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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(Walker, 1969b, and unpublished), Gryllus assimilis (Alexander and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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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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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



Cricket Life Cycles 369

100 o e o a0 o

A
°
< i A
)]
o L
o
w
° 50F
("]
3 L
3 °
o -
o °
i °
A
o 1 1 1
10 20 30 35

Incubation Temperature (°C)

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
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at 20°C, but not at 30°C, although winter diapause at a later embryonic
stage occurs at either the low or the high temperature (Tanaka, 1984).

Genetic Control of Egg Diapause

Although egg diapause in bivoltine ground crickets is apparently ma-
ternally induced, crosses between species with and without egg diapause
demonstrate a direct effect of genes of the male parent. For example, in
eggs from crosses between Gryllus pennsylvanicus females and G. assi-
milis males, the latter’s nondiapause character is strongly expressed and
most eggs hatch in 19 days (Bigelow, 1960b). Hogan (1965b) crossed the
nondiapausing Ayr (19°S) population of Teleogryllus oceanicus to the dia-
pausing Brisbane (27°S) and Melbourne (37°S) populations of 7. com-
modus. In all the combinations including Ayr males or females, the eggs
hatched in a period almost comparable to the nondiapause egg stage (see
also Bigelow and Cochaux, 1962; Hogan, 1966). However, close mor-
phological observations and measurements of the respiratory rate re-
vealed a brief period of diapause whenever the male parents were the
diapausing species (MacFarlane and Drummond, 1970).

When Teleogryllus occipitalis, a species that lacks egg diapause, is
crossed with either of two egg-diapausing species T. emma and T. ye-
zoemma, many hybrid eggs hatch within a short period, but the hatching
peak is delayed for a few days and a small proportion of eggs persist alive
after all eggs of the nondiapausing species have hatched (Ohmachi and
Masaki, 1964). There was no clear difference between the reciprocal
crosses.

The above four instances of crosses between diapause and nondia-
pause species have hybrid eggs in which diapause was remarkably short-
ened, if not completely averted. This similarity may or may not be as-
cribed to a common physiological mechanism, but there is no reason to
assume a common genetic background. Unfortunately, further genetic
analysis is not possible because most of these hybrids are sterile.

On the other hand, fertile hybrids can be obtained between the au-
tumn (egg-diapausing) and summer (nymph-overwintering) forms of Ve-
larifictorus micada (M. Watanabe, unpublished data) (Fig. 10). At 25°C
the egg stage is on the average about 2 months longer in the former than
in the latter. The reciprocal hybrid crosses produce eggs showing two
peaks of hatch, corresponding to nondiapause and diapause incubation
periods, respectively. The mean incubation time is more or less inter-
mediate between the parental forms. A similar situation persists in F,
eggs. The F; eggs derived from F, eggs that had hatched in 10-29, 46—
75, and 85-134 days were incubated separately. All three groups showed
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bimodal hatching curves and the mean hatching times were again inter-
mediate between the summer and autumn forms. This suggests that hy-
brids have a polygenic system that produces a unimodal distribution of
diapause intensity that translates, via a threshold effect, into a bimodal
distribution of hatching times. In other words, diapause and nondiapause
are not discrete, genetically segregating traits; and quantitative variations
determine both the proportion and intensity of diapause.

NYMPHAL STAGE

Number of Molts

In crickets, the number of molts to reach adulthood varies consid-
erably from species to species and also in the same species, due to either
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genetic variation or environmental modification (Table IV). Information
is available for only about 30 species, and no general tendency in the
variation is apparent. Fulton’s (1915) early observations on six North
American species suggest constancy of five juvenile instars in the Oec-
anthinae, the smallest number of molts known for crickets. In other
subfamilies, the number of nymphal instars is more variable. Fewer than
five has not been reported, and the largest recorded number is 14 [Acheta
domesticus (Bate, 1971)]. Practically the whole range of variation may be
found even in a single species [Gryllus sp. from Algeria (Fuzeau-Braesch,
1975)].

Some variations in number of molts may be genetic. Under the same
room conditions, the northern Hokkaido strains of Teleogryllus ye-
zoemma mature after seven instars, while the southern Honshu strains
usually take eight instars. This increased number of ecdyses accompanies
increased development time and adult size (F. Ichinohe, unpublished data;
Masaki, 1966). From the association of development time with number
of molts, it can be predicted that the latter may be modified by exogenous
factors affecting growth and differentiation. As will be shown later (pp.
376-382), crickets regulate their nymphal development in response to
photoperiod, and this seems to be accomplished partly through the timing
and number of molts. The egg-overwintering ground crickets Dianemo-
bius nigrofasciatus and D. mikado mature after six nymphal stages in
short days (12L:12D or 13L:11D), but require two or three additional
molts during the prolonged nymphal stage in long days (14L:10D or
16L:8D) (S. Masaki, unpublished data).

At 12L:12D and 28°C, the nymph-overwintering Pteronemobius ni-
tidus molts six or seven times to reach the penultimate instar, but the
number of molts increases with longer photoperiods. In 15L:9D, the pen-
ultimate instar as identified by the reversion of the wing pads may be the
eighth, ninth, tenth, or even 11th instar (Tanaka, 1979). A similar effect
of photoperiod is observed at 20°C, although the number of instars is
generally fewer than at the higher temperature.

Another nymph-overwinterer, Gryllus campestris, shows a similar
trend (Ismail and Fuzeau-Braesch, 1972b), but its Algerian relative (gril-
lon d’Algerie) has in most cases five nymphal instars (range five to nine)
in 16L:8D while three or more supernumerary instars may occur in
8L:16D. In the latter case the number of molts ranges from five to 13
(Fuzeau-Braesch, 1975). Therefore, the molting response to similar
changes in photoperiod may differ from species to species, reflecting spe-
cies-specific ways of seasonal adaptation.

The effect of temperature is also variable. In P. nitidus there are
subtle interacting influences between temperature and photoperjod. In a



TABLE IV. Number of Molts in Crickets

Number of molts

Subfamily and species S

7 8 9 10 11 12 13 14

Oecanthinae
Oecanthus niveus®
O. angustipennis®
O. quadripunctatus®
O. nigricornis®
O. pini®
O. latipennis®
Eneopterinae
Calyptotrypus hibinonis®
Cardiodactylus novaeguineae®
Phalangopsinae
Homoeogryllus japonicus
Nemobiinae
Allonemobius fasciatus®
Nemobius sylvestris”
Dianemobius nigrofasciatus®
D. mikado®"
Pteronemobius nitidus’
Gryllinae
Gryllus bimaculatus’
G. campestris*
G. sp. (gryllon d’Algerie)’ X
Teleogryllus yezoemma™
T. commodus”
Acheta domesticus®??
A. configuratus®
Gryllodes supplicans®
Plebeiogryllus guttiventris”
Velarifictorus micado (autumn
form)*®
Loxoblemmus doenitzi'
L. equestris*
Anurogryllus muticus®
Duolandrevus coulonianus”
Gryllotalpinae
Scapteriscus acletus*
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short photoperiod of 12L:12D, most nymphs pass through one or two
more instars at 20°C than at 28°C, but the situation is reversed in long
photoperiods of 14L:10D and 15L:9D (Tanaka, 1979). In Gryllus bima-
culatus reared at 16L:8D, the number of instars tends to decrease with
increasing temperature under both constant and fluctuating conditions
(Merkel, 1977). In this homodynamic species, higher protein content of
the food decreases the number of instars, which varies from 8 to 11 in
different rearing conditions.

In terms of interspecific comparison, number of molts is not nec-
essarily correlated with adult size. Nemobiinae, the group with the small-
est adults, has 612 molts, depending on the environmental conditions.
This is quite comparable to groups having larger adults, such as Gryllus
or Teleogryllus (Table IV).

Effect of Temperature on Nondiapause Growth

Like most other orthopterans, crickets grow at moderate to rather
slow rates. The growth rate of course varies as a function of temperature.
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FIG. 11. Duration of nymphal development in crickets as a function of temperature. Various spe-
cies and sources; for further explanation, see text.
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TABLE V. Thermal Parameters for Nymphal Development in Four Species of

Crickets
To, K,
Species °C day °C Notes Reference
Gryllus bimaculatus 19 469 Isolated Fuzeau-Braesch
‘ 18 518 Crowded and Ros (1965)
Acheta “‘domesticus’’® 16 683 Canadian Ghouri and McFarlane
13 717 Pakistani (1958a)
Gryllodes supplicans 16 606 Crowded Arai (1978a)

¢ The Canadian and Pakistani strains of A. domesticus are actually sibling species (Ghouri
and McFarlane, 1957).

To give some idea of the development rate of cricket nymphs, data on
nymphal duration under known temperature conditions are plotted in Fig.
11. Factors other than temperature—such as food, crowding, or photo-
period—also affect nymphal development. When development time was
measured under two or more states of one factor at the same temperature,
the shorter time was plotted (as an estimate of the maximum rate).

Compared with the similar graph for the egg stage (Fig. 3), the plotted
points scatter widely, meaning that nymphal development is more variable
than egg development among different species (7% of the regression of rate
on temperature was 0.54 for nymphal development and 0.80 for egg de-
velopment). Moreover, many species with different development times
have been tested only within restricted ranges of temperature. Under such
circumstances, computation of the common regression of developmental
velocity on temperature is meaningless. The thermal parameters—the
thermal constant K and the lower developmental threshold T,—can be
estimated only for a few species tested over a reasonably wide range of
temperatures (Table V). The five estimates of T, are all higher than the
mode of the frequency distribution of T, for insects, showing that these
crickets are thermophilous in the nymphal stage as in the egg stage. The
upper threshold for normal development also seems to be high, close to
40°C. Since all these species are of tropical or subtropical origin, their
thermophilous characters may not represent the general trend among
crickets. Species occurring in cooler climates may have lower tempera-
ture requirements. Tanaka (1983) measured the duration of penultimate
instar in the nondiapausing nymphs of P. nitidus at different temperatures
under long-day conditions (16L:8D) and obtained T, = 13°C and K =
132 day °C for this single stage.
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Group Effect on Development

One of the classic examples of group effect on growth is provided
by a cricket species. In Acheta domesticus, growth is accelerated in
crowded cultures as compared with isolated ones (Chauvin, 1958;
McFarlane et al., 1984). The effects of rearing density also have been
examined in Gryllodes supplicans (McFarlane, 1964a,b, 1966a,b; Masaki,
1972; Arai, 1978a). Plebeiogryllus guttiventris (Dakshayani and Mathad,
1973, 1975), and Gryllus bimaculatus (Fuzeau-Braesch and Ros, 1965).
In these crickets, nymphal development time tends to be less in groups.
Crowding may also result in smaller adults (McFarlane, 1964b).

Plebeiogryllus guttiventris clearly shows an optimum density (10 in-
dividuals per 850-ml jar), at which the development time is decreased by
about 18% (10 days) and the adult weight is increased by about 40-50%
compared with rearing in isolation (Dakshayani and Mathad, 1973).

Other effects of crowding are in body color and wing development.
Crowded hoppers of G. bimaculatus become lighter in color than isolated
ones (Fuzeau-Braesch 1960). Effects of crowding on wing polyphenism
will be discussed in a later section (p. 387).

Photoperiodic Effect on Nymph Overwinterers

Although less than two dozen species of crickets have been exam-
ined, the photoperiodic control of nymphal development seems to be quite
common, if not universal, among temperate crickets (Table III). Even
strictly univoltine species with either egg or nymphal diapause utilize
photoperiodic cues to harmonize their life cycles with the seasons.

In Gryllus campestris, diapause usually occurs at the penultimate
instar unless prediapause development is prolonged by low temperature.
The time taken to reach the diapause instar is shorter and the weight gain
is faster in short days than in long days (Fuzeau-Braesch, 1963, 1965,
1966). The feedback programming of diapause compensates for delayed
or accelerated development preceding the penultimate stage. Shortening
of photoperiod thus exerts such a synchronizing effect that all individuals
arrive at the penultimate stage before autumn irrespective of variable
dates of birth. This response is highly effective in stabilizing the univoltine
life cycle.

An Algerian species of Gryllus has a more labile seasonal life cycle:
some individuals undergo a univoltine cycle and others a bivoltine one,
although the nymphs hibernate in both cases. In contrast to G. campestris,
diapause occurs before the penultimate instar, and development is clearly
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prolonged at 30°C in days of 8L: 16D compared with LL or 16L:8D (Fu-
zeau-Braesch, 1975). It is inferred that this polymorphic life cycle is an
adaptation to the unstable continental Mediterranean climate in highland
Algeria.

The photoperiodic response of Pteronemobius nitidus is another well-
analyzed example of univoltine nymph-overwintering cycle. This ground
cricket shows a response somewhat similar to that of G. campestris before
the diapause stage. The nymph grows faster in short days than in long
days. In other respects, its mechanism of seasonal regulation is unique.
First, diapause in a later instar occurs at 20°C as well as at 28°C, and is
not averted even when the initial development is delayed by low tem-
perature (Tanaka, 19784). Second, although diapause intervenes in any
stationary photoperiod ranging from 12L:12D to 16L:8D, the diapause
instar as counted from hatching varies as a function of photoperiods (Tan-
aka, 1979). Third, the nymphs are susceptible to diapause either before
or after the reversion of the wing pads. Therefore, an overwintering pop-
ulation comprises a wide range of developmental stages, although the
penultimate is the most common (Tanaka, 1983). Finally, the nymphal
diapause is continually under the control of photoperiod. Although some
nymphs terminate diapause in any stationary photoperiod between
13L:11D and 16L:8D at 28°C, others fail to mature and persist as nymphs
for more than 140 days. When nymphs kept in short days are transferred
to long days, however, they begin to mature in about 1 month. Previous
exposure to 12L:12D for only 10 days is sufficient to elicit the diapause-
terminating response to 16L:8D (Tanaka, 19784). Even after hibernation,
nymphs are still responsive to photoperiod. Exposure to artificial short
days in spring will retard growth in some (Masaki and Oyama, 1963;
Tanaka, 1983).

The photoperiodic responses of P. nitidus discriminate between in-
creasing spring days and decreasing autumn days of similar lengths and
more effectively stabilize the univoltine life cycle than a simple response
to absolute photoperiod. Tanaka (1978a) was able to demonstrate that
both the absolute duration and the relative change of photoperiod were
responsible for the incidence and termination of diapause (Fig. 12). In a
constant photoperiod of 14 hr, 40 min, the nymphs require on the average
more than 110 days to mature, but less than 60 days when the photoperiod
is increased to 16 hr, 20 days after hatching. This is not due to a special
delaying effect of the 14 hr, 40 min photoperiod. When the insects first
exposed to 12 hr light/day are transfeired to 14 hr, 40 min on day 10, the
nymphal development time reaches the minimum level of about 55 days.
Clearly, an increase in photoperiod is important for averting diapause.
However, a 2-hr increase in photoperiod to 14 hr, 40 min is much less
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effective than the same magnitude of increase to 16 hr, suggesting that
the length of photoperiod itself is also involved in determining the re-
sponse (Tanaka, 1978a).

Another strictly univoltine nymph-overwinterer, the summer form of
Velarifictorus ‘‘micado’’, also responds to the change rather than to the
absolute level of photoperiod. At 28°C this species will mature in sta-
tionary photoperiods of 10L:14D, 12L:12D, or 16L:8D, but the mean
development time is as long as 3 months and the variance is very large.
When a change from 10L: 14D or 12L:12D to 16L:8D occurs after 2-4
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weeks of nymphal life, the total development time is decreased by 2-3
weeks. A more drastic effect is observed in the distribution of adult emer-
gence, which becomes highly synchronized (M. Watanabe, unpublished
data). A reverse change, i.e., a decrease in day length, gives a much
greater variance of development time than a stationary photoperiod, al-
though the mean itself is only slightly increased.

Under the naturally changing cycle of daylength, V. ““micado’’ shows
a striking seasonal variation in development even when the temperature
is kept at about 24°C. When nymphs hatch in late March and subsequently
grow under increasing day lengths, they begin to mature in about 3 months
(i.e., June); when they are reared from late June under decreasing day
lengths, they take twice as long as the March brood and emerge over a
3-month period (October, November, or December).
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Although no bivoltine, nymph-overwintering species has been ana-
lyzed as extensively as the univoltine cases described above, data suggest
that a simpler photoperiodic response controls the nymphal diapause.
Subtropical strains of Teleogryllus occipitalis mature faster in long days
than in short days (Masaki, 1972; Masaki and Ohmachi, 1967). In the
short days there is no clear syndrome of diapause except for a prolonged
nymphal stage so long as the temperature is kept high. The short-day and
long-day ranges of development time overlap to some extent. A similar
overlap occurs in Gryllus integer (Alexander, 1968).

In Velarifictorus parvus, development times with and without dia-
pause are quite distinct, and at 28°C the two peaks of adult emergence
are more than 50 days apart (Masaki, 1972). A long day prevents and a
short day induces nymphal diapause. At 28°C a few nondiapause nymphs
may occur even in short days, and their development is like that of long-
day nymphs. Other multivoltine species showing responses of the long-
day type, i.e., development retarded by short days but not by long days,
are Dianemobius taprobanensis (Fig. 13B) and D. fascipes (Masaki,
1978a, 1979a).

Photoperiod also influences the nymphal development in a strain of
Gryllodes supplicans originally collected from central Honshu (34-35°N),
where it lived near fireplaces in old farmhouses and sang all the year
round. At 27°C the mean development time is about 1 month longer in
11L: 13D than in 16L:8D (Masaki, 1972). At 35°C the retarding effect of
short days disappears (Arai, 1978a). Gryllodes supplicans is of tropical
origin, but this population’s sensitivity to photoperiod proves that this
population is not homodynamic. Comparison with tropical populations
will be interesting.

Photoperiodic Effect on Egg Overwinterers

All of the hitherto examined univoltine egg overwinterers—Teleo-
gryllus emma (Masaki, 1967; Masaki and Ohmachi, 1967; Masaki, 1978a),
T. yezoemma (Masaki, 1966), Velarifictorus micado (autumn form)
(Saeki, 1966b; M. Watanabe, unpublished data), Loxoblemmus aomo-
riensis (Masaki, 1977), L. equestris (Masaki, 1977), Modicogryllus nip-
ponensis (S. Tanaka, unpublished data), Dianemobius mikado (Masaki,
1979a), the northern population of D. nigrofasciatus (Masaki, 1973), D.
SJurumagiensis (S. Masaki, unpublished data), and Gryllus ovisopis (T. J.
Walker, unpublished data) show responses of short-day type, i.e., the
nymphal development is accelerated by short days compared with that
in long days (Fig. 13C). In the southern bivoltine population of D. nigro-
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Sfasciatus, the response is intermediate between the long-day and short-
day types, for the nymphal development is delayed only by an interme-
diate photoperiod, but by neither short nor long ones (Fig. 13D) (Masaki
1973). In the multivoltine strain of D. csikii from Tokunoshima (27°N),
the response is also an intermediate one, but the retarding photoperiod
is longer (Fig. 13A). In all these cases, adult size is more or less propor-
tional to development time. Therefore, photoperiodic control is mainly
through the timing of sexual maturity rather than by accelerating or re-
tarding growth.

The ecological significance of these responses is obvious. Repro-
ductive activity is timed to occur in autumn so that diapause eggs are laid
before winter (Fig. 14). The continued growth in long days results in larger
adults and females that can accumulate more material and hold more
developing eggs.

ADULT STAGE

Functional Division of Adult Life

Cricket adults live relatively long (Table VI). Although precise data
on adult longevity are scanty, Table VI contains information on species
belonging to several different subfamilies, indicating that long adult life
is a general trend. Adults of both sexes commonly survive 2 or 3 months,
and in extreme cases more than 6 months. In a few species overwintering
as adults, such as the mole cricket, Gryllotalpa africana, the life span
after reaching maturity may extend to a full year (Okamoto et al., 1956).
The adult of Nemobius sylvestris does not regularly overwinter, but oc-
casionally survives till spring (Richards, 1952). Undoubtedly, long adult
life is a prerequisite for the evolution of the subsocial habit, as in Neo-
curtilla hexadactyla and Anurogryllus spp. (Hayslip, 1943; West and Alex-
ander, 1963).

At least some species of crickets undergo functional change during
their long adult life. If they have well-developed hind wings, they may
be able to fly a few days after emergence, when their exoskeleton becomes
sclerotized. Some species indeed fly actively and are attracted to lights
and to conspecific calls. Swarms of Gryllus bimaculatus have landed on
ships in the Atlantic Ocean as far as 900 km off the coast of West Africa
(Ragge, 1972). Even subterranean species such as mole crickets fly 4 km
or more to locate suitable habitats for colonization (Walker and Fritz,
1983).
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A light trap designed for flying moths and operated in the University
Farm at Hirosaki in 1975 caught more than 200 adults of both sexes of
Teleogryllus emma. Although the main singing period of this cricket ex-
tends from mid-August to mid-October, they flew to the trap only during
the short period from the last week of August to the first week of Sep-
tember (Fig. 15) (K. Kawashima, unpublished data). This suggests that
their dispersal activity is restricted to the first few weeks of adult life.
Although T. emma retains the long hind wings for life, the adults may
lose the ability or at least become reluctant to fly when their reproductive
organs mature.

This inference is supported by observations in Acheta domesticus.
The flight muscles shrink and degenerate a few days after adult molting,
and this is accompanied by ovarian growth (Woodring et al., 1979).
Clearly, there is a switch in activity phase from dispersal to sedentary
egg production during the adult life. Some species go a step further in
this temporal division of adult function, and shed the hind wings after the
dispersal phase is over. This has been reported for Acheta domesticus
(Walker, 1977), Platygryllus brunneri, Tartarogryllus brudigalensis, and
Trigonidium cicindeloides (Ingrisch, 1978), Anurogryllus muticus and A.
celerinictus (Walker, 1972), and Allonemobius fasciatus (Roff, 1984).
Shedding of hind wings seems to be more common than hitherto reported,
since the phenomenon has long been known in Homoeogryllus japonicus,
Loxoblemmus doenitzi, L. aomoriensis, L. equestris, the long-winged
forms of Dianemobius nigrofasciatus, D. fascipes, D. mikado, D. tap-
robanensis, Velarifictorus micado (both summer and autumn forms), V.
parvus, and some other species of the same genus (Matsuura, 1978; S.
Masaki, unpublished observations). The species of the last two genera
named above are dimorphic in wing form, and wing shedding is observed
only in the macropterous form. One species that always develops long
hind wings, Anurogryllus arboreus, sheds them within a few days and
never flies (Weaver and Sommers, 1969; T. J. Walker, unpublished ob-
servations).

The reciprocity between dispersal and reproductive functions in the
adult stage was experimentally demonstrated by Tanaka (1976). In D.
mikado the micropterous form begins to lay eggs much earlier than the
macropterous form, and the latter deposits most of its eggs after dealation.
If, however, the hind wings are artificially removed immediately after
emergence, egg production is accelerated. The rate of ovarian develop-
ment in virgin females is faster in the micropterous form than in the ma-
cropterous one. The maturation of ovaries is therefore negatively cor-
related with the existence or development of hind wings. A further
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FIG. 15. Number of adults of Teleogryllus emma caught by a light trap near Hirosaki. Singing
activity as expressed by the density of stippling at the bottom continues for several months, but
flight to the trap light occurs only around the end of August. [K. Kawashima (unpublished data).]

adaptation of the macropterous form to dispersal is that it is more tolerant
of starvation than the micropterous form.

Two species of mole cricket are the only crickets known that some-
times make dispersal flights between successive egg clutches. One of the
two, Scapteriscus acletus, is much more likely to do so than the other,
S. vicinus (Forrest, 1986). The longest time recorded between successive
flights of the same individual of S. acletus is 58 days (Ngo and Beck,
1982). Whether individuals of S. acletus and S. vicinus that fly in fall are
among those that fly in spring is unknown (Walker ef al., 1983), but it
has been shown that females of S. acletus that mate in fall can lay fertile
eggs 7 months later (Walker and Nation, 1982).

Wing Dimorphism

Wing dimorphism is fairly common among crickets, occurring in spe-
cies of at least six subfamilies (Chopard, 1969; Otte and Alexander, 1983).
In wing dimorphic species the micropterous morph has the hind wings
shorter than the tegmina and cannot fly, whereas the macropterous morph
generally has hind wings that extend well beyond the tegmina and flies.
In some instances the macropterous morph has wings that extend only
slightly beyond the tegmina and its flightworthiness is questionable [e.g.,
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Gryllus fultoni and G. campestris (Walker and Sivinski, 1986)]. The pro-
portion of micropterous and macropterous individuals in wing dimorphic
species is under both environmental and genetic control. Genetic control
is suggested by the occurrence within a genus of some species that are
100% micropterous and others that are 100% macropterous (e.g., Scap-
teriscus, Gryllus, Anurogryllus). 1t is confirmed by laboratory studies in
which crosses of individuals of the same morph produce progeny with a
higher proportion of that morph (Harrison, 1979; Roff, 1984; Walker,
1987). However, in none of these instances was a pure breeding line of
either morph achieved, suggesting that genetic differences within wing
dimorphic species are generally subordinate to environmental differences
in determining that an individual becomes one morph or the other. [Se-
lection experiments with no significant effect are unlikely to be reported,
however McFarlane (1966¢) does report little effect after the mating of
three generations of only macropterous Gryllodes supplicans.]

From a functional analogy to the phase variation in locusts or wing
forms in aphids, one might expect high population density to favor the
development of long-winged adults. This has been experimentally con-
firmed in Gryllodes supplicans, which in most field populations is 100%
micropterous (Arai, 1978a,b; McFarlane, 1966c; Nakamura, 1968). Ve-
larifictorus micado (autumn form) is another micropterous cricket, but
when two or more individuals are reared together in a jar, macropterous
specimens are obtained (Saeki, 1966a). Crowding is also known as a factor
responsible for wing development in Dianemobius fascipes (S. Masaki,
unpublished data) and may account for the development of long wings in
a few jar-reared individuals of the normally micropterous Gryllus fultoni
(Walker and Sivinski, 1986).

Occurrence of long-winged Trigonidium cicindeloides in the labo-
ratory may also be due to crowded culture conditions (Ingrisch, 1977).
This phenotypic modification is accompanied by a striking side effect. In
the field, 7. cicindeloides in the usual micropterous phase lacks the tibial
tympana (as well as the male stridulatory organ). In association with the
development of long wings, a tympanum appears on each fore leg (In-
grisch, 1977). This fact suggests that the tibial tympanum had a function
during flight that did not end with the loss of calling in males. Possible
functions include bat avoidance (Moiseff et al., 1978; Nolen and Hoy,
1984) and acoustical detection of suitable habitat (Morris and Fullard,
1983).

Wing polyphenism is not, however, exclusively a response to pop-
ulation density. For example, the proportion of macropterous adults under
crowded conditions is affected by temperature. In G. supplicans per-
centage macroptery is not high at temperatures below 30°C even when
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the culture is crowded. A temperature of 35-38°C is necessary to obtain
a substantial proportion of macropterous adults (Arai, 1978a; Nakamura,
1968; Ghouri and McFarlane, 1958b; McFarlane, 1962, 1966b).

Discovery of photoperiodic effects opened a new line of interpreta-
tion of wing polyphenism in crickets. Such an effect was first observed
in Pteronemobius nitidus, which is rarely macropterous in the field (Ma-
saki and Oyama, 1963). When nymphs are kept continually crowded and
under artificial long-day (16L:8D) and warm (25°C) conditions, about half
of them become macropterous. If they are exposed to decreasing natural
day length for 40 days after the summer solstice before being subjected
to 16L.:8D, the proportion of long-winged adults exceeds 70%. Longer
exposures to the natural (shortening) day length or shifts to artificial short
days (12L:12D) at 25°C prevent the wing development. This explains the
virtual absence of macroptery in the field, for the nymph overwinters and
usually experiences a long period of short days.

Tanaka (1978b) analyzed this photoperiodic response in detail. It is
quite similar to the photoperiodic responses widely known to control in-
sect diapause. The nymphs are particularly sensitive to photoperiod at
the third and fourth instars, and show a clearly defined critical photo-
period of about 15 hr. The macroptery-promoting effect of long days is
enhanced when nymphs are exposed to a short day of 12L:12D for the
first 10-20 days of their life. By transferring from various photoperiods
to either a 14 hr, 40 min or 16 hr photoperiod, Tanaka gave different
magnitudes of photoperiodic change and showed that, within a certain
range of photoperiods, a relative increase in photoperiod promotes wing
development.

Photoperiodic effects on wing form are also known in G. supplicans
(Mathad and McFarlane, 1968; Arai, 1978a), V. micado (autumn form)
(Saeki, 1966b), D. nigrofasciatus (Masaki, 1973), D. mikado and D. tap-
robanensis (Masaki, 1979a; Tanaka et al., 1976), Gryllus integer (Alex-
ander, 1968), and G. rubens (Walker, 1987). In all these species, long days
favor and short days prevent the development of long-winged adults. In
D. mikado, changes from long to short days or vice versa are more ef-
fective than constant long days (Tanaka et al., 1976).

The photoperiodic control of wing form is probably more common
than is known at present. The switch in wing form is not merely an ad-
aptation to unpredictable fluctuation in population density. It is an integral
part of seasonal adaptation in crickets. Two factors at least can be inferred
to be responsible for the evolution of this photoperiodism: (1) the seasonal
change in weather conditions affecting flight and dispersal activities and
(2) the more or less regular seasonal trend in population density. If
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FIG. 16. Percentage macroptery as a function of photoperiod in crowded cultures of Dianemobius
fascipes at 26°C. [Modified from Masaki (1984).]

crowded conditions recur regularly in response to seasonal changes in
the environment, adaptation to such conditions can be achieved best
through an anticipatory response to the reliable seasonal cue.

The wing-form response curve obtained for D. fascipes over the
whole range of photoperiod is surprisingly similar to typical photoperiodic
induction curves for diapause [Fig. 16 (Masaki, 1984); compare with Fig.
8]. Moreover, resonance experiments of both Nanda-Hamner and Biin-
sow protocols strongly suggest the involvement of circadian components,
as in the photoperiodic clocks of some other species of arthropods (Ma-
saki, 1984). The control of wing form thus seems to be based on a func-
tional extension of the photoperiodic regulatory system.

Although density and photoperiod may be usefully correlated with
conditions influencing the relative fitnesses of long- and short-winged
morphs, some crickets are faced with unpredictable circumstances that
cause the production of a mixture of morphs to be the most successful
course of action. Producing a mixture could contribute to the evolutionary
success of an individual [maternal manipulation (e.g., Harrison, 1980)] or
an allele [stochastic genes (e.g., Walker, 1986)]. The fact that neither
genetic selection (Walker, 1987) nor environmental manipulation (e.g.,
Fig. 16) of dimorphic species produces alternative treatment groups that
are 100% micropterous and 100% macropterous supports the hypothesis
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that a mixture of morphs is sometimes the gene effect that is most adaptive
(Cooper and Kaplan, 1982; Walker, 1986).

Fecundity

Female crickets generally continue to lay eggs throughout their long
life. In most crickets there is no evidence of a gonotrophic cycle. So long
as food is available, mated females may lay eggs almost every day [e.g.,
Acheta domesticus (Woodring et al., 1979)]; therefore, estimating fe-
cundity (total number of eggs laid during the lifetime) is not an easy task.
Table VII gives examples of cricket fecundity. Maximum values may be
better estimators of genetic capacity for egg production than average val-
ues.

Females of the larger grylline species, such as Gryllus bimaculatus,
G. firmus, Teleogryllus commodus, Acheta domesticus, and Plebeio-
gryllus guttiventris, can produce 1000 eggs or more and rank among the
more prolific groups of insects. On the other hand, females of the subsocial
cricket Anurogryllus arboreus lay a single clutch of no more than 130 eggs
in an underground nursery chamber (Weaver and Sommers, 1969). Fe-
males of a similar tropical species, A. muticus, can produce a second
clutch about 2 months after the first (Walker and Whitesell, 1982). Mole
crickets of the genus Scapteriscus also lay clutches of eggs in underground
burrows, but they seal and abandon the egg chamber rather than caring
for the hatchlings. Their clutches contain up to 60 eggs each and are
produced at intervals of 7-12 days for as many as ten clutches (Forrest,
1986).

In the smaller, nemobiine crickets, the number of eggs is an order
of magnitude less than in the larger, grylline species. This is probably due
to the large size of eggs relative to body size. Among 20 species of crickets
of different body sizes, the relation

EL = 1.10HW®>

is tentatively obtained, where EL is the egg length and HW the head width
(S. Masaki, unpublished data). This equation predicts that the ratio of EL
to HW decreases with increasing body size. Since smaller crickets can
populate more densely than larger ones, their lower fecundity may be to
some extent compensated for by their higher population density.

The crickets with the lowest fecundity, and the largest eggs relative
to body size, may be the myrmecophilines (Wheeler, 1900), but we have
no exact data.
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GEOGRAPHICAL ADAPTATIONS

Homodynamic versus Heterodynamic Life Cycles

Environmental conditions. vary in space as well in time. The major
and regular variations in time are seasonal and those in space are geo-
graphical. Cricket life cycles are exposed to natural selection by these
two categories of environmental variations. In the preceding sections we
have seen how they are temporally organized. We next consider the geo-
graphical modification of their temporal organization and its impact on
their evolution.

Crickets as a whole range roughly between 55°N and 55°S (Alexander,
1968). Except for species such as Acheta domesticus and Gryllodes sup-
plicans living in artificially heated sites, however, no single species oc-
cupies the full extent of this latitudinal range. Each species is more or
less restricted within a rather narrow climatic area. Historical factors are
undoubtedly involved in determining geographical distribution, but ad-
aptations to climate accomplished by different life cycles are equally im-
portant. This is supported by the frequent geographical replacement of
homodynamic by heterodynamic species or the shift of life cycles from
nondiapausing to diapausing ones. However, due to the paucity of ex-
perimental analyses and detailed field observations at the critical latitudes
where such replacements or shifts occur, we are able to draw only a rather
vague picture of these biogeographical events.

In the Japanese islands north of 30°N, all ‘“‘outdoor’’ crickets have
seasonally defined periods of singing. As one proceeds south along the
island chain between 28 and 24°N, an increasing number of species are
heard singing in winter. Thus, of the 36 species recognized by Matsuura
(1976, 1977, 1978, 1979, 1982) in the Ryukyu Arc, at least 15 are active
as adults in winter as well as in the other seasons. A few of these are
conspecific with northern heterodynamic species; others are very closely
related to northern species. Still others occur farther south in tropical
regions, but not in the north.

Of course the occurrence of adults throughout the year cannot be
taken as conclusive evidence for homodynamic cycles. For example, the
subtropical ground crickets Dianemobius fascipes and D. taprobanensis
show rather clear responses to photoperiod, but they are more or less
active throughout the year in Ishigaki Island (24°N) and their adults as
well as late-instar nymphs are common even in late winter (S. Masaski,
unpublished observations). Their life-cycle patterns are thus less clearly
fixed in spite of their heterodynamic development and differ from those
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prevalent in temperate areas, where overwintering in more than one stage
is exceptional.

At 30°N in the eastern United States (Gainesville, Florida), 19 of 36
cricket species call during winter (December—February) (T. J. Walker,
unpublished observations). Yet 600 km farther north (36°N; Raleigh,
North Carolina), none of 29 species do so (Fulton, 1951). Seventeen of
the Raleigh species are also heard in Gainesville; of these, seven call
during winter, but none has changed to a completely homodynamic cycle.
Young nymphs apparently cannot survive the prolonged winter cold spells
in Gainesville, but other stages—including adults of winter-calling spe-
cies—do.

If the cold dormant season can be tolerated only in a state of diapause,
a homodynamic cycle cannot persist where the temperature becomes per-
sistently lower than the development threshold, roughly 15°C for most
species of crickets (pp. 360, 375, 376). Such temperature conditions occur
southward to about 28°N in the Japanese islands. If the temperature is
often above 15°C but close to it, activity can be continued, but fitness
may be decreased because of the lowered development rate and repro-
ductive activities. If the rate of increase becomes smaller than unity,
escape by diapause or other similar means should be selected for.

One of the possible adaptations to such transitional conditions is a
polymorphic life cycle in which diapause and nondiapause genotypes are
kept in a dynamic balance under the influence of fluctuating climatic con-
ditions. Gryllus firmus in Florida and Dianemobius fascipes and D. tap-
robanensis in the Ryukyu Islands probably represent this situation. If a
species requires so long a period of time for growth that it can complete
no more than one generation each year, an obligatory diapause will help
maintain an optimal seasonal arrangement of life stages.

For example, Xenogryllus marmoratus takes about 4 months to ma-
ture and is univoltine with an egg diapause in the subtropical area (Mat-
suura, 1979; Oshiro and Tamashiro, 1985). In this case, the possibility
cannot be entirely ruled out that its diapause has been derived from the
northern temperate populations. Cardiodactylus novaeguineae has an
obligatory egg diapause and is strictly univoltine, taking 5-6 months for
growth in Okinawa (about 26°N) (Oshiro et al., 1981). This arboreal spe-
cies, or at least its close relative, is widely distributed in tropical Asia
and New Guinea (Chopard, 1968), but not to the north of the Amami
Group (about 28°N). Its firm diapause is therefore not of northern origin
and has probably evolved near the northern margin of its distribution as
an adaptation to the subtropical climate.

What is occurring in the region of overlap between homodynamic
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and heterodynamic populations should be studied in order to give deeper
insight into the evolution of cricket life cycles.

Egg versus Nymph Overwintering

Another important aspect of geographical adaptation is the diver-
gence of the two major types of heterodynamic life cycles, i.e., egg- and
nymph-overwintering ones. Both types of overwintering occur near the
northern limit of cricket distribution. In Europe, the northernmost spe-
cies, Nemobius sylvestris, overwinters in both these stages of develop-
ment (Brown, 1978; Gabbutt, 19594). In the Japanese islands, both the
nymph-overwintering Pteronemobius nitidus and the egg-overwintering
P. ohmachii extend north to about 44°N in Hokkaido. In North America,
the two northernmost Gryllus species hibernate in different stages, G.
pennsylvanicus as eggs and G. veletis as nymphs. Although the former
extends north a little farther than the latter, both reach almost to the
northern limit of cricket distribution in North America (Alexander and
Bigelow, 1960; Alexander, 1968).

From these facts alone, the two kinds of life cycle seem to be equally
adapted to temperate climates. However, if the proportions of the species
with the different overwintering stages are plotted for different districts
of Japan, a definite trend emerges (Fig. 17). Nymph overwinterers are
only about 10% of the total in the northernmost island, Hokkaido. They
gradually increase in frequency southward and reach about 30% in Kyu-
shu. Farther south, the comparison cannot be made in the same way
because of the occurrence of species with year-round activities. If only
those species with a definite overwintering stage are taken into account,
the proportion of nymph overwinterers reaches as high as 40%. The
regression of the proportion of nymph overwinterers on the geographical
position of area (number 1-9 roughly from north to southwest as arranged
in Fig. 17) is significant (* = 0.86, p < 0.01; after arcsin transformation
of the percentage data). On the other hand, nymph-overwintering shows
no significant trend between 30 and 40°N in the eastern United States
(Table II).

In Japan, when there are pairs or groups of very closely related north-
ern and southern species, the northern members tend to hibernate as eggs
and the southern members as nymphs. The egg-overwintering (autumn)
form of Velarifictorus micado extends to the northern tip of the main
island (Honshu) at about 41°N, while the nymph-overwintering (summer)
form (probably representing a different species) is found only in southern
Honshu facing the Pacific Ocean and farther south (Masaki, 1961; Mat-
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FIG.17.  Number of cricket species (histograms) and proportion of nymph-overwinterers in various
districts (roughly arranged from north to south) of the Japanese islands. [Primarily from Matsuura
(1976, 19774, b, 1978a, b, 1979a, b, 19824, b, c, and personal communication) and Masaki (1983).]

sura, 1978b). Among the three species of Teleogryllus in Japan, the two
egg-diapausing ones (7. emma and T. yezoemma) reach Hokkaido, but
the nymph-diapausing 7. occipitalis is restricted to south of the Kii pen-
insula in Honshu, Shikoku, and Kyushu (Ohmachi and Masaki, 1964;
Masaki and Ohmachi, 1967). Again the ground crickets Dianemobius ni-
grofasciatus and D. mikado, which hibernate as eggs, replace their pre-
dominantly nymph-overwintering relatives D. fascipes and D. taproba-
nensis, respectively, in the north of the Ryukyu Arc. An interesting case
in eastern North America is the geographical variation of the complicated
life cycle of Gryllus firmus. In the south, nymph- and egg-overwintering
cycles are intermingled in the same locality, but only egg-overwintering
populations are found in the north (Alexander, 1968; Harrison and Arnold,
1982; Walker, 1980a).

These facts suggest that the different types of life cycles are selected
for in different climates. If all other conditions are equal, there would be
higher chance for selection of an egg diapause in cold climates and of a
nymph diapause in warm climates. Physiological and behavioral char-
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acteristics of the species may modify this direction of selection and blur
the general tendency.

Possible reasons for such differential selection have been discussed
by Masaki (1978a). Photoperiodic information is continuously available
for nymphs to input the feedback system controlling their development.
This is particularly effective in establishing a seasonal homeostasis where
the winter is not consistently cold and brief warm periods otherwise in-
voke untimely development. Egg diapause usually begins at relatively
early stages of embryogenesis before the development of the neuroen-
docrine system. The onset of diapause should mainly be programmed by
the parental genotype or parental response to seasonal cues (pp. 368-
372). Diapausing eggs have to rely on the predetermined intensity of dia-
pause and on the less reliable temperature effect in timing the resumption
of activity (pp. 361-366). They are more susceptible to temperature fluc-
tuations around the developmental threshold than to those consistently
low.

On the other hand, the surface area through which various kinds of
deleterious external actions might be exerted is far smaller in the ellipsoid
eggs than in the nymphs with many protruding and delicate structures.
This presumably makes the eggs more able to endure a long and consis-
tently cold northern winter. The nymphs can move in search of a better
shelter even during hibernation when their dens deteriorate in one way
or another (e.g., drought, erosion, flood), and they can even take food
and water if opportunity allows, increasing their ability to endure a further
period of dormancy. However, all these benefits of nymph overwintering
disappear when the winter is cold.

Variation in Voltinism

In temperate regions, the number of annual generations in a given
area is more or less fixed in each species. In some species, voltinism
varies as a function of temperature, producing several generations a year
in the south, but only one near the northern limits of distribution. Crickets
are, however, generally conservative in voltinism (Table VIII). In Japan,
26 of 39 species that have a north—south distribution of more than 5° are
univoltine throughout their geographical range, in spite of large local dif-
ferences in available heat. In the eastern United States, 24 of 40 such
species have only univoltine life cycles. We know of 22 species (11 in
Japan, 11 in the United States) that seem to make the transition from one
generation in the north to two generations in the south. These include
small, ground-dwelling crickets (e.g., Dianemobius nigrofasciatus, D. mi-
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TABLE VIiI. Latitudinal Variation in Voltinism in Species of Japanese and Eastern
United States Crickets Occupying More Than 5° Latitude

Variation in voltinism for given latitudinal range

Locality 5-9° 10-14° 15-19° 20-22°

Japan“

Univoltine only 18 8 0 0

Bivoltine only 0 2 0 0

Change in voltinism 0 8 3 0
United States®

Univoltine only 4 15 S 0

Bivoltine only 1 3 0 0

Change in voltinism 1 0 7 4

¢ Matsuura (1976, 1977, 1978, 1979, 1982); S. Masaki (unpublished data).

b Walker et al. (1983), with the following additions: Scapteriscus vicinus (univoltine, 7°),
Scapteriscus acletus (change, 9°), Velarifictorus micado (univoltine, 9°), Neocurtille hex-
adactyla (semivoltine to univoltine, 19°).

kado, Eunemobius carolinus, and Miogryllus saussurei) and tree crickets
(e.g., Oecanthus niveus, O. argentinus, and O. quadripunctatus). Inter-
estingly, six species persist in the bivoltine cycle to the northern extreme
of their distribution. These include Teleogryllus occipitalis, Gryllus rub-
ens, Oecanthus indicus, O. celerinictus, and Orocharis luteolira. The last
two species in this list have northern sibling species that are univoltine,
raising the possibility that some of the species that seem to make the
transition from univoltine to bivoltine cycles are actually undetected sib-
ling pairs.

A shift from univoltine to semivoltine can occur northward, but must
be accompanied by overwintering at two different stages. A well-known
example is Nemobius sylvestris in England. The life cycle of Gyllotalpa
africana in Japan and of Neocurtilla hexadactyla in the United States is
univoltine in the south (adult overwintering) and semivoltine in the north
(adult and juvenile overwintering). The semivoltine cycle of Duolandrevus
coulonianus in Japan may represent the northern marginal situation of
this apparently tropical species (Tsuji, 1951). Cases of semivoltinism are
exceptional, and in most cases northern limits of distribution seem to be
determined by the growing season required for a univoltine life cycle.

Linear Geographical Clines

Climatic conditions, especially temperature, show clear latitudinal
gradients from the equator to the poles. In the Japanese islands, annual
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mean temperature is 23°C at about 24°N and 6°C at about 45°N. The
gradient is almost linear, the mean temperature changing at a rate of about
1°C for each shift of 1°N. Along this gradient, more than ten species of
cricket occupy a latitudinal range of over 10 deg.

In univoltine species, the sum of heat available for each generation
varies latitudinally. Nevertheless, seasonal homeostasis is maintained.
For example, Teleogryllus emma matures earlier in the north than in the
south, corresponding to the earlier northern autumn. This contradicts
what is predicted from heat accumulation. That the photoperiodic re-
sponse is of the short-day type, effective in establishing the seasonal ho-
meostasis in each locality, does not explain this contradiction. In the
north, summer is shorter, but the days are longer; consequently, the pho-
toperiod itself does not provide a means to adjust the development time
to the local growing season. Only by genetic means can a geographical
homeostasis of the life cycle be accomplished.

This situation is illustrated by both physiological and morphological
clines in the univoltine field crickets T. emma and T. yezoemma (Figs.
18 and 19). These two species show very similar size clines that can be
described by almost the same regression equations. The northward de-
crease in adult size is due to selection for shorter development time in
proportion to the shortening growing season, because there is a close
correlation between development time and adult size (Masaki, 1967,
1978a).

The intensity of egg diapause in T. emma also decreases northward,
as measured by incubation time at constant temperatures (Masaki, 1965).
At first sight, this seems to contradict the northward increase in duration
of hibernation. However, more intense diapause is required to prevent
untimely development in the warmer south. In the cooler north, winter
is consistently cold, so there is no risk of untimely development, and the
eggs can survive if diapause suppresses their development only during
the short autumn.

The physiological and morphological clines observed are results of
selection by the general climatic gradient; therefore, they may also occur
in other univoltine crickets. Although the information is limited, northern
and southern populations of Velarifictorus micado (autumn form) show
differences in adult body size, nymphal development time, and duration
of egg diapause, all conforming to the tendency stated above (Table IX).
In North America, adult size in both the egg-overwintering Gryllus penn-
sylvanicus and the nymph-overwintering G. veletis tends to be smaller
northward (Alexander and Bigelow, 1960). The difference in overwinter-
ing stage does not therefore substantially modify the latitudinal tendency.

Similar selective responses might be expected to the altitudinal cli-
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TABLE IX. Comparison of Northern and Southern Populations of Velarifictorus
micado (Autumn Form)®

Hirosaki (40°N) Kure (34°N)
Duration of egg stage at 28°C, 110 £ 19 (N = 2101) 145 £ 20 (N = 635)
days

Duration of nymphal stage:

12L.:12D at 28°C, days 46 = 6 (N = 32 537 (N = 26)

16L:8D at 28°C, days 54 £5 (N = 48) 64 =4 (N =37
Adult head width (X ¥ mm)

Male 71 =3 (N = 25) 78 =3 (N = 25)

Female 69 £2 (N = 26) Mn1+£2 (N=22

“ M. Watanabe (unpublished data); Means + S.D. N, sample size.

matic gradient. The adult size of T. emma is in fact described by multiple
regression equations taking both latitude and altitude as independent vari-
ables (Masaki, 1967). Ismail and Fuzeau-Braesch (1972a) compared de-
velopment and diapause of three local populations of Gryllus campestris
collected from different altitudes. Although the number of instars before
reaching the penultimate diapause stage varies from seven to ten in all
strains, the modal instar number is eight in the alpine (1200 m above sea
level) strain, while it is nine in the two lowland strains. This is accom-
panied by a 10- to 20-day difference in the duration of prediapause de-
velopment.

Saw-Toothed Patterns of Variation

When voltinism varies, climatic selection results in more complicated
patterns of variation, because the amount of heat available for nymphal
development in each generation varies with the number of generations
per year. In a given locality, selection for shorter development time is
much stronger with a bivoltine cycle than with a univoltine cycle. There-
fore, the selection pressure would be reversed with a shift in voltinism.
This is in fact reflected in the saw-toothed patterns of adult size variation
in the two species of multivoltine ground cricket, Dianemobius mikado
and D. nigrofasciatus, in the Japanese islands (Fig. 20) (Masaki, 1978a,
1979a). These patterns are quite different from those found in univoltine
species, but very similar to each other. From the northern limit of dis-
tribution, adult size increases southward, reaches its maximum at about
38-48°N, and sharply decreases to about 33-36°N. Farther south in the
bivoltine area, there is again a slight southward increase of adult size.
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FIG. 20. Saw-toothed latitudinal clines of adult size in two ground cricket species. Symbols rep-
resent latitudinal means. Width is given in units of 5 mm. [Modified from Masaki (1978a).]

These variations are accompanied by variations in the mode of pa-
rental programming of egg diapause. The egg diapause is prevalent even
under long-day conditions in the large northern populations, but it is in-
duced only by short days in the smaller southern populations (Kidokoro
and Masaki, 1978). This transition of photoperiodic response in D. mikado
occurs at around 35°N, roughly corresponding to the change in direction
of size variation (Fig. 21) (Masaki, 1979a).

Although D. mikado maintains its short-day type of nymphal devel-
. opment throughout its range, the duration of the nymphal stage in long
days varies considerably, being longest near the southern limit of the
univoltine area (Masaki, 19794a). In D. nigrofasciatus a similar trend oc-
curs in the univoltine area, but the retarding photoperiod is shifted from
a long to a shorter intermediate range in the bivoltine area (Figs. 13D,
14) (Masaki, 1973).

It is highly probable that the saw-toothed clines in adult size are by-
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FIG. 21. Incidence of egg diapause in short (11-13 hr) or long (15—16 hr) photoperiods in various
local populations of Dianemobius mikado reared at 26°C. [Modified from Masaki (1979a).]

products of climatic selection on development time as in the univoltine
species. The same climatic gradient thus results in quite different patterns
of geographical variation according to the constancy or variability of vol-
tinism.

Although adult size is generally proportional to nymphal development
time under given conditions of temperature (Masaki, 1973, 1978b), mul-
tiple regression analysis in D. mikado shows a significant northward in-
crease in adult size even after the correction for the regression on de-
velopment time (Masaki, 1978b). There is therefore the possibility that
the rate of growth or size gain per unit time is increased to a certain extent
as an adaptation to the cooler northern environment. This sort of adaptive
response is also indicated by comparison between the northern and south-
ern sibling species. The two species of ground cricket mentioned above
are clearly larger than their respective southern relatives, D. taproba-
nensis and D. fascipes, and yet they complete nymphal development
faster than the latter, at least in nonretarding photoperiods. The time
available for reproduction is much longer in tropical and subtropical re-
gions, so that the smaller southern adults can produce more eggs than the
larger northern adults. Selection for larger body size in hot climates would
not therefore be as strong as in cool climates.
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Polymorphism in Life Cycles

In multivoltine species, different types of life cycles may coexist in
the same area. Such a situation is usually expected in the transitional zone
between univoltine and bivoltine cycles. Since the different life cycles
are subject to different selection pressures even under the same climate,
how such polymorphism in life cycle is maintained in a single population
is an important problem in adaptation.

In Dianemobius nigrofasciatus collected from a transitional zone be-
tween the univoltine and bivoltine areas, the fast- and late-growing frac-
tions of the nymphs show different photoperiodic responses, the inter-
mediate and short-day types, corresponding to the bivoltine and univoltine
cycles, respectively (Kidokoro and Masaki, 1978). As a consequence, the
emergence curves in long photoperiods are bimodal. Since, however, the
autumn short days accelerate the nymphal development in both types of
response, the first generation of the short-day type and the progeny of
the intermediate type should emerge as adults in overlapping periods in
autumn and interbreed. Hybrids are intermediate in growth rate between
the parents. Since they retain the development-accelerating response to
short days, the seasonal cycle of day length exerts a feedback effect to
compensate for the variable rates of maturation in summer. In addition
to this, the relatively long adult life enhances interbreeding between in-
dividuals with different life cycles. The annual fluctuation in climatic con-
ditions is another factor supporting the coexistence of the different types
of photoperiodic response, for the relative fitnesses of the different re-
sponses will vary from year to year:

Gryllus firmus in north Florida represents an extreme in life-cycle
polymorphism (Ibrahim and Walker, 1980; Walker, 1980a, and unpub-
lished). The most frequent life cycle is apparently bivoltine, egg-over-
wintering, with adults peaking in late June and July and in late September
and October. However, all stages occur at all times, except.that young
juveniles are absent during January—March. The continual mix of stages
is a result of both eggs and nymphs having varying proportions of indi-
viduals showing diapause of varying intensity. Eggs laid by one female
during 1 week may take from 2 to 34 weeks to hatch under field temper-
atures (and 2—-17 weeks to hatch at 25°C). Most eggs laid in spring hatch
quickly (i.e., within 4 weeks at 25°C). Later, increasing portions of dia-
pause eggs are laid and in late fall those eggs that are nondiapause when
laid (as assayed at 25°C) become diapause eggs when left outdoors under
naturally cool temperatures (Walker, 1980a). Nymphal development in
outdoor cages (with ample food and moisture) requires 2—10 months; in-
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FIG.22. Outdoor development of progeny of one field-caught Grylius firmus female at Gainesville,
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were monitored outdoors. (B) Hatching occurred between 16 July and 20 December; late-laid
nondiapause eggs overlapped slightly in hatching dates with early-laid diapause eggs. (C) Juveniles
hatching after mid-September had reduced chances of surviving the winter and none that hatched
after 22 October survived (deaths were not the direct results of cold snaps). (D) Adults were pro-
duced from 20 September until 28 June. Outdoor rearing cages were censused and food and
moisture were replenished weekly. Similar data were obtained with other females (Walker, 19804,
and unpublished data).

doors at 25°C, 16L:8D, 2-7 months (T. J. Walker, unpublished results).
Figure 22 illustrates how eggs laid by one female during 8 weeks can
produce adults for the next 10 months.

Gryllus firmus lives in sandy, open habitats that, except during the
summer rainy season, are subject to severe, unpredictable droughts. Its
developmental strategy spreads the risks, as does its wing polymorphism
(Roff, 1984). Northward from Florida, increasing duration and severity
of winter gradually curtail developmental options until only egg-overwin-
tering remains (Harrison and Arnold, 1982; Walker, 1980a). Given the
diversity of development occurring in north Florida, G. firmus could have
diverged northward into separate egg-overwintering and nymph-overwin-
tering populations. However, to the extent that varied life cycles enable
G. firmus to survive unpredictable hazards occurring at uncertain seasons,
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selection should favor genetic continuity. Conforming to this prediction
is the fact that in coastal North Carolina, the northernmost locality known
for nymph-overwintering in G. firmus, the nymphs and egg-overwintering
populations are apparently kept in genetic communication by some life
cycles being bivoltine (Walker, 1980a).

Although detailed field data are yet not available, Dianemobius fas-
cipes in the southwestern islands of Japan may have a life cycle as com-
plex as north Florida G. firmus. It shows a photoperiodic induction of
egg diapause, though the incidence is very low, and at the same time a
short-day retardation of nymphal development that apparently increases
the possibility of nymph overwintering (Masaki, 1978a).

LIFE CYCLE AND SPECIATION

Seasonal Isolation

Although polymorphic life cycles are kept in balance and exist per-
manently under certain circumstances, divergence in hibernating stage
may lead to seasonal isolation, particularly when the life cycle is strictly
univoltine. A model of allochronic speciation was thus put forward by
Alexander and Bigelow (1960) to explain the speciation of the fall-breeding
Gryllus pennsylvanicus and the spring-breeding G. veletis. Later electro-
phoretic and cytological studies revealed these two species to be more
distantly related to each other than to some other members of the same
genus (Harrison, 1978). The failure of crosses to produce hybrids may
also be taken as evidence for their rather remote relationship (Alexander,
1957; Bigelow, 1960a,b). Nevertheless, it is worthwhile to explore the
possibility of speciation due to life cycle divergence that results in an
effective seasonal isolation.

The partially sympatric distribution of the egg-overwintering (au-
tumn) and nymph-overwintering (summer) forms of Velarifictorus micado
in Japan illustrates a case in point. Both forms are univoltine and, as far
as can be inferred from the singing season, the seasonal isolation is almost
complete. There are significant differences between them in the length of
ovipositor and the number of file teeth. The summer form has on average
a shorter ovipositor and a greater number of file teeth than the autumn
form (M. Watanabe, unpublished data). Much more conspicuous differ-
ences are found in the egg and nymphal stages (pp. 371, 380, 382; Fig.
10). The summer form is almost free of egg diapause and its nymphs take
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a much longer time to mature than those of the autumn form. The latter
invariably produces only diapause eggs.

In contrast to the case of G. pennsylvanicus and G. veletis, the close
genetic relationship between the two seasonal forms of V. micado is in-
dicated by their interfertility. Since Japanese ‘‘micado’’ may consist of
eastern peripheral populations, the possibility cannot be ruled out that
these seasonally isolated entities are interconnected by a series of poly-
morphic populations somewhere on the Asian continent. It is at least
certain, however, that they behave as two good species in the Japanese
islands because of their distinct adaptations to seasonal changes that ef-
fectively isolate them from each other. Were there no such divergence
in life cycle, they would not persist as distinct populations, because they
are interfertile. Irrespective of whether the initial impetus to speciation
arose in allopatry or sympatry, divergence in the seasonal life cycle plays
an essential role in maintaining or enhancing the isolation between the
two diverging forms. Allochronic speciation is theoretically quite feasible
and provides a useful model to approach speciation phenomena. Walker
(1974) noted that this model could be applied to the divergence of Gryllus
ovisopis and G. fultoni, but subsequent evidence suggests that G. ovisopis
is most closely related to G. firmus, making allopatric speciation more
plausible (Harrison, 1978).

Parallel Divergence of Life Cycles

In the Japanese islands, there are examples suggesting another sort
of involvement of life cycle divergence in speciation. In the Ryukyu Arc
(about 24-28°N) each of the two northern species of ground crickets is
replaced by a closely related subtropical one: Dianemobius nigrofasciatus
by D. fascipes, and D. mikado by D. taprobanensis. Dianemobius fas-
cipes and D. taprobanensis occur widely in southeast Asia. Since Chopard
identified the temperate Japanese specimens as conspecific to the tropical
ones (F. Ohmachi, personal communication), these names have been used
for the temperate as well as the subtropical populations. Audiospectro-
graphic analyses of the songs give no clear diagnostic differences between
the temperate and subtropical forms in each pair (Matsuura, 1982). Mainly
based on the life cycle analyses (nymphal photoperiodic responses, egg
diapause, etc.), Masaki (1978a,b, 1979a,b, 1983) claimed that in each spe-
cies pair, the temperate and subtropical forms are distinct at the species
level, because they are adaptively incompatible with each other. This
means that intercrossing between them decreases fitness and they would
not form a common gene pool.
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The virtual absence of egg diapause and the long-day-type regulation
of nymphal development in the subtropical form D. taprobanensis con-
trast sharply with the egg-diapausing and short-day-type nymphal devel-
opment of the temperate form D. mikado (Figs. 13B, 13C). Although the
two species are interfertile and the hybrids are fertile, the seasonal reg-
ulatory mechanisms are broken down by hybridization. Most hybrid eggs
hatch without delay, the expression of the northern diapause character
being largely suppressed. Hybrid females develop normally, but their pho-
toperiodic response is intermediate between the parental short-day and
long-day types. Growth of hybrid males is remarkably retarded when their
mother is subtropical. Conversely, they grow abnormally fast when their
mother is temperate. In both cases, the photoperiodic response disappears
(Fig. 23). As a result, the male and female hybrids mature in widely sep-
arated periods. In F, hybrid progeny, there is an outburst of develop-
mental variance in both sexes (Masaki, 1978a).

Crossing the subtropical form D. fascipes to the temperate form D.
nigrofasciatus gives similar results. Differences are the virtual sterility of
male hybrids and a slight manifestation of egg diapause in hybrid eggs.
However, the overriding result of hybridization is the same, i.e., the pho-
toperiodic regulatory mechanism breaks down. The similarity in this re-
spect is so impressive that one may suspect the existence of the same
genetic and physiological mechanisms underlying these abnormalities.

Climatic Speciation Model

Insofar as the northern and southern forms in each pair of these
ground crickets are at present parapatric or allopatric, speciation in these
cases does not contradict the allopatric model. However, the main dif-
ference between the divergent forms resides in the seasonal adaptation,
which suggests that the latter is involved in the speciation in an important
way. First, these examples show that different climates tend to select for
different types of life cycle, the temperate climate an egg-diapausing one
and the subtropical climate a nymph-overwintering one.

Since there is an almost linear latitudinal gradient in climatic con-
ditions, the two different types of life cycle have different optimal lati-
tudes. Within a certain range, local adaptations such as those described
in the section on geographical speciation can compensate for variation in
fitness due to the climatic gradient, and fitness can be maintained. How-
ever, near the extremes for this fine tuning, fitness should decrease, lim-
iting the northward distribution of nymph-overwintering populations and
the southward distribution of egg-overwintering populations. At some
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point the fitnesses of the two types of life cycle should be equal. To the
north of this point selection should favor egg overwintering more than
nymph overwintering.

If an egg-overwintering genotype occurs near the northern periphery
of a nymph-overwintering populaton, it may break through the preexisting
northern survival limit. As egg-overwinterers advance farther north, they
will escape effective gene flow from the nymph-overwintering cohort and
be able to evolve by themselves. They can then establish their egg-dia-
pausing life cycle and an adequate photoperiodic response. Since this shift
involves reorganization of coadapted subsystems regulating growth, de-
velopment, and photoperiodism, the newly established genotype becomes
more or less adaptively incompatible with the previous one, and can exist
only as a distinct biological entity.

If there is a geographical barrier between southern and northern pop-
ulations, this sort of divergence is facilitated. Even in such a case, how-
ever, the geographical isolation itself is not the primary factor triggering
speciation. It is the differential selection of the seasonal life cycle by
different climates that causes divergence. Therefore, the term climatic
speciation may be appropriate to denote this speciation model.

A similar situation is involved in the divergence of a heterodynamic
life cycle of any type from a homodynamic life cycle. Such divergence
may explain the occurrence of very closely related species pairs, one in
lower latitudes and the other in higher latitudes, such as Teleogryllus
oceanicus/T. commodus or Gryllus bimaculatus/G. campestris. At
present more than ten cricket species in Japan are regarded as conspecific
to tropical ones (Chopard, 1967, 1968). The model of climatic speciation
predicts that they may be distinct from the tropical populations at the
species level.

Evolutionary Potential in Life Cycle

The importance of life-cycle divergence in speciation also comes from
the fact that the physiological traits molding a life cycle are evolutionarily
quite flexible.

Laboratory cultures of crickets are able to respond to artificial se-
lection either by abbreviating or intensifying diapause. Inadvertent se-
lection for rapid maturation and reproduction that tends to occur in rearing
successive generations significantly reduces egg diapause within a few
generations in Teleogryllus commodus (Bigelow and Cochaux, 1962). Se-
lection is effective in eliminating the nymphal diapause from Gryllus cam-
pestris (Ismail and Fuzeau-Braesch, 1976). Conversely, a subtropical
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strain of D. fascipes has increased the percentage of egg diapause from
about 10% to 60-70% during ‘15 generations of selection for diapause
(Masaki, 19784, and unpublished data). Similar processes of selection
must occur in nature when crickets are exposed to novel environmental
conditions. Recent immigration over a great distance into a different cli-
matic area may provide an opportunity to look at this problem.

Teleogryllus commodus is believed to be a native of Australia and
has been a pasture pest in northern regions of New Zealand since early
European settlement. There is a clear difference in the incidence of dia-
pause at about 30°C between the Aukland (30%) and Nelson (98%) pop-
ulations (Mason, 1973). This is comparable to the local tendency toward
diapause in Australia, i.e., diapause is expressed more strongly in strains
- from cooler southern localities than in those from warm northern localities
(Bigelow and Cochaus, 1962; Hogan, 1965b, 1966). There is a possibility
that the local variation in New Zealand is an outcome of selection after
European settlement.

The population of Dianemobius mikado in the Bonin Islands, located
about 900 km south of the main island of J apan, was probably introduced
about a century ago. Under the subtropical oceanic climate they seem to
grow and reproduce throughout the year, having virtually lost the ability
to egg diapause. However, they still retain the morphological character-
istics of the temperate form, such as the length of ovipositor and the
number of file teeth and also the short-day type of nymphal development
(Masaki, 1978a). In the original temperate habitat, the latter response is
harmonized with the egg-diapausing cycle (p. 382). Despite the loss of
egg diapause, the useless short-day response has survived, probably be-
cause the long-day retardation of the nymphal development is not affected
at the low latitudes of the Bonin Islands (27°N).

The identity of the Bonin ground cricket is further confirmed by
crossing it to the central mainland population. The hybrids show no ab-
normality in development in either sex and are fertile. Moreover, when
crossed to the subtropical D. taprobanensis, the Bonin and mainland pop-
ulations produce similar hybrids characterized by the breakdown of pho-
toperiodic response in male nymphs (p. 409).

A similar loss of diapause is found in the population of Gryllus firmus
occurring on the isolated island of Bermuda (Kevan, 1980). Since this
population shows a minor genetic incompatibility with the Virginian pop-
ulation, the observed divergence is assumed to have evolved prior to
human settlement (A.D. 1609).

In view of the ample evidence for the evolutionary flexibility of dia-
pause and photoperiodic responses, it is not surprising that a rather drastic
change might occur within a relatively short period of time. The clear



Cricket Life Cycles 413

clinal variations in some Japanese species of crickets (see section on geo-
graphical adaptations) must indeed have been established within a period
shorter than 10,000 years after the last glacial maximum, during which
the northern half of the country might not have been habitable for any
crickets. The clines are indeed closely correlated with the present climatic
gradient.

Divergence in life cycle may invoke a sequence of changes in other
ecological, physiological, behavioral, or morphological traits, because dif-
ferent seasonal arrangements of the life stages result in different selection
pressures on each stage. For example, egg-overwintering species of the
ground crickets Dianemobius nigrofasciatus and D. mikado have longer
ovipositors than their commonly nymph-overwintering relatives D. fas-
cipes and D. taprobanensis, respectively (Masaki, 1978a, 1979a). Parallel
situations are found in larger field crickets. The ovipositor is longer in
Teleogryllus emma, which diapauses as an egg, than in T. occipitalis,
which hibernates as a nymph. As stated before, the egg-overwintering
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FIG. 24. Latitudinal variation in ovipositor length of Dianemobius mikado. Each symbol is the
mean for a local sample. Length is given in units of & mm. Univoltine populations have longer
ovipositors than bivoltine ones. The ovipositor is shortened further in the subtropical relative, D.
taprobanensis. [Masaki (1979b).]
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and the nymph-overwintering forms of Velarifictorus micado can be dis-
tinguished by ovipositor length. Clearly, the longer ovipositor confers
more advantage for egg-overwinterers than for nymph-overwinterers be-
cause of the longer period of better protection when eggs are inserted
deeper into the soil.

Probably for the same reason, the two egg-diapausing species D.
mikado and D. nigrofasciatus show regular geographical variations in
ovipositor length. The ovipositor is longer in the univoltine populations
than in the bivoltine populations and also in the northern than in the
southern parts of the univoltine area (Fig. 24) (Masaki, 1978a, 1979b, and
unpublished data). The ovipositor length is thus correlated with the du-
ration of the egg stage in the field.

The life-cycle type represents one of the most basic features of ad-
aptation and the shift from one type to another is a major change in the
way of life that characterizes each species. Speciation may therefore be
a natural consequence of divergence in the seasonal life cycle. Since an
impetus to such divergence is caused by climatic selection, climatic spe-
ciation deserves further serious consideration for understanding evolu-
tionary phenomena in crickets.
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