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ABSTRACT

The Japanese pine sawyer, Monochamus alternatus Hope (Coleoptera:
Cerambycidae), is a primary vector of PWD, Bursaphelenchus xylophilus
Nickle, one of the most serious threats to pine trees in Asia and Europe. To
establish a sound management strategy, it is necessary to construct a
phenological prediction model for M. alternatus. Therefore, the population
model of the Japanese pine sawyer was constructed to understand its
population ecology and predict the seasonal occurrence pattern of the
developmental stages through a series of studies: (1) temperature-dependent
development of egg, larvae and pupae, (2) adult reproduction, (3)
post—diapause larval development.

The temperature-dependent development of each stage of M. alternatus was
examined in the laboratory. The relationships between development rates of
egg, larvae and pupa, and temperature showed a typical temperature-dependent
form with high temperature inhibition. It was well described by a nonlinear
development rate model. Egg, larva, and pupa developmental rate (1/median
day) were, respectively, incorporated into temperature-dependant
developmental rate models, using Lactin model. The probability distribution of
development time of each stage was estimated by Weibull function based on
physiological age of each stage implying the summation of their daily
developmental rate. An oviposition model consists of an adult aging rate
model, a total fecundity model, an age-specific cumulative oviposition model
and an age-specific survival model, in which physiological age was calculated
from adult aging rate model. Beta distribution model was applied to the total
fecundity model. A normalized cumulative oviposition rate and a survival rate

with physiological age were incorporated into those age-specific models. A

_Vi_



population model for M. alternatus was established by integrating
development model of each stage, oviposition model and post-diapause
development model into a system. The number of individuals shifted from a
stage to the next stage was calculated by multiplying the initial number if
individuals in a stage by the probabilities produced by the development
distribution model of each stage. For a validation, model outputs were
compared with the actual proportion of diapausing larvae and adult occurrence
surveyed in three different sites, Jeju in 2016, and were successfully fitted to
actual proportion of diapausing larvae and adult occurrence.

The adult activity of M. alternatus monitored with a pheromone trap showed
a bimodal form consisted of the first peak in mid to late June and the second
peak in mid to late September in Jeju area, Korea. The two peaks were
separated apparently between mid and late August, showing a valley. The
pine trees without oleoresin flow were abundant during early July to early
August, and declined thereafter, which did not match with the valley of adult
activity curve. Thus, the hypothesis of dying pine that attracts much strongly
M. alternatus adults than pheromone lures do and makes a valley may not
fully explain the bimodal pattern when the diapause ecology was not

considered.
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Bursaphelenchus xylophilus.
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Fig. 2. Feeding tunnel and entrance hole on the dead pine tree (Pinus

thunbergii) infested with larvae of M. alternatus.
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Fig. 3. Eggs of M. alternatus prepared for egg development study.
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Fig. 4. An experimental device designed for studying the development of

larvae of M. alternatus.
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Fig. 5. Pupae of M. alternatus prepared for pupa development study.
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Fig. 6. Rearing cage wused for the temperature-dependent oviposition
experiment and female of M. alternatus, laying eggs on dead pine

tree.
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Fig. 7. Diapausing larva of M. alternatus collected from dead pine tree for

post—diapause development experiment.
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Fig. 8. Visual comparison between (A) non-diapausing larva, (B) 5th instar

larvae before molting and (C) diapausing larvae.
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J" Larvae Diapause Age-specific ~ Temperature-dep-
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Fig. 9. Structure of a population model for M. alternatus (S: survival rate

for previous stage, PA: physiological age).
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Ao 2 YEFGTH(Ist instar df = 4, 54, F = 27791, P < 0.001; 2nd df = 4, 54,

F = 25576, P < 0.001; 3rd df = 4, 54, F = 7747, P < 0.001; 4th df = 4, 51,
F = 8573, P < 0.001; 5th df = 4, 51, F = 64.40, P < 0.001; 6th df = 4, 41, F
= 3488, P < 0.001; 7th df = 4, 31, F = 4567, P < 0.001; 8th df = 4, 25, F
= 2813, P < 0.001; 9th df = 4, 19, F = 2955, P < 0.001; 10th df = 4, 14, F
= 2370, P < 0.001).
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Table 1. Developmental periods in days for egg stage of M. alternatus at

constant temperatures in the laboratory.

Temperature Days
() Examined Survived (Mean + SEM)
15 10 7 396 + 1.09 a'
18 15 14 172 £ 037 b
22 15 15 81 + 007 d
26 10 7 6.7 £ 0.08 e
30 10 6 54 + 0.08 f
35 10 7 151 £ 043 ¢

! Means with same letters are not significantly different by Tukey test(GLM)
at P = 0.05(df = 5, 55, F = 723.32, P < 0.0001).
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Table 2. Number of larvae of M. alternatus completed in its development at constant temperatures in the laboratory.

Temperature n Instars

() Examined Survived  Ist 2nd  3rd  4th  5th  6th  T7th  8h  9th  10th
18 12 6 0 0 0 0 0 0 1 1 1 3
22 1 6 0 0 0 0 0 1 1 0 0 4
2 1 7 0 0 0 0 0 1 0 1 1 4
30 15 8 0 0 0 0 0 0 1 0 1 6
35 10 5 0 0 0 0 0 0 0 1 1 3

Total 60 32 0 0 0 0 0 2 3 3 4 20
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Table 3. Developmental periods in days (Mean * SE) for each larval instar of

M. alternatus at constant temperatures in the laboratory.

Temperature (C)

Instar

18 22 26 30 34

1st 162 + 046 a' 97+024 b 71 £ 021 c 53 +023d 51 +£018d
(12) 1D 1D (15) (10)

2nd 269 + 078 a 156 £ 028 b 120 £ 052 ¢ 81 +031d 77 +021d
(12) 1D 1D (15) (10)

3rd 37 +134 a 24 +145Db 151 + 091 ¢ 109 + 064 d 109 + 048 d
(12) 1D 1D (15) (10)

4th 468 + 232 a 02 +15 Db 216 + 128 ¢ 157 £ 074 d 16 + 082 d
(12) ) 1D (15) (10)

5th 482 + 458 a 37 +191 b 241 + 13l ¢ 187 £ 078 d 181 £ 04 d
(12) ) 1D (15) (10)

6th 458+3.37 a A4+ 223 b 251+ 109 c 198 + 1.9 ¢ 219 + 118 ¢
®) ®) 10) (12) )

"Tth 471 + 258 a 254 + 161 ¢ 211 £ 071 ¢ 219 + 096 ¢

B8 +222Db

®) ®) ®) ®)

8th 476 + 403 a 3H8 + 266 Db 250+ 14 c 213+ 112 ¢ 217+ 126 ¢
5) 4) ®) (7) (6)

9th 05 + 33 a 35 +310b 268+ 180 ¢ 211 + 15 ¢ 25+ 1M c
4) 4) 6) (7) 3

10th 483 + 441 a 385+ 144 Db 243 + 290 ¢ 198 + 1.0 ¢ 2177 + 240 ¢

3)

4)

4)

5)

3)

The numbers in parenthesis indicate sample size.

! Means with same letters in a row are not significantly different by Tukey
test(GLM) at P = 0.05: 1st instar (df = 4, 58, F = 27791, P < 0.001); 2nd (df

=4, 58, F = 25576, P < 0.001);

3rd (df = 4, 58, F = 7747, P < 0.001); 4th

(df = 4, 35, F = 85.73, P < 0.001); 5th (df = 4, 55, F = 64.40, P < 0.001);
6th (df = 4, 445, F = 3488, P < 0.001); 7th (df = 4, 35 F = 4567, P <

0.001);

< 0.001); 10th (df = 4, 18, F = 23.70, P < 0.001).

_45_

8th (df = 4, 29, F = 28.13, P < 0.001); 9th (df = 4, 23, FF = 2955, P



Table 4. Developmental periods in days for pupal stage of M. alternatus at

constant temperatures in the laboratory.

Temperature n Days
(€) Examined Survived (Mean + SEM)
15 20 20 53.1 + 057 a
18 15 14 283 £ 050 b
21 20 20 185 £ 0.21 ¢
24 20 20 14.0 £ 0.14 d
27 20 20 104 £ 012 e
30 20 20 89 = 010 f
35 10 7 9.0 £ 019 f

! Means with same letters are not significantly different by Tukey test(GLM)
at P = 0.05(df = 6, 120, F = 2691.54, P < 0.0001).
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Table 5. Estimated parameters of a linear regression model for egg, larval and pupal stages of M. alternatus.

Parameters of linear model' Lower Thermal
Stage developmental constant
Equation® df R threshold (C) (DD)
Egg y = 0.01075x - 0.13065 4 0.98 12.2 93.0
Larva 4 y = 0.00139x - 0.01738 3 0.99 125 719.5
Larva 5 y = 0.00093x - 0.01114 3 0.99 12.0 1079.5
Larva 6 y = 0.00068x - 0.00777 3 0.99 115 1481.7
Pupa y = 0.00637x - 0.07866 5 0.99 12.3 156.9

' Linear model function: f(T)=a « T+b, where f(T) is the developmental rate at a temperature (T), ¢ and b are parameters:
Lower developmental threshold = -b/a and thermal constant = 1/a.

’Larva 4, 5, and 6 indicate the combined period to 4th, 5th and 6th instars, respectively.

3 Statistical significance of equation: Egg (df = 1, 4; F = 124.464; P = 0.00154); larva (df = 1, 3; F = 376.772; P = 0.00264);
pupa (df =1, 4, F = 1169.31; P = 0.0001).

_47_



Table 6. Estimated parameters of a linear regression model for larval instars of M. alternatus.

Parameters of linear model

Lower Thermal
Develop(rirrllil;?l stage developmental constant
Equation' df R? threshold (C)? (DD)
1st = 0.010388x - 0.12598 3 0.99 12.1 96.3
2nd = 0.006888x - 0.08786 3 0.98 12.8 145.2
3rd = 0.005213x - 0.06693 3 0.99 12.8 191.8
4th = 0.003491x - 0.04272 3 0.99 12.2 286.4
oth = 0.002742x - 0.02946 3 0.99 10.7 364.7
6th = 0.002411x - 0.02256 3 0.99 9.4 414.8
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7th y = 0.002264x - 0.02055 3
8th y = 0.002249x - 0.01998 3
9th y = 0.002346x - 0.02299 3
10th y = 0.002618x - 0.02822 3

0.98

0.99

0.99

0.97

9.1

8.9

9.8

10.8

441.7

444.7

426.3

382.0

Linear model function: f(T)=a e« T+b, where f(T) is the developmental rate at a temperature(T), a and b are parameters.

’Lower developmental threshold=-b/a, Thermal constant=1/a.
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Table 7. Estimated value of the parameters of developmental models for egg

and pupal stage of M. alternatus.

Developmental Parameters Estimated SEM R?
stage value

yo, 0.1403 0.0277
Tm 36.8275 0.9004

Egg 0.99
AT 7.1000 1.3699
A -0.0736 0.0529
yo, 0.1488 0.0159
Tm 39.2495 0.7679

Pupa 0.99
AT 6.7123 0.7121
A -0.0156 0.0111

Lactin—2 model (Lactin et. al., 1995) was applied.
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Table 8. Estimated value of the parameters of developmental models for

larval instars(1st~10th) of M. alternatus.

Developmental Estimated

Parameters SEM R?
stage value

) 0.1604 0.0065

1st instar Tm 38.8931 0.5001 0.99
AT 6.2234 0.2506
Jo, 0.1644 0.0165

2nd instar Tm 39.1412 1.3309 0.99
AT 6.0785 0.6080
) 0.1680 0.0075

3rd instar Tm 38.3997 0.4932 0.99
AT 5.9487 0.2635
) 0.1643 0.0073

4th instar Tm 38.3638 0.4869 0.99
AT 6.0849 0.2711
) 0.1577 0.0070

5th instar Tm 38.7111 0.5247 0.99
AT 6.3383 0.2827
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6th instar

7th instar

8th instar

9th instar

10th instar

Tm

AT

Tm

AT

Tm

AT

Tm

AT

p

Tm

AT

0.1502

38.0762

6.6542

0.1522

38.3834

6.5674

0.1513

38.2391

6.6061

0.1557

37.9257

6.4212

0.16047

37.7154

6.2298

0.0081

0.5251

0.3562

0.0119

0.8346

0.5133

0.0103

0.6963

0.4481

0.0059

0.3633

0.2448

0.0131

0.7415

0.5095

0.99

0.99

0.99

0.99

0.99

Lactin-1 model (Lactin et al., 1995) was applied.

_52_



Table 9. Estimated value of the parameters of distribution models

development time for egg and pupal stage of M. alternatus.

of

Deveii);)grr;ental Parameters Esffi;ljéed SEM R*?
y 0.9020 0.0340
Egg n 0.1032 0.0349 0.97
B 2.8615 1.0825
Y 0.8642 0.0326
Pupa n 0.1496 0.0333 0.95
B 2.7584 0.7075

Weibull 3 parameter model (Wagner et al., 1984) was applied.
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Table 10. Estimated value of the parameters of distribution models of development

time for larval instars of M. alternatus.

Developmental Parameters Estimated SEM R?
stage value

n 0.9840 0.0099

1st instar 0.94
Jé 10.4819 1.4610
n 1.0075 0.0063

2nd instar 0.95
B 9.8423 0.8565
n 1.0230 0.0075

3rd instar 0.94
B 5.6582 0.3574
n 1.0180 0.0055

4th instar 0.96
B 6.8206 0.3820
n 1.0335 0.0078

5th instar 0.94
B 6.3578 0.4588
n 1.0298 0.0064

6th instar 0.96
B 5.9622 0.3169
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7th instar

8th instar

9th instar

10th instar

1.0261

7.5405

1.0193

7.6516

1.0063

7.3118

0.9988

8.2767

0.0043

0.3624

0.0059

0.4973

0.0076

0.6201

0.0117

1.4725

0.98

0.97

0.95

0.90

Weibull 2 parameter model (Wagner et al, 1984) was applied.
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and pupal (C) stage of M. alternatus.
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Table 11. Adult longevity in days and fecundity of M. alternatus at constant temperatures.

Fecundity Longevity Pre—-oviposition period
Temperature (No. eggs per female) (days) (days)

(0)

n Mean = SEM n Mean = SEM n Mean = SEM

15 15 2.1 +0.82 ¢! 10 1411 £ 575 a 7 65.7 £ 405 a

20 6 727 £ 1571 b 10 1222 £ 6.88 b 7 274 £ 178 b

25 5 1794 £ 50.86 a 10 86.7 £ 701 ¢ 7 136 + 053 ¢

30 5 208.6 £ 3822 a 10 69.7 £ 576 d 7 9.7 + 0.78 ¢

35 2 04 + 024 c 10 319 £ 257 e 2 14.0 + 3.00 ¢

! Means with same letters are not significantly different by Tukey test (GLM) at P = 0.05; Fecundity(df = 4, 35, F = 21.81,
P < 0.0001); Longevity (df = 4, 49, F = 54.95, P < 0.0001); Pre-oviposition period(df = 4, 29, F = 100.68, P < 0.0001).
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Table 12. Estimated value of the parameters for an oviposition model of M. alternatus.

Oviposition model

Parameters Estimated value SEM R*?
Components
a 0.0073 0.00111
Adult aging model B 50.6394 2.94842 0.99
Y 4.2116 0.81399
Rmax 217.5396 16.3897
Total fecundity model Tmax 29.4175 0.4531 0.98
Tmax 34.9906 0.1881
Age-specific cumulative ¥ 0.1361 0.01837
oviposition rate model n 0.4612 0.02046 0.97
B 1.6960 0.08896
Age-specific survival 0.9814 0.00619
rate model 0.92
o) -0.1268 0.00685
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Table 13. Incubation period(days) of diapausing larva of M. alternatus after chilling at 9 C

Chilling periods(days)

Temperature
(C)
n 30 n 50 n 70 n 90 n 110 n 130
18 6 1581 + 815a 8 1143 £+ 587a 6 943 £ 698ab & 799 + 693bc 6 746 = 742¢ 6 726 = 592c
22 9 893 + 10.14a 6 736 = 13.7ab 10 682 = 3.09b 11 469 + 369c 12 438 £ 368c 10 414 + 4.10c
26 9 542 + 3152 6 495 + 535b 10 423 + 461bc 11 328 £ 35lc 11 283 £ 274c 6 293 + 4.84c

! Means with same letters are not significantly different by Tukey test(GLM) at P = 0.05(18C(df = 5, 38, F = 21.32, P <
0.0001); 22C(df = 5, 57, F = 991, P < 0.0001); 26C(df = 5, 51, F = 6.63, P < 0.0001)

“ No diapausing larva to pupation in 0 or 10-day treatment
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Table 14. Incubation period(days) of diapausing larva of M. alternatus monthly transferred from outdoors between Dec. 27,

2016 and Mar. 27, 2017

Temperature Date
(C)
n 12/27 n 1/24 n 2/27 n 3/27
18 9 126.0 + 4.85a 6 109.7 + 6.89a 8 75.13 £ 6.73b 5 60.2 £ 4.04b
22 8 86.5 + 2.83a 7 69.3 = 2.64ab 7 51.71 £ 2.65bc 6 405 + 2.45¢
26 6 56.2 £ 5.21a 9 48.8 + 4.29ab 10 37.25 + 6.46hc 8 29.14 + 4.64c

! Means with same letters are not significantly different by Tukey test(GLM) at P = 0.05(26C(df = 3, 34, F = 527, P <
0.0001); 22C(df = 3, 27, F = 564, P < 0.0001); 18C(df = 2, 27, F = 2556, P < 0.0001).
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Table 15. Estimated value of the parameters of post-diapause developmental models for diapausing larva of M. alternatus

Model Parameters Estimated value SEM R?
Components

a 81.9822 4.8561

Dipause-development model 0.97
b ~77.4152 4.6492

Age-—specific cumulative i 363.1595 2.9868 0.08

1 .

developmental rate model B 37184 0.1654
a 0.0031 0.0003

Development rate model® 0.99
b -0.0400 0.0056

I Weibull 2 parameter model(Wagner et al, 1984), was applied.

’Linear model function: f(T)=a ¢ T+b, where f(T) is the developmental rate at a temperature(T), @ and b are parameters.
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Table 16. Survival rate of egg, larval and pupal

stage of M. alternatus

Survival rate

Stage
Examined Survived (%)
Egg 93 88 29.8
Larvae 75 65 366
Pupae 125 122 976

* The survival rate was studied under nature conditions.
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Table 17. Comparison of adult emergence dates in Julian between model outputs and actual data of M. alternatus at 3

different sites in Jeju.

25 % 50 % 75% 9096
Correlation coefficient!,

Height
babilit
Actual Estimated Actual Estimated Actual Estimated Actual Estimated r (probability)

200 m 170 175 180 183 189 188 194 193 0.99" (0.0041)
400 m 180 178 188 186 194 192 199 198 0.99"" (0.0008)
600 m 189 190 195 198 204 205 211 211 0.99™ (0.0066)

"Pearson correlation coefficient between model outputs and observed data.
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Table 18. Comparison of model outputs for the age structure of M. alternatus

in the end of season with diapause rate observed in 3 different

sites in 2016: 200 m, 400 m and 600 m

Latitude (m)

State
200 400 600
Observed(%)
Diapause rate 83 82 40
Model Simulated(%)
5th instar 14 25 90
6th instar 79 72 10
7th instar 6 2 0
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