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Cricket Life Cycles
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and

THOMAS J. WALKER

LIFE-CYCLE TYPES

The life cycles of crickets can be divided into two basic categories,
one with seasonality and the other without it (Alexander, 1968). Since
adult crickets live a relatively long time and continue to lay eggs, this
distinction may become vague in warm climates. Even in such cases,
however, the two categories can be recognized when the underlying de-
velopmental characteristics are experimentally analyzed. A life cycle that
shows a more or less fixed phase relationship with the seasonal cycle of
environment usually involves physiological responses that buffer the life
cycle from perturbing fluctuations in external conditions. Such responses
form a coordinated system of seasonal homeostasis, in which diapause
and photoperiodism are principal components. When development is con-
trolled by this system, its rate is not always a simple function of tem-
perature. The thermal coefficient Q;o is often shifted from an ordinary
value of 2-3 to a lower or even a negative one by intervention of diapause
or other photoperiodic responses. The life cycle thus includes thermally
heterogeneous phases. This situation may be described by the classical
though not widely used word heterodynamic (Roubaud, 1922). When there
is no such switching of developmental phases, the cricket responds to
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heat summation in more or less similar ways throughout the entire life
cycle, so that its development is homodynamic. These words are used
here because of their convenience and adequacy.

Homodynamic Life Cycles

If there are no clear seasonal changes, a homodynamic life cycle (with
continuous growth and reproduction) is fitter than any heterodynamic
one, because any delay in reproduction simply decreases the innate ca-
pacity for increase. Developmental synchronization among individuals
could affect reproductive success, but no temporal or seasonal cue is
available for such synchronization. Since most crickets are omnivorous,
their life cycles are not likely to be shaped by seasonal food supply.

The occurrence of all developmental stages at all times of year is
circumstantial evidence for homodynamic development. Such is the case
in Orocharis gryllodes (Walker, 1969a), Cyrtoxipha gundlachi, C. confusa
(Walker, 1969b, and unpublished), Gryllus assimilis (Alexander and
Walker, 1962), Scapteriscus abbreviatus (Walker, 1984), and Cycloptilum
slossoni (Love and Walker, 1979) in south Florida, Anurogryllus muticus
and A. celerinctus in the West Indies (Walker, 1973), and Speonemobius
litoreus in Somalia (Vannini and Chelazzi, 1978). Gryllodes supplicans
(formerly sigillatus), which originated in the tropics, is found at various
developmental stages even in higher latitudes, living in artificially heated
places throughout the year. Nevertheless, its growth is considerably af-
fected by photoperiod (Masaki, 1972; Arai, 1978a).

The climate may not be aseasonal even in tropical latitudes, where
there is often a clear cycle of moist and dry periods that causes differential
mortalities at different life stages. This may lead to evolution of a het-
erodynamic life cycle; therefore, the existence of a homodynamic life
cycle can be confirmed only by rearing or by close observations in the
field. Unfortunately, very few tropical crickets have been studied in this
way.

Teleogryllus occipitalis [formerly mitratus (Townsend, 1980)] from
Java and Sumatra (Masaki and Ohmachi, 1967), T. oceanicus from Tahiti
(Masaki, 1972) and Queensland (Hogan, 19655, 1966, 1971), Dianemobius
fascipes from Bali (Indonesia), and D. taprobanensis from Cebu (the Phil-
ippines) and Colombo (SriLanka) (Masaki, 1978a) are virtually free of
diapause and photoperiodism at any life stage, exemplifying the homo-
dynamic type of life cycle.
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Heterodynamic Life Cycles

Crickets, like most other organisms, may show different degrees of
tolerance to environmental exigencies at different stages. This is primarily
due to changes in size, structure, behavior, or physiological functions.
Moreover, different stages may require different resources. If there are
more or less regular seasonal changes, the temporal arrangement of life
stages may become crucial for survival. The life cycle should then be kept
in a more or less fixed phase relation with the environmental cycle. The
best-fit seasonal arrangement varies from one species to another, for it
should be coadapted with other species-specific physiological and eco-
logical traits to form an integrated system of adaptation.

Due to this seasonal homeostasis, the heterodynamic life cycles of
crickets can be classified into ten types as listed in Table I. The over-
wintering stage is the most important and convenient phase reference
point in the life cycle, since at this stage most variations in phase between
individual life cycles disappear. Each type of life cycle can thus be defined
by the overwintering stage or stages and voltinism (number of generations
produced a year).

Overwintering at all the three stages—egg, nymph, and adult—is
known in crickets (Table I), but generally each species overwinters in a
single stage. The exceptions are crickets with 2-year life cycles and some
species at low, temperate latitudes. The frequency distribution of different
stages for overwintering is far from random, suggesting that there are
constraints for the evolution of an overwintering strategy (Table II). Egg
overwintering is the most common type of cricket life cycle, representing
about 80% of the known cases in Japan and the eastern United States.
Second in frequency is nymph overwintering (~15%). Only a few species
are known to pass winter regularly as an adult.

Only for those species that have clearly defined overwintering stages
is the concept of voltinism meaningful. In a homodynamic cycle, the
succession of generations is not perceived as a population phenomenon,
since individual life cycles are not synchronized and there are no clear
peaks of adult emergence. Each of the egg-overwintering and nymph-
overwintering life cycles is divided into two types based on voltinism.
Most species are persistently univoltine or bivoltine within the known
ranges of their distribution, but some change from univoltine to bivoltine
or multivoltine cycles equatorward, and the latter may merge into hom-
odynamic cycles at lower latitudes. North Florida has more than ten spe-
cies in which voltinism is difficult to define (Table I). Nonetheless, an
apparent absence of young juveniles during winter months synchronizes
life cycles to some degree.
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TABLE I. Types of Cricket Life Cycles

Basic category Overwintering stage Voltinism Examples
Homodynamic Not defined Not defined Teleogryllus occipitalis
(tropical),® Gryllus
assimilis®
Heterodynamic Egg Univoltine Teleogryllus emma,*
Gryllus pennsylvanicus®
Bivoltine Dianemobius
nigrofasciatus,®
Oecanthus
quadripunctatus®
Nymph Univoltine Gryllus campestris,® G.
veletis,® Pteronemobius
nitidus”
Bivoltine Teleogryllus occipitalis
(subtropical),” Gryllus
rubens®
Adult Univoltine Gryllotalpa africana®
Egg or nymph Univoltine Gryllus firmus (North
Carolina)”
Nymph or adult Univoltine Scapteriscus vicinus’
Egg,’ nymph,” or Multivoltine Gryllus firmus (northern
adult Florida)”
Egg and nymph Semivoltine Nemobius sylvestris’
Nymph and adult Semivoltine Duolandrevus
coulonianus,*
Gryllotalpa africana®
4 Masaki and Ohmachi (1967). " Walker (1980a).
& Alexander (1968). ’ Hayslip (1943).
¢ Masaki (1973). 7 Gabbutt (1959a).
4 Walker (1963). K Tsuji (1951).
; Fuzeau-Braesch (1966). ! Only diapause eggs can overwinter.
4

Tanaka (1978a).
Okamoto et al. (1956).

Young nymphs are not found in winter.

The longest life cycle in crickets requires 2 years, i.e., it is semi-
voltine, and the two winters are passed at different stages. For example,
in the British Isles, Nemobius sylvestris passes the first winter as an egg
and the second as a nymph (Brown, 1978; Gabbut, 19594). In northern
Japan, Gryllotalpa africana overwinters as a nymph and again as an adult
before reproduction (Okamoto et al., 1956). Eggs that remain dormant
for 2 years, as found in some katydids, are not known in crickets.

In both the egg-overwintering and nymph-overwintering types, the
univoltine species outnumber the bivoltine or multivoltine ones. About
75% of heterodynamic crickets in Japan and the eastern United States
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TABLE IlI. Distribution of Life Cycle Types among Species of Crickets in Japan and
Eastern United States

Overwintering stage(s)

Generations per year

Locality Nymph Adult
(approximate Not and and
latitude) 12 1 2 defined Egg Nymph Adult adult egg

Japan

Hokkaido 1 9 0 0 8 1 0 1 0
(42—-45°N)

Tohoku m* 24 1Q1) 0 21 3 1 1 0
(37-41°N)

Kanto 1 35 4() 0 30 8 1 1 0
(35-37°N) :
Kyushu 1 29 7 0 26 9 1 1 0
(30-34°N)

United States

Southeastern 1 25 1 0 23 3 0 1 0
Ohio

(40°)

Central 1 22 7 0 26 3 0 1 0
Northern

Carolina

(359

Northern 0 17 12 12 19 2 1 3 4
Florida (30°)

“ Voltinism shown by smaller part of the population.

are univoltine (Table II). The egg-overwintering, univoltine life cycle is
the predominant type for crickets in temperate Japan and the United:
States.

Our use of overwintering stage as the basis for classifying hetero-
dynamic life cycles reflects the fact that seasonal cycles in crickets have
been studied almost entirely in temperate climates. Tropical insects often
diapause during tropical dry seasons (Denlinger, 1986), and we anticipate
that some tropical crickets have drought-passing stages that are analogous
to overwintering stages in temperate crickets.

Eastern and Western Tendencies

Comparison of cricket life cycles in Japan with those in North Amer-
ica reveals impressive similarity in the distribution of different types. On
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both sides of the Pacific, egg-overwintering is most common, nymph-
overwintering comes next, and adult-overwintering is rare. This similarity
suggests the importance of preadaptations shared by crickets in different
parts of the world in evolving temperate seasonal life cycles. The parallel
eastern and western tendencies are not ascribed to the same diapause
genes, because the taxonomic comparison (see below) strongly suggests
independent evolution in the two areas.

Another aspect of the life cycle similarity between the eastern and
western crickets can be seen in voltinism. North of 30°N univoltinism
seems to be prevalent among crickets. This is probably due to the rela-
tively slow rate of growth and high thermal threshold for growth in crickets
compared with insects that produce a number of generations each year.

Comparison of Taxonomic Groups

Similarity between eastern and western crickets becomes more im-
pressive if we examine distributions of various life cycles among different
taxonomic groups. In the subfamily Gryllinae, both egg-overwintering and
nymph-overwintering species occur in the Japanese islands and North
America. Most species are univoltine, but a few are bivoltine in Japan as
well as in North America: Telegryllus occipitalis (formerly taiwanemma)
(Masaki and Ohmachi, 1967), Velarifictorus parvus (Masaki, 1972) in
Japan, Gryllus rubens in North America (Alexander, 1957, 1968). In the
subfamily Nemobiinae, egg overwintering is the predominant type, but
only one in each of the two areas hibernates as a nymph: Pteronemobius
nitidus in Japan (Masaki and Oyama, 1963) and Nemobius [ Pictonemo-
bius] ambitiosus in North America (Alexander, 1968). Moreover, some
species in this subfamily are bivoltine in the southern half of their dis-
tribution in both the eastern and western temperate areas, probably re-
flecting their rapid rate of maturation due to small adult size (Alexander
and Thomas, 1959; Fulton, 1931; Masaki, 1978a,b, 1979a,b). In the
subfamily Oecanthinae, all species hibernate as eggs in both areas (Ohma-
chi and Matsuura, 1951; Walker, 1962, 1963). The rarest type, adult ov-
erwintering, is represented by Gryllotalpa africana in Japan and Neo-
curtilla hexadactyla in North America (Fulton, 1951; Okamoto ef al.,
1956), both belonging to the subfamily Gryllotalpinae.

These similar taxonomic distributions of life-cycle types are not due
to the direct inheritance of genes controlling the life cycle. In the Gryl-
linae, for example, not even one genus is shared by the two areas being
compared, except for recent immigrants. Both egg-overwintering and
nymph-overwintering forms are represented by Japanese members of the
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Afro-Asian genus Teleogryllus and by North American members of the
Euro-American genus Gryllus. Moreover, each genus includes homodyn-
amic tropical species, T. occipitalis in Asia and G. assimilis in America.
There is the possibility that some homodynamic species in each genus is
the ancestor of the heterodynamic temperate species. The similarity is
likely due to independent parallel evolution in the two areas. Adaptation
to temperate climates can occur repeatedly even in a single genus.

When the two closely related egg-overwinterers Teleogryllus emma
and T. yezoemma are crossed, diapause is not properly expressed in hy-
brid eggs, suggesting a different, and therefore an independent origin, of
their diapause genus (Ohmachi and Masaki, 1964). Based on electro-
phoretic data from five eastern species and two southwestern populations,
on the other hand, Harrison (1978) suggested that each of the nymph-
overwintering and egg-overwintering cycles has arisen only once in the
evolution of the genus Gryllus in North America. This does not, however,
refute the possibility stated above.

Regulation of Life Cycles

The various types of seasonal life cycles in temperate regions are
generally controlled by diapause and developmental characteristics, but
only about 1% of the known 3000 species of cricket have been studied
experimentally. The occurrence of egg diapause can be easily recognized
by the prolonged period of incubation at moderate temperatures. If eggs
obligatorily enter diapause of considerable intensity, a univoltine life cycle
is established. If diapause is facultative, the egg-overwintering life cycle
can be either bivoltine or univoltine. In either case, the developmental
rate in the nymphal stage is generally high compared with nymph-over-
winterers, and at least some species—such as Gryllus ovisopis, Teleo-
gryllus emma, T. yezoemma, and Velarifictorus micado (autumn form,
formerly aspersus) among univoltine species and Dianemobius nigrofas-
ciatus (formerly fascipes), D. mikado (formerly taprobanensis), and D.
csikii among bivoltine species—control the timing of maturation, and
therefore of oviposition, by response to photoperiodic cues.

On the other hand, nymph-overwintering species generally lack the
ability to enter diapause at the egg stage, and their nymphal growth is
somewhat slower than egg-overwintering species, at least under certain
photoperiods (even at high temperatures).

The contrast between egg-overwintering and nymph-overwintering
crickets was illustrated for the genus Gryllus by Bigelow (1962). At high
temperatures, however, nymphs of nymph-overwintering species contin-
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ued to feed and grow, though at a reduced rate, and diapause was not so
clear as in the egg stage. However, photoperiodic control combined with
the seasonal change in temperature would ensure nymphal overwintering.

The diapause and development characteristics in each type of life
cycle are summarized in Table III. Further details of the responses in-
volved will be discussed below, following the life stages from egg to adult.
We shall then discuss the evolution of such physiological functions and
its impact on speciation.

EGG STAGE

Water Uptake

Cricket eggs, when deposited, contain all the necessary materials for
embryogenesis but water. As in other insects that lay their eggs in moist
substrates (such as soil or plant tissue), cricket eggs absorb water through
their shells when the embryo has reached a particular stage of develop-
ment (Fig. 1). In Teleogryllus commodus, this occurs just before the em-
bryo reaches the stage at which diapause occurs (Browning, 1953, 1965).
In eggs of Acheta configuratus, Gryllodes supplicans, and two sibling
species of Acheta domesticus (Canadian and Pakistani), the time of water
absorption is generally the earlier, the more rapid is embryonic devel-
opment, indicating that the embryonic stage during which water is ab-
sorbed is similar among them (McFarlane et al., 1959). However, water
can be taken in without the embryo; the serosa and yolk cleavage are
responsible for water absorption in Scapsipedus marginatus (Grellet,
1971). In any case, the eggs must absorb water in order to develop beyond
a certain stage, and the amount of water absorbed varies from about 60
to 120% of the weight of newly laid eggs, depending on the species or
strain (McFarlane et al., 1959; Browning, 1965).

This water requirement seems to be universal among crickets, and
all the observed nondiapause eggs of Dianemobius fascipes, D. tapro-
banensis, Pteronemobius nitidus, Velarifictorus parvus, Gryllus bima-
culatus (S. Masaki, unpublished data), Scapteriscus acletus, and S. vi-
cinus (T. J. Walker, unpublished data) show a clear increase in egg size
at certain times after deposition. When an egg undergoes diapause, water
uptake occurs either before or after diapause, but this timing is fixed for
each species. Thus, Teleogryllus emma, T. yezoemma, Velarifictorus mi-
cado (autumn form), and Gryllus pennsylvanicus absorb water before en-
tering diapause, while Loxoblemmus aomoriensis, Dianemobius nigro-
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FIG. 1. Swelling due to water uptake of eggs of Teleogrylius emma at various temperatures. Width
is given in units of 1/50 mm. [From Masaki (1960).]

fasciatus, D. mikado, and Pteronemobius ohmachii mainly do so only
after the completion of diapause (Masaki, 1960). In the latter case, swell-
ing is an unmistakable sign of the egg’s termination of diapause. The fact
that water absorption can take place either before or after diapause in-
dicates that water supply is not generally involved in the induction of
diapause. The shell is persistently permeable to water throughout the egg
stage in Teleogryllus commodus (Browning, 1969a,b; Browning and For-
rest, 1960). In Acheta domesticus, as far as is shown by water loss in an
unsaturated atmosphere, the shell is more permeable during the period
of water absorption than either before or after (McFarlane and Kennard,
1960). This conflicts with the observation that diapause-eliminated eggs
of T. commodus and nondiapause eggs of T. oceanicus are much more
sensitive to desiccation prior to the period of water uptake (Hogan, 1967).
Most studies agree that water enters the egg through the general surface
rather than through special structures.

Water uptake by eggs after oviposition contributes to the fitness of
female crickets, since a larger number of ‘‘condensed’’ eggs will fit into
the restricted space of the body cavity than fully hydrated ones. However,
this imposes selection pressure on the length of ovipositor. Among Japa-
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FIG. 2. Differences between observed means of ovipositor length OL and calculated values oL
based on the interspecific allometric equation In OL = 2.06 In HW — 3.94, where HW is head
width, in ground crickets belonging to Dianemobius and Pteronemobius. Along the abscissa, spe-
cies are arranged according to the moisture conditions of their habitat (from dry to moist) as
indicated on the right. Multiple points for a single species represent means of widely separated
geographical samples. (1) D. csikii, (2) D. mikado, (3) D. taprobanensis, (4) D. nigrofasciatus, (5)
D. fascipes, (6) D. furumagiensis, (7) unidentified species, (8) P. flavoantennalis, (9) P. nigrescens,
(10) P. nitidus, (11) P. ohmachii. [From Masaki (1986).]

nese ground crickets, there is a tendency for species inhabiting drier
places, such as Dianemobius csikii, D. nigrofasciatus, and D. mikado, to
have longer ovipositors than those inhabiting moist places, such as Pter-
onemobius nitidus, P. ohmachii, and P. nigrescens (Fig. 2). A longer
ovipositor, capable of inserting eggs deeper into the soil, is clearly more
adaptive in drier sites than in moist sites, for it confers on the eggs a
better chance to absorb water and also better protection against water
loss.

Temperature Requirements for Embryogenesis

About 30 species of crickets have been examined for their duration
of embryogenesis. These include species of Gryllinae, Nemobiinae, Oec-
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FIG. 3. Development time in nondiapausing or postdiapausing eggs of crickets as a function of
temperature. Data from about 30 species; various sources.

anthinae, and Gryllotalpinae that have different geographical ranges, hab-
itat preferences, egg sizes, and life cycles (e.g., Bell, 1979; Bigelow, 1962;
Masaki, 1960; Okamoto et al., 1956; Rakshpal, 1964). Despite their eco-
logical diversity, their durations of embryogenesis as a function of tem-
perature are very similar (Fig. 3). Data on the means or modes of non-
diapausing and postdiapausing incubation period were combined, since
diapause sets in within a few days after oviposition and embryogenesis
occurs largely in the postdiapause stage.

A conventional hyperbolic function fitted to the data in Fig. 3 de-
scribes the relation between the incubation period Y in days and the tem-
perature X in °C as

(X — 14.4)Y = 201.0

Browning (1952a) fitted a logistic equation to the development rate (1/ Y)
of Teleogryllus commodus eggs after cold treatment. Others (e.g., Logan
et al., 1976) have used even more complicated equations for similar data;
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however, the accuracy of data in Fig. 3, from various species obtained
by various workers, allows only rough fitting to any model. The hyper-
bolic equation estimates the development threshold as 14°C and thermal
constant as 201 day-deg.

Utida (1957) compiled a frequency distribution of the development
thresholds of insects and showed that a peak occurred between 10 and
12°C. Crickets, as eggs, are therefore thermophilous—i.e., they require
higher temperatures for development than many other insects.

Intensity of Diapause at High Temperature

Even though most crickets enter diapause as eggs, the morphological
state of the diapausing embryo has been examined only in a few species.
Three species in the Gryllinae, Teleogryllus commodus in Australia
(Brookes, 1952; Browning, 1952b; Hogan, 1960a), T. emma in Japan
(Umeya, 1950), and Gryllus pennsylvanicus in North America (Rakshpal,
1962b,e), enter diapause at similar early stages in anatrepsis. Since these
species are distributed in widely separated parts of the world, their similar
diapause stages are the result of convergent evolution. Homoeogryllus
Japonicus enters diapause at a somewhat earlier stage (Umeya, 1950).
Allonemobius fasciatus is able to enter diapause at two different embry-
onic stages. A summer diapause intervenes at an early stage in anatrepsis
at 30°C, and a winter diapause at a later stage before catatrepsis at 20°C.
If eggs diapausing at 30°C are transferred to 20°C, they resume devel-
opment, but again enter diapause as they reach the stage for winter dia-
pause (Tanaka, 1984). We have no example of crickets having diapause
during catatrepsis or later. There may be some physiological preadap-
tation or constraint for the evolution of diapause at these particular stages.
During the embryogenesis in Gryllus veletis, which has no egg diapause,
there are three phases of sudden rises in respiratory metabolism: in an-
atrepsis to postanatrepsis, postkatatrepsis, and prehatching periods
(Rakshpal, 1962¢). The observed diapause stage in other species seems
to be linked to the first phase, but the physiological implication is un-
known. ~

During diapause the respiratory rate remains low even at high tem-
peratures (MacFarlane and Drummond, 1970; Rakshpal, 1962f). In con-
trast to the rather uniform rate of embryogenesis, the duration of egg
diapause at high temperatures is highly variable among different species
(Fig. 4), among populations in the same species (Fig. 19), and even among
individuals in the same population (Fig. 5). In some species of crickets,
the temperature ranges for the completion of diapause and for embryo-
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FIG. 4. Mean duration of diapause (including a few days of prediapause development) in several
species of cricket at constant temperatures. (A) Teleogryllus emma, (A*) T. emma from Tsu (34°N),
(B) Velarifictorus micado (autumn form), (C) Loxoblemmus aomoriensis, (D) Dianemobius nigro-
fasciatus, (D*) D. nigrofasciatus from Tsu, (E) D. mikado, (F*) T. commodus from Adelaide (35°S).
All samples without asterisk are from Hirosaki (40°N). The curve is the development time versus
temperature hyperbola redrawn from Fig. 3 to show what values were subtracted from total de-
velopment time to yield the plotted points. [Data from Masaki (1960) and unpublished observations.]

genesis overlap broadly, and diapause eggs may hatch without any ex-
posure to cold (Browning, 1952b,c; Hogan, 1960a; Masaki, 1960, 1962,
1963, 1965, 1978a; Masaki et al., 1979; Mclntyre, 1978; Rakshpal, 1962e¢,
1964; Tanaka, 1984; Walker, 1980a). The duration of diapause can there-
fore be measured at constant temperatures without any complicating in-
fluences of temperature change.

Masaki (1960) compared several species of egg-diapausing crickets
from Hirosaki (40.5°N) at constant temperatures. The mean duration of
the egg stage varies considerably from species to species inhabiting the
same locality and therefore exposed to similar climatic conditions. If the
duration of nondiapause or postdiapause egg stage is subtracted from the
entire incubation period, the approximate duration or intensity of diapause
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FIG. 5. Distribution of duration of egg stage at 25°C in a bivoltine strain of Dianemobius mikado,
showing bimodality due to nondiapause and diapause pathways of development. These eggs were
laid by females reared in various photoperiods (11L:13D to 16L:8D). [From Masaki (1979a).]

at each temperature is obtained (Fig. 4). The duration of diapause varies
from one species to another at each temperature and also with temperature
in each species. In most cases the mean duration of diapause falls between
2 and 4 months. It varies with temperature in different ways in different
species. In Teleogryllus emma from Hirosaki (Fig. 4A), the mean duration
of diapause varies less than 5 days when temperature is increased from
20 to 25 to 30°C, i.e., the duration of diapause is almost perfectly tem-
perature-compensated. On the other hand, Dianemobius nigrofasciatus
(Fig. 4D) shortens its diapause stage at 25 or 30°C to nearly half that at
20°C. Although overall incubation period in D. mikado at 30°C is slightly
shorter than at 25°C, this is due to accelerated embryogenesis, and the
time spent in diapause is shortest at 20°C, giving the rate of diapause
completion a negative thermal coefficient between 20 and 25°C (Fig. 4E).
A remarkable positive coefficient for diapause completion is found
in Teleogryllus commodus (Fig. 4F*). The mean duration of diapause
varies from 80 to only 20 days with a temperature rise from 20 to 30°C
and shortens further and almost vanishes at 35°C (Masaki et al., 1979).
The maintenance of diapause at high temperatures is ecologically
important, since eggs laid early in adult life should persist in diapause
under warm conditions before winter. The observed intensity of diapause
in the morphogenetic range of temperature seems to meet this require-
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ment. In Pteronemobius ohmachii, diapause is more intense than in the
examples given above, and this is presumably related to its rapid nymphal
growth being completed in July, about 1 month earlier than other local
univoltine egg-overwinterers. At 20°C the egg stage lasts on the average
224 days, twice as long as that of 7. emma or D. mikado. At higher
temperatures, many eggs fail to hatch in 300 days. This firm diapause
keeps eggs in diapause until winter even when they are laid before the
height of summer. In a semivoltine population of Nemobius sylvestris,
the egg diapause seems to be even more intense, and all eggs fail to hatch
when kept constantly at 20°C (Brown, 1978).

In Teleogryllus emma, diapause is intensified by an exposure to high
temperature at the early egg stage (Masaki, 1962). This is probably an
adaptation to maintain diapause before winter. When eggs of the Tsu
(34°N) strain of this field cricket are kept at constant temperatures, the
mean duration of incubation is 96 days at 30°C and 157 days at 20°C. If
the eggs are exposed to 30°C for 8 days before incubation at 20°C, the
duration of egg stage is prolonged by more than 1 month—from 157 to
193 days. Conversely, incubation at 30°C after exposure to 20°C for 20
days shortens the egg stage from 96 to 88 days.

This effect of temperature on the intensity of diapause changes during
the course of diapause. When eggs of the Hirosaki strain of T. emma are
exposed to 30°C for various periods before incubation at 20°C, the total
incubation time increases with increased high-temperature exposure up
to about 14 days, after which the effect gradually decreases (Fig. 6). The
intensification of diapause by high temperature may decrease the risks of
untimely hatching of those eggs laid early in the reproductive season. In
Allonemobius fasciatus and Gryllus pennsylvanicus, the intensity of dia-
pause decreases as eggs are laid later in autumn (Tanaka, 1984; Rakshpal,
1962b). This variation appears to be due to a maternal influence, but the
actual environmental factor involved remains unknown.

Diapause Termination by Low Temperature

Like the eggs of many other hibernating insects, eggs are able to
complete diapause at temperatures well below the developmental thresh-
old. When diapausing eggs of Teleogryllus emma are incubated at 25°C
after exposure to 5-10°C for 2-3 months, they resume development with-
out appreciable delay and a clear peak of hatching occurs in 2-3 weeks
(Masaki, 1962, 1963, 1965). Such eggs completed all or nearly all of dia-
pause development during exposure to cold. The proportion of eggs hatch-
ing in 2-3 weeks increases in a sigmoid fashion as a function of the du-
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FIG. 6. Intensity of diapause in Teleogryllus emma eggs as a function of duration of exposure
(from deposition) to a high temperature (30°C). Diapause intensity is represented by duration of
the egg stage (ordinate). Shaded area indicates the lengthening of diapause due to the high-
temperature treatment. Postexposure incubation was at 20°C. [Data from Masaki (1962).]

ration of cold. From such a curve the median effective duration of cold
can be determined (Browning, 1952b,c).

The termination of diapause by artificial or natural exposure to cold
has also been observed in Loxoblemmus aomoriensis (Masaki, 1960), Te-
leogryllus yezoemma (Masaki, 1961), T. commodus (Browning, 1952b,c;
Hogan, 1960a; Masaki et al., 1979), Oecanthus nigricornis (Bell, 1979),
Gryllus pennsylvanicus (Rakshpal, 1962d,e), Nemobius sylvestris (Brown,
1978), N. allardi (Rakshpal, 1964), Pteronemobius nigrovus (Mclntyre,
1978), and P. ohmachii, Dianemobius nigrofasciatus, and D. mikado (Ma-
saki, 1960).

Among these, T. commodus has been studied most extensively.
Browning (1952¢) determining that 12.7°C is the optimum for promoting
diapause development in treatments of eggs before the morphological
stage of diapause, and that a lower temperature, say 8.5°C, is less effec-
tive. Hogan (1960a), using eggs already in diapause stage, found 10°C to
be near the optimum in the nonfreezing range of temperature. He also
observed that the time of cold exposure required for terminating diapause
was shorter when the subsequent incubation temperature was higher. Sim-
ilar tendencies are found in Loxoblemmus aomoriensis and Dianemobius
nigrofasciatus (Masaki, 1960). Masaki et al. (1979) analyzed such inter-
actions of temperatures in more detail with T. commodus and discovered
that, in the late stage of diapause, a high temperature exerted a diapause-
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terminating effect within a short period of time even without any previous
exposure to cold. Thus, when eggs of this cricket that have been dia-
pausing for about 60 days at 20°C are exposed to 30°C for only 3 days
and returned to 20°C, many of them resume development and a clear peak
of hatch occurs. A temperature rise seems to serve as a trigger for the
resumption of development. Therefore, the effect of cold exposure on the
diapause termination should be interpreted carefully, since the result may
vary with the subsequent incubation temperature.

Hogan (1960b) ended diapause in 7. commodus eggs by experimen-
tally exposing them to temperature as low as —16.5°C. The rate of ter-
mination showed a negative temperature coefficient between —16.5 and
+5°C. Only a 20-min exposure was required to terminate diapause at
—16.5°C. On the other hand, exposure to —5 to —6°C for 2-3 weeks did
not show any effect on the termination of diapause in the eggs of Gryllus
pennsylvanicus (Rakshpal, 1963). The effect of subzero temperature in 7.
commodus is probably due to some disturbance of the mechanism main-
taining diapause and has no ecological significance. In the field the eggs
of this field cricket do not usually experience subzero temperature. How-
ever, these effects of subzero temperature, together with those of urea
and ammonia, may provide means of approaching the physiological mech-
anism of diapause (Hogan, 1961, 1962a,b, 1964, 1965a; MacFarlane and
Hogan, 1966).

Tolerance to Cold

Prediapause eggs of Telegryllus commodus are highly susceptible to
cold (Hogan, 1960b). Even at 5°C all die within 25 days. At freezing
temperatures, much shorter periods of exposure are lethal: about 120 hr
at 0°C, 4 hr at —7.5°C, and 3 hr at —10°C. At the diapause stage, the
eggs become more resistant and survive 2 months at 5°C. The association
of cold tolerance with diapause is also shown by comparison with non-
diapausing eggs of T. oceanicus from Queensland. In these eggs the mor-
tality reaches 100% after 3 months at 12°C, while none of the diapausing
eggs of T. commodus die (Hogan, 1966). Even in the latter, however,
freezing temperatures are detrimental, and 50% mortality is reached in
~16 days at 0°C, 15 days at —5°C, and 9 days at —7.5°C. The eggs can
withstand —10°C for only a few days (Hogan, 1960b).

High susceptibility to low temperatures, even to those well above
0°C, at the prediapause stage and an increased tolerance at the diapause
stage are also demonstrated for 7. emma (Fig. 7) (S. Masaki, unpublished
data) and Gryllus pennsylvanicus (Rakshpal, 1962d, 1963). In the diapause
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FIG. 7. Egg mortality and percentage hatching (ordinate) at 25°C following prolonged exposure
to about 10°C at various times after egg deposition (abscissa) in Teleogryllus emma. Each point
represents the mean of five cold exposures of 40-80 days. [S. Masaki (unpublished data).]

stage, T. emma is more cold-hardy than T. commodus, for it can survive
exposure to 0-1°C for more than 4 months (Masaki, 1963, 1965). Post-
diapause eggs of G. pennsylvanicus can withstand 6-7°C for 3 months,
an exposure that is lethal to freshly laid eggs (Rakshpal, 19624d).

Glycerol, known as an antifreezing substance in some insects, is ac-
cumulated in the ovaries of T. emma and passes into the fresh eggs;
however, its concentration drops sharply before the diapause stage is
reached. Its bearing on the cold tolerance of the eggs is not known (Irie
et al., 1979).

Incidence of Diapause

Typical univoltine egg-overwinterers, such as Teleogryllusemma, T.
yezoemma, Loxoblemmus aomoriensis (Masaki, 1960), Gryllus pennsyl-
vanicus (Bigelow, 1958, 1960a, 1962; Rakshpal, 1962a), and G. ovisopis
(Walker, 1974, 1980a) produce only diapause eggs. Their diapause is oblig-
atory in the sense that no environmental modification of its incidence
occurs in the range of normal ecological conditions.

On the other hand, bivoltine species can select one of two possible
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FIG. 8. Percentage diapause as a function of parental photoperiod in eggs of the Hachioji strain
of Dianemobius nigrofasciatus (35°N). (®) 27°C, (x) 23°C. [T. Kidokoro (unpublished data).]

pathways: diapausing or nondiapausing. This facultative diapause is pro-
grammed through interaction between the genotypes and seasonally
changing environmental conditions. Examples are afforded by several
species of ground cricket, Dianemobius nigrofasciatus, D. mikado, D.
csikii, and Pteronemobius ohmachii in Japan (Masaki, 1973, 1978a, 1979a)
and Pteronemobius bigelowi and P. nigrovus in New Zealand (MclIntyre,
1978). In Nemobius sylvestris in Europe, the egg diapause seems to be
facultative, because it occurs in the northern semivoltine population with
both nymph- and egg-overwinterings, but is averted in the southern uni-
voltine populations with only nymph-overwintering (Brown, 1978). Many
other bivoltine species of ground crickets and tree crickets should also
have facultative egg diapause (e.g., Allonemobius fasciatus, Oecanthus
argentinus, Q. celerinictus, and O. quadripunctatus in the southeastern
United States, and O. indicus in southern Japan).

Factors responsible for programming egg diapause in crickets are not
well known. A few analyzed examples indicate that day length, the most
reliable seasonal cue, is an important factor. As might be expected, the
environmental determination of egg diapause is mainly a maternal func-
tion. In both D. nigrofasciatus and D. mikado, females reared in long
days lay nondiapause eggs and those reared in short days lay diapause
eggs (Fig. 8) (Kidokoro and Masaki, 1978; Masaki, 1973, 1978a). The
expression of this maternal photoperiodic response is suppressed by a
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FIG. 9. Percentage diapause as a function of incubation temperature in eggs of Teleogryllus
commodus. (®) Data by Hogan (1960a); (A) data by Masaki et al. (1979).

low temperature, and many diapause eggs are produced even in long days.
When day length is shifted from long to short or vice versa during the
adult life, the type of eggs laid switches (Kidokoro and Masaki, 1978).
Therefore, photoperiodic determination of egg diapause proceeds during
oogenesis.

The maternal influence is to some extent modified by temperature
acting directly on eggs. Adults of D. nigrofascitus at Tsu (34°N) in October
lay diapause eggs, which hatch after 75-152 days at 20°C. However, about
5% hatch between days 20 and 30 at 25°C and about 11% between days
14 and 21 at 30°C, that is, in times corresponding to the duration of non-
diapause development at respective temperatures (S. Masaki, unpub-
lished observations). A more remarkable effect of high temperature is
seen in T. commodus; the critical temperature is about 23°C, below which
all viable eggs enter diapause and above which the percentage diapause
decreases with increasing temperature (Fig. 9) (Hogan, 1960a; Masaki et
al., 1979). Most eggs become free of diapause at 35°C. Eggs are most
sensitive to this effect of temperature 5—-6 days after oviposition at 23.3°C
(Hogan, 1960a). Whether this temperature dependence of diapause is
common or not among crickets is not known, but Walker’s (1980a) data
suggest that it occurs in Gryllus firmus. At least some strictly univoltine
species, such as T. emma and L. aomoriensis, fail to avert diapause at
30°C. By contrast, Allonemobius fasciatus may avert summer diapause



