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Abstract The mean surface temperature rose by 1.0�C
over the last 40 years in Japan. Changes in the pest
status, distribution range, winter mortality, and the
synchronization in phenology were examined. The in-
crease in the number of annual generations of each
taxon was predicted based on the lower developmental
threshold and the thermal constant. Increasing damage
due to rice- and fruit-infesting bugs, their simultaneous
outbreaks and the poleward geographic spread observed
for six species may be triggered by global warming. The
winter mortality of adults of Nezara viridula and Haly-
omorpha halys is predicted to be reduced by 15% by each
rise of 1�C. More than 50 species of butterflies showed
northward range expansions and ten species of previ-
ously migrant butterflies established on Nansei Islands
during 1966–1987. Global warming may be responsible
for the recent decline in abundance of Plutella xylostella
and the increase in Helicoverpa armigera and Tricho-
plusia ni. In general, global warming may work in favour
of natural enemies (except for spiders) by increasing the
number of generations more than in their host species.
Biological control utilizing native natural enemies is
expected to become a more important control tactic in
the future. Greenhouse culture may provide a model of a
temperate agroecosystem after global warming. The
increasing occurrence of alien species of tropical origin
in association with the increase in pesticide applications
might be expected. Interception of alien pests by plant
quarantine followed by integrated pest management is
needed.
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Introduction

The Intergovernmental Panel on Climate Change
(IPCC) (2001) concludes that most of the warming ob-
served over the last 50 years is attributable to human
activities. The global mean surface temperature is pre-
dicted to increase by 1.4–5.8�C from 1990 to 2100. The
IPCC suggested that if temperatures rise by about 2�C
over the next 100 years, negative effects of globalwarming
would begin to extend to most regions of the world.

The global mean surface temperature rose by
0.6±0.2�C during the twentieth century. The extent of
the temperature rise in Japan, however, was as great as
1.0�C during the same period (Japan Meteorological
Agency 2005). In fact, we can observe an increase in
mean annual temperatures by about 1.0�C over the last
40 years all over Japan from Hokkaido (Sapporo) to
Okinawa (Ishigaki and Naha) (Table 1, Japan Meteo-
rological Agency 2005).

The possible biological consequences would not only
be due to the increased temperature per se, but, probably
more importantly, to the rate of the increase (Root and
Schneider 1993). A key prerequisite for predicting the
effects of increased temperature is to describe how
environmental change affects the dynamics of popula-
tions and communities of living organisms. The global
warming caused by the increasing concentration of
greenhouse gases including CO2 could affect insects
indirectly through the changes of plants and vegetation
in quantity as well as in quality (Sionit 1983; Scriber and
Slansky 1981; Lincoln et al. 1984). Elevation of tem-
perature also directly induces the shift of distribution
range, reduction in winter mortality, earlier occurrence
in spring, and the increase in the number of annual
generations. Differences in the pattern of response to
temperature changes would disrupt synchronization in
phenology between insects and host plants or natural
enemies. In this review, however, we have focused on the
direct effects of rising temperature on insects without
taking account of the direct effects of increased CO2
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concentration largely due to the lack of information on
the joint action of temperature and CO2 (Bazzaz 1990).

Kiritani (1988) has suggested that the use of the lower
developmental threshold (T0) and the thermal constant
(K) that have been reported for insects would be useful
in predicting the phenology of insect communities under
global warming. Kiritani (1997b) published a list of T0

and K for about 400 Japanese species compiled from 600
reports. The data base, however, is incomplete, because
most of the insect species are pests of economic impor-
tance and are distributed in temperate zones. As insects
and spiders are poikilothermic animals, their develop-
ment is largely determined by temperature. The thermal
rule can be applied during the active phase of insects
when they develop and reproduce. Most of the insects
living in temperate areas, however, pass the winter as
diapausing stages with a low metabolic rate. Optimum
temperatures during this diapause phase range from 5 to
10�C, while optimal temperatures are 20–30�C during
the developing phase (Ando 1978). Although a thermo-
photoperiodic graph is appropriate to describe the entire
life cycle of a species with diapause, we considered that
the thermal requirement for development is a pre-
requisite and concentrate in this paper on how temper-
ature affects the possible geographic distribution,
number of generations per year, overwintering survival
and the phenology of spring emergence.

Change of pest status

Rice pests

A synoptic illustration is shown regarding the changes in
pest status of major rice insects in Japan since 1945
(Fig. 1). We can see a sequential change of pest fauna
beginning with stem borers including Chilo suppressalis
and Scirpophaga incertulas (Pyralidae) during 1945–
1965, followed by the period of about 30 years when the
prevalences of plant hoppers Laodelphax striatellus
(Delphacidae) and leaf hoppers Nephotettix cincticeps
(Cicadellidae), and the viral diseases, rice stripe virus and
rice dwarf virus, transmitted by each of them were seri-
ous (Kiritani and Iwao 1967; Kiritani 1979, 1983; Kiri-
tani et al. 1987; Kiritani and Naba 1994). Lissorhoptrus
oryzophilus (Curculionidae) invaded Central Japan in
1976 from the US. The population density was its highest
in 1985 when L. oryzophilus had spread throughout Ja-
pan apart from Hokkaido, which was invaded in 1986
(Kiritani and Morimoto 2004). Since 1995, the damage
caused by various kinds of rice bugs has become the most

serious problem (Fig.1). The number of pest warnings
that were issued by prefectures during 1989–2002
amounted to 195 for rice bugs, 60–78 for each of the
migrant species including Nilaparvata lugens and Soga-
tella furcifera (Delphacidae) and Cnaphalocrocis medi-
nalis (Pyralidae) and 17 for L. oryzophilus (Suzuki 2004).

Morimoto et al. (1998) predicted that C. suppressalis,
which is presently confined to the easternmost part of
Hokkaido Island, would occur throughout Hokkaido
and produce two generations a year after 2�C warming.
The outbreaks of C. suppressalis are taking place in
association with cool and wet summers or in July, be-
cause of the high survival rate of the first generation
larvae (Mishima and Kuwabara 1944; Tsutsui 1954;
Kiritani and Iwao 1967; Utida 1958). The expansion of
its distribution ranges has usually occurred though in-
creased density mediated by increased reproduction
(Kiritani and Morimoto 2004). As long as C. suppres-
salis remains at the current low population density under
the conditions of global warming, the northward range
expansion of this species would scarcely be expected.

The fecundity of L. oryzophilus was greatest at 32�C
within a temperature range of 15–32�C (N. Morimoto,
unpublished data). Contrary to our expectation, the
density began to follow a course of decline since 1986
despite the mean annual temperature increasing during
the past 20 years. The utilization of long-lasting
insecticides for treatment of nursery trays is considered

Table 1 Increasing trends in the
mean annual temperatures in
various places in Japan during
1961–2000 (Japan Meteorology
Agency 2005)

Place Ishigaki Naha Aomori Sapporo
Location 24�20¢N 26�12¢N 40�49¢N 43�04¢N

1961–1970 23.6�C 22.3�C 9.6�C 8.1�C
1971–1980 23.7�C 22.3�C 9.7�C 8.1�C
1981–1990 24.0�C 22.6�C 9.9�C 8.3�C
1991–2000 24.3�C 23.2�C 10.6�C 9.1�C

Fig. 1 Changes in pest status of major rice pests in Japan. Each
column indicates the relative importance of different rice pests
during a period of 5 years. Rice bugs include Pentatomidae,
Coreidae, Alydidae and Miridae. Migrants include Nilaparvata
lugens, Sogatella furcifera and Cnaphalocrocis medinalis. N. lugens
was dominant until 1984, S. furcifera by 1993 and C. medinalis up
until now. RWW Lissorhoptrus oryzophilus, SBH/RSV Laodelphax
striatellus and rice stripe virus, GRL/RDV Nephotettix cincticeps
and rice dwarf virus, RSB Chilo suppressalis, YRB Scirpophaga
incertulas
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to be responsible for this decline. Although the true
cause for the decline remains to be identified, univoltine
species such as L. oryzophilus may often find it difficult
to compensate for the mortality due to insecticides by
increasing reproduction.

Most recently, rice bugs are the major insect pests of
rice in Japan. A total of 65 species belonging to nine
families of Heteroptera are believed to produce pecky
rice by sucking (Tomokuni et al. 1993). All of the rice
bugs are multivoltine and polyphagous, feeding on seeds
of various plants belonging to Poaceae and Fabaceae.
Mirids pass the winter in the egg stage, but other species
overwinter as adults. Of these, the following 12 species
are listed as the major ones: Stenotus rubrovittatus,
Stenodema sibiricum, and Trigonotylus caelestialium
(Miridae), Paromius jejunu (Lygaeidae), Cletus punctiger
(Coreidae), Leptocorisa chinensis (Alydidae), Dolycoris
baccarum, Eysarcoris lewisi, E. aeneus, E. ventralis,
Nezara antennata and N. viridula (Pentatomidae).

Lepidopterous pests of vegetables

Plutella xylostella (Yponomeutidae) had been the most
serious pest of Brassica plants until recently. Since the
middle of the 1990s it has become less abundant and
currently is considered aminor pest (Yase 2005). Since the
outbreak of 1994, Helicoverpa armigera (Noctuidae) has
taken its place as a serious pest of vegetables.Trichoplusia
ni (Noctuidae), which is a pest of vegetables in North
America, has been an inconspicuous pest in Japan.
However, since the early 2000s, it has occurred all over
western Japan as a vegetable pest. Although the exact
causes remain to be seen, global warming may have been
involved in these changes of pest status (Yase 2005).

Range expansion

One of the major effects of changes in the global climate
will be an acceleration of species range shifts. Many
insect species have geographic ranges that are not di-
rectly limited by vegetation, but instead are restricted by
temperature. As the globe warms, those species directly
limited by temperature will be able to expand northward
as rapidly as their dispersal mechanisms will allow. The
species limited by vegetation will be able to expand their
ranges only as rapidly as the vegetation range changes or
in some cases by changing their host range.

Kiritani (1988) suggested that tropical and subtropi-
cal species may be able to advance poleward continu-
ously for as long as their cold hardiness allows, because
they usually lack diapause in their life cycles. On the
other hand, temperate species, which pass the winter
in a definite diapause stage, are able to overwinter
successfully only when they have developed to the dia-
pause stage before winter. Therefore, these temperate
species will not advance poleward until the temperature
rises sufficiently to allow completion of an additional
generation, thereby expanding their range stepwise.

Butterflies have provided an especially good case for
the analysis of the effects of temperature on distribution
and abundance (e.g. Parmesan 1996; Parmesan
et al.1999; Roy and Sparks 2000; Thomas et al. 2001).
Similarly, the northward range expansions of butterflies
in Japan have been reported for >50 species (Nakasuji
1988; Kiritani and Yamamura 2003; Yoshio and Ishii
2001). The most remarkable species are Papilio memnon
and P. helenus (Papilionidae), Appias paulima (Pieridae),
Junonia almana, Cyrestis thyodamas and Melanitis
phedima (Nymphalidae), Megisba Malaya and Celastri-
na albocaerulea (Lycaenidae) and Notocrypta curvifascia
(Hesperiidae) (Nakasuji 1988), and Narathura bazalus
(Lycaenidae) (Koyama and Inoue 2004).

Establishment of permanent populations of what had
been considered to be migrant species of butterflies may
be related to global warming. Establishment of such
species has been defined as the case where a species has
been observed successively for 10 years on the same is-
land. Migrant butterflies from Taiwan usually arrive in
Japan via the Yaeyama Islands. They expand their dis-
tribution northward along the Nansei Islands and reach
Kyushu. Ten species of such migrant butterflies have
established on the Nansei Islands during the period from
1966 to 1987 (Kiritani and Yamamura 2003). The rapid
increase in butterfly species, which established on the
Nansei Islands during the latter half of the twentieth
century, is correlated with the elevation of surface tem-
perature (Fig. 2).

Infestations of rice and fruits by stink bugs became
nationwide problems in the early 1970s in Japan. The
outbreaks of rice bugs were triggered by the increase in
fallow paddy fields due to cropping restrictions of rice
since 1970. The fruit bugs reproduce on coniferous
cones. A hot, dry summer contributes to a mast year of
cone production in the following year, and high cone
production contributes to a high abundance of fruit
bugs in the third year. It is quite possible that land-use
changes, which provided bugs with a good breeding
place, have been responsible for the rise in pest status
during the last 30 years (K. Kiritani, unpublished data).

The poleward spread of various kinds of stink bugs
has been remarkable. Damage of rice due to S. rubro-
vittatus (Miridae) is becoming serious in northern part of

Fig. 2 Increase in the cumulative number of butterfly species
established in the Nansei Islands during 1940–2000
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Honshu and throughout Hokkaido (Hayashi 1997; Ito
2004). An elevation in the annual mean temperature by
about 1�C is enough to allow these mirids to have one
additional generation (Tables 2, 3). Range expansions
reported so far include those for L. chinensis (Alydidae)
(Yokosuka 2001), Paradasynus spinosus (Coreidae)
(Matumoto 2002), Glaucias subpunctatus (Pentatomi-
dae) (Ohira 2003) and N. viridula (Pentatomidae)
(Matumoto 2002; Musolin and Numata 2003). An an-
thocorid predator of thrips, Orius strgicollis (Anthoco-
ridae), has also expanded its range northward during the
last 50 years by 1�N latitude, from Osaka to Tokyo,
probably due to the higher winter temperatures (Shimizu
et al. 2001).

Winter mortality

Theoretically, it is hypothesized that the winter survival
of insects will be improved by an increase in winter
temperature, but the evidence for this is rather scarce.
Two pentatomid species were examined in this respect.
The winter mortality of adults of N. viridula was
examined in the late March for 16 fixed overwintering
sites from 1962 to 1967 in Wakayama (33�40¢N) (Kiri-
tani et al. 1966; Kiritani 1971). A regression established
between winter mortality (Y) and the mean temperature
in January (X) was Y=�16.45X+147.08 (R2=0.6127,
P<0.0001), suggesting that every 1�C rise around

Table 3 Comparison of T0 values for the periods from egg to adult emergence and pre-oviposition in Hem. and Arachnid. For abb-
breviations, see Table 2

Taxonomic group No. spp. No. experiments Egg to adult Pre-oviposition Source
T0 (mean±SD) T0 (mean±SD)

Miridae (Hem.) 2 5 11.9±1.0 12.9±2.6 K. Kiritani (unpublished data)
Pentatomidae (Hem.) 10 25 13.2±1.1 16.8±2.0 K. Kiritani (unpublished data)
Coreidae and Alydidae (Hem.) 5 11 14.1±1.3 16.1±2.2 K. Kiritani (unpublished data)
Cicadellidae (Hem.) 6 6 13.6±1.3 11.8±0.3 Kiritani (1997)
Delphacidae (Hem.) 3 3 11.1±0.3 11.3±0.5 Kiritani (1997)
Arachnid 10 10 8.3±3.7 11.4±1.5 Li and Jackson (1996)

Peng et al. (1999)

Table 2 Mean values of the lower developmental threshold (T0)
and the thermal constant (K) from egg to adult emergence and the
increase in the number of generations a year expected due to 2�C

warming in areas with a mean annual temperature of 15�C.Hem.
Hemiptera, Col. Coleoptera, Lep. Lepidoptera, Dipt. Diptera,
Hym. Hymenoptera

Taxonomic group No. of
species

No. of
experiments

T0

(mean±SD)
K
(mean±SD)

Increase in
no. of generations

Rice pests
Miridae (Hem.) 2 5 11.9±1.0 279±56 1.76
Pentatomidae (Hem.) 10 25 13.2±1.1 447±111 1.02
Coreidae and Alydidae (Hem.) 5 11 14.1±1.3 442±102 0.99
Cicadellidae (Hem.) 6 6 13.6±1.3 422±66 0.9
Delphacidae (Hem.) 3 3 11.1±0.3 265±43 1.6
Lissorhoptrus (Col.) 1 1 12.7 665 0.7
Nocutidae (Lep.) 5 5 9.1±1.3 641±184 0.8
Pyralidae (Lep.) 4 4 13.5±4.4 459±101 0.9
Hesperiidae and Satyridae (Lep.) 2 2 11.1 509 1
Chlorops and Delia (Dipt.) 3 5 5.8±0.7 318±63 2
Total or mean 41 67 1.17±0.45

Parasitoids and predators
Egg parasitoids of stink bugs (Hym.) 9 16 11.7±1.0 188±24 2.6
Trichogramma (Hym.) 5 12 11.0±1.2 135±27 3.8
Egg parasitoids of leaf and planthoppers (Hym.) 6 7 13.0±1.9 176±29 2.6
Apanteles (Hym.) 4 4 10.8±1.9 255±52 2
Nymphal parasitoids of planthoppers (Hym.) 2 2 12.5 413 1
Cyrtorhinus (Hem.) 1 1 11.8 263 1.8
Microvellia (Hem.) 3 3 14.5±1.0 210±18 2
Total or mean 30 45 2.26±0.87

Spiders
Pardosa (Arachnida) 4 4 13.1±2.6 695±214 0.6
Tetragnatha (Arachnida) 3 3 9.1±0.8 882±324 0.7
Ummeliata (Arachnida) 2 2 5.2 894 0.7
Pirata (Arachnida) 1 1 5.6 1250 0.3
Total or mean 10 10 0.58±0.19

Sources: Kiritani (1997b, 1999, unpublished data), Li and Jackson (1996), Peng et al. (1999)
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X=4�C would result in a decrease in winter mortality of
about 16.5%.

Halyomorpha halys (Pentatomidae), which is pre-
valent in northern Japan, aggregates inside structures to
overwinter. Measurements of winter mortality were
conducted in Chiba (36�36¢N) and Daiei, Tottori
(35�30¢N) for 1979–1983, and 1977–1983, respectively
(Plant Protection Division, MAFF 1986). Mortality (Y)
was related to the mean temperature in January and
February (X) in each locality and all the data were
pooled for calculation. A regression line of
Y=�13.48X+84.56 (R2=0.6031, P<0.003) was fit,
indicating that every 1�C rise around X=4�C results in a
reduction of about 13.5% in winter mortality. Com-
paring the cold hardiness of the two species, it was
suggested that H. halys is more tolerant to a low tem-
perature than N. viridula. For instance, a mean tem-
perature of 4�C in winter would cause mortality as high
as 81% in N. viridula, but only 31% in H. halys.

Potential increase in the number of generations
and density

Generally, the number of generations per year is one of
the most important parameters that affect the abun-
dance of multivoltine species. Yamamura and Kiritani
(1998) proposed an analytical method to estimate the
potential increase in the number of generations under
global warming in temperate zones.

DN ¼ DT ½206:7þ 12:46ðm� T0Þ�
K

; ð1Þ

where DN is the potential increase in the number of
generations a year under global warming; DT is the in-
crease in the annual mean temperature due to global
warming where the annual mean temperature is m (�C).
T0 and K refer to lower developmental threshold tem-
perature and thermal constant, respectively.

Equation 1 indicates that the extent to which the
number of generations would increase (DN) is deter-
mined by the parameters DT, m, T0 and K. The greater
DT or m, or the lower T0 or K, then the greater is DN.

Effects of a 2�C rise on the potential increase in the
number of generations for various arthropod taxa at a
hypothetical locality around Tokyo with m of 15�C were
examined (Table 2). In this paper I have used known
values of the thermal response for 81 species in 24 taxa
and functional guilds inhabiting paddy fields to project
the effects of warming on the paddy field arthropod
community (Kiritani 1997b, 1999; Li and Jackson 1996;
Peng et al. 1999).

Table 2 demonstrates that most of the insect predator
and parasitoid groups are expected to produce an addi-
tional two to four generations each year. On the other
hand, most of the rice pests would increase at most by one
generation except for mirids and delphacids. Spiders, i.e.
Pardosa, Tetragnatha, Ummeliata and Pirata, would not
increase their generation number at all, because of their

relatively high values of K as compared with insects.
There is still uncertainty regarding the extent to which
host–parasitoid phenology synchronizes after an increase
in generations. The predicted numerical responses should
enhance the natural control by biological agents, similar
to that in paddy fields in the tropics (Kiritani 1999).

This calculation also suggests that an increase in
temperature works in favour of mirids and planthoppers
rather than other rice pests. Planthoppers include the
long-range migrant species, N. lugens and S. furcifera,
both of which immigrate into Japanese paddy fields
from mainland China in early summer (e.g. Kiritani
2001). Their pest status in Japan depends largely on the
management system adopted in China. Cultivation of
hybrid varieties in China resulted in a replacement of
N. lugens by S. furcifella, which inflicts less damage to
rice (Matsumura 2002).

Advances in phenology

To project the influence of global climate changes on
insects, we examined the occurrence of arthropod pests
in 1998 in Kagoshima Prefecture, southwestern Japan
(Yamaguchi et al. 2001). The average temperature of
1998 was 2�C higher than that of 1960–1997. Actually it
was the record temperature since the middle of nine-
teenth century.

Several arthropod species emerged earlier than in
previous years because of the unusually high average
temperature. These species were Homona magnanima
and Adoxophyes honmai (Tortricidae), Scirtothrips dor-
salis (Thripidae), Pseudoaulacaspis pentagona (Diaspid-
idae), Myzus persicae, Lipaphis erysimi and other aphids
(Aphididae) and Tetranychus kanzawai (Acari: Tetr-
anychidae). All of these species have developmental
zeros <10�C. In contrast, Spodoptera litura and H. ar-
migera (Noctuidae), whose developmental zeros are
above the mean winter temperature, emerged as usual in
the spring. A possible increase in the number of gener-
ations per year was not clearly shown by the trap-cap-
ture records, but all species are likely to have one or
more generations.

The total number of male S. litura captured by
pheromone traps in 1998 was the largest of the previous
14 years. There was a positive correlation between the
abundance of males and the mean annual temperatures
during this period. In contrast, H. magnanima, A. hon-
mai and aphids were less abundant in 1998 suggesting
that an elevation in the mean temperature of 2�C would
impact the phenology of insects, but the response would
greatly vary among species (Yamaguchi et al. 2001).

In general, assuming a constant temperature rise over
the year, species with low T0 and small K are predicted
to have an increasing number of annual generations and
an earlier appearance of overwintering individuals
(Yamamura and Kiritani 1998; Yamaguchi et al. 2001).
The change in pest status of any native arthropod
species is determined by land-use change, change in
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management strategy and the response to global
warming. Thus, possible biological changes would not
only be due to increased temperature, but probably to
other factors. For example, the number of annual gen-
erations of Adoxophyes orana fasciata (Tortricidae) in
apple orchards was reduced from three to two during
1980–2002 in Aomori Prefecture in spite of an increasing
temperature (Table 1) (Ishiguri 2004). The kind of
selection pressure that favoured bivoltinism remains to
be identified.

Correlation of outbreaks of rice and fruit bugs

The global warming could be responsible for the recent
outbreaks in Japan of rice bugs and fruit bugs, which
include Plautia crossota stali (Pentatomidae), H. halys,
G. subpunctatus and Nezara spp. Pentatomidae, Corei-
dae and Alydidae have relatively higher T0 (Table 3). In
addition, their T0 values are very high for the preovi-
position period (Table 3). Recent frequent hot and dry
summers could be responsible for the increase in damage
nationwide due to rice and fruit bugs. It has been shown
that outbreaks of rice bugs in 1999–2001 were associated
with high temperatures during April–June (Shiraishi
2001). Such high temperatures would likely stimulate the
reproduction of overwintering adults in early summer
leading to faster population growth.

In addition, early emergence of the first-generation
adults in years with hot summers would likely result in a
high density of progeny producing an additional second
generation in L. chinensis (Yokosuka 2001). Likewise,
high temperatures in March and April in 2002 resulted in
an earlier appearance, by 1month, of overwintered adults
of fruit bugs, with record light trap catches of P. crossota
stali, G. subpunctatus and H. halys (Ohira 2003).

As discussed earlier, every 1�C rise in temperature is
predicted to result in a reduction of about 15% in the
winter mortality of N. viridula and H. halys, and theo-
retically, there is no reason to assume correlation be-
tween the population fluctuations of the rice and fruit
bugs. The numbers of warnings issued by the prefectures
on the occurrence of rice and fruit bugs, however, have
been well correlated (r=0.52) (Fig. 3). Recent global
warming operates in various ways to favour such close
correlation.

Greenhouse culture as a model of global warming

Greenhouse culture is a newly created habitat developed
in the late 1950s in Japan. Greenhouses are ecological
islands vulnerable to invasion by alien insects due to a
lack of natural enemies. The combination of short
daylength and high temperatures created in greenhouses
during the winter are conditions that neither temperate
nor tropical insects have ever met during their evolu-
tionary history. This habitat may represent a model of a
temperate agroecosystem after global warming. In fact,

most of the greenhouse pests are subtropical or tropical
in origin and have no diapause (Kiritani 1990).

A comparison of the greenhouse pest fauna among
Japan, the United States and Europe has been made
concerning major insect and mite pests (Table 4). When
this table was first published (Kiritani 1997a), Liriomyza
sativae and L. huidobrensis (Agromyzidae) had not yet
invaded Japan. Those pest species that have overwin-
tered successfully in greenhouses in mainland Japan
have been able to continue reproduction during the off-
season of greenhouse cultivation. It is also apparent that
the greenhouse pest community occurs throughout the
world via homogenization of the fauna through bio-
logical invasions.

Before 1974 when Trialeurodes vaporariorum (Aley-
rodidae) invaded greenhouses in Japan, only native in-
sect species, such as aphids, Aphis gossypii, M. persicae
and S. litura, were greenhouse pests. During the last
30 years, ten alien species have become pests of green-
house crops in Japan. Control of these invasive alien
species has resulted in a fourfold increase in insecticide
applications in tomato, sevenfold increase in aubergine,
and eightfold increase in cucumber in 1998 compared to
1973 (Kiritani 2004). Thus, without natural enemies,
global warming might result in more invasive pest spe-
cies and increased use of insecticides.

Insect-borne diseases may become an important
problem under global warming (Kiritani 1991; Kiritani
and Morimoto 2004). In this connection, some of the
introduced alien species have transmitted new viral
diseases to greenhouse crops. They were CuYV, MYSV,
TYLCV and TSWV vectored by T. vaporariorum, Thrips
palmi (Thripidae), Bemisia argentifolii (Aleyrodidae)
and Frankliniella occidentalis (Thripidae), respectively
(Kiritani 2004).

Of the many factors that could affect viral epidemics,
the following are considered to be important: synchro-
nization in phenology between vector populations and
the susceptibility of host plants (Yamamura and
Yokozawa 2002), types of transmission (Kiritani 1983,
2001), population dynamics of vector populations
(Harrington et al. 1995, 2001) and the range of occur-

Fig. 3 Changes in the no. of warnings issued by prefectures,
log(n+1), on the occurrence of rice and fruit bugs. A regression
line Y=0.47X+9.29 (R2=0.266, F=0.05) was established between
the numbers of warnings for rice (X) and fruit bugs (Y)
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rence (Kiritani 2001). In contrast, the combined effects
of elevated CO2 and other aspects of climate change,
such as rising temperature and changes in precipitation,
may cause large shifts in phenology resulting in decou-
pling between the interacting organisms (Bazzaz 1990).

Conclusion

Rice and greenhouse agroecosystems were selected to
compare the effects of global warming on pests. In
general, global warming may work in favour of natural
enemies (except for spiders) by increasing the number of
generations more than in their host species irrespective
of the kind of agroecosystem. Biological control utilizing
native natural enemies is expected to become a more
important control tactic in the future.

The paddy field, however, is not only the habitat of
rice arthropods, but is also an alternative habitat for
many endangered aquatic insects associated with the
vanishing natural wetlands. Therefore, the rice man-
agement strategy should strike a balance between inte-
grated pest management (IPM) and conservation, which
is referred to as integrated biodiversity management
(Kiritani 2000, 2004).

In contrast, greenhouse/structured culture may be a
model of a temperate agroecosystem after global
warming. There are no species associated with this newly
developed greenhouse agroecosystem of conservation
value. Discussion about the economic advantages of
globalization so far has tended to ignore the impact of
exotic agricultural pests. Interception of alien pests by
plant quarantine followed by IPM is needed.
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