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The Significance of Irritability, Behaviouristic
Avoidance and Allied Phenomena in Malaria

Eradication
R. C. MUIRHEAD-THOMSON, D. Sc.'

A review of the literature dealing with irritability and other behaviour phenomena shown
by anopheline mosquitos in relation to house treatment with residual insecticides has in-
dicated the need for a re-appraisal of terms and criteria. A general term, " behaviouristic
avoidance ", has been proposed to deal with all those aspects ofbehaviour in which mosquitos,
irritated by sub-lethal contact with insecticide-treated surfaces, can escape apparently
unharmedfrom treated houses.

A critical examination of relevant figures has as yet failed to reveal any convincing
proof as to the existence of behaviouristic resistance-that is, cases in which thephenomena
of irritability and avoidance are reported to have appeared or to have been intensified only
as a result of continued insecticide pressure.

Various criteria are discussed in relation to establishing the existence of " behaviouristic
avoidance" in a species, and in deciding whether this irritability is natural (i.e., "protective
avoidance or whether it could be attributed to an intensification of irritability under con-
tinued insecticide pressure (i.e., "behaviouristic resistance").

INTRODUCTION

It has long been recognized that deposits of
residual insecticides-DDT in particular-may have
an irritant effect on mosquitos settling on surfaces
bearing such deposits. In many cases, by the time
signs of irritation appear, the mosquito has already
absorbed a lethal dose of insecticide and it will
eventually die. In other cases, particularly with
DDT, a varying proportion of mosquitos which
settle on treated surfaces become irritated before
they have absorbed a lethal dose of insecticide, and
thus escape apparently unharmed. With some spe-
cies, the proportion of mosquitos which escape in
this way may be high, and it has naturally been
assumed that the phenomenon limits the value of
residual house-spraying against such species. How-
ever, it now appears that the interpretation of such
behaviour phenomena, in terms of practical applica-
tion to malaria eradication, may not be quite so
simple and straightforward.

' WHO Regional Entomology Adviser in Malaria
Eradication for the South-East Asia Region, New Delhi,
India.

It is now recognized that although some mosquitos
appear to escape the effects of residual spraying by
the fact that they are irritated without lethal con-
tact, nevertheless their subsequent behaviour may be
such as to reduce their biting activity and drive them
out of human habitations. If this regular contact
with man is sufficiently disrupted in this way, then
there appears a distinct possibility that transmission
of malaria will also be interrupted. Thus the ob-
jective of malaria control or eradication may be
attained indirectly, without any significant reduc-
tion in the mosquito's expectation of life.

It is the purpose of this report to review the
available evidence and to see to what extent this
irritability phenomenon may contribute towards the
value of residual spraying in malaria eradication or
militate against it. In addition, it will be necessary
to study the various techniques used and to see how
they can best be applied in the correct interpretation
of this and allied behaviour phenomena.

DEFINITION OF TERMS

At present it appears that nearly all behaviour
changes observed, whether immediate or developed
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under insecticide pressure, have their origin in the
irritant qualities of residual insecticide-DDT in
particular. A rather confused terminology has
grown up around this basic fact of irritability. Many
mosquitos naturally possess a high degree of irritabil-
ity which is evident at the very first exposure of the
population to residual insecticides. Where this
irritation is such that mosquitos settling on the
insecticide deposit are activated before they have
absorbed a lethal dose of insecticide, and are able
to avoid further contact and to escape unharmed, the
term " protective avoidance " has been suggested.'
Where this phenomenon is not evident at the very
first exposure of the population to residual insec-
ticides, but develops only gradually, perhaps over
several years under continued insecticide pressure,
the term " behaviouristic resistance " is employed.
The distinction is rather a vague and unsatisfac-

tory one, because in very few cases is it possible to
say definitely whether this protective behaviour is
natural (protective avoidance) or has appeared or
been intensified only as a result of insecticide
pressure (behaviouristic resistance).

Classification as " behaviouristic resistance " is
only valid on the basis of accurate comparisons made
before and subsequent to the widespread use of
residual insecticides in any particular area. It is
only comparatively recently that the attention of
field entomologists in general has been drawn to this
phenomenon, and as a result pre-DDT base-line ob-
servations bearing on this point are comparatively
rare. The rapidly increasing scale of residual insec-
ticide application, either in malaria eradication or
for the control of agricultural pests, now makes it
exceedingly difficult to gather such basic data in
areas where one can be absolutely certain that the
mosquito population has never before been exposed
to any residual insecticides.
As far as practical malaria eradication is con-

cerned, the actual behaviour itself is rather more
important than exact distinction as to the origin of
this behaviour. At the moment there is no single
comprehensive term which will include all aspects
and subdivisions of this behaviour phenomenon.
There is now a real need for such a single compre-
hensive term. After a careful study of the tenth
report of the WHO Expert Committee on Insec-
ticides (1960), and of the working papers submitted
to the Committee, it appears that one such term

1 Busvine, J. R. & Pal, R. (1959) A note on terminology
(unpublished working document submitted to the WHO
Expert Committee on Insecticides).

which might be used without unnecessarily confusing
the present terminology is " behaviouristic avoid-
ance ". This term has been suggested as an altern-
ative to others, but has not actually been assigned
by the Expert Committee to one specific aspect of
behaviour.

It is proposed to apply this term to all cases where
the mosquito shows an ability to avoid lethal contact
with the type of treated surface on which it would
normally have rested before treatment. It will
include cases in which the irritability and avoidance
are natural-that is, " protective avoidance "-or
developed as a result of insecticide pressure-that is,
" behaviouristic resistance ". This may be schema-
tically expressed thus:

Behaviouristic avoidance

natural= developed=
protective avoidance behaviouristic resistance

The main value of this comprehensive term is that
it can be used for all those cases in which it has not
been possible to differentiate between the two
subdivisions.

Irritability before lethal contact is the main con-
tributing factor to " behaviouristic avoidance ". In
order to emphasize, however, that this same irrit-
ability may also operate after the mosquito has had
sufficient contact to absorb a dose which will
ultimately prove fatal, i.e., where the end result will
be death rather than behaviouristic avoidance, the
following scheme can be adopted:

Irritability

before lethal contact after lethal contact

behaviouristic avoidance death

developed natural

behaviouristic protective
resistance avoidance

The simplified lay-out of this scheme has been
dictated by the practical need of presenting behaviour
phenomena in their relation to malaria eradication
problems. Those less practically minded-or more
scientifically minded-will probably find these clear-
cut distinctions unrealistic. As A. W. A. Brown
(personal communication, 1960) has pointed out,
the field of behaviouristic resistance itself is so
difficult and covers such a wide variety of conditions
that a right choice of words used in its description is
particularly important. The use of the word " avoid-
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ance ", for example, has long been recognized as
particularly unsatisfactory as it does not adequately
describe a reaction in which contact plays an essential
part. However, it is felt that no useful purpose
would be served at this stage by a drastic revision of
all these terms. This can more fittingly be postponed
until such time as a much more solid basis of reliable
fact and figure is made available.

PROGRESS IN THE STUDY OF BEHAVIOURISTIC AVOIDANCE

As the whole problem of irritability in relation to
malaria control or eradication is one that has been
rediscovered rather than recently discovered, it may
be useful if we refer back to the development of our
knowledge of irritability and behaviouristic avoid-
ance since the introduction of DDT. Not only will
this form a useful background to present opinions,
but it will also help to bring out the fact that most of
the guiding lines and methods of investigating this
problem were established between twelve and
fifteen years ago.

In this connexion it should be pointed out that the
recent increased availability of Soviet publications
and their English translations now makes it evident
that remarkably similar developments were taking
place independently in the USSR during the same
period-developments which might have had a
profound influence on the Western work described
below. Soviet work on problems relevant to the
subject of the present review have been dealt with in
detail by Detinova,' and therefore no attempt has
been made to try to incorporate these findings in the
present historical review, which deals with the de-
velopment, in many different tropical countries, of
ideas which have been influenced by the free exchange
of information between the various workers con-
cemed.

Early field investigations on irritability
The first field reports about the irritant effect of

DDT residual deposits date back to 1944-45, when
several workers in the United States of America
observed that A. quadrimaculatus was irritated after
short contact with treated surfaces, and that many
of these irritated mosquitos were able to escape from
the treated houses (Metcalf et al., 1955; Gahan &
Lindquist, 1945; Gahan et al., 1945; Simmons et al.,
1945; Tarzwell & Stierli, 1955). Follow-up by a

1 Detinova, T. S. (1959) III. Age-grouping methods in
diptera of medical importance. In: Course in advanced
entomological techniques applied to malaria eradication
(unpublished working document WHO/Mal/238).

variety of methods, however, showed that the great
majority of these mosquitos had already absorbed a
lethal dose of insecticide and did not survive
24 hours.
Some of the methods used in this pioneer work are

particularly instructive. Window-traps were used
extensively to catch the mosquitos attempting to
leave treated barns and buildings. These window-
traps provide the only possible mechanical means of
egress from the building, and differ somewhat in
principle from those later developed in Africa. It
seems possible now that the very high mortality
consistently observed among irritated A. quadrima-
culatus caught in these traps may have been in-
fluenced by the fact that in their searching for the
single exit the mosquitos unavoidably had a series of
further contacts with the treated surfaces.

Metcalf and his colleagues were among the first to
establish the fact that mosquitos were irritated after
contact with treated surfaces, rather than repelled
before or without contact. Using untreated kegs as
outdoor shelters they were able to find anything up
to 2000 A. quadrimaculatus in one collection. When
the kegs were treated, no mosquitos were found
resting there by day. Observations in the early
morning, however, showed that mosquitos were
entering in large numbers, but were leaving again
soon after settling.
By releasing mosquitos inside treated buildings,

they were able to show that within five minutes 95%
of the mosquitos had settled on the treated walls but
within 15-20 minutes after release the position had
been reversed, with 950% of the mosquitos flying
around looking for an exit. These workers state
that " it is evident that the irritant effect of DDT
produces a complete reversal of the normal light
reaction of A. quadrimaculatus".

Other tests, as exemplified by those of Gahan et
al. (1945), showed that " the chemical activated the
mosquitos that rested on treated surfaces and caused
the insects to fly, but not before most of them had
obtained a lethal dose ".

First reports of behaviouristic avoidance

In 1944-46 laboratory observations on A. atro-
parvus in England (Kennedy, 1947) and field ob-
servations on A. gambiae in West Africa (Muirhead-
Thomson, 1947) showed that those mosquitos could
become irritated after sub-lethal contact with
DDT-treated surfaces and escape without any
obvious ill-effects. These parallel observations,
therefore, constitute the first contribution to the idea
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of " behaviouristic avoidance ", although it was not
until later that such terms describing this phenome-
non were coined (Hess, 1952).

In both of these observations the strong attraction
of irritated mosquitos towards light was observed,
and in West Africa this factor formed the basis of
the technique involving the use of an experimental
hut with window-trap. The principle is that if the
light entering an African mud-and-thatch hut is
restricted to a single obvious window-opening the
great majority of irritated mosquitos attracted to
light will leave the hut by this obvious exit, and not
by any of the minute chinks and other means of
egress through which, however, the light does not
obviously penetrate. This principle applies parti-
cularly during the hours of darkness and at dawn,
when the faint light of the single window-opening is
sufficient to attract the restless mosquito seeking an
exit. Mosquitos leaving the hut, treated or untreated,
are caught in a simple lobster-pot type of window-
trap which can be detached and taken to the labor-
atory for further study.

In this sort of experimental hut the irritated
mosquito is given the maximum opportunity of
escaping directly, without further contact with
treated surfaces. Many African-type houses, how-
ever, are normally tightly closed at night, with very
little penetration of light to direct the irritated
mosquito to an easy exit. In this way, possibly, the
irritated mosquito may have additional contact with
the treated surfaces before it finally escapes from the
house, and may therefore be subject to a higher
mortality than in the more favourable experimental
huts. This effect in turn is offset by the fact that
complete coverage of the inner walls of the simple
experimental hut is much more readily obtained than
in the normal native house with its clothes, furniture,
utensils and other surfaces on which residual
deposits cannot readily be applied or maintained.
Both these factors have to be considered carefully

when trying to deduce, from the results of observa-
tions in experimental huts fitted with window-traps,
to what extent a vector is exhibiting " behaviouristic
avoidance" in a natural sprayed village area.

Extended observations on behaviouristic avoidance

Observations in East Africa between 1947 and 1951
by several workers (Muirhead-Thomson, 1950;
Hadaway, 1950; Wilkinson, 1951; Davidson, 1953)
confirmed the general finding that with A. gambiae a
proportion of the population entering DDT-
treated experimental huts could escape apparently

unharmed from the hut after feeding on the occup-
ants. This proportion was found to vary
considerably according to the dosage, the formula-
tion, or the nature of the wall surface. BHC and
dieldrin also showed an irritant effect, but with these
insecticides the irritated mosquitos had already
absorbed a lethal dose of insecticide and showed a
high mortality for several months after house
treatment.
Davidson (1953), for example, in a long and

careful series of experiments, found that with a DDT
wettable powder formulation at 98 mg per square
foot (0.98 g per m2) a total of 60% of A. gambiae
escaped unharmed during the first month. With
DDT oil-bound suspension at 309 mg per square
foot (3.09 g per m2) about 40% escaped apparently
unharmed during the first month. Earlier Muirhead-
Thomson (1950), using a DDT wettable powder
formulation, had observed a much higher proportion
of A. gambiae escaping apparently unharmed within
a week of treatment. This high degree of behaviour-
istic avoidance may have been influenced by the fact
that the formulation used had a larger particle size
-and therefore lower killing power-than later
wettable powder formulations, or it may also have
been influenced by the heavy dosage (4.0 g per m2 of
DDT) deliberately applied to emphasize differences
between DDT and BHC treatment. The possibility
that heavier dosage of DDT may be more irritant
was indicated by later work of Gilroy (see below).

During this period, also, there was a more critical
experimental approach to the question of how long
different species of mosquitos wiUl actually rest on
treated surfaces before they are excited or irritated
by the insecticide, and what relation there is between
this resting period and subsequent mortality (Fay &
Sheppard, 1949; Pampana, 1948; Hadaway &
Barlow, 1953; Davidson, 1953).
The pioneer work of Fay & Sheppard (1949) con-

tains many technical and experimental points of
direct importance in connexion with the problem of
behaviouristic avoidance in malaria eradication.
These workers used an experimental chamber in
which single mosquitos were allowed free access to
both DDT-treated and untreated resting surfaces,
with the main object of finding exactly what period
of contact with treated surfaces is necessary to
produce high mortality. With A. quadrimaculatus
they found that exposure periods of 28, 35, and
54 minutes were necessary to produce 48-hour
mortalities of 80%, 90% and 100% respectively, and
that a contact time of 20-32 minutes with DDT
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produced 50% mortality of adult females. On the
basis of this work they were able to produce a

histogram showing the 24-hour mortality (%) of
adult female A. quadrimaculatus after actual contact
with DDT-treated surfaces for definite periods of
time.
One of the most important points brought out by

these workers was the necessity to relate contact
time with mean excitation time, and to be able to
state on the basis of accurate laboratory tests what
proportion of irritated mosquitos actually leave the
treated resting surface without having established
lethal contact. This is a factor of the greatest im-
portance in the interpretation of many modem
standard tests, and will be described in a later section.
Suffice it to say that the histogram referred to above
is a model of the sort of fundamental information
which must be made available for all vector species in
which the problem of behaviouristic avoidance may
arise.

Further exact observations on the excitation time
or natural period of resting on treated surfaces were

made by Hadaway & Barlow (1953), who used a

Perspex cylinder into which mosquitos, either singly
or in batches of five, were introduced. They noted
the number of flights from the test surface per
minute, and also the number of mosquitos resting on
the test surface at the end of each minute. As an

example, their results with A. stephensi showed that
the average time for first flight from the treated
surface (at 1.0 g per m2) was four minutes. Their
comparison results with all three insecticides are set
out in Table 1.

TABLE 1

RESULTS OF EXPOSURE OF INDIVIDUAL A. STEPHENSI
TO WALLBOARDS SPRAYED WITH AQUEOUS

SUSPENSIONS OF INSECTICIDES a

I ~~~~~~Mean time Per-
Insec- Formulation Dosage to first centage
ticide of powder per square flight mortality00oo (minutes)

DDT 75 % water- 100 mg 3.6±1.1 70
dispersible

BHC 50 % water- 100 mg 1.3±0.37 100
dispersible

Dieldrin 25 % water- 10 mg 30 100
dispersible

a Reproduced, by permission, from Hadaway & Barlow
(1953).

These figures bring out the interesting fact that
only with DDT is the phenomenon of behaviouristic
avoidance likely to arise. With BHC and dieldrin
the irritated mosquitos have evidently already
acquired a lethal dose. The wide difference between
the mean excitation time of this species to BHC and
to dieldrin is noteworthy, and is probably connected
with the additional irritation due to the fumigant
properties of BHC.
The modem WHO irritability test (see below) is

based on the fundamental principles described by
these workers.

Similar tests were made on A. gambiae and
A. funestus by Davidson (1953) in East Africa (and
followed up later by Burnett, 1958). Davidson
designed a simple apparatus consisting of two one-
foot-cube chambers, lined with white cardboard,
joined together by a Perspex chamber of similar
dimensions. Mosquitos were blown from a sucking-
tube through a hole in the middle of the Perspex, and
had the option of flying into one cardboard chamber
or the other. In one chamber the internal surface-
in removable panel form-was treated with insec-
ticide. The other one was untreated. The results
showed first of all that the numbers of mosquitos
flying into each chamber were about equal, indicating
that the treated surface had no repellency (as distinct
from irritability). In the treated chamber mosquitos
soon became irritated and escaped into the Perspex
chamber, where they were caught and removed.

These experiments showed that contact with DDT
was shorter than with BHC and dieldrin, and that
A. funestus appeared to have slightly longer contact
with DDT and BHC than did A. gambiae (Table 2).
Again, observations of this kind have a direct
bearing on the present-day revival in importance of
behaviouristic avoidance and allied phenomena.

TABLE 2
AVERAGE CONTACT TIME SHOWN BY A. GAMBIAE

AND A. FUNESTUS EXPOSED TO PANELS TREATED
WITH VARIOUS INSECTICIDES IN 2-CAGE

EXPERIMENT a

Average contact time
Species (minutes)

DDT BHC dieldrin

A. gambiae 8 22 28

A. funestus 10 27 36

a Data taken from Davidson (1953).
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The use of the window-trap technique to study the
exodus of mosquitos from treated houses was de-
veloped in several other countries, particularly in
Assam (Bertram, 1950; Gilroy, 1951), Malaya
(Wharton, 1951; Reid & Wharton, 1956), New
Guinea (van Thiel & Metselaar, 1955) and Mexico
(Bordas & Downs, 1951; Downs & Bordas, 1951).
These observations showed that the effect of treat-
ment on the biting and resting behaviour of the
mosquitos varied widely, being due to a combination
of the properties of a particular insecticide and the
habits and susceptibilities of the different species.
In Malaya it was shown that the irritant effect of
DDT deposits persisted after the insecticide had
ceased to show any lethal effect, while observations
in Assam pointed to the possibility that the high
lethal effect of heavier DDT deposits might be
counteracted by the increased irritant effect they
produced. Gilroy's findings in this respect are worth
quoting. He found that DDT had an irritant effect
on A. minimus at all dosages used: 45, 90, 135, 180
and 225 mg per square foot (0.45, 0.90, 1.35, 1.80
and 2.25 g per m2). In experimental huts he found
that the 24-hour mortality rate (that is, mosquitos
dead at dawn on sheets and in trap plus number
dying within the next 24 hours, expressed as propor-
tion of total recovered) was significantly lower at
180 mg (77%) and 225 mg (60%) than at 135 mg per
square foot (85 %). The interpretation of these
figures seems difficult unless one assumes that there
is a higher irritant effect at higher dosages.
Observations on " behaviouristic resistance "
So far all these cases would now be considered

natural irritability or " protective avoidance ". The
first account of what appeared to be developed irrit-
ability or " behaviouristic resistance " was reported
by Trapido (1952) on A. albimanus in Panama.
Experiments with DDT against A. albimanus had
been initiated in 1944 (using 5% DDT in kerosene
at 4-month intervals). The nature of the houses was
such that no attempt was made to work out the
dosage in terms of mg per square foot. It was found
that in treated houses there was a marked reduction
in the total population, a marked reduction in the
proportion of mosquitos engorged, and high 24-hour
mortality among the engorged mosquitos (Trapido,
1946). Observations were reported in 1952 after
20DDT cycles and it was found that a higher number
of mosquitos was being taken in treated houses. The
proportion of engorged mosquitos was still at the
same low level, but these engorged females now
showed a much higher survival rate.

TABLE 3
SUMMARY OF TRAPIDO'S OBSERVATIONS

ON THE EFFECT OF CONTINUED DDT TREATMENT
OF BEHAVIOUR OF A. ALBIMANUS

1944-45 1952
(after start of (after 20 DDT

spraying) treatments)

Average no. of
albimanus per hut 3 22

Percentage
engorged 7.1 7 6

(untreated control
47 %)

24-hour survival
rate (%):

engorged 4 35

unengorged 38-42 31

These observations are summarized in Table 3.
Night observations in treated houses in 1952

showed that mosquitos were very restless and were
strongly attracted to light. Later tests (Trapido,
1954) indicated that A. albimanus in this area had not
developed any physiological resistance to DDT, and
it was therefore concluded that a population with
enhanced irritability had developed as the result of
insecticide pressure. As this development of be-
haviouristic resistance had apparently not been
accompanied by any rise in malaria rates in this area,
it was concluded that the sustained interruption of
transmission was due to the fact that the reduced
blood-feeding activity of A. albimanus in DDT-
treated houses had not been modified over the years.

This case has long been regarded as the classic
example of behaviouristic resistance, and this idea
has persisted despite the fact that Brown (1958), in
an independent appraisal using the irritability test,
was unable to find any very convincing evidence
supporting the hyper-irritability idea. There is
clearly a need at this stage to re-examine this case of
A. albimanus more critically in order to see on what
indices these conclusions have been based, and to
see what lessons can be learned in the way of in-
terpreting such behaviour phenomena now and in the
future (see " Re-appraisal of reported cases of
behaviouristic resistance" below).

RECENT IMPLICATIONS OF BEHAVIOUR PHENOMENA
AND METHODS USED IN THEIR STUDY

Until recently it had been assumed by many
workers that " protective avoidance " and " behavi-
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ouristic resistance" would almost certainly militate
against effective vector control, or rather, against
effective interruption of transmission. Now, we
think that changes in behaviour due to the insecticide
may on occasion be of more practical importance
than the actual lethal effect of the insecticide,
especially if these changes help to disrupt the contact
between man and mosquito. There are also indica-
tions that where true physiological resistance (at
least to DDT) has appeared, and where the standard
deposits can no longer be producing any lethal
effect, the behaviour of the mosquito may still have
been affected in such a way as to reduce the vital
contact with man, and achieve the interruption of
transmission.

Recent work on A. sacharovi in Greece (de Zulueta,
1959) is particularly illuminating in this respect. This
species was the first anopheline to develop popula-
tions showing physiological resistance to DDT.
Since that time (1951) resistance has remained at a
low level, with LC50's ranging from 1.0 to 3.0 over
most of the country (Belios-personal communica-
tion, 1959) and there has been no sign of a highly
resistant population being built up by selection. This
is now attributed to the fact that the irritant effect of
DDT deposits tends to drive this mosquito away
from the treated surfaces before it has picked up
a lethal dose, thus preventing the selection of a
homogeneous resistant population. The adverse
effect of physiological resistance in this area is
being counteracted by the marked protective avoid-
ance, to such an extent that the necessary contact
with man is being reduced, and as a result DDT is
still being used for malaria eradication in those parts
of Greece.

In connexion with de Zulueta's observation that
populations of A. sacharovi with a high physiological
resistance (Skala) were found to be less irritable than
populations with a lower degree of resistance, Brown
(personal communication, 1960) has drawn my
attention to the fact that this finding is supported by
fundamental experiments on houseflies in which it
was observed that the nerves of DDT-resistant flies
are less irritable than normal (Weiant, 1955) and that
DDT-resistant flies actually prefer to rest on lightly
treated than on untreated surfaces (Smyth & Roys,
1955).
The whole problem of the effect of DDT residues

on mosquito behaviour is now being considered in a
new light, especially in so far as it may affect present
and future plans for malaria eradication. Two main
lines of investigation are being developed.

Laboratory tests

Firstly, standard laboratory tests with standard
equipment are being tried out with a view to design-
ing an objective method of observing and recording
changes in irritability. While these provisional
methods are admittedly artificial and have certain
limitations, at least they can be standardized and in
competent hands should provide reliable base-line
figures rather than empirical opinions. In the test
method provisionally recommended by the WHO
Expert Committee on Insecticides (1960) a standard
exposure chamber is used, with mosquitos exposed to
impregnated paper of two concentrations, 2% DDT
and 4% DDT.

This method can be summarized as follows:

Test method

A.
number of take-offs
in a given period

I at a time 5 at a time

B.
time between settling and
take-off, using 1 mosquito at

a time

The main functions of these standardized tests will
be as follows.

Firstly, to establish base-line figures for irritability
of different species, or for the same species in
different areas of its distribution, with particular
reference to the reactions of mosquitos which have
never been exposed to insecticide pressure.

Secondly, to determine whether changes in irrit-
ability have taken place as a result of regular DDT
spraying over a period-say, several years-and also
to see whether this increase in irritability shows
further progressive tendencies proportional to the
length of exposure to insecticide pressure (number of
years or number of sprayings). On this point the
irritability test should-in theory, at least-provide
the most definite evidence of " behaviouristic resist-
ance " as distinct from natural irritability or
" protective avoidance ".

This standard test alone, however, cannot provide
direct guidance as to the effect such measurable
differences or changes in irritability will have on the
efficacy ofDDT spraying. In addition to the various
essential field observations discussed below, further
evidence on the implication of irritability can be
provided by laboratory tests designed to relate the
mean excitation figure, and any subsequent changes
in this figure, to the mortality produced in the
mosquitos by a corresponding period of contact with
the treated paper. For example, if it is shown that
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the mean excitation time in a species of mosquito
exposed to insecticide pressure has been reduced
from five minutes to three minutes, the practical
significance of this difference would be clarified if it
could also be shown that there was a significant
difference between the mean mortality of mosquitos
exposed to the same insecticide deposit for five
minutes, and the mean mortality after a three-
minute exposure. In this respect the type of histo-
gram produced by Fay & Sheppard (see page 724)
would appear to be an essential requisite for each
vector species.

Irritability tests using this standard WHO kit have
been carried out by Brown (1958) on A. albimanus, by
de Zulueta (1959) on A. sacharovi, by Duport et al.1
on A. atroparvus, A. messeae and A. sacharovi, and
by Sacca & Guy 2 on A. labranchiae.
A supplementary laboratory method for the

further elucidation of irritability and " behaviouristic
avoidance" has recently been designed and used by
Coluzzi (1958). The principle of this method is
basically the same as that originally developed by
Reid (1951) in Malaya and by Davidson (1953) in
Africa, in which the design of the apparatus allows
the irritated mosquito to escape from a cage with
treated panels and settle in an untreated cage.

In Coluzzi's method two cages (50 cmx 50 cmx
50 cm) are connected by an opening whose aperture
can be varied from 100 cm2 to 700 cm2. One cage is
treated by having the inner walls lined with im-
pregnated paper; the other cage is untreated. Single
mosquitos are introduced into the treated cage and
their movements are watched and recorded. When
the mosquito leaves the treated cage it is captured
and transferred to a recovery cage in which mortality
counts are made after 24 hours.

Field observations and experiments
The second main line of investigation on the

degree, development, and practical importance of
behaviouristic avoidance deals with a variety of field
observations and experiments. In all such observa-
tions it is assumed, of course, that adequate steps have
already been taken to ensure that any changes in
behaviour described are not due to changes in the
physiological susceptibility to the insecticide used.

Direct observations in habitations. Direct com-
parative observations in treated and untreated houses

1 Duport, M. et al. (1959) Irritability of adult anopheles
in the presence of DDT (unpublished working document
WHO/Mal/230).

I See the article by these authors on page 735 of this issue.

should indicate whether the mosquitos in treated
houses show any increasing tendency to rest on
untreated surfaces such as clothes, cobwebs, and
untreated " furniture " in the widest sense of the
term. A marked increase in the use of such untreated
resting places might be the first suggestion of the
existence of " behaviouristic avoidance ", and this
would definitely be confirmed if mosquitos collected
from such parts of a treated house still showed a
significant proportion of survivors after 24 hours
(or 48 hours).

In the same way and with the same standards,
"behaviouristic avoidance" would be suggested if,
as a result of mass house-spraying, there was an
observed increase in the proportion of domestic
anophelines resting in those man-made shelters or
habitations which had been left untreated (either
deliberately as a control, or accidentally).

This is a point which was observed and reported
several years ago by the Soviet workers, Markovitch
et al. (1949), who found that in DDT-treated villages
the untreated catching-stations gave an exaggerated
idea of the number of mosquitos-A. maculipennis-
in the treated area, because mosquitos irritated in the
DDT-treated houses left those houses and tended to
congregate in the untreated catching station.

Outdoor resting places. In places where all possible
habitations and man-made shelters have been
included in the spraying campaign, irritated mos-
quitos leaving the treated house will be compelled to
rest outdoors in natural resting places. If, as a
result of mass house-spraying, there is a marked
increase in the numbers caught or observed out-
doors, this would suggest the existence of behavi-
ouristic avoidance; this point again being confirmed
by 24-hour mortality tests on such mosquitos.
Evidence of this kind, based on natural outdoor
resting places or on artificial outdoor sites such as
box traps or pit shelters, can be particularly valuable,
especially if there is complete uniformity of sampling
methods before and after the initiation of spraying
programmes, allowance, of course, being made for
natural seasonal fluctuations.

Evidence from biting activity. The irritability of
DDT-treated surfaces may affect mosquitos attempt-
ing to settle, not only after feeding, but before feeding
as well. Such mosquitos, escaping unaffected from
the house, may be compelled to feed outdoors
rather than indoors. Reports by the indigenous
population about any increase in mosquito-biting
outdoors as a result of spraying have to be treated
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with caution, however, as their experience, if genuine,
may be due to culicines rather than to anophelines.
This point can only be tested on the basis of standard
catches on human bait indoors and outdoors before
and after treatment. If a significant increase in
outdoor biting is revealed in this way, not only does
it provide evidence of " behaviouristic avoidance ",
but in addition it provides evidence that the avoid-
ance is also shown by those mosquitos which settle
on the treated surfaces prior to biting.

Further evidence on changes in biting activity can
be gained from precipitin tests (see below).

Experimental huts with window-traps. A brief
account of this technique has already been given
(page 724). Although this technique was originally
designed and is still being used for initial field
screening of different insecticides and dosages, it has
proved equally valuable for the detection and in-
terpretation of mosquito behaviour in relation to
house treatment with residual insecticides.
From the point of view of the present problem,

"behaviouristic avoidance ", the following factors
are of particular interest.

(1) When the total mortality of window-trap
samples in treated and untreated houses is ascer-
tained, the proportion of the window-trap catch
surviving for 24 hours gives a direct indication of the
existence and intensity of " behaviouristic avoidance"
under these conditions.

(2) Changes in the composition of the window-
trap catch with regard to the proportion of engorged
and unfed mosquitos will also indicate to what
extent behaviouristic avoidance is exhibited by
mosquitos before they have been able to feed in the
hut, and by those that attempt to rest in the hut
after feeding.

(3) A marked increase in behaviouristic avoidance
exhibited by those mosquitos which have not yet fed
will result in a marked depression in feeding activity
within the house. Unless this effect is counter-
balanced by a corresponding increase in biting
activity on man outdoors, the end result of this
behaviouristic avoidance on the part of unfed
mosquitos will be to reduce the contact between
mosquito and man, and thus to contribute indirectly
towards a reduction in malaria transmission.

The experimental hut and window-trap technique
can provide, on the basis of the above indices, direct
proof of the existence of " behaviouristic resistance ",
that is to say, it should be able to reveal any increase

in irritability due to insecticide pressure over a
period. This conclusion can only be justified, of
course, on the assumption that, during the series of
tests before and at various periods after the initiation
of house-spraying, the test procedure and the
environmental conditions in the test area have
remained reasonably uniform throughout.
The experimental hut and window-trap technique

can also provide evidence about the existence of
behaviouristic avoidance acting before house-entry
and thus reducing the numbers of mosquitos entering
treated houses. This aspect of behaviouristic
avoidance, which has been observed to be particu-
larly well marked in the case of A. funestus in Africa
(Gebert, 1948; Muirhead-Thomson, 1950; Kuhlow,
1959) is not due to any repellent action, but simply
to the fact that in certain types of flimsily constructed
native houses enough insecticide penetrates to the
outer walls during the process of indoor spraying to
form a deposit sufficient to irritate mosquitos which
settle on the outer walls before entering. Even in
more solidly-constructed mud-walled houses this
effect may be produced by the insecticide spray
penetrating to the outer surface of the eaves, where
the subsequent deposit may irritate mosquitos
attempting to enter that way.
As pointed out earlier, certain reservations may

have to be made in applying these experimental hut
results directly to conditions where mass spraying of
all natural habitations has been carried out. If the
design of local native huts is such that easy exodus
of irritated mosquitos is hindered by the absence of
window openings, holes, gaps or chinks through
which light can penetrate from outside, then it may
be necessary to modify the experimental hut in such
a way as to conform-in this respect at least-more
closely to the local design. A few additional experi-
ments could easily be designed in which-by means
of a cardboard shutter-the window aperture can be
reduced from one foot square to a few inches square
or less if necessary.

Evidence from precipitin test. Reference has been
made above to the possibility that behaviouristic
avoidance may produce, chiefly through the medium
of the unfed mosquito, a lowered contact with man
and thus a decreased chance of malaria transmission.
Some of the unfed mosquitos which become irritated
and escape from the treated house may still manage
to feed on man outdoors. But it seems much more
likely that this exodus will take place at a time of
the night when the most readily available outdoor
source of blood is that of domestic animals A de-
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crease in man-biting, or an increase in animal-biting,
in this way should therefore be reflected in the human
blood ratio obtained by precipitin tests. These tests
are very fully dealt with in the article by the Division
of Malaria Eradication of the World Health Orga-
nization and the Lister Institute of Preventive
Medicine on page 685 of this issue. Suffice it to say
here that in order to use this technique to the best
advantage, and in order to arrive at a correct inter-
pretation of the results, due attention must be paid
to uniformity of sampling both before and after the
initiation of DDT-spraying. Only on the basis of
uniform collection from outdoor resting places-
either natural or in the form of artificial box traps
or pit shelters-can one be justified in making direct
comparisons of the human blood ratio before and
after DDT-spraying. In addition to uniform samp-
ling methods it will be necessary to ensure that figures
and conclusions based on this technique have not
been influenced by changes in the man: animal ratio,
in human habits (e.g., sleeping outdoors), or by some
other environmental change which may not always
be immediately obvious.
One example bearing on this problem of change

of feeding habit in relation to the irritability ofDDT-
treated houses is particularly illuminating (Office de
la Recherche Scientifique et Technique Outre-Mer,
1959). Work carried out at Bobo-Dioulasso in
connexion with the malaria pilot project in the Haute
Volta region of West Africa included precipitin tests
of blood meals of A. gambiae and A. funestus in
DDT-treated villages and in untreated controls. The
results obtained are given in Table 12 of the article
on precipitin tests which appears elsewhere in this
issue (see page 716). As pointed out there, it appears
from this table that the human blood ratio of
A. gambiae, and particularly of A. funestus, was lower
in the DDT-treated zone than in the untreated con-
trol, and it might be concluded that this fall was
brought about as a result of the DDT-spraying.
However, the different methods of sampling the
mosquitos in the two comparison areas render such
a conclusion untenable. In the control village the
adult mosquitos of both species were collected in
occupied houses, while in the DDT-treated villages,
where mosquitos could no longer be found in the
houses, the samples were taken from artificial
outdoor shelters. In the absence of additional sam-
ples from outdoor shelters in the control village,
supported by further evidence based on samples
collected inside the houses in the DDT-treated zone
before they were sprayed, no direct comparison of

feeding preferences on the tabulated figures is
justified.
The real possibility of a change of feeding habits

being produced as a result of prolonged insecticide
pressure is rather more firmly supported by the case
of A. sacharovi in Greece (see the article by the
Division of Malaria Eradication of the World Health
Organization and the Lister Institute elsewhere in
this issue and, in particular, their Table 15 on
page 717). In this case the uniformity of sampling
methods (confined to habitations, i.e., stables and
bedrooms)' used before and after the long period of
DDT application makes a direct comparison more
feasible and the results correspondingly more
significant. In the pre-DDT era Hadjinicolaou (in
Livadas & Sphangos, 1940-41) enlarged on these
precipitin tests by carrying out an experiment in
which laboratory-reared A. sacharovi (as well as
maculipennis and superpictus) were offered a choice of
feeding on man, pig, donkey, goat and calf, enclosed
in a large cage. Under these conditions a human
blood ratio of 21 % was recorded for sacharovi. On
this basis Dr Hadjinicolaou (personal communica-
tion) has made a valuable suggestion that a repeti-
tion of this experiment in the same area under pre-
sent conditions might provide an even more accurate
indication about any real changes of feeding habits.

RE-APPRAISAL OF REPORTED CASES OF

BEHAVIOURISTIC RESISTANCE

It is now firmly established that the general
phenomenon of behaviouristic avoidance in relation
to DDT-treated surfaces is shown by several vector
species, to a greater or lesser degree. But to decide
whether this avoidance is something that has
appeared and been intensified during the course of
repeated insecticide spraying-that is, to label it
as " behaviouristic resistance " rather than " pro-
tective avoidance "-is a much more difficult matter.
Whichever way this behaviouristic avoidance works,
whether in favour of malaria eradication or against
it, it is clearly important to know whether this
phenomenon is likely to be intensified during the
course of exposure to repeated sprayings. The
interpretation of such events is not made easier by
the possibility that an initial or natural " protective
avoidance" may be augmented in the course of
spraying by the development of " behaviouristic
resistance ".
At this stage it would be most instructive to inquire

a little more deeply into a few reported cases of
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" behaviouristic resistance " and see what criteria
have been used to establish these cases.

A. albimanus in Panama
A brief outline of this case has already been

presented (page 726 and Table 3), in which it was
stated that a population of enhanced irritability had
developed as a result of insecticide pressure since the
beginning of spraying operations in 1944.
The house density of A. albimanus was based on

catches made in treated houses between 6.30 p.m.
and 9.00 p.m. and again between 5.30 and 6.30 a.m.
On the basis of figures in Table 3 it was concluded
that there was a sevenfold increase in the house-
catch between 1944 and 1952-that is, that the num-
bers of albimanus surviving residual house treatment
of DDT and kerosene (at the village of Gatunsillo on
the Rio Chagras, Panama) were as much as seven
times greater than the numbers which formerly
survived the treatment in 1944-46. Whether this
increase is real or only apparent is difficult to say for
the following reasons. Catches limited to two periods
of the night may give a misleading idea of the total
number entering the treated house, and one cannot
assume that this catch bears a constant ratio to the
total. The use of window-traps might have given a
better idea of the total number entering throughout
the night, but unfortunately the flimsy construction
of the houses made their use impracticable.
The next point is that the increased house-catch in

1952 may simply be due to the possibility that the
total A. albimanus population at that time was seven
times greater than in the corresponding period in
1945; a corresponding increase in the house-catch
would be in keeping with the hypothesis that the
proportion of the population entering treated houses
had remained the same throughout the years of
treatment. This sharp increase in the population as
a whole is by no means unlikely with a species like
A. albimanus, in which a combination of favourable
circumstances in certain years may produce an
enormous increase in the number and extent of
breeding places. An increase in the total population,
and not just the house population, could be detected
by the use of other sampling methods, such as the
animal-baited trap. Such figures for albimanus were
available during the early observations, but un-
fortunately were not repeated until nearly the end of
the second observation period in 1952.

Whatever interpretation is put on these figures,
there is nothing to support the idea of an increase in
irritability. In fact if hyper-irritability had developed

we would have expected the house-catch to be, if
anything, lower, not higher.
The figure for 24-hour survival of engorged resting

mosquitos showed an increase from 4% to 35 %.
These figures appear to be the only valid ones
indicating any change in reaction between 1946 and
1952. Of the various explanations which can be
offered, that of increased irritability seems to be the
one which is least justified. The logical explanation
of these findings is that A. albimanus has developed a
decreased susceptibility to the insecticide over that
period. Trapido's (1954) susceptibility tests using the
Busvine-Nash method seem to rule out this in-
terpretation, but it must be remembered that this
early example of applying the Busvine-Nash test for
comparing the susceptibility of different populations
cannot be compared with the standards now in use
with the WHO test. Trapido used a single concen-
tration for comparing the susceptibility of his adult
population. Modern critical standards would in-
dicate a much more stringent test involving the
calculation of the LC50 and the comparison of the
slope of the log-concentration/probit mortality
regression line. The conclusion seems to be that
Trapido's susceptibility test figures are not really
adequate to rule out the possibility that A. albimanus
has reacted to several years of DDT treatment by
developing a decreased physiological susceptibility
to the insecticide. Quite a small increase in tolerance,
only detectable perhaps by critical modem methods,
would be sufficient to explain the figures for in-
creased house-catch and increased survival rates.
The one index which has remained stable through-

out the period of spraying, 1944-52, is the percent-
age of house-caught mosquitos which are engorged.
In untreated controls in the early observations it was
found that 47% of the house-catch were blood-fed.
After spraying started in 1944-45 the percentage fell
to 7.1, and it was still at this low level (7.6%) in
1952. Referring to the first series of observations in
1944, Trapido says " it is indicated that mosquitos
entering the treated dwellings and contacting the
DDT residue become so activated that they do not
feed ". From the figures above, therefore, it can
only be concluded that the phenomenon observed
has remained at approximately the same level
throughout, and that the figures certainly do not
indicate any increase in irritability, or provide any
support to the idea that " behaviouristic resistance"
has developed.

In night observations in treated hcuses in 1952,
Trapido noted that the mosquitos were very restless
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and were attracted to light. But it is quite clear that
this irritation already existed shortly after the
initiation of DDT spraying in 1944, when Trapido
refers to the " activating " and " irritating " effect of
DDT. There is nothing here to support the conten-
tion that hyper-irritability has developed under
pressure of insecticide.

Finally, Brown's (1958) critical appraisal of the
irritability factor by means of laboratory observa-
tions on flight excitation time do not, on closer
examination, provide solid support to the behavi-
ouristic interpretation. On the one hand we have a
comparison between the activation times of a field
strain exposed to DDT pressure for several years and
the activation time of a long-established laboratory
strain never exposed to DDT. On the other hand we
have comparison between populations from treated
and from untreated field areas. The finding in the
first comparison, that there is a much lower excita-
tion on the part of the laboratory colony, is regarded
as of doubtful significance by Brown himself, in view
of the fact that results may have been influenced by
the very different environment (natural or artificial)
to which successive generations of these two popula-
tions were exposed.
The comparison between the two field strains was

much more valid scientifically, and yet the differ-
ences revealed were very small, with the frequency
curves overlapping to a considerable degree. Brown
concludes: " It is difficult to consider that they
account for the behaviouristic resistance in its
entirety ".
Brown's findings are difficult to interpret only if

we have already assumed that " behaviouristic resist-
ance " in A. albimanus has been established. But as
our reappraisal of Trapido's findings fails completely
to reveal any strong evidence of hyper-irritability or
" behaviouristic resistance ", then it would appear
that Brown's independent tests really provide ad-
ditional support to our unavoidable contention that
the case for the development of behaviouristic re-
sistance of A. albimanus under insecticide pressure
has yet to be proved.

In reaching this conclusion it must be pointed out
in all fairness that this personal interpretation of the
facts is determined essentially by a reluctance to
accept the existence of behaviouristic resistance-
and all its implications-on evidence which in many
cases is capable of an alternative explanation. Brown
(personal communication, 1960) has provided
another viewpoint, suggesting that the above in-
terpretation might have had more force if the

reviewer had been able to adduce fresh evidence that
would contravene what has already been observed.
It is hoped that these differing viewpoints and
interpretations will have a stimulating rather than a
confusing effect, and that their most fruitful results
will be to produce ultimately, not different schools of
thought, but one school of fact.

A. gambiae in Southern Rhodesia'
In the Mazoe Valley of Southern Rhodesia, where

BHC house-spraying has been carried out regularly
since 1950, there are places where A. gambiae can
still be readily found in outdoor resting places, but
where they are rarely found indoors, even in houses
which have never been treated. Before the era of
residual insecticides A. gambiae in this same locality
could readily be taken in numbers indoors.

TABLE 4
NUMBERS OF HAND-CAUGHT RESTING A. GAMBIAE

RECORDED IN DAYTIME CATCHES INDOORS
AND OUTDOORS, SHAMVA, SOUTHERN RHODESIA

Before treatment After 8 years'
1926-28 BHC spraying

(Leeson, 1931) 1958

TotalYgambiaeindoors 269 1i a

Total i gambiae outdoors
205 619

a 96 untreated houses.

In the example given in Table 4 the two series of
observations are separated by about thirty years, but
at least they were carried out in the identical locality,
and they do seem to indicate that a marked increase
in exophily (and exophagy, as shown by precipitin
tests) has taken place, presumably as a result of
insecticide pressure. However, any sort of " behavi-
ouristic avoidance" is not normally associated with
BHC, and it seems unlikely that irritability has been
a factor here. The most likely interpretation is that
BHC pressure has selected out an exophilic and/or
exophagic population of gambiae. There is no real
proof that the present population shows any be-
haviouristic avoidance, and although it might
appear to be a behaviour change resulting from
insecticide pressure, it does not really qualify as an
example of " behaviouristic resistance ".

1 Muirhead-Thomson, R. C. (1960) The winter activities
of A. gambiae at high altitudes in Southern Rhodesia (un-
published WHO working document).
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A. punctimacula in Colombia

Another, better-known, example is that of A. punc-
timacula in Colombia (Ronnefeldt, 1957), which,
after exposure to insecticide pressure between 1953
and 1957, is reported to have developed the habit of

not resting on interior walls, whether sprayed or
unsprayed. To what extent this conclusion is affected
by the method of sampling used is difficult to say,
but the figures as they stand cannot really be con-.
sidered adequate to justify this important conclu-
sion.

RtSUMt

L'effet irritant du DDT sur les moustiques, qui les
pousse a eviter les surfaces traitees ou a les quitter apres
un contact trop bref pour etre l6tal, peut influer sur le
degre de transmission du paludisme.

L'auteur, ayant passe en revue la litterature parue sur le
sujet, estime necessaire d'introduire certains termes pour
preciser la nature des phenomenes observ6s. I1 propose
celui de " behaviouristic avoidance " (<( comportement
d'evitement )) qu'il s'agisse d'une repulsion manifest6e
au premier contact avec l'insecticide ou d'une (( r6sistance
de comportement)> d6velopp6e au sein d'une population,
sous la pression prolong&e de l'insecticide. II est en g6neral
difficile de preciser lequel de ces deux aspects est en cause.

Cette tendance a eviter les surfaces traitees peut
diminuer l'effet des pulverisations, puisqu'une forte
proportion des moustiques 6chappe a l'action de l'insec-
ticide. Elle peut aussi contribuer a diminuer la transmis-
sion: du fait que les moustiques evitent les maisons
traitees, leur contact avec 1'homme et l'occasion de trans-
mettre le parasite sont diminues.
Des methodes ont e mises au point, permettant

d'etudier ces divers comportements des moustiques en
laboratoire et sur le terrain. L'auteur analyse et critique
certains faits rapportes de diverses parties du monde, sur
la r6sistance de comportement qui serait due a la pression
selective des insecticides.
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