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Table S1: List of 20 benchmark papers used to test search string comprehensiveness, ordered by

year of publication.

Page
Authors Title Year Journal Volume Issue numbe DOI
rs
Jones, R, Temperature, size and egg Australian
Hart, J., production in the Cabbage 1982 Journal of 223-
Bull, G. butterfly, Pieris Rapae L. Zoology 30 2 231 10.1071/209820223
The influence of
temperature on the
territorial and mate
Behavioural
Wickman, locating behaviour of the
1985 Ecology and
P. small heath butterfly,
Sociobiology
Coenonympha pamphilus
(L.) (Lepidoptera: 223-
Satyridae). 16 3 238 10.1007/BF00310985
Journal of

Temperature, rainfall and
Pollard, E. 1988 Applied 819-
butterfly numbers.
Ecology 25 3 828 10.2307/2403748

Thermal ecology of
Bryant, S.,
gregarious and solitary
Thomas, 2000 Oecologia
nettle-feeding nymphalid
C., Bale, J.
butterfly larvae. 122 1-10 10.1007/PL00008825

Sex-related differences in
Fischer, K., reaction norms in the
2000 Oikos
Fiedler, K. butterfly Lycaena tityrus 372- 10.1034/j.1600-

(Lepidoptera: Lycaenidae). 90 2 380 0706.2000.900218.x

Pupal development
temperature alters adult Journal of
Stevens, D.  phenotype in the speckled 2004 Thermal
wood butterfly, Pararge Biology 205- 10.1016/j.jtherbio.2004.0

aegeria. 29 45 210 2.005




Cold tolerance in relation

Zeilstra, 1., Physiological
to development and adult 2005 10.1111/j.0307-
Fischer, K. Entomology
temperature in a butterfly. 30 92-95 6962.2005.00430.x
Changing habitat
Davies, Z., associations of a thermally
Wilson, R., constrained species, the Journal of
2006
Coles, S., silver-spotted skipper Animal Ecology
Thomas, C.  butterfly, in response to 247- 10.1111/j.1365-
climate warming. 75 256 2656.2006.01044.x
Berger, D., What limits insect
Walters, fecundity? Body size- and
Functional
R., temperature- dependent 2008
Ecology
Gotthard, egg maturation and 523- 10.1111/j.1365-
K. oviposition in a butterfly. 22 529 2435.2008.01392.x
Effects of temperature and
Ashton, S., elevation on habitat use by
Gutierrez, a rare mountain butterfly: Ecological
2009
D., Wilson, implications for species Entomology
R. responses to climate 437- 10.1111/j.1365-
change. 34 446 2311.2008.01068.x
Steigenga, Fitness consequences of Journal of
M., variation in developmental 2009 Thermal 244- 10.1016/j.jtherbio.2009.0
Fischer, K. temperature in a butterfly. Biology 34 249 3.001
Weather factors affecting
the male mate-locating European
Ide, J. tactics of the small copper 2010 Journal of
butterfly (Lepidoptera: Entomology 369-
Lycaenidae). 107 376 10.14411/eje.2010.046
On the significance of
Turlure, C.,
structural vegetation
Radchuk,
elements for caterpillar Journal of
V.,
thermoregulation in two 2011  Thermal
Baguette,
peat bog butterflies: Biology
M., Van
Boloria eunomia and B. 173- 10.1016/j.therbio.2011.02
Dyck, H.,
aquilonaris. 36 180 .001




Schtickzell

e, N.
Micro-climate determines
Eilers, S.,
oviposition site selection
Pettersson,
and abundance in the Ecological
L., 2013
butterfly Pyrgus Entomology
Ockinger,
armoricanus at its 183-
E.
northern range margin. 38 2 192 10.1111/een.12008
Each life stage matters:
Radchuk,
The importance of
V., Turlure,
assessing the response to Journal of
c., 2013
climate change over the Animal Ecology
Schtickzell
complete life cycle in 275- 10.1111/j.1365-
e, N.
butterflies. 82 1 285 2656.2012.02029.x
The effect of temperature
and habitat quality on
abundance of the Glanville Journal of
Curtis, R.,
fritillary on the Isle of 2015 Insect
Isaac, N.
Wight: implications for Conservation
conservation management 217- 10.1007/s10841-014-
in a warming climate. 19 225 9738-1
Facing the heat:
Thermoregulation and
Kleckova,
behaviour of lowland 2016 PLOS ONE
1., Klecka, J.
species of a cold-dwelling 10.1371/journal.pone.015
butterfly genus, Erebia. 1 3 0393
Maclean,
H., Higgins,  Geographic divergence in
J., Buckley, upper thermal limits across
2016  Oecologia
L., insect life stages: does
Kingsolver, behaviour matter? 10.1007/s00442-016-
J. 181 1 3561-1
Klockmann
Carried over: Heat stress in
, M., 2017 PLOS ONE 10.1371/journal.pone.018
the egg stage reduces
Kleinschmi 12 7 0968




dt, F., subsequent performance

Fischer, K. in a butterfly.
Long, O.,
Warren, R.,
Sensitivity of UK butterflies
Price, J.,
to local climatic extremes: Journal of
Brereton, 2017
which life stages are most Animal Ecology
T., Botham,
at risk?
M., Franco, 108-
A. 86 116 10.1111/1365-2656.12594

6  Table S2: Inclusion and exclusion criteria for the systematic map on the effects of

7  temperature on butterflies, according to the PICOS framework (Methley et al. 2014).

Inclusion criteria

Exclusion criteria

Population

Butterfly (in the
superfamily Papilionoidea)

in any life stage

1. Ambiguous lepidopteran

species

Population used is
described only above the
Superfamily level, or across
families that are outside
Papilionoidea

Life stage of population
during intervention is not

clearly stated

Intervention

At least one intervention
is temperature; observed

or manipulated

Intervention not described

in sufficient detail;




temperature regime used

not explicitly stated

Comparator 1. Between or within species No relevant
outcomes as responses to controls/comparisons used
temperature
Between or within
temperature regimes
Outcome No criteria None
Study design Study published between Study is theoretical or

1980 and 2020 (inclusive)

narrative

Study does not present
novel data. Syntheses and
meta-analyses were not
included

Study is not presented in a

peer-reviewed journal

9

10  Table S3: Results of Cohen’s kappa coefficient tests between all reviewers in rounds 1, 2, and 3.

Round 1

Reviewer

Round 2
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Reviewer

Round 3

Reviewer
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Figure S1: Flowchart of systematic map protocol (Haddaway et al. 2017). During the
Searching stage, peer-reviewed published studies were extracted through database
searches using the search string, and through screening the reference lists of the benchmark
papers. In the Screening stage, duplicates were removed, and studies were assessed in

three rounds; first title screening, then abstract screening, then full-text screening. No



19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

studies were pre-screened from other sources. In the Synthesis stage, all studies retained

after full text screening had their data coded using a standardised questionnaire.

Table S4: Results of Cohen’s kappa coefficient tests between all reviewers for data coding stage.

Reviewer 1 2 3

Supplementary Methods 1

Coding of population

All species included in each study were individually coded in free-form fields using the
Linnean Classification System, and had their family coded. The number of different species
per paper was also coded. The life stages at which the intervention was applied and
outcomes recorded were coded separately. The country in which the butterflies were
sourced were coded; if multiple study countries were used, each country was coded
separately. The region was coded as ‘tropical’ if the source of the butterflies were between
the Tropic of Cancer and Capricorn, and ‘temperate’ if outside of this region. If a country
crossed the Tropics, the exact location of the study site was extracted and used to
determine if it was within or outside of the Tropics. A study was coded as ‘Mixed’ if the

study included butterflies sourced from both temperate and tropical regions.

Coding of interventions
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Closed-entry fields were used to code for specific aspects of the temperature intervention

applied in the study (Table S5). Missing data were also coded. Information included whether

the data came from an in situ or ex situ experiment, and whether the thermal regime was
experimentally manipulated or merely observed. If it was manipulated, we recorded
whether the thermal regime used was constant or fluctuating. We also recorded the
temperature range used across the thermal regimes per study (minimum, maximum, and
mean temperature), the number of different thermal regimes, and the duration of the

thermal regime in hours.

Coding of outcomes

To code the outcomes of studies, and to account for the variety of language used to
describe similar outcomes, a list of outcomes was built that used systematic language,
coded using closed-entry fields. All outcomes were placed into one of six broad categories:
behaviour, development, ecology, evolution, physiology, and population (Table S6). These
were chosen to capture the range of topics used in the literature, and built by coding for

outcomes during the full-text screening stage, until no new categories were apparent.

Table S5: The categories and coding used to code the temperature interventions for each paper

included in the systematic map.

Category Code Description
In/ex situ In situ Study took place in a natural habitat
Ex situ Study took place in a laboratory
Temperature observed  Observed Temperature recorded in-situ as an observation

or manipulated



Manipulated

Temperature manipulated

Both Study incorporated both observational and
experimental elements
Manipulated, Fluctuating E.g. Temperature regime ranged from 15-20°C
fluctuating or constant over the course of 2 hours
Constant Temperature regime was a constant
temperature
Both Study incorporated both fluctuating and
constant elements
Temperature range Minimum Minimum temperature across all thermal
across regimes temperature regimes
Maximum Maximum temperature across all thermal
temperature regimes
Number of thermal Integer E.g. Thermal regimes: 10°C, 15°C, 20°C. Number
regimes of regimes is three
Direct or indirect Direct E.g. Temperature measurements taken with a
temperature thermal probe
measurements
Indirect E.g. Temperature measurements taken from a
weather station
Number of co- Integer Number of interventions applied at the same
interventions time as temperature
Interactions between Yes Study either stated or included statistical results

co-interventions

considered

from interactions between co-interventions with

temperature



No

Study didn’t include interactions between

temperature and other co-interventions

Duration of thermal

regime

Maximum duration

Minimum duration

Minimum duration of thermal regime across all

regimes

Maximum duration of thermal regime across all

regimes.

If only one duration was used, the same value

was entered for both maximum and minimum

duration.

57

58

59 Table S6: All broad, narrow, and specific outcomes coded, with examples of specific outcomes listed.

Broad

Narrow

Specific

Example

Behaviour

Sex specific - male

Sex specific - female

Life-stage specific - larvae

Life-stage specific - adult

Mate-location

Activity

Reproductive behaviour
Oviposition

Activity

Feeding

Defence

Activity

Activity

Feeding

Female detection

Hours active
Reproductive display
Oviposition preference
Flight behaviour
Consumption rate
Anti-predator strategies
Movement

Flight behaviour

Nectaring behaviour



Thermoregulation

Migration

Heating ability -

egg/larva/pupa/adult

Migration route

Basking position

Cooling ability -

egg/larva/pupa/adult Seeking shade
Development Egg Duration Development rate

Diapause Diapause induction

Larva

Pupa

Adult

Overwintering
Duration
Diapause

Overwintering

Endocrinology
Metabolism
Duration
Diapause
Overwintering
Endocrinology
Metabolism
Duration
Overwintering
Metabolism

Diapause

Overwintering dynamics
Growth rate

Diapause maintenance
Overwintering dynamics
Juvenile hormone
production

Metabolic rate

Time to eclosion
Diapause termination
Overwintering dynamics
Hormone production
Metabolic activity
Duration

Overwintering dynamics
Metabolic reactions

Reproductive diapause



Whole life cycle

Non-life stage specific Duration development
Ecology Ecosystem services Pollination Pollination rate
Phenology Synchrony Synchrony with hostplant
Emergence - larva/adult Date of first emergence
Flight period Flight time
Predation -
Trophic interactions egg/larva/pupa/adult Attack by predators
Mutualism -
egg/larva/pupa/adult Tending by ants
Community Change in community
assemblage/composition ~ Community change composition
Diversity Species diversity
Evolution Sexual selection Mate preference Female mate preference

Local adaptation

Genetics

Local adaptation

Gene expression

Gene frequency

Phenotype

Differences in functional
traits between populations
of the same species in
different habitats
Temperature-triggered gene
expression

Change in gene frequency as
a result of temperature

Phenotypic plasticity



Life history

Genotype
Survival -

egg/larva/pupa/adult/life

Voltinism

Interaction between

genotype and temperature

Mortality
Number of generations per

year

Physiology

Reproductive

Immunology

Morphology

Reproductive
Reproductive chemicals
Infection rate -

egg/larva/pupa/adult

Immune system -
larva/pupa/adult
Wing pattern
Colouration -
egg/larva/pupa/adult
Size -
egg/larva/pupa/adult
Mass -
egg/larva/pupa/adult
Morph -

egg/larva/pupa/adult

Number of eggs produced

Pheromone production

Infection rate of pathogens

Change to the immune

system in response to

temperature

Eye spot design

Melanism

Body length

Change in body weight

Change in discrete morphs



Non-behavioural

thermoregulation

Circulatory system -
larva/pupa/adult
Thermal tolerance -
egg/larva/pupa/adult
Thermal avoidance -

egg/larva/pupa/adult

Haemocyte count

Chill coma recovery time

Cryoprotectants

Population

Metapopulation

Distribution/biogeography

Population

change/stability/viability

Abundance

Metapopulation dynamics
Distribution -

egg/larva/pupa/adult

Range shift
Habitat use -

egg/larva/pupa/adult

Extinction

Colonisation

Sex ratio
Abundance -

egg/larva/pupa/adult

Colonisation/extinction

balance

Presence/occurrence
Change in distribution over

time

Change in habitat use

Population survival
Colonisation rate
Comparison in numbers of
males to females induced by

temperature

Peak abundance
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Supplementary Results 1

Of the six butterfly families, the most well represented was Nymphalidae, with 870 unique
species having data published on the effects of temperature, followed by Lycaenidae (452
species), Hesperiidae (276 species), Pieridae (173 species), Papilionidae (159 species) and

Riodinidae (42 species, Fig S2).

B Hesperiidae B Lycaenidae B Nymphalidae

B Papilionidae B Pieridae M Riodinidae
100%
90%
80%
70%
60%

50%

Percentage

40%
30%
20%

10%

0%
Number of species Number of species studied Number of unique species
studied

Figure S2: The proportion (as percentages) of described butterfly species which belong to

each taxonomic family (Number of species) (from Shields 1989), the proportion of studies



71  conducted on species in each family (Number of species studied), and the number of unique
72 species from each family represented in the literature (Number of unique species studied).

73 Bars are stacked by family.
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77  Figure S3: The cumulative number of times butterfly species had their response to
78  temperature investigated from 1980 to 2020, split by butterfly family. Plot includes all
79  studies, including a single paper with over 1000 species studied.

80
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Figure S4: Percentage of the total number of studies in which the intervention was applied
(left) and the outcome was measured (right) in each life stage, split by family. Includes all

studies.
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Figure S5: The cumulative number of times butterfly species had the outcome of their
response to temperature investigated at specific life stages from 1980 to 2020. Plot includes

all studies, including a single paper with over 1000 species studied.

Supplementary Results 2

Of the 387 times species were studied ex situ, the majority of butterflies were sourced from
the United States of America (n = 57), followed by Malawi (n = 42), and Australia (n = 37)
(Fig S6A). The high ranking of Malawi was driven by ex situ studies of a single species from
laboratory stock (B. anynana), if laboratory stock studies of this species were removed, only
two studies have been published on species from Malawi in the last forty years. Of the 2,793
times species were studied in situ, the majority of species were in the United States of

America (n = 342), followed by India, (n = 274), and Spain (n = 270) (Fig S6B).
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Figure S6: Map showing the global distribution of the number of times butterfly species
sourced from each country had their responses to temperature investigated (A) in an ex situ
setting and (B) in an in situ setting from 1980 to 2020. Colour is on a scale from red (most
species) to blue (fewest species), split by deciles for each map separately. All 472 studies
that state their study sites are shown, those which did not (11) are excluded. Maps

produced on mapchart.net.
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Table S7: The number of times species studied were sourced from temperate, tropical, or a

combination of temperate and tropical (mixed) study sites, split by family. Studies that did

not state their study site or butterfly species are listed as ‘Not stated’.

Family Temperate  Tropical Mixed Not stated  Total

Hesperiidae 280 3 145 428
Lycaenidae 387 3 278 668
Nymphalidae 761 77 601 1441
Papilionidae 132 5 105 242
Pieridae 256 15 95 366
Riodinidae 12 1 33 46
NA 5 2 0 7
Total 1833 106 1257 3198
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Figure S7: The cumulative number of times butterfly species have been studied where
outcomes in each of six categories were recorded in response to temperature from 1980 to

2020. Plot includes all studies, including a single paper with over 1000 species studied.
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119  Figure S8: Percentage of times butterfly species were studied and an outcome was recorded
120  in response to temperature from butterflies sourced from temperate or tropical study sites,

121  stacked by outcome category and split by region. Includes all studies.
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