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Summary. A recent computer  s imulat ion model  by 
Levins and Parker  (1983) indicated that mass releases 
of  male-ster i le  Heliothis  hybr id  moths could cause 
genetic suppression of  the tobacco budworm,  Heliothis  
virescens, without the risk of  significant crop damage.  
We present an analytical  model  to explore the behavior  
of  the Levins-Parker  model.  Our  model  shows that the 
length of  t ime between matings for females when they 
mate with wild type fertile males to that when they 
mate with hybr id  sterile males is extremely impor tant  
to the efficacy of  a suppression program. Release ratios 
needed to suppress a natural  pest popula t ion  were 
examined across a range of  biological  parameters.  
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Introduction 

The tobacco budworm,  Heliothis  vireseens (F.) (Lepi-  
doptera:  Noctu idae)  is a major  pest of  cotton and other 
crops. In  addit ion,  insecticidal control  of  the budworm 
is compl ica ted  by widespread  resistance to several 
groups o f  insecticides. As a result, there is considerable  
interest in al ternative controls. One possibility is genetic 
suppression. Laster  (1972) discovered that crosses of  
H. virescens males with Heliothis  subflexa (Guenee)  
females produce sterile sons and fertile daughters.  
These F l females also produce  sterile sons and fertile 
daughters  when backcrossed to H. virescens males. This 
pat tern of  steril i ty has been perpetuated  continuously 
now for over 130 backcross generations (Laster, per- 
sonal communicat ion) .  A s imulat ion model  by Laster 
et al. (1976) (the LMP model) ,  an analytical  model  by 

Makela  and Huettel (t979) (the MH model) ,  a more 
complex s imulat ion model  by Levins and Parker  (1983) 
(the LP model)  and a pilot  project on St. Croix 
(Proshold and Smith 1982; Proshold 1983) have indi- 
cated that massive releases of  backcross insects can 
probably  suppress budworm populations.  

The LMP model was conservative in that it assumed that 
there was "... no direct influence on the natural population 
from matings by sterile males". We now know that backcross 
hybrid (BC) males mate with both BC and H. virescens (V) 
females, and furthermore, appear to be competitive with V 
males for receptive females (Pair et al. 1977a; Proshold et al. 
1983). When matings by BC males ("BC matings") follow 
matings by V males ("V matings"), the percentage of fertile 
eggs is reduced (Pair et al. 1977b). In addition, females ap- 
parently mate only once per night (Guerra et al. 1972). There- 
fore, we would expect that the total number of fertile eggs 
produced by a female (and hence, the rate of population 
growth) must decrease when a V mating (to either initiate or 
restore fertility) is delayed by BC matings, because of aging 
and mortality among the females. For example, Proshold et al. 
(1982) showed that both daily oviposition rates and lifetime 
egg production were reduced for H. virescens females when 
mating was delayed one or more nights. The LMP model also 
assumed that females mate "only one time with normal 
males". However, female H. virescens mate more than once in 
nature (Stadelbacher and Pfrimmer 1973). As already noted, 
females do not appear to discriminate between BC and V 
males. These two factors would tend to reduce the number of 
females inseminated (mated by V males) because, by chance, 
some females will mate repeatedly with V males, whereas 
others will never mate with V males. Lastly, the LMP model 
assumes that normal males mate only three times regardless of 
the ratio of females to V males. However, this "male mating 
capacity" (Makela and Huettel 1979) varies with the 2/fertile 

ratio and has been shown to be as high as 6.3 in laboratory 
studies (Guerra etal. 1972). Makela and Huettel (1979) 
showed how the LMP simulation model could be treated 
analytically. 

Although BC and V males appear to be equally com- 
petitive for receptive females, it is important to note that BC 
and V males are not equally "competitive" in the broader 
sense of impact on subsequent female mating behavior. Suc- 
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cessful fertilization by a V male reduces the mating propensity 
of a female (Raulston et al. 1975), but mating with a BC male 
does not appear to do so (Pair et al. 1977a). Therefore, a 
female is likely to remate sooner after a BC mating than after 
a V mating, reducing the relative impact of BC matings. 

The recently developed LP model uses the development 
and fecundity data of Smith et al. (1980) and assumptions 
about mortality to simulate daily population densities after 
release of the BC hybrids. The LP model assumes that (I) BC 
and V males are equally competitive for receptive females, (2) 
females mate repeatedly, (3) delays in V matings reduce 
fecundity, (4) BC and V moths mate synchronously, (5) a BC 
mating effectively sterilizes a female (even if she had mated 
previously with a V male) until she mates (or remates) with a 
V male and (6) a female mating with a BC male will remate 
the next night, but will not remate until the 3rd night fol- 
lowing a V mating. 

In this paper, we show how such a system can be 
modeled analytically, and explore the effects of  varying 
assumptions (5) and (6). This treatment allows the 
derivation o f  expressions for some critical hybrid 
release ratios, such as those which cause an absolute 
decline in larval population density with each succes- 
sive generation. We find that the ratio o f  the length of  
time between matings for females when the females 
mate with V males (female intermating period with 
wild-type males) to the female intermating period with 
BC males is extremely important  in determining the 
behavior of  the system. 

The model 

In the analytical model of  Makela and Huettel (1979), 
the release ratio was defined as R = (No. of  BC)/(No. 
of  V), the fraction of  the population which is V is 
1 / ( R +  !) = q and the fraction which is BC is R / ( R +  1) 
= p. Population growth, O, was essentially defined as 
the net replacement rate (the number  of  female off- 
spring surviving to adulthood for each fertilized 
female), which is equivalent to the multiplication rate 
per generation of  a normal H. virescens ("pure") 
population. Initial population size for one sex was N. 
They further defined the male mating capacity, kt, as 
the number  of  females that a V male inseminates in his 
lifetime. One can define an effective mating capacity, 
/~, which accounts more realistically for the interaction 
between BC and V but which otherwise leaves their 
basic model intact. The derivation of  pc follows. 

The MH and LMP models compare a pure popula- 
tion to a population where BC have been released 
("mixed"). In the mixed population, the N H. virescens 
males distribute their N p  matings uniformly (no mul- 
tiple mating) among the N / q  (i.e., N ( R +  1)) females 
of  both types present so that the average number  of  
fertile matings per female is ( N p ) / ( N / q ) = p  q. Thus, 
when kt q < 1 (a necessary condition, since the effect of  

q _> 1 on mating history was not defined), p q can be 

interpreted as the probability that a female mates with 
a V male at some point in her lifetime. 

Taking into consideration female multiple mating, 
this formulation can be modified to consider the frac- 
tion, f, of  nights that an individual female oviposits 
fertile eggs. For  a given value of  R, the probability that 
a female mates with a BC male and oviposits sterile 
eggs for, say, IBc nights before remating (intermating 
interval for BC matings) is p (i.e., R / ( R +  1)); and the 
probability the female mates with a V male and ovi- 
posits fertile eggs for, say, Iv nights before remating is 
q (i.e., 1 / ( R +  1)). The average value of  f when a BC 
mating is completely sterilizing for IBc nights is simply: 

Ivq 
f = (1) 

Iv q + Isc p " 

Because f is functionally equivalent to (i.e., it serves 
the same role as) the/~ q of  the MH model, it is con- 
venient to define 

Iv 
/re and I = Iv/IBc 

Iv q + IBc p 

so that 

f =/~e q = q = I + R q" (2) 

Effective male mating capacity, /~e, is thus a function 
of  the release ratio, R, and the ratio, I, o f  the Iv and IBc 
intermating periods. 

Formula (2) can be further modified to account for 
incomplete sterilization by including the effects of  the 
last previous mating. (In considering only the last 
previous mating, we assume that earlier matings have a 
relatively minor impact.) Assume that L ("leakage" of  
fertile sperm) indicates the fraction of  fertility retained 
after a V then BC mating sequence. Formula  (1) can 
now be rewritten as: 

f =  I v q 2 + L I B c q p + I v p q  ( I v + L I ~ c P )  q .  (3) 

Iv q + IBc p Iv q + IBc p 

where Ivq 2 refers to the V then V rnatings, L I s c q p  
refers to the V then BC matings, and Ivp  q represents 
the BC then V matings. Again defining I = Iv/IBc: 

I + L p  I ( R + I ) + L R  
P e (4) 

I q + p  ( I + R )  

Each female will oviposit, on average, peq of  her 
potential number  of  fertile eggs. This effective mating 
capacity, /re, can be substituted for ~t in Table 2 of  
Makela and Huettel (1979) to generate our model. 
A portion of  Table 2 of  Makela and Huettei (1979) is 
modified and reproduced in Table 1 of  this paper for 
reference. 
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Table 1. Population trends over generations following releases 
of Heliothis hybrids. N is initial native population size (one 
sex), (9 is population multiplication rate per generation for an 
untreated population, #e is the effective male mating capacity, 
R is the ratio of hybrid: wild type, and q =  1 / ( R + I ) .  
Modified from Makela and Huettel 1979 

Larval generation a 

1 2 3 4 

Pure (wild) N N (9 N (9 2 N (gg-i 
population 
(one sex) 

Mixed N#~ N O / P q  N(92/t3q 2 NOg-l/tegqg -I 
(wild + hybrid) 
population 
(one sex) 

Mixed: pure /~e /'te(lteq) ]'/e (]'/e q) 2 ]'te(//eq) g-I 

a Generation g in this table is the same as generation g + 1 
of Makela and Huettel 1979 
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Fig. 1. Relative larval population size (BC +V) for the first 
generations after releases of BC for several release ratios (R) 
compared to a pure population (R = 0). For all curves O = 2, 
I = 3, and L=  0 

9 The  above  results were  va l ida ted ,  in the sense o f  > 
test ing the  logic  used in the i r  der iva t ion ,  by c o m p a r i n g  ~ 8 

the b e h a v i o r  o f  our  m o d e l  wi th  the  results o f  the corn- 
u3 7 

pu te r  s imula t ions  o f  the LP mode l ,  a ssuming  that  bo th  N 

BC and V females  lay equa l  number s  o f  eggs. Wi th  the 7 6 
aid o f  R. A. Levins ,  we also m o d i f i e d  the  LP m o d e l  O 

7- 5 
such that  BC mat ings  d id  not  cause  comple t e  sterility. < 

O u r  m o d e l  p r o d u c e d  results very s imi la r  (wi th in  1%) to ~ 4 0_ 
the  LP mode l  in all cases s tudied,  in spi te  o f  the fact 0_0 3 

that  we m a k e  no assumpt ions  abou t  ov ipos i t ion  pat- m 

terns, d e v e l o p m e n t  t ime,  or  dai ly  mor ta l i ty  rates. These  _> 2 
t--- 

s p e c i f i c s  are  not  i m p o r t a n t  for ou r  purposes  since some ~ 1 

females  will  ma te  early and con t r ibu te  m o r e  progeny w 
0 
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Fig. 2. Same as in Fig. 1, except I = 6 

Behavior o f  model  

Under our assumptions, any release of BC moths will result in 
at least a relative decline in population growth (compared to 
the pure V population) with successive generations. However, 
the mixed (where releases have been made) population is 
larger initially than the pure ("natural") population, and 
absolute suppression may not occur for several generations in 
cases where the release ratio is low and the ratio of the inter- 
mating intervals (I) is high. This is illustrated in Figs. 1 and 2. 
In Fig. 1, for example, where I =  3 and R =  1, the mixed 
population is suppressed, relative to what a comparable pure 
population would have been, by the third generation. In 
Fig. 2, where I = 6 and R = 1, suppression does not occur until 
after the fourth generation. 

The ratio of the sizes of the mixed to the pure populations 
(M/P) is a lways/~ ~ueq)g-I (Table 1). In the first generation 
( g =  1), the M/P ratio is /~e= ( I + I R + L R ) / ( I + R )  which is 
always > 1. However, M/P will decrease after the first gen- 

eration whenever/t  e q < 1, and this must always occur after a 
release of BC has been made (R > 0). Assuming that L =  1 
(there is no sterilizing effect from a V then BC mating, the 
most conservative case), this can be shown as: 

I + IR + R (~__~) 
/re q (I + R) 

I + R / ( R +  1) 

I + R  

which is always < 1. 
Three aspects of our model are particularly important in 

the context of genetic control: (1) the larval population size 
in the first generation following a release; (2) larval popula- 
tion size in the second generation (typically the first on cotton) 
and (3) the release ratio, R, required to cause a decrease in 
larval population size with each successive generation. 



Generation 1 

The ratio of the mixed to pure (M/P) population size when 
g = 1 is s imply/ t  e as was given above. The relationship of M/P  
and R when g = 1 is shown for several values of I and L in 
Fig. 3. Note that when R is large, M / P  is asymptotically equal 
to I + L. Data  reported by Guerra  et al. (1972) and Proshold 
and LaChance (1974) indicate that  Iv is no more than three 
days in the laboratory. If we assume that  IBC is about one day 
(which is consistent with data from Proshold and LaChance 
(1974) for F I hybrid males), then I = Iv/IBc = 3, as assumed in 
the LP model. A value for L of about  0.2 can be roughly 
estimated from the data of Pair et al. (1977b). Given these 
estimates for I and L, a "best guess" is that  larval populations 
in the first generation would be increased no more than about 
3.2 times following massive releases of BC hybrids. However, 
there is considerable uncertainty in this estimate, and it is 
reasonably possible that  the increase could be twice as large. 
Even large increases should not cause economic damage in 
most cases because the releases would probably be made 
against the overwintering moths (because population densities 
are lowest), and the first larval generation feeds on wild hosts. 
Nonetheless, caution should be exercised when the first spring 
generation feeds on cultivated crops (e.g., tobacco in some 
areas). Population increases limited to wild hosts may actually 
improve control in subsequent generations on crops because 
the increased host/prey abundance may benefit Heliothis 
predators, parasites, and pathogens. 

Generation 2 

Makela and Huettel (1979) showed that  the mixed population 
will be smaller than the pure population in the second larval 
generation if  R > (#2_  1). Substituting #e for #, we can solve 
for R in terms of I by using the quadratic formula. When 
L = 0 ,  

R > I ( I - 2 )  for I > 2 .  (5) 

If I = 3 and L = 0, as assumed in the LP model, R must be > 3 
if  the size of the second generation (generally the first at- 
tacking crops) of the mixed population is to be less than that 
of the pure population (Fig. 1). It can be shown that for L > 0, 
a good approximation for (5) is 

R > I ( I - 2 )  + 2 I L + L  2. (6) 

The min imum R required for different values of L and I is 
illustrated in Fig. 4. 

In the second generation after release, g = 2, and M/P  
= #2 q (Table l). This is a convex, quadratic function of R for 
which the maximum M / P  occurs at approximately R =  
I -  2 + L. This means that  at low ratios and at high ratios M/P  
is small, but  for different reasons. The maximal M/P  for I = 1 
to 7 is shown in Fig. 5. For example, using the LP assumptions 
of I = 3  and L = 0 ,  the maximum M/ P  is 1.125 at R =  1 
(a 12.5% increase). More conservative assumptions of I = 6 
and L =  0.5 give a maximum M/ P  of ca. 2.0 at R = 4 . 5  (a 
100% increase). Although a 12.5% increase might not even be 
measurable, a 100% increase might be objectionable. When 
R < I - 2 + L ,  M/ P  will be lower in generat ion2 than if 
R = I - 2 + L, but it will take longer for the mixed population 
to become smaller than the pure population, particularly when 
I is large, as illustrated in Fig. 2 (compare R = 4 to R = 1). 
This indicates that higher ratios should always be better than 
lower ratios, unless a crop is particularly sensitive to pest 
pressure in the early season and I is large. 
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Fig. 3. The ratio (BC + V)/V (mixed/pure)  of larval popula- 
tion sizes during the 1st generation after BC release as a func- 
tion of the release ratio, R, for selected values of I and L 
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Fig. 5. The maximum populat ion size of a mixed population 
(BC +V)  in the 2nd generation compared to the pure (V) 
population (M/P) as a function of I and L 
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Fig. 6. The minimum release ratio, R, as a function of I, L, 
and tO such that the absolute size of the mixed population 
declines with successive generations 

Later generations 

For the LMP and MH models, extinction of the mixed 
population will occur when R > (O/ t -1) .  However, extinc- 
tion is a theoretical possibility that will probably not be met in 
practice because of density dependent mortality (discussed 
below) and long range dispersal of the pest (Raulston et al. 
1982). Another interpretation of R > ( O / t -  1) is that it is the 
ratio which will cause an absolute decrease in population size 
with each successive generation within a season. For our 
model, an absolute decrease occurs each generation when 

R > I ( O - 1 )  for ( t o > l ) ,  (7) 

assuming L = 0. Some minimum ratios for different values of 
I, O, and L are illustrated in Fig. 6. When L >  0, the 
minimum ratio is approximately 

R > I ( O -  1) + tOE. (8) 

In our Fig. 2, where tO = 2, I = 6, and L = 0, the critical ratio is 
R > 6. Using the LP model assumptions of O = 5, L = 0, and 
! = 3, R would have to be > 12. 

Conclusions 

An impl icat ion of  both  the LMP and MH models  was 
that  populat ions  on crops would increase, at least tem- 
porari ly,  following BC releases. As observed in the LP 
model,  and as i l lustrated more  explicit ly in our model,  
these increases are much smaller  or non-existent under 
a more realistic set of  assumptions. Any initial in- 
creases would p robab ly  be reasonably small, less than 
four fold, on crops such as tobacco at tacked by the first 
generat ion and less than two fold on crops such as 
cotton at tacked by the second generation. 

Our  model  emphasizes  the impor tance  of  I (where 
I = IV/IBc) to the effects of  hybr id  releases. The param-  
eter L is somewhat  less important .  In Figs. 3 - 6 ,  
change in L of  0 to 1, its entire range, is less impor tant  
than a 2 - 3  fold increase in I. Thus, the impact  of  
temporary  " 'sterilization" resulting from matings with 

BC males following matings with V males is not nearly 
as important  as the "fert i l izat ion delays" that occur 
when a female mates repeatedly with BC males instead 
of  a V male. Such delays have their  greatest impact  
when I is short and R is large. Because it is possible 
that Iv and IBc are differential ly density dependent ,  we 
believe that they will have to be measured simultane- 
ously under field condit ions to obtain estimates of  I. 

Finally,  two assumptions of  this model  which are 
not explored in this paper  deserve further considera- 
tion. First,  al though we assume a closed popula t ion  
with uniform R, the effects of  variat ion in R due to 
immigra t ion  and spatial ly heterogeneous distr ibutions 
of  V and BC can cause a decline in R and loss of  sup- 
pression (Makela  and Huettel,  pers. com.). Second, we 
assume that all mortal i ty  is density independent  and, 
therefore, that O is not affected by popula t ion  suppres- 
sion resulting from hybrid releases. However,  in view 
of  the importance of  potential ly density dependent  
mortal i ty by natural  enemies of  Heliothis (Ridgway 
and Lingren 1972; Varley et al. 1973) and because in- 
secticide use is in some sense density dependent  (in- 
secticides are used more frequently when pest densities 
are high than when they are low), the possibi l i ty of  
compensatory increases in O following suppression by 
BC releases should be considered. Increases in O would 
not affect R, but might  result in higher  popula t ion  
densities than our model  would predict. 

Acknowledgement. We gratefully thank R. A. Levins, M. D. 
Huettel, M. E. Makela, M. W. Brown, M. L. Laster, F. I. 
Proshold, L. E. LaChance, K. Hopper and W. F. Kitten for 
their assistance, helpful discussions, and comments on an 
earlier draft. Miss. Agric. and Forestry Expt. Stn. Publication 
No. 5378. 

References 

Guerra AA, Wolfenbarger DA, Garcia RD (1972) Factors 
affecting reproduction of the tobacco budworm in the 
laboratory. J Econ Entomol 65:1341-1343 

Laster ML (1972) Interspecific hybridization of Heliothis 
virescens and H. subflexa. Environ Entomol 1: 682- 687 

Laster ML, Martin DF, Parvin DW Jr (1976) Potential for 
tobacco budworm suppression by genetic sterilization. 
MAFES Tech Bull 82:1-9 

Levins RA, Parker MW (1983) Short run aspects of a genetic 
control program for Heliothis virescens (Lepidoptera: 
Noctuidae). Ecol Mod 19:213-220 

Makela ME, Huettel MD (1979) Model for genetic control of 
Heliothis virescens. Theor Appl Genet 54: 225- 233 

Pair SD, Laster ML, Martin DF (1977a) Hybrid sterility: 
mating dynamics of backcross progeny from crosses of 
Heliothis subflexa and H. virescens. Ann Entomol Soc Am 
70: 665- 668 

Pair SD, Laster ML, Martin DF (1977b) Hybrid sterility of 
the tobacco budworm: effects of alternate sterile and 
normal matings on fecundity and fertility. Ann Entomol 
Soc Am 70: 952- 954 



477 

Proshold FI (1983) Release of backcross insects on St. Croix, 
U.S. Virgin Islands, to suppress the tobacco budworm 
(Lepidoptera: Noctuidae): infusion of sterility into a 
native population. J Econ Entomol 76:1353-1359 

Proshold FI, LaChance LE 0974) Analysis of sterility in 
hybrids from interspecific crosses between Heliothis vires- 
cens and H. subflexa. Ann Entomol Soc Am 67: 445-449 

Proshold FI, Smith JW (1982) The potential for hybrid steril- 
ity in Heliothis vireseens management. In: Proc Beltwide 
Cot Prod Res Conf, pp 182-184 

Proshold FI, Karpenko CP, Graham CK (1982) Egg produc- 
tion and oviposition in the tobacco budworm: effect of age 
at mating. Ann Entomol Soc Am 75:51-55 

Proshold FI, Raulston JR, Martin DF, Laster ML (1983) 
Release of backcross insects on St. Croix to suppress the 
tobacco budworm (Lepidoptera: Noctuidae): behavior and 
interaction with native insects. J Econ Entomol 76: 
626- 631 

Raulston JR, Snow JW, Graham HM, Lingren PD (1975) 
Tobacco budworm: effect of prior mating and sperm 
content on the mating behavior of females. Ann Entomol 
Soc Am 68:701-704 

Raulston JR, Wolf WW, Lingren PD, Sparks AN (1982) 
Migration as a factor in Heliothis management. In: Reed 
W, Kumble V (eds) Proc Int Workshop Heliothis Manage- 
ment. ICRISAT Center, Patancheru AP, India, pp 61-73 

Ridgway RL, Lingren PD (1972) Predaceous and parasitic 
arthropods as regulators of Heliothis populations. In: Dis- 
tribution, abundance, and control of Heliothis species in 
cotton and other host plants. Southern Coop Ser Bull 
169: 48- 56 

Smith JW, King EG, Parvin DW Jr (1980) Comparative 
development of Heliothis virescens and hybrid backcross 
progeny reared at five temperatures. Agricultural Research 
Results, USDA, ARR-S-6 

Stadelbacher EA, Pfrimmer TR (1973) Bollworms and tobacco 
budworms: mating of adults at three locations in the 
Mississippi Delta. J Econ Entomol 66: 356-358 

Varley CG, Gradwell GR, Hassell MP (1973) Insect popula- 
tion ecology: an analytical approach. University of Califor- 
nia Press, Berkeley, pp 212 


