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Incubation Temperature and Time Effects on Life Stages of 
Bursaphelenchus xylophilus in Wood Chips 1 

J .  TOMMINEN, 2 S. HALIK,  s AND D.  R.  BERGDAHL s 

Abstract: Wood chips ofPinus strobus inoculated with Bursaphelenchus xylophilus were incubated at 
3, 12, 30, or 40 C during intervals of  47, 82, and 130 days to determine the effects of incubation 
tea"nperature and time on total number of  nematodes and occurrence of  each life stage. Nematodes 
did not survive at 40 C; the greatest number of nematodes was maintained at 3 C. The  number 
and percentage of juveniles in the propagative cycle were greatest at 3 C after 47 days, but the 
percentage was greatest at 30 C after 130 days. More third-stage dispersal larvae, with percentages 
as high as 85%, were extracted at 3 and 12 C than at 30 C by the end of  the study. Dauer larvae 
were extracted from the chips, but percentages never exceeded 5%. The  percentage of  adults was 
greater at 30 C than at 3 and 12 C after 82 and 130 days. When a 1-week heat treatment at 30 C 
was applied to samples at 3 and 12 C,. numbers and percentages of adults increased. Percentages 
of dauer larvae increased very slightly when the heat treatment was applied after 47 days, but 
numbers and percentages of juveniles and dispersals were affected erratically. 

Key words: Bursaphelenchus xylophilus, dauer larva, dispersal larva, nematode, pinewood nematode, 
temperature, wood chip. 

In 1984, Finland placed an embargo 
against the importation of  certain conif- 
erous wood products from areas of  the 
world where  the  p inewood n e m a t o d e  
(PWN), Bursaphelenchus xylophilus (Steiner 
& Buhrer  1934) Nickle 1970, is known to 
occur (17). Included in such materials is 
pulpwood in the form of  chips and particles 
(Rautap~i~i, pers. comm.). The  embargo was 
initiated after the Finnish Plant Quaran- 
tine Service discovered B. xylophilus in wood 
chips imported from the United States and 
Canada (17). Later, this action was fol- 
lowed by Sweden and Norway. 

In nor thern  Europe, the only native pine 
species of economic and aesthetic impor- 
tance is Scots pine (Pinus sylvestris L.). The  
PWN has been found to be very patho- 
genic to this exotic pine in the midwestern 
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United States (1,9,10). Because of  the pos- 
sible threat to native stands, Nordic coun- 
tries are concerned about transmission of 
the PWN from imported wood chip piles 
to surrounding forests. 

In the natural forest ecosystem, B. xyloph- 
ilus is most commonly vectored as a spe- 
cialized dauer  larval stage by species of  ce- 
rambycid beetles of  the genus Monochamus 
(6-8,13,15). Nematodes are vectored to 
recently dead or dying trees during beetle 
oviposition or to healthy pine branches 
during beetle maturation feeding (23,24). 
Dauer larvae move onto the wounds and 
invade bark and xylem tissues where they 
molt to adults (13) and feed on fungi in 
dead and dying trees (24) and on host cells 
in living trees (11,13,19,20). 

While conditions remain favorable, PWN 
populations persist in a propagative cycle 
of four larval stages and adults. As ambient 
temperatures and host tree moisture de- 
cline, second-stage larvae molt to special- 
ized third-stage dispersal larvae adapted to 
adverse conditions (5,11,12). The  majority 
of  the nematode population exists in this 
form from winter until spring, when dis- 
persals are attracted to beetle pupal cham- 
bers where they molt to dauer larvae be- 
fore transmission to another  host (7,13). 

Dauer larval formation in wood chips 
may be crucial for nematode dispersal. 
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Dwinell (3) studied population develop- 
ment of B. xylophilus in wood chips main- 
tained at 25-40 C and recovered only adults 
and juveniles of the reproductive cycle. 
Tomminen et al. (22), however, reported 
the presence of  dauer larvae in wood chips. 
Thus, a more thorough investigation of the 
factors involved in regulating formation of 
various life stages of  the PWN is necessary. 
The  main objective of this study was to 
determine the effects of  incubation tem- 
perature and time on occurrence of  dif- 
ferent life stages of  the PWN in wood chips. 

MATERIALS AND METHODS 

Two hundred grams (fresh weight) of 
eastern white pine (P. strobus L.) wood chips 
were placed in each of  125 sealable plastic 
bags (23 x 15 cm). The bags were each 
inoculated with an aqueous suspension 
containing 1,000 nematodes of  isolate 16E 
of  the PWN from white pine in Vermont. 
All bags were incubated at 27 C for 25 
days, at which time five bags were used for 
nematode extractions in modified Baer- 
mann funnels (18) for 48 hours. Samples 
of  extracted nematodes were counted and 
the total populations per bag were esti- 
mated. Subsamples of  counted nematodes 
were evaluated for the percentage of each 
of  four life stages: juveniles, dispersals, 
dauer larvae, and adults as previously de- 
scribed (7,14,16). 

The  remaining 120 bags were randomly 
divided into 24 treatments with five rep- 
licates. Treatments  consisted of  four tem- 
peratures (3, 12, 30, or 40 C) and three 
incubation times (47, 82, or 130 days). For 
treatments at 12 and 3 C, temperatures 
were gradually reduced to 20 C for 7 days, 
then to 12 C either for the remainder of 
the incubation time or for 15 days followed 
by incubation at 3 C for the remainder of 
the treatment. A 1-week heat treatment at 
30 C was applied to half the bags at the 
end of each incubation time. 

At the conclusion of  each treatment,  
nematodes were extracted from the chips 
and counted, and the number and per- 
centage o f  each life stage were estimated. 
Wood chips were weighed and oven dried 

at 98 C, and moisture content was calcu- 
lated on the basis of  oven dry weight. 

Two-way analyses of variance and pair- 
wise t-tests were used to determine the ex- 
tent to which temperature and incubation 
time influenced total number of  nema- 
todes and numbers and percentages of each 
life stage, using only data from chips not 
receiving the extra 1-week incubation at 
30 C. Before analysis, total number of  
nematodes and numbers of  each life stage 
were lOgl0-transformed, following addition 
of  a constant 0.001 to each observation. 
Percentages of  each life stage were modi- 
fied with an arcsin transformation. When 
variances between treatment groups under  
comparison were not equal, Brown-For- 
sythe analysis of  variance was used. One- 
way analysis of variance was used to deter- 
mine the impact of the extra 1-week heat 
treatment on total nematode numbers and 
numbers and percentages of  each life stage. 
The  Spearman rank correlation was used 
to test the correlations of  wood moisture 
content to total number of  nematodes and 
percentage of  each life stage (2). 

RESULTS 

The initial five bags used for extraction 
contained 48% (_ SD 3)juveniles, 12% (± 
SD 4) dispersals, 1% (___ SD 1) dauer larvae, 
and 39% (± SD 8) adults. Mean nematode 
population level per bag was 3,650 (± SD 
1,175). Because all nematodes in the 40-C 
treatment died during the first 47 days, this 
treatment was excluded from analysis. 

Numbers of  juveniles were affected (P < 
0.001) by temperature and incubation time 
(Fig. 1A-C). More (P < 0.001)juveniles 
were extracted from wood chips incubated 
at 3 C than at 30 C after 47 and 82 days. 
At 30 C, there were more (P < 0.001)ju- 
veniles after 130 days than after 82 days. 

Variation in percentages of juveniles was 
affected (P < 0.001) by time and an inter- 
action between temperature and time (Fig. 
2A-C). There  was a greater (P < 0.001) 
percentage of  juveniles at 3 and 12 C after 
47 (40 and 44%) days than after both 82 
(14 and 21%) and 130 days (13 and 12%). 
After 47 days, the percentages of  juveniles 
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Fro. 1. Effects o f  incubation temperature (3, 12, and 30 C), time, and a final 1-week heat treatment at 30 
C on the total number o f  nematodes and the numbers o f  each life stage of  Bursaphelenchus xylophilus in 200 
g o f  inoculated wood chips of  Pinus strobus. A) 47 days. B) 82 days. C) 130 days. Number of  nematodes 
represented logarithmically. Error bars indicate SD. 
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Fro. 2. Effects of incubation temperature (3, 12, and 30 C), time, and a final l-week heat treatment at 30 
C on the percentage of  each life stage of  Bursaphelenchus xylophilus in 200 g of  inoculated wood chips of Pinus 
strobus. A) 47 days. B) 82 days. C) 130 days. Error bars indicate SD. 
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were greater (P < 0.001) at 3 and 12 C 
than at 30 C; but  after 130 days, the per- 
centage was greater (P < 0.001) at 30 C 
than at the lower temperatures.  

The  extra 1-week heat t reatment follow- 
ing 47 days at the 3-C treatment resulted 
in a fivefold decrease (P < 0.05) in number  
of  juveniles (Fig. 1A). Following 130 days 
at the 12-C treatment,  the extra 1-week 
incubation resulted in a fivefold increase 
(P < 0.05) in number  of  juveniles (Fig. 1C). 
The  percentages of  juveniles decreased (P 
< 0.05) after 47 and 82 days at 12 C fol- 
lowed by the heat treatment (Fig. 2A, B). 

Numbers  and percentages of  dispersals 
were affected (P < 0.05) by temperature,  
time, and an interaction of  the two vari- 
ables (Figs. 1,2). Greater (P < 0.001) num- 
bers and percentages of  dispersals were ex- 
tracted from chips incubated at 3 and 12 
C than from chips maintained at 30 C by 
the end o f  the study. There  were greater 
(P -- 0.001) percentages of  dispersals at 3 
and 12 C after 130 days (85%) than after 
47 days (50%). 

The  1-week heat t reatment applied to 
chips maintained at 3 C for 47 and 82 days 
resulted in a decrease (P < 0.05) in num- 
bers of  dispersals (Fig. 1A, B). When chips 
at 12 C received the heat treatment after 
130 days, the number  of  dispersals in- 
creased (P < 0.05) (Fig. 1C). As a result o f  
the heat treatment,  percentages of  dispers- 
als decreased (P < 0.05) at the two lower 
temperatures after 130 days (Fig. 2C). 

Dauer larvae were present in almost all 
samples that did not receive the extra heat 
treatment but  remained less than 3% of  
the population (Fig. 2). When chips at 3 
and 12 C received the extra heat t reatment 
after 47 days, there was an increase (P < 
0.05) in percentages of  dauer larvae to 5% 
(Fig. 2A). 

There  were no differences in numbers 
of  adults among treatments, but percent- 
ages varied (P < 0.001) among the three 
temperatures at 82 and 130 days (Fig. 2B, 
C). A greater (P < 0.001) percentage of  
adults was extracted from chips at 30 C 
than from chips at 3 and 12 C. 

The  heat t reatment applied after 82 and 

TABLE 1. Mean moisture content  (based on oven 
dry weights) of  Pinus strobus wood chips inoculated 
with Bursaphelenchus xylophilus and maintained at three 
temperatures  for three  incubation times. 

Mean moisture content 
Temperature Incubation 
treatment (C) time (days) (%) (SD) 

3 47 126 (1) 
82 126 (1) 

130 125 (1) 
12 47 125 (1) 

82 122 (1) 
l~o 120 (1) 

30 47 119 (1) 
82 110 (1) 

130 100 (2) 

130 days resulted in an increase (P < 0.05) 
in numbers of  adults in the 12-C treatment 
(Fig. I B, C). Percentages of  adults in- 
creased (P < 0.01) in the 12-C treatments 
when heat was applied after each incuba- 
tion time and in the 3-C treatments after 
47 and 130 days (Fig. 2). 

Total number  of  nematodes was affected 
(P < 0.01) by temperature  (Fig. 1). Over 
all incubation times, there was a greater (P 
< 0.05) number  of  nematodes at 3 C 
(24,460 + SD 18,030) than at 12 (5,730 + 
SD 3,630) or 30 C (4,390 + SD 4,010). As 
a result of  the heat treatment,  the total 
number  of  nematodes decreased (P < 0.05) 
in the 3-C treatment after 47 days and in- 
creased (P < 0.01) in the 12-C treatment  
after 130 days (Fig. 1A, C). 

A 10ss of  wood moisture content was ob- 
served throughout  the duration of  the 
study; at 30 C, mean wood moisture con- 
tent was 119% after 47 days and 100% af- 
ter 130 days (Table 1). The  percentage of  
dispersals was negatively correlated (r = 
- 0 . 5 3 )  with wood moisture content. The  
proport ion of  adults (r -- 0.45) and total 
number  of  nematodes (r = 0.61) were pos- 
itively correlated with moisture. There  was 
also a strong negative correlation (r = 
-0.90) between temperature  and moisture 
content of  the wood. 

DISCUSSION 

The  PWN in our  study did not survive 
in wood chips incubated at 40 C. This is in 
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accordance with the observation (12) that 
PWN reproduction on Botrytis cinerea Pers. 
was inhibited at temperatures above 33 C. 
Dwinell (3) found 40 C supported repro- 
duction by a southern pine isolate of B. 
xylophilus in southern pine wood chips; he 
also isolated from the chips thermotoler- 
ant fungi that may have served as food 
sources for the nematode. In our study, 
however, fungal composition was not eval- 
uated. Halik and Bergdahl (4) did not iso- 
late thermotolerant  fungi from white pine 
chips incubated at 30 C; however, this tem- 
perature may not be conducive to devel- 
opment of these fungi (3). Also, Dwinell 
(3) observed that B. xylophilus did not sur- 
vive in an anaerobic environment at 38 C. 
Thus, an alternative explanation for nema- 
tode mortality in our study may have been 
existence of near anaerobic conditions 
within the plastic bags at 40 C. 

The  high percentages of juveniles and 
adults and the low percentages of dispers- 
als present in the wood chips before the 
start of  the study indicate the environment 
was favorable for reproduction. Although 
the percentages of  juveniles remained high 
after 47 days at the lower temperatures, 
nematode reproduction was limited be- 
cause of  nematode passivity and the low 
percentages of  adults. Mamiya (12) re- 
ported that reproduction of the Japanese 
isolate ofBursaphelenchus xylophilus did not 
occur at temperatures below 9.5 C on Bo- 
trytis cinerea; but at 15 and 30 C, the nema- 
tode completed its life cycle in 12 and 3 
days, respectively. Although temperature 
requirements may differ for the Vermont 
isolate of the PWN, nematode reproduc- 
tion probably did not occur at 3 C but it 
did occur at a greatly reduced rate at 12 
C in our study, based on Mamiya's findings 
(12). Because total number of nematodes 
was greatest in the 3-C treatment through- 
out the study, nematode mortality was also 
limited at low temperatures. However, the 
total numbers were remarkably high, rel- 
ative to the total before the start of  the 
study. This may be explained, in part, by 
the gradual temperature decrease to 3 and 
12 C, which apparently allowed reproduc- 

tion to continue as long as the temperature 
was above 9.5 C. 

Because there were more dispersals at 
the lower temperatures by the end of  the 
study, the extended cool period probably 
stimulated further  development of  dispers- 
als, which survive unfavorable conditions 
(5,11,12). Thus, even though reproduc- 
tion may have ceased in the chips at 3 C, 
nematodes were still physiologically active 
and juveniles continued molting to disper- 
sals. 

The lower number and percentage of  
dispersals at 30 C than at 3 C by the end 
of  the study, coinciding with an increase 
in percentages of  juveniles and adults, sug- 
gests the abundance of fungi in the wood 
at 30 C may have increased enough to cause 
a significant shift in nematode population 
life cycle from dispersal to reproductive. 
The  PWN was much more active in the 
wood chips at 30 C than at the other tem- 
peratures. 

Because the extra 1-week heat treatment 
at 30 C was applied abruptly to the chips 
at 3 C, the decline in total numbers of  
nematodes after 47 days may have resulted 
from severe thermal shock. Conversely, the 
1-week heat treatment applied to the wood 
chips incubated at 12 C appeared to result 
in an increase in nematode numbers by the 
end of the study. This rise in numbers sug- 
gests that the nematode populations were 
at least partly reverting back to the repro- 
ductive cycle with resurgence of  favorable 
conditions. Similarly, the numbers of  ju- 
veniles and adults increased at 12 C, es- 
pecially when the heat treatment was ap- 
plied after 130 days, indicating escalation 
of reproduction. Although the numbers of  
dauer larvae were not affected by the heat 
treatment,  the percentage was slightly in- 
creased when the treatment was applied 
after 47 days of low temperatures. This 
result is probably related to the decrease 
in number of  juveniles and dispersals, some 
of  which may have molted to dauer larvae 
but not enough to affect dauer larval num- 
bers. Previous observations (21,22) show 
heat-induced increases in the proportion 
of  dauer larvae to 30 and 74%, although 
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d a u e r  la rvae  were  5% or  less o f  the  pop-  
ula t ion in the  p re sen t  study. I f  the  wood  
chips a re  i ncuba ted  at  h igh  t e m p e r a t u r e s  
for  a longer  pe r iod  o f  t ime (several mon ths ,  
fo r  instance) b e f o r e  lower ing  the  t e m p e r -  
a ture ,  the  p r o p o r t i o n  o f  dispersals  increas-  
es significantly, possibly as a resul t  o f  
g r a d u a l l y  d i m i n i s h i n g  n u t r i e n t  s ou rce s  
(unpubl.) .  Th i s  f u r t h e r  enhances  the  p r o b -  
ability o f  ob ta in ing  h igh  pe rcen t ages  o f  
d a u e r  larvae,  especially if  the  w a r m  pe r iod  
fol lowing the  cold t r e a t m e n t  is consider-  
ably ex tended .  In  ou r  study, 25 days at 27 
C b e f o r e  the  cool pe r i od  and  1 week  at 30 
C a f t e r  it may  not  have  been  long  e n o u g h  
to s t imula te  m u c h  d a u e r  larval  develop-  
ment .  Similar,  t h o u g h  m o r e  gradual ,  t em-  
p e r a t u r e  changes  exist  in the  na tu ra l  en- 
v i ronmen t .  Af t e r  the  low t e m p e r a t u r e s  o f  
winter ,  d a u e r  larval  f o r m a t i o n  begins  in 
spr ing at  the  t ime  vec to r  beet les  s tar t  to 
emerge .  Ishibashi  and  K o n d o  (5) p r o p o s e d  
chemica l  st imuli  f r o m  p u p a t i n g  vec tors  as 
inducers  o f  d a u e r  larval  f o rma t ion ,  al- 
t h o u g h  they  also f o u n d  d a u e r  larvae  in 
wood  wi thou t  beet les .  

Decreases  in wood  mois tu re  con ten t  were  
small, especially at  3 and  12 C, and  p rob-  
ably did not  have  a substant ia l  impac t  on 
n e m a t o d e  popula t ions .  T h e  g radua l  loss o f  
wood  m o i s t u r e  at 30 C p r o b a b l y  cont r ib-  
u t e d  s ign i f i can t ly  to  c o r r e l a t i o n s  wi th  
changes  in n u m b e r s  and  pe rcen t ages  o f  
nema todes .  T h e  increase  in p e r c e n t a g e  o f  
dispersals  associated with the  decl ine  in 
wood  mo i s tu re  agrees  with observa t ions  in 
the  l i t e ra tu re  tha t  P W N  popu la t ions  r e v e r t  
to the  dispersal  cycle with the  onse t  o f  d r i e r  
condi t ions  (5,14). Overa l l ,  t he r e  was a ten-  
dency  fo r  n e m a t o d e  n u m b e r s  to decrease  
with decl ining mois tu re .  H o w e v e r ,  mois-  
tu re  and  t e m p e r a t u r e  we re  also highly cor-  
re la ted ,  so it is difficult to isolate the  causal 
factors.  At  w a r m e r  t e m p e r a t u r e s ,  m o i s tu r e  
declines m o r e  rapidly  and  should  have  a 
g r e a t e r  effect  on  B. xylophilus popula t ions .  

Dwinell  (3) also f o u n d  P W N  popu la t ion  
levels to decrease  with dec reas ing  mo i s tu re  
con ten t  o f  s o u t h e r n  p ine  wood  chips. Hal ik  
and  Be rgdah l  (4) f o u n d  n e m a t o d e  p o p u -  
lat ion levels t e n d e d  to decl ine  o v e r  t ime  

within w o o d  chip  mo i s tu re  t r e a tmen t s ,  bu t  
g rea tes t  popu la t i on  levels we re  m a i n t a i n e d  
at  38% mois tu re ,  the  lowest  mo i s tu re  test- 
ed. 

O u r  e x p e r i m e n t a l  condi t ions  did no t  in- 
duce  increased  f o r m a t i o n  o f  P W N  d a u e r  
larvae  in wood  chips. H o w e v e r ,  observa-  
t ions o f  bo th  dispersals and  d a u e r  la rvae  
in wood  chips in the  absence  o f  bee t le  vec- 
tors  can now be  t aken  into cons ide ra t ion  
when  eva lua t ing  the  t h r e a t  o f  t ransmiss ion  
o f  B. xylophilus to coni fe r  fores ts  o f  no r th -  
e rn  Europe .  
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