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Abstract

Invasive pentatomid Halyomorpha halys recently arrived to the Black Sea region and began damaging agricultural and
ornamental plants. We studied the effects of day length and temperature on the pre-adult development and diapause induc-
tion in H. halys from Sochi (Russia) under laboratory conditions (20, 24, and 28 °C and several photoperiods). The pre-adult
development of H. halys was noticeably faster under L:D 12:12 compared with L:D 15:9. The sum of effective temperatures
required for the pre-adult development was ca. 530 and 590 degree days under these two conditions, respectively, whereas
the lower developmental thresholds were similar (ca. 13.3 °C). Adults of H. halys demonstrated a typical long-day-type
photoperiodic response of facultative winter adult diapause induction: Short days (photophases of 12—15 h) induced diapause
in all adults, whereas long days (with photophases longer than 15 h) promoted reproduction. The photoperiodic responses
of diapause induction of females and males were very similar. At 24 °C, the threshold of the response was between 15 and
16 h. At 20 °C, even under the very long-day conditions (L:D 18:6) about 50% of adults entered diapause. Field records
suggest that H. halys likely produces two generations per year in Sochi. Short days might accelerate nymphal growth of the
second generation in August and then induce winter diapause in adults. Phenological studies and monitoring are needed for
a better understanding of the adaptation process of this invasive pest to new conditions.

Keywords Alien insects - Day length - Heteroptera - Invasive pests - Pentatomidae - Phenology - Photoperiodism -
Voltinism
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Introduction

At the beginning of the twenty-first century, we wit-
nessed a sharp increase in frequencies of pest and patho-
gen invasions in different parts of the world. The rapid
movements of invasive species accompany globalization,
often threaten local biodiversity and ecosystem function-
ing, and cause significant economic loss (Hulme 2009;
Pysek et al. 2010; Zhu et al. 2012; Bertelsmeier and Kel-
ler 2018; McPherson 2018). A unique adaptive ability to
disperse and naturalize outside of its native range has been
demonstrated by the brown marmorated stink bug, Halyo-
morpha halys (Stal, 1855) (Heteroptera: Pentatomidae).
Native to eastern Asia, mostly to China (except Xinjiang
and Qinghai Provinces), Korea, Japan (except Hokkaido),
Myanmar, Vietnam, and Taiwan, H. halys has recently
become one of the most harmful invasive insect pests in
North America and Europe (Rice et al. 2014; Haye et al.
2015; Lee 2015; Hamilton et al. 2018). Rapid invasions
of H. halys from Asia to both North America and Europe
are commonly linked to the increased global trade and
travel (Leskey and Nielsen 2018). Recently, H. halys was
recorded for the first time in Russia (in 2013 or 2014) and
Abkhazia (in 2015) (Gapon 2016; Mityushev 2016; Muso-
lin et al. 2018). However, the invasive North American and
European populations differ in their genetic composition,
and it is believed that the species invaded North America
from the Beijing region (China) and Europe from another
(not yet determined) region of Asia (Gariepy et al. 2014;
Xu et al. 2014).

In different parts of its native range in Asia, H. halys
produces one or two generations per year (Lee et al. 2013).
Hoffman (1931) reports that four or even six generations
may occur in the Kwangtung (Guangdong) Province of
China (23°N, 113°E), but this old record seems doubtful
and needs confirmation.

It has been shown in many species with heterodynamic
seasonal development that the timing of the commence-
ment of winter dormancy is determined by parameters of
the photoperiodic response of facultative diapause induc-
tion (Danilevsky 1965; Tauber et al. 1986; Danks 1987).
In H. halys, photoperiodic response of adult (often also
called reproductive) diapause induction has been experi-
mentally studied only in Japan, and that was before the
invasion of this species to North America and Europe.
Watanabe (1979) demonstrated that the critical photoper-
iod for ovarian development was between 13.5 and 14.0 h
in the Toyama (Japan) population (36°50'N, 137°35’E).
However, a detailed analysis of the mechanism under-
lying the seasonal development was carried out using
only one other local population of this species (from
Nagano; 36°40'N, 138°12'E; Yanagi and Hagihara 1980).
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Essentially, these data from central Japan and recently
obtained data from North America have been used in
attempts to analyze H. halys phenology and to model its
voltinism in different parts of its invasive range (Nielsen
and Hamilton 2009; Haye et al. 2014; Nielsen et al. 2016,
2017).

The available body of information on distribution and
seasonal development of H. halys in its invasive range is
limited and does not allow one to confidently predict the
further secondary range changes as well as voltinism of
this dangerous invader. Zhu et al. (2012) suggested that
H. halys potentially could become established in virtu-
ally all parts of Europe with southern Europe being the
most favorable. Thus, for example, CLIMEX and other
modeling techniques suggest that H. halys will be able
to complete up to three generations in southern Greece
(e.g., Crete or East Peloponnese; Milonas and Partsineve-
los 2014). Models were developed for North America as
well (e.g., Nielsen et al. 2016, 2017). Phenological models
should be applied with caution as not only temperature,
but also local parameters of the photoperiodic response
of facultative winter diapause induction often strongly
affect voltinism of a population, and to date, photoperiodic
responses of H. halys European populations are unknown.

In this paper, we present data on the temperature and
day length (i.e., photoperiod) regulation of H. halys pre-
adult (i.e., embryonic and nymphal) development and dia-
pause induction obtained under strictly controlled labo-
ratory conditions. We studied a population of H. halys
only recently established in Sochi, Russia. The findings
are used to analyze the seasonal development of the local
population of H. halys in southern Russia, but they could
be more broadly applicable for a better understanding and
modeling of H. halys voltinism in southern and central
Europe.

Materials and methods
Insects

The laboratory culture originated from about 100 individu-
als of H. halys (nymphs and adults) as well as ca. 20 egg
masses collected in June—August 2017 in the vicinity of
Sochi, Krasnodar region of Russia (ca. 43°36'N, 39°35'E).
Insects were reared in ventilated transparent plastic contain-
ers (28 X 19 x 14 cm) under standard conditions (temperature
of 25-28 °C, photoperiod L:D 16:8 h) and fed on peanuts,
sunflower seeds, carrots, and broad bean seedlings; water
was provided in plastic cylinders plugged with cotton balls.
The experiments were conducted using the first and second
generations of this laboratory culture.
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Experimental design

In the laboratory experiments, we used following 14 treat-
ments (i.e., photo-thermal regimes): temperature of 20 °C
combined with photoperiods of L:D 12:12, 14:10, 15:9,
and 18:6; temperature of 24 °C combined with photo-
periods of L:D 12:12, 13:11, 14:10, 15:9, 16:8, and 18:6;
and temperature of 28 °C combined with photoperiods
of L:D 12:12, 14:10, 15:9, and 18:6. These combinations
of temperature and photoperiod were chosen based on
the results of earlier studies (Watanabe 1979; Yanagi
and Hagihara 1980; Leskey and Nielsen 2018). It was
intended to cover a full scale of natural day length at the
optimal temperature of 24 °C plus near-threshold (L:D
14:10, 15:9, and 16:8) as well as short (L:D 12:12) and
very long (L:D 18:6) photoperiods under suboptimal tem-
peratures (20 and 28 °C).

Different photoperiods were established in differ-
ent photoperiodic chambers placed in the same walk-in
thermostatic room. To detect possible small differences
between photoperiodic chambers within the same ther-
mostatic room, temperature in each photoperiodic cham-
ber was measured twice daily by a laboratory thermom-
eter with an accuracy of 0.1 °C. The differences between
the photoperiodic chamber means for the duration of the
experiments were always less than 0.2 °C and therefore
were not taken into account in subsequent analysis. Dur-
ing the experiments (described below), nymphs and adults
were reared in ventilated transparent plastic cylinders
(diameter and height of 12 cm) and fed on the same diet
as was the laboratory population. Fresh food and water
were provided every 2-3 days.

Egg incubation period and development of the first
instar nymphs

The egg masses produced by H. halys females of the
laboratory population within 24 h were collected and
randomly distributed among 14 aforementioned photo-
thermal regimes (with a total of ca. 5-8 egg masses per
regime). Hatching of the first instar nymphs and their sub-
sequent molting to the second instar were recorded daily,
specifically at 4-6 h after the switch on of the light. (The
light was switched on simultaneously in all photoperiodic
chambers, but switched off at different times.) Four non-
synchronous replicates of each treatment were conducted
in this experiment. In each replicate, hatching and first
molting of 10—15 nymphs were recorded. The mean egg
incubation period (days) and mean duration of the first
instar (days) were separately calculated for each replicate
in each treatment, and the replicate means were used for
further statistical analysis.

Growth and development of the second-fifth instar
nymphs

Nymphs molted to the second instar within 24 h in the stock
culture were chosen for this experiment. To increase the uni-
formity of the material, nymphs hatched from one egg mass
were distributed among several randomly selected treat-
ments. Five or six replicates of each of the 14 treatments
were conducted, and each replicate was started with 20
nymphs of the second instar (with a total of 1460 nymphs).
Emergence and sex of adults were recorded every 2-3 days.
In total, emergence of 711 adults was recorded (at least 8
adults of each sex per treatment). Based on these data, nym-
phal survival (a proportion of the second instar nymphs that
successfully reached the adult stage) and the mean duration
of the cumulative developmental period from the beginning
of the second instar to adult emergence were calculated for
each replicate in each treatment.

Maturation of male and female reproductive
systems and adult diapause induction

Cohorts of 4-10 adults of both sexes emerged within
2-3 days in the aforementioned experiment were placed
separately in the same size containers and reared further
under the same photo-thermal conditions and on the same
diet as during their second—fifth instars. At the end of this
experiment (40, 25, and 12 days after adult emergence at
20, 24, and 28 °C, respectively), all adults were killed using
low temperature and dissected. The timing of dissection was
chosen based on preliminary experiments and constitutes
approximately 1.5 times of the period from female emer-
gence to deposition of the first egg masses at the correspond-
ing temperatures under long-day conditions (Watanabe
1980). At dissection, reproductive state of males and females
was evaluated based on the criteria used for H. halys and
other pentatomids (Watanabe 1980; Nakamura and Numata
1997; Musolin and Numata 2003a; Nielsen et al. 2017;
Esquivel et al. 2018; Musolin and Saulich 2018): Females
without mature eggs or vitellogenic oocytes in the ovarioles
and males without secretory fluids in the ectodermal sacs of
the accessory glands were considered to be in diapause in
contrast to reproductively active (i.e., nondiapause) adults
(Fig. 1). Adults that died during the experiment were dis-
carded. In total, 313 males and 303 females were dissected
at the end of this experiment.

Statistical analysis
The differences between the treatments were evaluated, and
the interactions of the factors were tested using ANOVA

and the Tukey’s HSD test. (See figure and table legends for
details.) Nonparametric data (nymphal survival, sex ratio,
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Spermatheca

Fig.1 State of gonadal development in diapause and nondiapause
adults of Halyomorpha halys: a nondiapause female (reproductive;
mature, i.e., chorionated, eggs in ovarioles; loose fat body; expanded
and filled spermatheca); b nondiapause male (reproductive; expanded
ectodermal sacs containing milky white secretion); ¢ diapause female

x

s Ectodermal sacs

(nonreproductive; transparent and small ovarioles without oocytes;
developed and dense fat body; shrunken and empty spermatheca); d
diapausing male (nonreproductive; shrunken and empty ectodermal
sacs; developed and dense fat body). Photograph by Dr. K. Samartsev

Table 1 Influence of temperature and photoperiod on some biological parameters of Halyomorpha halys (ANOVA results: Fisher’s coefficient

and significance of the effect)

Parameter, units of analysis, and sample size

Factor or interaction of factors (degrees of freedom)

Error (sum of squares

Temperature (df=2) Photoperiod (df=3) Tempera-

and degrees of free-

Egg incubation period (replicate means, n=48)
Duration of the first instar (replicate means, n=48)

Survival of the second instars to adulthood (replicate
proportions, n= 63, ranked data)

Sex ratio (replicate proportions, n=60, ranked data)

Total duration of the second—fifth instars (replicate
means, n=60)

F=209.3, P<0.001
F=291.7, P<0.001
F=12.1, P<0.001

F=0.1, P=0.947
F=446.1, P<0.001

. dom)
ture * photoperiod
(df=6)
F=0.5,P=0.685 F=1.0,P=0.448 ss=20.0,df=36
F=0.7,P=0.563 F=1.6,P=0.171 ss=13.0,df=36

F=04,P=0.782 F=1.1,P=0.374 ss=17,962.9, df=51

F=0.9, P=0.447
F=9.9, P<0.001

F=0.5,P=0.809 ss=22,531.5, df=48
F=2.0,P=0.077 ss=774.7, df=48

and proportion of diapausing individuals) were transformed
(i.e., ranked) before the analysis. To avoid empty cells in
Table 1 and lost degrees of freedom, two-way and multi-
way ANOVAs were conducted for the four photoperiods
that were used at all three temperature regimes (L:D 12:12,
14:10, 15:9, and 18:6). Studying growth and development
of nymphs (Table 2), to avoid the issue of pseudoreplica-
tion, the analysis was conducted with replicate means of the
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pooled data for males and females rather than the data for
individual bugs. To estimate the dependence of develop-
ment on temperature, linear regression analysis was used.
First, the rate of development was calculated as a reciprocal
value of the duration of development RD =100/D, where R
is the rate of development (%/day) and D is the duration of
development (days). Then, based on these data, the equa-
tion of linear regression RD=a*T+ b was calculated, where
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Table 2 Influence of temperature and photoperiod on some biological parameters of Halyomorpha halys males and females (ANOVA results:

Fisher’s coefficient and significance of the effect)

Factor, interaction of factors or error

Parameter, units of analysis, and sample size

Cumulative duration of the period from the beginning of the
second instar to the end of the fifth instar (individual insects,

n=588)

Adult diapause (proportions
per cohorts, n =109, ranked
data)

Temperature (df=2)

Photoperiod (df=3)

Sex (df=1)

Temperature * photoperiod (df=6)

F=2202.4, P<0.001
F=46.7, P<0.001
F=0.6, P=0.445
F=16.3, P<0.001
F=0.0, P=0.982
F=0.3, P=0.801

Temperature * sex (df=2)
Photoperiod * sex (df=3)

Error (sum of squares and degrees of freedom)

ss=12,621.8, df=564

F=3.4,P=0.038
F=187.0, P<0.001
F=0.8, P=0.375
F=3.5, P=0.004
F=12,P=0.308
F=04,P=0.820
ss=10,580.5, df=85

30
1st instar nymphs

25

20 4 & %99

Rate of development (% / day)
>

18 20 22 24 26 28 30
Temperature (°C)

Fig.2 Effect of temperature on the rate of development of Halyomor-
pha halys embryos and first instar nymphs. Means (+ S.E.M.) shown
on the graph are means of the replicate means. Regression lines cor-
respond to the equations RD=1.265 T—15.35, n=56, R>=0.87
(eggs) and RD=1.865 T—-26.01, n=56, R>=0.85 (the first instar
nymphs)

T is temperature (°C), whereas a and b are experimentally
determined coefficients. Finally, based on these coefficients,
the lower thermal threshold for development (LDT) and
the sum of effective temperatures (SET) were calculated
as LDT=b/a (°C) and SET =100/b (degree days), corre-
spondingly. All calculations were made with SYSTAT 10.2
software (SYSTAT 10.2 2018).

Results

Egg incubation period and development of the first
instar nymphs

Two-way ANOVA demonstrated that the egg incubation
period and duration of the first instar nymphs were signifi-
cantly affected only by temperature; influence of photoper-
iod and the temperature * photoperiod interaction were not

90

Th;‘ 80
3 b b
1l ] 20°C
[0
g_ a
8 60 a
0>> 50
S J
it ab b
= b ab
S 40 a I 2 o
s - F S 3 24°C
5 sd %———ﬁ- ————————————— f2sc
8 aF-——"~ b b ab
20 : — : : : : .
1 12 13 14 15 16 17 18 19

Photoperiod (day length, h)

Fig.3 Effects of temperature and photoperiod on the duration of
Halyomorpha halys developmental period from the beginning of the
second instar to the adult stage. Means (+ S.D.) shown on the graph
are means of the replicate means. Different letters along the same line
indicate significant statistical differences between photoperiods at the
same temperature (P <0.05; the Tukey’s HSD test). Some symbols
are slightly shifted to avoid overlap

statistically significant (Table 1). The rate of development
of embryos and the first instar nymphs calculated together
based on the pooled data from all the photoperiods line-
arly depended on temperature (Fig. 2). The total duration
of development from oviposition to the molting to the sec-
ond instar was ca. 19, 12, and 9 days at 20, 24, and 28 °C,
correspondingly.

Growth and development of the second-fifth instar
nymphs

The developmental period from the beginning of the sec-
ond instar to the end of the fifth (the final) instar strongly
depended not only on temperature, but also on photoper-
iod with significant interaction of these two factors. The
difference between males and females as well as interac-
tion of the sex with temperature and photoperiod was not
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statistically significant (Table 2). The analysis demonstrated
that the interaction of photoperiod and temperature was also
(although marginally) not statistically significant (Table 1).
Thus, at all temperatures, the duration of the major part of
nymphal development (i.e., second-fifth instars) was the
shortest at L:D 12:12 and the longest at L:D 15:9 (Fig. 3).

The effect of temperature on the rate of development from
the beginning of the second instar to the end of the fifth
instar under two photoperiods (L:D 12:12 and 15:9) was
clearly evident and significantly different (Fig. 4). However,
based on the linear regressions, the relative photoperiodi-
cally induced increase in the rates of development at L:D
12:12 was almost the same at 20 and 28 °C (16.1 and 17.5%,
respectively).

The nymphal survival (calculated as a proportion of the
second instar nymphs that successfully reached the adult
stage) also depended only on temperature (Table 1). Based
on the pooled data, it was the highest at 24 °C (63.3%),
somewhat lower at 28 °C (49.7%) and significantly lower at
20 °C (27.7%). The sex ratio was very close to 1:1 (48.9%
of females) and did not significantly depend on temperature
or photoperiod (Table 1).

The total pre-adult development

Combined, the total duration of H. halys pre-adult devel-
opment (from the oviposition to the emergence of adults;
mean + S.D.) under the conditions of L:D 15:9 constituted
91.9+8.7,53.9+3.4, and 41.5+ 3.3 days (i.e., the rate of
development was 1.09, 1.86, and 2.41%/day) at 20, 24, and
28 °C, correspondingly. However, under the short-day con-
ditions (L:D 12:12), the pre-adult development was notice-
ably faster: 79.2+5.7, 48.6 £3.3, and 35.9 + 2.1 days (i.e.,
the rate of development was 1.26, 2.06, and 2.78%/day) at

IS
s

LD=12:12

w
3]
s

_-LD=159

w
s

Rate of development (% / day)
N
(4]

18 20 22 24 26 28 30
Temperature (°C)

Fig.4 Effects of temperature and photoperiod on the rate of Halyo-
morpha halys development from the beginning of the second instar
to the end of the fifth instar. Means (+ S.E.M.) shown on the graph
are means of the replicate means. Regression lines correspond to the
equations RD=0.254 T—3.40, n=16, R*=0.98 (L:D=12:12) and
RD=0.214 T—2.84, n=15, R*=0.97 (L:D=15:9)
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20, 24, and 28 °C, respectively. Linear regression analy-
sis gave the following two equations: RD=0.169 T—2.252
and RD=0.189 T—2.508 for L:D 15:9 and L:D 12:12, cor-
respondingly. Based on these data, the SET required for
pre-adult development was about 590 degree days under
the conditions of L:D=15:9 and 530 degree days under the
short-day conditions (L:D =12:12), whereas the LDT was
approximately the same (ca. 13.3 °C) at these photoperiods.

Maturation of male and female reproductive
systems and adult diapause induction

Adults of H. halys clearly demonstrated typical photoperi-
odic response of facultative winter adult diapause induction.
The proportion of adults that were in the state of diapause
at the day of dissection markedly depended on photoperiod
(Fig. 5); the dependence on temperature was weak and only
marginally significant, but the effect of the interaction of the
two factors was relatively strong (Table 2). The sex as well
as its interactions with both photoperiod and temperature
did not have any statistically significant impact on the pro-
portion of diapausing individuals. Thus, the photoperiodic
responses of diapause induction in males and females were
very similar (Fig. 5). Halyomorpha halys demonstrated a
very clear long-day-type photoperiodic response of diapause
induction: Short days (with photophases from 12 to 15 h)
induced adult diapause in all individuals, whereas long days
(with longer photophases) promoted reproductive matura-
tion. The results obtained at 24 °C demonstrated that the
threshold of the photoperiodic response was between 15 and
16 h. At the relatively low temperature of 20 °C, however,
even under the very long-day conditions (L:D 18:6) about
50% of adults of both sexes had reproductive organs in the
undeveloped state 40 days after the emergence suggesting
formation of diapause or at least a substantial delay of repro-
ductive maturation (Fig. 5).

Discussion

Success of adaptations to new environmental conditions
in invasive insects is determined, among other factors, by
ecophysiological peculiarities of these insects (Tauber et al.
1986; Musolin and Numata 2003b; Musolin and Saulich
2018). Thus, the potential to establish in a new area dif-
fers from species to species. Available and satisfactory food
resources as well as local thermal conditions sufficient for
complete development of at least one generation per year
(except for very rare special cases of species with semi-
voltine development) are the major factors that determine
the very possibility of establishment of an invader in a new
region. In temperate and cool climates, winter diapause or
another seasonal adaptation that ensures overwintering is
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Fig.5 Effects of temperature and photoperiod on the induction of
adult diapause in Halyomorpha halys males and females. Percentages
calculated for the pooled data of all replicates are shown. Some sym-
bols are slightly shifted to avoid overlap

also a necessary condition of success (Danilevsky 1965;
Tauber et al. 1986; Danks 1987; Musolin and Saulich 2018).
When all three components are present, invasion and initial
establishment might be successful.

Halyomorpha halys has a well-pronounced facultative
winter adult diapause (Watanabe 1979; Yanagi and Hagihara

1980; Niva and Takeda 2003; Cira et al. 2018; Hamilton
et al. 2018), its nymphs and adults are very polyphagous
(Nielsen and Hamilton 2009; Lee et al. 2013; Rice et al.
2014; Hamilton et al. 2018; Leskey and Nielsen 2018), and
thermal conditions of the Black Sea region are mild enough
to allow realization of at least one or two generations per
year of this pentatomid. Halyomorpha halys most likely
arrived to the Black Sea coast in 2013 or 2014 (Musolin
et al. 2018). How well has it adapted to the new region by
now, just three or four years after the arrival? How do the
local environmental conditions shape its seasonal cycle in
the new land?

Experimental studies of the thermal norms of develop-
ment for the H. halys Sochi population demonstrate that the
total duration of its pre-adult development under conditions
of L:D 15:9 constitutes ca. 92, 53, and 41 days at 20, 24,
and 28 °C, respectively. This total duration of its pre-adult
development is longer than that under the short-day (L:D
12:12) conditions (ca. 79, 49, and 36 days at the same tem-
peratures). Based on these data, the sum of effective tem-
peratures necessary to complete the pre-adult development is
ca. 530 and 590 degree days at the day length of 12 and 15 h,
correspondingly, whereas the lower developmental threshold
is approximately the same (ca. 13.3 °C) at both photoperiods
(the adult sexual maturation period is not included). These
data are close to those reported earlier for native (Asian) and
invasive (central European and North American) populations
of H. halys (Watanabe 1980; Yanagi and Hagihara 1980;
Kiritani 2007; Nielsen et al. 2008, 2016; Haye et al. 2014).

In Sochi, ca. 1220-1455 degree days can be accumulated
above 13.3 °C from mid-April to early November (data for
2013-2017 from Sochi Agro-Meteorological Station ana-
lyzed in the All-Russian Research Institute of Floriculture
and Subtropical Cultures, Sochi). Basic calculations suggest
that these thermal conditions are quite sufficient for develop-
ment of two complete generations of H. halys per year. How-
ever, for successful realization of a bivoltine seasonal cycle
in this species, two following conditions should be met: (1)
Nympbhs of the first generation should reach the adult stage
before day length becomes shorter than its critical value
(i.e., threshold) for diapause induction, and (2) adults of the
2nd generation should get fully prepared for overwintering
by accumulation of sufficient fat body (and this must occur
under favorable temperatures). Ecophysiological responses
such as photoperiodic response of diapause induction ensure
exact adaptation of local populations to local climate. The
same adaptations, on the other hand, often limit migration
or relocation of individuals even within the species’ range.

Each environmental factor can function as a seasonal
signal and a trigger inducing a particular physiological
state (Tyshchenko 1980). Both of these functions are eco-
logically important. Day length performs these functions in
many insect species: It acts as a trigger of a shift between
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alternative physiological states such as diapause and repro-
duction and it also plays a key role in synchronization of
biological events (between different species and/or between
a species and its environmental conditions). These two func-
tions are well coordinated under stable conditions, but in the
cases of inter-zonal movements or distant relocations, this
coordination might be disturbed, and diapause induction,
for example, might take place too early or too late. In such
case, day length still acts as a trigger inducing diapause,
but appropriate synchronization with local environmental
changes is lost (or rather not yet established; Tyshchenko
1980).

The most detailed analysis of seasonal development of H.
halys was conducted in Japan and was based on the experi-
ments performed under both laboratory and quasi-natural
conditions in Nagano (36°40'N, 138°12'E; Yanagi and Hagi-
hara 1980; reviewed in Saulich and Musolin 2018). Said
studies demonstrated that the facultative winter adult dia-
pause in that population is controlled by a long-day-type
photoperiodic response with a critical day length being
slightly less than 15 h at 25 °C. In accordance with this
critical day length, adults emerging after July 15-25 do not
start reproduction, but directly enter winter diapause. Thus,
in Nagano, this species is univoltine (Yanagi and Hagihara
1980).

A few studies of native Japanese populations of H. halys
demonstrated geographic variation in the critical day length
of diapause induction in females: At 25 °C, it was between
13.5 and 14.0 h in Toyama Prefecture (36°50'N, 137°35'E;
Watanabe 1979), between 14 and 15 h in Chiba Prefec-
ture (35°33'N, 140°11'E; Fujiie 1985), and about 14.5 h in
Hyogo Prefecture (34°40'N, 135°15'E; Niva 2003). Some of
these populations of H. halys and those in China (Lee et al.
2013) are reported to be bivoltine at least in some years.
In such populations, adults of the first generation emerge
in late June or early July when local day-length conditions
determine nondiapause development thereby allowing for
a second generation. In contrast, adults of the second gen-
eration emerging in these regions in late August or later do
not reproduce, but enter facultative winter adult diapause
because the natural day length at that time is already short.

The seasonal cycle of H. halys has also been studied
within its invasive range. In northeast USA (e.g., Penn-
sylvania and New Jersey), only one generation per year is
recorded (Nielsen et al. 2008; Nielsen and Hamilton 2009).
The calculated sum of effective temperatures for a full gen-
eration of this species is approximately 700 degree days with
the lower developmental threshold of 14 °C. The peak of the
field abundance of H. halys was recorded in August, when
800-1000 degree days are accumulated suggesting a univolt-
ine seasonal development in this part of the species’ invasive
range (Nielsen and Hamilton 2009; Leskey et al. 2012). In
many other locations in North America, populations of H.
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halys are reported or predicted to be bivoltine (Nielsen et al.
2016, 2017).

Field records in Sochi (Musolin et al. 2018) suggest that
overwintered adults of H. halys start to lay eggs in early
May, nymphs of the first generation complete their devel-
opment in late July, and adults of the first generation can
produce eggs for a second generation starting from late July
or early August. Nymphs of the second generation likely
reach the adult stage and go through the pre-overwintering
feeding during rather warm and mild autumn when mean
daily temperatures are close to 15-20 °C (ClimaTemps.com
2018). During this period, days are short and nymphal devel-
opment of H. halys is likely accelerated (Fig. 3). Such short-
day acceleration of nymphal development has been found
in many heteropteran species and considered a quantitative
photoperiodic response allowing insects to reach the only
possible overwintering stage and prepare for overwintering
before temperature drops dramatically in autumn (Musolin
and Saulich 1997, 1999, 2018).

Parameters of the second photoperiodic response found
in the same species, namely photoperiodic response of dia-
pause induction, have never been experimentally studied in
any invasive population of H. halys. In the current study, it
was demonstrated that adults of the Sochi population have
very clear long-day-type photoperiodic response of diapause
induction with a critical day length of ca. 15.5 h at 24 °C
(Fig. 5). It is hard to say how strongly temperature can affect
photoperiodic response in this species because not all the
photoperiods were tested at 20 and 28 °C, but it is obvious
that at the lower temperature (20 °C) ca. 50% of individu-
als entered diapause even under very long-day conditions
(L:D 18:6) and, even at high temperature of 28 °C, almost
all adults entered diapause at the near-threshold, but still
short-day conditions (L:D 15:9; Fig. 5).

Shapes of the photoperiodic responses of two sexes
almost completely coincided (Fig. 5) strongly suggesting
that males and females respond to the day length similarly,
which is considered characteristic of Pentatomidae (Niva
2003; Musolin and Saulich 2018), but not of some other
heteropterans (e.g., Anthocoridae; Ruberson et al. 1998;
Saulich and Musolin 2009).

The resulting critical day length of ca. 15.5 h at 24 °C
(Fig. 5) in the Caucasian invasive population is somewhat
longer than the critical day length in the Japanese popula-
tions of H. halys. Such critical day length ensures earlier
induction of facultative winter adult diapause. Most prob-
ably, this situation reflects the ongoing adaptation of the
invasive population to the cooler climate in central Europe
from where the European invasion most likely started (Lee
2015; Hamilton et al. 2018; Musolin et al. 2018). On the
other hand, it is long known that ovarian development and
diapause induction in H. halys as well as in many other poly-
phagous insects can markedly depend on the diet (Watanabe
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1979; Tauber et al. 1986; Saulich and Musolin 2012; Muso-
lin and Saulich 2018). Unfortunately, there are no data on
photoperiodic responses in any other European and North
American invasive populations of H. halys. The lack of
information suggests the necessity of a special comparative
study.

Day length of 15.5 h (if civil twilights are taken into
consideration) arrives in Sochi in early August when mean
temperature is close to 22-24 °C (ClimaTemps.com 2018).
The data obtained suggest that at this period of the summer
adults should enter diapause and prepare for overwintering.

It has been demonstrated that in H. halys not only adults,
but also nympbhs of late instars are sensitive to the day length
(Niva 2003; Niva and Takeda 2003); thus, the further devel-
opmental pathway (reproductive maturation or diapause) is
determined during these developmental stadia. As men-
tioned above, adults of the first generation emerge in Sochi
in late July or early August (Musolin et al. 2018), which
coincides with the period when natural day length is short-
ening and approaching the threshold of diapause induction,
whereas nymphal development of these adults takes place
earlier when the natural day length is clearly longer than the
critical one. Thus, the majority of adults of this first genera-
tion should be destined to reproduce.

However, other parameters of the photoperiodic
response of diapause induction are important as well in
this context. Thus, for proper manifestation of the photo-
periodic response, insects need to accumulate so-called
required day number, i.e., a particular species-specific
number of short-day or long-day cycles (Goryshin and
Tyshchenko 1972; Saunders 1976). This important param-
eter determines how many days are required for proper
photoperiodic induction of diapause or reproduction after
the arrival of critical day length. It is experimentally esti-
mated only in a few heteropteran species (Musolin and
Saulich 2018) and is not studied in H. halys. It is also
not yet known how H. halys responds to decreasing and
increasing day length and how such changing photoperi-
odic conditions affect the species’ threshold for diapause
induction. And finally, we do not know the threshold of
light intensity above which H. halys will perceive twi-
lights as a light part of the daily cycle. If the species is
responding to dim light, then twilights might postpone
diapause induction by a few days. This lack of informa-
tion makes modeling of the species’ phenology imprecise.
However, the already available data suggest that environ-
mental conditions in Sochi are sufficient for development
of two full generations of H. halys per year not only taking
into consideration the thermal conditions (i.e., the SET),
but also interrelationships of day-length and temperature
conditions during the period of diapause induction and
preparation for overwintering. Based on the experimental

data, it is likely that the bivoltine seasonal pattern of the
species will fit well the climatic conditions of the region
and, thus, will allow H. halys to establish in the region,
produce two generations every year, smoothly build up its
population, and become widespread.

Whether the voltinism pattern of H. halys in this region
remains the same or changes in the future is difficult to
confirm based on the currently available knowledge. On
the one hand, as previously discussed, the bivoltine pattern
fits the local environmental conditions well. On the other
hand, adult diapause seems to be induced in the begin-
ning of August, i.e., somewhat early in the season. As
autumns are warm and mild in the Sochi region, theo-
retically, an additional full generation might be produced
in August—October, at least in some years. In general,
diapause induced too early in the season means not only
that adults can have longer pre-diapause feeding, but also
that diapause itself is longer for them and they might (and
actually do; NN Karpun, unpublished data) suffer high
winter mortality. All this being said, it might be expected
that under the pressure of the local environmental condi-
tions the critical day length of the photoperiodic response
of H. halys will change in the near future: Shortening of
the critical day length might allow longer diapause-free
period in summer and shorter overwintering period. Such
changes are possible as critical day length of photoperiodic
response is known to be a flexible and selectable physi-
ological trait, at least in some insect species (Gomi 1997,
Bradshaw and Holzapfel 2001, 2008; Musolin and Numata
2003b; Gomi et al. 2007; Urbanski et al. 2012; Shintani
et al. 2018). Further close monitoring and additional stud-
ies of H. halys in its invasive range are needed to clarify
these issues and develop management recommendations.
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