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Influence of Temperature on Development of 
Pine Wilt in Scots Pine 1 

E . J .  SIKORA AND R. B. MALEK 2 

Abstract. The effect of temperature on pine wilt development in Scots pine (Pinus sylvestris) was 
examined in three experiments. Container-grown pines (4-6 years old) inoculated with 1,500 Bur- 
saphelenchus xylophilus were incubated at constant temperatures in growth chamber for 8 weeks, 
then at a temperature range of 15-30 C in a greenhouse for 10-12 weeks. Nematode infection was 
greater, tree mortality was higher, and disease incubation was shorter at 32 and 30 C than at 25, 
23, 18, and 11 C. Foliar symptoms developed more rapidly and uniformly at higher temperatures. 
Ninety-five percent of tree deaths at 32 and 30 C and 88% at 25 and 23 C occurred within the 
8-week exposure to constant temperatures. Mortality at 18, 16, and 11 C occurred only after transfer 
to the greenhouse. Results indicate that pine wilt incidence is directly related and disease incubation 
period is inversely related to temperature and that high-temperature stress predisposes Scots pine 
to lethal infection by B. xylophilus. 
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Pine wilt disease, caused  by the  pine-  
wood  n e m a t o d e ,  Bursaphelenchus xylophilus 
(Steiner  and  Buhre r )  Nickle,  was first re-  
c o r d e d  in Illinois in 1979 and  rapidly  be-  
came  ep idemic  t he r e  in the  ear ly 1980s (4). 
Losses in some large plantings o f  Scots pine, 
Pinus sylvestris L., and  Aus t r i an  pine,  P. ni- 
gra Arno ld ,  have  exceeded  25%. A l t h o u g h  
B. xylophilus appa ren t l y  is ind igenous  to 
mos t  o f  N o r t h  Amer ica ,  the  d is t r ibut ion  
o f  p ine  wilt is m u c h  less widespread  (1,4). 
S y m p t o m s  typical o f  the  disease have  b e e n  
no t ed  only in por t ions  o f  the  Midwest,  East 
Coast,  Southeast ,  and  Southwest.  T h e  mos t  
in tense  incidence o f  p ine  wilt occurs  in the  
cent ra l  Midwest,  whe re  highly suscept ible  
Scots and  Aus t r i an  pines have  been  p lan ted  
extensively as landscape,  windbreak ,  and  
Chr i s tmas  trees.  

E n v i r o n m e n t a l  factors  may  direct ly  in- 
f luence d is t r ibut ion  and  intensi ty o f  p ine  
wilt in N o r t h  A m e r i c a  (9), as they  appar -  
ent ly do in J a p a n  in nat ive  p ine  species (6 -  
8,10). T h e  annua l  losses in forests  in m a n y  
areas  o f  J a p a n  cor re la t e  with h igh  t e m p e r -  
a tures  and  low prec ip i ta t ion  tha t  occur  
du r ing  the  g rowing  season (8). T h e  disease 
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is r a r e  or  nonex i s t en t  in areas  o f  min imal  
abiotic stress on  pines. In  Illinois, whe re  
year - to -year  s u m m e r  climatic condi t ions  
f luctuate  widely, s u m m e r - a u t u m n  inci- 
dence  o f  the  disease has been  m o r e  ex ten-  
sive and  s y m p t o m  d e v e l o p m e n t  m o r e  rap id  
in years  with h igh  s u m m e r  t e m p e r a t u r e s  
and  mo i s tu re  stress on pines (4). Thus ,  
stressful s u m m e r  wea the r  condi t ions  dur-  
ing the  g rowing  season a p p e a r  to favor  
sp read  and  d e v e l o p m e n t  o f  the  disease (8). 
T h e  object ive  o f  ou r  study was to de te r -  
m ine  the  inf luence o f  t e m p e r a t u r e  on  de- 
v e l o p m e n t  o f  p ine  wilt in the  widely plant-  
ed  and  highly susceptible Scots p ine  u n d e r  
con t ro l l ed  condit ions.  

MATERIALS AND METHODS 

T h e  re la t ionship  o f  a m b i e n t  t e m p e r a -  
tu re  to infect ion by B. xylophilus, incidence 
o f  p ine  wilt, and  incubat ion  pe r iod  o f  the  
disease in Scots p ine  was s tudied in t h r ee  
annua l  expe r imen t s .  Bursaphelenchus xy- 
lophilus was isolated f r o m  an infec ted  Scots 
p ine  on  the  Univers i ty  o f  Illinois campus  
in Urbana .  N e m a t o d e s  were  surface  dis- 
infested by  soaking in a 0.5% aqueous  so- 
lut ion o f  sodium e thylmercur i th iosa l icy-  
late for  3 hours  and  rinsing in distilled water  
(11). Popula t ions  were  increased  m o n o x e -  
nically on  the  fungus  Botrytis cinerea Pets.  
on  po ta to  dex t rose  agar  in 40-ml cul ture  
tubes  at 2 1 - 2 4  C. T e s t  t rees  were  Scots 
pines,  4 - 6  years  old, 3 5 - 8 0  cm high,  and  
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growing in 8-liter plastic containers. They 
were divided into equivalent groups with 
similar ranges of tree size for temperature 
treatments and then into subgroups for 
nematode inoculation and control treat- 
ments. Trees were inoculated when can- 
dles were fully elongated and new-growth 
needles were about one-half elongated. 
One or two lateral branches were excised 
4 mm from the main stem at mid height. 
A 9-cm-long segment of  rubber tubing, 4 
mm ID, was affixed to the twig butt re- 
maining and supported at a 60-degree an- 
gle by tape attached to the stem. A 1-ml 
aerated water suspension of  750 or 1,500 
axenic nematodes was injected into the tube 
with a sterile syringe. The  distal end of the 
tube was sealed with tape to prevent evap- 
oration and air-borne contamination. Con- 
trol trees were inoculated similarly with a 
nematode-free water suspension of propa- 
gules from stock cultures orB. cinerea. Trees 
were arranged randomly in constant tem- 
perature growth chambers with a 14-hour 
day length, incubated for 8 weeks, and wa- 
tered when the soil surface was dry. 

The onset of  foliar symptom develop- 
ment, detectable candle wilt and (or) color 
change of  all or part of  the tree, was re- 
corded for individual trees. Dead trees, with 
an overall yellowish-brown cast, were re- 
moved and analyzed for B. xylophilus by 
sectioning main stems and incubating the 
wood in tap water overnight. Extracted 
nematodes were quantified by determining 
numbers in five 1-ml aliquots from 100-ml 
suspensions. Sample wood then was oven 
dried at 80 C for 3 days, and nematode 
population density was calculated on the 
basis of  number of  nematodes per gram of  
dried wood. Eight weeks after inoculation, 
asymptomatic trees were transferred to a 
greenhouse to continue incubation at 15- 
30 C. Subsequent tree mortality was re- 
corded and wood was analyzed as described 
here. When experiments were terminated, 
remaining nematode-inoculated trees and 
three of  five control trees in each temper- 
ature treatment were analyzed for the 
nematode. 

Experiment 1: Four-year-old Scots pines, 

cv. East Anglica, were inoculated with 
1,500 nematodes or fungus alone at a sin- 
gle site per tree. Trees were retained in a 
laboratory at 21 C for 48 hours to allow 
nematode infection of  the inoculation site, 
then were incubated in growth chambers 
at 16, 23, or 30 C for 8 weeks. Seven nema- 
tode-inoculated and five control trees com- 
prised each temperature treatment. After 
the 8-week exposure to constant temper- 
atures, live trees were incubated in the 
greenhouse for 10 weeks. 

Experiment 2: Four-year-old Scots pines, 
cv. Belgian, were inoculated with 1,500 
nematodes or fungus alone at a single site 
per tree, then placed in growth chambers 
at 11, 18, 25, or 32 C immediately after 
inoculation. Ten nematode-inoculated and 
five control trees comprised each temper- 
ature treatment. Because of  low disease in- 
cidence in chambers during the initial 8 
weeks, subsequent greenhouse incubation 
was extended to 12 weeks. 

Experiment 3: Six-year-old Scots pines, 
cv. East Anglica, were inoculated with 750 
nematodes or fungus alone at each of  two 
adjacent sites on each tree. Transmission 
by vector beetles is presumed to occur at 
more than one site on a tree under natural 
conditions, and the dual inoculation per 
tree increased infection potential. Trees 
were placed in growth chambers at 16, 23, 
or 30 C immediately after inoculation. Ten  
nematode-inoculated and five control trees 
comprised each temperature treatment. 
After the 8-week exposure to constant 
temperatures, surviving trees were incu- 
bated in the greenhouse for 12 weeks. 

RESULTS 

Incidence of  pine wilt was highest and 
symptom development was most rapid and 
uniform in Scots pines exposed to 30 or 32 
C constant temperatures (Table 1). Disease 
incubation generally was longer and symp- 
tom development was slower at lower tem- 
peratures. Except in experiment 3, tree 
mortality was less than 100% in all tem- 
perature treatments, consistent with re- 
sults of  our earlier research under  green- 
house conditions. Most mortality at 23 C 
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TABL~ 1. Mor ta l i ty  of  4 -6 -yea r -o ld  Scots p ines  over  a 20-week pe r iod  at  d i f ferent  t e m p e r a t u r e s  a f t e r  
inocu la t ion  wi th  1,500 Bursaphelenchus xylophilus. 

Initial Dead or dying trees, 3-20 weeks after inoculation 
temper- 

ature Constant temperature chamber Variable temperature greenhouset 

treat- Dead 
ment (C) 3 4 5 6 7 8 10 12 14 16 18 20 trees 

E x p e r i m e n t  1:~ 

16 0 0 0 0 0 0 1 0 1 0 1 - -  3 
23 0 1 1 1 0 0 0 0 0 0 0 - -  3 
30 0 2 1 1 1 1 0 0 0 0 0 - -  6 

E x p e r i m e n t  2§ 

I1 0 0 0 0 0 0 0 0 0 1 0 0 1 
18 0 0 0 0 0 0 0 0 0 1 0 0 1 
25 0 0 1 0 0 0 0 0 0 0 0 0 1 
32 2 1 1 0 0 0 0 0 0 0 0 0 4 

E x p e r i m e n t  3 II 

16 0 0 0 0 0 0 0 0 1 3 0 0 4 
23 0 0 1 0 2 0 0 0 0 1 0 0 4 
30 7 2 0 0 0 0 0 1 0 0 0 0 10 

t Greenhouse temperatures ranged from 15 to 30 C. 
Each constant temperature treatment contained seven nematode-inoculated and five control trees; one control tree died 

in each temperature treatment but contained no nematodes. 
§ Each constant temperature treatment contained 10 nematode-inoculated and 5 control trees; one control tree died at 32 

C but contained no nematodes. 
[[ Each constant temperature treatment contained 10 nematode-inoculated and 5 control trees; no control trees died. 

and above occurred during the initial 
8-week exposure to constant temperatures.  
At 18 C and below, symptom development 
and tree death occurred only after trees 
were t ransferred to the warmer green- 
house. Stems of  dead, nematode-inoculat- 
ed trees contained B. xylophilus in popula- 
tion densities of  869-26,119 nematodes /g  
dried wood. T h o u g h  density could not be 
correlated with tempera ture  treatment,  
highest populations usually were extracted 
from high-temperature treated trees. No 
nematodes were found in any control trees 
analyzed. 

Experiment 1: Six of  seven nematode-in- 
oculated trees at 30 C and three at 23 C 
died during incubation at constant tem- 
peratures (Table 1). T h e  first mortalities 
occurred 4 weeks after inoculation in both 
treatments. T h r e e  trees in the 16-C treat- 
ment died after  transfer to the greenhouse. 
No fur ther  incidence of  disease occurred 
in o ther  treatments. Nematode population 
densi t ies  ave raged  4 ,099,  6 ,711,  and 
2 ,590 /g  dried stem wood at 30, 23, and 
16 C, respectively. One asymptomatic tree 
in the 16-C t reatment  contained a few 

nematodes in the stem, but remaining 
nematode-inoculated trees were uninfect- 
ed 18 weeks after inoculation. One control 
tree, weakened earlier by winter injury, 
died in each temperature  t reatment  but 
did not contain nematodes. 

Experiment 2: Four of  ten nematode-in- 
oculated trees at 32 C died, the first two 
at 3 weeks after inoculation (Table 1). Only 
one of  the trees at 25 C died during in- 
cubation at constant temperatures.  Two 
trees, one in 18-C and one in 11-C treat- 
ment, died after transfer to the green- 
house. Nematode population densities av- 
eraged 20,244, 3,627, 5,122, and 10,182/g 
dried stem wood at 32, 25, 18, and 11 C, 
respectively. A single branch flag occurred 
above the point of  inoculation on one tree 
in the 25-C treatment  and multiple flags 
occurred on one tree in the 18-C treatment  
during greenhouse incubation, but symp- 
toms progressed no further. The  flags were 
similar to those observed in infected estab- 
lished trees under  natural conditions dur- 
ing late autumn and early spring. Bursa- 
phelenchus xylophilus was not  present in 
stems of  flagged trees, but nematodes were 
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extracted in low numbers from the flag 
branches at 20 weeks after inoculation. Re- 
maining nematode-inoculated trees were 
uninfected at 20 weeks. One initially weak 
control tree at 32 C died, but it contained 
no nematodes. 

Experiment 3: All 10 nematode-inoculat- 
ed trees in the 30-C treatment died, nine 
during incubation at the constant temper- 
ature and within 4 weeks after inoculation 
(Table 1). Four trees at 23 C died, three 
at 5-7 weeks after inoculation. Four trees 
in the 16-C treatment died, but not until 
transfer to the greenhouse. Nematode 
popula t ion  densit ies averaged 16,203, 
5,610, and 6 ,142/g  dried stem wood at 30, 
23, and 16 C, respectively. One asympto- 
matic tree in the 23 C treatment contained 
fewer than 100 nematodes in the stem ex- 
tract .  Remain ing  nematode- inocu la ted  
trees were uninfected 20 weeks after in- 
oculation. No control trees died during the 
experiment. 

DISCUSSION 

Results show that incidence of  pine wilt 
and speed and uniformity of  symptom de- 
velopment in Scots pine are directly relat- 
ed to ambient temperature. Only B. xylophi- 
lus-inoculated trees initially incubated at 
23-32 C died during the 8 weeks at con- 
stant temperatures. Both nematode infec- 
tion and incidence of disease were highest 
at 30-32 C. Infections occurred in some 
trees at temperatures below 23 C, but death 
occurred only after trees were transferred 
to the greenhouse, where diurnal temper- 
atures frequently exceeded 30 C. Dead or 
dying infected trees browned more rapidly 
at temperatures above 23 C. Development 
of foliar symptoms at the higher temper- 
atures was relatively uniform throughout  
the tree, whereas development at the lower 
temperatures was asynchronous, trees ex- 
pressing various stages of  browning in the 
crown. The  disease incubation period was 
inversely related to temperature. Most 
deaths occurred within 3-5 weeks at 30- 
32 C, 4-6 weeks at 23-25 C, and 14-16 
weeks at 11-18 C. Mortality of  the inoc- 
ulated Belgian pines was relatively low, even 

at high temperatures. The low disease in- 
cidence may have been a reflection of re- 
sistance conferred by the sturdier condi- 
tion of  those trees or of a degree of intrinsic 
resistance in this cultivar. 

Development of symptoms and varia- 
tions in symptom expression in the young 
Scots pines at the temperatures tested were 
identical to those observed in pine wilt in- 
cidence in older trees under  natural con- 
ditions in Illinois (4). Symptoms develop 
rapidly and uniformly during the late sum- 
mer-early autumn period of mortality, fol- 
lowing the high-temperature stress of  mid- 
summer and rapid increase and dispersion 
of nematode populations within infected 
trees. In contrast, symptoms in late autumn 
and spring mortalities generally develop 
slowly and asynchronously, in association 
with lower seasonal temperatures. Flag- 
ging and nematode population restriction 
to flags, encountered in the field in late fall 
and early spring, were reproduced in two 
test trees incubated at lower temperatures 
and in several trees inoculated in late sum- 
mer in related research (5). 

The influence of  temperature on pine 
wilt development in Scots pine under  con- 
trolled conditions was similar to that re- 
ported from Japan in young native pines 
(2,3). Exposure of  B. xylophilus-infected 
Japanese red pines (P. densiflora Sieb. & 
Zucc.) to 15 or 20 C inhibited disease de- 
velopment, whereas incubation at 25 or 30 
C induced typical symptoms and tree death 
(3). Exposure of trees to 18 C after initial 
incubation at 30 C also inhibited disease 
development, but a return to warmer tem- 
peratures stimulated development. Inoc- 
ulated Japanese red pines became infected 
at 18 C, but no disease developed until trees 
were transferred to 30 C (2). 

Results of  this and Japanese research 
confirm field observations that high-tem- 
perature stress is a major abiotic factor 
physiologically predisposing susceptible 
species of  pines to lethal infection by B. 
xylophilus; i.e., expansion of  the nematode 
population through the tree from initially 
localized sites of  infection (transmission 
sites) culminating in tree death. Data sug- 
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gest a temperature threshold of  approxi- 
mately 21-23 C for lethal infection. Daily 
mean temperatures normally exceed that 
th resho ld  dur ing  the summer  months  
throughout  Illinois and in portions of  
neighboring prairie states (12), where sus- 
ceptible pines have been planted exten- 
sively and where pine wilt became epidem- 
ic. During normal summers in Illinois, pines 
often are subjected to extended periods of  
high thermal stress, in which maximum 
daily temperatures reach or exceed 30 C. 
Incidence of  pine wilt in our study was 
greatest under  experimentally induced, 
similar thermal stress conditions. Normal 
to above-normal temperatures character- 
ized the Illinois summers of  1980, 1982, 
and 1984, years in which incidence of  pine 
wilt was high during the late summer to 
fall mortality period (4, unpubl, observa- 
tions). In contrast, the summers of  1981, 
1985, and 1986 had well-below-average 
temperatures and few high-stress days. 
Late-season incidence of  the disease sub- 
sequently was very low in those years, but  
mortality in the springs of  1982, 1986, and 
1987 was relatively high, apparently as a 
resul t  o f  t empera tu re - r e l a t ed ,  de layed 
completion of  the disease cycle. Moisture 
stress frequently accompanying summer 
thermal stress in Illinois also may increase 
susceptibility to the disease in Scots and 
other  pines in the region, as demonstrated 
with Japanese black pine (P. thunbergii Parl.) 
in Japan (10). Though incidence in drought 
years without serious temperature stress has 
been low in Illinois, moisture stress may 
enhance the predisposing influence of  tem- 
perature and lower the thermal threshold 
for lethal infection. 

Incidence of  pine wilt appears to ter- 
minate just  north of  Illinois, with a sharp 
gradient zone between regions of  high and 
no mortality. Classic symptoms of the dis- 
ease cannot be found in either native or 
introduced pines in Minnesota, Wisconsin, 
or Canada (13) or in northern New En- 
gland (Malek, unpubl.), even though B. xy- 
lophilus and its known and potential vectors 
in the genus Monochamus are endemic to 
most of  those regions. The  line of  demar- 

cation roughly coincides with the extrap- 
olated mean 22-C temperature isotherm 
for July (9,12), the warmest month of  the 
summer in North America, as well as with 
the southern border  of  the natural north- 
ern pine belt. Above that line, B. xylophilus 
is associated only with dead pines killed by 
other factors and with dead branches on 
live trees stressed by insects and fungi 
(13,14). Under  conditions of  minimal an- 
nual summer abiotic stresses, even live sus- 
ceptible pines, such as Scots and Austrian 
pines, apparently can resist invasion by the 
nematode. A recent climatic analysis by Ca- 
nadian scientists has revealed further pos- 
itive relationships between summer tem- 
peratures and incidence of  pine wilt, where 
B. xylophilus does or could occur in the 
northern hemisphere (9). The  observed 
distribution of  pine wilt and results of  ex- 
perimental research, therefore,  provide 
strong evidence that the northern limit of  
incidence is climatically governed and that 
the disease indeed poses minimal threat to 
the vast area of  natural forest and planta- 
tion pines of  the northern pine belt. 
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