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Development of a Soil-temperature Data Base on 
Meloidogyne arenaria for a Simulation Model 

H. FERRIS, H. S. DU VERNAY and R. H. SMALL ~ 

Abstract: Models for the development rate and death rate of Meloidogyne arenaria relative to 
temperature  and time were developed to improve the predictive performance of a computer  
simulator.  About  74% of the eggs hatched fairly rapidly, whereas the remainder  hatched at a 
lower rate and appeared to be uninfluenced by temperature  shock and root exudates. Death rates 
of eggs were rapid at extremes of temperature  (5 and 36 C) dur ing  the first week, because of 
sensitivity of younger  eggs, and then declined and later increased gradually with time. Death 
rates varied little with time at op t i m um  temperatures  for survival. Key Words: egg development 
rate, egg death rate, popula t ion  dynamics. 

A fundamental  benefit of attempts to 
model subsystems of the agro-ecosystem is 
the delineation of areas where knowledge 
is weak or lacking, and in determining re- 
search priorities. In developing a simulation 
model of a Meloidogyne community  on 
grapevines (3), published data on egg de- 
velopment,  hatch and survival (1, 10) 
incorporated in the model resulted in dis- 
crepancies between simulator predictions 
and field observations of egg and larval 
populat ion levels (5). This  study was done 
to develop a data base on egg survival and 
development with a populat ion adapted to 
the geographic region for which predictions 
were being made. 

MATERIALS AND M E T H O D S  

Egg development: Egg masses of a 
Meloidogyne arenaria populat ion with 37 
chromosomes (5) were dissolved by stirring 
in 4% commercial bleach solution (5% 
NaOCI) for 5 min. T h e  eggs were rinsed in 
distilled water. Two-celled eggs, the earliest 
developmental  stage readily distinguishable, 
were selected out  with a suction device. 
Batches of up to 10 eggs were placed in 
hanging drops suspended from coverslips 
over Bureau of Plant Industry (BPI) watch 
glasses (1). Glasses were placed in each of 
a series of petri dishes to minimize evapora- 
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tion and contamination.  T h e  petri dishes 
were incubated at 3 to 39 C at 3-C intervals. 
Developmental  stages of the eggs were de- 
termined by daily examination.  Th e  
number  of days for development  to dis- 
cernible first-stage larvae and to hatching 
was recorded for each temperature.  

This  experiment  constituted a data base 
from which quanti ta t ive models of egg 
development were derived. Tw o  approaches 
were used: I) the rate of development  per 
hour  from the two-cell stage to hatch was 
expressed as a function of temperature  by 
regression; and 2) development  was meas- 
ured in terms of accumulated degree-hours 
(6, 7, 8, 9). A basal development threshold 
was determined (7, 9), and the number  of 
degree-hours above this threshold required 
for hatch was calculated. 

In a related study, eggs selected and 
placed in incubat ion chambers as before 
were subjected to fluctuating temperatures. 
T h e  time taken for larval development  and 
hatch was recorded. These  data were used 
to test the regression and degree-hour 
models for their ability to predict M. 
arenaria egg development  and hatch. 

Because of the relatively high percentage 
of unhatched eggs in these studies, egg 
hatch and survival were studied under  
fluctuating temperature and in root/soil-  
extract solutions. T h e  extract solutions were 
filtered through a 0.22-~m Millipore filter. 
Egg masses were placed in hatching 
chambers consisting of a nylon mesh disk 
glued between two 0.5-cm lengths of a 
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1.8-cm-diam PVC pipe. Each chamber  was 
placed in a small petri  dish wi th  either 
water or root /soi l  extract just covering the 
mesh. All chambers were incubated at 24 C 
for 4 weeks to allow most  hatching to 
occur. Ha l f  of the petri dishes were main- 
tained at 24 C for the dura t ion  of the ex- 
periment,  and half were gradually reduced 
to 5 C over a 2-week period, main ta ined  at 
5 C for 4 weeks, and then increased to 24 C 
over another  2-week period, simulating the 
effect of overwintering. All t reatments were 
incubated for a fur ther  4 weeks at 24 C to 
determine the percent nonsurvival.  

Egg surviwd: Not  only does tempera ture  
regulates the rate of development  of 
nematode  eggs; it is involved also as a 
physiological stress factor in their  survival. 
Five egg masses were placed in each of a 
series of PVC hatching chambers with 
distilled water  in the petri  dish just cover- 
ing the mesh. Six petri  dishes were 
incubated at 6 to 36 C at 3-C intervals. 
Each week, one petri  dish was removed 
from each incubator.  T h e  petri-dish bo t tom 
was replaced and the hatching chamber  
incubated at 24 C for the next  6 weeks. T h e  
number  of larvae in the original dish indi- 
cated the extent  of hatch dur ing  the initial 
incubation.  T h e  am oun t  of hatch in the 
dishes stored at 24 C was determined each 
week. Egg hatch dropped to a low level 
after 4 or 5 weeks. After 6 weeks of storage 
the egg masses were dissolved in 10% com- 
mercial bleach solution (2), and the 
unhatched eggs counted. T h e  death per- 
centage from the initial  t empera ture  stress 
was calculated on the basis of the remain ing  
eggs and accumulated hatch. 

T o  investigate any difference in the 
abili ty of eggs of different age groups to 
tolerate tempera ture  stress, egg masses were 
dissolved in 4% commercial  bleach for 5 
rain, and batches of eggs were selected that  
had fewer than 8 cells (<8), many  cells (>8), 
or first-stage larvae (L1). T h e  eggs were 
placed in hanging drops (1) in BPI  watch 
glasses at 9, 15, 27, or 33 C for 1 week. 
T h e  chambers were then incubated at 24 C 
for 4 weeks to determine the percent  sur- 
vival of each stage. 

R E S U L T S  

Egg development: T h e  hourly  rate  of 
development  of eggs f rom 2 cells to ha tch  

had a l inear relat ion to tempera ture  above 
10 C (Fig. 1). Below 10 C there was litt le 
apparen t  development .  Determined by the 
technique described by Milne and Du 
Plessis (7) and Tyle r  (9), the basal thresh- 
old for development  was 10.11 C. T h e  
number  of degree-hours above this level, 
de termined from results at all incubat ion 
temperatures,  was 4,221 ± 176. 

Simulat ion of the number  of days to 
hatch at f luctuating temperatures  by either 
the rate equat ion or heat uni t  accumula- 
tions was acceptable (Table  l). At low 
temperatures,  hatch actually occurred 1 day 
sooner than predicted, possibly from under- 
est imation of the effect of fluctuating 
tempera ture  on metabol ic  rates (6). 

In  the s imulated overwinter ing study in 
root /soi l-extract  solutions, about  26% of 
the eggs remained unhatched after the 
initial  4-week period at 24 C. The re  were 
no differences between treatments  in egg 
hatch dur ing  the initial  period. T h e  cold 
t reatment  and root /soi l  exudates were 
at tempts  to st imulate hatch of these eggs. 
At the end of the cold-shock period (12 
weeks), the accumulated hatch was greater  
in the constant- temperature  (24 C) treat- 
ments than in the cold treatments.  After 
another  4 weeks at 24 C, however, accumu- 
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FIG. 1 .Relationship between rate of egg devel- 
opment (development/h) and temperature for 
Meloidogyne arenaria. 

TABLE 1. Predicted hatch of eggs of Meloidogyne 
arenaria subjected to fluctuating temperature con- 
ditions by rate equations and heat units. 

Treatment 
Actual batch Predicted batch 

(days) (days) 

High range II 11 
Low range 21 22 
Full range 12 12 



T e m p e r a t u r e  

l a t ed  ha t ch  in  the  cold  a p p r o a c h e d  t ha t  in  
cons t an t  t e m p e r a t u r e .  T h e  pe rcen t age  of  
eggs r e m a i n i n g  u n h a t c h e d  af te r  16 weeks 
was no t  s igni f icant ly  d i f fe ren t  be tween  
t r e a tm en t s  ( T a b l e  2). 

Egg survivah A n  a t t e m p t  to express  
weekly  d e a t h  ra tes  (egg d e a t h s / e g g / h )  as a 
func t ion  of t e m p e r a t u r e  a n d  exposu re  t ime  
over  the  w h o l e  p e r i o d  by  m u l t i p l e -  
regress ion  t echn iques  y i e lded  no  sa t i s fac tory  
cor re la t ion .  W h e n  d e a t h  ra tes  were  p l o t t e d  
aga ins t  t e m p e r a t u r e  by  week,  i t  was ap-  
p a r e n t  t ha t  the  dea th - r a t e  curve ou t s ide  the  
o p t i m u m  t e m p e r a t u r e  r a n g e  was m u c h  
s teeper  in  the  first week  t han  in  subsequen t  
weeks. T h e  m e a n  d e a t h  r a t e  a m o n g  tem- 
pe ra tu re s  was g rea te r  d u r i n g  the first week 
t han  in  subsequen t  weeks ( T a b l e  3). A f t e r  
the  second  week,  d e a t h  ra tes  were  a b o u t  
cons t an t  be tween  18 a n d  24 C a n d  inc reased  
g r a d u a l l y  a t  the  t e m p e r a t u r e  ext remes .  
W h e n  egg d e a t h  ra tes  for  the  first week  
were  p l o t t e d  aga ins t  t e m p e r a t u r e  (Fig.  2-A), 
a n d  ra tes  for subsequen t  weeks of  e x p o s u r e  
were  p l o t t e d  aga ins t  t ime  a n d  t e m p e r a t u r e  
(Fig. 2-B), sa t i s fac tory  co r re l a t ions  were  ob- 
ta ined .  T h e r e  was h igh  egg m o r t a l i t y ,  even 
in  the  t e m p e r a t u r e  r ange  o p t i m u m  for sur- 
vival ,  d u r i n g  the  first week,  a m o u n t i n g  to 
a b o u t  36% of  the  eggs a t  21 C. I f  we 
assume tha t  this  h igh  i n i t i a l  m o r t a l i t y  is 
due  to e x p e r i m e n t a l  p r e p a r a t i o n  of  the  eggs 
a n d  tha t  the  d e a t h  r a t e  a t  21 C for  the  first 
week  was s imi l a r  to t ha t  in  subsequen t  
weeks, the  second curve in  Fig.  2-A resul ts .  
In  this  ins tance,  the  d e a t h  r a t e  is s t i l l  h ighe r  
a t  ex t remes  of t e m p e r a t u r e  d u r i n g  the first 
week t h a n  in  subsequen t  weeks. 

T h e  surv iva l  e x p e r i m e n t  sugges ted  tha t  
some eggs were  m o r e  t empera tu re - sens i t i ve  
than  o the r s  a n d  t ha t  these eggs d i e d  d u r i n g  
the  first week  of  exposure .  T h e  age -g roup  
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TABLE 3. Duncan's muhiple-range test on mean 
death-rate data for eggs of Meloidogyne arenaria at 
various temperatures for different weeks of ex- 
posure. 

Week Mean death rate" 

1 0.0011 a 
2 0.0007 b 
3 0.0005 b 
4 0.0005 b 
5 0.0003 b 
6 0.0003 b 

LSD (P = 0.05) = 0.00035 

"Means with the same lener are not significantly 
different. 

su rv iva l  e x p e r i m e n t  ( T a b l e  4) sugges ted  
tha t  eggs in  the  ear ly  stage of  d e v e l o p m e n t  
a re  suscep t ib le  to 15 C a n d  lower.  O l d e r  
eggs are  m o r e  t o l e r a n t  of  low t empera tu r e s .  
A t  h igh  t e m p e r a t u r e s  the re  a p p e a r e d  l i t t l e  
d i f ference  in  the  a b i l i t y  of  the  eggs to 
surv ive  the  stress. 

D I S C U S S I O N  

T i l e  capac i ty  to p r e d i c t  egg d e v e l o p m e n t  
r e l a t ive  to t e m p e r a t u r e  f rom e i the r  r a t e  
e q u a t i o n s  or  a c c u m u l a t e d  hea t  un i t s  ind i -  
cates tha t  e i t he r  a p p r o a c h  w o u l d  be  
sa t i s fac tory  for  use in  s i m u l a t o r  models .  
T h e s e  e x p e r i m e n t s  were  c o n d u c t e d  where  
m o i s t u r e  a n d  oxygen  were  no t  l im i t i ng .  
T h e r e  are  va r ious  t echn iques  for  accumula t -  
i ng  effective hea t  un i t s  (4, 6), or  for  use of  
ra te  e q u a t i o n s  in  s i m u l a t i o n  mode l s  (3) 
w h e n  o t h e r  c ond i t i ons  are  s u b o p t i m a l .  

W e  hypothes ize  f rom the  resul ts  t ha t  
M. arenaria eggs of  d i f fe ren t  d e v e l o p m e n t a l  
stages are  d i f f e ren t i a l ly  suscep t ib le  to tem- 
p e r a t u r e  stress. D u r i n g  i n i t i a l  exposures  to 
t e m p e r a t u r e  stress the  m o r e  sensi t ive  eggs 

TABLE 2. Percent hatch of Meloidogyne arenaria eggs remaining after an initial 4-week period at 24 C." 

Time 24 C Cold-shock 24 C Cold-shock LSD 
(weeks) water water root extract root extract (P = 0.05) 

8 8.23 4.41 16.08 6.29 1.37 
12 7.68 1.19 6.04 0.16 2.09 
16 1.45 15.22 0.67 14.19 4.20 

Cumulative 17.36 20.82 22.79 20.64 N .S. 
hatch 

• Mean of five replications. Eggs incubated at 24 C or subjected to cold treatment, in water or root extract. 
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FIG. 2-(A-B). Effect of temperature and time on 
the death rate (egg deaths/egg/h) of eggs of 
Meloidogyne arenaria. A) Death rate during first 
week of exposure; upper curve based on actual 
deaths measured, and lower curve based on assump- 
tion that death rate for first week at 21 C was the 
same as for subsequent weeks. B) Death rate of eggs 
after first week of exposure. 

are killed quickly, leaving individuals that  
are relatively uni formly  sensitive and die 
at a steady rate at o p t i m u m  temperatures  
but  a gradually increasing rate at tempera-  
ture extremes. Eggs between the 2-cell and 
gastrula stages appear  to be most sensitive 
to the tempera ture  stress, ei ther from an 
inherent  intolerance or a lack of acclima- 
tion from previous exposure to a range of 
tempera ture  experiences. 

TABLE 4. Percent survival of age groups of 
eggs of Meloidogyne arenaria after 1 week of ex- 
posure to various temperatures. 

Exposure Developmental stage 
temperature ( 8  cells ~ 8  ceils L 1 

9 0.0 95.5 53.1 
15 0.0 83.1 80.6 
27 25.9 58.1 79.5 
33 26.2 39.9 29.9 

LSD (P = 0.05) = 30.9 

For model ing purposes, i t  is necessary to 
recognize that  eggs of M. arenaria vary in 
rate of hatch. Eggs developed according to 
a temperature-dependent  rate described by 
the equat ion 

IL = 0.000235T-- 0.00235 r = 0.99 
Seventy-four percent  of the eggs hatched on 
reaching matur i ty .  T h e  remain ing  26% 
followed a different hatch pat tern.  T h e y  
hatched at a rate of 0.000419 eggs /egg /h  at 
24 C after reaching maturi ty.  Assuming the 
slow hatch-rate line to have the same tem- 
perature-axis intercept  (10.11 C) as the 
egg-development line, the equat ion would 
be:  

R = 0 . 0 0 0 0 3 T - -  0.000305 
T h i s  d i f f e r e n t i a l  h a t c h  r a t e  m a y  b e  
g e n e t i c a l l y  b a s e d  a n d  is p r o b a b l y  i m p o r t a n t  
i n  s u r v i v a l  o f  t h e  n e m a t o d e  i n  f ie ld  soils .  
W e  a re  c o m f o r t a b l e  w i t h  o u r  a s s u m p t i o n s  

o n  egg  d e a t h  r a t e s  r e l a t i v e  to  t ime and 
t e m p e r a t u r e ,  a n d  p l a n  to  use  t h e  a p p r o p r i -  
a t e  m o d e l ,  b a s e d  o n  t i m e  o f  e x p o s u r e ,  fo r  
s i m u l a t i o n  p u r p o s e s .  
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