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1 Confronting the Challenges
of a Seasonal Environment

Our Earth imposes challenging seasonal obstacles for insect development, with few

sites capable of continuously sustaining activity throughout the year. Low winter

temperatures at temperate and polar latitudes are a conspicuous obstacle to continuous

growth and reproduction. Not only is the cold a signiûcant threat to insect survival, but

the accompanying disappearance of plants, on which most insects depend for food,

generates a seasonally depauperated environment not suitable for continuous devel-

opment. Equally challenging are tropical dry seasons that lack critical food and

water resources.

But, the advantages of diapause go well beyond avoidance of adverse seasons.

A ûnely tuned diapause is critical for the precise timing of adult emergence in the

spring. The fact that many insects are host specialists means that diapause is an

essential element for coordinating the timing of adult emergence with the growth or

ûowering of favored host plants. By becoming dormant, insects also mitigate risks of

predation, and periodic disappearance into diapause may help reduce biotic challenges

from parasites and microbes.

Diapause occurring during the winter has the advantage of concomitant low

temperatures that, for an ectotherm, help suppress metabolic rate and conserve energy

reserves. Summer diapauses and diapauses in tropical insects lack this advantage and

thus confront the extra challenge of conserving energy reserves in a warm environ-

ment. The ability to suppress metabolism without the aid of low temperature thus

becomes a special challenge in select environments.

High latitudes pose yet another different challenge. Short growing seasons restrict

development to narrow seasonal windows that may be inadequate for the completion

of a single generation. Such conditions may require multiple years for completion of

the life cycle, thus making it necessary for more than one developmental stage to enter

diapause. In some cases, a developmental arrest may be repeatedly induced and

broken to capitalize on brief favorable seasons.

Just as seasons have different proûles in different regions of the Earth, the role of

diapause, the environmental regulators that are essential for coordinating the response,

and the features of the diapause response can be expected to vary across the globe.

Diapause thus emerges as a fascinating and plastic life-history trait whose evolution

reûects adaptations essential for confronting challenges of life in a wide range of

speciûc environments as well as life in a changing environment.
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1.1 What Is Diapause?

1.1.1 Origin of the Term Diapause

The Greek word “diapause”means rest or interruption of work. The usage of this word

has an interesting history (Lees 1955). As ûrst used by Wheeler (1893) in his work

with the grasshopper Xiphidium ensiferum, diapause deûned the brief halt in develop-

ment and embryonic transition between anatrepsis (when the embryo of a hemimeta-

bolous insect moves tail-ûrst through the yolk, away from the pole) and katatrepsis

(when the embryo then migrates to either the ventral or dorsal surface, depending on

the species). Its meaning was expanded by Henneguy (1904) to refer not to a stage of

morphogenesis but the condition of arrested development, but Henneguy failed to

make a distinction between the simple arrest prompted by cold and the type of arrest

that is stage-speciûc and developmentally programmed. Shelford (1929) recognized

the need to make such a distinction and used the term quiescence for the interruption

of growth due directly to an unfavorable condition, while he used the term diapause to

refer to “spontaneous arrest,” an arrest that we now refer to as being developmentally

programmed and stage-speciûc. This same sort of distinction was implied in the terms

“diapause vrai” and “pseudodiapause” used by Roubaud (1930). Numerous and subtle

distinctions can be made when arrested development is described for diverse species

(Danks 2002), and distinctions between species have led to rather complex classiûca-

tions of insect dormancy (e.g., Müller 1970, Mansingh 1971, Ushatinskaya 1976a),

resulting in the introduction of terms such as oligopause, parapause, pluvipause, and

others to describe developmental arrests with slightly different features. My own bias

is that the terms diapause and quiescence are useful distinctions, but I see no need for

further subdivisions, assuming we recognize that some features of diapause and

quiescence may vary among species.

The term diapause extends beyond the insect literature and includes numerous

examples among other arthropods, especially ticks and mites (e.g., Belozerov 2008,

Lohmeyer et al. 2009, Bryon et al. 2017a). Diapause in Crustacea is well documented

among copepods and brine shrimp (Marcus and Scheef 2010, Hand et al. 2016,

Baumgartner and Tarrant 2017) and is prevalent in rotifers (Garcia-Rogers et al. 2019,

Tarazona et al. 2020), as well as a few species of mollusks (Numata and Udaka 2010).

Tardigrades, invertebrates best known for their capacity to enter a cryptobiotic state, also

include some species that diapause as embryos (Guidetti et al. 2011). Diapause is also

widely used to refer to delayed implantation of embryos in marsupials, polar bears,

badgers, mink, anteaters, mice, gerbils, and over 130 other species of mammals (Renfree

and Fenelon 2017) and is routinely used to refer to embryonic dormancies noted in non-

mammalian taxa ranging from lizards to some of the bony ûsh species (Rafferty and

Reina 2012), sharks and rays (Waltrick et al. 2012), and some of the bony ûsh species

such as annual killiûsh (Martin and Podrabsky 2017, Hu et al. 2020).

Although developmental arrest in nematodes is a similar form of dormancy, the

arrest in nematodes is more commonly referred to as the dauer state (Riddle 1997).

Mammalian hibernation shares many features with insect diapause (Andrews 2019),
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but the unique physiological features of endotherms and ectotherms justify making a

distinction between these two forms of dormancy. Though we may use different terms

for these forms of animal dormancy, there is growing evidence that certain common

themes operate across the animal kingdom and much can be gained from a quest for

universal principles.

In most cases diapause is one of two developmental alternatives produced by the

same genotype, thus it ûts the classic deûnition of polyphenism, coined by Ernst

Mayr (1963). Insects of the same genotype can either enter diapause or develop

without diapause, a developmental decision that depends on the seasonal environ-

mental cues received. The term polyphenism is thus distinct from the common usage

of polymorphism, a term usually restricted to differences that have a genetic basis. The

features of diapause, in which the environment dictates the phenotype (diapause or

nondiapause), conform to the classic deûnition of phenotypic plasticity or a plastic

response to environmental conditions.

1.1.2 Diapause Is a Programmed Event

Diapause is a programmed, stage-speciûc arrest or retardation of development com-

monly used to circumvent an adverse season. Upon entry into diapause, insects remain

in this arrested state for some time, even if prevailing environmental conditions are

favorable for development.

“Programmed” implies that it is not an immediate response to environmental

adversity but a response to environmental signals that have been received in advance

of the actual onset of diapause or, alternatively, is hard-wired genetically to occur at a

speciûc stage. The distinction between an environmentally programmed diapause and

one that is hard-wired genetically is captured in the terms “facultative” and “obligate”

diapause. Facultative diapause implies a plastic response dependent upon receipt of

speciûc environmental cues commonly received well in advance of diapause onset. By

contrast, obligate diapause refers to a genetically programmed diapause that occurs at

a speciûc stage regardless of the prevailing environmental input. While an insect with

an obligate diapause is likely to complete only one generation a year, an insect with a

facultative diapause has the ûexibility to complete multiple generations, commonly

several nondiapausing generations during the summer, followed by an overwintering

generation that enters diapause.

Both obligate and facultative diapauses can sometimes be seen within the same

family, such as the stink bugs Pentatomidae (Musolin and Saulich 2018). Certain

trends exist within taxa such as hymenopteran parasitoids: parasitoids that attack

univoltine (one generation/year) hosts tend to have an obligate diapause, while those

attacking polyvoltine (multiple generations/year) hosts usually have a facultative

diapause (Polgar and Hardie 2000). Although rare, one species may exhibit both an

obligate and facultative diapause: certain populations of the European spruce bark

beetle Ips typographus harbor both of these diapause phenotypes (Schebeck et al.

2017). Some species that appear to have an obligate diapause may, under close

scrutiny, avert diapause under speciûc circumstances. For example, the saturniid moth
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Hyalophora cecropia, a species that always enters pupal diapause when reared

outside, can actually be enticed to develop without entering diapause when exposed

to artiûcially long daylengths (Waldbauer 1996); hence this species, long thought to

be an iconic example of a species with an obligate diapause, is more correctly

recognized as a species with a facultative diapause, albeit a species that normally

completes only a single generation each year and appears to seldom exploit its

potential to skip diapause.

The beauty of the programming aspect of diapause is that it provides a preparatory

phase that allows sequestration of additional energy reserves, augmentation of cuticu-

lar waterprooûng, changes in color to match the winter or dry season habitat, migra-

tion, and selection of a well-protected hibernaculum (overwintering refuge).

1.1.3 Making a Distinction between Diapause and Quiescence

The programmed feature of diapause is in contrast to quiescence, a form of

dormancy that is an immediate response to adversity and includes no preparatory

phase. Unlike diapause, quiescence is broken immediately when favorable conditions

return. Quiescence offers the capacity to quickly stop and restart development

multiple times and at any stage in response to certain environmental challenges.

For example, an insect placed in a refrigerator will halt development and become

inactive but will resume development almost immediately when retrieved from the

cold environment. Similarly, an insect denied food may enter an arrest that is

terminated immediately when food again becomes available. This sort of rapid entry

into and recovery from a dormant state distinguishes quiescence from diapause.

Distinct endocrine signatures underlie these two forms of developmental arrest, as

noted in adult females of the linden bug Pyrrhocoris apterus (Hodková and Okuda

2019). The corpora allata (CA) cease producing the juvenile hormone needed for

vitellogenesis in both starvation-induced quiescence and diapause, and when food

again becomes available the CA is immediately activated in starved bugs but not in

diapausing bugs.

One of the interesting current debates is whether the well-studied adult dormancy in

Drosophila melanogaster is a programmed arrest (i.e., a diapause) or a simple

quiescence that is temperature-induced. Although the term diapause is frequently used

in this context (e.g., Zonato et al. 2017), strong arguments counter that quiescence is a

more appropriate term for the dormancy of D. melanogaster (e.g., Emerson et al.

2009b,c, Saunders 2020b) due to the immediacy of the response. One strong argument

that the dormancy of D. melanogaster should not be regarded as diapause is the fact

that egg chambers of the female initiate yolk uptake but then, in response to the low

temperatures or other stresses that evoke the dormancy response, degenerate, an

energy-consuming event not normally observed in a diapausing insect (Lirakis et al.

2018). The fact that this same response can be evoked in tropical populations of

D. melanogaster has been used to suggest that the dormancy is not a diapause, but

many tropical species do indeed have a diapause (see Section 2.3), thus that argument

is not compelling. That egg chambers degenerate, that other stresses such as starvation
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elicit an identical response, and that the response is so volatile support the argument

that dormancy noted in D. melanogaster represents a general stress response in this

species, rather than a strictly binary trait. Yet, an examination of latitudinal clines

suggests that certain populations of D. melanogaster do indeed possess a photoper-

iodically programmed diapause while others have features more akin to quiescence

(Tatar et al. 2001, Anduaga et al. 2018).

A distinction between diapause and quiescence can sometimes be challenging to

discern in other species as well. The invasive species Drosophila suzukii seems to

show a slight photoperiodic response but, like D. melanogaster, its winter dor-

mancy is more akin to quiescence (Everman et al. 2018). The mountain pine beetle

Dendroctonus ponderosae was initially reported to overwinter in quiescence, but

more recent experimental evidence shows a period of developmental latency,

suggesting that the overwintering stage of the larvae can more accurately be

described as diapause (Bentz and Hansen 2017). It is still unclear whether the

midsummer disappearance of the yellow dung ûy Scathophaga stercoraria in

Central Europe can be attributed to diapause or quiescence (Blanckenhorn et al.

2001). Although less common, quiescence is also a viable option for overwinter-

ing, as noted in the diamondback moth Plutella xylostella, a species found in

various life stages during winter in eastern North America (Dancau et al. 2018).

Perhaps as a bet-hedging strategy, the European water strider Velia caprai can

overwinter both as an adult in quiescence and as an embryo in diapause (Ditrich

and Koštál 2011).

Though diapause, with its opportunity for preparation, would appear to be the ideal

option for bridging unfavorable seasons, there are certain advantages to quiescence.

Not only is it an option available to any developmental stage, but it also offers

ûexibility for rapidly responding to environmental conditions. For example, when

temporary rock pools inhabited by the midge Polypedilum vanderplanki dry up in

Nigeria, midge larvae enter a cryptobiotic state, a form of quiescence that is quickly

broken when the rains return (Hinton 1951, Cornette and Kikawada 2011). This form

of dormancy offers extreme ûexibility, for both time of entry as well as exit from the

dormant state. Quiescence may also be the preferable state for aquatic insects residing

in cool, high-latitude streams (Danks 1987). Unlike the habitat of the African midge,

cool streams represent a stable habitat, and quiescence enables swift transition

between an active and inactive lifestyle, making it possible to maximally exploit

periods when temperatures exceed a certain threshold.

1.1.4 Stage Speciûcity

The adjective “stage-speciûc” implies that diapause capacity is restricted to a single

stage of development for each species. Although diapause can occur in embryos,

larvae, pupae, or adults, for any one species the capacity for diapause is usually

restricted to a single stage. There are, however, good examples of species, especially

those confronting short growing seasons at high latitudes, that have the capacity for

diapause at two stages of development. Northern populations of the spruce budworm
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Choristoneura biennis ûrst overwinter in a second-instar larval diapause and spend the

second winter in a ûnal larval-instar diapause (Nealis 2005), northern populations of

the blow ûy Calliphora vicina diapause both as third-instar larvae and as adults

(Vinogradova and Reznik 2013), and the bruchid beetle Bruchidius dorsalis diapauses

in cooler areas as a ûnal-instar larva (Kurota and Shimada 2003a) and as an adult in

warmer regions (Kurota and Shimada 2003b). Larval diapause in the longicorn beetle

Psacothea hilaris is unusual in that it can occur across a wide developmental range

from the ûfth to ninth instar, although it most commonly occurs in the sixth or seventh

instar (Asano et al. 2004). In central Sweden, the butterûy Parage aegeria diapauses

as a pupa, but both larval and pupal diapause are common in southern Sweden (van

Dyck and Wiklund 2002). Lycaena hippothoe, a butterûy with a wide Eurasian range,

is capable of entering larval diapause as either a third or fourth instar (Fischer and

Fiedler 2002). However, in the majority of insect species, the capacity for diapause

resides in only one stage. This sort of stage speciûcity is not true for quiescence.

Insects can become quiescent in any developmental stage, although the threshold for

entering quiescence may differ among stages.

1.1.5 Diapause Development

In the strictest sense, development is not completely arrested during diapause. A slow

progression of developmental processes occurs during diapause, culminating eventu-

ally in termination of diapause, a progression that Andrewartha (1952) referred to as

diapause development. Diapause is best viewed not as a “stop/start” event but as a

dynamic developmental trajectory operating on a much slower time scale than the

developmental events observed in nondiapausing insects. Although covert molecular

events are occurring as diapause progresses in all species, in most cases development

appears at a standstill. In a few cases, however, overt changes can be noted during

diapause, generating a response more akin to a slowing of the developmental rate

rather than a complete developmental arrest. For example, during adult diapause in

females of the mosquito Culex pipiens, ovarian follicles progressively enlarge, but it

takes more than 20 weeks for the follicles to attain the same size attained by a

nondiapausing female in 3 days (Readio et al. 1999). Similarly, the sexually produced

embryos of the pea aphid Acyrthosiphon pisum overwinter in a diapause that can best

be described as extremely slow, albeit progressive development during the interval

between anatrepsis and katatrepsis (Shingleton et al. 2003). Legs and body organs

continue to grow but at a rate that is largely temperature-independent, a contrast to the

temperature-dependent growth rate observed after katatrepsis. A similar slow progres-

sion of development is noted for diapausing embryos of aphids Cinara cupressi and

Cinara juniperi (Durak et al. 2020): Mitotic cell division continues at a slow pace,

resulting in a doubling of body size from day 16 to day 70 after oviposition. In some

Orthoptera, for example the cricket Modicogryllus siamensis, diapause is manifested

not as a complete halt in development but as a much slower rate of development that

incorporates additional nymphal molts (Miki et al. 2020).
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1.2 Who Does It and in What Stage?

Diapause has evolved numerous times, as discussed in Chapter 11. In some taxa,

diapause characteristically occurs at one certain stage, but that is not universally true.

In some families and genera, the stage of diapause is not highly conserved. Among the

many species of ûesh ûies (family Sarcophagidae) that have been examined from

around the world, those from South America appear to lack the capacity for diapause

(Denlinger et al. 1988a), but all species examined from North America, Europe, Asia,

and Africa have a pupal diapause. Ladybird beetles (family Coccinellidae), due to

their importance as biological control agents, have been examined extensively, and

reports on species from Europe, North America, and Asia consistently reveal the

capacity for an adult diapause (Hodek 2012).

At the other extreme, the genus Drosophila contains species that diapause as larvae

(D. deûexa), pupae (D. obscura), or adults (e.g., D. virilis and D. obscura groups)

(Lumme 1978). The diapause stage differs in two closely related Swiss dung ûies that

occupy a similar niche: Scathophaga stercoraria diapauses as a pupa, while Sepsis

cynipsea diapauses as an adult (Blanckenhorn 1998a). Scandinavian butterûies within

the Nymphalini tribe show remarkably different overwintering strategies (Wiklund

et al. 2019). One of the nymphalids enters pupal diapause, two migrate south for the

winter, four are univoltine and have an obligate adult diapause, and three have a partial

second generation (two species have a facultative adult diapause determined by larval

daylength, and one species shunts half the population into an obligate adult diapause

while the other half enters a facultative adult diapause dependent on larval daylength).

Stink bugs, family Pentatomidae, are known to diapause as embryos, nymphs, and

adults (Musolin and Saulich 2018). Most bruchid beetles diapause as adults but at

least two temperate species, Kytorhinus sharpianus and Callosobruchus ademptus,

diapause as larvae (Kurota and Shimada 2001). Two closely related weevils differ

considerably in their diapause attributes: Exapion ulicis diapauses as an adult and lays

eggs in the spring, while Exapion lemovicinum lays eggs in the autumn and diapauses

overwinter as a larva, responses driven largely by different fruiting times of their host

plants (Barat et al. 2010). Among mosquitoes, certain trends emerge (Denlinger and

Armbruster 2016, Diniz et al. 2017), as shown in Figure 1.1. While embryonic and

larval stages predominate as the diapause stage in the genus Aedes, most mosquitoes

in the genus Culex diapause as adults. In other genera, such as Anopheles, diapause is

reported in embryonic, larval, and adult stages. No mosquitoes appear to use the pupal

stage for diapause. Among crickets, embryonic diapause is the most prevalent stage of

diapause, represented by over 80% of the species in Japan and the eastern United

States (Masaki and Walker 1987). Among 200 species of mirid bugs from the

Netherlands, 85% diapause as embryos (Cobben 1968), and among 14 species repre-

senting 5 genera of plant bugs in the subfamily Mirinae, 4 genera consistently

diapause as embryos and members of another genus, Lygus, consistently diapause as

adults (Saulich and Musolin 2020). So, some trends are noted within taxonomic
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groups, but many exceptions are evident. Diapause is a highly variable trait,

not only among closely related species but also among populations, as further

discussed in Chapter 3.

1.2.1 Embryonic Diapause

Embryonic diapause is especially well documented in Orthoptera (crickets, grasshop-

pers, walking sticks), true bugs in the order Heteroptera, and butterûies and moths in

the order Lepidoptera, and among the lower Diptera, such as mosquitoes and midges.

It occurs in some Coleoptera but appears to be less common in that order. Diapause is

not restricted to a speciûc stage of embryonic development but has been noted across a

wide range of embryonic stages. During embryonic development, the zygote divides

(cleavage), forms a layer of cells surrounding the yolk (blastoderm formation), and in

hemimetabolous insects, the blastoderm then invaginates slightly and migrates (blas-

tokinesis). The embryo ûrst migrates posteriorly (anatrepsis) and then dorsally (kata-

trepsis), movements that are somewhat simpliûed in holometabolous insects (Panûlio

2008). Diapause can apparently intercede at almost any point during embryogenesis,

from the early stages of blastoderm formation through to the completion of pharate

larval development (at which point the ûrst-instar larva is completely formed but has

Figure 1.1 Phylogenetic distribution of life cycle stages of diapause in nine mosquito genera. *

indicates genera containing at least one species for which considerable information exists on the

transcriptional basis for diapause.

From Denlinger and Armbruster (2016).
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not yet hatched). A study on the crane ûy Tipula simplex suggests that diapause in this

species occurs prior to cleavage (Hartman and Hynes 1980), although additional

studies at the electron microscope level would be helpful in validating this report.

One particularly well-documented case of a species with an early-stage diapause is the

band-legged ground cricket Dianemobius nigrofasciatus (Tanigawa et al. 2009). This

diapause occurs prior to germ band formation when the embryo is merely a cellular

blastoderm, a continuous layer of single cells. Diverse stages of embryonic diapauses

have been documented for other species. Diapause occurs in a pre-anatrepsis stage in

the Australian plague locust Chortoicetes terminifera (Deveson and Woodman 2014)

and balsam twig aphid Mindarus abietinus (Doherty et al. 2018). The well-studied

commercial silk moth Bombyx mori also enters diapause quite early, when the

blastoderm is in the form of an unsegmented dumbbell (Yamashita and Hasegawa

1985). Embryonic diapause in the pea aphid A. pisum occurs at a slightly later stage

when the embryo is fully segmented and the limb buds are clearly deûned (Shingleton

et al. 2003). Embryonic development in a Tibetan population of Locusta migratoria is

classiûed into 27 stages, with diapause interceding at stage 19, a stage prior to

katatrepsis, occurring 9 days after oviposition at 30�C (Su et al. 2019, Wang et al.

2021). Two Japanese cicadas diapause at distinctly different developmental stages

prior to katatrepsis: Cryptotympana facialis diapauses upon completion of body

segmentation when the antennal buds are segregated from the cephalic lobes, while

Graptopsaltria nigrofuscata diapauses at a slightly later stage when the antennae,

maxillary buds, and thoracic appendages have already differentiated (Moriyama and

Numata 2008). At the other extreme, the katydid Eobiana engelhardti subtropica

enters diapause as an almost fully developed embryo (Higaki and Ando 2005), and

many Lepidoptera, such as the gypsy moth Lymantria dispar, enter diapause at the

completion of embryogenesis when the embryo is more appropriately termed a

pharate ûrst instar (Leonard 1968). When diapause in the gypsy moth is broken, the

fully developed pharate ûrst-instar larva consumes the ûnal remaining yolk, breaks

through the chorion, and begins its life as a ûrst-instar larva.

Different stages of embryonic diapause may exist in closely related species. The

Heteroptera present a fascinating array of diapausing embryonic stages (Cobben

1968). Nearly all conceivable stages of embryonic development, ranging from the

early blastoderm through to pharate ûrst-instar nymph, are used by this taxon as the

diapausing stage (Figure 1.2). This observation underscores the idea that natural

selection can capture different embryonic stages among closely related species. One

caveat is that the array of diapause stages depicted in Figure 1.2 is based on single

snapshots in time, thus any sort of progression as noted in pea aphid embryos

(Shingleton et al. 2003) would be obscured.

Early studies forming the foundation for embryonic diapause include extensive

work on B. mori, initiated by Fukuda (1951) and Hasegawa (1951), followed by

beautiful studies from Yamashita (1996) and his colleagues, experiments on the gypsy

moth L. dispar (Leonard 1968, Hoy 1977), detailed series of experiments in Japan on

diapause in several species of crickets by Masaki (1967) and his students, and experi-

ments with French populations of L. migratoria (Le Berre 1953). More recently,
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embryonic diapause of the mosquito Aedes albopictus is attracting considerable atten-

tion as it invades new territories in Europe and North America (Armbruster 2016).

1.2.2 Larval Diapause

Larval (or nymphal) diapause is common among Lepidoptera, certain groups of

Diptera, Hymenoptera, Coleoptera, Neuroptera, Odonata, Orthoptera, Hemiptera,

and Plecoptera. Among the Lepidoptera, some species diapause in early larval instars,

such as the ûrst overwintering generation of the northern population of the spruce

budworm Choristonerura biennis (Nealis 2005). But, more commonly diapause is

entered at the end of the ûnal larval instar when larvae have attained their full size and

have ceased feeding. Although less common, a few Lepidoptera diapause midway

Figure 1.2 Stages of embryonic diapause in different species of Heteroptera. A, Plagiognathus

arbustorum; B, Megalocoleus molliculus; C, Pantilius tunicatus; D, Loricula elegantula;

E, Leptopterna ferrugata; F, Coranus subapterus; G, Picromerus bidens; H, Himacerus

apterus; I, Myrmus miriformis; J, Chiloxanthus pilosus; K, Notonecta lutea; L, Notonecta

maculata; M, Chiloxanthus pilosus; N, Salda littoralis; O, Notonecta reuteri; P, Nysius thymi.

From Cobben (1968), with permission from Wageningen University.
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