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Summary 25 

1. Herbivorous birds are hypothesized to migrate in spring along a seasonal gradient of plant 26 

profitability towards their breeding grounds (green wave hypothesis). For Arctic-breeding 27 

species in particular, following highly profitable food is important, so that they can replenish 28 

resources along the way and arrive in optimal body condition to start breeding early. 29 

 30 

2. We compared the timing of migratory movements of Arctic-breeding geese on different 31 

flyways to examine whether flyways differed in the predictability of spring conditions at 32 

stopovers, and whether this was reflected in the degree to which birds were following the 33 

green wave.  34 

 35 

3. Barnacle geese (Branta leucopsis) were tracked with solar Argos/GPS PTTs from their 36 

wintering grounds to breeding sites in Greenland (N = 7), Svalbard (N = 21) and the Barents 37 

Sea (N = 12). The numerous stopover sites of all birds were combined into a set of 16 general 38 

stopover regions. 39 

 40 

4. The predictability of climatic conditions along the flyways was calculated as the correlation 41 

and slope between onsets of spring at consecutive stopovers. These values differed between 42 

sites, mainly because of the presence or absence of ecological barriers. Goose arrival at 43 

stopovers was more closely tied to the local onset of spring when predictability was higher and 44 

when geese attempted breeding that year. 45 

 46 

5. All birds arrived at early stopovers after the onset of spring and arrived at the breeding 47 

grounds before the onset of spring, thus overtaking the green wave. This is in accordance with 48 

patterns expected for capital breeders: first they must come into condition; at intermediate 49 

stopovers arrival with the food quality peak is important to stay in condition and at the 50 

breeding grounds early arrival is favoured so that hatching of young can coincide with the 51 

peak of food quality.  52 
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 53 

6. Our results suggest that a chain of correlations between climatic conditions at subsequent 54 

stopovers enables geese to closely track the green wave. However, the birds’ precision of 55 

migratory timing seems uninfluenced by ecological barriers, indicating partly fixed migration 56 

schedules. These might become non-optimal due to climate warming and preclude accurate 57 

timing of long-distance migrants in the future.  58 

 59 

Key-words: green wave hypothesis, onset of spring, GDD jerk, climatic barrier, migration flyway, 60 

capital breeding, barnacle goose, Branta leucopsis 61 

 62 

 63 

Introduction 64 

Many animal species migrate between a breeding site and an overwintering region in response to 65 

seasonal changes. As migrants often cover large distances during their travels, much energy is needed 66 

to successfully reach their destination. Hence timing and space-use during migration are crucial for 67 

survival and reproduction (Drent et al. 2003; Sherrill-Mix, James & Myers 2008). This particularly 68 

holds true for spring migration, where the timing of arrival and body condition on arrival at the 69 

breeding sites are major correlates of fitness (Prop, Black & Shimmings 2003; Drent et al. 2006). 70 

However, both timing of arrival and arrival body condition are highly dependent upon migration speed 71 

and the circumstances experienced during migration, which are mainly determined by conditions at 72 

intermediate stopover sites (Nolet & Drent 1998; Holdo, Holt & Fryxell 2009). Most  migratory 73 

animals, and in particular those using active movement (e.g. flapping flight in birds), use several 74 

stopover sites along their routes to replenish body stores in preparation for the next migratory leg 75 

(Hedenstrom & Alerstam 1997).  76 

Ideally, migrants time their arrival at stopover sites such that local conditions facilitate swift and safe 77 

refuelling, and thus a timely migratory progression (Drent et al. 2003; Alerstam 2011). Recently, 78 

several species of  migratory animals (including birds, reptiles and mammals) have indeed been shown 79 

to tightly follow the seasonal development of resources along their migration route, i.e. the “green 80 
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wave”, and thus, match their timing of stopovers with local peak food availability at stopover sites 81 

(Drent & Daan 1980; Van Der Graaf et al. 2006; Mueller et al. 2008; Sherrill-Mix, James & Myers 82 

2008; van Wijk et al. 2012; Schindler et al. 2013). However, how animals accomplish such accurate 83 

timing, remains largely unknown. Although we know that migratory animals use cues for the timing of 84 

migration, the identity of most cues remains elusive (Bauer et al. 2011). Moreover, it is unclear 85 

whether relationships exist between potential environmental variables at successive sites that migrants 86 

could use, informing and supporting their staging and departure decisions. Depending on species-87 

specific requirements (Piersma 1987), potential stopover sites can be distant from one another and 88 

sometimes separated by ‘ecological barriers’ such as oceans, deserts or mountain ranges.  89 

 90 

Several environmental factors could be used as timing cues by migrating animals. Photoperiod, 91 

temperature, wind, precipitation patterns and food depletion have been shown to be related to 92 

departure decisions of migrants (Alerstam 2011; Bauer et al. 2011). Furthermore, spring arrival times 93 

of different bird species in Europe were correlated with the North Atlantic Oscillation (NAO) (Hüppop 94 

& Hüppop 2003). Possible relationships between such cues in different regions are, however, rarely 95 

analysed in combination with migration. On a rather large scale, it has been shown that temperature 96 

anomalies of the eastern Sahel (Africa) and northern Europe were strongly correlated, and linked to 97 

the timing of migration of trans-Saharan migratory birds at a population level (Saino & Ambrosini 98 

2008). This gives first insights, but might not be of sufficient resolution for understanding effects on 99 

individual migration timing. 100 

 101 

In this paper, we attempt to develop an understanding of the environmental information potentially 102 

available to migrant geese. First, we analysed three distinct flyways of an Arctic-breeding, long-103 

distance migrant, the barnacle goose (Branta leucopsis) with regard to the predictability of 104 

meteorological conditions at successive stopover sites. It has been shown that meteorological 105 

conditions such as temperature sums (Van Eerden et al. 2005) are related to the growth of early spring 106 

nutrient-rich vegetation (i.e. onset of spring), which is an important resource for migrating geese.  107 
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Here, we tested whether a novel measure of onset of spring (van Wijk et al. 2012) is correlated across 108 

successive stopover sites.  109 

 110 

Second, we examined if the timing of goose migration is related to the predictability of the onset of 111 

spring at these sites. We analysed individual tracking data for barnacle geese migrating along the three 112 

flyways, and related them to the onset of spring at all stopover sites along these geographically distinct 113 

routes in different years, and to the predictability of meteorological conditions and thus vegetation 114 

growth. As distances and landscapes between different pairs of consecutive stopovers vary widely, we 115 

can draw general conclusions about the ability of barnacle geese to optimally time their spring 116 

migration in relation to spring phenology under a variety of circumstances. It is expected that geese 117 

will time their stopover arrival at a subsequent site closer to the local onset of spring if predictability 118 

of conditions based on environmental information available at the previous stopover is higher. 119 

 120 

 121 

Materials and methods 122 

GPS tracking data 123 

Barnacle geese from three geographically distinct breeding populations – Greenland, Svalbard and the 124 

Barents Sea - were caught in their wintering regions and equipped with solar GPS/ARGOS PTT 125 

transmitters (30g or 45g, Microwave Telemetry Inc.; Columbia, MD, USA), attached with harnesses. 126 

The geese from these populations were wintering in Ireland, Scotland and the Netherlands, 127 

respectively. From 40 individuals (including 7 from Greenland, 21 from Svalbard and 12 from the 128 

Barents Sea) we received data for one complete spring migration, with typically 3-7 GPS fixes per 129 

day. The tracks were recorded in the years 2006 – 2011 (Greenland: 4x2008, 1x2009, 2x2010; 130 

Svalbard: 2x2006, 7x2007, 3x2008, 3x2009, 2x2010, 4x2011; Barents Sea: 6x2008, 6x2009). For the 131 

Greenland and Svalbard populations only adult males were tagged, whereas adult females were 132 

selected for tagging from the Barents Sea population. These data sets nevertheless yield comparable 133 

results, because barnacle geese are monogamous and partners travel together (Prop, Black & 134 

Shimmings 2003). 135 
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 136 

Stopover regions 137 

For each GPS track, we determined stopover and breeding sites. Stopover sites were defined as sites 138 

where the bird stayed within a radius of 30 km for longer than 48 hours, allowing for maximally one 139 

outlier position (van Wijk et al. 2012). The first stopover site was often close to the wintering area, i.e. 140 

the geese fuelled there to fatten up for migration. We determined initial stopover sites based on a 141 

habitat switch from intensive pastures to high quality saltmarsh vegetation coupled with less 142 

movement prior to migration. However, many birds in our dataset were caught and tagged too late to 143 

allow for correct determination of the arrival time at the initial stopover sites. Thus, initial sites were 144 

excluded from subsequent analyses of arrival time. Breeding (and moulting) sites were determined as 145 

the last stopover sites before end of June, where birds stayed within a radius of 30 km for between 7 to 146 

26 days.  147 

 148 

For the analyses of environmental (long-distance) predictability, we merged individual stopover sites 149 

into larger stopover regions (Fig. 1). These were geographically distinct regions where at least three 150 

individuals roosted. For each region, a representative mean position was calculated by using the 151 

(circular) mean longitude and latitude of all sites (including all sites for the tracks that showed >1 stop 152 

in the same region). If this mean position was climatically very different from the original points 153 

(N=1, glacier on Iceland), we randomly shifted it to one of the original positions. Some of the stopover 154 

regions were clearly separated by ecological barriers, such as oceans or stretches of other unsuitable 155 

landscape. For our analyses, we classified the routes going to southern Iceland, southern Greenland, 156 

southern Norway, Svalbard and the White Sea as ecological barriers.  157 

 158 

GDD jerks, timing and predictability 159 

In a previous study (van Wijk et al. 2012), a measure to define the onset of spring from temperature 160 

data was developed, the so-called GDD jerk, which is the third derivative of daily temperature sums 161 

(growing degree days, GDD) and can be understood as the acceleration of temperature.  The current 162 

paper uses the day of peak acceleration (maximum GDD jerk) as the onset of spring. Daily 163 
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temperatures were determined (data from European Climate Assessment (ECA) gridded data set and 164 

weather station data compiled by NOAA; van Wijk et al. 2012) for the mean position of each stopover 165 

site and region, and used to calculate the GDD jerks and determine the date of the onset of spring for 166 

each site each year. Two data sets were derived: 167 

 168 

First, in analysing the predictability of the onset of spring between successive stopover regions, the 169 

yearly onset of spring (in Julian days) for each stopover region was calculated for the past 30 years 170 

(1982-2011) including their anomalies, i.e. their deviation from the 30-year mean.  A positive or 171 

negative anomaly indicates a year of relatively late or early onset of spring, respectively. 172 

 173 

Predictability was calculated for pairs of consecutive stopover regions as (i) the phenology correlation 174 

coefficient r, which is the Pearson correlation coefficient of anomalies of onset of spring, indicating 175 

the strength of climatic relations and (ii) a proportionality index s, which is the slope of a standardised 176 

major axis (SMA) regression between the anomalies. If the proportionality index is positive and close 177 

to “1” (identity), then the onset of spring in a stopover region is perfectly proportional to, and thus 178 

predictable from, the conditions in the previous region. For positive slopes “>1” the deviation from the 179 

average onset of spring is more extreme in site i+1 as compared to site i, i.e. the onset of spring would 180 

be predicted too early in early years, but too late in late years. For positive slopes “<1” the opposite is 181 

true, i.e. conditions at site i+1 deviate less from the average than conditions at site i. If slopes are 182 

negative, the relationship is negative, i.e. an early spring in one region suggests late spring in the 183 

following and vice versa. Thus, in addition to the phenology correlation coefficient, which shows the 184 

strength of climatic relationships, the proportionality index provides an estimate for the direction of 185 

predictability. For our analyses, we selected pairs of consecutive sites or pairs of sites with maximally 186 

one stopover in between, as they are biologically most relevant. To get an initial overview of the 187 

relationships of those predictability measures with route characteristics, we linked them to the three 188 

flyways, the presence of ecological barriers, distance between stopovers and distance to the breeding 189 

sites using linear regression. 190 

 191 
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Second, the onset of spring for each stopover site in all years during which geese were tracked was 192 

compared to the arrival dates of individual birds. If all birds arrived at the onset of spring in an area, 193 

then it could be assumed that they had exactly followed the “green wave”. We quantified deviations of 194 

arrival from to the onset of spring with the root mean square deviation (RMSD). Values of RMSD of 195 

<10 days indicate little deviation, 10-15 days moderate and >15 days strong deviation (Duriez et al. 196 

2009). RMSD values of the main stopover regions were compared between flyways and set in relation 197 

to the phenology correlation coefficient, the proportionality index, the presence of ecological barriers, 198 

distance between sites, distance to the breeding areas and two measures of environmental variability: 199 

(i) the time interval that the GDD jerk was above 90% of its peak value, indicating how flat/peaked 200 

onset of spring was and (ii) the variability (i.e. interquartile range, shown as a boxplot) of onset of 201 

spring over the past 30 years (1982 – 2011), quantifying long term variability. 202 

 203 

Finally, we linked environmental predictability and goose behaviour by relating the deviation of goose 204 

arrival from onset of spring to the phenology correlation coefficient and proportionality index. The 205 

resulting relationships were then compared between the flyways and examined for additional links to 206 

environmental variability (onset of spring peak interval, 30 year onset of spring variability), the 207 

presence of ecological barriers, distance between stopover regions, distance to the breeding sites and 208 

breeding status, using a linear mixed model. Each goose was classified according to its (initial) 209 

breeding status as breeder or non-breeder, if (according to its GPS track) it did or did not stay within a 210 

radius of 2 km  for at least 7 days in the breeding grounds, allowing for up to one outlier per day (De 211 

Boer et al. 2014). Thus, those geese that later failed in their breeding attempt were also classified as 212 

breeders, as we considered the start of breeding most important in relation to migration timing. We 213 

expected that birds that closely followed the green wave during spring migration were more likely to 214 

become breeders, or that birds intending to breed aimed at more closely following the onset of spring.  215 

 216 

 217 

Results 218 

Stopover regions 219 
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The flyways of the three populations differed considerably not only in the distances covered but also 220 

in the geographical characteristics, varying from crossing an ocean or a longer inland stretch to mainly 221 

following the coastline (Fig. 1). Migrating c. 2,300 km to their breeding sites on the coast of 222 

Greenland, barnacle geese wintering in Ireland stopped in southern as well as northern Iceland, and on 223 

a southern coastal region of east Greenland. Including their first stopover close to the wintering region, 224 

they stopped on average 5.3 (±0.2; SE) times at 3.9 (±0.3) stopover regions, and covered c. 600 (±220) 225 

km between successive regions. Birds of the Svalbard population covered c. 2,600 km in total, using 226 

two stopover regions along the coast of Norway. They stopped on average 4.2 (±0.3) times at 3.0 227 

(±0.1) successive stopover regions that were each c. 930 (±310) km apart.  On the c. 3,000 km route to 228 

their breeding sites in the Barents Sea (Kolguyev Island and Novaya Zemlya) barnacle geese from the 229 

population wintering in the Netherlands stopped on average 5.7 (±0.5) times at 4.3 (±0.4) stopover 230 

regions that were 535 (±220) km apart. Geese stopped on the Swedish Baltic islands, on the Estonian 231 

coast, the White Sea and on the Kanin Peninsula, crossing the inland stretch of Karelia in between.  232 

 233 

GDD jerks and predictability 234 

Onsets of spring for 1982-2011 varied between stopover and breeding sites along the three flyways 235 

(see Supporting Information). On initial stopovers, spring started on average as early as 8 March 236 

(Ireland), 26 March (Scotland) and 1 April (Central Europe). Breeding sites were more similar in 237 

onsets of spring (22 June Northern Greenland, 16 June Svalbard, 20 June Novaya Zemlya). Standard 238 

deviations between the years also decreased towards the north, ranging from up to 13 days in central 239 

Europe to only 5 days in southern and northern Greenland and at the White Sea. 240 

 241 

Phenology correlation coefficients r and proportionality indices s for pairs of stopover regions within 242 

each flyway differed depending on whether or not the sites were separated by ecological barriers 243 

(linear regression single term deletions; r: Residual sum of squares (RSS)=0.66, p=0.006; s: 244 

RSS=0.99, p<0.001; see Fig. 1, 2, Table 1a and Supporting Information): there appeared to be strong 245 

correlations between closer pairs of sites and weaker correlations across larger ocean (Ireland – 246 

southern Iceland, northern Iceland – southern Greenland, Scotland – southern Norway, northern 247 
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Norway – Svalbard) or inland crossings (Baltics – White Sea) in all three flyways. Furthermore, 248 

predictabilities differed by flyway (r: RSS=0.76, p=0.01, s: RSS=0.57, p=0.05), and distances between 249 

stopover sites were related to the proportionality index (RSS=0.69, p=0.004), but not the phenology 250 

correlation coefficient. Thus, distance between sites seems to be linked to the direction of 251 

predictability rather than the strength of the correlations. 252 

 253 

On the Greenland route, the onsets of spring (phenology) were strongly correlated between pairs of 254 

sites involving land crossings, i.e. southern and northern Iceland (r = 0.85), and southern and northern 255 

Greenland (r = 0.50), with proportionality indices close to ‘1’ (i.e. high predictability; Fig. 1). 256 

Between the two Greenland sites the proportionality index was larger than ‘1’ (s = 1.46), indicating 257 

increased anomaly in the northerly site. For those steps of migration involving sea crossings, 258 

phenology correlation coefficients were very small, e.g. between Ireland and southern Iceland (r = -259 

0.10) and between northern Iceland and southern Greenland (r = -0.33). Hence, based on this measure 260 

there was no apparent predictability of spring conditions between these sites, separated by oceans. 261 

 262 

On the Svalbard route, all consecutive pairs of stopover regions showed high phenology correlation 263 

coefficients (0.45 < r < 0.81; Fig. 1), even across larger stretches of ocean. The proportionality index 264 

was, however, closest to ‘1’ for the land crossing from southern to northern Norway (s = 0.85), and 265 

low for the ocean crossing from northern Norway to Svalbard (s = 0.48). 266 

 267 

Stopover regions on the migration route to the Barents Sea revealed two interrelated regions, separated 268 

by a link with low predictability (Fig. 1). Phenology between Central Europe, Sweden and the Baltics 269 

was highly correlated with strong positive predictability (0.78 < r < 0.97, 0.76 < s < 0.90). All sites on 270 

the Arctic coast (White Sea, Kanin Peninsula, Pechora/Kolguyev, Novaya Zemlya) showed high 271 

phenology correlation coefficients with proportionality indices close to ‘1’ (0.41 < r < 0.93 , 0.88 < s < 272 

1.46). For some pairs of Arctic sites, proportionality indices were above ‘1’ indicating an increased 273 

anomaly when progressing towards the breeding sites. Correlation and predictability in the 274 

intermediate zone, between the Baltics and the White Sea, was present, but weak (r = 0.39, s = 0.48). 275 
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 276 

GDD jerks and migration timing 277 

Generally, arrivals at stopover and breeding sites showed intermediate fits with the onset of spring 278 

(RMSD = 18.20 ± 2.08 days (SE), Fig. 3a-n). Better fits (lower RMSD) were related to higher 279 

phenology correlation coefficients (Table 1b; linear regression single term deletion, RSS=291.3, 280 

p=0.03), shorter distance to the breeding site (RSS=381.6, p=0.004), shorter onset of spring peak 281 

interval (RSS=266.0, p=0.05) and the flyway (RSS=415.7, p=0.009), indicating that geese made use of 282 

predictability between sites, and that this differed between flyways. Their timing improved closer to 283 

the breeding sites and with tighter timing of peak food availability. The latter is opposite to what is 284 

expected by chance, namely that wider peak intervals would coincide with more accurate timing, 285 

which is not the case here. Distance between stopovers, the presence of ecological barriers and the 30 286 

year variability of onset of spring did not seem to have had an influence on the general migration 287 

timing of barnacle geese (Table 1b), not even if excluding predictability (not shown). 288 

 289 

The 90% interval widths of onset of spring peaks did not vary between flyways, but became narrower 290 

when approaching the breeding sites (Table 1c; linear regression single term deletion, RSS=840.4, 291 

p<0.001).  A similar spatial pattern appeared for the variability in onsets of spring over the last 30 292 

years: onset of spring at early stopover sites was highly variable, while they became more confined 293 

towards the Arctic breeding sites (linear regression single term deletion, RSS=236.7, p<0.001). Also 294 

this measure of variability did not differ among the flyways. Notably, average (within year) onset of 295 

spring 90% interval widths were related to (between year) variability of the onset of spring 296 

(Spearman’s rho = 0.81, p < 0.001). 297 

 298 

For the Greenland flyway, the onset of spring at the stopover sites on Iceland (Fig. 3c, d) showed 299 

rather large 30-year variability (18 and 19 days) and wide 90% peak intervals (27 and 38 days). In 300 

southern Iceland, the geese arrived after the onset of spring (RMSD = 21.2 days). In contrast, arrival 301 

on stopovers in northern Iceland fitted well to the onset of spring (RMSD = 11.3 days). The 30-year 302 

variability (7 and 8 days) and 90% peak onset of spring interval widths (11 and 13 days) were much 303 
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smaller for the stopovers on Greenland (Fig. 2a, b). Goose arrival at Greenland stopovers was less 304 

strongly linked to the onset of spring with birds mostly arriving well before the onset of spring at the 305 

breeding sites (RMSD = 25.6 and 24.9 days). Dates of arrival to Greenland sites varied little between 306 

years and individuals (16 May – 31 May). 307 

 308 

Migration tracks of geese from the Svalbard population covered more years (2006 - 2011) and 309 

therefore showed a higher variability in arrival dates. In the two Norwegian stopover regions (Fig. 3f, 310 

g), variability of onset of spring over 30 years (10 and 12 days), 90% peak interval (31 and 25 days) 311 

and the fit of onset of spring with goose arrival (RMSD = 16.8 and 24.4 days) were intermediate. At 312 

those stopovers goose arrival dates (21 April – 27 May and 4 May – 23 June) were rather variable. 313 

Northern Norway was only used by the tagged geese in 2008 and both Norwegian sites were skipped 314 

completely by the tagged cohort in 2011. The 90% onset of spring peak interval (15 days) and 30 year 315 

variability (5 days) were narrower on Svalbard (Fig. 3e) and geese arrived moderately close to the 316 

onset of spring (RMSD = 18.2 days). Notably, in the exceptionally early spring of 2006, goose arrival 317 

coincided very closely with spring onset (RMSD = 3.1 days).  318 

 319 

For the Barents Sea population the first two stopover sites (Sweden, Baltics; Figure 3m, n) showed 320 

high variability (18 and 14 days) and wide peak intervals (32 and 29 days), probably explaining the 321 

mismatch between the onset of spring and goose arrival (RMSD = 27.0 days both). There, all birds 322 

arrived after the onset of spring. After the long distance move to the White Sea, all geese matched the 323 

onset of spring, with one of the lowest RMSD = 5.9 days of the whole data set (Fig. 2l). The 30-year 324 

variability in onset of spring (7 days) was small and the 90% peak interval (21 days) was relatively 325 

narrow. In the following three sites (Kanin Peninsula, Pechora/Kolguyev and Novaya Zemlya; Fig. 2h-326 

k), peak intervals became narrower (15 – 19 days) and 30-year variability stayed low (7 – 11 days). 327 

Barnacle goose arrival at these sites overlapped relatively well with onset of spring (RMSD 7.9 – 328 

16.0), but some birds arrived up to 24 days before it. 329 

 330 

Predictability and migration timing 331 
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We found a negative relationship between phenology correlation coefficients and deviation of goose 332 

arrival with regard to the onset of spring (linear regression, p<0.001, R
2
adj=0.07, not shown), indicating 333 

that birds arrived closer to the onset of spring when there was a stronger relationship between climatic 334 

conditions in current and previous stopover regions. However, spread was high and, as exemplified by 335 

the R
2

adj, not much variation was explained by the model. Analysis of predictability in terms of the 336 

proportionality index gave clearer results, revealing a quadratic relation between predictability and 337 

timing of goose arrival in relation to the green wave (Fig. 4; nonlinear least squares, p<0.001 for all 338 

three parameters). Results indicated that at a high predictability (between 0.8 and 1) geese arrived at 339 

stopover sites closer to the onset of spring, although much variability still remained.  340 

 341 

If categorising sites according to their location in the flyway (colours in Fig. 3, 4), geese seemed to 342 

mostly have arrived before the onset of spring when close to the breeding sites (yellow) and after the 343 

onset of spring when close to the wintering sites (blue). According to an integrated analysis (linear 344 

mixed model, random factors: individual bird and year, Table 1d), however, migration timing was 345 

only linked to the proportionality index (linear mixed model single term deletion, LR=8.41, p=0.004), 346 

the width of the peak of onset of spring (LR=14.49, p<0.001), flyway (LR=15.65, p<0.001) and 347 

breeding status (LR=7.22, p=0.007). Phenology correlation coefficients, the existence of ecological 348 

barriers, distance between sites and to the breeding grounds and 30 year variability of onset of spring 349 

did not seem to be influential. This lack of influence of barriers and distance remained also when 350 

excluding the two predictability measures from the model (not shown). 351 

 352 

The strength and direction of the links between timing, predictability and variability differed by 353 

flyway, with geese of the Svalbard flyway on average arriving earliest in relation to the onset of spring 354 

and geese of the Barents Sea flyway arriving latest (Tukey contrasts, Greenland - Svalbard = 7.9 days, 355 

Barents Sea - Greenland= 7.3 days). General conclusions can, however, be made: Goose timing was 356 

closer to the onset of spring if the direction of predictability was favourable (proportionality index 357 

close to ‘1’) and the peak of spring restricted to a narrow time window. The timing of barnacle geese 358 

that were classified as: non-breeders (N=11 individual birds) and breeders (N=28) differed by 5-6 days 359 
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(Tukey contrast = 5.5 days), breeding birds usually arriving earlier to stopovers en route. Similarly, all 360 

birds arrived at the breeding grounds before the onset of spring, but those that subsequently attempted 361 

breeding arrived on average six days before non-breeders (breeders: average deviation = -15.5 days; 362 

non-breeders: average deviation = -10.0 days).  363 

 364 

 365 

Discussion 366 

Our results indicate that individual barnacle geese on the three flyways were able to predict foraging 367 

conditions in subsequent stopover sites during spring migration. Predictability between sites was 368 

higher if they were not separated by large stretches of ocean or other unsuitable landscapes 369 

(‘ecological barriers’). Analysing tracking data in relation to the predictability of onset of spring, we 370 

showed that geese generally arrived at stopover sites at the onset of spring if predictability was high. 371 

However, they seemed to be uninfluenced by the presence of ecological barriers; rather, deviation of 372 

arrival from onset of spring was related to the distance to the breeding site and the width of the food 373 

peak. Additionally, geese seemed not to linearly follow the green wave, but to overtake the green 374 

wave, arriving after onset of spring at early stopovers and before onset of spring close to the breeding 375 

grounds. Nevertheless, timely arrival at stopovers was related to breeding status, suggesting that the 376 

timing of migration steps during spring was linked to goose fitness. 377 

 378 

Predictability along migration flyways 379 

We showed that the effect of ecological barriers differed by migratory flyway and was related to 380 

distance between stopover regions (linear regression, single term deletion, RSS=3.08, p<0.001). 381 

However, distance could not explain more of the variability in predictability between stopovers than 382 

the simple existence of ecological barriers alone (Table 1a). Ecological barriers should be understood 383 

as a combination of geographical structures and complex climatic phenomena such as weather systems 384 

and ocean currents. Along the Greenland flyway we showed very clear effects of two long, ocean 385 

crossings on predictability. The lack of  correlation in the onset of spring between Ireland, Iceland and 386 

Greenland sites might be linked to a decoupling of different climatic systems (Van Der Graaf 2006): in 387 
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the case of northern Iceland and southern Greenland likely increased by a cold ocean current. 388 

Differences in climatic conditions were also seen between the Baltic and the White Sea regions of the 389 

Barents Sea population, here separated by a large stretch of unsuitable forest landscape.  390 

 391 

High correlations between other, usually geographically close, pairs of sites might be related to being 392 

situated in the same climatic regime (e.g. southern/northern Iceland, southern/northern Greenland, 393 

southern/northern Norway, sites along the coast of the Barents Sea). In contrast to our expectations, 394 

some sites separated by ocean stretches were still correlated (Scotland – south Norway, north Norway 395 

– Svalbard), which might be caused by the connecting ocean currents mediating for the effects of 396 

weather systems. The finding that all pairs of successive stopovers in the Svalbard flyway were 397 

climatically linked seems contrary to some previous findings (Tombre et al. 2008), but not others 398 

(Hahn, Loonen & Klaassen 2011). 399 

 400 

Goose migration timing 401 

On all three flyways, goose arrival at stopover sites coincided well with the onset of spring, even when 402 

crossing ecological barriers and even more so at sites where intervals of peak food quality were short. 403 

This is in line with the previous findings that the availability of high quality food is the main driver of 404 

the timing of goose migration (Owen 1980; Bauer, Gienapp & Madsen 2008), because many goose 405 

populations are at least partly ‘capital breeders’ (Gauthier, Bety & Hobson 2003; Hahn, Loonen & 406 

Klaassen 2011) and need to bring extra reserves to the breeding areas. Our finding that initiation of 407 

breeding was more likely after timely migration (or vice versa) supports this hypothesis (Prop, Black 408 

& Shimmings 2003; van Wijk et al. 2012).  However, there might also be other causes of non-409 

breeding, e.g. divorce or death of the partner (Forslund & Larsson 1991). 410 

 411 

Barnacle geese arrived late and stayed longer at early stopover sites. In the framework of capital 412 

breeding this might be caused by a time constraint for building up enough reserves to start migration 413 

(Drent & Daan 1980). Another explanation might be that food quality in European stopovers has 414 

improved due to intensive agriculture (Jefferies & Drent 2006) and outweighs any penalty for 415 
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mistimed arrival. Such a penalty might be low due to the long distance remaining to the breeding 416 

grounds and high transport costs of any build-up of body reserves for breeding (Piersma 1987; Bauer, 417 

Gienapp & Madsen 2008). As also expected for capital breeders, arrival of barnacle geese to the 418 

breeding sites was somewhat ahead of the onset of spring, allowing them to start breeding early, under 419 

still unfavourable conditions. However, their arrival before the onset of spring may also (or 420 

additionally) be explained by poor predictability due to the narrow peak food availability at northerly 421 

breeding sites, competition for nesting sites (Kokko 1999), and/or breeders striving to match peak 422 

requirements of their young with peak food availability (Van Der Graaf 2006; Van Der Jeugd et al. 423 

2009). Thus, in contrast to previous findings (Van Der Graaf et al. 2006), we showed that barnacle 424 

geese do not consistently “surf the green wave”, but “overtake the green wave”.  425 

 426 

Exceptions to the general pattern of timely arrival of geese at highly predictable sites can have 427 

different causes. First, the number of years that geese were tracked differed between populations, 428 

possibly hampering our ability to find consistent patterns between the flyways. Sample size issues can 429 

lead to deflated variability in arrival for the Barents Sea flyway (N=2 years) and inflated variability at 430 

sites for the Svalbard flyway (N=6 years). Second, the ecological barrier between the Baltic and White 431 

Sea seems not to have influenced goose timing; even if predictability was low, the birds arrived very 432 

close to the onset of spring. This finding is in line with results (Van Der Graaf 2006) that suggest that 433 

geese might have departed at a fixed time (e.g. photoperiod related) from the Baltic States. Thus, they 434 

might have used time-related cues if onset of spring had low between-year variability and other 435 

external cues were not available. Third, high predictability did not lead to timely arrival at southern 436 

sites on the Barents Sea flyway and stopover sites in northern Norway (birds arrive later than the onset 437 

of spring). Birds might be limited to come into condition at initial stopovers (southerly stopovers on 438 

the Barents Sea flyway), or improved food availability at a previous site (Jefferies & Drent 2006) 439 

outweighs costs of late arrival in subsequent stopovers. Furthermore, disturbance (Madsen 1995), 440 

adverse weather conditions or the anticipation of crossing an ecological barrier (Delingat, Bairlein & 441 

Hedenstrom 2008) might alter migration timing (e.g. northern Norway).  442 

 443 
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Cues for migration timing 444 

It has been suggested that arrival at intermediate stopover sites is mainly driven by phenology, 445 

whereas arrival and departure from southern stopovers and sites close to the breeding grounds is also 446 

driven by other factors (Bauer, Gienapp & Madsen 2008). Consequently, at different stages of 447 

migration, different cues or combinations of cues might be used for timing (McNamara et al. 2011). 448 

Indeed, goose migration timing has been explained by a combination of three types of cues (Duriez et 449 

al. 2009): (i) time-related cues like photoperiod (early stopovers), (ii) energetics cues like the amount 450 

of body stores (before barriers) and (iii) environmental cues that include temperature sum, food 451 

availability (intermediate stopovers), rainfall, nest site availability, competition, human disturbance, 452 

predation and wind (Green 2004; Schaub, Jenni & Bairlein 2008; Alerstam 2011; Bauer et al. 2011). 453 

Time-related cues are constant and reliable if conditions do not change; environmental cues vary 454 

between years and with conditions that are of importance to the animals’ fitness and energetics cues 455 

are easy to assess for the animal, but usually driven by food availability (environmental cue). 456 

Environmental and energetics cues relate to the intake rate that has been used as best predictor for 457 

timing of stopover in optimal migration theory (Alerstam & Lindström 1990; Alerstam 2011). If no 458 

environmental cues are available, i.e. predictability is low, it has been suggested that animals best 459 

migrate on a fixed schedule and use photoperiod as a time-related cue (Weber 1999; Van Der Graaf 460 

2006), which might apply for barnacle goose arrival to the White Sea and Greenland stopovers. 461 

 462 

Ecological barriers 463 

Ecological barriers can trigger the use of energetic rather than environmental cues and alter stopover 464 

duration (Delingat, Bairlein & Hedenstrom 2008; Schaub, Jenni & Bairlein 2008; Smolinsky et al. 465 

2013) and possibly lead to skipping stopovers (Deutschlander & Muheim 2009). Our geese stopped 466 

longer before crossing barriers (northern Iceland, southern Norway - from where most birds fly 467 

directly to Svalbard- and the Baltic States; see Supporting Information, Table S1), possibly increasing 468 

their fuel loads. Similarly, it has been shown that female barnacle geese left Norway with extra fat 469 

loads and refuelled directly on arrival at Svalbard (Prop, Black & Shimmings 2003). Coastal regions 470 

in Svalbard and stopovers at the White Sea and on the Kanin Peninsular have been found to provide 471 
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so-called pre-breeding stopovers (Hübner 2006; Van Der Graaf 2006), where geese refill their fat 472 

stores before continuing to the breeding grounds. This might be especially important for the barnacle 473 

geese that recently started to completely skip stopovers in Norway (Griffin 2008) and the Baltic 474 

(Eichhorn et al. 2009) and might have no indication of conditions at the breeding grounds when 475 

leaving their winter quarters. 476 

 477 

Habitat changes and Arctic amplification 478 

As habitats and the climate change (IPCC 2007), migrants have to deal with changes in environmental 479 

conditions, cues and optimal times (Forchhammer, Post & Stenseth 1998; Both & Visser 2001). 480 

Because there is evidence for both high variability between individuals and high within-individual 481 

(between years) consistency in migratory timing across species (Battley 2006; Gill et al. 2014), bird 482 

populations are expected to be able to adapt to changes in climate, namely earlier springs.  However, 483 

adaptation is expected to take longer for invariant departure times, e.g. across ecological barriers, 484 

compared to departures driven by environmental cues (Van Der Graaf 2006; McNamara et al. 2011). 485 

This might also have implications for the adaptation to climate change by the three populations of 486 

barnacle geese considered here, namely delayed arrival at stopovers during migration. Furthermore, 487 

climate change models predict a quicker advance of onset of spring in northerly sites (IPCC 2007), 488 

leading to a greater shift in the best possible timing compared to the cues at more southerly sites and 489 

an increased loss of fitness if initial correlation is low (McNamara et al. 2011).  This so-called ‘Arctic 490 

amplification’ is already indicated by the larger anomalies of onset of spring (s>1) in the Greenland 491 

and Arctic Russian sites in our 30 year data set. Thus, Arctic-breeding geese might show reduced 492 

capacity to predict conditions at more northerly stopovers after crossing ecological barriers, leading to 493 

delayed arrival at the breeding grounds in relation to the onset of spring or decreased fuel stores for 494 

directly starting breeding, ultimately causing a decrease in fitness.   495 

 496 

 497 
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Figure legends  649 

 650 

Figure 1. Map of stopover sites (small grey dots) that were used by the tracked barnacle geese with 651 

indications of climate predictability. Large (orange) dots indicate stopover regions that were used for 652 

the climate predictability assessment. Arrows indicate predictability of onset of spring between 653 

consecutive stopover regions, using a 30 year data set (1982-2011). Line thickness indicates the 654 

phenology correlation coefficients between onset of spring anomalies, maximum line thickness is at r 655 

= 1. Red, dashed lines indicate negative correlations, line thickness then relates to –r. Line colours or 656 

greyscale (apart from red) indicate the slope of the linear relationship between consecutive spring 657 

anomalies (proportionality index s), black indicating maximum predictability s = 1, levels of 658 

green/grey indicating predictabilities of s < 1 (lighter green/grey indicates smaller slopes), levels of 659 

blue/grey indicating predictabilities of s > 1 (lighter blue/grey indicates steeper slopes; here colour 660 

intensity is related to 1/s). For greyscale figures note that only the arrows originating in the White Sea 661 

and Southern Greenland have s>1. See Supporting Information for details of correlation coefficients 662 

and proportionality indices. Photo in top right: A tagged barnacle goose taking off near its catch site in 663 

Scotland. Photography by K. Kirk. 664 

 665 

Figure 2. Boxplots of (a) phenology correlation coefficients and (b) proportionality index for sites that 666 

are climatically connected (green) or separated by ecological barriers (blue). Differences between the 667 

respective groups are both significant (Mann-Whitney U tests, p=0.002 and p<0.001). Bold lines 668 

indicate the median, boxes the interquartile interval and whiskers the 5 and 95 percentiles. 669 

 670 

Figure 3. Onset of spring dates vs. days of goose arrival (both in Julian days) in the main stopover 671 

regions of (a-d) the Greenland flyway, (e-g) the Svalbard flyway and (h-n) the Barents Sea flyway. 672 

Dots are data points of stopover sites from GPS tracked geese, the colour indicates the year (2006 – 673 

black, 2007 – red, 2008 – green, 2009 – blue, 2010 – light blue, 2011 - pink). The grey shaded area 674 

shows the time interval (confidence interval over 30 years) when GDD jerk was above 90% of the 675 

peak value within a given time period, indicating how sharp the peak is at that time. Note that wide 676 
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peak intervals do not coincide with better fits of goose arrival. The small boxplot gives the variability 677 

of the onset of spring in the respective region over the past 30 years. Bold lines in the boxplots 678 

indicate the median, boxes the interquartile interval and whiskers the 5 and 95 percentiles. Subplots 679 

are aligned according to their proximity to the breeding site, and arrows indicate ecological barriers, 680 

oceans (blue) and inland crossings (black). RMSD values provide goodness of fit of arrival dates to 681 

onset of spring, i.e. how well do the geese follow the green wave. Colours/Greyscales underlying the 682 

legends indicate percentage distance to the breeding site for each flyway and relate to Fig. 4. 683 

 684 

Figure 4. Relationship of goose arrival timing deviations and proportionality indices (predictability) at 685 

stopover regions. Arrival timing deviation (or deviation from onset of spring) is the number of days 686 

that a goose arrived before (negative) or after (positive) the date of onset of spring. Symbols indicate 687 

populations (square – Barents Sea, circle – Svalbard, triangle – Greenland), colours/greyscales 688 

percentage distance to the breeding grounds (see Fig. 3; blue/dark grey – close to the wintering region, 689 

yellow/light grey – breeding sites). The solid line is the nonlinear least squares fit of a quadratic 690 

model; dotted lines indicate the 95% confidence band of the fit. 691 

  692 
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Tables. 693 

Table 1. Results of linear regression and linear mixed models for (a) predictability, (b) timing of the 694 

geese in terms of RMSD, (c) variability of onset of spring and (d) timing of the geese in terms of 695 

deviation from onset of spring. Variables are indicated as: r – phenology correlation coefficient, s – 696 

proportionality index, b – ecological barrier, d – distance between sites, dB – distance to breeding 697 

grounds, v90 – width of 90% peak of onset of spring, v30 – variability of onset of spring during 30 698 

years, RMSD – root mean square deviation, DevGDD – deviation from onset of spring, BS – breeding 699 

status, ID – individual goose, Y – year of included goose track, f - flyway. Reported values are results 700 

of single term deletions, AICF are the Akaike Information Criteria of the full model, AICS those of the 701 

model with the selected variable dropped. Higher AIC values indicate variables that should be kept in 702 

the model. For linear regressions residual sums of squares (RSS) are reported, for the linear mixed 703 

model find likelihood ratios (LR). P-values are of χ
2
-tests. Significant results are marked in bold. 704 

 705 

 706 

 Full Model Dropped 

variable 

Random 

effect(s) 

AICF AICS RSS, 

LR 

P-value 

(a) r ~ b + d + dB + f b  -34.21 -28.69 0.66 0.006 

  d   -36.19 0.37 0.90 

  dB   -34.84 0.41 0.24 

  f   -28.98 0.76 0.01 

 s ~ b + d + dB + f b  -34.41 -23.50 0.99 <0.001 

  d   -28.17 0.69 0.004 

  dB   -34.48 0.42 0.16 

  f   -32.67 0.57 0.06 

        

(b) RMSD ~ r + s + b + d + dB + r  55.52 58.42 291.3 0.03 
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v90 + v30 + f  

  s   54.16 209.8 0.43 

  b   55.27 228.6 0.19 

  d   53.85 204.9 0.57 

  dB   61.93 381.6 0.004 

  v90   57.24 266.0 0.05 

  v30   53.73 203.0 0.65 

  f   61.05 415.7 0.009 

        

(c) v90 ~ dB + f dB  41.13 60.20 840.4 <0.001 

  f   38.92 190.8 0.41 

 v30 ~ dB + f dB  30.05 43.72 236.7 <0.001 

  f   30.54 100.2 0.11 

        

(d) DevGDD ~ r + s + b + d + dB + 

v90 + v30 + f + BS 

r 

 

Y, ID 730.1 728.3 0.22 0.64 

  s Y, ID  736.5 8.41 0.004 

  b Y, ID  729.7 1.66 0.20 

  d Y, ID  728.5 0.43 0.51 

  dB Y, ID  729.6 1.51 0.22 

  v90 Y, ID  742.6 14.49 <0.001 

  v30 Y, ID  728.1 0.02 0.89 

  f Y, ID  741.7 15.65 <0.001 

  BS Y, ID  735.3 7.22 0.007 

 707 

  708 
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Figure 1.  711 
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Figure 2.  713 
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Figure 3.  715 



32 

 

 716 

Figure 4. 717 


