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Abstract

Although it is generally more adaptive for insects to produce additional
generations than to have longer life cycles, some insects produce one or
fewer generations per year (univoltine or semivoltine life cycles, respec-
tively). Some insects with the potential to produce multiple generations per
year produce a univoltine life cycle in response to environmental condi-
tions. Obligatory univoltine insects have a single long diapause or multiple
diapauses in different seasons. Semivoltine insects have multiple diapauses
in different years, a prolonged diapause for more than a year, or diapause
controlled by a circannual rhythm. Diapause in these insects greatly varies
among species both in the physiological mechanism and in the evolutionary
background, and there is no general rule defining it. In this review,we survey
the physiological control of univoltine and semivoltine insects’ diapause and
discuss the adaptive significance of the long life cycles. Although constraints
such as slow development are sometimes responsible for these life cycles, the
benefits of these life cycles can be explained by bet-hedging in many cases.
We also discuss the effect of climate warming on these life cycles as a future
area of research.
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Diapause: suspension
or retardation of
growth or
reproduction that is
not the direct result of
prevailing adverse
conditions

Diapause
development:
physiological processes
gradually leading to
the end of diapause

Obligatory diapause:
diapause inevitably
occurring in a
genetically fixed
developmental stage

Univoltine: one
generation per year

Facultative diapause:
diapause with plasticity
in its induction

Prolonged diapause:
diapause the period of
which is extended for
more than one year

Multivoltine: two or
more generations per
year

Semivoltine: fewer
than one generation
per year

1. INTRODUCTION

Diapause is a state of arrested growth or reproduction that is not controlled by the direct action
of environmental factors. In nature, diapause precedes the advent of adverse conditions and
plays a predominant role in seasonal adaptations in insects. During diapause, morphogenetic and
metabolic activities are usually low, but diapause development proceeds even at low temperatures
(2, 16, 17, 71, 133). The induction and termination of diapause are usually controlled by pho-
toperiod, temperature, and other environmental factors; however some insects show obligatory
diapause, and diapause sometimes terminates spontaneously without any external stimuli (16, 17,
133).

Diapause can occur at any of the developmental stages and typically occurs at a species-specific
stage and during a specific season. Egg (embryonic) and pupal diapause clearly show suspension of
morphogenesis with no hatching and no adult emergence, respectively. Adult diapause is charac-
terized by suppression of reproduction, even though diapause adults are sometimes behaviorally
active (17, 71, 133). Furthermore, although some diapause larvae show complete suppression of
morphogenesis, others undergo stationary ecdysis without growth (9).Larvae of a univoltinemoth,
Eurois occulta, increase their body weight more slowly and have a longer developmental period dur-
ing shorter days but do not stop feeding (16).Moreover, elongation of the larval period due to pho-
toperiodic conditions is often accompanied by an increase in body size, although only a few studies
have determined both the larval duration and the increase in body size versus photoperiod (e.g.,
78, 105, 157). In this review, we consider such elongation in addition to the traditional diapause
because both elongation of the larval period with growth and larval diapause delaymetamorphosis.

The annual number of generations is an important life-history trait because it affects popula-
tion growth and varies with environmental conditions of the habitat (17, 133). It ranges from 1 in
30 years in a prodoxid moth (103) to 30 or more in a year in aphids (134) and varies even within a
population of a species (e.g., 46, 147). Life cycles of insects without diapause generally do not show
fixed voltinism because the temperature, with year-to-year differences, affects their developmental
time (133). In insects with diapause, however, diapause plays a pivotal role in controlling the annual
number of generations. Insects that have obligatory diapause usually also have univoltine life cy-
cles. In contrast, in many insects that have facultative diapause, the annual number of generations
is variable; such diapause may have evolved to produce additional generations when the environ-
mental conditions are favorable (17, 133). Furthermore, some insects have life cycles of more than
one year with prolonged diapause, showing yearly differences in the life cycle period (18).

Many pest insects that cause serious damage to agriculture or human health show multivoltine
life cycles with a potential to increase their density rapidly and have also been the subjects
of studies on seasonal adaptations. Most univoltine and semivoltine insects, in contrast, have
obligatory diapause, and the control of their life cycles has been regarded as simple in comparison.
However, the regulation of diapause intensity and developmental rate exists even in such insects,
and we now know that univoltine and semivoltine life cycles have evolved to allow the insects
to grow and reproduce in a limited season(s) (17, 133). From the viewpoint of diversity in insect
life cycles, we review the control of diapause in univoltine and semivoltine insects and discuss the
physiological mechanism and adaptive significance of long life cycles in these insects.

2. FACULTATIVE UNIVOLTINE LIFE CYCLES

2.1. Univoltine Life Cycles Without Diapause

Insects living in extremely cold regions seem to have univoltine life cycles. Examples of such in-
sects include stoneflies growing in the short summer of subarctic regions in Alaska (121) and
the Far East (136), although it is unclear whether they have diapause or not. It is possible to
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Phenotypic
plasticity: capacity of
a single genotype to
show variable
phenotypes in
different environments

Long-day response:
photoperiodic
response in which
insects grow and
reproduce under
long-day conditions

Latitudinal cline:
a gradual change along
latitudes in a
phenotype of adjacent
populations of the
same species

Quantitative
response to
photoperiod:
photoperiodic
response occurring not
in an all-or-nothing
manner, but instead
quantitatively
according to the
duration of the
photophase

acquire cold hardiness without entering diapause (20), and, in fact, adults of the Himalayan midge
Diamesa kohshimai are active even at –16°C (67). Some insects inhabiting arctic and subarctic re-
gions, e.g., the mothGynaephora groenlandica (70) and the beetleDendroides canadensis (43), seem to
lack the capability to enter diapause, and these insects have been believed to have life cycles with-
out diapause (11). However, some arctic midges were shown to have an unknown diapause-like
mechanism: Larvae that have matured before winter emerge as adults synchronously every year
without further feeding after ponds thaw (19). Moreover, the Antarctic midge, Belgica antarctica,
which has been thought to remain continuously active when temperatures are permissive, shows
a programmed metabolic depression similar to an obligatory diapause (120). A simple question
remains whether life cycles with a consistent seasonality are possible without diapause, given that
temperature varies among years.

2.2. Univoltine Life Cycles with Facultative Diapause

Although insects with a facultative diapause potentially produce two or more generations per year,
some of them show univoltine life cycles under natural conditions. In these species, the number
of generations is restricted by low temperature or food conditions.

2.2.1. Univoltine life cycles with low-temperature forced diapause. Insects that are multi-
voltine in warmer regions sometimes have univoltine life cycles in cooler regions. In most of these
species, however, the plasticity in diapause induction has not been completely lost even in cooler
regions, although they cannot produce two generations in those regions.

Local populations of a cool region in Russia (60°N) in two noctuid moths, Viminia rumicis
andMamestra brassicae, which are unlikely to produce a second generation in the field, have phe-
notypic plasticity: Approximately 70% of individuals avoid pupal diapause under an unnatural,
extremely long photoperiod (16). The pierid butterfly Pieris occidentalis in subarctic regions of
North America has one generation per year but has a facultative pupal diapause of which the in-
duction is controlled by a long-day response. However, all individuals enter diapause under field
conditions (109). In the nymphalid butterfly Polygonia c-album, there are univoltine and partially
bivoltine populations, both with adult diapause. Even in a univoltine population, however, expo-
sure to increasing photoperiods during the larval stage produced nondiapause adults (101). The
bruchid beetle Kytorhinus sharpianus shows a geographic difference in the photoperiodic response
for induction of larval diapause with a latitudinal cline in the critical daylength. Even a univoltine
population in northern Japan has phenotypic plasticity in diapause induction, although the pho-
toperiodic response curve is shallower than in multivoltine populations (51, 52). The phenotypic
plasticity in these univoltine insects indicates that univoltine populations originate frommultivol-
tine populations in warmer regions. In P. c-album, Nylin (101) suggested that the ability to show
phenotypic plasticity has a selective value in exceptionally warm years.

The noctuid moth Cymbalophora pudica distributed along the Mediterranean coast, is mostly
univoltine with summer prepupal diapause and autumn adult emergence. The entry times of dia-
pause vary from spring to early summer. However, fast-growing larvae emerge as adults in spring,
resulting in a bivoltine life cycle. The offspring of these adults also enter summer diapause later
in the prepupal stage. The intensity of summer diapause is controlled by a quantitative response
to photoperiod, particularly a change across or above 14 h that prevails in summer. Consequently,
both univoltine and bivoltine fractions uniformly terminate diapause in early autumn (68).

2.2.2. Univoltine life cycles with food-mediated diapause. Food conditions affect diapause
induction and cause some potentially multivoltine insects to have univoltine life cycles (17, 133).
In some insects, the offspring of the overwintering generation enter diapause in response to food
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Hypermetamor-
phosis: variant of
complete
metamorphosis in
which some larval
instars are distinct
from each other

Bet-hedging:
a strategy that protects
against unpredictably
variable environments
but results in lower
mean fitness by
producing different
phenotypes in
response to the
environmental
conditions

conditions, resulting in one generation per year. In some of these species, it is evident that food
conditions modify the photoperiodic response and thereby affect the timing of diapause induction.
The status of the host plant affects the induction of diapause, and the phenology of the host plants
affects the life cycle of many phytophagous insects.

Although it has been reported that conditions of poor-quality or scarce food induce diapause,
resulting in production of fewer generations per year (17, 133), there are also some examples in
which superior food conditions produce univoltine life cycles. The pentatomid bug Eurydema ru-
gosum shows a long-day response for induction of adult diapause. Adults do not enter diapause
when reared on crucifer leaves in the nymphal stage, whereas they enter diapause when reared
on seeds even under a long-day photoperiod (100). In the field, first-generation adults of E. rugo-
sum emerged from mid-June, and most of them entered diapause on brown mustard plants that
bloomed in early spring, with all of the plants dying by early summer. On cultivated crucifers
that have green leaves all year round, however, most adults of the first generation reproduced,
and those of the second generation, emerging in late summer, entered diapause (46). Food con-
ditions favoring diapause in E. rugosum were not nutritionally inferior based on the performance
of nymphs on these host plants. Thus, in E. rugosum, the developmental state of the host plants
functions as a signal to determine the induction of diapause (46, 100).

A sufficient amount of food causes several potentially bivoltine insects to produce only one
generation. Meloid beetles undergo hypermetamorphosis, with an immobile pseudopupal period
at a late larval instar as the diapause stage. The pseudopupa has an unusual appearance, with its
thick, highly sclerotized cuticle, aborted appendages, and closed mouth and anus. The blister bee-
tle Epicauta gorhami has pseudopupal diapause at the fifth instar. This diapause is avoided at high
temperatures, but at moderate temperatures, most larvae enter diapause, irrespective of photope-
riod, when fed a sufficient amount of grasshopper eggs as food (111). However, when fed a small
amount of food or deprived of food before full growth, larvae pupate directly from the fourth
instar under a long-day photoperiod, producing an additional generation (113, 135) (Figure 1).
The longhorn beetle Monochamus alternatus alternatus in Taiwan has a facultative larval diapause
at the final instar, usually producing one generation per year.When pine bolts inoculated with lar-
vae as hatchlings were abundant, the diapause incidence was higher, suggesting that food shortage
has an inhibitory effect on diapause incidence. It was also shown experimentally that, when one
bolt harbored two larvae, neither larva entered diapause. Therefore, food availability, together
with larval interaction, is responsible for diapause induction, and the diapause-avoiding response
is considered adaptive as a means of bet-hedging against unpredictable food conditions (137, 138).

In a polyphagous phytophagous tortricid, Choristoneura rosaceana, the incidence of larval di-
apause differs among host trees. Under both field and laboratory conditions, larvae feeding on
chokecherry tend to avoid diapause, whereas those feeding on red maple or black ash tend to enter
diapause. Experiments using artificial diets suggested that nutritional quality itself influences dia-
pause induction (44). The whitefly Trialeurodes lauri always enters diapause at the fourth nymphal
instar in nature and spends nine months in diapause, resulting in a univoltine life cycle.When fed
fresh host leaves in the laboratory, however, this diapause is avoided, suggesting that close associa-
tion with the phenology of the host plant results in the univoltine life cycle ofT. lauri (26).The leaf
beetle Phratora vulgatissima in Sweden is univoltine but sometimes produces a second generation
in short-rotation coppice willow plantations where coppiced plants grow vigorously. Laboratory
experiments indicated that host-plant quality affects the critical daylength for diapause induction.
The use of host-plant quality as a diapause-inducing stimulus seems to be adaptive when food re-
sources are unpredictable, such as when new host-plant tissue is produced after a disturbance (15).

In some insects, individuals in a cohort can produce different numbers of generations per year
due to individual variation in the body size at a critical time of the season, which is affected by
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Figure 1

(a–d) Photographs of some developmental stages in the blister beetle, Epicauta gorhami. Note that the
first-instar larva is active, slender, and highly sclerotized, and the shapes of the second to fourth instars (not
shown) are similar to that of the sixth instar. (a) Pseudopupa. (b) Sixth-instar larva with a pseudopupa exuvia
at the bottom. (c) Pupa. (d) Adult. (e) Schematic representation of the univoltine and bivoltine life cycles
controlled by food quantity in E. gorhami, showing hypermetamorphosis (113, 135). P indicates pupae, and
PP indicates pseudopupae. The red broken line indicates the estimated critical daylength for photoperiodic
response at 25°C under food-deprived conditions. Although most larvae fed a sufficient amount of food
enter pseudopupal diapause at the fifth instar, irrespective of photoperiod, those fed a small amount of food
or deprived of food before full growth pupate directly from the fourth instar by responding to a long-day
photoperiod. The earlier the food shortage is, the earlier the pupation or pseudopupation occurs. Those
individuals that precociously metamorphosed to pupae in autumn become small adults, resulting in
production of a second generation.

food conditions. Some odonatans in the Temperate Zone have flexible life cycles governed by
regulation of nymphal development. These life cycles are classified into several types according to
the nymphal response patterns. Regardless of the life cycle types, individuals of the same cohort
emerge as adults in different years due to cohort splits based on the size or stage of the individuals
at some time of the year (e.g., 13, 99). For example, the damselflies Coenagrion hastulatum (98),
Coenagrion puella, Ischnura elegans (102), and Calopteryx exul (64) produce one or two generations
per year, whereas two other damselflies, Enallagma aspersum (47) and Lestes sponsa (57), produce
one generation per one or two years.

2.3. Univoltine Individuals in Principally Multivoltine Insects

In several insects with facultative diapause, conspecific individuals differ in their response to envi-
ronmental conditions for diapause induction, and as a result, both univoltine and multivoltine life
cycles often co-occur within a local population. Examples are found in the nymphalid butterfly
Aglais urticae (147) and the bark beetle Ips typographus (106, 107), in which partial populations are
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Short-day response:
photoperiodic
response in which
insects grow and
reproduce under
short-day conditions

insensitive to environmental cues and enter obligatory diapause. In I. typographus, the proportion
of facultative and obligatory diapause phenotypes shows geographic variation in Europe. Several
parasitoid wasps also show such variation in voltinism in a population, which may function as
bet-hedging against unpredictable conditions (e.g., 22, 31).

3. OBLIGATORY UNIVOLTINE LIFE CYCLES

3.1. Univoltine Life Cycles with a Single Winter Diapause

Univoltine life cycles with winter diapause have been reported in many insects. These insects en-
ter diapause regardless of the environmental conditions (obligatory diapause), and exposure to low
temperatures is prerequisite for termination of the diapause. For example, embryonic diapause in
univoltine strains of the domestic silkmoth, Bombyx mori (154), and the grasshopper Austroicetes
cruciate (2); diapause at the pharate first instar in the spongy moth, Lymantria dispar (72, 77); and
pupal diapause in the cecropia moth,Hyalophora cecropia (148), produce univoltine life cycles. Di-
apause in L. dispar lasts from mid-summer to the next spring, but its terminating factor is low
temperature, and thus, it is regarded as a long winter diapause (79).

Effective temperature ranges for diapause development vary among species (3, 17, 71, 133).
For obligatory embryonic diapause in the leaf beetle Atrachya menestriesi, the optimal range for
diapause development is 4–10°C, and the diapause development is reversible; repeated exposures
to temperatures of 7.5°C and 25°C decrease and increase the intensity of diapause, respectively
(1). Contrary to the early view that low temperature is prerequisite for diapause termination, ex-
posure to long days at higher temperatures has been shown to terminate diapause in many species,
including univoltineH. cecropia (17, 76, 133). In most species whose diapause is controlled by pho-
toperiod, however, the sensitivity to photoperiod is lost after exposure to low temperatures or even
due to simple passage of time (17, 41, 132). In these species, diapause development is completed
in winter, and postdiapause morphogenesis depends on temperature in a manner governed by the
lower developmental threshold and required thermal summation. Low temperature not only ter-
minates winter diapause, but also synchronizes postdiapause activities (41). In the univoltine gall
midge Pseudasphondylia rokuharensis, synchronized adult emergence after termination of winter di-
apause in mature larvae, forced by low temperature, is critical because of its short adult longevity
of only a few days (139).

In a few univoltine species, however, long spring days play an important role in diapause ter-
mination under natural conditions. The green lacewing Chrysopa downesi reproduces in spring and
enters long diapause in the adult stage until the next spring. Adults retain sensitivity to photope-
riod, and diapause is terminated by transfer from a short-day to a long-day photoperiod (131).
A similar response was reported in the locust Nomadacris succincta, showing a univoltine life cy-
cle with long adult diapause from summer to spring (128). In the univoltine weevil Pissodes strobi,
with winter adult diapause, a long-day photoperiod increases both the proportion of ovipositing
females and the number of eggs laid per female after low temperature treatment (142). In the uni-
voltine cricket Pteronemobius nitidus, which overwinters in nymphal diapause at the penultimate
instar, an increase in photoperiod accelerates nymphal development. This response reduces the
seasonal variation in developmental stages caused by hatching times before overwintering and
produces synchronous adult emergence in early summer (125–127).

In univoltine insects in which all individuals enter winter diapause at a specific developmen-
tal stage, environmental regulation of growth in another developmental stage plays an important
role in their life cycles. Some univoltine insects with obligatory winter diapause show short-day
responses that regulate their larval development (56, 78, 115). Such responses allow early devel-
oping individuals to become larger adults before winter. Southern populations of the univoltine
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cricket Teleogryllus emma, which overwinters in obligatory egg diapause, elongate the nymphal
stage by responding to long days and become larger adults using thermal summation in warmer
regions (78).

3.2. Univoltine Life Cycles with a Single Summer Diapause

Some insects that grow and reproduce at lower temperatures show univoltine life cycles only with
a summer diapause. In the rove beetle Omalium rivulare (140) and the leiodid beetle Catops nigri-
caas (141), adults enter obligatory summer diapause, which is terminated by short days at a low
temperature. The geometrid moth Inurois punctigera shows a univoltine life cycle with pupal sum-
mer diapause. In habitats with severe midwinters, two sympatric groups reproduce allochronically
in early and late winter, suggesting an incipient speciation process driven by midwinter disrup-
tion of the reproductive period (152). A small subtropical cockroach,Margattea satsuman, shows a
univoltine life cycle with summer diapause at late nymphal instars, which is induced by long days
and terminated by transfer to a shorter photoperiod (157).

3.3. Univoltine Life Cycles with Multiple Diapauses

Andrewartha (3) stated that no case is known in which diapause occurs in more than one stage in
the same life cycle; however, in the years since, many species have been found to have multiple
diapauses in an individual life. Table 1 shows examples of univoltine insects that have multiple
diapauses at different developmental stages in different seasons.

There are some univoltine species that appear to enter a single long diapause but have instead
been shown to enter a series of multiple diapauses. The papilionid butterfly Luehdorfia japonica in
Japan is a typical example. Luehdorfia japonica emerge as adults only in spring and remain as pupae
until the next spring. Contrary to earlier views that this species has a single winter (32) or summer
(45) diapause, Ishii & Hidaka (53, 54) found that there are two diapauses within an apparently
single pupal diapause. The first is a summer diapause in an early developmental stage before adult
morphogenesis and is terminated by short days at moderate temperatures (53). The second is a
winter diapause in the pharate adult stage, in which adult morphogenesis has been completed, and
is terminated by low temperatures (54). Therefore, L. japonica shows a univoltine life cycle with
summer and winter diapauses as pupae. More species may appear to have a single long diapause
that actually consists of a series of multiple diapauses.

Winter diapause is terminated by low temperatures, whereas summer diapause is terminated
by short days in many insects, including species that show multiple diapauses (Table 1). In
winter diapause, the onset of growth or reproduction is determined by increasing spring temper-
atures and, therefore, is synchronous irrespective of the time of diapause induction. In contrast,
synchronous onset of growth after summer diapause is achieved by quantitative responses to
photoperiod in some species, e.g., the crane fly Tipula subnodicornis (8) and the zygaenid moth
Elcysma westwoodii (27).

3.4. Reproduction Over Multiple Years

As stated above, the sensitivity to photoperiod is lost with progress of diapause development in
many insects. In several insects, however, postdiapause adults that have started oviposition in
spring regain the sensitivity to photoperiod to allow them to re-enter diapause. The resump-
tion of photoperiodism was first reported in the pentatomid bug Aelia acuminata (39) and called
the recurrent photoperiodic response (40). In the univoltine carabid beetle Carabus yaconinus,
some adults that have overwintered and reproduced in spring can survive to subsequent years,
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Table 1 List of univoltine insects that have two or more diapauses at different developmental stages in different
seasons

Species Family Diapause stage Season Induction Termination Reference(s)

Heteroptera
Poecilocoris lewisia Scutelleridae Fifth (final)-instar

nymph
Winter Short day Low temperature 130; S.I. Tanaka,

unpublished
data

Adult Summer Long day Short day 130
Picromerus bidens Pentatomidae Egg Winter Obligatory Low temperature 92

Adult Summer Long day Spontaneous 92

Coleoptera
Leptocarabus
kumagaii

Carabidae Third (final)-instar
larva

Winter Short day Spontaneous 117

Adult Summer Obligatory Short day 117

Hymenoptera
Osmia cornuta and
Osmia lignaria

Megachilidae Prepupa Summer Obligatory ND 108
Adult Winter ND ND 108

Eurytoma
amygdali

Eurytomidae Postfeeding larva
(before defecation)

Summer ND Moderate
temperature

143, 144

Postfeeding larva
(after defecation)

Winter ND Low temperature 143, 144

Lepidoptera
Pryeria sinica Zygaenidae Egg Winter Obligatory Low temperature 124

Pupa Summer Obligatory Short day 55
Elcysma westwoodii Zygaenidae First-instar larva Winter ND ND 27

Prepupa Summer Obligatory Short dayb 27
Luehdorfia
japonica

Papilionidae Pupa (before adult
morphogenesis)

Summer Obligatory Short day 53

Pupa (pharate adult) Winter Obligatory Low temperature 54
Antheraea
yamamai

Saturniidae Pharate first-instar
larva

Winter Obligatory Low temperature 145

Pupa Summer Long day Short day 62, 63
Dictyoploca
japonica

Saturniidae Egg (embryo) Winter ND ND 145
Pupa Summer Obligatory Short day 93

Spilarctia imparilis Arctiinae Seventh–ninth-instar
larva

Winter Short day ND 122

Pupa Summer Short day Long day 65
Syngrapha
ottolenguii

Noctuidae Second–third-instar
larva

Winter Short day ND 153

Adult Summer Long day Spontaneous 153

Diptera
Tipula
subnodicornis

Tipulidae Early instar larva Winter Short day Low temperature 8
Fourth (final)-instar
larva

Summer ND Short dayb 8

aThis species is partially bivoltine.
bThis termination is controlled by a quantitative response to photoperiod.
Abbreviation: ND, not determined.

264 Numata • Shintani



Circannual rhythm:
an endogenous
biological rhythm with
a period of
approximately one
year

and a recurrent photoperiodic response enables the adults to reproduce over multiple years (112,
116, 118). More insects that potentially have long life spans may show a recurrent photoperiodic
response.

For many ant species in temperate and boreal regions, seasonal colony development is reg-
ulated by environmental temperature fluctuations, with both adult and larval diapause. Queens
reproduce and overwinter several times during their prolonged brooding period. In some of these
species, queens spontaneously cease and resume oviposition under constant conditions (59, 66),
indicating that an endogenous rhythm controls the cycle of reproduction and diapause in queens
and thus the seasonal development of the entire colony, although there is insufficient evidence to
conclude that the rhythm is a circannual rhythm (see Section 4.4).

4. SEMIVOLTINE LIFE CYCLES

4.1. Semivoltine Life Cycles with a Single Diapause

The bark beetle Dendroctonus rufipennis in Canada has life cycles of one to three years. However,
this species has only an obligatory diapause in the prepupal stage. If eggs are laid in a late season or
in a cool year, larvae cannot reach the diapause stage before winter, overwinter without diapause,
and enter diapause before the next winter.Under such conditions, this species shows a semivoltine
life cycle with a single diapause (30).

4.2. Semivoltine Life Cycles with Multiple Diapauses

Some insects show semivoltine life cycles with diapause at two or more developmental stages.
Some of them live in cool regions, and others have slow development rate living in warmer regions.

4.2.1. Insects in cool regions. In cool regions at higher latitudes or altitudes, some insects
overwinter in diapause twice in the larval stage. In a northern part of Japan, the antlionHagenomyia
micans has a two-year life cycle, passing the first winter at the first or second instar and the second
winter at the third (final) instar. However, some larvae take three years to mature, overwintering
twice at the third instar (24). Larval development at the second instar is controlled by a long-day
response, and a change from a short day to a long day is required for pupation (25). These long
flexible life cycles seem to be an adaptation to the scarcity and unpredictability of food resources
as ambush predators.

The cockroach Periplaneta japonica in northern Japan also shows a two-year life cycle, overwin-
tering twice as diapause nymphs. Both the early diapause at younger instars and the late diapause
at the final instar are controlled by a long-day response, with high temperature preventing dia-
pause. Younger-instar nymphs enter early diapause under conditions of shorter daylengths and
lower temperatures (110).

Burnet moths, Zygaena spp., in Europe show bivoltine, univoltine, or semivoltine life cycles
with repeated diapause at various larval instars. For example, Zygaena trifolii in central Germany
has one- to three-year life cycles. Larvae enter diapause irrespective of photoperiod, and diapause
occurs at the third or any subsequent larval instar. Short days induce diapause at earlier instars,
and larvae enter diapause at different instars even under the same conditions (150).

Ringlet butterflies,Erebia spp., in the European alpine zone comprise both univoltine and semi-
voltine species. The latter species enter obligatory diapause and overwinter twice as larvae, i.e., at
the first or second instar and at the fourth (penultimate) instar. Long-term collection records of
adult Erebia in Switzerland and Austria (1918–1990) showed that almost all of the 12 species with
two-year life cycles flew as adults significantly more in odd than in even years. A field observation
also supported this alternate-year flight activity. This activity pattern has been suggested to be a
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strategy to decrease mortality by parasitoid wasps, which probably cannot adapt to alternate-year
activity (151).

Embryos of some katydids show diapause at two stages, i.e., initial diapause just after blasto-
derm formation and final diapause shortly before hatching. Ingrisch (48) examined the effect of
temperature on embryonic development in 21 katydid species in Europe and found that there are
three types of life cycles: a univoltine life cycle without initial diapause, a mixture of one- and
two-year life cycles with facultative initial diapause, and a semivoltine life cycle of two or more
years with a prolonged initial diapause. In northern and alpine regions of Japan, Eobiana japonica
requires two or more years to complete its life cycle. Eggs remain in initial diapause for one to
three years and in final diapause for one more year (35). The intensity of initial diapause varies,
and repeated exposure to alternating low and high temperatures effectively terminates it (36).

4.2.2. Insects with slow development. Even in warm regions, insects with slow development
show semivoltine life cycles. The cockroach Symploce japonica living in a forest in a subtropical is-
land in Japan shows a two-year life cycle with three diapauses, i.e., winter diapause at midnymphal
instars, summer diapause at later nymphal instars, and winter diapause in the adult stage, all of
which are controlled by photoperiod (129). In the cricket Gryllus argenteus in a tropical arid high-
land in Malawi, both the number of nymphal instars and the duration of nymphal stages increase
under short days. Based on the long-day response and the high lower threshold temperature for
nymphal development of approximately 20°C, it is assumed that this cricket developed a three-year
life cycle to adapt to the local climate, which has a long dry season lasting half the year (69).

Cicadas require an extremely long time to complete nymphal development, ranging from 2 to
17 years (114).Nymphs and adults feed exclusively on xylemfluid containing low concentrations of
amino acids and only traces of carbohydrates. The low growth rate limited by this low nutritional
condition and the cicadas’ large body sizes result in long life cycles (60).

In particular, the life cycles of periodical cicadas,Magicicada spp., in North America have at-
tracted the attention of researchers. Adults emerge synchronously within several days of every
thirteenth or seventeenth year. It is unique to periodical cicadas that, in any one population of
emerging adults, almost all are exactly the same age; in contrast, in nonperiodical cicadas, adults
of various ages emerge together every year. Although the evolutionary background of this extreme
synchrony and these cicadas’ slow development has been intensively discussed, their physiological
mechanisms are poorly understood (114, 149). Although it is unclear whether all overwintering
nymphs are in diapause, a physiological mechanism must precisely regulate the nymphal dura-
tion. A field collection of nymphs in the 17-year periodical cicada Magicicada septendecim, over
a 17-year period, showed that this species does not achieve synchronization by having uniform
nymphal growth rates; instead, the cicada compensates for unequal growth rates (75). A phys-
iological mechanism must count the years and precisely regulate the nymphal duration, and it
seems probable that nymphs reaching the final instar earlier wait for slower ones to catch up be-
fore emerging as adults (114). In Karban et al.’s (61) study of a 17-year periodical cicadaMagicicada
sp., exposure of potted host trees with 15-year-old nymphs to cyclic changes in temperature and
photoperiod, of which the period was half a year, resulted in both flowering of the host tree twice a
year and earlier emergence of some cicada adults. AlthoughKarban et al. concluded that the cicada
keeps the nymphal development time stable by counting host seasonal cycles, it is also possible
that nymphs directly respond to environmental cycles.

4.3. Prolonged Diapause

Some insects enter prolonged diapause and show semivoltine life cycles. The list of insects with
prolonged diapause compiled by Danks (17) includes more than 145 species in 7 orders and
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examples of diapause in egg, larval, pupal, and adult stages. Prolonged diapause can evolve only
when its benefit exceeds the costs of mortality, loss of metabolic resources, and loss of reproductive
opportunity.The benefit has been explained by bet-hedging (85, 123). Inmost cases, only a fraction
of individuals in a population remain in diapause for two or more years, showing polymorphism
in adult emergence years within the same population.

Yukawa & Uechi (156) listed 14 gall midges that show such polymorphic adult emergence; six
of them enter diapause at the first instar within the gall, whereas the other eight enter diapause
at the third (final) instar on the ground after the gall drops or after they leave the gall. Sunose
(123) explained that the prolonged diapause in the gall midge Hasegawaia sasacola serves to avoid
mortality of the univoltine fraction of a population during a catastrophic shortage of food sup-
ply caused by mast-flowering of its host bamboo. Based on counts of catastrophic events during
18-year field surveys, Yukawa et al. (155) concluded that the prolonged diapause in another gall
midge, Illiciomyia yukawai, provides an ecological advantage in surviving catastrophic events such
as a serious shortage of host buds available for oviposition, a high percentage of parasitism, or an
extremely low survival rate of host leaves.

Insects feeding on tree seeds often show prolonged diapause because seed production in many
temperate trees varies among years. For example, postfeeding fourth (final)-instar larvae of the
seed-feeding weevil Curculio elephas, which feeds on seeds of the European chestnut and acorns in
France, enter an obligatory winter diapause for one to three years underground. This variability
in life cycle duration has been regarded as an adaptation to yearly and unpredictable variability
in masting of host plants (83). In heavier larvae and larvae egressing from the host fruit later, the
proportion of prolonged diapause was higher. Because heavier larvae possess enough metabolic
resources, and later larvae have a shorter time in which to consume such resources before win-
ter, the proportion of prolonged diapause can be explained in relation to the loss of metabolic
resources as the cost of diapause (84). Regarding variability of diapause duration, it is not easy to
discriminate among amixed evolutionarily stable strategy (ESS), a stable genetic polymorphism of
pure strategies, and bet-hedging by a genetically single population. If long-cycle individuals com-
pensate for this cost with better adult performance, then the compensation leads to a trade-off
that could result in a mixed ESS or a genetic polymorphism. In C. elephas, however, adult perfor-
mance was similar between individuals emerging after one and two years (83, 119). Therefore, the
bet-hedging strategy is plausible because the cost associated with prolonged diapause cannot be
completely compensated for by better adult performance (85, 119).

Similar life cycles were shown in three congeneric species feeding on oak seeds in Japan (74).
In Curculio sikkimensis, diapause is terminated by low temperatures, as in many insects, but the
large variation of this response produces one- to three-year life cycles (33). Repeated exposure to
alternations of a low temperature of 5°C and amoderate temperature of 20°C accelerated diapause
termination (34), as in the initial diapause of E. japonica (see Section 4.2.1).Moreover, the diapause
intensity can be reversibly decreased by a low temperature and increased by a high temperature of
25°C (37, 38). Higaki & Toyama (38) suggested that this reversible change in diapause intensity
prevents untimely completion of diapause before winter and assures a second overwintering.

Another seed-feeding weevil, Exechesops leucopis, also enters an obligatory winter diapause as
postfeeding fourth (final)-instar larvae but does so within the seeds of host trees. The duration
of diapause varies from one to four years, and adults emerging after one year are smaller than
those emerging after two or more years. In contrast, adult body sizes were reduced by artificial
elongation of diapause for an additional year.Therefore, the cost of diapause, i.e., loss of metabolic
resources, restricts prolonged diapause in well-nourished larvae (82).

In the fruit fly Rhagoletis cerasi, adults after prolonged pupal diapause had lower lifetime fecun-
dity than adults emerging within one year, and it is therefore likely that the prolonged diapause
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evolved as a bet-hedging strategy (88, 90). Moreover, exposure to a low temperature terminates
prolonged diapause, but if the exposure is continued, pupae return to diapause (89).

Prolonged initial diapause in embryos of katydids was pointed out as a strategy to overcome
seasonally unpredictable adverse conditions, such as extreme drought, fire, depletion of food, and
extraordinarily cool years (36, 49).

The longest diapause reported to date is 30 years in the prodoxid moth Prodoxus y-inversus, a
specialist feeder on yucca and agave in desert areas of North America. Full-grown larvae enter
diapause, the duration of which varies from 1 to 30 years. The life cycle of this species is closely
synchronized with the development of inflorescences of the host plants, which vary in abundance
depending on seasonal climatic conditions (103).

4.4. Regulation by Circannual Rhythm

The circannual rhythm regulates the seasonal life cycles of some organisms and has been reported
mostly in hibernating mammals and migratory birds (29). In insects, Blake (7) first pointed out
that an endogenous rhythm regulates the life cycle of the varied carpet beetle, Anthrenus verbasci.
The pupation of A. verbasci showed a rhythmic pattern under both naturally fluctuating condi-
tions and constant conditions in the laboratory. The larval ecdysis also showed a rhythmic pattern
and occurred in restricted periods, and the period without ecdysis was regarded as larval dia-
pause (7). It was later confirmed that the pupation in A. verbasci is controlled by a circannual
rhythm: The rhythmic pupation shows the three major characteristics of biological rhythms, i.e.,
self-sustainability, temperature compensation in the period, and entrainment to an environmental
cycle (96, 97). The life cycle of A. verbasci of one to a few years and the synchronous pupation in
spring were explained by entrainment of the circannual rhythm to natural changes in photoperiod
and the suppression of pupation by low temperatures in winter (86, 87, 97) (Figure 2).

The congeneric beetle Anthrenus sarnicus (4, 12) and the moth Cossus insularis (95) show similar
pupation patterns to that of A. verbasci at constant temperatures in the laboratory. Because it takes
a long time to show evidence of a circannual rhythm clearly, further research may show that many
more insects with semivoltine life cycles possess this mechanism.

5. EFFECTS OF CLIMATE WARMING

Climate warming will prolong growing seasons; increase the effective cumulative temperature and
developmental rate in most insects; and cause the loss of seasonal interaction between the pre-
dominant diapause-inducing factors, i.e., temperature and photoperiod (23, 28). In univoltine and
semivoltine insects without diapause, climate warming may increase the number of generations
per year. In univoltine insects with facultative diapause, it may also increase the number of gener-
ations per year because photoperiodic induction of diapause in such insects is mostly temperature
dependent, and higher temperatures often hinder diapause induction.

The pentatomid bug Dybowskyia reticulata shows a temperature-dependent long-day response
for the induction of adult diapause: Under a long-day photoperiod, adults enter diapause at 20°C
or 25°C but not at 27.5°C or 30°C. In central Japan, the species showed a univoltine life cycle with
longwinter diapause in 1993, a relatively cool year,whereas a higher percentage of adults produced
a second generation in warmer 1996 (94). In such insects, climate warming will definitely increase
the proportion of bivoltine life cycles. Another insect species in which the number of generations
has been increased by climate warming is the pyrrhocorid bug Pyrrhocoris apterus, which has fac-
ultative adult diapause. Although this species has typically been univoltine in the Czech Republic,
climate warming will create conditions that facilitate the occurrence of a second generation in a
year (42). Such increases in the number of generations per year by climate warming have been
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Figure 2

Schematic representation of the life cycle controlled by a circannual rhythm in the varied carpet beetle,
Anthrenus verbasci (86, 87, 97). The blue sine curve indicates expected phase changes in the circannual
rhythm. The blue circle and triangle indicate the opening of the gate for pupation. The red triangle indicates
pupation. P indicates pupa, adult, and egg stages. The light-blue bar indicates suppression of pupation by low
temperatures. (a) Under constant conditions of light–dark cycles with 12 h of light and 12 h of darkness at
20°C, the circannual rhythm oscillates with its endogenous period of approximately 40 weeks, and after
opening of the gate for pupation, pupation occurs approximately 25, 65, and 105 weeks after hatching.
(b) Under natural conditions, the circannual rhythm is entrained to the natural changes in photoperiod, and
the period is exactly one year. After opening of the gate for pupation, low temperatures in winter suppress
pupation, and pupation occurs in April every year.

reported or predicted to occur in other commonly univoltine insects with facultative diapause,
e.g., the bark beetle I. typographus in northern Europe (58) and the leaf beetle P. vulgatissima (14)
and the pine moth Dendrolimus spectabilis (10) in South Korea.

In addition to such plasticity in diapause induction, genetic shifts in life-history traits may also
occur in response to climate warming. For example, in the cricket Polionemobius mikado, which has
a wide latitudinal range with univoltine and bivoltine life cycles, a univoltine life cycle has been
replaced with a bivoltine life cycle in the southernmost range of the univoltine life cycle over the
past 40 years (81). In another cricket,Dianemobius nigrofasciatus, with similar life cycles, however,
the boundary of univoltine and bivoltine life cycles has not changed over the same period (80).

In univoltine and semivoltine insects with obligatory diapause, however, the effects of temper-
ature increase cannot be generalized because the mechanism(s) controlling their life cycles are
different among the species: In some univoltine insects, the combination of longer summer and
warmer winter may delay the onset of morphogenesis in spring due to insufficient winter chilling
for diapause termination (5, 73). Furthermore, phenological asynchrony between the insects and
seasonally limited resources is predicted to occur often due to heterogeneity in their responses
to climate change, and consequently, population decline occurs (e.g., 6, 21, 146). In contrast,
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phenological advancement due to climate warming directly increases fitness in the cicada Crypto-
tympana facialis because advancement of hatching time into rainy seasons enhances the hatching
success of postdiapause embryos (91).

Larvae of the moth Thaumetopoea pityocampa feed on pines and cedars in winter, pupate in
spring, and emerge as adults in summer in the Mediterranean region. A fraction of pupae enter
a prolonged diapause, producing life cycles from one to a few years. At both the lower and up-
per ends of the thermal range in winter, the incidence of prolonged diapause was higher than at
intermediate temperatures (104). Salman et al. (104) suggested that climate warming will reduce
and increase the incidence of prolonged diapause in this species in colder and warmer regions,
respectively.

6. CONCLUSION

In general, it is more adaptive to produce additional generations than to have longer life cycles.
Nevertheless, many insect species have evolved univoltine and semivoltine life cycles, as discussed
above. Because both the ultimate and proximate factors for univoltine and semivoltine life cycles
vary among species, it is not easy to summarize the whole overview of these life cycles. However,
the ecological significance can be mostly categorized into two types. The first is adaptation to
short periods suitable for growth and reproduction restricted by cooler climate, occurrence of dry
seasons, or food availability.The second is bet-hedging for catastrophic events mostly produced by
the life cycle of host plants. The physiological mechanisms producing long life cycles are various:
a single long diapause for approximately one year, multiple diapauses at different developmental
stages for different seasons or different years, prolonged diapause for more than a year, and a
circannual rhythm. Because it is unequivocal that human influence has warmed the atmosphere,
ocean, and land, and still continues to do so (50), how univoltine and semivoltine life cycles in
insects are affected by climate warming is an important subject for future studies.
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