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Supplementary material



Appendix 1. The spatial and temporal scales in aero-ecological studies.  

Table A1. A short non-comprehensive list of recent and typical aeroecological studies and their spatial 

and temporal scales. In spatial scales, ‘local’ is up to 10 km, ‘regional’ tens to a few hundreds of km, 

and ‘continental’ several hundreds to thousands of km. Colour shadings indicate the taxon primarily 

studied, with green shades – insects, blue shades – birds, orange shades – bats, intermediate colours 

indicate studies that cover more than one taxon.  

 

Study/ publication with 

reference 

Spatial scale Temporal scale 

 Local Regional Continental Days, 

weeks 

Months Years 

Drake and Reynolds (2012) X X  X   

Chapman and co-authors. 

publications using the long data 

series from UK’s automated 

Vertical-looking Radars, e.g. Hu 

et al. (2016a, b), Reynolds et al. 

(2010), Chapman et al. (2012) 

 X    X 

Feng and co-authors. Scanning 

radar case studies, mainly of 

pests in China, e.g. Feng et al. 

(2006), Feng et al. (2009) 

 X   X  

Drake and co-authors, several 

publications using the Australian 

automated vertical-looking 

radars, e.g. Drake and Wang 

(2013), Hao et al. (2017) 

 X   X X 

Wainwright et al. (2017) X    X  

Rennie (2014), Leskinen et al. 

(2011) 
 X  X X  

Boulanger et al. (2017)  X  X   

Chapman et al. (2016), Chapman 

et al. (2015), Alerstam et al. 

(2011) 

X X   X X 

Bäckman and Alerstam (2001), 

Van Doren et al. (2017), Bruderer 

and Liechti (1995, 1998), Liechti 

and Schaller (1999), Mateos-

X   X   



Rodríguez and Liechti (2012), 

Schmidt et al. (2017) 

Malmiga et al. (2014), Dokter et 

al. (2013a), Dokter et al. (2013c), 

Gerringer et al. (2016), 

Schmaljohann et al. (2007) 

X    X  

Ronconi and Cassady (2006) X   X X  

Plonczkier and Simms (2012) X   X X X 

Nilsson et al. (2014b), Sjöberg 

and Nilsson (2015), Nilsson and 

Sjöberg (2016), Fijn et al. (2015), 

Nilsson et al. (2015), Nilsson et 

al. (2014a), Kemp et al. (2013), 

Wainwright et al. (2016) 

X    X X 

Nilsson et al. (2018) X X  X   

Dokter et al. (2011) X X   X  

Karlsson et al. (2011), Karlsson 

et al. (2012), Alerstam et al. 

(2011), Karlsson et al. (2010) 

X X   X X 

Shamoun-Baranes et al. (2016), 

Van Gasteren et al. (2008) 
 X  X   

Van Belle et al. (2007)  X  X X X 

Alerstam and Gudmundsson 

(1999), Alerstam (1975), 

McLaren et al. (2012) 

 X   X  

Van Belle et al. (2007), Kemp et 

al. (2013), Horton et al. (2016c), 

Horton et al. (2016a), Kemp et al. 

(2010), Shamoun-Baranes and 

van Gasteren (2011), Dokter et 

al. (2013b), Horton et al. (2016b) 

 X   X X 

Nilsson et al. (2019), European-

wide patterns of avian migration 

from weather radar data.  

  X X   

Kelly et al. (2016)   X  X  

       



Frick et al. (2012), Stepanian and 

Wainwright (2018) 
  X   X 

       

 

References 

Alerstam, T. 2008. Crane Grus grus migration over sea and land. - Ibis. 117: 489–495. 

Alerstam, T. and Gudmundsson, G. A. 1999. Migration patterns of tundra birds: Tracking radar 

observations along the Northeast Passage. - Arctic 52: 346–371. 

Alerstam, T. et al. 2011. Convergent patterns of long-distance nocturnal migration in noctuid moths 

and passerine birds. - Proc. R. Soc. B Biol. Sci. 278: 3074–3080. 

Bäckman, J. and Alerstam, T. 2001. Confronting the winds: orientation and flight behaviour of 

roosting swifts, Apus apus. - Proceedings. Biol. Sci. 268: 1081–7. 

Boulanger, Y. et al. 2017. The use of weather surveillance radar and high-resolution three dimensional 

weather data to monitor a spruce budworm mass exodus flight. - Agric. For. Meteorol. 234–235: 

127–135. 

Bruderer, B. and Liechti, F. 1995. Variation in density and height distribution of nocturnal migration 

in the South of Israel. - Isr. J. Zool. 41: 477–487. 

Bruderer, B. and Liechti, F. 1998. Flight Behaviour of Nocturnally Migrating Birds in Coastal Areas: 

Crossing or Coasting. - J. Avian Biol. 29: 499. 

Chapman, J. W. et al. 2012. Seasonal migration to high latitudes results in major reproductive benefits 

in an insect. - Proc. Natl. Acad. Sci. U. S. A. 109: 14924–14929. 

Chapman, J. W. et al. 2015. Detection of flow direction in high-flying insect and songbird migrants. - 

Curr. Biol. 25: R751–R752. 

Chapman, J. W. et al. 2016. Adaptive strategies in nocturnally migrating insects and songbirds: 

contrasting responses to wind. - J. Anim. Ecol. 85: 115–124. 

Dokter, A. M. et al. 2011. Bird migration flight altitudes studied by a network of operational weather 

radars. - J. R. Soc. Interface 8: 30–43. 

Dokter, A. M. et al. 2013a. Twilight ascents by common swifts, Apus apus, at dawn and dusk: 

acquisition of orientation cues? - Anim. Behav. 85: 545–552. 

Dokter, A. M. et al. 2013b. High Altitude Bird Migration at Temperate Latitudes: A Synoptic 



Perspective on Wind Assistance. - PLoS One 8: 1–8. 

Dokter, A. M. et al. 2013c. Bird Radar Validation in the Field by Time-Referencing Line-Transect 

Surveys. - PLoS One 8: e74129. 

Drake, V. A. and Reynolds, D. R. 2012. Radar entomology: observing insect flight and migration. - 

CABI. 

Drake, V. A. and Wang, H. 2013. Recognition and characterization of migratory movements of 

Australian plague locusts, Chortoicetes terminifera, with an insect monitoring radar. - J. Appl. 

Remote Sens. 7: 075095. 

Feng, H. et al. 2009. Seasonal migration of Helicoverpa armigera (Lepidoptera: Noctuidae) over the 

Bohai Sea. - J. Econ. Entomol. 102: 95–104. 

Feng, H.-Q. et al. 2006. Nocturnal migration of dragonflies over the Bohai Sea in northern China. - 

Ecol. Entomol. 31: 511–520. 

Fijn, R. C. et al. 2015. Bird movements at rotor heights measured continuously with vertical radar at a 

Dutch offshore wind farm. - Ibis. 157: 558–566. 

Frick, W. F. et al. 2012. Climate and weather impact timing of emergence of bats. - PLoS One 7: 1–8. 

Gerringer, M. B. et al. 2016. Evaluation of an avian radar system in a midwestern landscape. - Wildl. 

Soc. Bull. 40: 150–159. 

Hao, Z. et al. 2017. Locust displacing winds in eastern Australia reassessed with observations from an 

insect monitoring radar. - Int. J. Biometeorol. 61: 2073–2084. 

Horton, K. G. et al. 2016a. Nocturnally migrating songbirds drift when they can and compensate when 

they must. - Sci. Rep. 6: 21249. 

Horton, K. G. et al. 2016b. Seasonal differences in landbird migration strategies. - Auk 133: 761–769. 

Horton, K. G. et al. 2016c. Where in the air ? Aerial habitat use of nocturnally migrating birds. - Biol. 

Lett. 12: 20160591. 

Hu, G. et al. 2016a. Wind-Related Orientation Patterns in Diurnal, Crepuscular and Nocturnal High-

Altitude Insect Migrants. - Front. Behav. Neurosci. 10: 32. 

Hu, G. et al. 2016b. Mass seasonal bioflows of high-flying insect migrants. - Science (80-. ). 354: 

1584–1587. 

Karlsson, H. et al. 2010. Exaggerated orientation scatter of nocturnal passerine migrants close to 

breeding grounds: comparisons between seasons and latitudes. - Behav. Ecol. Sociobiol. 64: 



2021–2031. 

Karlsson, H. et al. 2012. Nocturnal passerine migrants fly faster in spring than in autumn: a test of the 

time minimization hypothesis. - Anim. Behav. 83: 87–93. 

Karlsson, H. et al. 2011. Nocturnal passerine migration without tailwind assistance. - Ibis. 153: 485–

493. 

Kelly, J. F. et al. 2016. Novel measures of continental-scale avian migration phenology related to 

proximate environmental cues. - Ecosphere 7: e01434. 

Kemp, M. U. et al. 2010. Can wind help explain seasonal differences in avian migration speed? - J. 

Avian Biol. 41: 672–677. 

Kemp, M. U. et al. 2013. The influence of weather on the flight altitude of nocturnal migrants in mid-

latitudes. - Ibis. 155: 734–749. 

Leskinen, M. et al. 2011. Pest insect immigration warning by an atmospheric dispersion model, 

weather radars and traps. - J. Appl. Entomol. 135: 55–67. 

Liechti, F. and Schaller, E. 1999. The Use of Low-Level Jets by Migrating Birds. - 

Naturwissenschaften 86: 549–551. 

Malmiga, G. et al. 2014. Interspecific comparison of the flight performance between sparrowhawks 

and common buzzards migrating at the Falsterbo peninsula: A radar study. - Curr. Zool. 60: 670–

679. 

Mateos-Rodríguez, M. and Liechti, F. 2012. How do diurnal long-distance migrants select flight 

altitude in relation to wind? - Behav. Ecol. 23: 403–409. 

McLaren, J. D. et al. 2012. Wind selectivity and partial compensation for wind drift among 

nocturnally migrating passerines. - Behav. Ecol. 23: 1089–1101. 

Nilsson, C. and Sjöberg, S. 2016. Causes and characteristics of reverse bird migration: an analysis 

based on radar, radio tracking and ringing at Falsterbo, Sweden. - J. Avian Biol. 47: 354–362. 

Nilsson, C. et al. 2014a. Are flight paths of nocturnal songbird migrants influenced by local coastlines 

at a peninsula? - Curr. Zool. 60: 660–669. 

Nilsson, C. et al. 2014b. Seasonal modulation of flight speed among nocturnal passerine migrants: 

differences between short- and long-distance migrants. - Behav. Ecol. Sociobiol. 68: 1799–1807. 

Nilsson, C. et al. 2015. Timing of nocturnal passerine migration in Arctic light conditions. - Polar 

Biol. 38: 1453–1459. 



Nilsson, C. et al. 2019. Revealing patterns of nocturnal migration using the European weather radar 

network. – Ecography, in press. 

Nilsson, C. et al. 2018. Field validation of radar systems for monitoring bird migration (G 

Siriwardena, Ed.). - J. Appl. Ecol. in press. 

Plonczkier, P. and Simms, I. C. 2012. Radar monitoring of migrating pink-footed geese: behavioural 

responses to offshore wind farm development. - J. Appl. Ecol. 49: 1187–1194. 

Rennie, S. J. 2014. Common orientation and layering of migrating insects in southeastern Australia 

observed with a Doppler weather radar. - Meteorol. Appl. 21: 218–229. 

Reynolds, A. M. et al. 2010. A single wind-mediated mechanism explains high-altitude “non-goal 

oriented” headings and layering of nocturnally migrating insects. - Proceedings. Biol. Sci. 277: 

765–72. 

Ronconi, R. A. and Cassady, S. C. C. 2006. Efficacy of a radar-activated on-demand system for 

deterring waterfowl from oil sands tailings ponds. - J. Appl. Ecol. 43: 111–119. 

Schmaljohann, H. et al. 2007. Songbird migration across the Sahara: the non-stop hypothesis rejected! 

- Proceedings. Biol. Sci. 274: 735–9. 

Schmidt, M. et al. 2017. Comparison of visual bird migration counts with radar estimates. - Ibis. 159: 

491–497. 

Shamoun-Baranes, J. and van Gasteren, H. 2011. Atmospheric conditions facilitate mass migration 

events across the North Sea. - Anim. Behav. 81: 691–704. 

Shamoun-Baranes, J. et al. 2016. Innovative Visualizations Shed Light on Avian Nocturnal Migration. 

- PLoS One 11: e0160106. 

Sjöberg, S. and Nilsson, C. 2015. Nocturnal migratory songbirds adjust their travelling direction aloft: 

evidence from a radiotelemetry and radar study. - Biol. Lett. 11: 20150337. 

Stepanian, P. M. and Wainwright, C. E. 2018. Ongoing changes in migration phenology and winter 

residency at Bracken Bat Cave. - Glob. Chang. Biol. 

Van Belle, J. et al. 2007. An operational model predicting autumn bird migration intensities for flight 

safety. - J. Appl. Ecol. 44: 864–874. 

Van Doren, B. M. et al. 2017. High-intensity urban light installation dramatically alters nocturnal bird 

migration. - Proc. Natl. Acad. Sci. 114: 11175–11180. 

Van Gasteren, H. et al. 2008. Extracting bird migration information from C-band Doppler weather 



radars. - Ibis. 150: 674–686. 

Wainwright, C. E. et al. 2016. The role of the US Great Plains low-level jet in nocturnal migrant 

behavior. - Int. J. Biometeorol. 60: 1531–1542. 

Wainwright, C. E. et al. 2017. The movement of small insects in the convective boundary layer: 

linking patterns to processes. - Sci. Rep. 7: 5438. 

 


