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The role of carbon dioxide in host-finding by mosquitoes (Diptera: Culicidae):
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Abstract

From a critical review of the literature, it is concluded that the role of
carbon dioxide in host-seeking by mosquitoes comprises two distinct actions.
Firstly, it acts as an attractant’, orientation towards the host being

mediated by kinesis and optomotor anemotaxis. When tested in the

absence of moving air currents, orientation to the source is not possible
and only the kinetic or activating effect is manifested. Moreover, in the

absence of other host factors, sustained flight takes place only in response
to intermittent pulses of carbon dioxide; this response is not elicited in

uniformly permeated airstreams. Secondly, carbon dioxide has a com-

bined action with warm moist convection currents at close range and with

odour factors at a distance from the host.

Introduction

In recent years, the chemical control of insect behaviour has been the subject of

intensive studies (Wright, 1958; Bossert & Wilson, 1963; Farkas & Shorey, 1974;
Kennedy, 1977a, 1977&). This work has greatly increased our understanding of the

mechanisms involved in orientation to airborne chemical signals and, from it, a

number of points have emerged that are relevant to the problem of host-seeking by

blood-sucking insects. Firstly, a point source of a chemical forms an odour plume
down the axis of the wind. Secondly, insects orient in response to the stimulus by
flying upwind. Thirdly, the same chemical can have different effects on insects, depend-
ing on the distance from the source. Fourthly, because of turbulence and irregulari-
ties in air-flow, an olfactory stimulus cannot give precise information on the exact
location of the source. On arrival in the vicinity of the source, that is to say when

they fly out of the narrow upwind end of the odour plume, many insects settle, and
the final stage of orientation is completed by walking.

The principal difference in the orientation of blood-sucking insects, compared with
other insects, lies in their responses at close range. Since the final approach to the
host by biting flies is normally made while the insect is on the wing, the exact location
of the target is achieved either by visual cues or by flying down the warm moist con-

vection currents rising from the body of the host (Daykin et al., 1965). On the other
hand, their distant responses to olfactory stimuli can be regarded as closely similar to

the pattern described for other insects. For instance, the responses of male Plodia

moths in a wind tunnel were shown by Kennedy & Marsh (1974) to consist of the
maintenance of upwind flight on entering a pheromone plume and of crosswind flight
on leaving it. These movements were under the control of optomotor responses
triggered by the apparent movement of the ground under the insect. Similar responses
to ground pattern movement were shown for the mosquito Aedes aegypti (L.) by
Kennedy .(1940), and the theoretical implications of this for dispersing mosquitoes
were discussed by Klassen & Hocking (1964).
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Carbon dioxide is the most important olfactory stimulus involved in host-finding
by mosquitoes, yet its role is still poorly understood. Hocking (1971) remarked that
one of the most controversial materials... is carbon dioxide, which sometimes

attracts, sometimes repels, and sometimes is inactive ". Gillies (1974) suggested that
the term field attractant’ might be useful, while Khan (1977) expressed the consensus
view that it acts as a locomotor stimulant. It is proposed here that the role of carbon
dioxide in host-finding is that of a kairomone, acting like any other airborne chemical
stimulus, but that it has important additional effects superimposed on this basic pattern.

Carbon dioxide levels in tlie environment

Atmospheric levels of carbon dioxide are normally in the range 0-03-0’04%
(.Richards, 1952), but in tropical forests, the output of carbon dioxide at night by
vegetation may give rise to levels of 0-06-0-1%. Dow (pers. comm.) found that in

Utah concentrations at night within the foliage of isolated trees were 0-011% carbon
dioxide higher than in the open. Expired human breath contains about 4-5% carbon
dioxide. Human or animal exhalations can, therefore, be dispersed and diluted by a

factor of something like 100 before falling to background levels.
Excretion of carbon dioxide through the skin of the human body is of a very low

order, 0-3-1-5% of that from the lungs (Tregear, 1966). Moreover, because, of the
total surface area of the body over which excretion takes place, the concentration at
any one point on the surface is very low. Brouwer (1960) found no evidence to indicate
that these small quantities played any part in the responses of mosquitoes. However,
Kellogg’s (1970) findings (see below) show that there are at least theoretical obj’ections
to this view.

Detection of carbon dioxide by the mosqnito

Willis & Roth (1952) concluded from amputation experiments on female Ae. aegypti
that carbon dioxide receptors were located on the antennae. However, the failure of
antennectomised mosquitoes to respond to stimulation could reflect either impaired
flight capacity (Bassler, 1958) or the necessity for sensory inputs from the antennal
nerve for the response to carbon dioxide to be mediated (Kellogg, 1970). The latter
author showed by electrophysiological methods that none of the antennal sensilla
tested responded to carbon dioxide. On the other hand, one of the neurones supplying
the club-shaped pegs on the maxillary palps was sensitive to small, abrupt changes in
carbon dioxide in the atmosphere. The restriction of this function to the palps was
further demonstrated by Omer & Gillies (1971), who showed that palpectomised
females of Culex qumquefasciatus Say (formerly C. pipiens fatigans Wiedemann) failed
to respond to carbon dioxide in a wind tunnel although their response to other host
stimuli remained.

The question of the threshold concentration of carbon dioxide at which mosquitoes
respond is one that remains unanswered. Indeed, it is possible that it may be the
wrong question to ask. Kellogg’s (1970) recordings from palpal peg neurones showed
electrical changes when the concentration of carbon dioxide was raised by as little as

0-01^. Larger steps in concentration gave greater electrical responses. Thus, from
the point of view of mosquito orientation, it may be that the crucial factor is the
change in concentration not the level. For instance, Smith et al. (1970) found that
Ae. aegypti females that had been kept in a carbon dioxide-free atmosphere oriented
to an olfactometer port through which room air passed, in preference to one with
clean air. Similarly, Mayer & James (1969) found that the addition of as little as

0-05% carbon dioxide to room air elicited responses from Ae. aegypti in a wind
tunnel. In both these experiments, the room air may have contained odour factors
in addition to carbon dioxide.

These findings show that, as suggested by Wright & Kellogg (1962), mosquitoes
respond to alterations of carbon dioxide concentration, regardless of the background
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level, and that very small changes may influence their behaviour. The subject is
clearly one on which much more precise information is required.

Behavioural responses

Activation

By activation is meant simply the induction of flight activity. It may be divided
into two phases:

(a) Take-off. Daykin et al. (1965) showed that, in the absence of host stimuli, the
rate of take-off by resting mosquitoes was essentially a random process. When
mosquitoes were exposed to an airstream to which 0’2% carbon dioxide was added, the
rate of take-off was greatly increased for a period of about two minutes before falling
off again to a low level. Laarman (1955) and Burgess (1959) described similar activation
by carbon dioxide in open cages. Khan & Maibach (1966) showed that, in a vertical
tower with the stimulus injected near the base of the tower, carbon dioxide by itself
induced flying but not probing.

(b) Sustained flight. In a tunnel 2-74m long down which an airstream uniformly
permeated with carbon dioxide at a concentration of 0’2 or 0’05% was flowing, Mayer
& James (1969) found that Ae. aegypti failed to progress more than a short distance up
the tunnel. It is presumed that the mosquitoes settled again soon after take-off.
Omer & Gillies (1971) and Omer (1979), using the same type of wind tunnel, had
similar results with C. qumquefasciatus and Anopheles arabiensis Patton. However,
when the carbon dioxide was presented as a pulsed stimulus, being added to the air-
stream at a rate of 20s on and 20s off, the mosquitoes moved rapidly up the tunnel
towards the inlet. It is concluded that carbon dioxide stimulates sustained flight,
provided the level of the stimulus is varying; in a moving airstream, this results in
upwind displacement. These laboratory findings are in agreement with the results of
releasing carbon dioxide in the field, where, owing to turbulence, the stimulus must be
received intermittently.

Orientation to the host

In nature, the effectiveness of carbon dioxide in guiding mosquitoes towards baited
traps is well-established (e.g. Brown, 1952; Reeves, 1951; and the review by Service,
1976). However, the behaviour of mosquitoes on arrival in the vicinity of the source
may be highly erratic and their movements not directed with any precision to the
source (Gillies & Snow, 1967). When emitted by a host, carbon dioxide is one link in
the chain of the stimulus-response situation created by the presence of the host (Wright
et al., 1965; Gillies & Wilkes, 1969). As Hocking (1971) put it, an experimental study
which starts in the middle of a chain will yield very different results from one which
starts at the beginning ". The abnormal behaviour at the site of an artificial source
of carbon dioxide may simply reflect the absence of directive stimuli in the form of
convection currents; This behaviour also seems to underlie the difficulties sometimes
encountered in designing effective carbon dioxide-baited traps (e.g. Service, 1969;
Comet & Chateau, 1971; Schreck et al., 1972). The success of the trap designed by the
last-named authors, which was made of transparent Plexiglas with a number of metal-
ringed entry ports, could well have resulted from the visual targets presented by the
ports.

Removal of carbon dioxide from expired breath greatly reduces the numbers of
mosquitoes attacking a host (Snow, 1970; Khan & Maibach, 1972). The distance down-
wind over which different emission rates of carbon dioxide influence the behaviour
of flying mosquitoes has been estimated by Gillies & Wilkes (1969, 1970, 1972, 1974)
and Schreck et al, (1972). Their conclusions are shown in Fig. 1.

In the field, therefore, carbon dioxide is unquestionably acting as an orienting
stimulus.
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Fig. 1.-Results of field experiments on the range of effect of
carbon dioxide on mosquitoes at varying emission rates. (The
lower interrupted line represents the furthest trapping point at
which a positive effect was obtained; the upper line represents
the nearest trapping point at which no effect was recorded.) (Data
from Gillies & Wilkes, 1969, 1970, 1974; Schreck et al., 1972.)

Combined effects with other stimuli

One of the most striking effects of carbon dioxide is to modify or augment the
effects of other stimuli, which is often referred to as synergism’. Strictly speaking,

this term should be reserved for instances where the response to two stimuli in com-

bination is greater than to the sum of the two individual effects. In the case of carbon

dioxide it appears that the combined action ranges from priming the response to a

stimulus that by itself has no effect, through additive effects in combination with

another stimulus, to a true synergism. Khan et al. (1966) and Khan & Maibach (1966)
showed that, while Ae. aegypti females would orient to the convection currents rising
from a moist warm body, this effect was enhanced when carbon dioxide was added to
the environment. The experiments of Van Thiel & Weurman (1947) gave essentially
similar results in An. atroparvus Van Thiel.

The effect of carbon dioxide on non-specific odour factors is similar. Laarman (1958)
compared the reactions of An. atroparvus in an open-cage olfactometer to an afrstream
containing (1) total emanations from a rabbit, (2) pure carbon dioxide at a rate
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equivalent to the expired breath of the animal, and (3) emanations from the rabbit
from which carbon dioxide had been removed. He found that rabbit odour plus carbon
dioxide elicited the strongest reaction, the effect of carbon dioxide was intermediate,
while odour alone caused the weakest response. Bos & Laarman (1975) obtained
similar results in testing the effect of guinea-pig blood on An. stephensi Listen. Bar-
Zeev et al. (1977) studied the responses of Ae. aegypti in a two-chamber olfactometer
and again obtained similar results, 1% carbon dioxide in air at 60% RH being more
attractive than emanations from the human arm alone but less so than carbon dioxide
added to odour from the arm. Mclver (1968) showed that the addition of carbon
dioxide to extracted odour factors from mice greatly increased the numbers of Ae.
aegypti responding. When females of Ae. aegypti were tested in a wind tunnel, Mayer
& James (1969) found that they moved upwind when air, which had been blown over
a human arm, was introduced into the airstream and that the addition of 0-05%
carbon dioxide to this air increased the movement. Carbon dioxide by itself had
no effect. Omer (1979) made similar observations on C. quinquefasclatus and An.
arabiensis.

These experiments show very clearly the combined action of carbon dioxide and
whole-body odours, both factors having an orientating effect of variable extent when
presented singly and a greatly enhanced effect together. Tests with pure L-Iactic
acid gave similar results but with the difference that, in the absence of carbon dioxide,
the lactic acid stimulus had no effect on mosquito activity (Acree et al., 1968; Smith
et al., 1970). Similarly, Roessler (1961) and Carlson et al. (1973) found that the
presence of carbon dioxide was necessary for a response by Ae. aegypti to all the
single chemical factors tested and found active. Thus, for odour to be effective by
itself, it appears that a multi-component chemical stimulus is necessary.

On the basis of the speed of response of Ae. aegypti to air-streams containing odour
factors with and without the addition of carbon dioxide, Mayer & James (1970) con-
cluded that the integration of the two stimuli occurred centrally. The same conclusion
was reached by Davis & Sokolove (1976), who found that the electrical responses of
iactic acid-sensitive receptors on the antennae were not altered by the simultaneous
presentation of carbon dioxide.

Discussion

Let us examine the statement that carbon dioxide is an activator. Activation is
simply the first stage of orientation to the source of a chemical simulus. If the stimulus
is presented in still air, orientation to the source cannot take place because of the lack
of orientating cues (for example, ground pattern movement) for the insect to steer by-
Consequently, experiments conducted in chambers without steady air-flow can only
reveal the initial kinetic effect, and observers may receive the misleading impression
that carbon dioxide has no effect beyond this. There is a further difficulty, however.
Even if air movement is provided, as in a wind tunnel, sustained flight may not ensue
as long as the atmosphere is uniformly permeated with the gas- In this type of experi-
ment, it appears that mosquitoes will only orient to the wind when the gas is
presented as an intermittent stimulus. This conclusion is mainly based on the experi-
ments of Omer & Gillies (1971) and Omer (1979); its confirmation by other methods
is desirable. This problem does not arise with the two-chamber olfactometers of
Schreck et al. (1967) and of Bar-Zeev et al. (1977), since the insect will encounter
turbulence and contrasting carbon dioxide levels at the ports of the olfactometer. The
stimulus is thus presented in a more natural way, and orientation of the mosquitoes is
facilitated.
We should also examine the statement that carbon dioxide in some circumstances

acts as a repellent. Willis & Roth (1952) found that carbon dioxide emitted through
the port of an olfactometer had an effect they described as repellent. As pointed out
by Brouwer (1960), given the initial activating effect of carbon dioxide, their findings
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are more simply explained by the tendency of mosquitoes to be in flight when in the
vicinity of the carbon dioxide-emitting port and at rest round the control port. Muller
(1968) came to the surprising conclusion that carbon dioxide was repellent in con-
centrations from 1 to 33% but attractive at 50%. From the author’s statements, the
latter effect was accompanied by narcotisation. His olfactometer consisted of a narrow
Y-shaped glass tube, the stem being 8’6mm and the arms 6mm in diameter. Under
these confined conditions, normal turning responses in Sight would be greatly impeded,
making interpretation of the results difficult.

To conclude, although carbon dioxide may be described as an activator, the use of
this term is misleading since it tends to obscure the fact that activation and anemo-
taxic orientation to the source are all part of the same process of attraction’. More-
over, in this respect, carbon dioxide and odour both operate in a similar way, a fact
that was realised by Laarman (1958, 1959),

Conclusions

Carbon dioxide induces a directed response serving to guide the mosquito towards
the host. Theresponse is initially one of activation followed by upwind flight, the
mosquito being steered by optomotor responses elicited by ground pattern movement-
Thus, orientation to the host is the result of two behavioural responses, kinesis and
optomotor anemotaxis, and in this sense carbon dioxide is acting as an attractant.

The orientating effect of carbon dioxide appears to be comparable to that of odour
factors. However, there is one important difference. When tested in the laboratory,
the odour stimulus is effective even when presented at a constant level, whereas
carbon dioxide by itself causes directed responses only when the stimulus is pulsed.
This difference is probably seldom manifested in nature, where the irregular and
filamentous structure of the odour plume will normally ensure that the stimulus is
received by the mosquito intermittently. It is also likely that host odour and carbon
dioxide will be closely intermingled so that the two will be sensed simultaneously.

In terms of attractant effect, carbon dioxide is less powerful than the combined
effect of all host factors, both at close range and at moderate distances from the host.

Carbon dioxide has an important combined effect, increasing the response to con-
vection currents and perhaps visual factors close to the host and the response to odour
factors at a distance.
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