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Introduction

Prey have evolved a variety of strategies to escape 
predation. Death-feigning is a behavior in which an 
animal stops moving in response to external stimuli 
and has been considered as an anti-predator behav-
ior (Humphreys and Ruxton 2018). Death-feigning 
is observed in a wide range of animals, from inver-
tebrates to vertebrates (Francq 1969; Burghardt and 
Greene 1988; Cassill et  al. 2008). Previous studies 
have shown that the adaptive significance of death-
feigning is to reduce predation rates by distracting 
predators (Miyatake et al. 2004), but there is another 
hypothesis that it is a chemical warning of distasteful-
ness (Ruxton 2006).

The frequency of death-feigning or its duration 
has been found to be influenced by several factors 
such as starvation, sex, and size (Miyatake 2001a, 
b; Hozumi and Miyatake 2005; Gerald 2008). 
Temperature has been considered to affect death-
feigning because behaviors and physiological pro-
cesses of ectotherms, including insects are strongly 
influenced by environmental temperature (Angil-
letta et  al. 2006). In two weevils, Callosobruchus 
maculatus and C. chinensis, the duration of death-
feigning was correlated negatively with temperature 
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sure on prey, the later have evolved a variety of anti-
predator behavior. Death-feigning is thought as one 
of anti-predator behaviors to escape from predation 
by temporarily stopping movement and appearing to 
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divided into 1) red with black spots (Red type; R) 
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show that the duration of death-feigning in B was cor-
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(Miyatake et al. 2008a). In insects, muscle activity 
is reduced when body temperature is low (Schou 
et  al. 2013). Thus, at low temperatures, death-
feigning is considered to be a better strategy to 
escape from predators than walking or flying, which 
explains the negative correlation between the inten-
sity of death-feigning and temperature (Humphreys 
and Ruxton 2018). However, the weevil, Zabrotes 
subfasciatus showed a positive correlation between 
the frequency of death-feigning and temperature 
(Cardoso and dos Santos Mendonça 2019).

An example of thermal adaptation in insects is 
melanism, the darkening of body color (Clusella 
Trullas et al. 2007). It has been predicted that darker 
phenotypes are advantageous under low temperature 
because they can absorb solar energy compared to 
light individuals, enabling them to raise their body 
temperatures faster than light ones (Kuyucu et  al. 
2018). The above hypothesis has been supported 
by studies using a variety of animals (Brakefield 
and Willmer 1985; Goulson 1994; Forsman 1997). 
However, this advantage may turn into a disadvan-
tage under high temperature where there is a risk of 
overheating (Clusella Trullas et al. 2007).

Elytral color in Harmonia axyridis is controlled 
by 12 alleles on a locus (Tan 1946; Gautier et  al. 
2018). There is a phenotypic plasticity in the size 
and number of black spots expressed in the red 
elytral type (Red type; R), which increases under 
lower temperatures during larval and pupal stages 
(Michie et  al. 2010). It is not clear why H. axy-
ridis exhibits such an extreme color polymorphism, 
but it has been suggested that thermoregulation is 
related to body color of H. axyridis (Komai 1956; 
Osawa and Nishida 1992; Wang et  al. 2009; Nori-
yuki and Osawa 2015). In another ladybug, Adalia 

bipunctata, which shows a color polymorphism 
similar to H. axyridis, the black elytral color has 
been considered to be an adaptation to low tem-
peratures (Brakefield 1984; Brakefield and Willmer 
1985; De Jong et al. 1996).

In this study, we examined the relationship 
between temperatures and the duration of death-
feigning in H. axyridis. We measured the dura-
tion of death-feigning and frequency of R and B at 
15  °C, 20  °C and 25  °C. Based on the results, we 
discuss the possibility that the observed difference 
is an adaptive strategy to temperature in each color 
morph.

Materials and Methods

Materials

H. axyridis adults were collected from an over-
wintering population in Shikaoi, Hokkaido, Japan 
on May 21, 2020 and in Higashikawa, Hokkaido, 
Japan on November, 2021. We classified them by 
elytral color and the number of spots based on Tan 
(1946). We used three phenotypes of succinea (R; 
with 0–19 black spots), conspicua (B2; with 2 red 
spots) and spectabilis (B4; with 4 red spots) for 
the following experiments (Fig.  1). These alleles 
have been observed commonly in wild populations 
(Michie et  al. 2010). They have a dominant-reces-
sive relationship in the order conspicua > spectabi-
lis > succinea (Tan 1946). All individuals were kept 
together in a Petri dish (diameter: 70  mm, height: 
20 mm) at 20 °C and insects were fed with an artifi-
cial food for turtles (Leptomin®, Tetra, Melle, Ger-
many) every 2–3 days.

Fig. 1  The three com-
mon color phenotypes in 
Harmonia axyridis; (a) B2, 
(b) B4, (c) R
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Experiment

Several days before the measurement of the inten-
sity of death-feigning, the individuals were placed in 
the Petri dishes (diameter: 70  mm, height: 20  mm) 
and maintained at different temperatures of 15  °C, 
20 °C or 25 °C. The sex of each individual was also 
recorded. We defined death-feigning as an immo-
bile state with legs folded to the ventral surface of 
abdomen. Death-feigning was induced by turning 
over each individual on a Petri dish (the same prod-
uct with the above dish for rearing). The duration of 
death-feigning was the time in sec between the start 
of death-feigning and the first visible movement. If 
an individual did not stop moving when turned over, 
the same experimental procedure above was repeated 
three times and if the focal individual did not stop 
moving in all the three trials, the duration was 
recorded as 0  s. The upper limit of the duration of 
death-feigning was defined at 300 s (durations longer 
than 300 s were recorded as 300 s). We measured the 
duration of death-feigning for 60 individuals (= ten 
individuals of each sex for three phenotypes) for each 
temperature, but we used 8 males and 12 females of R 
at 25 °C. All the individuals were used only once in 
this experiment.

Statistical Analysis

All statistical analyses were performed in R (ver. 
4.0.0). The duration of death-feigning was compared 
by Mann-Whitney U test for ties correction because 
most of the distributions deviated from normal-
ity (confirmed using Shapiro-Wilk test). Correlation 
between temperature and the duration of death-feign-
ing of each color type was examined by Kendall’s 
rank correlation test. For analysis of the effect of tem-
perature on the frequency of death-feigning, we used 

a generalized linear model (GLM) with binomial dis-
tribution and logit link function because the depend-
ent variable was binomial. We set temperature as the 
independent variable and a dummy variable (1: did 
show the death-feigning, 0: did not show the death-
feigning) as the dependent variable. We used three-
way ANOVA (analysis of variance) for the data of the 
individuals that showed the death-feigning to test the 
effects of type (B or R), temperature, and sex on the 
duration of death-feigning.

Results

There was no significant difference between B2 and 
B4 at all temperatures, so we treated them as one 
type, B (Mann-Whitney U test; 15  °C: W = 151, 
n = 40, P = 0.184; 20 °C: W = 241, n = 40, P = 0.252; 
25  °C: W = 161, n = 40, P = 0.295). At 15  °C, the 
duration of death-feigning of R was significantly 
longer than that of B (B: 26.1 ± 6.94  s (mean ± SE), 
R: 94.5 ± 23.2  s; Mann-Whitney U test: W = 562, 
n = 60, P = 0.0095; Table 1); at 20  °C, there was no 
difference in the duration of death-feigning between 
B and R (B: 105.0 ± 20.9 s, R: 71.7 ± 21.2 s; Mann-
Whitney U test: W = 379, n = 60, P = 0.741; Table 1); 
at 25 °C, the duration of death-feigning of B was sig-
nificantly longer than that of R (B: 107.1 ± 17.5 s, R: 
43.2 ± 16.7 s; Mann-Whitney U test: W = 241, n = 60, 
P = 0.0110; Table 1).

There is a correlation between the duration of the 
death-feigning and temperature in both B and R (B: 
n = 120, τ = 0.211, P = 0.0044; R: n = 60, τ = −0.207, 
P = 0.0488). We detected no significant effect of 
temperature on the frequency of death-feigning in 
both B and R (GLM; B: estimate = 0.0591, z = 1.205, 
n = 120, P = 0.228; R: estimate = −0.116, z = −1.651, 
n = 60, P = 0.0987).

Table 1  Frequency and duration of death-feigning of B and R at three temperatures

The duration of death-feigning between B and R in each temperature was compared by Mann-Whitney U test and the frequency was 
compared by Fisher’s exact test. The statistics and P value are shown. *; P < 0.05, **; P < 0.01

Temperature Freq. of death-feigned individuals Duration of death-feigning (mean ± SE sec)

B R P B R W P

15 °C 0.675 0.8 0.375 26.1 ± 6.94 94.5 ± 23.2 562 0.00954**
20 °C 0.6 0.65 0.783 105.0 ± 20.9 71.7 ± 21.2 379 0.741
25 °C 0.8 0.55 0.0677 107.1 ± 17.5 43.2 ± 16.7 241 0.0110*
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When individuals that did not exhibit death-
feigning (the duration of death-feigning = 0  s) 
were excluded, the result of ANOVA showed 
significant effects of type (F = 6.15, n = 123, 
P = 0.0146; Table  2) and the interaction between 
temperature and type was significant (F = 6.48, 
n = 123, P = 0.0123; Table  2) on the duration of 
death-feigning. None of the other factors and 
interactions was significant (Table 2).

Discussion

The duration of death-feigning in B was correlated 
positively with temperature whereas that in R was 
correlated negatively with temperature (Fig. 2). There 
are several possible hypotheses for the cause of these 
results. The first is that the balance of the trade-
off between the two anti-predator behaviors, move 
away or death-feigning changes with temperature 
(Ohno and Miyatake 2007). Previous studies have 
suggested that a trade-off exists between these two 
strategies (Ohno and Miyatake 2007; Miyatake et al. 
2008b; Cardoso and dos Santos Mendonça 2019). In 
general, there is an optimal temperature for muscle 
activity (Schou et  al. 2013), and the success rate of 
escape behavior is expected to be maximized near the 
optimal temperature. Thus, if the observed relation-
ship between elytral colors and the duration of death-
feigning is a result of temperature adaptation, we 
would expect that muscle activity negatively corre-
lates with temperature in B and positively in R. This 
remains to be confirmed to determine if it can explain 
the difference between B and R in the observed 
relationships.

Table 2  Results of ANOVA for the duration of death-feigning 
(n = 123)

*; P < 0.05

Factor df Sum Sq F P

Type 1 68,439 6.15 0.0146*
Temperature 1 14,715 1.32 0.253
Sex 1 2630 0.236 0.628
Type*Temperature 1 72,054 6.48 0.0123*
Type*Sex 1 282 0.0253 0.874
Temperature*Sex 1 3819 0.343 0.559
Type*Temperature*Sex 1 1845 0.166 0.685
Residuals 115 1,279,492

Fig. 2  The relationship between temperature and the dura-
tion of death-feigning for (a) B type (n = 120) or (b) for R type 
(n = 60). Kendall’s rank correlation coefficients (τ) and P val-

ues were shown (*; P < 0.05, **; P < 0.01). Bars and whiskers 
indicate mean ± SE. The plots were slightly shifted horizon-
tally to increase understandability
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The other hypothesis is that the duration of death-
feigning is determined by a trade-off between preda-
tion avoidance and opportunity costs (Humphreys and 
Ruxton 2018). The longer duration of death-feigning 
is considered to lead to greater success in avoidance 
of predators, but greater loss of foraging and repro-
ductive opportunities (Nakayama and Miyatake 
2010). Therefore, individuals with high consumption 
rate may reduce the loss of foraging opportunities by 
shortening the duration of death-feigning. In general, 
the consumption rate of insects increases with body 
temperature up to a certain temperature (= optimum 
temperature for foraging) and decreases above that 
temperature (Angilletta et al. 2002). The black body 
color absorbs solar energy more efficiently than 
other colors and heats up faster, so black individu-
als may have lower optimum temperature for forag-
ing. The darker phenotype nigra of H. axyridis has 
been found to have maximum consumption rate at a 
temperature 3.7 °C lower than the lighter phenotype 
aulica (Soares et al. 2003). Although the phenotypes, 
nigra and aulica, are different phenotypes from the B 
and R that we used, this study suggested that black 
body coloration is more likely to result in a metabolic 
maximum at lower temperatures in H. axyridis. To 
demonstrate this hypothesis, it would be necessary 
to measure the relationship between the duration of 
death-feigning and the loss of foraging and reproduc-
tive opportunities for B and R at each temperature.

Sex did not affect the duration of death-feigning 
(Table  2), contradicting a previous study of the 
weevil, Cylas formicarius, which shows that the 
duration of death-feigning decreases at night in 
both sexes, but the degree of decrease was larger in 
males than in females (Miyatake 2001b). This has 
been interpreted as a result of mating that occurs 
during night, and males having more incentives for 
multiple mating than females (Miyatake 2001b). 
In H. axyridis, about 14% of individuals copulate 
multiply, and the frequency of mating is not signifi-
cantly different between sexes (Osawa 1994). This 
implies that the incentive for multiple mating is not 
different between males and females of H. axyridis, 
and this may be the reason there was no significant 
difference in the duration of death-feigning between 
sexes.

Acknowledgements We are grateful to lab. Members for val-
uable discussion and to H. Morimura and K. Tsubaki for help-
ful advice to sample collection and rearing.

Author Contributions EH and KT designed the study, col-
lected samples, analyzed the data, and wrote the manuscript.

Data Availability We will deposit all the data used in this 
study to Figshare.

Delarations 

Conflicts of Interest/Competing Interests The authors have 
no relevant financial or non-financial interests to disclose.

References

Angilletta MJ, Bennett AF, Guderley H, Navas CA, Seebacher 
F, Wilson RS (2006) Coadaptation: a unifying principle 
in evolutionary thermal biology. Physiol Biochem Zool 
79:282–294

Angilletta MJ, Niewiarowski PH, Navas CA (2002) The evo-
lution of thermal physiology in ectotherms. J Therm Biol 
27:249–268

Brakefield PM (1984) Selection along clines in the ladybird Ada-
lia bipunctata in the Netherlands: a general mating advan-
tage to melanics and its consequences. Heredity 53:37–49

Brakefield PM, Willmer PG (1985) The basis of thermal mela-
nism in the ladybird Adalia bipunctata: differences in 
reflectance and thermal properties between the morphs. 
Heredity 54:9–14

Burghardt GM, Greene HW (1988) Predator simulation and 
duration of death feigning in neonate hognose snakes. 
Anim Behav 36:1842–1844

Cardoso JCF, dos Santos Mendonça J (2019) The trade-off 
between fleeing and tonic immobility behaviors in an 
ectothermic animal. Acta Ethol 22:129–134

Cassill DL, Vo K, Becker B (2008) Young fire ant workers 
feign death and survive aggressive neighbors. Naturwis-
senschaften 95:617–624

Clusella Trullas S, van Wyk JH, Spotila JR (2007) Thermal 
melanism in ectotherms. J Therm Biol 32:235–245

De Jong PW, Gussekloo SWS, Brakefield PM (1996) Differ-
ences in thermal balance, body temperature and activity 
between non-melanic and melanic two-spot ladybird bee-
tles (Adalia bipunctata) under controlled conditions. J 
Exp Biol 199:2655–2666

Forsman A (1997) Thermal capacity of different colour morphs 
in the pygmy grasshopper Tetrix subulata. Ann Zool Fen-
nici 34:145–149

Francq EN (1969) Behavioral aspects of feigned death in the 
opossum Didelphis marsupialis. Am Midl Nat 81:556

Gautier M, Yamaguchi J, Foucaud J, Vogel H, Estoup A, 
Prud’homme B (2018) The genomic basis of color 



 J Insect Behav

1 3
Vol:. (1234567890)

pattern polymorphism in the harlequin ladybird. Curr Biol 
28:3296–3302.e7

Gerald GW (2008) Feign versus flight: influences of tempera-
ture, body size and locomotor abilities on death feigning 
in neonate snakes. Anim Behav 75:647–654

Goulson D (1994) Determination of larval melanization in the 
moth, Mamestra brassicae, and the role of melanin in 
thermoregulation. Heredity 73:471–479

Hozumi N, Miyatake T (2005) Body-size dependent difference 
in death-feigning behavior of adult Callosobruchus chin-
ensis. J Insect Behav 18:557–566

Humphreys RK, Ruxton GD (2018) A review of thanatosis 
(death feigning) as an anti-predator behaviour. Behav Ecol 
Sociobiol 72:22

Komai T (1956) Genetics of ladybeetles. Adv Genet 8:155–188
Kuyucu AC, Sahin MK, Caglar SS (2018) The relation between 

melanism and thermal biology in a colour polymorphic 
bush cricket, Isophya rizeensis. J Therm Biol 71:212–220

Michie LJ, Mallard F, Majerus MEN, Jiggins FM (2010) 
Melanic through nature or nurture: genetic polymorphism 
and phenotypic plasticity in Harmonia axyridis. J Evol 
Biol 23:1699–1707

Miyatake T (2001a) Effects of starvation on death-feigning in 
adults of Cylas formicarius (Coleoptera: Brentidae). Ann 
Entomol Soc Am 94:612–616

Miyatake T (2001b) Diurnal periodicity of death-feigning in 
Cylas formicarius (Coleoptera: Brentidae). J Insect Behav 
14:421–432

Miyatake T, Katayama K, Takeda Y, Nakashima A, Sugita A, 
Mizumoto M (2004) Is death-feigning adaptive? Heritable 
variation in fitness difference of death-feigning behaviour. 
Proc R Soc B Biol Sci 271:2293–2296

Miyatake T, Okada K, Harano T (2008a) Negative relationship 
between ambient temperature and death-feigning intensity 
in adult Callosobruchus maculatus and Callosobruchus 
chinensis. Physiol Entomol 33:83–88

Miyatake T, Tabuchi K, Sasaki K, Okada K, Katayama K, 
Moriya S (2008b) Pleiotropic antipredator strategies, flee-
ing and feigning death, correlated with dopamine levels in 
Tribolium castaneum. Anim Behav 75:113–121

Nakayama S, Miyatake T (2010) A behavioral syndrome in the 
adzuki bean beetle: genetic correlation among death feign-
ing, activity, and mating behavior. Ethology 116:108–112

Noriyuki S, Osawa N (2015) Geographic variation of color 
polymorphism in two sibling ladybird species, Harmonia 
yedoensis and H. axyridis (Coleoptera: Coccinellidae). 
Entomol Sci 18:502–508

Ohno T, Miyatake T (2007) Drop or fly? Negative genetic cor-
relation between death-feigning intensity and flying abil-
ity as alternative anti-predator strategies. Proc R Soc B 
Biol Sci 274:555–560

Osawa N (1994) The occurrence of multiple mating in a wild 
population of the ladybird beetle Harmonia axyridis Pal-
las (Coleoptera: Coccinellidae). J Ethol 12:63–66

Osawa N, Nishida T (1992) Seasonal variation in elytral colour 
polymorphism in Harmonia axyridis (the ladybird beetle): 
the role of non-random mating. Heredity 69:297–307

Ruxton G (2006) Grasshoppers don’t play possum. Nature 
440:880–880

Schou TM, Faurby S, Kjærsgaard A, Pertoldi C, Loeschcke V, 
Hald B, Bahrndorff S (2013) Temperature and population 
density effects on locomotor activity of Musca domestica 
(Diptera: Muscidae). Environ Entomol 42:1322–1328

Soares AO, Coderre D, Schanderl H (2003) Effect of tempera-
ture and intraspecific allometry on predation by two phe-
notypes of Harmonia axyridis Pallas (Coleoptera: Coc-
cinellidae). Environ Entomol 32:939–944

Tan CC (1946) Mosaic dominance in the inheritance of color 
patterns in the lady-bird beetle, Harmonia axyridis. 
Genetics 31:195–210

Wang S, Michaud JP, Zhang R, Zhang F, Liu S (2009) Sea-
sonal cycles of assortative mating and reproductive behav-
iour in polymorphic populations of Harmonia axyridis in 
China. Ecol Entomol 34:483–494

Publisher’s Note Springer Nature remains neutral with regard 
to jurisdictional claims in published maps and institutional 
affiliations.


	Relationship Between the Duration of Death-Feigning and Temperature in Black and Red Elytral Types of a Polymorphic Ladybug, Harmonia axyridis
	Abstract 
	Introduction
	Materials and Methods
	Materials
	Experiment
	Statistical Analysis

	Results
	Discussion
	Acknowledgements 
	References


