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Development of integrated management system
for pine needle gall midge
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SUMMARY

To assess the Pinus densiflora damage caused by the pine needle gall midge
(PNGM), Thecodiplosis japonensis Uchida et Inouye, spatial distribution of PNGM
damage, relationship between PNGM adult occurrence and host phenology, and
influence of host foliage, were studied.

No significant differences in percentages of infested needle pairs were found
among trees and between main and lateral shoots within a tree. However, the
mean percentages of infested needle pairs increased signilicantly from the lower
crown to the upper. A sample unit consisting of 1 main shoot and 2 lateral
shoots per branch were fixed from the midecrown level. The optimal sample
sizes required to estimate PNGM damage with given two levels of precision were
determined. Regressions between accumulated degree-days above the lower
threshold of temperature(6.3 C) and probits of cumulative adult emergences were
generally well fitted, ¥ = 0.840~0918. A comparison between expected and
actual data showed average 4.3~6.8 days of deviation by regions in fifty percent
of cumulative adult emergence. A severe damage decreased shoot lengths, needle
lengths, needle widths, and needle weight. Needle elongation was also delayed.

PNGM showed infestation changes with average periodicity of 10 to 12 years
in endemic regions. Densities of parasitic wasp were dependent on the host
densities without a time delay. The relation of densities between PNGM and its
parasitoid was weak in the early stage after invasion into new areas, howcver
the density of parasitoid was increased asymptotically according to that of PNGM
after 10 years. The relation between gall formation rate and parasitism also
showed similar patterns with the case of density. The relation between host and
its parasitoid was unstable in the carly stage after invasion into ncw areas,
however it was stabilized with interaction and coevolution between hosts and
parasitoids.

D.B.H., height, crown length, crown width, crown form, crown area, and crown
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volume of dead and live trees were measured and the discriminant analysis was
conducted to assess individual tree risk-rating in the pine forest seriously
infested by PNGM. Crown length, crown form, crown area, and crown volume of
live tree were significantly higher than those of dead tree, while D.B.H. and tree
height were not different significantly. These results represent that the trees with
higher and wider crown and larger crown volume have relatively higher
probability to survive [rom the infestation by the pine needle gall midge.

Constant temperature experiment was conducted to determine the effect of
temperatures on postdiapose development of the PNGM and its parasitoids. Times
to adult emergence of overwintering larvae decreased throughout winter until the
beginning of March with a slight difference among species. Developmental rates
of overwintering PNGM and its parasitoids at each stages were compared at 12,
15, 18, 21, 24, 27, and 30°C. The nonlinear biophysical model well described
median developmental rates of PNGM, I seoulis, and P. matsutama (*>0.99).
The lower developmental threshold to adult emergence was determined by
extrapolation of the linear regression through the x-axis (PNGM: 7.6, I seoulis;
76, P. matsutama. 4.9). The degree-days above base temperature to median
(50%) cmergence was 1051 for PNGM, 1057 for I seoulis, 710.7 for P.
matsutama. According these data the phenclogy model was developed to predict
population dynamics of PNGM.

The backpropagation algorithm in artificial neural networks was utilized to
forecast dynamic data of a PNGM. Data for changes in population density were
sequentially given as input while densities of subsequent samplings were
provided as matching target data for training of the network. Convergence was
reached, generally after 20,000 iterations with learning coefficients of 0.5-0.8.
When new input data were given to the trained network, recognition was
possible and population density at the subsequent sampling time could be
predicted. The backpropagation algorithm was also applied to predict optimal

period to control PNGM. The data consisting of temperature and emergence
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pattern of previous vear of PNGM was used. Convergence was reached, generally
after 2,000 iterations with learning coefficients of 0.5. The difference between
field data and predicted data was less than 5 days.

As an alternative of partial differential equation, a discrete diffusion model
was devised to represent spatio—temporal dynamics of population dispersal dbased
on Cellular automata(CA). The model was constructed to represent reproduction
and the spatial advancement of individuals concurrently in a well-established
vegetation region. The CA model was able to show the conventional Mathusian
and Logistic growth patterns. The invasion of population was further assumed to
be restricted to the environmental restriction, ie., shortage of food. With the
implementation of the concept on the local, time-varying carrying capacity, the
model was successful in showing the sudden increase in the invasion speed,
which produced the biphasic mdde of range expansion. Through calculation and
simulation, the model was able to show that the front line of invasion was in
fact produced from the advancement of the area of maximum population density,
moving away in wave-form from the original invasion point. The simulated
results were in general in good accordance with field data {rom dispersal of
PNGM. Field data for the progress of range expansion and the occurrence of
phase change in invading speed were coincided with calculated data.

Following programs were also developed; 1) hazard rating system for pine
forest stands and trees, 2) Prediction for optimum period to control PNGM, and
3) Prediction for the occurrence of PNGM in spatio-temporal terms. Computer
programs in this study were developed through the C or C++ in Windows or

Linux operating systems,
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), ole)d F2le] Al Ao NANOVA(nested analysis of variance)e] EAE
Mrdo) b Aee Aoz d#Aa glth(Snedecor?t Cochran 1967). NANOVA

mEg o] &3 FAEAM 4N FIFAHE 2AARE FHEA S BAS AAHAT7
fete] arcsind g AAEALH 2ARRS] FYd oM AR} ZARAY
AR, F3 B9 FE F2e AR FF L YR A998 5 oy, Fu
o AAE @A nAEEE SRR B AAE fixed effect® &3 WA 4

91 %-¢ random effects® 3t mixed model & A-&3How FAEML SAS198NE
3 o}

%

4
2o QAL £ D FuU B¥EE NANOVA EdE BAREMG 3 4371 WHolg
=8

%L‘ [eRle] M
S wolg olfajo] oo Aom AEHPOV Fold ox WA HE
9% weadg Mol RREFS SAEd 44 ERES4E 24940

={(Sy*/nw)+ $H/{(xxD)%

ANA nE BE B n,E BY gEEYs S0 4uRyg do, St
AU Wo), xi= W 2984E DE vE FoixXe FIEE 47 dedig
(Snedecors} Cochran 1967, Southwood 1978). AuFul wolel S el 2T
o] WolWul of T 2uUF FEGHE dege] o Wojet oabef RolE

EHAZ T
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Ao o] 88 AFEE 1976 HE 19963 71A] 21 BF A= 567 AhelA 2AME
ok9] 93} ZAMAE FToAM FAFLAA HAA FHY ZAE o) FoHa 7|4 A
o 714HE ARE F4Y & JE Mg, F31, AF, 9, AF, UE, e, AF
T, 8 wkel AL A RE A ATHE 1),

£94E5e9 YFFT LHIFS A4 63T 89T(olek $ 198N= 3]

=

ME, £, B, A8, AF, U, 23, AT T NAE YR 39 198E &
gFEad7tA APdEE gAY NFESAE Hur 2 HAV|LE o835
obefel A3} o] retangle methodZ Y=g AMsAom FEAI2EE THIH

SR o] AdEE FHIY AEsUTt. o, 7|FRAFAV e UFY AR
= AAHAA #F #AFAE o BUT
DAL + HAVIE) /2 - $RGHLE

A 84 @ 623 SFARE dgoR dY FA $38g Aitste] ol&
probitzt 2.2 FHA4FE F(SAS 1987), AGHE 7 -3tdolA e FEAHANSE(X)Y F
2 28g 9] probitgh(y)#e] HAEAE o] &dte] WHES AESUoN olE
EWE F49354 10, 30, 50, 70, 0% A o] FEHN2EE AEEACE FEAHAL
Sxo) g $3A7] dZe HFY HAEE HAAHoR AEE 10%, 30%,
50% -3t AAl 3] Aol wlal HESY

Table 1. Data sets for analysis of adults emergence of T, japonensis

Location Years investigated Amount of data set
Seoul 1977~1983, 1988~1989, 1995~1996 11

Chunchun 1976~ 1978, 1989, 1991 ~1996 10

Chongju 1989~1993, 1995~1996 7

Taejon 1981 ~1985, 1987~1993 12

Chonju 1990, 1992~1996 6

Naju 1988~1990, 1993, 1995~1996 6

Ulchin 1989~1990, 1995~1996 4

Cheju 1991 ~1996 6
Total 62
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Table 2. Characteristics of sample trees for the measurement of new shoot and

needle growth.

Mean
Root zone percentage
Tree Height diameter  of infested

Length of previous year’s shoot
in branch orders (cm)

Year no. (cm) (mm) needle pairs 1st ond 3rd
1995 1 156 39 212 45 33 35
2 168 36 483 56 39 36
3 162 36 54.1 51 43 38
4 197 42 76.9 57 47 38
5 165 43 54.3 46 ) 39
6 9222 34 50.6 60 47 40
7172 39 89.0 50 36 %6
8 178 34 72.1 58 49 28
9 146 24 57.6 45 32 30
_______ 10 162 28 72.2 50 ¥ 30
1996 1 152 40 64.7 66 33 36
2 155 44 66.8 53 29 32
3 151 37 535 54 40 27
4 134 42 162 34 29 29
5 148 49 616 61 33 35
6 151 44 65.8 58 34 33
7172 35 64.8 62 39 35
8 159 34 82.9 58 30 30
9 143 43 38.0 34 25 29
10 170 40 47.0 64 35 36

3 B RARA AR F%7b gget E 49 2o #3 2melsh
A5e Audes $I94L0] Fe e ngod AHE BAGe] F ¥
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Table 3. ANOVA for percentages of infested needle pairs of Pinus densiflora by

damage classes in Pyongchang, Kangwon-do in 1992. All data were transformed

into arcsin V (%)

Moderate Severe
Source of variation df. M.S. F-value d.f. M.S. F-value
Tree height groups 3 2987.06 1.69 3 939758 2.81

Trees within height groups 8 1762.48 0.39 16 3338.55 0.33
Crown levels 2 4466,33 10.10° 2 10213.07 8056
Tree height groups 6 441.99 3.02" 6 126.78 0.30

Xcrown levels

Trees within height groups 16 146.50 205" 32 422.83 526"
X crown levels

Location of shoots within 36 71.51 1.03 60 80.41 0.68

crown levels

Error 288 69.22 480 117.88

TY FI3 aAFAA S8 Y B FYIL e AolE B R 59 2] I
K

FAES TR FH7) 386%, TH7F 203%, 3

&
-

R o Aolg usgon WsEs A ¥
B 2993 E&L 47 7113%, 61.7%, 637%EA] 7
S 30 JRI nhRAAR RR> FR> He) Fo2 @ Yoo BE FY
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Table 4. Mean percentages of infested needle pairs by each tree height groups

of Pinus densiflora between damage classes

Percentages of infested needle pairs by damage classes

Tree height group Moderate Severe
Below 2m 16.7+157¢ 487+ 2.37c
2 - 4m 30.7+2.19ab 61.911.86b
4 - 6m 26.712.19b 59.2+1.98b
Above 6m 344+ 1.74a 76.87%1.33a

"Means within a column followed by the same letter are not significantly

different at 5% probhability level (Tukey’s studentized range test).
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Table 5. Mean percentages of infested needle pairs by crown levels of each tree

height groups of Pinus densiflora between damage classes

Percentages of infested needle pairs in each tree height groups
Damage Crown

class level below Z2m 2 - 4m 4 - 6m above 6m Average
Moderate Upper 17.5+£3.02a" 51.2+550a 41.7+3.03a 43.9%4.04a 38.6%2.48a
Mid 176£270a 29.9%2656b 308%231b 389+271a 29.3%143b
Lower 153%246a 212%272b 152*1.32c 250+1.85b 19.2*1.12¢
Severe Upper 659%484a 784%=27la 76.0F-268a 889*158a 77.3%1.74a
Mid 458+3.08b 64.4%280b 60.0+292b 76.8%t1.86h 61.7£152b
Lower 429%4.12b 512+279¢ 500*3.27c 70.8+t229h 53.7+1.72¢

"Means within a column followed by the same letter are not significantly

different at 59 probability level (Tukey’s studentized range test).
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Table 6. ANOVA for percentages of infested needle pairs of Pinus densifiora

saplings by damage classes in Yangyang and Kangnung, Kangwon-do in 1995

and 1996. All data were transformed into arcsin V (%)

Moderate Severe
Source of variation d.f. m.Ss. F-value d.f. m.S. F-value
Trees 19 728.43 0.27 9 833.72 0.14
Branch orders 2 271163 13.47™ 2 637256 23.81™

Branch orders X trees 38 201.38 1.63" 18 267.59 1.26

Location of shoots within 60 123.88 191™ 30 21218 2.91™

branch orders

Error 240 64.95 120 72.87

Table 7. Mean percentages of infested needle pairs in the location of shoots

within branch orders of Pinus densiflora saplings

Percentages of infested needle pairs by damage
Branch Location

classes
order of shoots Moderate Severe
Ist Top 36.613.26a" 91.8<1.32a
Lateral 28.713.32ab 81.7£2.94ahb
2nd Main 22.3%3.23bc 75.1%+3.09bc
Lateral 21.0%3.43bc 66.0*+3.61c
3rd Main 17.1:1.85¢ 65.61-3.50c
Lateral 21.0%2.05bc 52.1%3.89d

*Means within a column followed by the same letter are not significantly

different at 5% probability level (Tukey's studentized range test).

_29_



Table 8 Mean percentages of infested needle pairs by three parts attached with

needles of shoot of Pinus densiflora saplings

Percentages of infested needle pairs by damage

Needles attached in

classes
three parts of shoot Moderate Severe
Basal 22.4%1.34" 73.6+2.56
Middle 255+156 7254293
Frontal 253168 70.1+2.79
"Means are not significantly different at 5% probability level (Tukey’s

studentized range test).

Table 9.

saplings in Yangyang and Kangnung.

ANOVA for percentages of infested needle pairs of Pinus thunbergii

Source of variation M.S. F-value
Trees 6481.50 3.19
Branch orders 2034.41 5.81°
Trees X branch orders 349.91 2.38
Location of shoots within branch orders 147.02 2.07"
Error 120 71.09

Table 10. Mean percentages of infested needle pairs in the location of shoots

within branch orders of Pinus thunbergii saplings

Branch order

Location of shoots

Percentages of infested needle pairs

1st Top 489+ 4.12ab"
Lateral 50,71+ 4.51a

Znd Main 48.8+3.96ab
Lateral 49.1 +4.29ab

3rd Main 3201 4.11b
Lateral 37.2+4.36ab

"Means followed by the same letter are not significantly different at 5%

probability level (Tukey’s studentized range test).
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Table 11.

Mean percentages of infested needle pairs by three parts attached

with needles of shoot of Pinus thunbergii saplings

Needles attached in
three parts of shoot

Percentages of infested needle pairs

Basal

Middle

Frontal

47.2+2.98ab"

484+ 3.03a
3716x£3.12b

"Means followed by the same letter are not significantly different at 5%

probability level (Tukey’s studentized range test).
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Fig 1. Relations between mean percentages of
infested needle pairs per tree and mean percentages of
infested needle pairs in each crown levels of Pinus

densiflora.
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Table 12. ANOVA for percentages of infested needle pairs in mid-crown sample

unit (1 main and 2 lateral shoots) of P. densiflora.

Source of variation d.f. M.S. F-value
Damage levels 1 41008.87 14.03™
Tree height groups within damage levels 6 2921.98 241
Trees within tree height groups 24 1211.67 1.54
Sample units 3 788.28 6.29
Damage classes X sample units 3 125.28 0.82
Tree height groups X sample units 18 152.46 1.18
Trees X sample units 72 128.94 1.80™
Error 256 71.54

Table 13. Number of sample trees and sample unit combinations needed to

estimate percentages of infested needle pairs at 2 levels of precision.

No. of sample units Precision levels Number of sample Total number

within tree (nw) (%) tree (ny) of samples
1 10 56 56
25 9 9
2 10 32 64
25 5 10
3 10 24 72
25 4 12
4 10 19 76
25 3 12
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AA7F 7V 2 Ao xAE e 59 AAE PG Mk FA¢3HE 50%,
5 a0l gloiM el FAX G AEA ] Ht BAE ML 544C~119), &
M 6.8d@2~12), FF 43U(2~9), dAl 454(0~109), AF 574(0~109), +
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L ERsE

Table 14. Regression parameters to estimate probits of cumulative adult
emergence rates by accumulated degree-day above lower threshold of

temperatures(6.3, 8.9C)

Threshold
temperature Parameter estimates

(C) Location a b r

6.3 Seoul 0.3935 0.0060 0.870
Chunchon 0.7785 0.0062 0.840
Chongju -04771 0.0072 0.908
Taejon 0.1836 0.0070 0.899
Chonju 0.8832 0.0055 0.918
Naju 1.1942 0.0044 0.843
Ulchin 0.6573 0.0065 0.852
Cheju -0.5833 0.0055 0.851
Overall 0.8273 0.0055 0.759

8.9 Seoul 1.0897 0.0071 0.853
Chunchon 1.3258 0.0075 0.837
Chongju 0.2368 0.0086 0.898
Taejon 0.8639 0.0084 0.887
Chonju 1.3553 0.0067 0.917
Naju 1.6436 0.0052 0.844
Ulchin 1.2389 0.0082 0.842
Cheju 0.1592 0.0065 0.841
Overall 1.3452 0.0067 0.764
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Table 15. Accumulated degree-days required for various cumulative adult

emergence rates

Threshold Accumulated degree—days by cumulative
temperature adult emergence rates

(C) Location 10 30 50 70 90

6.3 Seoul 554.2 680.4 767.8 855.2 981.4
Chunchon 4742 596.3 680.9 765.5 887.6
Chongiju 582.7 687.9 760.7 8335 938.7
Taejon 505.0 613.1 688.1 763.0 871.1
Chonju 514.6 652.3 7476 342.9 980.6
Naju 573.7 745.8 365.0 984.1 1156.2
Ulchin 4709 587.4 668.1 748.8 865.3
Cheju 782.1 919.8 101561 11105 1248.2
Overall 525.7 663.3 758.7 854.0 991.7

89 Seoul 370.2 476.9 550.7 624.6 731.3
Chunchon 319.0 420.0 489.9 559.8 660.8
Chongju 404.8 492.9 553.9 614.8 702.9
Taejon 339.8 430.0 492.4 554.8 645.0
Chonju 362.7 465.7 544.0 622.3 735.3
Naju 399.0 544.6 645.5 746.3 891.9
Ulchin 302.4 394.7 4587 522.6 615.0
Cheju 547.6 664.1 T44.7 825.4 941.9
Overall 354.2 467.2 545.5 623.8 736.8
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Table 16. comparison of expected and actual dates of 10, 30 and 50 cumulative

percentages of T. japonensis adult emergence.

10% 30% 50%
Location  Year Expected Actual Dvx* Expect Actual Dv Expect Actual Deviation
Seoul 1977 May 29 May 24 5 June 7 May 28 10 June 12 June 1 11
1978 May 29 June 4 -6 June 8 June 16 -8 June 13 June 20 -7
1979 June 2 June 3 -1 June 11 June 8 3 June 17 June 10 7
1980 June 6 June 7 -1 June 14 June 11 3 June 19 June 13 6
1981 June 1 June 4 -3 June 11 June 7 4 June 16 June 9 7
1982 May 28 May 29 -1 June 6 June 4 2 June 11 June 8 3
1983 May 24 May 27 -3 June 2 May 31 2 June 13 June 7 6
1988 May 31 June 3 -3 June 10 June 7 3 June 15 June 13 2
1989 May 23 May 24 -1 June 2 May 29 4 June 7 June 5 2
1995 June 2 June 5 -3 June 11 June 7 4 June 16 June 12 4
1996 June 1 June 3 -2 June 8 June 4 4 June 14 June 10 4
Ave” 2.6 43 ) 54
Chunchon 1976 June 1 June 3 -2 June 10 June 5 5 June 16 June 11 5
1977 May 26 June 7 -12 June 4 June 15 -11 June 9 June 21 ~-12
1978 May 28 May 29 -1 June 6 June 3 3 June 11 June 6 5
1989 May 24 May 24 0 June 2 May 28 5 June 7 June 5 2
1991 May 29 May 31 -2 June 6 June 4 2 June 11 June 8 3
1992 May 30 May 30 0 June 7 June 2 June 14 June 9 5
1993 May 29 May 28 1 June 7 June 1 6 June 12 June 5 7
1994 May 25 May 25 0 June 3 May 27 7 June 9 May 29 11
1995 June 5 May 31 5 June 14 June 4 10 June 19 June 8 11
1996 June 1 May 31 1 June 8 June 2 6 June 13 June 6 7
Ave.” 2.4 57 6.8
Chongju 1989 May 27 May 24 3 June 3 Junc 1 2 June & June 11 -3
1990 June 2 June 3 -1 June 9 June 6 3 June 14 June 10 4
1991 May 31 May 29 2 June 7 June 2 5 June 11 June 6 5
1992 June 1 May 31 1 June 9 June 4 5 June 15 June 6 9
1993 June 2 June 4 -2 June 9 June 8 1 June 14 June 10 4
1995 June 4 June 8 -4 June 11 June 11 0 June 16 June 13 3
1996 June 4 June 7 -3 June 10 June 12 -2 June 14 June 16 -2
Ave’ 2.3 26 4.3
Taejon 1981 May 26 May 24 2 June 4 May 28 7 June 9 May 30 10
1982 May 24 May 23 1 May 31 May 25 6 June 6 May 28 9
1983 May 21 May 23 -2 May 29 May 27 2 June 2 June 2 0
1934 May 26 May 27 -1 June 2 May 31 2 June 6 June 3 3
1985 May 24 May 22 2 June 1 May 26 6 June 6 May 29 8
1987 May 28 May 26 2 June 4 May 31 4 June 9 June 4 5
1988 May 27 May 27 0 June 4 June 1 3 June 9 June 6 3
1989 May 19 May 22 -3 May 27 May 25 2 June 1 May 28 4
1990 May 27 May 27 0 June 4 May 29 6 June 8 June 3 5
1991 May 23 May 26 -3 June 1 May 29 3 June 6 June 3 3
1992 May 23 June 1 -9 June 1 June 4 -3 June 6 June 9 -3
1993 May 26 June 1 -6 June 3 June 5 -2 Junc 8 June 7 1
Ave 2.6 3.8 4.5

* averaged absolute of deviations ** deviation
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Table 17. Effect of previous-year damage of 7. japonensis on the top shoot

growth of Pinus densiflora saplings

Percentages of
i g Shoot length (mm, mean® SEM)
infested needle

. Growth ratio
pairs

. ‘ Previous year (A}  Current year (B) (B/A)

in previous year
Above 80% 538375 40.0£6.00 0.76+0.164b"
50 ~ 80% 55.4%1.74 61.4£259 1.12%+0.063ab
Below 50% 46.5+6.02 60.1+4.46 1.33£0.090a

"Means followed by the same letter are not significantly different at the 5%

probability level (Tukey's studentized range test).
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Table 18

Effect of previous-year infestation rates on the needle growth of

Pinus densiflora in 1995 and 1996

Needle length (mm) by previous-year damage classes

Year Date Above 80% 50 - 80% Below 50%
1995 May 10 0.9+0.37b" 1.8+0.18ab 2610.32a
May 24 8.1*0.51b 10.8+0.35a 11.2+0.69a

June 8 16.2+0.82b 20.91+0.64a 22.1%1.39%

June 19 23.2£0.87b 295%0.79a 31.3+1.63a

July 4 31.5%0.94b 46,91 (.88a 43.311.85a

July 21 42.7%=1.42b 57.2+092a 59.61+1.99a

Aug. 18 64.7E2.87b 7821127a 79.9%2.63a

Oct. 3 66.113.07b 789+ 1.56a 77.8:£2.76a

1996 May 10 2.2+0.44a 26+10.22a 3.0t0.33a
May 24 8.610.62b 9.1%+0.31b 11.0£0.56a

June 4 189+1.23a 195%0.72a 21.7+0.95a

June 18 28.612.14b 30.8+1.14b 35.4%+1.48a

July 5 4821 2.54b 52.811.41b 59.6+1.52a

July 19 56.2%3.21b 62.9+1.55b 72.111.69

Oct. 8 82.8+4.81b 85.8+1.47b 95,0+ 1.52a

"Means within a row followed by the same letter are not significantly different at

the 5% probability level (Tukey's studentized range test).
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Table 19. Length of needles attached in various parts of shoots within branch

orders of Pinus densiflora during emergence period of 7. japonensis adult in 1995

Branch Location of Needle Needle length (mm)
order shoots parts June 8 June 14 June 24 June 30 July 10

1st Top Basal 27.7 32.6 37.6 45,7 53.9
Middle 24.4 29.5 34.5 429 51.3

Frontal 150 19.3 26.3 30.5 37.6

Lateral Basal 27.2 32.2 37.2 455 53.8

Middle 237 28.7 33.7 42.0 50.3

Frontal 152 19.2 25.9 300 | 367

2nd Main Basal 27.0 31.9 36.8 45.0 53.1
Middle 24.0 28.8 33.7 41.7 49.7

Frontal 158 195 25.3 296 | 359

Lateral Basal 26.1 30.7 35.3 42.9 50.5

Middle 224 26.8 31.2 38.5 45.9

Frontal 158 19.7 26.1 299 | 363

3rd Main Basal 28.2 33.2 38.2 46.6 55.0
Middle 245 29.3 34.2 42.3 50.4

Frontal 16.7 20.7 215 315 38.3

Lateral Basal 25.0 29.4 339 41.3 48.8

Middle 22.1 26.5 31.0 38.4 45.8

Frontal 15.6 19.3 25.5 29.2 { 35.4

*Lines drawn means the optimal range of needle lengths for oviposition of T.

Jjaponensis.

Table 20. A comparison of percentages of infested needle pairs in three needle

attached parts of shoot within branch orders of Pinus densiflora saplings in 1995.

Percentages of infested needle pairs of needles

Branch Location attached in various part of shoots

order of shoots Basal Middle Frontal
Ist Top 88.1+2.69 095.1=0.91 92.3+2.49
Lateral 80.316.06 84.1*4.68 80.8+4.88
2nd Main 7801457 76.515.25 70.71+6.35
Lateral 69.6 5,63 65.1+6.92 63.416.64
3rd Main 65.2+5.95 69.31+6.28 62.516.40
Lateral 60.4+8.14 4497594 50.9+5.60

_41_.



th €955 sk LT FEUA

) EAFHE vt 2uE Yo FHH
7h Al e 54
£ utele & AsA TRAE w79 g WA FRL 9, 2
A7t ARANE W, E4Sgle] 4F AGVIRM 9 YA HH 69
Faol slojA el FHED 2t §4 o 548t dH sHaaeA
o

Jm

%

o WHE A AT A X

Aok, AARRE 9 Rk F, FA Sl Fade] flAey vke A7)

FAE 1xo Fox7t doem AxU do FAYAERE oo doj, % F
el ezt gAY
¥ 228 2ured f€o AdE Aded 9o Holol F FA, AjiHeld

B
—&n

Qo AHE A AGo] 324mmPLen, vHE A AHFE 275mmzE A RUL
W, Qo Fo M E AE A Ao Hi 0.78mmE M Tk Ao ® e
WS FEAE P 1L.03mmE 7HF T AR YEnth o YA oAM=
Zol9 Hlxzd A¥FE JEbh

& 99 A9 Hd Fol9 olg B Ao die g I A AF

o] 23/mme b AA Yesten vsim ' A He] 185mmEA 7MY #HE RO

ar
=]

_4‘2_



Z A deo) B3 A oA s de Aot g & HixE AAY
o] HiF E 125mm, ¥ 0.028ge® /M FHIL FAL AR RAHEY oW I3
E A AGe dol A e FAE AA Wite deE Jewnt

Table 21. ANOVA for needle characteristics of P. densiflora and P. thunbergii

before gall formations in mid-June.

Length Width Weight

Source of variation df. MS. F-value MS. F-value M.S. F-value
Tree species 1 8189295 11.32° 37.959 532 0.000035  0.00
Plots within tree 4 723469 5207 7141 < 882™ 0.020892  3.43"
species

Trees within plots 24 139086  0.66 0.810 0.90 0.0006092 084
Branch orders 2 2114770 16.90 0902 14.08 0.007248 3.85
Tree species 2 12513 011 0.064 0.37 0.001881 1.01

X branch orders
Plots X branch orders 8 1149.28 191 0.174 0.60 0.001866 1.40

Trees X branch orders 48 60051  838™ 0290 278" 0001331  5.09™

Location of shoots 90 7164 0.82 0.105 3.87" 0.000262 1.86™"
within branch orders
Needle attached parts 360 87.10 20.73™ 0.027 2517 0.000141 13.73"™

within shoots
Error 2160 4.20 0.011 0.000010
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Table 22. Needle characteristics between Pinus densiflora and P. thunbergii by

damage levels in previous year.

Damage Needle characteristics (mean+SEM)”
levels in
, previous Length Width Weight Weight per
Species
year (mm) (mm) (g) lcm needle

P. densiflora  Severe 27.520.40c 0.8310.006e 0.020£0.0005d 0.0071:=0.00008d
Light  32.41+0.36b 0.7820.006d 0.021+0.0004d 0.0064%0.00007e

Endemic 37.5%0.45a 1.03£0.008¢ 0.037%0.0008a 0.0096=*0.00014¢

P. thunbergii  Severe 23.7£0.38d 1.011+0.010c 0.024:£0.0006¢ 0.0097=0.00013c
Light  185%0.24f 1.25+0.011a 0.028=£0.0005b 0.0146=0.00013a

‘Endemic 22.20.23e 1.09%0.008b 0.027%0.0005b 0.0119%0.00013b

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 23. Length, width, and weight of Pinus densiflora needles before gall

formations in mid-June by location of shoots within branch orders according to

damage levels.

Needle characteristics (mean=*SEM)*

Damage Branch Location
level  order  of shoots  Length(mm)  Width(mm) Weight(g)

Severe 1st Top 23.7+0.81c 0.83£0.012abc  0.015£0.0007d
Lateral 23.2E0.75¢ 0.81+0.014bc  0.016£0.0007d

2nd Main 31.3%t1.22a 0.88+0.012a  0.026%+0.0015a

Lateral 28.9+0.94ab 0.82£0.013bc  0.021£0.0012bc

3rd Main 30.6%-0.89ab 0.85+0.015ab  0.025*0.0013ab

Lateral 27.5%0.80b 0.79%0.016c  0.019+0.0010cd
Light Ist Top 355+ 1.04a 0.77%0.015ab  0.025=0.0010ab
Lateral 35.211.00a 0.81+0.017a  0.027%0.0014a

2nd Main 32.6+0.78ab 0.81£0.010a  0.021 £0.0009bc
Lateral 30.810.72bc 0.77%£0.013ab  0.019£0.0007cd
3rd Main 31.2£0.79bc 0.76+0.012ab  0.020=%0.0008cd

Lateral 29.0%0.70c 0.74x0.011b  0.017£0.0006d
Endemic 1st Top 38.3%£1.23ab 0.95+0.023¢c 0.037+0.0026ab
Lateral 35.5%1.30b 0.97£0.025bc  0.033%0.0024b

2nd Main 40.5*0.80a 1.09£0.019a  0.042%+0.0017a
Lateral 38.9%0.92ab 1.06+0.015a  0.039+0.0016ab
3rd Main 37.3%+1.10ab 1.09£0.018a  0.039%£0.0016ab

Lateral 349+1.12b 1.03+£0.018ab  0.033%+0.0017b

"Means within a column followed by the same letter are

not significantly

different at the 5% probability level (Tukey's studentized range test).
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Table 24. Length, width, and weight of Pinus densiflora needles attached in

various parts of shoots according to damage levels before gall formations in

mid-June.
Damage Needle characteristics (mean*SEM)"
Parts of shoots
level Length(mm)  Width(mm) Weight(g)
Severe Basal 33.91+6.99a 0.86+0.093a  0.026%0.0010a
Basal-middle 31.9%6.99a 0.86+0.093a  0.025%0.0100ab
Middle 27.9+7.18b 0.84%0.092a  0.0211+0.0010b
Middle-frontal 24.316.65¢c 0.8210.094ah  0.017%0.0079¢
Frontal 19.745.54d 0.7770.100b 0.0131:0.0064d
Light Basal 39.3+5.74a 0.82+007a  0.028% 00078a
Basal-middle 372+ 4.64a 0.79+0.124ab  0.026 *0.0073a
Middle 33.0+5.28b 0.830%0.100ab  0.022+0.0072b
Middle~frontal 288+5.04c 0.76+0.080bc  0.018+0.0060c¢
Frontal 23.6+3.92d 0.71£0.108c  0.0137-0.0046d
Endemic Basal 436+8.63a 1.03+0.184a  0.044%0.0211a
Basal-middle 41.3:+8.53ab 1.05£0.171a  0.042%0.0185a
Middle 39.1£7.52b 1.05%0.171a  0.039%0.0147ab
Middle-frontal 34.7t7.04c 1.03T0.134a  0.033%0.0103hc
Frontal 29.0-£6.55d 0.98+0.160a  0.027£0.0124c

‘Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 25.

Length, width, and weight of Pinus thunbergii needles before gall

formations in mid-June by location of shoot within branch orders according to

damage levels.

Needle characteristics (mean*SEM)"

Damage Branch Location
level order of shoots  Length(mm) Width(mm) Weight(g)
Severe Ist Top 20.910.84cd 0.98+£0.029b 0.020=0.0017cd
Lateral 18.8£0.64d 0.99+0.022b 0.016+0.0011d
2nd Main 27.310.96ab 0.98+0.027b 0.027+0.0011b
Lateral 28.710.94a 1.13£0.021a 0.034£0.0013a
3rd Main 24.2+0.84bc 0.99=0.018b 0.0231+0.0013bc
Lateral 22.110.85¢cd 1.02£0.018b 0.023£0.0013bc
Light Ist Top 20.47%0.73a 1.21£0.034ab  0.02710.0014ab
Lateral 187+0.53ab 1.27£0.030ab  0.027£0.0011ab
2nd Main 19.2%+0.64a 1.31%0.023a 0.031£0.0015a
Lateral 18.2£0.60ab 1.26£0.028ab  0.02710.0013ab
3rd Main 18.1 £0.45ab 1.22+0.024ab  0.028%=0.0008ab
Lateral 16.5£0.49b 1.20%0.022b 0.024+0.0009b
Endemic  1st Top 23.1:0.66a 0.98£0.022¢ 0.022x0.0010c
Lateral 20.7%0.45b 1.07+0.021b 0.02410.0008¢
2nd Main 23.471054a 1.08+0.016b 0.029+0.0010b
Lateral 25.2%0.68a 1.21+0.020a 0.037%0.0015a
3rd Main 20.2041b 1.10%£0.014b 0.024%+0.0010¢
Lateral 20.810.43b 1.10£0.013b 0.026 0.0009bc

‘Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey's studentized range test).
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Table 26. Length, width, and weight of Pinus thunbergii needles attached in
various parts of shoots according to damage levels before gall formations in

mid-June.

Needles attached in Needle characteristics (mean=*tSEM)"

Damage
level Varioii(iirts of Length (mm) Width (mm) Weight (g)
Severe Basal 28.2%7.16a 1.00%0.183a 0.029+0.0135a
Basal-middle 27.0x27.77ab 1.06*+0.210a 0.028+0.0124a
Middle 24.5+7.26bc 1.00%0.195a 0.025£0.0117ab
Middle-frontal 22.0%6.46¢ 1.00+0.183a 0.022£0.0102b
Frontal 16.6+5.78d 1.01%+0.143a 0.016 0.0089c
Light Basal 21.2+5.44a 1.26%0.184a 0.0321+0.0105a
Basal-middle 20.2%5.07ab 1.25+0.191a 0.030£0.0104a
Middle 19.0%4.26bc 1.2610.214a 0.029+0.0093ab
Middle-frontal 17.7%£4.07c 1.2310.216a 0.026 £0.0088b
Frontal 14.4+354d 1.23+0.263a 0.021+0.0083c
Endemic  Basal 25.1%5.04a 1.10£0.140a 0.032+0.0115a
Basal-middle 23.8+4.65ab 1.09%0.150a 0.029+0.0106ab
Middle 22.4+4.31bc 1.08%0.128a 0.02770.0096b
Middle-frontal 21.2£4.04c 1.09£0.146a 0.025%0.0092bc
Frontal 18.6+3.86d 1.08%£0.172a 0.022£0.0080c

"Means within a column followed by the same letter are not significantly

different at the 5% probability level(Tukey’s studentized range test).
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Table 27. ANOVA for healthy needle characteristics of Pinus densiflora during

early gall forming mid-July.

Length Width Weight
Source of variation df. M.S. F-value M.S. F-value M.S. F-value
Trees 4 179730 1.04 00684 180 0001974 093
Branch orders 2 173643 216 00379 070 0.002115 351

Trees X branch orders 8  802.99 147 00544 270" 0.000603 1.15

Location of shoots 15 545.39 131 0.0201 157 0.000526 1.69
within branch orders

Needle attached parts 60  415.14 9.72™ 00128 1.99™ 0.000311 7.90™**

within shoots

Error 180 42.69 0.0064 0.000039

Table 28. ANOVA for infested needle characteristics of Pinus densiflora during

early gall forming mid-July.

Gall size
Length (length X width) Weight
Source of variation d.f. M.S. F-value M.S. F-value M.S F-value
Trees 4 20719 037 12217 444  0.000328 0.30
Branch orders 2 561.63 1.72 2750 136  0.001099 3.39

Trees X branch orders 8 32592 341" 2017 167  0.000324 2.31
Location of shoots 15 9553 0.72 12.10 1.24 0.000140 1.06

within branch orders
Needle attached parts 57 13297 531" 974 224™ 0000132 7.25"

within shoots

Error 162 25.06 435 0.000018
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Table 29. Characteristics of healthy needle attached in various parts of shoots of

Pinus densiflora during early gall forming mid-July.

N eedle:s. attached Characteristics of healthy needle (mean®SEM)’
In various parts
of shoots Length(mm) Width(mm) Weight(g)
Basal 62.911.46a 0.81£0.010a 0.044£0.0014a
Middle 54.7£1.23b 0.79%£0.011a 0.037+0.0012b
Frontal 41.9+1.04c 0.74£0.011b 0.027£0,0010¢

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 30. Characteristics of infested needle attached in various parts of shoots

of Pinus densiflora during early gall forming mid-July.

Needles attached Characteristics of infested needle”
in various parts
of shoots Length(mm) Gall size Weight(g)
Basal 39.61+0.92a 9.93+0.327a 0.031 =0.0009a
Middle 32.0£0.68b 9.421+0.335a 0.024£0.0008b
Frontal 28.210.66¢ 830*0.272b 0.020x=0.0007¢

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 31. ANOVA for healthy needle characteristics of Pinus densiflora in early

October.
Length Width Weight

Source of variation df. MS. F-value MS. F-value M.S. F-value
Trees 19 347955 036 02129 013 0005292 0.19
Branch orders 2 968297 16.25™ 15876 56.81™" 0.028171 27.86™
TreesXbranch orders 38 59598 146  0.0279 099 0001011 148
Location of shoots 60 40890 273" 0.0283 2177 0.000682  4.44™
within branch orders
Needle attached parts 240 14987 358" 00130 117 0.000154  3.01"
within shoots
Error 720 4185 0.0111 0.000051

Table 32. ANOVA for infested needle characteristics of Pinus

densiflora in early

October.
Length Gall size Weight

Source of variation df. M.S. F-value M.S. F-value M.S. F-value
Trees 19 151065 042 3672 011  0.002037 0.19
Branch orders 2 3571.88 1515 32541 27.13™ 0.010865 28.27""
Trees Xbranch orders 38 23571 180" 1199 138 0.000384 1.79"
Location of shoots 60 13082  0.70 866 128 0.000215  1.40
within branch orders

Needle attached parts 228 18562 328" 674 171" 0.000154 3.08™
within shoots

Error 623 5657 3.93 0.000050
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Table 33. Length, width, and weight of Pinus densiflora healthy needles

attached in various parts of shoots within branch orders in early October.

Branch Shoots Healthy needle characteristics(mean* SEM)"

Shoots parts

order Location Length(mm) Width(mm) Weight(g)
Ist Top Basal 80.3+1.38ab 0.99£0.018ab 0.067£0.0017a
Middle 80,7+ 1.71a 0.99+0.016ab  0.068+0.0024a
Frontal 72.9%1.63¢ 1.02+0.023a  0.0690.0028a
Lateral Basal 72.3E1.77c 09120018  0.055%0.0020b
Middle 73.8+1.78bc 0.94+0.018bc  0.068£0.0022b
Frontal 64.811.64d 0.9570.019abc  0.0547+0.0025b
2nd Main Basal 75.1+1.35a 091%0.014ab  0.058*0.0016a
Middle 71.5%1.56a 0.91+0.015ab  0.065%£0.0018ab
Frontal 62.9+1.73b 0.92+0.016a 0.050%0.0017bc
Lateral Basal 64.1%£1.37b 0.86-0.017bc  0.046=0.0017cd
Middle 64.411.08b 0.8510.014c  0.0460.0013cd
Frontal 571+ 1.18¢ 0.8210.013¢  0.040+0.0012d
3rd Main Basal 72.4%1.50a 0.84+0.014a  0.052+0.0017a
Middle 69.81.53ab 086+0.013a  0.051%0.0017a
Frontal 62.711.58¢ 0.85*t0.0l5a  0.043*0.0016b
Lateral Basal 63.8% 1.47bc 0.85*0.016a  0.044+0.0015b
Middle 62.71+1.33¢ 0.82+0017a  0.041£0.0013bc
Frontal 56.3+1.50d 0.80F0.014a  0.037+0.0016¢

*Means within a column followed by the same letter are not significantly

different at the 5% probability level{Tukey’s studentized range test).
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Table 34.

Length, width, and weight of Pinus densiflora infested needles

attached in various parts of shoots within branch orders in early October.

Needles Infested needle characteristics(mean®SEM)’
Branch lLocation . attac}.led
order of shoots various Length(mm) Gall size Weight(g)
parts of shoots

1st Top Basal 51.3%1.39ab  10.44£0.26lab 0.045£0.0015a
Middle 469+137ab 1062+0.330ab 0.041+0.0014a

Frontal 421%X151bc  11.48£0.403a 0.04110.0024a

Lateral Basal 52.5%1.59a 9.821£0.289%b  0.044=£0.0019a
Middle 45.8+1.66b 9.8910.322b  0.039%0.0019ab

Frontal 37.3*1.19¢ 10.69%+0.363ab  0.033%£0.0016b

2nd Main Basal 49.5%1.66a 8.72%£0.316bc 0.040*0.0015a
Middle 443*135ab  10.38*70.334a 0.037%0.0014ab

Frontal 36.3%1.17bc 9.76£0.338ab 0.0301£0.0012bc

Lateral Basal 440%£1.10ab  9.22%0.324abc 0.033+0.0013b
Middle 41.6%1.30b 80510309 0.031£0.0013bc
Frontal 35.3+1.29¢ 8.77+0.337bc  0.027+0.0012c

3rd Main Basal 49.4*152a 8.6910.280ab 0.037%0.0016a
Middle 41.6%1.08b 9.0840.302a 0.032x0.0011b

Frontal 34.8*1.12cd 92410279 0.026£0.0011c
Lateral Basal 43.4+1.38b 8.221t0.320ab 0.0321+0.0013ab
Middle 386+ 1.53bc 7.74%+0.2550 0.02610.0014c

Frontal 31.3t1.07d 833+ 0.321ab 0.022%+0.0011c

"Means within a column followed by the same letter are not significantly

different at the 5% probability level(Tukey’'s studentized range test).
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Table 35. ANOVA for healthy needle characteristics of Pinus thunbergii in early

October

Length Width Weight

Source of variation d.f. M.S. F-value M.S. F-value M.S. F-value

9234.17  0.38 0445 0777 013471 065

Ne)

Trees

2410565 27.44™ 0579 486" 020591 16.73™

j\.]

Branch orders
Trees X branch orders 18 87858 1.84 0119 1.87 0.01231 2.23"

Location of shoots 30 47624 338" 0.064 144 000551 451™

within branch orders

Needle attached parts 120 141.03 322" 0.044 158™ 0.00122 262

within shoots

Error 358 43.76 0.028 0.00047
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Table 36. ANOVA for infested needle characteristics of Pinus thunbergii in

early October.

Length Gall size Weight
Source of variation df. ms. F-value ms. F-value ms F-value
Trees 9 96313 040 13563 034 0.02487 128
Branch orders 2 241682 715 39337 803" 001945 567

Trees X branch orders 18 33788 1.09 48.99 149  0.00343 2.07

Location of shoots 30 30957 1.80 32.87 2,187  0.00166 1.47
within branch orders

Needle attached parts 118 17220 146 1509 1.18  0.00113  1.99""
within shoots

Error 343 11785 12.74 0.00057

Table 37. Length, width, and weight of healthy needle by location of shoots

within branch orders of Pinus thunbergii in early October.

Branch Location Length Width Weight
order of shoots (mm) (mm) (g)

st Top 119.62:1.79a 1.52£0.023a 0.25410.0075a
Lateral 111.942.05b 1.42+0.025bcd 0.2170.0074b

2nd Main 111.4%1.62bc 1.49%0.017ab 0.231+0.0058ab
Lateral 1049+ 1.658bc 1.46£0.019abc 0.214%+0.0051h

3rd Main 96.0£1.76d 1.38+0.025cd 0.180%0.0063¢
Lateral 89.61.23d 1.37+0.021d 0.161 =0.0040c

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey's studentized range test).
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Table 38. Length, gall size, and weight of infested needle by location of shoots

within branch orders of Pinus thunbergii in early October

Branch Location Length Gall size Weight(g)
order of shoots (mm)
Ist Top 56.2*+16la 16.1£0.56a 0.112%0.0044a
Lateral 51.4%1.43ab 14.10.68b 0.096 £ 0.0045h
2nd Main 495+ 1.13bc 14.4£0.34ab 0.098 £0.0030ab
Lateral 51.211.33ab 13.3%0.34bc 0.100+0.0032ab
3rd Main 479+1.37bc 12.7%0.30bc 0.089%0.0040bc
Lateral 452+ 1.27¢c 11.5%0.26¢ 0.080%0.0034c

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).

Table 39. Characteristics of healthy needle attached in various parts of shoots of

Pinus thunbergii in October

Needles attached

Characteristics of healthy needle”
in various parts

of shoots Length (mm) Width (mm) Weight (g)
Basal 106.41.46ab 1.43+0.015ab 0.203£0.0046a
Middle 1078+ 1.41a 1.41£0.015b 0.208+0.0048a
Frontal 102.6:£1.36b 1.48%£0.017a 0.218£0.0053a

‘Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 40. Characteristics of infested needle attached in various parts of shoots

of Pinus thunbergii in October

Needles attached
in various parts

Characteristics of infested needle”

of shoots Length (mm) Gall size Weight (g)
Basal 52.21+0.92a 13.4%0.28a 0.097=0.0025a
Middle 50.6+1.04ab 13.8%+0.3% 0.0950.0027a
Frontal 48.210.97b 13.910.33a 0.096:0.0031a

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 41. ANOVA for the number of larvae in a gall of Pinus densiflora in early

October

Damage class

Source of variation Moderate Severe

d.f. M.S. F-value d.f. M.S. F-value
Trecs 19 15.67 0.09 9 105.35 0.23
Branch orders 2 17199 1700 2 453.60 8.21"
Trees X branch orders 38 1012 1.21 18 55.28 217
Location of shoots 60 8.39 1.03 30 2547 1.96™
within branch orders
Needle attached 228 8.15 118 120 13.02 1.87
parts within shoots
Error 623 6.89 720 6.98

Table 42. The number of larvae in a gall by location of shoots within branch

orders of Pinus densiflora according to damage levels in early October

Number of larvae per gall” in damage levels

Branch Location of
order shoots Moderate Severe

1st Top 5.8940.245a 8.2510.322a
Lateral 5.61%0.219ab 7.2210.271ab

2nd Main 5.25%0.218abc 6.3910.239bc
Lateral 5.01*0.224bcd 5.78 £0.230c

3rd Main 4,52+0.185¢cd 6.2110.249bc¢
Lateral 4.13+0.185d 4.45+0.228d

"Means within a column followed by the same letter are not significantly

different at the 5% probability level (Tukey’s studentized range test).
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Table 43. ANOVA for the number of larvae in a gall of Pinus thunbergii in

early October

Source of variation d.f. M.S. F-value
Trees 9 116.93 1.19
Branch orders 2 98.51 685"
Trees X branch orders 18 14.37 0.77
Location of shoots within 30 18.63 1.23
branch orders

Needle attached parts within shoots 118 15.18 1.25
Error 343 12.13
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Table 44. The number of larvae in a gall by location of shoots within branch

orders of Pinus thunbergii in early October

Number of larvae per gall” by location of shoots

Branch orders Main Lateral
Ist 5.6310.43 5.19%0.39
Znd 591047 5.51+0.42
3rd 4.34%0.40 4.36*+0.39

"Means are not significantly different at the 5% probability level (Tukey’s

studentized range test).

Table 45. The number of larvae in a gall attached in various parts of shoots

between Pinus densiflora and P. thunbergii in early October

Needles attached

) ; P. densiflora P. thunbergii
i various parts
of shoots Moderate Severe Moderate
Basal 5.13120.154a 572%0.184h 5.2020.304a
Middle 4.94%+0.158a 6.661+0.193a 5.1910.286a
Frontal 5.25+0.156a 6.7910.200a 514%+0.305a

"Means within a column followed .by the same letter are not significantly

different at the 5% probability level (Tukey's studentized range test).
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Fig. 2. Changes in percentages of pine needle pairs infested by pine needle

gall midge at different study sites. The symbols representing study sites are

explained in Fig. 1.
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Fig. 5. Periodic variations of changes in percentages of pine needle

pairs infested by pine needle gall midge.
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Fig. 1. Map of study sites. 1 Pochon, 2 Kapyong, 3 Yangpyong, 4 Paju, 5 Iksan, 6 Wanju,
7 Imshil, 8 Namwon, 9 Changsu, 10 Puan, 11 Sunchon, 12 Changhung, 13 Yongam, 14
Yonggwang, 15 Changsong, 16 Hampyong, 17 Yangsan, 18 Miryang, 19 Hapchon, 20
Chinju, 21 Sachon, 22 Tongyong, 23 Namhae, 24 Sanchong
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Fig. 2. Changes in percents of pine needle pairs infested by
pine needle gall midge (black circle) and densities of

parasitoids (white circle) at different study sites.
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Fig. 3. The relationship between percents of pine needle pairs infested by
pine needle gall midge and densities of its parasitoids.
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Table 1. The values of cross-correlations between infestation rates of pine needle

gall midge and parasitoid densities,

Lag number

Location

-2 -1 0 1 2 3
Wanju -034  -046 000  -001 0.11 0.06
Tksan ~0.09 0.31 042 | 068 0.39 0.20 0.17
Imshil -0.30  -0.08 027 | 073 0.57 0.40 0.06
Changsu -0.01 0.23 058 092 0.63 027  -0.04
Miryang 015 -015 007 | 08 | -002 -003 -0.34
Puan -0.25 0.02 044 | 0.72 0.41 0.10  -0.04
Yangsan -012 -0.14 007 | 073 022 <030  -0.38
Namwon 0.13 0.26 033 031 -009 -029  -0.15
Namhae -004 006 001 | 073 000  -004  -0.02
Sanchong 0.08 0.46 062 087 0.35 0.34 0.00
Sunchon -0.06 0.00 047 | 0.79 0.12 0.05 0.09
Chinju 0.08 0.19 028 | 089 0.23 0.32 0.07
Tongyong -0.11 -0.03 0.30 0.92 0.35 -0.03 -0.11
Hapchon 0.17 0.27 016 | 092 0.11 0.28 0.08
Changhung -0.13  -0.01 014  0.11 -021  -0.02 0.33
Yongam -0.01 050 013 | 092 006  -040  -0.15
Yonggwang 026 | 055 065  0.82 0.34 018  -0.13
Changsung 0.45 0.08 0.15 0.62 0.41 0.07 0.14
Hampyong 0.41 -0.41 -0.34 0.96 -0.29 -0.33 0.29
Sachon -0.01  -0.04 024 | 096 0.34 010  -001
Yangpyong -001 | 059 060 087 0.31 027  -0.05
Pochon -030  -026 000 | 061 019  -001  -0.01
Kapyong -0.24  -0.03 015 | 062 0.37 0.47 0.47
Paju -046 020  -0.05 | 0.70 004 -002 -023

L1 ; positive correlation exceeding confidence limits of standard error

; negative correlation exceeding confidence limits of standard error
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Fig. 4. The relationship between parasitism (%) and percents of
pine necdle pairs infested by pine needle gall midge.
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Fig. 1. Changes of densities of parasitoids as a function of gall formation rate of

the pine needle gall midge.
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1998)= Hiet dAg= Zdolrt, FFPAEE HEde oz 7% o
ZIAEE 18%E datoy Azko] AP wet A& Fhske] wairt g A

o2 BAshE 19908 Y EolME 12%0l 3oz &eEue AdRV] BHd A F
7F3} 5 TH(P<0.05).

714%e WE QA Alzte] 1P| wet P Frlste] ST AY &
104€ AFse] gdxE AL Yeye] o A7E dFale Pxst dHAGE A
& AN F1 UTHE 1),

Table 1. Percentage of gall formation, parasitisim and density of parasitoid at
different years. The numbers in parenthesis are standard errors.

Year Gall formation rate(%) Parasitism(9%6) Density of parasite

1975 36.1 (29)a 1.8 (0.6)a 636 (22.8)a

1980 224 (1.5)b 6.2 (0.8)b 129.4 (16.1)ab

1985 19.7 (25)b 8.8 (0.9b 133.1 (15.2)ab

1990 176 (2.1)b 125 (1.1)c 184.7 (18.0)b

1995 158 (2.0)b 12.1 (1.)bc 169.8 (27.0)ab

" The same characters are not significantly different at the 5% level of
confidence by using the multiple comparison test of a Tukey’s honestly
significant difference.
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Fig 2. Changes of parasitism (%) as a function of gall formation rate aat the

newly invaded arcas at different five years.
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Table 2. Distribution frequency of parasitoids at the area of dispersal wave front

of pine needle gall midge.

Platygaster matsutama

Inostemma seoulis Presence Absence
Presence 15 9
Absence 0 4

A =7 HA A
¥ 28 AR YGOA ik 27]9 1975 FAb A YENY £93 e o F A
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Table 1. Characteristics of trees infested by pine needle gall midge. The numbers

in the parenthesis are standard errors.

Variables Dead tree Live tree P
DB.H. (cm) 10.38 ( 0.48) 1090 ( 0.48) 0.44
Tree height (cm) 761.75 (28.12) 700.61 (26.46) 0.11
Crown length (CL) (em) 34725 (11.39) 395.88 (15.85) 0.02
Crown width (CW) (cm) 121.04 ( 4.02) 182.44 ( 4.46) 0.00
Crown form (CS) 1.84 ( 0.04) 2.17 ( 0.03) 0.00
Basal area (BA) (cn) 105.96 (10.04) 116.99 (10.99) 0.46
Crown area (CA) (m’) 1.30 ( 0.09) 2.82 ( 0.13) 0.00
Crown volume (CV) (') 1.78 ( 0.18) 445 ( 0.36) 0.00
CV/CA 1.16 ( 0.04) 1.32 ( 0.05) 0.08
CV/BA 209.90 (14.12) 42574 (16.27) 0.00
CL/CW 3.02 ( 0.10) 2.12 ( 0.05) 0.00
CL/BA 211.73 (18.29) 380.82 (18.49) 0.00
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Table 2. Classification function coefficients of discriminant analysis with trees

infested by pine needle gall midge.

Variables Dead tree Live tree
Crown area (X)) 107.354 114.503
CLR" (X2) 60.149 77.769
Crown form (X3) 4.483 6.589
CV/CA™ (Xa) -154.447 ~164.892
CL/CW™ (Xs) 56.471 58.188
(Constant) ~237.945 -275.371

* Crown length ratio (CLR) ; crown length / (tree height - crown length)
™ CV/CA ; crown volume / crown area

sk ok

CL/CW ; crown length / crown volume

40
—o— Dead tree
—0— Live tree
30 A
20 A

Frequency

—
(@]

Discriminant score

Fig. 1. All-groups histogram produced by discriminant analysis.
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Table 3. Classification results by using discriminant functions. The number in

parenthesis represents the percentage of each group.

Predicted datax

Dead tree Live tree Total
Field data Dead tree 102(85.0) 18(15.0) 120(100)
Live tree 13( 9.9) 118(90.1) 131(100)

* 87.6% of original grouped cases correctly classified.
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Ho|& 7|7+ a9 13 g} 2} LEWE 50% Al ol2E 7|te nLdS4E
FolA e A BAY} (y=21.025-0525x, r’=0.9025). e AALE dodlE 49
E2% P matsutama$l I seoulisdl €& 714, 223 Lo o3 w&o xd &
Asl FoR FAAY FE7de F F9 vAEol 7] AAHeR HAS JHA
3, 71Fe i Re) §5719) $EE Ao X (cocoon)E FAH/EE,

AAE EQ F F AR 71Ago] 887 AAE oW Fol % AR &
T AN

Zb g71d 2AEe ¥ 19 o] :E(B0T) ¥ ALU5T)AN FE5H & By

TR AAE S Bk §E55E AE7AY A 24TCAA 7Hg stel £3%5

sE] AUAbE H2E 4THAFYE & + Ak
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Survival
Mean Survival(weeks)

A TIME (weeks)

Fig 1. A’ Time-specific survivorship, B: The pattern of 50% mortality for

overwintering pine needle gall midge larvae.

Table 1. Stage-specific mortality for overwintering pine needle gall midge

larvae in various constant temperatures

Incubation temperatures(TC)

Stage 15T 18°C 21T 24°C 27°C 30C
Larva 54.0b 47.3b 38.7bc 24.3c 44.7b 74.0a
Pupa 88.6b 69.8¢ 39.1d 35.7d 49.4d 100.0a
Overall 95.0b 34.0c 62.7de 51.3e 72.0d 100.0a

% Values followed by same letters are not significantly different at

P<0.05(Scheffe’s test)

ool Mel ASAY Ank FF 27Q 12T 0TANE 4Fo2 89
AEd A A2 itk Aol WezzA ] d&e dojuA| gt Rl 4
Zoxw %23 &wd Ao v n2oME RMUZAA Y ESE oSt ]
8Tt 24CAolol M= 27k F7hghel] wet {27, wer]y] ®} AS7A ¢S
|7bo] #olAlt Ao® YEYT (E 2).

N
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Table 2. Developmental duration(days) for overwintering pine needle gall midge

at constant temperatures

Days required (Mean = SEM) to complete development of life stages

Stage
12T 15T 18C 21C 24°C 27C 30T

Larva 14261+23 1146*1.1 87711 673+08 530406 503%=08 479+13

n=74 n=136 n=157 n=176 n=219 n=165 n=42
Pupa 43 203+1.0 251+10 164+03 124+03 11.3+0.3 -
n=1 n=15 n=48 n=112 n=146 n=84

Qverall 196 1409£20 1028+1.8 81.7+1.0 63.8%+0.6 59.9*09
n=1 n=15 n=48 n=112 n=146 n=84

P. matsutama &5 7]3t

71F 8] el 71838t embryod Bl 2 WE vl dEA glom, WX e]
F7Id WHE RoAe BFe] Bibesti, 93 AAAE T FAHol HA ¥
mjiell A7) 719 ASA AR 7170E 2AEAY. L seoulisshE B § 7)EF
oA ofe] whElel gzo] 3 ¥ 4 e H#7]A(superparasitism)o] #EF QAT
NFENE FF7102 Ael 717120l nla) A JGEisa, 2571 solA e E W
71Zke} FrobAE ZdFo]l FESA FUATHE 3). kAN Hulr] H AE 93712 9
|7h2 A2l A 24CT7HA 9] LEHAANME X7 FoldsE WK 7|3ke] gt
T A%E BAon, 27CoHA e 2 og dSA A7 YEI o, 30CAME -
e Sl T 7159 £d5ug g dy ALME HFen 3 e
AE MAZE gk

N

I seoulis 577t
71590 €959y Eagdo)dFHd v AFoew 3 sted dee V)
ol Audes dem, 71U H357], Hulzlv], 87 HAqA =7t Fol

AFE E571700] Holde o & AAT (R 4). 32& NTCAME 4F22 ¢35}

—o
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st A AAZE filen, FuadolF s g Ar|8Le douA &t

Table 3. Developmental duration(days) for P.anatsutama at constant

temperatures

Days required (Mean * SEM) to complete development of life stages at

Stage 12T 15T 18T 21T 24T 27°C 30C

Larva 19.39%+1.04 2254+1.4317.09+0.63 16.89+0.57 18.17+1.80 1471060 -
in host n=49 n=61 n=44 n=57 n=23 n=7 -

Cocoon 83.64:0.79 54.62+0.89 33.27+0.39 27.34+0.31 23.97+0.60 26.29+052 -

n=84 n=82 n=5H2 n=72 n=29 n=7 -
1.38+0.9
Overall 101.38 72.491+0.84 50.17 £ 0.67 43.89+0.60 41.28+1.40 41.00+090 -
n=82 n=52 n=72 n=29 n=7 -
n=84

EoZuty @ G 2edsRd

Sharpe & DeMichele?] Rd-& o] &3t Z} 2%d W&HE&S Yehd AioA
7t Fo] mFHe 2NNk BHYS & U MY (2 2). 7 FHE, 971 F4
A ¥ 59F o] ¥Y FAZG A 715 3 71 A%-9] phenology 7t el
& F7b glow o) &dEme 9 sAEY ok 3 A AF, 5] 7AE
9 AL AUYAIFA £EE T USHEEe 2™ Fad ARV E Aolth

B oA Aygnde dution HPAPL & Helxul ZutuidoldEE
& tha Aol vigtow SujeldolHFdel sFu E&L MPRdDR Ho
52 @gtoh, AAE Ao 2HE AFLIANANY BHIHEL FEidoly
29 £939y, £94394YEY o8 AR 6). o] Frn AR 2=

=2
o} AAZI7E e F A AAETH.

43

o Ui dE F &
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Table 4. Developmental duration(days) for I seoulis at constant temperatures

Days required (Mean + SEM) to complete development of life stages at

Stage 12T 15T 18C 21C 24°C 27C 30C

Lgrva 104.11£4.70 72.35+352 62571394 51.15+54929.00+2.28 26.37:293 -
n=9 n=20 n=28 n=13 n=10 n=19 -

host

Pupa 110.00%x1.85 71.00+1.86 4896+1.04 32.75:t1.21 26.44+4402574£1.89 -
n=9 n=20 n=28 n=13 n=10 n=19 -

Total 214.11+4.01 143.35+2.24 111.54+4.45 8477598 56.70+4.73 52,11 £3.18 -
n=9 n=20 n=28 n=13 n=10 n=19 -

Table 5. Parameter estimates of Sharpe & DeMichele for T. japonensis,

P.matsutama, and I, seoulis

Species Stage Rho25 HA TH HH r

T. japonenesis Larva 003194 19860.348  300.52 34895795  0.9999
Pupa 0.09176 14451537 30320 128775124  0.9962
Total 0.01882 15722.853  303.28 68396.602  0.9999
P. matsutama  Larva  0.06465 2859233 30169 747110723  0.9816
Cocoon 017149 35113796  294.34 52270015 0.9990
Total 0.32522  45020.904  289.70 50516.394  0.9997
L seoulis Larva 003711 19754.052 30303 199452765  0.9886
Cocoon 0.05162  21787.073  301.89 79878.211  0.999%
Total 0.01867 16825.062 30352 80650.026  0.9978

EdT vl 2 AR A e A&y BAglel GFol TEHIE FFol
Weibull Function® & Aol 7}53l9th 7 F¥E Weibull Functiong AF-& 3}

DHE WEGE 2 A E 77 gov $UTge) L2y wg #3819
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Fig. 2. Devclopomental rate curve for T, japonensis, P. matsutama, and I seoulis

Table 6. Linear regression model of developmental rate( ¥) for T. japonensis, P.

matsutama and I seoulis

Species Stage Regression equation R* Base temp.

T. japonensis Larva y=-0.003474 + 0.000877x 0.97 4.0
Pupa y=-0.036816 + 0.005007x 0.94 7.6
Overall y=-0.005820 + 0.000871x 0.99 6.7

P, matsutamma  Larva y= 0.043873 + 0.000837x"* 0.61 -
Cocoon y=-0.021142 + 0.002740x 0.97 N
Overall y=-0.004122 + 0.001275x 0.93 3.2

1 seoulis Larva yv=-0.032483 + 0.002790x 0.89 116
Cocoon y=-0.027073 + 0.002729% 0.98 9.9
Overall y=-0.008581 + 0.001007x 0.96 8.5
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Table 7. Parameter estimates (asysmptotic 95% confidence interval) for

cumulative Weibull function fitted to standard normalized distribution for overall

stage of T. japonensis, P. matsutama, and I. seoulis.

Species 7 B y r
T. japonensis 0.5244+0.1063 48990+ 1.0742 0.5173+0.1056 0.9991
P. matsutama 0.6187+1,7342 5.2038 +15.3405 0.4162+1.7247 0.9078
L seoulis 0.9304+0.0909 47301 % 0.5077 0.1350£0.0903 0.9998
1.2
——Weibull
v x 15
§ A 18
§ o8 m 2
s o 24
2 o 27
2 04|
3
0.0
0.6 0.8 1 1.2 1.4

Normalized developmental time

Fig. 3. Cumulative Weibull function fitted to

standard normalized distribution for overall stage

of T. japonensis.

Fngd

Schoolfield, R.M., P.JJH. Sharpe and C.E. Magnuson. 1981, Nonlinear regression of

biological temperature-dependent rate models based on absolute reaction-rate. J.

Theo. Biol. 88: 719-731.

Sharpe, P.J.H., GL. Curry, D.W. DeMichele, and C.I. Cole. 1977. Distribution

model of organism development times. J. Theor. Bio. 66: 21-38.

Wagner, TL., H-I Wu, O.-]JH. Sharpe and R.N. Coulson. 1984. Modeling

distribution of insect developmental time: a literature review and application of

the Weibull function. Ann Entomol. Soc. Am. 77: 475-487.
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TO [ oo e e

HHE (%)

° 1980 19824 I1984 1986 L1988 |1990I I1992‘ ‘1994l 19961; 1998 l2000
e F7| w2 e BB B e FE e HE - FE ———FH - HF
a¥ 1 dxd $UEe dag dE
E 12 &4%09y 39PN E AT

20 z9¥848%)

1998 1999 2000
=Ky 18.1 14.1 136
A7) 123 8.1 9.7
734 178 20.9 16.2
5 22.8 19.7 19.1
e 18.2 13.2 11.3
A& 195 133 13.1
A 10.1 9.9 9.7
A5 155 96 8.4
A 9.2 8.0 9.4
A 37.8 21.4 25.3
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1999 2000
¥ 8 = T9Y9E(%)
AlEg He(%) Al H (%)
% 20 Wyt 126 87 139 91
3 20 - 50 19 13 12 8
< 50 o4 0 0 1 1
3 A 145 100 152 100

2. 71889 71e ¥E

7188 7IA& HEL £457Y AL JEHor MFddE A
oA AWtk WA 7R NAEE NG AolE ot 1986d ol F
& Frbdle FAE Holm JtHa¥ 2). 53 1998dd= 123%, 19999
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X3 A9d €459 dy Ve

. TANAE)

T 1998 1999 2000
E 123 147 15.0
el 232 203 217
%4 140 197 148
2u 185 193 18.1
2y 5.4 12.0 143
e 0.1 77 82
Ay 111 127 13.1
A% 9.4 178 165
A 170 133 122
A% 9.0 157 159
X3 AEE HAHYUje BX
A 7 A& (%) 1999 2000

AT H] &(%) Al T H] & (%)

5T 1 3 1 1
5- 10 23 16 23 15
10 - 15 49 34 67 44
15 o4 69 a7 61 40
2 145 100 152 100
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ge)e] FAE A3l E I el s, AEH, LA LA Foll T 7
A BE A7 ARed SN JHEsle AEAH FHoR oMFRE uE
& whg AAE dA R e Aol

£d5 g Ffe A=Y @AW ol AHHE €L AEH, HAEH
aglo] BEZaA AL Wie A e HAsixe AR B AAH
A HTgel a7Erh AAHJA A AeAE AUALE 2HVIELE 3
AE A4, dEED 89 YA Hel, c¥AA, BEIY T ¥ HEYL
g8 A n oA, 384, AR BAAY 5 JAs e Arl 23AA
e B F Yok

&YE oy, AT, A F o AAT JaH o9 BEHE 4F AAF A
AN dF A ol HFEA EFHAE &3y BHEAE olHT AA
Al BAol A sAs 7l HAS dde] Hu 2AHOoR HAXA B B #A
g 880l vf B Ad AAAAM Z g e FEAA AGAM gt
S 97e) w&" Ao A IXNFAH gAN AAH A I A
AFH e 347 gk

wala “Baa QEAAE g8 o2 BAGDE gAA st sl @ AL
Hoz A F e AAE olAAR Estd 7 /A HAHez JAA
AE FAE Aol Ao Adso Ao,

£Y33teE] FAY 2 @S 9 A" AT JdAME AAT->TH->
QA «9 ATz AAE Rdy x7 Jgtez I, AAT FEAME

o

o]

£JEage AAT FHE AFE & A2H YWHE A8t 248E 5 3loy
TRAFFANE &dE g 7F, AH, T ANBAAE T LA A&
ge 18 = ok A Adez S4HE 45 4809 9, d9He

~ 113 -



2 7MAE 3 wA, 3549 A R AAGAHA 24Ty QEA AdrA
A & AANE Eolgo] WFs & 5 vt

£45ag aele Axg HIWL2 oYY AFTx A, BEAA wm
AEAAL 2349 7 dod g% #o] FAS shesith 1) £d59ke] #ad
siol AT, =&, A #5 @ uAdHY abe] g F2808 =&Y, 2)
198 AEE wg oz ofAA, ofelAA T A2gE FHdHeg 75, 3) &

A FEAN AEE 7N A er Ay AR AUAdE w9 e W
2 A4 dE HAHLes F4eA =

gy ol e ANEHAY HIYPe RE 8JAES FEAE £ e Al UA
T dgHer Aok sk o Fo] maEN A& 2HIE o]F7] A3l
Ae AEA, A AHd AR a7 EY mEbd B AfdMe AR AR
EobollAl ol AR} FAHE Ay & oo £d%9ge aeAd ¥AE
A% FEE A2"HNLE A A

1

lo,

2
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A2d AT T8 45

L

L AAE 4w

$9E0eE @ BgAA) GHA LE JEHow 4AL §H, o W LEE
FEAY LR/t FE RA0E 482 AU M B mddNT dFaF
o FEYY LR AT ATl GG Fr Ao duvh. E mdo

A £9E S Y5 JPe WAL FALEE 63CE VFoR AT

el e el AA £V AT AR JFNo)o2ZRE AFE dHe
H, @7t APHAA EFF e FESEDMD)E A, o] 2xe 7 d¥T

of A& FHEAHNZE(SDDHZF Alite] Aot ZF A¥d FRHALEI AL
Z(ThSDD)) =3l A =W tdadzgoz MY E stAE. olu zZF d&e 9&
L FEANSE Wi Weibull #XEFX)E RolAdT).

F(x)=1—exp (—[(x—/71%
3714 F(x)E AAstE Al xoll A 94 28 sgoln y, g, B AA

o 5]
& Yedo 4 d#E 45E5E Weibull #2(Fx)E BolA Hw ojuf W4

¥ 1L £9%58 Y& EdAA Weibull function]

Life stage 7 B Y

Egg - 0.5244 4.8990 0.5173
1st larvae 0.5244 4.8990 05173
Z2nd larvae 05244 4.8990 05173
3rd larvae in gall 0.5244 4.8990 0.5173
3rd larvae in soil 0.6166 45205 0.4410
Pupae 0.5511 3.0047 0.56173
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¥ 2 £9359ge 9% gAY 3T AlFE(calculated from Lee 1987).
Life stage Mean Standard deviation
Potential egg 0.7346 0.1243

Egg 0.0414 0.0348

1st larvae 0.7188 0.1408

2nd larvae 0.2678 0.2162

3rd larvae in gall 0.1049 0.0741

3rd larvae in soil 0.6458 0.1282

Pupae 0.3312 0.2206

mde AAHY EREE 29 1% gom, tg 2 A% dAE 3

J

3

& 7,

1.

AAA L(PE): €935 4R 45 IveEe BT 120709 €& A4Ed
glom oy EEHAE 209 HFEEE HAY. Ade 3 &Fd 2%
it

G(NE): EE A o] Ad=HE 3lo] ofUn, olF Hd 073469 W(AY
) AFEHA R3n 2 AR AR AdEY, oW AddsYd J%S
MXE AAE 450y A AuA dee}h Feo FFE Weh
S(NL(): A& F &2 FBAFREHY FEAHALE 110CEADAF=2)0 F
gate] 13 Zo] drh

1HFMN2D): 19%3L A3 XY, £93938E 53 43L P43
3ol glthE Sone (1986)9] B io] mel HuLEr JFSE/ BE o4
ol ¥ AL WHEA At 19F ARANVIREH FEAANFLEIE 1200
(EAAF=25)0] HH 28 o2 WHE ).

28 F(N3(): 28L& AAE 39 FEHALEY} 700(R A F=5)0] =HA 38
o2 ¥yE ¥

3FF(N3M) (F): 75 38 ARAZIRE FEAAHNFZETE 600( A S

-5)0] B9 G818 ) Alzac
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7. 3B F(N3W) (Ed): datdt 3% £35S EYdN 958 31 9% 5 Ga%
& 960(EAAF=35)de] HW Wiz WsE
8 MulZ|® FEHALE 2300] A HFoE 318 39, .5 A6 (46)d)
whel g ZF2] 40%wte] 93 F A4S g A 93 TR
9. o]gA AT @& A FEAN 2Eo) wit B8 S 3§
Rk25k A "k

MAE AFEE dFnds 95t F2 25 33808 ZAdd FaHAe
AdE A8, 7 dEd dxE dxHes o5 & 5 gle Rde FHA
2o & AT HFAFE AEHA e, 53 4 AAE FAHL
g AAFA EdE AL, SEFH AFHH 27 AYPHRA T
Fo 2EE A4S o] 2 wel @3sta] 7+ AFo] o|EEE FEAN &%
g AArstiict

zt JhAe] EssEel zolg JMgstn ZEAAYEL WwPsty] & random
numberg °]-&38to] 2% A WelE FUrh d¥E 2 HHEE JAL
So tistel Zb AA] tEte FEHNSEE AdE(T™E 2a), Gt v
o, 7 HE, 8 2 AR dAR EEE AN ¥ £ =S T (29 2b).

M

HU

§].
Arsee 835 0 Ut dEeMY AAHA &4
WAL Sl 3-8 Fobslr]l Ha olHd(1987) H Sone(1987)9] =}
zo thsle) ¢1-5A17 3 249 Back propagation(BP) ZIAHE o] &3lo] &
FAAeH 71 AAT T8 A8 g3 WolE rdstd FAR @A)
A B A& 43837 JtssteE s
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Initialize variables

[Get inifial popuiation
(Adult)
No = 100

e
@ Generate climate

Calculate degree day
(DD?

N1(t)= No*PE*NE

N2{t)=N2+sw
NU{=NI{t)~sw

sw = NZ(t}»F{t}+*ND{t}
N3(t)=N3+sw
N2(t)=N2({t)-sw

Na{t)=Nd+sw
N3{t)=N3(t)-sw

Generate development
with Weibull distribution
F(t)

Generate mortality with
Waelbull distribution
ND(1)

sw = N4{)+F{tI»ND{t}
N5(1)=N5+sw
NAlt=N4{t)~sw

Yas
8DD5=8DD5+0D

$0D5>ThoD! § )
Yas

sw = N5[TJ*F{)«ND{t}
NB(t)=N6+sw
NS(t)=N5(t)-sw

Calculate patential egg
(PE)

Calculate ovipositing

eqq (NE}

PE: Number of potential egg

NE! Number of egg laied by a female adult
No : Number of adult

N1{t): Number of sgg at time t

N2(t): Number of st farvae at time t

N3(t): Number of 2nd larvae at ime t
N4(t): Number of 3rd larvae in gall at time |
N5(1): Number of 3rd larvae In soii at time t
NB(t): Number of pupae at time t

DD: Degree day

800 it Sum of degree day of i life stage
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Normalized population density
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AgA el g g A7t FAHReH 1 A 25 a7ds
g0l €459 E WAsy] Hal @A HEH Uk 93 ele 5849
WAE WAAZIE dEsie Aol Ford Fasit a8y xF7A $FA4L o]

[ &y E 2 A71E dSsed ozge] AUtk ety B JF
dqae AL WAE A% FAHYE 5T F A PHE N
3 FFE AT ATTAY] T mrefolu AFEA B FAo) s)Et H
Fd5ay #Y9 Fo IAV Avh 959 YBAL)
gk 712 AT F AEATLAA S5 #HE Aok Aoz ge] ¥
o o]-&3tATHIE 3)
A% o] vE Ade AA Ekd dsiAs dAEA JA43R 27 dNe
71E9 ABdAA 58 dFF £ ASRF st Wyl aTHAE, o1& 9
8 71&e] AR ARG 2 W AFH T ARE oL R dxe ¢
g 458 & AEE s vadggel & AR 4FE At HT Fg
wopollAl EJT G g B FEd o&HL e IFUEFI 22U Back
propagation network (Rumelhart®} McCelland 1986)& ©) &3t %538+ th.

2 AFoAe 4 oJ4HT Jde FHIRAIR) eAawre gste T3
AT FAHEEE dFse Ui, JEARE 2HdY FHLEYG FHLIER o]
Agetdrl. & e 3o 2 RE FALE uE wSo] d&Eo U o
8o £33 AdAEE ¥ kg FE(training) 71 EE A AFANF =Y
of YBAZI7] fote] AVl FAHALEEY $3& F ARE AT wE 23 G4
238 so(el, xF; AN(Y), v&; FALEE) 4L old dEHE DI F
He8&S FYUAEER 3t SFHEE SATHIY 4). ol¢h $-(1987) A A A
AEojzl A AKFHLEE HEeo AL, &, FF, U, AF, UF, 27,
AF & 8MAGe] 36 pattern®] FAHEHEARE FFEAFL, gl AMSHA &

2 8 patterns AAAA d&FE &4 stn AA A W wA

- 121 -



0.8

0.6 F

0.4 F

0.2 ¢

Cummulated temperature (x1000(

]
271 361 451 541 831 721 811 901 991 1081
Day

'
1

Cummulated emergence rz

Y 4 £AF4Y $HFYRE 99 SFadaol o 2dEae)
HeEs AdEe] FHY9oge] YYgoR Fojflon Hgos
£ Faane rHssgo) FoFu

_\?L

2. 93 % mae) 7y

GA AFANRO AFAA FHE AEE st 3 A= AL T4
o $HANE d5er) A% SEe @) AUE SRR 287 L Exbr (P
WS 49 0974 DE & A9 b) 9 a9 AR DAl dZLE(FAUE 59 19
FE 74 319AAE EHAD 9%, o) ¢ bl Aol Al Boe) g g
U OEFAZ M ASE B S A B9 FTe OF Y 492 zow
el Imm ol 4 Z97F 19 o4 9 A A 57 9870w su 1 9
$ &% 99°22 89 binaryZ YYAR

F54% QAR 2AA AZAJHIY 5) Tk Ao wpe ga g
% = gt dAYeR APHog Wolx UAY e patternsrt AL
B4l BAASE APl U oUW AFxdo] e AFAGE o9
Arj e 2ol7k AT
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o WES
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> 08 |
& jnjge 06 | naj96
e e 04t 7 L of = x|
S 0.2
O 0 AL 60038 00 L AL ALIAL ALY
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2796 HFo6
1
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LomE || 04 |
02 }
0 JLALLAL IIAIH’I‘IIIIIIIIIIHIlIlIIII
T 5 8 e o T 8 e %
Day Day
Yy 5 AAARN A 2GS o] 85 ESge FIFYSE A A
o, gl FEE F FgFole AEHA F& AMELE AEE oj&td 2
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¥ 3 7 A9¥2 248 $9599 $4E Bs

29 A% AgF0d) g RER(9E)

3 1976-1978, 10 7
1989
1991-1996

A& 1977-1983, 11 8
1988-1989
1995-1996

A F 1989-1993, 7 5
1995-1996

A 1981-1985, 12 10
1987-1993

A 1990 6 4
1992-1996

U 1988-1990,
1993, 6 3
1995-1996

<3 1989-1990, 4 2
1995-1996

A F 1991-1996 6 5

A 62 44
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2
L

Feldeted s EdZ ol 1990dd FHo]lF MR or EXEHY glon A
BN T BIAGLR Filo] o)FAXn . wmHA HIAF S AT
A Gl M e A5y AR EA fFd drt FasA =Hdow s e
FEolA A S Ak Aol WAasith oo E AFdaEe AXTE

o 7 AN £9FNRT] 474 TAATE 2T 5 YES A2AE T4

!

L AR Fefol #g o] & AT

FA B TRA T FEA QL Brakel #BE Rde &QEae] AT AaFAe
ol E3tA e ¥h&-F 2 (reaction—diffusion) ¥4} thu]H o]
Ad 4 Aok AT A4 7S ABVF BE ¥ A7 (arge scale; o, & 7))
A stratified diffusion©] @& AL st A4 OS2 Shigesada et al (1995)9)

2}t Coalescing colony model& & -£3} 3t

5

7}. Coalescing colony model

UM AFIRE] FZHHQ Fitol g mdd £JEulyl AT A
& BEY F F dud oy BT 4 FAFEH duHo A7E &
th A A7 71E As7E B ¥ a7 (large scale; o, & FF)NA BAFSEa

ol

A shivt. dA# o5 Coalescing colony model& itglstgich A7) 5% 4t
Ao A akAlS DE dASHA st HAAHY FEA WAL AVIZF ne 2 YER
Ao YA A Frkge] 0582 s AlEIA e 2akde] AlETlA o
& o] ®A €k (Skellam 1951).

%‘ =D(——5 + *6—‘)+en

2 (O2
RN 31\3
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Kt-x"(t/c)
c c L—ry

TIME  txtre ¢

213 6. Coalescing colony modelol A #4F8-3 (Shigesada et al. 1995).

Shigesada et al.(1995)¢] 213} oW Fzto] oW WE HA nxith & U

A A9E AFHATL B AR NG9 xo AAAY)E BE o (xhDE oF

i

=

9} & von Foresterd & &A1)

So(x, 1) olx. ) _
3 +c e =

A7IA ce FAHE AT SEoltt MATY FHE A7) co wE FAH(o] %
g4k, neiborhood diffusion)® ®bg Fell osiA AA LE 7l W 4 (Long
distance diffusion)e] Atk 7A@t volrt AAE ol ATl Frhste] v
Al G 2 (Coalescing) 3 a sFA(2Y 6), otdef 2 AWt FAS whE

HeA A5 olx, D= 7(—}(;:-%)) for ct>x
olx,)=0 for x> ct>0
Bhatd —%m’2=2mc o A=l fort,> t>0

f{i? = 2mrc+ m*lo(x”, N c—x") for £t
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AA% #a A L=r(t)—r(t~—"é1)+x*(t) for £>1,

U, M X 2}E A (cellular automata)E ©] &% Lattice =9
Q) B¥ 2 self similarity @ Ede HAFHA 5L 183y s A
FAF 2 Zd(cellular automata modeDo] W&te] HESFHAT. 53] AEZAEAE
eyl gakd A g-§3te] E8% <l mean field NdH H5E = Harada9
Iwasa(1994)9] HAWM S HEINNAT ol&L A& FHYNH FAAAHoz &t
He d4E XESATY ol A4 £d&vee 248 s 4AY Fa(bg

| ogho= vgd 4 Urh
Z, Ax}(lattice) &2 2k site7} WA & HFHAAY H
02 Yepyar of ZiAZE A3 FHer AR, HEL] FAHA
B A, FARE o)F(d, AE Rote i, TF
MEAY, S5 A 79 AS-E otdiet #ol 75s & F Ao
d

oH

2|

=S
<]

2

% o
e
0%
otk
o
+
S

N
N
i
e
-

[1] AAE + ~=— (),

b/z
(2] a1 &k (+, 0) ———(+, +)

m
[3] A FHH 0 ——— +

AAE ol FEA i m=(st+ f/zn(+)) o3 Zol et & 3, ()= HZ9 °
28 (nn)g Vet A4z = 24 AR nn, sited] MFER z=40]1, 7]E £
£ ot e} .

d: death rate (Ab*-&)
b AAHFAE(EE AEY A FAYH A% A T4E)
m: FAY oA g (Ex g9 A FHA4Y AT F4E)

el sitert WAl o3 HAED HEHALE)
&

Ao,

cod 99 site7} Hlo] Y& FE (BHEER)
n(+): nn. sitege +¢ A+ 0

st WA mfe FAE olFS dEhE AF



B crowding effecte] W&ks =7],
fe de] FHoERE HFUEY FrUE YF tdeH 2
< F Utk

79 4

o
2

rlo

Aok —— oo+ baoe + (s Ba) ooy CI7IA 2 e ohelst R

qw HHE site®] 999 nn site?t B[S &
q+ AHE site®] A9 nn site?7t AHEHO U BE
ol HT Wros UE Mo RARAES FH9 Hfsited] Mol 9F
BB qpuE EFEEH e o0/ 00T BT 00=1- 0013 qor=l-qm DS 01§
stol (3)4¢ rw

—C—l%l_;t =—dp. + b(l-q.,) p+ + (s+ Ba.s) p(1- pv) ©] Hr}

HAo) o] o3 e HAEAN E4E ZAdd  Global persistence,
bistability, extinctions€ 4+ A& & F AUtk Yoyl HadEs FAUREE 2
o) 123} paired approximation®] 7}5 3}t o)g)d REL A A T AT
F7tel FARE 7HAa oW AT FIH(x, y)odA oJgA gk UxEE

=
T
F9E 71zt 9+ 93 @A B 59 At dvsa g gt

o}, A e BAbaA A (Ecological Diffusion Equation) ] )4

ARAQ A, G FAL A7) F4L s 7 AR A HHA
Molg sotgtoza WARY £ U ole TEAA WolH 2l g
# AT Mg FA BAst ok shEHl, Skellam(1951)el ¢l&ted =4 Ficke)
stk Aol o 84

1

an
ot

gk 2ol Ao = Ao oW, nkxyit)e HATE WEeH, 1& WHE
Bgae e e, &719 AATY F7 Ny gha & o, Azt g AHE H

_ 0% 3%

of 2AozRE oo A A=Vai+iyHe dF AT L 2¥

HU
4x
2
»
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7)
N, (/lt—m)

AxDrt ©

n(r, =

o} Zo] MY HPFEIXE HolA Ao
9 Ao A= Azl wel AT "ETE FolbAH, FAl X Ex y
AXA Ehd T olm¥E, JfAlde]l HHEE AHe T HAE dfetsts] §5he]

o, ol 2 Aol @A FHE AHo) g e FF ¢ Ak ol e

¢

(¢4

31412 Okubo(1980)+F Murray(1988)%5° <l&te] o] Fo|H 31, ©]F Shigesada T
ATl HEe A9 wHe] Fkshe 8 S 7R A3t HH3] g &y
82 7tAE& 83tk Shigesada T d7e BE AT ARENEH HAFE L%
g $dE oye 4L EWE 39 AHHOFE Skellame B X,
Shigesada®l #+¥d &g X4 & v AUTH AXAFAE A&t AAY
& AEdode T3 HAs

fe o

rr

R R R R et
A EAE A von Neumannd Ulamoll 913k, 19633 19663 A&EEH o4
S &P $otE mdR g A AdeR AL aMEHdT olF, B ¥
ofol Al “ArlzAF EEFRFE TRVl st Wl aEFHJYTHWolfram
1983a, Wolfram 1983b). A E&E2& Algtal o] EQdHHog Fojzl 43873

!

FANA Folr vJEAA Fahe] IR HEH(Local Rules)g W& =E HAF
B @l UlshA 8o R o]AFse Aol dubH o R o)t £EE o)At
g 43 BEdaze s g Aoy AdHE, ogd Eds8e A5

HArEstz)o] A dnyFo] Hrh(Wolfram 1983a, Wolfram 1983b).

AWLRR I

1) 718 A F 25 A (Elementary Cellular Automata)

A e 71 EAQ Mdel Boolean S o] &3 7|8 NEATAE 2731
24 @k, N7 £& B3s] Be A9 Axg AIdE2 FAE e 2HAE
Fpdeta, ol TAstE 7 AHS Axer s, oo AfeM [ WA Axe

AeE JeEdE &g a; B A ol2A  9A AEERY wE o U e
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MEES FHER o172 27+1709 da2 749 WHE 28Y & e,
ol Al QEVIE olg FETh o w, W thg AFelM HAHE A A
o Ae a/& A LEFREY FHd gt st vig AE WAL wF
e AE gHz 23F 7 A F,

$aip,aim, @ Gir1, " Qivy) —  ay
s e ¥4 EBdol Mtk A, WA ¢ s

, ; PISRY
(number of possible state) ™ember o posivle state)

WF Aot etk o) WA we} og AR Ao Ut AFHoz 2

AHolAE Ae WA A AXAFAT o

dg B9, 71 DU A AZAFARA, 13 A4NA Mxel s}
0 £& 12 FolAy WA 19 ATAFHE § & e, o8 718 AXAFAL
yen. 3,

$lai-1,ai,a:41) = af
o} o] XY + e, oW, 7@ ZE ALY LEFEY dHge EF
8(=2")71A17F HH, o] & ®ol Y gt s,

Ir={(1,1,1,(1,1,0,(1,0,1),(1,0,0,(0,1,1,(0,1,0),(0,0,1),(0,0,0)}

7} €k oW, gl WHe e F 256(=2070F Ak AF rel i WAle] LEv)
Bl date], LERES T4 ME thE AR FEE 7,0 FL DY o &
A olg g 7kx WA oz Aoy

RULE 7172737475767778
o} #ol HHE 4 gled, d& £}, RULE 01011010't 2LEvIES] e uel
g AR Zhzhe] FA AX9 gho)
Ul L G40 G40 L4040 GLD 040
g} o] Fodn ol& APz FHsla 'RULE 90zt F&7] 3t} otelg
agL 27hA W wE ¥¥E 2YS v agoit.
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RULE 4 RULE 18 RULE 186 RULE 230

2) Fak A EAF A (Additive Cellular Automata)
ol g 1A 71¥ AXAFAE =YALE )43 A AEAnEA 5E8E
F led, 2 FolA delA dZE RULE 902
ai,'—_ai—l@aﬁl
of o] dedl F o ARXY =P oty thFAlHEY FAAEY AHE
e 4 gtk =38, RULE 150
a; = a; @ a; @ a1
9 go] TAARY e #7A xFe =gl i ks AR FH Az
SEi7t AR 29 242 RULE 907 RULE 1508 Yeld Rolr) o218 =g
TS SR =7+t 0E TFHL, B 7nlnrnnrd 2& 899 93
g wET o) F kA WAL dutslste) B J|E M ERE R )
a; = §ai-y,a;,a;4)

(1)
= wW_1@; 1t woa;twiai4

flo
fd

g 2ol wy, w-), w4 F 0 &2 19 AFeln, ¢F EEZ(modulo) 29
geel 2 g o9 2L =gdie T AEAEAE QAR g gxd
Aol AEp7E Alzke] Dde) wek A Fzheg o oS uxE gy AQ it A
A& Wxstn ok WA, =g AEAEAE I §AHY Ao s W
371 fsted, 052 10 @& 7HAE AT o B9 &S 07 14109 oz 3gs)
i, o8 s AeEyd FE 12 T 2Porw 338 4

ey

= ’

OswhSI, gwh=1
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a; =

.t ‘
TILELD JiLd{bd]b diddjLdfi
th;hl *d *hltIl-l [T) *thIil L-II*L‘

(a) RULE 90 (b) RULE 150

9} go] Ned & w7 vk 4714 ke ZAEA(Automaton) o] ¥HE o] Hth o

g 5o}, w3 19 3%,

a,-'=w_la,'_1+wodi+wi+1ai+1 (2
2 XdEdEd g
Wy = 0
. 1 3)
Wi = G- = Ty
9 #Z2 =A
a;i = _%diﬂ‘i‘ ‘%‘dz’—l (4)

on ERLEY, oA doz UHs B AHSN 2o JEAGFY U
2y Arddes ARz Yes A¥A B4 AN e

3) e it AEAFA B

7h 729 2719 13 A EAF AL

G AFEAT) AEgy gihe Yurzl g2 i dE Mdde 2
MAE g4 Wz oo e AY Freo AFAZ YehtA ddia £ 5 3l
o WA AgRE ged gol mEs B 4 vk Al @ A x e
Aol A g &L o] AMAE Weolg Y] AT AHoz FHUE FHo|
A Hed, o, ALHed YUY £ 5 FAY FeE I £ A
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olg1g FA YL BHstE T dF BFRAE r olF W, thHAdY ¢4

Al o) BFRHE e ¥ Heziy AFgda B 5 v AT

A A olde e Al i B os FYE dfof It o9 2L

AAZ A4 & g FAEY] AAer 2dE & e, A dyE

A5 A9 NALEE dAstA € RAolv. $A ot & FANA7] AA &
oA 7H g dwbA el ik MEAFAE ol8ste Xt RAl

zb A Eo AHeojEe HdHe Adgy sdFoz HHstd, S48 A o]

o rlo ot

H2

=

AX7t x 2ol AuE dede 48 AL 0T 4, B 1 LEES] 7 A

¥2RE XA dol&ES wlh)T 34,

Aw(D= 2 (WA 5+ T)

¢ ol A 5 gt
gher wbA 19 1349 L EwlE(Automaton) S 1289,

A;+1(i) = pAt(i_ D+ VAt(i) + gA i+ D %)

gt Zol & 4 gled, old,

pta=1
(6)
=0
Q) 2Ag ARITY, Al Aol W 7 AFEE FREE ety £3)
HomE et gl
1
? q
» 2ba s
p° 3p%q 3pd* ¢
Y NV lg vea”  dY

PV A #ReBTEE BGED AL
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AL = pA1(i—1) + qA, (i +1)
= PzAt—z(i_z) + (pg+ ap)A,;—o (D) + quz—z(H‘z)

= 3 WOV AL i~ Nt 29) 0
S ol 273k AL DS BET & & Ay, A7 ¢ B AN Al ge #A
% 4 9t &, t=Nolzhz &
PG=3i0) = 2 aCt™ 0 s ®
a-RE PG-j Mol A3 28 W AD)e
AND) = Zj}P(z’—j; N)A(j) ©)

o ol Ao ¢ Uk No| ¥&3] AAE AN P(i—j N)& 7FA¢E U
gt &

NCI:)N r.ro 1 e“_(%_lﬁﬁ (]0)
§ vV 27Npg

7t "k o2 A AEAM jAA AE2 Fdold HE Pe ZheAY 2EYRES
oz Yl & Ave S v

W) A AEAEAS A5H 9

F ANA G ATAEA FAY 27 HAE dehd & e BAY 5
Atk AUMFAS 2W7) 9 MY FUH YA AXATAE D52
o8 g3l B AN AR AR sted & $4 AW AUE Adw 0 A4n
59 JUgsz EHAL AN Fe 2AFH A FelA ZFAT
Bk EE A dUE TR FHAL BEaE AL Qg4 B golt Ax
AEAY AR F e A4H FeN 2 BIS A9sE R AN g
2UTE otk ANIVEARZA P4 AXATAT BHIHL AHAHY A%H
SgelM 1R AU YN BEsok @ Rolth, weky olF 1%UH 2
AQOE o} BYH HES B
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(1) 12+ollM e A& =3
A FAE AEARFA 2 (9E dYgdn 9%E F= AYe 12 Zedhs -
0, 1.
Alx, t+e) = ;:a)(h)A(x-F h, (11)

= w0 Alxte, D)+ w_Alx—e¢, D) + wAlx, D

A7 Alx, t)  (x, Dol BB B2
dA&FHo g BWUl7] A e,, e & oFF FAA FoW 4 (12)F Tayler AN
ek,
2 (13)& oAl A= sk
Alx, ) + e,—(%A(x, H+ - -

= (0. + w_+ 0Alx, )+ (wy — w_ )ex A(x D

“21—(a)++a))ex 82A(x¢)+.. (13)

&y atA(x t) G+ e . = (CU++(I)_+Q)0““1)A(X, t)+(w+_w~)5x_aa;;
? 14
Alx, 1) +“21—!(60++a)~) exz—%%—*—tl-;_ C (14)

AFES 4 (5% 2ol Astel 4 (16)8 FIUh

' 7’0=(1)++(£)_+C()0’—1

l 71 = (C()+ - w_) (15)
72 = _2’1‘!‘((U+ + w-)
Et__aﬂalt@_tl + -

2
2 gt - 09

i)
=0Alx, 1) + nexy - Al D + €, .

oA 4 (1608 &2 Yreire] 4 (INE deth
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_aA(a%_ﬂ. + @(Et)

2 2 2
£\ 0 €xy_0 Exy (17
t )—ax Alx, B + 7 ) 37 Alx, H + & 6,)

P AT vas BE dE o U8 2L Xe] Fo4H wf A INS A

&
&

= <—§%)A<x, D+ r(

3% %, eled)o) 002 2w V)& BN PR3 gopAH,

A% 1
7o = 0 ID - 3 1

n o= 0 ID — 7% I 0
72 i) = D ID — % I

2 A p = D—é‘%A(x, ) (19)

2
WA & areal velocity) |~ , A3 A U8)S) TH) wek AEAEAL A%

t

2 ok 4 (2009 A

i

Zk=1,
wyto_+ow =1

(20)
W= 0y = W_

A4 12)8 AsE BAE o83 oA AXAEA 4 QD €+ U

weE 022 AAIhAE 4 2D ol YoM FEJD AERFAAAL T2
271 #A4 Ze PR JEbdth B3 A5 S T it AN uEe
=3

Alx, D) = o[ A(x+ e, D+ Alx—e;, D]+ (1 -2w)A(x, D (21

EOg o2 ol 4 (22)8 #2 A& AR

35 2.
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2o = b(= constant) 1D — 721

&y

Y1 = () 1D — 7311 (22)
2

7(2) =D 1D — #4 I

a 2
Ox

be AHYY AFEA AHIdddAs 4FES dridrh o A AxAFA 4

2 AESTAN QAo e FF BAHY 4 )] FT Y ol 4HE I

—g-t—mx, ) = bA(x, )+ D-2> A(x, (23)

F 5% Skellam W44 3% Ze FEE 12 YA dA 2 224 A7ho] 713
o wEt "Wxrb Ad Fisd. 7 oA A9 xxe= 2]
Skellam®] AV e &4tk g2 3 AR gvh, EAFAY Aoz tia] A By g3
pagss
A(x, t+e) = wlAlx +e,, D+ Alx—e,, D]
+ (1 +be;, —2w)Alx, D (24)
~ ol Alx + &, )+ Alx—e,, D]+ (e’ = 20)A(x, )  (25)
oo AAgFde 84 A e A 0)eE AYUT F I
Alx, D = o[ Alx+1, )+ Alx—1,01+ ( e’ —2w)A(x, D (26)
dAmez 4 (17 dxwEge] A%t 00] obd W & o F+o-d BS54

(27D9 £4& W of

443
—Z-O— = b(= constant) 1D — 7&l1
t
7 = v 1D — w31 27
&2
n() =D ID — & I

s
kW)
4
P
U
gt

N2g AF pe o] F(advection flow)d] Mge s £xo xYde 2t

Ael A okdsh Zo) 4 (28)0)¥ WHA AXRER 4 (20)elth
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az
ax

—g’;A(x, )= bAx, D) + U—(%C'A(x, )+ DL Az, ) 28)

Alx, D = w, Alx+1, D+ w_ AG—1,0+ [ e’ — (wy + 0 )]A(x, D (29)

HoA & + U5l 0 T Aold) W FHEs olF £ErF 2EAT 4
(298 MY ATAEAT 7H AR 139 FpRLolda T + Aok

(2) olAAA 9] A&H F§
ojxtd RdL AA F FAL HEH £ F W] WEA AgHoz u
Zagtd, AAEY FAHY] 2xkdolgt i IDFHI] HEd--v4 Tl A 3
2l E¥7F AA FHEAL & v viwjsiA FoHTL AAM-- F ¥ AAH
F98S Jlested FTory] WEolt 2344 AExAFAAdE dEAHA F A
F79 ol H¥ol sled 2 3ty £ ¥ (von Neumann) ¥Folok HZF o]
vl e AEet A, & oAl ) AEe Jygueg 8 Aoz 4 (30)% Ho] ¥
FAI(1Y 7a) (von Neumann 1963, von Neumann 1966)
@ = ¢(@ir1j,@imvj» @i jats Bij=15 Qi) (30)

e FUE Fol(Moore)B o]l et A8 71 ol AEE 1HIH(ZE 7b).

@ ;= $ais1,;, @im1,i> Gij+1s Cij=1, B
(31
Qiv1,j+1s Gi—1,j+1s Bi+1,j—1» ai~1,j—1)
(X5y+ 1 ) (X' 1 ,Y+ 1) (X,Y’H ) (X+ 1 5y+1)
(x-1,y) (x,y) (x+1,y) (x-1,y) (x,y) (x+1,y)
(xy-1) x-Ly-1) | (xy-1) | (x+Ly-1)

a9 7. o)l AEAFAL T2 (a) B 7HY (b) FAF
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Tyl A7Y, 579 AAE A2 SR QEd B 59 93 @ oRse
2 Folgel SWd F9Eoth YAAN B Yoz oxy IumUe A
Ak 7 FHELS oA A ol REY FFo) A A M= AH
o2 AFWUT RPomE (4 1D HaA tey o] 2 & gu

Api(x, y) = g;yw(x,y)A(er Py v+ hy) 32)

o(h)e kil WE AFEY FFoln k= (h, h)2A A(x,y)l dge F
= o289 91X & e
* von Neumann neighborhood

(hy, hy) = {(1,0), (—1,0), (0,0), (0,1), (0,— 1)}

* Moore neighborhood

(hy, hy) = {(1,1),(1,0),(1,—1), (0,1, (0,0),
0,-D, (-1,D, (-1,D, (=1,-1)}

 ddMe 2 kel e g 23 AEAERY A4 FES bRy
ok B A (33)& AAskel AlRbE E3ke] HEAbolel BAE g Zo] 7}
Fiam

o

e=ei(=cl=¢,e,) (33)

olo] oA 4 (3)e.m & F Tt

Alx,y,t+e) = wA(x+e, 9,0+ o Alx—e,9,D
(34)

wA(x, y+e,, 0+ o_,Alx,y—¢,, D + wAlx, v, D

A (B0)E 4AY A wRIFAIR Taylor AWE st Agstd olae} 2uh(4]

MAGD Ayt Y= Alx, 9, + 71yey—5% Alx, v,

g iy Al 30+ Gy 7Ly Al 69

9 Aol ASse ok 4 @03 o) FAs o ALEL WA Aol
Wby Sabe] S40) AW b BHE A bR A58 Avua),
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[7’0 =0+ 0yt 0, 0yt 0y —1 2D — FAI
= Oy — @, 2D — FAI 36)
| Yon = %‘(wh'i‘ w-p) 2D — w31
A4 3 WA AS A GDI gol 2AL F3 4 (B)E 6,2 Urd A wad
718 4 FAAE JdeEWA Hed 53 449 e, S o2 YAsta 3
aH 4 (38)3 Zeo] AT 4 SUrh

B 1
vw =0
yuw = 0 37N
Yon = CONSE.
—Q—A(x v, = L —Ei)'y —a-%—A(x v+ y —a—z—A(x v, 0+
at [ 2! Et | 2% axz » Vs 2y ayz »
9° 9?
=D 5 5 ]A(x, ) (38)
x y

A% 2
70 = 0
Y = Cconst. (39)
Yon = const.

T A Aee XY A A HA B9 FAFSA o) F 3 (advection term)
o] YEY = 4 (35)¢] YA vE &o] AlgAx] &m dolgltie Fo] (A
(40)).
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—g—tA(x, v, b m( ) A(x v, D+ m(—-l)——A(x v, 0

2
; ]A(x 3.9 (40)

2L o] FEe R E vigolg B di AT £58 LFo|n FAsie
R& onlaty nige] e Z/FY #A £ QAEQ File] oo &3t
(Okubo 1980). o] A% MEAFAL] Al FEL A HA Fooe 24 933

']

O & F Uk ( @pFo_,) WA A QDI #Zo] Asta 4 (400§ YA A

Zlstd ofgfe} e G4 v E WANE deEvh( (42)).

Vix€u , W — Wy | __
€ ( &y )

41

—(%A(x, V8 =0, a A(x,y,D + v, yA(x,y, D
+ D[ ]A(x, v, b

> 9’ 9’
=y VA(x,y, 0+ D[W + a7 Alx, 9,9 42)

EF HAa e Ak Ay

ost
to

A s B4 43)e olF ¥ 9
(42 HJa2e Ak

o
Yo = const.
Yin = COnst. 43)
Yo = COnSE,

N 2 2
——a—A(x, v, ) = bA(x,y, D+ v VA(x, v, + D[—‘a-f + 2 5 ]A(x,y, )]

b=-L s

€
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AL YA G FAHANAM af ARES AU ¥, AEAFAL] AFEL o}
et Zol FAA En.

Yo = Wyt w_,taow,+o_,+w—1 (45)
n= (w,—w_p)=(0,—w_) (46)
Yo = W, tw_,=w,‘tow_,=20 @7

AAAANE AFPAT HAFES LTFE e AUA B57F 78 Ayt
of 2ASI vk A @D 2 Wike] i@ AFESY #Hol GEVE E 2 BT
& 4R FHAdl T & F dey y0] 00] St R o] FEd o F
dAdel £48 Fr A F5 Uvh B 3¢ M dwbHolE & £ QornE o
Aol i AXAFAAE A B oh53 Zoh(4 48). o] o] 2x98 MEAF A
Aej gt 2o dgigoelgt & 5 glon ATE Aol BAE AFFo2N 5A
g gate] Helg EY + gloh

w: B8 0o Arse Fia
b=
Az, y,t+1) = w,Alx+1,3,0) + 0 A(x—1,9,0
+w,A(x,y+ 1,0 + 0 A(x,y— 1,0 + 0Alx, v, )
= wAx+ 1,90 +w_,A(x—1,y,0
+w,A(x,yv+1,0 + 0 ,A(x,y— 1,0

+ (1 + bt—4w)A(x, v, D (48)

4) ik NEAF A A d(kernel) Ak

St Al 7Rt A EAFFAES] A S ThE o] HHE £ ARTHA (49). 1A &
R vk AlZkol ofd I ol NAIZF ARE ] FFE nedvhd 2 (50)3 o
& F Ao

Awi(D) = Za(BALr+ 1 (49)
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ALD) = Zo(k)Am(r+ 1)
%‘.a)(z) ;At—Z(_;’—f' T+ ) (50)
S 0Ch) DI A7+ T + -+ )

Bt A, (TR e+ By A A 2 AdE 78 F AT =NI

A [—n, n] AN zZed7] de(Kronecker's delta)E& o] &3] Adg4=2

Bosd 9 4 BA & & e

AN = gm?’ﬁ;mm(“ﬁ 1)

K7 - 7N = Ehjw(%---ihjw(?ﬁv)a?, Tt (52)
__ zk(m— #n)

f z (272') (53)

4 (6% TR 2ol ARPoR A 2 F 9T

~ —> 2 lr.‘ ?—_;’ Ty - N 5>
K( - 7’;N) = (g’”/§2 e ¢ g g )ZC()( hl) Za)( l’ln)
_ (_d%k_ 3 F7- B s 7 ik
=) ot © %‘. (i) e” %w(hzv)e
2 a7 —. T
AEAFR ] Aol o8] RE AE} g IR FH WEez = BT

Ze AZgka dod 2 (65)9 o] & 0 Y AYLE vl A BEoE 243

o},
%w(z) e TR = Gk (55)

K(_?——;’]V) = f © )2 etk (¥ - 75[5)(75]N (56)

9 Aol AEAFAY AWA T NAZ Az & 4=2an ez A,(7)AA

Ay(PDE HBAA F= A8dsot aey AHBARDGN AIe TE

P

7

2 44 gk o(h)E & olsistn X Raky] woln.
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FoA APFPR) DeF o] AFFrrt FAA AV AARQNY PoRER B9
o 44 AdE T8 & UX oJ2RH FAFH HHE &+ 3U& Aot °F
gla) Aefd Weel o AFdgel g uFe] ¥ dasio.

5) AENEA mde] A& o4l

Aol A o183 FAE T /M AXAFAT #42 49T 7 UeE EA
A gtabe vl B3d adsd o8 JYHAR kA tFAY J12H AXAE
A& Bl AEYoldd A2HEE 2 AAR AFES] Agd et 4 Y
o] @i My eA AHEES T}

(57)

3% 89 A% AF BF 02013 27) @€ 12 FUL welth A% A
e W A HAAE A9AL P WE BIXE HolA Hed o2H AX
AEAIL HEP G4 AN 148 F 98 AW FUY 4 Ak
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1}) o] F(advection)E XE3sl= At
o) FE TR wWAAAA Uz} v Foz YEPGEY A XExF R A

ir
e
dlo

3 o)l BEFT § Utk A7l Aw;E i BFY AFES Aololt o) &

Ao =S ztx] GEU(aY 9a).

o(R)F = hpw, %+ hyrw,y (58)

RS

— —L‘_—

f !

(a)

®)
a9 9. () 2 AgdA AFrt dE =, b) Ase 2oy 9%
F7 g A g o
29 10 ywEe s 2 A gho) 027 o Ao]g Hole File] AEd oA

Astolty, AEATAY FA2ZE 4 (50)9 &

a9 10, 8 B3e] AFaold dF oJFIA (0, —w-_,= —0.2)
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0 =0, tw_,+w,+ o, + o
—02=w,— w_, (59)

x 83

rlr

EOE B5E AvRA ATE @) M olve 9

i

o %

=)
f&4

2 Z 5 A oA |BlY Holo) JANE o] F WART. = HIH o
€ A g e AXY ARE adde AU oy 2HAME MEA
Fake] MGGl AXA At 4 (56)€ wAl AEE 4 (60)°] .

o(h) = 0, () = 1h_ D%+ 0,(Ih) — [h_,)5 (60)

a8 1l 0=0.2, AR, F0AR, =0 W] o] FLA

29 11e 7 3% AsE 022 2ot yige ERAYS BU A
o4 Amolth, 9 ¥ A9 A vl¢ gtk A WA A9 ax @
30 wg ol EaA HAW T A # Aol ool ol e ATze mofo)
A MER F W W A Sae] dejdrh o]y B AA Dol

L\J

o A%

o]
o
w Fito

—_—
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Areitel & o 2Hse 53 gAY g d¥sisd 98 st (Shigesada
1995).

2. AAE g4 md 5+g

7b 9359 AT B A s

U5 AAT AL JAAT LY ZAFA 19208 ol AR 2ALE
Large scale(th® Z7DelA A= FR(IY 12)9 AFE(2E 13)dA 9 (EE o]
3t L(1982)9F ©](1994) FeollA HAFFRY AF oA e AEA ik #HAo)
Adrgs o} gl

FNAZ] AHH Fide] diste] A& FIHH scale, AHA, A9 7}

]

op

O
4E

A

&

2 sted SkA] 318k Shigesada et al. (1995)9] Coalescing colony model& %

X
At ol Stratified diffusion® 1288 Ao2 £YZay] Fao|A] AN BEr

X
X

g
=

A¥e de Bed F 3HE /AT A

i

Y. Lattice X.9lol] 2% &4}
3

of ZFgA Algeeldste] B Aol Tasttt ofF ¢ HT AAAI H@e &

=
e AFEAA] Mg Fd A BEEE dol fElsla, E3 FEHAY A4S AU

918 Lattice Rd& FA43t 7t £dEErt A4ge AYsts 34E Gould
¢} Tobochnik (1996)ell €] A ste] Vet &kt

Lattice model®] T&87F5A & HE3 7] A3l 722 73 otaglgh o] A
MBATHE 4). 1) A5 AP EZRY 4tgor FAYHor ity
2 989 g Jeua, 2) g o3 AHHE FHE dAREE FE
2 Yehipe ol 2W E48 A2 = AAY Ay e G
M gag stAED po gro] wow B&EE FMax yiRde ¥y

g FEC B, 3) FW Fo ALl TSI o) ARE 4}
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Pt ol= AAHLE ofefst 2 o]EHQ FA FHE FHACH

dN(x, v) _ d*N(x, ) d*N(x. y)
gy —D(x,y)[ dx’ﬁ = dyx Y ]+8N(x v)

N(x,y) ; #HE x, yollA 9 MA
D(xy) ; X x, yllA e FibA S
e ; MATY WAH F7H&

¥ 4. AT A A EHIHE A dngF

1 Creation of 2 dimensional square lattice system
2 Creation of a population
3. Population growth (eg. exponential)
4 Diffusion process
2 methods, small scale (neighborhood and large scale (wind))
5. Generating p ; probability of joining the cluster

at each randomly selected perimeter site of the occupied area

6. Deteriming states
resting; 0
excited ; 1
7. Determining movement directions; (4, 6, or 8)

1) 8= 7](large scale)ol A 2] AT &alo] #8 Lattice 24 2§ Az
7h AR A Y Fat
719 A7 FUHor TR F scaled M AR(LY 12)7 AFE(ZLE 13)
& dEeE o A FAE HEIeH, BV FAALANA 4 -6 T W
dAste] A 28 AL o9 HIEE AAAY FAARE AL
tHd 14). o] ZdeM FFHezE Yete AL 5X, AL, B 3% S
A EEE F4 FEe F A J1e7E sk AR YEigd & #4953 3

A F dA7IZEO Ay T B SRR FAHATUIL 94 7] A ¥ kS

3k

o
N
i

A2

1
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=7t FA48A F718 F ol 3 kAol A& ETiE Aotk o]& Shigesada et al
(1995)2] coalescing colony modelol Al "Type b'oll 3 F=HATHTH 15).

a9 12 $EGAAA 950 dxd ¥

}‘\l_

7} Aol wek 4 - 27de]l AR AT Fdel FHEHA=H, HES

%=
s 3
F& g

3
2

neighborhood 4te] @& &E(c)e 122 - 217(km/year)o| 3L ©]F
(Shigesada et al (1995)d] wW=w long distance dispersal)oll & &x& 502 -
8.20 km/yearo) Q& dl ol =L EXA S ko] AU WFTHE D).

- 149 -



a9 13 AFEAA £d5gee] dxd &}

| \ . ! I 1
. ! .
—— Saoul
~#--Mokpo
300 F - - - —a— Pusan
#+  Damyang
—#— Kal
e . nurungl
X
3 200 } B I
Q
o]
o
)
100 f----- T m e
!
. \
. ! )
) ' J
! b
0 ,M g T o n Bl +- + +
1920 1930 1940 1960 1960 1970 1980 1990

Year

Fig. 14. Increase in radius (km) in the dispersal of pine

needle gall midge for different infestations in Korea.

A7) Ao da] 4M AFE Coalescing colony modeldl] oA sked HA 3¢},

o] Rdlol AAML JYAFol stratified diffusiond i neighborhood$t long

distance S4to] Qrki B@ A el g ADWLE BYHoE FFe

& ke Aol

Coalescing colony modelo] &3l A&Ed &£dE3a8 MATY FAL olF
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282 kmZ Hoo] Ad A% BEXE 760 kmE LY} ol 1W £9F 38 A
Aol #AAT olFHE ATE AAsEd(FAEEGE ), gutzoez 445
oAt RAut AR YERth o £dIF At dAYR o)FdE TEHY
Boie $£EuAd AL, B3 E2 Fo AR ¢ ANFAJA AA e &
Ag F£% v X5 Aol ofdrt AAstEE oz Hul EAMS] Holop HE
g AARAY, ob&e] AAE FAtel oate] oA Ho|z AsA Lol HHE 5
B FE(A)E 007 - 0682, AAAT] EAATH Fa A W AHEKHE 762
- 2225 km& YEPRTHE 6)

2

2000 r
(e}
'
s
{
/
I’
A
1500 /"
! .
/
: ’ {s}
rit) y - )
,I »?
I/
1000 /1 """
U
/,.""
/'/,’..’.»" @)
500 .';‘;"'
Ryd
e
i 1 i
0 104 20 3 £
| L
\[‘::-'-2—; 4

%Y 16. Coalescing colony modelol Al AlZtell @& &4F b7 (from Shigesada et
al, 1995)

- 151 -



E 5 SUUTNN AT Fa A2 WANG L 4

Parameter Mokpo Seoul Pusan Danyang
Year of infestation 20 20 30 60
Year of first report 29 29 34 64
Year of establishment 29 47 47 64
Establishment period 9 27 17 4
Year of higher expansion 47 65 64 72
Time for higher expansion (year) 18 18 17 8
Speed for neighborhood diffusion(c) 2.11 1.22 2.17 1.77
Speed for higher expansion (km/year) 8.20 5.21 5.02 4.80

}A

foi

¥ 6. Coalescing colony model& o] €3 £& vyl R 9 A

& vede dAE

d
L

Parameter Mokpo Seoul Pusan Danyang
Long distance(L) (km) 7598  43.92 73.75 28.30
Coefficient for survival rate 0.30 0.68 0.07 0.62

of long dispersers (A1)

Radius of long distance 1556 8.34 22.25 7.62

colony (x*(c0}) (km)

) AFEdA Y gt

7] coalescing colony modelE AFE9 FHay 13)d= FHE3Ah AF=
Mg Hi Fi wE L F71A o2 vewti(ad 16). AHA XA LA A
& A7) Shigesada et al (1995)¢] coalescing colony modeldll Al 'Type b'ell 33
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HE(ag 15) Aoz JEytoy AFdA BAS M EE neighborhood AF
Aol glo] #5438 FHoE uiE APy = Aoz ey, &27] A7 & YEhgXH

AAE 9L 33 oldo MAT Yol FHHAEH, &2 neighborhood &
Abe M &x(c)e 259km/year)olo} EEAM wo Aidos wgt) o)F F
&35 FAETE 440km/yearel EH ol EEA HY A Yelyth
Coalescing colony modelol &A3te] F7Az2 olF AYE A4k A3 207 kmE
AEH ole EEY ASEY AdHor & Aoied duty oz AF
=9 A% urghel Qo] thak Ay wFe] EE B 4 RAoZ AgHHATY. 1
U ek uphe] g oo oA AFIARC] AFAHA ool 71E 8]le] #
e £ glonz o A% AEI Ao @ AR AANG o) Holx AARA
Fo] YY" 4 Y FE(21)S 00608 IR, AMA Tl EAAEH s A
ol Ag(x)e 764 kmE FH oz gA JEIRTHE 7). AF] B wE Fi
& 5.04 km/year2 VIERRETEH

LW
O
i

—+— Cheju
-#- Sokwipo

N
(&2
T

N
(e
T

Radius (km)
o

10 |
5 k
N 84 85 '86 '87 88 '89 ‘90 91 g2 93 94 S

Year

a9 16, AFA QA EHEge] e F4 gA g
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® 7. AFAGAM £d53ty 43 a2 54

Parameter Cheju Sokwipo
Year of infestation ‘83 '83
Year of first report ‘90 90
Year of establishment ‘86 '86
Establishment period 3 3
Year of higher expansion ‘90 90
Time for higher expansion{year) (ts) 4 4
Speed for neighborhood diffusion (c) 2.59 0.73
Speed for higher expansion{km/year) 20.72 5.84

t}. Lattice modelo] &3 AT

Lattice model #4094 itel| AHde AATE 571 A4 9%, A" i 2
upghel] o & glelx, A AmE AEAGAAd Fig vger 3 ol
e HA, EAEoYE d GH2 AEH F7HUAA F7185 05)F st e
2 Shed, 223 AAT 3718 %4y 8 o #88EE At o A
A(EUF)E Hzx RE g €3 YA £U9Zgyrt HSlste] A4 wsE
FARE Qe At Ax JwAE Rez sk o2 e Ao oAse )
AT (Nt &3 2 F2 o) o3ty F7hs s .
A (Viy(t)) & ZE7Y L A (Viy(t) = Thresold) N(t+1)=N(He"
AR o Feirt FA @& A (Viy(t) < Thresold) N(t+1)=N(1)x0.5

T N(t+1) > 10,0001 N(t+1) = 10,0002 = 2] %
AL 33 Zo] £UZ e o3 AE YoHA HAAsA Eot
Ve (t+1) =V, ,(¢+1)— V, ,(0) x.001

thg, A AfATe) ol &3 @I o FAHR FAsE Aoy T4

dch AA AAF FAE AAF &R FAIY R A

i

o
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"
e

£ &7t o] X Hor vk o3 AL F e AL F2 HYFAV 5 -
790l dojubd], o]Al7] 9 Higge] o]Fo] FIFE& F
of W ntge] FHol &UIZTE ] Fild JF¥E vAE RAeE s, 8UEF F
EA8E AEAGA 1971-19761d Atole] TFEE ARE BIY ALE
Jed, RdoMi olE Hagtel AHG WMol FAAM AMEEIUT. uigo]
T MATE 978 ko]l dojuA #FH wave front2FEH Holrl Eel Al
Z¢ colony® FASA dFE Ao AT 2 dxFrE de5d 2ol A
p=ae” 1 718, a b A5

olglgt &L #&3te] Lattice model(75 x 80)ol A REAls] RE 7Hd AFE
(wave front)ol M W7l o AaEd & 10d AF7F d° AAT
olAE AL B 4 U 17). o)FoE HA #Aiste AL YE Fi 3,

AR AEE oL QAT @ oldo] B 2 Wi glo] IRHIE AL T & A
o $dE0Er Hie 498 A4o2RY SuHE wHe] 27dE W A

% 10-1510] ALHEA 743

of¥

e AE veh FAck
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1]

2% 17 Lattice 29& o] 8% 95 ula) F4 A B o)A

0] 3 % ].EE_-_!}_
2 AEZAF L % ANE Yab o N
SA AATY NFXH FEol Be ol2AToN AEjEH BA FAL 71& 3}
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T 7189 Uy uESAEA e Skellame Al Ae HE}EAE o
g3t ARE + UEFE BArh A7|qM e AEAFA HE WY T F(
Fateet A 7148)e] FEFEGEE Avol v/ (kappa)E =YY 2dS
FAEA. Y& AN A Hy" Y Gaussian BOE range
expanssion®] A(pahse)® W3tE Bo)A Fou & R HA Ay F4F
oA &3] Yeh}ii(Shigesada et al. 1997) ¥ &dFgele] i $8 s
% YERE biphasicd #alE&we WEE X8 + U

71E9] Aol BeAe oW JAR ol Byt AXse] A M (front line)
& PTG SR, 53 AHF G wE AP olF o3 File] AAM H
Ao Fastttn &t (Shgesada et al. 1997). B dATFdAME AT Fadde
2Aqo2 AT HEA FAHANFTOl FRIA 7AEe By 53 g
AlZrel Ad F FAF £x7) o] Frkste @4 R FEIE A S e
BaAge F& F7H7F 710l Har ol e FFECl FAM A4 VAF¢E

L e

iy
A

&

D AEAF A o AT A 2l 74

Bk wl g B3 glEe] o3 AYyH e, 53] AU DL gHH o
2 AA T S BEH F 5 Aok v (light) Tl A #AHA £EIF A
A FHAHQ atel vE winjsitn NG AAEL PGl 2xdor P
g = ok 239 AEAEFAE dBAQL F 7 /Y o) 3 F(neighboring
set)o] glEdl 2 F sy ¥ F9(von Neumann) ot & Fgt o]2& HH
o] (the nearest neighborhood) Wl 7§#9 A# 4L EFE F oA 7 4o IF
ghe melgt Aot (E 7a)

Uy Ze Yo o3y FRIG HAEE JHl FIAES o) Al
ol£ e Fgol WA 4 NEL FH o2 AAFIYL BYerE 4S5
Zol & + Utk

a1(5,5) = 2, (%, )a(x+ s, y+ hy) (1)

A7 (W= B BE AFS @03, k= (h, k) a(x,y) 9T
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& FE olRXEY A E YEAY (von Neumann neighborhood :
(hy hy) = {(1,0), (—1,0), (0,0), (0,1), (0,—D})
9ol AellA zF Ajzkel] thd AT ZL7|(population size)w FIFHoE 7 AlolE

ol 2x9 AAESY £FoE FoAH o|2 Za,(x)i‘r w2309 Zzho)
Aol AMTe AEdde PruAge g o] 7 4 o).
¢ r,>=—]lv— V x4+ y2a,(%) (2)

t x

N

|F2 &0l 359 8 71829387 (available environmental resource) 22 A3 5
o ZEo Fato] gL Held An gy WHE #AE M sHAsha
NEAg AAFS b (W BAHNAE LEvERM A4HA ARAANT
9} 71FAE %9 H7} x (intrinsic capacity)® T3ttt B3 x =a/b (¢7]
A oa, b ZFFH JIFAEY EHAE Fosd, JAS YEhde dEd LEviER:
g3 ol xEHAAA.

b,H(?c):;w,,(’ﬁ)b,(}Jr%)——}( a, (%) (3)

Fr‘z

& AAAs g V(D= b,y (D) 6,(0)% ol AYFHH o] n= HAAMA

29 ZHE ATIE 8002 HEH o)F 4 Q)] Hgshe] nwl FAAAT

S Yehie AEAERE et gol AFHoz ¥AY F ok

x%}bwb(h)bt((x)-l- () »)— a ()
xb,(x)

r
o
i

;w@) a,(x+H) @

-
dt+1(x)=

2) BAALAT, AT F7H& 2 FUAL AR AT B BYH w3 17
A% AATY BAeADES FRALAG, AAE S R Bl Ao

Agsto)l AA e HA'@He] ANFNHeR wFHE o2 B F

RAME Yo F299L 242 x, wo 2 wl - wa(d] W& o] )2 FHs L

oM FAE 2o oleld BELEg tdsiA A BoEA AN

ol Aol E%H“ g #BAFAY 7N Ae deEhdEe t2E5e 3 4

A Asheke] MAE umEEe] WA 1030 AFEE d” B9 E EASACH
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7H x o Aol fle A%

A GAAT 2A & xgho] vi$ AXN AEAA, 2UYFH)o] EEetd &
SZaE AR FHA A FFE WAA FE o9, #HF MAFY HHITA
(79 18, 19) 3 BHEFANA(2Y 2009 F7F Folg #AZFAT MATL d=
AR VEF AR Folnth(1dl1g, 19). FAE °)F& fEsE ude &7
7F vk s RR(wh=0), AL @ A EAR s qdAdE AA
dojute 22 YBYE zeta ¥4 Jug HdA @Y 20). aglM Z
w0 2 wilix0)e 242 4 AlelEd] wEAY o]Yg(0]&)E weightE YE =4,
o] 218t neighborhood diffusion weightts WA71Z FAHD 2 7z W9 weights
2o B g vk o)A A EEukA] og kel sojsy] Az @y
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