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Horne et al., 2015). The ultimate and proximate causes of 
a decrease in body size following an increase in environ-
mental temperature have been discussed over the past few 
decades (Atkinson & Sibly, 1997; Angilletta et al., 2004; 
Kingsolver & Huey, 2008; Ghosh et al., 2013; Audzijonyte 
et al., 2018). Arthropods are recognised as having body 
size reduction mechanisms in response to increased tem-
peratures that differ between species (Ghosh et al., 2013; 
Horne et al., 2019). Moreover, the direction and strength 
of temperature-size responses differ in males and females 
(Fischer & Karl, 2010; Wilson et al., 2019) as well as in 
different populations (Kingsolver et al., 2007). This sup-
ports the hypothesis that the temperature-size response is 
adaptive, at least in terrestrial arthropods and can conse-
quently be explained in terms of life history theory (Ghosh 
et al., 2013; Horne et al., 2015).

Recent research has shown that, while bivoltine or mul-
tivoltine species of terrestrial arthropods generally follow 
the temperature-size rule, univoltine species are more like-
ly to exhibit strategies following the converse of this rule 
(Horne et al., 2015). This suggests that the fi tness maximi-
sation strategies of bi- and multivoltine species differ from 
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Abstract. Changes in body size in response to environmental factors (especially temperature) is one of the crucial traits studied 
in connection with insect adaptation to climate change. However, current data on the strength and direction of temperature-size 
responses in Lepidoptera are inconsistent and the reasons for this are unclear. This study investigates the relationship between 
the adult size of Aporia crataegi L. (Lepidoptera: Pieridae) and spring weather conditions (temperature and rainfall) at different 
phases in its outbreak cycle (low population density or high abundance). The forewing area of A. crataegi, a univoltine and irrup-
tive Lepidopteran species, was used as a proxy for overall body size. It was found that temperature in the last month before imago 
emergence (May) and temperature in the larval growth period following overwintering (April) had differing effects on imago size. 
The fact that the wing size of both male and female A. crataegi increased following higher temperatures in May corresponds with 
the converse temperature-size rule and is consistent with the predictions of life history theory for univoltine species. Conversely, 
while imago size decreased following higher temperatures in April, increased rainfall had a slightly positive effect on imago size. 
The wings of A. crataegi at the peak of abundance were larger than when sampled during periods of low population density, con-
tradicting available data on changes in the body weight of A. crataegi recorded during outbreaks.

INTRODUCTION

 Body size in insects is an important adaptive trait that 
correlates with various indicators of fi tness: fecundity, mat-
ing success, dispersal ability, etc. (Honek, 1993; Tammaru 
et al., 2002; Kingsolver & Huey, 2008; Dmitriew, 2011). 
Large adult size can only be achieved by faster growth or 
a prolonged growth period, both of which are associated 
with different risks and costs. Insects have previously been 
shown to be able to adaptively change their growth rate and 
development time, with specifi c strategies for maximising 
fi tness either by achieving a large size or reducing develop-
ment time (Nylin & Gotthard, 1998; Gotthard, 2008; Dmi-
triew, 2011). Simultaneously, the duration of development 
and growth rate depend on environmental temperature in 
conjunction with the quantity and quality of available food 
(Chown & Nicolson, 2004). Thus, the size of adult insects 
varies in response to both temperature and diet.

Ectotherms tend to follow the temperature-size rule, 
whereby body size at maturity decreases with increasing 
temperature (Atkinson, 1994). Although many insects 
conform to these growth characteristics, the opposite pat-
tern can be found in some species (Angilletta et al., 2004; 

Eur. J. Entomol. 118: 214–224, 2021
doi: 10.14411/eje.2021.023

ORIGINAL ARTICLE

https://orcid.org/0000-0001-7206-4837
https://orcid.org/0000-0002-6754-4622
https://orcid.org/0000-0002-0858-7681
https://orcid.org/0000-0002-6704-4492


215

Solonkin et al., Eur. J. Entomol. 118: 214–224, 2021 doi: 10.14411/eje.2021.023

et al., 2017). In some species (e.g., Siberian silk moth 
Dendrolimus sibiricus Tshetv. and western tent caterpil-
lar Malacosoma californicum Packard), body weight in-
creases along with a rise in population density (Isaev et 
al., 2001, 2017; Myers & Cory, 2013). In other species 
(autumnal moth Epirrita autumnata Borkhausen, bordered 
white Bupalus piniarius L. and gypsy moth Lymantria dis-
par L.) increases in abundance lead to rapid decreases in 
body size: adults or pupae are smaller in outbreak years 
and larger during periods of low population density (Carter 
et al., 1991; Isaev et al., 2001, 2017; Klemola et al., 2004; 
Myers & Cory, 2013).

The amount of precipitation also may bring about chang-
es in the quality and quantity of food for Lepidoptera. In 
particular, the productivity and leaf biomass of deciduous 
trees in temperate forests increase with increase annual 
precipitation (Fang et al., 2005; Lie et al., 2018). Never-
theless, the infl uence of precipitation on foliage quality is 
ambiguous. On the one hand, an increase in rainfall leads 
to a decrease in the nitrogen and free amino acid content 
of plant tissues, as well as a higher water content. Thus, 
foliage quality should decline as rainfall increases. On the 
other hand, along with this, the production of plant chemi-
cal defences and leaf toughness decreases. This may lead 
to an increase in foliage quality, especially for polypha-
gous species that are less tolerant of secondary compounds 
(Huberty & Denno, 2004; Gely et al., 2020). Data concern-
ing precipitation effects on leaf-chewing insects, which 
include many relatively large species of Lepidoptera, are 
ambiguous and inconsistent. In some cases, the caterpil-
lar’s overall fi tness is greater and, probably, their size is 
larger when rainfall defi ciency is moderate (e.g., Gutbrodt 
et al., 2011; Bauerfeind & Fischer, 2013; Couture et al., 
2015). In other cases, the opposite pattern is reported (e.g., 
Inbar et al., 2001; Gibbs et al., 2011a, b).

This study aims to investigate the differences in adult 
size of a univoltine and irruptive species of Lepidoptera in 
response to changes in environmental temperature, rainfall 
and outbreak cycle phases.

MATERIALS AND METHODS
Study system

The black-veined white Aporia crataegi L. (Lepidoptera: 
Pieridae) is a large and univoltine (sometimes semivoltine in 
the northernmost areas of their range) butterfl y which occurs 
throughout the Palearctic (Tatarinov & Dolgin, 1999; Gorbunov 
& Kosterin, 2003; Merrill et al., 2008). It is one of a few irruptive 
(i.e., capable of outbreaks) species of butterfl ies (Kuznetsova & 
Palnikova, 2014; Isaev et al., 2017). The leaf-chewing caterpillars 
feed on ligneous Rosaceae and Ericaceae plants (Baranchikov, 
1987). According to our observations, in the Middle Urals, larvae 
overwinter as II–III instars, then exit hibernation in mid-late April 
and begin to feed mainly on bird cherry (Prunus padus L.) and 
more rarely on mountain ash (Sorbus aucuparia L.) and Siberian 
crab apple (Malus baccata (L.) Borkh.) (Zakharova et al., 2020). 
During this feeding period, in which caterpillars moult to instars 
IV and later V (fi nal), their body weight increases by two orders 
of decimal magnitude. The pupal stage lasts 15 to 25 days, with 
the fi rst imago emerging between late May and mid June depend-
ing on spring weather (Table 1).

those of univoltine species. Insects can benefi t from faster 
growth rates at higher environmental temperatures and ei-
ther grow to a larger size at maturity, shorten development 
time, or both. Achieving larger adult sizes may amplify fe-
cundity, whereas a shortening in development time allows 
an increase in the number of generations per year (Honek, 
1993; Nylin & Gotthard, 1998; Dmitriew, 2011). There-
fore, univoltine species are likely to obtain more benefi ts 
from reaching a larger size than from reducing develop-
ment time, whereas for bi- and multivoltine species the 
converse is true. In accordance with this, one might ex-
pect the temperature-size response to be negative in bi- and 
multivoltine species (corresponding to the temperature-
size rule), but absent (Fischer & Karl, 2010) or positive 
(Horne et al., 2015; Wilson et al., 2019) in univoltine spe-
cies, corresponding to the converse temperature-size rule.

While lepidopterans are one of the most popular subjects 
in studies on phenotypic plasticity within the life history 
theoretical framework (Nylin & Gotthard, 1998; Gotthard, 
2008; Boggs, 2009; Fischer & Karl, 2010; Wilson et al., 
2019, etc.), data on the direction and strength of tempera-
ture-size responses in Lepidoptera to date are inconsistent 
and do not always correspond to patterns found in other 
terrestrial arthropods. In accordance with expectations, 
adult size decreases with increasing temperatures in some 
bi- and multivoltine species (Davidowitz & Nijhout, 2004; 
Karl & Fischer, 2008; Fischer & Karl, 2010; Bauerfeind 
& Fischer, 2013; Bowden et al., 2015; Klockmann et al., 
2017), while in others, the opposite effect, an increase in 
size, is observed (Gibbs et al., 2011a; Mega, 2014; Wilson 
et al., 2019). In many univoltine species, larger adults de-
velop at higher temperatures (Beckwith, 1982; Kamata et 
al., 1995; Fenberg et al., 2016; Juhasz et al., 2016; Davies, 
2019; Wilson et al., 2019), while in others, as above, the 
converse outcome is observed (Miller, 1977; Palanichamy 
et al., 1982; Fischer & Karl, 2010; Barton et al., 2014). 
Reasons for the inconsistent and diverse nature of tempera-
ture-size responses in various species, and even in different 
populations of the same species, is puzzling mainly due to 
insuffi cient data for the various life histories. Data describ-
ing temperature-size responses in univoltine irruptive spe-
cies (i.e., capable of outbreaks) are virtually absent.

In addition to temperature, insect size at maturity in 
natural populations depends on a variety of environmen-
tal conditions, most notably the quality and quantity of 
food. Irruptive species of forest Lepidoptera as a rule face 
food scarcity due to the gradual defoliation of host plants 
during their outbreaks (Isaev et al., 2001; Klemola et al., 
2004; Myers & Cory, 2013; Isaev et al., 2017), which may 
be expected to lead to decreases in growth rate and adult 
body size (Chown & Nicolson, 2004). However, body size 
changes in the course of outbreak cycles depend on other 
conditions besides food. For example, high larval rearing 
density can stimulate caterpillar growth, producing larger 
imagoes (Isaev et al., 2001; Atterholt & Solensky, 2010). 
Body size variation during outbreaks can be grouped into 
two types, which are sometimes assumed to correspond to 
different outbreak strategies (Klemola et al., 2004; Isaev 
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Sampling
The study area is located in the subzone of pre-forest-steppe 

pine-birch forests (Kulikov et al., 2013) in the Middle Ural re-
gion (Russia, Sverdlovsk region, near the village of Fomino, 
56°36´N, 61°03´E). The study area encompassed pine forest with 
low shrubs and herbaceous plants beneath, forest edges, and wet 
and dry meadows. As shown on the map (Fig. S1) and in the pho-
tographs (Fig. S2), the main sampling site consists of an elon-
gated open space along a power line (about 2.5 km), including 
adjacent forest edges and glades. The undergrowth in pine forests 
includes rosaceous trees and shrubs, predominantly bird cherry P. 
padus and mountain ash S. aucuparia; but Siberian crab apple M. 
baccata (sparse) and hawthorn Crataegus sanguinea Pall. (single 
plants) also occur. Various nectar-rich plants (Geranium, Trifo-
lium, Knautia, Cirsium, Rubus) were abundant in open localities.

The samples of black-veined white butterfl ies were collected 
in 2007–2008 and 2010–2020 (Table 1). The population studied 
experienced outbreaks in 2010–2013 and low-density phases in 
2007–2008 and 2014–2020. Starting from 2013, sampling was 
carried out throughout the entire butterfl y fl ight period.

The mean monthly temperature and rainfall fi gures for April 
and May (Table 1) were provided by the meteorological station 
located at Verhnee Dubrovo, 16 km north of the study zone, which 
is freely available at http://www.pogodaiklimat.ru/history/28445.
htm.

We selected wing area as a proxy for body size because, un-
like body weight, it varies little throughout the life of the imago. 
We removed the wings of all individuals and took photographs 
of their ventral surface using a Canon Eos 450D digital camera. 
Along with the specimen, a scale bar was included in each image 
in order to avoid scale errors in wing area calculations. Land-
marks on the left forewings were digitised using the software 
tpsDig 2.10 (Rohlf, 2006) at the distal tips of veins in accord-
ance with pattern shown in Fig. 1. The left forewing area was 
calculated as the surface area being bounded by landmarks using 
the software tpsUtil 1.40 (Rohlf, 2008).

Data analysis 
All analyses were carried out using the R software environ-

ment, version 3.6.3 (R Core Team, 2020). An ordinary least-
squares linear model was built for the analysis of the left fore-
wing area, which included continuous predictors (temperature 
and rainfall in April and May), categorical factors (sex and the 
phase of outbreak) and interactions between the factor “sex” and 
the other predictors. Continuous predictors were standardised in 

order to allow correct interpretation of the main effects and inter-
actions, as recommended by Schielzeth (2010). Model validation 
detected violations of assumptions concerning normal distribu-
tion and homoscedasticity of standard residuals. The inspection 
of the residuals’ plots (Figs S3, S4) suggested that these viola-
tions were mainly due to negative skewness and an abundance 
of negative outliers, especially in females. For this reason, we 
used the robust MM estimator (Yohai, 1987) for model fi tting. 
Since the output of the robust model was almost identical to that 
of the ordinary least-squares model (Tables S1, 2), there were no 
serious problems with violation of assumptions. Nevertheless, 
for describing the results we relied on the robust model. Separate 
estimates of regression coeffi cients for males and females were 
extracted from the full model by means of the emmeans pack-
age (Russell, 2020). The fi nal model was obtained by eliminat-
ing non-signifi cant interactions from the full robust model. The 
robust coeffi cient of determination was calculated according to 
a method consistent with Renaud & Victoria-Feser (2010). The 
post-hoc comparisons were performed using the Tukey test in the 
multcomp package (Hothorn et al., 2008).

RESULTS

The fi nal robust linear model of the A. crataegi wing area 
data using sex, outbreak phase and spring weather condi-
tion as predictors was signifi cant (χ2 = 3310; df = 8; p < 
0.001; adjusted robust R2 = 0.382). The wing size of black-

Table 1. Summary of the statistics for spring weather, dates of the beginning of the imago fl ight, sample sizes and forewing area of A. 
crataegi in 2007–2020.

Year
 Temperature (°С) Rainfall (mm) Date of the beginning

of the imago fl ight 
Number of 
specimens Forewing area (mm2) ± SE

April May April May Males Females Males Females Males Females
2007 4.9 10.7 68 102 unknown unknown 57 29 300.0 ± 3.8 334.7 ± 7.1
2008 4.4 10.6 5 66 unknown unknown 53 9 288.0 ± 3.0 339.4 ± 9.3
2010 6.1 13.5 16 30 unknown unknown 86 122 295.2 ± 2.7 339.6 ± 3.1
2011 4.5 11.5 40 52 unknown unknown 54 293 287.4 ± 3.1 323.0 ± 2.1
2012 8.2 13 59 40 unknown unknown 45 132 284.9 ± 3.9 335.8 ± 2.9
2013 4.4 10.8 44 42 12.06 15.06 264 271 290.4 ± 1.6 325.1 ± 2.4
2014 1.9 13.6 48 26 04.06 05.06 286 231 291.9 ± 1.6 335.1 ± 2.4
2015 4.1 12.3 27 93 05.06 06.06 359 366 291.8 ± 1.4 332.0 ± 1.7
2016 6.9 12.3 54 9 29.05 03.06 223 185 280.6 ± 1.5 327.5 ± 2.6
2017 4.4 9.6 24 39 15.06 17.06 550 285 270.7 ± 1.2 306.7 ± 2.4
2018 2.1 8.8 36 29 24.06 28.06 359 198 282.0 ± 1.4 311.3 ± 2.2
2019 3 12.6 16 38 09.06 10.06 524 369 292.4 ± 1.1 333.5 ± 1.5
2020 5 14 35 14 30.05 30.05 425 265 290.3 ± 1.2 325.0 ± 1.8
Mean 4.6 11.8 36.3 44.6     286.2 326.3

Fig. 1. Diagram of the forewing of A. crataegi indicating the posi-
tions of the different landmarks.
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veined white butterfl ies was signifi cantly dependent on all 
of the variables included in the analysis except April rain-
fall (Table 2). Of the predictors, aside from sex, the May 
temperature had the greatest infl uence on wing area. We 
found that wing size increased as the environmental tem-
perature in May increased (Fig. 2a, Tables 2, 3). Although 
the wing size of females increased with May temperature 
to a greater extent than that of males, this does not neces-
sarily mean that female wing size is more responsive to 
temperature since the observed pattern may be a result of 
both the average value and variation in wing area in the 
female data sets being much larger than in those of the 
male (Table 1). In order to more accurately compare the 
temperature-size responses in different sexes, wing area 
was centred and scaled separately for males and females. 
The obtained standardised wing areas were used in the 
robust linear model construction. According to the output 
of this model, there was no signifi cant difference between 
the sexes concerning changes in wing size in response to 
May temperatures (Table 4). Thus, the fi nal wing size for 
females is greater following higher May temperatures than 
for males, but this effect is a result of the larger overall 
female size.

The environmental temperature in April compared to 
that in May had an opposite and weaker effect on the wing 
size of black-veined white butterfl ies (Fig. 2a, b). Although 
the decrease in wing area with increasing April tempera-
tures was more conspicuous in males, it was also present 
in females as a weak tendency at the border of statistical 
signifi cance (Tables 2, 3).

The May rainfall had a minor positive effect on adult 
wing size in both males and females (Tables 2, 3): the fore-
wing area increased slightly following high rainfall (Fig. 
2c). Wings of black-veined white butterfl ies sampled at the 
peak of abundance were on average 6.2 (± 1) mm2 larger 
than those sampled during low population density. The 
post-hoc comparison showed this difference to be signifi -
cant (z = 5.9; p < 0.001).

DISCUSSION

In this study, we investigated the strength and direction 
of changes in wing size in response to variations in spring 
weather and the outbreak phase in the univoltine and ir-

Table 2. Outputs of the full and fi nal robust linear models for forewing area of A. crataegi (covariates are standardised, and sum-to-zero 
parametrisation for categorical factors is employed).

Predictors
Full model Final model

β ± SE 95% CI (lower / upper) z p β ± SE 95% CI (lower / upper) z p
Intercept 309.20 ± 0.50 308.23 / 310.17 624.6 <0.001 309.11 ± 0.48 308.17 / 310.06 643.7 <0.001
Sex 19.40 ± 0.50 18.43 / 20.37 39.2 <0.001 19.71 ± 0.38 18.95 / 20.46 51.3 <0.001
Temperature (May) 7.44 ± 0.40 6.66 / 8.22 18.6 <0.001 7.46 ± 0.40 6.68 / 8.24 18.7 <0.001
Temperature (April) –2.35 ± 0.43 –3.18 / –1.51 –5.5 <0.001 –2.38 ± 0.42 –3.21 / –1.55 –5.6 <0.001
Rainfall (May) 2.80 ± 0.39 2.03 / 3.56 7.2 <0.001 2.80 ± 0.39 2.04 / 3.56 7.2 <0.001
Rainfall (April) 0.76 ± 0.41 –0.04 / 1.57 1.9 0.06 0.75 ± 0.41 –0.04 / 1.55 1.9 0.06
Outbreak –3.11 ± 0.52 –4.14 / –2.08 –5.9 <0.001 –3.10 ± 0.52 –4.10 / –2.07 –5.9 <0.001
Sex * Temperature (May) 1.17 ± 0.40 0.39 / 1.95 2.9 0.003 1.23 ± 0.39 0.46 / 2.00 3.1 0.002
Sex * Temperature (April) 1.03 ± 0.43 0.20 / 1.87 2.4 0.02 0.89 ± 0.39 0.14 / 1.65 2.3 0.02
Sex * Rainfall (May) –0.02 ± 0.39 –0.78 / 0.75 –0.05 0.96 – – – –
Sex * Rainfall (April) 0.07 ± 0.41 –0.73 / 0.88 0.2 0.86 – – – –
Sex * Outbreak 0.53 ± 0.52 –0.50 / 1.56 1.0 0.31 – – – –

Fig. 2. The relationships between forewing area (mean and 95% 
confi dence intervals) of male and female A. crataegi butterfl ies and 
a) temperature in May, b) temperature in April and c) rainfall in May. 
The regression lines and their 95% confi dence intervals were ob-
tained from the robust linear model using the emmeans package.
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ruptive Lepidopteran species A. crataegi. The wing size of 
black-veined white butterfl ies was found to depend mainly 
on the temperature and rainfall in May, with the weather 
in April having much less of an effect. This anticipated re-
sult is consistent with results of previous studies accord-
ing to which the temperature in the last month before the 
emergence of the imago has the greatest effect on their size 
(Fenberg et al., 2016; Wilson et al., 2019). There is a plau-
sible and simple explanation for this: caterpillars gain most 
of their fi nal weight (e.g., 90% in the tobacco hawkmoth 
Manduca sexta L.) during the last larval instar (Nijhout et 
al., 2006).

We established that, in common with a number of other 
univoltine species of Lepidoptera (Beckwith, 1982; Kama-
ta et al., 1995; Fenberg et al., 2016; Juhasz et al., 2016; 
Davies, 2019; Wilson et al., 2019), adult size of black-
veined white butterfl ies increases with rising environmen-
tal temperature during the last larval instar (Fig. 2a), which 
corresponds to that predicted by the converse temperature-
size rule. Consequently, the black-veined white takes ad-
vantage of the opportunity for rapid growth in order to grow 
to a larger fi nal size, which is consistent with expectations 
from life history theory for univoltine species (Fischer & 
Karl, 2010; Wilson et al., 2019). Along with this, adults not 
only reach larger sizes in warmer springs, but also emerge 
from pupae earlier (Table 1). Thus, like some other uni-
voltine Lepidopteran species (Fenberg et al., 2016; Davies, 
2019), the black-veined white seems to optimise both size 
at maturity and development time. Higher average tem-
peratures (12–14°С) during the last larval instar appear to 
allow A. crataegi both to maximise body size and minimise 
development time due to a higher growth rate. Low av-
erage temperatures (9–10°С) decelerate growth of larvae, 
leading to both a reduction in adult size and retardation of 
emergence. Accordingly, adults are likely to have a higher 
potential fecundity in years with warmer springs. At the 

same time, the risk of death prior to maturity is reduced. 
In years with cooler springs, adults of black-veined white 
butterfl ies benefi t from none of the above.

It is remains unclear why in several other univoltine spe-
cies of Lepidoptera [grey arches Polia nebulosa Hufnagel 
(Noctuidae), Eupterote mollifera Walker (Eupterotidae), 
purple-edged copper Lycaena hippothoe L. (Lycaenidae) 
and common brown Heteronympha merope Fabricius 
(Nymphalidae)] the opposite pattern (adult size decreases 
with temperature increases) is recorded (Miller, 1977; Pa-
lanichamy et al., 1982; Fischer & Karl, 2010; Barton et al., 
2014). One may note that in the case of P. nebulosa the 
last larval instar occurs at the end of the vegetation season 
(Miller, 1977). The necessity to complete growth and pu-
pate before the end of the vegetation season is evidently 
more important for reproductive success than reaching a 
larger size. Time-restricted growth periods could therefore 
promote a shortening of the development time in order to 
achieve maximum fi tness (Nylin & Cotthard, 1998; Fis-
cher & Karl, 2010; Dmitriew, 2011), thereby leading to a 
decrease in adult size with increasing temperature even in 
univoltine species. The other cause of inconsistency be-
tween expected and observed patterns could be a result 
of the evolutionary history of the species in question. It 
is possible that some species, which are strictly univoltine 
in nature within their area, remain potentially multivoltine 
and, under suitable conditions, can occasionally complete 
another generation, as in the case of L. hippothoe (Fischer 
& Karl, 2010). It appears plausible that such latent multi-
voltine species, along with the ability to switch to being 
multivoltine, retain some adaptations of the multivoltine 
life history, including the negative temperature-size re-
sponse.

While high temperatures in May resulted in an increase 
in wing size, high temperatures in April resulted in a 
slightly reduced wing area in black-veined white butter-

Table 3. Outputs for the signifi cant spring weather variables for males and females of A. crataegi (all estimates are based on the full robust 
linear model).

Predictors β ± SE 95% CI (lower / upper) z p
Temperature in May (males) 6.27 ± 0.50 5.29 / 7.24 12.6 <0.001
Temperature in May (females) 8.61 ± 0.63 7.39 / 9.84 13.8 <0.001
Temperature in April (males) –3.38 ± 0.58 –4.51 / –2 .24 –5.8 <0.001
Temperature in April (females) –1.31 ± 0.63 –2.54 / –0.09 –2.1   0.036
Rainfall in May (males) 2.81 ± 0.53 1.78 / 3.85 5.3 <0.001
Rainfall in May (females) 2.78 ± 0.57 1.65 / 3.90 4.8 <0.001

Table 4. Output of the robust linear model for forewing area of A. crataegi (forewing area was standardised separately for males and 
females, covariates are standardised, and sum-to-zero parametrisation for categorical factors is employed).

Predictors  β ± SE 95% CI (lower  /  upper) z p
Intercept 0.09 ± 0.02 0.06 / 0.12 5.7 <0.001
Sex –0.02 ± 0.01 –0.05 / 0.00 –1.7 0.10
Temperature (May) 0.24 ± 0.01 0.21 / 0.26 18.4 <0.001
Temperature (April) –0.08 ± 0.01 –0.11 / –0.06 –5.9 <0.001
Rainfall (May) 0.09 ± 0.01 0.07 / 0.12 7.3 <0.001
Rainfall (April) 0.02 ± 0.01 0.00 / 0.05 1.8 0.08
Outbreak –0.10 ± 0.02 –0.13 / –0.06 –5.8 <0.001
Sex * Temperature (May) 0.01 ± 0.01 –0.01 / 0.04 0.9 0.383
Sex * Temperature (April) 0.04 ± 0.01 0.01 / 0.06 2.8 0.005
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fl ies (Fig. 2a, b). Thus, the wing size of the black-veined 
white increases following high temperatures experienced 
during the last (V) larval instar and diminishes follow-
ing high temperatures experienced during earlier (III–IV) 
larval instars. Although a similar pattern was recently re-
ported in two species of Lycaenidae (Wilson et al., 2019), 
the possible sources of such a trend are not clear. The wing 
size depends greatly on the larval weight achieved before 
pupation (Nijhout & Grunert, 2010), which, on the whole, 
as mentioned above, is gained during the last instar. Never-
theless, it is generally understood that a lower initial cater-
pillar weight at the beginning of the last instar can lead to a 
slight reduction in the fi nal larval weight due to decreases 
in critical weight (Nijhout et al., 2006). Therefore, the re-
ported pattern may be a result of the negative temperature-
size response of the III–IV larval instars of A. crataegi. 
This means that the sizes of the larvae in different instars in 
Lepidoptera may depend on temperature in different ways. 
However, the observed pattern is likely to have a simpler 
explanation. The caterpillars moult into the last instar ear-
lier following a warmer April, and, therefore, their growth 
during the last instar would most likely occur under cooler 
conditions. Further experimental studies are required to 
fully understand the causes of the smaller adult sizes fol-
lowing high temperatures during caterpillar growth in the 
early instars.

Rainfall in May had a minor positive effect on the adult 
wing size of black-veined white butterfl ies (Fig. 2c). The 
data on the infl uence of rainfall on adult wing size of leaf-
chewing phyllophagous species are very contradictory (Hu-
berty & Denno, 2004; Gely et al., 2020). The recorded rela-
tionship differs from what is previously described for other 
white butterfl ies feeding on cruciferous plants (Gutbrodt et 
al., 2011; Bauerfeind & Fischer, 2013), but corresponds to 
the patterns found in several other leaf-chewing species of 
Lepidoptera (Inbar et al., 2001; Gibbs et al., 2011a, b). The 
reasons for the recorded effect remain unclear. To the best 
of our knowledge, there is no information in the literature 
indicating that May precipitation effects the quantity and 
quality of the foliage of the main host plant of the black-
veined white butterfl y, i.e., bird cherry. The dependence of 
the growth of A. crataegi caterpillars on the biochemical 
properties of host foliage also remains undescribed. Hence, 
currently only a speculative explanation can be proposed. 
The pupal mass of the black-veined white butterfl y de-
pends on food consumption effi ciency rather than the mass 
of foliage consumed (Tarasova et al., 2015). Therefore, we 
assume that the recorded wing size enlargement of black-
veined white butterfl ies due to increased May rainfall 
might have been associated with changes in foliage qual-
ity rather than an increase in leaf mass. The concentration 
of secondary compounds in leaves is known to decline 
with increased rainfall (Huberty & Denno, 2004; Gely et 
al., 2020). Since the leaves of bird cherry contain many 
polyphenolic compounds (Vshivkova, 2009; Olszewska & 
Kwapisz, 2011), it is possible that a decreased polyphenol 
content may have promoted food consumption effi ciency, 
and, accordingly, the recorded weight gain of larvae of A. 

crataegi. Additional detailed research is needed for an im-
proved understanding of the complex relationship between 
the adult size of leaf-chewing Lepidoptera and rainfall, 
both under experimental conditions and in natural popula-
tions.

Based on the results, wings of black-veined white but-
terfl ies during an outbreak are slightly larger than at a 
low population density. This contradicts the available 
data for this species. In particular, that the pupal weight 
at low population density is higher than during the period 
of high abundance (Kuznetsova & Palnikova, 2014). This 
inconsistency may be attributed to the fact that different 
measures of body size were used. Since the pupal or adult 
weight closely correlates with potential fecundity, it can 
be considered as an indicator of the quantity of resourc-
es allocated for reproduction, whereas, wing size refl ects 
the allocation of resources to fl ight and dispersal (Boggs, 
2009; Rhainds, 2020). It is reported that Lepidoptera under 
conditions of moderate food shortage tend to invest more 
in wing growth than in body weight (Boggs & Niitepõld, 
2016; Tigreros & Davidowitz, 2019). This prompts the as-
sumption that wing size and body weight in black-veined 
white butterfl ies may vary differently in the course of an 
outbreak. It is possible that adult wing size increases during 
periods of high abundance, whereas body weight, accord-
ing to Kuznetsova & Palnikova data (2014), decreases. It 
is possible that the inference about the body size response 
to outbreaks may depend on which measure of size was 
selected by the researcher. Apparently, only a simultaneous 
study of the sizes of different body parts at different stages 
of the life history is likely to result in a better understand-
ing of body size response to outbreaks.

The fi ndings of our study support the hypothesis that body 
size increases with increase in temperature, commonly re-
ported for terrestrial insects, may be the rule for univoltine 
species (Horne et al., 2015). It should be noted that physio-
logical mechanisms of the temperature-size response at the 
current time are studied only in species in which size de-
creases with increase in temperature (M. sexta and Lycaena 
tityrus Poda, Davidowitz & Nijhout, 2004; Karl & Fischer, 
2008). Therefore, it is necessary to study the physiological 
mechanisms of other types of temperature-size responses. 
The effect of temperature experienced during the growth of 
the last instar larva of A. crataegi on adult size can be well 
explained in terms of life-history theory, which addition-
ally highlights the adaptive nature of the temperature-size 
response. The increase in adults size following heavy rain-
fall is likely to be due to an increase in host plant biomass. 
Other reported patterns (body size reduction following an 
increase in temperature during caterpillar growth follow-
ing overwintering and wing enlargement occurring at the 
peak of population abundance) currently have no satisfac-
tory explanations. The surprising (in the light of the previ-
ous data) increase in the wing size of A. crataegi during an 
outbreak signifi es that the effects of population abundance 
on such adaptive phenotypic traits of insects remain poorly 
understood. Understanding these effects requires, on the 
one hand, a deeper knowledge of similar eruptive species, 
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and, on the other hand, a wider coverage of various spe-
cies and populations in order to reveal the full diversity of 
existing patterns.
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Table S1. Output of the ordinary least squares linear model for forewing area of A. crataegi (covariates are standardised and sum-to-zero 
parametrisation for categorical factors used).

Predictors β ± SE 95% CI (lower / upper) z p
Intercept 307.82 ± 0.51 306.81 / 308.82 598.7 <0.001
Sex 18.59 ± 0.51 17.58 / 19.59 36.2 <0.001
Temperature (May) 7.64 ± 0.41 6.82 / 8.45 18.4 <0.001
Temperature (April) –2.39 ± 0.44 –3.26 / –1.53 –5.4 <0.001
Rainfall (May) 2.67 ± 0.41 1.87 / 3.46 6.6 <0.001
Rainfall (April) 0.72 ± 0.43 –0.12 / 1.56 1.7 0.09
Outbreak –2.89 ± 0.54 –3.95 / –1.82 –5.3 <0.001
Sex * Temperature (May) 1.32 ± 0.41 0.50 / 2.13 3.2 0.002
Sex * Temperature (April) 1.23 ± 0.44 0.36 / 2.09 2.8 0.006
Sex * Rainfall (May) –0.03 ± 0.41 –0.82 / 0.77 –0.1 0.95
Sex * Rainfall (April) –0.19 ± 0.43 –1.03 / 0.64 –0.5 0.65
Sex * Outbreak 0.85 ± 0.54 –0.22 / 1.92 1.6 0.12

Fig. S1. Map of the area sampled and its vicinity.
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Fig. S2. Photographs of the main habitats in the area sampled: pine forest with low shrubs and herbaceous plants beneath with bird cherry 
in undergrowth (A), open localities along the power line (B, C) and dry meadow (D).
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Fig. S3. Relationship between standardised residuals of the ordi-
nary least squares linear model for the forewing area of A. crataegi 
and fi tted values.

Fig. S4. Relationships between standardised residuals of the ordi-
nary least squares linear model for the forewing area of A. crataegi 
and theoretical quantiles of normal distribution.




