How butterflies keep their cool: physical and ecological traits influence thermoregulatory ability and population trends.
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Figure S1: A map of the field sites used in this study. The bulk of the data came from Bedfordshire in 2009 and 2018, with additional data collected in Cumbria (May-June 2018), Scotland (July 2018) and Wiltshire (August 2018).
Table S1: The number of individual butterflies of each species caught at each site in 2009 and 2018. Note that survey effort differed between locations. The four sites in Bedfordshire were surveyed monthly from April to September in 2009 and from May to September in 2018; Ben Lawers was visited for one day on 10th July 2018; the Cumbrian sites were visited on multiple occasions between 30th May and 29th June 2018; Winterbourne Downs was visited from 2nd – 4th August 2018.
	Common name
	Scientific name
	Bedfordshire
	Scotland
	Cumbria
	Wiltshire
	Total

	
	
	Pegsdon Hills
	Totternhoe Knolls
	Totternhoe Quarry
	Blows Downs
	Ben Lawers
	Haweswater
	Irton Fell
	Winterbourne Downs
	

	
	
	2009
	2018
	2009
	2018
	2009
	2018
	2009
	2018
	2018
	2018
	2018
	2018
	

	Brimstone
	Gonepteryx rhamni
	4
	16
	7
	2
	14
	5
	0
	2
	0
	0
	0
	5
	55

	Brown Argus
	Aricia agestis
	46
	50
	0
	11
	1
	20
	1
	23
	0
	0
	0
	0
	152

	Chalkhill Blue
	Polyommatus coridon
	8
	62
	10
	6
	39
	74
	0
	12
	0
	0
	0
	0
	211

	Comma
	Polygonia c-album
	3
	10
	2
	2
	5
	0
	6
	6
	0
	0
	0
	7
	41

	Common Blue
	Polyommatus icarus
	97
	177
	31
	20
	92
	47
	12
	106
	0
	0
	0
	21
	603

	Dark Green Fritillary
	Argynnis aglaja
	8
	7
	0
	0
	0
	0
	0
	0
	1
	0
	0
	0
	16

	Dingy Skipper
	Erynnis tages
	1
	5
	1
	1
	41
	20
	0
	5
	0
	0
	0
	0
	74

	Duke of Burgundy
	Hamearis lucina
	0
	0
	0
	0
	21
	19
	0
	0
	0
	0
	0
	0
	40

	Essex Skipper
	Thymelicus lineola
	1
	1
	0
	0
	0
	1
	0
	15
	0
	0
	0
	0
	18

	Gatekeeper
	Pyronia tithonus
	11
	27
	12
	5
	22
	24
	10
	30
	0
	0
	0
	0
	141

	Green-veined White
	Pieris napi
	8
	19
	8
	8
	18
	29
	11
	27
	0
	0
	0
	11
	139

	Holly Blue
	Celastrina argiolus
	0
	0
	0
	0
	1
	2
	0
	15
	0
	0
	0
	2
	20

	Large Skipper
	Ochlodes sylvanus
	20
	22
	24
	7
	31
	5
	12
	17
	0
	0
	0
	0
	138

	Large White
	Pieris brassicae
	8
	18
	4
	5
	11
	2
	3
	20
	0
	0
	0
	10
	81

	Marbled White
	Melanargia galathea
	25
	29
	17
	5
	28
	21
	44
	25
	0
	0
	0
	0
	194

	Meadow Brown
	Maniola jurtina
	57
	108
	14
	18
	26
	36
	23
	55
	0
	0
	0
	22
	359

	Mountain Ringlet
	Erebia epiphron
	0
	0
	0
	0
	0
	0
	0
	0
	10
	75
	107
	0
	192

	Orange-tip
	Anthocharis cardamines
	0
	1
	1
	4
	3
	6
	0
	4
	0
	0
	0
	0
	19

	Painted Lady
	Vanessa cardui
	9
	2
	4
	0
	10
	0
	1
	8
	0
	0
	0
	0
	34

	Peacock
	Aglais io
	4
	5
	0
	0
	5
	2
	0
	0
	0
	0
	0
	0
	16

	Red Admiral
	Vanessa atalanta
	1
	0
	0
	2
	1
	0
	0
	2
	0
	0
	0
	4
	10

	Ringlet
	Aphantopus hyperantus
	36
	22
	59
	12
	60
	27
	52
	26
	0
	0
	0
	0
	294

	Small Blue
	Cupido minimus
	5
	0
	0
	0
	79
	9
	26
	0
	0
	0
	0
	7
	126

	Small Copper
	Lycaena phlaeas
	0
	24
	0
	0
	1
	0
	0
	15
	0
	0
	0
	0
	40

	Small Heath
	Coenonympha pamphilus
	68
	108
	14
	6
	11
	31
	0
	1
	5
	0
	0
	0
	244

	Small Skipper
	Thymelicus sylvestris
	19
	21
	8
	3
	11
	16
	24
	40
	0
	0
	0
	0
	142

	Small Tortoiseshell
	Aglais urticae
	6
	4
	0
	0
	4
	1
	6
	12
	0
	0
	0
	0
	33

	Small White
	Pieris rapae
	22
	55
	5
	2
	25
	28
	6
	46
	0
	0
	0
	13
	202

	Speckled Wood
	Pararge aegeria
	25
	19
	13
	27
	20
	10
	25
	23
	0
	0
	0
	1
	163

	Total butterflies:
	3797





Table S2: Species’ traits used for modelling, alongside species’ overall buffering ability (calculated as [1 – regression estimate of thoracic temperature on air temperature]) for 29 species of butterfly for which at least ten measurements of thoracic temperature were collected, and the difference in magnitude of species’ mean behavioural thermoregulation (thoracic temperature minus air temperature one centimetre above the perch) and mean microclimate selection (air temperature one centimetre above the perch minus air temperature at waist height) for the 16 species from which at least ten measurements of perch temperatures were collected. 1 From Asher et al. (2001); 2 From Brereton et al. (2018); 3 From Mason et al. (2015); 4 From Eeles (2020).
	Common name
	Scientific
name
	Family
	Habitat association1
	Years in long-term UK trend2
	Long-term UK trend2
	Short-term (2008-2017) UK trend2
	Northern range margin change / km (1966/75–2001/10)3
	Mean wingspan (mm)4
	Dominant wing colour
	Colour category
	Regression slope estimate ± one standard error
	Overall buffering ability
	Difference (behavioural thermoregulation minus microclimate selection)

	Dingy Skipper
	Erynnis tages
	Hesperiidae
	Specialist
	42
	-23
	22
	125
	30.5
	Brown
	5
	0.873 ± 0.130 
	0.127
	-

	Essex Skipper
	Thymelicus lineola
	Hesperiidae
	Generalist
	41
	-90
	57
	78
	28
	Orange
	3
	0.649 ± 0.165
	0.351
	-

	Small Skipper
	Thymelicus sylvestris
	Hesperiidae
	Generalist
	42
	-75
	68
	157
	30.5
	Orange
	3
	0.861 ± 0.071
	0.139
	4.567 ± 0.811

	Large Skipper
	Ochlodes sylvanus
	Hesperiidae
	Generalist
	42
	-26
	14
	74
	32.5
	Orange-Brown
	4
	0.541 ± 0.097
	0.459
	7.186 ± 1.251

	Orange-tip
	Anthocharis cardamines
	Pieridae
	Generalist
	42
	15
	43
	87
	46
	White-Orange
	2
	0.283 ± 0.403
	0.717
	-

	Large White
	Pieris brassicae
	Pieridae
	Generalist
	42
	-38
	-42
	-
	60.5
	White
	1
	0.562 ± 0.056
	0.438
	2.250 ± 0.920

	Small White
	Pieris rapae
	Pieridae
	Generalist
	42
	-31
	-21
	-
	47.5
	White
	1
	0.623 ± 0.054
	0.377
	2.196 ± 0.893

	Green-veined White
	Pieris napi
	Pieridae
	Generalist
	42
	-17
	-25
	-
	46
	White
	1
	0.731 ± 0.053
	0.269
	3.111 ± 0.971

	Brimstone
	Gonepteryx rhamni
	Pieridae
	Generalist
	42
	11
	88
	78
	67
	Yellow
	2
	0.499 ± 0.102
	0.501
	-

	Speckled Wood
	Pararge aegeria
	Nymphalidae
	Generalist
	42
	62
	-23
	-
	51
	Brown
	5
	0.812 ± 0.060
	0.188
	-

	Small Heath
	Coenonympha pamphilus
	Nymphalidae
	Generalist
	42
	-58
	-5
	-
	35
	Orange
	3
	0.874 ± 0.047
	0.126
	1.314 ± 0.743

	Mountain Ringlet
	Erebia epiphron
	Nymphalidae
	Specialist
	-
	-
	-
	-
	37
	Brown
	5
	1.041 ± 0.104
	-0.041
	4.322 ± 0.976

	Ringlet
	Aphantopus hyperantus
	Nymphalidae
	Generalist
	42
	299
	29
	136
	47
	Brown
	5
	0.795 ± 0.051
	0.205
	4.785 ± 1.066

	Meadow Brown
	Maniola jurtina
	Nymphalidae
	Generalist
	42
	-3
	26
	-
	50
	Brown
	5
	0.778 ± 0.046
	0.222
	2.199 ± 0.444

	Gatekeeper
	Pyronia tithonus
	Nymphalidae
	Generalist
	42
	-44
	-2
	63
	42.5
	Orange-Brown
	4
	0.897 ± 0.056
	0.103
	3.260 ± 1.175

	Marbled White
	Melanargia galathea
	Nymphalidae
	Generalist
	42
	50
	147
	172
	55.5
	White-Black
	3.5
	0.896 ± 0.049
	0.104
	1.918 ± 0.857

	Dark Green Fritillary
	Argynnis aglaja
	Nymphalidae
	Specialist
	42
	160
	-12
	-
	63
	Orange-Brown
	4
	0.884 ± 0.352
	0.116
	-

	Red Admiral
	Vanessa atalanta
	Nymphalidae
	Migrant
	42
	242
	106
	-
	71
	Black
	6
	0.612 ± 0.245
	0.388
	-

	Painted Lady
	Vanessa cardui
	Nymphalidae
	Migrant
	42
	56
	-33
	-
	66
	Orange-Black
	4
	0.843 ± 0.083
	0.157
	-

	Peacock
	Aglais io
	Nymphalidae
	Generalist
	42
	4
	-7
	154
	69
	Red
	4
	0.455 ± 0.188
	0.545
	-

	Small Tortoiseshell
	Aglais urticae
	Nymphalidae
	Generalist
	42
	-75
	84
	-
	53.5
	Orange-Brown
	4
	0.688 ± 0.125
	0.312
	-

	Comma
	Polygonia c-album
	Nymphalidae
	Generalist
	42
	129
	-14
	399
	57
	Orange-Brown
	4
	0.852 ± 0.128
	0.148
	3.830 ± 0.670

	Duke of Burgundy
	Hamearis lucina
	Riodinidae
	Specialist
	39
	-40
	11
	50
	31.5
	Orange-Brown
	4
	1.404 ± 0.257
	-0.404
	-

	Small Copper
	Lycaena phlaeas
	Lycaenidae
	Generalist
	42
	-46
	-44
	-
	31
	Orange-Brown
	4
	0.884 ± 0.047
	0.116
	1.224 ± 1.100

	Small Blue
	Cupido minimus
	Lycaenidae
	Specialist
	40
	-18
	-18
	-
	22.5
	Brown
	5
	0.810 ± 0.055
	0.19
	-

	Holly Blue
	Celastrina argiolus
	Lycaenidae
	Generalist
	42
	29
	30
	111
	30
	Blue
	3
	0.658 ± 0.061
	0.342
	-

	Brown Argus
	Aricia agestis
	Lycaenidae
	Generalist
	42
	-27
	10
	132
	28
	Brown
	5
	0.809 ± 0.039
	0.191
	0.574 ± 0.686

	Common Blue
	Polyommatus icarus
	Lycaenidae
	Generalist
	42
	-24
	-17
	-
	32.5
	Blue / Brown
	4
	0.809 ± 0.025
	0.191
	1.512 ± 0.357

	Chalkhill Blue
	Polyommatus coridon
	Lycaenidae
	Specialist
	42
	-7
	-9
	17
	36.5
	Blue / Brown
	4
	0.779 ± 0.046
	0.221
	2.363 ± 0.383





Table S3: Model fitted to explain differences in buffering ability (the regression of thoracic temperature Tbody on air temperature Tair) between species. Species was fitted as a random coefficient. All terms included in the maximal model structure are shown, together with their contribution to the final model which contained them. Terms retained in the minimal model are shown in bold. “:” represents an interaction between terms. The significance of a two-way interaction between air temperature and another predictor variable in the minimal model indicates that the variable is important in explaining the difference in buffering ability between species. Results are shown for models fitted both with and without the Duke of Burgundy Hamearis lucina, which belongs to a monospecific family in the UK.
	
	With Duke of Burgundy
	Without Duke of Burgundy

	Variable
	χ2
	d.f.
	P
	χ2
	d.f.
	P

	Air temperature
	1852.45
	1
	< 0.001
	2171.64
	1
	< 0.001

	Taxonomic family
	15.98
	4
	0.003
	14.23
	3
	0.003

	Mean wingspan
	0.03
	1
	0.857
	0.11
	1
	0.744

	Wing colour
	0.21
	1
	0.645
	0.20
	1
	0.656

	Habitat specialisation
	14.50
	2
	< 0.001
	14.32
	2
	< 0.001

	Air temperature : Family
	26.11
	4
	< 0.001
	23.43
	3
	< 0.001

	Air temperature : Wingspan
	4.88
	1
	0.027
	5.31
	1
	0.021

	Air temperature : Wing colour
	1.01
	1
	0.314
	0.35
	1
	0.557

	Air temperature : Specialisation
	1.93
	2
	0.381
	1.90
	2
	0.387







Table S4: Models fitted to investigate the impact of overall buffering ability on species’ long-term (39–42-year) and short-term (10-year) population trends (Brereton et al., 2018), and the change in the location of their northern range margin in the UK between 1966-75 and 2001-10 (Mason et al., 2015). All terms included in the maximal model structure are shown, together with their contribution to the final model which contained them. Terms retained in the minimal model are shown in bold. “:” represents an interaction between terms.  
	
	Long-term population trend
	Short-term population trend
	Change in northern range margin

	Variable
	F
	d.f.
	P
	F
	d.f.
	P
	F
	d.f.
	P

	Overall buffering ability
	0.28
	1
	0.602
	0.59
	1
	0.450
	1.11
	1
	0.313

	Taxonomic family
	0.11
	5
	0.989
	1.00
	4
	0.426
	0.62
	4
	0.651

	Habitat specialisation
	1.96
	2
	0.150
	5.11
	2
	0.009
	11.32
	1
	0.002

	Buffering ability : Family
	0.14
	3
	0.938
	0.62
	3
	0.608
	0.12
	3
	0.945



Table S5: Models fitted to investigate the impact of species’ relative ability to use two different mechanisms of thermoregulation (behavioural thermoregulation and microclimate selection, Table S2) on species’ long-term (39–42-year) and short-term (10-year) population trends (Brereton et al., 2018), and the change in the location of their northern range margin in the UK between 1966-75 and 2001-10 (Mason et al., 2015). All terms included in the maximal model structure are shown, together with their contribution to the final model which contained them. Terms retained in the minimal model are shown in bold. “:” represents an interaction between terms.
	
	Long-term population trend
	Short-term population trend
	Change in northern range margin

	Variable
	F
	d.f.
	P
	F
	d.f.
	P
	F
	d.f.
	P

	Difference (behavioural thermoregulation – microhabitat selection)
	10.30
	1
	0.009
	1.35
	1
	0.272
	0.14
	1
	0.726

	Taxonomic family
	4.95
	3
	0.023
	2.35
	3
	0.134
	0.66
	2
	0.567

	Difference : Family
	1.16
	3
	0.389
	0.06
	3
	0.979
	0.13
	2
	0.881
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Fig. S2: The ability of individuals of 16 butterfly species to alter their thoracic temperature by using either microclimate selection, or behavioural thermoregulation (such as altering the angle of their wings relative to the sun). “Microclimate selection” was calculated by subtracting the waist-height, shaded air temperature from the temperature one centimetre above the butterfly’s chosen perch. “Behavioural thermoregulation” was calculated by subtracting temperature one centimetre above the butterfly’s chosen perch from the butterfly’s thoracic temperature.
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