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            Abstract
Millions of migratory birds occupy seasonally favourable breeding grounds in the Arctic1, but we know little about the formation, maintenance and future of the migration routes of Arctic birds and the genetic determinants of migratory distance. Here we established a continental-scale migration system that used satellite tracking to follow 56Â peregrine falcons (Falco peregrinus) from 6Â populations that breed in the Eurasian Arctic, and resequenced 35Â genomes from 4Â of these populations. The breeding populations used five migration routes across Eurasia, which were probably formed by longitudinal and latitudinal shifts in their breeding grounds during the transition from the Last Glacial Maximum to the Holocene epoch. Contemporary environmental divergence between the routes appears to maintain their distinctiveness. We found that the gene ADCY8 is associated with population-level differences in migratory distance. We investigated the regulatory mechanism of this gene, and found that long-term memory was the most likely selective agent for divergence in ADCY8 among the peregrine populations. Global warming is predicted to influence migration strategies and diminish the breeding ranges of peregrine populations of the Eurasian Arctic. Harnessing ecological interactions and evolutionary processes to study climate-driven changes in migration can facilitate the conservation of migratory birds.
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                    Fig. 1: Migration system.[image: ]


Fig. 2: Past formation and present maintenance of migration routes, and genetic basis for differences in migration distance.[image: ]


Fig. 3: Shortened migration route and population decline in European populations owing to global warming.[image: ]
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              All of the sequenced genome data have been deposited in the GenBank under accession number PRJNA686418. The tracking data are included in the Arctic Animal Movement Archive and in Movebank under the identifiers 103426553 and 934079034.Â Source data are provided with this paper.
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Extended data figures and tables

Extended Data Fig. 1 Sampling sites for tracking peregrines in the Arctic.
The sample size, visit years for each place and the peregrines equipped with Argos satellite transmitters are shown.


Extended Data Fig. 2 The broad-front migration pattern of peregrines.
a, Four main wintering regions identified in the cluster analysis. b, Migration paths with the centroids of breeding and wintering MCP for each bird, and the MCP of wintering ranges for all birds (dashed line), are shown. c, GÂ function results in the point pattern analysis, showing a broad-front wintering distribution. The solid and dashed line denote the observed and theoretical value of G, respectively. The 95% confidence interval of theoretical G value is shadowed. The PÂ value was calculated for the statistic of maximum absolute deviation using Monte Carlo simulations (nÂ =Â 100). d, The distance from each winter centroid to its nearest neighbour centroid (nearest neighbour distance) is shown (nÂ =Â 40).


Extended Data Fig. 3 Comparison of migration strategy between short-distance and long-distance groups.
a, Variable importance estimated by random forest modelling. b, Comparisons of migratory strategy between the short-distance (SD) and long-distance (LD) groups. Significance was determined by a two-sided t-test. Sample size (n) for each comparison is shown. In the box plots, the centre line represents the median, whiskers represent maximum and minimum values, and box boundaries represent 75th and 25th percentiles.


Extended Data Fig. 4 ABC simulation and parameter inference.
a, Linear discriminant summary statistics values of the simulated datasets and the observations given the four ABC candidate models. On the basis of the three statistics (LD1, LD2 and LD3), modelÂ 1 is best-supported, because the targets (dark) fit simulated data (shadow) well. b, Distribution of divergence times estimated using the chunks supporting modelÂ 1. One column represents one chunk; only 100Â chunks are shown. The density bar denotes the posterior distribution of inferred divergence time in each chunk.


Extended Data Fig. 5 Maintenance mechanisms of present migration routes.
a, Route cluster analysis on the basis of Hd. b, Ï‡2 testing results of climate zones between adjacent migration routes at the whole-route level. c, Schematic of environment comparisons between neighbouring geographical bands. Each route was divided into geographical bands parallel to the main migration direction. Grids at regular intervals were chosen from neighbouring bands for comparison. d, Environmental boundaries coinciding with migration route boundaries. The Eurasian continent was divided into geographical bands (at 2Â° longitude). The PÂ values of paired t-tests between compared bands are shown, and the dashed line equals 0.05 (top). The bar is scaled to the number of spaces between two targeted bands in a paired comparison. The MCPs (90%) of five migration routes are shaded (bottom). Arrows point to the coincidence between environmental and migration route boundaries. Distinct environment difference within the Popigai route may result from the inclusion of large â€˜barrier islandsâ€™ of unsuitable region in the comparison. e, Illustration of the model simulating the least-cost migration path. For a typical migration route, we simulated the potential migration path (dashed lines) along which a peregrine departs from its actual breeding site (for example, B1 in route 1) and flies along a least-cost path, but then winters in a wintering site of the neighbouring route (for example, W2 in route 2). B1, B2 and B3 denotes breeding areas; W1, W2 and W3 denote wintering areas. Solid lines are the actual tracked migration path. f, Comparison of migration costs between within-route and across-route paths (PÂ =Â 0.01, tÂ =Â âˆ’2.58, degrees of freedomÂ =Â 101.68). Significance was calculated using a two-sided t-test (nÂ =Â 45 and 64 for within- and cross-route, respectively). In the box plots, the centre line represents the median, whiskers represent maximum and minimum values, and box boundaries represent 75th and 25th percentiles.


Extended Data Fig. 6 Differences in breeding and wintering areas between present and future (2070).
Predicted changes in breeding (top) and wintering (bottom) area under the RCPÂ 8.5 scenario (left), and zoomed-in Kola and Europe (right).
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