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STELLINGEN 

I 

Het complex van C-6 alkoholen en aldehyden speelt in de 

waardplantselektie van waarschijnlijk vele fytofage insektèn 

een essentiële rol, en kan hierbij als een algemene bladgeur-

faktor met soortspecifieke elementen worden aangemerkt. 

Dit proefschrift. 

II 

Het getuigt van een dubieuze vanzelfsprekendheid als 

attraktie van insektèn door vluchtige plantestoffen wordt 

vastgesteld aan de hand van ovipositie. 

Finch,S. (1978). Ent., exp. & appl. 24:350-359. 

Vernon,R.S., Pierce,H.D.,Jr., Borden,J.H. & 

Oehlschlager.A.C. (1978) . Envir. Entomol. 7:728-731 

III 

De conclusie en aanbeveling "We need more information on the 

quantitative correlation of the receptor cell and the 

behavioural responses to a pheromone stimulus (e.g. the 

receptor activities underlying the threshold response of an 

animal)" gaat aan de grondslag van de grote zintuiggevoelig-

heid Voorbij. 

Advanced Research Institute on Chemical Ecology 

(1979)., Chemical ecology: odour communication in 

animais. F.J.Ritter (ed.), Elsevier/North-Holland, 

Amsterdam, p. 407. 
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Tegen het door Feeny geïntroduceerde begrip "plant apparency" 

in relatie tot de beschermende werking van secundaire plante-

stoffen tegen insekten, 'is in te brengen, dat juist ten aanzien 

van deze faktoren geen wezenlijk onderscheid tussen "apparent" 

en "unapparent" bestaat. 

Feeny,P. (1976)-, In Biochemical interaction between 

plants and insects, J.W.Wallace & R.L.Mansell (eds.), 

Plenum Press, New York, pp. 1-40. 

V ' • • 

Hoewel in het taalgebruik "repellent" het antoniem is voor 

"attractant", is een "insect repellent" niet het tegenover­

gestelde van een "insect attractant". De terminologie dient 

daarom op dit punt te worden aangepast. 

Dethier,V.G. (1947). Chemical insect attractants 

and repellents. Blakiston, Philadelphia, 289 pp> 

VI 

Mèt uitzondering van de eerste stelling en de laatste stelling, 

is elke stelling één stelling teveel. 

VII • 

De argumenten tegen het gebruik van kringlooppapier voor 

offsetdruk kunnen door'Stoffelijke bewijzen weerlegd worden. 

Wagenings Hogeschootblad 2 (1979), no. 32:3. 

Dit proefschrift. / 

J.H.Visser, 

Olfaction in the Colorado beetle at the onset of host plant 

selection. Wageningen, 1 juni 1979. 



Aan Claartje 
Aan mijn moeder 





VOORWOORD 

Bij het verschijnen van dit proefschrift is een dankwoord op zijn plaats aan allen 
die speciaal tot de totstandkoming hebben bijgedragen. Mijn promotor Prof. Dr. J. 
de Wilde ben ik erkentelijk voor de metamorfose die ik op het Laboratorium voor 
Entomologie mocht ondergaan. Zijn vertrouwen en ondersteuning hebben mij zeer 
gestimuleerd. Mijn co-promotor Prof. Dr. L.M. Schoonhoven ben ik dank 
verschuldigd voor zijn kritische opmerkingen die mij tot een concrete formulering 
van gedachten noopten. Het was een voorrecht om juist samen met Frans Dieleman 
het college Insekt-Plant Relaties te mogen verzorgen, hierdoor werd ik meer bekend 
met dit intrigerende onderwerp. De confrontatie met de Aërodynamica doorstond ik 
door de hulp van Ir. A. Kortleven (Technische Hogeschool Twente), die mij zeer 
veel van zijn tijd gunde en van waardevolle adviezen voorzag bij het ontwerpen van 
de windtunnel. De samenwerking met de Aroma-afdeling van het Centraal Instituut 
voor Voedingsonderzoek TNO was van essentieel belang voor de chemische analyse 
van de bladgeur-komponenten. De inzet van Jens Nielsen, Dick Avé en Wim Ma, 
mag niet onvermeld blijven. De service van alle Gecombineerde Diensten van het 
Binnenhaven Complex verdient mijn waardering. Het typewerk van de manuscripten 
werd verzorgd door de administratie, Ria Cuperus en Marian Flinterman. Tenslotte 
wil ik Claartje mijn dank betuigen voor haar steun en geduld. 



CONTENTS 

1. INTRODUCTION - HOST PLANT SELECTION IN THE COLORADO BEETLE 1 

J.H. Visser and J. de Wilde. Submitted to: Integrated Pest Control in The Netherlands. 

2. THE DESIGN OF A LOW-SPEED WIND TUNNEL AS AN INSTRUMENT FOR THE 

STUDY OF OLFACTORY ORIENTATION IN THE COLORADO BEETLE 

(LEPTINOTARSA DECEMLINEATA) 6 

J .H. Visser. Ent. exp. & appl. 20 (1976): 275—288. 

3. SPECIFICITY IN THE OLFACTORY ORIENTATION OF THE COLORADO 

BEETLE, LEPTINOTARSA DECEMLINEATA 20 

J .H. Visser and J.K. Nielsen. Ent. exp. & appl. 21 (1977): 14—22. 

4. ISOLATION AND IDENTIFICATION OF VOLATILES IN THE FOLIAGE OF 

POTATO, SOLANUM TUBEROSUM, A HOST PLANT OF THE COLORADO 

BEETLE, LEPTINOTARSA DECEMLINEA TA 29 

J.H. Visser, S. van Straten and H. Maarse. J. Chem. Ecol. 5 (1979): 11—23. 

5. ELECTROANTENNOGRAM RESPONSES OF THE COLORADO BEETLE, 

LEPTINOTARSA DECEMLINEATA, TO PLANT VOLATILES 42 

J.H. Visser. Ent. exp. & appl. 25 (1979): 86—97. 

6. GENERAL GREEN LEAF VOLATILES IN THE OLFACTORY ORIENTATION OF 

THE COLORADO BEETLE, LEPTINOTARSA DECEMLINEATA 54 

J .H. Visser and D.A. Avé. Ent. exp. & appl. 24 (1978): 738—749. 

7. SINGLE UNIT ANALYSIS OF ODOUR QUALITY CODING BY THE OLFACTORY 

ANTENNAL RECEPTOR SYSTEM OF THE COLORADO BEETLE 66 

Wei-Chun Ma and J.H. Visser. Ent. exp. & appl. 24 (1978): 520—533. 

8. SYNOPSIS - LEAF ODOUR PERCEPTION AND OLFACTORY ORIENTATION IN 

THE COLORADO BEETLE 80 

J.H. Visser. 

ABSTRACT 86 

SAMENVATTING 87 

B I B L I O T H E E K 
r>RK 

LANDBOUW ! : i« ;PsCHOOL 
WAUKIMLN'CHJV 





Submitted for publication in: 
Integrated Pest Control in The Netherlands 

CHAPTER 1 INTRODUCTION 

HOST PLANT SELECTION IN THE COLORADO BEETLE 

J.H. VISSER and J. DE WILDE 
Department of Entomology, Agricultural University, Wageningen, The Netherlands 

More than one century ago the Colorado beetle Leptinotarsa decemlineata Say, 
was an innocuous feeder of buffalo bur Solanum rosträtum, on the foothills of the 
Rocky Mountains in North America. At that time the cultivated potato Solanum 
tuberosum, was. introduced into its habitat. This new food resource turned out to be 
quite acceptable, initiating an extension of the beetle's territory towards the east; 
even across the Atlantic Ocean, towards Europe where the Colorado beetle was 
reported as early as the 1920's in the Bordeau region of France. As the dispersal of 
this new insect pest over Europe brought about substantial damage to potato 
production, the beetle's specialized feeding habits soon caught attention. 

Initially one basic question was focused on: - what makes potato foliage acceptable 
and/or, why are nonsolanaceous as well as a number of solanaceous plant spp1 

rejected for feeding and oviposition? Nowadays, in observing the complex interactions 
of insects and plants, it is realized that any attempt to give an unambiguous answer 
to this question, should oversimplify the process of host selection. Through a long 
period of association of the genus Leptinotarsa with a number of solanaceous 
plant spp, and under the constant action of natural selection, both the nutritional 
requirements and feeding habits of the present-day Colorado beetle have been 
adapted to the chemical characters of its food plants. With its introduction the 
potato proved to fulfil the beetle's physiological requirements - being suitable and 
acceptable -, and at present potato crops are the main food resource for maintaining 
the existence of this insect pest in the major part of its territory. 

Nevertheless, from time to time the beetles are faced with lack of food, e.g. 
post-diapause beetles which because of crop rotation emerge in nonhost plant crops 
and have to search for suitable plants. Henceforth these beetles have to rely on their 
own abilities to locate their host plants, in directing their feeding and oviposition act 
towards particular plant spp. Besides behavioural components - exploration in 
space -, time is an essential aspect in host selection, since in the course of time the 
proportion and constitution of successive generations are affected by the various 
degrees to which the vegetable food resource meets the physiological requirements 
of both larvae and adults. 

'/spp : species 1 
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The present paper focuses attention on the restrictive elements in space and time, 
as deduced from the series of investigations carried out in The Netherlands over a 
period of thirty years. The sequence of discrete events in host selection follows 
rather the historical than the functional line, in order to do justice to the progress of 
our understanding of this insect-host plant relationship. In this way it is emphasized 
that every single event is a decisive element in the establishment of the Colorado 
beetle on a particular plant, and it endeavours to expose some of the foundations in 
the associations of phytophagous insects with food crops. 

Larval feeding and growth 

The larvae of the Colorado beetle exhibit remarkable discriminative abilities, 
apparent from the extreme preference for a limited number of solanaceous plant 
spp. The larvae starve to death in the absence of such "palatable" food plants. For 
the proper understanding of the expression "palatable", the observations on the 
behavioural patterns as released by discernable plant spp, are briefly summarized 
(Chin, 1950; De Wilde, 1958). 

The odour of the resistant plant Solanum demissum is as attractive to the larvae 
as the odour of potato foliage. After coming into contact with the leaves, the larvae 
will bite this new substratum, their biting response being released by the odour. 
However, contrary to the feeding action performed on potato foliage, the larvae do 
not feed continuously and spend most of their time resting and wandering. For 
feeding S. demissum is rejected by the larvae. Besides S. demissum, a number of 
solanaceous spp do not match one of the essential qualities of the normal 
foodplants, i.e. an acceptable taste. The selective feeding habits of the larvae are 
caused by avoidance of deterrent factors present in a range of solanaceous plant 
spp. The nature of these factors has been attributed to members of a typical class of 
secondary plant substances distributed in Solanaceae, i.e. alkaloids and their parent 
alkaloid-glycosides. 

Petunia hybrida is an example of solanaceous plant spp which causes adverse 
effects in another way. Larvae are attracted to the odour of Petunia leaves and when 
they meet these leaves, a relatively large amount of the foliage is consumed. 
However, Petunia is poisonous and feeding leads to the death of the larvae. Unlike 
the avoidance of feeding on S. demissum, release of the feeding action is not 
prevented in this particular case. Obviously the primary advantage resulting from 
rejection of "unpalatable" plant spp, consists in avoidance of toxic principles. The 
antibiotic nature of secondary plant substances seems to be the predominant reason 
for the selective feeding habits of the larvae. 

It is self-evident that the nutritive ingredients of plants are crucial for feeding and 
growth of phytophagous insects. The nutritional requirements of the Colorado 
beetle instars have been studied by using artificial diets (Wardojo, 1969). These 
requirements do not differ essentially in the qualitative respect from the 
requirements of many other phytophagous insects, feeding on a diversity of plant 
spp. However, the suitability of the diet for supporting growth, strongly depends on 
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the concentration ratios of the individual nutrients. In addition to this metabolic 
aspect, the feeding act involves behavioural components as reflected in the amount 
of consumption, being affected by the proportions of several nutrients (Ritter, 
1967). 

Through dual discrimination of both secondary plant substances and nutrients, 
poisoning and malnutrition of the larvae are prevented. In general young larvae 
hatch from the egg pod, deposited by the female Colorado beetle on the proper food 
plant. Even so, there is no question about the advantage in having discriminative 
abilities on closer inspection of the casualties impending over the larval life, when 
they fall to the ground by heavy rains or run out of food. Larvae removed from 
their food plant search in a "random" fashion until they are guided by olfactory 
and optic stimuli. They moreover bite the substrate and thereby are informed of its 
chemical and physical properties. 

Adult feeding, oviposition and exploration 

In the acceptance of suitable feeding and oviposition sites the adults are even 
more selective than the larvae. The principles underlying the acceptance of their 
solanaceous hosts seem to involve discrimination of the very chemical plant 
characters inducing the selective feeding habits in the instars. The be-all and end-all 
of adult life is attained in reproduction. The number of eggs deposited on plants 
suitable for larval feeding and growth, reflects the various degrees to which 
individual beetles were able to overcome the restrictive elements in space and time. 

Disalignment of adult feeding and oviposition has been observed in the oviposition 
preference for Solanum luteum (Bongers, 1970). When female Colorado beetles, 
previously fed on potato plants, are given the choice between the foliage of potato 
on the one hand and leaves of S. luteum on the other, they show a marked preference 
for ovipositing on the latter plant sp. However, in the course of time the beetle's 
fecundity is suppressed since feeding on S. luteum is avoided. Though S. luteum is 
preferred to potato as an oviposition substratum, reproduction on this plant sp - the 
very succession in time - is impeded. 

Exploration in space is thought to be essential for the localization of host plants. 
The odour of solanaceous plant spp releases an upwind locomotory response in 
Colorado beetles, which brings the beetles in the vicinity of these plants (see Visser 
and Ave, 1978). In other words, through olfactory discrimination over a long-range, 
exploration is to some extent confined to a relevant part of the vegetation. Chemical 
analysis of potato plant odour revealed the complex of "general green leaf 
volatiles", like cis-3-hexen-l-ol, cis-3-hexenylacetate, trans-2-hexenal and trans-2-
-hexen-1-ol. The concentration ratios of these volatile components are decisive for 
the release of a positive anemotactic response in the Colorado beetle. When the 
particular ratio in this complex is changed artificially, the release of the upwind 
locomotory response is prevented. Complexes of the "general green leaf volatiles" 
form a predominant aspect of all leaf odours, discernable in the different and 
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particular concentration ratios. In diversified vegetations interactions of the 
different leaf odours might prevent the release of long-range olfactory orientation, 
in this way hiding plants from insects. This conception might give a new dimension 
to the onset of host plant selection, as the beetle's potentiality of exploration in 
space is not only affected by the host plant's spatial distribution, but also by the 
extent of plant odour heterogeneity of the vegetation. 

Conclusions 

The sequential order in the process of host selection is illustrated in Fig. 1. The 
interspaces of the solid lines visualize the very instant a plant character fulfils one of 
the physiological requirements of a particular insect. As demonstrated in the larval 
feeding act on S. demissum and P. hybrida, and in the oviposition preference for S. 
luteum, nonhost plant spp occasionally meet some of the physiological requirements 
of the Colorado beetle, however, these plants are devoid of other crucial qualities. 
The scheme indicates that both nutrients and secondary plant substances -antibiotics 
- are the predominant barriers for feeding, growth and reproduction of insects on 
the majority of plant spp. In the Colorado beetle successive behavioural patterns 
have been evolved to evade nonhost plant spp, the unfitness of which becomes 

Host Selection 

Insects 

I f 
< f t > 

Host Plant 

• olfactory 

- visual 

- tactile/proprioceptive 

- gustatory 

- nutrients 

- tolerated antibiotics 

Fig. 1. General scheme of host selection in phytophagous insects. 
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apparent in the course of time. Through this, the selection process involves a second 
major aspect, i.e. exploration in space. The alignment of events in space and time, 
of successive behavioural patterns and plant characters favourable for reproduction, 
determines the process of host selection. 
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CHAPTER 2 

THE DESIGN OF A LOW-SPEED WIND TUNNEL AS AN 
INSTRUMENT FOR THE STUDY OF OLFACTORY 

ORIENTATION IN THE COLORADO BEETLE 
(LEPTINOTARSA DECEMLINEATA) 

J. H. VISSER 
Department of Entomology, Agricultural University, Binnenhaven 7, Wageningen, The Netherlands 

Aerodynamic phenomena relevant to the olfactory orientation of walking adult Colorado beetles are 
discussed and a low-speed wind tunnel suitable for the study of olfactory orientation is described. It is 
concluded that in this wind tunnel the beetles respond to attractive plant volatiles by odour-
conditioned anemotaxis. The presence of potted potato plants in the air stream of the wind tunnel 
causes positive anemotactic responses of male and female Colorado beetles. The maximum positive 
anemotactic response of the male beetles is obtained after 6 hours of starvation. Fully grown potato 
plants are more attractive to male beetles than young plants. 

Two approaches are available for studying the responses of insects to olfactory 
stimuli. One involves presenting the odour in still air, limiting the rangé of the 
signal to very short distances. In still air the larvae of the Colorado beetle, 
Leptinotarsa decemlineata Say perceive olfactory stimuli of their host plant 
effectively at a distance of up to a few millimetres (Chin, 1950). The second 
approach makes use of wind-borne odours, which can be perceived at longer 
distances (Bossert & Wilson, 1963; Bossert, 1968). 

In the past, tests with wind-borne volatiles in Y-tube olfactometers have shown 
olfactory attraction of Colorado beetles to their host plant potato (Mclndoo, 1926; 
Schanz, 1953; Jermy, 1958). In experiments of this type negative results can be 
misleading because the two air streams mix at the junction, interfering with the 
insects' discrimination between them. Moreover, there is little room for the animal 
to behave normally. 

Low-speed "wind tunnels" have therefore been employed in the study of 
olfactory orientation to plant volatiles (Haskell et ai, 1962; Kennedy & 
Moorhouse, 1969; de Wilde et ai, 1969; de Wilde, 1974; Coaker & Hawkes, 1974), 
pheromones (Farkas & Shorey, 1972; Mayer, 1973; Kennedy & Marsh, 1974) and 
host vapours (Gatehouse & Lewis, 1973). 

It is generally held that long-range olfactory orientation in insects is brought 
about by an anemotactic response (Grubb, 1973). In this way, the wind acts not 
only as the dispersal medium of volatiles, but also guides the insects to the source 
of the stimulus. Hence the reliability of data on olfactory orientation depends on a 
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number of aerodynamic phenomena of the air flow. This paper describes these 
phenomena which are important in designing a wind tunnel for olfactory 
orientation of Colorado beetles to host plant vapours. 

Wind Tunnel Theory 

The turbulent components of air flow are usually important (Bradshaw, 1971). 
Outdoors, a high degree of turbulence tends to distribute the vapours more 
uniformly through the atmosphere (Bessert & Wilson, 1963) and is likely to 
interfere with directional cues for the searching insect. 

The flow of air in a tunnel may be turbulent or laminar, depending on the 
diameter of the tunnel and the air velocity under a given set of conditions. In the 
main stream of a wind tunnel, the transition of laminar to turbulent flow occurs at 
a critical air flow velocity Ucrit given by the following formula (Schlichting, 1955; 
Ower & Pankhurst, 1966): 

. . . 2300V u c r l t _ — — 

2300 being the critical Reynolds number; v is usually termed the kinematic 
coefficient of viscosity of the medium; DHis named the hydraulic diameter, DH 

= 4A/C; A denotes the cross-sectional area and C denotes the perimeter of the 
wind tunnel. The relationship between the critical velocity U,,,, of the main stream 
in a wind tunnel and its hydraulic diameter DHis illustrated in Fig. 1. Obstructions 
in the air stream, e.g. plants, other odour sources, air filters and the ventilator of 
the wind tunnel, increase the amount of turbulence, which declines with the 
distance. Low turbulence can be obtained in the following manners: (1) by 
increasing the distance between the obstructions and the test section of the tunnel 
("setting region") and (2) by keeping the initial section of the tunnel, containing 
the obstructions, wider than the terminal test section (Pankhurst & Holder, 1952; 
Pope, 1954); in such a low velocity compartment of the wind tunnel, obstructions 
will give rise to little turbulence, and (3) damping screens will reduce its intensity. 
By the action (4) of a tunnel contraction, the turbulent velocity components of the 
air stream, passing through this contraction into the narrower test section, 
decrease mainly in the longitudinal direction. 

In a thin layer near the wall the air velocity, u, is lower than in the main stream, 
U, as shown in Fig. 2. The thickness of this boundary layer 6 is defined as the 
distance from the wall where u/U = 0.99 (Schlichting, 1955), and increases along 
the plate in a downstream direction. The boundary layer near the leading edge of 
the plate is laminar and becomes turbulent further downstream. In case of a flat 
plate with a sharp upwind edge the transition of laminar to turbulent flow occurs 
at a distance from the leading edge, the region of transition x, given by the 
following formula: 

Rcri, = ̂ A = 3.210s to 510s 

3.2'IOs to 5'105 being the critical Reynolds number, depending on the intensity of 
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Fig. 2. Sketch of boundary layer on a flat plate in parallel flow. It is shown that there is a thin layer near 
the wall in which the air velocity u is smaller than in the main stream, U. The thickness of this 

boundary layer 8 increases along the plate in a downstream direction. 
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Fig. 3. The transition from a laminar to a turbulent boundary layer on a flat plate occurs at regions x, 
from the leading edge, depending on the air velocity in the free stream, U (v = 0.1544I0-4 mVs). 
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Fig. 4. The thickness of the laminar boundary layer 8 along a flat plate at several distances x from the 
upwind edge and with different velocities of the main stream (at 25° and 760 mm Hg). For comparison, 

a Colorado beetle in real size is shown. 

the turbulence in the free stream. The relationship between the main stream 
velocity U and the region of transition x, is shown in Fig. 3. The thickness of the 
laminar boundary layer can be calculated, as in Fig. 4, by applying the formula 
given by Blasius (Schlichting, 1955): 

6 = 5 vx 
U 

where x denotes the distance from the leading edge. The thickness of the 
boundary layer might have important effects on the olfactory orientation of 
walking insects. As small walking insects move in the boundary layer, the 
possibility of their detecting the air flow and its direction can be limited by the 
thickness of the boundary layer. 

Wind Tunnel Design 

Diagrams of the low-speed wind tunnel are given in Figs. 5 and 6. A centrifugal 
ventilator (Fischbach D770/E650-4; cv.) sucks air through two air filters (A.A.F. 
Amer-glass Blue and Varicel 60 PS; a.f.l.-a.f.2.). The resistances of a 80 mesh 
screen (s.) and the activated charcoal filter (a.c.f.) raise the air pressure in the 
pressure section (pr. s.), allowing pressure equilibration. The air leaves the filter at 
a more uniform flow rate across the cross-section, leaving most unwanted volatiles 
behind. The activated charcoal filter consists of folded perforated metal plates, 
spaced 17 mm apart and filled with activated charcoal pellets. In experiments on 
olfactory orientation undamaged potted plants are placed in the next section (pl.s.) 
through a door (d.) at one side of the wind tunnel. Four 18 mesh damping screens 
0.34 mm wire (d.s.l-d.s.4), the setting region (s.r.) and the contraction (t.c.) 
decrease the turbulence intensity of the air flowing into the narrower insect tes' 
section (i.t.s.). By the contraction, the air velocity is raised ten times in the insect 
test section as compared with the preceding region of low velocity in the wind 
tunnel. The wind speed can be set by the power control of the ventilator. The test 
section is enclosed by walls ("closed throat" type), equipped with several glass 
windows (g.w.) which can be opened. A glass walking plate (w.p.) 70 cm long, 23.5 
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WIND TUNNEL FOR STUDY OF OLFACTORY ORIENTATION 

Fig. 6. Detailed diagram of the insect test section, h.: holes; h.m.: hygrometer; s.t.: silicone tubing; x,y: 
ordinates; + : positive, 0 : indifferent and — : negative regions of the walking plate. Arrows indicate 

• the direction of the air flow. See Fig. 5 for further explanations. 

cm wide and 3 mm thick, scoured with Carborundum, is fixed at half height in the 
test section with streamlined rails (r.). The side glass windows are darkened with 
black paper on the outsides and the walking plate is illuminated from above by a 
high-pressure mercury bulb (Philips H PL 400W; m.l.), cooled by outside air 
(c.a.f.). In the bottom of the insect test section 36 holes (h.) are available for the 
introduction of hot-wire probes of the anemometer, normally these holes are 
closed. The wind tunnel is housed in a controlled environment room; at least 90% 
of the total air volume of this room is replaced by fresh air every 30 minutes. Air is 
taken from the room and returned again by this "open circuit" tunnel. 
Contamination problems like those described by Browne et al. (1974), have been 
avoided by using clean air and "non-emitting" materials in the construction of the 
wind tunnel; mainly zinc, but also brass, iron, glass, silicone tubing and Ethafoam 
(Dow Chemical). 

. . • • • " ' • • MATERIAL AND METHODS 

The measurement of air flow 

À hot-wire anemometer (Disa 55D05) with temperature-compensated hot-wire 
probes (Disa 55P81) was used in the measurements of air flow velocities in the 
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boundary layer of the rough glass walking plate in the insect test section. In 
combination with an r.m.s. voltmeter (Disa 55D35), a Digitest voltmeter and an 
oscilloscope (Tektronix 502A), the intensity of turbulence of the main stream was 
defined in the insect test section. The measurements were performed at 20°. 

The olfactory orientation of Colorado beetles 

After emergence the male and female Colorado beetles of the laboratory stock 
culture were separated and reared on greenhouse-grown potato plants (cultivar 
Eigenheimer) at an 18 hour photoperiod at 25° and 60% relative humidity. Before 
the experiments, individual beetles were isolated in vials and starved for several 
hours. In the insect test section of the wind tunnel the responses of these 
individuals to a "control air stream" were examined, pots with wetted soil and 
sticks standing in the plant section, and also their responses to the air stream plus 
potato plant volatiles by the introduction of four greenhouse-grown potted potato 
plants (cultivar Eigenheimer) into the plant section. Care was taken riot to bruise 
the leaves and stems. Small potato plants were raised, so that the foliage was 
positioned at half height in the plant section. The streamlined rails on both sides of 
the walking plate were painted with Fluon (Polytetrafluoro-ethylene dispersion, 
Imperial Chemical Industries) to prevent beetles from climbing up. The upwind 
and downwind edges were also painted with Fluon, thus causing beetles reaching 
these edges to fall off. 

In each experiment, one beetle was placed carefully in the centre of the walking 
plate and was allowed to walk around. Five minutes after it started locomotion, 
the position of this individual on the walking plate was recorded. The response was 
noted as positive when the beetle fell off the upwind edge or was situated within 
8.4 cm from the upwind edge, and as negative when the animal fell off the 
downwind edge or was situated within 8.4 cm from the downwind edge. Otherwise 
the response was noted as indifferent (see also Fig. 6). The results were analysed 
statistically by the x2 test (Siegel, 1956), positive choices versus combined negative 
and indifferent choices. 

600 

400 

« I 

Fig. 7. The distribution of light intensities over the walking plate in the insect test section. Ordinate: 
intensity. Abscissa: +35 cm = upwind edge, 0 cm = centre and —35 cm = downwind edge of the 

walking plate. 
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The velocity of the main stream was set at 80 cm/s in the insect test section. The 
wind tunnel was housed in a controlled environment room at 25° and 60% R.H. 
The four damping screens in the low velocity compartment of the wind tunnel 
were removed. At the in- and outstream ends of the insect test section 18 mesh 
screens were fixed in order to obtain a more uniform light distribution over the 
walking plate. This light intensity distribution was measured by a Hartmann & 
Braun EBLXI photometer, fitted with a circular detector of 66 mm diameter, and 
is shown in Fig. 7. 

RESULTS AND DISCUSSION 

The measurement of airflow 

The hydraulic diameter of the insect test section is 0.3 m, and as a consequence, 
wind exceeding a speed of 12 cm/s will be turbulent in the main stream of the test 
section (Fig. 1). The percentage of turbulence, an indication the amount of 
turbulence, can be defined (Schlichting, 1955) as: 

%T= 100- V — 

where Vü2 denotes the mean velocity fluctuations of the air flow and U is the 
mean air flow rate. Without damping screens in the low velocity compartment ot 
the wind tunnel, the percentage of turbulence in the main stream of the insect test 
section is 3% at a wind speed of 1 m/s. With the four damping screens installed, 
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Fig. 8. Measurements of the wind speeds at several heights y above the walking plate and with different 
main stream velocities U in the insect test section. 10 cm downwind the leading edge: U = 45 cm/s: 
( • • ) and U = 140 cm/s (O—O); 50 cm downwind the leading edge: U = 50 cm/s ( • •) and U = 
150 cm/s (O----0): Arrows indicate the laminar boundary, layer thickness, calculated by applying the 

formula of Blasius (at 20° and 760 mm Hg, v * 0.149910"4 mVs). 
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Fig. 9. The responses of Colorado beetles to wind and to wind plus potato plant volatiles. Undamaged 
potted potato plants 2—8 weeks old were used. Abscissa: — = negative, 0 = indifferent and + = 
positive choices. A. male beetles 0-4 weeks after emergence and starved for 1-17 h. B. female beetles 0-
2 weeks after emergence and starved for 1-19 h. In parentheses the number of individuals; n is the 

number of tests. 

measurements revealed that this percentage of turbulence was reduced to 1% at a 
wind speed of 1 m/s* Because the amount of turbulence in the test section proved 
to be limited, the damping screens were omitted in the olfactory orientation 
studies. Air flow measurements and the introduction of smoke behind the 
activated charcoal filter showed many eddies, a high degree of turbulence 
originating from the folded perforated metal plates of the filter; This turbulence 
appeared to decrease in the setting region and in thé tunnel contraction. Volatiles 
of plants placed directly behind the activated charcoal filter, are thus distributed 
over the total cross-sectional area of the wind tunnel, resulting in a uniform 
vapour concentration in the insect test section. Therefore, in this wind tunnel, 
while it is not possible for the beetles to react to concentration gradients (e.g. 
osmotropotaxis, see Haskell et al., 1962), they will respond to attractive plant 
volatiles by an odour-conditioned anemotaxis. The main stream of the test section 
exhibited a uniform air flow rate. 

The total boundary layer of the walking plate will be laminar, when the main 
stream does not exceed 7.1 m/s in the insect test section (Fig. 3). At several 
positions on the walking plate and at different free stream velocities, air flow 
measurements in the boundary layer, as shown in Fig. 8, revealed values in good 
agreement with the formula of Blasius. In the olfactory orientation studies the 
main stream velocity was. set at 80 cm/s in the insect test section, the resulting 
laminar boundary layer over the walking plate being illustrated in Fig. 4. 
The olfactory orientation of Colorado beetles 

The responses of walking individual male and female Colorado beetles to wind 
and to wind plus potato plant volatiles were examined, as shown in Fig. 9. 
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Fig. 10. The effects of prolonged Starvation on the responses of male Colorado beetles to wind plus 
potato plant volatiles. Abscissa: — = negative, 0 = indifferent and + = positive choices. The male 

beetles were starved for periods of 1-6 h, 6-12 h and 12-17 h; n is the number of tests. 

Subsequently the figures obtained in these tests with male Colorado beetles were 
re-arranged in order to differentiate between various starvation periods (Fig. 10) 
and various potato plant ages (Fig. 11). Confusing the effects of these last-
mentioned conditions was thereby avoided. As preliminary experiments with 
groups of Colorado beetles showed that the individuals affected one another's 
behaviour, it was decided to use single individuals. 
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Fig. 11. The effects of the age of potato plants on the responses of male Colorado beetles to wind plus 
potato plant vapours. Abscissa: — = negative, 0 = indifferent and + = positive choices. Undamaged 

potted plants 2-4 weeks and 4-8 weeks old were used ; n is the number óf tests* 
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Without potato plant vapours, starved beetles tended to move slightly upwind 
(Fig. 9). This probably does not result from the distribution of light intensity over 
the walking plate (see Fig. 7). The responses to wind were not altered by different 
starvation periods. The introduction of potato plants into the air stream caused 
substantial positive anemotactic responses of male and female beetles (p < 0.001). 
The nature of the responses did not change remarkably with the age of the beetles. 
The maximum positive anemotactic responses of male beetles to potato plant 
volatiles were obtained after 6 hours of starvation (Fig. 10); 1-6 h compared with 
6-12 h: p < 0.02. Moorhouse (1969) showed that, in locusts, this response was 
maximal after they had been starved for 4 hours or longer. Potato plants grown for 
4-8 weeks, 60-100 cm high, were more attractive to male beetles than 2-4 weeks 
old plants, 20-60 cm high (Fig. 11, p < 0.001). This is probably caused by a lower 
amount of attractive volatiles being emitted by the young plants. 

In long-range olfactory orientation of insects, the wind dispersing the volatile 
sign-stimuli through the atmosphere directs the insects to the source of the 
stimulus. Bossert & Wilson (1963) have demonstrated the effect of wind speed on 
the distribution of the signal. In the atmosphere the amount of turbulence is 
increased at higher wind velocities, "diluting" the attractant in the air flow. 

Turbulence is also likely to interfere with anemotactic orientation of insects in 
another way. The scale of turbulence, the magnitude of turbulent eddies may 
affect the ability of insects to detect the main direction of the äir flowing 
downwind from the odour source. The size of an insect is small compared to the 
big eddies which arise from obstructions in the air flow, like the vegetation. 
Walking insects are faced with a second obscuring factor; the boundary layer in 
which the air velocities are less than in the free stream. Linsenmair (1969, 1970, 
1973) showed that several walking coleopterous species not subjected to 
attractants are able to use pure anemomenotactic orientation. In these experi­
ments, the lowest wind velocities which will evoke anemomenotactic orientation 
were about 0.15 m/s for Geotrupes and 0.4 m/s for Pimelia species. In the field, the 
size of the boundary layer over the ground will be much larger than the laminar 
one over the walking plate in the test section. It is therefore likely that the low air 
velocities in the boundary layer will impair the anemotactic responses of walking 
insects. Vogel (1969) has discussed the design of low-speed wind tunnels for 
biological investigations and he, too, did not mention the boundary layer 
phenomena. Outdoors, it is observed that Colorado beetles searching for potato 
plants frequently climb tiny hills obviously thus "escaping" the boundary layer. 

In view of this it is likely that the statement of Jermy (1958), that the olfactory 
responses of Colorado beetles to potato plants are limited to a range of a few dm, 
is not in conflict with the results obtained by Mclndoo (1926), Schanz (1953), de 
Wilde et al. (1969) and de Wilde (1974). Furthermore, the age of the potato plants 
may have affected the outcomes of his field experiments. 

Linsenmair (1969) observed preference for upwind angles in the anemomeno-
taxis of Pimelia, Tenebrio and Geotrupes species. In addition, he mentioned (1973) 
anemomenotactic orientation of Leptinotarsa decemlineata. 
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We observed that in a clean air flow the Colorado beetles spent much time on 
the sides of the walking plate; the positive anemotaxis of the beetles in wind 
without potato plants, distinct in the experiments of de Wilde et al. (1969) and de 
Wilde (1974), and less marked in the present investigation, seems to be a 
transformed anemomenotaxis. The findings of de Wilde et al. (1969) and de Wilde 
(1974) that starvation enchances the anemotactic response in "pure" air contradict 
with my own observations and the results of Linsenmair (1969, 1973) with other 
coleopterous species. It is advantageous for walking insects searching for food to 
move by an anemomenotactic orientation (Linsenmair, 1969). Wind-borne 
attractants will then shift the angle of their orientation to the upwind direction, 
guiding the insects to the source of the stimulus. 

In 1926 Mclndoo showed that Colorado beetles can be attracted by emanations 
from their living host plants. In the experiments of Schanz (1953) humidity was 
excluded as a causal factor in the attraction of Colorado beetles. Jermy (1958) did 
not believe that low concentrations of potato plant volatiles were sufficient to play 
a rôle in host plant finding from large distances. He concluded that contact 
chemoreception is the principal factor in host plant selection by Colorado beetles. 

Our present observations reveal that unbruisèd potato plants can also attract 
Colorado beetles at a longer range, by inducing positive anemotactic responses. 
More extended experiments, using the actual tracks of the beetles showing that 
these responses were not caused by a kinetic effect, will be published in a 
subsequent paper. 

I wish to acknowledge the valuable advice on the design of the wind tunnel 
given by Prof. W. Draijer and Ir. A. Kortleven, and to thank Ir. C. Keizer for his 
help. I am indebted to our technicians Mr. G. van Surksum, Mr. G. van den Brink, 
Mr. O. van Geffen, Mr. G. G. Schuurman and Mr. B. Tollenaar for constructing 
the wind tunnel, and to Mr. W. C. Th. Middelplaats and Mr. F. J. J. von Planta for 
drawing the figures. I am grateful to Prof. Dr. J. de Wilde and Prof. Dr. L. M. 
Schoonhoven for criticizing the manuscript, and I thank Prof. Dr. K. N. Saxena 
for reading the manuscript. 

ZUSAMMENFASSUNG 

BESCHREIBUNG EINES WINDTUNNELS FÜR GERINGE WINDGESCHWINDIGKEIT ALS GERÄT 
ZUM STUDIUM DER GERUCHSORIENTIERUNG DES KARTOFFELKÄFERS (LEPTINOTARSA 

DECEML1NEATAJ 

Aerodynamische Phänomene werden diskutiert, die für die geruchliche Orientierung der adulten 
Kartoffelkäfer von Bedeutung sind, nämlich der Übergang von wirbelfreier zu turbelenter Strömung im 
freien Strom; die Grenzschicht; der Übergang von wirbelfreier zu turbulenter Strömung in der 
Grenzschicht und die Dicke der wirbelfreien Grenzschicht. Ein Windtunnel für niedrige Windge­
schwindigkeit wird beschrieben, der sich für das Studium der geruchlichen Orientierung des 
Kartoffelkäfers als günstig erwies. Messungen der Windströmung in diesem Tunnel zeigten, daß der 
Prozentsatz von Turbulenz im Hauptstrom der Insektenprüfkammer niedrig ist und daß eine 
einheitliche Lockstoffkonzentration in dieser Kammer vorliegt. Es wird geschlossen, daß die Käfer auf 
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pflanzliche 'Duftstoffe mit Geruch-induzierter Anemotaxis reagieren. Die Dicke der wirbelfreien 
Grenzschicht über der Laufplatte in der Prüfkammer wurde ermittelt. 

Die Einführung von getopften Kartoffelpflanzen in den Luftstfom des Windtunnels löst positive 
anemotaktische Reaktionen bei Männchen und Weibchen des Kartoffelkäfers aus. Die stärkste 
positive anemotaktische Reaktion der Männchen wird nach sechs Stunden Hunger erzielt. Ausge­
wachsene Kartoffelpflanzen sind attraktiver für Männchen als junge. 

In der Diskussion wird vermutet, daß die Größe der Turbulenz und die Dicke der Grenzschicht unter 
Freilandbedingungen die geruchlich induzierte anemotaktische Reaktion der Insekten beeinträchtigt. 
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CHAPTER 3 

SPECIFICITY IN THE OLFACTORY ORIENTATION OF THE 
COLORADO BEETLE, LEPTINOTARSA DECEMLINEATA 

BY 

J. H. VISSER and J. K. NIELSEN 
Department of Entomology, Agricultural University, Binnenhaven 7, Wageningen, The Netherlands 

Wind induces positive anemotactic responses of unfed newly-emerged female Colorado beetles. 
These responses are enhanced by the volatiles of several solanaceous species i.e. Solanum tuberosum, S. 
nigrum, S.luteum, S.dulcamara, S.lycopersicum, Nicotiana tabacum. Capsicum annuum and Petunia hybrida, 
and a non-solanaceous species, Tropaeolum majus: Brassica oleracea, B.pekinensis, Raphanus sativus and 
Phaseolus vulgaris are neutral in this respect. Unfed post-diapause Colorado beetles also react to the 
vapours of undamaged potted potato plants. It is concluded that the olfactory orientation will mainly 
lead the Colorado beetle towards solanaceous species. When contact results, further steps in host plant 
selection will occur. 

In the host selection of phytophagous insects, the existence of an initial 
olfactory orientation phase has not been overlooked but, owing the difficulties in 
experimentation, has been poorly studied. The Colorado beetle, Leptinotarsa 
decemlineata Say, is one of the exceptions in this respect. Mclndoo (1926), Chin 
(1950), Schanz (1953), Grison (1957), Jermy (1958), de Wilde et al. (1969), Bongers 
(1970) and de Wilde (1974) reported attraction of larvae and adult Colorado 
beetles by potato plant volatiles. However, the rôle of this attraction in the host 
selection of this oligophagous insect was estimated very unequally. Most of this 
divergence is related to the various methods of stimulus application. Visser (1976) 
described the design of a low-speed wind tunnel, and making use of this 
equipment, he showed attraction of adult Colorado beetles towards potted potato 
plants being caused by odour-conditioned anemotaxis. The wind, dispersing the 
plant volatiles through the atmosphere, guides the insects towards the source of 
the stimulus. Under field conditions, the scale of turbulence and the thickness of 
the boundary layer over the underlying substrate will impair anemotactic 
responses of insects. 

The present study gives more extended information of the olfactory orientation 
of adult female Colorado beetles under laboratory conditions. Our observations 
concentrate on the specificity in this initial phase of host selection. 

MATERIAL AND METHODS 

Female Colorado beetles were obtained from the laboratory stock culture. After 
emergence they Were separated from the males. Prior to the experiments they 

y 
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were isolated in vials and starved for several hours at an 18 hour photoperiod, 25° 
and 60% relative humidity. In the wind tunnel described by Visser (1976), the 
responses of these individuals to wind-borne volatiles of several plant species were 
examined. This low-speed wind tunnel comprises two main parts, namely a low 
velocity compartment and the insect test section. In experiments on olfactory 
orientation, undamaged potted plants were placed in the low velocity compart­
ment at a distance of 125 cm from the test section. Small plants were raised, so 
that the foliage was positioned at half height in this section. In the insect test 
section, a rough glass walking plate was fixed with streamlined rails, and was 
illuminated from above by six fluorescent lamps (Philips TL MF 40W/33RS). The 
distribution of light intensities over the walking plate was measured by a 
Hartmann & Braun EBLX3 photometer, fitted with a circular detector of 66 mm 
diameter, and is shown in Fig. 1. Six red lines, spaced equally at 10 cm intervals, 
were drawn on the underside of the walking plate (see Fig. 2). 

In each experiment one female beetle was placed carefully in the centre of the 
walking plate and was allowed to walk around. After the beetle started 
locomotion, it was observed for 5 minutes, or until it reached one of the edges of 

6000 

Z.000 

20Ö0-

-35cm 0cm +35cm 
Fig! 1. The distribution of light intensities over the walking plate (represented in skew perspective). 
Ordinate: intensity. Abscissa: +35 cm = upwind edge, 0 cm = centre and —35 cm = downwind edge 

of the walking plate. 

Fig. 2. Walking plate fixed with streamlined rails (r). Beetles were released at the cross. 1—5: category 
of response. Arrow indicates the direction of the air flow. 
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the walking plate. The tracks of the beetles were divided into five categories 
(Fig. 2): . 
1. straight to the downwind edge; crossing each of the three lines once and not 

touching the rails. 
2. indirectly to the downwind edge; crossing a line more than once or touching 

the rails. 
3. reaching neither of the edges. 
4. indirectly to the upwind edge; crossing a line more than once or touching the 

rails. 
5. straight to. the upwind edge; crossing each of the three lines once and not 

touching the rails. 
The same beetle was subjected to control and experimental situations. The 

results were analysed statistically by the Sign Test (Siegel, 1956); using criterion A, 
the categories of responses, and criterion B, the length of the periods required to 
reach the upwind edge. 

Undamaged greenhouse-grown potted plants were used i.e. Solatium tuberosum 
L. (cultivar Eigenheimer), Solanum nigrum L., Solanum luteum Mill., Solanum 
dulcamara L., Solanum lycopersicum L., Nicotiana tabacum L., Petunia hybrida 
(Hook.) Vilm., Capsicum annuum L., Phaseolus vulgaris L., Raphanus sativus L., 
Brassica oleracea L. var. gemmifera DC , Brassica pekinensis Rupr. and Tropaeolum 
majus L.. The number of plants used per experiment was arranged to give 
approximately the same leaf area. 

The experiments were conducted in a controlled environment room at 25° and 
60% R.H.. In the insect test section the wind speed was set at 80 cm/s. 

RESULTS AND DISCUSSION 

Two groups of 42 female Colorado beetles each, one group starved for 24 hours 
and the other starved for 72 hours, were tested in still air and in wind without plant 
odour (Table I). Wind induced positive anemotactic responses of thèse unfed 
newlyremerged beetles (criterion A), and the individuals starved for 72 hours were 

TABLE I 

Individual responses of unfed newly-emerged female Colorado beetles, in still air and in wind without plant 
odour 

starved for 
24 hours 

starved for 
72 hours 

ns: not sign 

no wind 
wind 

no wind 
wind 

ficantat P>0.0l 
*: significant at P <0.0I 

5 

0 
1 

1 
4 

Category of 
• 4 

5 
14 

7 
19 

3 

26 
21 

29 
16 

response 
2 

11 
6 

5 
3 

1 

0 
0 

0 
0 

Criterion 
A B 

. .,-« ns 

* * 

22 



OLFACTORY ORIENTATION OF COLORADO BEETLE 

faster in reaching the upwind edge (criterion B). Schanz (1953), de Wilde et al. 
(1969), de Wilde (1974) and Visser (1976) reported positive anemotaxis of 
Colorado beetles in an air flow devoid of plant vapours. However, it is plausible 
that this type of anemotaxis is in fact a transformed anemomenotaxis (Linsenmair, 
1969 and 1973; Visser, 1976), 

As the same individuals were used in different situations, it was important to 
make sure that the responses of individual beetles were not influenced by earlier 
experience in the test section of the wind tunnel. For this purpose two groups of 
female Colorado beetles were observed. Group A was tested successively three 
times in pure wind and once with wind-borne volatiles of four fully grown potato 
plants standing in the low velocity compartment of the wind tunnel. Group B was 
subjected alternately to a pure air flow and to potato plant odour (Table II). Wind-
borne potato plant odour strongly attracted the unfed newly-emerged Colorado 
beetles. These responses and those to pure wind were not altered by previous tests. 
Visser (1976), making use of different criteria, showed attraction of fed male and 
female Colorado beetles by potato plant volatiles in this wind tunnel. In the 
present investigation, the light intensity over the walking plate was raised ten times 
(Fig. I), without affecting the responses. 

Effect of previous lests on the individual responses of unfed newly-emerged female Colorado beetles, starved 
for 24 hours 

group A 
18 beetles 

group B 
17 beetles 

Successive 
tests 

wind 
wind 
wind 
wjnd + potato 

wind 
wind + potato . 
wind 
wind + potato 

5 ' . 

1 
1 
0 
9 

0 
ii 
0 

12 

Category 
. 4 

; 7 
4 
4 
9 

6 
6 
8 
5 

of respo 
3 

8 
10 
13 
0 

8 
0 
4 
0 

ise 
2 . 

2 
3 
1 
0 

3 
0 
5 
0 

1 

0 
0 
0 
0 

0 
0 
0 
0 

Criterion' 
A B 

ns nS 
ns ns 
** ** 

** V* 

ns ns 
** ** 

.*) the levels of significance were compared with the first test pure wind 
ns: not significant at P> 0.01 
**: significant at P< 0.001 • 

To' investigate the specificity of the olfactory orientation, female Colorado 
beetles were subjected to the vapours of Several plant species. On the same day, 
six different experimental situations were presented in random order. Results from 
three series are given in Table III. All the solanaceous species tested i.e. 
S.tuberosum, S.nigrum, S.luteum, S.dulcamara, S.lycopersicum, N.tabacum, C.an-
nuum and P.hybrida, elicited substantially more and faster upwind movements of 
unfed, newly-emerged Colorado beetles than a pure air flow. One non-solanaceous 
plant species, Tropaeolum majus, also attracted these beetles. Brassica oleracea. 
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