geographic space (Fig. 2, Objective 1a; ‘Geographic space’), but also in ecological space 290 

(LeResche 1974; Fig. 1, Objective 1b; ‘Ecological space’), we wanted to evaluate if the 291 

mechanistic changes can be combined with geographic classification parameters to define 292 

migration for roe deer (i.e. describe the patterns and measuring migration, Fig. 2, Objective 1c; 293 

‘Comparison and integration’). Thus, while previous attempts to describe or classify migration 294 

and residency relied solely on various measurements of geographic distance (Cagnacci et al. 295 

2016), here we compare measures derived in both geographic space and ecological niche 296 

space in an integrative framework to classify individual roe deer into groups according to their 297 

migration tendency. 298 

To address the second part of our twin objectives, we tested which ecological factors 299 

explained the differences in seasonal niches between our migratory classifications (Fig. 2, 300 

Objective 2a; ‘Seasonal discriminators’). To do so, we estimated seasonal differences in 301 

ecological niche space by sampling parts of the n-dimensional hypervolume (Hutchinson 302 

1957) including climatic, topographic and forage parameters at animal occurrence locations 303 

(Hirzel and Le Lay 2008) to test for predictions derived under the forage maturation 304 

hypothesis (H2.1). We expected that (P2.1) variables describing migrant summer niches would 305 

be correlated with variables that can be associated with forage productivity (Hebblewhite et al. 306 

2008, Bischof et al. 2012), including variability in vegetation or topography that may act as 307 

proxies for higher phenological plant diversity (Albon and Langvatn 1992, Mysterud 1999, 308 

Cagnacci et al. 2011). For example, altitudinal gradients affect snowmelt and thereby the start 309 

of plant growth (Walker et al. 1993). Consequently, in ranges with high topographic diversity, 310 
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including steeper slopes, herbivores can take advantage of high-quality forage for extended 311 

time periods (Reitan 1988) due to the diversity of solar radiation exposure, moisture, soil types 312 

and delayed forage green-up. Unlike many other temperate ungulates, roe deer are income-313 

breeders, which means that especially during the reproductive season from early to late 314 

summer (birth and mating) they need to continuously ingest high quality forage. Because they 315 

are small bodied concentrate selectors, phenological diversity of nutritious plants rather than 316 

quantity is especially important. Next, under the winter conditions hypothesis (H2.2) we 317 

predicted that (P2.2) especially migratory roe deer summer ranges should be correlated with 318 

severe winter conditions that exclude winter occupancy by roe deer. Under both, the forage 319 

maturation hypothesis and the winter conditions hypothesis, we lastly predicted that (P2.3) the 320 

niches of residents and migrants should differ most in summer, the migratory season for 321 

partially migratory roe deer.  322 

Lastly, we tested two main hypotheses for migration probability using factors that act 323 

at larger spatiotemporal scales, e.g. the level of the study area (Fig. 2, Objective 2b; ‘Broad-324 

scale determinants’), which suggest that migration is dependent on spatiotemporal variation in 325 

resource availability (H3.1, the spatiotemporal resource variability hypothesis) and density 326 

(H3.2, the competition avoidance hypothesis). Specifically, under the spatiotemporal resource 327 

variability hypothesis (H3.1) we predicted that (P3.1) the probability of migration in roe deer 328 

would be higher in more seasonal landscapes and that increased broad-scale spatial 329 

heterogeneity of seasonal forage resources should increase the probability of migratory 330 

behavior (Müller et al. 2011, Shaw and Couzin 2013). Under the competition avoidance 331 

hypothesis (H3.2) we predicted that (P3.2) spatiotemporal variability in forage availability may 332 

be modulated by density and we expected an overall higher probability of migration with 333 

increasing densities (Eggeman et al. 2016). 334 

METHODS 335 
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Study Areas and Animal Location Data 336 

We used 71 global positioning system (GPS) trajectories from adult roe deer in five 337 

European populations (28 trajectories from males and 43 from females) collected between 338 

2005 and 2013 (Appendix S1: Table S1) maintained by the collaborative Eurodeer project 339 

(www.eurodeer.org, database accessed on 17 December 2014, Fig. 3). We considered an 340 

analysis year (‘migration trajectory’) to begin  January 1st of year one and end March 31st 341 

the following calendar year and included only trajectories that had enough daily location 342 

data that allowed reliable identification of space use patterns (approx. 80%). In total we 343 

used data from 64 individual roe deer of which seven had trajectories for two years. 344 

Because facultative migration is common in roe deer, individual migration status was 345 

allowed to vary between years and covariates were also migration year-specific. We did 346 

not include roe deer less than one year old, which may show natal-dispersal behavior that 347 

could confound our analyses (Cagnacci et al. 2011). Our study areas included populations 348 

in Rendena, Italy (n = 7, IT.1), Bondone, Italy (n = 11, IT.2), Bavarian Forest, Germany 349 

and Czech Republic (n = 26, DE/CZ), Koberg, Sweden (n = 14, SE) and southern Norway 350 

(n = 13, NO). Roe deer in these populations are partially migratory, with the highest 351 

migration probabilities in the Alpine and Norwegian roe deer populations and very low to 352 

no migration probabilities in the Swedish population (Cagnacci et al. 2011). Animals were 353 

captured either with box traps or drive nets (Peterson et al. 2003) according to local 354 

experimental animal care regulations approved for each respective Eurodeer member 355 

group. The GPS data sampling interval ranged between 1 and 12 locations/day. Because 356 

the sampling interval differed within and between populations and we were primarily 357 

interested in seasonal movement and broad niche patterns we reduced and standardized all 358 

animal location data to one daily location.  359 

  Objective 1) Describing Patterns of Migration Plasticity  360 
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Objective 1a) Describing Migration Plasticity in Geographic Space 361 

To test the ecological migration distance hypothesis (H1), we estimated geographic and 362 

ecological migration measures using roe deer GPS data. We first classified migratory behavior 363 

in geographic space (Fig. 2, Objective 1a; ‘Geographic space’) using two established 364 

geographic pattern-based methods (Cagnacci et al. 2016). Firstly, we used a spatially-explicit 365 

method that describes the outcome of the movement process by measuring the spatiotemporal 366 

overlap of seasonal animal locations (Cagnacci et al. 2011). We applied a supervised 367 

clustering procedure (SAS 9.2, PROC CLUSTER) developed by Cagnacci et al. (2011) to 368 

identify the two main non-overlapping location clusters with range residency of at least one 369 

month by individual roe deer (herein, the spatial clustering method). This approach 370 

differentiates between residents versus non-residents, which include all movement types with 371 

more than one range throughout the year (Cagnacci et al. 2011). Migration distance was 372 

estimated with the geographic distance (km) between the centers of the seasonal location 373 

clusters.  374 

The second geographic pattern-based method was the net-squared displacement (NSD) 375 

method (Bunnefeld et al. 2011). This method applies competing non-linear models to the net-376 

squared displacement of an animal movement trajectory. The competing models represent 377 

different seasonal movement tactics including residency, migration, mixed migration, 378 

nomadism and dispersal. The resident model describes a more or less stable annual range. The 379 

migration model describes seasonal movements between one winter and one summer range 380 

with a return migration to the same winter range, while the mixed migration model describes a 381 

return migration not to the exact same winter range, but to a nearby area. The nomadism 382 

model suggests continuously increasing movements relative to the starting location, while the 383 

dispersal model described movements away from the initial range and settling in a new area 384 

(for more details see Bunnefeld et al. 2011). The best model was chosen based on the Akaike 385 
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Information Criterion (AIC; Burnham and Anderson 2004). If more complex models were 386 

within two AIC points of each other we concluded that the additional parameters were 387 

uninformative and chose the simpler model (Arnold 2010). We excluded nomadism, because it 388 

is the movement type that is most commonly misclassified by this method (Bunnefeld et al. 389 

2011). The distance between different seasonal locations was given by the asymptotic height 390 

of the top model (δ). For resident behavior δ remains approximately constant throughout the 391 

year, representing the average square root transformed diameter of the home-range (Turchin 392 

1998), while for migrants δ represents the square root transformed migration distance. NSD 393 

analyses were conducted in R 3.2.1 (R Development Core Team 2013) using the ”migrateR” 394 

package (Spitz 2015). We considered seasonal movements to be migration if residence time 395 

was at least 30 days on either seasonal range for both geographic methods to avoid 396 

misclassification of commuters (Cagnacci et al. 2011). 397 

Objective 1b) Describing Migration Plasticity in Ecological Space  398 

Next, we described and measured process-based migration plasticity in ecological 399 

niche space (Fig. 2, Objective 1b; ‘Ecological space‘). Because ecological niche variables are 400 

often correlated (e.g. forage quality and elevation), combining their effects in a generalized 401 

linear modeling framework is often statistically challenging (Hirzel and Le Lay 2008). 402 

Therefore, we took advantage of multivariate approaches that allowed inclusion of multiple 403 

competing factors to explain ungulate movements, approximating the idea of the n-404 

dimensional hypervolume (Fig. 2; Hutchinson 1957). We first estimated the separation of 405 

seasonal ecological niches using Schoener’s D (Schoener 1974), which is conceptually the 406 

process-based equivalent to the pattern-based spatial separation of animal geographic location 407 

clusters estimated above (Fig. 2). This measure also allowed us to test for ecological 408 

separation between seasonal niches of migratory roe deer (Fig. 2).  409 
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We estimated niche overlap for each roe deer between winter (January - March) and 410 

summer (June – August) based on methods described by Broennimann et al. (2012). We first 411 

applied kernel smoothers to densities of animal locations and associated environmental 412 

variables (see ‘Identification and Definition of Ecological Niche Variables’ below, and 413 

Appendix S2: Table S1 for details) collected in geographic space to estimate Schoener’s 414 

(realized) niche overlap (D) in multivariate environmental space. Kernel smoothers were 415 

estimated in a gridded environmental space (i.e. where each cell corresponds to a unique set of 416 

environmental conditions) as a function of the observed variables at animal locations from 417 

both seasonal ranges. We then calculated the density of occurrences and their associated 418 

environmental factors along the environmental axes of a multivariate Hill and Smith Analysis 419 

(Chessel et al. 2004). The Hill and Smith method allows for the incorporation of continuous 420 

and categorical environmental variables to represent the n-dimensional ecological realized 421 

niche space. Then, we measured niche overlap along the gradients of this multivariate 422 

analysis. Kernel density functions (Gaussian kernel with a standard bandwidth; Silverman 423 

1986) were used to determine the ‘smoothed’ density of occurrences in each cell in the 424 

environmental space for each animal. Environmental variables of animal locations from both 425 

seasons were used to calibrate the environmental space. Then, we measured niche overlap 426 

between the two seasonal ranges on the location values in the summer and winter grids. Using 427 

the occupancy of each environmental grid cell, scaled between 0 and 1, we finally calculated 428 

niche overlap using the D-metric (Schoener 1970). A D-metric value of 1 indicates high 429 

seasonal niche overlap (or niche tracking), while a value of 0 indicates low seasonal niche 430 

overlap (or niche switching; Fig. 2). For this analysis we used R code provided by 431 

Broennimann et al. (2012). 432 

Next, because we wanted to track individual roe deer in annual ecological niche space 433 

using static niche variables, we measured ecological distance (ED) throughout the year, which 434 
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is conceptually comparable to the NSD method in geographic space (Fig. 2). Specifically, we 435 

estimated the ED between consecutive daily locations of individual roe deer, that is, the 436 

ecological realized niche of each individual through time. To achieve this, we sampled 437 

environmental variables at animal locations (see ‘Identification and Definition of Ecological 438 

Niche Variables’ below) and applied a multivariate Hill and Smith Analysis to these location 439 

data for each individual separately. All variables were centered and normed and we selected 440 

the number of axis for each analysis by visually examining scree plots for an ‘elbow effect’ to 441 

determine the number of axes to retain in the analysis (Jongman et al. 1995). Because we 442 

wanted to maximize differences between consecutive time periods to estimate the ecological 443 

distances roe deer travel, we used a Between-Class Analysis (BCA) based on the Hill-Smith 444 

standardized scores (Doledec and Chessel 1987). The BCA requires one instrumental variable 445 

between which the variances are maximized, and we included ’month’ as a factor. For each 446 

individual, we measured the multivariate niche positions of all animal locations (i.e., the row 447 

coordinates from the BCA), centered on the first observation for an animal of the year 448 

considered. This allowed us to track the movements in ecological niche space as a function of 449 

the environmental variables considered. Next, we extracted different parameters (see below) 450 

from these ecological niche trajectories. 451 

We plotted the coordinates of BCA axes 1 and 2, which allowed us to treat them as 452 

coordinate data in niche space. Using the same methods that we used to estimate NSD 453 

following Bunnefeld et al. (2011), we fitted non-linear models to these ecological niche 454 

trajectories and selected the model with the best fit based on AIC. Similar to the way that we 455 

measured Cartesian migration distance using the geographic NSD method, we estimated the 456 

ED of seasonal movements by individual roe deer by the asymptotic height of the top model 457 

(δ). Because migration may be described best by a variety of different measures (Cagnacci et 458 

al. 2016) of ED, we derived several parameters, including the relative change in ecological 459 
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niche distance (change in ecological niche position) between the first location (i.e. ecological 460 

distance of 0) and the average of the summer months (June, July, August; herein EDwi-su) and 461 

the standard deviation during the summer (EDSD; a measure of seasonal niche stability).  462 

Objective 1c) Comparison and Integration: Towards a Combined Approach for the 463 

Classification of Migratory Behavior 464 

Upon estimation of migration parameters in geographic space (Fig. 2, Objective 1a; 465 

‘Geographic space’) and ecological niche space (Fig. 2, Objective 1b; ‘Ecological space’), we 466 

compared geographic distance (km migrated) and ecological distance (niche overlap D) for 467 

each individual and tested this relationship in each study area characterized by different 468 

landscape heterogeneity under the ecological migration distance hypothesis (H1). Next, as a 469 

final component of our first objective to describe patterns of migration plasticity for roe deer, 470 

we compared geographic and ecological classification approaches separately using a Kappa 471 

statistic. The Kappa statistic has been used to evaluate the agreement between two categorical 472 

datasets. A Kappa index value of 1 indicates perfect agreement, while a value of 0 indicates 473 

that the observed agreement was approximately equal to what would be expected by chance 474 

(Cohen 1960). Finally, we combined all classification measures in an integrative approach to 475 

classify roe deer migratory behavior (Fig. 2, Objective 1c; ‘Comparison and integration’). 476 

Specifically, we used k-means cluster analysis to compare how much variation was explained 477 

in classifying seasonal movements by roe deer by the three classification systems; geographic 478 

space, ecological niche space, and the integrative approach. For geographic space, we 479 

performed cluster analysis on the distance between seasonal geographic clusters, the δ of the 480 

NSD, and the categorical classification from each geographic method (resident or non-migrant 481 

for the spatial clustering method and four categories defined by NSD: migrant, resident, mixed 482 

migrant, dispersal). For ecological space, we included the δ of the ED, the niche overlap (D), 483 

the EDwi-su, the EDSD, and the four categories defined by ED (migrant, resident, mixed 484 
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migrant, dispersal) in the k-means cluster analysis. For our integrative classification approach 485 

we conducted a k-means cluster analysis on all geographic and ecological measures combined. 486 

For each combination of measures we created a dissimilarity matrix between the observations 487 

using Gower’s Distance (Gower 1971), allowing us to include categorical and continues 488 

variables. For each approach, geographic, ecological and integrative, we estimated the natural 489 

number of clusters using the optimum average silhouette width (Rousseeuw 1987). The 490 

silhouette describes the tightness and separation of the data points within a cluster. The 491 

average silhouette width (�̅�𝑠(k)) of all clusters provides an evaluation of the clustering validity 492 

and can be used to define the number of clusters maximizing separation. Cluster analyses were 493 

conducted using the R package ‘cluster’ (Maechler et al. 2015).  494 

Objective 2) Assessing Determinants of Migration Plasticity  495 

Objective 2a) Determinants Underlying Seasonal Roe Deer Niches  496 

Using the classification of the integrative approach (see Results) developed above, 497 

we next tested our hypotheses regarding the determinants of migration plasticity (Fig. 2, 498 

Objective 2; ‘Determinants’) to assess general discriminators of seasonal niches of 499 

different movement tactics (Fig. 2, Objective 2a; ‘Seasonal discriminators’) and broad-500 

scale determinants of the probability of migration across study areas (Fig. 2, Objective 2b; 501 

‘Broad-scale determinants’). We used canonical discriminant analysis (DA) in R-package 502 

‘ade4’ (Chessel et al. 2004) to test the predictions under the forage maturation hypothesis 503 

(H2.1) and the winter conditions hypothesis (H2.2) that a combination of forage, topography 504 

and climate separate realized ecological niches of roe deer with different seasonal 505 

movement strategies (Fig. 2, Objective 2a; ‘Seasonal discriminators’). We averaged a suite 506 

of standardized (centered and normed) environmental variables (see ‘Identification and 507 

Definition of Ecological Niche Variables’ below, Appendix S2: Table S1) measured at 508 

GPS locations of individual roe deer for winter (January – March) and summer (June - 509 
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August). We used Monte Carlo permutation tests to assess the statistical significance of the 510 

DA (999 permutations, α = 0.05; ter Braak 1992). Finally, we produced a biplot of the 511 

different groups of migration strategies and seasons and environmental variables in 512 

realized ecological niche space and reported canonical coefficients (CC) to assess the 513 

influence of environmental variables in discriminating the groups.  514 

Objective 2b) Broad-scale Determinates of Migratory Probability 515 

Lastly, to test if migration probability was a function of broad spatiotemporal 516 

variability in forage resources (P3.1) under the spatiotemporal resource variability hypothesis 517 

(H3.1, Müller et al. 2011), and possibly modulated by roe deer density (P3.2) under the 518 

competition avoidance hypothesis (H3.2; Mysterud et al. 2011) we used generalized linear 519 

models (GLM; Fig. 2, Objective 2b; ‘Broad-scale determinants’). Specifically, we tested if 520 

regions with lower spatiotemporal resource variation have lower probabilities of migration and 521 

if migratory probability increases at higher densities. To characterize this long-term and broad-522 

scale spatiotemporal variability we retained the mean of contingency (seasonality), constancy 523 

(inter-annual variability) and the sum of contingency and constancy (predictability) as 524 

measures of temporal variation (Colwell 1974) per individual roe deer trajectory. To 525 

characterize spatio-temporal variation, or heterogeneity we retained the standard deviations 526 

(SD) across all annual animal GPS location data for a given trajectory. Density was estimated 527 

at the scale of the population, but varied between years and therefore was variable for each roe 528 

deer movement trajectory. We used the Analysis of Deviance (ANODEV) method to quantify 529 

the amount each variable accounted for in migration probability (Grosbois et al. 2008). The 530 

ANODEV compares the deviance of three models including the basic intercept model, an 531 

intermediate model and a more complex model. The R2 of the ANODEV measures the 532 

proportion of variation in migration probability that is accounted for by each additional 533 

variable. Our intermediate model included only population density of roe deer/km2 for each of 534 
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the five study areas (see Appendix S1: Table S1 for details). The complex model included the 535 

variables describing temporal variation of forage resources or their spatial variation measured 536 

as SD across all annual locations of individuals. We transformed nonlinear covariates upon 537 

visual inspection and screened all covariates for collinearity using the Pearson’s correlation 538 

coefficient threshold of | r | > 0.6 (Hosmer and Lemeshow 2000). We chose our top model 539 

based on the Akaike Information Criterion for small sample sizes (AICc, Burnham and 540 

Anderson 2002).  541 

Identification and Definition of Ecological Niche Variables 542 

We used a suite of environmental variables to describe realized ecological 543 

dimensions at used roe deer locations to assess the patterns of migration in ecological niche 544 

space (Fig. 2, Objective 1b; ‘Ecological space‘) and assessed the determinants of migration 545 

(Fig. 2, Objective 2; ‘Determinants’; see Appendix S2: Table S1 for details). For each 546 

analyses we chose ecological niche variables based on existing knowledge of ungulate and 547 

roe deer migration and behavior (Mysterud 1999, Cagnacci et al. 2011). Habitat variables 548 

describing seasonal ungulate habitat use, commonly include topographic features, forage 549 

availability, landcover types, and predation or human-caused mortality risk (Fryxell and 550 

Sinclair 1988, Albon and Langvatn 1992, Hebblewhite and Merrill 2009, Singh et al. 551 

2012).  552 

To quantify seasonal niche overlap and estimate the ecological migration distance 553 

(Fig. 2, Objective 1b; ‘Ecological space’) we used growing season vegetation productivity, 554 

topographic and landcover variables describing patterns of migration in ecological space. 555 

Specifically, for large herbivores forage availability is often described using remotely 556 

sensed vegetation indices such as the Normalized Difference Vegetation Index (NDVI) and 557 

large herbivore migration has been shown to correlate with NDVI (Hebblewhite et al. 558 

2008, Bischof et al. 2012, Morellet et al. 2013). We used MODIS satellite NDVI raster 559 
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layers with a temporal resolution of 16-days and a spatial resolution of 250 m (Huete et al. 560 

2002). NDVI data were smoothed using methods described by Maselli (2004). We 561 

calculated the SD and average NDVI for each pixel during each growing season (nine 16-562 

day NDVI composite rasters between May and September). We chose to characterize the 563 

realized niche dimensions for all roe deer using time-invariant habitat variables, but 564 

accounted for between-year variation by matching growing season values with roe deer 565 

location data for each individual migration year between 2005 and 2013. Further, 566 

topography has been shown to affect seasonal movements of large herbivores, including 567 

aspect (Mysterud et al. 2011), slope (Cagnacci et al. 2011) and elevation (Albon and 568 

Langvatn 1992). We used digital elevation models (DEMs) with a 30 m resolution for 569 

latitudes less than 60° N (Jarvis et al. 2008) and a 90 m resolution for latitudes more than 570 

60° N (Hirano et al. 2003) from which we derived elevation, slope, ruggedness and aspect. 571 

We characterized landuse with the 100 m resolution EEA-Corine Landcover Classification 572 

(CLC) 2006 and grouped landcover types into eight classes (Appendix S2: Table S1). 573 

Upon classifying migratory behavior we explored the determinants of the different 574 

migration strategies (Fig. 2, Objective 2; ‘Determinants‘). To compare seasonal realized 575 

niches of individual roe deer with different migration strategies we used several variables 576 

in addition to those described above that have been hypothesized to influence migratory 577 

behavior (Fig. 2, Objective 2a; ‘Seasonal discriminators‘). Climate has been shown to 578 

affect seasonal ungulate movements (Nicholson et al. 1997, Ball et al. 2001, Cagnacci et al. 579 

2011). Especially winter conditions may limit ungulate habitat use by restricting 580 

movements in deep snow and forage accessibility. We used a winter severity index based 581 

on MOD10A2 16-day composite maximum snow extent data at a resolution of 250m (Hall 582 

et al. 2000; see Appendix S2: Table S1 for details). Because temperature is an important 583 

predictor for contrasting summer and winter ranges at different altitudes, we also included 584 
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the average annual temperature (Hijmans et al. 2005). We contrasted winter and summer 585 

niches also in terms of periodic vegetation variability using contingency, constancy and 586 

overall predictability of NDVI (Colwell 1974; see below). Next, escaping risk due to 587 

predation and human-caused mortality is another hypothesis to explain migration (Fryxell 588 

and Sinclair 1988). To be as inclusive as possible in characterizing seasonal roe deer niches 589 

we also we used proxies to characterize overall risk. We described human activity using 590 

the 1 000 m resolution nightlights index (Small et al. 2005, Morellet et al. 2013) and 591 

general cover using the 250 m resolution percentage canopy closure (Hansen et al. 2013), 592 

because previous studies showed that roe deer sought dense cover potentially to reduce risk 593 

(Mysterud and Ostbye 1995, Lone et al. 2014).  594 

Lastly, to test for the hypothesized relationships between migration probability and 595 

the broad-scale parameters of spatiotemporal forage variability (H3.1) and density (H3.2; 596 

Fig. 2, Objective 2b; ‘Broad-scale determinants’), we used several synthetic broad-scale 597 

variables listed in Appendix S2: Table S1 sampled across annual roe deer ranges. These 598 

variables included contingency, constancy and predictability of NDVI (Colwell 1974), 599 

which measure seasonality, between-year variability and overall predictability of  forage 600 

resources, respectively. We produced spatial rasters of contingency and constancy 601 

following methods described by English et al. (2012) based on Colwell (1974) using the 602 

same smoothed NDVI data as above with a 250 m spatial and 16-day temporal resolution 603 

between 2001 and 2012. In the case of complete constancy, NDVI would remain the same 604 

in all seasons and all years, while in the case of complete contingency NDVI would show 605 

seasonal patterns that are the same for all years (Colwell 1974). We also calculated the SD 606 

of contingency, constancy and predictability across all individual animal location data as a 607 

measure of spatial variation of forage resources. Lastly, roe deer densities were estimated 608 

with different methods across our five study areas including fecal pellet distance sampling, 609 
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infrared camera distance sampling and hunting bag estimates (see Appendix S1: Table S1 610 

for more information). Prior to each analysis, we screened variables for outliers and 611 

considered log-transformations for continuous variables when relationships between 612 

variables appeared to be non-linear.  613 

RESULTS 614 

Objective 1) Describing Patterns of Migration Plasticity 615 

Objective 1a) Describing Migration Plasticity in Geographic Space 616 

In general, when comparing the classification by the two geographic-based methods we 617 

found substantial differences in classifications. To facilitate the comparison of 618 

classifications between the NSD and the spatial clustering method, we combined 619 

individuals identified as migrants, mixed migrants and dispersers versus residents 620 

identified with the NSD, because the spatial clustering method does not differentiate 621 

between movement tactics with more than one annual range. The lowest agreement 622 

between the two geographic based methods was found in Sweden (SE; Table 1). Here, the 623 

NSD classified 71% of the roe deer as migrants (i.e. when combining migrants, mixed 624 

migrants and dispersers to make both methods comparable), while the spatial clustering 625 

identified only 14% as migrants, although NSD mainly found mixed migration and no 626 

animal was classified as a clear migrant. Highest agreement was found in the Italian 627 

Bondone population (IT.2), where the spatial clustering method identified 73% as migrants 628 

and the NSD 82%. Despite these classification discrepancies, the two geographic measures 629 

used, yielded similar results in terms of distances between winter and summer locations 630 

(Table 2). For example, migration distance measured by δ from the NSD and the distance 631 

between seasonal geographic clusters from the spatial clustering method were highly 632 

correlated with an r = 0.98. The high proportion of dispersers identified (up to 27%, Table 633 
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1) by the NSD method was surprising, because we excluded age classes that are known to 634 

disperse a priori (Wahlström and Liberg 1995). 635 

Objective 1b) Describing Migration Plasticity in Ecological Space 636 

The ED method suggested that roe deer in all five study areas show some kind of 637 

migration in ecological niche space. When combining all ED categories that indicate a shift 638 

between the summer and the winter niche (e.g. migration, mixed migration and dispersal), 639 

we found that 73% in the Italian Rendena (IT.1) population, 86% in the Italian Bondone 640 

(IT.2) population, 93% in Norway (NO), 62% in Bavaria (DE/CZ) and 77% in Sweden 641 

travel across an ecological distance to some degree. Notably, the mixed migration category 642 

was the dominant category for all five study areas, suggesting quite a bit of classification 643 

uncertainty. Average niche overlaps between winter and the following summer ranged 644 

from a Schoener’s D of 0.39 in the Italian Rendena (IT.1) population, 0.42 in the Italian 645 

Bondone (IT.2) population, 0.54 in Norway (NO), 0.50 in Bavaria (DE/CZ) to 0.62 in 646 

Sweden (SE; Fig. 4). 647 

Objective 1c) Comparison and Integration: Towards a Combined Approach for the 648 

Classification of Migratory Behavior 649 

We found a significant negative relationship between niche overlap (D) and 650 

geographic migration distance in km from NSD (log-transformed, r = -0.63, F = 46.15, df = 651 

69, p < 0.001; Fig. 4). Similarly, also, δ from ED increased with δ from NSD (both log-652 

transformed, r = 0.64, F = 47.76, df = 69, p < 0.001). The relationship between geographic 653 

distance and niche overlap was significant and suggested that, the further animals migrated 654 

in geographic space, the lower their seasonal niche overlap was for most study populations 655 

(r2
Rendena, IT = 0.798, r2

Nina, NOR = 0.861, r2
Bondone, IT = 0.784, r2

Bavaria, GER = 0.436; all p-values 656 

< 0.001). We found no significant relationship (p-value = 0.635, r2 = 0.010) in Koberg, 657 

Sweden (Fig. 4 and Appendix S3: Figure S1). Overall, these results confirm our prediction 658 
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under the ecological migration distance hypothesis (H1) that migration in roe deer not only 659 

entails shifts in geographic space, but can also be measured in ecological niche space (P1). 660 

The strength of this relationship, however, seems to be dependent on the composition and 661 

heterogeneity of the landscape an individual inhabits (Appendix S3: Figure S1).   662 

When comparing the classification of migratory behavior using geographic and 663 

ecological approaches, we found both similarities and differences (Table 2). An average 664 

Kappa statistic of 0.52 across all populations suggests only fair agreement between the 665 

NSD and ED measures. Overall we found the Kappa-based agreement to range between 666 

poor (0.35) and good (0.65; Monserud and Leemans 1992). For example, for the 667 

German/Czech roe deer population (DE/CZ) using the NSD method 15% of all DE/CZ roe 668 

deer were classified as migrants, 42% as mixed migrants, 35% as residents and 8% as 669 

dispersers. Using ED 8% were clear migrants, 50% were mixed migrants, 38% were 670 

residents and only 4% were classified as dispersers (Table 2). The Kappa statistic for this 671 

population was 0.46, suggesting fair agreement between the two classification systems. We 672 

found the following agreement based on the Kappa statistic for the other study populations: 673 

the Italian- Bondone population = 0.52, the Italian Rendena population = 0.59, the Swedish 674 

population = 0.35 and the Norwegian population = 0.65. 675 

The optimal number of clusters determined for the measures of the geographic 676 

space was 12 with the maximum discrimination ability of a silhouette width of 0.86 (ranges 677 

between 0 and 1; Fig. 5). This indicates that there was a very clear structure to the clusters, 678 

with most observations seeming to belong to the cluster that they were assigned to (e.g., 679 

Rousseeuw 1987). Overall, the 12 clusters identified seemed to correspond to differences 680 

in individual movement strategies within the five study areas, and were largely descriptive 681 

groupings along the continuum of migratory ‘tendency’ from residency to clear migration. 682 

Using the ecological measures only, an average silhouette of �̅�𝑠(k) = 0.45 was achieved with 683 



 29 

three clusters, which loosely represented migrant, resident and an intermediate strategy. A 684 

�̅�𝑠(k) = 0.45 indicates that there was structure identified in the data, but not as strong as the 685 

geographic approach. A silhouette of 0.51 (indicating that a reasonable structure has been 686 

found) was achieved with only two clusters (separating roe deer with more migratory 687 

versus resident tactics) for the integrative approach, which combined all measures of 688 

geographic and ecological space (Fig. 5). Although geographic measures found a stronger 689 

structure in 12 groups, the integrative combination of ecological and geographic measures 690 

provided a more parsimonious explanation (here, in the sense of fewest categories) of 691 

variation in migratory behavior of roe deer. But, the most appropriate method to classify 692 

migrants, residents and tactics in between these endpoints of the migration continuum may 693 

be case dependent. The high variation within and between the approaches based on 694 

geographic and ecological space, suggested that in our case, migration may be best 695 

described with a combination of measures. In this way, we were able to combine the main 696 

definitions for migration - the spatial separation of seasonal ranges as well as the 697 

ecological shift in habitat components. Consequently, the combination of all classification 698 

approaches seemed appropriate to address our second major question on the determinants 699 

explaining differences in seasonal movements (Fig.1; Objective 2, ‘Determinants’).    700 

Based on the integrative classification, one of our two clusters contained more 701 

animals showing characteristics of the resident tactic (75% were residents according to the 702 

spatial clustering method, Table 2, herein called ‘resident cluster’, CR, n = 53). The second 703 

cluster included migration years during which roe deer showed migration characteristics 704 

(e.g. 100% were migrants according to the spatial clustering method; Table 2, herein called 705 

‘migrant cluster’, CM, n = 18). The �̅�𝑠(k) of CR was 0.55, while the �̅�𝑠(k) of CM was 0.48. 706 

Overall, individuals classified in CR had smaller average Cartesian and ecological distances 707 

and seasonal location and niche overlap values (Table 2). More specifically, we found 708 
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average niche overlaps of 0.58 for animals falling in the resident cluster (CR) and 0.16 for 709 

animals falling in the migrant cluster (CM) in Bavaria, DE/CZ, 0.60 for residents and 0.27 710 

for migrants in Bondone, IT, 0.62 for residents only in Koberg, SE, 0.68 for residents and 711 

0.22 for migrants in Norway and 0.51 for residents and 0.23 for migrants in Rendena, IT. 712 

Both clusters showed differences in their average geographic and ecological migration 713 

indices, where cluster CR indicated smaller average distances and higher overlap values 714 

(Table 1, Fig. 3 and Appendix S1: Table S1).  715 

Objective 2) Assessing Determinants of Migration Plasticity 716 

Objective 2a) Determinants Underlying Seasonal Roe Deer Niches  717 

The permutation test of the DA indicated that the four groups (i.e. the combinations of 718 

two seasons and two-class migratory status) were significantly different (p < 0.001). While 719 

both realized seasonal ecological niches of residents (CR - the resident cluster) indicated a high 720 

degree of similarity in environmental variables, the biplot (Fig. 6) showed a distinct separation 721 

of the realized seasonal ecological niches for migrants (CM - the migrant cluster). This later 722 

observation offers additional confirmation for our prediction under the ecological migration 723 

distance hypothesis (H1), that seasonal niche overlap is lower for migrants than for residents 724 

(P1). As expected, niches of resident and migrants differed most in summer (P2.3). However 725 

interestingly, while we expected niches of residents and migrants to differ especially for the 726 

migratory summer season when the total range of the species expands, winter niches of 727 

residents and migrants also differed slightly (Fig. 6). The first discriminant component (DS 1), 728 

which contributed 54% to the explained variance, mainly separated the seasonal niches of the 729 

migrant cluster (CM) from both seasonal niches of the resident cluster (CR). Both seasonal 730 

niches of migrants were associated with this first component. In contrast, the second 731 

discriminant component (DS 2), which contributed 46% to the explained variance, mainly 732 

separated the summer niches of migrants from the winter niches of both residents and migrants 733 
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(Fig. 6, Table 3). Consequently, environmental variables that were negatively correlated with 734 

DS 1 were associated with CM and environmental variables positively correlated with DS 1 735 

were associated with CR (the resident cluster). In contrast, environmental variables that were 736 

negatively correlated with DS 2 were associated with summer niches and environmental 737 

variables positively correlated with DS 2 were associated with winter niches.  738 

Environmental variables discriminating both realized seasonal ecological niches of 739 

migrants from residents indicated that resident roe deer were characterized by lower SD in 740 

NDVI (DS1 = -0.80), lower elevations (DS1 = -0.55), less steep slopes (DS1 = -0.48) and less 741 

rugged terrain (DS1 = -0.40). Overall, these results confirm our predictions under the forage 742 

maturation hypothesis (H2.1) that (P2.1) migrant summer niches would be mainly associated 743 

with increased forage productivity. Next, variables explaining differences between winter and 744 

summer niches, especially of migratory roe deer, included winter severity (DS2 = -0.51), 745 

elevation (DS2 = -0.44), % agriculture in seasonal ranges (DS2 = -0.41) and constancy of 746 

NDVI between years (DS2 = 0.41). Especially winter severity suggests that migrants cannot 747 

remain on their summer ranges due to the limiting winter conditions there, possibly restricting 748 

movements and forage accessibility, confirming our prediction (P2.2) under winter conditions 749 

hypothesis (H2.2). 750 

In general, variables that were mainly associated with summer niches of migrants (i.e. 751 

negative on DS1 and DS2) were elevation (DS1 = -0.55, DS2 = -0.44), seasonality 752 

(contingency; DS1 = -0.27, DS2 = -0.38) and the proportion of conifer forest within summer 753 

ranges (DS1 = -0.24, DS2 = -0.37). Winter niches of migrants (i.e. negative on DS1 and 754 

positive on DS2) were mainly associated with slope (DS1 = -0.48, DS2 = 0.21) and 755 

ruggedness (DS1 = -0.40, DS2 = 0.26, Fig. 6). In contrast, winter niches of residents (i.e. 756 

positive on DS1 and DS2) showed highest association with average NDVI within their winter 757 

ranges (DS1 = 0.52, DS2 = 0.09) and higher canopy closures (DS1 = 0.17, DS2 = 0.24). 758 
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Summer niches of residents (i.e. positive on DS1 and negative on DS2) were mostly 759 

associated with agriculture (DS1= 0.03, DS2 = -0.41; Fig. 6, Table 3).   760 

Objective 2b) Broad-scale Determinants of Migratory Probability 761 

Amongst the variables contingency (seasonality), constancy (between-year variability) 762 

and overall temporal predictability (sum of contingency and constancy), characterizing 763 

temporal variation, contingency was the only variable that was marginally significant and 764 

accounted for 31% of the variation in migration probability. This relationship offers some 765 

evidence for the first part of our predicted relationship between migration probability and 766 

seasonality of forage resources under the spatiotemporal resource hypothesis (H3.1; Table 4), 767 

that the probability of migration in roe deer would be higher in more seasonal landscapes 768 

(P3.1). But, in contrast to just temporal variability in forage, the probability of migration 769 

increased for variables incorporating temporal and spatial variation, supporting the second part 770 

of our prediction derived under the spatiotemporal resource variability hypothesis (H3.1), that 771 

increased spatial heterogeneity of seasonal forage resources at the annual scale (broad-scale) 772 

would increase the probability of migration (P3.1, Fig. 7). All three variables characterizing 773 

spatial variability of forage variation (SD of contingency, constancy and predictability) were 774 

statistically significant (Table 4) and accounted for a good proportion of the variance in 775 

migration probability (R2
ANODEV = 0.55 – 0.64). Finally, although our sample size was limited, 776 

we found evidence for the competition avoidance hypothesis (H3.2), predicting that the 777 

spatiotemporal variability in forage availability may be modulated by density-dependent 778 

competition with an overall higher probability of migration with increasing densities (P3.2, 779 

Table 4, Fig. 7). The model with the lowest AICc described migration probability as a function 780 

of increasing density and increased spatial variability in seasonality (contingency; Fig. 7). 781 

Interactions between density and variables characterizing spatiotemporal variation were not 782 
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statistically significant and neither were random effects to account for within study areas 783 

variability and differences in sample sizes.  784 

DISCUSSION  785 

We applied a conceptually novel ecological distance-based approach, including concepts of 786 

realized niche theory, to classify migration using the example of a large herbivore with 787 

high ecological plasticity across a range of study sites. We also assessed the determinants 788 

of contrasting seasonal movement strategies. Thereby, we addressed the link between a 789 

variety of individual migratory movements and the realized ecological niches in the 790 

different environments in which they occur. As a prerequisite to our integrated 791 

classification approach, we compared distance and overlap measures in ecological niche 792 

space and geographic space (Fig. 4, Appendix S3: Figure S1) and our results indicated that 793 

migratory roe deer move to different environmental niches, and thereby travel an 794 

ecological distance. In contrast, residents largely remained within the same niches year 795 

around, but also showed small niche shifts (e.g. niche overlap was never 100%). We were 796 

then able to use the migration measures estimated in ecological space and combine them 797 

with geographic classification measures to achieve an integrative classification of 798 

migratory behavior (Fig. 2, Objective 1; ‘Patterns’). Next, the results of our second 799 

objective (Fig. 2, Objective 2; ‘Determinants’) allowed us to measure many of the factors 800 

of migration earlier reported in other large herbivore species simultaneously across five roe 801 

deer study areas that broadly supported the FMH as the driver of migration in roe deer. We 802 

found evidence for the importance of spatiotemporal variation in forage resources 803 

hypotheses (resource seasonality and spatial variability) and our results further suggest that 804 

density modulates roe deer migration. Especially the effects of density on migration 805 

probability require further investigation with larger sample sizes, and a finer spatial 806 

resolution of density. Our work is amongst the broadest tests of the determinants of roe 807 
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deer migration yet conducted, and our approach allowed us to demonstrate that individual 808 

migration propensity appears to be affected by terrain, climate and forage variability and 809 

predictability. 810 

Objective 1) Describing Patterns of Migration Plasticity: Towards an Integrative 811 

Classification of Migratory Behavior and Ecological Implications 812 

Classification of migration is a key step before being able to test hypotheses about 813 

determinants of migration. However, migration classification has been a much-discussed 814 

problem in ecology (Cagnacci et al. 2016). Consistent with a growing number of recent 815 

studies, we also found substantial variation in the classification of roe deer movement 816 

strategies using common geographic measures. For example, Cagnacci et al. (2016) found 817 

that consistency between three classification methods based on geographic space was only 818 

50% and no method clearly outperformed another. Individuals falling towards the 819 

endpoints of the migration continuum (clear residency or clear migration; Cagnacci et al. 820 

2011) were usually classified consistently between methods in our and previous studies 821 

(Cagnacci et al. 2016). In contrast, individuals displaying equivocal movement strategies 822 

across short geographic distances (with multiple trip migrations or overall low range 823 

fidelity), commonly observed in partially migratory populations of species with high 824 

ecological plasticity, showed substantial disagreement between methods.  825 

The NSD method has recently become the standard for classification of migratory 826 

behavior, especially for mammals. When applying the NSD method to simulated data, 827 

Bunnefeld et al. (2011) found high agreement between the simulated patterns and the NSD 828 

classification results for mixed migration, migration and dispersal. But, the NSD method 829 

misclassified 58% of all simulated individuals displaying resident behavior and 830 

interestingly, misclassifications of residents were commonly identified as dispersers (36%; 831 

Bunnefeld et al. 2011). This confirms that resident strategies may be underestimated in 832 
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studies uncritically using this method without applying additional measures, such as a 833 

minimum distance moved criterion (Mysterud et al. 2011, Eggeman et al. 2016), or visual 834 

inspection of trajectories (Bischof et al. 2012), which is, however, often done. Indeed, the 835 

NSD method also identified a high proportion of dispersers in our dataset, which was 836 

surprising, because we only used data from adult roe deer and dispersal is commonly 837 

restricted to juveniles (Wahlström and Liberg 1995). We find it likely that the ‘dispersers’ 838 

identified in our dataset were misclassified residents and mixed migrants (e.g., Bunnefeld 839 

et al. 2011). Our integrative approach discriminated higher proportions of residents in all 840 

study populations compared to the geographic and ecological classification methods alone 841 

(Table 1).  842 

Migratory plasticity is one of the main reasons why unambiguous classification is 843 

so difficult (Cagnacci et al. 2016). For example, for highly plastic roe deer the 12 clusters 844 

based on geographic measures likely identified each population-specific strategy (Table 1), 845 

reflecting the diverse gradient ranging from residency to migration in different habitats 846 

(Cagnacci et al. 2011). While this provides an example of over-classification that 847 

undermines our attempts to understand the general determinants of migration, the gradient 848 

of migration ‘tendency’ ("migratoriness"; Taylor and Taylor 1977) could also provide an 849 

opportunity for future research. For example, understanding the factors that affect 850 

placement of individual animals along such a residency-to-migration continuum, could 851 

yield important insights into mechanisms underlying intermediate stages, costs and benefits 852 

of such tactics and how climate and anthropogenic land use changes may affect transition 853 

probabilities along the continuum (Cagnacci et al. 2016). Although studying factors 854 

affecting the migration continuum is certainly intriguing, our integrative classification 855 

approach allowed us to categorize individuals with distinct movement tactics and address 856 

the specific hypotheses regarding determinates for migration following our classification.  857 
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Testing if roe deer travel an ecological distance was only a prerequisite to develop 858 

our integrative migration classification approach, however, our results have interesting 859 

ecological implications. For example, estimating the ecological distances individuals 860 

travel, may aid in understanding the diversity of, and gradients or tendencies within, 861 

migratory systems (Nakazawa et al. 2004). Traveling across ecological distances has been 862 

related to niche switching or niche following and may be a function of the plasticity of a 863 

species (Laube et al. 2015) as well as the heterogeneity of the landscapes individuals 864 

inhabit (LeResche 1974). To date, studies assessing relationships between seasonal niche 865 

overlap are limited to the avian literature. For example, two studies on different species of 866 

warblers (Parulidae) suggest that migrants show low niche overlap and therefore switch 867 

niches when comparing conditions between breeding and non-breeding range during 868 

different seasons (Gómez et al. 2016), but follow niches when comparing conditions on the 869 

breeding and non-breeding range during the same season assessing what birds could have 870 

experienced if they stayed (Laube et al. 2015). This emphasizes fundamentally different 871 

questions to how niche following and ecological distance migration may be defined. Here, 872 

we present the first comparison of summer niches of generally plastic roe deer to what they 873 

could have experienced if they stayed on winter range year round. We tested this 874 

relationship in different study areas (Appendix S3: Figure S1) and as suggested by 875 

LeResche (1974), the relationship was linked to some degree to the environmental 876 

heterogeneity in the different study areas. For example, migrants in the very heterogeneous 877 

Italian Alps needed to move shorter distances to achieve larger ecological distances than 878 

roe deer in more homogenous habitats, such as Bavaria, DE/CZ. This suggests that 879 

migratory roe deer have broader annual niches, at least for the niche dimensions we 880 

measured.  881 
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Comparing the summer niches of roe deer to niche conditions they could have 882 

experienced if they remained on winter range, our results suggest that migratory roe deer 883 

take advantage of improved forage and possibly escape density-dependence in summer 884 

through niche switching. But, reasons for niche switching may be multifaceted and can 885 

only be detected accurately when variables shaping realized seasonal niches are known. 886 

Further, related resource selection processes are generally scale-dependent in space and 887 

time (Senft et al. 1987, Wiens 1989). For example, it has been suggested that niche 888 

dimensions that are being followed are narrower and seasonally variable, while niche 889 

dimensions that are being switched are broader and static in time, but variable in space 890 

(Laube et al. 2015). While we provide first insights into niche switching by migrants 891 

characterizing niches in n-dimensions using static variables only, other studies using time-892 

variant variables in only one niche dimension (NDVI) have suggested that migratory as 893 

well as resident large herbivores follow gradients of plant green-up as expected in 894 

temperate environments (Bischof et al. 2012, Gaudry et al. 2015). Consequently, we would 895 

expect niche switching for both migrants as well as residents between seasons when 896 

comparing niche dimensions of time-variant variables, such as time-matched NDVI, in 897 

seasonal temperate habitats (Mancinelli et al. 2015). For the purpose of classification of 898 

migration the use of time-varying covariates would not have been beneficial, but we 899 

highlight that the relationship between time-varying covariates and seasonal niches remains 900 

to be tested. Besides temporal dimensions, the degree to which niche overlap may also be a 901 

function of the spatial resolution of niche variables (Senft et al. 1987). For example, 902 

residents may show more fine-scale responses to phenology induced changes in forage 903 

digestibility that allow them to compensate for the effects of not migrating, which we 904 

would expect for a small concentrate selector (Hebblewhite et al. 2008, Bischof et al. 905 

2012). Overall, while we found no niche following by migrants as a function of a suite of 906 
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fairly coarse-grained environmental variables, niche following could occur at smaller 907 

spatial scales, such as forage patch or forage plant selection.  908 

Lastly, to test if roe deer travelled across an ecological distance and thereby 909 

switched realized ecological niches, we used a presence-only design. We did not compare 910 

environmental conditions at used sites with absence- or pseudo-absence data to define 911 

niche space availability. Broennimann et al. (2012) showed that when not correcting 912 

locations (use) by their environmental prevalence, niche overlap may be underestimated 913 

except for niches with very low overlap. In our case, the availability of environmental 914 

variables for resident animals was consistent in both seasons and thus, this availability 915 

issue will not affect their niche overlap. Further, if niche overlap would be underestimated 916 

for migrants, our results would consequently only be stronger when correcting for 917 

availability and the niche space was calibrated with occurrence data from both seasonal 918 

ranges under the assumption of equal availability. While this assumption may not be 919 

applicable to other taxa , for ungulates it appears appropriate, because their decision to 920 

migrate reflects resource selection at the landscape scale (Johnson’s second order scale; 921 

Johnson 1980, Hebblewhite and Merrill 2009). Thus, our results are likely to be robust.  922 

Objective 2) Assessing Determinants of Migration Plasticity: the Realized 923 

Ecological Niches of Migrants and Residents 924 

The costs and benefits of migration depend on the ecological conditions an individual 925 

inhabits and in general animal migration can be driven by forage availability, escape from 926 

severe climatic conditions, predation or parasite risk or reproductive constraints (Dingle 1996, 927 

Shaw and Couzin 2013). For ungulates in temperate environments migration in spring is 928 

commonly a function of increased forage availability and decreased competition on allopatric 929 

summer ranges, while migration in autumn is typically driven by limiting conditions that make 930 

over-wintering on the summer range impossible (Nicholson et al. 1997, Mysterud 1999). Our 931 
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analysis of the determinants for roe deer migration across five study areas suggested that 932 

migration was a function of forage, terrain and climatic factors. Spatiotemporal variation in 933 

NDVI has been correlated with higher forage quality in the growing season (mountainous 934 

environments; Hebblewhite et al. 2008). Furthermore, in more diverse landscapes with high 935 

topographic and vegetation variability the spatial synchrony of spring is lower and the duration 936 

longer prolonging access to highly nutritious early vegetation (Albon and Langvatn 1992, 937 

Walker et al. 1993). Plant digestibility and protein content during the growing season are 938 

positively correlated with elevation and latitude, which has been linked to benefits of 939 

migration (Van Soest 1983). For example, in a study by Nicholson et al. (1997), migratory 940 

mule deer, which had increased access to forage in a mountainous region, also had increased 941 

reproductive success. Migratory female red deer in Norway had higher body mass and 942 

pregnancy rates than residents (Albon and Langvatn 1992). In another study, Norwegian 943 

female moose had a higher fecundity and grew to a larger body size than resident moose, 944 

possibly due to improved foraging conditions on migrant summer ranges (Rolandsen et al. 945 

2016).  946 

Forage benefits due to migration may be twofold. Firstly, ungulates following 947 

phenology gradients can have access to high quality forage while moving (Sawyer and 948 

Kauffman 2011). Secondly, even after arrival on high elevation summer ranges migratory 949 

individuals may continue to benefit from prolonged forage quality due to cooler temperatures 950 

and delayed snowmelt (Hebblewhite et al. 2008, Bischof et al. 2012). Our results support the 951 

latter, but we did not test for the former using time-variant NDVI (see above). Especially small 952 

browsers commonly rely on ingesting relatively low amounts of diverse high quality food to 953 

meet energy requirements (Hofmann 1989), which is especially abundant in landscapes with 954 

high spatial heterogeneity in phenological stages. Indeed, we found higher variation (SD) in 955 

NDVI, as well as higher contingency (seasonality) in migrant summer niches. In contrast, 956 
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overall NDVI was higher for resident niches. This likely reflects a higher prevalence of 957 

coniferous canopy cover at lower elevations in resident ranges, because NDVI is highest in 958 

forests compared to open (meadow) areas (Gamon et al. 1995). High values of NDVI in 959 

forested landscapes therefore do not necessarily reflect higher forage quality (Borowik et al. 960 

2013) as the productivity of the canopy may not directly reflect the productivity of the 961 

accessible ground and shrub layers, especially for concentrate selecting species like roe deer. 962 

Because variation in NDVI was higher for migrants, likely due to migration to higher 963 

elevations with more diverse and less continuous cover types, we assume that overall forage 964 

heterogeneity was higher for migrants, allowing them to be more selective. In contrast, higher 965 

proportions of forest may provide increased shelter and protection for resident roe deer 966 

(Tablado et al. 2016), emphasizing the importance of the ratio of costs and benefits of 967 

migration. Interestingly, Tablado et al. (2016) found that roe deer concentrate their movement 968 

in fairly small areas selecting higher quality food and are able to forage optimally due to their 969 

solitary social system. Thus, if fine-scale forage diversity is sufficiently high in resident 970 

ranges, residency may be the more beneficial tactic for this small browser. If the cost of 971 

migration exceeds the benefits of migration, residency is expected to exceed migratory 972 

behavior (Fryxell and Holt 2013).  973 

For northern ungulates snow has been identified as the main driver for migration, 974 

especially for altitudinal migration (Mysterud 1999, Cagnacci et al. 2011). Our results support 975 

these findings and suggest that especially environmental niche factors that resemble increased 976 

seasonality and higher winter severity are main drivers for roe deer migration at the individual 977 

level. In particular, we found that migratory roe deer used steeper slopes in both seasonal 978 

ranges, stayed in more rugged terrain and at higher elevations than resident roe deer during 979 

summer. We found that winter severity is an important discriminator between seasonal 980 

movement tactics (Fig. 6). Summer niches of migrants had the highest winter severity values, 981 
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suggesting that migrants are forced to move to lower elevations to escape from limiting winter 982 

conditions.  983 

Our niche-based approach also enabled us to test if migratory and resident 984 

individuals from partially migratory populations differ in their ecological conditions 985 

primarily in the allopatric season when the total range of the species expands (Fryxell and 986 

Sinclair 1988, Histøl and Hjeljord 1993, Hebblewhite and Merrill 2009, Jones et al. 2014), 987 

which is the breeding season (rut) for roe deer. Interestingly, we found that winter niches 988 

of migrants and residents were different also in the non-breeding winter season, although to 989 

a lesser degree than during the migratory season in summer. This suggests that the niches 990 

of residents and migrants differ year-round. This niche separation may occur at different 991 

scales, which we were unable to assess, because we only used coarse-grained 992 

environmental niche variables. For example, Sanz-Auguilar et al. (2014) found more 993 

forage niche specialists among residents (72%) than among migrants (40%) on the shared 994 

range of migratory storks (Ciconia ciconia), presumably because migrants may not be as 995 

familiar with the habitat. Similarly, Zini (2015) found that resident roe deer used higher 996 

quality forage habitat in summer than migratory roe deer would use if they stayed on the 997 

sympatric winter ranges, in one of our study areas (Italy – Rendena). With respect to 998 

predation risk exposure, Robinson et al. (2010) showed that elk with resident strategies 999 

were exposed to higher wolf (Canis lupus) predation risk at night compared to animals 1000 

with migratory strategies on their shared winter range in a partially migratory population, 1001 

presumably due to differential habituation to human activity. Overall, the result that 1002 

migrant and resident roe deer do not share the same ecological niche, even in the season 1003 

when the roe deer distribution range is smallest and their geographic ranges are in closest 1004 

proximity, has important implications for understanding the ecology and management of 1005 

large herbivores. If resident individuals are able to more effectively use winter ranges and 1006 
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avoid limiting conditions, for example by optimizing the use of feeding stations, we may 1007 

expect changes in the relative costs and benefits of migration that may favor one strategy 1008 

over another (Jones et al. 2014). 1009 

It remains to be tested if different movement tactics result in differences in 1010 

demographic fitness under the paradigm of adaptability of migration (Avgar et al. 2013) and  1011 

how biotic factors (density-dependence or predation) affect these relationships. Migratory roe 1012 

deer may have lower fitness if seasonal niche switching pushes them towards the edge of their 1013 

fundamental niche space or even into sinks (Hebblewhite et al. 2008). In contrast, residency 1014 

could be the suboptimal tactic. For example, social fences (Mysterud et al. 2011) may 1015 

constrain individuals from migrating, which may be forced to remain in less suitable niche 1016 

conditions or resident animals may experience increased predation risk in environments with 1017 

changing community structures due to carnivore recovery (Hebblewhite and Merrill 2009, 1018 

Middleton et al. 2013). Essentially, there may be advantages to residency, and it is the balance 1019 

of the costs and benefits that maintains partial migration over evolutionary timescales. While it 1020 

is commonly assumed that migrants benefit from improved foraging conditions on allopatric 1021 

ranges, there may be costs associated with migration due to increased mortality risk when 1022 

passing through unknown regions and elevated energy requirements for migration 1023 

(Hebblewhite et al. 2008, Middleton et al. 2013). Interestingly, we found that, out of the seven 1024 

repeated animals we sampled, two switched between migration and residency between years, 1025 

possibly due to such trade-offs. 1026 

In terms of risk, we were unable to test for differences between migrants and residents 1027 

either through natural predation or hunting by humans. Habitat components that constitute a 1028 

‘safe’ migratory destination may be diverse, scale-dependent and difficult to measure (White 1029 

et al. 2014). For our populations, hunting by humans is the commonest mortality factor, but 1030 

this risk is difficult to quantify and habitat components that constitute to a ‘safe’ migratory 1031 
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destination may be manifold, scale-dependent and difficult to measure (White et al. 2014, 1032 

Norum et al. 2015). We found summer niches of migrants to be the least correlated with the 1033 

nightlights index, which cannot be over-interpreted, but may be suggestive that roe deer move 1034 

away from human disturbance in summer. For example, Hewison et al. (2001) found that roe 1035 

deer avoid areas with high associated levels of human activity and group size varied as a 1036 

function of human density, possibly to decrease risk. Overall, niche switching implies that 1037 

migratory behavior is a labile trait and allows flexibility in the face of environmental change 1038 

(Boutin and Lane 2014), but future research should aim to incorporate fitness trade-offs to 1039 

understand why both migration and resident tactics so commonly persist together (Bolger et al. 1040 

2008).  1041 

We found evidence that the combined spatiotemporal variation in forage, not just 1042 

temporal variation, affected migration probability in roe deer. Spatial heterogeneity of 1043 

resources may dampen the negative effects of abiotic (e.g. weather) and biotic (e.g. 1044 

density) limiting factors on population growth (Wang et al. 2006). In agreement with Shaw 1045 

and Couzin (2013) we found that low seasonality increases the proportion of residents and 1046 

high seasonality increases the proportion of migrants. Although our findings match the 1047 

expected predictions under the spatiotemporal resource hypothesis, our results should be 1048 

considered cautiously with respect to scale-dependent relationships. In general, forage 1049 

resource patches may be defined by their seasonality, quality, and size (Shaw and Couzin 1050 

2013), and we were only able to capture the first component well, and the second to a 1051 

limited degree. Importantly though, we were not able to address the spatial configuration 1052 

and resolution of forage resources in our different study areas. The probability of migration 1053 

is also a function of resource distribution and migration is especially favored in seasonal 1054 

environments with smaller habitat patches and little broad-scale variability (Müller and 1055 

Fagan 2008, Müller et al. 2011). Our findings support this result, because migration 1056 
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probability was highest in diverse mountainous habitats in the Italian Alps and lowest in 1057 

more homogenous, flat habitats in Koberg, Sweden. Animal movement distances (van 1058 

Moorter et al. 2013), and more specifically migration distances (Teitelbaum et al. 2015) 1059 

have also been suggested to be a function of the scale of landscape variability. Also in our 1060 

study, migratory roe deer moved furthest in Norway, where broad-scale landscape 1061 

variability is much higher than in our alpine Italian study sites, which confirms that the 1062 

correlation between geographic, and ecological distance is a function of landscape 1063 

heterogeneity. Although distance in space is generally a good descriptor of variation along 1064 

ecological gradients, this relationship is dependent on spatio-temporal scales of variability 1065 

(Teitelbaum et al. 2015; Appendix S3: Figure S1).  1066 

Which factor is more dominant in shaping and maintaining migratory behaviour at 1067 

the individual level is likely to be a function of density dependence at the level of the 1068 

population (Fryxell and Sinclair 1988). In fact, the role of density in regulating partially 1069 

migratory populations is well known in conceptual models and the bird literature (Kaitala 1070 

et al. 1993). Partial migration is expected to be maintained in stochastic environments 1071 

where density dependence is present (Lundberg 1988), but to date only very few 1072 

quantitative studies have tested these relationships (Mysterud et al. 2011). For example, 1073 

Eggeman et al. (2016) showed that Cervus spp. migration increased with population 1074 

density, consistent with the competition avoidance hypothesis. In our study, increased 1075 

levels of spatial variation in seasonal vegetation, which was highest in the Italian study 1076 

area in the Alps (Italy – Rendena; Fig. 3), along with high densities favoured migration in 1077 

the studied roe deer populations (Fig. 7). However, further tests with broader ranges of 1078 

densities and accounting for habitat-quality may be needed to evaluate density dependence 1079 

as the potential mechanism to regulate relative benefits of migration versus residency. For 1080 

example, high densities may prohibit migration if the surrounding habitat is already 1081 
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occupied and migratory behavior is inhibited due to social fences (Mysterud et al. 2011). 1082 

Such relationships may also very temporally throughout the year (Loe et al. 2009). 1083 

Furthermore, the dynamics of territoriality, which is applicable to roe deer males, may by 1084 

very important in shaping patterns of facultative switching in partially migratory 1085 

populations (Kokko 2011). Thus, besides forage benefits, the unique roe deer mating 1086 

system may also be an important limiting resource. Overall, ungulates commonly have to 1087 

make trade-off decisions between staying out of low-elevation winter ranges with 1088 

potentially higher interspecific competition and the risk of being exposed to adverse winter 1089 

conditions when staying at high elevation summer ranges. The relative advantages of 1090 

access to prolonged forage quality and/or reproduction by occupying better territories must 1091 

outweigh the cost of migration and combining the two seasonal niches must come at an 1092 

extra gain in fitness to maintain migration as a tactic. Species with high diversity in 1093 

migratory movements that can alter their behavior in response to environmental or 1094 

demographic factors have been shown to be less vulnerable to anthropogenic change 1095 

(Gilroy et al. 2016). 1096 

Conclusion 1097 

The ecological niche concept provides an underutilized framework for outlining 1098 

questions surrounding the patterns and the determinants underlying migration across 1099 

species (Jonzén et al. 2011). Future changes including climate change and anthropogenic 1100 

landscape alteration will affect the niches of migrants, residents and all movement tactics 1101 

that lie between these two endpoints of the continuum. Behavioral plasticity seems to allow 1102 

individuals to adjust to changing environmental conditions and we have shown that while 1103 

resident roe deer remain stable in largely static niche conditions year-round, roe deer are 1104 

plastic in switching seasonal niches when migrating. Thus, it appears that migratory 1105 

behavior in roe deer is labile, allowing them to thrive under changing conditions (within 1106 
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certain limits). Here we provided a first example studying roe deer, but relationships 1107 

between seasonal movement strategies and plasticity in realized seasonal niches remains to 1108 

be tested for other ungulate species and for time-variant niche conditions. Understanding 1109 

the functional importance of key components of spatiotemporal niche variability will offer 1110 

insights into linking predicted future resource dynamics to movement behaviors.  1111 
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Table 1. Proportions of 71 annual roe deer (Capreolus capreolus) trajectories classified into seasonal movement behavioral 1480 

categories across five study areas in Europe based on the geographic distance, ecological distance, spatial clustering, and an 1481 

integrated approach using a k-means clustering algorithm. The integrated approach identified two clusters, where one cluster (CR) 1482 

was characterized by roe deer showing predominantly resident characteristics while the second cluster (CM) was characterized by 1483 

animals showing predominantly characteristics of migrant animals. Roe deer GPS data were collected between 2005 and 2013. 1484 

Study Areas 1 DE/CZ IT.2 IT.1 NO SE 

Geographic distance (NSD) 2 

Residents 0.35  0.14  0.18  0.08  0.29  

Mixed Migrants 0.42 

0.65 2 

0.43 

0.86 2 

0.27 

0.82 2 

0.46  

0.92 2 

0.64  

0.71 2 Dispersers 0.08 0.14 0.27 0.08 0.07 

Migrants 0.15 0.29 0.27 0.38 0.00 

Ecological distance (ED) 2 

Residents 0.38  0.14  0.27  0.07  0.23  

Mixed Migrants 0.50 

0.62 2 

0.29 

0.86 2 

0.55 

0.73 2 

0.64 

0.93 2 

0.46 

0.77 2 Dispersers 0.04 0.14 0.00 0.29 0.00 

Migrants 0.08 0.43 0.18 0.00 0.31 
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1 DE/CZ = Germany/Czech Republic (n=26), IT.2= Italy-Bondone (n=11), SE= Sweden (n=14), NO = Norway (n=13), IT.1=Italy-1485 

Rendena (n=7) 1486 

2 All movement tactics undergoing seasonal shifts (migration, mixed migration, dispersal) were pooled to be compared to the Spatial 1487 

Clustering method that does not differentiate between different non-resident tactics. See text for details.1488 

Table 1. continued 

Spatial Clustering 

Residents 0.65  0.29  0.27  0.46  0.86  

Migrants 0.35  0.71  0.73  0.54  0.14  

Integrated Approach  

Cluster CR  0.81  0.57  0.45  0.69  1  

Cluster CM 0.19  0.43  0.55  0.31  0  
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Table 2. Averages and standard deviations (SD; in parenthesis) for different roe deer (Capreolus 1489 

capreolus) migration measures identified by k-means cluster analysis with k=2 (CR = resident 1490 

cluster, CM = migrant cluster). Migration measures include the difference in ecological distance 1491 

between winter versus summer (EDwi1-su), the annual SD of ED, the asymptote from ED models, 1492 

the Schoener’s niche overlap (D) between winter and the following summer, the % of individuals 1493 

classified as migrants based on the seasonal clustering method, the associated distance between 1494 

cluster centers, and the asymptote of the NSD. Finally, the silhouette widths are provided for each 1495 

cluster. 1496 

  CR CM 

Ecological Distance 

EDwi-su 1.72 (0.980) 4.48 (1.593) 

SD 0.68 (0.349) 1.91  (0.806) 

Asymptote ED* 0.002 (0.001) 0.01 (0.002) 

Seasonal Niche Overlap 

Schoener's D 0.61 (0.200) 0.22 (0.175) 

Seasonal location overlap 

% migration  25  100 

Cluster Distance (km) 1.47 (2.822) 10.68 (8.202) 

Cartesian Distance 

Asymptote NSD*1 (km) 1.54 (4.165) 10.59 (8.247) 

K-means Clustering 

Silhouette width 0.55 (0.190) 0.48 (0.152) 

*square root transformed and multiplied by 10 00 00, *1square root transformed  1497 
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Table 3. Means of variables and results of the linear discriminant analysis using averaged 1498 

environmental data by season (winter (wi) and summer (su)) and individual roe deer 1499 

(Capreolus capreolus) of each cluster separating migrant clusters (CM) and resident clusters 1500 

(CR) as input matrix. Canonical scores (CS) represent the standardized canonical discriminant 1501 

function coefficients of all variables along the two dimensions identified. The class scores 1502 

(DS) represent the centroid coefficients of each group (group centroids) in ordination space 1503 

defined by the two dimensions.  1504 

 Covariate means by group Canonical Scores 

Covariates  CR - su CM-su CR-wi CM-wi CS1 CS2 

CANOPY CL (Canopy closure)  47.07 38.25 51.94 46.67 0.17 0.24 

NIGHTLIGHTS (Nightlights)  11.15 5.08 12.74 20.16 -0.08 0.35 

CONST (Constancy) 0.25 0.21 0.28 0.28 0.10 0.41 

CONT (Contingency)  0.32 0.39 0.30 0.33 -0.27 -0.38 

ELEVATION (Elevation (m)) 575.62 1232.38 566.54 825.03 -0.55 -0.44 

SLOPE (Slope (degrees)) 9.22 12.64 9.71 19.39 -0.48 0.21 

PRED (Predictability) 0.58 0.60 0.58 0.61 -0.28 0.02 

WI SEVERITY (Winter severity) 0.59 0.73 0.58 0.50 -0.03 -0.51 

RUGGED (Ruggedness) 10.88 12.83 11.25 22.78 -0.40 0.26 

TEMP (Annual mean temp.) 6.50 5.69 6.06 6.88 -0.08 0.17 

NDVI SD (standard dev. NDVI) 0.11 0.18 0.11 0.18 -0.80 -0.12 

NDVI AVE (mean NDVI) 0.76 0.71 0.76 0.71 0.52 0.09 

       

       



 66 

Table 3. continued       

human (% Human lc) 1.49 0.00 3.64 3.49 0.01 0.17 

agric (% Agricultue lc) 20.51 29.09 8.80 5.28 0.03 -0.41 

decid (% Deciduous lc) 11.94 4.97 5.62 16.34 -0.06 0.14 

wetl (% Wetland lc) 0.84 4.38 0.03 0.17 -0.16 -0.37 

conif (% Conifer lc) 2.49 2.51 1.48 11.56 -0.24 -0.37 

mixed (% Mixed lc) 37.06 24.97 48.12 37.04 0.15 0.21 

shrub (% Shrubs lc) 25.67 34.07 32.30 26.12 -0.02 -0.06 

DS1 0.51 -1.04 0.31 -1.43 --- --- 

DS2 -0.12 -1.50 0.24 1.06 --- --- 

1505 
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Table 4. Candidate logistic regression models describing the probability of migration for 71 1506 

annual roe deer (Capreolus capreolus) trajectories in five European study areas. Predictor 1507 

variables included population density, the overall predictability of the Normalized Difference 1508 

Vegetation Index (NDVI; a proxy for vegetation productivity), between-year variability of NDVI 1509 

(constancy) and seasonality of NDVI (contingency). The SD of these three measures gives an 1510 

index of spatiotemporal variation of NDVI measured within annual ranges of roe deer. The 1511 

R2
ANODEV describes the proportion of variation in migration probability that is accounted for by 1512 

any given variable describing temporal or their spatiotemporal variation. We provide the model 1513 

coefficients (β) for density and the additional parameters included in each model (x), their P-1514 

values (P), Akaike Information Criterion for small sample sizes (AICc), the difference in AICc to 1515 

the null model (ΔAICc to Mi) and the R2
ANODEV. GPS movement data were collected between 1516 

2005 and 2013. 1517 

Model βdensity βx pdensity  Px AICc ΔAICc 

to Mi 

R2ANODEV 

density + contingency SD log* 0.313 1.197 0.033 0.002 57.72 0.00 0.64 

density + predictability SD log* 0.453 1.115 0.002 0.007 61.68 3.96 0.56 

density + constancy SD log* 0.317 0.989 0.022 0.009 62.19 4.47 0.55 

density + contingency 0.276 8.016 0.035 0.081 67.77 10.05 0.31 

density + constancy  0.320 -4.968 0.125 0.274 69.75 12.03 0.15 

density + predictability 0.299 7.848 0.021 0.277 69.83 12.11 0.14 

density  0.333 - 0.008 - 71.03 13.30 0.00 

intercept model - - - - 78.40 20.67 - 

* Log transformed        
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Figure legends 1518 

Figure 1. Conceptual representation of the hypothesized relationship between the ecological 1519 

distance and seasonal niche overlap under two hypotheses; A) seasonal niche switching by 1520 

migrant (M) animals and B) seasonal niche following by migrant animals. Due to the aim of 1521 

classifying migration (Objective 1), residents (R) are assumed to be conservative in their seasonal 1522 

niches (always follow their seasonal niches). The light gray area in panels A) and B) represents 1523 

the fundamental niche of the species and the dark or colored areas represent the realized seasonal 1524 

niches, where migrants that switch niches are displayed in green, migrants that follow niches are 1525 

displayed in blue and resident summer (Su) niches are dark gray. Shared winter (Wi) niches of 1526 

both residents and migrants are displayed in black. Panel C) shows the distribution of the realized 1527 

seasonal niches in geographic space, where residents maintain winter and summer ranges with 1528 

high spatial overlap in close proximity. While migrants always move Cartesian distances between 1529 

summer and winter ranges, they may switch to different habitats (A; niche switching) or move to 1530 

similar habitats (B; niche following).  1531 

 1532 

Figure 2. Conceptual figure of workflow to study plasticity in migratory behavior in a small 1533 

ungulate, the European roe deer (Capreolus capreolus), across five European study areas using 1534 

Global Positioning System (GPS) movement data collected between 2005 and 2013. Each set of 1535 

numbered objectives is followed by the predicted relationships (P) under specific hypotheses (H) 1536 

and methods used to address them. Other abbreviations used in the figure: FMH = Forage 1537 

Maturation Hypothesis, NSD = Net Squared Displacement, Schoener’s D = Schoener’s Niche 1538 

Overlap, ED = Ecological Distance, GLM = Generalized Linear Models, ANODEV = Analysis of 1539 

Deviance.  1540 

 1541 



 69 

Figure 3. Global Positioning System (GPS) collar data of 71 annual roe deer (Capreolus 1542 

capreolus) trajectories that were collected between 2005 and 2013 in five European study areas. 1543 

The grey shaded polygons represent study area extends (95% kernels) and colored points 1544 

represent individual animal location data. The background in the center map shows seasonality of 1545 

vegetation measured as contingency (Colwell 1974) of the Normalized Difference Vegetation 1546 

Index across a time series from 2001 to 2012.   1547 

 1548 

Figure 4. The log-transformed Cartesian migration distance (with 95%CI) against Schoener’s 1549 

niche overlap (D) by the classification using the integrated k-means cluster analysis into resident 1550 

(Cluster CR; n=53) and migrant (Cluster CM; n=18) annual roe deer (Capreolus capreolus) 1551 

trajectories and by study populations used including Germany/Check Republic (DE/CZ, n=26), 1552 

Italy- Bondone (IT.2, n=11), Sweden (SE, n=14), Norway (NO, n=13) and Italy- Rendena (IT.1, 1553 

n=7).  1554 

 1555 

Figure 5. Clusters identified based on the highest average silhouette width for ecological 1556 

distance approaches only (�̅�𝑠(k) = 0.45; left panel), Geographic/Cartesian approaches only (�̅�𝑠(k) 1557 

=0.86; center panel) and the integrative classification with the ecological and Cartesian 1558 

approaches combined (�̅�𝑠(k) = 0.51; right panel).  1559 

 1560 

Figure 6. Canonical plot of the first two canonical axes of the discriminant analysis on 1561 

environmental variables averaged for GPS roe deer (Capreolus capreolus) location data 1562 

classified into two movement tactics (migrants, n=18; residents, n=53) and two seasons 1563 

(summer and winter). The larger plot shows the canonical scores (i.e. coefficients) of the linear 1564 

discriminant function on the first two axes of the analysis. All categorical landcover types are 1565 
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lowercase, all other variables uppercase and abbreviations are explained in Table 3. The 1566 

smaller inset plot shows the discrimination between the winter migrant cluster (CM-wi), 1567 

summer migrant cluster (CM-su), winter resident cluster (CR-wi) and the summer resident 1568 

cluster (CR-su), where the centers represent the group means (the between variances) and the 1569 

ellipses are the within group variances. The proximity between the different season/movement 1570 

type groups is linked to their similarity in niche composition. Roe deer GPS location data were 1571 

collected between 2005 and 2013 in five European study areas. 1572 

 1573 

Figure 7. Model predictions from our top logistic regression model explaining migration 1574 

probability in roe deer (Caproelus capreolus) as a function of spatial variation of seasonal 1575 

vegetation resources (SD of contingency measured within annual roe deer ranges; left panel) and 1576 

density (right panel) across five European study populations and. Contingency was estimated with 1577 

time series data of the Normalized Difference Vegetation Index (NDVI) collected between 2000 1578 

and 2014. Roe deer were monitored between 2001 and 2012. 1579 
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