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Abstract—Based on the long-term laboratory rearing of gypsy moth larvae on an artificial diet with different
modifications, which were taken from egg masses in the same forest area in different phases of the population
dynamics, we have studied the effect of biotic and abiotic factors on the duration of the development and sur-
vival rate of larvae at younger instars in the group- and solitary-rearing regimes. It is shown that the duration
of larval development at younger instars is influenced by the sum of effective temperatures at the early embry-
onic stage of development, as well as by the duration of embryo exposure to temperatures below the develop-
mental threshold and by the food composition. The effect of the group rearing regime (group effect) on the
rate of larval development is associated with the population dynamics phase; its most significant positive
effect has been recorded in the eruptive period. It has been revealed that the response of larvae to the food
composition through the development duration differs in different rearing regimes, depending on the popu-
lation density phase. With respect to the food composition, the group effect can be determined both by the
acceleration of larval development in the group regime and by the deceleration of larval development in the
solitary rearing regime. The studied effects have been quantitatively assessed.
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While reaching a high density during outbreaks,
insects face problems, such as increased competition
for food substrate and space [1, 2], increased pressure
from predators and parasites [3, 4], and acceleration of
the spread of infectious diseases [5, 6]. However, the
mortality rate during the period of high density is often
lower than the expected level as a result of physiologi-
cal and behavioral changes determined by the high
density of individuals [7]. B.P. Uvarov [8], who was
one of the first to reveal density-dependent population
effects in locusts, called them “phase polymorphism.”
This phenomenon, which can be considered as a com-
ponent of the Allee effect [9], is termed the “group
effect” [10].

The group effect is defined as the structural and
functional features of a species that depend on the
population density (different colors of insect integu-
ments, accelerated development as a result of aggrega-
tion, changes in the oxygen consumption rate in
aquatic animals, etc.) [11]. E. Wilson [12] character-
izes the group effect as a behavioral or physiological
change at the species level due to signals that are not
oriented in space or time.

It is most relevant to study the group effect in species
with periodic outbreaks, since the patterns of this effect
make it possible to more completely understand the pro-
cesses that occur in populations of these species when
their density increases. With account of the variety of
factors influencing the group effect, the optimal way to
study this phenomenon is to use a species that develops
well under laboratory conditions at fixed abiotic param-
eters on a diet with constant composition. Gypsy moth
Lymantria dispar (L.) corresponds to these require-
ments; however, long-term studies of the group effect
have not yet been carried out for this species.

The purpose of this research is to analyze the man-
ifestation of the group effect in gypsy moth, depending
on the food composition, abiotic conditions of devel-
opment, and phase of the gradation cycle of the paren-
tal generation.

MATERIAL AND METHODS
The objects of this research were larvae of the

Trans-Ural population. The main host species for this
population are silver birch (Betula pendula Roth) and
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downy birch (B. pubescens Ehrh.). Gypsy moth egg
masses were collected for experiments from the birch
stand near the village of Pokrovskoe (Kamensk-Uralsk
district, Sverdlovsk oblast, 56°28′ N and 61°37′ E). The
stand consisted of silver birch (quality class II, age 70–
80 years, relative density 0.7). There was an outbreak of
gypsy moth with a strong and continuous defoliation of
stands in this area from 2005 to 2011. A significant
increase in the population density was also recorded in
2016–2017. In these years, an outbreak with significant
defoliation was recorded throughout the southern part
of Sverdlovsk oblast and in the adjacent regions (Kurgan
and Tyumen oblasts). In the egg mass sampling area, the
density increased according to the prodromal type,
without significant defoliation. Egg masses were col-
lected in August–September (not less than 50 egg
masses per year). The egg mass density is given in Table 1.
The eggs from masses were mixed to neutralize the
effect of genetic differences on the results.

Larvae that hatched from egg masses were reared in
the group and solitary regimes on a standard artificial
diet (AD) [13] in a climatic chamber at 26°C and 60%
humidity; the photoperiod was 14 h day : 10 h night.

The following aspects were taken into account
during the planning of the experiments:

(1) The container volume per larva should be com-
parable at different densities to determine the stable
values of the contribution of intraspecific contacts to
the group effect [14]. Therefore, solitary larvae were
kept in Petri dishes with a volume of 10 mL until
reaching the third instar and group larvae were kept in
Petri dishes with a volume of 100 mL (20 larvae per
dish at the first instar and ten individuals per dish at
the second instar). The choice of the larva as an
experimental unit both in the group and solitary rear-
ing regimes is determined by the fact that the choice
of the container as an experimental unit leads to
additional effects that make it difficult to interpret
the results [14].

(2) The sum of effective temperatures (SET) accu-
mulated over the larval hatching period influences
both the duration of further larval development and
the manifestation of the group effect [15]. Therefore,
the experiments were started after the appearance of
not less than 80% of larvae within 2 days. Larvae that
hatched on the same day were selected for rearing and
larvae that hatched before that day were removed from
the container.

(3) Since a number of researchers believe that the
group effect is determined by the intensification of
physiological processes [16], ADs with addition of
iron sulfate (FeSO4⋅7H2O) at the rate of 150 mg per
500 g of the food for activating metabolic processes
[17] were used in some experiments involving larvae,
the embryos of which received different summer–
autumn SETs and, accordingly, developed at different
rates [18].
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The summer–autumn SET, accumulated over the
period of early embryonic development and diapausing,
was calculated based on the results of annual phero-
mone monitoring in the study area according to the
meteorological station data [19]. Temperatures above
the threshold level of 6°C were recorded from the date
of the emergence median (the date when more than half
of adults emerged from pupae). We recorded data for
the period before the stable transition of mean daily
temperatures to the level below the threshold value or
before placing the eggs in refrigeration equipment at
temperatures of 0…2°C for “overwintering” (the cold
termination of embryonic diapause) (in variants with
the artificial variation of the summer–autumn SET)
[20]. The data on the year of egg mass collection, sum-
mer–autumn SET received by embryos, dates of hatch-
ing from clutches, overwintering duration, rearing
regime, and diet are given in Table 1.

Larvae were reared taking into account the dura-
tion of their development at the first and second 
instars and their mortality. The results were statisti-
cally processed using the standard STATISTICA 6.0 
software package. The survival rate of larvae at the ini-
tial instars was analyzed by the method of generalized 
linear models (GLZ) using logit regression; the effect 
of rearing conditions on the development duration 
was analyzed by the method of general regression 
models - GRM (the dependent variable is the 
development duration, which  previously was 
normalized by taking it's log).

Collinearity of predictors was estimated by calcu-
lating the variance inflation factor (VIF). We took into
account both continuous predictors ((1) overwinter-
ing duration (days), i.e., the period with temperatures
close to 0°C, and (2) summer–autumn SET (degree
days) accumulated before the onset of overwintering)
and categorical factors, (3) type of AD (with or with-
out addition of FeSO4), (4) phase of population
dynamics (outbreak or other periods) (the years with
the population density of more than 0.5 egg masses per
tree were classified as outbreak years, since outbreak
foci of this species begin to be recorded at this density
[16]), and (5) rearing regime (solitary or group rear-
ing). Continuous predictors (summer–autumn SET
and overwintering duration) were converted to the
range from 0 to 1. The interaction of the latter three pre-
dictors was also included in the analysis. The optimal
models for the GRM analysis were selected from the list
of competing models according to the principle of the
minimum of Mallows’Cp test [21]. The effects were
considered statistically significant at p < 0.01.

RESULTS

Analysis of the data on larval mortality showed that
the important conditions for the larval survival at the
first instar were the type of diet and pattern of early
embryonic development (the optimal SET for the suc-
021
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Table 1. Years of egg mass sampling, rearing conditions and regimes, and mortality rate of gypsy moth larvae of the Trans-
Ural population

* Rearing was carried out until the 25th day; all the individuals that did not reach the third instar were eliminated.

Year of 
sampling

Egg mass 
density, 
pcs./tree

Summer–
autumn SET, 
degree days

Hatching date
Rearing regime 

(pcs.), 1st 
instar/2nd instar

Overwintering 
duration, days

Number 
of larvae, pcs.

Mortality, 
1st/2nd instars, 

%

Rearing on the standard AD
2008 3–4 385 29.01.09 20/10 132 100 5/48

1/1 50 8/9
2009 15–20 490 01.02.10 20/10 116 60 33/13

1/1 100 4/0
2010 15–20 660 22.02.11 20/10 138 60 4/0

1/1 100 10/33
2011 10–12 660 30.01.12 20/10 147 40 11/0

1/1 90 15/27
2012 0.2 440 09.02.13 20/10 128 100 23/10

1/1 50 16/2
2013 0.1 510 06.02.14 20/10 118 100 32/16

1/1 50 34/9
2014 0.02 320 20.04.15 20/–* 192 100 59/–*

1/1 40 0/45
2015 0.02 350 29.04.16 20/10 217 100 30/44

1/1 50 10/18
2016 0.3–0.4 730 23.03.17 20/10 175 100 11/12

1/1 50 7/2
2017 0.7 350 10.02.18 20/10 130 100 33/42

1/1 51 22/10
2017 0.7 350 27.02.18 20/10 147 100 18/11

1/1 50 12/7
2018 0.02 775 23.03.19 20/10 147 100 6/2

1/1 50 8/2
Rearing on the AD with FeSO4

2008 3–4 385 29.01.09 20/10 132 100 6/1
1/1 50 5/48

2012 0.2 440 09.02.13 20/10 128 100 20/4
1/1 50 8/0

2017 0.7 350 27.04.18 20/10 147 100 16/7
1/1 50 6/2

2018 0.02 775 23.03.19 20/10 147 80 4/1
1/1 50 6/0
cessful completion of embryogenesis and transition to
the diapausing state) (Table 2). Group rearing does
not lead to a significant increase of the mortality rate;
however, the survival rate increases in the group
regime during outbreaks. The addition of iron com-
pounds to the AD increases the survival rate under the
group rearing regime and during outbreaks in general.
At the second instar (Table 3), the mortality increases
RUSSI
under the group rearing regime; this is apparently due
to the cannibalism, which is not manifested at the first
instar [22].

Analysis of the duration of development of the first
instar showed that the optimal model included six pre-
dictors (F6,2072 = 82.94, p < 0.0001): (1) type of diet,
(2) overwintering duration, (3) summer–autumn SET,
(4) population density phase, and two paired interac-
AN JOURNAL OF ECOLOGY  Vol. 52  No. 6  2021
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Table 2. Assessment of the effect of the conditions of development of the embryonic and larval stages of gypsy moth on the
rate of survival to the second instar using generalized linear models (GLZ)

Here and in Table 3, the # symbol indicates the reference level (the expected value of the survival rate at zero values of continuous pre-
dictors and all dummy variables remaining in the model; i.e., here b0 refers to solitary rearing on the standard AD during the inter-out-
break period). Categorical predictors and their interactions are in square brackets. Significant effects are in bold.

Predictors Factor level b se Wald p 95% CI

b0
# 1.597 0.128 155.64 <0.001 1.35 1.85

Summer–autumn 
SET (0–1)

1.074 0.179 35.98 <0.001 0.72 1.42

Overwintering (0–1) 0.055 0.214 0.07 =0.798 –0.36 0.47
AD [1] FeSO4 0.300 0.093 10.28 <0.001 0.12 0.48
Regime [2] Group –0.139 0.092 2.27 =0.132 0.32 0.04
Phase [3] Outbreak 0.154 0.098 2.49 =0.115 0.04 0.35
[1] × [2] 0.250 0.092 7.33 =0.007 0.07 0.43
[1] × [3] –0.077 0.094 0.68 =0.410 –0.26 0.11
[2] × [3] 0.263 0.092 8.07 =0.004 0.08 0.44
[1] × [2] × [3] 0.244 0.092 6.96 =0.008 0.06 0.43

Table 3. Assessment of the influence of the conditions of development of the embryonic and larval stages of gypsy moth on
the rate of survival to the third instar using generalized linear models (GLZ)

Predictors Factor level b se Wald p 95% CI

b0
# 1.09 0.116 88.3 <0.001 0.87 1.32

Summer–autumn 
SET (0–1)

1.46 0.165 78.6 <0.001 1.14 1.79

Overwintering (0–1) –0.117 0.201 0.34 =0.561 –0.51 0.28
AD [1] FeSO4 0.632 0.088 51.9 <0.001 0.46 0.80
Regime [2] Group –0.221 0.086 6.53 =0.011 –0.39 –0.05
Phase [3] Outbreak 0.063 0.091 0.49  0.485 –0.11 0.24
[1] × [2] 0.248 0.086 8.25 =0.004 0.08 0.42
[1] × [3] 0.073 0.087 0.70 =0.403 –0.10 0.24
[2] × [3] 0.214 0.086 6.17 =0.013 0.05 0.38
[1] × [2] × [3] 0.294 0.086 11.6 <0.001 0.12 0.46
tions, (5) population density phase and larval rearing
regime and (6) the population density phase and type
of diet (Table 4). Magnitudes of the standardized coef-
ficients serve as a relative measure of the effect value.

The development at the first instar is significantly
influenced by the overwintering duration. This period
is characterized by the cold termination of diapause,
which covers embryos formed at the end of summer.
As in the case of the increased period of the summer–
autumn SET, the overwintering duration also has a
positive effect on the rate of development.

The regression coefficients of predictors of the
duration of larval development to the second instar are
given in Table 5. The relationship between the over-
wintering duration and rate of development only at the
first instar is possibly determined by the effect of the
overwintering duration on the SET accumulated over
RUSSIAN JOURNAL OF ECOLOGY  Vol. 52  No. 6  2
the larval hatching period: the longer the period of
clutch exposure to low temperatures, the earlier and
more concurrent the emergence of larvae from them
[23]. In our previous laboratory experiments [24], we
showed a more rapid development of larvae that were
first to hatch and, hence, required a lower SET. The
larval development is significantly accelerated by the
addition of iron to the AD as an active microelement,
which is contained in enzymes and highly active in the
ionic form.

The outbreak state of the population also has a pos-
itive effect on the developmental parameters com-
pared to the inter-outbreak period. In particular, the
interaction of this factor with the conditions of aggre-
gation of individuals and type of diet is of greatest
interest. It is during an outbreak when the group effect
021
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Table 4. Standardized regression coefficients and choice of optimal models (Cp = min) describing the duration of develop-
ment of gypsy moth larvae to the second instar

The most optimal model is in bold.

Model 
rank

Cp N
Overwin-

tering

Summer–
autumn

SET

Phase
 [1]

AD
 [2]

Regime
 [3] [1] × [2] [1] × [3] [2] × [3] [1] × [2] × [3]

1 8.78 6 –0.16 –0.12 –0.26 –0.44 –0.25 –0.15
2 8.84 7 –0.16 –0.12 –0.25 –0.44 –0.24 –0.17 –0.033
3 9.65 8 –0.16 –0.12 –0.25 –0.43 –0.24 –0.17 –0.023 –0.041
4 10.0 9 –0.16 –0.12 –0.24 –0.42 –0.034 –0.23 –0.18 –0.044 –0.054
5 10.4 7 –0.16 –0.12 –0.26 –0.44 –0.25 –0.15 –0.012
6 10.7 8 –0.16 –0.12 –0.25 –0.44 –0.007 –0.24 –0.17 –0.034
7 10.8 7 –0.16 –0.12 –0.26 –0.44 –0.003 –0.25 –0.15
8 12.1 8 –0.16 –0.12 –0.26 –0.43 –0.014 –0.25 –0.15 –0.020
9 42.9 6 –0.15 –0.23 –0.41 –0.20 –0.17 –0.035
10 43.0 7 –0.15 –0.22 –0.41 –0.20 –0.17 –0.029 –0.045

Table 5. Parameters of the best regression model (Cp = min) describing the duration of larval development to the second
instar: log(days) = b0 + Σbixi + εi

#, reference level (the expected value of log (days) at zero values of continuous predictors and all dummy variables remaining in the
model, i.e., here b0 refers to solitary rearing on the standard AD during the inter-outbreak period). Categorical predictors and their
interactions are in square brackets.

Predictors Factor level b se t(2072) p < CI

b0
# 2.32 0.014 160.0 0.0001 2.29 2.35

Overwintering (0–1) –0.20 0.030 –6.8 0.0001 –0.26 –0.14
Summer–autumn SET (0–1) –0.11 0.019 –6.0 0.0001 –0.15 –0.08
Population density phase [1] Outbreak –0.09 0.009 –9.4 0.0001 –0.11 –0.07
AD [2] FeSO4 –0.17 0.009 –19.4 0.0001 –0.18 –0.15
Regime [3] Group – – – – – –
[1] × [2] –0.08 0.009 –9.4 0.0001 –0.10 –0.06
[1] × [3] –0.05 0.007 –7.4 0.0001 –0.06 –0.04
is positive and the presence of iron in the feed enhances
the effect.

The picture somewhat changes when larvae reach
the third instar. Here, the optimal model also includes
six predictors (F6.1761 =170.3, p < 0.001 at VIF not more
than 1.48). The main factors maintain their effect,
except the overwintering period; at the same time,
three of these factors—the population density phase,
type of diet, and rearing regime—begin to interact with
each other (Table 6).

The coefficients of regression of the duration of
larval development to the third instar are given in
Table 7. The contribution of the summer–autumn
SET to the acceleration of larval development contin-
ues to be significant. The most significant factor is
addition of iron to the AD, which accelerates the larval
development during outbreaks. The effect of group
rearing on the rate of development was observed only
RUSSI
during outbreaks and the effect of other predictors did
not change.

Analysis of differences in the development rate of
larvae to the third instar showed that the development
rate was higher during outbreaks and lower during
other phases of population dynamics in the group
regime than in the solitary regime. At the same time,
the differences in this parameter are significant only in
the inter-outbreak period on the AD with addition of
FeSO4⋅7H2O (Fig. 1).

DISCUSSION

Numerous studies on representatives of different
insect orders (Orthoptera, Lepidoptera, Blattodea,
Hymenoptera, etc.) indicate similar trends in the
manifestation of the group effect, which are often
expressed in such processes as a decrease of the devel-
AN JOURNAL OF ECOLOGY  Vol. 52  No. 6  2021
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Table 6. Choice of optimal models (Cp = min) describing the duration of larval development to the third instar

The most optimal model is in bold.

Model 
rank

Cp N
Overwin-

tering

Summer–
autumn

SET

Phase
 [1]

AD
 [2]

Regime
 [3] [1] × [2] [1] × [3] [2] × [3] [1] × [2] × [3]

1 4.55 6 –0.15 –0.10 –0.65 –0.28 –0.16 –0.06
2 6.26 7 –0.012 –0.15 –0.11 –0.65 –0.28 –0.15 –0.06
3 6.38 7 –0.15 –0.10 –0.65 –0.28 –0.16 –0.009 –0.06
4 6.55 7 –0.15 –0.10 –0.65 –0.001 –0.28 –0.16 –0.06
5 8.10 8 –0.012 –0.15 –0.10 –0.65 –0.28 –0.16 –0.008 –0.06
6 8.26 8 –0.012 –0.15 –0.11 –0.65 –0.001 –0.28 –0.16 –0.06
7 8.28 8 –0.15 –0.10 –0.64 –0.007 –0.28 –0.16 –0.013 –0.06
8 9.58 5 –0.15 –0.11 –0.65 –0.29 –0.13
9 10.00 9 –0.012 –0.15 –0.10 –0.65 –0.008 –0.28 –0.16 –0.012 –0.06

10 11.34 6 –0.15 –0.11 –0.65 –0.29 –0.13 0.009

Table 7. Parameters of the best regression model (Cp = min) describing the duration of larval development to the third
instar: log(days) = b0 + Σbixi + εi

#, reference level (the expected value of log(days) at zero values of continuous predictors and all dummy variables remaining in the
model, i.e., here b0 refers to solitary rearing on the standard AD during the inter-outbreak period. Categorical predictors and their inter-
actions are in square brackets.

Predictors Factor level b se t(1761) p < 95% CI

b0
# 2.71 0.008 323.0 0.0001 2.70 2.73

Summer–autumn SET –0.11 0.014 –7.6 0.0001 –0.14 –0.08
Phase [1] Outbreak –0.03 0.006 –4.3 0.0001 –0.04 –0.01
AD [2] FeSO4 –0.19 0.006 –29.8 0.0001 –0.20 –0.17
Regime [3] Group – – – – – –
[1] × [2] –0.07 0.006 –11.5 0.0001 –0.09 –0.06
[1] × [3] –0.04 0.006 –7.2 0.0001 –0.05 –0.03
[1] × [2] × [3] –0.02 0.006 –2.7 0.001 –0.026 0.004
opment period of population individuals (or its
increase for some species), a decrease in their average
size, a decrease in their mortality and fertility, an
increased melanization of integumentary tissues, and
an increased motor activity [2, 8, 25, 26]. This effect
also involves the enhancement of the immune activity,
which is indirectly associated with the intensification
of the phenol oxidase system and increase in the pro-
duction of hemocytes [7].

The positive effect of high density on the develop-
mental parameters in eruptive phyllophagous spe-
cies, such as gypsy moth, is observed mainly in larvae
at the first and second larval instars. In gypsy moth,
the group effect is expressed primarily in its
decreased mortality and an increased rate of its
development [26–29]. The above-mentioned effects
may be indirectly associated with changes in the
enzyme activity of the digestive system under the
group rearing regime [30], which inf luences the effi-
ciency of food substrate digestion, as well as with an
RUSSIAN JOURNAL OF ECOLOGY  Vol. 52  No. 6  2
intensification of the phenol oxidase system [31] as a
nonspecific stress response of the body to the
increased density [5]. In some cases, there are no dif-
ferences in the mortality rate [29, 31, 32] and devel-
opment rate [29] between the larvae of this species
that were kept at different levels of density.

We previously showed a significant variation in
the degree of manifestation of the group effect in dif-
ferent years of laboratory rearing, depending on the
food composition and indicators of population adap-
tation. Significant differences in the vector of mani-
festation of the group effect were revealed between
different substrates during the low density period: a
positive or negative effect during feeding on birch
foliage or its absence during feeding on the AD [34].
The group effect on the AD was positive in the first
years of outbreak and was absent on birch foliage
[15]; however, it was unclear whether this was deter-
mined by the phase of population density dynamics
or by some other factors.
021
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Fig. 1. Influence of the phase of population dynamics, type of diet ((a) standard AD, (b) AD with FeSO4), and rearing regime ((1)
solitary rearing, (2) group rearing) on the duration of larval development to the third instar (F(1,1761) = 7.03, p = 0.008). Dots indicate
the weighted average values; the error indicates the 95% confidence intervals (  ± CI 95%). Significant differences calculated by
Scheffe’s test for multiple comparisons at significance threshold p < 0.05 are indicated by different letters.
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The results of our study show that the response of
larvae to the food composition differs under different
rearing regimes, depending on the population density
phase. On the standard AD, the developmental rate
during the outbreak period does not change in the
group regime, while it significantly slows down in the
solitary regime. The absence of differences in the
duration of development on the standard AD during
the outbreak and inter-outbreak periods in the group
rearing regime is apparently explained by the superim-
position of the influence of the diet, since solitarily
reared larvae significantly slow down their development
during an outbreak. The observed phenomenon is pos-
sibly associated with changes in food preferences at dif-
ferent phases of the gradation cycle. This issue requires
additional research, since there are literature data on
the extension of the list of food plants during outbreaks
[20, 35].

The situation is opposite when larvae are reared on
the AD with FeSO4: in this case, the larval develop-
ment significantly accelerates in the group rearing
regime during an outbreak. This suggests that the
intensification of the physiological processes does not
cause the manifestation of the group effect [16].

Under natural conditions, outbreaks are accom-
panied by a higher development rate and, as a conse-
quence, earlier phenological periods of oviposition
RUSSI
by gypsy moth females and an increase in the sum-
mer–autumn SET accumulated by embryos before
the onset of cold spells. According to the analysis (see
Tables 6 and 7), the value of the summer–autumn
SET is significant along with other factors; however,
it is not determining in the manifestation of the
group effect.

As a result, this research revealed a significant
influence of the phase of gypsy moth population
dynamics on the manifestation of the group effect,
which, in turn, positively influences the rate of larval
development during the eruptive phase. The absence
of the group effect or its negative manifestation that
were previously recorded by us and other authors [29,
32–34] are possibly associated with the phase of
dynamics of density of the initial population.
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