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Insect sterility in population dynamics research*
D. E. WEIDHAAS,1 G. C. LABRECQUE,2 C. S. LOFGREN,3 & C. H. SCHMIDT4

This paper reviews and discusses a technique that can be used to study the dynamics
ofpopulations under the influence offavourable or unfavourable environmental factors or
the stress ofpopulation control. It is encouragingfor those interested in the sterility approach
to pest control that the reproductive success of insects with a reputedly high biotic potential
is limited to relatively low rates under field conditions. Further studies are needed under
other conditions, in other areas, and with other species.

Problems of insect resistance, of environmental
contamination, and of the possible harmful effects
on beneficial and nontarget organisms resulting from
the use of insecticides have intensified current interest
in developing new techniques of insect control, as
well as improving existing ones. Over the years
many chemical control agents have been developed,
and different control methods have been combined
for greater effectiveness. This has led to the consi-
deration of control by the management of certain
pest populations, in addition to the conventional
approach of reducing high density populations to an
acceptable or nondestructive level. Management
of populations will require a thorough understanding
of the biology, ecology, and dynamics of populations
as they exist in nature, and particularly of repro-
ductive success, survival, total and relative numbers,
migration patterns, and behaviour in a variety
of environmental conditions at different times and
seasons of the year. It will also require a thorough
understanding of the way in which the various con-
trol agents or methods will act on total populations.
For many insects, this understanding has been

limited. A simple and useful concept has been
needed that would relate the degree of population
control to population dynamics and density, but
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that would not require individual consideration of
the many complex and variable biological and envi-
ronmental interactions that occur. The theories and
models of the sterile insect release technique de-
veloped by E. F. Knipling, and the demonstration
of the technique by Knipling and his co-workers,
have provided one solution to the problem.

This paper demonstrates with equations how Knip-
ling's models can serve the economic entomologist
interested in population control and population
dynamics, and illustrates the usefulness of the tech-
nique by applying it to published data on populations
of mosquitos, houseffies, and stableflies.
Background information on the sterile insect

release technique-theories, requirements, problems,
advantages, and disadvantages-is given by Knipling
(1964, 1968), while the practical application of insect
sterility is discussed by Weidhaas (1968).

A THEORY OF CONTROL

Knipling's model for the sterile insect release
technique can be illustrated by the following equa-
tions:

F1 = P(RI)[1-N/(N+P)J
F1 =P(RI)(1-S)
F1 = P(RI)(Fe)
F/P= (RI)(Fe) = (RI)(1 - S)

where F1 = the relative or total number of insects
per unit area in the generation or
period of time immediately following
the "'parent" generation or period
of time

P = the relative or total number of insects
per unit area in a " parent " generation
or period of time
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RI = the reproductive success (rate of in-
crease) of a population from genera-
tion to generation or time period to
time period, with no artificial, man-
made control (RI is 1 for stable
populations, greater than 1 for in-
creasing populations, and less than 1
for decreasing populations; control
of reproduction by man-made tech-
niques can permit values of RI of
greater than 1 when populations are
stable or decreasing)

N = the number of sterile insects released
per generation or period of time

S = N/(N+P) = the degree of sterility
Fe = (1-S) = the degree of fertility re-

maining in the population

Illustrating this further by taking examples, if
P = 1 x 106, RI = 5, and N = 9 x106, then Knip-
ling's example for the sterile insect technique is:

Fl=(l X 106)(5) 1 - =9X16 5 X 1W(1x 106)+(9x 106)
further,

N/P = (9x1IV)/(lxlO6) = 9:1
(ratio of sterile to fertile insects)

S = (9x106)/(lOx 106) = 0.9
Fe = 1-0.9=0.1

Summarizing the principle behind the sterile in-
sect release method, if the degree of control of
reproduction is sufficiently large to overcome the
reproductive success ofthe population, i.e., if(RI)(Fe)
is less than 1, population reduction will occur since
Fl/P will be less than 1. If reduction in density

Fig. 1. Expected reproductive success with an observed percentage of sterility in one generation and an observed
reduction in density in the subsequent generation. Example: 80 % sterility or control of reproduction in one genera-
tion followed by 80 % reduction in density in the next generation indicates a 1 -fold reproductive success (RI).
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occurs from generation to generation and the num-
ber of sterile insects released per generation remains
constant, the ratio of sterile to fertile insects-and
consequently the degree of control of reproduction-
will increase to levels high enough to result in eli-
mination in isolated areas or considerable control
in unisolated areas. Any method ofpest control will
exert some degree of control of reproduction in
the population. Reproductive success (RI) in the
field times one minus the degree of control of
reproduction or times the fertility remaining in the
population must be one (F1/P = 1) to prevent a
population from increasing its numbers or must be
less than one to cause reductions in its numbers.
This relationship is illustrated further in Fig. 1.

Analysis of such population models makes it
obvious that we know far too little about popu-
lations and their dynamics under field conditions.
What are their total numbers per unit area? What
is their reproductive success under different environ-
mental conditions and their maximum reproductive
success under the most ideal field conditions? How
rapidly and to what degree will reproductive success
change when population density is reduced by con-
trol ? To what extent does migration influence popu-
lation dynamics? Quantitative estimates for these
and other questions are necessary if populations are
to be controlled effectively by integrated techniques.

PRACTICAL APPLICATION

If the sterile insect technique is to prove effective
in the field it is essential that the sterile insects
released disperse naturally and completely into the
population and become a natural part of the mating
process. Should this prove impossible, the chances
of obtaining valid data on the dynamics of total
populations or of designing methods of total popu-
lation control based on control of reproduction
would be slight.
A review of the equations presented earlier will

show the possible uses of sterility in population
research and population control. For example, since
S = N/(N +-P), the release of a known number of
sterile insects plus a determination of the degree
of sterility in females of the natural population
would allow calculation of P (the number of insects
in the population). Since this method is based on
the degree of sterility in native females and not on
the degree in released sterile females, it will require
(1) the release of males only and a knowledge of the
sex ratio, (2) tagging of released insects so that re-

leased and native females can be differentiated,
(3) a method of sterilization that prevents oviposition
by released females, or (4) a means of correcting
the degree of sterility determined by the presence of
eggs from released sterile females.

In experiments in which sterile insects or males
only are released over two or more generations, the
ability to measure relative densities of populations
from generation to generation, F1/P, and to assay
the degree of sterility produced in each generation
would permit estimation of the reproductive success
(RI) of a population: RI = F1/[P(I -S)]. This
relationship is illustrated graphically in Fig. 1. The
success of estimating RI will depend on the use
of one of the requirements listed previously. In
the figure, sterility (or percentage control of repro-
duction) is plotted as the abscissa and the percentage
decrease or increase in density as the ordinate. The
intersection of the line for control of reproduction
in one generation with the line for the change
in density observed in the next generation makes it
possible to read (or interpolate) reproductive success
from the diagonal lines.

APPLICATION TO EXISTING DATA

Application of this method for calculating the
reproductive success (RI) of natural populations
of the southern house mosquito, Culex pipiens
fatigans Wiedemann, the housefly, Musca domestica
L., and the stablefly, Stomoxys calcitrans L., will
serve to illustrate the technique. The data on the
southern house mosquito are taken from Patterson
et al. (1970a, 1970b) and Weidhaas et al. (1971),
the data on the housefly from Meifert et al. (1967)
and Weidhaas & LaBrecque (1970), and the data
on the stablefly from LaBrecque et al. (1972).
The studies on the southern house mosquito were

conducted during 1968 and 1969 on a small isolated
island, Seahorse Key, off the west coast of Florida
and involved the release of males sterilized with
tris(I-aziridinyl)phosphine oxide (" tepa ") (in 1968)
or with tris(l-aziridinyl)phosphine sulfide (" thio-
tepa") (in 1969). The studies on the housefly were
conducted in 1962 and 1963 on Grand Turk Is-
land and involved the application of chemosterilant
baits to privies where housefly breeding occurred.
Preliminary releases of chemosterilized stableflies
were made at a dairy in Alachua County, Florida,
in 1970. The results are summarized in Tables 1, 3,
and 4, by generation, and include the relative density
and percentage reduction in density from generation
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to generation, the degree of control of reproduction
occurring in each generation, and the calculated
reproductive success. For the mosquito, the average
number of egg rafts deposited daily in ovitraps was
used as a measure of relative density. However,
the egg rafts collected were also used to determine
the degree of sterility induced in the population
by the release of sterile males, and they were not
returned to the population; therefore, the total
degree of control ofreproduction had to be calculated
to include both sterility and removal of egg rafts.
For the housefly, the number of flies resting on
grids placed in the kitchens of houses was used as
a measure of relative density. The number of females
removed from the population to determine the degree
of sterility was not considered large enough to affect
reproductive success. For the stablefly, the average
number of flies per cow was used as a measure of
relative density, and native females (distinguishable
from released females because they were not tagged
with fluorescent dye) were collected by sweep net
to measure sterility.

It is interesting to note (Table 1) that at the begin-
ning of each experiment with the southern house
mosquito, the field population was stable (the studies
covered two summers). Control techniques (the re-

Table 1. Results obtained after the release
of sterile male C. p. fatigans (from Patterson et al., 1970,

and Weidhaas et al., 1971)

Relative Percentage
Gener- density reduction or Of conate
ation ofa. o in~crease (+) ocntrol of of increaseof egg rafts in density reproduction (Rl)

per day est cin (I

1968

1 144 0.65 0.9

2 44 69 0.80 5.4

3 48 (+9) 0.88 9.8

4 58 (+17) 0.93 11

5 46 21

1969

1 228 0.50 1.3

2 146 36 0.81 5.5

3 151 (+3) 0.93 4.5

4 47 69 0.91 2.1

5 9 81 0.91 9.9

6 8 11 0.98

lease of sterile males and the removal of egg rafts)
that limited reproductive success reduced the density
of subsequent generations to levels lower than that
of the initial generation, and virtual elimination was
achieved in 1969. Control of reproduction resulted
in an increase in the reproductive success of the popu-
lation but this increase occurred over 3-4 generations
rather than in one. The maximum reproductive suc-
cess of the population appeared to be about 10-fold;
however, environmental factors and density-limiting
factors held the population to lower degrees of
reproductive success than this, even when artificial
control of reproduction was acting to reduce density
levels.
Some of the effects of environmental factors,

artificial control of reproduction, and density-limit-
ing factors on the dynamics of this population can
be seen when the interactions of the degree of sterility,
density levels, and reproductive success are con-
sidered. For example, Table 1 shows that the density
of mosquitos in 1968 was reduced 69% initially,
with no further reduction until generation 5. From
observations of larval rearing habitats on the island
it appears that the density-limiting factors were
"s overcrowding " or " self-regulating " factors asso-
ciated with the immature stages of this mosquito.
For example, in some larval habitats several thou-
sand eggs were deposited each day but only a small
number of pupae were produced each day. The
survival of immature stages was not measured,
but it was estimated to be about 8% or less at
the beginning of the experiments when the population
was stable. The induction of sterility into females
during the first generation would not cause an
immediate reduction in the density of immature
stages, but it would reduce the number of viable
progeny hatching in larval habitats. This number
would be reduced further by the presence of " density-
limiting " factors, resulting in a population decrease.
As the effect of density-limiting factors consequently
decreased with time, so the reproductive success
of the population would increase. Thus, after the
initial drop, no further density reductions occurred
in generations 3 and 4, or until the degree of artificial
control of reproduction exceeded reproductive suc-
cess (generation 5).

In 1969 (Table 1) there was an increase in the
reproductive success from 1.3-fold for generation 1
to 5.5-fold for generation 2, following precisely the
same pattern as in the 1968 experiment. However,
this increase was followed by a reduction in repro-
ductive success in generations 3 and 4. Since the

312



INSECT STERILITY

Table 2. Reproductive success of C. p. fatigans in Okpu, Burma, exposed
to release of cytoplasmically incompatible males (data from Laven, 1967)

Percentage Percentage Percentage Rate of
Week No. of egg of non- Ge t No. of egg reduction or of non- increaseoe rafts hatching enera lon rafts increase (+) hatching (RI)

rafts in density rafts

0 70 0 70

1 145 4.3
1 202 (+189) 5 2.6

2 259 5.7

3 381 11.6
2 503 (+100) 11 1.0

4 625 11.5

5 559 19.4
3 447 11 21 0.8

6 334 24.8

7 287 30.7
4 277 38 35 1.4

8 266 39.0

9 259 52.1
5 260 6 61 1.5

10 261 70.4

11 126 85.5
6 148 43 90

12 70 100.0

degree of sterility either increased or did not decrease,
it must be concluded that environmental conditions
changed to limit further increase in the reproductive
success of the population. Indeed, the experimenters
reported heavy rains that flushed breeding areas
at this time and probably caused the reduction in
reproductive success.

In this way it is possible to follow the interactions
of environmental factors, artificial control of repro-
duction, and density-limiting factors on the repro-
ductive success (rate of increase) and density in
a population of mosquitos. There are obviously
times at which environmental or density-limiting
factors reduce density when the control of reproduc-
tion is less than 90%, but if the density of such a
population is to be further reduced or maintained
at a low level, a control of reproduction exceeding
90% would be necessary. For example, in a sterile
male release programme, the ratio of sterile to
fertile males would have to be greater than 9: 1.
The authors analysed the results of Laven (1967)

on the release of cytoplasmically incompatible Culex
males in Okpu, Burma, to illustrate the applicability
of the techniques of calculating reproductive success
of a population, and also to determine the population
dynamics of another population of C. p. fatigans.
The experiment appeared ideal for the interpretation

of reproductive success and density changes since
it was reported as being carried out in an isolated
population, in a small village, and provided data on
the average number of egg rafts collected per week
(a relative measure of density) and the percentage of
nonhatching rafts per week. The experiment lasted
for 12 weeks, and was reported to be equivalent
to the span of 6 generations. We assumed, therefore,
that a generation spanned 2 weeks and averaged
the data for interpretation by generation. Table 2
summarizes Laven's data on a weekly basis, aver-
ages the data for 2-week generation times, and
shows the calculated reproductive success of the
population.
The population was increasing about 3-fold at the

start of the experiment and during the first generation
of releases. In generations 2-5, however, the rate of
increase was only about 1-fold, ranging from 0.8-fold
to 1.5-fold. Even though the density of the popu-
lation decreased continually after the second gener-
ation and the degree of nonhatching rafts continued
to increase from generation to generation, the repro-
ductive success of the population did not increase.
This initial decrease and the subsequent constant
level of reproductive success throughout the experi-
ment is in contrast to the results of the Seahorse
Key experiments, in which a stable population
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Table 3. Results obtained after the application
of chemosterilant baits against houseflies

(from Meifert et al., 1967, and Weidhaas &
LaBrecque, 1970)

Relative Peceage
Gener- density Peruceintage Degre inRease
ain as a.no. reuto rof control of of inreateain of fle nrae(+) reproducin (I

per grid in density ucin (I

1

2

3

4

5

6

7

8

9

33.0

33.4

22.2

19.0

12.2

21.4

10.5

12.1

6.2

0

34

14

36

(+43)

51

(+13)

49

0.0

0.60

0.60

0.78

0.74

0.59

0.66

0.72

0.70

1.0

1.7

2.1

2.3

6.7

1.2

3.4

1.4

1.9

Table 4. Results obtained with the release of sterile
stableflies

(from LaBrecque et al., 1972)

Relative Percentage
Gener- density reduction or Degree Rate
ation as av.no. increase (+) of control of of increase

per animal in density reproduction (RI)

1 4.8 0.0 1.3

2 6.2 (+23) 0.05 1.1

3 6.3 0 0.42 1.3

4 4.9 22 0.39 1.3

5 4.0 1 8 0.77 3.2

6 2.9 27 0.26 1.2

7 2.6 10 0.71 1.8

8 1.4 46 0.65 2.7

9 1.3 7

10 3.5 44

11

12

13

14

15

16

17

18

19

20

6.0

5.2

4.8

6.3

4.2

3.0

2.0

1.2

0.4

0.4

13
8

(+31)
33
29
33
40
67
0

0.81

0.75

0.78

0.79

0.86

0.77

0.81

0.91

0.91

4.6

3.7

4.7

3.2

5.1

2.9

3.2

3.7

11.1

showed an increase in reproductive success when
density was reduced by control of reproduction.

In the housefly studies summarized in Table 3,
reproductive success of the population during arti-
ficial control of reproduction by means of chemo-

sterilant baits was variable and relatively low. As
this insect is reputed to have a high biotic potential,
it is surprising that these low levels of reproductive
success continued as density was reduced. The rates
of increase during generations 1-10 (1-6-fold)
occurred at a time of year when the housefly popu-
lation on the island is expected to decrease gradually
because of environmental factors. The rates of in-
increase during generations 11-19 (2.9-11.1-fold)
occurred at a time of year when the population is
expected to increase gradually (Weidhaas & La-
Brecque, 1970).
The experiment with the stablefly must be consi-

dered as preliminary, and further investigations are
necessary. The rates of increase (Table 4) were
relatively low (1.1-3.2-fold). The interactions of
environmental or density-limiting factors, density,
control of reproduction, and reproductive success
remain to be determined.

RESUME
LA STERILITE DES INSECTES DANS LES RECHERCHES SUR LA DYNAMIQUE DES POPULATIONS

Les auteurs examinent les possibilites d'utilisation de
la technique du lacher d'insectes steriles en tant que
proc6&l d'elimination des especes nuisibles et methode
d'6tude des populations soumises it l'influence de facteurs
de milieu favorables ou defavorables ou 'a des mesures
de lutte biologique. Des Etudes recentes portant sur
Culex pipiens fatigans, Musca domestica et Stomoxys

calcitrans ont demontre l'interet pratique de la tech-
nique. Le taux de croissance de ces trois especes d'ar-
thropodes importantes pour la santd publique, exposees
a diverses formes d'agression du milieu et a des mesures
biologiques, s'est maintenu a un niveau relativement
faible (1-11 fois) attestant l'efficacite de ces nouvelles
methodes.
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