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ABSTRACT 

In wood-chip piles of southern pine species, the pincwood nematode was found mainly in 

fresh chips and chips located in the outer shells of piles. Chips in the interior of 
0 

piles did not harbor the nematode if the temperature reached 60 C, caused by wood-cell 

respiration. In naturally infested or nematode-enhanced chips, the optimum temperature 

range for reproduction of the pinewood nematode was 35 to It0 OC. Samples of truck 

shipments of chips varied in response to incubation at 1&0 OC. Mematode populations 
0 

declined rapidly at temperatures above 45 C. There was no marked change in population 
0 

density for 21 days at temperatures of 0 to 10 C. The nematode did not survive in 
0 

chips at -20 C for more than 3 days. In chips that had been autoclaved and infested 

with the bluestain fungus (Ceratocystis sp.), the optimum temperature for reproduction of 
0 

the nematode was 35 C. Significantly more nematodes were recovered from chips colo- 

nized by bluestain than those not colonized. Wood moisture had a marked impact on the 

population density of the nematode in chips. The pinewood nematode was intolerant of an 

anaerobic environment at 38 OC. Pinewood nematodes extracted from southern pine chips 

were pathogenic on 2-year-old slash pine seedlings in the greenhouse. 

$ Keywords: Bursaphelenchus xylophilus, temperature, bluestain, pine wilt, slash pine, 

loblolly pine, pathogen. 

The pinewood nematode, 
Bursaphelenchus xylophi lus  ( S t e i n e r  & 
Buhrer) Nickle ( =  B. l i g n i c o l u s  Mamiya & 
Kiyohara) ,  and p ine  sawyers, Monochamus 
spp . ,  a r e  t h e  primary causa l  agents  of 
t h e  p ine  w i l t  d i s e a s e .  Although t h e  
impact of t h e  p ine  w i l t  complex on 
f o r e s t s  i n  Japan has  been well  docu- 
mented (Mamiya 1983, 1984) ,  t h e  r o l e  of 
t h e  d i sease  i n  t h e  United S t a t e s  i s  
s t i l l  being def ined  (Wingfield and 
o t h e r s  1982).  I n  most ca ses ,  pine w i l t  
is a s soc i a t ed  with exposure t o  environ- 
mental stress (Mamiya 1983, 1984; 
Wingfield and o t h e r s  1982).  The d i sease  
was n o t  considered a problem i n  southern 
p ines  u n t i l  t h e  pinewood nematode was 
discovered i n  dying p ines  i n  s eve ra l  
seed orchards (Dwinell and 
Barrows-Broaddus 1983). 

A l l  43 spec i e s  of Bursaphelenchus 
descr ibed  i n  t h e  l i t e r a t u r e  have a pho- 
r e t i c  r e l a t i o n s h i p  with i n s e c t s ,  espe- 
c i a l l y  bark b e e t l e s  and wood bo re r s ,  and 
a l l  a r e  mycophagous (Massey 1974; Hiihrn 
1956; Tar jan  and Aragon 1982).  The 
pinewood nematode, however, is  a f acu l -  
t a t i v e  p a r a s i t e  capable of  l i v i n g  and 
reproducing on both fungi  and h igher  
p l a n t s  (mainly Pinus spp. ) (Mamiya 1981, 
1984). Adult p ine  sawyers (Monochamus 
s p p . ) ,  which a r e  wood bo re r s ,  a r e  vec- 
t o r s  of t h e  pinewood nematode and o t h e r  
spec i e s  of Bursaphelenchus. The bo re r s  
co lonize  p ine  logs  he ld  i n  s to rage  o r  
p ines  weakened o r  k i l l e d  by n a t u r a l  o r  
manmade s t r e s s e s  ( K e l l r i g l  1971; Webb 
1.909). The pinewood nematode i s  t r ans -  
mi t ted  by mature b e e t l e s  feeding on 
shoots  of s t r e s s e d  t r e e s  o r  ov ipos i t i ng  



i n  dying t r e e s  o r  c u t  timber (Luzzi and 
o t h e r s  1984; Wingfield 1983).  

I n  1984, t h e  pinewood nematode was 
found i n f e s t i n g  wood chips  exported from 
North America. Finland placed a perma- 
nent  embargo on raw softwood shipments 
from t h e  United S t a t e s ,  Canada, Japan, 
and o t h e r  i n f e s t e d  regions of t he  world. 
The o t h e r  Nordic coun t r i e s  have followed 
s u i t .  The cur ta i lment  of southern p ine  
ch ip  expor t s  t o  Nordic coun t r i e s  would 
r ep resen t  about a $20 mi l l i on  per  year  
l o s s  t o  southern f o r e s t r y .  

A t  t h e  sh ipping  terminal  (Woodchip 
Export Co.) i n  Savannah, GA, ch ips  of 
southern  p ine  a r e  accumulated i n  two 
p i l e s ;  each conta ins  15,000 t o  20,000 t 
when loading  of an ocean vesse l  begins 
( f i g .  1 Normally, i t  takes  6 t o  8 
weeks t o  accumulate t h e  required tonnage 
of wood chips  (about 35,000 t ) .  An 
es t imated  70 percent  of t h e  ch ips  a r e  

from s l a s h  p ine  (Pinus e l l i o t t i i  Engelm. 
va r .  e l l i o t t i i )  and 30 percent  a r e  from 
l o b l o l l y  p ine  (P .  t aeda  L . )  (Wayne 
Stubbs , ~ e r s o n a i  communication) . 

The development of micro-organisms 
i n  t h e  ch ip  p i l e s  is  mainly governed by 
temperature, The temperature i n  a ch ip  
p i l e  depends on t h e  ambient temperature, 
t h e  s i z e  and compaction of  t h e  p i l e ,  and 
the  f i n e s  and bark content  of the  ch ips  
(Bergman 1985).  Regardless of the  
ambient temperature,  t h e  i n t e r i o r  of t h e  

0 p i l e  r a p i d l y  r i s e s  t o  60 C.  The t e m -  
pe ra tu re  of  t h e  o u t e r  l a y e r ,  o r  s h e l l  of  
t he  p i l e ,  is  usua l ly  below t h e  ambient 
temperature (Bergman 1985; Rothrock and 
o t h e r s  1961; Saucier  and Mi l l e r  1961; 
Schmidt 1969; Spr inger  and Haljny 1970).  
The i n i t i a l  spontaneous hea t ing  i n  p i l e d  
wood chips  is  a t t r i b u t e d  pr imar i ly  t o  
hea t  r e l eased  by r e s p i r a t i o n  i n  l i v i n g  
sapwood c e l l s  (Bergman 1985; Springer  
and Haljny 1970).  

Figure 1.--Southern pine chips (38,000 t )  ready for shipment to Sweden. 



To develop s t r a t e g i e s  f o r  con t ro l -  
l i n g  t h e  pinewood nematode i n  southern  
p ine  c h i p s ,  in format ion  i s  needed on t h e  
b io logy  of  t h e  organism i n  t h i s  unique 
e c o l o g i c a l  n iche .  The s t u d i e s  descr ibed  
h e r e  were undertaken t o  determine: 

What types  of  ch ips  harbor  t h e  
nematode. 

* E f f e c t s  of  temperature  on t h e  repro-  
d u c t i o n  of  t h e  nematode i n  ch ips .  

* I n f l u e n c e  of b l u e s t a i n  fungi  i n  ch ips  
on nematode popula t ions .  

I n f l u e n c e  of c h i p  moisture  on nematode 
popu la t i on  dynamics. 

E f f e c t s  o f  anaerobic  condi t ions  on 
nematode s u r v i v a l .  

E f f e c t s  of cover ing  ch ip  p i l e s  with 
p l a s t i c  on t h e  thermodynamics of t h e  
p i l e ,  a s  w e l l  a s  changes i n  nematode 
popu la t i ons .  

e Pa thogen ic i t y  t o  p ine  s eed l ings .  

Methods and Materials 

Nematode Assay 

Nematodes were e x t r a c t e d  from chips  
by t h e  p i e - t i n  technique of  Kable and 
Mai (1968) .  Samples were incubated f o r  
18 t o  20 hours a t  25 OC and c o l l e c t e d  
on a 325-mesh sc reen .  The e x t r a c t e d  
nematodes were concent ra ted  i n  10 mL of 
de ionized  water. Nematodes i n  a 1-mL 
a l i q u o t  were counted under a  Wild d i s -  
s e c t i n g  microscope and expressed a s  t h e  
number p e r  gram o f  f r e s h  wood weight.  

I n  some experiments ,  t h e  popula t ion  
d e n s i t i e s  were inc reased  i n  ch ip  l o t s  by 
sp ray ing  t h e  c h i p s  with a pinewood nema- 
tode  suspension.  The populat ion of t h e  
pinewood nematode used i n  t he se  exper i -  
ments was o r i g i n a l l y  i s o l a t e d  from 
V i r g i n i a  p i n e s  (P inus  v i r g i n i a n a  M i l l . )  
i n  a seed  orchard i n  Alabama. It was 
r ea red  on B o t r y t i s  c i n e r e a  Pe r s ,  ex F r .  
growing on pota to-dext rose  aga r  a t  25 

C.  Nematodes were e x t r a c t e d  from 7-  
t o  10-day-old c u l t u r e s  by t h e  p i e - t i n  

technique ,  then  c o l l e c t e d  on a  325-mesh 
screen .  

Chip types .  Samples of the  fol low- 
i n g  ch ip  types  were screened f o r  nema- 
todes :  (1) Fresh--Chips c o l l e c t e d  from 
t ruck  o r  r a i l c a r  l oads  p r i o r  t o  l o a d i n g  
on t h e  p i l e .  A l a r g e  percentage o f  t h e  
ch ips  were d i sco lo red  by t h e  b l u e s t a i n  
fungus. ( 2 )  Shel l - -Chips,  a l s o  d i s c o l -  
o r ed ,  were c o l l e c t e d  from t h e  o u t e r  
l a y e r  of t h e  p i l e .  ( 3 )  In te r ior - -Chips  
were c o l l e c t e d  from t h e  i n t e r i o r  of t h e  

0 p i l e  where t h e  temperature  was 60 C .  
( 4 )  Foundation--Chips t h a t  were dark-  
s t a i n e d ,  had accumulated on the  ground 
over  s e v e r a l  y e a r s ,  and had served a s  
t h e  base  f o r  t h e  new ch ip  p i l e .  

Ten 100-g samples o f  each of t h e  
ch ip  types  were placed i n  polyethylene 
i n t e r l o c k  s e a l  bags ( z ip - lock )  and 

0 incubated a t  25 C f o r  2 and 8 weeks 
( 5  samples p e r  incuba t ion  p e r i o d ) .  I n  
a d d i t i o n ,  t e n  '75-g samples of each of 
i n t e r i o r ,  f r e s h ,  and foundation c h i p s  
were mixed with 25 g of s h e l l  c h i p s ,  and 
incubated a t  25 OC f o r  2 and 8 weeks. 
A t  t h e  end of t h e  incuba t ion  per iods ,  
t h e  samples were assayed f o r  nematodes. 
Data were sub jec t ed  t o  s p l i t - p l o t  
a n a l y s i s  of va r i ance ,  with time a s  t h e  
main p l o t .  

Temperature. The populat ion d e n s i t y  
of t h e  nematodes i n  6  kg of f r e s h  south-  
e r n  p ine  ch ips  was increased  by sp ray ing  
t h e  c h i p s  with 200 mL of  a suspension 
con ta in ing  1 ,250  pinewood nematodes/mL. 
These i n f e s t e d  ch ips  were mixed and 
s t o r e d  i n  a p l a s t i c  bag a t  25 OC f o r  1 
week, These ch ips  were then d iv ided  
i n t o  50-g samples,  placed i n  z ip- lock  
bags,  and incubated a t  25, 30, 40, 50,  
a n d 6 0 ° c .  A f t e r 1 ,  2 ,  3 ,  4, a n d 5  
days,  two samples ( r e p l i c a t i o n s )  were 
removed from each incubator  and assayed 
f o r  pinewood nematodes, Data were sub- 
j ec t ed  t o  s p l i t - p l o t  a n a l y s i s  o f  v a r i -  
ance procedures ,  with temperature a s  t h e  
main p l o t .  

I n  a second temperature s tudy ,  6 kg 
of  wood ch ips  were heated i n  an oven a t  
60 OC f o r  24 hours ,  spread  on a t a b l e ,  
and sprayed with 200 mL of  a suspension 
con ta in ing  1 ,000  pinewood nematodeslml. 



These i n f e s t e d  ch ips  were incubated a t  
25 OC f o r  2 weeks and then divided 
i n t o  50-g samples placed i n  zip-lock 
bags. The samples ~ e r e ~ i n c u b a t e d  a t  25, 
30, 35, 40, 44, and 48 C .  Af ter  
incubat ion  per iods  of  1 ,  3 ,  '7, 14,  and 
21 days,  fou r  samples a t  each tempera- 
t u r e  were assayed f o r  t h e  pinewood 
nematode. Data were subjec ted  t o  s p l i t -  
p l o t  a n a l y s i s  of  var iance ,  with tempera- 
t u r e  a s  t h e  main p l o t .  

Wood chips  n a t u r a l l y  i n f e s t e d  with 
t h e  pinewood nematode were incubated f o r  
4 days a t  25 and 40 OC. Each t r e a t -  
ment was r e p l i c a t e d  t h r e e  t imes,  and t h e  
sample s i z e  was 75 g. Aliquots  of t h e  
c o l l e c t e d  nematodes were examined with a 
compound microscope, and t h e  proport ions 
o f  males, females,  and juveni les  were 
determined f o r  l5O nematodes a t  each 
incubat ion  temperature. 

F i f ty -g  samples of  10 l o t s  of  ch ips  
were taken from t ruck  and r a i l c a r  sh ip-  
ments t o  t h e  te rminal  dur ing  Ju ly  1-5, 
1985. They were incubated i n  zip-lock 
bags a t  25 and 40 OC f o r  4 days. The 
samples were assayed f o r  t h e  pinewood 
nematode a t  t h e  end of t h e  incubat ion 
per iod ,  and t h e  d a t a  were compared by 
t-test f o r  pa i red  samples. - 

To s tudy e f f e c t s  of high tempera- 
t u r e s  on t h e  pinewood nematode, 50-g 
samples of n a t u r a l l y  i n f e s t e d  chips were 
placed i n  zip-lock bags and incubated a t  
50 and 60 OC f o r  1 ,  2 ,  3 ,  5 ,  1 ,  and 
24 hours.  Each treatment  combination 
was r e p l i c a t e d  s i x  times. The nematode 
populat ion dens i ty  was determined a t  t he  
beginning of t h e  experiment by assaying 
t h r e e  50-g samples. The t reatment  
samples were assayed f o r  t h e  pinewood 
nematode a t  t h e  end of  each incubat ion 
per iod .  The d a t a  were not  subjec ted  t o  
s t a t i s t i c a l  a n a l y s i s .  

To determine t h e  e f f e c t s  of low 
temperature on nematode dens i ty ,  3.6 kg 
o f  chips--returned t o  t h e  United S t a t e s  
fol lowing a shipment t o  Sweden--were 
d iv ided  i n t o  50-g samples. Samples were 
placed i n  zip-lock bags an8 incubated a t  
-20, 0 ,  5 ,  10,  15 ,  and 20 C. After  
incubat ion  per iods  of 1 ,  3 ,  7 ,  o r  14  
days,  t h r e e  samples from each tempera- 
t u r e  were assayed f o r  t h e  pinewood 

nematode. Data were subjec ted  t o  s p l i t -  
p l o t  a n a l y s i s  of var iance ,  with time as 
t h e  main p l o t .  

An experiment was a l s o  conducted t o  
determine t h e  e f f e c t  of temperature on 
t h e  pinewood nematode i n  autoclaved 
southern p ine  ch ips .  Approximately 2.4 
kg of  ch ips  were autoclaved f o r  45 
minutes,  allowed t o  coo l ,  then dipped i n  
a suspension of conid ia  t h a t  had been 
c o l l e c t e d  from c u l t u r e s  the  b lues t a in  
fungus, Cergtocys t i s  s p . ,  grows on malt 
agar  a t  25 u ~ .  The conid ia  were 
washed from t h r e e  c u l t u r e  p l a t e s  and 
suspended i n  2 L of s t e r i l e  deionized 
water.  Af t e r  dipping,  t he  chips were 
dra ined  and incubgted i n  the  labora tory  
f o r  3 days a t  25 C.  They were spread 
on a p l a s t i c  t r a y  and evenly sprayed 
with a 100 mL suspension of pinewood 
nematodes (1,00O/mL). Four days l a t e r ,  
these  i n f e s t e d  chips  were divided i n t o  
50-g samples,  placed i n  zip-lock bags 
and incubated a t  25, 30, 35, and 40 06 
f o r  1 ,  3 ,  6 ,  and 9 days. There were 
t h r e e  r e p l i c a t i o n s  of each t reatment  
combination. Data were subjec ted  t o  
two-way a n a l y s i s  of var iance .  

Bluestain. On Ju ly  1-5, 1985, a 
t o t a l  of  38 t ruck  and r a i l c a r  shipments 
t o  t h e  expor t e r  were randomly sampled. 
Indiv idual  ch ips  from 100-g subsamples 
were separa ted  according t o  presence o r  
absence of b lues t a in .  The r e s u l t i n g  
subsamples were reweighed, and the  per-  
centage of  weight by chips  with o r  with- 
o u t  b l u e s t a i n  was determined f o r  each of 
t he  38 l o t s .  The samples were then 
readjus ted  s o  t h a t  each group had a 
f r e s h  weight of 50 g. These ad jus ted  
samples were assayed f o r  nematodes, and 
d a t a  were compared by t h e  t- test  f o r  
pa i red  observa t ions .  

Ten of  t h e  38 l o t s  t h a t  had been 
d iv ided  i n t o  subsamples containing chips  
with o r  without b l u e s t a i n  were incubated 
i n  zip-lock bags a t  40 OC f o r  6 days 
and then assayed f o r  nematodes. The 
sample weight was 50 g ,  and each t r e a t -  
ment combination was r e p l i c a t e d  twice. 
Data were subjec ted  t o  two-way ana lys i s  
of var iance  and &-test f o r  pa i red  
observa t ions .  



Chip moisture. The inf luence  of 
chip moisture on nematode population 
dens i ty  was inves t iga ted .  From a 1.2-kg 
sample of  chips n a t u r a l l y  i n f e s t e d  by 
the  pinewood nematode, 25-g samples were 
randomly se lec ted  and placed i n  t a red  
weighing d ishes .  The r e s u l t i n g  45 sam- 
p l e s  were placed i n  des icca to r s  contain- 
ing  calcium ch lo r ide ,  water ,  o r  n e i t h e r  
(150samples/treatment) and incubated a t  
35 C .  S ix  samples were assayed f o r  
nematodes t o  determine the  base l e v e l .  
After  incubation periods of 2 ,  5 ,  9 ,  13,  
and 21 days, th ree  samples were removed 
from each conta iner ,  weighed t o  de ter -  
mine t h e  percentage of moisture l o s s ,  
and assayed f o r  nematodes. Data were 
subjec ted  t o  two-way ana lys i s  of va r i -  
ance and regress ion .  

Anaerobic environment. Effec t s  of 
an anaerobic environment (C02) on 
nematode population d e n s i t i e s  i n  pine 
chips were s tudied  i n  GasPak Plus 
Anaerobic J a r  System (BBL Microbiology 
Systems, Cockeyville,  MO 21030). I n  one 
experiment, 39-g samples of s i x  randomly 
s e l e c t e d  l o t s  of chips were placed i n .  
p e t r i  d i shes ,  sea led  i n  a GasPak, and 
incubated a t  38 OC f o r  3 days. The 
con t ro l  samples were concurrently incu- 
bated i n  an aerobic  environment a t  the  
same temperature. A t  t he  end of  the  
experiment, the  samples were assayed f o r  
nematodes, and the  d a t a  were compared by 
t-test f o r  pa i red  observations.  - 

I n  a second experiment, the  base 
nematode population d e n s i t i e s  were 
determined. Then 39-g samples of 10 
randomly se lec ted  l o t s  of chips were 
incubated f o r  5 days a t  38 OC i n  an 
aerobic environment and t r ans fe r red  t o  
an anaerobic environment f o r  3 days. 
Two sets of c o n t r o l s ,  incubated i n  an 
aerobic environment a t  38 OC f o r  5 t o  
8 days, were included. The samples were 
assayed f o r  nematodes a t  5 o r  8 days. 
Data were compared by t-test  f o r  paired 
observations.  

Chip piles. A study was conducted 
t o  l e a r n  about thermodynamics of p i l ed  
chips and the  e f f e c t s  of heat  on nema- 
tode population dynamics i n  chip p i l e s .  
Two cone-shaped chip p i l e s ,  6 m i n  diam- 
eter a t  the  base and 2.4-m height  were 

constructed.  Chips were taken from t h e  
s h e l l  of a nearby main p i l e  i n  Savannah 
with a f r o n t  loader .  The p i l e s  were 
constructed with four  l aye r s  ( f i g .  2 ) .  
Each l a y e r  was implanted with 450 g ch ip  
samples i n f e s t e d  with nematodes and 
enclosed i n  p l a s t i c  hardware c lo th .  The 
numbers of  samples f o r  l aye r  1 (bottom),  
2 ,  3 ,  and 4 (peak) were 4 ,  3,  2 ,  and 1 ,  
respect ive ly .  

C O V E R E D  

U N C O V E R E D  

Figure 2.--Diagram of simulated chip piles showing 

the location of the pinewood nematode-Infested 

chip samples (A-J) and the temperature probes (0). 

Five thermis tor  probes were placed 
a t  d i f f e r e n t  loca t ions  i n  the  p i l e s  and 
connected t o  an analog telethermometer 
(Model 47, Yellow Springs Instruments, 
I n c , ,  Yellow Springs,  OH) housed i n  a 
s tandard weather s t a t i o n  enclosure 
located  between the  p i l e s .  An eleventh 
probe measured ambient temperature. One 
of the  p i l e s  was covered with a sheet  of 
4 - m i l  p l a s t i c ;  the  o the r  was l e f t  uncov- 
ered .  The temperatures were recorded 
Monday through Friday a t  0800, 1200, and 
1600 hours,  

The study was es tabl i shed August 26, 
1985, and terminated September 12, 1985. 
A t  t he  conclusion of the  study,  the  chip 



implants  were removed from t h e  p i l e s  and 
assayed f o r  nematodes by screening  t h r e e  
50-g subsamples from each bag. Data 
were compared f o r  covered and uncovered 
p i l e s  and l o c a t i o n  wi th in  t h e  p i l e  by 
t - t e s t  f o r  pa i r ed  observa t ions .  - 

Pathogenic i ty .  The pinewood nema- 
todes  e x t r a c t e d  from 10 l o t s  of ch ips  
t h a t  hgd been incubated f o r  4 days a t  25 
o r  40 C were used i n  a  prel iminary 
s tudy on pa thogenic i ty  t o  2-year-old 
seed l ings  of  s l a s h  p ine  i n  a  greenhouse. 
Seedl ings  were grown i n  p l a s t i c  f l a t s  
(33x13~11  cm) conta in ing  a  mixture of  
s o i l ,  p ine  bark ,  and sand (2:1:1,  v / v ) .  
Each f l a t  contained 10 seed l ings  t h a t  
had been t r ansp lan ted  when they were 1 
year  o l d .  

The 20 populat ions used a s  inocula  
were ad jus t ed  t o  1,000 nematodes/mL. 
S ince  t h e  inocula  were from n a t u r a l l y  
i n f e s t e d  ch ips ,  o t h e r  nematode spec ie s  
and a s soc ia t ed  organisms were not  
removed from the  inoculum suspension. 
To inocu la t e  each seed l ing ,  an a r e a  
( 3  mm x 10 m m )  of bark on t h e  main stem 
was removed, then a  p i ece  of s t e r i l e ,  
absorbent  co t ton  conta in ing  200 pinewood 
nematodes was a t t ached  with Parafi lm 
over  each stem .wound, Five seedl ings  
were inocula ted  with each nematode 
populat ion.  Equal numbers of wounded 
bu t  uninoculated seed l ings  served a s  
c o n t r o l s .  The s tudy was i n i t i a t e d  i n  
la te  J u l y  1985 and concluded 16 weeks 
l a t e r .  

A t  t h e  conclusion of t h e  experiment, 
s eed l ing  mor ta l i t y  was recorded. Then 
a l l  s eed l ings  were sampled f o r  nematodes 
by e x t r a c t i n g  from 25-mm s e c t i o n s  of t he  
stem d i r e c t l y  below t h e  inocula t ion  
po in t  and a t  t h e  base of t he  seedl ing .  
Sec t ions  were incubated i n  5 mL of water 
i n  sepa ra t e  t e s t  tubes a t  25 OC f o r  20 
hours .  Extracted nematodes were not  
counted. Mor ta l i ty  d a t a  (25 vs .  40 O C )  

were compared by us ing  t h e  t - t e s t  f o r  
pa i r ed  observa t ions .  

Resu l t s  

Chip types.  Most of t he  nematodes 
e x t r a c t e d  were saprobic  spec ie s  r a t h e r  

than pinewood nematodes. An ana lys i s  o f  
var iance  of  t h e  t o t a l  nematode o r  pine- 
wood nematode populat ion d e n s i t i e s  
showed t h a t  t h e  experimental v a r i a t i o n  
was caused by ch ip  types o r  mixes and 
no t  by incubat ion  per iod  o r  t reatment  
i n t e r a c t i o n s .  There was, however, a  
notable  inc rease  i n  genera l  nematode 
d e n s i t i e s  i n  f r e s h  chips  between week 2 
and week 8 of  incubat ion  ( t a b l e  1 ) .  Of 
t h e  fou r  main ch ip  types s tud ied ,  nema- 
todes were most numerous i n  s h e l l  and 
f r e s h  chips .  There were s i g n i f i c a n t l y  
(P=0.01) fewer nematodes i n  t h e  i n t e r i o r  
and foundation ch ips ,  The h ighes t  t o t a l  
nematode d e n s i t i e s  were found i n  t h e  
t rea tments  having s h e l l  ch ips  mixed with 
i n t e r i o r  o r  f r e s h  chips  p r i o r  t o  incuba- 
t i o n .  Also, t h e  nematode l e v e l s  i n  
mixtures exceeded those t h a t  would have 
been p red ic t ed  based on t h e  l e v e l s  
recorded f o r  t h e  ind iv idua l  ch ip  types.  
The p red ic t ed  mean nematode count f o r  
i n t e r i o r  + s h e l l  ch ips  was 88 nema- 
todes /g  f r e s h  wood weight (C0.5 x 751 + 

[348 x 25])/100, and f o r  f r e s h  + s h e l l  
ch ips  i t  was 351 nematodes/g ([75 x 751 
+ [348 x 75])/100, whereas the  a c t u a l  
count was 789 and 743 nematodes/g, 
r e spec t ive ly ,  Mixing s h e l l  chips with 
foundation chips  apparent ly  d i d  not  
inf luence  nematode populat ion d e n s i t i e s  
i n  t h e  same manner, because the  a c t u a l  
count of 66 nematodes/g was l e s s  than 
t h e  p red ic t ed  count of 120 nematodeslg 
(C57 x 751 + 1348 x 251)/1004 

The a n a l y s i s  of  var iance  showed t h a t  
populat ion d e n s i t i e s  of t h e  pinewood 
nematode i n  t h e  ch ips  were r e l a t e d  t o  an 
i n t e r a c t i o n  of ch ip  types with incuba- 
t i o n  per iod .  This  i n t e r a c t i o n  was 
r e f l e c t e d  p r imar i ly  i n  t h e  s i g n i f i c a n t  
(P=0.01) inc rease  i n  pinewood nematode 
counts i n  t h e  f r e s h  chips  between t h e  2- 
and 8-week incubat ion  per iods  and t h e  
decrease i n  counts  i n  t h e  i n t e r i o r  + 

s h e l l  mix dur ing  t h i s  per iod ,  The 
counts i n  o t h e r  t rea tments  ( ch ip  types 
o r  mixes) were no t  a f f e c t e d  by incuba- 
t i o n  per iod .  Pinewood nematodes were 
recovered from only s h e l l  and f r e s h  
chips  and were no t  found i n  i n t e r i o r  o r  
foundation chips .  

Temperature. Temperature had a 
marked in f luence  on t h e  reproduction and 



Table 1.--Assay of wood-chip types and mixes for pinewood ncmatode and other nematodes 

after incubation at 25 OC for 2 and 8 weeks 

All ncmalodes 

after incubation for-- 

Pinewood nematodes 

aftcr incubation for-- 

Types of wood 
a b 

chips and mixes 2 wk 8 wk Mean 2 wk 8 wk Mean 

Shell (S) 130 565 348 13 14 CD 12 CD 13 

Interior (I) 0-7 0.3 0.5 C 0 D 0 D 0 

Presh (PR) 3 0 676 353 l.3 5 CD 32 B 18 

Foundation (PUN) 4 3 7 1 57 nc 0 D 0 D 0 

3.+s 789 608 698 A 55 A 9 CD 32 

PR + S 7'1 3 l.O3/i 888 A 10 CD 18 ilC 1 11 

PDN + S 5 1 7 1 66 JIC 3 CD 8 CD 6 

a 
Chip types: Fresh--chips collccted from truck or railcar loads prior to loading on the 

pile. Shell--chips collccted from the outer layer of the pile. Interior--chips collected 
0 

from the interior of the pilc where the temperature was 60 C. Foundation--old chips 

that served as the base for the new chip pilc. For S. I. FH, and PUN, the sample size was 

100 g .  The mixes consisted of 75 g of I. Ff i .  or FDN chips plus 25-g S chips. There were 

five replications of each treatment combination. 

b 
Within columns, means followed by the same fetter do not differ significantly (P=0.01) 

according to Duncan's multiple range test. 

s u r v i v a l  o f  t h e  pinewood nematode i n  
t h e s e  s t u d i e s .  I n  t h e  i n i t i a l  exper i -  
ment, t h e  nematode popula t ion  dens i ty  a t  
40 OC increased  s i g n i f i c a n t l y  (P=O. 01 ) 
over  time ( f i g .  3 ) .  Afte; 5 days,  t he  
popula t ion  d e n s i t y  a t  40 C was 15 
times t h e  average d e n s i t y  f o r  25 and 30 
0 

C.  A f t e r  1 day, t h e  number of  nema- 
todes  i n  ch ips  incubated a t  50 and 60 
0 

C was zero .  A t  25 and 30 OC, t h e r e  
was no s i g n i f i c a n t  change i n  t he  popula- 
t i o n  d e n s i t i e s  du r ing  t h e  per iod  of t he  
experiment.  I n  n a t u r a l l y  i n f e s t e d  wood 
c h i p s ,  102 nematodes/g were e x t r a c t e d  
from samples incubated f o r  4 days a t  25 
0 

C and 646 nematodes/g a t  40 OC. A t  
25 OC, 1 3 ,  17 ,  and 70 percent  of 150 
nematodes examined were males,  females,  
and juven i l e s ,  r e s p e c t i v e l y .  A t  40 OC, 
10, 29, and 61 pe rcen t  were males, 

females ,  and juven i l e s ,  r e spec t ive ly .  
Only t h e  propaga t ive  forms of t he  nema- 
tode  were observed,  

I n  t h e  second experiment,  the  analy-  
sis of var iance  showed t h a t  expe r i~nen ta l  
v a r i a t i o n  was inf luenced  by the  time x 
temperature  i n t e r a c t i o n  (P=0 .01 ) .  A t  25 
and 30 OC, t h e  nematode d e n s i t i e s  
dec l ined  from 55 nematodeslg a t  day 1 t o  
3 nematodes/g a t  day 21 ( f i g .  4). A t  35 

C, t h e  popula t ion  d e n s i t i e s  were 1.18 
and 122 nematodeslg on days 3 and 7, 
r e s p e c t i v e l y ,  and then dec l ined  t o  l o w e r  
d e n s i t i e s  a t  l a t e r  pe r iods .  A t  day 21,  
however, t h e  nematode d e n s i t i e s  were 
s t i l l  2.6 times g r e a t e r  than those  i n  t h e  
25 and 30 OC t rea tmegts .  The nematode 
d e n s i t i e s  i n  t h e  40 C t reatment  
increased  t o  250 nematodeslg by day 3 and 



Figure 3.--Effect of moderate temperatures (25 to 

0 

60 Oc) on pinewood nematode population 
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Figure -%.--Effect of moderate temperatures (25 to 
0 

48 C) on pinewood nematode population 

development in southern pine chips over a 21-day 

incubation period. 

then  dec l ined  t o  lower d e n s i t i e s  a t  l a t e r  
pe r iods .  Af t e r  day 21,  these  d e n s i t i e s  
approached those  i n  t h e  35 OC t r e a t -  
ment. The temperature of  t h e  incubator  

set a t  44 OC c r e p t  t o  45 OC between 
days 1 and 3. A t  day 1 ,  t h e  average 

0 
nematode d e n s i t y  i n  t h e  44 C t reatment  

was 96/g,  bu t  i t  dec l ined  t o  6.2 nema- 
todes /g  by day 3 when t h e  temperature had 
increased  t o  45 OC, and remained log  
u n t i l  t h e  end of t h e  s tudy.  A t  48 C, 
t h e  popula t ion  d e n s i t y  averaged 0.7 nema- 
todes/g over  t i m e ,  The pinewood nematode 
increased  s i g n i f i c a n t l y  over  time a t  
temperatures  between 35 and 44 OC i n  
t h i s  s tudy ,  with optimum f o r  nematode 

0 
reproduct ion i n  t h e  40 C t reatment .  

I n  t h e  temperature experiment where 
t h e  ch ips  had been autoclaved and inocu- 
l a t e d  with t h e  b l u e s t a i n  fungus p r i o r  t o  
being i n f e s t e d  with t h e  pinewood nema- 
tode ,  t h e  a n a l y s i s  of var iance  showed 
experimental v a r i a t i o n  was due t o  t he  
main e f f e c t s  ( t ime and temperature) . 
Among a l l  fou r  incubat ion  temperatures ,  
t h e  nematode popula t ion  dens i ty  dec l ined  
a t  day 3 ,  then re turned  t o  t h e  base l e v e l  
by day 6 ( t a b l e  2 ) .  The mean number of  
nematodes e x t r a c t e d  over  time was 89 
nematodes/g a t  35 OC, which was s i g n i f -  
i c a n t l y  (P=0.01) g r e a t e r  than t h e  59 

Table 2.--Effect of temperature on population 

development of pinewood nematode in autoclaved 

chips inoculated with Ceratocystis sp. and 

pinewood nematode 

0 
Temperature ( C) 

Incubation 

period 
a 

(days) 25 3 0 35 40 Mean 

1 87 75 104 6 1 81 A 

3 3 0 2 1 38 35 31 B 

6 62 79 114 65 8 0 ~  

9 58 72 loo 53 71 A 

a 
Mean 59 n 62 n 89 r 54 n 

a 
Within temperature and incubation periods, 

means followed by the same letter do not differ 

significantly (P=O.Ol) according to Duncan's 

multiple range test. 



Table 3.--Pinewood nematodes extracted from 10 
0 

lots of wood chips incubated at 25 and 40 C for 

4 daysa 

Table &.--Effect of high temperature on pinewood 

nematode populations in wood chips 

0 
Temperature ( C) 

Temperature 

Lot Change 
0 

number 2 5  c 40 OC (40/25 Oc) 

~ematodeslg fresh weight 

a 
For 50-g samples extracted for 18 to 20 hours 

0 
at 25 C. 

b 
Means are significantly different (g=0.01) 

according to t-test for paired observations. 

nematodes/g a t  25 OC, t h e  62 nema- 
todes /g  a t  30 Ec, and t h e  54 nema- 
todes /g  a t  40 C .  The optimum temper- 
a t u r e  f o r  reproduct ion of nematodes i n  
t h i s  s tudy  was 35 OC.  

When samples of 10 l o t s  of  n a t u r a l l y  
i n f e s t e d  wood chips  were incubated a t  25 
and 40 OC f o r  4 days,  t h e r e  was no t i ce -  
a b l e  l o t - t o - l o t  v a r i a t i o n  i n  response t o  
temperature ( t a b l e  3 ) .  I n  l o t  3,  f o r  
example, t h e r e  was a t h ree fo ld  inc rease  
i n  nematode l e v e l s  between 25 and 40 
0 C. I n  l o t  9, however, t h e  d e n s i t i e s  

0 
were h igher  a t  25 C than a t  40 OC.  

Nevertheless ,  10 l o t s  were s i g n i f i c a n t l y  
d i f f e r e n t  (g=0 .01 ) ,  and t h e  average 
inc rease  i n  t h e  po u l a t i o n  d e n s i t y  8 
between 25 and 40 C was 1 .6  t imes.  

The pinewood nematode t o l e r a t e d  
temperatures g r e a t e r  than 50 OC f o r  no 

Time 

(hours) 

a 
The base population density at time 0 was 127 

nematodes/g. Each treatment combination was 

replicated three times. Data based on 50-g 

samples of chips extracted for 18 to 20 hours at 
0 

20 C. 

b 
Populations expressed as percentage of initial 

(time 0) population density. 

more than a few hours ( t a b l e  4 ) .  Af t e r  
1 hour a t  50 OC, t h e  nematode popula- 
t i o n  d e n s i t y  was 47 percent  of  t he  base 
l e v e l .  Af te r  13 hours ,  no pinewood 
nematodes were recovered from chip  
samples. Af t e r  1 hour a t  60 OC, t h e  
popula t ion  d e n s i t y  was reduced by 99.8 
pe rcen t ,  compared with t h e  base l e v e l ,  
and a f t e r  5 hours ,  no nematodes were 
recovered from chip  samples. 

I n  a low temperature experiment,  t h e  
a n a l y s i s  of  var iance  showed t h e  exper i -  
mental v a r i a t i o n  was a t t r i b u t e d  t o  t h e  
temperature x time i n t e r a c t i o n  ( P = O . O l )  
( f i g .  5 ) .  Nematodes surv ived  i n  wood 
ch ips  f o r  on ly  3 days a t  -20 OC. The 
popula t ion  d e n s i t i e s  were f a i r l y  con- 
s t a n t  over  time a t  0 ,  5 ,  and 10 OC. 

A t  15 OC, t h e r e  was an inc rease  i n  
nematode d e n s i t i e s  a t  days 3 and 7 ,  
followed by a gradual  decrease  t o  day 14. 
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Figure 5.--Effect of low temperatures on pinewood 

nematode population development in southern pine 

chips. 

Bluestain.  Pinewood nematodes were 
recovered from 92 percent  of the  38 l o t s  
sampled from Ju ly  1-5, 1985. The mean 
percentage by weight of wood chips with 
b lues ta in  was 45 percent .  The mean 
number of nematodes/g was 107 f o r  chips 
with b lues ta in .  This  number was s i g n i f -  
i c a n t l y  (P=0.01) g r e a t e r  than the  82 
nematodes/g f o r  chips without b lues ta in .  

When 10 l o t s  of chips were divided 
i n t o  samples with o r  without b lues ta in  
and incubated a t  40 OC f o r  6 days, the  
ana lys i s  of variance found t h a t  experi-  
mental v a r i a t i o n  was due t o  l o t s .  The 
mean number of 669 nematodes/g ext rac ted  
was somewhat higher than the  624 nema- 
todes/g ext rac ted  i n  a  previous study 
( s e e  t a b l e  2 ) .  Based on a t - t e s t  f o r  
paiped observations,  the re  were s i g n i f i -  
can t ly  (P=0.01) more nematodes i n  the  
b lues ta in  chips (747 nematodes/g) than 
i n  chips without b lues ta in  (591 nema- 
todes fg ) .  These p o ~ u l a t i o n  d e n s i t i e s  
a r e  approximately seven times those a t  
40 OC i n  a  previous comparison (107 
and 82 nematodes/g, r e spec t ive ly ) .  This 
r e s u l t  ind ica tes  t h a t  the  e f f e c t  of 
temperature was add i t ive .  

Chip moisture. Wood moisture mark- 
edly  a f fec ted  the  population d e n s i t i e s  
of nematodes i n  pine chips ( f i g .  6 ) .  
After  5 days, the  nematode d e n s i t i e s  i n  

the  chips decl ined a s  the  percentage of 
moisture i n  the  chips decl ined,  I n  t h e  
con t ro l ,  the  nematode l e v e l  i n  the  chips 
decl ined from 40 nematodeslg t o  26 nema- 
todes lg  a s  the  percentage of moisture 
l o s s  reached 22. The nematode l e v e l  
a l s o  decreased i n  chips incubated over 
water,  

Anaerobic environment. I n  the  f i r s t  
study of pinewood nematode i n  an anaero- 
b i c  environment, the  population dens i ty  
was 157 nematodes/g f o r  chhps i n  an 
aerobic environment a t  38 C a f t e r  3 
days. Under anaerobic condit ions under 
the  same temperature a f t e r  3 days, the  
population l e v e l  was e i g h t  nematodes/g. 

I n  the  second experiment, the  base 
(time 0 )  mean nematode dens i ty  was 10 
nematodes/g f o r  the  10 ch6p samples. 
After  5 and 8 days a t  38 C i n  an 
aerobic environment, the  population 
l e v e l  was 43 and 40 nematodes/g, 
respect ive ly .  When chip samples were 
incubated f o r  5 days i n  an aerobic 
environment and then t r ans fe r red  t o  
anaerobic condit ions f o r  3 days, the  
population dens i ty  dropped t o  4 
nematodes/g. 

CJ WATER ---- % 40 CONTROL em.... a. t 

I N C U B A T I O N  P E R I O D  ( D A Y S )  

Figure 6.--curves showing moisture loss in 

southern pine chips (A) and corresponding changes 

in population levels of pinewood nematode (B) at 
0 

35 C over time. 



Chip piles. There were s i g n i f i -  
c a n t l y  (P=0.01) fewer pinewood nematodes 
(8 nematodesig) i n  t h e  samples incubated 
i n  t h e  ch ip  p i l e  covered with p l a s t i c  
than i n  samples from t h e  uncovered p i l e  
(30 nematodes/g) .  I n  t h e  covered ch ip  
p i l e ,  t h e  h ighes t  nematode dens i ty  was 
found i n  t h e  samplas placed i n  t h e  s h e l l  
o f  t h e  lower o r  f i r s t  l e v e l .  The temp- 
e r a t u r e  a t  t h i s  l o c a t i o n  averaged 41  
0 C and never exceeded 45 OC.  For 
t h e  rest of t h e  p i l e ,  t h e  temperature 
averaged 43.9 OC and exceeded 45 OC 

f o r  60  t o  366 hours ,  depending on t h e  
l o c a t i o n  of  t h e  probe. I n  t h e  uncovered 
p i l e ,  t h e  h ighes t  nematode dens i ty  (52 
nematodeslg) was i n  t h e  cen te r  sample of 
t h e  second l a y e r .  The temperature of 
t h e  uncovered p i l e  averaged 30.2 OC 

f o r  t h e  f i v e  probes. The mean ambient 
0 temperature was 30.2 C .  The tempera- 

t u r e  i n c r e a s e  i n  t h e  covered p i l e  was 
l a r g e l y  due t o  s o l a r  r a d i a t i o n .  

Pathogenicity. I n  t h e  pa thogenic i ty  
s t u d y ,  20 percent  of  t h e  s l a s h  p ine  
s e e d l i n g s  inocula ted  with 20 (10 ch ip  
l o t s  x 2  temperatures)  populat ions of 
t h e  pinewood nematode d ied  wi th in  16 
weeks. There was no s i g n i f i c a n t  d i f f e r -  
ence ,  according t o  t - t e s t  f o r  pa i r ed  
obse rva t ions ,  between t h e  nematode 
gopula t ions  from ch ips  incubated a t  25 

C (22  percent  m o r t a l i t y )  and 40 OC 

(18 pe rcen t  m o r t a l i t y ) .  There was no 
l o t - t o - l o t  v a r i a t i o n .  None of  t h e  con- 
t r o l  s eed l ings  d i ed .  Pinewood nematodes 
were t h e  only  nematodes recovered from 
symptomatic s eed l ings .  

Discussion 

Nematodes, p a r t i c u l a r l y  Rhabdit is  
spp. and o t h e r  s ap rob ic  nematodes, a r e  
commonly found i n  wood-chip p i l e s .  The 
pinewood nematode, a  f a c u l t a t i v e  para- 
s i t e ,  was recovered from 92 percent  of 
t h e  c h i p  samples c o l l e c t e d  from sh ip-  
ments from s u p p l i e r s  t o  t h e  Savannah 
te rmina l  i n  Ju ly .  Since t h e  l i v i n g  
c e l l s  i n  f r e s h  sapwood chips  r e t a i n  
t h e i r  v i a b i l i t y  only  about 2  weeks a t  21 
0 

C ( F e i s t  and o t h e r s  1971) ,  t h e  pine- 
wood nematode i s  l a r g e l y  dependent on 
fungi  i n  ch ips  f o r  n u t r i t i o n  and l i v e s  
s ap rophy t i ca l ly  i n  t hese  ch ips  f o r  
longer  per iods .  

The complex thermodynamics o f  p i l e d  
ch ips  governs t h e  populat ion dynamics of  
t h e  pinewood and o t h e r  nematodes a s s o c i -  
a t e d  with southern  p ine  ch ips .  The 
spontaneous hea t ing  of t he  i n t e r i o r  
ch ips  caused by oxida t ion  is  s u f f i c i e n t  
t o  k i l l  a l l  nematodes. The pinewood 
nematode i s  found i n  f r e s h  chips and 
o t h e r  ch ips  t h a t  have not  been sub jec t ed  
t o  t h i s  " s e l f - p a s t u r i z i n g . "  The popula- 
t i o n  d e n s i t i e s  of saprobic  nematodes 
increased  r a p i d l y  t o  high d e n s i t i e s  when 
i n t e r i o r  ch ips  were mixed with s h e l l  
ch ips .  This  i nc rease  was probably 
caused by t h e  reduct ion  of p reda to r s  and 
nematophagous fungi  i n  t h e  i n t e r i o r  
ch ips .  Three nematophagous fungal  
s p e c i e s ,  i nc lud ing  Arthobotrys 
o l igospora  F r e s . ,  have been cu l tu red  
from t h e  sapwood of  s l a s h  pine (Esse r  
and o t h e r s  1983) .  Because of t h e  spon- 
taneous hea t ing  i n  p i l e d  ch ips ,  t h e  
pinewood nematode d e n s i t i e s  i n  c h i p  
p i l e s  should normally decrease t o  low 
l e v e l s  over  time. 

I n  t h e  p re sen t  s tudy ,  t he  optimum 
temperature range f o r  t h e  reproduct ion 
of t h e  pinewood nematode i n  southern 
p ine  ch ips  was 35 t o  40 OC.  These 
va lues  a r e  considerably h igher  than 
those  i n  o t h e r  r e p o r t s .  Most s t u d i e s  on 
t h e  e f f e c t s  of  temperature on the  
populat ion dynamics of t h e  pinewood 
nematode have been done on B o t r y t i s  
c i n e r e a  i n  c u l t u r e .  For example, t h e  
optimum temperature f o r  t h e  pinewood 
nematode on 51. c i n e r e a  has been r epor t ed  

0 
a s  25 C (Dozono and Yoshida 1974).  
Mamiya (1983, 1984) r e p o r t s  t h a t  t h e  
pinewood nematode w i l l  no t  reproduce a t  
over  33 OC. Temperature s t u d i e s  u s ing  
mesophilic fungi  a s  a  hos t  f o r  t h e  pine-  
wood nematode f a i l e d  t o  consider  t h e  
e f f e c t  of  temperature on t h e  growth and 
physiology of  t h e  fungus. I n  ch ips ,  f o r  
example, over  200 spec i e s  of fungi  have 
been i s o l a t e d ,  inc luding  such common 
thermotolerant  fungi  a s  Phaneroehaete 
chrysosporium Burdsa l l  & Eslyn and 
Asperg i l lus  fumi a t u s  F r e s . ,  which grow A f a s t e s t  a t  35 t o  40 C (Bergman 1985; 
Burdsa l l  and Eslyn 1974; Hulme 1979) .  
These thermotolerant  fungi  may be a 
s u i t a b l e  food source f o r  t he  pinewood 
nematode and exp la in  why the  nematode 
reproduces w e l l  a t  t h i s  temperature 
range i n  wood chips,. 



Although t h e  o timum temperature 8 range o f  35 t o  40 C was noted i n  
s e v e r a l  experiments,  one s tudy ind ica t ed  
t h a t  t h e  pinewood nematode populat ions 
i n  d i f f e r e n t  l o t s  of  southern p ine  ch ips  
d i d  no t  always respond i n  tge same 
manner t o  incubat ion  a t  40 C. I n  
some l o t s ,  t h e  ch ips  were probably l e s s  
than 2 weeks o l d  and t h e  pinewood nema- 
todes were probably feeding on t h e  
e p i t h e l i a l  c e l l s  of t h e  r e s i n  ducts  
(phytophagous). I n  o t h e r  l o t s  where t h e  
nematodes were mycophagous, reproduct ion 
was l i k e l y  inf luenced by t h e  presence o r  
absence of  thermotolerant  fungi .  

A t  temperatures above 45 OC, t h e  
populat ion d e n s i t i e s  of t h e  nematode i n  
p ine  ch ips  r a p i d l y  dec l ines .  To i l l u s -  
t r a t e  t h i s  temperature x time r e l a t i o n -  
s h i p ,  i t  t akes  about 13 hours f o r  thg 
populat ion t o  d e c l i n e  t o  zero  a t  50 C 
but  only 1 hour a t  60 OC. Unfortu- 
n a t e l y ,  i t  may n o t  be economically 
f e a s i b l e  t o  use  such a  high temperature 
t o  con t ro l  t h e  pinewood nematode i n  wood 
chips because of  t h e  l i m i t e d  hea t  con- 
d u c t i v i t y  of  wood and t h e  r a t e  t h e  ch ips  
a r e  loaded on s h i p s  (600 t o  700 t / h ) .  
One e s t ima te  sugges ts  i t  would take  over  
33 mi l l i on  B tu t s /ho to  r a i s e  10 t of wet 
wood chips/min 20 C (W.E. Buske, 
Wolverine Corp, ;  personal  communica- 
t i o n ) .  The energy c o s t s  and high 
assoc ia ted  c a p i t a l  investment have ru l ed  
t h i s  approach o u t  f o r  now. 

The presence of b l u e s t a i n  i n  ch ips  
is an i n d i c a t o r  of i n f e s t a t i o n  of p ines  
by bark b e e t l e s ,  bu t  i t  cannot be used 
accura t e ly  t o  quan t i fy  nematode i n f e s t a -  
t i o n  of  shipments from s u p p l i e r s .  
Because of  t h e  f requent  a s soc ia t ion  of 
sawyers with southern p ine  (Dendroctonus 
f r o n t a l i s  Z i m m . )  and engraver ( I p s  
ca l l i g raphus  ( G e r m . )  b e e t l e s  (Coulson 
and o t h e r s  1976; Mi l l e r  1984),  shipments 
with b lues ta ined  chips  f requent ly  con- 
ta ined  pinewood nematodes. Q u i t e  o f t e n ,  
however, l o t s  with a  high percentage of 
ch ips  with b l u e s t a i n  f a i l e d  t o  y i e l d  
nematodes. Pinewood nematodes have a l s o  
been recovered from samples i n  which 
t h e r e  a r e  few chips  with b l u e s t a i n ,  i f  
any. 

Fresh chips  with b lues t a in  y ie lded  
s i g n i f i c a n t l y  more nematodes than those 

without b l u e s t a i n .  The magnitude of  t h e  
d i f f e r e n c e  (1.3 t i m e s ) ,  however, was no t  
as g r e a t  a s  might have been expected f o r  
t h i s  mycophagous organism. Other fungi  
t h a t  co lonize  ch ips  o r  wood of  t r e e s  
a t tacked  by sawyers and bark b e e t l e s  
(Bergman 1985; Burdsa l l  and Eslyn 1974; 
Luzzi and o t h e r s  1984; McCrawley and 
o t h e r s  1980) may prove t o  be more 
important  i n  t h e  ecology of pinewood 
nematodes than Cera tocys t i s  spp. 
Gliocladium v i r e n s  Mi l l e r  (McCrawley and 
o t h e r s  1985).  f o r  example, has been 
i s o l a t e d  from nematode-infested s l a s h  
p ines  and is  an e x c e l l e n t  hos t  f o r  pine-  
wood nematodes. Because of t h e  thermo- 
genic  environment of  p i l e d  wood ch ips ,  
t h e  r o l e  of  thermotolerant  fungi ,  such 
a s  Phanerochaete chrysosporium and 
Aspergi l lus  fumigatus, i n  t h e  develop- 
ment of pinewood nematodes needs t o  be 
inves t iga t ed .  

Pinewood nematodes a r e  i n t o l e r a n t  of 
anaerobic condi t ions  a t  38 OC.  Since 
they a r e  aerobic  o r  semi-aerobic inver-  
t e b r a t e s ,  fumigants such a s  phosphine 
may be e f f e c t i v e  i n  c o n t r o l l i n g  nema- 
todes i n  wood chips  s t o r e d  i n  the  holds 
of  ocean v e s s e l s .  Prel iminary t e s t s  
with phosphine show promise f o r  cont ro l -  
l i n g  t h e  nematode i n  wood chips  ( J . G .  
Leesch, ARS Stored  Product I n s e c t s  
Research and Development Laboratory, 
Savannah, GA.; personal  communication). 

It is doubt fu l  whether southern p ine  
ch ips  could se rve  a s  a  source of inocu- 
lum f o r  t h e  es tab l i shment  of p ine  w i l t  
d i s ease  i n  coun t r i e s  t h a t  import them. 
Unless t h e  nematode is  t ransmi t ted  by a  
v e c t o r ,  i t  is des t ined  t o  be d iges ted  i n  
t h e  pulping process.  The b a s i c  b io logi -  
c a l  requirements of p ine  sawyers cannot 
be m e t  by wood chips  (Webb 1909; 
H e l l r i g l  1971).  

The author  thanks B e r g i t t a  Kemp and 
Wayne Stubbs of  Savannah S a l e s ,  I n c . ,  
and t h e  s t a f f  a t  Woodchip Export Company 
f o r  a s s i s t a n c e  i n  t h i s  s tudy.  

The s tudy was p a r t i a l l y  funded by a 
g ran t  from t h e  Georgia Fores t ry  
Commission. 
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