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Contents included here:

Table S1 -- resources used for subspecies years of last occurrence.

Table S2 -- results from models predicting risk among group A species.
Table S3 -- taxonomic key for differences between NABA and Pelham lists.
Figure S1 -- examples of iNaturalist-based kernel density plots.

Figure S2 -- examples of land use and climate departure maps.

Figure S3 -- overview of variable transformations.

Figure S4 -- projected occupancy vs geometric population growth rates.
Figure S5 -- correlation matrix for primary variables.

Figure S6 - S8 -- risk values for all species not shown in Figure 3.

Other supplementary materials:

https://elizagrames.shinyapps.io/butterflyRisk/

Interactive tool for exploring the impact of different weighting schemes (among contributing
variables) on the risk index; also available are species-specific plots and maps similar to main
Figures 4 - 6, as well as a subspecific table (like Table 1 in the main text) that can be filtered by

state or taxonomic family.
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Table S2. Coefficients and other results from a Bayesian linear model predicting the composite
risk index among A group species using seven predictor variables including climate, land use
and natural history. Values shown in the table below are the standardized beta coefficients,
upper and lower 95% credible intervals (CI), and probabilities of effect (the fraction of the
posterior probability distributions above or below zero, depending on the sign of the
cocefficient). The variance explained (as the square of the correlation between observed and
predicted values) for the whole model was 0.092.

Variable Probability Coefficient Lower 95% CI Upper 95% CI
Geographic range 0.81 0.0098 -0.012 0.032
Development 0.51 -0.00016 -0.014 0.014
Climate departure 0.54 -0.0014 -0.029 0.026
Precipitation 0.86 -0.012 -0.035 0.010
Voltinism 0.57 0.0015 -0.015 0.018
Wingspan 0.99 -0.020 -0.033 -0.0072
Host breadth 0.65 0.0029 -0.012 0.017
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Table S3. Taxonomic key for differences between the North American Butterfly Association names (NABA, 2018,
Checklist of North American Butterflies Occurring North of Mexico, Edition 2.4) and names used in Pelham
(Pelham, 2022, A Catalogue of the Butterflies of the United States and Canada). Species names flagged with an
asterisk in Figure 3 and Figures S6 - S8 are shown here in the NABA columns, with the corresponding names in the

Pelham columns.

NABA checklist

Pelham 2022

NABA checklist

Pelham 2022

Achalarus casica
Adelpha bredowii
Agraulis vanillae
Amblyscirtes elissa
Atrytonopsis edwardsii
Autochton cellus
Boloria montinus
Boloria napaea
Brephidium exile
Carterocephalus palaemon
Chioides catillus
Chiomara asychis
Colias cesonia

Colias eurydice
Copaeodes aurantiacus
Copaeodes minimus
Dymasia dymas
Emesis ares

Emesis zela

Erebia theano
Eurema boisduvaliana
Eurema dina

Eurema lisa

Eurema mexicana
Eurema nicippe
Eurema nise

Eurema proterpia
Everes amyntula
Everes comyntas
Ganyra howarthii
Hemiargus isola

Junonia genoveva

Thorybes casica
Adelpha californica
Dione incarnata
Amblyscirtes arizonae
Atrytonopsis edwardsi
Telegonus cellus
Boloria chariclea
Boloria alaskensis
Brephidium exilis
Carterocephalus skada
Chioides albofasciatus
Chiomara georgina
Zerene cesonia
Zerene eurydice
Copaeodes aurantiaca
Copaeodes minima
Microtia dymas
Apodemia ares
Apodemia zela

Erebia pawloskii
Abaeis boisduvaliana
Pyrisitia dina
Pyrisitia lisa

Abaeis mexicana
Abaeis nicippe
Pyrisitia nise
Pyrisitia proterpia
Cupido amyntula
Cupido comyntas
Ganyra howarthi
Echinargus isola

Junonia neildi

Nymphalis vaualbum
Oarisma edwardsii

Oeneis taygete
Papilio canadensis
Papilio cresphontes
Papilio eurymedon
Papilio glaucus
Papilio multicaudata

Papilio rutulus

Phaeostrymon alcestis

Pholisora mejicana

Phyciodes campestris

Phyciodes selenis
Phyciodes texana
Phyciodes vesta
Pieris napi

Piruna cingo
Plebejus acmon
Plebejus emigdionis
Plebejus icarioides
Plebejus lupini
Plebejus neurona
Plebejus saepiolus
Plebejus shasta
Poanes hobomok
Poanes melane
Poanes taxiles
Pontia beckerii
Pontia sisymbrii
Pyrgus albescens
Pyrgus communis

Pyrgus oileus

Nymphalis I-album
Copaeodes edwardsii

Oeneis bore taygete
Pterourus canadensis
Heraclides cresphontes
Pterourus eurymedon
Pterourus canadensis
Pterourus multicaudata
Pterourus rutulus
Satyrium alcestis
Pholisora mejicanus
Phyciodes pulchella
Phyciodes cocyta selenis
Anthanassa texana
Phyciodes graphica
Pieris oleracea

Piruna aea

Icaricia acmon
Plebulina emigdionis
Icaricia icarioides
Icaricia lupini

Icaricia neurona
Icaricia saepiolus
Icaricia shasta

Lon hobomok

Lon melane

Lon taxiles
Pontieuchloia beckerii
Sisymbria sisymbrii
Burnsius albescens
Burnsius communis

Burnsius oileus (Lin



Lycaeides idas
Lycaeides melissa
Lycaena arota
Lycaena dione
Lycaena editha
Lycaena gorgon
Lycaena helloides
Lycaena hermes
Lycaena heteronea
Lycaena hyllus
Lycaena mariposa
Lycaena nivalis
Lycaena rubidus
Lycaena xanthoides
Megisto rubricata
Neominois ridingsii
Neophasia terlootii

Nymphalis milberti

Plebejus idas
Plebejus melissa
Tharsalea arota
Tharsalea dione
Tharsalea editha
Tharsalea gorgon
Tharsalea helloides
Tharsalea hermes
Tharsalea heteronea
Tharsalea hyllus
Tharsalea mariposa
Tharsalea nivalis

Tharsalea rubidus

Tharsalea xanthoides

Cissia rubricata
Oeneis ridingsii
Neophasia terlooii

Aglais milberti

Pyrgus philetas
Pyrrhopyge araxes
Satyrodes eurydice
Speyeria adiaste
Speyeria aphrodite
Speyeria atlantis
Speyeria callippe
Speyeria coronis
Speyeria cybele
Speyeria edwardsii
Speyeria egleis
Speyeria hydaspe
Speyeria idalia
Speyeria mormonia
Speyeria nokomis
Speyeria zerene
Texola elada

Thorybes mexicanus
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Burnsius philetas
Apyrrothrix araxes
Lethe eurydice
Argynnis adiaste
Argynnis aphrodite
Argynnis atlantis
Argynnis callippe
Argynnis coronis
Argynnis cybele
Argynnis edwardsii
Argynnis egleis
Argynnis hydaspe
Argynnis idalia
Argynnis mormonia
Argynnis nokomis
Argynnis zerene
Microtia elada

Thorybes nevada
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Figure S1. Examples of kernel density estimation based on iNaturalist records for two pairs of
congeneric species (colors indicates relative density of observations). Among these four species,
the first (Vanessa virginiensis, panel a) has been reported in iNaturalist records over a small area
relative to the expectation for areal extent based on expert range size; thus, V. virginiensis has a
large risk circle associated with iNaturalist records in Figure 3. The other species have smaller
risk circles (in Figures S6 — S8) for the iNaturalist variable because they have been reported in
Naturalist over spatial extents that were close to expected or greater than expected based on the
size of their expert ranges (see Materials and Methods in main text for details on analyses).
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Hesperia nevada Lycaena xanthoides
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Figure S2. Examples of expert range outlines for two species: Hesperia nevada in panels (a)
and (b), and Lycaena xanthoides in panels (c) and (d). In the top two panels, the range is colored
by exposure to developed and agricultural lands; in the bottom two panels, the range is colored
by multivariate departure from baseline climate conditions. Lycaena xanthoides, for example,
has a smaller range concentrated in developed parts of California (c), which gives it a higher risk
(relative to H. nevada) with respect to exposure to land use: this is summarized with a larger risk
circle for development in Figure 3. In contrast, the two species have comparable range-wide
exposure to climate change (and similar risk circles for that variable in Figure 3).
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[lustration of the process (going from left to right) by which variables were

transformed from raw scales into variables bounded between zero and 1, in which higher values
correspond to greater risk. For example, NABA values (top row) are probability of population
persistence (in 50-year simulations), and are inverted so that lower probabilities of persistence
are closer to 1; in contrast, development values (5" row) are not inverted because higher values
naturally correspond to higher risk (but development values are logged because of high skew).
An arrow indicates a transformation not applied to a given variable. Colors here match colors in
Figure 3 and Figures S6 — S8.



Forister et al. supplement p. 9

| —  — 1 —_—

O —
> o :g
e S 7]
© D
=3
O Il =
8 o _ b
O o
; o
3

< =
©T © ¢
8 G
Q &
O «
5 77 I

I‘I
3 {e |

I I I I I I
0.85 0.90 0.95 1.00 1.05 1.10

geometric population growth rate

Figure S4. Relationship between two variables derived from the NABA community model, in
which detection information is shared among species. Points are individual species, with 85%
highest density intervals for both axes. The y axis is the projected 50 year occupancy across
populations for each species (also referred to in the main text as the probability of population
persistence); the x axis is the geometric population growth rate. The latter (growth rate)
influences the former (occupancy) in simulations, therefore a positive relationship between these
variables is expected (and observed), but we present it here as an illustration of the variation in
the two aspects of our model. Marginal histograms show the distribution of among-species
variation for values along both axes.
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Figure S5. Pearson correlation coefficients among all variables shown in main risk plots (Figure
1 and Figures S6 — S8). Underlying circles and colors are shown for ease of visualizing relative

magnitude of values.
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Figure S6. The second set of species (51 — 100 for both A and B groups) ranked by risk index
values. See Figure 3 for the first set (species 1 — 50), and also see the Figure 3 legend for a full
description of the features of the plot shown here.
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Pieris napi* (10,3) W--@—e——e—e—e—o——o—® 0.42 (0.26,0.62) Hesperia woodgatei S {-o——@—+—@-0®+ 0.568
Lycaena cupreus (0,3) W-— @ @—o——o0-0-@1| 042 (0.31,0.54) Hesperia viridis W 1-+—@——@—©®—0—@| 0.568)\
Erynnis pacuvius (11,00 W--o——— @@ @-0-@| 042 (0.28,06) Chlorostrymon simaethis s {®—o—@—o——@-® 0.566

i

- 0.419 (0.28, 0.55) Amblyscirtes nysa S 1@ @@ @®——0-®F 0.565\
- 0.418(0.27, 0.6) Satyrium favonius € 1@——e—+—@-0-@+ 0.565

Euphydryas chalcedona (22,4) W
Ochlodes sylvanoides (10,10) W

1

Amblyscirtes eos (30) s+o———@——@ 00O+ 0.417(0.17,0.68) Cyllopsis pertepida W {—+—o— @ @ ®—*——F 0.564)\
Junonia coenia (21,10) E+e—eo——— @ @ o oo 0.416(0.29, 0.55) Polites carus s 1@ @®@® 00— 0.563\
Speyeria atlantis* (6,3) E @ oo o @ oo @ @ 0416(0.21,0.63) Chlosyne definita s @@ @ ——0-@1 0.563
Ochlodes yuma (0,1) W-——o——@—— @@ 0@ 0.415(0.25, 0.59) Pyrgus oileus* s 1@+ @—+——0-@F 0.562
Nymphalis antiopa (23,10) E1-o—@———— @ @@ ———— 0.411(0.29, 0.54) Megathymus yuccae S0 @ @@ ——@F 0.562
Anthocharis lanceolata (0,2) W-—e—@——eo——@ @ 0.41 (0.28,0.53) Erynnis juvenalis E{® @ @ —e—o——@1 0561\
Chlosyne hoffmanni (5,2) W@ ———@—e———@ @ 0.408 (0.16, 0.65) Cogia caicus s 1@ @@ @+ 0.558)
Parnassius phoebus (5,0) W@ @—eo——o— @@ 0.408 (0.21, 0.63) Polites draco W 4—+—e—o—@—@-—®— 0.558)\
Callophrys augustinus (6,7) E-e—e———o—@—e—o— @+ 0.407 (0.2, 0.58) Celotes nessus S 1+—@—@—@——0—0+ 0556\
Cercyonis oetus (10,2) W@ @ ———o—@—o—@ @+ 0.407 (0.23,0.62) Phoebis agarithe E1@——@ @@ ——®F 0.555\
Strymon melinus (24,10) E&—*—0—~—@ @® % 0~ 0.406 (0.28, 0.53) Atrytonopsis cestus S 1@ @@ @® 09 0553

Papilio polyxenes (5,0) E- @ —©® @@ @ o 0.406 (0.21, 0.63) Hesperia leonardus €1+ @——@® @+ 0.553
Thorybes drusius (3,0) s+o———@——@ 0@ ——@+ 0.405(0.18, 0.67) Phyciodes pallida W {——@—o—@—@—0-@F 0.552\

Speyeria coronis* (14,5) W@ <o+ @0 @ @ 0.405(0.25,0.57) Neophasia terlootii* s 1@—e—@—e———@+ 0.552
Plebejus shasta* (0,1) W-——eo———o——o—@-@- 00 0.405(0.19, 0.53) Emesis zela* S 1@ ——0— 0.552)\
Papilio zelicaon (21,10)W-{- o @ ® o @ oo @ o 0.401(0.28, 0.55) Chiosyne acastus W 1—~+—@——@-@——@F 0551
Speyeria mormonia* (3,2) W-e—e———o—@——o—@ @ 0.401(0.18,0.71) Polites themistocles E+{+— @& —o—® ©® @ 0551\

Chlosyne lacinia (3,0) s1o—0 @@ @ © 0 0.399 (0.18, 0.66) Hesperia ottoe E 1@ @@ 0 055 A
Polites sonora (6,4) W@ — @ o0 0@} 0.398(0.21,0.62) Achalarus casica* S @ @ ® o+ 0548\
Lycaeides idas* (6,3) N1eo—e——@————@ 0o 0.398(0.18, 0.62) Speyeria idalia* E 1@ @@ @ 0.546

Libytheana carinenta (3,00 s+o——»@0——@-@0——@+ 0.397(0.17,0.64) Callophrys polios N -o—@————@-O-@+ 0.542
Erynnis propertius (9,7) W00 @ o0 @ 0.396(0.24,0.6) Neominois ridingsii* W 1—— @@ @@+ 0541\
Hemiargus ceraunus (7,0) S-{o————@——@-@ 00 0.395(0.24,0.61) Asterocampa clyton E1 @@ @@ ————@1 0541

Boloria epithore (5,3) W@ @@ —~——@ @ 0.394(0.18, 0.63) Chlosyne cyneas S @@ —o——+—@+ 054 A
Everes comyntas* (56) E- @ —*— @@ @ 00 0.394(0.18, 0.59) Chlosyne whitneyi W 1 @——o——@-0-@+ 0.54 )
Thorybes pylades (8,3) E-o @ o+ @ @ @ 0 0.394(0.22,0.57) Satyrium calanus €@+ @ -0 0539

Pyrgus ruralis (0,4) W-———o—o—-@—@———@-0-@1 0.393(0.29, 0.5) Heliopetes laviana s 1@)—o—@®—e——>—@+ 0.539
Lycaena mariposa* (3,1) W+-o—o—@—0———0-—0-@+ 0.393(0.13,0.71) Chlosyne gorgone E-——@)—e——® @+ 0.536\
Texola elada* (40) sHo——— @ o @@ - 0@ 0.393(0.2062) Speyeria nokomis* W -e—e—o—@-@——@+ 0.536

Plebejus acmon* (31,10) W+-o—e———— @@ @ ——{-®| 0.391 (0.27,0.51) Chlosyne nycteis E{e®—eo—e—o—@® @ 0.533\
Epargyreus clarus (8,3) E--@——0 @ @@ 01 0.391(0.19, 0.59) Erebia callias W 1 @—e—o—— @0 @+ 0.533)\
Hylephila phyleus (11,7) s1-o—o—0--0-@ @ @ <+ ® 0.391(0.23,0.57) Thymelicus lineola E 1@ ——+—@-O- @ 05311
Limenitis arthemis (4,0) E4o— 0 @ © @ ® - -+ 0.388(0.19,0.62) Colias scudderi W 4-o—e—o—o—@ @ 0.53 A

Speyeria egleis* (0,2) W——————e—o——o—@ @+ 0.388(0.27,0.52)  Megathymus streckeri W 1—+— @@ @ ——@F 0.53

Calephelis nemesis (3,0) s+o— @ @& o @ @® - © ® 0.386(0.16,0.61) Lerema accius S+ @ o @ oo o 053 L
Satyrium fuliginosa (0,3) WA————@—e——+—@—0—@+ 0.386 (0.28, 0.51) Satyrium liparops E-{-o—@—e—o—@0—F 053 A
Piruna pirus  (30) W& ——— @ @ @@ 0 @ 0.381(0.15,0.6) Speyeria adiaste* W 1@ @—o——@——@+ 0.529)

Phyciodes orseis (0,1) W-————@——e——@——@+ 0.38 (0.2,053) Erebia magdalena W {-e—e—e——@—o—+ 0.529
Poanes taxiles* (6,00 Wo——— @@ @@ ——F 0.379 (0.22, 0.59) Junonia genoveva* s {-o—o—@-@—+——@+ 0.528\

Lycaena heteronea* (8,2) W—o—@——o—o—o—0—0-—0@+ 0.379 (0.2, 0.59) Erebia discoidalis N 1@)—-@———@——@+ 0.526

Pyrgus communis* (14,10) E-—e—e————@——@——0—0- 0.379 (0.23, 0.52) Pyrgus centaureag N--e—e———@-0-0" 0526

Figure S7. The third set of species (101 — 150 for both A and B groups) ranked by risk index
values. See Figure 3 legend for a description of all features of the plot.
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Sp. 151-184 S5 28855 8s ¢
Hesperia columbia (0,1) W o0 @

Pieris rapae (34,10) E4——@—® —~—@® e —e——o—o— 0.374(0.25, 0.47) Pseudocopaeodes eunus W -
E1e o o @ O 00O 0373(0.22,055)

Callophrys gryneus (11,4)
Plebejus icarioides* (18,6)
Lycaena gorgon* (5,2)
Phoebis sennae (6,0)
Cogia hippalus (4,0)
Celastrina ladon (23,7)
Heliopetes ericetorum (5,3)
Phyciodes mylitta (27,10) W-e—e———o— @@ o —— 00
Cartero. palaemon* (0,1) N4 @—o——— 00 @
Chlosyne palla (13,5)
Adelpha bredowii* (20,8)
Autochton cellus* (4,0)
Parnassius clodius (5,4)
Agriades glandon (4,2)
Nymphalis californica (13,10) W—e—e———o—@—o—o—0—— @
Euphyes vestris (6,0
Plebejus saepiolus* (10,4)
Cercyonis pegala (14,2)
Euphilotes battoides (11,4)
Asterocampa leilia (3,0)
Erynnis tristis (15,6)
Agraulis vanillae* (6,4)
Speyeria aphrodite* (3,0)
Colias occidentalis (3,0)
Papilio eurymedon* (26,6)
Papilio multicaudata* (16,4)
Limenitis weidemeyerii (3,0)
Ochlodes agricola (9,3)
Battus philenor (13,6)

Limenitis lorquini (26,10) Wo—+—<—o—-@—@———— 0o

- 0.378 (0.19, 0.52)

L 0.369 (0.2, 0.51)
- 0.362(0.17, 0.59)
- 0.359 (0.18, 0.54)
- 0.359 (0.18, 0.58)
- 0.358 (0.24, 0.5)

- 0.357 (0.14, 0.58)
- 0.347 (0.24, 0.48)
- 0.346 (0.17, 0.49)
- 0.346 (0.19, 0.49)
- 0.342 (0.22, 0.48)
- 0.341(0.16, 0.54)
- 0.34 (0.13,0.54)
- 0.334 (0.13, 0.57)
- 0.331(0.2, 0.49)

- 0.324(0.19, 0.51)
- 0.318 (0.16, 0.48)
- 0.316 (0.15, 0.51)
- 0.307 (0.16, 0.48)
- 0.307 (0.13, 0.52)
- 0.305 (0.17, 0.45)
- 0.294 (0.16, 0.44)
- 0.29 (0.14,0.46)
- 0.285 (0.13, 0.48)
- 0.285 (0.18, 0.39)
- 0.283(0.18, 0.42)
- 0.279 (0.14, 0.49)
- 0.275(0.14, 0.43)
- 0.271(0.14, 0.42)
- 0.24 (0.14,0.33)
- 0.231(0.14, 0.33)

Papilio rutulus* (33,10) W——+——=+——+——+— @00 0
Poanes melane* (10,6) W-—~——— @@ @+ ——0—0

B group
Sp. 200-212

Erynnis horatius E-e—e—e—o——+—@
Ascia monuste S @@ @ o
Colias nastes N+@—————0—0—0
Euphydryas gillettii W 1-o—@————@)—o—o|

— 0.213(0.09, 0.34)

0.436
0.434
0.428
0.428\

Polygonia interrogationis E
Erebia vidleri

Polygonia progne
Boloria napaea*
Nymphalis vaualbum*

NT@® o @ o
E{e @ - ® - - of
NA@ » « o () o eof
NtoOo @ —F|

0.422
0.416
0.414
0.41

0.379

Papilio machaon W

Papilio glaucus* E1-@—@—o—o—+————+

o+ 0.367 A
0.366

Limenitis archippus E

o 0.357 1

B group
(b) Sp. 151-200

Boloria kriemhild W

Polites peckius E -
Polites mystic N
Oeneis uhleri W
Anaea aidea S -
Oeneis melissa N 4
Anatrytone logan E
Mestra amymone S
Hesperia uncas W A
Colias behrii W A
Erynnis meridianus S
Colias christina N -
Ancyloxypha numitor E
Chlosyne theona s -
Boloria montinus* N
Coenonympha haydenii W
Boloria improba N
Chlosyne fulvia W
Oeneis polixenes N A
Phyciodes picta W A
Speyeria edwardsii* W
Ganyra howarthii* s
Calpodes ethlius S
Lycaena phlaeas E -
Poladryas arachne W
Boloria frejja N
Oeneis taygete™ N A
Poladryas minuta W
Pholisora mejicana* s
Colias meadii W -
Erebia theano™ W -
Boloria eunomia N
Colias pelidne W 4
Thorybes diversus W
Polites mardon W -
Papilio canadensis™ N
Colias interior N
Euchloe olympia E -
Callophrys johnsoni W 4
Boloria selene N -
Anaea andria E
Boloria frigga N A
Polygonia oreas W -
Oeneis jutta N -
Boloria bellona E A
Lycaena hyllus™ E A
Polygonia comma E

Boloria alberta N

Geographic range

Colias gigantea N -

Development

Climate departure

Forister et al. supplement p. 13

Precipitation

Voltinism

Wingspan

-

Host range

0.526 A
0.524
0.521A
0.52 A
0.52 A
0.519
0.519A
0.518\
0.516
0.516 A
0.514
0.512
0.51
0.509
0.507A
0.506 A
0.503A
0.503
0.503
0.501
0.501A
0.499\
0.497
0.495
0.494
0.494 ),
0.493
0.491A
0.488
0.488
0.486\
0.486\
0.485\
0.481A
0.48
0.479
0.479
0.47 A
0.465
0.464\
0.464\
0.462
0.462
0.46 A\
0.452
0.45
0.449\
0.446
0.445
0.441

Figure S8. The fourth set of species (101 — 151 for the A group, and 151 — 212 for the B group)
ranked by risk index values. See Figure 3 legend for a description of all features of the plot, and
note here that the last species in the B group (200 — 212) are shown in the lower left of the plot.



