Supplementary Material 


Leihy, R. I., & S. L. Chown. Wind plays a major but not exclusive role in the prevalence of insect flight loss on remote islands. Proceedings of the Royal Society B, doi: 10.1098/rspb. 2020.2121.

 


19

Table S1. Bootstrap model selection results for quasi-binomial generalized linear models of the relationships between the number of indigenous flightless and flying insect species per island across the Southern Ocean and Arctic islands, as a dependent variable, and a set of environmental variables (see electronic supplementary material, Methods). Akaike's Information Criterion statistics for overdispersed count data (QAIC) and the frequency for which each of these ten candidate sub-models was the best fitting model for 999 nonparametric bootstrap samples of the dataset. The most frequently best fitting model (model 1) was chosen as the most parsimonious model.  
	Model
	Explanatory variables
	QAIC
	Frequency

	1
	mean wind speed + thermal seasonality + mean summer LST 
	41.66
	291

	2
	mean summer LST + mean wind speed + thermal seasonality 
	41.66
	182

	3
	mean wind speed + mean summer LST + thermal seasonality
	41.66
	173

	4
	thermal seasonality + mean wind speed + mean summer LST + island age
	42.13
	117

	5
	mean wind speed + mean summer LST + island age + thermal seasonality
	42.13
	63

	6
	mean wind speed + island age + mean summer LST + thermal seasonality 
	42.13
	48

	7
	mean wind speed + thermal seasonality + mean summer LST + island age
	42.13
	38

	8
	mean wind speed + mean summer LST + thermal seasonality + island age 
	42.13
	33

	9
	mean wind speed + island age + thermal seasonality + mean summer LST
	42.13
	30

	10
	mean wind speed + thermal seasonality + island age + mean summer LST
	42.13
	24











Table S2. Quasi-binomial generalized linear model outcomes for the relationships between the number of flightless and flying insect species per island across Southern Ocean and Arctic islands, as a response variable, and mean wind speed. Models included all of the Southern Ocean and Arctic islands with flight data (n= 32), and those islands for which high-resolution land surface temperature data were available (n= 24). Because of the exclusion of temperature predictors, there is a significant spatial signal in the residuals of these models (all islands: Moran’s I= 0.46; P= 0.016; islands with temperature data: I= 0.59; P= 0.007).
	Model
	Predictor
	df
	Pseudo r2
	Model Coeff.
	SE
	t
	P

	All islands
	Mean wind speed
	31
	0.56
	0.75
	0.14
	5.49
	<0.001

	Islands with 
temperature data
	Mean wind speed
	23
	0.59
	0.72
	0.14
	5.01
	<0.001




Table S3. Quasi-binomial generalized linear model (logit link functions) outcomes for the relationships between the number of flightless and flying insect species from each of the five most species-rich insect Orders per island across the Southern Ocean and Arctic islands, and mean wind speed and thermal seasonality; P < 0.05*
	Taxa
	df
	Pseudo r2
	Predictors
	Model Coefficient
	SE
	t
	P
	 

	Diptera
	23
	0.65
	Mean wind speed
	1.35
	0.35
	3.90
	<0.001
	*

	
	
	
	Thermal seasonality
	0.11
	0.08
	1.41
	0.173
	

	
	
	
	
	
	
	
	
	

	Coleoptera
	22
	0.62
	Mean wind speed
	1.39
	0.48
	2.88
	0.009
	*

	
	
	
	Thermal seasonality
	0.10
	0.09
	1.12
	0.278
	

	 
	 
	
	 
	
	
	
	
	 

	Lepidoptera
	21
	0.42
	Mean wind speed
	1.50
	0.61
	2.48
	0.023
	*

	
	
	
	Thermal seasonality
	0.16
	0.16
	1.00
	0.331
	

	 
	 
	
	 
	
	
	
	
	 

	Hymenoptera
	15
	0.78
	Mean wind speed
	1.87
	0.80
	2.35
	0.036
	*

	
	
	
	Thermal seasonality
	0.12
	0.21
	0.56
	0.585
	

	
	
	
	
	
	
	
	
	

	Hemiptera
	12
	0.32
	Mean wind speed
	0.74
	0.76
	0.97
	0.356
	

	
	
	
	Thermal seasonality
	-0.01
	0.20
	-0.08
	0.941
	

	
	
	
	
	
	
	
	
	




Table S4. Negative binomial generalized linear mixed effect model (†) outcomes testing the effect of genus flight-capability (all species flying, flightless, or both flying and flightless) on the number of species per genus in indigenous Southern Ocean Island insect genera, with Family and Order as nested random effects to account for a phylogenetic signal in species richness (θ = 8.32; logLikelihood = -598.9). 
	Effects
	Predictors
	Model Coeff.
	SE
	z
	P

	Fixed
	Flightless
	0.06
	0.11
	0.51
	0.609

	
	Both
	0.86
	0.14
	6.02
	< 0.001

	
	
	Variance
	SD
	n
	

	Random
	Family:Order
	0.02
	0.14
	105
	

	
	Order
	0.01
	0.10
	13
	


† Model structure: generic richness ~ flight-capability + (1 | Order/Family)

Table S5. Estimated number of independent transitions to flightlessness per Order. Number of Families represented by at least one indigenous species across the Southern Ocean Islands (SOI) comprised of only flying SOI species, flightless SOI species, or Families represented by both flying and flightless SOI species. Families with a least one flightless SOI species were considered here to represent, at a minimum, a single evolutionary transition of flightlessness.
	Order
	Flying
	Flightless
	Both
	No. transitions

	Coleoptera
	1
	12
	6
	18

	Diptera
	21
	1
	13
	14

	Lepidoptera
	8
	1
	10
	11

	Hymenoptera
	3
	2
	3
	5

	Hemiptera
	3
	2
	2
	4

	Orthoptera
	0
	3
	0
	3

	Psocoptera
	2
	2
	1
	3

	Blattodea
	0
	1
	0
	1

	Plecoptera
	0
	0
	1
	1

	Thysanoptera
	1
	0
	1
	1

	Trichoptera
	2
	0
	1
	1

	Ephemeroptera
	1
	0
	0
	0

	Neuroptera
	1
	0
	0
	0

	
	
	
	
	

	Total
	43
	24
	38
	62




Table S6. Model selection results for quasi-binomial generalized linear models of the relationships between the number of indigenous flightless and flying insect species per island across the Southern Ocean and Arctic islands, as a dependent variable, and mean wind speed, 
thermal seasonality, and mean summer land surface temperature (LST). Models ranked by QAIC (variance inflation factor = 4.728).
	Model
	Intercept
	Summer LST
	Wind speed
	Seasonality
	df
	logLik
	QAIC
	delta
	weight

	1
	-18.36
	0.22
	1.53
	0.21
	4
	-88.13
	47.30
	0.00
	0.99

	2
	-8.13
	0.10
	0.74
	-
	3
	-113.62
	56.10
	8.78
	0.01

	3
	-7.17
	-
	0.72
	-
	2
	-127.12
	59.80
	12.49
	0.00

	4
	-9.64
	-
	0.92
	0.06
	3
	-123.94
	60.40
	13.15
	0.00

	5
	1.01
	-
	-
	-0.14
	2
	-173.50
	79.40
	32.11
	0.00

	6
	0.71
	0.03
	-
	-0.13
	3
	-172.22
	80.80
	33.57
	0.00

	7
	-1.19
	0.12
	-
	-
	2
	-226.40
	101.80
	54.49
	0.00

	8
	-0.42
	-
	-
	-
	1
	-259.45
	113.70
	66.46
	0.00



[image: ]
Figure S1. Proportion of indigenous insects flightless on Southern Ocean and Arctic islands (A). Islands are divided into four bioregions: temperate Southern Ocean (triangles), sub-Antarctic (circles), maritime Antarctic (diamonds) and Arctic (squares) islands. The South Orkney Islands (open diamond) were included in some analyses because, although they have no indigenous insects, one insect species has been introduced. Mean wind speeds calculated as the average decadal 10 m wind speed from October 2007 - September 2017 (ERA Interim 2018; 0.75 resolution). Mean wind speed per latitude (B); points indicate the mean wind speeds of the Southern Ocean and Arctic islands.
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Figure S2. Partial residual plots of quasi-binomial generalized linear models for the relationships between the incidence of flightlessness species in the indigenous Diptera (A), Coleoptera (B), Lepidoptera (C), Hymenoptera (D) and Hemiptera (E) assemblages of the Southern Ocean and Arctic islands, and mean wind speed and thermal seasonality (models: [number flightless species, number of flying species] ~ mean wind speed + thermal seasonality). Significant predictors (P < 0.05) highlighted in blue (see table S3); shading around the regression line indicates its 95% confidence interval.
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Figure S3. Number of indigenous Southern Ocean Island insect species per genus across genera with different flight-capabilities. Groups include genera comprising of only flying species (n= 197), flightless species (n= 153) and genera with both flying and flightless species (n= 26). Boxes indicate median values and interquartile ranges (IQR), whiskers indicate the largest proportion within 1.5 x IQR, points indicate outliers. Most genera are represented by only a single species in the region. Difference between flying and flightless groups non-significant (table S4). 
Supplementary methods

Environmental data
To test the hypothesis that habitat fragmentation, perimeter-to-area ratio and/or isolation select for flight loss by increasing the likelihood of displacement from suitable habitats among flying individuals [1], island area, perimeter-to-surface area ratio and distance from the nearest continent were calculated for each study island. Distances to the nearest continent, excluding Antarctica but including large islands like Tasmania, Madagascar and the Canadian Arctic islands, were calculated using high-resolution spatial shapefiles of continents and large islands in the Southern Ocean and Arctic regions. Shapefiles, sourced from DIVA GIS (http://www.diva-gis.org), were converted into high-resolution (0.00833) spatial grids for each region, where the value of every cell was equal to the distance to the nearest continent, using the ‘raster’ (ver. 2.6-7; [2]) and ‘rgdal’ (ver. 1.3-4; [3]) packages in R [4]. The centroid coordinates of each study island or archipelago were used to extract their distance to the nearest continent, in kilometres. 
Island area, corrected for topographic heterogeneity, is a proxy for displacement risk and microhabitat heterogeneity. Flight is expected to be more prevalent on large islands where the risk of being displaced to sea is relatively small and/or the benefits of flight for dispersal among favourable microhabitats is greater, compared to small islands. Island areas were corrected for topographic complexity using the spatial shapefiles of each island and high-resolution (30 m) digital elevation models, sourced from the Shuttle Radar Topography Mission (SRTM; [5]). Shapefiles were corrected for topographic heterogeneity with the elevation models using the ‘raster’ and ‘insol’ packages (ver. 1.1.1; [6]) in R. The ice-free area of each island was calculated by subtracting estimates of the percentage ice-cover from the literature [7-12] from the topographically-corrected areas of each island. 
Island perimeter-to-area ratio has been suggested as a proxy for the risk of insect displacement from islands, where the likelihood that a dispersing individual leaves the island and is removed from the population is expected to increase with perimeter-to-area ratio [13, 14]. Island perimeter-to-area ratios were calculated by dividing the perimeter length of each island, calculated using the island shapefiles and the ‘geosphere’ R package (ver. 1.5-7; [15]), by the uncorrected island area.
To test the hypothesis that developing flight structures and flight itself in low temperature environments are too energetically costly for insects and, therefore, inefficient [1, 16, 17], mean summer land surface temperatures (LSTs) for each island were derived from high-resolution, remote-sensed temperature observations. Mean summer LSTs are highly collinear with annual mean LSTs for the Southern Ocean Islands (SOIs; Pearson’s r: 0.99), however, due to extreme winter conditions, summer and annual mean temperatures are decoupled in the Arctic region (Pearson’s r: 0.62). Because most high-Arctic flying insects opportunistically swarm in mild conditions [18], mean summer LSTs are expected to more closely reflect Arctic flight conditions than annual mean temperatures. Monthly average day and night LSTs for the fifteen-year period between January 2001 and December 2015 were sourced from a gap-filled dataset of SOI LSTs [19]. These data were derived from the Moderate Resolution Imaging Spectroradiometer (MODIS) Land Surface Temperature and Emissivity dataset (MOD11A2; res: 0.00833; [20]), and gap-filled to predict the values of missing observations caused by cloud-cover. The monthly average day and night LSTs of the Arctic islands were downloaded from MODIS and gap-filled following the same procedure as the SOIs data (see [19]). For every spatial cell, mean summer temperature across the fifteen-year period was calculated, and from these values, the mean island summer LST. High-resolution land surface temperature data were not available for nine of the smaller SOIs [19], therefore, the models were run with and without these islands.
To test the hypothesis that species lose the ability to fly more readily in stable, persistent and/or predictable habitats, where rapid dispersal is less advantageous than in ephemeral conditions [1, 21-25], the thermal seasonality of the islands was estimated from the high-resolution LST data. Environmental stability or persistence can be defined in several ways depending on the ecological context under investigation (e.g. [25]). Because of the stability of SOI climates [26], and because they are not water limited (so meaning that thermal conditions influence productivity [27]), thermal seasonality was chosen as a proxy for environmental stability to reflect key differences between the sub-Antarctic and Arctic climates. For every spatial cell, mean summer and winter temperatures were calculated from the fifteen-year LST time series. Seasonality was then calculated as the island mean of the differences between average summer and winter temperatures for each cell.
To test the hypothesis that the incidence of insect flightlessness is related to habitat age or persistence because insects on older islands have had more time to evolve flightlessness in response to local environmental conditions, island ages were determined from the literature [8, 11, 28-40]. In the case of islands without evidence of extensive past glaciations (e.g. Bounty and Antipodes Islands; [35, 39]), island age here refers to the minimum age that each island has been sub-aerial (i.e. above the surface of the water), and in its current geographic position. In the case of islands with extensive glacial histories, island age refers to the time since the last island-wide glaciation. Thus, these ages provide an estimate of the amount of time insects have had to evolve secondary flight loss in situ.
To test Darwin’s [41] hypothesis that strong oceanic winds select for flight-reduction, mean wind speeds for each island were extracted from the ERA-Interim dataset [42] for the decade from the 1st of October 2007 to the 30th of September 2017. The ERA-Interim data include six-hourly 10-meter U and V wind component data at a 0.75 resolution for the entire Earth’s surface, reanalysed from surface observations and forecast models [42]. For each six-hour period, mean wind speeds were calculated as the square root of the sum of the U2 and V2 wind components. Mean decadal wind speeds were calculated for every spatial cell across the islands and then averaged per island. Mean wind speeds were highly collinear with other wind measurements, including maximum wind speeds and the frequency of wind gusts greater than 14 ms-1 (i.e. a near gale or above on the Beaufort wind force scale; Pearson’s r: 0.98), therefore, mean wind speeds were used in the analyses as a proxy for wind pressure.
To test whether predator release is a significant predictor of the number of flightless insect species, as was found among flightless insular birds [43], the number of indigenous insectivorous species per island was quantified. While the diets of birds and mammals are typically well-resolved in the literature and could be determined per species, invertebrate diets are less well-understood. Insectivorous species richness was, therefore, estimated by the total number of insectivorous mammal and bird species, all spider species, and insect species from Families that are typically insect predators or parasites (e.g. Carabidae) (see Data accessibility). Insectivorous species inventories and diets (in the case of mammal and bird species) were determined from the literature (see Data accessibility). Terrestrial mite assemblages have not been well-surveyed across many of the SOIs (e.g. the Tristan da Cunha group) and were, therefore, excluded from analyses. Although predator abundance would likely be a better proxy for predation pressure than predator richness, invertebrate surveys that enumerate the abundance of insectivorous spiders or insects have not been undertaken across the SOIs. Likewise, bird abundance data are extremely patchy across these islands. Insectivore richness is, therefore, the most comprehensive data that is consistently available for predator pressure across the Southern Ocean and Arctic islands at this time. 
Most indigenous SOI insects are not parthenogenetic, therefore, potential interactions between flight-capability and parthenogenesis [13] were not considered. Likewise, although flightlessness is elsewhere considered an alpine-syndrome [16, 44-46], and potentially linked to atmospheric air pressure [16], elevational gradients in flight-capability were not considered here because the intra-island distributions of most species are unknown across the SOIs, and yet many flightless SOI insects occur in low-elevation and coastal habitats (e.g. the brachypterous kelp fly, Paractora dreuxi). The loss of flight capability as a result of selection for body size shifts was also not investigated here because, across the SOI assemblages, there are no consistent trends towards gigantism or miniaturization in insects. Intra-island patterns of body size related to environmental temperature gradients or size-specific predation have been observed in some SOI species [47], but there is little evidence that body-size shifts have occurred widely among SOI insects that have evolved flightlessness, compared to those that have remained flighted. Finally, although low-growing vegetation is expected to reduce the surface boundary layer where insects are capable of controlled-flight [48, 49], thereby exacerbating the effects of wind, vegetation height was not included in the models because all of the high-latitude islands included here are characterized by low-growing fellfield, coastal grassland and tundra plant communities [50]. 

Bootstrap model selection procedure
To determine which environmental predictors best predicted the incidence of flightlessness, a bootstrap model selection procedure was used to simplify the environmental generalized linear models (data and code provided, see Data accessibility). This procedure aims to identify the most important explanatory variables without comparing all possible combinations of variables and, unlike a stepwise selection method, its outcomes are not dependent on the order that explanatory variables are considered [51]. A set of candidate models was selected by drawing 999 nonparametric bootstrap samples with replacement from the dataset, using the ‘boot’ R package (v. 1.3-20; [52]). For each bootstrap sample, the global model containing all of the explanatory variables was fitted (global model: [no. flightless species, no. flying species] ~ mean summer LST + LST seasonality + mean wind speed + island area + distance to nearest continent + insectivore richness + island age + perimeter-to-area ratio), and a sub-model was developed by eliminating variables with absolute t values below a critical value. A critical |t| value of 2 was chosen as a cut-off, below which variables were excluded from the sub-model. In each sub-model, included variables were ordered by descending absolute t value. Each distinct sub-model was fitted to the complete data and the Akaike's Information Criterion statistic for overdispersed count data (QAIC; ‘MuMIn’ R package; v. 1.42.1; [53]) was calculated to identify the ten most parsimonious sub-models (i.e. those ten sub-models with the lowest QAIC values). Because these models had similar QAIC values (difference in QAIC < 1), a second round of bootstrapping was applied to assess their relative quality. The ten candidate models were each fitted to 999 nonparametric bootstrap samples of the dataset and QAIC values were calculated per sample. The model that was most frequently the best fitting model (lowest QAIC) across the bootstrap samples was selected as the most parsimonious model (table S1). 
	To assess whether the most parsimonious model selected using the bootstrap method (table S1) outperforms all combinations of the selected environmental variables, including an intercept only model, we generated a model selection table, using the QAIC and their weights of the sub-models [54], and the ‘MuMIn’ R package [53]. The QAIC values for this assessment (table S6) differ slightly from the bootstrap outcomes because the dispersion parameter from the final selected model was used for these comparisons. 
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