
1 
 

Title: Wave-like patterns of plant phenology determine ungulate movement tactics 1 

Authors: Ellen O. Aikens (https://orcid.org/0000-0003-0827-3006)1,2*, Atle Mysterud3, Jerod A. 2 
Merkle4, Francesca Cagnacci5, Inger Maren Rivrud6, Mark Hebblewhite7, Mark A. Hurley8, 3 
Wibke Peters3,9, Scott Bergen8, Johannes De Groeve5,10, Samantha P.H. Dwinnell11, Benedikt 4 
Gehr12,13, Marco Heurich14,15, A. J. Mark Hewison16,17, Anders Jarnemo18, Petter Kjellander19, 5 
Max Kröschel17,20, Alain Licoppe21, John D.C. Linnell22, Evelyn H. Merrill23, Arthur D. 6 
Middleton24, Nicolas Morellet16,17, Lalenia Neufeld25, Anna C. Ortega1, Katherine L. Parker26, 7 
Luca Pedrotti27, Kelly M. Proffitt28, Sonia Saïd29, Hall Sawyer30, Brandon M. Scurlock31, 8 
Johannes Signer32, Patrick Stent33, Pavel Šustr34,35, Tara Szkorupa33, Kevin L. Monteith1,11 and 9 
Matthew J. Kauffman36 10 
 11 
Affiliations: 12 
1Wyoming Cooperative Fish and Wildlife Research Unit, Department of Zoology and 13 
Physiology, University of Wyoming, Laramie, WY 82071, USA.  14 
2Lead Contact 15 
3Center for Ecological and Evolutionary Synthesis, Department of Bioscience, University of 16 
Oslo, 0316 Oslo, Norway. 17 
4Department of Zoology and Physiology, University of Wyoming, Laramie, WY 82071 USA.  18 
5Department of Biodiversity and Molecular Ecology, Research and Innovation Centre, 19 
Fondazione Edmund Mach, 38010 San Michele all'Adige, Italy. 20 
6Norwegian Institute for Nature Research, 0349 Oslo, Norway.  21 
7Wildlife Biology Program, Department of Ecosystem and Conservation Sciences, W. A. Franke 22 
College of Forestry and Conservation, University of Montana, Missoula, MT 59812, USA. 23 
8Idaho Department of Fish and Game, Boise, ID 83707, USA. 24 
9Bayerische Landesanstalt für Wald und Forstwirtschaft, Abteilung Biodiversität, Naturschutz, 25 
Jagd, 85354 Freising, Germany.  26 
10Department of Geography, Ghent University, 9000 Ghent, Belgium. 27 
11Haub School of Environment and Natural Resources, University of Wyoming, Laramie, WY 28 
82072, USA. 29 
12Centre d’Ecologie Fonctionelle & Evolutive, CNRS, 34293 Montpellier, France.  30 
13Department of Evolutionary Biology and Environmental Studies, University of Zurich, 8057 31 
Zurich, Switzerland. 32 
14Department of Visitor Management and National Park Monitoring, Bavarian Forest National 33 
Park, 94481 Grafenau, Germany. 34 
15Chair of Wildlife Ecology and Management, Albert Ludwigs University Freiburg, 79106 35 
Freiburg, Germany. 36 
16CEFS, Université de Toulouse, INRA, Castanet Tolosan, France.  37 
17LTSER ZA PYRénées GARonne, 31320 Auzeville Tolosane, France. 38 
18Halmstad University, School of Business and Engineering, 301 18 Halmstad, Sweden. 39 
19Grimsö Wildlife Research Station, Dept. of Ecology, Swedish University of Agricultural 40 
Science, 73091 Riddarhyttan, Sweden. 41 
20Department of Wildlife Ecology, Forest Research Institute Baden-Wuerttemberg, 79100 42 
Freiburg, Germany. 43 
21Département de l’Etude du Milieu Naturel et Agricole, Service Public de Wallonie, 5030 44 
Gembloux, Belgium. 45 



2 
 

22Norwegian Institute for Nature Research, 7485 Trondheim, Norway 46 
23Department of Biological Sciences, University of Alberta, Edmonton, AB, T6G 2E9 Canada. 47 
24Department of Environmental Science, Policy, and Management University of California – 48 
Berkeley, Berkeley, CA 94709, USA. 49 
25Jasper National Park, Parks Canada, Jasper, AB, Canada. 50 
26Ecosystem Science and Management, University of Northern British Columbia, BC V2N4Z9, 51 
Canada. 52 
27Parco Nazionale dello Stelvio, Bormio, Sondrio, Italy. 53 
28Montana Fish, Wildlife, and Parks, Bozeman, MT 59718, USA. 54 
29Office Français de la Biodiversité, “Montfort”, 01330 Birieux, France. 55 
30Western Ecosystems Technology, Inc., Laramie, WY 82070, USA. 56 
31Wyoming Game and Fish Department, Pinedale, WY 82941, USA. 57 
32Wildlife Sciences, Faculty of Forest Sciences and Forest Ecology, University of Goettingen, 58 
Göttingen, Germany. 59 
33British Columbia Ministry of Forests, Lands, Natural Resource Operations and Rural 60 
Development, BC, Canada. 61 
34Department of Biodiversity Research, Global Change Research Institute CAS, Academy of 62 
Sciences of the Czech Republic, Brno, Czech Republic. 63 
35Šumava National Park, Vimperk, Czech Republic. 64 
36US Geological Survey, Wyoming Cooperative Fish and Wildlife Research Unit, Department of 65 
Zoology and Physiology, University of Wyoming, Laramie, WY 82071, USA.  66 
 67 
*Correspondence: ellen.aikens@gmail.com  68 
 69 
Keywords: migration, residency, resource tracking, green wave, resource landscape 70 

mailto:ellen.aikens@gmail.com


3 
 

Summary: Animals exhibit a diversity of movement tactics [1]. Tracking resources that change 71 

across space and time is predicted to be a fundamental driver of animal movement [2]. For 72 

example, some migratory ungulates (i.e., hooved mammals) closely track the progression of 73 

highly nutritious plant green-up, a phenomenon called “green-wave surfing” [3-5]. Yet, general 74 

principles describing how the dynamic nature of resources determine movement tactics are 75 

lacking [6]. We tested emerging theory that predicts surfing and the existence of migratory 76 

behavior will be favored in environments where green-up is fleeting and moves sequentially 77 

across large landscapes (i.e., wave-like green-up) [7]. Landscapes exhibiting wave-like patterns 78 

of green-up facilitated surfing and explained the existence of migratory behavior across 61 79 

populations of four ungulate species on two continents (n=1,696 individuals). At the species 80 

level, foraging benefits were equivalent between tactics, suggesting that each movement tactic is 81 

fine tuned to local patterns of plant phenology. For decades, ecologists have sought to understand 82 

how animals move to select habitat, commonly defining habitat as a set of static patches [8, 9]. 83 

Our findings indicate that animal movement tactics emerge as a function of the flux of resources 84 

across space and time, underscoring the need to redefine habitat to include its dynamic attributes. 85 

As global habitats continue to be modified by anthropogenic disturbance and climate change 86 

[10], our synthesis provides a generalizable framework to understand how animal movement will 87 

be influenced by altered patterns of resource phenology.   88 
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Results and Discussion: Animals exhibit a wide diversity of movement behaviors. Some 89 

animals live year-round within a restricted area, whereas others traverse the entire planet [1]. 90 

Although animals move to find resources, general principles describing how movement tactics 91 

are shaped by the dynamic nature of resources have yet to be clearly defined and tested.  92 

For ungulates, newly emergent plants (hereafter green-up) provide the highest-quality forage, but 93 

green-up is only available at any one location for a narrow window of time [11]. “Green-wave 94 

surfing”, or tracking plant green-up that sweeps across the landscape is thought to be a key driver 95 

of ungulate migration [3, 12] and a precursor to the development of migratory behavior [12]. Not 96 

all migratory ungulates surf the green wave [13], however, highlighting a key gap in our 97 

understanding of how resource dynamics shape migratory movements. 98 

According to the Greenscape Hypothesis, the way green-up propagates across a 99 

landscape should determine where surfing is adaptive [7]. Although there are many ways to 100 

conceptualize resource dynamics across space and time, the Greenscape Hypothesis 101 

characterizes the wave-like nature of resources using the rate, order and duration of green-up [7]. 102 

Accordingly, surfing is predicted to be favored in wave-like environments, where green-up is 103 

fleeting locally but progresses sequentially across large areas [i.e., rapid rate, sequential order 104 

and long duration of green-up; 7]. By contrast, the need to move and seek out resources should 105 

be diminished in landscapes where green-up is prolonged (i.e., a gradual rate of green-up). We 106 

tested the predictions of the Greenscape Hypothesis to examine how global variation in patterns 107 

of plant phenology (i.e., greenscapes) shape surfing. We compiled a cross-continental dataset of 108 

1,696 GPS-collared individuals from 61 populations (with various proportions of migrants and 109 

residents) across four ungulate species (roe deer [Capreolus capreolus] and red deer [Cervus 110 

elaphus] in Europe, and mule deer [Odocoileus hemionus] and elk [Cervus canadensis] in North 111 
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America; Figure 1). We quantified green-wave surfing behavior as the absolute difference in 112 

days between the date of peak green-up and the date the animal used a location [hereafter Days-113 

From-Peak, 0=perfect surfing; 7]. In support of the Greenscape Hypothesis, animals surfed 114 

closer to the date of peak green-up when green-up occurred in a wave-like pattern, characterized 115 

as rapid green-up rate, consecutive green-up order, and long green-up duration (Figure 2). The 116 

robust and general support for the Greenscape Hypothesis indicates that surfing the green wave 117 

is an adaptation to enhance foraging in environments with fleeting green-up that moves like a 118 

wave across northern temperate regions of the globe. 119 

Because green-wave surfing leads to migration [12], wave-like greenscapes may predict 120 

the landscapes where migration should be a common movement tactic. Thus, we extended the 121 

Greenscape Hypothesis to evaluate whether green-up dynamics determine if animals exhibit a 122 

migratory or resident tactic. We classified movement tactics of individuals as migratory, resident 123 

or other [14] and compared the greenscapes available to individuals across populations with 124 

different proportions of migrants and residents. At the individual level, migrants occupied 125 

landscapes with an average of 21–27% more rapid rates of green-up (range represents species-126 

specific averages; Figure S1A-D) and 21–35% more consecutive green-up order than residents 127 

(Figure S1E-H). At the population level, as the phenology of a landscape became more wave-like 128 

(i.e., green-up was more rapid and ordered), the proportion of individuals exhibiting a migratory 129 

strategy increased (Figure 3). Additionally, the proportion of migrants and residents within a 130 

population was strongly controlled by the wave-like pattern of plant phenology, with partial 131 

migration (i.e., when individuals from the same population exhibit different movement tactics) 132 

being favored in landscapes with intermediate greenscape attributes (Figure 3). Although 133 

movement is shaped by a myriad of factors [e.g., conspecific density, environmental variability; 134 
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15], our results indicate that a composite attribute of habitat — the wave-like nature of foraging 135 

resources — determines whether migration or residency is favored for ungulates in northern 136 

temperate ecosystems. These findings provide support for a general principle whereby animal 137 

movement tactics are fine-tuned to the pace and pattern of ephemeral foraging resources.  138 

Animals are expected to derive foraging benefits from the movement tactics they employ. 139 

If movement tactics are adaptive, the resulting foraging benefits of different tactics should be 140 

broadly comparable across different populations and ecosystems [15]. To examine the 141 

consequences of different movement tactics, we compared how well animals aligned their 142 

movements with the green wave (i.e., surfing behavior; Days-From-Peak) and the resulting 143 

foraging benefit of surfing, between migrants and residents within each species. To characterize 144 

the potential foraging benefit of surfing, we calculated the Instantaneous Rate of Green-up 145 

(IRG), which incorporates both the rate of green-up and date of peak green-up, to estimate 146 

exposure to green-up [13]. At the species level, migrants consistently surfed closer to the date of 147 

peak green-up than residents (Figure 4A). However, moving in sync with the green wave did not 148 

translate to greater exposure to spring green-up compared with residents, a pattern that was 149 

consistent across all four species (Figure 4B). Despite differences in surfing, migrants and 150 

residents had equivalent exposure to spring green-up, presumably because residents inhabited 151 

landscapes with less wave-like green-up (Figure 3). The equivalent exposure to spring green-up 152 

between migrants and residents indicates that individuals exhibit movement tactics that are 153 

adapted to the underlying resource dynamics they experience, allowing them to derive similar 154 

foraging benefits across different landscapes. 155 

For nearly a century, ecologists have sought to understand how animals select habitat 156 

[16]. In early work, habitat was often viewed as a set of static resource patches [e.g., 17, 18], 157 



7 
 

with relatively little attention paid to how animals cope with resources that change across space 158 

and time [but see 19, 20]. Nevertheless, phenological diversity is intrinsic to natural food webs 159 

and controls the temporal availability of key food resources for consumers as diverse as blue 160 

whales (Balaenoptera musculus) and fig wasps [superfamily Chalcidoidea; 2, 21, 22]. The 161 

technological revolution in animal tracking and remote sensing [23] has resulted in a 162 

proliferation of case-studies quantifying how animals move in response to dynamic 163 

environments [e.g., 2, 24]. While movement ecology has developed increasingly powerful means 164 

to quantify and reconstruct the movement paths of animals [6, 25], our study advances the field 165 

by connecting animal movement paths explicitly to the underlying resource dynamics that 166 

animals experience [also see 26, 27]. We find that green-wave surfing leads to the emergence of 167 

migratory behavior, with both behaviors being most adaptive in environments with wave-like 168 

spring green-up. Importantly, migration is not always superior to residency in terms of forage 169 

acquisition [sensu 28], but rather the way forage resources progress (or not) across the landscape 170 

determines the movement tactics that are adaptive on a given landscape.  171 

Long-distance animal movements are being lost or truncated across the globe [10]. Loss 172 

of migratory behavior can result from barriers that prevent migrants from freely moving across 173 

large landscapes [29]. Our results indicate that migrations can also be lost when changes in the 174 

underlying resource landscape eliminate the need to migrate over long distances. For example, 175 

shortened migrations or increased residency have been caused by food subsidies [e.g., 176 

agriculture, landfills; 30] and climate-induced shifts in phenology or resource distribution [31] 177 

which can alter or eliminate the progression of green waves across the landscape. Thus, some 178 

shifts in movement may be adaptive in a changing world, whereas others — those caused by 179 

barriers to movement — might be an early warning signal of future population decline. Indeed, 180 
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we found that greater exposure to anthropogenic disturbance resulted in poorer surfing, even 181 

after taking into account differences in the greenscape (Fig S4A), suggesting that green-wave 182 

surfing is already threatened or altered in many systems. Characterizing wave-like greenscapes 183 

where migration is required will allow ecologists to identify landscapes where migration must be 184 

conserved. Such movement behaviors often must be socially learned, and thus population 185 

declines represent not only the loss of individuals, but also the loss of fine-tuned behaviors that 186 

have developed over generations through cultural evolution [12]. As landscapes become 187 

increasingly altered by climate change and anthropogenic development, identifying movement 188 

tactics that should be profitable but have been lost or altered will be critical to the conservation 189 

of animal movement and the ecological processes it sustains. 190 
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 255 

Figure Legends 256 

Figure 1. Geographic location of study populations.  257 

Each dot represents the centroid of the GPS-locations from a population. North American elk are 258 

represented as blue circles (n=903 individuals, 30 populations), mule deer as orange squares 259 

(n=422 individuals, 13 populations), red deer as green circles (n= 176 individuals, 10 260 

populations) and roe deer as yellow diamonds (n=195 individuals, 8 populations). Cartography 261 

by University of Oregon InfoGraphics Lab.  262 

 263 

Figure 2. Relationship between the greenscape and green-wave surfing. 264 

The greenscape is conceptualized using three metrics of green-up: rate (how long green-up lasts 265 

locally), duration (how long green-up lasts across the landscape) and order (the progression of 266 

green-up across the landscape). (A) Patterns of plant phenology influenced surfing (standardized 267 

coefficients ± 95% CI shown) across 61 populations of northern temperate ungulates. Animals 268 

surfed better (fewer Days-From-Peak) when spring green-up was rapid (B), more consecutive 269 

(C), and of longer duration (D). Days-From-Peak is a behavioral metric of surfing, where a value 270 

of zero represents perfect surfing (i.e., a perfect match between the date of peak green-up and the 271 

date that the animal used locations; averaged over a 120-day spring period).  272 
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 273 

Figure 3. The influence of the greenscape on migration propensity. 274 

The proportion of migratory individuals in a population increases as green-up rate becomes more 275 

fleeting (A) and as green-up becomes more ordered (B). Specifically, odds of having a 276 

completely migratory herd increased 330 fold from an environment with no wave (i.e. order = 0) 277 

to an environment with an idealized wave (order = 1). Likewise, odds of the herd being 278 

completely migratory decreased 137 fold when comparing environments with the most 279 

ephemeral green-up to the most prolonged green-up. Green-up rate was measured as the mean 280 

green-up rate available to all individuals in a population. Green-up order was estimated from a 281 

semi-variogram measuring the shape of semi-variance in the date of peak green-up at increasing 282 

distance lags (larger values = more consecutive green-up order) 283 

 284 

Figure 4. A comparison of green-wave surfing and exposure to spring green-up between 285 

migrants and residents.  286 

 (A) Migrants surfed better across all four species, as measured by Days-From-Peak, where zero 287 

(black dashed line in A) represents a perfect match between the date of peak green-up and the 288 

date of animal use. (B) Despite not surfing as well, residents obtained equivalent exposure to 289 

spring green-up, as measured by the Instantaneous Rate of Green-up (IRG). An IRG value of one 290 

(black dashed line in B) represents the maximum possible exposure to spring green-up and the 291 

greatest foraging benefit.  292 

  293 
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STAR Methods 294 

Resource Availability     295 

Lead contact  296 

Further information and requests for resources should be directed to and will be fulfilled by the 297 

Lead Contact, Ellen Aikens (ellen.aikens@gmail.com).  298 

 299 

Materials Availability  300 

This study did not generate new unique reagents.    301 

 302 

Data and Code Availability  303 

The gps-collar data supporting the current study have not been deposited in a public repository 304 

because these are part of further investigation, but data and code is available from the 305 

corresponding author on request. MODIS data is publicly available through the NASA Earthdata 306 

database (https://earthdata.nasa.gov/). The Human Footprint Index data is available at 307 

https://doi.org/10.5061/dryad.052q5.  308 

 309 

Experimental Model and Subject Details 310 

We compiled relocation data from GPS collared mule deer (Odocoileus hemionus) and elk 311 

(Cervus canadensis) in North America, and roe deer (Capreolus capreolus) and red deer (Cervus 312 

elaphus) in Europe. We only included adult (> 1-year-old) individuals within a given year with at 313 

least one relocation per day over the 120-day spring period (see below for details). Populations 314 

were only included in the analysis if there was a minimum of ten individuals in the population. 315 

mailto:ellen.aikens@gmail.com
https://earthdata.nasa.gov/
https://doi.org/10.5061/dryad.052q5
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These criteria resulted in a total of 2,446 animal-years derived from 1,696 unique individuals and 316 

61 populations. Details of each population can be found in Table S1.  317 

 318 

Method Details 319 

The greenscape and green-wave surfing 320 

 We quantified forage quality using remotely sensed data. We calculated the Normalized 321 

Difference Vegetation Index [NDVI; 35] from bands 1 and 2 of MOD09Q1 v006 surface 322 

reflectance data (250-m spatial resolution, 8-day temporal resolution). We cleaned and filtered 323 

the NDVI data as described by Bischof et al. [13], except that we used the snow flag for the 324 

MOD09Q1 data to floor values during winter rather than using a fixed window [3]. For each 325 

pixel in each of the 61 study areas, we fit a double logistic curve to the annual time series of the 326 

processed NDVI data. To pinpoint the date of peak green-up, we took the first derivative of the 327 

double logistic curve, resulting in a curve of the Instantaneous Rate of Green-up [IRG; 13] that 328 

peaks on the day when NDVI increases most rapidly. Furthermore, we also used the spring scale 329 

parameter, which is estimated when fitting the double logistic curve to the annual time series of 330 

NDVI [13]. Specifically, the spring scale measures the time it takes (in days) for the logistic 331 

curve to change from the midpoint (date of peak IRG) to ¾ of the asymptote [36; p 274]. We 332 

used the date of peak green-up and the spring scale parameters to calculate greenscape metrics, 333 

green-wave surfing, and exposure to spring green-up. 334 

To characterize the greenscape, we quantified the key components of the green wave (i.e., 335 

duration, order, and rate of green-up) for each animal-year. To convert the spring scale parameter 336 

to a rate, we took the inverse. Then, we calculated the mean green-up rate of all used points 337 

during an animal-year as our metric of green-up rate. To calculate green-up duration, we took the 338 
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difference between the 0.975 and 0.025 quantiles of the date of peak green-up extracted from all 339 

used points for each animal-year. This estimates the amount of heterogeneity in peak green-up 340 

across the landscape used by the animal. To calculate order, we used semi-variograms to 341 

measure half of the squared difference in the date of peak green-up across pairs of locations at 342 

different spatial scales [i.e., the semi-variance; 12, 37]. A perfect resource wave exhibits 343 

progressively later dates of peak green-up at increasingly larger distance lags, resulting in an 344 

increasing steepness in semi-variance at greater distance lags (Figure S2A-B). In most 345 

landscapes, however, the resource wave truncates and the steepness in the corresponding semi-346 

variogram either decreases (Figure S2C-D) or reaches an asymptote. Thus, the shape of the semi-347 

variogram quantifies the wave-like nature of green-up, with a concave up increase representing 348 

an idealized resource wave and a concave down curve representing a truncated resource wave. 349 

For the year-round range of each animal, we modeled semi-variance as a function of the distance 350 

lag raised to an estimated power. A power greater than one represents an increasing steepness in 351 

semi variance, or an idealized wave, whereas a power less than one represents a decreasing 352 

steepness in semi-variance at larger distance lags (Figure S2). We used the estimated power as 353 

our measure of green-up order, with values above one indicating more consecutive green-up 354 

order and values below one representing less consecutive green-up order.  355 

We estimated green-wave surfing and exposure to green-up across an equal number of days 356 

during the “spring period”, calculated as a 120-day period centered on the median date of peak 357 

green-up for all used relocations for a given animal-year. We used a fixed 120-day period to 358 

represent a consistent window of time across which we evaluated green-wave surfing each 359 

spring. We quantified green-wave surfing using the metric Days-From-Peak (0 = perfect 360 

surfing), calculated as the absolute difference in days between the date of peak green-up and the 361 
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day the animal used a location during the spring period [7]. We used the absolute value to 362 

calculate Days-From-Peak to prevent potential bias from early surfing (i.e., positive values) 363 

cancelling out late surfing (i.e., negative values) [7]. To evaluate the difference in exposure to 364 

spring green-up, we calculated IRG for migrants and residents (see below for details of how this 365 

classification was determined). For each relocation during the spring period, we extracted the 366 

corresponding IRG value on the day the animal used that location [13]. An IRG value of one 367 

represents the maximum exposure to spring green-up because IRG is scaled between zero and 368 

one [13]. To correct for unbalanced sample size because of different GPS-collar sampling 369 

schedules, we calculated the average Days-From-Peak and IRG values for each day, and then 370 

took the average value across the 120-day period for each animal-year [7].  371 

 372 

Validating Days-From-Peak to quantify green-wave surfing 373 

Recent work has articulated concern over a potential confounding bias in green-wave surfing 374 

analyses [38]. Specifically, there is concern that animals may be moving in sync with a cue that 375 

is collinear with spring green-up (e.g., temperature or photoperiod), thus giving a false positive 376 

for green-wave surfing [38]. One option to test for the influence of confounding factors is 377 

stochastic simulations, in which movement paths of individuals are simulated and used to 378 

quantify a baseline in green-wave surfing that the animal might experience if they moved along 379 

their migration paths in the absence of a behavioral response to the green wave [7, 21]. If green-380 

wave surfing is identified in both the simulated paths and the actual movement data, then it is 381 

concluded that animals are not truly surfing the green wave [38].  382 

Although it is commendable to try to correct for potential confounding factors, there are 383 

several drawbacks associated with the stochastic simulation method. First, the simulated paths 384 
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are parameterized using the movement characteristics of the animals (e.g., directionality, step 385 

length, turning angle). Thus, the likelihood of false negatives refuting the existence of true 386 

surfing increases as simulated movements more closely reflect an animal's actual movements. 387 

Additionally, under this framework, migratory movements are dichotomized as either surfing or 388 

not surfing; dichotomized outcomes are more likely to suffer from type I and type II errors. 389 

Because prior work has revealed considerable individual variability in green-wave surfing 390 

[7], we decided not to dichotomize the classification of surfers and non-surfers, but rather to 391 

estimate green-wave surfing as Days-From-Peak, which is a continuous metric. To validate that 392 

our use of Days-From-Peak was an unbiased measure of surfing, we compared our results to an 393 

additional metric called the "gradient tracking performance" [39]. Gradient tracking performance 394 

was calculated as the exposure to the resource being tracked (in our case the IRG), divided by a 395 

null performance metric [39]. We calculated null performance as the temporal average of IRG 396 

for each used location during the spring, which equates to the IRG an animal would experience if 397 

it used the same locations but at a different sequence in time. A tracking performance value of 398 

one represents surfing no better than random movements, while any value greater than one 399 

represents surfing [39].  400 

Days-From-Peak was correlated strongly with gradient tracking performance (Pearson’s 401 

correlation coefficient = -0.89), suggesting that Days-From-Peak and gradient tracking 402 

performance are nearly redundant metrics. Additionally, we estimated the gradient tracking 403 

performance of migrants and residents as a validation of our approach to use Days-From-Peak. 404 

Similar to our result comparing Days-From-Peak between migrants and residents, 95% of 405 

migrants surfed better than random (i.e., gradient tracking performance >1), whereas 69% of 406 

residents surfed better than random. On average, migrants had a gradient tracking performance 407 
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that was greater than residents (mean ± SE; migrants = 1.61 ± 0.0073; resident = 1.06 ± 0.0050). 408 

There was no relationship, however, between IRG and gradient tracking performance (Pearson’s 409 

correlation coefficient = 0.051). Thus, we decided to use only Days-From-Peak in our main 410 

analysis because it is an established method used to quantify green-wave surfing [7].  411 

 412 

Classifying movement behavior  413 

We used a semi-automated process to classify individual movements as migratory, 414 

resident or other [13]. We first calculated the Net-Squared Displacement (NSD) as the squared 415 

Euclidian distance between the first GPS location of an animal-year and subsequent locations for 416 

the entire year. The NSD plotted through time can be used to identify different patterns in 417 

movement [14]. For example, an NSD profile which resembles a double logistic curve is often 418 

interpreted as seasonal migration, defined as movement between two distinct seasonal ranges. 419 

Next, we used the method of Bunnefeld et al. (2010) to classify each animal’s movement tactic 420 

within a given year as “migratory”, “resident” or “other”, based on AIC ranking [14]. For each 421 

animal-year, we visually inspected the NSD curve, and when necessary refit the logistic 422 

functions separately for the spring and fall migration, following the methods of Bischof et al. 423 

(2012). This allowed the asymptote of the spring and fall migration to differ, which improved the 424 

identification of the start and end of migration events when the summer range shifted throughout 425 

the season [13]. All visual inspections and modifications of the automated classifications were 426 

performed by a single researcher (EOA) to reduce the potential of introducing bias across 427 

different observers.  428 

We dichotomized animals as either migrants or residents to compare the foraging benefit of 429 

utilizing different movement behaviors. Dichotomizing animal movement, however, is 430 
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controversial and often not straight-forward [40]. To explore the impact of dichotomizing 431 

movement behaviors, we also compared exposure to spring green-up (IRG) and surfing behavior 432 

(Days-From-Peak) across a continuous metric of space use. We defined space-use as the number 433 

of unique NDVI pixels (250 m2) an animal used during the year. We examined differences in 434 

green-wave surfing and exposure to spring green-up using a linear mixed-effects model with a 435 

random intercept for species, year and population. Before we performed regression analyses that 436 

examined the relationship between space-use and green-wave surfing, we used a square root 437 

transformation on the space-use metric to meet normality assumptions. Like the dichotomized 438 

result (Figure 4), animals that moved across vast landscapes surfed two times closer to the date 439 

of peak green-up (Figure S3A) but did not experience greater exposure to spring green-up 440 

compared to animals that exhibited restricted space-use (Figure S3B). Thus, the key finding that 441 

animal movements are fined-tuned to the resource landscape hold whether movement behavior is 442 

dichotomized or quantified across a continuous spectrum.  443 

 444 

Quantification and Statistical Analysis 445 

Testing the Greenscape Hypothesis 446 

To test the Greenscape Hypothesis, we quantified the influence of greenscape metrics on 447 

green-wave surfing (i.e., Days-From-Peak) using a linear mixed-effects model with a random 448 

intercept for species, year, and population. We compared the effect size of each greenscape 449 

metric using standardized coefficient estimates to control for differences in the range of values 450 

across each metric [41]. We calculated 95% confidence intervals for predicted values of the 451 

linear mixed-effects models using parametric bootstrapping with 1000 simulations [42]. To 452 

compare how well migrants and residents surf and the resulting foraging benefit of each 453 
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movement tactic, we calculated the median Days-From-Peak and IRG of migrants and residents 454 

within each species.  455 

We examined the potential confounding effect of human development and productivity on 456 

our test of the Greenscape Hypothesis. We compared the coefficient estimates of the original 457 

models and models that included the 2009 Human Footprint Index [43] to account for human 458 

development, or integrated NDVI to account for productivity. Human development or 459 

productivity had no effect on the test of the Greenscape Hypothesis or the examination of the 460 

effect of space-use on green-wave surfing (Figure S4).  461 

We also examined the potentially confounding effect of an overrepresentation of elk in our 462 

dataset and found no evidence that this biased our inference. Specifically, our GPS collar dataset 463 

contains two potential drawbacks that could bias our inference. First, some animals were collared 464 

for more than one year resulting in temporal pseudoreplication for 31% of the animal-years in 465 

the dataset. Second, elk were overrepresented in the dataset, composing 62% of the animal-years 466 

of data, with data from Wyoming elk composing 55% of all elk animal-years and 30% of all 467 

animal-years. To determine the degree to which these drawbacks influenced the inference drawn 468 

from our analysis, we subset the dataset by 1) randomly selecting one animal-year for any 469 

individual that was monitored for greater than one year, and 2) randomly selecting only three out 470 

of the 20 elk populations from Wyoming so that the number of populations for each species was 471 

evenly represented. We repeated the subsampling 100 times and conducted the greenscape 472 

analysis and the green-wave surfing analysis on each of the subsampled datasets. We compared 473 

the mean and 95% CIs for the coefficient estimates derived from the tests of the Greenscape 474 

Hypothesis and the influence of space-use on green-wave surfing for the 100 subsampled 475 

datasets to the coefficient estimates of the full dataset. In all instances, the 95% CI for the 476 
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subsampled datasets overlapped with the original estimates of the intercepts or slopes for both 477 

the greenscape model and the model examining the impact of space-use on green-wave surfing 478 

(Table S2). We compared the median Days-From-Peak and IRG for migrants and residents of 479 

each species from the full dataset to that of the subsampled datasets. In all instances, the median 480 

of interquartile range of the 100 subsampled datasets always included the median value from the 481 

full dataset (Table S3). Together, these findings suggest that temporal pseudoreplication and 482 

overrepresentation of elk from Wyoming are an unlikely source of bias in our analysis.  483 

Comparing greenscapes across movement tactics 484 

To examine the impact of the greenscape on individual movement tactics, we quantified the 485 

greenscape that was available to each animal instead of the greenscape derived from its used 486 

points. We focused on the available greenscape because the movement behavior an individual 487 

adopts may influence the greenscape that is observed in the used locations. For example, in an 488 

environment with a resource wave (i.e., Figure S2A), the wave would not be reflected in the used 489 

points of an animal that remains in a restricted area and does not move to exploit the wave. To 490 

quantify the available greenscape, we placed a species-specific buffer (i.e., the maximum 491 

migration distance derived from the NSD classifications; elk = 123 km, mule deer = 235 km, red 492 

deer = 76 km and roe deer = 31 km) around the centroid (mean x and y coordinates) of each 493 

animal-year’s GPS locations to delineate the area that was available to the animal. Across all 494 

pixels that fell within the circular buffer, we calculated green-up rate, order, and duration using 495 

the methods described above [12]. To determine if differences in productivity influenced 496 

movement behavior [10], we also calculated the integrated NDVI [3] across the available 497 

landscapes. We compared the available green-up rate, order (exponent estimated from a power 498 

model fit to the semi-variogram), duration (difference between the 0.975 and 0.025 quantiles of 499 
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the date of peak green-up), and productivity (mean annual integrated NDVI), between migrant 500 

and resident individuals within each species to determine if migrants and residents occupied 501 

different phenological landscapes (i.e., greenscapes). To test for differences in the available 502 

greenscapes of migratory and resident individuals within the same species, we use two-sided 503 

Kolmogorov-Smirnov tests, corrected for multiple comparisons using a Bonferroni correction.  504 

To examine the influence of the greenscape on migratory propensity at the population level, 505 

we first subset the data to only include individuals classified as migratory or resident (52% and 506 

27% of animal-years respectively). Before calculating the proportion of migratory individuals in 507 

a population (hereafter migratory propensity), we excluded any populations with less than 10 508 

individuals total that were classified as either migratory or resident, which resulted in 56 out of 509 

61 original populations being retained. We calculated the population-level average of the 510 

available green-up rate, order and duration to quantify the greenscape for each population. To 511 

examine the relationship between the greenscape and migratory propensity, we conducted 512 

multiple logistic regressions because green-up order was collinear with green-up rate (Pearson’s 513 

correlation = 0.53) at the population level. 514 

 515 
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