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Nematode Economic Thresholds: Derivation, Requirements, 
and Theoretical Considerations 

H. FERRIS t 

Abstract: Dete rmina t i tm  and  use of economic thresholds  is considered essential in nema tode  pest 
m a n a g e m e n t  programs.  T h e  economic  efficiency of control  measures  is lnaximized when  the  
difference he tween the crop valne and  the  cost of pest control  is greatest .  Since the  cost of 
reduc ing  the  nema t nde  pnpn la t i on  varies wi th  the  magni tu t le  of the  reduct ion  a t t empted ,  an 
economic (optimizing) thresholtI  can be de terminet t  graphical ly  or  mathematically if the  n a t u r e  
of  the  re la t ionships  between degree of  control  attd cost, and  nema tode  densi t ies  anti crop value  
are known.  Economic thresholds  then  vary according to the  nema tode  control  practices used,  
env i ronmen ta l  inf luences on the  nema t ode  dam a ge  fnnct ion ,  and  expected crop yields and  
values.  A prerequis i te  of the  approach  is reliabili ty of  nema tode  popu la t ion  assessment  tech- 
n iques .  Key Words: Pest  m a n a g e m e n t ,  popu la t i on  dynamics ,  control  costs, damage  funct ions ,  
sampl ing ,  op t imiz ing  thresholds .  

In any pest management  program, an 
obvious concern is not only the type of con- 
trol measure to be used, relative to pest and 
environmental  considerations, but  also the 
necessity for such control. Economic thresh- 
olds are variously defined (1, 3, 14, 18) but  
might be smnmarized as the popnlat ion 
density of a pest at which the value of the 
damage caused is equal to the cost of con- 
trol. Thus,  at densities up to the economic 
threshold, there would be no (or negative) 
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economic advantage to pest control since 
control costs would exceed crop loss due to 
the pest. This  impor tant  concept has been 
largely ignored in nematology for several 
reasons: 1) lack of information on the rela- 
tionship between nematode densities and 
plant  damage, and damage functions gen- 
erally; 2) difficulties in assaying nematode 
densities in a field; 3) work involved in 
arriving at the decision; 4) ready availabil- 
ity of low-cost pesticides. 

Headley (7) elaborated on the economic 
threshold concept by considering the dig 
ferential cost of pest control relative to the 
level of control achieved. Chemical reduc- 
tion of the pest populat ion by 50% may 
be relatively inexpensive, whereas a 99% 
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reduction,  if possible, may be astronomical  
in cost. Thus ,  there is an o p t i m u m  level of 
control at which profits (crop value less 
nematode control cost) will be maximized.  
T h e  dosage/control  curve for nematicides 
is linear within certain limits (13); how- 
ever, the cost of achieving higher dosages 
may be multiplicative.  Similar observations 
have been made for insect control, such 
that  costs (c) may be described by: 

a 

c = 1- ~ .... [1] 

where a is a constant and P is the level to 
which the popula t ion is to be reduced. Tile 
level of control usually achieved is 80 to 
90% (23) for which the cost will be an 
appl icat ion overhead (B) and  a cost of 
material  (A) from which a hypothetical,  
unsuhstantiated model for the cost of con- 
trol (y) can be developed: 

y = (A x Q) (N/P)  + B [2] 

where A is the cost of material  required to 
reduce the popula t ion  to a propor t ion  Q, 
N is the popula t ion  in the field, and P is 
the level to which the popula t ion  is re- 
duced. Quant i fy ing this relat ionship,  if the 
cost of material  (A) to reduce the field 
popula t ion to 0.1 is $150, with an applica- 
tion overhead (B) of $50, and the start ing 
popula t ion (N) in the field is 1,000, then 
tile cost of reducing the popula t ion  to 250 
nematodes /vo lume  of soil would be: 

(150 x 0.1 x 1,000/250) + 50 = $110 

Now, in a t tempt ing  to maximize prof- 
its from nematode control, consider Sein- 
horst 's (20) damage function y = CZW - T) 
relat ing crop value (y) to numbers  of nema- 
todes, where C represents potent ia l  crop 
value, Z is the propor t ion  of the plant  
not  damaged by one nematode,  P is the 
nematode popula t ion  level, and T is the 
tolerance level below which damage is not 
measurable.  Assume these parameters  to 
have values C = 1,000, Z = 0.995 and T = 
20 (line A in Fig. 1) and the control cost 
function to have values given above (line 
B in Fig. 1). T h e  popula t ion  level at which 
the crop value less the cost of suppressing 
the popula t ion to that level is maximized,  
is the point  at which the rate of decrease in 
control cost per nematode  (line D, Fig. 1) 
is closest to the rate of decrease in crop 

, October 1978 

value per nematode (line C, Fig. 1). In 
other words, with the two continuous 
models, crop value (line A) and control 
cost (line B), the opt imizing threshold 
occurs at the point  where the difference 
hetween the functions is at a max imum.  
This  is the point  at which the difference 
between the slope of the lines is at a mini- 
mum.  I f  the derivatives of the functions 
intersect, it is a difference of zero. I f  tire 
derivatives do not intersect below the 
popula t ion  level in the field, the opt imizing 
threshold for the management  or control 
practice under  consideration is above the 
current  popula t ion  level (N), so the point  
of m i n i m u m  difference in slope is at N and 
this control opt ion is rejected. Note that  
with another  control approach,  the thresh- 
old might  be below N, depending on the 
shape and position of the control cost func- 
tion. In the case of the damage and control 
cost functions considered, the respective 
derivatives are: 

and 

dpdy _ C In Z (Z ~v - a'~) [3] 

dy _ A Q N  
dP p2 [4] 

T h e  point  of intersection of these lines is 
determined graphically (lines C and D, 
Fig. 1), or by equat ing the derivatives and 
solving for P. Note the correspondence of 
the opt imizing threshold with the maxi- 
m u m  point  on the line depict ing the 
difference between the damage and control 
cost functions (line E, Fig. 1). 

Using the above values in the crop 
value and control cost functions, the op- 
timizing threshold is 61 nematodes /vo lume  
of soil (point  F, Fig. 1), which can be 
achieved by a control expendi ture  of 
$295.90, including the $50.00 appl icat ion 
overhead (point G, Fig. 1). T h e  t rea tment  
should result in a crop value of $814.23 
(point H, Fig. 1) and a net profit of $518.33 
(point I, Fig. 1). Note that  the f lmction 
used for crop value, y = CZ(F-~),  calcu- 
lates gross crop value wi thout  considering 
product ion overheads (M). Net  crop value 
would be given by y = CZ~ r ' -  ~ -- M, as- 
suming no change in product ion overheads 
relative to yield. T h e  addi t ion of the con- 
stant causes no change to the derivative of 
tire function or to the point  of intersection 



of the cost and damage derivatives and 
hence to the threshold estimate. I t  will, 
however, cause a shift in curve A (Fig. 1) 
restdting itt a reduction M in the crop value 
estimate and the benefit of treatment.  T h e  
product ion overheads should be considered 
in the damage function since they may 
shift it so much that  it does not intersect 
the control cost function, and the t reatment  
will never be profitable. Th is  concept can 
be visualized by considering constant crop 
product ion overheads of $600 in Fig. I. 

In  Fig. 1, a field popula t ion  of 1,000 
nematodes /vo lume  soil was assumed; the 
effect of a lower N value (say 150) is to 
shift the control cost function to the left 
(line A, Fig. 2), whereas a greater N (say 
3,000) shifts it to the right (line B, Fig. 2). 
Th is  results in points of intersection of the 
derivatives at C and D, respectively (Fig. 
2) producing economic threshold estimates 
of 22 and 125 for the control practice con- 
sidered. 

By manipn la t ion  and consideration of 
the curves in Figs. l and 2, some principles 
relat ing to economic thresholds become ap- 
parent:  

c •  I:JAJ ~ ,  

8 . ~ \  ." 

I < 2 ~ ~ t : : ' i  

J 
-6 ] 

FIG. 1. Determination of the economic threshold 
hy maximizing the difference (curve E) between 
the nematode-damage function (curve A) and the 
control-cost function (curve B). The optimizing 
threshold is the population level at which the 
derivatives of the damage function (curve C) and 
the control-cost function (curve D) intersect. 
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I) T h e  economic benefit and practical 
suitabili ty of a control or managemen t  
practice is related to the magni tude  of the 
area under  tile damage function (consider- 
ing product ion overheads) less the area 
tmder the control cost function; or the 
ditference between the integrals of tile two 
functions. If  this difference is negative, the 
popula t ion  is below the economic threshold 
tot that practice. 

2) T h e  opt imizing threshold is the popu- 
lation level at which the derivatives of the 
two fnnctious are equal. 

3) For management  practices result ing 
in anything less than pest popula t ion  
eradication, the control cost function shifts, 
relative to the damage function, with dif- 
ferent field popula t ion  densities. 

4) If  the derivatives of the cost and 
damage ftmctions intersect at a popula t ion  
level below the tolerance level, the optimiz- 
ing threshold will be at the tolerance level; 
that  is, profits will be maximized by con- 
trolling the popula t ion  down to the tol- 
erance level or the point  below which 
nematode damage is not measurable.  

T h e  foregoing considerations relate to 
the economics of the current  crop year, not  
to effects on succeeding crops. Nor  do they 

I' 

' 5 L o g  P i  

C 

FIG. 2. The effect of initial population densities 
of 150 (curve A) and 3,000 (curve B) on the 
magnitude of the optimizing threshold as deter- 
mined hy intersection of the derivatives at C and 
D, respectively. 
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i n c l u d e  e n v i r o n m e n t a l  a n d  sociological  im- 
p l ica t ions .  

N o t  al l  pest  con t ro l  or  m a n a g e m e n t  
prac t ices  can be desc r ibed  by a c o n t i n u o u s  
m o d e l  as in Figs. 1 a n d  2. T i l e  use of  a c rop  
r o t a t i o n  system, whe reby  p o p u l a t i o n  reduc-  
t ion  is in  d iscre te  steps at  the  end  of each  
c rop  season, resul ts  in  a d i s c o n t i n u o u s  
m o d e l  (Fig. 3). I n  this  case, the  economic  
t h r e sho ld  is r e ached  when  the  average  
cost of con t ro l  pe r  n e m a t o d e  for a s tep 
r e d u c t i o n  in  the  p o p u l a t i o n  changes  f rom 
pos i t ive  to negat ive .  A n  i t e ra t ive  p rocedure ,  
r ead i ly  a d a p t a b l e  to p r o g r a m m a b l e  calcu- 
la tors  a n d  min i - compu te r s ,  can be  used to 
d e t e r m i n e  the t h r e sho ld  level. T h e  average 
cost pe r  n e m a t o d e  for successive decreases 
in  the p o p u l a t i o n  is c a l cu l a t ed  f rom the 
increase  in cost d i v i d e d  by  the  n u m b e r  of  
n e m a t o d e s  con t ro l l ed .  F r o m  Fig.  3, if t i le 
f r ac t iona l  r e d u c t i o n  in p o p u l a t i o n  per  year  
of n o n h o s t  c rop  is 0.5, the  a n n u a l  popu l a -  
t ion  series (N, P ,  P~, P:, etc.) wi l l  be  N,  
0.5N, 0.25N, 0.125N . . . . .  etc. A t  t ime  zero, 
the  p o p u l a t i o n  is N, which  w o u l d  resu l t  in  
the  c rop  va lue  at  i n t e r sec t ion  1, a ne t  va lue  
of  y = C,Z (N -'r~-C~ where  C1 is the  va lue  
pe r  acre of  the  p r i m a r y  c rop  and  C2 is the  
p r o d u c t i o n  ove rhead  for this crop.  I f  the  
a l t e r n a t e  n o n h o s t  c rop  were grown,  wi th  
pr ice  A, and  ove rhead  A2, the  n e m a t o d e  
p o p u l a t i o n  w o u l d  be r educed  to 0.5N at a 
cost: y - -  (A~ - A2) or  C~Z ~N - ~) - C2 - A,  + 
A2 (value  at  i n t e r sec t ion  1 less tha t  a t  in ter -  

P R I M A R Y ~  
CROP - " ~ X  

Ld~ ~ 8 
_J 
<[ ALTERNATE 

> CROP / 7~ 6 4 2 
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' 1  rr 

'4. 
P4 P~ 02. Pl t,,~ 
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FIG. 3. Determination of the ecouomic threshold 
with a discontinuous-control cost model as exempli- 
fied by rotation to a nonhost crop. The threshold 
is passed during the season in which the cost of 
the step-reduction in the nematode population 
passes from negative to positive. 
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sec t ion  2). If  this  va lue  is posi t ive ,  the  
p o p u l a t i o n  level (N) is be low the  op t imiz -  
ing  t h r e sho ld  for the  con t ro l  me a su re  se- 
lected,  and  r e tu rn s  w o u l d  be m a x i m i z e d  by  
g r o w i n g  the p r i m a r y  c rop  desp i t e  the  nema-  
tode  p o p u l a t i o n ,  or  by se lec t ing  a n o t h e r  
a l t e r n a t e  c rop  for which  the p o p u l a t i o n  
r e d u c t i o n  cost w o u l d  be nega t ive  and  prof-  
its w o u l d  be m a x i m i z e d  by  this select ion.  
If  the  va lue  is nega t ive  a n d  the a l t e r n a t e  
c rop  is c o n t i n u e d  a second year,  the popu-  
l a t i on  wil l  be r e d u c e d  to 0.25N at  a cost 
for this  second r e d u c t i o n  of  C~Z(°-'~¢-7) 
- C2 - A~ + A2 a n d  a to ta l  cost of  ach i ev ing  
0.25 N of: 

y =  
C~Z(~ - 7) _ C2 - A~ + A 2 + C 1 Z  (°.'SN - 7) 

- C2 - A1 + A2 
, ' . y  ~ 

C,Z(X - 7) + C~Z(0..~y - w~ _ 2C2 - 2Ax + 2A2 

If  the  va lue  C~Z (°.''N - 7} _ Cz - A~ + A2 (in- 
te rsec t ion  3 less in t e r sec t ion  4) is posi t ive ,  
the  economic  th re sho ld  for  this  manage-  
m e n t  p rac t ice  was passed in the  second year  
and  profi ts  wil l  now be m a x i m i z e d  by re- 
ve r t i ng  to the  p r i m a r y  crop.  A n y  e x p e c t e d  
a n n u a l  f luc tua t ions  in c rop  prices a n d  over- 
heads  can he a d j u s t e d  at  each step in  the  
i t e r a t ive  process. In  Fig. 3, the  t h r e sho ld  is 
r eached  d u r i n g  the t h i rd  year,  a f te r  which  
the  cost of  f u r t he r  p o p u l a t i o n  r e d u c t i o n  by 
this a p p r o a c h  is pos i t ive  ( in te r sec t ion  8 
less in t e r sec t ion  7). 

G e n e r a l i z i n g  the  concepts  for the  
d i s c o n t i n u o u s  mode l ,  the  ne t  r e t u rn s  
f rom the  p r i m a r y  c rop  for any  year  a re  
Y,. = C~Z~V~ -7)  - C.,, whe re  C~ is the  ex- 
pec ted  gross c rop  va lue  in tbe  absence  of 
nematodes ,  C2 is the  p r o d u c t i o n  overhead ,  
Z is the  d a m a g e  f tmc t ion  cons tan t ,  T is the  
to l e rance  l imi t ,  a n d  Pk is the  i n i t i a l  popu l a -  
t ion at  year  k. T h e  p o p u l a t i o n  af te r  k years  
of the  a l t e r n a t e  n o n h o s t  c rop  is g iven  by  
Pk = N(1 - b) k, whe re  N is the  i n i t i a l  popu-  
l a t ion  measu red  in the  field, and  b is the  
a n n u a l  f r ac t iona l  r e d u c t i o n  in  the  absence  
of  a host. T i l e  cost of  r e d u c i n g  the popu l a -  
t ion  i)y each s tepwise  seasonal  r e d u c t i o n  
(~bk) is equa l  to  the  v a l u e  of the  p r i m a r y  
c rop  a t  the  p o p u l a t i o n  level  a t  t ime  k, less 
the  va lue  of the  a l t e r n a t e  crop.  T h u s ,  

6 k  = C~ Z ( P ~ -  7) _ C . ~ -  A~ + A2  [5] 

where  Pk '=  N(1 - b) k. 



]f  this value is init ially positive, the 
field popula t ion  N is already below the 
opt imizing economic threshold for the 
management  al ternative under  considera- 
tion. If  yields of the pr imary  crop are not  
acceptable at this popula t ion  level, alterna- 
tive approaches should be considered, xvVhen 
the function is initially negative, the popu- 
lation is above the economic threshold and 
subsequent years should be tested. T im 
threshold is bridged dur ing  the season that  
the step-reduction cost function becomes 
positive and the ro ta t ion  should revert  to 
the pr imary crop after this season to 
maximize profits. Then ,  it is possible to 
estimate the economic threshold by deter- 
mining the popula t ion level at which the 
cost of popula t ion  reduction becomes zero, 
i.e., ~bk = 0 so that C~Z (v~- T) _ C2 - A~ + 
A2 = 0 

... C~Z(I,,_ T~ -- A ~ -  A2 + C2 

In [-A~ - A~ + C~ ~_ (Pk -  T )  In Z = [_  ~ • 

+ 1 A 1 - A 2  + C2 
Pk = T l n  Z In C1 

[6] 

T h e  nu mb e r  of years (k) to reduce the popu- 
lat ion to Pk is derived from: Pk = N(1 - b) ~, 

• ".ln, N + k l n ( l - b ) - -  InPk 

k = I N T E G E R ~  (/nlnPk- ln N ) ~  [7] (1 - b) _~ 

Note that  since it is not desirable to stop 
the popula t ion  reduction in the middle  of 
a crop, k takes the value of the next  integer. 
Equations 6 and 7 can be combined to give 
a value for the expected length of rotat ion:  

k = I N T E G E R  In T -I- In Z 

~ l n ~ A ~ - A 2  + Ce - l n  

/ In (1 -b ) ]  [8] 

This  approach gives initial  indications o[ 
rotat ion length when there is only one 
al ternate crop, or when average crop values 
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are used for a series of al ternate crops. Wi th  
mul t ic rop  rotations, the approach  would 
be to determine whether  the threshold had  
been bridged by predict ing the cost of 
nematode reduct ion in one-season steps us- 
ing equat ion 5 and subst i tut ing appropr ia te  
crop values. T h e  same approach  can be 
used for moni tor ing  the progress of a single- 
al ternate ro ta t ion  scheme at the end of each 
season by substi tut ing actual crop prices. 

T h e  concepts involved in bo th  the con- 
t inuous and discontinuous models can be 
exemplified and tested using data for 
Heterodera schachtii from Cooke and 
Thomason  (3). T h e  damage  function de- 
termined for sugar beets in the Imper ia l  
Valley of California,  using five-year average 
prices (3, 4) is: y = 858.42 (.99886)( P -  100), 
where popula t ion  levels are expressed as 
eggs plus larvae per  100 g soil. Assuming 
that the nematode can be controlled to the 
10% level by an in-row t rea tment  of l0 
g / A  of 1,3-D nemat ic ide  at recent com- 
mercial appl icat ion costs of $52.50 for 
material  and $7.25/acre for application,  the 
parameters  for the hypothetical  continuous 
control cost f lmction (eqn. 2) are available. 
If  the field popula t ion  (N), measured by 
sampling, is 2,000 propagules /100 g soil, 
the appropr ia te  substitutions can be made 
in the derivative equations (eqns. 3 and 4): 

dy - 858.42 In .99886 (.99886 (v_ 100)) 
dP  

dy (52.5 × 0.I × 2000)/P 2 
dP 

Tile  opt imizing threshold popula t ion  for 
the chemical control approach  can be de- 
termined by finding the value of P at  the 
point  of equali ty of the derivatives: 

858.42 In .99886 (.99886 ,(v - 100)) = 
-(52.5 × 0.1 × 2000)/P 2 
- .97916 (.99886( I ' -  100)) = _10500/P2 

2 In P + (P~- 100) (-.00114) = 9.2802 

2 In P - . 0 0 1 1 4 P  = 9.3942 

This  transcendental  equat ion  can be solved 
by i terat ion to yield: P = 109'.6 eggs and 
larvae/100 g soil. Alternatively, the value 
of P can be determined graphical ly as the 
point  of intersection of the derivatives. 
Note  that  under  a s tandard definition of 
the economic threshold as the number  of 
nematodes at which the loss in crop value 
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is equal  to the cost of control, the estimate 
would be at a crop value of $(858.42 - 52.5 
- 7.25) = $798.67. Substi tut ing in the dam- 
age function yields an economic threshold 
of 163.3 propagules/100 g soil, so that the 
opt imizing technique yields a lower thresh- 
old in this case. However,  the control cost 
function was based on a hypothetical  
model. T h e  opt imizing approach (exclud- 
i llg prod uction overheads) as determined by 
sul)stitution in the damage function and 
equat ion 2 would yield a crop value of 
$849.07 and control cost of $103.05, result- 
in~ in a net r e tu rn  of $746.02. Assuming 
90% effectiveness of the control t reatment ,  
the standard approach would result in 
reduction of the popula t ion to 200 
propagules/100 g soil at a cost of $59.75. 
T h e  crop value would be $765.88 and the 
net re turn $706.13. 

A variat ion on the control efficiency 
assumptions would be provided by assum- 
ing that the 10 g /A  in-bed t rea tment  
resulted in 80% control of the nematode 
populat ion,  while 90% control could be 
achieved at 15 g/A broadcast. Th is  would 
result in opt imizing threshold estimates of 
138.3 and 119.8 propagules/100 g soil and 
optimized profits (excluding product ion 
overheads) of S662.64 and $700.53, respec- 
tively. In this case, the broadcast t rea tment  
might  be a preferable selection. 

T h e  University of California recom- 
mends crop rota t ion to nonhosts such as 
alfalfa for H. schachtii control (10, 19). 
Examining  the economics of the discon- 
tinuous control model, current  yields and 
prices of alfalfa in the Imper ia l  Valley (4) 
produce crop values of $589.30 with pro- 
duct ion overheads of $169.30 for stand 
establishment and annual  product ion costs 
of $480.56. T h e  establishment cost repre- 
sents an extra product ion overhead which 
will be prorated over an average of three 
years of the crop, i.e., $56.43 is the cost per 
year. Sugar beet product ion currently costs 
$719.13 per acre, result ing in 28.5 tons 
valued at $30.12 (based on a five-year 
average), a total crop value of $858.42. Sub- 
st i tuting in the discontinuous model (eqn. 
6): 

P~, = 100 + (-.00114) 

4, October 1978 

T h e  annual  rate of popula t ion  decline in 
the Imper ia l  Valley is about  50% (I. J. 
Thomason ,  personal communicat ion) ,  so 
that  the required length of rota t ion from 
eqn. 7 is: 

k = I N T E G E R  ~ (ln 193.7 - In 2000)~ 
In .5 

= 4 years 

Thus ,  a four-year alfalfa ro ta t ion  is initially 
indicated, but  annual  up-dat ing of the 
economic si tuation based on actual crop 
prices may result  in modification of this 
estimate as time progresses. 

N O N M A T H E M A T I C A L  SUMMARY 

T h e  concepts explored are based on 
the premises that  the value of a crop can 
be related to the initial popula t ion  density 
of tile nematodes damaging it, and that  the 
cost of controll ing a nematode popula t ion  
by a specific method varies with tile level 
of control desired. T h e  difference between 
the crop value and the cost of conlrol rep- 
resents the benefit to the grower. The re  is 
an o p t i m u m  level (point  F, Fig. !) to 
which the nematode popula t ion  can be 
reduced at a cost (point G, Fig. 1) deter- 
mined by tile shape and position of the 
control cost curve (curve B, Fig. l), at 
which the benefits of the t rea tment  are 
maximized (point  H minus  point  G, Fig. 
1). Curve E (Fig. 1) represents the differ- 
ence between the crop value and control 
cost lines for various nematode popula t ion  
densities, indicating the popula t ion  density 
at which benefits are max imum.  Th i s  den- 
sity is the opt imizing threshold, different 
from the standard definition of economic 
threshold as the point  at which returns 
equal control costs (7). In the case of crop 
rotat ion (Fig. 3), where tlle popula t ion  is 
reduced in a stepwise manner ,  the o p t i m u m  
number  of years for rota t ion to reduce the 
nematode popula t ion  can be determined 
if the seasonal reduct ion under  a nonhost  
and the relat ionship between nematode 
densities and expected growth of the pri- 
mary crop are known. Tile  economic 
threshold is reached when returns f rom the 



primary crop at that populat ion level would 
he equal to or greater than those of tile 
alternate crop. 

DISCUSSION 

A prerequisite for deternfination and 
application of economic thresholds is a 
knowledge of tile relationship between pest 
density and expected damage. Currently, 
there is intense interest in developing these 
damage functions because of: 1) environ- 
mental  and health pressures restricting 
pesticide use, anti pemling legislation re- 
quir ing documented justification before 
pesticide application (22); 2) the desirabil- 
ity of regulating tile pesticide load in the 
environment;  3) the legal requirement  to 
demonstrate docmnented evidence of the 
benefit of pesticides during the RPAR 
process (24); 4) increasing cost and lack of 
availability of pesticides relative to declin- 
ing fossil fuel supplies; and 5) lower 
efficiency of many alternative pest control 
measures. These factors require considera- 
tion of tile economics anti cost/benefit  
analysis of pest management  programs. 
Data which are currently largely unavail- 
able are needed for such analyses. Besides 
damage functions, data on costs of control 
measures, and estimated yields anti crop 
value for a particular field are required. 
Operational  costs are largely calculable, 
al though an element of estimation and 
forecasting is involved in determining 
expected yields and crop value. Farmer 
experience aml agricultural statistics are 
useful. 

T h e  models developed in this t)aper 
have informational  requirements which 
indicate needed research emphasis in quan- 
titative aspects of nematology. It is useful 
to examine these requirements. 

The damage [unction: Prediction of 
yield losses in annual crops is, at least in 
concept, simpler for nematodes than for 
many other pests. Nematodes are relatively 
less motile, and crop yields can be related 
to preplant populat ion densities (16, 20), 
so that considerations of crop age or status 
at the time of pest invasion are not neces- 
sary. However, edaphic, environmental ,  
cultural and varietal conditions do need to 
be considered in determining or applying 
the densi ty/damage relationship. T h e  situ- 
ation is more complex in perennial crops, 
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where the response of the host to the path- 
ogen, and the effect of this response on the 
pathogen, is a reltection of crop history (6). 

"I'he general nematode damage function 
involves an essentially linear relationship 
between plant damage and log-transformed 
nematode densities, with several alternatives 
at its extremities (16). Equations for the 
relationship, based on theoretical damage 
considerations (20), are compatible with 
empirical observations, al though the valid- 
ity of underlying assumptions of the 
theoretical relationship has been questioned 
(25). T h e  theory-based relationship allows 
consideration of a tolerance limit (T) below 
which damage is not seen. T h a t  concept 
has also been questioned (25), al though it 
has practical validity when considered as 
the populat ion below which yield loss is 
not measurable. T h e  term "tolerance" is 
perhaps too limiting. 

Seinhorst's (20) damage function relates 
yield (y), on a relative scale, to initial 
populat ion density (P) by y = CZ ¢e-T) 
w h e n P >  T and has the v a l u e y  = 1 when 
P ~ T.  If T (measurable damage/ tolerance 
limit) is greater than zero, it is important  
in determining tile position of the damage 
portion of tile relationship and imparts 
greater sensitivity to this position since it 
is expressed at tile low end of the logarith- 
mic populatior~ scale where damage per 
individnal is greatest. Unfortunately,  most 
y ie ld /popula t ion  data are too variable to 
allow estimation of W with confidence. 
Square root transformations of populat ion 
data have been suggested to facilitate de- 
termination of T (21). 

Damage functions for applied use must 
be based on data from field and microplot  
trials. From a practical standpoint,  the 
yield-loss port ion of the relationship ap- 
proximates linearity. Any error incurred 
by tile assumption of linearity is minimal  
relative to the inherent  variability of field 
data. T h e  assumption allows the advantage 
of using standard linear regression tech- 
niques to enable nonsubjective line fitting. 
However, the existence of a to lerance/  
measnrable damage limit may be over- 
looked, resulting in a linear damage 
function with a more gradual slope. Linear  
regression techniques have been used with 
microplot  data (2). 

Th e  data base from which damage 
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functions are derived is a l imitat ion to the 
confidence with which they can be used. 
T h e  slope and position of the regression 
line may be influenced by seasonal varia- 
tion, crop variety and predisposition, and 
soil factors. T h e  influence of these factors 
can be determined by repeti t ion of field 
experiments over several years and in dif- 
ferent localities. T h e  damage function on a 
heavy soil might be shifted to the right 
(line A, Fig. 4) and its slope altered from 
the situation on a sandy soil (line B, Fig. 
4). Knowledge of this variability would 
allow estimation of the position and slope 
of the line in individual fields of inter- 
mediate soil texture (line C, Fig. 4). Similar 
considerations for other  influences would 
allow useful estimates based on data from 
extreme situations rather  than from every 
possibility. 

Data from microplots are valuable and 
have been used extensively (2, 9, 17). 
Microplots have the disadvantage of being 
expensive and unadaptable to standard 
cultural practices, and lack the ftdl inter- 
acting complement  of soil flora and fauna. 
However, they reduce much of the ex- 
traneous variability inherent  in field-plot 
data. Attempts were made to obtain crop- 
damage data from field conditions by 
exploit ing the variability in horizontal 
distribution of nematodes through random 
location of individual plots (5). Crop yields 
in plots were related to the range of nema- 
tode densities encountered.  Exact relocation 
of plots proved difficult, and data were 
variable because of textural  and agronomic 
variations across the field. Another  ap- 
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FIG. 4. Conceptual influence of environmental  
factors on the damage function. Damage functions 
measured at extremes (lines A and B) of climatic 
or  edaphic factors and estimated (line C) for 
intermediate conditions. 
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proach is to obtain data from crops grown 
in adjacent strips. Direction of the strips is 
rotated through 90 ° in different crop years 
to manipulate  nematode densities in square 
plots, similar to cross-over rotat ion trials 
(15). Even in a small area of apparently 
uniform soil conditions, growth differences 
occur which cannot be ascribed to nema- 
tode effects. Precision of regression analyses 
is improved by expressing yield data (0-1 
scale) relative to maximum and min imum 
yields in stratified areas of the block of 
plots. A variation of this approach is to use 
a paired plot technique where one plot of 
each pair  is treated with a nematicide. Yield 
of an untreated plot is expressed relative to 
that of the treated plot of the pair, reduc- 
ing the effects of site variability. In this 
approach it may be necessary to adjust for 
any stimulatory effects of the nematicide 
not associated with reduction of nematodes. 

The control cost function: This  area has 
received very little consideration. Control  
costs are based on specified control recom- 
mendations (19), and the costs of varying 
levels of control have not been investigated. 
Such control-cost relationships are necessary 
for optimizing approaches to nematode pest 
management.  Some studies have examined 
levels of control achieved by varying nema- 
ticide dosages in closed chambers (13), but  
the amount  of nematicide necessary to 
achieve these dosages under  field conditions 
is not  known. Th e re  is, however, some in- 
formation on the amount  of nematicide 
needed to achieve a specified level of con- 
trol under  different soil conditions (11, 
12). Similar informat ion is needed for other  
management  practices to which a contin- 
uous model could be applied. These might 
include cost of biological control agents 
incorporated into the soil, lengths of fallow- 
ing or flooding of the soil, and the levels 
of control achieved. 

Informat ion for discontinuous control 
cost models might be available in the 
literature. It  includes, for example, relative 
crop values of alternate crops and rate of 
nematode decline under  these crops, or 
degree of control  achieved by, and cost of, 
repeated soil tillage. However, there are 
many gaps to be filled in this knowledge. 

Analysis o[ nematode populations: T h e  
derivation and practical use of damage 
functions involves determinat ion of nem- 



atode popula t ion densities. Expected 
popula t ion  densities on a regional basis 
for use in crop-loss estimates may be avail- 
able from the records of advisory agencies 
(8). However,  data for regressions and de- 
cisions on management  approaches involve 
sampling, extraction, identification, and 
count ing of nematodes. T h e  reliabili ty and 
cost of the sampling program may be the 
l imit ing factor in development  and use of 
t lamage functions. T r e a t m e n t  of the field 
for insnrance purposes ra ther  than eco- 
nomic threshold considerations might  be a 
reasonable approach if the cost of nematode 
assessment is too high. In the opt imizing 
approach to economic thresholds (7), it is 
useful to include a popula t ion  assessment- 
cost constant in the control cost function. 
This  will not  change the popula t ion  level 
at which the difference between the deriva- 
tives of the control cost and damage  
functions is minimized, but  it may resnlt 
in a vertical shift in the control cost func- 
tion to the point  that  the management  
approach is not profitable. I t  is impor tan t  
that damage ftmctions and economic 
thresholds are corrected for extract ion 
efficiency so that  they can be adapted to 
other extraction systems. 

C O N C L U S I O N S  

Data needed for considerations of eco- 
nomic and opt imizing thresholds include 
reliable damage functions relat ing expected 
crop yields to nematode  densities and an 
unders tanding of the influence of geo- 
graphic, climatic, and edaphic factors on 
them. Also required are data on costs of 
control or management  practices, in ab- 
solute terms for s tandard threshold 
estimates, or as related to levels of control 
for opt imizing approaches. In  individual  
fields, estimates of potent ial  yields and 
expected crop values are required. T h e  
forecasting involved will be based on 
marke t  trends, farm, local, and state av- 
erages, and grower experience. Reliabi l i ty 
of nematode popula t ion  assessment is a 
prerequisite of these approaches. 
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Interaction Between Neoaplectana carpocapsae and a 
Granulosis Virus of the Armyworm Pseudaletia unipuncta 

HARRY K. KAYA and MARY ANNE B R A Y T O N  ~ 

Abstract: Neoaplectaua carpocapsae developed and  reproduced  in a rmywurm hosts infected wi th  
a granulos is  virus (GV). Macerated tissues of  daue r  juveni les  f rom GV-infecled hosts  had  suf- 
ficient GV to infect 1st and  2nd ins tar  a rmyworms .  Electron-microscope examina t i on  of daue r  
juveni les  and  adu l t  female nematodes  conf i rmed the presence of GV in the  l u m e n  of  the  
intest ine.  No GV was observed in o ther  tissues of the  nematode .  Key Words: DD-136 nematode ,  
nematode- insec t  virus interact ion,  insect virus,  Baculovirus. 

T h e  mutualist ic  relat ionship of the DD- 
136 strain of Neoapleetana carpocapsae and 
the associated bacterium, Achromobacten 
nematophilus, has been clearly established 
(1, 6). Very little is known, however, about  
the interactions between other insect 
pathogens and this nematode.  Lysenko and 
Weiser (4) examined the microflora asso- 
ciated with N. carpocapsae and its host, 
GalIeria mellonella, and found several 
bacterial species other than A. nematophiIus 
in the gut of the nematode.  Veremtchuk 
and Issi (9) reported that  the nematode,  
N. agriotos ( =  N. carpocapsae), which de- 
veloped ill Pieris brassicae larvae infected 
with the protozoan Nosema mesnili was 
also infected by the protozoan. Seryczyfiska 
(8) studied the defense reactions of the 
Colorado potato  beetle against the fungi 
Paecilomyces larinosus and Beauveria 
bassiana, and N. carpocapsae. She found 
that  the simultaneous exposure to the 
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spores of ei ther  fungi and the nematode  
increased tile number  of hemocytes in the 
hemolymph over that  in untreated beetles. 
We are not aware of ally studies of insect 
viruses in N. carpocapsae. Accordingly, a 
stndy was init iated to investigate the inter- 
action between N. carpocapsae and a gran- 
ulosis virus (GV) in the a rmyworm 
Pseudaletia unipuncta. 

M A T E R I A L S  AND M E T H O D S  

G V and nematode infections: T h e  
Oregonian straiu of GV, obtained from 
Dr. Y. Tanada ,  Universi ty of California,  
Berkeley, was used to infect newly molted 
5th-stage larvae of the a rmyworm as de- 
scribed by Kaya and T a n a d a  (3). T e n  days 
after feeding on the virus, 6th-instar army- 
worms which showed typical signs and 
symptoms of a GV infection and an equal  
number  of heal thy 6th-instar armyworms 
were weighed. Each a rmyworm larva was 
placed in a petri  dish (100 × 15 mm) 
containing ca 500 dauer  juveniles of N. 
carpocapsae on moist  filter paper.  After 
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