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Habitat temperature plays the key role in the control 
of seasonal development of insects and other ecto-
therms. Ambient temperature infl uences growth rate, 
body mass, fecundity, survivorship, and other aspects of 
life history that are also plastic in response to various 

biotic and abiotic factors, which eff ectively translates 
into adaptation to local climatic conditions (Angiletta, 
2009; Liefting et al., 2009; Bouton et al., 2011). Pheno-
typic plasticity is described in terms of reaction norms 
(Groeters, 1992; Stearns, 1992; Nylin, 1994; Roff , 
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Abstract—Phenotypic plasticity of insect thermal reaction norms (TRNs) (the lower thermal threshold, coeffi  cient of 
thermal sensitivity, and sum of degree-days) ensures precise adjustment of the seasonal cycle to local environments 
by changing the pattern of temperature-dependence of developmental rate. In diff erent geographic populations 
the plasticity of TRNs can be manifested in diff erent ways. We investigated the photoperiodic and diet-induced 
plasticity of TRNs, body mass and structural size (hind femur length) of the multicolored Asian ladybird, Harmonia 
axyridis, from native (Irkutsk) and invasive (Sochi) laboratory populations. Each population was tested in 16 
experimental treatments that represented combinations of 4 temperatures (17, 20, 24, and 28°C), 2 photoperiods (10 
and 16 h of light per day), and 2 larval diets (frozen eggs of the grain moth Sitotroga cerealella and larvae and adults 
of the green peach aphid Myzus persicae). The lady beetle eggs developed at a temperature of 20°C; fi rst instar larvae 
were distributed among experimental treatments. We have demonstrated that under both photoperiodic regimes larval 
feeding on a low-quality diet (grain moth eggs) resulted in a disproportional (more strongly manifested at a low 
temperature) retardation of preimaginal development of individuals from both populations. The lower temperature 
thresholds for preimaginal development were also greater on the inferior diet. When fed on grain moth eggs, larvae 
from the Irkutsk population showed weaker temperature-sensitivity of development, whereas in the Sochi population 
the slope of the TRN did not diff er between the two diets. In contrast, H. axyridis from Irkutsk showed practically 
no photoperiodic plasticity of TRN, whereas those from Sochi were sensitive to photoperiod on both diets. Under 
short-day conditions, the lower temperature threshold in the latter population was smaller and temperature-sensitivity 
was weaker so that at the temperatures of 17 and 20°C, development under short-day conditions was faster than 
that under long-day conditions, whereas at 28°C, on the contrary, it was slightly slower. In both studied populations 
the thermal plasticity of adult body mass and hind femur length was manifested in diff erent ways and to varying 
degrees, depending on the larval photoperiodic conditions and diet. Adult body mass could decrease or increase 
with larval developmental temperature or show no change. Despite being maintained in the laboratory for many 
generations, the H. axyridis populations from Sochi and Irkutsk have retained diff erences in physiological responses 
to photoperiodic conditions and larval diet.
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2002). The reaction norm for insect developmental rate 
as aff ected by temperature within the permissible range 
of thermal conditions most commonly encountered in 
the fi eld (Ikemoto and Takai, 2000) is represented by 
a straight line. In other words, within the defi ned range, 
developmental rate increases linearly with the rising of 
temperature. Such a relationship is commonly expressed 
as a linear regression equation R = a + bT where R is 
developmental rate (a reciprocal of development time), 
a is the constant corresponding to the y-intercept, b is 
the linear regression coeffi  cient, and T is temperature. 
The coeffi  cient of linear regression b, or the tempera-
ture-sensitivity coeffi  cient (Kozhanchikov, 1961; Med-
nikov, 1966, 1987), is equal to the tangent of the slope 
angle and refl ects the degree of sensitivity of develop-
mental rate to temperature change. The greater (or 
smaller) the coeffi  cient b, i.e., the steeper (or the shal-
lower) the slope, the faster (or the slower) is the change 
in developmental rate with a change in temperature, and 
so the stronger (or the weaker) is the temperature-sensi-
tivity of development. Thus, a change in the slope of 
the regression line in a graph is indicative of a change in 
the sensitivity of developmental rate to temperature and 
therefore a modifi cation of a thermal reaction norm 
(TRN). The inverse value of the regression coeffi  cient is 
the sum of eff ective temperatures, or the sum of growing 
degree-days (Kipyatkov and Lopatina, 2010). It equals 
the sum of temperatures above the lower developmental 
threshold that are required for the completion of devel-
opment (Mednikov, 1966; Ratte, 1985; Groeters, 1992; 
Atkinson, 1994). The regression line crosses the x-axis 
at the point that corresponds to the lower temperature 
threshold, i.e., the temperature at which developmental 
rate approaches zero. When the linear model of 
the rate-temperature relationship is adopted the lower 
temperature threshold, the temperature-sensitivity coef-
fi cient, and the sum of degree-days (termed collectively 
the parameters of the temperature-sensitivity of devel-
opment) are suffi  cient to characterize a TRN for devel-
opment.

The eff ects of photoperiodic conditions and diet on 
the rate and temperature-sensitivity of preimaginal de-
velopment as well as on the adult body mass and size are 
documented in dozens of insect species from diverse or-
ders (Nylin, 1994; Padua et al., 1996; Gotthard, 1998, 
2004; Gotthard et al., 2000; Petersen et al., 2000; Honěk 
et al., 2002; Saska and Honĕk, 2003; Kingsolver et al., 
2006, 2007; Aksit et al., 2007; Diamond and Kingsolver, 

2010; Couret and Benedict, 2014; Pazyuk et al., 2014). 
It turns out that, depending on the photoperiodic condi-
tions and diet, the sensitivity of individual develop-
mental rate to rearing temperature may decrease, 
increase, or remain stable. For example, short-day regi-
mens may accelerate (or retard) development relative to 
long-day regimens at some temperatures, yet at other 
temperatures the eff ect may be reversed. These changes 
may be accompanied by an increase or a decrease in 
the lower temperature threshold and linear regression 
coeffi  cient. In turn, diff erent diets or photoperiodic con-
ditions may result in a diff erent mutual position of 
the TRNs. As the day length changes over the season 
and as availability of diff erent dietary sources fl uctuates 
from year to year, the TRN may be modifi ed accord-
ingly. The widespread occurrence of phenotypic plas-
ticity of TRN parameters and a great variety of patterns 
of modifi cation of TRNs have been described to date 
(Kucherov and Kipyatkov, 2011a, Lopatina et al., 2011a, 
Kutcherov et al., 2011, 2015, 2018, 2019; Lopatina 
et al., 2014; Reznik and Voinovich, 2015; Ryzhkova and 
Lopatina, 2015a, 2015b; Lopatina, 2018; Gusev and 
Lopatina, 2018; Lopatina and Gusev, 2019). Besides, 
photoperiodic and diet-induced plasticity of TRNs may 
be diff erently expressed in diff erent geographic popula-
tions (Nakamura, 2002; Diamond and Kingsolver, 2012; 
Kutcherov et al., 2015).

Study Species

The multicolored Asian lady beetle Harmonia axy-
ridis was chosen for experiments as a widespread preda-
ceous species that comprises both native and invasive 
populations. This beetle has been widely used as a nat-
ural enemy of agricultural pests in various agroecosys-
tems (Koch, 2003; Belyakova and Balueva, 2007; Koch 
and Galvan, 2008). However, at the end of the XX cen-
tury it started to penetrate natural insect communities. 
Invasive populations of H. axyridis are currently known 
in more than 40 European, American, and African coun-
tries (Lombaert et al., 2010; Brown et al., 2011; Slog-
gett, 2012; Roy et al., 2016; Raak-van den Berg et al., 
2017). Recently, invasive populations of H. axyridis 
emerged in some parts of the Russian Caucasus (Belya-
kova and Reznik, 2013; Korotyaev, 2013; Ukrainsky 
and Orlova-Bienkowskaja, 2014; Orlova-Bienkowskaja 
et al., 2015). There are also native populations of H. axy-
ridis in Russia, which are confi ned to the Far East and 
Siberia. The invasive European H. axyridis has been 
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shown to feed on diverse sap-sucking Sternorrhyncha 
(besides aphid species), Hetero ptera, and Thysano ptera, 
and leaf-grazing insects (Coleo ptera and Lepido ptera), 
as well as on pollen, nectar, and fruits, i.e., it turns out to 
be quite a broad polyphage (for a review, see Honĕk 
et al., 2019).

A wealth of studies address the eff ects of diet and 
daylength on the durations of preimaginal stages, adult 
body mass, fecundity, survival rates, and other life-his-
tory parameters of H. axyridis. All the parameters men-
tioned have been shown to vary depending on 
the quantity and quality of food (Ueno, 2003; Soares 
et al., 2004; Phoofolo et al., 2009; Santos et al., 2009; 
Castro-Guedes et al., 2016; Ricupero et al., 2020). Data 
on the photoperiodic eff ects on the life history of H. axy-
ridis are contradictory. According to some studies, 
long-day conditions accelerated larval development 
(Berkvens et al., 2008), while other studies show that 
short-day conditions did so (Reznik et al., 2015c). 
The former work was carried out at the experimental 
temperature of 23°C, and the latter work, at 20°C, which 
may be indicative of the possibly opposite eff ect of pho-
toperiod at diff erent temperatures, i.e., the potential ex-
istence the photoperiodic plasticity of TRNs in 
H. axyridis. The meta-analysis of developmental data 
for H. axyridis across diff erent populations shows that, 
on the whole, short-day photoperiodic regimens may ac-
celerate preimaginal development (Raak-van den Berg 
et al., 2017). It has also been established that the eff ects 
of diet and photoperiodic conditions on development 
time may vary between populations of H. axyridis 
(Reznik et al., 2015a, 2015b, 2015c; Ovchinnikova 
et al., 2016; Raak-van den Berg et al., 2017). As an in-
vader in natural communities, H. axyridis displaces na-
tive aphidophagous insects and leads to depletion of 
their diversity (for a review, see Honĕk et al., 2019). 
A further inquiry into the extent of plasticity of life-
history parameters in native and invasive populations of 
H. axyridis seems worthwhile.

The aim of our study was to test the hypothesis that 
the native (Irkutsk) and invasive (Sochi) populations of 
H. axyridis would have diff erent patterns of photoperi-
odic and diet-induced plasticity of TRNs for develop-
ment and body size.

MATERIALS AND METHODS

The experiments were carried out at the Laboratory of 
Experimental Entomology and BioControl Theory 
(Zoo logical Institute RAS). The laboratory colonies of 
H. axyridis for this study have previously been used in 
related research (Ovchinnikova et al., 2016; Reznik 
et al., 2017, 2019). The “native” colony descended from 
420 adults collected in the environs of Irkutsk (52.3°N, 
104.3°E) and the “invasive” colony originated from 
670 adults collected in Sochi (43.6°N). As noted in 
the Introduction, the south of Siberia is part of the 
primary distribution range of H. axyridis whereas inva-
sive populations in the Northern Caucasus are a recent 
discovery (Brown et al., 2011; Belyakova and Reznik, 
2013; Korotyaev, 2013; Orlova-Bienkowskaja et al., 
2015).

Prior to the experimentation, the beetle colonies were 
maintained for 3 years under standard conditions that 
prevented diapause (temperatures of 20–25°C and 18 h 
of light per day) and had been fed on peach aphid Myzus 
persicae (Sulz.) (Hemiptera: Aphid idae). The aphid was 
bred on germinated broad beans Vicia faba L. As pre-
vious research had shown, parameters of the photoperi-
odic response in H. axyridis remained stable over the 
years and dozens of generations when reared as de-
scribed above (Reznik and Vaghina, 2011).

Beetles from each laboratory colony, 40–50 ind. 
in a group, were kept in glass cylinders (170 mm in di-
ameter and 250 mm in height) at 20°C and 16 h of light 
per day. Peach aphid M. persicae was used as food. Eggs 
laid by females on broad bean leaves or pieces of paper 
were collected daily. Each newly collected clutch was 
transferred to an individual 90-mm Petri dish and was 
kept under the same conditions as the adults. Thus, eggs 
always developed at the same temperature and under 
the same photoperiod. The fi rst instar larvae that hatched 
over the last 24 h from no less than 20 clutches (a single 
cohort) were individually allocated among vented 
60-mm Petri dishes and randomly assigned to one of 
eight regimens: temperatures of 17, 20, 24, and 28°C 
(measured with ± 0.5°C precision) and photoperiods of 
10 and 16 h of light per day. In each of the eight combi-
nations of temperature and photoperiod, larvae were fed 
on either (a) frozen eggs of grain moth Sitotroga ce-
realella Oliv. (Lepido ptera, Gelechi idae) glued to 
a piece of cardboard with 30% aqueous sucrose solution 
or (b) nymphal and adult peach aphids M. persicae that 



ENTOMOLOGICAL REVIEW   Vol.   100   No.   6   2020

LOPATINA et al.730

were introduced in a Petri dish on a bean sprout. In total, 
each of the two populations was tested under 16 combi-
nations of factors. Previous study has shown that lady 
beetle larvae can develop on both these diets although 
feeding on grain moth eggs prolonged larval develop-
ment (Reznik et al., 2015c). For each population, 4 or 5 
larval cohorts were tested, which were allocated among 
all of the 16 experimental variants with no less than 10 
larvae in each variant. Larvae were fed ad libitum. 
Frozen grain moth eggs were supplemented with water 
in a tube plugged with a wad of cotton wool and put in 
a Petri dish. Larval mortality, pupation, and adult emer-
gence were recorded daily. Newly emerged adults were 
immediately sexed and weighed on an Ohaus PA-64C 
analytical balance accurate to 0.1 mg. Following that, 
the beetles were immobilized and a hind leg was de-
tached for linear measurement. Femur length was mea-
sured at a 45× magnifi cation accurate to 0.025 mm under 
an ocular micrometer fi xed on an MSP-2 dissecting mi-
croscope. Thus, for every individual beetle originating 
from either Irkutsk or Sochi, the following parameters 
were known: preimaginal development time (excluding 
the duration of the egg period), sex, body mass, and hind 
femur length.

Survivorship and sex ratio were assessed with a mul-
tifactorial probit analysis; pairwise comparisons were 
made with a chi-squared test. Data on development 
times, adult body mass, and linear dimensions were 
ranked and then analyzed with multifactorial ANOVA; 
pairwise comparisons were made with a nonparametric 
Kruskal-Wallis test. The relationship between adult 
body mass and hind femur length was tested with Spear-
man’s rank correlation using SYSTAT 10.2 software.

The parameters of TRNs were estimated as follows. 
Preimaginal developmental rate (R) was calculated for 
every individual as the inverse development time (D): 
R = 1/D. These individual rates were then regressed 
against rearing temperature (R = a + bT) and the linear 
regression parameters were obtained as well as the lower 
temperature threshold with their respective standard er-
rors (Campbell et al., 1974; Sokal and Rohlf, 1995). 
The sum of degree-days was calculated as the inverse 
coeffi  cient of regression (1/b). All the calculations men-
tioned and their initial statistical processing were per-
formed in a custom-designed template DevRate 4.4 
(© V. E. Kipyatkov 1998–2010) for QuattroPro 9.0 
(© Corel Corporation 1998–2000). Several regression 

lines were compared using an equality-of-slopes test 
with calculation of the F criterion and its signifi cance; 
the subsequent pairwise comparisons of lines by slope, 
intercept, and lower threshold were performed with 
the MSD test according to the Tukey—Kramer method 
(α = 0.05) (Sokal and Rohlf, 1995). Pairwise compari-
sons of the sums of degree-days were made with a t-test 
at p < 0.05.

RESULTS

Survivorship and Sex Ratio

Survival rates from hatching to adult emergence were 
generally quite high and amounted to 96.4% (sample 
size n = 500) and 96.9% (n = 486) in the Irkutsk and 
the Sochi population, respectively. According to 
the multifactorial probit analysis (Table 1) only the diet 
by population interaction had a signifi cant eff ect on sur-
vivorship. In fact, survival rates in the Irkutsk popula-
tion practically did not depend on larval diet (p = 0.809) 
and were as high as 96.2% (n = 236) and 96.5 % (n = 
264) when fed on grain moth eggs and aphids, respec-
tively. On the other hand, the Sochi population exhibited 
a signifi cant (p = 0.002) eff ect of diet on survivorship, 
the respective rates on the two above diets being 94.0% 
(n = 234) and 99.6 % (n = 252). As a result, the overall 
diff erence in survivorship between the two populations 
was nonsignifi cant (p = 0.277) on grain moth eggs as 
food and signifi cant (p = 0.024) on aphids.

Throughout the whole experiment, the sex ratio 
among the newly emerged adults was close to parity 
(51.1% of females, n = 953). As can be seen in Table 1, 
there were weak and marginally signifi cant eff ects of 
larval diet, population, and the temperature by photope-
riod interaction on sex ratio. However, similar to survi-
vorship, the sex ratio was signifi cantly infl uenced by 
the diet by population interaction. A separate probit 
analysis for the two populations showed that, in 
the Sochi population, the proportion of females was sig-
nifi cantly (p = 0.004) higher among the aphid-fed indi-
viduals than among those reared on grain moth eggs: 
57.4% (144 out of 251 ind.) vs. 44.1% (97 out of 
220 ind.). The diff erence was opposite, albeit nonsignif-
icant (p = 0.194), in the Irkutsk population: the propor-
tion of females was 48.2% (123 out of 255 ind.) and 
54.2% (123 out of 227 ind.) among the beetles fed 
during the larval stage on aphids and grain moth eggs, 
respectively. Thus, rearing the larvae from the Sochi 
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population on aphids resulted in a signifi cantly higher 
proportion of females (p = 0.040) while the diet of grain 
moth eggs produced a signifi cantly lower proportion of 
females (p = 0.033) than that in the Irkutsk population.

Development Time

Table 2 summarizes the durations of preimaginal de-
velopment in male and female H. axyridis from both 
populations reared under various experimental condi-
tions. A factorial ANOVA performed over the entire 
ranked dataset showed that development time primarily 
depended on temperature and larval diet (Table 3). 
The eff ects of photoperiod and population were substan-
tially weaker and there was no signifi cant diff erence in 
development time between the sexes. The high signifi -
cance of interactions between temperature and other 
factors (photoperiod, diet, and population) should be 
also noted. It apparently indicates that the tempera-
ture-sensitivity of development depended on daylength, 
nutrition, and geographic origin. There was also a strong 
and statistically signifi cant diet by population interac-
tion, which showed that aphids and grain moth eggs 
were unequally suitable as food for the two populations. 
Also signifi cant, yet weak, was the population by sex 
interaction. The remaining two-factor interactions were 
nonsignifi cant. The only signifi cant triple interaction, 
which is not shown in the table, is that including the fac-
tors of temperature, population, and diet (df = 3, F = 7.0, 
p < 0.001), suggesting that the diet-induced modifi ca-

tion of temperature-dependent development diff ered be-
tween the two populations.

A comparison of means provides further detail to 
the outcome of ANOVA tests (Table 2). In both popula-
tions, development times decreased with increasing 
temperature. Individuals feeding on grain moth eggs 
had slower development than those reared on the aphid 
diet, irrespective of temperature and photoperiodic con-
ditions (Kruskal-Wallis test, p < 0.001). Wherever 
the pairwise comparisons between the populations were 
signifi cant, individuals from Sochi developed faster 
than those from Irkutsk at 17–20°C but slower at 28°C.

A comparison of development times across photope-
riod, the temperature and diet being the same, only re-
vealed signifi cant diff erences in the mean durations for 
males and females of the Sochi population on both diets 
at 17 and 20°C (Kruskal-Wallis test, p < 0.01–0.001). In 
all of the remaining cases, the diff erences were nonsig-
nifi cant.

Thermal Reaction Norms for Development

As we did not fi nd signifi cant diff erences in preima-
ginal development time between male and female 
H. axyridis from both populations (see above), the data 
were pooled by sex for an analysis of TRNs. The linear 
regression parameters are provided in Table 4. Regres-
sion lines were compared using the MSD test according 
to the Tukey—Kramer method (α = 0.05) (Sokal and 

Table 1. The eff ects of temperature, photoperiod, and diet on preimaginal survivorship and adult sex ratio in Harmonia 
axyridis (Pall.) from the Irkutsk and Sochi populations (results of a multifactorial probit analysis)

Main eff ects and interactions
Signifi cance

survivorship (n = 986) sex ratio (n = 953)

Temperature p = 0.874 p = 0.380
Photoperiod p = 0.103 p = 0.332
Diet p = 0.472 p = 0.031
Population p = 0.401 p = 0.047
Temperature × photoperiod p = 0.296 p = 0.045
Temperature × diet p = 0.083 p = 0.400
Temperature × population p = 0.381 p = 0.296
Photoperiod × diet p = 0.651 p = 0.344
Photoperiod × population p = 0.126 p = 0.523
Diet × population p = 0.018 p = 0.003
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Rohlf, 1995). The test for equality of slopes showed that 
the eff ects of population and experimental conditions 
were generally signifi cant (F = 10.98, df = 7, p << 
0.00001), but the populations did diff er in terms of their 
responses to diet and photoperiod.

Diet exerted the strongest eff ect on larval TRNs. In 
both populations, feeding on grain moth eggs resulted in 
greater values of the lower temperature threshold under 
both long-day and short-day conditions. The corre-
sponding regression lines for temperature-dependent 
development were shifted to the right relative to such 
lines plotted for aphid-fed individuals (Fig. 1). Individ-
uals from Irkutsk showed a clear decrease in the tem-
perature-sensitivity of development when reared on 
grain moth eggs under both photoperiods (i.e., a shal-
lower slope of the regression line: Table 4, Fig. 1). 

The sum of degree-days required for the completion of 
development was also signifi cantly greater (p < 0.05). 
The Sochi population showed almost no such diet-in-
duced change in the temperature-sensitivity of develop-
ment: under both short-day and long-day conditions, 
rearing on grain moth eggs resulted in a parallel shift of 
the regression line so that the angle between the line and 
the x-axis hardly changed. The sum of degree-days 
varied negligibly. The lower temperature thresholds in-
creased signifi cantly and even more than they did in 
the Irkutsk population (Table 4, Fig. 1, b).

Photoperiodic conditions exerted a very weak eff ect 
on the preimaginal development of Irkutsk H. axyridis 
fed on either grain moth eggs or aphids. The lower tem-
perature thresholds and the sums of degree-days practi-
cally did not diff er between the photoperiods, and 

Table 2. The eff ects of temperature, photoperiod, and larval diet on the duration of preimaginal development in male and 
female Harmonia axyridis (Pall.) from the Irkutsk and Sochi populations

Temperature, 
°C

Daylength, 
h Diet

Development time (mean ± standard deviation; numbers in brackets 
refer to sample size), d

males females

Irkutsk Sochi Irkutsk Sochi

17 10 Eggs 42.7 ± 6.4 (11) 41.5 ± 3.4 (20) 41.6 ± 4.3 (17) 41.4 ± 4.2 (11)

Aphids 30.9 ± 1.4 (20)** 32.4 ± 1.7 (20) 31.8 ± 1.4 (13) 31.6 ± 1.2 (14)
16 Eggs 43.9 ± 5.1 (13) 45.0 ± 2.8 (15) 44.4 ± 4.9 (18) 46.5 ± 2.3 (11)

Aphids 31.7 ± 1.4 (17)*** 35.2 ± 2.4 (13) 32.9 ± 1.5 (16)** 34.3 ± 1.7 (21)
20 10 Eggs 26.4 ± 2.4 (14) 27.8 ± 1.7 (18) 26.4 ± 2.2 (15) 27.6 ± 1.5 (16)

Aphids 21.4 ± 1.2 (18) 22.0 ± 1.3 (22) 21.9 ± 1.2 (19) 22.3 ± 1.0 (17)
16 Eggs 27.3 ± 2.6 (19)** 29.8 ± 2.0 (18) 29.4 ± 1.6 (11) 30.4 ± 2.0 (17)

Aphids 22.8 ± 1.1 (18) 23.2 ± 1.0 (18) 22.0 ± 1.3 (17)** 23.4 ± 0.8 (21)
24 10 Eggs 17.0 ± 1.4 (8) 18.3 ± 2.0 (10) 18.0 ± 1.6 (17) 18.3 ± 2.1(11)

Aphids 14.9 ± 1.3 (12) 15.6 ± 0.8 (7) 14.6 ± 1.3 (14) 14.9 ± 1.1 (20)
16 Eggs 17.8 ± 1.5 (10) 18.4 ± 1.7 (14) 17.6 ± 1.7 (13) 17.8 ± 2.3 (10)

Aphids 14.0 ± 1.0 (10) 14.5 ± 0.8 (6) 14.7 ± 1.2 (13) 15.3 ± 1.4 (21)
28 10 Eggs 13.6 ± 0.9 (15) 13.7 ± 1.6 (12) 14.2 ± 1.1 (15)** 12.8 ± 1.0 (12)

Aphids 11.8 ± 0.9 (17) 12.3 ± 1.1 (8) 12.0 ± 0.8 (18) 12.1 ± 1.1 (18)
16 Eggs 14.5 ± 1.6 (14)** 12.9 ± 1.0 (16) 14.4 ± 1.0 (17)* 13.3 ± 1.2 (9)

Aphids 11.5 ± 0.6 (20) 11.8 ± 1.1 (13) 11.9 ± 0.7 (13) 11.9 ± 0.8 (12)

Signifi cant diff erences between the two populations according to Kruskal-Wallis test: *—p < 0.05, **—p < 0.01, ***—p < 0.001. All 
other diff erences are mentioned in the text.
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Table 3. The eff ects of temperature, photoperiod, and larval diet on the duration of preimaginal development, adult body mass, 
and adult linear size in male and female Harmonia axyridis (Pall.) from the Irkutsk and Sochi populations (results of factorial 
ANOVA performed on ranked data, n = 953)

Main eff ect or interaction, degrees of 
freedom

F-test statistic and signifi cance (p) 

development time adult body mass adult hind femur length

Temperature, df = 3 F = 8181.7, p < 0.001 F = 20.7, p < 0.001 F = 11.4, p < 0.001

Photoperiod, df = 1 F = 26.4, p < 0.001 F = 25.1, p < 0.001 F = 2.6, p = 0.105

Diet, df = 1 F = 1404.4, p < 0.001 F = 6.5, p = 0.011 F = 5.0, p = 0.025

Population, df = 1 F = 12.0, p = 0.001 F = 3.6, p = 0.059 F = 20.9, p < 0.001

Sex, df = 1 F = 2.7, p = 0.102 F = 257.5, p < 0.001 F = 205.5, p < 0.001

Temperature × photoperiod, df = 3 F = 14.6, p < 0.001 F = 19.2, p < 0.001 F = 10.4, p < 0.001

Temperature × diet, df = 3 F = 7.1, p < 0.001 F = 7.4, p < 0.001 F = 6.3, p < 0.001

Temperature × population, df = 3 F = 16.8, p < 0.001 F = 16.8, p < 0.001 F = 7.7, p < 0.001

Temperature × sex, df = 3 F = 0.1, p = 0.950 F = 0.2, p = 0.918 F = 0.2, p = 0.914

Photoperiod × diet, df = 1 F = 3.0, p = 0.082 F = 0.1, p = 0.716 F = 0.0, p = 0.989

Photoperiod × population, df = 1 F = 1.0, p = 0.321 F = 0.8, p = 0.362 F = 0.4, p = 0.507

Photoperiod × sex, df = 1 F = 2.3, p = 0.130 F = 1.5, p = 0.222 F = 0.4, p = 0.536

Diet × population, df = 1 F = 18.3, p < 0.001 F = 0.0, p = 0.968 F = 0.5, p = 0.460

Diet × sex, df = 1 F = 0.0, p = 0.885 F = 0.0, p = 0.934 F = 0.3, p = 0.616

Population × sex, df = 1 F = 5.7, p = 0.017 F = 0.3, p = 0.615 F = 1.2, p = 0.271

Table 4. The eff ects of larval diet and photoperiodic conditions on the parameters of temperature-dependence of preimaginal 
development in Harmonia axyridis (Pall.) from the Irkutsk and Sochi populations (R2 = 0.95−0.97, standard errors of the 
parameters are shown)

Daylength, 
h Diet N Regression coeffi  cient (b), 

1 / °C × d Intercept (a), 1/d Temperature 
threshold, °C

Sum of degree-days, 
°C × d

Irkutsk
10 Eggs 112 0.004401 ± 0.000097 a –0.050050 ± 0.004326 11.4 ± 0.26 a 227 ± 5 ac*

Aphids 131 0.004810 ± 0.000092 c –0.049408 ± 0.004456 10.3 ± 0.24 ab 208 ± 4 bc
16 Eggs 115 0.004322 ± 0.000100 bc* –0.050037 ± 0.004601* 11.6 ± 0.26 b* 231 ± 5 b*

Aphids 124 0.005111 ± 0.000087 ab –0.056035 ± 0.004137 11.0 ± 0.20 196 ± 3 ab
Sochi

10 Eggs 110 0.004744 ± 0.000111 a –0.057525 ± 0.004760 12.1 ± 0.24 bc 211 ± 5 ad*
Aphids 126 0.004764 ± 0.000093 –0.049586 ± 0.004192 ab 10.4 ± 0.23 ab 210 ± 4 bc

16 Eggs 110 0.005113 ± 0.000108* –0.066926 ± 0.004576 a* 13.1 ± 0.21 ac* 196 ± 4 cd*
Aphids 125 0.005189 ± 0.000096 a –0.059688 ± 0.004288 b 11.5 ± 0.20 a 193 ± 4 ab

N is sample size. Pairwise comparisons of regression parameters are performed with an MSD test by Tukey−Kramer method at α = 0.05 
(Sokal and Rohlf, 1995). For each population, signifi cant diff erences are denoted by the same superscript. Populations were compared under 
the same photoperiod and on the same diet. Signifi cant diff erences between populations are denoted by asterisks. Values followed by neither 
superscript nor asterisk are not signifi cantly diff erent.
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the regression lines nearly coincided (Table 4, Fig. 1, a). 
A diff erent pattern was observed in the Sochi population 
where there was a signifi cant decrease in the tempera-
ture-sensitivity of development and in the lower tem-
perature thresholds under short-day conditions on either 
diet. Developmental rates were signifi cantly faster under 
the short-day photoperiod at 17 and 20°C. Interpopula-
tional diff erences in the TRN parameters were, on 
the whole, weakly defi ned. The only signifi cant diff er-

ence between the two populations was found for grain 
moth egg diet under long-day conditions (Table 4). 
The lower temperature thresholds and temperature-sen-
sitivity of development turned out to be signifi cantly 
higher in the Sochi population, so that Irkutsk individ-
uals developed relatively faster at 17 and 20°C than 
their Sochi counterparts, whereas the latter developed 
faster at 28°C. This was confi rmed by signifi cant inter-
populational diff erences in development time (Table 2).

Fig. 1. Thermal reaction norms for preimaginal development in the multicolored Asian lady beetle Harmonia axyridis (Pall.) under diff erent 
experimental conditions. Abscissa, temperature (°C); ordinate, developmental rate (1/d). (a) Irkutsk, (b) Sochi; 1, larval feeding on aphids 
under a 16-h photoperiod; 2, on aphids under a 10-h photoperiod; 3, on grain moth eggs under a 16-h photoperiod; 4, on grain moth eggs under 
a 10-h photoperiod. Symbols with bars denote mean rates with standard deviations. Asterisks indicate signifi cantly diff erent developmental 
rates between the two photoperiods at the same temperature and on the same diet (black asterisks refer to aphids and grey ones, to grain moth 
eggs).
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Adult Body Mass and Linear Size

Table 5 summarizes the values of male and female 
H. axyridis body mass and hind femur length as aff ected 
by the experimental regimens. Body mass at emergence 
was highly signifi cantly infl uenced by temperature and 
photoperiod. The eff ect of diet was relatively weak 
(Table 3, Fig. 2). The interpopulational diff erences were 
generally small (slightly below the level of signifi cance) 
and inconsistent. In terms of eff ect size, the diff erence 
between males and females surpassed all the other fac-

tors tested. Females from both populations were larger 
than males in all of the experimental regimens (Table 5, 
Kruskal-Wallis test, p < 0.001); also, there were highly 
signifi cant interactions between temperature and other 
factors, namely, photoperiod, diet, and population 
(Table 3). The temperature by sex interaction was prac-
tically absent. Similar to the development time statistics, 
the only signifi cant triple interaction was that of tem-
perature with population and diet (df = 3, F = 3.3, p = 
0.020). 

Fig. 2. Adult body mass in Harmonia axyridis (Pall.) from the Irkutsk and Sochi populations following larval feeding on peach aphids or grain 
moth eggs under diff erent conditions of temperature and photoperiod. Abscissa, temperature (°C); ordinate, adult body mass (mg). (a) larval 
feeding on aphids under a 10-h photoperiod, (b) on aphids under a 16-h photoperiod, (c) on grain moth eggs under a 10-h photoperiod, (d) on 
grain moth eggs under a 16-h photoperiod; 1,– Sochi; 2, Irkutsk. Symbols with bars denote mean values with 95% confi dence intervals and 
are slightly shifted along the x-axis for clarity. Signifi cantly diff erent body mass values between temperature regimens (Kruskal-Wallis test, 
p < 0.01) for each combination of photoperiod and diet are denoted by the same letters. Asterisks indicate signifi cant interpopulational 
diff erences (Kruskal-Wallis test, p < 0.01).
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Preliminary analysis showed that female and male 
body mass varied with larval developmental tempera-
ture in a similar manner. Therefore, for the purpose of 
discussion of thermal plasticity of body mass in H. axy-
ridis, body mass data were pooled across sex. Fig. 2 
shows diff erences in body mass between beetles reared 
under diff erent experimental conditions. Under the 
short-day photoperiod adult body mass increased with 
larval developmental temperature (Fig. 2, a, c), and even 
more so when larvae of both populations had been fed 
on grain moth eggs (Fig. 2, c). Under long-day condi-
tions, there were interpopulational diff erences in the 
thermal plasticity of adult body mass (Fig. 2, b, e). 
Beetles from the Sochi population showed a strong neg-
ative relationship between body mass and temperature 
after being reared on aphids and no such relationship on 
the diet of grain moth eggs. In the Irkutsk population, 

larval feeding on aphids resulted in the absence of de-
pendence of adult body mass on temperature, however, 
adult body mass slightly increased with temperature rise 
in the case of larval feeding on grain moth eggs.

The hind femur length, which was chosen as a metric 
of linear size, depended primarily on sex as body mass 
did (Table 5). Females were bigger than males in all 
the cases. The eff ect of temperature and interpopula-
tional diff erences turned out to be quite substantial, 
the infl uence of diet was weak, and that of photoperiod, 
nonsignifi cant (across the whole dataset; see Table 3). 
At the same time, the interaction of temperature with 
the factors of photoperiod, diet, and population was 
highly signifi cant, as it was in the case of body mass. 
The other double and triple interactions were nonsignif-
icant. In all of the experimental regimens there was 

Table 5. The eff ects of temperature, photoperiod, and larval diet on adult body mass and linear size in male and female 
Harmonia axyridis (Pall.) from the Irkutsk and Sochi populations. The data shown are means ± standard deviations, n = 6–21)

T, °C DL, 
h Diet

Adult body mass, mg Hind femur length, mm

males females males females

Irkutsk Sochi Irkutsk Sochi Irkutsk Sochi Irkutsk Sochi

17 10 Eggs 24.1 ± 2.7 23.0 ± 2.9 27.2 ± 2.6 25.1 ± 5.1 1.92 ± 0.05** 1.86 ± 0.07 1.99 ± 0.07 1.92 ± 0.14
Aphids 24.1 ± 2.6 23.8 ± 2.3 26.0 ± 4.2 28.6 ± 3.1 1.92 ± 0.09 1.87 ± 0.08 1.98 ± 0.13 2.02 ± 0.08

16 Eggs 26.1 ± 3.6 28.2 ± 4.3 28.9 ± 4.0 31.8 ± 4.1 1.94 ± 0.07 1.96 ± 0.08 2.00 ± 0.13 2.01 ± 0.08
Aphids 26.4 ± 2.2 28.1 ± 3.9 31.2 ± 3.8 32.8 ± 2.8 1.98 ± 0.07 1.94 ± 0.10 2.08 ± 0.11 2.06 ± 0.05

20 10 Eggs 24.1 ± 2.9** 27.2 ± 3.3 28.4 ± 2.7* 31.1 ± 4.0 1.92 ± 0.06 1.94 ± 0.09 2.03 ± 0.07 2.01 ± 0.08
Aphids 24.4 ± 3.3* 26.8 ± 3.3 28.3 ± 3.7 29.6 ± 2.9 1.96 ± 0.10 1.97 ± 0.09 2.04 ± 0.10 2.04 ± 0.06

16 Eggs 24.4 ± 1.9*** 27.6 ± 2.4 30.5 ± 2.9 31.0 ± 4.9 1.93 ± 0.07 1.92 ± 0.07 2.05 ± 0.07 2.00 ± 0.07
Aphids 25.0 ± 2.9*** 28.9 ± 2.6 27.8 ± 5.5** 32.6 ± 3.9 1.98 ± 0.09 2.00 ± 0.06 2.03 ± 0.13 2.08 ± 0.10

24 10 Eggs 29.6 ± 2.7 27.6 ± 2.9 32.5 ± 2.2 30.9 ± 4.7 2.01 ± 0.06* 1.93 ± 0.05 2.10 ± 0.06 ** 1.99 ± 0.09
Aphids 27.5 ± 1.9 27.7 ± 1.3 31.6 ± 2.1 31.2 ± 4.4 2.01 ± 0.06 1.99 ± 0.04 2.09 ± 0.07 2.04 ± 0.09

16 Eggs 29.4 ± 2.7 27.3 ± 4.8 33.1 ± 2.9* 31.4 ± 1.8 2.02 ± 0.06* 1.91 ± 0.11 2.07 ± 0.06 2.02 ± 0.06
Aphids 29.4 ± 1.4** 24.7 ± 4.5 30.0 ± 2.4 30.9 ± 3.0 2.04 ± 0.05** 1.88 ± 0.10 2.04 ± 0.05 2.03 ± 0.06

28 10 Eggs 28.4 ± 2.4 28.5 ± 3.4 30.7 ± 4.8 32.3 ± 2.6 1.98 ± 0.05 1.97 ± 0.08 2.03 ± 0.12 2.04 ± 0.06
Aphids 26.7 ± 3.6 25.1 ± 2.8 30.1 ± 2.9 28.6 ± 4.1 1.96 ± 0.09 1.92 ± 0.04 2.04 ± 0.08 2.01 ± 0.09

16 Eggs 26.9 ± 2.2 27.6 ± 2.1 31.5 ± 2.9 31.9 ± 3.1 1.94 ± 0.07 1.94 ± 0.05 2.04 ± 0.06 2.04 ± 0.07
Aphids 26.5 ± 3.7 25.9 ± 2.7 31.3 ± 4.5 27.9 ± 4.0 1.94 ± 0.07 1.92 ± 0.07 2.02 ± 0.09 1.99 ± 0.11

T is temperature, DL is daylength. Asterisks denote signifi cant diff erences between the two populations according to Kruskal-Wallis test 
for individuals of the same sex fed on the same diet under the same conditions of temperature and photoperiod: *—p < 0.05, **—p < 0.01, 
***—p < 0.001. Signifi cantly diff erent values (Kruskal-Wallis test, p < 0.05) for individuals of the same sex reared under the same conditions 
of temperature and photoperiod but on diff erent diets are shown in bold and italics. Plain font indicates an absence of signifi cant diff erences. 
For sample sizes, see Table 2.
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a strong positive correlation between male and female 
body mass, on the one hand, and hind femur length, on 
the other (r = 0.85, p < 0.001). On the whole, the varia-
tion in hind femur length with temperature mirrored that 
in body mass, which is shown in Fig. 2, and therefore 
did not seem to be worthy of separate discussion.

DISCUSSION

Our study revealed both diet- and photoperiod-
induced diff erences in TRNs between the Irkutsk and 
Sochi populations of H. axyridis.

Survivorship and Sex Ratio

Of all the factors tested, preimaginal survival rates 
and adult sex ratio in H. axyridis are most strongly infl u-
enced by larval diet (Table 1). The two populations 
studied diff er in mortality rates depending on whether 
they are fed on either aphids or on grain moth eggs and 
thus these diets are unequally suitable for development 
of H. axyridis. After being fed on grain moth eggs, 
the Sochi population showed higher mortality rates 
(than the Irkutsk population did) because of male-biased 
survival. In contrast, aphid-fed individuals had slightly 
higher mortality rates in the Irkutsk population. Such 
diff erential, larval diet-induced mortality eventually 
changed the sex ratio in the populations studied. Among 
the newly emerged adults reared from the Sochi mate-
rial, the diet of grain moth eggs resulted in a females-to-
males ratio of 0.8 : 1 and the aphid diet, that of 1.3 : 1 
(on average across all the temperature and photoperi-
odic regimens). Among the newly emerged adults from 
the Irkutsk population, the sex ratio turned out to be 
1.2 : 1 in the former case and 0.9 : 1 in the latter. On 
the whole, H. axyridis from Sochi survives better than 
the population from Irkutsk when larvae are fed on 
aphids, and there are no signifi cant interpopulational 
diff erences in survivorship when larvae subsist on grain 
moth eggs.

Development Time

The duration of preimaginal development in male and 
female H. axyridis from both populations appears to be 
practically the same when the whole dataset is taken 
into account. Any diff erences between the sexes are in-
consistent in sign and do not show any pattern (Table 2). 
As a rule, the larger sex takes a longer time to develop; 

however, in some insects, e.g., true bugs and nymphalid 
butterfl ies, females are larger and yet develop at the same 
rate or even faster than males, as exemplifi ed by H. axy-
ridis in our experiment (Teder, 2014; Gusev and Lopa-
tina, 2018; Lopatina and Gusev, 2019).

The strongest eff ect on the duration of preimaginal 
development in H. axyridis is exerted by temperature 
and larval nutrition. Development time decreases with 
increasing temperature, as it is typical of all the ecto-
thermic organisms. Individuals feeding on grain moth 
eggs develop slower than their counterparts feeding on 
aphids, which suggests that the former diet is less suit-
able and nutritious than the peach aphid. This fi nding 
agrees with previous evidence (Reznik, 2010; Reznik 
et al., 2015c). Retardation of preimaginal development 
is more pronounced at a lower rearing temperature and 
aggravates as temperature decreases from 28 to 17°C as 
follows: in H. axyridis from Irkutsk, development is 
from 14 to 26% slower under short-day conditions and 
from 19 to 27% slower under long-day conditions. In 
H. axyridis from Sochi, development on the suboptimal 
diet is slowed down by 8 to 23% under short-day condi-
tions and by 9 to 24% under long-day conditions. Thus, 
the diet-induced retardation is less pronounced in 
the latter population, especially at a higher rearing tem-
perature, and grain moth eggs are relatively more suit-
able as food for the Sochi population than they are for 
H. axyridis from Irkutsk. To conclude, the eff ect of diet 
on development diff ers between the two populations, al-
though in both cases there is a disproportionate, tem-
perature-mediated slowing down of development.

In both populations, development on the suboptimal 
diet is more variable, which is especially true of the Ir-
kutsk population of H. axyridis (Table 2). An increased 
variability of preimaginal development time in this spe-
cies when fed on grain moth eggs has been noted earlier 
(Reznik et al., 2015c). A broader variance in develop-
ment times on a less nutritious diet is also known in 
other insects (Stamp and Bowers, 1990; Na and Ryoo, 
2000; Saska, 2005; Lopatina et al., 2014).

Short-day conditions practically do not infl uence de-
velopment time in H. axyridis from the Irkutsk popula-
tion, although previous experiments at a single 
tem perature of 20°C did have an accelerating eff ect 
(Reznik et al., 2015c), perhaps due to somewhat dif-
ferent larval nutrition. At the same time, the short-day 
photoperiod exerts a clear eff ect on the Sochi population 
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so that development is accelerated by 7 or 9% at 17°C 
(in individuals fed on aphids or grain moth eggs, respec-
tively) by 5 or 8% at 20°C. Conceivably, the short-day 
photoperiod may exert a stronger or a weaker eff ect on 
preimaginal development time, depending on the larval 
diet. There is a slight retardation of development at 
the higher temperatures (Table 2). This fi nding supports 
our hypothesis that photoperiod may act on develop-
ment time in H. axyridis in opposite directions at dif-
ferent temperatures. In addition, we have confi rmed 
previous statements regarding the existence of interpop-
ulational diff erences in response to diet and photoperiod 
in H. axyridis (Reznik et al., 2015b, 2015c; Ovchin-
nikova et al., 2016; Raak-van den Berg et al., 2017).

Thermal Reaction Norms

The greatest changes in the TRNs of H. axyridis are 
brought about by larval diet. As a consequence of a dis-
proportionate retardation of development when larvae 
are fed on grain moth eggs, both populations exhibit 
an increase in lower temperature thresholds (the regres-
sion lines of developmental rate on temperature are 
shifted to the right, Fig. 1). In addition, individuals from 
the Irkutsk population show a decrease in the tempera-
ture-sensitivity of development under both photoperiods 
(the slope of the regression line becomes shallower).

At the same time, H. axyridis from the Sochi popula-
tion maintains nearly the same degree of tempera-
ture-sensitivity of development on grain moth eggs as 
on the aphid diet under both short-day and long-day 
conditions (the slope does not change). While a rela-
tively weaker temperature-sensitivity of insect develop-
ment on a suboptimal diet seems to be commonplace 
(Lopatina et al., 2014), this is the fi rst time that we ob-
tained the same regression coeffi  cient and sum of de-
gree-days for larvae feeding on a high- and a low-quality 
diet (Table 4). This is due to a strongly disproportionate 
diet-induced retardation of preimaginal development in 
the Sochi population. The diff erence in the degree of re-
tardation between the highest and the lowest experi-
mental temperature is threefold (see above). Thus, 
the two populations diff er in the pattern of diet-induced 
plasticity of TRNs, i.e., in the dependence of the tem-
perature-sensitivity of development on diet quality.

In our experiment, H. axyridis from the Irkutsk popu-
lation shows almost no photoperiodic modifi cation of 
TRNs (Table 4). The lines of regression of develop-

mental rate on temperature plotted for the two photope-
riodic regimens on both diets nearly coincide (Fig. 1, a). 
However, there is a substantial eff ect of daylength on 
the development of H. axyridis from Sochi, regardless 
of diet (Fig. 1, b). As there is a short-day acceleration of 
development at lower temperatures and slight retarda-
tion at higher temperatures (see above), the regression 
lines for two photoperiodic regimens intersect. In 
the short-day regimen, the lower temperature threshold 
is smaller and the temperature-dependence of develop-
ment is somewhat weaker (i.e., the slope of the TRN is 
shallower) (Table 4, Fig. 1, b). Such a pattern of photo-
periodic plasticity of TRNs has been described in 
a number of previously studied insect species, including 
some lady beetles (Ali and El-Saeady, 1981; Aksit et al, 
2007; Lopatina et al., 2007; Kutcherov et al., 2011; 
Reznik and Voinovich, 2015; MacLean and Gilchrist, 
2019). Nevertheless, another lady beetle, Coccinella 
septempunctata brucki from central Japan exhibited 
a response that was opposite to what we fi nd in H. axy-
ridis from Sochi: relatively slower development under 
short-day conditions (10 h) at lower temperatures and, 
conversely, acceleration at higher temperatures relative 
to the long-day regimen (16 h) (Sakurai et al., 1991). 
This response of C. septempunctata brucki to 
the short-day photoperiod is possibly linked with induc-
tion of summer diapause.

The diff erences in TRNs between the H. axyridis 
populations from Irkutsk and Sochi are overall minor. 
The greatest interpopulational diff erences in the param-
eters of temperature-sensitivity of development are 
found under long-day conditions combined with the diet 
of grain moth eggs (Table 4). A high degree of develop-
mental plasticity in H. axyridis in relation to abiotic and 
biotic factors and their interactions prevents us from 
making direct comparisons of durations, lower thresh-
olds, sums of degree-days, and regression coeffi  cients 
reported here with those from the previous literature 
(LaMana and Miller, 1998; Koch, 2003; Castro et al., 
2011; Ramos et al., 2014). In any case, our results do not 
contradict the earlier data. It may be concluded that 
the TRNs in H. axyridis show rather limited interpopu-
lational variation. Nevertheless, a meta-analysis of data 
on development time and the factors controlling it in 
the multicolored Asian lady beetle (Raak-van den Berg, 
2017) shows that invasive populations of H. axyridis 
have more temperature-sensitive development and de-
velop relatively faster at higher temperatures (under 
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the same photoperiod) than native populations do, which 
is further supported by our results.

As previous studies show (Kutcherov et al., 2015), 
there may be diverse pathways of adaptation of insects 
to their environment, and various forms of diet-induced 
and photoperiodic plasticity of TRNs arise in the course 
of evolution. These are gradually refi ned and eventually 
allow fi ne adjustment to local environmental conditions 
at diff erent latitudes by changing the temperature-
dependence of developmental rate in response to short-
ening or increasing daylength or during shifts from one 
diet to the other. Thus, limited geographic variation of 
TRNs may be partially explained by the diversity of 
their diet-induced and photoperiodic modifi cations.

Adult Body Mass and Linear Body Size

In both populations of H. axyridis, females are larger 
than males, which is typical of many insect species 
(Stillwell et al., 2010). Females and males share the same 
pattern of the thermal plasticity of body mass and hind 
femur length, which is aff ected by photoperiod and 
larval diet. Hind femur length is positively correlated 
with body mass in young unfed individuals and varies 
depending on the experimental conditions in the same 
manner as body mass does. Thus, body mass in unfed 
adults of H. axyridis can be used as a proxy for body 
size, and the use of only one size metric in further studies 
is justifi able.

The two populations diff er in the pattern of thermal 
plasticity of adult body mass (and size). Overall, in 
H. axyridis from the Irkutsk population, adult body mass 
increases with larval developmental temperature in all 
of the experimental regimens, but especially so when 
larvae have been fed on grain moth eggs under short-day 
conditions (Fig. 2c). Beetles from the Sochi population 
exhibit a more complicated dependence of body mass 
on temperature. Under short-day conditions the pattern 
is similar to that in H. axyridis from Irkutsk, i.e., a posi-
tive relationship between fi nal body mass and tempera-
ture, which is especially pronounced on the diet of grain 
moth eggs. However, under long-day conditions, higher 
developmental temperatures and feeding on aphids re-
sult in smaller adults, whereas there is no eff ect of tem-
perature in the case of feeding on grain moth eggs. Thus, 
the patterns of thermal plasticity of body mass (and 
linear size) may be opposite, depending on the photope-
riod and diet, and also may diff er between H. axyridis 

populations. In our experiment, support for the so-called 
“temperature-size rule,” whereby individuals attain 
a greater body mass following development at a lower 
temperature (Atkinson, 1994), is found in only one case 
out of eight (for the Sochi population fed on aphids 
under long-day conditions: Fig. 1, b). Under short-day 
conditions adult body mass tends to increase with larval 
and pupal developmental temperature, which is espe-
cially conspicuous after larval feeding on grain moth 
eggs. A similar reversion of the “temperature-size rule” 
is found, e.g., in the tobacco hornworm Manduca sexta 
fed on a less suitable host plant (Diamond and King-
solver, 2010). The varying pattern of thermal plasticity 
of body mass is now known to occur in many insect spe-
cies on diff erent diets and under diff erent photoperiodic 
conditions during preimaginal development (Diamond 
and Kingsolver, 2010; Kucherov and Kipyatkov, 2011b; 
Kutcherov et al., 2011; Lopatina et al., 2011a; Ryzhkova 
and Lopatina, 2015a, 2015b; Reznik et al., 2015a; Gusev 
and Lopatina, 2018). In addition, the degree of thermal 
plasticity of adult body mass may diff er between indi-
viduals from remote geographic populations (King-
solver et al., 2007; Lopatina et al., 2011b; Diamond and 
Kingsolver, 2012; Hassall, 2013; Kutcherov et al., 2015; 
Lopatina and Gusev, 2019).

CONCLUSION

1. Despite a rather long-term maintenance in the lab-
oratory, the populations of H. axyridis from Sochi and 
Irkutsk continue to exhibit diff erences in physiological 
response to photoperiodic conditions and larval diet.

2. The populations diff er in the degree of infl uence of 
diet on preimaginal development, which is manifested 
in a biased sex ratio due to female mortality rates dif-
fering between the individuals from Sochi and Irkutsk 
when fed on either grain moth eggs or aphids.

3. Larval feeding on a less suitable diet (grain moth 
eggs) slows down development in the invasive Sochi 
population to a lesser extent than it does in the native 
Irkutsk population, especially at a higher temperature. 
Thus, lady beetles from Sochi are less sensitive to unfa-
vorable food.

4. The photoperiodic and diet-induced plasticity of 
thermal reaction norms for development is expressed 
diff erently in the two populations, which may play a de-
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cisive role in local adaptation. That said, interpopula-
tional diff erences per se are small.

5. The temperature-dependence of adult body mass 
and linear size may show opposite patterns, depending 
on the photoperiodic conditions and larval diet and ex-
hibit considerable diff erences between populations.
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