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A qualitative assessment of limits of active flight in low density atmospheres 
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S1. Limits of active flight for animals on Earth

	Higher Clade of Animal Kingdom
	Order
	Maximum Highest Altitude Observed (km) / source
	Longest Continuous Travel Distance (km)5 / source
	Maximal Speed (km/h) / source
	Approximated atmospheric density (kg/m3)

	Insects (Insecta)
	Mayflies (Ephemenoptera)
	5.0 (Ephemera vulgata)
	
	(351)1 (Ephemera vulgata)
	[1]
	(15)1 (Ephemera vulgata)
	[1]
	0.736

	
	Dragonflies and Damselflies (Odonata)
	2.5 (Pantala flavescens); 3.7 (Aeshna sp.)
	[2,3]
	35004 (Pantala flavescens)
	[2,4]
	54 (98) (Austrophlebia costalis)
	[5,6]
	0.969

	
	Moths and Butterflies (Lepidoptera)
	1.2 (Autographa gamma); 1.0 (Ascia monusle); 5.2 (Vanessa cardui); 5.5 (Aglais cashmerensis)
	[7]
	700 (Autographa gamma); 400 (Helicoverpa zea); 2400 (4800) (Danaus plexippus);
	[7–10]
	48 (96) (Autographa gamma); 28 (Helicoverpa zea); 113 (Agrotis ipsilon)
	[8–11]
	1.096
1.117
0.713
0.690

	
	Ladybirds (Coleoptera)
	1.1 (Coccinella septempunctata)
	[12]
	119 (Coccinella septempunctata)
	[12]
	60 (Coccinella septempunctata)
	[12]
	1.099

	
	Stoneflies (Plecoptera)
	5.0
	
	
	
	
	
	0.736

	
	Locusts (Locusta migratoria danica)
	4.5; 2.1 (Locusta migratoria danica)
	[3,7]
	130 (Locusta migratoria danica); 150 (Schistocerca gregaria)
	[13]
	20 (Locusta migratoria danica); 33 (Schistocerca gregaria)
	[10]
	0.777
0.996


	
	True bugs (Hemiptera)
	5.0
	
	4006 (Alcaeorrhynchus grandis)
	[14]
	
	
	0.736

	
	Caddisflies (Trichoptera)
	5.0
	
	
	
	
	
	0.736

	
	Flies (Diptera)
	6.0
	
	100 (Hybomitra sp.); 50 (Aedes sp.); 48 (Drosophila sp.)
	[6]
	(145)2 (Hybomitra hinei wright)
	[15,16]
	0.660

	
	Hymenopterans (Hymenoptera) 
	9.03 (Bombus impetuosus)
	[17,18]
	46 (Apis mellifera)
	[6]
	
	
	0.466

	Birds
	Accipitriformes
	11.3 (Gyps rueppellii); 7.3 (Gypaetus barbatus)
	[19]
	150 (Gyps rueppellii)
	[20]
	35 (Gyps rueppellii); 129 (Aquila chrysaetos)
	[20,21]
	0.356
0.561

	
	Procellariiformes
	
	
	1000 (Thalassarche chrysostoma); 160007 (Diomedea exulans)
	[22,23]
	127 (Thalassarche chrysostoma)
	[22]
	

	
	Apodiformes
	3.0 (Apus apus)
	[24]
	5000 (Tachymarptis melba); 100008 (Apus apus)
	[25,26]
	112 (Apus apus)
	
	0.909

	
	Gruiformes
	10.0 (Grus grus)
	[27]
	480 (800) (Grus grus)
	[28,29]
	56 (Grus grus)
	[28,29]
	0.413

	
	Anseriformes
	8.8 (Anser indicus); 8.2 (Cygnus cygnus)
	[27,30–32]
	1600 (Anser indicus)
	[30]
	80 (160) (Anser indicus)
	[30]
	0.478
0.513

	
	Passeriformes 
	8.0 (Pyrrhocorax graculus)
	[30]
	
	
	
	
	0.522

	
	Cathartiformes
	6.5 (Vultur gryphus)
	[33]
	
	
	
	
	0.613

	
	Common cuckoo (Cuculus canorus)
	6.4
	
	
	
	48
	
	0.631

	
	Mallard (Anas platyrhynchos)
	6.4
	[30,31]
	
	
	
	
	0.631

	
	Charadriiformes 
	6.0 (Limosa lapponica)
	[30,34]
	
	
	
	
	0.660

	
	Falconiformes
	
	
	
	
	110 (Falco peregrinus); 145 (Falco rusticolus); 
	
	 

	
	Ciconiiformes 
	4.8 (Ciconia Ciconia)
	[34]
	
	
	
	
	0.756

	Mammals
	Chiroptera 
	3.1 (Tadarida brasiliensis); 2.5 (Lasiurus cinereus); 1.5 (Pteropus poliocephalus)
	[35–39]
	
	
	25 (Eptesicus fuscus); 160 (Tadarida brasiliensis)
	[40,41]
	0.912
0.957
1.058

	Reptiles
	Pterosauria
	(4.5) (Quetzalcoatlus northropi)
	[42]
	
	
	(128) (Quetzalcoatlus northropi)
	[42]
	0.786

	Fish
	Characiformes
	0.001 (Gasteropelecidae)
	[43]
	0.006 (Gasteropelecidae)
	[43]
	
	
	1.225


Table S1. Animal Limits of Active Flight on Earth. Values in brackets ( ) are less reliable, or with a tail wind.  1 Theoretical maximal speed extrapolated based on modeling. 2 Interpolation of maximal speed based on slow-motion cinematography [16] 3 Extrapolated from laboratory experiments. 4 The maximum long-distance travel of Pantala flavescens is estimated to be 18000 km [44], however the likely documented continuous travel distance (e.g. from India to Somalia) is 3500 km [2]. 5 Note that it is very difficult to estimate the maximal travel distance of animals, especially insects. Some authors suggest that the maximum range of any insect, that is unable to feed while flying, is 1000 km [6]. The value of 1000 km proposed by [6] is in contrast to several migration studies that suggest that e.g. Monarch butterfly (Danaus plexippus) or other butterflies have ranges of many thousands of kilometers [7], although it is unclear how many times they stop during the migration. It is known that the Monarch butterfly can fly continuously for 117 hours without feeding [7]. 6 Minimal range, likely much larger than 400 km. 7 If dynamic soaring is involved in sustained non-flapping flight. 8 Likely an unlimited distance. It is likely that common swifts (Apus apus) have no limit to flight distance. It is very likely that they can perform most of their physiological functions while inflight, even sleeping like in the case of Great Frigatebird [24].

Supplementary Dataset S1:

Supplementary Dataset S1 contains the following video files recorded from the stereo camera no.1: 

1) flies_2_N2_gstream1.mp4 - video showing the experiment with flushing with N2 (first repetition).
2) flies_2_N2_2_gstream1_1.mp4 - video showing the experiment with flushing with N2 (second repetition).
3) flies_2_N2_3_gstream1_1.mp4 - video showing the experiment with flushing with N2 (third repetition).
4) flies_1__He_gstream1_1.mp4 - video showing the experiment with flushing with He (first repetition).
5) flies_2_He_2_gstream1_1.mp4 - video showing the experiment with flushing with He (second repetition).
6) flies_2_He_3_gstream1_1.mp4 - video showing the experiment with flushing with He (third repetition).

All six original video files are available for download from Zenodo at https://zenodo.org/records/11060392.
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