Research Article

Journal of Orthoptera Research 2023, 32(1): 93-108

Biology of Patanga japonica (Orthoptera, Acrididae): Nymphal growth, host
plants, reproductive activity, hatching behavior, and adult morphology

SElI TANAKA!

1 Matsushiro 1-20-19, Tsukuba, Ibaraki 305-0035, Japan

Corresponding author: Seiji Tanaka (stanakall7@yahoo.co.jp)

Academic editor: Michel Lecoq | Received 28 September 2022 | Accepted 8 November 2022 | Published 24 April 2023

https://zoobank.org/DIIDEFD2-A8C6-4119-84AA-CO065AADGB73

Citation: Tanaka S (2023) Biology of Patanga japonica (Orthoptera, Acrididae): Nymphal growth, host plants, reproductive activity, hatching behavior,
and adult morphology. Journal of Orthoptera Research 32(1): 93-108. https://doi.org/10.3897/jor.32.95753

Abstract

The biology of Patanga japonica (Bolivar, 1898), including seasonal
nymphal growth, host plants, mating, oviposition, hatching, and adult
morphology, was studied under outdoor and indoor conditions in central
Japan. A field census showed that this grasshopper had a univoltine life
cycle and overwintered in the adult stage. Body size was found to increase
with a delay in the time of adult emergence in females but not in males,
and protandry was observed. The insects were mainly associated with a few
plant species. Feeding tests showed that at least one of the 5 test nymphs
molted to the second stadium on 37 plant species, and more than 50%
did so on 23 plant species. Mating was frequently observed in April and
May under outdoor conditions, and the daily maximum number of cop-
ulating pairs was positively correlated with air temperature. Copulatory
behavior, including stridulation, is described in detail. Oviposition was
frequently observed in May and June under outdoor conditions. Larger
females produced more eggs per pod, and a negative relationship was ob-
served between egg lengths and the number of eggs per pod, showing a
trade-off. On average, female adults had 124 ovarioles. Egg hatching oc-
curred at different times during the daytime, but the eggs from each pod
hatched synchronously. Synchronous hatching was also observed in eggs
kept in groups of 2, 4, and 10, but hatching occurred earlier in larger group
sizes. Eggs achieved synchronous hatching by either delaying or advancing
hatching time. Two eggs separated by several millimeters hatched less syn-
chronously than those kept in contact with one another. However, simi-
larly separated eggs restored hatching synchrony when connected by thin
wire, suggesting the involvement of vibrational signals in embryo-embryo
communication. Morphometric analysis suggested that P. japonica adults
change some morphometric ratios in response to crowding. Variation in
pronotum shape was not significantly affected by crowding.
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Introduction

The grasshopper, Patanga japonica (Bolivar, 1898) (also known
as Nomadacris), is widely distributed in Asia, including Japan,
Korea, Taiwan, China, Vietnam, and India (Cigliano et al. 2022).
In subtropical regions, including Okinawa Prefecture, it has a
univoltine life cycle and overwinters in the adult stage (Tanaka
and Okuda 1996). This and another large grasshopper, Patanga
succincta (Johannson, 1763), are often found in the same sugar-
cane fields and adjacent areas in subtropical regions. In the tem-
perate region of Japan, P. japonica is the only grasshopper known to
overwinter as an adult (Ichikawa et al. 2006, Murai and Ito 2011).
Nymphs and adults have been observed feeding on the Kudzu,
Pueraria montana var. lobata (Willd.) Sanjappa and Pradeep, and
the Japanese hop, Humulus scandens (Lour.) Merr., as well as spe-
cies of Poaceae (Ichikawa et al. 2006). However, the range of host
plants is poorly known. Although it is a common species, it is
not an economically important grasshopper and has received lit-
tle attention from researchers, except for some morphological
and physiological studies (Okuda et al. 1996, Tanaka and Okuda
1996, Nakamori and Sadoyama 2001). Having obtained various
information in the laboratory on P. japonica (Tanaka and Okuda
1996, Okuda et al. 1996), I became interested in studying this spe-
cies in the field. To understand the significance of morphological,
behavioral, and physiological variations in an insect, it is impor-
tant to obtain basic knowledge about its biology, particularly its
seasonal life cycle and behavior in the field.

The purpose of the present study was to describe the biology of
P. japonica, including seasonal development, host plants, mating,
oviposition, and hatching behavior, in central Japan. I recorded
the plants on which nymphs and adults stayed during the growing
season to determine whether there was a difference in the plants
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used by the two stages. I also conducted indoor feeding tests of
51 species of plants found in the habitats of this grasshopper to
determine the host range. In mating behavior, the copulating pos-
ture and stridulating behavior were observed in detail. By rear-
ing adults under outdoor conditions, the number of egg pods laid
by females and the length of the oviposition season were deter-
mined. I also measured egg pod size and examined its relation to
the number of eggs contained as well as the relationships between
the number of eggs, egg size, number of ovarioles, and body size
of the female parent. I confirmed that nymphs of this grasshopper
hatched in synchrony and focused on the mechanism controlling
hatching synchrony, with particular attention paid to embryo-em-
bryo communications. Finally, I tested whether this grasshopper
exhibited density-dependent variation in adult morphometric
traits as often observed in other grasshoppers and locusts (Uvarov
1966, 1977, Pener 1991, Pener and Yerushalmi 1998, Pener and
Simpson 2009). In this paper, I describe the results of these obser-
vations and discuss the characteristics of this grasshopper.

Materials and methods

Field census.—The number of P. japonica individuals was recorded
in a grassy area in Tsukuba, Ibaraki prefecture (36.1°N, 140.1°E),
in Japan every week from July to November, except for the week
of September 2 in 2021. The grasses were cut short on June 29
and October 30 by the government of the city of Tsukuba. The
study site was adjacent to a pedestrian road and measured ap-
proximately 2 m by 200 m. As I walked slowly along this area, I
visually counted grasshoppers and identified their developmental
stages. It usually took 30-60 minutes to finish each census. For
the first four stadia, personal experience made visual identification
of nymphal stadia relatively easy: nymphal body length and head
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width increased as nymphs grew bigger (Figs 1, 2). In this paper, I
use ‘stadium’ to count the nymphal stages from hatching and ‘in-
star’ to describe the penultimate and last nymphal stages that can
be identified by the characteristic wing pads. The process for meas-
uring the body lengths of nymphs was as follows: Nymphs were
reared singly on cut leaves of Echinochloa crus-galli (L.) P. Beauv. in
plastic cups (9 cm in diameter, 4.5 cm in height) set near a win-
dow and kept at room temperature. A few days after each molt,
each nymph was put in a transparent plastic bag, and the body
length from the head to the tip was measured with a digital cali-
per to the nearest 0.1 mm (Digipa pro; Mitsutoyo Co., Kanagawa,
Japan). After the fourth stadium, most fifth-stadium nymphs de-
veloped wing pads on the dorsal body surface by which they could
easily be identified as penultimate instars (Fig. 1E). They molted
to the last instar with larger wing pads (Fig. 1F). Adult stage was at-
tained after the sixth stadium. Preliminary observations indicated
that some female fourth-stadium nymphs went through an ad-
ditional stadium and reached the penultimate instar at the sixth
stadium (Suppl. material 1). Thus, this grasshopper passes 6 or 7
nymphal stadia before the adult stage. In the field, however, it was
not possible to identify the nymphal stadium of the last two stadia
with certainty. Therefore, in this census, nymphs at the last two sta-
dia were identified as the penultimate and last instars, respectively,
based on their wing pad sizes. Thus, it was likely that individuals
without penultimate wing pads at the fifth stadium were included
in the category of fourth-stadium nymphs.

Host plants.—During the above census, I recorded the plant spe-
cies on which nymphs and adults were feeding or sitting. Because
feeding activities are not easily observed in the field, these plants
do not necessarily represent the host plants of this grasshopper.
To solve this problem, I collected 51 species of plants found in

Last instar

Fig. 1. Nymphal growth of Patanga japonica. First to fourth stadia (A-D). Penultimate (E) and last (F) instars are characterized by wing pads.
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Fig. 2. Changes in body length (mean + or - SD, N = 20 each)
during nymphal development in Patanga japonica. Asterisks indi-
cate a significant difference between sexes by t-test (p < 0.001).
P, penultimate instar; L, last instar.

their habitats, including the study site, and determined if nymphs
would feed and grow while eating them. Five newly hatched
nymphs were kept with pieces of leaves from each plant in a plas-
tic cup (9 cm in diameter, 4.5 cm in height) covered with a perfo-
rated lid. Plant leaves were replaced by fresh ones every day. The
nymphs kept with appropriate host plants molted to the second
stadium in 5-7 days at room temperature, whereas those kept
with a moist cotton ball alone died on the third day without molt-
ing. No cannibalism was observed.

Mating.—To determine when mating begins in the spring and to
observe the mating behavior of P. japonica, 10 female and 10 male
adults collected in the field were housed in a wood-framed enclo-
sure (50 x 80 x 30 cm, Suppl. material 2A) on the litter ground in
Tsukuba on February 4, 2022 and fed with cut leaves of Bromus ca-
tharticus Vahl held in a jar of water. The walls of the enclosure were
covered with nylon mesh, and the top was covered with a glass
plate during the day for observation and with nylon mesh dur-
ing the night for natural ventilation and rainfall. All adults were
marked on the thorax and forewing with different paint colors for
identification and usually checked for copulation every 1 or 2 h
from 08:00 to 18:00. Most mounting males were copulating. Tem-
perature on the litter floor was recorded every hour with a thermo
recorder (TR-52i, Ondotori Jr., T & D Co. Nagano, Japan).

Grasshoppers generally copulate in a characteristic fashion
(Uvarov 1966). Typically, the male sits on the back of the female
and copulates by curving down his abdomen to reach her geni-
talia. In this case, the male bends his abdomen either from the
right or left side of the female body. In P. japonica, 1 examined this
phenomenon by observing adults in cages mainly during the day.
On some nights, I observed their behavior using a red LED lamp.
To examine whether this behavior was controlled by males or fe-
males, I changed their partner.

Oviposition.—QOviposition activity was observed for 20 pairs of a
female and a male housed in small cages (28 x 12 x 28 cm; Suppl.
material 2B) and a group of 10 females and 10 males housed in
a large cage (42 x 22 x 42 cm) in 2021. The air temperatures re-

corded at Tsuchiura, Ibaraki (36.06N, 140.13E), during the ob-
servation period were obtained from the Japan Meteorological
Agency (2022). A plastic cup (10 cm in diameter, 5.5 cm in height)
filled with moist sand (approximately 15% water by volume) was
placed in each cage and checked for egg pods every day. The cups
containing egg pods were kept at 30 + 1°C in an incubator (CN-
40A; Mitsubishi Electric Engineering Co., Tokyo, Japan) for 1 or
2 days, and the egg pods were washed in chlorinated tap water
to remove sand. The maximum width and length of the egg pods
were then measured with a digital caliper and held in moist sand
in plastic cups (100 ml in volume) for incubation (30 + 1°C). The
eggs of 5 egg pods incubated at this temperature took 30.0 days
to hatch (SD = 0.7 days; N = 271). Four or five days before the ex-
pected day of hatching, the number of eggs contained in each pod
was counted, and the lengths of 10 eggs taken from each pod were
measured with a digital caliper under a binocular microscope. The
number of ovarioles was counted for 16 female adults collected in
the fall by dissecting one ovary from each female under a binocu-
lar microscope. The number multiplied by two was regarded as the
number of ovarioles for each female.

Hatching.—Hatching time was determined under semi-outdoor
conditions in June 2021. Egg pods that were expected to hatch
within 4-5 days at 30°C were buried at a depth of 2-5 c¢m in soil
held in a plastic washtub (50 cm in diameter, 25 cm in height).
They were covered with a transparent perforated cylinder (8.5 cm
in diameter, 17 cm in height) covered with nylon mesh. The
washtub was placed outdoors and photographed every 30 min-
utes with a digital camera to determine the hatching time (Suppl.
material 2C). The number of hatched nymphs was calculated later
on a computer. As described below, once hatching started, most
eggs hatched within the same 30-minute period. Similar phe-
nomena have been observed in the Eastern lubber grasshopper,
Romalea microptera (Palisot de Beauvois, 1817) (Smith et al. 2013)
and the Western lubber grasshopper, Taeniopoda eques (Burmeister,
1838) (Whitman and Orsak 1985). Therefore, in this study, the
start of hatching from an egg pod was regarded as the hatching
time of each egg pod.

To confirm that synchronized hatching from the egg pods oc-
curred at a constant temperature, the eggs were removed from
each pod 10 days before the expected time of hatching, soaked
in 6% sodium hypochlorite (Haiter, Kao Co., Tokyo) for 1 min to
remove the pod material, and rinsed with tap water three times.
Preliminary observations showed that this handling caused no
detrimental influence on the hatching rate and time (Tanaka S,
unpublished data). The eggs of each pod were then divided into
two batches. The eggs in one batch were buried in a group of 10
or 20 eggs in a sand pit in a Petri dish (9 cm in diameter, 2 cm in
height), and 10 or 20 eggs in the other batch were individually
buried in sand pits in another dish, as previously described for
the migratory locust, Locusta migratoria (Linnaeus, 1758) (Tanaka
2017), except that dark-colored river sand was used because the
hatchlings were light green in color. The eggs were incompletely
covered with sand, allowing them to receive light. They were in-
cubated at 30 + 1°C under continuous illumination and photo-
graphed from above every 30 minutes with a digital camera. The
hatching time was determined as described above.

To examine the effect of group size on hatching, eggs from the
same pod were divided into two batches of similar sizes that were
then kept in groups of 2 versus 4 eggs or 4 versus 10 eggs at 30 + 1°C
under continuous illumination. Their hatching times were deter-
mined as described above. The effects of group size on the hatch-
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ing time were compared by calculating the mean hatching times
of different group sizes relative to the value for group size 10 that
was designated as 1 h. Hatching intervals from the first to the last
hatchings were also calculated. Only those egg groups with 100%
hatching were used. Because photographs were taken at 30-minute
intervals, 30 minutes was added to the differences in hatching times
of eggs; therefore, 30 min was the minimum hatching interval.

The mechanism controlling hatching synchrony in P. japonica
was examined by carrying out three experiments at 30 + 1°C under
continuous illumination using pairs of eggs according to the meth-
ods described for other grasshoppers (Tanaka 2017, 2021a, b).

In experiment 1, the effect of the presence of hatched nymphs
on the hatching time of late-hatching eggs was tested by treating
pairs of eggs in three different ways: 1) two eggs kept in contact
with one another on sand in a well of a 24-well plate (Thermo
Fisher Scientific KK, Tokyo, Japan), 2) two eggs kept separately
with a distance of 2-5 mm, and 3) two eggs separated by a stain-
less wire screen (12 mm in length, 15.7 mm in width) that physi-
cally prevented the hatched nymph from touching the unhatched
egg in the same well.

In experiment 2, whether vibrational stimuli are involved in
inducing hatching synchrony or not was tested by placing pairs of
eggs from the same egg pod horizontally on moist sand in wells
of a 24-well plate in three different ways: 1) eggs kept in contact
with one another, 2) eggs kept separated by 2-5 mm, and 3) eggs
similarly kept separated but connected by two pieces of stainless
wire (7 mm in length).

In experiment 3, I examined how eggs achieved hatching syn-
chrony. In other words, does the hatching time of eggs advance or
delay in response to stimuli from adjacent eggs? To answer this
question, eggs from the same pod were divided into two batches
10 days before the expected date of hatching. One batch was incu-
bated at 12-14°C for various lengths of time to suppress embry-
onic development and returned to 30°C, while the other batch
was continuously kept at 30°C. Five days before hatching was ex-
pected to start, eggs from the respective batches were paired and
placed together vertically in sand pits in wells of a 24-well plate as
mixed pairs (12-14 pairs). In this case, care was taken to ensure
that the two eggs were kept in contact with one another. Other
eggs from the two batches were used as controls, each consisting
of 6 or 7 pairs of eggs. The eggs in each control pair were buried
individually in sand pits but kept in the same well. One control
hatched earlier than the other, which are here called controls 1
and 2, respectively. The pits were incompletely covered with sand,
allowing the eggs to receive light but preventing the nymph that
hatched first from touching the unhatched egg. The hatching times
were determined as described above, and the hatching intervals for
the mixed and control pairs were calculated. The early and late
hatching eggs in each mixed pair are referred to here as mixed eggs
1 and 2, respectively. Only those pairs in which both eggs hatched
successfully were used for the analyses. In the three experiments,
the hatching times were determined as described above, and the
hatching intervals of eggs in pairs were calculated.

Morphometrics of adults grown under different conditions.—Adults of
P. japonica were collected at the study site in October 2020 and
March 2021. The density of individuals at this site was not meas-
ured precisely, but it is probably safe to say that it was lower than 1
per m?. By following the method of Dirsh (1951, 1953), the maxi-
mum head width (C), hind femur length (F), and forewing length
(E) of adults were measured using a digital caliper to the nearest
0.1 mm. My main interest was to determine if this grasshopper

would change its morphometric characters in response to crowd-
ing, as observed in locusts (Uvarov 1966, 1977, Pener 1991, Pener
and Simpson 2009). According to previous studies on phase poly-
phenism in morphometric ratios in several locust species, such as
Schistocerca gregaria (Forskél, 1775) and Locusta migratoria (Dirsh
1953, Farrow and Colless 1980, Sugahara et al. 2015, 2016), the
F/C, E/E and E/C ratios were adopted to assess the presence of
density-dependent morphometric changes. Two experiments were
carried out. One experiment compared the above parameters in
field-collected adults (low density) and adults reared outdoors in
a group (high density) in Tsukuba. Two groups of approximate-
ly 200 and 100 nymphs that hatched on July 5 and July 25, re-
spectively, were reared in large cages. They fed on the leaves of E.
crus-galli. In the other experiment, the parameters of adults reared
individually in plastic containers (10 cm in diameter, 4.5 cm in
height) and those reared in a group of 5 individuals per container
or in a group of 50 individuals per large cage (high density) were
compared. All insects were reared indoors (at room temperature
and semi-natural daylengths) from June to August. Body dimen-
sions were measured for the adults as described above. Addition-
ally, the shape of pronotum, which is known to be another den-
sity-dependent character in L. migratoria (Uvarov 1966, Tanaka et
al. 2002), was recorded for the indoor-reared adults. The ridge of
the pronotum was recorded as arched, flat, or concaved according
to the method of Tanaka (2022) for L. migratoria.

Statistical analyses.—The body size of P. japonica nymphs was com-
pared between treatments using a t-test. The proportions of plant
species were analyzed using a chi-squared test. Pearson’s correla-
tion coefficient and linear regression were used to analyze the re-
lationships between egg number, egg length, and head width of fe-
male parents. Hatching rates were compared using a Mann-Whit-
ney U test. Hatching intervals were compared using a Steel-Dwass
test and a chi-squared test. Hatching time was compared with
Tukey’s multiple comparison test. Adult dimensions and morpho-
metric ratios were analyzed with Tukey’s multiple comparison, a t-
test, and a Steel-Dwass test. These analyses were performed using
a statistics service available at http://www.gen-info.osaka-u.ac.jp/
MEPHAS/kaiseki.html, Descriptive Statistics (Excel, Microsoft Of-
fice 365), or StatView (SAS Institute Inc., NC, USA). Differences
were judged as significant when p < 0.05.

Results

Seasonal development.—P. japonica nymphs of different sizes, rang-
ing from first stadium to penultimate instar, were observed on July
29, 2021, when the census was begun (Fig. 3). My observations
suggested that hatching started in early July, which was confirmed
in 2022, when 88.2% of the nymphs observed at the site were
at the first stadium and 11.8% and 4.1% were second and third
stadium nymphs, respectively, on July 7 (N = 43, Tanaka, S. un-
published observation). Nymphs grew gradually as the season ad-
vanced, and adults began to be seen on September 16, with only
adults observed on November 24. On October 30, the grasses at
the study site were cut and removed, which caused most grasshop-
pers to move to adjacent bushes or to be killed.

To observe the pattern of adult emergence, nymphs that
hatched on July 5 were reared in a cage under outdoor conditions.
Adults started appearing on September 5, and the mean duration
of nymphal development was 76.0 days (SD = 6.1, N = 46) and
81.6 days after hatching (SD = 5.9, N = 67) in males and females,
respectively, which corresponded to September 19 and 25 (Fig. 4).
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Fig. 4. Seasonal changes in adult head width in Patanga japonica in-
dividuals that hatched on July 5 in 2021 and were reared outdoors
in a group. Arrows indicate the mean time of adult emergence.

No significant sex difference was observed in variance (F-test,
p = 0.41). On average, males emerged as adults 5.6 days earlier
than females (¢t = 4.86; DF = 111, p < 0.001), indicating the pres-
ence of protandry. Female adults showed a significant increase in
body size with delay in the time of adult emergence (r = 0.46,
p < 0.001, Fig. 4), while no significant correlation was observed
between the two variables in males (r = 0.22, p = 0.14).

Plants used by P. japonica.—Fig. 5 compares the plants on which
grasshoppers were observed. Nymphs mainly stayed on the leaves of
three plant species—(92.7%) Pueraria montana var. lobata (Willd.)
Maesen & S.M. Almeida ex Sanjappa & Pradeep, Miscanthus sinensis
Andersson, and Imperata cylindrica (L.) P. Beauv. a—representing
66.3%, 12.0%, and 14.4%, respectively (N = 409). The correspond-
ing figures for adults were 56.2%, 10.0%, and 9.2% (N = 130). The
remaining 24.6% of adults were observed on various other plants.
The composition of the four categories in Fig. 5 was significantly
different between nymphs and adults (y> = 29.5, DF = 1, p < 0.01).
Both nymphs and adults of this grasshopper were frequently ob-
served making holes in the leaves of P. montana var. lobata rather
than feeding on them from the edges (Suppl. material 2D).

The above results do not necessarily indicate that grasshoppers
feed on those plants. To examine the range of host plants of P.
japonica, newly hatched nymphs were held with leaves of various
plant species and observed until they molted to the 2" stadium or

died without molting. All nymphs kept with only a moist cotton
ball died on the third day. Out of the 51 plant species tested,
37 (72.5%) belonging to 16 families led at least one P. japonica
nymph to attain the following stadium (Table 1). All nymphs
reached the 2" stadium on 7 plant species, and more than 50% of
nymphs (3-5 nymphs) did so on 23 plant species belonging to 10
different families. The results suggest that P. japonica could use a
wide range of plant species for development.

Mating.—In 2021, the first mating pair among adults kept in an
outdoor cage was observed on March 14. In 2022, the first mating
was observed in an outdoor cage on March 19, and the second one
was observed on April 2 (data not shown). Mating was frequently
observed in April and May (Fig. 6A) in 2022 and was continuously
observed until late July, when a few adults were still alive (data not
shown). In the field, the last male was collected on July 7, 2021.
In 2022, the last male and female were captured at the study site
on July 7 and August 10, respectively. The latter laid an egg pod 3
days later and then died.

From April 2 to May 13, copulation was observed on a total
of 26 days (Fig. 6A), and the mean number of copulating pairs
was positively correlated with the time of day within the observed
range (Fig. 6B). The number of copulating pairs gradually in-
creased from 08:00 to 14:00 and leveled off thereafter. The daily
maximum number of copulating pairs showed a higher correla-
tion with the mean temperature of the day (r = 0.39, N = 41, p
< 0.01) than with that from 08:00 to 18:00 (r = 0.32, N = 41;
p < 0.05) or from 10:00 to 16:00, during which the temperature
tended to be high due to sunshine (r = 0.27, N = 41, p = 0.09,
Fig. 6C). Few observations were made between 18:00 and 8:00,
during which the mean number of copulating pairs decreased by
41.9% from 2.96 to 1.72 (Fig. 6B, t = -2.50, DF = 44, p < 0.05).

The length of copulation was not precisely determined in this
study. Some adults were found copulating at 8:00 when observa-
tions started each day, and mating ended 1-14 h later (Suppl. ma-
terial 3). However, many pairs (42 pairs, 71.2%) remained without
separating at the end of the daily observation (18:00-22:00, Suppl.
material 3), and some continuously remained copulating for a few
days, although the possibility that they separated during the night
and mated again in the morning could not be ruled out completely.

In P. japonica, the male copulated with the female by bending
his abdomen either from the right or left side of her body to reach
her genitalia (Suppl. material 2E). The frequencies of males copu-
lating from the right and left sides were 31 and 35, respectively,
and their proportions did not significantly deviate from unity (y?
=0.12, DF =1, p > 0.05). Some males were moved to another cage
to allow them to mate with a second female to determine whether
the bending direction was fixed or changeable depending on the
partner. Of a total of 26 males tested during the period from May
19 to June 18 in 2022, 16 were observed copulating with two dif-
ferent females from the same side, although some of these females
(N = 11) had previously copulated with a male bending his abdo-
men from the opposite side. These results suggest that the side of
the female that was used for copulation depended on the male.

P. japonica adults were seen to stridulate by rubbing their abdo-
mens or forewings with the hind tarsi. The stridulation was usually
repeated 3 or 4 times each time using one leg (Suppl. material 4).
This behavior was displayed almost exclusively by males, with one
exception: one female stridulated by moving both legs alternately on
the floor of a cage. In males, this behavior was observed only during
copulation, suggesting that it was not for calling a female. In group-
rearing, a copulating pair was often surrounded by other males, but
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male-male physical competition for a female appeared to be rare. I
did not encounter a situation in which a male took over and copu-
lated with the female by physically fighting the mounting male.

It was also noticed that a male reaching the female genitalia
from the left (right) side used his right (or left) leg to stridulate.
To determine whether such a relationship was a rule, copulating
pairs were checked once a day from April 10 to May 2 in 2022.
As expected, 62 males (93.9%) followed the above rule, while 4
males used both legs to stridulate. In the latter mating pairs, the
females tilted their body by approximately 30 degrees to orient it
toward the sun (Suppl. material 5). As a result, it was possible that
the males had difficulty in stridulating using their leg on the ap-
propriate side. After bathing ended, these males stridulated using
the ‘appropriate’ leg as observed in the other males.

In another observation carried out from April 17 to May 4 in
2022, 8 males with a missing hindleg were paired with an intact
female to test the hypothesis that these males would copulate by
bending their abdomen from the same side as that of the missing
leg. The female partner was changed every day. The above hypoth-
esis was supported by all but one case (N = 20).

Oviposition.—Oviposition started on April 27 and continued until
August 1 in 2021 under outdoor conditions (Fig. 7). Oviposition
intervals were 10.4 days on average (range = 4-22, N = 98, Suppl.
material 6A). High oviposition activities were observed on warm

Table 1. Number of hatchlings that molted to the 2" stadium
when five hatchlings were kept at room temperature with various
plant species taken from habitats of Patanga japonica.

No. Plant species Family No. of
nymphs that
molted to 2™

stadium

1 Chenopodium album L. var. centrorubrum Amaranthaceae 5

Makino

2 Humulus scandens (Lour.) Merr. Cannnabaceae 5

3 Trifolium repens L. Fabaceae 5

4 Trifolium pratense L. Fabaceae 5

5 Bromus catharticus Vahl (1791) Poaceae 5

6 Digitaria ciliaris (Retz.) Koel Poaceae 5

7 Echinochloa crus-galli (L.) P. Beauv Poaceae 5

8  Achyranthes bidentata Blume var. japonica Miq. ~ Amaranthaceae 4

9 Cyperus microiria Steud. Cyperaceae 4

10 Pueraria montana var. lobata (Willd.) Maesen & Fabaceae 4

S.M. Almeida ex Sanjappa & Pradeep
11 Perilla frutescens (L.) Britton var. acuta (Thunb.) Lamiales 4
Kudo

12 Eleusine indica (L.) Gaertn. Poaceae 4

13 Dactylis glomerata L. Poaceae 4

14  Setaria viridis L.) P. Beauv. Poaceae 4

15 Miscanthus sinensis Andersson (1855) Poaceae 4

16 Imperata cylindrica (L.) P. Beauv. Poaceae 4

17 Rumex acetosa L. Polygonaceae 4

18  Erigeron annuus (L.) Pers. Asteraceae 3

19  Taraxacum officinale Weber ex EH. Wigg. Asteraceae 3

(1780)

20  Commelina communis L. Commelinaceae 3

21 Equisetum arvense L. Equisetaceae 3

22 Lespedeza bicolor Turcz. (1840) Fabaceae 3

23 Lolium multiflorum Lam.) Poaceae 3

24 Lactuca indica L. Asteraceae 2

25 Artemisia indica Willd Willd. var. maximowiczii Asteraceae 2

(Nakai) H.Hara
26  Galinsoga quadriradiata Ruiz et Pav. Asteraceae 2
27 Trichosanthes cucumeroides (Ser.) Maxim. ex Cucurbitaceae 2
Franch. et Sav.

28  Aeschynomene indica L. Fabaceae 2

29 Desmodium paniculatum L. Fabaceae 2

30  Cocculus orbiculatus L. Menisperma- 2

ceae

31  Plantago asiatica L. Plantaginaceae 2

32 Persicaria longiseta (Bruijn) Kitag. Polygonaceae 2

33 Houttuynia cordata Thunb. (1783) Saururaceae 2

34 Solanum nigrum L. Solanaceae 2

35  Erigeron annuus L. Asteraceae 1

36  Cirsium japonicum Fiscb. Ex DC. Asteraceae 1

37  Rumex japonicus Houtt. Polygonaceae 1

38  Rhus javanica L. Anacardiaceae 0

39  Erigeron annuus (L.) Pers. Asteraceae 0

40  Bidens biternata (Lour.) Merr. et Sherff Asteraceae 0

41 Solidago canadensis var. scabra L. Asteraceae 0

42 Conyza canadensis (L.) Cronquist Asteraceae 0

43 Dioscorea japonica Thunb. (1784) Dioscoreaceae 0

44 Lespedeza juncea (L.fil.) Pers. var. subsessilis Miq. Fabaceae 0

45 Oenothera biennis L. Onagraceae 0

46 Oenothera rosea L'Hér. ex Aiton Onagraceae 0

47 Xanthoxalis corniculata (L.) Small Oxalidaceae 0

48  Phytolacca americana L. Phytolaccaceae 0

49  Paederia scandens (Lour.) Merr. Rubiaceae 0

50  Smilax china L. Smilacaceae 0

51  Cayratia japonica Gagn. Vitaceae 0

52 Cotton ball moistened with tap water 0
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days. Half of the females deposited their last egg pod by early July,
and most females ceased oviposition by the end of July (Suppl.
material 6B). As mentioned earlier, the female collected on August
10 in the field in 2022 laid her last egg pod on August 13 and died
the following day. Females laid 5.4 egg pods on average (SD = 2.7
pods, range = 0-9 pods, N = 20). Egg pods were 9.1 mm wide
(SD = 0.8 mm, range = 1.2-0.7, N = 99) and 60.7 mm long on
average (SD = 16.5 mm, range = 91.0-30.3, N = 74).

The average number of ovarioles was 123.5 (SD = 14.7, N = 16)
and showed no significant correlation with head width (r = 0.09,
p > 0.05). The average number of eggs per pod was 72.1 (SD = 18.9,
range = 44-103, N = 23). The lifetime fecundity, which was estimated
by multiplying the number of egg pods produced by the number of
eggs per pod, was 446.8 on average (range = 144-904 eggs, N = 11).

A significant positive correlation was observed between the
numbers of eggs per pod and the head widths of the female par-
ents (Fig. 8A; r = 0.42, N = 23, p < 0.05), suggesting that larger fe-
males tended to produce more eggs per pod. A significant negative
correlation was observed between the number of eggs per pod and
egg length (Fig. 8B; r=-0.46, N = 30, p < 0.05), suggesting a trade-
off between the two traits. In contrast, the correlation between

adult head width and egg length was statistically insignificant
(r=-0.11, N = 11), probably because the sample size was small.
Lifetime fecundity was not significantly correlated with adult head
width (r=0.12, N =11, p = 0.71).

Egg pods produced by adults that were reared in a group of 5 fe-
males and 5 males after collection in March contained significantly
fewer eggs (mean = 53.6, SD = 20.7, N = 7) than those produced by
females kept with a single male (mean = 72.16, SD = 18.1, N = 23,
t =2.23, DF = 28, p < 0.05). However, there was no significant dif-
ference in egg length between egg pods produced by the two groups
of females [mean = 6.6 mm, SD = 0.2 mm, N = 7 for eggs laid by
group-reared females; mean = 6.6 mm, SD = 0.3 mm, N = 23 for egg
pods laid by females kept with a male (t-test, p > 0.05)].

Hatching under outdoor conditions.—Once hatching started under
outdoor conditions, most nymphs hatched from the egg pod
within 30 minutes (Fig. 9A). Because hatching from the egg pod
occurred simultaneously, the start of hatching identified by inter-
val photographing was regarded as the time of hatching for each
egg pod. Egg hatching occurred at different times of day between
10:45 and 18:30 (Fig. 9B). No eggs hatched during the night.
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Fig. 10. Hatching distribution of Patanga japonica eggs kept singly
and those kept in a group of 10 (A) and 20 (B) at 30°C when the
mean hatching time was adjusted to 0 h. F-test shows that the
variances of two treatments are significantly different from one
another (p < 0.05).

Mechanism controlling hatching synchrony.—To confirm the pres-
ence of synchronous hatching under controlled conditions, the
pattern of hatching was compared between eggs kept in a group
and those kept singly. Fig. 10 shows that most eggs kept in a group
of 10 or 20 eggs hatched within 1 h of the mean hatching time
(0 h), with the SD being 0.8 h and 0.2 h, respectively, whereas
those kept singly hatched over a wider range of time, with the SD
being 15.3 h and 19.0 h. The mean hatchability of pooled data
for the eggs kept in a group and those kept singly was 97.1% and
78.1%, respectively, and the difference was statistically significant
(Mann-Whitney U-test, z = 3.15, N = 11 each, p < 0.05).

Hatching tended to occur earlier in eggs kept in a larger group
in a sand pit (Fig. 11A). The mean hatching interval between
the first and last hatching was similar among the three groups
(p > 0.05, Steel-Dwass test, Fig. 11B). The proportion of pairs with
hatching intervals < 1h also showed no significant difference be-
tween the three treatments (y*> = 0.56, DF = 2, p > 0.05).

Two eggs kept in contact with one another hatched more
synchronously than those kept separated by 2-5 mm on sand
(Fig. 12A; Steel-Dwass test, p < 0.05). The hatching interval of the
two eggs was further prolonged if an early hatched nymph was pre-
vented from touching the other egg by a mesh separator. Hatching
time was significantly delayed when two eggs were isolated by a
mesh separator (Fig. 12B; Tukey’s multiple test, p < 0.05).

Two eggs separated by 2-5 mm showed a significantly wider
mean hatching interval (6.9 h) than those kept in contact with
one another (1.6 h; Fig. 13A, B; Steel-Dwass test, p < 0.05). In
contrast, separated eggs hatched as synchronously as those kept in
contact with one another when they were connected by two pieces
of wire (2.4 h; Fig. 13A, C; p > 0.05), suggesting that some physical
stimuli transmitted via the wire facilitated synchronous hatching.

To determine how hatching synchrony was achieved between
eggs, the contents of 14 egg pods were divided into two batches of
eggs, and one batch was chilled in a refrigerator for various lengths
of time, and the other batch was continuously kept at 30°C. One egg
was taken from each of the two batches and put together as mixed
pairs in a sand pit (mixed pair) or buried individually as controls
at 30°C (Fig. 14A). It was assumed that if there was no interaction
between the two eggs in the mixed pairs, their hatching time would
be similar to the difference in the mean hatching time between the
two controls (dotted line in Fig. 14A). It was reasonable to expect
small hatching intervals when the two eggs in the mixed pairs had
similar hatching times, as shown in Fig. 14A. However, their hatch-
ing intervals remained short (1-3 h), even when the two controls
hatched 18 h apart or less, suggesting that the hatching timings were
adjusted for synchronization. Hatching intervals tended to increase
as the difference in mean hatching time between the two controls
increased (r=0.94, N = 14, p < 0.001), but the hatching intervals for
the mixed eggs remained below the dotted line, suggesting that the
hatching time of the mixed eggs modified even when the difference
in development between the two controls exceeded 18 h (but less
than 40 h). In this experiment, the time of the first hatching in each
egg pod was designated as 1 h, and the mean hatching intervals of
control 1 (15.3 h, N = 14) and 2 (17.7 h, N = 14) did not differ
significantly from one another (Mann-Whitney's U-test; p = 0.42).
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For synchronous hatching to be achieved, egg hatching times
must be adjusted. Fig. 14B gives an example showing that the early
hatching eggs in the mixed pairs (mixed 1) delayed the hatching
time for synchronization by 13.4 h, on average, compared with
control 1 (t = -2.27, DF = 20, p < 0.05). In another experiment
(Fig. 14C), the late hatching eggs in the mixed pairs (mixed 2)
advanced the hatching time by 18.2 h, on average, compared with
control 2 (t =-2.19, DF = 18, p < 0.05).

Adult morphology and crowding.—P. japonica adults collected be-
fore and after winter showed no significant difference in all body
size dimensions measured for both sexes (Table 2), suggesting no
significant size-dependent winter mortality. Therefore, the two
datasets were combined in the following analyses.

Adults collected in the field (low density) and crowd-reared
adults (high density) under outdoor conditions showed no signifi-
cant difference in head width in either sex (Fig. 15A). The F/C ratio
showed a tendency to increase in crowd-reared adults compared
with those collected in the field (Fig. 15B), the direction of change
being opposite to that observed in other locust species (Uvarov
1966). The E/F ratios showed an opposite tendency: crowding
caused similar or reduced E/F ratios in both sexes (Fig. 15C). In
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Fig. 13. Hatching intervals in pairs of Patanga japonica eggs treated
in different ways at 30°C as shown by diagrams. Different letters
indicate significant differences at the 5% level by Steel-Dwass test.
The numbers in parentheses indicate N.
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regards to E/C ratio, the males that hatched on July 5 had a higher
ratio than those that hatched on July 25 or those collected in the
field (Fig. 15D). In females, this ratio in crowd-reared adults re-
mained similar to that of the field-collected adults.

In adults reared indoors, head width was similar among males
in different treatments irrespective of the rearing densities, where-
as female adults reared singly in containers were significantly
larger than those reared in a group in containers or cages (Tukey's
multiple comparison, p < 0.05; Fig. 16A). The F/C ratio was similar
among the three treatments, except for the males reared in a group
of 50 individuals in cages, which showed a significantly larger val-
ue (Fig. 16B). The E/F ratio was significantly larger in males reared
in a group of 5 than in the other treatments, and crowding caused
no significant difference in the ratio in females (Fig. 16C). No sig-
nificant difference was observed in E/C ratio in females, but the
crowd-reared males showed a significantly larger E/C ratio than
the males reared singly (Fig. 16D).

The proportions of adults with different shapes of pronotum in
each sex were similar irrespective of rearing conditions (outdoors
or indoors) or densities (x> = 6.00, DF = 4. p > 0.05 in females; y?
=4.40, DF = 4, p > 0.05 in males; Fig. 17). In males reared indoors
in a group of 5 individuals per cup, there was only one individual
with an arched-shaped pronotum. Therefore, the proportions of
males with arched and flat pronota were combined to perform the
above y? tests. More concaved pronota and fewer arched pronota
were observed in males than in females, and a significant sex dif-
ference was observed in the proportions of individuals with dif-
ferent shapes of pronotum in the three treatments (Fig. 17). How-
ever, neither rearing conditions (indoor or outdoor) nor density
appeared to consistently explain the pattern observed.

Discussion

Seasonal life cycle and development.—The present study confirmed
that P. japonica in central Japan has a univoltine life cycle. Nymphs
started appearing early in the summer and emerged as adults in
the fall. No adults reproduced before winter, and no new nymphs
were observed in the field until the following July. Field observa-
tions, together with indoor rearing results, suggest that this species
has 6 or 7 nymphal stadia. Preliminary observations suggest that
significant sexual dimorphism in body size occurs at the third sta-
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Fig. 15. Effects of growing density on (A) adult head width (mean
+ SD), (B) femer length/head width, (C) forewing length/femur
length and (D) forewing length/head width in Patanga japonica
grown under natural (low density) or outdoor conditions (high
density). Mean values were compared by Tukey’s multiple com-
parison test in (A) and by Steel-Dwass test in (B), (C), and (D).
Different letters indicate significant differences at the 5% level. NS
indicates no significant difference. C, head width; E femur length;
E, forewing length. Adults in the two high-density groups hatched
on July 5 and July 25, 2021 and were reared in a large cage in
groups of approximately 200 and 100 individuals, respectively.

dium, and the two molting groups started showing a difference in
body size at the fifth stadium: the mean head width was signifi-
cantly smaller in the nymphs that underwent an extra molt than
in the penultimate females but similar to the value in the penul-
timate males, including singly reared individuals (Suppl. material
1B). The former molted to larger last-instar nymphs than the lat-
ter. Only females underwent 7 nymphal stadia in the present ob-
servations, and this included the individuals reared singly.

New adults started appearing in mid-September, and most indi-
viduals emerged as adults by November. This was confirmed by out-
door rearing in a cage (Fig. 4). Interestingly, body size tended to in-
crease as the time of adult emergence was delayed in females, whereas
it remained similar in males. It is likely that this difference is partly
a reflection of the sex differences in the number of nymphal stadia.

Males emerged as adults earlier than females, indicating pro-
tandry. Because this grasshopper does not reproduce before win-
ter, the protandry may confer no advantage to males in terms of
mating. Furthermore, adults of this grasshopper mate more than
once during the adult stage. Thus, it is likely that the protandry
in this grasshopper is a result of the body size difference between
sexes. A similar situation might occur in solitarious L. migratoria in
which protandry is also observed (H. Tanaka 1982). L. migratoria
also shows polyandry, and the proportion of offspring sired by
the last male to mate tends to be high (Tanaka and Zhu 2003).
Therefore, the early adult emergence of males may not be so ad-
vantageous in terms of reproduction.

During the census, predatory animals were frequently encoun-
tered. They included mantises (Tenodera aridifolia (Stoll, 1813) and
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Table 2. Morphological measurements of Patanga japonica adults collected in the field or reared under various conditions (A) and com-
parisons of body dimensions and morphometric ratios of adults collected before and after winter (B).

@)
Sex Growing  Time of collec- Females Mean + SD (range) mm Hatching date
conditions  tion or rearing N C F E TBL F/C E/F E/C
conditions
Females
Natural 2020 Fall 38 6.5+0.2 243 +£0.8 40.7£2.1 51.6 +2.3 3.73 1.67 6.25 Unknown
(6.0-7.1) (22.5-26.0) (35.7-44.1) (453 -55.5)
Natural 2021 Spring 17 6.6+0.2 247 +1.2 409 +23 524 +28 3.76 1.65 6.18 Unknown
(62-7.0) (22.4-269) (37.2-44.9) (47.5-57.0)
Natural Fall + Spring 55 6.5+0.2 24509 40.7 22 51.9£2.6 3.74 1.67 6.21 Unknown
(6.0-7.0) (22.4-26.9) (35.7-44.9) (453 -57.0)
Outdoor Group-reared 1 67 6.4+03 242+ 1.1 40.0+2.0 51.5+2.7 3.78 1.65 6.24 5-Jul
(5.7-7.1) (21.8-26.8) (35.7-44.9) (45.9 - 60.4)
Outdoor Group-reared 2 17 6.3+0.2 238+1.1 385+1.8 49.6 +1.8 3.78 1.62 6.12 25-Jul
(5.9-6.6) (20.8-25.6) (35.1-40.3) (46.0-51.6)
Indoor Group-reared 3 50 6.2+0.3 232+13 384+1.8 49.2+23 3.75 1.66 6.20 Jun 1 - Aug 14
(5.7-7.1)  (21.2-263) (35.3-41.9) (45.6 - 54.5)
Indoor Group-reared 4 45 6.2+02 233 +0.8 38.7+1.7 494 £ 1.9 3.77 1.66 6.26 May 31 - Jun 4
(5.8-6.6) (20.9-25.1) (35.5-42.0) (453 -52.7)
Indoor Isolation-reared 40 6.4+0.2 240+ 1.3 40.0 + 1.8 50.8+2.5 3.76 1.66 6.22 May 27 - June 4
(6.0-69) (21.4-27.8) (36.4-43.4) (423 -55.9)
Males
Natural 2020 Fall 50 52+0.2 19.1£0.7 32409 41.7£0.1 3.67 1.70 6.22 Unknown
(4.7-55) (17.2-203) (29.6-34.2) (38.3-43.8)
Natural 2021 Spring 24 52+0.2 19.2+£0.8 321+1.4 413 +1.7 3.69 1.67 6.17 Unknown
(4.8-55) (17.4-21.0) (29.1-345) (37.6 - 44.0)
Natural Fall + Spring 74 52+0.2 19.1+0.7 323+1.1 416+ 1.4 3.68 1.69 6.21 Unknown
(4.7-55) (17.2-21.0) (29.1-345) (37.6 - 44.0)
Outdoor  Group-reared 1 46 52+0.2 20.1+1.1 33.7+1.5 435+ 1.7 3.81 1.68 6.39 5-Jul
(5.0-5.6) (18.5-25.0) (31.1-37.0) (39.9-47.2)
Outdoor  Group-reared 2 39 53+0.2 20.1+ 0.6 335+1.0 432 +1.3 3.78 1.66 6.30 25-Jul
(5.0-5.8) (18.9-21.6) (31.4-35.6) (40.9-46.4)
Indoor Group-reared 3 49 52+0.2 19.7+0.9 33.6+1.4 43.0+2.2 3.78 1.70 6.43 Jun 1 - Aug 14
(4.9 -5.6) 18.1-223) (30.4-37.7) (39.3-52.5)
Indoor Group-reared 4 52 52+0.2 20.1+0.9 33.6+1.5 432+1.8 3.84 1.67 6.41 May 31 - Jun 4
(49-58) (18.2-233) (30.7-36.8) (39.0-47.0)
Indoor Isolation-reared 32 52+02 20.0 +0.7 32323 425+£22 3.76 1.64 6.18 May 27 - June 4
(49-56) (18.7-21.3) (22.6-35.8) (39.3-51.5)
()
Sex Test mm
C F E TBL F/C E/F E/C
Females t-test or Mann-Whitney's U-test ¢ =-1.49 t=-1.8 t=-0.33 t=-1.02 z=-0.11 z=-1.70 z=-1.04
p value 0.14 0.07 0.75 0.31 0.913 0.089 0.299
Males t-test or Mann-Whitney’s U-test t =0.52 t=-0.37 t=0.91 t=0.96 z=-1.11 z=-1.60 2z=-0.525
p value 0.60 0.72 0.37 0.35 0.268 0.110 0.525

T. angustipennis (Saussure, 1869)), dragonflies (Orthetrum albisty-
lum speciosum (Uhler, 1858)), ants, paper wasps, spiders (Trichone-
phila clavata (L. Koch, 1878)), lizards (Plestiodon japonicus (Peters,
1864) and Takydromus tachydromoides (Schlegel, 1838)), tree frogs
(Dryophytes japonica (Glinther, 1859)), and birds. However, I only
witnessed one P. japonica nymph caught by a T. aridifolia nymph
and one nymph and one adult trapped by the webs of T. clavata.

Host plants.—P. japonica has been known to feed on various
plants, including P. montana var. lobata, Humulus scandens, and
grasses (Ichikawa et al. 2006). However, no quantitative data
on the host plants of this grasshopper have been reported for
this grasshopper. In the present study, nymphs and adults were
observed on P. montana var. lobata, M. sinensis, 1. cylindrica, and
other plants. While most individuals were observed on the first
three plant species, the proportion of adult individuals on the
other plants was larger than the proportion of nymphs. This
difference was probably not due to the difference in the plants
they fed on but rather to behavioral differences: adults often

stayed on non-feeding plants, such as Solidago canadensis var.
scabra (Muhl. exWilld.) Torr. & A. Gray and Conyza canadensis (L.)
Cronquist, whereas nymphs primarily stayed on feeding plants.

Out of the 51 plant species that were collected in the habitats
of P. japonica, 37 (73%) were consumed by nymphs, and at least
one individual (out of 5) molted to the second stadium. The three
plants—P. montana var. lobata, M. sinensis, and I. cylindrica—which
were most frequently observed with P. japonica at the study site,
supported the development of most or all nymphs to the second
stadium. In the present study, the test nymphs were given only
single plant species, and the test was discontinued upon ecdysis
to the second stadium. Therefore, how many plant species can
support the full development of this grasshopper remains un-
known. In nature, P. japonica is likely to use a limited number of
host plants because of their preference. The range of host plants
would be different in different flora habitats. During the present
study, I visited another habitat of P. japonica where nymphs were
mainly observed on E. crus-galli, H. scandens, and Setaria viridis (L.)
P. Beauv., which are the dominant plant species in the area. It is
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Fig. 16. Effects of growing density on (A) adult head width, (B)
femur length/head width, (C) forewing length/femur length, and
(D) forewing length/head width in Patanga japonica grown under
indoor conditions. Nymphs were reared singly, in a group of 5 per
cup, or in a group of 50 per cage. Mean values were compared by
Tukey’s multiple comparison test in (A) and by Steel-Dwass test
in (B), (C), and (D). Different letters indicate significant differ-
ences at the 5% level. NS indicates no significant difference. C,
head width; E femur length; E, forewing length.

also likely that they use different plant species in different seasons,
even in the same habitat. Nevertheless, the present study docu-
mented that this grasshopper could use a wide variety of plant
species to develop.

Mating behavior.—Overwintered P. japonica adults started mating
in the spring. In outdoor cages, mating was observed frequent-
ly in April and May. As mentioned earlier, most mounting pairs
were copulating, suggesting that pre-copulatory mounting was
very short in this grasshopper, unlike other species (Parker 1970,
Parker and Smith 1975, Zhu and Tanaka 2002, Tanaka and Zhu
2003). Adults became very rare in the field in July.

Under outdoor conditions, the number of copulating pairs
tended to increase during the day, and the daily maximum num-
ber of copulating pairs correlated with the mean daily tempera-
ture. In this study, the length of copulation was not determined
precisely, but it varied greatly from less than 1 h to 14 h from
08:00 to 22:00. Some marked pairs were observed copulating dur-
ing 2 or 3 consecutive observation periods (08:00-18:00), sug-
gesting that copulation might last for 2 or 3 days if copulation
continued without interruption during the night.

As observed in other grasshoppers (Uvarov 1966), males of
P. japonica mount a female and copulate by reaching their penis
to her genitalia. In this case, the males reach the females’ genitalia
from either side. The number of males reaching from the right or
left was similar. In the mantis T. aridifolia, males all reach the fe-
male genitalia from her right side (Ando 2021). If a right-reaching
(or left-reaching) male of P. japonica was removed from the copu-
lating female and introduced to a second female, he reached her
genitalia from the same side, even when the previous male that
had mated with her was left-reaching (or right-reaching).

However, the male’s behavior in this is probably not fixed but
flexible. Males with one hindleg missing copulated with a female
from the side of the missing leg. This may be related to the male’s
stridulation behavior that is observed during copulation. Males
rubbed a hind tarsus against their forewing or abdomen 3 or 4
times consecutively and repeated this behavior while copulating
(Suppl. material 4). Therefore, this stridulation may be categorized
as a copulation song (Uvarov 1977). It seems that the function
of this stridulation is to calm down the partner while copulating.
The male with a missing hindleg had to use the remaining leg for
stridulation, which may explain why such a male copulated with a
female from the side of the missing hindleg: because he needed to
be able to balance for stridulation. In one case, I observed a male
that lacked the tarsus of his right hindleg. He copulated with a
female as if the whole right hindleg had been missing: he reached
her from the right side and stridulated using his left hindleg. Future
studies should confirm the existence of this behavior by removing
one hindleg or tarsus from a male and observing how he copulates.
In the present study, no pre-copulatory behavior was investigated.

Oviposition.—In a survey of 163 grasshopper species, 85% laid their
eggs in soil, 7% laid them on plants, 5% laid them in plants, and
4% laid them in detritus (Stauffer and Whitman 1997). P. japonica
females deposit their egg pods in soil. Judging from the sites where
hatchlings appeared in the field, eggs were laid in vegetation areas
where the ground was partially exposed. Under outdoor conditions,
oviposition began in late April and continued until the beginning
of August. Peak oviposition activity occurred in June. Egg pods con-
tained 72.1 eggs on average. Because female adults had an average of
124 ovarioles, they use only 58.1% of their ovarioles for egg produc-
tion, which is similar to the value for solitarious females of migra-
tory locust (62.8%, N = 470, Tanaka, S. unpublished observation).

Egg size is influenced by various physical and biological factors
(Stauffer and Whitman 1997, Whitman 2008). As often observed
in other insects (Hon¢&k 1993, Davidowitz 2008, Yanagi and Tuda
2012), larger females of P. japonica appeared to have more ovari-
oles and lay more eggs per pod. However, unlike other insects
showing a positive correlation (Atkinson and Begon 1987, 1988,
Davidowitz 2008), P. japonica showed no significant correlation
between female body size and egg size. A negative correlation
or trade-off between egg size and number is common in insects
(Branson 2008, Whitman 2008). A similar relationship was ob-
served between the number of eggs per pod and egg length in P.
japonica. In the present study, no attempt was made to investigate
the evolutionary significance of egg size variations.

Hatching and the mechanism controlling hatching synchrony.—Under
outdoor conditions, egg hatching in P. japonica occurred during the
daytime, but the eggs of each pod hatched simultaneously. Hatch-
ing during the daytime is common in grasshoppers (Tanaka 2021b).
In the desert locust, however, eggs kept under 12-h photocycles or
thermocycles hatch during the dark or cryoperiod (low temperature
period) rather than during the light or thermoperiod (Padgham
1981, Nishide et al. 2015a, b). In the field, they hatch over a brief
period from shortly before dawn to the first 4 h after sunrise (Ellis
& Ashall, 1957). In L. migratoria under laboratory conditions, eggs
also hatch in response to temperature and photoperiod (Nishide et
al. 2015b). In the field, however, eggs are buried in soil and rely on
changes in temperature alone to control hatching time (Nishide et
al. 2015b, 2017a). It would be interesting to explore on a molecular
basis why and how this locust perceives and uses light to control
hatching time. In L. migratoria, the eggs hatched between 09:00 and
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Fig. 17. Variation in adult pronotum shape in Patanga japonica
reared singly or in groups under indoor or outdoor conditions.
Photographs on the right show different shapes of pronotum. In-
dividuals in group 1 and 2 hatched on July 5 and July 25 in 2021
and were reared in a group of approximately 200 and 100 in a
large cage, respectively. Asterisks indicate a significant difference
between sexes by y* test (p < 0.05).

16:00 in the field (Chen 1999, Nishide et al. 2017b). P. japonica eggs
also hatched during the day under outdoor conditions. However,
no detailed analysis was carried out on the hatching time of this
grasshopper in relation to temperature or other factors.

Hatching synchrony of P. japonica was confirmed to occur at a
constant temperature of 30°C. In this case, only eggs buried as a
group in sand hatched in synchrony, while those individually bur-
ied in sand hatched sporadically over a longer period. Hatching
synchrony was achieved even in pairs of eggs kept in contact with
one another. Greater increases in group size did not bring about
significant changes in the hatching interval. However, hatching
became earlier as group size increased. Two explanations for this
phenomenon, which are not mutually exclusive, have been sug-
gested: 1) A larger egg group is more likely to contain an early-
hatching egg and 2) there are group-size dependent embryo-em-
bryo interactions that might control hatching time (Tanaka 2021a).
Two eggs separated by several millimeters on sand hatched less
synchronously than those kept in contact with one another, but
hatching synchrony occurred when the similarly separated eggs
were connected by a steel wire, suggesting that physical stimuli
transmitted via the wire induced hatching synchrony.

A similar phenomenon is known in other grasshoppers and
locusts, and embryo-embryo interactions are involved in con-
trolling hatching synchrony (Nishide and Tanaka 2016, Tanaka
2017, 2021a, b, Tanaka et al. 2018, Sakamoto et al. 2019). In
L. migratoria, two eggs that would have otherwise hatched more
than one day apart hatched together when kept in contact with
one another (Tanaka 2017). To achieve synchronous hatching,
egg hatching time had to be adjusted. In L. migratoria and the
Bombay locust, Patanga succincta (Johannson, 1763), the hatch-
ing time of eggs is either delayed or advanced depending on the
development of adjacent eggs. In contrast, the hatching time of
the eggs of S. gregaria only advance to achieve synchronous hatch-
ing (Tanaka 2021a). The present study suggests that P. japonica is
similar to the former.

In the field, newly hatched nymphs of P. japonica were observed
climbing up P. montana var. lobata quickly and forming small aggre-
gations of 3-7 individuals on the leaves (Suppl. material 2F). They
appeared to be quite sensitive to vibrational or visual stimuli because
they quickly scattered in all directions when I came close to them for

photographing. Similar behaviors were observed in other grasshop-
pers. In R. microptera and T. eques, newly hatched nymphs quickly ag-
gregate, sometimes forming a tight, touching ball of 10-40 nymphs.
In T. eques, these tight aggregations break apart by the second stadium,
but in R. microptera, they may continue into the third stadium. When
such a ball of touching nymphs is approached, the nymphs jump
wildly in every direction (Whitman DW, pers. comm.). This kind of
behavior suggests that one of the functions of synchronous hatching
is to form an aggregation to escape from approaching predators, as
suggested for P. succincta (Tanaka 2021b). Synchronous hatching is
also likely to reduce the probability of detection by predators by lim-
iting the duration of hatching from the pod. Eggs buried separately
in sand showed a lower rate of hatchability than those buried in a
group. These observations suggest the possibility that group hatch-
ing facilitates successful egg hatching and might have influenced the
evolution of egg deposition in an egg pod in grasshoppers.

Adult body size and crowding effects.—In the temperate region of Japan,
P. japonica is the only grasshopper species known to overwinter as an
adult (Ichikawa et al. 2006). A comparison of adults collected before
and after winter suggested that there was no size-dependent mor-
tality during winter. This grasshopper also overwinters in the adult
stage in the subtropical region and maintains a univoltine life cycle
(Ichikawa et al. 2006, Murai and Ito 2011). However, there is a large
difference in adult body size between temperate and subtropical
populations. For example, the female and male mean head widths
of an Okinawa population are 9.0 cm (range, 9.5-8.5 mm; N = 31)
and 6.9 mm (7.2-6.3 mm; N = 41), respectively (Tanaka and Okuda
1996), whereas the corresponding figures for the Tsukuba popula-
tion are 6.5 cm (6.0-7.0 mm; N = 55) and 5.2 cm (4.7-5.5 mm; N =
74) (Table 1). Despite the large difference in body size, large females
from a subtropical population copulated with small males from a
temperate population in a small cage (Tanaka and Okuda 1996).
Whether such pairing produces viable eggs, however, is unknown. In
asmall cage, a P. japonica female and a male of another species, . suc-
cincta, collected in Okinawa, were observed copulating (Suppl. ma-
terial 7), although no such heterospecific mating pair was observed
when more than 40 mating pairs were examined at a sugarcane field
in 1990 where the two species occurred sympatrically (Tanaka S, un-
published observation). In contrast, the incubation period of eggs
at 30°C is approximately 7 days longer in the Okinawa population
than in the Tsukuba population of P. japonica (Tanaka and Okuda
1996, and this study). It would, therefore, be worthwhile to confirm
the species status of the temperate and subtropical populations.

Density-dependent changes in morphometric ratios are one of
the most important characteristics of phase polyphenism (Uvarov
1966, 1977, Pener 1991, Pener and Yerushalmi 1998, Pener and
Simpson 2009). Two species of locusts, S. gregaria and L. migratoria,
are typical examples showing such changes, and the F/C and E/F
ratios of these species are frequently used to separate individuals
in different phases (Dirsh 1951, 1953, Farrow and Colless 1980, H.
Tanaka 1982, Yerushalmi et al. 2001, Hoste et al. 2002 2003, Tan-
aka et al. 2002, Yamagishi and Tanaka 2009, Sugahara et al. 2015,
2016). In the above two locusts, crowding causes the F/C ratio to
decrease and the E/F ratio to increase. Similar changes have been
observed in P. succincta in Okinawa (Yasuda 1986). In P. japonica,
these ratios also tended to be influenced by crowding, but the di-
rection of the changes was opposite to what was expected.

The E/C ratio showed an interesting response to crowd-
ing, tending to increase in males but not in females. This ratio
is higher in long-winged individuals than in short-winged ones
in L. migratoria (Tanaka and Nishide 2013, Nishide and Tanaka
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2013) and S. gregaria (Sugahara et al. 2017). If the ratio reflects
flight capability, it might follow that P. japonica males emerge as
better fliers under high population density than under low popu-
lation density. Under outdoor conditions, this ratio increased
in one of the crowd-reared treatments in which most adults
emerged in September when the temperature was still relatively
high and might be favorable for flight activity. To understand the
significance of this response, further research should investigate
the other factor(s) that are responsible for the changes in E/C ratio
and dispersal activity in this grasshopper.

The pronotum shape is another character known to change
density dependently in L. migratoria (Uvarov 1966, Tanaka et al.
2002). In P. japonica, a significant difference was observed in the
proportions of arched, flat, and concave pronota between sexes,
but there was no evidence indicating the presence of a density-
dependent change in this trait.

As is often observed in locusts (Pener 1991), P. japonica nymphs
become heavily melanized under crowded conditions (Tanaka and
Okuda 1996), and this phenomenon was also observed during
the present study (details to be published). Unlike locusts, how-
ever, nymphs of P. japonica were considerably inactive, even under
crowded conditions, and no increased locomotor activity was seen,
although no attempts were made to quantify their activities. Crowd-
ing is also known to induce a difference in egg size in locusts (Hunt-
er-Jones 1958, Uvarov 1966, Nishide and Tanaka 2019). In P. japon-
ica, however, crowding caused a reduction in egg number but not
in egg size. In the temperate area, no records indicate the formation
of aggregation or swarming in this species, except for small aggrega-
tions of hatchlings observed at low-population density. However,
the available information suggests that P. japonica exhibits density-
dependent polyphenism in some characters, as observed in locusts.

Acknowledgements

I thank Prof. D. W. Whitman (Professor of Biology, Illinois
State University) for his valuable comments on the manuscript
and permission to cite unpublished information. Two reviewers
and Dr. M. Lecoq, subject editor, greatly improved the manuscript.

References

Ando Y (2021) What do we learn from praying mantises? Hokuryukan,
Tokyo, 213 pp. [In Japanese|

Atkinson D, Begon M (1987) Reproductive variation and adult size in
two co-occurring grasshopper species. Ecological Entomology 12:
119-127. https://doi.org/10.1111/j.1365-2311.1987.tb00991.x

Atkinson D, Begon M (1988) Adult size variation in two co-occurring
grasshopper species in a sand-dune habitat. Animal Ecology 57:
185-200. https://doi.org/10.2307/4772

Bolivar I (1898) Contributions a I'étude des Acridiens. Especes de la Faune
indo et austro-malaisienne du Museo Civico di Storia Naturale di
Genova. Annali del Museo Civico di Storia Naturale di Genova 39:
66-101. https://doi.org/10.5962/bhl.part.9541

Branson DH (2008) Influence of individual body size on reproductive traits in
melanopline grasshoppers (Orthoptera: Acrididae). Journal of Orthop-
tera Research 17: 259-263. https://doi.org/10.1665/1082-6467-17.2.259

Burmeister H (1838) Handbuch der Entomologie Kaukerfe, Gymnognatha
(Erste Halfte: Vulgo Orthoptera). Theodor Christian Friedrich Enslin,
Berlin, 397-756. http://www.biodiversitylibrary.org/item/82123

ChenY (1999) The Locust and Grasshopper Pests of China. China Forestry
Publishing House, Beijing, China, 72 pp.

Cigliano MM, Braun H, Eades DC, Otte D (2022) Orthoptera Species File.
Version 5.0/5.0. [retrieval date 1 October 2022] http://Orthoptera.
SpeciesFile.org

Davidowitz G (2008) Population and environmental effects on the size-
fecundity relationship in a common grasshopper across an aridity
gradient. Journal of Orthoptera Research 17: 265-271. https://doi.
org/10.1665/1082-6467-17.2.265

Dirsh VM (1951) A new biometrical phase character in locusts. Nature
167: 281-282. https://doi.org/10.1038/167281b0

Dirsh VM (1953) Morphometrical studies on phases of the desert locust
(Schistocerca gregaria Forskal). Anti-Locust Bulletin 1: 1-34.

Ellis PE, Ashall C (1957) Field studies on diurnal behaviour, movement
and aggregation in the desert locust (Schistocerca gregaria Forskal).
Anti-Locust Bulletin 25: 1-94.

Farrow R, Colless DH (1980) Analysis of the interrelationships of geo-
graphical races of Locusta migratoria (Linnaeus) (Orthoptera: Acridi-
dae), by numerical taxonomy, with special reference to sub-speciation
in the tropics and affinities of the Australian race. Acrida 9: 77-99.

Forskal P (1775) Descriptiones animalium, avium, amphibiorum, pisci-
um, insectorum, vermium; quae in itinere orientali observavit Petrus
Forskal. Prof. Haun. Post mortem auctoris edidit Carsten Niebuhr.
Hauniae, 164 pp. https://doi.org/10.5962/bhl.title.2154

Honék A (1993) Intraspecific variation in body size and fecundity in
insects: a general relationship. Oikos 66: 483-492. https://doi.
org/10.2307/3544943

Hoste B, Simpson SJ, Tanaka S, Zhu D-H, De Loof A, Breuer M (2002)
Effects of [His’]-corazonin on the phase state of isolated-reared (soli-
tarious) desert locusts, Schistocerca gregaria. Journal of Insect Physi-
ology 48: 791-801. https://doi.org/10.1016/S0022-1910(02)00177-4

Hunter-Jones P (1958) Laboratory studies on the inheritance of phase
characters in locusts. Anti-Locust Bulletin 29: 1-32.

Ichikawa A, Kano Y, Kawai M, Tominago O, Murai T [Eds] (2006) Orthop-
tera of the Japanese Archipelago in Colour [Japanese|. Hokkaido
University Press, Japan, 687 pp.

Japan Meteorological Agency (2022) News Releases. https://www.jma.
go.jp/jma/index.html

Johannson B (1763) Centurio insectorum rariorum. In: Amoenitates Aca-
demicae seu dissertationes variae Physicae, Medicae, Botanicae anthe-
hac seorsim editae, 2™ edn. Erlanger, 384-415.

Linnaeus CN (1758) Systema Naturae per Regna tria naturae (10" edn.). Hol-
miae, 824 pp. http://www.biodiversitylibrary.org/item/10277#page/3/
mode/1up

Murai T, Ito F (2011) A Field Guide to the Orthoptera of Japan. Hokkaido
University Press, Sapporo, 449 pp.

Nakamori H, Sadoyama Y (2001) Simple identification of Nomadacris suc-
cincta and N. japonica (Orthoptera, Acrididae) and their distribution
in the islands of Okinawa. Bulletin of the Okinawa Agricultural Ex-
periment Station 23: 56-60. [In Japanese]|

Nishide Y, Tanaka S (2013) Wing dimorphism in the migratory locust, Locusta
migratoria: differentiation of wing morph and phase polyphenism. En-
tomological Science 16: 421-431. https://doi.org/10.1111/ens.12023

Nishide Y, Tanaka S (2016) Desert locust, Schistocerca gregaria, eggs hatch in
synchrony in a mass but not when separated. Behavioral Ecology and So-
ciobiology 70: 1507-1515. https://doi.org/10.1007/s00265-016-2159-2

Nishide Y, Tanaka S (2019) Re-examination of the maternal control of
progeny size and body color in the desert locust Schistocerca gregaria:
Differences from previous conclusions. Journal of Insect Physiology
114: 145-157. https://doi.org/10.1016/j.jinsphys.2019.01.004

Nishide Y, Tanaka S, Saeki S (2015a) Adaptive difference in daily timing of
hatch in two locust species, Schistocerca gregaria and Locusta migratoria:
the effects of thermocycles and phase polyphenism. Journal of Insect
Physiology 72: 79-87. https://doi.org/10.1016/j.jinsphys.2014.12.003

Nishide Y, Tanaka S, Saeki S (2015b) Egg hatching of two locusts,
Schistocerca gregaria and Locusta migratoria, in response to light
and temperature cycles. Journal of Insect Physiology 76: 24-29.
https://doi.org/10.1016/j.jinsphys.2015.03.010

Nishide Y, Suzuki T, Tanaka S (2017a) Synchrony in the hatching of eggs
in the desert locust Schistocerca gregaria (Orthoptera: Acrididae):
Egg condition influences hatching time in the laboratory and under
simulated field temperatures. Applied Entomology and Zoology 52:
599-604. https://doi.org/10.1007/s13355-017-0517-9

JOURNAL OF ORTHOPTERA REsEARCH 2023, 32(1)


https://doi.org/10.1111/j.1365-2311.1987.tb00991.x
https://doi.org/10.2307/4772
https://doi.org/10.5962/bhl.part.9541
https://doi.org/10.1665/1082-6467-17.2.259
http://www.biodiversitylibrary.org/item/82123
http://Orthoptera.SpeciesFile.org
http://Orthoptera.SpeciesFile.org
https://doi.org/10.1665/1082-6467-17.2.265
https://doi.org/10.1665/1082-6467-17.2.265
https://doi.org/10.1038/167281b0
https://doi.org/10.5962/bhl.title.2154
https://doi.org/10.2307/3544943
https://doi.org/10.2307/3544943
https://doi.org/10.1016/S0022-1910(02)00177-4
https://www.jma.go.jp/jma/index.html
https://www.jma.go.jp/jma/index.html
http://www.biodiversitylibrary.org/item/10277#page/3/mode/1up
http://www.biodiversitylibrary.org/item/10277#page/3/mode/1up
https://doi.org/10.1111/ens.12023
https://doi.org/10.1007/s00265-016-2159-2
https://doi.org/10.1016/j.jinsphys.2019.01.004
https://doi.org/10.1016/j.jinsphys.2014.12.003
https://doi.org/10.1016/j.jinsphys.2015.03.010
https://doi.org/10.1007/s13355-017-0517-9

S. TANAKA

107

Nishide Y, Suzuki T, Tanaka S (2017b) The hatching time of Locusta
migratoria under outdoor conditions: role of temperature and adap-
tive significance. Physiological Entomology 42: 146-155. https://doi.
org/10.1111/phen.12184

Okuda T, Tanaka S, Kotaki T, Ferenz HJ (1996) Role of the corpora allata
and juvenile hormone in the control of imaginal diapause and
reproduction in three species of locusts. Journal of Insect Physiology
44: 943-951. https://doi.org/10.1016/0022-1910(96)00055-8

Padgham DE (1981) Hatching rhythms in the desert locust, Schistocerca
gregaria. Physiological Entomology 6: 191-198. https://doi.
org/10.1111/j.1365-3032.1981.tb00641 .x

Palisot de Beauvois A (1805-1821) Insectes recueillis en Afrique et en
Amérique dans les royaumes d'Owareet de Bénin, a Saint-Domingue
et dans les Etats-Unis, pendant les années 1786-1797. Printing by de
Fain et Cie, Paris. [Publis. in part 9:146 in 1817]

Parker GA (1970) Sperm competition and its evolutionary consequences
in insects. Biological Reviews 45: 525-567. https://doi.org/10.1111/
j.1469-185X.1970.tb01176.x

Parker GA, Smith JL (1975) Sperm competition and the evolution of
the precopulatory passive phase behavior in Locusta migratoria
migratorioides. Journal of Entomology A 49: 155-171. https://doi.
org/10.1111/j.1365-3032.1975.tb00080 X

Pener MP (1991) Locust phase polymorphism and its endocrine relations.
Advances in Insect Physiology 23: 1-79. https://doi.org/10.1016/
S0065-2806(08)60091-0

Pener MP, Yerushalmi Y (1998) The physiology of locust phase polyphen-
ism: An update. Journal of Insect Physiology 44: 365-377. https://doi.
org/10.1016/50022-1910(97)00169-8

Pener MP, Simpson SJ (2009) Locust phase polyphenism: An update.
Advances in Insect Physiology 36: 1-272. https://doi.org/10.1016/
S0065-2806(08)36001-9

Sakamoto H, Tanaka S, Hata T (2019) Identification of vibrational sig-
nals emitted by embryos of the migratory locust Locusta migratoria
(Orthoptera: Acrididae) that induce synchronous hatching. Europe-
an Journal of Entomology 116: 258-268. https://doi.org/10.14411/
€je.2019.030

Smith AR, Nowak A, Wagner P, Yates R, Janci E, Bernales R, Dietz T,
Earhart A, Fogle A, Fullerton N, Gromer K, Kliver B, Larson W,
Ludwikowski J, Martini T, McGrath J, Polino A, Schumacher M,
Weick S, Casto, Whitman DW (2013) Daily temperature cycle induc-
es daily hatching rhythm in Eastern Lubber Grasshoppers, Romalea
microptera. Journal of Orthopteran Research 22: 51-55. https://doi.
org/10.1665/034.022.0108

Stauffer TW, Whitman DW (1997) 12. Grasshopper Oviposition. In: Gang-
were SK, Muralirangan MC, Muralirangan M (Eds) The Bionomics
of Grasshoppers, Katydids and their Kin. CAB International, Walling-
ford, UK, 231-280.

Sugahara R, Saeki S, Jouraku A, Shiotsuki T, Tanaka S (2015) Knockdown
of the corazonin gene reveals its critical role in the control of gregari-
ous characteristics in the desert locust. Journal of Insect Physiology
79: 80-87. https://doi.org/10.1016/j.jinsphys.2015.06.009

Sugahara R, Tanaka S, Jouraku A, Shiotsuki T (2016) Functional characteri-
zation of the corazonin-encoding gene in phase polyphenism of the
migratory locust, Locusta migratoria (Orthoptera: Acrididae). Applied
Entomology Zoology 51: 225-232. https://doi.org/10.1007/s13355-
015-0391-2

Sugahara R, Tanaka S, Shiotsuki T (2017) RNAi-mediated knockdown of
SPOOK reduces ecdysteroid titers and causes precocious metamor-
phosis in the desert locust Schistocerca gregaria. Developmental Biol-
ogy 429: 71-80. https://doi.org/10.1016/j.ydbio.2017.07.007

Tanaka H (1982) The migratory locust, Tocusta (sic) migratoria L. (Orthop-
tera: Acrididae), in Japan. I. Experiment on crowding effect. Applied
Entomology and Zoology 17: 467-476. https://doi.org/10.1303/
aez.17.467

Tanaka S (2017) Locusta migratoria (Orthoptera: Acrididae) embryos moni-
tor neighboring eggs for hatching synchrony. Journal of Orthoptera
Research 26: 103-115. https://doi.org/10.3897/jor.26.20935

Tanaka S (2021a) A comparison of the mechanisms controlling the hatch-
ing time and synchrony of the desert locust Schistocerca gregaria and
the Bombay locust Nomadacris succincta (Orthoptera: Acrididae).
Applied Entomology and Zoology 56: 9-18. https://doi.org/10.1007/
$13355-020-00702-w

Tanaka S (2021b) Embryo-to embryo communication facilitates synchro-
nous hatching in grasshoppers. Journal of Orthoptera Research 30:
107-115. https://doi.org/10.3897/jor.30.63405

Tanaka S (2022) Long-term monitoring of body size and morphomet-
ric ratios in the migratory locust, Locusta migratoria (Orthoptera:
Acrididae). Japanese Journal of Entomology 57: 45-53. https://doi.
org/10.1007/s13355-021-00760-8

Tanaka S, Nishide Y (2013) First record of the occurrence and genetics
of a short-winged morph in the migratory locust, Locusta migratoria
(Orthoptera: Acrididae). Journal of Orthoptera Research 21: 169-174.
https://doi.org/10.1665/034.021.0204

Tanaka S, Okuda T (1996) Life cycles, diapause and developmental char-
acteristics in subtropical locusts, Nomadacris succincta and N. japonica
(Orthoptera: Acrididae). Japanese Journal of Entomology 64: 189-201.
https://dl.ndl.go.jp/info:ndljp/pid/10655006 [Uploaded 3 Oct. 2022]

Tanaka S, Sakamoto H, Hata T, Sugahara R (2018) Hatching synchrony is
controlled by a two-step mechanism in the migratory locust Locusta
migratoria (Acrididae: Orthoptera): Roles of vibrational stimuli.
Journal of Insect Physiology 107: 125-135. https://doi.org/10.1016/j.
jinsphys.2018.03.010

Tanaka S, Zhu D-H (2003) Phase-related differences in mating strategy of a lo-
cust. Annals of Entomological Society of America 96: 498-502. https://
doi.org/10.1603/0013-8746(2003)096[0498:PDIMSO]2.0.CO;2

Tanaka S, Zhu D-H, Hoste B, Breuer M (2002) The dark-color-inducing
neuropeptide, [His’|-corazonin, causes a shift in morphometric char-
acteristics towards the gregarious phase in isolated-reared (solitari-
ous) Locusta migratoria. Journal of Insect Physiology 48: 1065-1074.
https://doi.org/10.1016/S0022-1910(02)00199-3

Uvarov B (1966) Grasshoppers and Locusts: A handbook of general acri-
dology. Vol. 1. Anatomy, physiology, development, phase polymor-
phism, introduction to taxonomy. Cambridge University Press, Cam-
bridge, 481 pp.

Uvarov B (1977) Grasshoppers and Locusts: A handbook of general acri-
dology. In: Behaviour, Ecology, Biogeography, Population Dynamics.
Vol. 2. Overseas Pest Research, London, 613 pp.

Whitman DW (2008) The significance of body size in the Orthoptera: a
review. Journal of Orthoptera Research 17: 117-134. https://doi.
org/10.1665/1082-6467-17.2.117

Whitman DW, Orsak LJ (1985) Biology of Taeniopoda eques (Orthoptera:
Acrididae) in southeastern Arizona. Annals of the Entomological So-
ciety of America 78: 811-825. https://doi.org/10.1093/aesa/78.6.811

Yanagi S, Tuda M (2012) Female size constrains egg size via the influence
of reproductive organ size and resource storage in the seed beetle
Callosobruchus chinensis. Journal of Insect Physiology 58: 1432-1437.
https://doi.org/10.1016/j.jinsphys.2012.08.007

Yamagishi M, Tanaka S (2009) Overwintering biology and morphologi-
cal characteristics of the migratory locust, Locusta migratoria after out-
breaks on Theya Island, Japan. Applied Entomology and Zoology 44:
165-174. https://doi.org/10.1303/aez.2009.165

Yasuda K (1986) Morphometric characters of the Bombay locust adults,
Patanga succincta (L.) (Orthoptera: Cyrtacanthacridinae) in Islands of
Okinawa Prefecture. Bulletin of the Okinawa Agricultural Experiment
Station 11: 61-66. [In Japanese]

Yerushalmi Y, Tauber E, Pener MP (2001) Phase polymorphism in Locusta
migratoria: the relative effects of geographical strains and albinism on
morphometrics. Physiological Entomology 26: 95-105. https://doi.
org/10.1303/aez.2009.165

Zhu D-H, Tanaka S (2002) Prolonged precopulatory mounting in-
creases the length of copulation and sperm precedence in a locust,
Locusta migratoria (Orthoptera: Acrididae). Annals of Entomologi-
cal Society of America 95: 370-373. https://doi.org/10.1603/0013-
8746(2002)095[0370:PPMITL]2.0.CO;2

JOURNAL OF ORTHOPTERA ResEARCH 2023, 32(1)


https://doi.org/10.1111/phen.12184
https://doi.org/10.1111/phen.12184
https://doi.org/10.1016/0022-1910(96)00055-8
https://doi.org/10.1111/j.1365-3032.1981.tb00641.x
https://doi.org/10.1111/j.1365-3032.1981.tb00641.x
https://doi.org/10.1111/j.1469-185X.1970.tb01176.x
https://doi.org/10.1111/j.1469-185X.1970.tb01176.x
https://doi.org/10.1111/j.1365-3032.1975.tb00080.x
https://doi.org/10.1111/j.1365-3032.1975.tb00080.x
https://doi.org/10.1016/S0065-2806(08)60091-0
https://doi.org/10.1016/S0065-2806(08)60091-0
https://doi.org/10.1016/S0022-1910(97)00169-8
https://doi.org/10.1016/S0022-1910(97)00169-8
https://doi.org/10.1016/S0065-2806(08)36001-9
https://doi.org/10.1016/S0065-2806(08)36001-9
https://doi.org/10.14411/eje.2019.030
https://doi.org/10.14411/eje.2019.030
https://doi.org/10.1665/034.022.0108
https://doi.org/10.1665/034.022.0108
https://doi.org/10.1016/j.jinsphys.2015.06.009
https://doi.org/10.1007/s13355-015-0391-2
https://doi.org/10.1007/s13355-015-0391-2
https://doi.org/10.1016/j.ydbio.2017.07.007
https://doi.org/10.1303/aez.17.467
https://doi.org/10.1303/aez.17.467
https://doi.org/10.3897/jor.26.20935
https://doi.org/10.1007/s13355-020-00702-w
https://doi.org/10.1007/s13355-020-00702-w
https://doi.org/10.3897/jor.30.63405
https://doi.org/10.1007/s13355-021-00760-8
https://doi.org/10.1007/s13355-021-00760-8
https://doi.org/10.1665/034.021.0204
https://dl.ndl.go.jp/info:ndljp/pid/10655006
https://doi.org/10.1016/j.jinsphys.2018.03.010
https://doi.org/10.1016/j.jinsphys.2018.03.010
https://doi.org/10.1603/0013-8746(2003)096%5B0498:PDIMSO%5D2.0.CO;2
https://doi.org/10.1603/0013-8746(2003)096%5B0498:PDIMSO%5D2.0.CO;2
https://doi.org/10.1016/S0022-1910(02)00199-3
https://doi.org/10.1665/1082-6467-17.2.117
https://doi.org/10.1665/1082-6467-17.2.117
https://doi.org/10.1093/aesa/78.6.811
https://doi.org/10.1016/j.jinsphys.2012.08.007
https://doi.org/10.1303/aez.2009.165
https://doi.org/10.1303/aez.2009.165
https://doi.org/10.1303/aez.2009.165
https://doi.org/10.1603/0013-8746(2002)095%5B0370:PPMITL%5D2.0.CO;2
https://doi.org/10.1603/0013-8746(2002)095%5B0370:PPMITL%5D2.0.CO;2

108

S. TANAKA

Supplementary material 1

Author: Seiji Tanaka

Data type: JPEG file

Explanation note: Nymphal growth (head width, mean + SD mm)
of Patanga japonica under outdoor conditions. Nymphs were
reared in a group from June to August (A) and from August
to September (B). In (B) males, females and females that un-
derwent an extra molt and their mean head widths (+ SD) are
shown separately as black, red, and green bars or letters, re-
spectively. A few days after each molt, nymphs were measured,
marked with white paint on a hind femur, and transferred to
another cage. Roman numerals indicate the stadia. Numbers
in parentheses indicate N. Significant differences were ob-
served in mean head width among the three groups of last in-
star nymphs by Tukey’s multiple test (p < 0.05). E female; M,
male; O, penultimate instar: L, last instar.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
0dbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify,
and use this Dataset while maintaining this same freedom
for others, provided that the original source and author(s) are
credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl1

Supplementary material 2

Author: Seiji Tanaka

Data type: JPEG file

Explanation note: Wood-framed enclosure for grasshopper behav-
ior observations; B. Small cages; C. Setup for observing hatch-
ing time; D. Feeding mark; E. Mating postures; F. Small aggre-
gation of hatchlings.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
0dbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify,
and use this Dataset while maintaining this same freedom
for others, provided that the original source and author(s) are
credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl2

Supplementary material 3

Author: Seiji Tanaka

Data type: JPEG file

Explanation note: Lengths of copulation under outdoor condi-
tions in Patanga japonica. Observations were made from April
21 to April 25 in 2022. X-axis indicates the lengths of copu-
lation recorded during the daily observation period (08:00-
18:00 or 22:00). Pairs that were still mating at the end of daily
observation are labeled ‘copulation continued.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
odbl/1.0/). The Open Database License (ODDbL) is a license
agreement intended to allow users to freely share, modify,
and use this Dataset while maintaining this same freedom
for others, provided that the original source and author(s)
are credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl3

Supplementary material 4

Author: Seiji Tanaka

Data type: movie

Explanation note: Video showing a typical mating and stridula-
tion by a Patanga japonica male.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
odbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others,
provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl4

Supplementary material 5

Author: Seiji Tanaka

Data type: movie

Explanation note: Slow-motion video showing stridulation behav-
ior by a male on a female of Patanga japonica. The female body
was tilted by approximately 30 degrees to orient their body
towards the sun and the male used both legs for stridulation.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
0dbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others,
provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl5

Supplementary material 6

Author: Seiji Tanaka

Data type: JPEG file

Explanation note: Oviposition intervals in Patanga japonica in out-
door cages (A) and cumulative number of females that depos-
ited the last egg pod on the indicated date (B) in 2021. In (A),
mean = SD is given.

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
0dbl/1.0/). The Open Database License (ODDbL) is a license
agreement intended to allow users to freely share, modify,
and use this Dataset while maintaining this same freedom
for others, provided that the original source and author(s) are
credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl6

Supplementary material 7

Author: Seiji Tanaka

Data type: JPEG file

Explanation note: Heterospecfic mating of Patanga japonica female
and Bombay locust Patanga succincta male (A). Note that the
eye stripes are conspicuous only in P. succincta (B).

Copyright notice: This dataset is made available under the Open
Database License (http://opendatacommons.org/licenses/
0dbl/1.0/). The Open Database License (ODbL) is a license
agreement intended to allow users to freely share, modify, and
use this Dataset while maintaining this same freedom for others,
provided that the original source and author(s) are credited.

Link: https://doi.org/10.3897/jor.32.95753.suppl7
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