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Abstract 21 

Phenological mismatch is often cited as a putative driver of population declines in long-22 

distance migratory birds. The mechanisms and cues utilised to advance breeding ground 23 

arrival will impact the adaptability of species to further warming. Furthermore, timing of post-24 

breeding migration potentially faces diverging selective pressures, with earlier onset of tropical 25 

dry seasons favouring migration advancement, whilst longer growing seasons in temperate 26 

areas could facilitate delayed departures. Despite this, few studies exist of migration 27 
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phenology on the non-breeding grounds or on post-breeding passage. Here, we use first-28 

arrival and last-departure dates of 20 species of trans-Saharan migratory birds from tropical 29 

non-breeding grounds (The Gambia), between 1964 and 2019. Additionally, we use first-30 

arrival and last-departure dates, as well as median arrival and departure dates, at an 31 

entry/departure site to/from Europe (Gibraltar), between 1991 and 2018. We assess 32 

phenological trends in pre- and post-breeding migration, as well as individual species’ 33 

durations of stay in breeding and non-breeding areas. Furthermore, we assess the extent to 34 

which inter-annual variation in these timings may be explained by meteorological and 35 

ecological variables.  36 

We find significant advances in pre-breeding migration at both locations, whilst post-breeding 37 

migration is delayed. At Gibraltar, these trends do not differ between first/last and median 38 

dates of migration. The combination of these trends suggests substantial changes in the 39 

temporal usage of the two continents by migratory birds. Duration of stay (of species, not 40 

individuals) within Europe increased by 16 days, on average, over the 27-year monitoring 41 

period. By contrast, duration of species’ stays on the non-breeding range declined by 63 days, 42 

on average, over the 56-year monitoring period. Taken together these changes suggest 43 

substantial, previously unreported alterations to annual routines in Afro-Palearctic migrants.   44 

 45 

Keywords: phenological mismatch, avian migration, non-breeding, stopover site, The 46 

Gambia, Gibraltar, Sahel, NDVI, NAO index  47 



Introduction 48 

Long-distance migratory birds have evolved to take advantage of spatially-segregated, 49 

ephemeral resource peaks (Newton, 2008). This typically involves a pre-breeding migration 50 

from non-breeding locations at lower-latitude areas to mid- to high-latitude areas to breed. In 51 

order to time departure from the non-breeding grounds to coincide with resource peaks 52 

required for breeding, migrants must anticipate conditions on the breeding grounds, often from 53 

a different continent, or even hemisphere. It is likely that over long periods of selection, species 54 

have developed finely-tuned, endogenous circannual rhythms, triggering pre-breeding 55 

migration in response to increasing day-length (Helm et al., 2009; Marra et al., 2005). This 56 

may leave long-distance migrants vulnerable to uncoupling of day-length triggers on the non-57 

breeding grounds and conditions on the breeding grounds. 58 

 59 

Advancement in phenology is one of the most frequently documented biological 60 

responses to recent climate change, with events such as leaf bud-burst, insect emergence 61 

and bird breeding now occurring significantly earlier in the year in temperate regions than they 62 

did at the end of the last century (Burgess et al., 2018; Post et al., 2018). These advances 63 

exhibit significant spatial variation, due to the relationship between latitude and extent of 64 

warming and, therefore, the phenology of mid- to high-latitude areas has advanced more 65 

rapidly than those of the tropics (Post et al., 2018). The use of day-length as a departure cue 66 

should result in migratory populations arriving on breeding grounds at approximately the same 67 

time each year but substantially later than previously in phenological terms, leading to 68 

phenological mismatch (Saino et al., 2011; Taylor et al., 2016). Behavioural plasticity may, in 69 

some situations, permit a reduction in the time between arrival and breeding, enabling 70 

advances in laying date despite no change in arrival date (Newton, 2008). However, the 71 

severity of recent phenological shifts may have pushed some species to their physiological 72 

limits, with breeding date now constrained by the timing of arrival (Both & Visser, 2001). 73 

Perhaps as a consequence, advancements in breeding ground arrival are now well 74 



documented, as species attempt to adjust to these environmental changes (Gill et al., 2013; 75 

Jonzén et al., 2006; Newson et al., 2016). However, these advances in arrival may remain  76 

insufficient to track phenological shifts in, for example, prey availability on the breeding 77 

grounds, as evidence for phenological mismatch between migrants and their breeding habitats 78 

is plentiful (Burgess et al., 2018; Mayor et al., 2017; Møller et al., 2008; Saino et al., 2011). 79 

 80 

The inability to track phenological advances on the breeding grounds has been 81 

frequently proposed as a putative cause of population declines of long-distance migrants (e.g. 82 

Jones & Cresswell, 2010). Mismatches are likely to lead to reduced food availability during the 83 

peak demand by chicks, ultimately leading to reduced productivity (Burgess et al., 2018). 84 

Additionally, migrants may be outcompeted by resident species that fill similar breeding 85 

niches, due to the residents’ ability to better judge the onset of the breeding season (Wittwer 86 

et al., 2015). Such effects could impact long-distance migrants more than their short-distance 87 

counterparts, which winter closer to the breeding grounds and, therefore, may be more 88 

capable of anticipating breeding ground conditions (Møller et al., 2008). Given the certainty in 89 

further warming of mid- and high-latitudes, it is likely that the phenology of breeding habitats 90 

will continue to advance (Burgess et al., 2018). Thus, migrants will be required to continue to 91 

advance breeding ground arrival and breeding date, if they are to avoid further population 92 

declines.  93 

 94 

The extent to which long-distance migratory species are capable of responding to 95 

phenological advances on the breeding ground will depend on the mechanisms by which they 96 

adjust breeding ground arrival date. Coppack and Both (2002) suggest adjustments to pre-97 

breeding migration schedules, i.e. advancement of non-breeding ground departure or 98 

increased migration speed, as potential mechanisms. Perhaps the most parsimonious 99 

explanation for these adjustments is through selection for individuals that either utilise 100 

departure cues that are matched with advanced breeding ground phenology or which migrate 101 

more rapidly. These individuals would, therefore, migrate inherently earlier or faster than 102 



others within the population, though this relies on sufficient variation in endogenous migratory 103 

timing existing within migrant populations (Gill et al., 2013). Alternatively, individual plasticity 104 

may allow for year-to-year variation in migratory strategy. As such, migrants may make use of 105 

environmental cues, in addition to day length, to predict conditions on the breeding grounds 106 

(Saino et al., 2007; Saino & Ambrosini, 2008). If so, the ability of long-distance migrants to 107 

further advance breeding ground arrival date will be constrained by the level of correlation 108 

between these cues and the phenological state of the breeding grounds, which may be low 109 

given the high level of spatial heterogeneity expected in future climatic changes (Post et al., 110 

2018). 111 

 112 

The availability and extent of phenological data from Europe and North America mean 113 

that, to date, the vast majority of studies on migration and migration phenology are based on 114 

these regions. These studies have provided further insight into the pre-breeding migratory 115 

timings of Holarctic migrants, e.g. earlier stopover site arrival (Jonzén et al., 2006; Stervander 116 

et al., 2005) and increased migration speed following these stopovers (Marra et al., 2005; 117 

Tøttrup et al., 2008). However, this geographic bias of data has hitherto limited the study of 118 

similar trends in tropical and sub-tropical non-breeding areas and, as such, it remains unclear 119 

whether advances in breeding ground arrival are mirrored by advanced departures from the 120 

non-breeding grounds or by altered migration speed (though see Altwegg et al. (2012) and 121 

Bussière et al. (2015), which suggest advanced pre-breeding departure of a limited suite of 122 

migrants from South Africa). Many studies have found correlations between breeding 123 

ground/stopover site arrival date and non-breeding ground conditions. Such correlated 124 

conditions have included: rainfall (Gordo & Sanz, 2008; Saino et al., 2007), the normalized 125 

difference vegetation index (NDVI; Saino et al., 2004; Gordo and Sanz, 2008; Balbontín et al., 126 

2009), temperature (Cotton, 2003; Gordo et al., 2005; Saino et al., 2007) and the North Atlantic 127 

Oscillation (NAO) index; the latter representing the difference between the normalised sea-128 

level pressures at the Azores and Iceland, over the period December-March (Forchhammer 129 

et al., 2002; Hüppop & Hüppop, 2003; Jonzén et al., 2006). Together these studies suggest 130 



that migrants do make use of multiple environmental cues to anticipate conditions on the 131 

breeding grounds. Species tend to arrive on their breeding grounds earlier in years of high 132 

rainfall and higher NDVI on non-breeding grounds, potentially due to increased food 133 

availability enabling earlier and/or more rapid pre-migratory fattening and hence migration 134 

onset. Higher winter NAO index values, which tend to correlate with earlier, more productive 135 

springs in western Europe, were similarly associated with earlier breeding ground arrival, 136 

whereas responses to higher pre-departure temperatures on the non-breeding grounds are 137 

more varied (e.g. Gordo et al., 2005 cf. Saino et al., 2007). Whilst temperature could act as a 138 

direct cue to advance departure, it could also act via modulating food availability. However, 139 

whilst these variables appear to modulate breeding ground arrival, given that none of the 140 

studies mentioned above consider departure dates from non-breeding sites, it is unclear which 141 

aspect of pre-breeding migration they affect. In the Americas, increased tropical rainfall has 142 

been related to advanced departure of migrants from non-breeding areas, acting through 143 

increased food availability (Studds & Marra, 2011). This suggests that the ability to advance 144 

departure could be limited by the ability to advance fat-loading prior to leaving non-breeding 145 

areas. However, this evidence is limited to a single species in one area. Further studies 146 

incorporating timing of pre-breeding departures from non-breeding sites are necessary to 147 

better understand the mechanisms of advanced breeding ground arrival. 148 

 149 

Whilst the study of pre-breeding departures from non-breeding grounds has received 150 

little attention, post-breeding departure timing is similarly neglected relative to breeding ground 151 

arrival phenology, even across Europe and North America. This may be due to less obvious 152 

and consistent phenological patterns during this period, potentially a result of less stringent 153 

time constraints on departure when compared to pre-breeding migration (Haest et al., 2019; 154 

La Sorte et al., 2015). In areas such as the Sahel in Africa, deteriorating conditions (in terms 155 

of NDVI and potentially food availability) over the north temperate late-summer to autumn 156 

period may place pressure on species to maintain current post-breeding migration phenology. 157 

In contrast, a lengthening growing season across mid- to high-latitudes over the last century, 158 



due to increased autumn temperatures, could permit long-distance migrants to extend their 159 

stay on the breeding grounds, perhaps even extending the breeding season (Menzel & Fabian, 160 

1999; Walther et al., 2002). Those studies that have considered post-breeding migration of 161 

long-distance migrants have reflected this variation in potential selective pressures, with 162 

advancement (Jenni & Kéry, 2003), delay (Bitterlin & Van Buskirk, 2014; Kovács et al., 2011) 163 

and no trend (Van Buskirk et al., 2009) in departure from breeding grounds all reported. 164 

However, there are few studies of arrival phenology in non-breeding areas. Therefore, despite 165 

a lack of consensus in trends of post-breeding departures, migratory strategies of long-166 

distance migrants away from these areas could have changed significantly. For example, 167 

species may increase migration speed in order to avoid hostile conditions on their migratory 168 

journey or utilise less-direct routes to take advantage of additional resources. Such factors, 169 

combined with the advance of pre-breeding migration, could result in substantial changes to 170 

the temporal partitioning of the annual cycle of long-distance migrants. Hence, there is a clear 171 

need to analyse trends in the timing of, not only pre-breeding, but also post-breeding migration 172 

to and from the non-breeding grounds. 173 

 174 

Here, we use a novel dataset of departure and arrival dates of European-breeding 175 

migratory species to their African non-breeding range, and through a passage site on the 176 

boundary between Europe and Africa. We use these data, in combination with meteorological 177 

and ecological variables, to assess trends in departure and arrival dates at sites away from 178 

the breeding range, over a 28-56 year period. By studying phenology at these non-breeding 179 

localities, we aim to infer whether: (1) pre-breeding migration on the non-breeding grounds 180 

and/or at an intermediate migratory site has advanced, in line with those phenological changes 181 

observed on the breeding grounds, (2) the phenology of post-breeding migration has 182 

undergone any significant change at either site and (3) species are spending longer on 183 

European breeding grounds as a result of longer growing seasons and hence either altering 184 

the amount of time on the non-breeding range, or the speed of their migration to the non-185 

breeding range.   186 



Materials and methods 187 

 188 

Study sites and species data 189 

We extracted annual first-arrival and last-departure dates of trans-Saharan migratory bird 190 

species from two datasets, one from the northern edge of the sub-Saharan African non-191 

breeding range and the other on the migratory route, on the Europe/Africa border. The first 192 

consisted of observations of 20 migratory passerine bird species (Table S1) recorded year-193 

round by local ornithologists in The Gambia (Fig. 1), monitored between 1964 and 2019 194 

(though discontinuously in some periods). We excluded a few observations of migrants 195 

remaining in The Gambia in June and July (the northern European breeding season), as these 196 

were likely to represent individuals that were unlikely to have migrated due to, for example, 197 

poor condition or injury. The second dataset consisted of daily bird ringing totals for 14 198 

migratory passerine bird species from Gibraltar Bird Observatory (Fig. 1). Standardised 199 

ringing occurred daily at this site in spring and autumn, between 1991 and 2018. Exact start 200 

and end dates of ringing efforts varied between years (Table S2), due to the suitability of 201 

weather for ringing, but typically covered the periods February-May and August-November 202 

and, therefore, should encompass the earliest pre-breeding and latest post-breeding migration 203 

dates for all the migrant species we consider. The first record of a trapped individual of a 204 

species in the spring, and the last trapping record in autumn were extracted as the first and 205 

last observation for each year, respectively. Two migrant species (Eurasian Blackcap Sylvia 206 

atricapilla and Common Chiffchaff Phylloscopus collybita) for which we had arrival/departure 207 

dates in The Gambia were present year-round at Gibraltar (i.e. they had a small 208 

resident/overwintering population), so extracting first and last migration dates for these 209 

species at Gibraltar was not possible. A further four species (Northern Wheatear Oenanthe 210 

oenanthe, Western Olivaceous Warbler Iduna opaca, White Wagtail Motacilla alba and Yellow 211 

Wagtail Motacilla flava) that occurred in The Gambia were trapped very infrequently at 212 

Gibraltar, so were removed from the dataset (Table S1).  213 



 214 

 215 

Figure 1. Map of Africa and Europe, showing the study areas in The Gambia (black circle) 216 

and Gibraltar (grey circle). The box highlights the area defined as representing the core 217 

Western Europe breeding area for our study species, used when extracting meteorological 218 

variables. Shading represents, for the 20 study species: (a) Breeding species richness across 219 

Europe and (b) non-breeding species richness across North-West Africa (dotted line 220 

differentiates (a) and (b)). Gibraltar and The Gambia represent, in Europe and sub-Saharan 221 



Africa respectively, major first arrival and last departure locations for trans-Saharan migrants 222 

on the east-Atlantic flyway. 223 

 224 

Migrants departing from The Gambia in Palearctic spring are likely to follow the east-225 

Atlantic flyway (Fig. S1) into Europe and many may, therefore, be expected to utilise Gibraltar, 226 

situated at the narrowest passageway between Europe and Africa on this flyway, as a site to 227 

rest/refuel (BirdLife International, 2010). Therefore, when combined, these two datasets allow 228 

an analysis of long-term trends in timing of pre-breeding and post-breeding migration for a 229 

suite of common trans-Saharan migrants. Additionally, for years in which successive first 230 

arrival and last departure dates were available, we calculated durations of stay for individual 231 

species within Europe and in sub-Saharan Africa. It should be noted that duration of stay, as 232 

defined here, represents the time spent within a region by a species, i.e. from the first individual 233 

arriving to the last individual departing, and not the mean duration of individuals. Further, we 234 

assume that spring arrival and autumn departure dates from Gibraltar reflect the approximate 235 

duration of stay of the East Atlantic flyway populations of a species in Europe. Similarly, we 236 

assume that first post-breeding arrival and last pre-breeding departure from The Gambia 237 

reflects the approximate duration of stay of these populations within sub-Saharan Africa. This 238 

enabled an analysis of trends in duration of stay to assess whether the temporal partitioning 239 

of the annual cycle of migrants has changed over time. 240 

 241 

The use of first and last dates to assess changes in phenology are susceptible to bias 242 

through changing observer effort and underlying population trends (Sparks et al., 2001; 243 

Tryjanowski & Sparks, 2001). For example, increasing observer effort could result in earlier 244 

arrival dates and later departure dates from a site. By contrast, declining populations could 245 

result in later apparent arrival and earlier apparent departure dates, a consequence of the 246 

reduced likelihood of detecting individuals from a smaller population. Observer effort remained 247 

similar throughout the study period in both locations, minimising the risk of the former situation. 248 

By contrast, populations of several long-distance migrants have declined in recent decades. 249 



Hence, if we observed delayed arrival and advanced departures from our study sites, we could 250 

struggle to differentiate phenological change from recording bias. In fact, our results from 251 

Gibraltar demonstrated trends in migratory timings in the opposite direction to that which would 252 

be expected given recorded population declines, giving confidence that we detected real 253 

phenological changes, albeit perhaps slightly conservative give the declines of some species. 254 

Furthermore, whilst overall trends in migratory timings from The Gambia occurred in the 255 

directions we may predict through population changes, there was no correlation between 256 

individual species’ migratory and population trends (Fig. S2). An additional consideration when 257 

using first and last recording dates is the tendency for first arriving individuals to advance their 258 

migration more rapidly than the bulk of the population (Lehikoinen et al., 2019; Sparks et al., 259 

2007; Tøttrup et al., 2006). Therefore, trends observed in first and last individuals have the 260 

potential to be more extreme than that shown by the remainder of the population. The best 261 

available data for The Gambia do not permit extraction of median population phenological 262 

responses in the Sahelian non-breeding areas, though data for Gibraltar do permit median 263 

passage estimations. Hence, for Gibraltar, in addition to first arrival and last departure dates, 264 

we also extracted and analysed (see below) median passage dates for both pre- and post-265 

breeding migration. We used daily ringing totals from Gibraltar for a species across a passage 266 

period to estimate the median passage date of all individuals. We extracted medians, rather 267 

than mean migration dates, as trapping effort was consistent throughout the ringing periods 268 

and not biased to, for example, weekends. We also estimated, for Europe, durations of stay 269 

for species in each year, based on these median passage dates. This enabled us to assess 270 

whether trends in, and drivers of, migratory timing differed between first/last and median 271 

passage at Gibraltar, a point part way through the migratory journey. 272 

 273 

Meteorological and environmental data 274 

Fortnightly NDVI values were obtained for the period 1982-2012 (the maximum period for 275 

which annual data were complete), for four areas on the east-Atlantic flyway: the Sahel, North 276 



Africa, Gibraltar and Western Europe (Figs. 1 & 2). Data were downloaded from the Global 277 

Inventory Modelling and Mapping studies group (GIMMS; Tucker et al., 2005). The Sahel was 278 

defined as the area 18°W-10°E and 14°-18°N immediately to the north of The Gambia, and 279 

North Africa as the area encompassing 10°-2°W and 30°-36°N (Fig. 2); NDVI data were 280 

extracted for both regions. Both areas exhibit high NDVI seasonality (Fig. 2), where ephemeral 281 

resource peaks produce useful refuelling sites for migrants prior to/following the crossing of 282 

the Sahara. The eastern boundary of the Sahel was set at 10°E as we expect that individuals 283 

migrating further east than this would be less likely to follow the east-Atlantic flyway to/from 284 

western Europe. The southern and eastern boundaries of the North African region were 285 

selected to encompass the region of highest NDVI seasonality beyond Europe. Sahelian NDVI 286 

was highly correlated with Gambian NVDI (rs>0.7). As we considered Sahelian NDVI as better 287 

representing overall sub-Saharan conditions, we used these data in models in preference to 288 

Gambian NDVI. In addition, species could utilise this wider Sahelian region as a final stopover 289 

site prior to crossing the Sahara, which could impact Gambian departure dates. We extracted 290 

site-specific NDVI data separately for Gibraltar given the possibility that migrants might decide 291 

whether to stop at this restricted passage site on the basis of NDVI in the local area, which 292 

was not strongly correlated with North African NDVI. We calculated Gibraltarian NDVI for the 293 

area 5.37°-5.34°W, and 36.1°-31.16°N. Finally, we calculated NDVI for Western Europe using 294 

the area 7°W-21°E, and 40°N-65°N. This area encompassed the highest breeding richness 295 

and the majority of range extents for populations of our 20 focal study species that were likely 296 

to use the East Atlantic migration flyway through Gibraltar (Fig. 1). The eastern boundary of 297 

the Western European region was set as we expect that individuals breeding further east 298 

would be less likely to migrate along the East-Atlantic flyway through both Gibraltar and The 299 

Gambia (BirdLife International, 2010). 300 

 301 

 302 



 303 

Figure 2. NDVI seasonality (expressed as the mean standard deviation of annual NDVI over 304 

the period 1982-2012, derived from fortnightly records) of north-west Africa. The box highlights 305 

the area defined as North Africa (top) and the Sahel (bottom), used when extracting 306 

meteorological variables.  307 

 308 

For the Sahel, North Africa and Gibraltar regions, we calculated annual mean NDVI 309 

values separately for individual species, dependent upon their mean phenology. Mean NDVI 310 

was estimated for each species over the two months prior to mean departure and arrival dates 311 

(i.e. the mean date across all years of monitoring) in both The Gambia and Gibraltar. We 312 

hypothesise that NDVI will alter food availability, in turn impacting upon departure decisions 313 

and/or migration speed. For example, when exploring potential drivers of pre-breeding 314 

departure dates from The Gambia, mean Sahelian NDVI for the two months prior to species-315 

specific mean departure date over the whole study period from The Gambia was calculated. 316 

Whereas, when exploring drivers of pre-breeding arrival dates at Gibraltar, mean Sahelian 317 



NDVI for the two months prior to species-specific mean arrival date over the whole study 318 

period in Gibraltar was calculated. As large inter-specific variation in the timing of migration 319 

schedules exists, the mean arrival/departure dates and, therefore, NDVI values were 320 

calculated on a species-specific basis. For each species, we calculated the mean date of 321 

first/last recorded individual, across all years for which data were available, of all four migratory 322 

events: Gambian pre-breeding departure, Gibraltar pre-breeding arrival, Gibraltar post-323 

breeding departure and Gambian post-breeding arrival (Table S3). Additionally, we calculated 324 

the mean dates of median arrival and departure at Gibraltar. The mean NDVI of the two 325 

months prior to these mean arrival/departure dates were then calculated for each species, for 326 

each year for The Sahel, North Africa and Gibraltar regions. This method ensured that the 327 

NDVI calculation period was fixed for each species enabling comparisons across years, whilst 328 

avoiding bias that might occur if its estimation window was altered each year in relation to a 329 

species annual phenology. Additionally, we calculated mean NDVI for August and September 330 

for each year across the western European region. The latter aimed to reflect post-breeding 331 

vegetation productivity in breeding areas, which could influence post-breeding departure dates 332 

through altered food availability. We did not calculate the mean NDVI of Europe in spring, as 333 

we included yearly winter NAO index values (see below), which correlates with productivity 334 

levels in Europe (Forchhammer et al., 2002). 335 

 336 

NDVI was also used to identify the timing of the end of Sahelian growing season each 337 

year. To do so we fitted a smoothed function to fortnightly NDVI data over an annual cycle 338 

between March to February, following the methods of Mason et al. (2014). The period March 339 

to February was chosen to capture the start and end of the annual Sahelian NDVI cycle (Fig. 340 

S3). We calculated the maximum second derivative following an annual NDVI peak. This 341 

represented the point at which NDVI was declining most rapidly back to its dry season minima. 342 

 343 

Monthly temperature data for the period 1960-2015 were downloaded from the 344 

Climatic Research Unit (CRU; Harris et al., 2014), for the same four areas for which NDVI data 345 



were acquired, as well as for The Gambia. Unlike NDVI data, temperature data for The 346 

Gambia and the Sahel were not highly correlated (rs<0.7). Mean temperature data were 347 

calculated in much the same way as NDVI. For The Gambia, the Sahel, North Africa and 348 

Gibraltar, we calculated yearly species-specific mean temperatures over the two months prior 349 

to their mean departure and arrival dates over the whole study period in both The Gambia and 350 

Gibraltar. For Western Europe, we calculated mean annual temperature across the August – 351 

September period.   352 

 353 

Finally, monthly values of the North Atlantic Oscillation index for the period 1963-2019 354 

were downloaded from CRU (Jones et al., 1997), representing the difference in normalised 355 

sea level pressure over the Azores and south-west Iceland. Yearly winter NAO index values 356 

were extracted from these data, taken as the cumulative NAO index over the months 357 

December to March, prior to pre-breeding migration (Hüppop & Hüppop, 2003). 358 

 359 

Analyses of migration phenology 360 

As migratory timings can be considered as species traits and, therefore, not phylogenetically 361 

independent, we used phylogenetic linear mixed models (PLMMs) to analyse both trends and 362 

drivers of inter-annual variation in migratory timings, at both The Gambia and Gibraltar. We 363 

fitted PLMMs with pre-breeding or post-breeding migration dates or durations of stay as a 364 

continuous response variable, depending on the specific analysis, using the R package 365 

MCMCglmm (Hadfield, 2010). The species ID and the phylogeny were included as random 366 

effects, the former to account for variability in the data caused by species-specific migration 367 

schedules. The phylogeny was built as a 50% majority-rule consensus tree (O’Reilly & 368 

Donoghue, 2018; Rubolini et al., 2015), using 1000 samples of the posterior distribution 369 

produced by Jetz et al. (2012). We used an uninformative, inverse Wishart distribution as a 370 

prior for both the random effects and residual variance. To fit the model, we ran an MCMC 371 

chain for at least 200,000 generations, recording model results every 1000 generations and 372 



ignoring the first 2000 generations as burn-in. We fitted each model four times and merged 373 

the four chains after verifying convergence using Gelman-Rubin diagnostics in the R-package 374 

coda (Plummer et al., 2006). We also visually inspected trace plots for each model to verify 375 

model convergence. We assessed the performance of each model by calculating conditional 376 

R2 following the methods of Nakagawa & Schielzeth (2013). This multi-species approach was 377 

undertaken as we anticipated that individual species trends might be weak due to the paucity 378 

of data and the inherent variability likely in such data. This was confirmed in an exploratory 379 

data analysis, using linear models on individual species data (Figs. S4-6).  380 

 381 

We first analysed trends in pre-breeding migration, post-breeding migration and 382 

duration of stay, fitting PLMMs, as previously described, with year as the sole continuous 383 

predictor variable in the models. Then, to identify drivers of inter-annual variation in pre-384 

breeding and post-breeding migration timing, more complex models were fitted containing 385 

plausible combinations of potentially important meteorological and environmental predictors. 386 

Year was retained as a predictor variable in these models to minimise the likelihood of finding 387 

spurious relationships with climatic variables which were themselves correlated with year (Iler 388 

et al., 2017). For Gibraltar, we conducted these analyses twice, first on the dates from first/last 389 

individuals and second using median passage dates. 390 

 391 

The combinations of meteorological/environmental variables included in models 392 

differed between analyses (Table 1), as the drivers of migration are likely to differ both spatially 393 

and temporally. To facilitate parameter exploration, we scaled each continuous predictor 394 

variable using z-transformations. Species with fewer than six years of data available for any 395 

individual analysis were removed from that analysis (Table S4). Sample sizes for models of 396 

the drivers of inter-annual variation in migratory timing were reduced in comparison to that of 397 

phenological trends in migration, as meteorological data were not available for the entire study 398 

period (Table 2). 399 

 400 



Table 1. Candidate meteorological variables included in the models to predict the timing of 401 

pre-breeding and post-breeding migration in the Gambia and Gibraltar. 402 

Location Model Meteorological variable 

The Gambia  Pre-breeding departure NAO Index 

  Gambian temperature 

  Sahelian NDVI 

 Post-breeding arrival European temperature 

  European NDVI 

  North African temperature 

  North African NDVI 

  Onset of Sahelian dry season 

Gibraltar  Pre-breeding arrival NAO Index 

  Sahelian temperature 

  Sahelian NDVI 

  North African temperature 

  North African NDVI 

 Post-breeding departure European temperature 

  European NDVI 

  Gibraltar temperature 

  Gibraltar NDVI 

  Onset of Sahelian dry season 

 403 

Table 2. Summary of datasets used to analyse trends in the timings of pre-breeding migration, 404 

post-breeding migration and duration of stay, as well as the drivers of inter-annual variation in 405 

the timings of pre-breeding and post-breeding migration. Datasets for first/last and median 406 

individuals at Gibraltar are identical, so are only included once here. 407 

Analysis Location Event Start Date End Date 
No of 

species 

Total observation 

years 



Trend 

models 

The 

Gambia 

Pre-breeding 

departure 
1965 2019 19 314 

  
Post-breeding 

arrival 
1964 2018 19 333 

  
Duration of 

stay 
1964 2018 13 150 

 Gibraltar 
Pre-breeding 

arrival 
1992 2018 14 319 

  
Post-breeding 

departure 
1991 2018 14 312 

  
Duration of 

stay 
1992 2018 13 258 

Drivers 

models 

The 

Gambia 

Pre-breeding 

departure 
1988 2012 18 208 

  
Post-breeding 

arrival 
1987 2012 16 197 

 Gibraltar 
Pre-breeding 

arrival 
1992 2012 13 237 

  
Post-breeding 

departure 
1991 2012 14 245 

  408 



Results 409 

 410 

Trends in migratory timings 411 

PLMMs were fitted separately to assess trends in first arrival and last departure dates of 412 

trans-Saharan migrants, at both The Gambia and Gibraltar. Models explained the trends in 413 

the timings of pre-breeding and post-breeding migration less well in The Gambia (R2 = 0.49; 414 

R2 = 0.63, respectively) than in Gibraltar (R2 = 0.84; R2 = 0.82, respectively), but performed 415 

well overall. Furthermore, we found significant trends in the timing of both of these events, at 416 

both locations (Table S5). Pre-breeding migration showed significant advancements at both 417 

locations, at rates of 0.44 days per year in The Gambia and 0.28 days per year in Gibraltar, 418 

between 1965-2019 and 1992-2018, respectively (Fig. 3). In contrast, post-breeding 419 

migration was significantly delayed at both locations, though at reduced rates compared to 420 

pre-breeding migration. Between 1964-2018 and 1991-2018, post-breeding migration was 421 

delayed by 0.24 days per year in The Gambia and 0.19 days per year in Gibraltar, 422 

respectively. Although both of these trends appear more pronounced in The Gambia, 423 

significant overlap of confidence intervals occurs with the Gibraltar model estimates (Table 424 

S5). PLMMs fitted to assess trends in median arrival and departure dates at Gibraltar also 425 

performed well (R2 = 0.7; R2 = 0.68 respectively), though slightly less well than the models of 426 

first arriving spring individuals and last departing autumn individuals. The temporal trends 427 

were again significant and had very similar slopes to those seen when analysing first arrivals 428 

and departures (Fig. 3) but with different intercepts, the latter as would be expected. Median 429 

pre-breeding migration date advanced by 0.27 days per year (cf. 0.28 days in first arrivals), 430 

whilst post-breeding migration was delayed by 0.22 days per year (cf. 0.19 days in last 431 

departures). Hence, overall, the advance in pre-breeding migration and the delay in post-432 

breeding migration at Gibraltar were robust to whether we considered either the first arriving 433 

or last departing individuals versus the median passage in spring/autumn. 434 

 435 



 436 

Figure 3. Phenological trends in (a) pre-breeding and (b) post-breeding migration date at The 437 

Gambia and Gibraltar. Lines show the mean migration date across species, predicted by a 438 

linear model, with shaded regions displaying the 95% confidence intervals. 439 



 440 

PLMMs were also fitted to assess trends in duration of stay within sub-Saharan Africa and 441 

Europe, based on first arriving and last departing individuals. Whilst models performed 442 

similarly well in The Gambia and Gibraltar (R2 = 0.76 and R2 = 0.79, respectively), the trends 443 

in duration of stay differed markedly (Fig. 4). Due to delayed post-breeding arrival and 444 

advanced pre-breeding departure, trans-Saharan migrants following the east-Atlantic flyway 445 

spend significantly less time in sub-Saharan Africa now than in 1964. Over this period, 446 

duration of stay decreased by 1.15 days per year, equating to a total reduction in stay length 447 

of over 63 days. Whereas, in Europe, advancements in pre-breeding arrival of the first 448 

individuals and delays to post-breeding departure of the last individuals led to a significant 449 

increase in the duration of stay of migrant species (Table S5). Between 1992 and 2018, 450 

duration of stay in Europe increased by 0.59 days per year (i.e. an opposite change to that in 451 

sub-Saharan Africa but changing at half the rate cf sub-Saharan Africa), a total increase of 452 

over 16 days in just 27 years. Duration of stay within Europe was very similar when median 453 

passage times (as opposed to first/last individuals) were used (though model fit was slightly 454 

weaker: R2 = 0.67; Fig. 4), with the median duration of stay increasing by 0.54 days per year. 455 

No significant difference existed in the rate of change of duration of stay in Europe between 456 

those calculated based on first/last dates through Gibraltar and those based upon median 457 

passage dates (Tables S5 & 6). 458 

 459 



 460 

Figure 4. Phenological trends in durations of stay within Europe and sub-Saharan Africa. 461 

Lines show the mean duration of stay across species, predicted by a linear model, with shaded 462 

regions displaying the 95% confidence intervals. Europe – First/Last trends are based on 463 

those individuals arriving first and departing last at Gibraltar. Whereas Europe – Median trends 464 

represents duration of stay based on median passage dates. Duration of stay in sub-Saharan 465 

Africa is based on first arrival and last departure dates in The Gambia. 466 

 467 

Drivers of arrival and departure trends 468 

PLMMs were fitted separately to identify drivers of inter-annual variation in the timing of pre-469 

breeding and post-breeding migration of trans-Saharan migrants, at both The Gambia and 470 

Gibraltar. For The Gambia, where data collection ran from 1964, the dataset to which these 471 

models were fitted was truncated in comparison the previous analyses (Table 2), as NDVI 472 

data were available only from 1982. As ringing data for Gibraltar were only available from 473 



1991, there was no need to truncate this dataset. Potentially as a result of this reduced sample 474 

size, models explained variation in the timing of both pre-breeding and post-breeding migration 475 

of first/last individuals better for Gibraltar (R2=0.79 and R2=0.81, respectively) than for The 476 

Gambia (R2=0.12 and R2=0.5, respectively).  477 

 478 

We found significant effects of meteorological variables on the timing of first/last pre-479 

breeding migration dates at both The Gambia and Gibraltar, though the exact drivers differed 480 

between locations (Fig. 5a & b; Tables S7 & 8). Dates of last pre-breeding departure from 481 

The Gambia showed a significant negative relationship with pre-departure NDVI of the Sahel, 482 

with higher NDVI values resulting in earlier observed departure. Additionally, we a found a 483 

positive relationship, which bordered on significance, between pre-breeding departure dates 484 

and pre-departure temperatures of The Gambia. By contrast, dates of first pre-breeding 485 

arrivals at Gibraltar showed a significant positive relationship with the winter NAO index. We 486 

also found a positive relationship approaching significance between pre-breeding Gibraltarian 487 

arrival dates and North African NDVI. Negative relationships between year and pre-breeding 488 

migration were found at both locations. 489 

 490 



 491 



Figure 5. Parameter coefficients from phylogenetic linear mixed models, used to assess the 492 

drivers of first and last pre- (a,b) and post-breeding (c,d) migration dates, in both The Gambia 493 

(a,c) and Gibraltar (b,d). Error bars display 95% confidence intervals (CIs) around coefficients. 494 

Those CIs that overlap zero (dashed line) indicate non-significant effects, where p>0.05. 495 

Variables deemed significant using this approach are displayed in bold on the x-axes. 496 

 497 

Much like the models predicting pre-breeding migration, the relationships between the 498 

meteorological variables and first/last post-breeding migration dates varied between locations 499 

(Fig. 5c & d). We found no significant relationships between meteorological/ecological 500 

variables and dates of post-breeding arrival in The Gambia, although there was a weak 501 

negative relationship with pre-arrival NDVI of North Africa (Table S9). In contrast, dates of 502 

post-breeding departure from Gibraltar showed a significant positive relationship with the start 503 

date of the Sahelian dry season (which typically occurs in October), i.e. in years of earlier dry 504 

season onset, departure from Gibraltar was earlier. Additionally, although not significant at the 505 

p=0.05 level, dates of post-breeding departure from Gibraltar also showed a positive 506 

relationship with European autumn temperatures (Table S10). 507 

 508 

The drivers of median migration dates at Gibraltar differed slightly from those of 509 

first/last dates (Fig S7). Median dates of pre-breeding arrival at Gibraltar showed a significant 510 

negative relationship with pre-arrival North African NDVI, in addition to a significant positive 511 

relationship with pre-arrival temperatures of the Sahel. Median post-breeding departure dates 512 

from Gibraltar were significantly negatively correlated with European autumn NDVI and pre-513 

departure Gibraltarian NDVI. Additionally, year was retained as a significant driver in both 514 

models, showing a strong negative relationship with arrival dates and a strong positive 515 

relationship with departure date (Tables S11 & 12).   516 



Discussion 517 

Here, we have demonstrated advancements in the timing of pre-breeding migration of trans-518 

Saharan migratory birds at both a tropical non-breeding area and an intermediate passage 519 

site. Additionally, we found delays to the timing of post-breeding migration of these same 520 

migrants at both locations. As a result of these contrasting trends, we observed substantial 521 

alterations to the temporal partitioning of the annual cycles of these species, at least in terms 522 

of when the first and last individuals of species arrive and depart from the regions. We also 523 

found that, at Gibraltar, the intermediate passage site, the trends of changing passage date 524 

over time did not differ significantly between first/last individuals and the median passage date, 525 

though clearly median passage dates differed from first and last arrival/departure dates. Here, 526 

we discuss these results, as well as our exploration of the factors identified as potential drivers 527 

of the observed trends. We go on to discuss the implications of our findings in relation to the 528 

potential impacts of continued climate change on the phenology and population trends of long-529 

distance migrants. 530 

 531 

 Overall, we found that pre-breeding migration had advanced significantly, both in terms 532 

of departure from The Gambia and on passage at Gibraltar, the latter for both first and median 533 

dates of arrival. These findings are in line with phenological changes observed on the breeding 534 

grounds, with rates of advancement at Gibraltar most similar (0.28 days/year at Gibraltar cf. 535 

e.g. 0.26 days/year on the breeding grounds; Tøttrup et al., 2006). Additionally, despite being 536 

of greater mean magnitude, advancements in departure dates from The Gambia over time 537 

(0.44 days/year) overlapped significantly with those at Gibraltar, so could also be considered 538 

comparable to those on the breeding grounds. The similarity in rates of phenological change 539 

at our two study sites during pre-breeding migration are consistent with unaltered migratory 540 

speeds over time, though, without tracking individual birds, this cannot be proven. Hence, 541 

advances in arrival at Gibraltar are likely to have been driven, at least partially, by concurrent 542 

advances in departure from The Gambia (Ouwehand & Both, 2017), and it may even be the 543 



case that departures from Gambia have advanced more than at the intermediate passage site 544 

and on the breeding grounds. 545 

 546 

The last departure of individuals of species from The Gambia, heading for the breeding 547 

grounds, occurred earlier in years of high pre-departure Sahelian NDVI, when resources were 548 

assumed to be more plentiful there. This is similar to findings in the Americas, which showed 549 

that departure from tropical non-breeding areas is facilitated by increased food availability 550 

(Studds & Marra, 2011). Thus, individuals are probably able to gain mass more rapidly and, 551 

therefore, depart at an earlier date. The median arrival of individuals at Gibraltar tended to 552 

occur later in years of high pre-arrival temperatures across the Sahel. These conditions are 553 

correlated with colder and, therefore, later European springs in which it may be costly to arrive 554 

early (Saino & Ambrosini, 2008). Alternatively, higher Sahelian temperatures may lead to more 555 

rapid declines in resources. This may limit pre-departure fattening rates, resulting in delayed 556 

departure from the Sahel and, therefore, arrival at Gibraltar. The median passage occurred 557 

earlier in years of higher North African NDVI, again potentially due to greater resource 558 

availability on refuelling stopovers. In contrast, timing of the first pre-breeding arrivals at 559 

Gibraltar was positively related to the winter NAO index, rather than temperature or NDVI 560 

variables. Hence, and in contrast to studies from the breeding grounds (Forchhammer et al., 561 

2002; Hüppop & Hüppop, 2003; Jonzén et al., 2006), the earliest migrating individuals tended 562 

to arrive at Gibraltar later in years of strongly positive NAO, despite this correlating with 563 

typically wet and warm European springs. In such conditions, earlier arrival might have been 564 

expected to be advantageous. However, the more arid conditions across north-western Africa 565 

associated with these positive NAO conditions may limit food availability, forcing individuals to 566 

increase the length of resource replenishing stopovers (Jones et al., 2003). In fact, the NAO 567 

index showed a strong negative correlation with NDVI of the North African region prior to 568 

arrival (Rs = -0.61), which may explain why the drivers of first and median arrivals appear to 569 

differ. Additionally, local weather patterns across Africa resulting from these positive NAO 570 

conditions, e.g. stronger trade winds and more frequent Atlantic storms, could serve to “hold 571 



up” early migrating individuals across north-western Africa (George & Saunders, 2001; Jones 572 

et al., 2003). In order to account for these delays, migration speed may be increased following 573 

such pre-breeding stopovers, as has been observed in North America (Marra et al., 2005). 574 

 575 

Year was a significant predictor of the latest pre-breeding migration departures in The 576 

Gambia and of subsequent median arrival dates at Gibraltar and approached significance for 577 

the first arriving individuals at Gibraltar (p=0.08), with both pre-breeding Gambian departure 578 

and Gibraltarian arrival dates becoming earlier in recent years. The retention of year, in 579 

addition to environmental variables in the models, suggests that an additional driver of these 580 

trends may have been excluded from the models. Perhaps more simply, there may be 581 

increasing selection over time for individuals that migrate earlier. It has been suggested that 582 

advances in the breeding ground arrival dates of long-distance migratory birds are driven not 583 

by plasticity in individual arrival date but rather by advanced arrival dates of progressive 584 

generations of new recruits (Gill et al., 2013). As development and miniaturization of tracking 585 

technology continues, testing such hypotheses for small passerine species may well become 586 

viable. 587 

 588 

The ability to advance pre-breeding migration from their non-breeding grounds may 589 

render migrants more resilient to phenological advancements on the breeding grounds than 590 

previously thought, as individuals are not solely reliant on the ability to increase migration 591 

speed, which itself is likely to have morphological and physiological limits. However, 592 

notwithstanding uncertainty in future climatic predictions, declines in rainfall are forecast for 593 

some tropical regions, including the western Sahel (Biasutti, 2019). This may result in reduced 594 

productivity and, hence, fewer resources for refuelling in these areas. This could result in 595 

migrating birds needing longer to gain resources for migration, potentially constraining early 596 

departures from the non-breeding grounds (Marra et al., 2005). Alternatively, the changing 597 

distribution of resources could result in poleward shifts in non-breeding distributions, leading 598 

to shorter migrations for some species (La Sorte & Thompson, 2007). Such reduced migratory 599 



tendencies, and consequent fitness benefits have been observed recently in species such as 600 

White Stork in Europe (Cheng et al., 2019). However, for long-distance migrants whose 601 

breeding and non-breeding ranges are largely in different hemispheres, this could result in 602 

increased migration distances and, therefore, longer migratory durations (Howard et al., 603 

2018). 604 

 605 

In contrast to pre-breeding migration, we found that post-breeding migration occurred 606 

progressively later at both locations over time and for both median and last departure dates at 607 

Gibraltar. None of the meteorological or ecological variables included in our models were 608 

related to Gambian post-breeding arrival dates. However, last autumn departure from 609 

Gibraltar was positively correlated with the onset of the Sahelian dry season. Thus, individuals 610 

departed from southern Europe earlier in years when the Sahelian dry season occurred earlier, 611 

possibly to reach sub-Saharan Africa before Sahelian resources declined (Jenni & Kéry, 612 

2003), though the cues that could lead to such a response are unknown. In contrast, median 613 

departure dates from Gibraltar showed a negative relationship with European autumn NDVI 614 

and, more locally, Gibraltarian NDVI. Higher NDVI values prior to departure may enable more 615 

rapid fat-loading, enabling earlier departure. This could suggest that drivers of post-breeding 616 

migration differ between individuals of the population on different migratory schedules. The 617 

latest migrating individuals, potentially from the most northerly parts of the breeding range, 618 

typically departed from Europe in October (Table S3). Therefore, our measure of European 619 

NDVI, which was calculated over August and September, may have little relevance to the 620 

timing of their departure. Instead, the senescence of resources in the Sahel, which typically 621 

begins in September and becomes more severe as the year progresses, may place a greater 622 

pressure on the migratory timing of these individuals (Jenni & Kéry, 2003). In contrast, median 623 

post-breeding departure typically occurred in September and individuals may be more able to 624 

take advantage of increased resources across Europe during this period, to depart more 625 

rapidly from the breeding grounds. These individuals, which may be from more centrally or 626 

southerly distributed breeding populations (and hence, start and finish breeding earlier), 627 



potentially migrate sufficiently early that the decline of resources in the Sahel is unlikely to 628 

impact their survival. Interestingly, year was retained as a significant predictor of median but 629 

not last departure dates at Gibraltar. 630 

 631 

Due to the opposing trends in timing of pre- and post-breeding migration, population-632 

level durations of stay of trans-Saharan migratory species changed significantly in both Europe 633 

and sub-Saharan Africa. Our models indicated that, on average, duration of stay (i.e. presence 634 

of any individuals of a species) within Europe, for populations passing Gibraltar, increased by 635 

over two weeks, across 27 years, whilst sub-Saharan Africa stay durations declined by over 636 

two months over the 55-year study period; the change in duration of stay at Gibraltar being 637 

consistent for both median passage and the timing of first arriving (spring) and last departing 638 

(autumn) individuals. Due to the population-level nature of our analyses, we are unable to 639 

assess changes in the time individuals spent in the North African region between Gambia and 640 

Gibraltar. Notwithstanding the fact that these results represent population-wide changes in 641 

phenology, they represent substantial, and previously undocumented, changes to the 642 

temporal-partitioning of the annual cycle of these long-distance migrants. These findings and 643 

their potential impacts, discussed below, highlight the need for increased focus on recording 644 

the phenology of post-breeding migration, as well as pre-breeding migration away from the 645 

breeding grounds. 646 

 647 

Due to the inevitability of further rises in global temperatures, continued advancement 648 

of the spring phenologies of temperate ecosystems are likely (Vitasse et al., 2011). As such, 649 

pre-breeding migration is likely to continue to advance, unless individuals become limited by, 650 

for example, food availability. Furthermore, and counter to the suggestion of Jenni & Kéry 651 

(2003), we found that the timing of the Sahelian dry season has shown significant delays in 652 

recent times (Fig. S8). Currently, predictions of future rainfall across the Sahel vary among 653 

climatic models (Biasutti, 2019). However, if the recently observed delays to dry season onset 654 

continue, this could further reduce the necessity for some populations to depart from breeding 655 



grounds rapidly post-breeding. As a result, it is possible that species will further extend their 656 

annual duration of stay within Europe, at the expense of that within sub-Saharan Africa. This 657 

could result in the evolution of short-distance migratory strategies for some populations of 658 

these migrants, as has been observed in the Eurasian Blackcap, and predicted in selection 659 

experiments (Berthold et al., 1992; Pulido & Berthold, 2010). This is particularly interesting 660 

when considering the forecasts of increased migratory distance for long-distance Afro-661 

Palearctic migrants, which are yet to account for the potential development of “short-stopping” 662 

(Doswald et al., 2009; Elmberg et al., 2014; Howard et al., 2018). 663 

 664 

If it were to become climatically viable, shorter-distance (e.g. within the western 665 

Palearctic) migration would likely confer numerous benefits to populations that formerly 666 

undertook long-distance migrations. Firstly, shorter migration distances should result in 667 

reductions in both stopover number and migratory duration (Howard et al., 2018). Periods of 668 

migratory flight and stopover are both times of particularly high mortality, due to factors such 669 

as increased predation risk and unknown resource availability (Newton, 2008). Therefore, a 670 

reduction in migration distance should positively affect individual survival (Cheng et al., 2019). 671 

Additionally, shorter-distance migratory populations may be better able to anticipate breeding 672 

ground phenology, utilising better linked cues for timely pre-breeding departure (Both et al., 673 

2010; Jonzén et al., 2006). Alongside reduced duration of pre-breeding migration, such 674 

populations should become less phenologically mismatched than long-distance migratory 675 

populations of the same species (Bearhop et al., 2005). However, such changes in migratory 676 

strategy would also have knock-on effects on temperate and tropical ecosystems. For 677 

example, an increase in avian richness in the Western Palearctic over the non-breeding period 678 

may increase competition for resources, with potential deleterious impacts upon resident and 679 

short-distance migratory species that spend the non-breeding season in this region. 680 

Conversely, through competitive release, a reduction in non-breeding species richness in 681 

tropical regions could benefit other species using the former non-breeding areas of migrants. 682 

However, as migrants are typically itinerant during the non-breeding season, due to the 683 



ephemeral nature of the resources they utilise, resident African species may be less capable 684 

of benefitting from any excess resource.  685 

 686 

In conclusion, our findings provide new insight into the changing annual cycles of long-687 

distance migrants under a period of recent rapid climate change. Long-distance migrants 688 

advanced pre-breeding departure from tropical non-breeding grounds aiding adaptation to 689 

rapid phenological advancement on breeding grounds. However, potential declines in 690 

productivity in these tropical areas may limit species’ abilities to continue these advancements, 691 

due to the inability to further advance fat-loading prior to pre-breeding departure. An opposing 692 

trend in post-breeding migration meant that, at a population level, long-distance migrants now 693 

spend a markedly shorter period of time on the non-breeding grounds than they did in the 694 

latter part of the last century. Through continuation in these trends and selection for reduced 695 

migratory activity, we may see adoption of new migratory strategies in populations of these 696 

long-distance migratory species. 697 

  698 
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