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The Critical Level of Interference
in Species Eradication of Mosquitos*

C. B. CUELLAR 1

The problem of species eradication of insects of the subfamily Anophelini is reviewed in
the light ofnew information produced by analytical means. The concept of the critical level
of interference, beyond which eradication would occur, is explained in simple terms. The
dynamics of anopheline populations challenged with residual insecticide spraying or sterile
adult releases are discussed in an attempt to define the minimal requirements of successful
trials.

The potential advantages of selective species
eradication within defined geographical areas are
indisputable, but it has been only rarely achieved or
even attempted, largely because of a justifiable
reluctance to undertake costly operations, the results
of which cannot be foreseen or even reliably forecast.
This difficulty arises from the fact that the science of
evaluation of the actual or expected results of
programmes has not kept pace with the advances in
the science of control itself, so that any original
control activity has to be carried out without the
advantage of even a rough quantitative estimate of
the probable results. However, in recent years the
introduction of computational methods has opened
up a way of meeting this difficulty.

Analysis of the theoretical dynamics of anopheline
populations under conditions of decreased fertility,
or ofjnsecticidal challenge, has made it very desirable
to postulate a general over-all theory, the main
points of which are summarized in this paper.

STABILITY AND INSTABILITY OF POPULATIONS

The rate of output of any anopheline population is
a function of the numbers in the preceding generation
and of the gross and net reproduction rates. These
2 rates are exactly analogous to the same rates
commonly used in relation to general biological
happenings. In mosquitos, the gross rate is equal to

* This work was made possible by a grant from the
Tropical Diseases Research Fund of the London School of
Hygiene and Tropical Medicine.

I Epidemiologist, Ministry of Health, Mexico City,
Mexico. Present address: Research Assistant, Ross Institute
of Tropical Hygiene, London School of Hygiene and Tropical
Medicine, University of London, England.

the number of fertile eggs of both sexes laid by the
average female throughout its life, later referred to
by the symbol E. Multiplication of this gross rate
by the usual sex-ratio of normal eggs (half in the
subfamily Anophelini) and by the probability (M) of
survival from egg to adult emergence, gives the net
reproduction rate. Equilibrium is achieved when
this net reproduction rate is equal to 1.0, while
values below this indicate a diminishing output of
adults and values above it indicate an increasing
output. Of the 2 factors mainly involved, the second
is density-dependent in that it may change in such
a way as to counterbalance, wholly or partially,
changes in the number ofeggs laid. Hence, the value of
M will often tend to vary inversely with changes in
adult mosquito density, longevity or fertility. There
is reason to think that actual values of the factor M
are very variable. In the laboratory, values of the
order of 0.9 are attained, whereas in field experience
M is normally very much lower, probably often of
the order of 0.01. The life-budget of a mosquito
population may be described as stable when the
compensating mechanism is very efficient and able to
offset marked changes in the number of fertile eggs
laid, or unstable where minor adverse modifications
tend not to be counterbalanced and so there will be
great fluctuations in the rate of output and possibly
a tendency towards local extinction.
The critical level of interference is reached when a

detrimental effect on the gross reproduction rate,
due either to natural causes or to artificially induced
changes, or both, is barely offset by the maximum
possible adjustment of the compensating mechanism
stabilizing the net rate. Eradication can occur only
if that critical level is surpassed.
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THE ELEMENTS OF M AND E

The probability (M) of an egg surviving and
leading to the emergence of an adult mosquito
depends upon physical, nutritional and biological
factors (for example, the size of the breeding place,
the climatic conditions, the larval food supply and
the quantity and efficiency of the predators).
The average number (E) of fertile eggs of both

sexes laid by the female at a given locality and month
depends in the main on the following factors.

(1) The adult female's probability of survival
through one day (p).

(2) The frequency of oviposition.
(3) The over-all fertility factor (the proportion of

females fertilized).
(4) The average number of eggs in a clutch or

batch.
The average number of ovipositions per female for

different values ofp and different oviposition rhythms
and the corresponding values of E, for a population
in which the average batch has 150 eggs, are shown
in Cuellar (1969, Table 1).

In the table referred to, the maximum length of life
of a female is considered as a function of p only,
while Table 1 in this paper shows how different
limits of female longevity would affect the number of

TABLE 1

AVERAGE NUMBER OF OVIPOSITIONS PER EMERGING
FEMALE FOR DIFFERENT LIMITS TO THE MAXIMUM

LENGTH OF LIFE a

Maximum possible lengths of life of a female

Undeter-
P mined

22 days 28 days 36 days 42 days (life based
on p only)

0.6 0.203 0.203 0.203 0.203 0.203

0.65 0.309 0.309 0.309 0.309 0.309

0.7 0.470 0.471 0.471 0.471 0.471

0.75 0.721 0.722 0.723 0.723 0.723

0.8 1.124 1.135 1.137 1.138 1.138

0.85 1.808 1.854 1.874 1.878 1.881

0.9 3.024 3.231 3.358 3.403 3.454

0.95 5.363 6.157 6.900 7.285 8.354

a In this exaTple, complete fertilization (over-all fertility
factor = 1) and oviposition frequencies of 4*2 (the first occur-
ring on the fourth day and the others every 2 days thereafter)
are assumed.

ovipositions per female where the oviposition
frequency is 4*2 (the first occurring on the fourth day
and successively every 2 days thereafter). It is cleat
that there would be no marked effect on the average
number of ovipositions unless p is greater than 0.8.
In both tables the over-all fertility factor (OFF) is
taken as 1.0; in other words, all females are assumed
to be successfully fertilized shortly after their
emergence.

INSECTICIDES

If the resting-surfaces used by a susceptible species
are sprayed with insecticide there will be a lowering
of the probability of daily survival of the female (p)
which, although not occurring directly after emer-
gence but rather from the time of contact of the
mosquito with the insecticide, will have the net effect
of decreasing the value of E, since death will occur
sooner and consequently fewer ovipositions will be
made by the average female.

In such a situation, the compensating mechanism
may operate through an increase in survival from egg
to adult (M) as a result of the diminished competi-
tion in the aquatic stages. If the decrease in E goes
beyond the adjustment provided by the maximum
possible value of M, a decline of the population will
follow and will lead, if maintained, to the complete
disappearance of the population. The time interval
to eradication will depend on the degree of effective
(unbalanced) decrease of E, the longevity ofthe adults
and the length of the whole life-cycle of the popu-
lation.

Therefore, for a reasonable prediction of the
effects of insecticide spraying it is necessaty to
estimate the probable decrease of p and the com-
ponents of the compensating mechanism. For the
purposes of species eradication, the efficiency of that
mechanism will be mainly determined, in the absence
of resistant strains or gross changes in behaviour, by
the resultant decrease in E (as a result of the lowering
ofp) and by the maximum possible value that M can
reach in the localities under study. Estimates of this
last value could perhaps be obtained by direct
measurements under controlled conditions in natural
breeding places, or in the laboratory with simulated
field conditions; by inference from detailed studies of
the life-cycle, taking full advantage of modem
ecological methods; or finally, by computer analyses
of data from mosquito control schemes where local
eradication has been accomplished. Although the
maximum value ofM in the field may turn out to be
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approximately equal for several species to the values
of 0.8 and 0.9 obtained in the insectaries of the
'Ross Institute, London, lower values are more likely.
The value ofM will also differ both between species
and within them in ecologically different areas, and
within a single population at different seasons. It is
important not to confuse the maximum possible
value of M and its actual value in nature. During
equilibrium, i.e., when ME/2= 1, this value must be
low for the commonly observed values ofp and the
known oviposition frequencies, as Table 2 shows.
For example, where p= 0.8, oviposition frequency is
4*2 and the average batch numbers 150 eggs, E is
equal to 171 and M would have to be equal to
approximately 0.0118 in order to maintain equili-
brium of the population.

TABLE 2

VALUES OF M DURING EQUILIBRIUM a IN AN INSECT
POPULATION HAVING A 1:1 SEX RATIO

Eb MC Eb MC T Eb MC

2 1 20 0.1 200 0.01

4 0.5 40 0.05 400 0.005

6 0.33 60 0.0333 600 0.00333

8 0.25 80 0.025 800 0.0025

10 0.2 100 0.02 1 000 0.002

12 0.167 120 0.0167 1 200 0.00167

14 0.143 140 0.0143 1 400 0.00143

16 0.125 160 0.0125 1 600 0.00125

18 0.111 180 0.0111 1 800 0.00111

aME'2= 1.
b E = Number of eggs laid by the average female throughout

its life.
c M = Probability of an egg surviving and leading to the pro-

duction of an adult mosquito.

As a corollary to the previous discussion, high
stability can be correlated either with great elasticity
ofM or with difficulty in reducing E, or with both.
The accompanying figure shows the scale of inter-
ference needed to reach the critical level for species
eradication for maximum possible values of M
ranging from 0.003 to 0.9. As an example, suppose
that in a given population E= 100 and the upper
limit ofM= 0.3, then the critical level of interference
will be reached if E can be reduced to 0.07 of the
original level. In other words, the average of 100
fertile eggs (of both sexes) laid per female has to be

CRITICAL LEVELS a
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Scale of interference

a The efficiency of the measures should decrease the number
of eggs laid per female (E) to less than the fractions of the
natural level shown on the horizontal scale (to attain eradica-
tion, see text).

reduced to 7 to reach the critical level. If the
reduction of eggs per female is greater than this then
species eradication will follow provided the other
conditions remain the same. An insufficient reduc-
tion of the eggs (in this example, say to 8) cannot
possibly attain eradication no matter how long the
control measures are applied.
Annex 1 illustrates these happenings in the form of

computer line-printer output sheets for a species of
high stability (current M=0.01761; maximum
possible value of M=0.9). The first case, A, shows
the effect of reducing p from 0.8 to 0.2, obtaining
local eradication after 9 weeks, while in B a
reduction top = 0.3 allows survival of the population,
even if that reduction of p is maintained for a very
long time.1

Anopheles darlingi was eradicated from the coasts
of Guyana (Giglioli, 1951), Venezuela (Gabaldon,
1949), French Guiana (Floch, 1956) and from some
parts of Brazil (Pinotti, 1951), but survived similar
insecticidal challenges in other parts of that country
(Pinotti, 1951). This vector can be considered in the

I It should be pointed out that the further assumption is
made, in the examples shown in Annex 1, that the elasticity
of M is such that its value precisely and fully compensates
for the decreased longevity and density of the adult females,
-unless and until the limiting value of M = 0.9 is reached.
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same light as A. funestus, a notorious malaria vector
which disappeared from parts of Tanzania (Draper
& Smith, 1960), Southern Nigeria (Bruce-Chwatt et
al., 1955) and from the Island of Mauritius (Dowling,
1952), but survived persistent insecticidal spraying in
other places (Bruce-Chwatt et al. 1958; Cavalie &
Mouchet, 1962). The likely explanation may lie in
the different levels of stability in different areas: the
passing of the critical level of interference was
accomplished in some places, but not in others.
The recorded instances of local species eradication

by insecticides agree with the results obtained by
computer analysis in that, where achieved at all, it
has occurred relatively quickly. Successful eradica-
tion of a species in some areas, associated with
survival in others under similar challenges, calls for
more efficient measures, rather than for persistence,
except in circumstances where the level of stability
later diminishes through natural causes to such a
degree that the critical level is passed. This was
probably the case described by Sa in 1954: A. darlingi
was still surviving after years of continuous spraying
when the water level of the main breeding area, a
hydro-electric scheme, fluctuated quickly, bringing
about the disappearance of the insect.

STERILITY

In this section, only releases of infertile adults will
be considered, since the use of eggs which give rise to
sterile individuals are discussed in another paper
(Cuellar, 1969; see also Davidson, 1969). The same
principles explained under the previous heading
apply to this problem, in which the decrease in E is
produced by a change in the value of the OFF rather
than by a lowering of the probability of adult female
daily survival. This factor has at least 2 significant
components: the probability of a fertile female
meeting a fertile male, and the relative mating
abilities of fertile and sterile individuals. This last
component may be of importance if the sterilizing
procedure produces concomitant weakness.

If there is multiple mating by the males and single
mating by the females, the new OFF is found by multi-
plying the normal OFF by the following fraction:

(Fertile males) / (Fertile+infertile males).

It is of interest that the simultaneous release of
sterile females may only decrease further the value of
the OFF for the type of sexual behaviour described
above, provided that the releases are conducive to
mixing of the 2 populations.

Unfortunately, it seems that with this technique
the critical level of interference is difficult to reach in
the case of anophelines, except where exceedingly
large numbers of sterile individuals are introduced,
or the system is very unstable, or the original density
of adult mosquitos is very low. Annex 2 illustrates
the point where there is high stability (current M=
0.01761, maximum possible value of M=0.9); in A
the daily release of 260000 infertile males would
require 19 weeks to clear an area yielding 10000
mosquitos (of both sexes) per day, while in B
240 000 releases per day could not accomplish local
eradication. It may be added that a daily release of
300 000 would reduce the required treatment time
to 13 weeks, with a saving in the over-all number of
sterile males released. The accompanying figure can
also be used to determine the drop in E necessary to
reach the critical level. However, analysis of the
values produced by Laven (1967) about eradication
of Culex pipiens fatigans shows that the maximum
value of M under those circumstances could not be
greater than 0.08. This gives more credence to the
idea that maximum values of M of 0.8 and 0.9, as
attainable in insectaries, are overestimates for the
field.

CONCLUSION

Qualitative and quantitative studies of insects in
well-defined areas, made from a dynamic, ecological
viewpoint, may reveal the local levels of stability of
the populations under scrutiny. Knowledge of the
main factors involved, and of the attainable degree of
deliberate interference, can lead not only to an
estimate of the critical level to be passed, but also to
a reasonable evaluation of the probability of
accomplishing local species eradication. Every popu-
lation has to be considered on its own merits, since
within a given species wide variation, both in space
and time, of the level of population stability seems to
be the rule rather than the exception.
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RESUMI

LE NIVEAU CRITIQUE D'INTERFIRENCE DANS L'tRADICATION SELECTIVE
D'UNE ESPECE DE MOUSTIQUES

L'analyse des aspects theoriques de la dynamique des
populations anopheliennes en cas d'introduction de
males steriles ou d'attaque par les insecticides amene 'a
envisager le concept de niveau critique d'interference. Ce
dernier, bien que probablement sujet a de continuelles
variations, peut etre consider6 comme immuable pour
une population d'insectes donnee.
Comme tous les insectes, les anophelines font habi-

tuellement preuve d'une capacite de reproduction consi-
d6rable. Chaque fois que des causes naturelles, artificielle-
ment introduites, ou mixtes, agissent defavorablement sur
une population, un m&canisme de compensation intervient
normalement pour tenter de contrebalancer ces effets. On
peut dire qu'une population est biologiquement stable si
cette reaction est efficace, qu'elle est instable dans le cas
contraire. Le niveau critique d'interference est atteint
lorsque l'alteration du potentiel de survie depasse les
possibilites d'adaptation. L'dradication ne sera obtenue
que si ce seuil critique est franchi. L'echec d'une tentative
locale d'eradication doit donc logiquement conduire a
accroitre le pouvoir d'interference plutot qu'a poursuivre
l'application de mesures inefficaces.
Lors de l'etude de la dynamique d'une population

d'anopheles, plusieurs facteurs sont a considerer: nombre
moyen d'ceufs fertiles pondus par une femelle au cours
de sa vie (E); proportion d'ceufs femelles (en general 0,5);
probabilite de survie de 1'ceufjusqu'a 1'e'closion imaginale
(M); duree moyenne (en jours) du cycle aquatique. Dans
les conditions naturelles, les valeurs de M sont apparem-
ment tres faibles (de l'ordre de 0,01 pour Anopheles
gambiae), mais on peut obtenir des valeurs beaucoup plus
elevees en laboratoire (0,9). Si l'on doit tenir pour
acquise une certaine marge de variation de la valeur de
M dans les conditions existant sur le terrain - qui
pourrait s'opposer a toute diminution de E apres I'appli-
cation de l'une ou I'autre mesure - il est n6anmoins
tres probable que les valeurs de M observees en labora-
toire sont trop elevees pour etre retenues au cours des
recherches sur le terrain.

Les techniques modemes de calcul electronique per-
mettent actuellement de prevoir avec une bonne approxi-
mation les moyens minimaux a mettre en ceuvre pour
mener ai bien les essais pratiques. On peut simuler quasi
tous les types d'interference, qu'elle soit due a des pheno-
menes naturels ou provoquee, agissant sur une population
d'insectes a la condition de disposer de donnees suffisantes.
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Annex I

COMPUTED IMPACT OF INSECTICIDE ON OUTPUT OF MOSQUITOS, RELATED
TO ITS EFFICIENCY IN REDUCING THE RATE OF DAILY SURVIVAL

Values assumed for computer input

Daily output of adults 10 000

Eggs per batch 100

Maximum possible value of M 0.9

Days from oviposition to adult emergence 7

Days to first oviposition 4

Days to subsequent ovipositions 2

Maximum possible length of life of a female (days) 30

Over-all fertility index 1.0

Adult female daily survival rate: before treatment 0.8

after treatment A 0.2

after treatment B 0.3

Week Daily output of adults Value of M

-1 10000 0.01761

Treatment A begins, p is reduced to 0.2 from second day of
life onwards

1 10 000 0.02731

2 10 000 0.15794

3 10 000 0.54807

4 4 428 0.9

5 3 000 0.9

6 1 079 0.9

7 727 0.9

8 274 0.9

9 163 0.9

Local eradication achieved

-1 10000 0.01761

Treatment B begins, p is reduced to 0.3 from second day of
life onwards

1 10 000 0.02675

2 10 000 0.13918

3 10 000 0.37341

4 10 000 0.74326

5 10 000 0.84259

6 10 000 0.84259

Local eradication cannot be achieved
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Annex 2

COMPUTED IMPACT OF STERILE MALE RELEASES, RELATED TO RELATIVE NUMBERS
OF FERTILE FEMALES, FERTILE MALES AND INFERTILE MALES

Values assumed for computer input
Daily output of adults 10 000
Eggs per batch 100
Maximum possible value of M 0.9
Days from oviposition to adult emergence 7
Days to first oviposition 4
Days to subsequent ovipositions 2
Maximum possible length of life of a female (days) 30
Over-all fertility index 1.0
Adult female daily survival rate 0.8

Week Daily output Value of M Proportionof adults ~~~~~fertilized

-1 10 000 0.01761 1.0

Treatment A begins; 260 000 sterile males released daily
1 10 000 0.02726 0.01887

2 10 000 0.14375 0.01887

3 10 000 0.39457 0.01887

4 10 000 0.81505 0.01887

5 9 642 0.9 0.01820

6 9145 0.9 0.01728

7 8 838 0.9 0.01671

8 8 259 0.9 0.01563

9 7 613 0.9 0.01443

10 6 825 0.9 0.01296

11 5 782 0.9 0.011

12 4 793 0.9 0.00913

13 3 489 0.9 0.00667

14 2 504 0.9 0.00479

15 1 406 0.9 0.00270

16 791 0.9 0.00152

17 295 0.9 0.00057

18 116 0.9 0.00022

Local eradication achieved

-1 10 000 0.01761 1.0

Treatment B begins; 240 000 sterile males released daily
1 10 000 0.02724 0.02041

2 10 000 0.14215 0.02041

3 10000 0.38174 0.02041

4 10 000 0.76096 0.02041

5 10 000 0.863 0.02041

6 10 000 0.863 0.02041

Local eradication cannot be achieved


