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A Simulation Model of Heterodera schachtii 
Infecting Beta vulgaris 

E. P. CASWELL, 1 A. E. MACGUIDWIN, 2 K. MILNE, s C. E. NELSEN, 4 
I. J .  THOMASON, 5 AND G.  W .  BIRD s 

Abstract: A simulation model of a single sugarbeet, Beta vulgaris L., plant infected by the sugarbeet 
cyst nematode, Heterodera schachtii Schmidt, was developed using published information. The model 
is an interactive computer simulation programmed in FORTRAN. Given initial population densities 
of the nematode at planting, the model simulates nematode population dynamics and the growth 
of plant tap and fibrous roots. The  driving variable for nematode development and plant growth 
is temperature. 
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The sugarbeet cyst nematode, Heterodera 
schachtii Schmidt, is a damaging pathogen 
of  sugarbeets worldwide (2,14). Control 
strategies typically include crop rotation 
and preplant nematicides, although some 
granular nematicides may be applied post- 
plant. Damage thresholds have been de- 
veloped for several geographical regions 
of  the world. Within a given region, how- 
ever, damage thresholds can vary with 
environment and growing conditions. In- 
creased understanding of  nematode pop- 
ulation dynamics as related to plant growth 
is important for improved management 
decisions regarding nematodes in agro- 
ecosystems. 

Computer simulation models have helped 
advance our understanding of nematode-  
host plant interactions (7,18,21). We report  
here on the development of  a simulation 
model of  H. schachtii infecting the sugar- 
beet, Beta vulgaris. This work was initiated 
in 1980, and an abstract of  this work has 
been published (5). 

MODEL DEVELOPMENT 

The  model simulates population dynam- 
ics of  the nematode on a single sugarbeet 
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plant in a soil volume approximating the 
volume a single plant occupies in the field 
(Fig. 1). The  vertical soil profile is divided 
into two strata, 0 -20  cm and 20-100 cm, 
on the basis of  soil temperature fluctua- 
tions and root growth patterns. Plant 
growth and nematode population dynam- 
ics are simulated in each stratum. 

The model was constructed using the 
following simplifying assumptions: (a) soil 
moisture, pH, and texture are not consid- 
ered limiting factors for plant growth or 
nematode development; (b) nematodes are 
uniformly distributed within the simulated 
soil profile; (c) the plant produces fibrous 
roots at equal rates throughout  the soil 
profile; (d) hatching and survival of  eggs 
are not dependent  upon their position 
within a cyst; and (e) net movement of  
nematodes between soil strata is zero. 

Soil moisture is an important environ- 
mental parameter determining nematode 
population dynamics, but  because of  in- 
sufficient data it is not considered as a state 
variable in this model. The  sources of  the 
data used to develop the simulation of  spe- 
cific processes within this model are listed 
in Table 1, and model state variables are 
listed in Table 2. 

The  model flow is depicted in Figure 2. 
The  model is an interactive program writ- 
ten in F O R T R A N ;  it requires the user to 
enter various parameter  values and initial- 
ize state variables. The  main (driver) pro- 
gram calls various subroutines to perform 
the necessary calculations, and data is 
passed between subroutines via common 
blocks. Euler integration is used to update 
state variables, typically using a time step 
of  0.05 (day). Test  runs of  the simulation 
were analyzed to determine the sensitivity 
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FIG. 1. A single sugarbeet plant growing in a vol- 
ume of soil measuring 20 × 80 × 100 cm was depicted 
in this simulation model, with nematode population 
dynamics and plant root growth followed in top (0- 
20 cm) and bottom (20-100 cm) strata. 

of results to time-step increment. Time 
steps smaller than 0.05 do not increase ac- 
curacy but  significantly increase the com- 
puter time required to run the simulation. 

The  driver program (Fig. 3) requires the 
following as inputs: the time-step size upon 
which the iterations of  numerical integra- 
tion will be b a s e d - - D E L T A T  (as a fraction 
of  a day); the number  of  simulated planting 
seasons; the planting date and season length 
(in days); and the initial nematode egg pop- 
ulation density (eggs/g soil) in each of  the 
two strata. Initial egg density is converted 
within the model to total numbers of  eggs 
in each stratum. Daily temperature data 
are obtained from a file of  in-field tem- 
peratures or  established as constant. Time- 
varying distributed delays are used to sim- 
ulate egg development,  root  penetration 

TABLE 1. Sources of  information on the devel- 
opment and growth of Heterodera schachtii and Beta 
vulgaris used to derive parameters values for the mod- 
el. 

Parameter Sources 

Nematode development 
J2 to adult male development 
J2 to adult female development 
Egg production, developmental 

rates 
Root penetration rates 
Nematode feeding functions 

Sugarbeet growth 
Fibrous root growth 
Tap root growth 
Tap root/fibrous root 

allometric relationship 

(17,26) 
(16,17,26,31) 

(3,12,16,25,26) 
(16,27) 
(14,15,20) 

(8-10,25) 
(10,22,25,32,33) 

(25) 

by second-stage juveniles, and maturation 
of  males and females within roots. 

Time-varying distributed delays have 
been developed to model processes where 
pulse inputs of  entities are distributed over 
time (1,23,24). The  specific algorithms used 
were DELVF and DELLVF from Abkin 
and Wolf  (1). These algorithms were se- 
lected for modeling nematode develop- 
ment because the length of  time spent in 
a given developmental stage in poikilo- 
thermic organisms is variable and depends 
on ambient temperature.  At optimal tem- 
perature, there is a minimum transition 
time associated with each developmental 

TABLE 2. State variables used in the simulation 
model of Heterodera schachtii infecting Beta vulgaris. 

Variable name* Definition of variable 

AFEM(I) 
AMALE(I) 
CYST(I) 
DEGG(I) 

DEVFEM(I) 

DEVMALE(I) 
FRWq) 
NEMSITE(I) 

PENLARV(I) 

SUMCYST(I) 

TOTNEM(I) 

TRW(I) 

Adult females 
Adult males 
New cysts 
Fully embryonated eggs present 

in the soil 
Developing females (J2-J4 

stages) 
Developing males (J2-J4 stages) 
Fibrous root weight 
Carrying capacity of most recent 

7 days of fibrous root growth 
Larvae penetrating the fibrous 

root 
Number of  cysts present in the 

soil 
Total number of actively feeding 

nematodes in the root system 
Tap root weight 

* Letter in parentheses indicates that variable is monitored 
in both soil strata. 
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FIG. 2. Logical flow of the model, indicating in- 
teractions among subroutines (Calc = calculation). 

stage o f  the  nema tode .  As t e m p e r a t u r e  
condi t ions  b e c o m e  subop t imal  or  super-  
opt imal ,  the  t ime r equ i r ed  for  t ransi t ion 
t h r o u g h  a specific stage increases.  

Temperature subroutine: A m b i e n t  t em-  
p e r a t u r e  in the  soil prof i le  is cons ide red  to 
be  the  dr iv ing  var iable  for  n e m a t o d e  and  
p lant  g rowth  and  deve lopmen t .  Records  o f  
field t e m p e r a t u r e s  ob ta ined  f r o m  Union-  
ville, Mich.,  in 1979 p rov ide  the  field t em-  
p e r a t u r e  da ta  for  the  model .  Us ing  daily 
m a x i m u m  and  m i n i m u m  soil t e m p e r a t u r e s  
(at 15 cm deep),  t e m p e r a t u r e  f luctuat ions 
in the  soil prof i le  a re  s imula ted  as a sinu- 
soidal d iurnal  f luctuat ion with f luctuat ion 
m a g n i t u d e  d iminish ing  with soil d e p t h  (4). 
A d a m p i n g  funct ion  s imulat ing the  effect  
o f  increasing leaf  a rea  index  on diurnal  soil 
t e m p e r a t u r e  f l u c t u a t i o n s  was s u p e r i m -  
posed  on the  sinusoidal f luctuat ion.  With  
these  rout ines ,  ins tan taneous  ave rage  tem-  
p e r a t u r e  is available for  each  s t ra tum.  I f  
desired,  the  subrou t ine  can be  a l te red  so 
each s t r a tum has a cons tant  t e m p e r a t u r e ,  
a l lowing s imulat ion o f  e x p e r i m e n t a l  con- 
ditions. 

obtain soil temps; I 
read delta T. 

initial egg density, 
years of simulation 

loop over years 

I write initial I 
egg density 

yes + no 

density to ÷'s; | attrition 
read plant date, |  
season length | without host 

;- - - ~[~dailyl:e~P ! pri~tdeathl 

I o ,w  ,oss I 
tr 

I print end of 
season data 

F~o. 3. Flowchart of the main program of a sim- 
ulation model of a single sugarbeet plant growing in 
a known volume of soil, indicating required user in- 
puts and flow options within the model (delta T = 
time step for Euler integration as fraction of a day; 
O/W = overwinter). 

Beet growth and development subroutine: 
Beet  tap roo t  and  f ibrous roo t  g rowth  ra tes  
a r e  r e l a t e d  to  soil t e m p e r a t u r e  ( 8 -  
10,22,25,32,33).  Roo t  g rowth  is initially 
l imited to the  top  soil s t ra tum.  Af te r  roots  
p e n e t r a t e  the  second s t ra tum,  op t imal  roo t  
g rowth  is divided be tween  each  o f  the  two 
strata.  T h e  total  f ibrous roo t  weight  is de- 
t e r m i n e d  by s u m m a t i o n  o f  f ibrous roo t  
weight  in each  s t ra tum.  T h e  re la t ionship  
o f  re lat ive f ibrous roo t  g rowth  ra te  to t em-  
p e r a t u r e  was der ived  (9,10,25) to allow 
modif ica t ion o f  roo t  g rowth  in re la t ion  
to t e m p e r a t u r e .  F ibrous  roo t  w e i g h t - -  
F R W ( I ) - - i n c r e a s e  is descr ibed  by l inear  
funct ions  der ived  f r o m  Fick (9,10): 

F R W  growth  ra te  = 0.0421 g / d a y  
if F R W  < 1.05 g. 

FRW growth  ra te  = 1.4200 g / d a y  
if F R W  >- 1.05 g. 

State variables  a re  u p d a t e d  for  each  stra- 
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tum at each iteration of  the model, which 
is indicated by the array index (I). 

Fibrous root weight is initialized as 
0.0001 g in strata one to avoid having a 
numerator  of  zero in the equations. The  
beet  growth subroutine uses data pro- 
vided by the temperature subroutine to 
obtain a temperature correction f ac to r - -  
T E M P F A C - - f o r  fibrous root  growth rate. 
The  instantaneous change in fibrous root  
w e i g h t - - D E L F R W ( I ) - - i s  calculated for  
each stratum as 

DELFRW(I) = RATE * TEMPFAC(I) 
• DELTAT,  

where RATE is the optimal fibrous root  
growth rate and TEMPFAC is the correc- 
tion for deviation from optimal growth 
rates dependent  on temperature.  The  fi- 
brous root  weight is updated as 

FRW(I) = FRW(I) + DELFRW(I). 

Fibrous roots are depicted as remaining 
suitable for invasion by the nematode for 
7 days before processes such as suberiza- 
tion render them unsuitable. This estimate 
was derived from Kampfe (19). The  most 
recent 7 days of  fibrous root biomass is 
maintained as the variable SUM(I). The  
nematode carrying capacity of  fibrous roots 
is calculated by dividing SUM(I) by the 
minimal root volume required for nema- 
tode development (20). The  number  of 
feeding  sites available for  n e m a t o d e  
colonizat ion,  the  carry ing c a p a c i t y - -  
NEMSITE(I)-- is  calculated as 

NEMSITE(I) = SUM(I)/7.0 * 10 -~. 

At this point the program calls up the 
hatching and penetration subroutine which 
uses the information on fibrous root  weight 
to simulate nematode egg hatch and pen- 
etration of  roots by juveniles. When the 
program returns to the beet  growth sub- 
routine, the nematode total damage func- 
t ion- -NEMAFED(I) - - i s  passed back and 
the new change in fibrous root  weight due 
to nematode feeding is calculated as 

FRW(I) --- FRW(I) - NEMAFED(I). 

After initial fibrous root  growth, the tap 
root  begins to grow. Tap root  we igh t - -  
TRW(I) - - i s  obtained using a temperature 
dependent  allometric ratio of  tap root  
weight to fibrous root  weight derived from 
Radke and Bauer (25) and Ulrich (33). Tap 

root  growth is exponential during the early 
growth phase and reaches a linear growth 
phase after approximately 95 days at 25 C 
(25,32,33). 

Hatching and penetration subroutine: When 
soil temperatures are above 10 C, fully 
deve loped  eggs p resen t  in the  s o i l - -  
DEGG(I)- -are  stimulated to hatch by the 
proximity of  fibrous roots (34). IfFRW(I) -< 
0.17 g, then 

PHATCH(I )  = 0, 

where PHATCH(I )  represents the pro- 
portion of  fully developed eggs that will 
hatch. This constraint is to simulate host 
plant stimulation of  egg hatch (29,34). 
PHATCH(I)  is considered an increasing 
linear function of  FRW(I) until FRW(I) 
equals 2.1 g, after which PHATCH(I )  = 
1.0. Fully developed eggs hatch accord- 
ing to 

HEGG(I) = DEGG(I) * PHATCH(I) ,  

where HEGG(I) is the number  of  eggs 
which hatch. The  number  of  eggs that are 
developed is updated 

DEGG(I) = DEGG(I) - HEGG(I). 

When soil temperature is above 10 C, the 
proport ion of developed eggs that hatch is 
determined from the size of  the available 
fibrous root  in each stratum. The number  
of eggs entering the penetration delay 
(simulating hatch and penetration) is ob- 
tained from 

SEGG(I) = 0.35 * HEGG(I) 
• [NEMSITE(I) 

- TOTNEM(I)]  
--" NEMSITE(I), 

where SEGG(I) is the average proport ion 
(35%) of  juveniles that can successfully 
penetrate the root  (16,27). The  remainder 
of  the equation represents the number  of  
potential feeding sites available in the fi- 
brous root  system minus the number  of  
actively feeding nematodes already pres- 
en t - -TOTNEM(I ) .  Penetration of  juve- 
niles into the roots is limited by the fibrous 
root  carrying capacity, as determined in 
the beet growth subroutine, and by the 
number  of  nematodes already present in 
the fibrous root. If  the capacity is large, 
relative to the number  of  nematodes in the 
root, most juveniles enter the growth and 
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development delays. If  the carrying capac- 
ity and the number  of  nematodes in the 
root  are nearly equal, few or none of  the 
juveniles can penetrate. 

The  time required for penetration of  the 
root  system is simulated using a time-vary- 
ing distributed delay based on tempera- 
ture. The  temperature correction factor 
for the penetration delay is obtained from 
an array of  temperature-dependent  rela- 
tive penetration rates derived from John- 
son and Viglierchio (16) and Raski and 
Johnson (27). SEGG(I) is passed into the 
penetration delay. The  minimum penetra- 
tion time is 4 days at optimal temperature 
of  23 C (16). The  delay in penetration in- 
creases to 7 days at 30 C and approximately 
400 days at 10 C. The  delay output is 
PENLARV(I), the number of  juveniles that 
have successfully penetrated the root  sys- 
tem. This subroutine passes the informa- 
tion to the nematode development subrou- 
tine. 

Nematode development subroutine: The  
number  of  juveniles that have success- 
fully entered the plant root sys tem--  
PENLARV(I)-- is  divided into future males 
and females: 

DEVFEM2(I) -- 0.5 • PENLARV(I),  
DEVMAL2(I) = 0.5 • PENLARV(I),  

where  DEVFEM2(I)  and DEVMAL2(I )  
represent developing females and males, 
respectively, assuming a 1:1 sex ratio (17). 
Tempera tu re -dependen t  developmental  
arrays for male and female growth are used 
to determine the lengths of  the male and 
female delays. The  minimum develop- 
mental times for males and females are 18 
and 20 days, respectively, at optimal tem- 
perature (25 C) (17). Male development re- 
quires 41 days and female development 33 
days at 30 C. The  minimum temperature 
threshold for development of  males and 
females is 10 C (17,27). The  maximum 
temperature threshold for males is 35 C 
and for females 30 C (17). At maximum 
and minimum temperatures development 
ceases. DEVFEM(I)  and DEVMALE(I)  
represent the total numbers of  developing 
females and males in the root  system; they 
are obtained by summing the contents of  
the male and female developmental delays. 
Males no longer feed after leaving the root  
system (26). The  model assumes adequate 

insemination of  females regardless of  pop- 
ulation density due to the promiscuous na- 
ture of  males and the attractiveness of  fe- 
males (11-13). This assumption may be 
unrealistic at low population densities. 

Eggs are attributed to adult females as 
they leave the female development de lay- -  
AFEM(I): 

EGG(I) -- AFEM(I) * 250, 

where EGG(I) represents newly deposited 
eggs, with an average of  250 eggs attrib- 
uted to each female (31). 

A t e m p e r a t u r e - d e p e n d e n t  deyelop-  
mental array is used to drive another delay 
simulating the process of  egg develop- 
ment. Egg development requires 8 days at 
25 C (16), whereas minimum and maxi- 
mum thresholds are estimated as 11 C and 
35 C, respectively. 

EGG(Z) enters the egg development de- 
lay, and TEGG(I) is the output of  the de- 
velopment delay, representing fully devel- 
oped eggs. For every 250 fully developed 
eggs, an adult female is removed from the 
feeding population and added to the pop- 
ulation of  cysts--CYST(I):  

CYST(I) = [TEGG(I) * DE L T AT ] / 250 .  

The  number of  cysts present in the soi l - -  
SUMCYST(I)-- is  updated as, 

SUMCYST(I) = SUMCYST(I) 
+ CYST(I). 

The  number  of  females which are still 
feeding in the root system is calculated as 

SUMAFEM(I) = SUMAFEM(I) 
+ AFEM(I) * D E L T A T  
- CYST(I). 

The pool of  developed eggs in the soi l - -  
DEGG(I)--is updated using 

DEGG(I) = DEGG(I) + TEGG(I) 
• DELTAT.  

Simulation of  the development of  males 
follows the same logic as for females, but  
the mean delay time and temperature-de- 
pendent  developmental rates are different. 
The  output of  the male development delay 
is AMALE(I), and adult males are deleted 
from the feeding population. 

An attempt was made to include an at- 
trition factor in the nematode develop- 
ment delays to simulate the death of  some 
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juveniles during development in the root. 
This attrition factor was considered to re- 
flect deaths caused by overcrowding, par- 
asitism, partial resistance of  the host, or 
improper positioning of the nematode in 
the root. Because of  the poorly defined na- 
ture of  such an attrition factor (30), its use 
in the model was ineffective. 

The  male and female nematode feeding 
functions used in the model were derived 
from Griffin (14,15) and Santo and Bolan- 
der (28). The nematode feeding func- 
t ion--NEMFED(I)-- is  first calculated for 
feeding females using 

NEMFED(I) = [DEVFEM(I) * 2.3 
• 10 -s g /nema]  

+ [SUMAFEM(I) * 2.3 
• 10 -8 g/nema].  

The feeding function is modified by a fac- 
t o r ~ F E E D F A C - - t h a t  considers the phe- 
nology of  the plant such that the impact of 
nematode feeding is greater on younger 
plants (14,15). 

If  FRW(I) < 14.0 g, then 

FEEDFAC(I) = ( -  19.0/14.0)* FRW(I) 
+ 20.0. 

I f  FRW(I) >- 14.0 g, then 

FEEDFAC(I) = 1.0. 

The  actual female feeding function is then 
calculated as 

NEMFED(I) = NEMFED(I) 
• FEEDFAC(I). 

The nematode feeding function for males 
is calculated as 

NEMAFED(I) = DEVMALE(I) 
• 3.8 * 10 -1° g /nema.  

Males are considered to cause less plant 
growth reduction than females. The  mod- 
ifier FEEDFAC is again used to alter the 
nematodes' impact on young plants. The 
total nematode feeding on the plant is then 
calculated as 

NEMAFED(I) = NEMFED(I) 
+ NEMAFED(I), 

expressed as fibrous root weight lost. This 
information is returned to the beet growth 
and deve lopment  subrout ine ,  and the 
model continues iteration until the season 
length specified by the user is reached. 
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F1G. 4. Comparison of model output to data from 
Cooke and Thomason (5) showing nematode popu- 
lation increase (Pf/Pi, in eggs/g soil) over 105 days 
of plant growth at constant temperatures and an ini- 
tial population density of 0.3 eggs/g soil. 

RESULTS AND DISCUSSION 

Although the model is deterministic, it 
is capable of  complex dynamics depending 
upon the initial population density of  the 
nematode and soil temperatures. 

Sensitivity analyses: An analysis was con- 
ducted to determine the sensitivity of  
nematode population increase and tap root 
growth to modification of the per capita 
nematode damage to the plant. The base 
value per capita damage was compared with 
0.1 times and 10 times the base value. The  
simulated reproductive rate of  the nema- 
tode was insensitive to changes in the base 
value, but the increase of 10 times had an 
overly severe impact on tap root growth. 

The sensitivity of  tap root growth to 
modification of  the length of  time the fi- 
brous root system remained available for 
nematode penetration was analyzed. The  
base value of  7 days was compared to 1 day 
and 21 days, with an initial population den- 
sity of 1.0 egg /g  soil at a constant tem- 
perature of 21 C. The differences in tap 
root weights between the 1-day and 7-day 
lengths was not significant, but the 2 l-day 
length resulted in an unrealistic decrease 
in tap root growth. On the basis of  the 
analyses, we believe the base values used 
for these parameters are set at reasonable 
values, given the model's structure. 

Validation: The rate of  increase of nema- 
tode population density generated by the 
model was compared to two data sets not 
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FIG. 5. Comparison of model output (stratum 1; 
0-20 cm) to data from Viglierchio (34) showing the 
increase in white female Heterodera schachtii and cysts 
(in soil and roots) during 150 days of plant growth at 
a constant temperature of 23 C and initial population 
density of 1.0 egg/g soil. 

used in the construction of  the model. 
Comparison with data from Cooke and 
Thomason (6) for population increase at 
constant temperatures is depicted in Fig- 
ure 4. The  rate of  nematode population 
density increase generated by the model 
did not compare favorably with their re- 
sults. At 19 C the model rate of  increase 
was lower, at 23 C higher, and at 27 C 
lower than values obtained by these au- 
thors. It is not possible to identify a specific 
data set or assumption used in construction 
o f  the model that accounts for the dis- 
agreement. An obvious problem with the 
model is that it was developed using infor- 
mation from many different studies, each 
conducted under specific conditions. 

Comparison of  the simulated production 
of  cysts and, females (in roots and soil) with 
that obtained by Viglierchio (34) is depict- 
ed in Figure 5. The  numbers of  cysts and 
females produced differ. The  model soil 

volume is larger, however, so although the 
initial egg population densities are the 
same, the absolute number  of  eggs in the 
simulated system are greater. The  data 
from Viglierchio (34) represent point es- 
timates of  population structure, whereas 
the model results are continuous (Fig. 5) 
making it difficult to compare the two, de- 
spite their apparently similar basic dynam- 
ics. 

Phenomena such as sex-ratio shifts and 
differences in fecundity caused by changes 
in host quality are poorly understood but 
still affect nematode population dynamics. 
Such factors are not included in the model; 
therefore, model realism is limited. 

Computer  simulation models are becom- 
ing increasingly useful as aids in compre- 
hending complex interactions occurring in 
biological systems and may be especially 
useful in the analysis of  host-pathogen re- 
lationships (21). A benefit of  simulation is 
the recognition of  information gaps and 
previously unsuspected interactions and 
feedback mechanisms within the system. 
Our  model is useful as a guide and frame- 
work for further research. 

Construction of  this simulation model has 
identified the need for further study of  the 
cyst nematode-sugarbeet  relationship. A 
deficiency of quantitative information on 
nematode development and reproductive 
rates and feeding processes limits the ac- 
curacy and usefulness of the model. Well- 
defined information on the growth of  the 
fibrous root system, particularly the allo- 
metric relation between fibrous and tap 
root growth under field conditions, is de- 
sired. 

Specifically, we have identified several 
questions which, when answered, may al- 
low further development of  this model. The 
following points require further elucida- 
tion: 1) nematode carrying capacity of  the 
root  system and the average root volume 
required for maturation of  males and fe- 
males under variable environmental con- 
ditions, 2) effects of  nematode population 
density and plant growth on the fecundity 
and sex ratio of  the nematode, 3) hatching 
behavior of  eggs as temperature and mois- 
ture change at the end of  the growing sea- 
son, and 4) attrition rates for male and fe- 
male nematodes within the root, based on 
nematode population density, tempera- 
ture, and plant growth. An improved mod- 
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el could have predictive value and use in 
the management of cyst nematodes in in- 
fested fields. 
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