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Stellingen

1. Een hoger aantal Encarsia formosa sluipwespen op bladeren met witte vlieg
vergeleken met dat op schoon blad is een gevolg van het langer blijven op een
blad na contact met wittevlieglarven of honingdauw, ¢n niet van het op afstand
lokaliseren van besmet blad door de sluipwesp, zoals Ledieu (1976) conclu-

deerde,
Ledieu, M.S., 1976. IOBC/WPRS Bull, 1976/4: 121-124.
Dit proefschrift.

2. Bij de bestrijding van kaswittevlieg met Encarsia formosa op tomaat kan beter
gesproken worden van plaagonderdrukking door inundatieve bestrijding dan van
regulatie door seizoens-inoculatieve bestrijding,

Lenteren, J.C. van, 1986. In: Insect Parasitoids. Waage, J.K.; Greathead, D.J. (Eds.).
Academic Press, London. pp 341-374.
Dit proefschrift,

3. Een Encarsia-stam met meer ovariolen dan de huidige stam leidt alleen tot een
betere biologische bestrijding, indien die grotere sluipwespen sneller lopen en
een langere levensduur hebben. De grotere ei-voorraad zelf speelt geen rol.

Vianen, A. van; Lenteren, J.C. van, 1986. J. appl. Ent. 101: 321-331.
Dit proefschrift.

4, De zoekactiviteit en de gastheer-acceptatie van de sluipwesp Encarsia formosa
worden lager naarmate haar ei-voorraad afneemt. Dit fenomeen is vergelijkbaar
met de afmame in zockactiviteit en prooi-acceptatie van predatoren zoals
roofmijten en loopkevers naarmate hun darm meer gevuld raakt.

Sabelis, M.W. 1986. In: The Dynamics of Physiologically Structured Populations.
Meiz, J.A.L; Diekmann, O. (Eds.). Lecture Notes in Biomathematics 68. Springer-
Verlag, Berlin. pp. 298-321.

Mols, P.I.M., 1987. Acta Phytopath. Entom. Hung. 22: 187-205.

Dit proefschrift.

5. Het grote effect van variatie in zoektiiden van Encarsia formosa op de
bestrijding van kaswittevlieg toont aan hoe belangrijk het is om modellen van
deze gastheer-parasitoid interactie te baseren op individueel gedrag.

Dit proefschrift.

6. Eén publikatie over schadedrempels voor kaswittevlieg op tomaat in 40 jaar
tegenover honderden over de biologie en het populatieverloop van wittevlieg en
E. formosa illustreert de ondervertegenwoordiging van de produktie-ecologische
benaderingswijze.




10.

11.
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13.

Omdat plaagdichtheden in het gewas op een laag niveau gehouden moeten
worden, is de zoekefficiéntie van een natuurlijke vijand een beter criterium voor
haar geschiktheid in biologische bestrijding dan de intrinsicke populatie-
groeisnelheid (r,,).

Dit proefschrift.

De grote aandacht in de literatuur voor stabiliteit in predator-prooi relaties kan
niet gerechtvaardigd worden door het belang van stabiliteit voor de geslaagde
toepassing van natuurlijke vijanden in de gewasbescherming,

Murdoch, W.W_; Chesson, J.; Chesson, P.L., 1985. Am, Nat. 125: 344-366.

Wanneer universiteiten onbeperkt de hoogte van het collegegeld mogen
vaststellen, is dat het begin van de ontwikkeling nalr aparte universiteiten voor
arm en rijk.

Het binnen 4 jaar afronden van promotie-onderzoek aan Nederlandse
universiteiten blijft een illusie indien het verwachtingspatroon ten aanzien van
een proefschrift niet verandert. :

Het uitvoeren van een groot deel van het universitaire onderzoek als
promotieprojekten leidt tot een voor de maatschappij veel te hoog aantal
opgeleide onderzoekers.

Het zou auteurs veel tijd besparen indien alle wetenschappelijke tijdschriften
dezelfde voorschriften zouden hanteren voor het opstellen van literatuurlijsten.

Het probleem van een lange rekenduur bij simulatiemodellen is slechts een
kwestie van tijd.

Herman J.W. van Roermund

Understanding biological control of greenhouse whitefly with the parasitoid
Encarsia formosa, From individual behaviour to population dynamics.

Wageningen, 18 oktober 1995.
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Chapter 1

General introduction

Whitefly pests, damage and control

About 1200 whitefly species have been described, of which few are known to be pests.
Only two whitefly pest species oceur in protected agriculture (Byrne et al., 1990): the
greenhouse whitefly, Trialeurodes vaporariorum, and the sweet potato whitefly,
Bemisia tabaci. Both species are highly polyphagous pest insects, occur worldwide and
lead to serious economic losses (Gerling, 1990).

Damage to crops caused by whiteflies can be grouped into three categories.
First, adult and immature whiteflics are phloem feeders and can contribute to reduced
productivity by directly consuming transportable carbohydrates, nitrogen and other
nutrients. Secondly, they produce large amounts of honeydew on the leaf, on which
occasionally sooty moulds develop, thus reducing leaf photosynthesis. Both damage

_ components reduce crop yield, as observed for tomato by Lindquist et al. (1972). More
important is the economic damage due to the residue of sticky honeydew on fruits and

“ornamentals. Hussey et al. {1958) measured significant yield reduction on tomato at an
average pest density (between start of pest and final picking of fruits) of 22 scalesfcm?
leaf or more, and an economic damage at 6 scales/em? or more. Finally, whiteflies can

' transmit various virus diseases. A survey of damage and pest status of whiteflies can
be found in Byme et al. (1990).

In natural ecosystems and agroecosystems where pesticides are not used, usually
an array of natural enemies keeps the number of whiteflies at very low numbers:
predators, parasitoids and pathogens all take their toll. Work on two cropping systems -
tomatoes in the 1960s in California and cotton during the period 1925-1992 in Sudan -
has shown that whiteflies can be kept under perfect natural control (van Lenteren et
al., 1995). When pesticides are applied, natural enemies are exterminated and whiteflies

- attain pest status. Furthermore, changes in cropping rotation, shortening of fallow
petriods, and concurrent or overlapping growth of whitefly sensitive crops may result
. in such a high and continuous whitefly pressure that natoral enemies are not capable
of a sufficient reduction of whitefly numbers.

Chemical pesticides have been the main agent used for the control of insect
pests since World War II. Advantages of chemical control were: adequate protection
of crops, simple application methods and reliability. After the euphoria, disadvantages
of solely relying on pesticides became clear: the risks for man and environment, and
the development of resistance by insects against pesticides triggered research for other
control methods. These problems were recognized recently at the policy level and have
resulted in the Netherlands in the Multi-Year Term Plan of Crop Protection of the
Ministry of Agriculture, Natwre and Fisheries (MIP-G, 1991). This plan aims at a 50%
reduction of the use of pesticides by the year 2000. One of the important alternatives
for chemical control is biological control, where predators, parasitoids or pathogens are
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released to control pest insects. As whitefly pests are now common worldwide, an
intensive search for natural enemies is going on (Onillon, 1988).

History of whitefly biological control

The greenhouse whitefly, T. vaporariorum (Westwood) (Homoptera, Aleyrodidae) was
: found in 1856 in greenhouses in the U.K. Westwood described the species in that year
" and he assumed that it was imported on living plants or in the packings of Orchidaceae
from Mexico. Now this species has spread all over the world and attacks many plant
families and genera (Russell, 1977). In 1926, a tomato grower drew the attention of the
English entomologist Speyer to black pupae among the normally white scales of the
greenhouse whitefly, From the black pupae, parasitoids emerged that were identified
as Encarsia formosa Gahan (Hymenoptera, Aphelinidae) (Speyer, 1927). Within a few
years a research station in England was supplying 1.5 million of these parasitoids
annually to about 800 nurseries in Britain, During the 1930s E. formosa was shipped
to some other European countries, Canada, Australia and New Zealand. After World
War 11, the use of E. formosa was discontinued because newly introduced insecticides
provided control on most greenhouse crops.

The interest in the use of natural enemies revived after the resistance to
pesticides in the two-spotted spider mite, Tetranychus urticae, reached such levels that
chemical control became impossible. An imported predatory mite, Phytoseiulus
persimilis, successfully kept the spider-mite populations below the economic injury
level (Hussey & Bravenboer, 1971). This implied that broad spectrum pesticides could
not be applied for control of other pests because these would negatively affect the
natural enemy. Thus, attention focused on natural enemies of the other pests in the
greenhouse. In the 1970’s enormous whitefly outbreaks took place in Western Europe,
among others because of increasing resistance to pesticides of the whiteflies, and
interest in the parasitoids increased again (Wardlow et al., 1972). The knowledge
already available from previous applications with E. formosa earlier this century
enhanced the development of introduction strategies for whitefly control (Vet et al,,
1980).

The availability of the efficient parasitoid E. formosa paved the way for the
development of biological and integrated control programs in greenhouses. During the
past 25 years, 25 species of natural enemies have been identified and introduced
against 20 pest species in greenhouses (van Lenteren & Woets, 1988; van Lenteren et
al., 1992). Presently biological control of greenhouse whitefly with E. formosa is
applied in more than 20 of the 35 countries that have a greenhouse industry, The
parasitoid is applied mainly in tomato, In Western Europe alone biological control of
greenhouse whitefly is applied on about 4000 ha and growers consider it a more
reliable method than chemical control. The positive spin-off is reduced environmental
pollution, a healthier work environment for growers and consumer appreciation of
produce with less or no chemical residues.
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Problem definition and research goal

Biological control of greenhouse whitefly with E. formosa is very reliable in such
crops as tomato, sweet pepper and gherkin, but not in egg plant and cucumber. In
ornamentals, such as gerbera, results are ambiguous. The introduction scheme was
found by a "trial and error’ approach: natural enemies were released at different times
and in different numbers, and their level of control was examined. The knowledge of
regulation mechanisms at the population level is still limited. As yet there is no
satisfactory explanation as to why the parasitoid introduction scheme for tomato cannot
be applied reliably on other important greenhouse crops. A variety of qualitative
explanations have been given for the difference in control levels, based on laboratory
studies of individual behaviour and on population studies in the greenhouse. However,
the main causal factors could not be identified.

Differences in control levels may be caused by differences in (1) the greenhouse
temperature, (2) the life-history parameters and thus the population development of pest
and natural enemy, (3) the crop structure and leaf size, (4) the leaf surface (hairiness),
and (5) the whitefly distribution in the crop. Factor (1) influences the life-history
parameters and (1), (3), (4) and (5) affect the parasitoids’ searching behaviour and, as
aresult, the parasitization efficiency. Because of the multitude of relationships between
the three trophic levels (crop-pest-parasitoid), the most important factors can only be
evaluated after integration of all relevant processes.

Systems analysis and simulation are powerful tools for this purpose. This
approach bridges the gap between knowledge at the individual level and understanding
at the population level (Rabbinge et al., 1989). The present study aims at integrating
existing knowledge on the major processes known to affect the whitefly-parasitoid
interaction in a crop by means of an explanatory simulation model. The goal is to
obtain quantitative understanding of the tritrophic system crop- greenhouse whitefly-
E. formosa to explain failure or success of biclogical control. The model is
mechanistic, that is, it explains Aow whiteflies and parasitoids, in terms of life-history
parameters, and how parasitoids, in terms of searching efficiency, host handling and
available eggs, realize the observed level of parasitism. Mechanistic explanations are
helpful in understanding and improvement of biological control in practice. The model
does not explain why the whiteflies and parasitoids choose to behave in this way, in
terms of the selection pressure acting on them. Thus, it does not provide a functional
explanation of the observed behaviour, which can be studied using optimal foraging
models.

The model simulates the population dynamics of whitefly (host) and parasitoid
in a crop. It is based on developmental biology of the two species and on the
parasitoids’ searching and parasitization behaviour in relationship to host plant charac-
teristics and greenhouse climate. Whiteflies show a strongly clustered distribution over
plants and feaves and local host densities very much affect the parasitoids’ behaviour,
Therefore, local interactions are very important. The model is unique in that it is an
individual-based model which simulates local searching and parasitization behaviour
of a large number of individual parasiteids in a whitefly-infested crop. The model
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includes stochasticity and spatial structure which is based on location coordinates of
plants and leaves. Individual-based models are a necessity when local interactions and
stochasticity are important (De Angelis & Gross, 1992). With the model we are able
to (1) explain the ability of E. formosa to reduce whitefly populations in greenhouses
on crops like tomato, (2) improve introduction schemes of parasitoids for crops where
control is more difficult to obtain and (3) predict effects of changes in cropping
practices (e.g. greenhouse climate, choice of cultivars) on the reliability of biclogical
control.

Most of the models on population dynamics developed thus far use observed
functional response curves as input. The functional response curve is the relationship
between the number of hosts parasitized per parasitoid per day as a function of host
density. These curves are observed on leaves and then extrapolated to the crop level
by deriving parasitism rates from the average host density in the crop. This implicitly
assumes that the observed relationship for leaves is also valid at higher spatial levels,
which is vnrealistic when hosts show a strongly clustered distribution in the crop and
when functional response curves are non-linear.

Outline of the thesis

When the present research project started, many experiments had been done to obtain
the life-history parameters of the two species: immature development rate, immature
mortality, adult longevity, sex ratio, fecundity and oviposition frequency. Furthermore,
extensive studies had been done on the whitefly’s host-plant preference and suitability,
on selection of feeding and oviposition sites and on spatial distribution patterns (review
in van Lenteren & Noldus, 1990). The parasitoids’ foraging behaviour was observed
in detail when the parasitoid was confined to an experimental arena for a fixed time
(review in Noldus & van Lenteren, 1990).

However, little was known about the time allocation of the parasitoid on leaves
when they were able to leave. The gaps in knowledge are first identified and studied
experimentally in Chapters 2, 3 and 4, to be able to quantify the foraging process of
the parasitoid from landing on a leaf until departure. These chapters describe direct-
observation experiments of foraging parasitoids on tomato leaflets until leaving.
Chapter 2 summarizes residence times on leaflets. In Chapter 3 the leaving tendency
of the parasitoid from the leaflet and effects of several intra-patch experiences with
hosts are guantified. In Chapter 4 other basic aspects of foraging on leaves are quan-
tified, such as the parasitoids’ walking speed and walking activity and host handling
behaviour,

Data of Chapters 3 and 4 are used as input in the simulation model described
in Chapters 5§, 6 and 7. In these chapters, the foraging behaviour of E. formosa is
studied using a stochastic simulation model at three spatial scales: in a small ex-
perimental arena, on a tomato leaflet and on a tomato plant. The models are validated
with experimental data. This information helps to understand quantitative effects of the
parasitoid on whitefly populations at a much larger spatial and time scale: in a crop
during a growing season.

10
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In Chapters 8 and 9, life-history parameters of the greenhouse whitefly and E.
formosa are reviewed. With data from literature, the relationships between life-history
parameters and temperature are estimated by non-linear regression.

Chapter 10 describes the final model which simulates the population dynamics
of the pest insect-parasitoid interaction in a tomato crop. This model comprises several
submodels, one of which is the model of the parasitoids’ foraging behaviour on tomato
leaflets, described in Chapter 6. Data of Chapters 8 and 9 for tomato are used as input
to describe the developmental biology of the two species. The model simulates
behaviour of individuals and includes stochasticity and spatial structure which is based
on location coordinates in the canopy. The model is validated with population counts
from experiments with and without introduction of E. formosa in small greenhouse
compartments and in a large commercial greenhouse. A sensitivity analysis of the
model extracts the most important properties of parasitoid, whitefly and crop which
favour biological control.

The study is concluded with a summarizing discussion in Chapter 11 that
demonstrates the scientific and practical implications of this study and prioritizes the
future plans for further research.
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Chapter 2

Residence times of the whitefly parasitoid Encarsia
formosa on tomato leaflets

ABSTRACT

Individual Encarsia formosa parasitoids were observed continuously on either clean, honeydew-
contaminated and whitefly-infested tomato leaflets until the parasitoids flew away. The median
residence time on clean leaflets was about 20 min at 20, 25 and 30°C, and was the same on infested
leaflets when no hosts were encountered. Encounters with unparasitized and parasitized whitefly larvae,
and contact with honeydew prolonged the residence time of the parasitoid on the leaflet. Even when
many parasitized black whitefly pupae (unsuitable hosts) were encountered and rejected, the parasitoid
still was arrested on that leaflet, E, formosa's walking pattern seemed to be random, and parasitoids
showed no preference for searching on the upper or lower leaf side when no hosts where encountered.
There is also no preference for the edge or for the middle of a leaf. Walking and flight activity of the
parasitoids was hardly observed at 15 and 18°C. Many parasitoids became inactive after periods when
the barometric pressure decreased than when stable or increasing.

INTRODUCTION

The parasitoid Encarsia formosa Gahan (Hymenoptera: Aphelinidae) has been used
since the 1920s to control the greenhouse whitefly, Trialeurodes vaporariorum
(Westwood) (Homoptera: Aleyrodidae). At present biological control is commercially
successful in several greenhouse vegetables (van Lenteren & Woets, 1988). The
reliable application of this parasitoid was supported by an intensive research program.
Part of this research consisted of direct observation of host searching, host selection,
host discrimination, parasitization, and host feeding behaviour (van Lenteren et al.,
1976a and b; Nell et al., 1976; van Lenteren et al., 1980). Still, little is known about
the time allocation of parasitoids on leaves. In greenhouses most of the leaves are
uninfested, as average whitefly densities are extremely low when biological control is
successful (Eggenkamp-Rotteveel Mansveld et al., 1978). So, the parasitoids spend
much time searching for hosts. They move from leaf to leaf and the time they stay on
each leaf has great impact on the parasitization efficiency and, thus, on the level of
biological control.

E. formosa is a synovigenic, solitary larval parasitoid of the greenhouse
whitefly. In order to reproduce, the parasitoid searches for the sessile whitefly
immatures by flying or hopping from leaf(let) to leaf(let), without distinguishing
between infested and clean plants or leaves before landing (Noldus & van Lenteren,
1990, Siitterlin & van Lenteren, in prep.). Once on a leaf it starts walking and
drumming the leaf with its antennae. Hosts are only present on the lower leaf side.
Upper leaf sides may be covered by honeydew produced by hosts in higher leaf layers.

13
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On encounter, a host can be rejected after an inspection with the antennae (antennal
rejection) or can be rejected or accepted for oviposition or host feeding after insertion
of the ovipositor (ovipositorial rejection, oviposition or host feeding respectively) (van
Lenteren et al., 1980).

The aim of this study was t0 examine time allocation of E. formosa on leaves,
This information will later be used to estimate the parasitization efficiency of the
parasitoid with the help of a simulation model (Chapters 5, 6, 7 and 10). Experiments
were done on: (1) clean tomato leaflets, (2) leaflets with honeydew, (3) leaflets with
a low number of unparasitized hosts, and (4) leaflets which were depleted by
conspecifics earlier and only bear parasitized hosts. As the temperature usually varies
between 15 and 30°C in greenhouses, the effect of this temperature range was also
tested.

MATERIAL AND METHODS

Plants

Tomato plants (Lycopersicon esculentum var. 'Moneymaker’) were grown in a
greenhouse compartment at 20-24°C, L16:D8 and 70% RH. Each week a fertilization
trcatment was carried out and in autumn, leaves were sprayed sequentially with
Rubigan, Nimrod, Baycor and Daconil against powdery mildew. These fungicides are
not harmful for whitefly and parasitoid immatures (Koppert Biological Systems, pers.
comm.). Plants were used when 4-6 weeks old and about 60 cm in height. Leaflets on
which observations were carried out were fully grown and 22.5 cm? + 635D, , (n=110)
in size.

Greenhouse whitefly

Greenhouse whiteflies were reared on tomato var. 'Moneymaker’ in a greenhouse com-
partment at approximately 24°C, L16:8D and 50% RH. The whitefly had been reared
on this tomato cultivar for 20 years.

Low densities of 1 or 4 unparasitized larvae per leaflet were obtained by placing
clip-on leaf cages (2.5 cm) bearing 1 female and 1 male adult whitefly on a clean
tomato plant. For all other treatments (see below), a clean tomato plant was placed in
a plant cage with a large number of whitefly adults. After 16-24 h the whiteflies were
removed from the leaflets and the plant was transferred to a whitefly-free compartment.
Whitefly immatures develop from the egg stage to four successive larval stages (L1-
L4), a prepupal and a pupal stage (Chapter 8). The L3, L4 and prepupa are preferred
by E. formosa for oviposition (Nell et al., 1976). After 17-21 days at 22°C and 50%
RH larvae were of stage L3-L4. Fully grown leaflets with a correct number of L3/L4
larvae were chosen shortly before the start of an observation.

To produce recently-parasitized whitefly larvae, a few parasitoids were released
1-7 h before an observation on a leaflet bearing unparasitized L.3/L.4 larvae. Whitefly
larvae were considered to be parasitized after an oviposition posture lasting longer than
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120 s was observed (van Lenteren et al., 1976b). The leaflet was then used for
observation. At the end of the observation the larvae were dissected to check if each
oviposition posture had resulted in an egg deposited in the host.

To produce black parasitized whitefly pupae, plants with unparasitized L3 larvae
were placed in cages with about 50 parasiteids for 24 h at 22°C. After 9-10 days at
22°C the parasitoid immature pupated in the host pupa, which then turned black. Fully
grown leaflets with the correct number of hosts were chosen shortly before the start
of an observation.

Honeydew was collected on upper sides of leaflets by placing an infested leaflet
slightly above a clean leaflet in a holder for 24 h at 22°C. The infested leaflet bore
15.9 + 5.18D (n=30) immature whiteflies (all stages) per 0.196 cm’. Leaflets remained
attached to their plants. Leaflets with honeydew on the upper leaf side were checked
for (dropped) whitefly immatures, which were then removed. A large amount of
honeydew was thus collected on leaflets in the same way as in a natural sttuation: with
natural droplet size and with small picces of exuviae,

Parasitoids

Parasitoids were delivered as black pupae on paper cards by Koppert Biological
Systems (Berkel en Rodenrijs, the Netherlands), where E. formosa is reared on tobacco
leaves. Cards were placed in glass petri dishes (5 cm in diameter) at 20-24°C with a
droplet of honey one day before each observation when the observations were done at
25 and 30°C respectively. Most parasitoids emerged in early morning hours. Lights
were switched on at least 2 h before observation. When observations were done at
20°C, petri dishes were also placed at 20°C to avoid a temperature decline, which
might influence the parasitoids’ activity. For each observation a naive female of E.
formosa, not older than 24 h was used.

When the observations were done at 15 or 18°C, parasitoids emerged at 25°C
and were kept at that temperature during the day. During the night they were placed
at 12°C. This pre-treatment was done to be sute of parasitoids with a full baich of
mature eggs (high temperature exposure) and to avoid a temperature decline shortly
before the observations (low temperature exposure), as in the other replicates.
Therefore, these naive parasitoids were 24-48 h old. At 18°C two other pre-treatments
were also done: black pupae were placed at 18°C (n=10) or at 20-24°C (n=13) for
emergence, and observation was done on the day of emergence.

From at least 1 h before the start of the observation parasitoids were kept
separately in a polysaccharid capsule (2.5x0.8 cm).
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Experimental set-up

The observations were carried out on tomato leaflets in a climate room at a constant
temperature (+1°C) and 70+5% RH. At the start of each observation a single naive E.
formosa female was introduced on a leaflet placed in a glass vial (5.5x1.5 c¢m) filled
with water. This vial was attached to the stem in the middle of a tomato plant. Leaflet
angle was about 45°. Five plants surrounded the plant to mimic the light conditions of
a crop and to provide the parasitoid with ample opportunity to hop or fly to another
leaflet. Light intensity at the observed leaflet was 5775 lux. Continuous observation
started directly after the introduction of the parasitoid. When the parasitoid was on the
lower leaf side it was observed through a stereo microscope; when it was on the upper
leaf side it was followed by eye.

The residence time, the search time and the host handling time were recorded
using the computer software package *The Observer’ (Noldus, 1991), Throughout the
experiment, the position of the parasitoid on the leaflet was recorded: the upper leaf
side, the lower leaf side, or whether the parasitoid was on the edge or not. Edge width
was taken the same as the width of the parasitoids’ searching path (0.5 mm). An obser-
vation stopped when the parasitoid flew from the leaflet. When the parasitoid walked
off the petiole, which was only rarely observed, or when no foraging activity occurred
for more than 60 min the observation was not included in the analysis. Observations
were also excluded when a parasitoid left within 180 s, because this was clearly due
to disturbance of the parasitoid during introduction.

Two types of experiments were conducted. In experiment I no hosts were
present. This was done to study the effect of temperature, the side of the leaflet on
which the parasitoid was introduced, and the presence of honeydew. Seven
combinations of these factors were tested (n is the number of successful observations):
(1) 15°C, without honeydew, parasitoid introduced on upper leaf side (n=32), (2} 18°C,
without honeydew, parasitoid introduced on upper leaf side (#n=566), (3) 20°C, without
honeydew, parasitoid introduced on upper leaf side (n=26), (4) 25°C, without
honeydew, parasitoid introduced on upper leaf side (#=38), (5) 30°C, without
honeydew, parasitoid introduced on upper leaf side (n=46), (6) 25°C, without
honeydew, parasitoid introduced on lower leaf side (n=43) and (7) 25°C, with
honeydew, parasitoid introduced on upper leaf side (n=22).

In experiment II a varying number of unparasitized or parasitized hosts were
present on the lower leaf side. This was done to estimate the effect of encounters with
hosts. In this experiment the ambient temperature was always 25°C, honeydew was
absent and the parasitoid was introduced on the lower leaf side, Three host types were
distinguished: unparasitized, recently-parasitized by a conspecific, and black parasitized
by a conspecific. The only difference between the 6 treatments was the number of
hosts and the host type: (1) 1 unparasitized L3/L4 larva (n=24), (2) 4 unparasitized
L3/LA larvae (n=25), (3) 1 recently-parasitized L3/L4 larva (n=54}, (4) 4 recently-
parasitized L3/L4 larvae (n=41), (5) 4 black parasitized pupac (n=32) and (6) 77 to 200
black parasitized pupae (n=20).
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Table 1. Mean residence time (s) of E. formosa on clean tomato leaflets. SD_; and number of
replicates given between brackets.

Temperature (°C) 15 18 20 25 25 30
Leaf side of introduction upper upper upper upper lower upper
Residence time >>3600 >>3600 1484a 1415 a 1034 a 1739 a

(=32) (-;66) (1242;26) (828;38)  (1053;43) (1979:46)

Kruskal-Wallis test, P=0.243. Different letiers in a row indicate significant differences. Overall
mean=1450 (1417;153), median=1014.

RESULTS

Residence time

Residence times of E. formosa on clean leaflets are given in Table 1. At 15 and 18°C
parasitoids did not fly away from the leaflets. Twelve and eight observations were
continued the next morming (16-24 h later) respectively and in all cases the parasitoid
was still on the leaflet, close to the place were it was observed the day before. At
18°C, observations were done in autumn 1990 and repeated in summer 1991 after
different pre-treatments of the parasitoids. Only two parasitoids, which also had
emerged at 18°C, flew away from the leafiet. At temperatures of 20, 25 and 30°C,
residence times on clean tomato leaflets were the same, The leaf side on which the
parasitoids were introduced to also did not influence residence times.

Table 2 shows the residence times on infested leaflets when no hosts were
discovered by the parasitoid. Host number and type did not affect the residence times.
The mean residence time on infested leaflets when no encounters occurred (1681 s)
was equal to the residence time on clean leaflets (1450 s5) (Mann-Whitney U test,
P=0.132, n=54 and 153 respectively). In the treatments with unparasitized hosts, most
parasitoids {95.9%) did discover hosts, because in these treatments the parasitoids were
introduced close to a host in the middle of the leaflet.

Residence times were higher when hosts were discovered by the parasitoids and
then the number and type of hosts encountered played an important role (Table 2).
Mean times were longest (8660 s) when 4 unparasitized hosts were present. The
residence time on uninfested leaflets with honeydew (5133 s) was significantly higher
than on clean leaflets (Mann-Whitney U test, P=494*10%, n=18 and 153 respectively).

These long residence times were not caused by parasitoids spending a larger
amount of time sitting still or preening. The parasitoids’ searching or walking activity
(the time walking while drumming on the leaf surface as a percentage of the total time
on the leaf, excluding host handling time) was not influenced by temperature at 20°C
or up, the leaf side of introduction, the presence of honeydew and it was never affected
by host encounters or ovipositions in these experiments (Chapter 4). The overall mean
was 71.7+21.28D % (median=77.0%; n=371).

The parasitoids spent most of the time on the leaf surface without being in
contact with hosts (Table 2). When 4 unparasitized or recently-parasitized hosts were
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Table 3. Comelation between residence time and total number of encounters of E. formosa on
tomato leaflets, based on six treatments (0, 1 and 4 hosts per leaflet at 25°C; the parasitoid
introduced on the lower leaf side).

Host type at the time of introduction Spearman's r, n
Unparasitized 0.896 92
Recently-parasitized 0.724 138
Black parasitized 0.780 95
All 0.789 239

Spearman rank correlation test (¢=0.05).

present, the time without handling hosts was about 80% of the residence time on the
leaflet. Even at a high host density of 77-200 black parasitized pupae, parasitoids were
not in contact with hosts during 92% of the time. During this time parasitoids were
walking while drumming for hosts, preening, or sitting still. Obviously, long residence
times were not caused by host handling.

Host type and the number of hosts (1 or 4) did not influence the time until the
first encounter, but (as expected) a higher number of hosts shortens this time (Table
2). At low host numbers, the time until the first encounter is about half of the residence
time on clean tomato leaflets.

The average number of encounters and ovipositions in hosts on the leaflets are
also given in Table 2. The residence time of the parasitoid was always significantly
correlated with the total number of host encounters on the leaflet (Table 3). Linear
regression yielded an average increase (slope) in residence time of 885.8 s per
encounter on a leaflet with unparasitized hosts (#=0.808; n=92). The increase in
residence time was much lower, ie, 497.5 s, on a leaflet with parasitized hosts
(r’=0.447; n=170). Residence times were poorly correlated with the number of
ovipositions in hosts, mainly because oviposition in black parasitized pupae was never
observed.

Position on the leaflet
E. formosa changes from one leaf side to another while searching. On clean leaflets
the average number of changes was 1.5 at 25°C. This increased to 6.7 when honeydew
was present on the upper leaf side, due to the longer total residence time. Thus, both
residence time and number of leaf side changes increased with a factor 4, so the
duration of each stay on a leaf side remained the same. When 4 unparasitized hosts or
77-200 black parasitized hosts were present, the average number of leaf side changes
were only 3.4 and 5.9 respectively, whereas the times without handling hosts were
much higher than on clean leaflets. These data show that encounters with hosts, and
especially ovipositions, prolong the duration of each stay on the lower side of the leaf,
This is verified in more detail in Chapter 3.

E. formosa spent 64.5% of the time on the leaf side of introduction when no
hosts were on the leaflet. This percentage was not affected by temperature at 20°C or
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Table 4. Time spent by E. formosa on the leaf side of introduction as percentage of the total time,
on tomato leaflets without hosts. SD,,, and number of replicates given between brackets.

Temperature (°C) 15 18 20 25 25 30 25

Leaf side of introduction  upper upper upper upper lower upper upper
Honeydew on upper leaf no no no no no no yes
Time on leaf side of - - 697a 642a 665a 561a 724a
introduction (%) (-:32) (~:66) (36.8,26) (30.9;38) (26.4;43) (35.9;46) (21.0;22)

Kruskal-Wallis test, P=0.277. Different letters in a row indicate significant differences. Overall
mean=64.5 (31.1;175), median=65.9.

Table 5. Time spent by E. formosa on the lower leaf side as percentage of the total time on the
leaflet excluding host handling time, on infested tomato leaflets when hosts were discovered, at
25°C. SD,, and number of replicates given between brackets.

Host number 1 4 1 4 4 77-200
Host type unpar. unpar, rec.par. rec.par. black black
Time on lower leaf side  83.8 a 79.1a 82.1a 839a 78.8 a 785a
(%) (5.3:24) (8.9:23) (14.9;26) (17.926) (16.4;23) (14.2;20)

Kruskal-Wailis test, P=0.0907. Different letters in a row indicate significant differences. Overall
mean=81.2 (13.8;142), median=83.5.

Table 6. Position on a tomato leaflet of E. formosa when flying away (% of all parasitoids which
flew away, n=365) at 20, 25 and 30°C.

Position upper upper lower lower
edge middle edge middle
Parasitoids (%) 63.9 219 52 9.0

higher, the leaf side of introduction, and the presence of honeydew on one leaf side
(Table 4). Thus, there is no preference for upper or lower leaf sides when hosts are
absent.

When hosts were discovered by the parasitoids, 81.2% of the time (excluding
host handling time) was spent on the lower leaf side on which the parasitoids were
introduced. This percentage was not affected by host number or type, nor even by the
high number of hosts of 77-200 (Table 5). This percentage of time spent on the lower
leaf side was significantly higher than on leaflets without hosts (64.5%) (Mann-
Whitney U test, P=7.63*10", n=142 and 175 respectively), again showing that en-
counters prolong the duration of each stay on the lower leaf side.

The percentage of the time (excluding host handling time) that the parasitoid
spent on the leaf edge was 7.9+8.88D % (n=299) at 25°C. This percentage is similar
to the edge area, which was 5.9+0.8SD % (n=6) of the total leaflet surface. Thus, the
time spent at different parts of the leaflet is proportional to the surface area of these

20



residence times of Encarsia formosa

Table 7. Percentage of E. formosa parasitoids which were inactive (sitting still for more than 1 h)
on clean, honeydew-contaminated or infested tomato lcaflets. Total number of parasitoids given
between brackets.

Temperature (°C) 15 18 20 25 25 25 25 30
Period C B.C c A B C D C

Inactive parasitoids (%) 1000 970 594 147 8.1 115 327 303
(32) (66) (64 (150) (123) (26) (98) (66}

Table 8. Barometric pressure and its change (mbar) during 12 h before the observations during
spring/summer 1990 (period A) and during autumn 1991 (period D). SD,, and number of
replicates given between brackets,

Period spring/summer 1990 aummn 199]
Barometric pressure mean change mean change
Active parasitoids 1019.6 a 0.63 a 10208a 108a
(8.1;128)  (2.35:128) (13.9;66) (3.72;66)
Inactive parasitoids 10151a -030b 10186a 026a
(5.6:22) (2.59:22) (11.2;:32)  (2.80:32)
pY 0.0926 0.01389 0.435 0572

b Mann-Whitney U test {&=0.05). Different letters in a column indicate sighificant differences.

leaf parts.

The position on the leaflet from which the parasitoids flew away was not
different for the treatments. Most parasitoids (85.8%}) left from the upper leaf side
(Table 6). Observation of the flight was difficult, because of the small size and black
colour and the capricious flight pattern of E. formoesa. The direction of the flight was
usually upwards for the first few centimeters, but changed frequently afterwards.

Parasitoids’ inactivity and barometric pressure
On particular days or parts of the day, almost afl parasitoids were inactive and the
observations were stopped after one hour. Because experiments were done in a climate
room at constant temperatures and humidity, the barometric pressure was the only
environmental factor that was not controlled. Observations were carried out in
Wageningen, the Netherlands during four periods: during the spring and summer of
1990 (period A), during the astumn of 1990 (period B), during the spring and summer
of 1991 (period C) and during the autumn of 1991 (period D). Table 7 shows the
percentage of parasitoids which were inactive during the observations in these periods.
Observations carried out at 25°C during period A and D were used to analyse the
influence of barometric pressure on activity. During the observations in period B and
C, the number of inactive parasitoids was insufficient.

Hourly data on barometric pressure were taken during each observation, as well
as 6 and 12 h before each observation. The effect of the barometric pressure was only
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apparent when the period of 12 h before each observation was taken into account. The
spring and summer of 1990 was characterized by warm, sunny and relatively stable
weather without frequent showers: the amplitude in barometric pressure was
1.74+1.72SD mbar (n=150) during the 12 h period for each parasitoid tested. Autumn
1991 was relatively unstable with many rainy days: the amplitude in baromeiric
pressure was 2.51+2.50SD mbar {(n=98). Table 8 shows that the change in barometric
pressure (maximum minus minimum or vice versa) during 12 h before each
observation was significantly different for active and inactive parasitoids during the
spring and summer of 1990. For active parasitoids the average barometric pressure
increased 0.63 mbar and for inactive parasitoids it decreased 0.30 mbar. During autumn
1991 the same trend was observed: for active parasitoids the average pressure increased
1.08 mbar and for inactive parasitoids it increased only slightly (0.26 mbar). This low
average for inactive parasitoids, close to 0, means that more inactive parasitoids
observed a decreasing pressure than the active parasitoids. However, the difference in
change of barometric pressure between active and inactive parasitoids was not
significant, which might be due to the relatively unstable character of the weather
during this period.

DISCUSSION

For E. formosa the residence time on a clean tomato leaflet varied greatly but averaged
about 20 min. At 15 and 18°C parasitoids were hardly scarching and residence times
were extremely long. During the present study it appeared that on a particular day or
part of the day when the barometric pressure had decreased, many parasitoids became
inactive, Similar effects have been reported for other insects (Lanier & Burns, 1978;
Ankney, 1984; Steinberg et al., 1992). On infested leaflets when hosts were not
encountered by E. formosa, the residence time was equal to that on clean leaflets,
indicating that the parasitoid does not detect hosts from a (short) distance. E. formosa’s
walking pattern seemed to be random, and parasitoids showed no preference for the
upper or lower leaf side when no hosts were encountered. There is also no preference
for the edge or for the middle of a leaf. Van Lenteren et al. (1976a) showed that
different host stages are encountered in proportion to their size, and inferred random
searching from this.

Contact with honeydew or encounters with unparasitized and parasitized hosts
arrested the parasitoid on the leaflet. The presence of a film of honeydew with small
pieces of exuviae prolonged the average residence time to 85 min. When 4 un-
parasitized hosts were present, the residence time was 144 min. Again, a high variation
was observed. Even when parasitized black whitefly pupae were encountered and
immediately rejected, the parasitoid was arrested on the leaf and up to 134 of such en-
counters were observed at high densities before take off. These long residence times
were not caused by host handling or by a reduction in walking activity of the
parasitoids. The observed residence times show that each encounter, and especially
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each oviposition in unparasitized hosts, prolong the total duration on the leaf and the
duration of each stay on the lower leaf side, where hosts are present. This is verified
in more detail in Chapter 3.

Honeydew is apparently associated with the presence of hosts by the parasitoid.
Van Vianen & van der Veire (1988) also showed an increase in time on the leaf after
E. formosa discovered honeydew. Higvar & Hofsvang (1991) show longer visit times
when honeydew was encountered in several aphid parasitoid species.

The residence times on clean and infested tomato leaflets are very similar to that
on cucumber leaves, which were almost 5 times larger: Van Eck-Borsboom {1979)
measured an average residence time of 19.3 min (x16.95D_;; n=99) on clean leaves
at 25°C, 70.9 min (+79.9; n=55) on leaves with one droplet of honeydew per 10 cm?
and 155.7 min (+102.6; #=15) on leaves when on average 3 unparasitized hosts were
discovered. A correlation between residence time and leaf size (range 43-160 cm®;
n=99) was not found. However, on much larger leaves (e.g. gerbera) higher residence
times were found (about 1 h on clean leaves, Siitterlin et al., 1993). A correlation
between the residence time on a clean leaf and the number of parasitoids that had
visited that leaf before (on the same day) was not found either, indicating that the
parasitoid does not detect or react to earlier conspecifics directly, but only by
encountering parasitized hosts.

A very large proportion of the parasitoids (95.9%) discovered the unparasitized
hosts in a relatively short time, This is because during the treatment with unparasitized
hosts, the parasitoids were introduced close to the hosts, which were always in the
middle of the leatlet due to the use of leaf cages for whitefly oviposition. In the other
treatments with 1 or 4 parasitized hosts, where parasitoids were not introduced near
the hosts, 48-72% of the parasitoids discovered the hosts. On cucumber and gerbera
leaf discs with a comparable host density, Li et al. (1987), Godthelp (1989) and
Kusters (1990) found that 65% of the parasitoids discovered unparasitized hosts, which
shows that detection of unparasitized hosts is not different from that of parasitized
hosts.

Ledieu (1976) and Hussey et al. (1976) found E. formosa more often on heavily
infested leaves of the crop and concluded that this was the result of detection from a
distance, probably due to attraction by the honeydew that is excreted by the whiteflies.
Popov & Zabudskaya (1982) observed more parasitoids in the olfactometer chamber
with heavily infested leaves compared to clean leaves, but it is not clear from the paper
if this was due to the parasitoids’ first choise. Noldus & van Lenteren (1990),
Bouwman et al. (1992) and Siitterlin & van Lenteren (in prep) re-examined this
problem by direct observation of individual parasitoids in wind tunnels, olfactometers
and plant cages. They concluded that the parasitoid does not distinguish between
infested and uninfested plants or leaves from a distance (maximally 1.5 m) and that
leaves are visited randomly. The present study showed that, once on a leaf, parasitoids
are arrested after having contacted hosts or honeydew, which explains the increasing
parasitoid density on infested leaves in time.
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In conclusion, the present study resulted in the following essential additions to
earlier work on E. formosa: (1) parasitoids searched at random without a preference
for the upper or lower leaf side, or for the edge or middle of a leaf, (2) the residence
time on clean tomato leaflets was about 20 min and equal to that on infested leaves on
which no hosts are encountered, (3) parasitoids were arrested on the leaf by encounters
with, and especially by ovipositions in unparasitized hosts, by encounters with
parasitized (unsuitable) hosts and by contact with honeydew, (4) parasitoids were
arrested on the lower leaf side by encounters with hosts, (5) many parasitoids became
inactive when the barometric pressure had decreased. These new findings have
important consequences for the interpretion and explanation of the overall parasitization
efficiency of E. formosa in the field.

Time series of the present study have been used to derive the patch leaving
mechanism for E. formosa. The parasitoids’ tendency of leaving (probability per unit
of time to leave) and its reciprocal, the giving up time, were estimated by means of the
proportional hazards model {Chapter 3). The tendency of changing from one leaf side
to the other, and the influence of different intra-patch experiences with hosts were also
tested. This was done because comparison of total residence times is handicapped
because the number, timing and sequence of encounters with hosts can never be kept
equal among replicates.

The new data are used in a stochastic simulation model of the foraging
behaviour of E. formosa (Chapters 5, 6, 7 and 10). Based on these simulations, we are
able to judge in what situations E. formosa can be used as an efficient biological
control agent.
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Chapter 3

The influence of intra-patch experiences and
temperature on the time allocation of the whitefly
parasitoid Encarsia formosa

ABSTRACT

The effect of experiences, such as contact with honeydew, rejections of hosts and ovipositions in hosts,
and of temperature, on the time allocation of individual Encarsia formosa female parasitoids on tomato
leaflets have been studied. Behavioural records were analysed by means of the proportional hazards
model. Anatyses were carried out at two levels: (1) the tendency of leaving and (2) the tendency of
changing from one leaf side to another, The patch-leaving behaviour of E, formosa can be described
by a stochastic threshold mechanism, which is characterized by a certain tendency (probability per
time) to leave. The median time from being placed on the leaflet or, if it occurred, from the latest
encounter with a host until leaving was 18.6 min. The median time for changing from one leaf side
to the other was initially 11.6 min and dropped to 5.7 min after both leaf sides had been visited. The
effect of temperature, ranging from 20 to 30°C, was negligible. The presence of honeydew as well as
the first oviposition in an unparasitized host decreased the tendency to leave, thus increasing the giving
up time (GUT) since latest encounter with a host, Encounters with parasitized hosts did not affect the
GUT since latest encounter; as a result the total residence time increased. After the first oviposition
in an unparasitized host the tendency of changing from the lower leaf side on which hosis were present
to the upper side was decreased. The presence of honeydew did not affect the tendency of changing
leaf sides.

INTRODUCTION

Foraging by a parasitoid involves a series of steps that brings it progressively closer
to their hosts (Salt, 1935; Doutt, 1964; Vet & Dicke, 1992; and for an extensive review
of all phases see Nordlund et al., 1981), When searching in a host poor environment,
or when most hosts in a certain patch have been exploited, the motivation to leave such
an area and to start searching for a more profitable patch should be initiated.

The question of when to leave a patch optimally is one of the main issues in
optimal foraging theory. Several strategies have been modelled (Charnov, 1976; Iwasa
et al,, 1981; McNair, 1982; McNamara & Houston, 1987; Green, 1987). The best
known hypotheses for patch-leaving mechanisms are: (a) a patch is left after a fixed
number of hosts is parasitized, (b) the parasitoids leave the patch after a fixed period
of time and (c} the parasitoids leave after the oviposition or encounter rate falls below
a certain threshold (Gibb, 1962; Krebs, 1973; Murdoch & Oaten, 1975; Waage, 1979).

Waage (1979) was among the first to study effects of intra-patch experiences
on leaving decisions of parasitoids empirically. He predicted that ovipositions in
unparasitized hosts should increase the time spent in a paich since the latest oviposition
(giving up time, GUT). Encounters with parasitized hosts, however, are suggested to
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