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Abstract

Intensive and  successive  ficld surveys  on  the relative  abundance  of  IVlrzara viridula  (Hemiptera] Pentatomidae) and

N  antennata  at various  localities in northern  Kyushu, Japan, together  with  seattered  collection  records  ofIV  viridula

in Kyushu  and  Honshu, clearly showed  that N  viriduta  has been expanding  its range  northward  since  the 1960s. The

present range  ofIV  viridula  in Kyushu  coincided  well  with  the areas  where  the mean  temperature  ofthe  coldest  month

exceeds  5aC that has been suggested  to be the lowest thermal  limit fbr IV viridula  to overwinter  successfu11y.  The  fiJ-
ture range  ofAL  viridula  is predicted to cover  a  1arge area  of  Kyushu  ifthe temperature rises  by i.4 to 5.80C by 21OO.

In some  places, AL antennata  seemed  to have been replaced  by  N  viridula  as  a  result  of  their interspecific mating  that

prevented AL antennata  from intraspecific mating.  This is becttuse N  antennata  was  overwhelmed  in abundance,  by
N  viridula, which  has a higher rcproductive  potential than A[ antennata  under  warm  conditions  with  a  suencient

amount  of  food resources.  Corrversely, Al antennata  populations recovered  in a  few places where  N  viridula  had re-

placed N  antennata  in the 1950s, probably due to the shortage  of  rice  plants on  which  INL viriduta  preferably repro-

duces.
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INTRODUCTION

  Mean  global surface  temperature  has risen by
O.3-O.6eC since  the late nineteenth  centurM  and

has been predicted to rise by 1,4-5.80C by 2100

(Houghton et al., 2001). Such global warming  has
been considered  to influence insect life in various
ways  (e.g., Kiritani, 1988, 2003, 2006a; Harrington
and  Stork, 1995; Butterfield and  Coulson, 1997;
Yamamura  and  Kiritani, l998; Hughes, 2000;
YUkawa, 2000; McLaughlin  et al., 2002; Yukawa
and  Akimoto, 2006), Among  various  infiuences, a

poleward range  expansion  is one  of  the common

trends caused  by global warming  and  has been
documented in many  insects (e,g,, Parmesan and

Ybhe,  2003; Root  et  al., 2003). In Japan, northward

expansion  has been reported  fbr various  butterfiy
species  (e.g., Nakastiji, 1988; Ybshie  and  Ishii,

2001; Kiritani and  Yamamura,  2003) and  stink

bugs (e.g., Hayashi, 1997; Musolin and  Numata,
2003a; Ito, 2004; Kiritani, 2006b). Among  stink

bugs, the northward  range  expansion  by Nezara
viridula  (L,) (Hemiptera: Pentatomidae) is particu-
1arly a matter  of  some  concern  for agricultural pre-
duction in newly  irrvaded areas  because it is one  of

the serious  pests of  rice plants and  various  other

crops  (e.g., Kiritani, 1971; Todd, 1989), In addi-

tion, the northward  shift ofN  viridula  involves an
interesting ecological  aspect  of  interspecific com-

petition with  its allied  congener,  the oriental  green
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stink  bug, Aiezava antennata  Scott, which  is widely
distributcd in Japan from Okinawa  to Hokkaido,
Korea,  China, and  southeastern  Asian  countries

(e.g., Hayashi,  2002),

  N  viriduta  is distributed widely  in the tropics,

subtropics,  and  temperate zones  of  the world  (e.g.,
YUkawa and  Kiritani, 1965; Kiritani, 1971; [fodq
1989; Panizzi et al., 2000). In Japan, N  viridula

was  recorded  first in 1874 (location not  given) and
then in 1879 in Nagasaki Prefecture, Kyushu  (Fjg.
1) (Hasegawa, 1954). Thereafter, no  reliable  collec-

tion record  of  N  viridula  was  available  in Japan
until  the 1950s, possibly due to morphological  con-

fusion with  N  antennata,  In 1952, its occurrence
was  confirmed  in Kagoshima  Prefecture, Kyushu
and  then in Shjkoku and  Wakayama  Prefecture,
Honshu  (Fig. 1) (Hasegawa, 1954). A[ viriduta

populations increased in southwestern  parts of

Japan in the 1950s in association  with  the preva-
lence ef  early-planted  rice on  which  N  viridula

preferably reproduced  (Kiritani, 1971). When  the

relative  abundance  ofN  viridula  to N  antennata  is
biased toward  one  sidc, intcrspecific mating  be-
tween  the two  bugs, which  does not  produce fertile
eggs,  works  in favor ofthe  dominant species  by re-
ducing the  chance  of  intraspecific mating  in the  in-

ferior species.  Accordjng to Kiritani et al. (1963)
and  Kiritani (1971), AL viridula  has higher repro-
ductive potential than N  antennata  under  warm

conditions  with  suracient  amounts  of  early  and

late-cultivated rice  plants. Therefbre, interspecific
mating  between the two  bugs caused  a decline of
N  antennata  populations by reducing  the chance

of  intraspecific mating  in this species.  Thus, N
viridula  replaced  N  antennata  in many  places
where  the mean  temperature  of  the coldest  month

exceeds  50C, below which  N  viridula  populations
hard]y persist due to high winter  mortality  (Kiritani
et al., 1963). The two  IVezara bugs have been coex-

isting around  the borderline, which  is the northern
range  limit of  INC viridula.

  In the 1960s, the northern  limit ofN  viridula  in
Wakayama  Prefecture was  Arida City (Fig. 1) (Ki-
ritani et al., 1963), but it was  fbund recently  in
Osaka City (Fig. 1), about  70 km  north  of  Arida
City (unpublished data, see  Musolin and  Numata,
2003a). On  the east  coast  of  Kyushu, the northern
limit of  N  viridula  in 1957 was  [lakanabe City,
Miyazaki Prefecture (1 in Fig. 2) and  it had ex-

tended northward  to Nobeoka City (3 and  4 in Fig,

2) by 1960 (Samcshima, 1960). Then, IVI viridula

was  recorded  in 1967 from Urne [Ibwn and

Naokawa  Village (5 and  6 in Fig. 2), in the seuth-

ern  parts ofOita  Prefecture (Katsunori Tamashima,

2005, personal cemmunication),  in 1995 from

Saeki City (8 in Fig. 2) (Ministry of  Land  Infra-

structure  and  Transport, 1997), and  in 2003 and

2004 from Oita City (13 in Fig. 2) ([lamashima,
2004),

  In the wcst  coast  of  Kyushu, there was  no  reli-

able  collection  record  ofN  viriduta  until  the 1990s
except  fbr one  in Nagasaki Prefecture (Fig. 1) in

1879 (Hasegawa, 1954) and  observation  of  its oc-
currence  in rice  fields in the Arnakusa Islands, Ku-
mamoto  Prefecture (36 in Fig, 2) in 1965 (Naoyuki
Sugiura, 2002, personal communication).  In 1993,
AL viriduta  was  fbund in Chuo Town, Kumamoto
Prefecture (35 in Fig. 2) and  Chikugo  City, south-
ern  Fukuoka  Prefecture (32 in Fig, 2) (Ministry
of  Land' Infi:astructure and  Transport, 1993),
Thereafter, it was  collected  in 2001 from Uto CitM
Kumamoto  Prefecture (34 in Fig. 2) (Syoiti
Miyamoto,  2002,  personal communication)  and

Kurogi TIbwn, southern  Fukuoka  Prefecture (30 in
Fig, 2) (fakafumi Tsutsumi, 2002, personal  com-

munication).  Quite recently,  we  became aware  of

the existence  of  AI viridula  in Iwata City, Shizuoka
Prefecture, central  Honshu  (Fig, 1) (Ikeda, 2006).
These collection records  in recent  years suggest
that AI viridula  has been expanding  its distribution
range  northward  elsewhere  in Japan, as was  pre-
dicted by Mochida  (1991).
  In order  to confirm  the northward  expansion  of

N  viridula,  we  investigated the relative  abundance

of  7Vl viridula  and  N  antennata  in various  places
and  gathered scattered  infbrmation on  their exis-

tence. This paper intends to (i) clarify  the present
status  of  N  viridula  distribution range  by tracing

its northward  expansion  based on  field surveys,

particularly in Kyushu  where  recent  collection  data
of  the Nezava bugs have accumulated  more  inten-
sively  than in other  areas,  (ii) discuss the replace-

ment  of  AC antennata  by N  viridula  as  a result  of

their interspecific mating,  and  (iii) predict the fu-
ture potential distribution range  ofN  viridula  in
relation  to global warming,

MATERIALS  AND  METHODS

  Name  and  position of  localities. In 2005, many
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cities and  towns  were  unified  into larger cities

throughout  Japan, fbllowing suggestions  of  the

Japanese Government, and  new  names  were  often

given to the newly  unified  cities, However, we  used

the old  names  of  cities and  towns  before 2005 to

exprcss  the localities where  we  surveyed  or  rc-

ferred to collection  records,  because the localities
can  bc more  easiiy  identified by old  names  derivcd
from restricted  areas.  We  indicate the location of

respective  localities on  maps  with  lines of  latitude
and  longitude (Figs. 1 and  2). In particular, each

locality in Kyushu  is expressed  in the text by the
name  ofthe  city or  town  together with  a numeral  in
parentheses that indicates the location of  the local-
ity on  the map  ofnorthern  Kyushu  (Fig. 2).
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 Fig. 1. Map  of  Japan, cxcluding  the Nansei Islands, indi-
cating  prefectures and  localities where  the presence or  absence

ofIVeiaiu  viridula  is mentioncd  in this papen

                             El30.

                    
Nsd

 

R33

                                     207

  Field survey.  During the period  from 2002 to

2005, we  surveyed  the relative  abundance  of  ?Vl
vi}"idula  and  AL antennata  mainly  in nQrthern  parts
of  Kyushu, Japan (Fig. 2), where  IVI viridula  had
not  been fbund until  the 1990s. The localities sur-

veyed  intensively were  the east  coast  of  Kyushu

north  of  Kadokawa  [Ibwn, Miyazaki  (2-20 in Fig,
2), the  Chikugo Plains including several  cities  and

towns  in southwestern  Fukuoka  Prefecture (26-33
in Fig, 2), and  Munakata  and  Fukuoka  Cities in
northern  Fukuoka  Prefecture (23-25 in Fig, 2). In

each  locality, 2-5 persons surveyed  several  fields
of  different crops  and  randomly  collected  adults  of

rv. viridt{la  and  IV antennata  by hand  directly from

cultivated  plants, such  as soybean,  Glycine max

(L,) Merrill; kidney bean, Phaseolus  vuigaris

L. (Fabaceae); okra,  Abelmoschus esculentus

Moench (Malvaceae); cucumber,  Cucumis sativus
L.; bitter gourd Momordica chaiuntia  L. (Cucur-
bitaceae); tomato, lycopersicon esculentum  Mill,

(Solanaceae); sunflower,  Helianthus annut{s  L,

(Asteraceae); maize,  Zea mays  L., and  rice plant,
Otyza sativa  L. (Poaceae). The time  devoted to
each  survey  ofa  crop  field varied  from one  to three

hours, depending on  the density ofthe  Nbzava bugs
because their population density was  sometimes

very  low, probably due to the  d¢ velopmental  condi-

tions of  crops  or  to the  application  of  insecticides,
The  two  Nezava species  collected  were  brought
back to the Entomological Laboratory, Kyushu
UniversitM Fukuoka  City and  identified based on
the color  Qf  antennae  and  abdominal  tergites (and,
if necessary,  the paramere of  male  genitalia), based

E131'  M32'

                    S32

 Fig. 2. Map  of  rrorthern  Kyushll, Japan, indicating localities "'here  the presence  or  absence  of  Nezara viridula  is mentioned  in
this paper. Eaeh locality is numbered  for convenience,
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on  the description by Hasegawa  (1954) and

Kobayashi (I959). When  adults  were  not  collected

suMciently,  fifth instars, if any,  were  collected  and

fed with  soybean  pods in plastic bags (400mmX
200 mm  in size) to obtain  adult  specimens  for iden-
tification, because the two  Nkrxara bugs could  not

be distinguished at  the larval stage.  The afbremen-

tioned  sampling  method  was  considered  not  to fail
in assessing  the relative  abundance  ofN  viridttla

to N  antennata,  because their  adult  longevity is
long enough  to overlap  generations, although  N

viriduta  has three and  iV antennata  two genera-
tions a  year (Kiritani et al., 1963). A  similar

method  was  applied  to assess  the relative  abun-

dance of  IV viridula  to N  antennata  at various  lo-
calities  in Wakayama  Prefecture (Fig, 1) and  its re-
liability was  supported  by more  intensive ecologi-

cal  surveys  on  other  occasions  (Kiritani et al.,

1963),

  In addition  to the aforementioned  field survey,
we  tried to find N  viridula  in soybean  fields in Ya-
maguchi  Prefecture (Fig. 1) and  northern  Fukuoka
Prefecture whenever  opportunities  arose  for field
surveys  of  the soybean  pod gall midge,  Aspho-
nclylia  yushimai YUkawa  and  Uechi (Diptera: Ce-
cidomyiidae)  in these areas  during the period from
2000  to 2003 (see Fig, 1 in YUkawa  et al,, 2003),
We  also  occasionally  monitored  7VezaJu bugs
caught  at a  light trap sited  at the Hiko-san Biologi-
cal Research Station ofthe  Entomological Labora-
tory, Kyushu  University, Soeda [[bwn, Fukuoka
Prefecture (670 m  a,s,1,) (19 in Fig. 2).
  IVbzaiu bugs were  sometimes  sent  to the Ento-
mological  Laboratory, Kyushu  University fbr
species  identification from yarious  institutions of

agriculture  in Honshu  and  Kyushu  during the pe-
riod  from 1997 to 2003 because of  outbreaks  of

pentatomids at that time (e,g, Matsumoto  et al.,

2003),  For  example,  we  received  from Mr, K,

[Ibmashima,  some  specimens  of  ?VezaFu bugs that

had been collected  in 1996-I998  from Musashi

[Ibwn, Oita Prefecture (14 in Fig. 2) and  in 2004

fi/om 
"Ylayoi

 Tbwn, Oita Prefecture (9 in Fig, 2). In
response  to our  request,  some  7Vkezara specimens

were  collected  in September-October 2002 by Dr,
M. Morishita from northern  parts of  Wakayama
Prefecture (Fig, i) where  AL viridula  had not  been
found in the 1961-1962 surveys  (Kiritani et al.,

1963). We  also  had an  opportunity  to survey  soy-

bean fields in October 2005  on  Jeju Island, Korea,

which  is located about  1OO krn south  of  the Korean
Pcninsula and  about  230km  west  of  northern

Kyushu. The island has a  mild  climate  with  the

mean  temperature  ofthe  coldest  month  being about
4eC.

  Changes  in the mean  temperature  for Janu-
ary  in Fukuoka  Prefecture. First we  analyzed  the

correlation  between the  annual  mean  temperature

and  the  monthly  mean  temperature  for January
based on  meteorological  data frorn 1961 to 1990 at

80 localities in Japan (Japan Meteorological
Agency, 1996), After we  confirmed  that the corre-

lation was  supported  by a high]y significant value,
we  showed  an  increasing trend in the monthly

mean  temperature  fbr January  in Fukuoka  Prefec-
ture from 1961 to 2000 (Japan Meteorological

Agency,  2006).

  Future prediction of  the distribution range  of

AL viridula.  As mentioned  above,  it is diMcult
for N  viriduta  to persist continuously  in areas

where  the mean  temperature in the coldest  month

of  the year fa11s below 50C (Kiritani et al., 1963).
Based  on  this report  and  the  meteorological  data
for 1961-2005 in Japan (Japan Meteorological
Agency, 1996, 2002, 2006), previous, present, and

future distribution range  maps  of  A[ viridula  were

drawn under  the fbllowing four diffbrent tempera-

ture conditions:  (1) average  temperature  in thc

1960s, (2) average  temperature  in 2001-2005 (pres-
ent  status), which  is about  1.00C higher than  that in
the 1960s (Kiritani, 2006a), (3) temperature  about

1,40C higher than that in 1963 (minimum predic-
tion of  temperature  rising  from 1963 to 2100  by
Houghton  et al., 2001), and  (4) temperature  about

5.80C higher than 1963 (maximum prediction of

temperature rising  from 1963 to 21OO by Houghton
et al. 2001).

RESUVIiS

The  east  coast  of  Kyushu  north  of  Kadokawa

[ibwn,  Miyazaki  Prefecture

  Prior to our  field surveys,  we  identified adult

specimens  that had been collected  in 1996-1998
from Musashi Town, Oita Prefecture (14 in Fig. 2)
as  N  viridula,  In 2002, only  N  viridula  was  found
at two  localities in Nobeoka  City (3 and 4 in Fig, 2,
Table 1), where  it was  first recorded  in 1960

(Sameshima, 1960). Our occasional  fie]d surveys

from 2003 to 2005 also  revealed  that only  AL
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fable 1. Relative abundance  ot'N  viridula  and  ,M  antennata  at various  localities atong  the east  coust  of  Kyushu,  Japan.

 Numerals  in the  cotumn  ofeach  Nktzatu bug indicate the number  of?Vezara  bugs collected  from several  crop  fields in

                            each  locality in 2002 and  2004

No.* Locality 2002,nvL antennataNviriduia  962004  At. antennata  N. viridtila  
[va

34789101112

13151617]8

Toumi,  Nobeoka  City, Miyazaki Pref.13  July
Kawashima,  Nobeoka City; Miyazaki Pref, 13 July
Nagoya,  Kamac  Tewn,  Oita Pref
Mon7cn,  Saeki City. Oita Prc£
TekogL  fayoi Tbwn, Oita Pref.
Hikoneuchi,  Tsukumi CitM Oita Pretl
Ohno,  Usuki City, Oita Pref
Kouzaki  &  Nakahara, Saganoseki Town,
 Oita Prc£

Sakanoichi, Oita City, Oita Pref.
Mori, Bungo-takada  City, Oita Prcf,
M]keyama  &  Takaya, Usa City, Oita Pref.
Moriyama,  Sankou Ibwn, Oita Prefi
Yhmauchi,  Buzen  City, Fukuoka Pref.

l4 Ju]yl4
 July14
 July14July1]

 Aug.12
 Aug.

11 Aug.8
 Aug.S

 Aug.8
 Aug.8

 Aug.

ooo44226865

 8
 2156g747

271628]111306o

112o3o

10010010073.320.893.8

 8.1
 Oa

57.9a50

 Oa
 3.3o

5 Nov.5

 Nov,

27 Sep.

27 Scp,

28 Scp,

oo

2

8

16

>100

 >50

  25

66

3

1OO1OO

92.6b

892b

l5.8b

*
 The  numbers  indicate the location of  cach  locality on  the map  of  northern  Kyushu  CFig. 2).

Different letters on  the same  line indicate significant  differencer x?>xZ.oo].
-,  Not  surveyed,

viridula  occurs  in Nobeoka  City along  the coast.

The  relative  abundance  of  7Vl viridttla  to N  anten-

nata  was  also  100%  in Kamae  Tbwn  (7 in Fig. 2),
but varied  from 3,3 to 93.89r6 in seven  localities
along  the east  coast  of  Oita Prefecturc ([Iletble 1).
No  IV viridula  was  found in Saganoseki  [Ibwn (12
in Fig, 2), Usa  City (16 in Fig. 2), and  Buzen City
(18 in Fig. 2) in 2002, and  around  the areas  of  Yii-
tnakuni  River Front between Usa  City (16 in Fig.
2), and  Buzen City (1 8 in Fig. 2) in the 2003 exten-
sive  survey  by the Ministry of  Land Infrastructure
and  Transport (1993). Later, N  viridula  was  fbund
in 2004 in Saganoseki [Ibwn (12 in Fig. 2) and  Usa

City (16 in Fig. 2) for the first time, and  the relative

abundance  of  N  viridula  greatly increased in Oita
City (13 in Fig. 2). We  also  identified specimens

collected  in 2004 by Mr. K. Tlamashima from Yayoi
Town, Oita Prefecture (9 in Fig, 2) as  IV/ viridula.

In 2004, we  found no  IV viridula  in Katsuyama
Town, Fukuoka  Prefecture (21 in Fig, 2) that is
about  22 km  northwest  of  Buzen City (18 in Fig.
2), but we  collected  25  N  viridula  adults  (83.3% of
30) in 2005 from the same  field, Similarly in
Yiikuhashi City (20 in Fig. 2) that is about  18 km
northwest  of  Buzen City (18 in Fig. 2), nine  N
viridula  adults  (81.8% of  11) and  three N  anten-

nata  adults  were  collected in 2005. Although
Buzen City (18 in Fig. 2) was  not  surveyed  in

2005, N  viridula  now  possibly exists  there because
it was  fbund in areas  (20 and21  in Fig. 2) north  of

Buzen City by 2005.

  Thus, compared  with  the 1960s, the distribution
range  of  N, viridula  had expanded  along  the east

ceast  of  Kyushu  to the northernmost  part of  Oita
Prefecture by 2004 and  to the southcrnmost  part of
Fukuoka  Prefecture by 2005. Subsequently, some

places within  the Ai. antennata  distribution range  in
northern  Miyazaki Prefecture and  southern  Oita
Prefecture appeared  to have been taken  over  by AI
viriduta,

The  Chikugo  Plains  in southern  Fukuoka  Pre-
fecture

  In 2002, the relative  abundance  of  N  viridula  to

A[ antennata  was  relativcly  high in Kime, Chikugo,
and  Yl)nagawa Cities (31-33 in Fig, 2), which  are

located in southern  parts ofthe  Chikugo Plains and
relatiyely  low in Kurume City and  Kurogi Tbwn

(29 and  30 in Fig. 2), which  are  located in central
and  mountainous  parts of  the Chikugo Plains, re-

spectiveiy  (Fig. 2, Table 2). No  N  viriduia  was

found in 0gori and  Amagi  Cities (26 and  28 in Fig.
2), which  are  located in northern  parts of  the

plains. In 2003, the relative  abundance  of  N
viridula  increased in the southern  and  central  parts
ofthe  plains and  a  few AL viridula  individuals were
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fable 2. Relative abundance  ot' N. viridula  and  N  antennata  at various  localitics in Chikuge Plains, Fukuoka Prefecturc, Japan.
Numcra]s  in the co]umn  ofeach  Nezatu  bug indicate the total number  ofadults  collected  from several  crep  ficlds in each  city  or

                          town  during thc summer-autumn  ofthe  year

2002 2003 2005

No.'  LocalityN.

 antennata  N. i,iridula%N  antennataN  vir'idt{ta%IV  antennata  N. vi"idula%

26 Ogori City
27  UkihaTbwn

28 AmagiCity

29 KurumeCity

30 KurogiTown

31 YamcCity

32 ChikugoCity

33 lfanagawaCity

 46

 44
 26335

 31
 7

 H

 o

 o
 1
 68330

 ]7
 31

 Oa

o
 3,7a16,9a91.4a70.8b73,8

336

184216

 39
 o
 43

 2

 o
 1324

 l8194

 O.8a

 o
 5.7a38.lb100a81.9b

1l

73117o

 1.

 6

120
 717243
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-, Not  surveyed.

found in Ogori City (26 in Fig. 2), in the northern
Chikugo Plains, In 2005, the relative  abundance  of

N  viridula  increased at  almost  all localities sur-

veyed  C[[bble 2). In addition,  N  viridula  was  found
in Ukiha TOwn  (27 in Fig. 2), a  mountainous  area

of  the plains, These data indicate that, in recent

years, N  viridula  has been expanding  its distribu-
tion range  northward  and  into mountainous  areas

in the Chikugo Plains (26-33 in Fig. 2). Amagi
City (28 in Fig, 2) was  not  surveyed  in 2005, but N
viridula  might  havc reached  there because it was
fbund in two adjacent  areas,  Ogori City (26 in Fig.
2) and  Ukiha Town  (27 in Fig. 2) in 2005.

Northern  Fukuoka  Prefecture  and  Yiimaguchi

Prefecture
  N  viridula  was  not  found in an  intensive field

survey  of  Yiimada Park, Kitakyushu City C22 in
Fig. 2) (Saigusa et al,, 1992) and  around  the areas

ofthe  Onga River Front near  Munakata  City (23 in
Fig. 2) (Ministry of  Land  Infirastructure and  Trans-

port, 1993), All 25 Neiaizi specimens  collected  in
July 2002 from Motooka, Nishi Ward  Fukuoka
City (25 in Fig. 2) were  N  antennata.  Until 2003,
N  viridula  was  not  found in either  northern

Fukueka  Prefecture or  Yamaguchi Prefecture, Hon-
shu  (Fig. 1) even  though  soybean  fields were  inten-
sively  surveyed  on  many  occasions  in search  ofthe

soybean  pod  gall midge,  A, yushimai,  by two  au-

thors, JY  and  NU  (YUkawa et al., 2003). No  IVI
viridula  specimens  or reports  of  its collection  were

sent  to the laboratory until 2003 from any  of  the

agricultural  experimental  stations  in nerthern

Kyushu  and  until  now;  from those of  kamaguchi
Prefecture (Fig, 1), with  which  the laboratory has a

close  relationship  through species  identification
services.  In addition,  until  nowl  N  viridula  has not

been caught  at  a  light trap sited  at the Hiko-san Bi-

ological  Research  Station (19 in Fig. 2) lecated in a
mountainous  area  of  Fukuoka  Prefecture.

  In September 2003, two  7Vl viridttla  adults  were

collected  firom Sue Town  (24 in Fig, 2), a southern
suburb  ofFukuoka  City, and  1 1 adults  from Sawara

Ward ofFukuoka  City (25 in Fig. 2), On  3 October
2005, 22 and  70 adults  ofN  viridula  and  AL anten-
nata  were  fbund respectivelM  in soybean  fields in
Munakata  City (23 in Fig. 2), where  no  IVI viridula
was  fbund in our  2004  survey.  These data may  in-
dicate that INL viridula  arrived  recently  in the north-
ern  parts of  Fukuoka  Prefecture (23--25 in Fig. 2).

Areas other  than Kyushu  and  Yiimaguchi Pre-
fecture

  Four N  viridula  adults  were  fbund among  14

Nezara specimens  that had been collected  by Dr.

M.  Morishita in 2002  from several  areas  in north-

ern  Wakayama  Prefecture (Fig, 1) where  IYL

viridula  was  not  previously distributed (Kiritani
et al., 1963). The infestation of  eggplants  by AL

viridula  -'as  fbund in 2003 at Kaiduka City (Fig.
1), which  is located between Wakayama  and  Osaka
Cities (Hiroshi Tanaka,  2006, personal communi-

eation).  These  findings indicate the possibility that

?V viridula  occurs  continuously  from Wakayama
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Prefecture to Osaka City (Fig. 1) where  A[ viriduta

was  fbund in recent  years (unpublished data, see

Musolin and  Numata, 2003a). More  recentlM  it was
recorded  in Iwata City, Shizuoka Prefecture, Cen-
tral Honshu, 210km  east  of  Osaka City (Fig. 1)
(Ikeda, 2006),

  It should  be remarked  here that on  Jeju Islana
Korea, 13 and  20 adults  ofN  antennata  were  ob-

serveq  respectivelM  in soybean  fields at Su-San on
17 0ctober 2005 and  at Hae-An  Dong  on  18 Octo-
ber 2005, but no  N  viridttta adults  were  found in
the fields. On  Jeju Islana the mean  temperature  in
the coldest  month  is about  40C, which  is slightly

lower than the temperature  that  allows  N  viridula

to overwlnter.

  Another interesting piece of  distributional infbr-
mation  on  the two  stink  bugs is that N  antennata

populations reeovered  in some  places in southern

Wakayama  Prefecture where  AL viridula  had once

replaced  the range  ef  N  antennata  in the  1950s
(Goto, 2001).

InteF and  intraspecific mating

  ln addition  to intraspecific mating,  two  combina-

tions of  interspecific mating  between IVL viridula

and  AL antennata  males  and  females were  some-

times observed  in the fields throughout  the  20e2  to
2005 surveys  at almest  all localities in Oita and

Fukuoka  Prefectures where  the two  species  were

coexisting  (Table 1). Interspecific mating  was  also

observed  occasionally  in the plastic bags (400×
200 mm  in size)  in which  they were  brought back
to the laberatory. These observations  indicate that
interspecific mating  is common  between the two

Nezara bugs, as  has been noted  in Kiritani et al.

(1963).

Changes in the mean  temperature  t'or January
in Fukuoka  Prefecture .

  The correlation  between the annual  mean  tem-

perature and  the monthly  mean  temperature for
January was  supported  by a  highly significant

value  (Fig. 3), According to meteorological  data in
Fukuoka  Prefecture fbr 40 years fi;om 1961 to
2000, the coldest  monthly  mean  temperature  ofthe

year was  recorded  25 times in January and  15 in
February (Japan Meteorological AgencM  2006).
We  therefbre regarded  January as  the  coldest

month  and  detected an  increasing trend in the
monthly  mean  temperature  fbr January in Fukuoka

                                     211
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  Fig. 3. Correlation between the annual  mean  temperature
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  Fig. 4. An  increasing trend in thc monthly  mean  tcmpera-

ture for January in Fulcuoka Prefecture from 1 961 to 2000.

Prefecture fi'om 1961 to 2000  (Fig. 4), The  mean

temperature for January frequently dropped below
50C until  1986, but it always  exceeded  5eC  there-

after,

Future prediction ofthe  distribution range  ofN

viridula

  In the early  l 960s, the mean  surface  temperature

was  about  1.00C  lower than in 2001-2005  (rlable
3); thercfore,  the  areas  where  the mean  temperature

ofthe  coldest  month  is high enough  fbr AC viridula

to overwinter  were  Iimited (Fig. 5A), These areas

coincided  with  the range  ofAL  viridula  at that time,

as has been neted  by the scattered  collection

records,  By  2001-2005, areas  with  a mean  winter

temperature  exceeding  50C expanded  (Fig. 5B),
and  now  overlap  the actual  range  ofN  viridula  sur-

veyed  recently  in Kyushu  (Fig. 2). The future po-
tential range  of  N  viridula  is predicted to cover  a

large area  of  Kyushu  ifthe temperaturc rises by 1 .4

yRr=t,2656x=e.g63'f4.414

..

ww

.
o l
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Ibblc 3. Changes ofyearly  mean  temperature'  in Kyushu

       from the early  1960s up  to thc present

or  5.80C by 2100 (Fig, 5C, D).

Prefecture**1961-1965lg71-2ooo  2eol-2oos

FukuokaNagasakiSagaKumamoto

OitaMiyaxaki

Kagoshima

16.016.716.716.115,616.917.216.6]6.916.316.516.017.318.017.317.516.917.416.917.918.9

Mean l6.5 l6.8 17,S

*
 Iemperatures  in the city  where  thc main  othce  of  each

prefecture is located.
**See

 Fig. 1 fbr the location ofeach  prcfecture.

 Fig. 5. Previous, prcsent, and  future distribution rangc

maps  of  Nezatu viridula  in Kyushu, Japan, indicatcd as  dark-

ened  areas  where  thc mean  temperature  of  the coldest  month

exceeds  SOC, allowing  N  viridula  to overwinter,  The  maps

were  drawn  based en  the fo11owing four different tempcrature

conditiens:  (A) ayerage  temperature  in the 1960s, (B) as,erage
temperaturc  in 2001-2005 (prcscnt status),  which  is about

1.00C higher than in thc 1960s, (C) temperature about  1.4eC

higher than {n 1963 (minimum prediction of  temperature  ris-

ing from 1963 to 21OO by Houghton et al,, 2001), and  (D) tem-

perature abeut  5,8"C higher than 1963 (maximum prediction
oftemperature  rising  from 1963 to 2100 by Houghton  et al.,

2001).

DISCUSSION

Northward  expansion  of  distribution range  by

N  viridula

  Meteorological data have indicated a  trend of

rising temperature  in recent  years (Japan Meteoro-

logical Agency, 2006). In particular, the mean  tem-

perature fbr January in Fukuoka  Prefecture has
never  dropped below 50C since  1986 (Fig. 4),

which  means  that IVI viridula  can  now  overwinter

in northern  Kyushu. The field data obtained  in this

study  clearly  show  that 7V viridula  has been ex-

panding its range  northward  since the 1960s. In

addition,  the actual  range  of  IXL viridula  surveyed

recently  in Kyushu  (Fig. 2) coincided  well  wjth

areas  where  the  mean  temperature  ef  the coldest

month  now  exceeds  50C  (Fig, 5B). This suggests

that prediction based on  the  temperature  is fairly
reliable  and  that global warming  has been facilitat-

ing range  expansion  of  N  viridula  to more  north-

ern  areas  where  it could  not  overwinter  previously.
Although we  have no  actual data, this trend may  be

attributed  not  only  to Kyushu  but also  te other

areas  of  Shikoku and  Henshu  as  A[ viridula  has

already  been found in Osaka and  Shizuoka Prefec-

tures. However,  ?Vl viridula  has not  yet arrived  at

every  edge  of  its potential distribution range  (Fig,
5B). A  mark  and  recapture  study  conducted  by Ki-
ritani et  al.  (1961) demonstrated that N  viridt{la

adults  were  able  to locate host rice  plants within  24

h even  when  they were  released  1 km  away  from

the rice field, Therefbre, the time  lag between the

rise of  temperature  and  the range  shift  of  N.

viridula  could  be explained  by the time  required

fbr N  viridttla  to increase its number  enough  to be

detectable in the field,

  In the course  of  poleward expansion  by INL

viridula,  it should  be noted  that its initial establish-

ment  is often  prevented by interspecific mating  in

newly  invaded areas  where  A[ antennata  is pre-
dominant. Range  expansion  could  occur  more  eas-

ily when  geographical barriers do not  exist  be-
tween  the original  source  areas  and  the potential
distribution range,

  The  urban  heat island effect  may  also  allow  AL

viridtila to overwinter  when  it is accidentally  intro-
duced into a large city  located far north  of  the orig-

inal source  area.  Recently, three colonies  of  IVI
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viridula  have been found feeding on  tomatoes  in
London, UK  (BBC News, 17 June 2004), although
there has been no  record  ofN  viriduia  in the UK
for the past 40 years. Recent increases of  crop  and

vegetable  importation from the Subtropical and

Tropical Regions would  provide pest insccts, such

as N  viridula,  with  frequent opportunities  to ex-

pand their distribution range  polewards (Kiritani,
2003).

Replacement  of  INL antennata  distribution range

by N  viridula

  In northern  parts of  Miyazaki Prefecture (Table
1) and  some  areas  in the Chikugo Plains, Fukuoka
Prefecture (:lable 2), the southern  range  limit of  N
antennata  seems  to have retreated  locally from
south  to north  and  {ts fbrmer range  has been re-

placed by AC viridula.  Examples ofretreating  from
south  to north  have been relatively  few compared
to those of  northward  expansion  (Parmesan et al.,

1999) and  the reasons  fbr retreating  have seldom
been explained.  In the case  ofN  antennata,  as has
been demonstrated in Kiritani et al, (t963), inter-
specific  mating  between the two Ailizava species

might  play an  important role  in replacement  under

conditions  of  higher relative  abundance  of  N
viriduia  than  N  antennata,  caused  by the greater
reproductive  ability of  the former. In addition,

summer  aestivation  that limits the number  of  an-

nual  generations (Noda, 1984) could  be disadvan-
tageous to IVI antennata  under  global warming.

Therefbre, if the temperature  keeps rising,  such  re-

placement will  occur  also  in other  areas where  the
two  species  are  now  coexisting  and  N  antennata

will  become extinct  by 2100 from many  arcas,  ex-

cept  high mountainous  areas,  if the temperature
rises  by 1,4 (Fig, 5C) to 5.8eC (Fig. 5D).

Coexistence of  the two Nbzara bugs in relation  to

overwintering  success

  The coexistence  of  the two  Aibzara bugs areund

the isometric ]ine ef  50C  as the mean  temperature

of  the coldest  month  has been explained  by sea-

sonal  changes  in the relative  abundance  of  N
viridula  to N  antennata  due to the higher repro-
ductive rate  in spring-auturrm  and  low survival  rate

in winter  in AL viridula  populations (Kiritani et al.,

1966). In addition,  N  viridula  seems  more  suscep-

tible te variable  winter  conditions than IV anten-

nata.  For example,  the relativc  abundance  of  over-
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wintered  IYL viridula  to 7Vl antennata  was  63.89'6 in
the spring  of  1962, but it fe11 to 4.2%  after the se-

vere  winter  of  1963 (Kiritani, 1965), In every  late
March  from 1962 to 1967, Kiritani et al. (1966)
and  Kiritani (1971) examined  the winter  mortality

ofN  viridula  adults  and  obtained  a regression  line,
}"= -  16.45.\+147.o8 (R2=O.6127, p<O.OOOI), be-
tween  mortality  (Y) and  the mean  temperature  in
January (IY'). This  suggests  that every  10C rise

within  a  limited range  would  result  in a decrease in
winter  mortality  of  about  16.5% in N  viridula,

provided that X  varies  from 3 to 7eC (Kiritani,
2006a, b). Therefbre, winter  mortality  would  be-
come  about 65%  around  the northern  range  limit of
N  viridt{la  defined by the isometric line of  50C as

the mean  temperature ofthe  coldest  month.

  The physiological and  ecological  backgrounds
of  winter  mortality  and  subsequent  perfbrmance
have been demonstrated to be related  to the early

entrance  to diapause to avoid  untimely  late-autumn
reproduction  (Musolin and  Numata, 2e03b). Un-
less the winter  temperature  becomes high enough
to reduce  the winter  mortality  of  AL viridula,  the

two  Nezara bugs will  continue  to coexist  around

the border,

  Even in areas where  winter  temperature  is suM-
ciently  high for N  viridula  to overwinter,  thc two

Nleiiara bugs may  continue  to coexist,  as sho-n  in
the southward  range  shift by N  antennata  in south-
ern  parts of  Wakayama  Prefecture (Fig. 1) (Goto,
2001). We  consider  that interspecific mating  be-
tween  the two  Nke7aiu species  cannot  play an  im-
portant role  in replacement,  possibly because the
reproductive  ability  of  AL viridula  is limited in
areas  where  rice fields have been reduced  and  the

rice-cultivating  season  has been shortened.  Under

such  conditions,  the two  species  may  also  coexist

e]sewhere  in Japan because N  viridula  has been
known  to reproduce  preferably on  rice  rather  than

other  crops  (Kiritani et al., 1963).

Effects of  globa] whrming  on  other  aspects  ofN

viriditla  than  northward  shift

  Based on  the lower develepmental zero  point of
various  species  and  thermal  totals above  the zero

point that  are  required  to complete  one  generation,
Kiritani (2006a) predicted that, when  the mean  sur-

face temperature  rises by 2.00C, most  insect preda-
tor and  parasitoid groups will  produce an  addi-

tional 2-4 generations each  year, while  most  rice
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pests will  increase at most  by one  generation, ex-

cept  fbr mirids  and  delphacids (Hemiptera). Fol-

lowing his prediction, N  viridula  has the potent{al
to increase by only  one  generation  a year, while  its
egg  parasitoids increase by two  or  more  genera-
tions. There is still uncertainty  regarding  thc extent

to which  host-parasitoid phenology synchronizes

after  an  increase in generations. This means  that

natural  control  of  N  viridula  by egg  parasitoids is

expected  to be more  effective,  resulting  in a  lower

density in the future.

  YUkawa  (2000) and  YUkawa  and  Akimoto  (2006)
emphasized  that climate  change  would  lead to

asynchrony  between the appearance  ofherbivorous

insects and  their host plant phenology,  particularly
in short-lived  and  mono-  or  oligophagous  insects

such  as gall midges,  However, asynchrony  may

cause  little damage  to IVI viridula  because of  its ex-

tremely wide  host plant range  and  long adult  life

span  ofat  least a  month.
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