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Abstract
The lntergovernmental Panel on  Climate Change (IPCC) estimated  that the global mean  surface  air temper-

ature  will  increase about  2eC  above  the 1990 Ievel by 2100. Such an  increase in temperature  may  result in an
increase in the number  of generations per year of  most  insects. Several simulation  models  have been con-
structed  to predict the increase in the number  of  generations, but these require  a  great deal of  calculation  to

obtain  estimates  for many  insect species  at various  locations under  various  scenarios  of  global warming.  This

paper proposes an  analytical  method  to enable  a quick estimation. Two  assumptions  are used:  (1) The de-
velopmental  rate  of  insects is approximately  given by a linear function of  temperature  (7), with  a  develop-
mental  zero  (7b) and  a thermal  constant  (K). (2) The increase in temperature  is approximately  even  throughout
the year. Let m  be the current  annual  mean  temperature at a  given Iocation, and  A Tthe  potential increase in
temperature under  global warming  at the location, If the temperature  before the A 7Lrise is higher than  7b in
summer  and  lower than  (7h-AT) in winter,  the increase in the number  of  generations per year, which  is
denoted by AN,  is approximately  given by AN-'v zi T[c+ d(m-  7b)] /K, where  c  and  d are constants.  The validity

of  the approximation  is checked  using  the 
"smoothed

 daily normals"  in Japan  obtained  as a  running  mean  of

15 successive  daily normals  where  a  daily normal  is defined as the averaged  daily temperatures  for 30years
from 1960 to 1990. The  estimates  are  c=204,4  and  d== 12.46. Using this formula, ljnear iseclines of  ziN are

plotted in a graph  of  7b versus  K. By plotting the 7h and  K  of  various  insects in this graph, we  can  estimate

the increase in the number  of generations under  global warming  in temperate zones.
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INTRODUCTION

  The  Intergovernmental Panel on  Climate
Change (IPCC) reported  an  assessment  of  the
climatic  change  based on  a range  of  scenarios,

IS92a--f, under  the future greenhouse gas and
aerosol  precursor emissions  (IPCC, 1995). For
the mid  range  IPCC  emission  scenario, IS92a,
combined  with  the 

"best
 estimate"  value  of  cli-

mate  sensitivity, models  projected an  increase in

global mean  surface  air temperature relative  to

1990 of  about  20C by 2100. The lowest IPCC
emission  scenario  (IS92c) combined  with  a
"Iow"

 value  of  climate  sensitivity leads to a

projected increase of  about  10C by 2100. The

corresponding  projection for the highest IPCC

emission  scenario  (IS92e) combined  with  a
"high"

 yalue  of  climate  sensitivity gives a

warming  of  about  3.50C. These changes  in
temperature may  aiter the abundance  of  insects
through  various  mechanisms  (Cammell and

Knight, 1992; Landsberg and  Smith, 1992;
Lawton, 1995). Generally, the nurnber  of  gen-
erations  per year is one  of  the most  important

parameters that affect the abundance  of  mul-

tivoltine species. If the developmental rate  of

insects is determined solely by temperature, and
if the yearly dynamics of  temperature under

global warming  is appropriately  estimated,  we

can  predict the increase in the number  of  gen-
erations  by simulations.  Porter et al. (1991) and

Porter (1995) calculated  the number  of  genera-
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tions of  the European corn  borer, Ostrinia
nubilalis, using  the temperature increase esti-

mated  by a  general circulation  model  of  the

Goddard Institute for Space Studies (GISS
model),  for a  2 ×  C02  scenario  and  a  transient

scenario, respectively.  Sutherst et al. (1995), us-

ing a more  sophisticated  model  of  insect devel-
opment  (CLIMEX), predicted the number  of

generations of  the Colorado beetle, Leptinotar-

sa  decemlineata, by using  a global scenario  that

enyisages  a rise of  O.1eC per degree of  latitude.
Imura et al. (1993) calculated  the number  of

generations of  the common  cutworm,  SpodQp-
tera litura in Japan, by a  simple  simulation  as-

suming  a  2.00C warming  irrespective of  lati-
tude.

  Species are  living in dynamic relationships,

horizontally with  competitors  and  vertically

with  host plants, pathogens, predators, and

parasitoids. AII of  these factors are simultane-

ously  affected  by global warming,  and  hence the
outcome  of  global warming  cannot  be precisely
predicted from studies on  single species (Davis
et al., 1995). Therefore, in attempts  to evalu-

ate the effects of  global warming  on  a natural

community  under  various  scenarios,  we  should

estimate  the  increase in the  number  of  genera-
tions for various  species  living in the communi-

ty. The  simulation  studies  described above  will

not  be practical for this purpose, because they
require  too much  calculation;  data of  daily
temperatures are required,  and  the calculation

of  developmental rate must  be repeated  for each
day for various  species under  various  scenarios

of  warming  at various  locations. It is, thus,
necessary  to develop an  analytical  method  to

enable  a quick estimation.  This paper proposes
a simple  formula that estimates  the  potential
increase in the number  of  generations in tem-

perate zones  under  global warming.  The  validity

of  the approximation  is tested using  meteo-

rological  data in Japan, and  an  example

application  is shown  graphically.

MODEL

 The  developmental rate  of  insects increases
with  increasing temperature in a  moderate  range

of  temperature, but decreases in a  higher range
of  temperatures. Several functions have been

proposed  to describe such  uni-modal  curves.

Sharpe and  DeMichele (1977) proposed a func-
tion based on  theoretical foundations such  as

enzyme  activation  and  inactivation. Schoolfield
et al. (1981) modified  this function to improve
the statistical  properties in estimation.  This
modified  function has frequently been used  to

describe the developmental rate  of  insects

(Wagner et al., 1984; Throne and  Eckenrode,
1986; Wagner  et al., 1987; Fargo and  Bonjour,
1988; Weseloh, 1989; Liu et al., 1995). On  the

other  hand, Ratkowsky et al. (1983) and  Rat-
kowsky (1990) recommended  another  empiri-

cal function that has better statistical prop-
erties  than  that of  Schoolfield et al. (1981). We
usually  use  one  of  these functions to construct
simulation  models.  However, none  of  these

functions is suitable  for the construction  of  an

analytical  method,  since  the increase in the de-
velopmental  rate  (A r) under  a  given increase in
temperature (AT) changes  continuously  with

increasing temperature (T). For this reason,  we

adopted  a linear approximation:  the develop-
mental  rate (r) at a temperature (T) is given by

      r-(8T77b'i"'  l･i;ik (`)
where  7h and  K  are constants  that do not

change  under  global warming.  We  define pa-
rameters  so  that one  generation is completed

when  the integration of  the developmental rate
becomes unity.  The integrated value  of  (T- Tb)
for T2  Tb can  be called the 

"sum
 of  the effective

temperatures." Then, we  can  use  a simple  rule

that the sum  of  the effective temperatures equals

K  when  one  generation is completed.  Here, we
use  days as the unit  of  time. Tb and  K  are  usu-

ally called the developmental zero  and  thermal

constants,  respectively.

  Equation  (1) enables  a simple  description of

the increase in developmental rate  (AD under  a

given increase in temperature (A T):

     fA 7)(K, if T2  7h

 Ar=t(T-7b+AT)IK,  if7b>T})7b-AT

     kO. if T<  7b-AT

                               (2)
The linear approximation  of  the development
function will be practically valid if the range  of

temperature falls within  a limited range.  How-

ever,  Eq. (1) should  be used  with  caution  for
two  reasons.  Firstly, parameters 7b and  K  may

change  under  global warming.  Secondly, the
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developmental rate  (r) is not  a  pure function of
temperature; many  insects enter  diapause in re-
sponse  to photoperiod. We  will  later discuss
how  to treat these matters.

  We  must  further assume  that the increase in
temperature under  global warming  is the same
irrespective of  the season,  jn order  to ensure

that the increase in the developmental rate (A r)
of  a  given species  is determined solely by tem-
perature (T). Seino (1995) examined  the in-
crease  in temperature  in Japan under  a 2 ×

C02  scenario  using  three  general circulation

models:  the GISS  model,  GFDL  model,  and

UKMO  model.  The increase in temperature va-
ries  depending on  the location and  season;  it is
somewhat  larger in the northern  part of  Japan
in the UKMO  model,  slightly  smaller  in summer
in the GFDL  model,  and  slightly  smaller  in
winter  in the UKMO  model.  However, the

seasonal  variability  is rather  smail  in alI the
models,  hence, it is reasonable  to assume  a

constant  increase in temperature throughout  the

year.

  Using the two  assumptions  described above,

i.e., the linear approximation  of  the develop-
mental  rate  and  the constant  increase in tem-

perature, we  can  derive a formula that approxi-
mately  predicts the increase in the number  of

generations per year under  global warming.  We
first consider  a scenario  whereby  the increase in
temperature (A T) is 20C throughout  the year.
The  curve  of  Fig.1 schematically  shows  the

yearly change  of  temperature in temperate zones

before global warming.  The  sum  of  the effective
temperature is given by  the  area  between  the
curve  and  the horizontal line of  7b. When  the
temperature increases by 20C,  the curve  shifts

To

A B2 ℃

To'2

       W[nter Summer  Winter

 Fig. 1. Schematic illustration of the increase in the
sum  of  the effbctive  temperature  under  a  20C  warming,

The eurvc  shows  the yearly change  of  temperature  in tem-
perate zones  before global warming,  The increase (AS)
shown  by the  hatched area  is approximately  given by the
length of  the line segment  (A-B) multiplied  by 2.
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upwards  by 20C.  Hence, the sum  of  the  effective

temperature after  global warming  is given by  the

area  between the curve  and  the horizontal line
of  (7h-2). Therefore, the increase in the sum  of

the effective temperature, which  is denoted by
,{IS,  is given by the hatched area  in Fig. 1. If
both the 7h line and  the (7b-2) line cross  the

curve,  the following approximation  is possi-
ble. Let A  and  B  be the intersection points of
the curve  and  the horizontal line of  (Tb-1).
Then, the hatched area  is approximately  equal

to the quantity given by the length of  the line

segment  (A-B) multiplied  by 2. That  is, AS  is

approximately  given by twice the number  of

days with  daily mean  temperatures higher than

(A-1).
  We  next  compare  AS  between species having
different 7b values.  The length of  the line seg-
ment  (A-B) is longer for a  species  having a

lower 7b. The length will  approximately  in-
crease  linearly with  decreasing Tb, since  the

temperature curve  can  be linearly approximated

near  the intersection points A  and  B. Hence, AS
wilU  increase linearly with  decreasing 7b. We
further compare  ziS between different spatial

locations. Let m  be the current  annual  mean

temperature of  a location. The temperature
curve  is determined by various  factors such  as

altitude, latitude, distance from the sea, and

other  geographic conditions;  the curve  is not

determined by m  alone.  However, we  will  be
able  to obtain  the temperature curve  of  a  loca-
tion approximately  by a  parallel shift  of  the

curve  of  a location having a  different m,  un-

less the  geographical conditions  differ too much

between the two locations. The  Iength of  the

line segment  (A-B) will linearly change  with  the

parallel shift of  the temperature curve,  since the

temperature curve  can  be linearly approximated

near  intersection points A  and  B. Hence,  AS
will  increase linearly with  increasing m.  Thus,
the effect  of  a  1OC increase in m  has the  same

effect as a 1OC decrease in 7b. By  combining  the

linear effects  of  Tb and  m,  therefore, we  obtain

an  approximation  of  AS:

         AS  =a+b(m-7b),  (3)
where  a and  b are  constants.

  Finally, we  consider  the relation  between AS
and  A  T. As  mentioned  above,  the hatched area
in Fig. 1, which  represents  AS, is nearly  equal  to
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the length of  the Iine segment  (A-B) multiplied
by AT. Hence, the length of  the line segment

(A-B) in Fig.1 is nearly  equal  to AS/Zl T. The

length of  the line segment  (A-B) will  increase
Iinearly with  increasing A  T  for a given temper-

ature  curve  with  a given Tb. Hence, AS/Zl Twill
increase linearly with  increasing A  T. Equation

(3) indicates that ASZA  T  is given by a  linear
combination  of  aZAT  and  b/A T. Therefore,
these quantities will increase linearly with  in-
creasing  A T:

        ata  T-"v- (ci+c2A T), (4)
        b/AT=(di+d2A T), (5)
where  ci, c2, di, and  d2 are  constants.  By  sub-

stituting  Eqs. (4) and  (5) for Eq.  (3), we  have

 AS-N  (ciA T+  c2A  7a) +  (diA T+  d2A 72)(m -  7b).

                               (6)
Thus, AS  will  be approximately  expressed  by a

quadratic equation  of  AT. Here, we  adopt  a

linear approximation  about  A  T. Then we  have

      AS  ftr cd  T+  do  7-(m- Th). (7)
It should  be noted  that this approximation  is
valid only  for a  location where  both horizon-
tal lines of  7b and  (7b-AT) cross the tempera-

ture curve  in Fig.1. This condition  will  be
satisfied for most  areas in temperate zones.  We

can  apply  it for most  parts of  Japan, except  for
Nansei-shot6 where  the temperature in winter  is
higher than  7b for many  insects.
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PARAMETER  ESTIMATION

  The  validity  of  the approximation  should  be

evaluated  based on  the actual  temperature

curves.  However,  the observed  temperature

curve  of  a  year is subject  to two  kinds of  errors,

i.e., errors  depending on  year and  day. It is

preferable to remove  both of  these errors  if we
want  to know  the average  effects  of  global
warming.  Therefore, we  used  the 

"smoothed

daily normals"  calculated  by the Japan
Meteorological Agency (1991) that were  obtain-

ed  as a running  mean  of  15 successive  daily
normals  where  a daily normal  is defined as an

averaged  daily temperature  for 30years  from

1960 to 1990. We  selected 12 meteorological

stations  in Japan  from Kyushu  to Hokkaido,  so

that the rnean  temperature regularly  appears

between 60C and  180C. The list of  the stations

is shown  in Fig. 2.

 We  first examined  the validity  of  the linear
approximation  of  the relationship  between the
increase in the sum  of  the effective tempera-

ture (AS) and  Tb under  zlT=2  (Fig.2). The
linear approximation  is suMciently  good, al-

though  it is somewhat  worse  in southern  sta-

tions. The slopes  estimated  by the least squares

method  are within  a range  from 
-31.6

 to
-18.0.

 The  estimate  of  the common  slope,

which  is calculated  from the whole  data, is
-24.5.

 Then we  examined  the validity  of  the
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effective  temperature under  a  20C warrning  at  12 locations in Japan. Lines
were  estimated  by the least squares  method,
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 Fig, 3, The  relationship  between the annual  mean  temperature  at  12 lo-

cations  in Japan and  the increase in the sum  of  the effective temperature

under  a  2eC warming  for insects having different Tb, Lines were  estimated  by
the least squares  method,

linear approximation  of  the relationship  be-
tween  the increase in the sum  of  the effective

temperature (A S) and  the mean  temperature (m)
for 7bs ranging  from 5-150C (Fig.3). Ai-
though  the prediction error is relatively large for
a Iower 7h, the linear approximation  is good for
7b>9, indicating that the temperature curve

shifts upwards  with  increasing annual  mean

temperatures. The  slopes  estimated  by the least
squares  method  are  within  a  range  from  22.9 to

31.3, with  a  common  estimate  of  25.9. The  ab-

solute values  of  the slopes  of  Figs. 2 and  3 (24.5
and  25.9, respectively)  are approximately  the
same,  indicating that a unit  increase in m  and  a

unit  decrease in 7b have the same  effect  on  AS.
These figures indicate that the approximation  by
Eq. (3) is suMciently  good  for the present pur-
pose.

  Then  we  estimated  the parameters of  Eq. (3)
by the least squares  method  for several A7ls

(Table 1). The  approximation  is less accurate

for A  T2i 3.0, as indicated by their low t2 values.

The estimated  parameters of  a and  b were  plot-
ted against  AT  to evaluate  the validity of  the
linear approximation  used  in Eq. (7) (Fig.4).
The least squares  estimates  are

       a=206.7ziZ  -=O.999, (8)
       bi:12.46AT; ,2=1.000.  (9)
The approximation  is suMciently  good. By sub-

stituting these equations  for Eq. (3), we  obtain

   ASft206.7AT+12.46A7(m-7b).  (10)
These estimates  are mathematically  identical to

those obtained  by the multiple  regression  for zi S
on  the two  independent variables  AT  and

A 7<in -  Th) without  an  intercept. The coeMcient

of  determination (R2) for the multiple  regres-

sion  is O.995.

  The  developmental rate  frequently levels off

above  300C  (Kiritani, 1997b). To  evaluate  the

biases due to the linear approximation  given by

Eq. (1), we  next  calculated  the increase in the
sum  of  the effeetive temperature assuming  a

leveiing-off above  300C. The estimate  obtain-

Table 1. Estimates of parameters a and  b of  Eq. (3) ob-
tained  by the least squares  method  under  several  scenarios

         of increased temperature (A T)

  AT(OC)  a  b r2

O.51.01,S2,O2.53,O3.54,O4.5 94,1191.1291,1394.0499.8610.6722.7837,7955,7 6,2512.5518.8925.2631.6837,1143.4049,6755,96O,971O.971O,970O,970O,970O.921O.921O.922O.922
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 Fig. 4. The  relationship  between the temperature  increase (A T) and  the

estimated  parameters of  Eq, (3). Lines were  estimated  by the least squares

method.

ed,  which  is denoted by AS' for discrimination,
was  somewhat  smaller  than  AS. However,  the
difference was  large only  in Kagoshima, the
southernmost  location, under  a  large A T. The

percentage of  difference, 100(AS-AS')IAS, at

this location was  1%  for A  T:::2, 7%  for A  T=3,
and  12%  for AT=:4  at the largest, indicating
that the linear approximation  given by Eq. (1) is
suthciently good  for the present purpose.

INCREASE  IN  THE  NUMBER  0F  GENERA-
TIONS

  Let ANbe  the potential increase in the num-

ber of  generations under  global warming.  Al-
though  AN  is a  discrete variable,  we  first treat it

as a continuous  variable  for convenience.  Then,

ANis  given by ASZK.  We'will Iater discuss how
to consider  the discreteness. Using Eq. (10), AN
can  be expressed  by

  AN--AT[206.7+12.46(m-7b)]fK.  (11)
By  rearranging  this, we  have

    7b =.-o.oso3(K  2NT 
-2o6.7).

 (12)
Figure 5 shows  isoclines of  the increase in the
number  of  generations predicted by Eq. (12) for
AT=1.0,  2.0, and  3.0 for a  current  annual

mean  temperature m=15.  We  can  readily  ob-

tain the isoclines for different annual  mean

temperatures by moving  the isoclines by

(m-15) degrees vertically. For m=17,  for ex-
ample,  we  can  obtain  the isoclines by moving
the isoclines of  Fig.5 by 2 degrees upwards,

since  we  have (17- 15) =:  2.

 We  can  predict the increase in the number  of

generations of  any  multivoltine  species  by plot-
ting 7b and  K  in Fig.5 and  by shifting  the
isoclines for the current  mean  temperature. The

parameters 7b and  K  have been listed by sever-

al authors.  Honek  and  Kocourek (1990) listed
the parameters for 294 species  mainly  based on

papers from Europe and  North America, while
Kiritani (1997b) listed the parameters for about
430 species  of  insects, mites,  and  nematodes  in
Japan. Thus, we  can  estimate  the increase in the
number  of  generations for various  insects using

these review  articles. Here, we  only  demon-
strate  the effectiveness  of  this method  by plot-
ting the mean  values  of  7b and  K  for different
arthropod  groups calculated  by Kiritani (1997b)
(Fig. 5). Under a  1OC warming,  the number  of

generations increases only  for small-sized

arthropods,  i.e., Acarina, Thysanoptera,
Hymenoptera  (mostly small  parasitoids), and

Aphidoidea.  Under a 20C  warming,  genera-
tions of  most  arthropods,  except  for stored

product pests, will increase. Under a  30C
warming,  stored  product pests would  also

have one  more  generation than the present.
However, the validity  of  the prediction for the
stored  product pests is not  clear, since the maj  or

part of  the populations of  the stored  product
pests lives in artificial  environments  such  as

flour mills whose  temperature is sometimes  as

much  as 100C higher than outdoors  (Kiritani et

al., 1963).

DISCUSSION

  By  using  the formula proposed in this paper,
we  can  readily  estimate  the potential increase in
the number  of  generations for various  insects
living in a  specified  community.  Then, we  will

be able  to predict the changes  that would  occur

in the interspecific interaction in the comrnuni-
ty. For example,  if the numbers  of  generations
increase synchronously  for hosts and  parasi-
toids, the number  of  host-parasitoid interac-
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tions per year may  increase, and  hence the

overall effects of  parasitism may  increase
through the numerical  response  of  parasitoids,
causing  the decrease in the mean  densities of  the
host populations. In such  a case, the intensity of

interspecific competition  between hosts may

decrease, enhancing  the diversity of  the com-

munity  (see Caswell, 1978). However, if the in-

crease  in the number  of  generations causes  an

asynchrony  in the host-parasitoid phenology, it
may  generate a  refuge  effect  that decreases the

percentage of  parasitism (Hassell et al., 1993).
These changes  in the interspecific interaction
which  would  occur  under  global warming  will

be addressed  in future studies.

  Insects pass winter  in temperate areas  at  a
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stage specific to the species. The insects will not

survive  the winter  when  they are  in cold  sus-

ceptible  stages.  Hence, the number  of  genera-
tions per year must  be an  integer, although  we

treated it as  a  continuous  variable  for con-

venience.  Insects use  two  mechanisms  to real-

ize the integer value.  Firstly, many  insects adjust

their life cycles to the seasonal  phenology by
latitudinally changing  the photoperiodic re-

sponse  for diapause (Danilevsky et al., 1970;
Taylor and  Spalding, 1986). Secondly, several
insects adjust  their life cycles by geographical-
Iy changing  their developmental rate.  For  ex-

ample,  Kishino (1970) showed  that the larval
duration of  the rice  stem  borer, Chilo suppres-
salis, becomes sharply  shorter  in the border lo-
cation  where  voltinism  shifts  from univoltine  to

bivoltine. The short  larval duration is inter-

preted as an  adaptation  to increase the num-
ber of  generations they can  achieve  within  a

year. Similar phenomena  have been reported  in
other  insect species (Tamura et al., 1959; Iwata
and  Kishino, 1961; Masaki, 1972; Oku  and

Kobayashi, 1985; Gomi, 1996). These two

characteristics, the photoperiodic response  and

developmental rate,  may  be adjusted  to realize

the integer number  of  generations under  global
warming.  The success  of  the adjustments  de-

pends on  the balance of  the three rates:  (1) the
rate  of  dispersal, (2) the rate  of  natural  selec-

tion, and  (3) the rate of  global warming  (Pease
et al., 1989; Holt, 1990; Lynch and  Lande,
1993). For example,  if the insect has suMcient
dispersal ability, a strain having a suitable pho-
toperiodic response  will successfully  shift its
range  from southern  areas  in the northern

hernisphere. Here, the dispersal ability has an

important role.  Kiritani (1997a), who  exam-

ined 16 species  of  invasive insects in Japan
during the past 100 years, found that they had
spread  all over  the Japanese Archipelago with-
in 12years on  average,  suggesting  that the dis-

persal ability of  most  pests is suthcient  to track

global warming.  On  the other  hand, the insect
will also successfully  establish an  appropriate

response  through  natural  selection, if the rate of

natural  selection is larger than the rate  of  global
warming.  The experiment  of  the scorpion-fiy

Panotzpa vuigaris  suggested  that the photoperi-
odic  response  is easily  shifted  by selections

Yamarnura  and  K.   Kiritani

(Sauer et al., 1986). In the case  of  the fall web-
worm,  ,Hlyphantria  cunea,  which  was  accident-

ally  introduced to Japan, it is suggested  that a
trivoltine strain  evolved  from a bivoltine strain

within  40 years (Gomi and  Takeda, 1991). Here,
the amount  of  genetic variability  has an  im-

portant role,  since  the rate  of  natural  selection  is
closely  related  to genetic variability,  The  exis-

tence of  Iarge genetic variability  in the pupal
portion ofKis  known  for HL cunea  (Morris and

Fulton, 1970; Morris, 1971).

  Thus, we  can  expect  that dispersal andlor

natural  selection will yield the right photoperi-
odic  response  and  will  operate  in favor of

shorter  developmental duration under  global
warming.  Predictions of  the increase in the
number  of  generations, therefore,  may  be er-

roneous  if we  do not  consider  the changes  that

rnay  occur  in these biological parameters. The

model  proposed in this paper, as  well  as the
simulation  models  cited before, meet  with

dithculties at this point. Kiritani (1997b)
reported  that Tb is a stable  characteristic  while  K
is an  unstable  characteristic,  sometimes  having a
large geographical variability. If so, strains

having the smallest  K  would  complete  develop-
ment  in the  shortest  duration. Therefore, in this
case,  an  appropriate  estimate  of  the  increase in
the number  of  generations would  be given by
the following procedure. Firstly, (1) ignore

photoperiodic response,  (2) calculate ANby  us-

ing Eq. (11) with  the smallest  K, and  (3) adopt
the integer part of  the calculated  AN.  How-
ever, the geographical variation,  as  well  as  the

genetic variation,  in 7b and  K  remain  to be
clarified.
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