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Abstract. Heteropterans occupy a wide range of habitats characterized by pronounced seasonality 
of environmental conditions. In the temperate zone, they use different seasonal adaptations to 
survive and successfully utilize resources under these sometimes severe circumstances. To review the 
known adaptations, we use two approaches. First (as suggested by Tanber et al., 1986), all seasonal 
adaptations are divided into three categories (dormancy, seasonal migration and seasonal poly- 
phenism) with further subdivision of each category into diapause-mediated and non-diapause 
responses. We suggest here an alternative approach based on the four seasons of the yearly cycle 
when these adaptations either used by insects or at survival of which these adaptations are aimed to. 
In the group of winter adaptations, we discuss basic traits of winter diapause (metabolic parameters, 
facultative and obligatory nature, photoperiodic induction, sensitive stages, temperature dependence, 
geographical variation of photoperiodic response, use of host plant status and temperature as 
alternative cues for diapause induction, cold-hardiness etc.). The spring complex of adaptations has 
been less studied and includes different types of post-diapause photoperiodic sensitivity that are 
evidently adaptive under different circumstances. As summer and autumn adaptations, we discuss 
summer diapause, photoperiodic control of nymphal development and coloration of nymphs and 
adults, behavioral adaptations and migration. Some general considerations and directions for further 
research are also given. 

Key words: Heteroptera, seasonal cycles, seasonality, diapause, dormancy, life cycle strategy, photo- 
periodism. 

Introduction 

Heteroptera is the largest group of insects (in rank 
of order or suborder of Hemiptera) with incomplete 
metamorphosis. This group includes at  least 38,000 
known species of 75 families and the majority of these 
families occur throughout the world with the excep- 
tion of Antarctica (Schuh & Slater, 1995). The great 
age of the group and their adaptability have resulted in 
significant morphological and ecological diversity. 

True bugs successfully utilize a wide range of very 
different habitats. In  the terrestrial ecosystems, many 
species live in soil on plant roots or on the soil surface 
(e.g. Cydnidae and Pyrrhocoridae), in various layers 
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of vegetation (e.g. Tingidae, Pentatomidae, Miridae 
or Aradidae), in association with ants or termites 
in their nests (e.g. Enicocephalidae, Anthocoridae 
or Termitaphidae) or in the webs of spiders (e.g. 
Nabidae o r  Reduviidae). Representatives of some 
other families live in the aquatic ecosystems: in water 
(e.g. Nepidae and Belostomatidae), on the water 
surface (Gerromorpha) o r  in the intertidal zone (e.g. 
Leptopodomorpha) (Southwood & Leston, 1959; 
Kerzhner & Jaczewski, 1964; Schuh & Slater, 1995). 
Many species of true bugs feed on fungi or different 
parts of plants (from roots to fruits, pollen or mature 
seeds). Others are known to be predators upon insects 
or other arthropods. Some heteropterans are hemato- 
phagous. A large group of species in different families 
are characterized by mixed feeding and these species 
feed on both animal and plant materials (Southwood 
& Leston, 1959; Schaefer, 1981, 1997; Puchkov, 1987; 
Dolling, 1991; Schuh & Slater, 1995). 



Most of the regions and habitats occupied by hetero- 
pterans are characterized by a pronounced seasonality 
of environmental conditions and very often such con- 
ditions as temperature, food or humidity are favorable 
during only a restricted period of the annual cycle and 
are rather unfavorable over the rest of the year. It is 
apparent that to survive and successfully utilize re- 
sources under such conditions, heteropterans had to 
develop a set of special seasonal adaptations. 

In this paper, current knowledge regarding seasonal 
adaptations and peculiarities of seasonal development 
in terrestrial Heteroptera from the temperate zone will 
be reviewed. This zone is a very wide geographical 
region that stretches between the tropics and the frigid 
zone. Environmental conditions differ significantly in 
different parts of the temperate zone, but at  least two 
features are common to all its parts: (1) environ- 
mental conditions are characterized by more or less 
pronounced seasonality with (2)  typically cold (or 
cool) winter and warm (or hot) summer seasons. 

In many parts of the zone, winter temperature 
drops much below the range optimal for active devel- 
opment of insects. This means that any adaptations 
that allow insects to increase chances of successful 
overwintering are of great value. On the other hand, 
not only low winter temperatures are dangerous for 
insects. Among others, we should mention unpredict- 
able weather fluctuations such as occasional warm 
spells in late autumn and early winter, slight frosts in 
late spring or extremely high summer temperatures 
that may cause temporal deterioration of environ- 
mental conditions (mostly, food resources). More- 
over, fluctuations in the state of biotic components of 
ecosystems (such as condition of host plants or prey- 
predator relationships) might also have a seasonal 
basis. 

Sometimes, the adaptations evolved by heteropte- 
rans are common for many insect species, while in 
other cases they are species-specific, rare or unique as 
far as can be concluded taking into consideration the 
available data. 

Two approaches to classification of seasonal adaptations 
The term seasonal adaptation is widely used and 

seems to be easily understandable, although in some 
not-trivial cases it might not be so clear whether a 
particular response may be treated as a seasonal adap- 
tation or not. Neither Taube~  et al. (1986) nor 
specialized dictionaries give a clear definition of sea- 
sonal adaptations. In this paper, we understand sea- 
sonal adaptation as the ability of organisms (in the 
form of physiological, biochemical or behavioral re- 

sponses) to survive or take  advantage.^ in utilization of 
resources under seasonally changing environmental 
conditions. 

The diversity of these adaptations together with 
differences in the stages at which different species are 
able to survive unfavorable seasons results in the 
marked diversity of seasonal patterns shown by hetero- 
pterans. 

Tauber et al. (1986) suggested all seasonal adapta- 
tions in insects be divided into three categories (dor- 
mancy, seasonal migration and seasonal polyphenism) 
with further subdivision of each category into dia- 
pause-mediated and non-diapause responses (p. l l ) .  
Dormancy and migration are two principal strategies 
aimed at avoidance of unfavorable consequences of 
environmental seasonality. As a profound case of 
dormancy (Danks, 1987, p. 9), diapause allows insects 
to escape in time, migration allows this in space. 
Seasonal polyphenism (or polymorphism) is charact- 
erized by the existence of several seasonal forms 
(morphs) within a given species, and these forms 
might differ in coloration, body size or proportions. 
degree of development of wings etc. In many cascs, 
both the seasonal polyphenism and migration are 
closely related to diapause. 

Another approach to classification of seasonal adap- 
tations is based on the four seasons of the yearly cycle 
when these adaptations either used by insects or at  
survival of which these adaptations are aimed to (it 
might be different as, for instance, in the case of 
prospective dormancy when insects enter winter dia- 
pause at  the end of summer, well in advance of actual 
deterioration of environmental conditions). This 
approach seems to be less physiological, but more 
ecological, as it reflects both the seasonality of nn- 
favorable environmental conditions and the diversity 
of adaptations by which insects cope with them. The 

application of this approach is presented below. There 
are no doubts that any attempt to classify complex 
biological phenomena is conventional and has own 
restrictions, advantages and disadvantages. Neverthe- 
less, we hope that our review will make understanding 
of seasonal development in Heteroptera easier. 

Winter Adaptations 

Facultative and obligatory nature of winter diapause 
I t  is apparent that winter diapause is a typical form 

of dormancy characterized by a reduced metabolic 
rate as well as other physiological and behavioral 
changes. 

Respiratory activity as an index of metabolic rate 
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was measured in diapause and non-diapause individu- 
als of several heteroplerans: in the mirid with egg 
diapause, Leptopterna dolobrafa (Braune, 1976, 1980), 
and in species with adult diapause, the pyrrhocorid 
Pyrrhocoris apterus (Slama, 1964; Hodek & Hodkova, 
1981), the pentatomids Perillus bioculatus (Shagov, 
1969), Dolycoris baccarum (Conradi-Larsen & 
Snmme, 1978), Arma custos (Volkovich & Saulich, 
1994) and the coreid Anasa tristis (Fielding, 1988). I t  
was shown that during at least some stages of diapause 
development, respiratory rate is as little as 2(t50% 
compared with non-diapause individuals. 

Table 1 lists some examples of winter diapause 
associated with different stages of metamorphosis in 
temperate heteropterans from different families. 

Both types of diapause (facultative and obligatory) 
are found in different species of Heteroptera. In most 
of those rare cases when two or more populations of 
the same species were studied, winter diapause was 
shown to have the same (obligatory or facultative) 

nature. However, in two species the situation was 
different. Thus, Parker (1975) studied two popula- 
tions of the anthocorid Anthocoris nemorum in north- 
ern and southern Britain and found that the northern 
population was univoltine with obligatory adult dia- 
pause, while the southern population was bivoltine 
and diapause in this population was facultative and 
induced by short day length. It was shown that the 
differences between these populations were genetically 
determined and were not simply physiological re- 
sponses to the different length of the growing season. 
When samples of the northern population were 
brought to the south and reared along with those from 
the southern population, they entered obligatory dia- 
pause under the regime with a very long photophase 
while those from the southern population produced a 
second generation without entering diapause. 

Another very unusual case is the mirid Adelphocoris 
lineolatus. Ewen (1966) reported that in a northern 
(Canadian) population, the day length experienced by 

Table 1. Some examples of species from different families of Heteroptera with obligatory and facultative (photopenodically 
induced) winter diapause. 

Diapause Obligatory diapaure Facultative diapause 
stage (univoltine seasonal cycle) (uni- or polyvoltine seasonal cycles) 

~ -~ -- - ~ 

Egg Leptopterno dolobrato and Coloeoris roseomnculnrus Covelerius socchorivorus (Lygaeidae: Hokyo el nl., 1983) 

(Mindae: Braune, 1971, 1980) Pseudnromoscelis seriofus (Miridae: Gaylor & Sterling, 1977) 

Picromerur bidens Tngonorylus oelesrialium 

(Pentotomidae: Lariviere & Larochelle, 1989) (Miridae: Okuyama, 1982; KudA & Kurihara, 1988, 1989) 

Alydus colcorarus (Alydidae: Musolin et at., 1999) 

Nymph Coptoromo scurellotlcm Cnrbulo humerigern (Pentatomidae: Kiritani, 1985a, b) 

(Plataspidae: Saulich & Musolin, 1996 and unpubl.) Poeeilocorir lewisi (Scutelleridae: Tanaka er nl . ,  1995) 

Adult Eurygarrer integriceps (Scutelleridae: Viktorov, 1967) Lygus hesperus (Miridae: Beards & Strong, 1966) 

Coreus marginalus (Careidae) and Palomeno prosino Lygus lineoloris and L. borealir 

(Pentatomidae) (Saulich & Musalin, 1996) (Miridae: Gerber & Wise, 1995) 

Aelin acurninato (Pentatomidae: Hodek, 1979) 

Arma eusros (Pentatomidae: Volkovich & Saulich, 1994) 

Podisus rnaculiventrir (Pentatomidae: Goryshin el o l . ,  1988) 

Jolysus spinusus* (Berytidae: Elsey, 1974) 

Onus spp. (Anthocoridae: van den Meiracker, 1994; 

Ito & Nakata, 1998a, 1998b) 

Anosa rrisris (Coreidae: Nechals, 1988) 

Pyrrhocoris optems (Pyrrhacoridae: Hodek, 1968) 

Coryrhucho cydonioe (Tingidae: Neal el ol . ,  1992; 

Braman & Pendley, 1993) 

Riptorrur clavotus (Alydidae: Numata & Hidaka, 1982) 

Neoeoryphus bicrucis (Lygaeidae: Solbreck, 1979) 

Lygaeus equesrris 

(Lygaeidae: Solbreck & Sillen-Tullberg, 1981) 

.?Jabis omericofems and N. roseipennis 

(Nabidae: Yeargan & Barney, 1996) 

* referred as Jalysus wickhami by Rubersan el 01. (1998). 
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the parental generation determined whether eggs of 
the next generation entered diapause o r  not. I t  seems 
paradoxical that this response was not found in the 
southern population of this species, which was repor- 
ted in the same paper to produce two generations per 
year. 

In some respects, diapause, or more generally dor- 
mancy, is a more physiological than seasonal adapta- 
tion. However, in cases when induction of this phys- 
iological state is controlled by environmental seasonal 
cues, i.e. when insects use environmental signals to 
enter this resistant state, this inductive mechanism 
should be considered as a kind of seasonal adaptation. 

Photoperiodic induction of diapause 
I t  is obvious that photoperiodic induction of dia- 

pause is the most important seasonal adaptation in 
heteropterans (as well as other insects) of the temper- 
ate zone (all examples shown in Table 1 as species 
with facultative diapause have photoperiodically con- 
trolled induction of diapause). In the majority of 
species with facultative adult diapause, photoperiodic 
signals are perceived by nymphs of one or  two last 
instars and by adults and the adult stage is the ultimate 
sensitive stage. However, in some species, photoperio- 
dic sensitivity is restricted by a specific period of 
nymphal or  adult stages (Fig. 1; Table 2). While most 
heteropteran species tested in this respect were shown 
to be sensitive to constant photoperiod, adults of the 
migratory lygaeid Neacoryphus bicrucis entered dia- 
pause only in response to a decrease in day length 
(Solbreck, 1979). I t  is rernarkablc that a decrease in 
day length from 16 h to 10 h induced diapause in all 
individuals, while a change from 18 h to 14 h was not 
effective. This finding emphasized the importance of 
photoperiodic threshold in the response of diapause 
induction. 

Temperature dependence is an important feature of 
the photoperiodic response of diapause induction. In 
many species of heteropterans, the absolute level of 
temperature modifies thc photoperiodic response: in 
the species with a long-day type of response, a de- 
crease in temperature causes an increase in a critical 
day length. For  instance, this kind of temperature 
dependence was demonstrated in the Belgorod popula- 
tions of Pyrrhocoris apterus (Numata et aL, 1993) and 
the pentatomid Graphosoma lineaturn (Musolin & 
Saulich, 1995). It is likely that under natural con- 
ditions the threshold day length is important as a 
signal for entering diapause only over a particular 
("ecologically significant") range of temperature. The 
combination of day length and temperature necessary 

Adult Incidence 
of diapause. % 

B. Avnia custos 

Fig. 1. Stages srnsitlvr lo photoperiodic conditions in 
two species of pentatomid bugs. A. Eysarcoris lewisi 
(after Hori & Kimura, 1993). Black areas-hort 
day (12L-12D), white areas-long day (16L-8D), 
25°C. I*-oorn conditions (about 12L-12D, 25'C) 
B. Armo custos (after Saulich & Volkovich, 1996). 

Black areasshort day (14L-IOD), white areas-long 
day (18L-6D), 28°C. 

for diapause induction was shown in P. apterus (Fig. 

2 ) .  This temperature dependence of photoperiodic 
response may also be a kind of seasonal adaptation. 

On the other hand, the photoperiodic response is 
more thermostable in some other heteropteran species 
such as the alydid Riptortus clavatus (Numata, 1985; 
Kobayashi & Numata, 1995) and the pentatomid 
Arma custos (Volkovich & Saulich, 1994). These 
responses seem to be less flexible under conditions in 
which ambient temperature might differ from year to 
year and might significantly influence successfulness 
of pre-diapause feeding and survival. 

Geographical variation of critical day length is a 
seasonal adaptation of a species (notpopulation) level. 
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Table 2. Stage(s) sensitive to photoperiodic conditions in heteropterans with photoperiodically induced winter diapause. 

Diapause stage and sensitive stage Species 
~ ~ 

Egg diapause 

Early instar (female) nymphs of parental generation Pseudnfomoscelis serintus (Miridae: Gaylor & Sterling, 1977) 

Adults of parental generation Trigonotylus coelesfialium (Miridae: Kudo & Kurihara, 1989) 

Nysius groenlnndicus (Lygaeidae: Bocher, 1975) 

Nymphal diapause 

Nymphs Corbuln humerigera (Pentatomidae: Kiritani, 1985b) 

Adult diapsuse 

Nymphs of last instar (V) or instars (IV and V) and adults Dolycoris baccomm (Pentatomidae: Perepelitza, 1971) 

Ey.~orcoris lewiri (Pentatotnidae: Hori & Kimura, 1993) 

Pyrrhocoris aptems (Pyrrhocoridae: Hodek, 197s; 6; , 
Volkovich & Goryshin, 1978) 

Anaso trisfis (Coreidae: Fielding, 1988) 

Riptortus elnvnfus (Alydidae: Kobayashi & Numata, 1993) 

Joiysus spinosus* (Berytidae: Elsey, 1974) 

Lygoeus equestris (Lygaeidae: Solbreck & Sillen-Tullberg, 1981) 

Mainly adults Arma cusfos (Pentatomidae: Saulich & Volkovich, 1996) 

Nymphs beginning with 111 instar Podisus moculiventris (Pentatomidae: Volkovich er al., 1991) 

Last instar nymphs or very young adults Oncopeltus foscintus (Lygaeidae: Dingle, 1974) 

Only nymphs are sensitive to short-day signals Orius souteri and 0. minutus (Anthacoridae: Ito & Nakata, 1998a) 

* referred as Jalysus wickhami by Ruberson el a1. (1998). 

Photophase (hlday) 
Fig. 2. Effect of photoperiod and temperature on the 

induction of adult diapause in Pyrrhocoris aptems 
(Pyrrhocoridae: after Numata er ol., 1993). 

Among the Heteroptera, such a difference in value of 
critical day length was demonstrated experimentally 
between three populations of Pyrrhocoris apterus (Vol- 
kovich & Goryshin, 1978) and between four popula- 
tions of the lygaeid Lygaeus equesfris (Solbreck & 
Sillen-Tullberg, 1981). These data confirmed a gener- 
al trend (the populations from the higher latitudes 
have longer critical day length) and this seems to be 
very important from the viewpoint of geographical 
variation of environmental conditions and seasonal 
patterns of environmental cues. 

Other cues in diapause induction 
It is well known that not only day length but also 

other environmental cues (such as temperature, mois- 
ture or  humidity, quality of food etc.) might be used 
by insects in timing of their seasonal development 
(Tauber e f  a/. ,  1986; Danks, 1987). Some examples 
(although very rare to date in Heteroptera) will be 
given here and in the following sections. 

As just mentioned, temperature might he an inde- 
pendent cue for induction of dormancy, while usually 
it is very difficult to distinguish whether temperature 
acts as a direct regulator of development or is taken as 
an environmental signal. Among heteropterans, it was 
shown that the predatory anthocorid Orius albidipen- 
nis is not sensitive to day length and reproductive 
diapause in this species is dependent only on tempera- 
ture (Chyzik et al., 1995). 

Food is another vitally important environmental 
factor. There is no sense in discussing how quality and 
quantity of food are important for both mono- and 
polyphagous species of insects. In  many cases, the 
principal significance of seasonal adaptations is syn- 
chronization of the next stage(s) or next generations 
with the season when high quality food is readily 
available. 

A special type of seasonal adaptation is when insects 
use a status of host plant or prey as a cue for timing of 
their seasonal development. A good example of this 



kind of adaptation used by a heteropteran species is 
known in the pentatomid Eurydema rugosum (=  
rugoso). This species enters adult diapause under 
short-day conditions if the food is leaves or seeds of 
Brassica sp. Under long-day conditions, bugs raised 
on leaves become reproductive, while those raised on 
seeds enter diapause even despite a long day (Numata 
& Yamamoto, 1990). This was surprising because 
nutritionally seeds of Brassica sp. are better food than 
leaves for hoth nymphs and adults of this species. 
Two interesting phenomena were observed in this 
heteropteran: first, this species can use current status 
of the host plant as a cue for diapause induction, and 
second, food-mediated diapause differs from that in- 
duced by photoperiodic conditions in terms of hoth 
factors that induce and terminate dormancy (Ikeda- 
Kikue & Numata, 1994). 

Ovenvintering strategies 
It is believed that in most heteropteran species both 

males and females have the same overwintering strat- 
egy and in the case of facultative diapause, the dor- 
mancy is induced in response to the same en- 
vironmental signal(s). It was experimentally proved 
to be true in some species: for instance, the photoperi- 
odic response curves of males and females almost 
completely coincided in Riptortus clavatus (Kobayashi 
& Numata, 1993) and in the pentatomid Dybowskyia 
reticulata (Nakamura & Numata, 1998). 

However, a sexual difference in overwintering was 
also shown in some other heteropteran species. Thus, 
an unusual case of such difference between the sexes is 
known in the pentatomid Menida scotti. Observations 
and experiments conducted by Koshiyama et a/ .  
(1994) suggested that diapause in this species is in- 
duced obligatorily in females, but not in males. Adults 
hibernate in aggregations, and copulate there in two 
seasons, in November and April. Males have enlarged 
hulbus ejaculatorius and reservoir of the ectadene 
throughout almost entire hibernation, while volume of 
testis decreases from the start of hibernation till Janu- 
ary and then increases till March. In females, ovarian 
development is suppressed completely until spring. 
Moreover, males donate the secretions stored in their 
bulhus ejaculatorius and reservoir of the ectadene to 
females during copulation and it was supposed that 
females digest them (Koshiyama et a / , .  1993). This 
means that mating during hibernation might he advan- 
tageous for females. It is also supposed that parasiti- 
zation by a fly Phasia sinensis (that is significantly 
higher in males than in females) also makes mating 
during hibernation highly advantageous (Koshiyama 

et a/.,  1994, 1997). 
Another unusual overwintering strategy was recent- 

ly found in the anthocorids Orius sauteri and 0. min- 
utus by Ito & Nakata (1998a, h).  I t  was demonstrated 
that females of both species have a normal long-day 
type photoperiodic response, while they are sensitive 
to short day length at  the nymphal stage only. Males 
of hoth of these species do not enter diapause. They 
are physiologically active and copulate with females 
even under short-day conditions. When insects were 
exposed to low temperatures, males died significantly 
earlier than females. Also, it was shown that all males 
of both species die by early winter when exposcd to 
natural conditions, while from 40 to 6570 of females 
successfully survived the winter. These results are in 
agreement with the findings of Kingsley & Harrington 
(1982) and Ruherson et al. (1998) on another antho- 
corid Orius insidiasus: females of this species overwin- 
ter being apparently inseminated and fully prepared 
for reproduction in spring, while males, perhaps, do 
not survive winter. 

Some heteropterans are also known to have survival 
rates that differ between the sexes. For example, 
winter survival of the peutatomid Nezara viridula in 
Central Japan is as little as 40 to 50% and survival of 
females is 11% higher than that of males (Kiritani et 
a / . ,  1962). 

Furthermore, Horton et al. (1998) discussed simi- 
lar cases in Anthocoridae and Dolling (1991) men- 
tioned some instances in Miridae where sexual matu- 
ration and pairing occurred in the autumn and only 
the mated females survived the winter. It is still not 
clear why the heteropteran species described above use 
this strategy to  overwinter. 

Cold-hardiness 
The next group of complex adaptations may be 

termed cold-hardiness. There have been a large 
number of studies into the strategies that enable in- 
sects to survive in the harshest of winter conditions 
and an impressive amount of detailed information has 
been accumulated in recent years (see: Leather et a/.,  
1993; Bale, 1996; Danks, 1996). At the same time, 
Heteroptera still remains a poorly studied group of 
insects with respect to cold-hardiness adaptations. 
Nevertheless, some investigations have been per- 
formed in Pyrrhocoris apferus (Hodkova & Hodek, 
1994, 1997) from Central Europe. It was shown that 
a decrease in supercooling point (SCP), and thus the 
increase in cold-hardiness is controlled by day length 
and influenced by temperature. 

In the population of Nezara viridula from South 
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Carolina, Elsey (1993) showed that SCP did not differ 
significantly between diapause and non-diapause bugs 
(ranged between - 11.7*0.7"C and - 10.4*0.8"C) 
and proposed that cold tolerance and diapause are 
independent phenomena in this species. Elsey (1993) 
also reported SCPs for two other pentatomids 
( 1 4 . 7 " C  for Murgantia hirfrionica and 15 .O"C for 
Euschistus s enus ) ,  while their physiological state was 
not indicated. Eguagie (1974) reported that the 
lowest SCP in overwintering adults of the lace bug 
Tingis ampliatu in England was around 27 .O0C and 
while a variation was high, there was no significant 
difference in this parameter between the sexes. Mac- 
Phee (1964) found much lower SCPs (ranging be- 
tween -37.2 and -31.7"C) in overwintering eggs of 
five mirids from Nova Scotia (Canada) that during 
winter are exposed to the surrounding air tempera- 
tures. Very low SCPs were also found in the eggs 
(-34.l i0.28"C) and first instar larvae (-29.0* 
0.40°C) of the pentatomid Podisus maculiventris (a 
laboratory population originated from North Ameri- 
ca, 38"N; Borisenko, 1987), although this species 
overwinters at the adult stage. At the same time the 
SCPs of non-diapause and diapause females were very 
similar (-15.0*0.6O0C and 1 7 . 8 k 0 . 4 6 " C  respec- 
tively). These species may be the only true hugs which 
have been studied in respect to cold-hardiness adapta- 
tions and it is clear that further research is needed to 
better understand overwintering in Heteroptera. 

Spring Adaptations 

In contrast to the winter adaptations, which have 
been studied in a considerable number of heterop- 
terans, a spring complex of seasonal adaptations 
(namely, those which are essential in the end of unfa- 
vorable and the beginning of favorable seasons) has 
been significantly less well studied and is thus less well 
understood. However, the timing of resumption of 
active development, feeding and reproduction in 
spring is of great importance for both overwintered 
and new generations. Many early-season events (such 
as mortality, finding host plant(s) and mates) can 
significantly influence the subsequent life of popula- 
tion (Fielding, 1990). 

Resumption of active development 
In spring, temperature is perhaps the most impor- 

tant of all the environmental cues and factors, al- 
though its role and the mechanism of its influence in 
termination of winter diapause and resumption of 
active development are not clear and seem to be 

different in different species (Hodek, 1977: Leather et 
al, ,  1993). On the other hand, it was shown that at 
least some species use photoperiod as a cue for re- 
sumption of active development. For example, two 
coreids Anasa tristis and Cletus punctiger remain pho- 
toperiodically sensitive throughout autumn, winter 
and spring (Fielding, 1988; Ito, 1988). 

Recurrent photoperiodic sensitivity 
Many insect species lose their sensitivity to day 

length irreversibly after completion of diapause, and 
in the case of adult diapause, individuals reproduce 
until death that inevitably occurs in the same season. 
Hodek & Hodkova (1982) found this response in 
Pyrrhocoris apterus and called the phenomenon a 
"Pyrrhocoris-like" photoperiodic response. Later, the 
same type of response was found in the pentatomid 
Aeliafieberi (Nakamura & Numata, 1995). However, 
some species can respond to diapause-promoting day 
length again after starting post-diapause oviposition. 
This was first discovered by Hodek (1971, 1977, 1979) 
in Aelia acuminata and termed the recurrentphotoperi- 
odic response. Among terrestrial heteropterans, this 
type of response has since been found in several other 
species: Dolycoris baccarum (Hodek, 1977), Riptortus 
clavatus (Numata, 1987), Eurydema rugosum (Ikeda- 
Kikue & Numata, 1992), Graphosoma lineatum (Naka- 
mura et aL, 1996; Musolin & Maysov, 1998), Dybow- 
skyia reticulata (Nakamura & Numata, 1997). 

Recurrent photoperiodic response has been sug- 
gested to enable insects to enter diapause more than 
once within their life cycle. This adaptation may be 
favorable for long-living insects in the temperate zone 
and especially in cooler seasons when these species 
cannot fully realize their reproductive potential. 
Recurrent photoperiodic responses enable these spe- 
cies to enter diapause twice and reproduce during two 
seasons (Hodek & Hodkova, 1982). 

Different types of post-diapause photoperiodic 
sensitivity are evidently adaptive under different cir- 
cumstances. However, as was correctly noted by 
Nakamura & Numata (1995), there is no sharply 
defined dividing line between the two types of re- 
sponse. Even in Pyrrhocoris apterus, a small propor- 
tion of individuals may resume photoperiodic sensitiv- 
ity (Hodek, 1974). 

Role of food in post-diapause development 
One of the environmental stresses that insects meet 

in the spring or in the beginning of summer (especial- 
ly, in the southern part of the temperate zone) is a 
scarcity of nutritious food resources. Thus, an ability 
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of post-diapause coreid Cletuspunctiger to survive for 
a fairy long time without food has an apparent adap- 
tive value (Ito, 1984). An effect of starvation on 
reproduction was also studied in Pyrrhocoris apterus 
(Hodkova, 1982) and Riptortus clavatus (Numata & 
Hidaka, 1984; Numata, 1985) and it was demonstrat- 
ed that the post-diapause ovarian development as well 
as commencement of oviposition were delayed under 
long-day but starved conditions. It is concluded that 
food is a major factor in timing of the post-diapause 
reproduction. Moreover, it was supposed that in 
Anasa tristis, food plants also served as a token stimu- 
lus to terminate winter adult diapause (Fielding, 
1990). 

Summer and Autumn Adaptations 

For most (if not all) species of Heteroptera from 
the temperate zone, summer is a season for active 
development, although a few species are known to 
spend at least a part of this season in a dormant state 
and to shift reproduction to the beginning or end of 
summer. 

True bugs evolved many different kinds of adapta- 
tions aimed at  optimization of reproduction, use of 
resources, timing of their active development and 
preparation for dormancy, and in some non-trivial 
cases it is difficult to say whether a particular adapta- 
tion has a value in terms of optimization of seasonal 
development or not. 

Environmental control of nymphal growth 
It was shown experimentally that nymphs of several 

species of heteropterans grow more slowly or more 

rapidly under different photoperiodic conditions, i.e. 
nymphal development in these species can be con- 
trolled by day length. This is a type of seasonal 
adaptation, which seems to be widely used by heterop- 
terans (for a detailed review see: Musolin & Saulich, 
1997). Similar to the photoperiodic response of dia- 
pause induction, there are two groups of species in 
which duration of nymphal development is controlled 
by photoperiodic conditions. 

In the pentatomids Dolycoris baccarum (Conradi- 
Larsen & Scamme, 1973), Nezara viridula (Ali & 
Ewiess, 1977) andcarbula humerigera (Kiritani, 1985 
b) nymphal growth was accelerated by long-day con- 
ditions and retarded by short-day conditions. This 
response was particularly strong in N. viridula and was 
observed in this species over a wide range of tempera- 
tures (from 20 to 30°C). In Carbula humerigera, 
photoperiodic control of nymphal development was 
also marked and a 3Cb40-day retardation of growth at 
the nymphal stage under short-day conditions was 
considered a facultative winter diapause (Kiritani, 
1985b). 

However, in a considerably greater number of het- 
eropterans this acceleration of nymphal growth appea- 
red to be related not to long days, but to short days 
(Musolin & Saulich, 1997). Such response was rather 
strong in the pentatomid Palomena prasina: at 20°C, 
the acceleration of growth amounted to 25% of the 
total duration of the nymphal period (Saulich & 
Musolin, 1996; Musolin & Saulich, 1997). The 
nymphs of a closely related pentatomid species, Palo- 
menu angulosa, grew 1.56-fold faster under short-day 
than under long-day conditions (Hori, 1988). 

The most comprehensive data on duration of nym- 
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phal development under different photoperiodic condi- 
tions are available in Pyrrhocoris apterus (Numata et 
al., 1993; Musolin & Saulich, 1997). This species was 
studied both at constant temperatures and under con- 
ditions of natural and laboratory thermorhythms. For 
instance, at a constant temperature of 20°C as dura- 
tion of photophase increased from 15 to 17 h, so did 
the duration of nymphal development and the differ- 
ence amounted to 50% of the total duration of the 
nymphal period. The tendency was also observed 
under many other temperature conditions (Fig. 3). 

In  general, photoperiodic control of nymphal devel- 
opment was more pronounced at lower temperatures. 
The most significant part of retardation of nymphal 
growth occurred in the fifth (last) instar, which was 
the longest stage of nymphal development. In the 
species with facultative diapause, this response allows 
acceleration of development at beginning and end of 
the summer season when days are short and thus 
promotes bi- or  polyvoltine developmental schemes 
and full use of resources. In univoltine species, the 
value of this adaptation is likely to be limited by 
synchronization of adult emergence (Musolin & 
Saulich, 1997). 

Environmental control of coloration and polymorphism 
Another example of a response to environmental 

conditions that might have adaptive significance is 
photoperiodic control of insect coloration. This phe- 
nomenon has been revealed experimentally in several 
heteropteran species. Thus, photoperiod and temper- 
ature experienced during the nymphal stage were 
shown to determine degree of metathorax pigmenta- 
tion in adults of Riptortus cluvatus: adults emerged 
under long-day conditions had more in number and 

larger in size white spots than those reared as nymphs 
under short-day conditions and this response was gra- 
dual (Kobayashi & Numata, 1993, 1995). Current 
day length determines coloration of adults of Nezaru 
viridula and reversible changes of coloration from 
green to brown or reddish seem to be more or less 
correlated with physiological state (diapause or repro- 
ductive activity) of individuals (Harris et al., 1984; 
Seymour & Bowman, 1994; Takizawa, 1994; Musolin 
& Numata, unpubl.). Dolling (1973) reported that 
day length controlled the appearance of two color 
forms in the mirid Notostira elongata: long-day 
(summer) individuals were green and short-day 
(autumn) individuals were brown. A very similar 
response was also found in the pentatomid Thyanto 
calceata by McPherson (1977). I t  is likely that brown 
(as inN. elongara and T. calceata) or reddish (as in N. 
viridula) coloration of overwintering individuals is 
more cryptic and has an adaptive value before or just 
after hibernation. 

Also, two seasonal forms differing morphologically 
and in coloration are known in two pentatomids Eus- 
chistus tristigmus tristigmus (McPherson, 1974, 1979) 
and in Oebalus ypsilongriseus (Vecchio et al., 1994). 
This seasonal dimorphism even resulted in incorrect 
treatment of these forms as independent species. 

In two other stink bugs Plautia crossota stali 
(Numata & Kobayashi, 1994) and Arma custos (Vol- 
kovich & Saulich, 1994) photoperiodic conditions de- 
termined body coloration of nymphs. In both species, 
short day induced the appearance of darker form, 
while long day promoted the predominance of light- 
colored nymphs (Fig. 4). I t  is supposed that this 
response may participate in thermoregulation and 
consequently have adaptive value. 
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Host-plant related adaptations 
A set of rather complicated relationships was found 

in the phytophagous tingid Stephanitis pyrioides, its 
specialist predator mirid Stethoconus japonicus and 
their host plant (Neal & Haldemann, 1992). Both 
predator and prey overwinter as eggs within the tis- 
sues of azalea plant. The predator alters its oviposi- 
tion site on azalea as the summer progresses and this 
results in a delay in hatching of overwintered eggs in 
the next season. The timing of the annual shift in 
oviposition site was shown to coincide with a decline 
in leaf moisture. Nymphs of the predator begin to 
hatch in the field when early instars of the second 
generation of its prey (which is more abundant than 
the first generation) are present. Thus, the late hatch- 
ing of overwintered eggs of this specialist predator 
results in synchrony with the prey resource. 

Behavioral adaptations 
The next group of adaptations may be called hehav- 

ioral adaptations. Not so many examples have been 
reported in Heteroptera, although they probably are 
very important, especially in reproduction. Thus, the 
presence of very sexually active males of the lygaeid 
Oncopeltus sandarachatus induced premature termina- 
tion of diapause in females of Oncopeltus fasciafus, a 
species with low sexual activity (Hayes & Dingle, 
1983). This response is supposed to represent a well- 
coordinated diapause-migration strategy. In Lygaeus 
equestrir, the presence of active males also had some 
influence on copulation and oviposition in females 
(Sillen-Tullberg, 1984). However, Hodkova et al. 
(1991) showed that in Pyrrhocoris apterus, the pres- 
ence of reproductively active females had a much less 
important effect than photoperiod on reproductive 
activity and diapause of males. 

A quite different type of behavioral adaptations was 
reported in Pyrrhocoris apterus by HonEk & Sramkova 
(1976), who showed that during the warm season the 
nymphs of this species actively selected microhahitats 
with particular, not highest, temperatures. It is pro- 
posed that this selection regulates the speed of devel- 
opment and maintains the univoltine cycle of the 
species in a particular region. 

A complex pattern of parental care has evolved in a 
gregarious cydnid Parastrachia japonensis in response 
to severe pressure from both biotic and abiotic en- 
vironmental factors (Tachikawa & Schaefer, 1985; 
Tsukamoto & Tojo, 1992; Filippi-Tsukamoto et a/., 
1995). All reproduction in this species must coincide 
with a short period during which fallen drupes of 
olacaceous plant Schoepfia jasminodora in a proper 

condition are available. Progressive provisioning was 
demonstrated to be essential for nymphal survival 
under environmental conditions where the sole food 
resource is scarce and ephemeral in time and space. In 
general, Tallamy & Schaefer (1997) discuss principal 
features and adaptive value of maternal care in He- 
miptera and stress that "it is only when host-plant 
seasonality or other unidentified phenomena prevent 
the distribution of eggs over space and time that relict 
maternal behaviour persists" (p. 94). 

Summer dormancy 
As mentioned above, some heteropterans are dor- 

mant at least during part of the summer. For instance, 
in Carbula humerigera, an adult summer diapause 
(aestivation) in a form of extended preoviposition 
period is induced by increasing day length at the 
beginning of summer (Kiritani, 1985a, 1987). Ovipo- 
sition commences after the summer solstice when day 
length decreases. Moreover, both females that e- 
merged earlier and later in the season begin oviposi- 
tion synchronously. This mechanism of oviposition 
triggering is considered to be an adaptation which 
allows nymphs to avoid the long-day part of the season 
and ensures entering winter diapause for the offspring 
(Kiritani, 1985a). The pentatomid Picmmerus bidens 
is another heteropteran, the life cycle of which in- 
cludes summer diapause that results in the shift of 
oviposition towards September and successful over- 
wintering of eggs and maintains a univoltine seasonal 
cycle (Musolin, 1996; Musolin & Saulich, 1998 and 
unpubl.). 

As discussed above, Eurydema rugosum enters dia- 
pause in response not only to short-day conditions but 
also to the feeding on seeds of its host plant and there 
is a certain physiological difference between photope- 
riodically induced and food-mediated diapause in this 
species (Numata & Yamomoto, 1990; Ikeda-Kikue & 
Numata, 1994). These two kinds of dormancy differ 
also in the terms of seasonal timing and the food- 
mediated diapause should be considered an aestivation 
that is followed by the winter diapause (Ikeda-Kikue, 
1991). 

Disperral and migrations 
High natural mobility of insects is a prerequisite for 

dispersal aimed at searching for more comfortable 
environmental conditions, sites for oviposition, food 
sources etc. Most heteropterans can fly for only short 
distances. Thus, Cletus punctiger flies from one host 
plant to another within a confined area (lto, 1980) 
and this may he considered aseasonal migrations in the 



terms suggested by Tauber ef a / .  (1986). Apparently, 
more complicated forms of migratory behavior have 
evolved on the basis of these primitive micromigra- 
tlons. 

Seasonal migrations have a regular character and 
are an integral part of the species life history. Like 
diapause, they are strongly associated with both par- 
ticular stages of metamorphosis and seasons (Dingle, 
1972, 1996). Migrants are characterized by a high 
flight activity and inhibition of many physiological 
processes, especially those related with reproduction. 
For example, the scutellerid Eurygaster integriceps has 
a univoltine seasonal cycle with obligatory adult dia- 
pause (Viktorov, 1967). Adult bugs migrate to forests 
in the northern parts of the species' range and to 
mountains in its southern part to overwinter in very 
large groups (up to 900 individuals per plant: Brown, 
1962). The dormancy in this species consists of two 
stages. The first is an aestivation that lasts for about 
two months while the weather is relatively warm, and 
this stage is followed by a short period of activity. 
Then, bugs fly to their hibernation place. In the 
mountains, aestivation takes place at a higher eleva- 
tion from which bugs migrate down for hibernation. 
When the temperature falls to about +9-10"C, bugs 
cease movements and enter winter diapause. In the 
spring after diapause termination bugs return to the 
fields. 

In many species of heteropterans, the migratory 
syndrome is linked with an alary polymorphism. In 
this case, there is an interaction between the three 
related syndromes: diapause, seasonal polyphenism 
(polymorphism) and migration. This phenomenon is 
most pronounced in semiaquatic species (Vepsalainen, 
1978; Spence & Andersen, 1994). In this paper, we 
focused on seasonal adaptations of terrestrial bugs 
among which Oncopeltus fasciatus can be treated as a 
representative species. This species is remarkable he- 
cause of its long distance annual migrations in which 
individuals of different generations are involved. In 
the temperate zones of North America, migrants 
appear for the first time in late spring to mid-summer 
and produce one to three generations depending on 
the latitude and local climate. The bugs are not able to 
survive northern winters, but can overwinter in dia- 
pause in regions with milder climates. A short-day 
diapause in 0. fasciatus leads to a delay in reproduc- 
tion and extensive migratory flight, which is enhanced 
by diapause (Dingle, 1978). In contrast to the tem- 
perate populations, those from the tropics are active 
throughout the year and display little dispersal flights 
aimed at searching for optimal food sources only 

(Dingle & Baldwin, 1983). Extensive examination of 
different populations of 0. fasciatus revealed signifi- 
cant differences in morphological and life-history 
traits: body size and wing length were larger and 
females started oviposition at later ages in the mi- 
grants. They also showed longer tethered flights 
(Dingle, 1978, 1991). 

Conclusions and Future Directions 

This is the first attempt to review seasonal adapta- 
tions evolved by terrestrial Heteroptera from the tem- 
perate zone. The research carried out and presented 
here can offer a clearer view of the problem as well as 
raise some questions and indicate directions for fur- 
ther investigations. 

I t  is apparent that in the temperate zone where 
environmental conditions show pronounced seasona- 
lity, diapause (and especially, photoperiodic pro- 
gramming of diapause induction) plays a pivotal role 
in seasonal development of Heteroptera as well as of 
insects from other orders. However, if photoperiodic 
control of diapause induction has been revealed and 
studied in a relatively large number of heteropterans, 
this cannot be pertained equally to other seasonal 
adaptations evolved by true bugs. The ecological 
significance of these "other" seasonal adaptations 
(such as diapause termination whenever it takes place, 
cold-hardiness and behavioral adaptations) has been 
underestimated. Analysis of one type of non-diapause 
seasonal adaptations (photoperiodic control of nym- 
phal growth: Musolin & Saulich, 1997) revealed that 
several heteropterans tested adequately in this respect 
show similar trends. In many species, the adaptive 
significance of this response has become clear. 

The title of this paper, i.e. seasonal adaptations of 
terrestrial Heteroptera from the temperate zone, implies 
three questions that might be important from both 
ecological and evolutionary points of view: are these 
adaptations specific only for this group or how drama- 
tically do they differ from those of ( I )  aquatic and 
semiaquatic bugs, (2) heteropterans from the tropics 
and subtropical regions, and (3) insects from other 
groups? 

Only a few of the 38,000 known species from some 
of the 75 heteropteran families have been studied in 
respect to environmental control of seasonal develop- 
ment to a greater or lesser extend. This means that 

our discussions are limited and we are very far from a 
level that will allow acceptable analysis (as was done, 
for example, with life cycles of the ground crickets: 
Masaki et al., 1987; Masaki & Walker, 1987 etc.). 
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Preliminary analysis based mostly on the literature 
showed, for example, that the characteristic diapause 
stage differs significantly among families of Heter- 
optera in the temperate zone (Musolin, 1997). Thus, 
many representatives of Miridae, Nabidae, Rhopali- 
dae, Tingidae and some species of Coreidae and Pen- 
tatomidae have winter diapause at the egg stage. 
Nymphal diapause is comparatively rare, but is more 
common in Aradidae, Pentatomidae, Scutelleridae, 
Tingidae and Coreidae than in other families. In 
contrast, adult diapause seems to he most common 
type of winter diapause and is apparently dominant in 
temperate Pentatomoidea (93% of the species from 
this superfamily known in Central Europe: Hertzel, 
1982) and in terrestrial predatory heteropterans from 
the temperate zone (76.7% of 57 species studied to 
date and reviewed by Ruberson et al., 1998). Further 
analysis became more complicated when it was shown 
that some species can overwinter at different ontoge- 
netic stages and others have more than one period of 
dormancy in their life cycle. A special research that 
combines laboratory and field approaches is necessary 
to ultimately clarify seasonal patterns of any species. 

Not enough information is available for such com- 
parative analysis of the seasonal adaptations evolved 
by the temperate and tropical/subtropical species as 
was done in some other groups of insects (e.g. in the 
Dianemobius ground crickets by Masaki et al. [I9871 
or Drosophila melanogaster species group by Kimnra 
[1988]). We hope that this review will in some way 
lend impetus to successful research into seasonal adap- 
tations of Heteroptera on the whole and in tropical/ 
subtropical species in particular. 

Furthermore, it should be emphasized that seasonal 
adaptations do not exist alone, hut are incorporated 
into more programmed or more flexible seasonal 
cycles. As mentioned above, diapause (in the temper- 
ate zone, mostly hibernation) is a pivotal element in 
any seasonal cycle. However, other seasonal adapta- 
tions such as the existence of a second dormant period, 
environmental control of nymphal growth, relation- 
ships with host plant(s), predators and parasites, 
timing of reproduction and migration etc., might sub- 
stantially modify seasonal cycles. All this means that 
diversity of seasonal cycles in Heteroptera should be 
even more impressive than diversity of seasonal adap- 
tations shown here, but this is the subject for other 
investigations. 
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