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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, en niet van het op afstand
lokaliseren van besmet blad door de sluipwesp, zoals Ledieu (1976) concludeerde.
Ledieu,M.S., 1976.IOBC/WPRSBuil. 1976/4:121-124.
Dit proefschrift.

2.

Bij de bestrijding van kaswittevlieg met Encarsia formosa op tomaat kan beter
gesproken worden vanplaagonderdrukking door inundatievebestrijding dan van
regulatie door seizoens-inoculatieve bestrijding.
Lenteren,J.C.van, 1986.In:InsectParasitoids.Waage,J.K.; Greathead,D.J.(Eds.).
AcademiePress,London,pp341-374.
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 afname in zoekactiviteit 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.
Metz, J.A.J.; Diekmann, O.(Eds.).Lecture Notes in Biomathematics 68. SpringerVerlag,Berlin, pp.298-321.
Mols,P.J.M., 1987.ActaPhytopath.Entom.Hung.22:187-205.
Dit proefschrift.

5.

Het grote effect van variatie in zoektijden 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 deondervertegenwoordiging vande produktie-ecologische
benaderingswijze.

7.

Omdat plaagdichtheden in het gewas op een laag niveau gehouden moeten
worden, isde zoekefficièntie van een natuurlijke vijand een beter criterium voor
haar geschiktheid in biologische bestrijding dan de intrinsieke populatiegroeisnelheid (rm).
Dit proefschrift.

8.

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.

9.

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

10.

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

11.

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

12.

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

13.

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 topopulation dynamics.
Wageningen, 18 oktober 1995.
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Chapter 1
General introduction
Whitefly pests, damage and control
About 1200whitefly species have been described, of which few areknown to bepests.
Only two whitefly pest species occur in protected agriculture (Byrne et al., 1990): the
greenhouse whitefly, Trialeurodes vaporariorum, and the sweet potato whitefly,
Bemisia tabaci. Both species arehighlypolyphagouspest 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 whiteflies 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 scales/cm2
leaf or more, and an economic damage at 6 scales/cm2 or more. Finally, whiteflies can
transmit various virus diseases. A survey of damage and pest status of whiteflies can
be found in Byrne et al. (1990).
In natural ecosystems and agroecosystems wherepesticides arenot used, usually
an array of natural enemies keeps the number of whiteflies at very low numbers:
predators,parasitoids and pathogens all taketheirtoll.Work on twocropping 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).Whenpesticides areapplied,natural enemiesareexterminated and whiteflies
attain pest status. Furthermore, changes in cropping rotation, shortening of fallow
periods, and concurrent or overlapping growth of whitefly sensitive crops may result
in such a high and continuous whitefly pressure that natural 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. Theseproblems wererecognized recently atthepolicy level and have
resulted in the Netherlands in the Multi-Year Term Plan of Crop Protection of the
Ministry of Agriculture, Nature and Fisheries (MJP-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, wherepredators,parasitoids orpathogens 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
Thegreenhousewhitefly,T. vaporariorum(Westwood)(Homoptera,Aleyrodidae)was
found in 1856ingreenhousesintheU.K.Westwooddescribed thespeciesin thatyear
andheassumedthatitwasimportedonlivingplantsorinthepackings ofOrchidaceae
from Mexico. Now this species has spread all over the world and attacks many plant
families andgenera(Russell, 1977).In 1926,atomatogrowerdrew theattentionofthe
English entomologist Speyer to black pupae among the normally white scales of the
greenhouse whitefly. From the black pupae, parasitoids emerged that were identified
asEncarsiaformosaGahan (Hymenoptera,Aphelinidae)(Speyer, 1927). Within afew
years a research station in England was supplying 1.5 million of these parasitoids
annually to about 800nurseries in Britain. During the 1930sE.formosa was shipped
to some other European countries, Canada, Australia and New Zealand. After World
WarII,theuse ofE.formosa wasdiscontinued because newlyintroduced insecticides
provided control on most greenhouse crops.
The interest in the use of natural enemies revived after the resistance to
pesticides inthetwo-spotted spidermite,Tetranychus urticae, reached such levelsthat
chemical control became impossible. An imported predatory mite, Phytoseiulus
persimilis, successfully kept the spider-mite populations below the economic injury
level(Hussey&Bravenboer, 1971).Thisimplied thatbroad spectrumpesticidescould
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.Inthe 1970'senormouswhitefly outbreaks tookplaceinWesternEurope,
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 andintegrated controlprograms ingreenhouses.Duringthe
past 25 years, 25 species of natural enemies have been identified and introduced
against20pest species in greenhouses (van Lenteren &Woets, 1988;vanLenteren 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.InWestern Europe alone biological controlof
greenhouse whitefly is applied on about 4000 ha and growers consider it a more
reliable method than chemical control.Thepositive spin-off isreduced 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 bya 'trial and error' approach:natural enemies werereleased atdifferent times
and in different numbers, and their level of control wasexamined. Theknowledge of
regulation mechanisms at the population level is still limited. As yet there is no
satisfactory explanationastowhytheparasitoidintroduction schemefortomatocannot
be applied reliably on other important greenhouse crops. A variety of qualitative
explanations havebeen given for thedifference incontrol levels,based on laboratory
studiesofindividual behaviourandonpopulation studiesinthegreenhouse.However,
the main causal factors could not be identified.
Differences incontrollevelsmaybecaused bydifferences in(1)thegreenhouse
temperature,(2)thelife-historyparametersandthusthepopulationdevelopmentofpest
and natural enemy,(3)thecrop structureand leaf size,(4)theleaf surface (hairiness),
and (5) the whitefly distribution in the crop. Factor (1) influences the life-history
parameters and(1),(3),(4)and (5)affect theparasitoids' searching behaviour and,as
aresult,theparasitizationefficiency. Becauseofthemultitudeofrelationshipsbetween
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
approachbridgesthegapbetweenknowledgeattheindividual leveland 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 whiteflyE. formosa to explain failure or success of biological control. The model is
mechanistic, thatis,itexplains howwhiteflies andparasitoids,in terms of life-history
parameters, and howparasitoids, in terms of searching efficiency, host handling and
available eggs,realize the observed level of parasitism. Mechanistic explanations are
helpful inunderstanding andimprovement ofbiologicalcontrol inpractice.Themodel
does not explain whythe whiteflies and parasitoids choose to behave in this way, in
terms of the selection pressure acting on them.Thus, itdoes not provide afunctional
explanation of the observed behaviour, which can be studied using optimal foraging
models.
The model simulates thepopulation dynamics of whitefly (host) and parasitoid
in a crop. It is based on developmental biology of the two species and on the
parasitoids' searching andparasitization behaviourinrelationshiptohostplantcharacteristicsandgreenhouseclimate.Whiteflies showastronglyclustered distribution over
plants and leavesand local hostdensities very much affect theparasitoids' behaviour.
Therefore, local interactions are very important. The model is unique in that it isan
individual-based model which simulates local searching and parasitization behaviour
of a large number of individual parasitoids in a whitefly-infested crop. The model
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includes stochasticity and spatial structure which is based on location coordinates of
plantsandleaves.Individual-based modelsareanecessity when localinteractionsand
stochasticity are important (De Angelis &Gross, 1992).With the model we are able
to (1)explain theability of E.formosa toreduce whitefly populations in greenhouses
oncropsliketomato,(2)improveintroduction schemesofparasitoids for cropswhere
control is more difficult to obtain and (3) predict effects of changes in cropping
practices (e.g. greenhouse climate, choice of cultivars) on thereliability of biological
control.
Most of the models on population dynamics developed thus far use observed
functional response curves asinput. 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
byderiving parasitism rates from theaverage hostdensity in thecrop.This implicitly
assumes that theobserved relationshipfor leavesis alsovalid at higher spatial levels,
which is unrealistic when hosts show a strongly clustered distribution in the cropand
when functional response curves are non-linear.
Outline of the thesis
When thepresentresearch project started, manyexperiments had been done toobtain
the life-history parameters of the two species: immature development rate, immature
mortality,adultlongevity,sexratio,fecundity andoviposition frequency. Furthermore,
extensivestudieshadbeendoneonthewhitefly's host-plantpreference and suitability,
onselection offeeding andoviposition sitesandonspatialdistribution 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,littlewasknown aboutthetimeallocation oftheparasitoid onleaves
when they were able to leave.The gaps in knowledge are first identified and studied
experimentally in Chapters 2,3and 4,to beable toquantify the foraging processof
the parasitoid from landing on a leaf until departure. These chapters describe directobservation 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 arequantified. In Chapter 4 other basic aspects of foraging on leaves arequantified, 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 experimental arena,on atomato leaflet and on atomato plant.The models are validated
withexperimental data.Thisinformation helpstounderstandquantitativeeffects ofthe
parasitoid on whitefly populations at a much larger spatial and time scale: in a crop
during a growing season.
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InChapters8and 9,life-history parametersofthegreenhousewhitefly andE.
formosaarereviewed.Withdatafrom literature,therelationships between life-history
parameters and temperature are estimated by non-linear regression.
Chapter 10describesthefinal modelwhich simulatesthepopulation dynamics
ofthepestinsect-parasitoid interactioninatomatocrop.Thismodelcomprisesseveral
submodels,oneofwhichisthemodeloftheparasitoids'foraging behaviourontomato
leaflets,described inChapter6.Dataof Chapters 8and9for tomato areused asinput
to describe the developmental biology of the two species. The model simulates
behaviourofindividualsandincludes stochasticity andspatial structurewhichisbased
onlocation coordinates in thecanopy. The model isvalidated 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 formosaparasitoids were observed continuously on either clean, honeydewcontaminated and whitefly-infested tomato leaflets until the parasitoids flew away. The median
residencetimeoncleanleaflets wasabout20minat20,25and 30°C,and wasthesameon infested
leafletswhennohostswereencountered.Encounterswithunparasitizedandparasitizedwhiteflylarvae,
andcontactwithhoneydewprolonged theresidencetimeof theparasitoid ontheleaflet. Evenwhen
manyparasitizedblackwhiteflypupae(unsuitablehosts)wereencounteredandrejected,theparasitoid
still wasarrested onthatleaflet. E.formosa''s walkingpattern seemedtobe random,andparasitoids
showednopreference forsearchingontheupperorlowerleafsidewhennohostswhereencountered.
Thereisalsonopreference fortheedgeorforthemiddleofaleaf.Walkingandflight activityofthe
parasitoidswashardlyobservedat15 and 18°C. Manyparasitoidsbecameinactiveafter periodswhen
thebarometricpressuredecreased thanwhenstableorincreasing.
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.
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On encounter, a host can be rejected after an inspection with the antennae (antennal
rejection) orcan berejected oraccepted for oviposition orhostfeeding after insertion
oftheovipositor(ovipositorialrejection, oviposition orhostfeeding respectively)(van
Lenteren et al., 1980).
The aimof thisstudy wastoexamine timeallocation ofE.formosa onleaves.
This information will later be used to estimate the parasitization efficiency of the
parasitoid with thehelpof a simulation model (Chapters 5,6, 7and 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 bearparasitized hosts.As thetemperature 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
greenhousecompartment at 20-24°C,L16:D8 and70%RH.Each week a fertilization
treatment was carried out and in autumn, leaves were sprayed sequentially with
Rubigan,Nimrod, Baycor and Daconil against powdery mildew.Thesefungicides are
notharmful for whitefly andparasitoid immatures (Koppert Biological Systems,pers.
comm.).Plants wereused when 4-6 weeks old and about 60cmin height.Leaflets on
whichobservationswerecarriedoutwerefully grownand22.5cm2+6.3SDn.,(n=l10)
in size.
Greenhouse whitefly
Greenhousewhiteflies wererearedontomatovar.'Moneymaker' inagreenhousecompartment at approximately 24°C,L16:8D and 50%RH.The whitefly had been reared
on this tomato cultivar for 20years.
Lowdensitiesof 1 or4unparasitized larvaeperleaflet wereobtained byplacing
clip-on leaf cages (2.5 cm) bearing 1 female and 1male adult whitefly on a clean
tomatoplant. For all other treatments (see below), aclean tomato plant wasplaced in
aplant cagewith alargenumber of whitefly adults.After 16-24hthewhiteflies were
removedfrom theleaflets andtheplantwastransferred toawhitefly-free compartment.
Whitefly immatures develop from the egg stage to four successive larval stages (LlL4), aprepupal and apupal stage (Chapter 8).TheL3,L4 and prepupa are preferred
by E.formosa for oviposition (Nell et al., 1976). After 17-21 days at 22°C and 50%
RHlarvae wereof stage L3-L4.Fully grown leaflets with acorrect number ofL3/L4
larvae were chosen shortly before the start of an observation.
Toproducerecently-parasitized whitefly larvae,afew parasitoidswerereleased
1-7 h before an observation on a leaflet bearing unparasitized L3/L4larvae. Whitefly
larvaewereconsideredtobeparasitized after anoviposition posturelastinglongerthan
14

residence timesofEncarsia formosa
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.
Toproduceblackparasitizedwhiteflypupae,plantswithunparasitizedL3larvae
were placed in cages with about 50 parasitoids for 24 h at 22°C. After 9-10 days at
22°Ctheparasitoid immaturepupated inthehostpupa,which then turned black.Fully
grown leaflets with the correct number of hosts were chosen shortly before the start
of an observation.
Honeydewwascollectedonuppersidesofleaflets byplacinganinfested leaflet
slightly above a clean leaflet in a holder for 24 h at 22°C. The infested leaflet bore
15.9+5.1SD (n=30)immaturewhiteflies (allstages)per0.196cm2.Leaflets remained
attached to their plants.Leaflets with honeydew on the upper leaf side werechecked
for (dropped) whitefly immatures, which were then removed. A large amount of
honeydew wasthuscollected onleaflets inthesamewayasinanatural situation:with
natural droplet size and with small pieces of exuviae.
Parasitoids
Parasitoids were delivered as black pupae on paper cards by Koppert Biological
Systems(BerkelenRodenrijs,theNetherlands),whereE.formosaisreared ontobacco
leaves. Cards were placed in glass petri dishes (5 cm in diameter) at 20-24°C with a
droplet of honey oneday before each observation when theobservations weredoneat
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 hwas 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 sure of parasitoids with a full batch 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, thesenaiveparasitoids were24-48 hold.At 18°Ctwoother pre-treatments
were also done: black pupae were placed at 18°C (n=10) or at 20-24°C («=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 (2.5x0.8cm).
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Experimental set-up
The observations were carried out on tomato leaflets in aclimate room at a constant
temperature (+1°C)and 70+5%RH.Atthestart of each observation a singlenaiveE.
formosa female was introduced on a leaflet placed in a glass vial (5.5x1.5 cm) filled
with water.Thisvial wasattached to thesteminthemiddleof atomatoplant. Leaflet
anglewasabout45°.Fiveplantssurrounded theplant tomimic the light conditionsof
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
starteddirectlyafter theintroduction oftheparasitoid.Whentheparasitoid wasonthe
lowerleaf sideitwasobserved through astereomicroscope;when itwasontheupper
leaf side it was followed byeye.
Theresidencetime,the search time and the host handling time were recorded
using thecomputer software package 'TheObserver' (Noldus, 1991).Throughout the
experiment, the position of the parasitoid on the leaflet was recorded: the upper leaf
side,thelowerleaf side,orwhether theparasitoid was ontheedgeornot.Edgewidth
wastakenthesameasthewidthoftheparasitoids' searchingpath(0.5mm).Anobservation stopped when theparasitoid flew from the leaflet. When theparasitoid walked
off thepetiole,whichwasonlyrarelyobserved, orwhennoforaging 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 ofthesefactors weretested (nisthenumberof successful observations):
(1) 15°C, withouthoneydew,parasitoid introduced onupperleaf side(«=32),(2)18°C,
without honeydew,parasitoid introduced on upper leaf side(«=66),(3)20°C,without
honeydew, parasitoid introduced on upper leaf side («=26), (4) 25°C, without
honeydew, parasitoid introduced on upper leaf side («=38), (5) 30°C, without
honeydew, parasitoid introduced on upper leaf side («=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
presentonthelower leaf side.Thiswasdonetoestimate theeffect ofencounters with
hosts. In this experiment the ambient temperature was always 25°C, honeydew was
absentand theparasitoid wasintroduced onthelower leaf side.Threehosttypeswere
distinguished:unparasitized,recently-parasitizedbyaconspecific,andblackparasitized
by a conspecific. The only difference between the 6 treatments was the number of
hosts and the host type: (1) 1unparasitized L3/L4 larva («=24), (2) 4 unparasitized
L3/L4 larvae («=25), (3) 1recently-parasitized L3/L4 larva («=54), (4) 4 recentlyparasitizedL3/L4larvae(«=41),(5)4blackparasitized pupae(«=32)and(6)77to200
black parasitized pupae («=20).
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Table 1.Mean residence time (s) of E. formosa
replicates given between brackets.
Temperature (°C)
15
18
Leaf side of introduction upper
upper
Residence time
»3600
»3600
(-;32)
(S66)

on clean tomato leaflets.
20
25
upper
upper
1484 a
1415a
(1242;26) (828;38)

SD„., and number of
25
lower

30
upper

1034 a
1739a
(1053;43) (1979;46)

Kruskal-Wallistest,P=0.243.Different lettersinarowindicatesignificant differences.Overall
mean=1450(1417;153), median=1014.
RESULTS
Residence time
Residence times ofE.formosa onclean leaflets aregiven inTable 1.At 15and 18°C
parasitoids did not fly away from the leaflets. Twelve and eight observations were
continued thenext morning (16-24hlater)respectively and in allcases 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 leaflet. 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 bytheparasitoid. Hostnumber andtypedid notaffect theresidencetimes.
The mean residence time on infested leaflets when no encounters occurred (1681 s)
was equal to the residence time on clean leaflets (1450 s) (Mann-Whitney U test,
P=0.132,n=54 and 153respectively).Inthetreatments with unparasitized hosts,most
parasitoids(95.9%)diddiscoverhosts,becauseinthesetreatmentstheparasitoidswere
introduced close to a host in the middle of the leaflet.
Residencetimeswerehigherwhenhostswerediscovered bytheparasitoidsand
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 timeon uninfested leaflets withhoneydew (5133s)wassignificantly higher
thanoncleanleaflets (Mann-WhitneyUtest,P=4.94*10"6,«=18and 153respectively).
These long residence times were not caused by parasitoids spending a larger
amountof timesitting still orpreening.Theparasitoids' searching orwalking activity
(thetimewalkingwhiledrumming ontheleaf surface asapercentageofthetotaltime
on theleaf,excluding host handling time) was not influenced by temperature at20°C
orup,theleaf sideofintroduction,thepresenceofhoneydew anditwasnever affected
byhostencounters orovipositionsintheseexperiments (Chapter 4).Theoverallmean
was 71.7+21.2SD %(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 orrecently-parasitized hosts were
17
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residence times of Encarsia formosa

Table 3. Correlation between residence time and total number of encounters of E.formosa on
tomato leaflets, based on six treatments (0, 1and 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
Recently-parasitized
Black parasitized
All

0.896
0.724
0.780
0.789

92
138
95
239

Spearman rankcorrelationtest(a=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 whiledrumming 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; «=92). The increase in
residence time was much lower, i.e. 497.5 s, on a leaflet with parasitized hosts
(^=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 1.5at 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. SDn., 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
69.7 a 64.2 a 66.5 a 56.1 a 72.4 a
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. SDn.i and number of replicates given between brackets.
Host number
1
4
4
4
1
77-200
unpar.
unpar.
rec.par.
rec.par.
black
black
Host type
Time on lower leaf side
82.1 a
83.8 a
79.1 a
83.9 a
78.8 a
78.5 a
(5.3;24) (8.9;23) (14.9;26) (17.9;26) (16.4;23) (14.2;20)
(%)
Kruskal-Wallis 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
21.9
5.2
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%) (MannWhitney U test, P=7.63*10"\ n=142 and 175 respectively), again showing that encounters 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+8.8SD % («=299) at 25°C. This percentage is similar
to the edge area, which was 5.9+0.8SD % (w=6) of the total leaflet surface. Thus, the
time spent at different parts of the leaflet is proportional to the surface area of these
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Table 7.Percentage of E.formosa parasitoids which were inactive (sitting still for more than 1h)
on clean, honeydew-contaminated or infested tomato leaflets. Total number of parasitoids given
between brackets.
15
20
25
25
25
30
Temperature (°C)
18
25
B
D
C
C
A
C
C
Period
B,C
59.4
14.7
8.1
Inactive parasitoids (%)
100.0 97.0
11.5 32.7 30.3
(32)
(64)
(150)
(26) (98) (66)
(66)
(123)

Table 8. Barometric pressure and its change (mbar) during 12h 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
autumn 1991
Barometric pressure
mean
mean
change
change
1020.8 a
1.08 a
Active parasitoids
1019.6 a
0.63 a
(13.9;66) (3.72;66)
(8.1;128)
(2.35;128)
1018.6 a
0.26 a
Inactive parasitoids
1015.1 a
-0.30 b
(5.6;22)
(2.59;22)
(11.2;32) (2.80;32)
pi)
0.0926
0.0189
0.435
0.572

" Mann-WhitneyUtest (a=0.05).Different letters inacolumnindicatesignificant 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.formosa. 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 all parasitoids were inactive and the
observations were stopped after one hour. Because experiments weredone 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 autumn 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 12h before each observation. The effect of the barometric pressure was only
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apparentwhen theperiod of 12hbefore eachobservation wastakenintoaccount.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+1.72SDmbar(n=150)during the 12hperiod for each parasitoid tested.Autumn
1991 was relatively unstable with many rainy days: the amplitude in barometric
pressurewas2.51+2.50SDmbar(n=98).Table 8shows thatthechangein 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
increased0.63mbarandforinactiveparasitoidsitdecreased0.30mbar.Duringautumn
1991thesametrendwasobserved:foractiveparasitoidstheaveragepressureincreased
1.08mbar and for inactiveparasitoids itincreased only slightly (0.26 mbar).Thislow
average for inactive parasitoids, close to 0, means that more inactive parasitoids
observedadecreasingpressurethantheactiveparasitoids.However, thedifference 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
ForE.formosa theresidencetimeonacleantomatoleaflet variedgreatlybutaveraged
about 20 min. At 15and 18°Cparasitoids were hardly searching and residence times
wereextremely long.During thepresent study it appeared that on aparticular day or
part oftheday whenthebarometric pressurehaddecreased, manyparasitoids 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,
indicatingthattheparasitoid doesnotdetecthostsfrom a(short)distance.E.formosà's
walking pattern seemed to berandom, and parasitoids showed no preference for the
upper orlower leaf sidewhen nohosts wereencountered. Thereisalso 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 orencounters 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 unparasitized hostswerepresent,theresidencetimewas 144min.Again,ahighvariation
was observed. Even when parasitized black whitefly pupae were encountered and
immediately rejected, theparasitoid wasarrested ontheleaf and upto 134of suchencounters 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.
Honeydewisapparentlyassociatedwiththepresenceofhostsbytheparasitoid.
Van Vianen &van der Veire(1988) also showed anincrease in timeon theleaf after
E.formosadiscovered honeydew.Hâgvar&Hofsvang (1991) showlongervisittimes
when honeydew was encountered in several aphid parasitoid species.
Theresidencetimesoncleanandinfested tomatoleafletsareverysimilartothat
on cucumber leaves, which were almost 5 times larger: Van Eck-Borsboom (1979)
measured an average residence time of 19.3 min (+16.9SDn.,; n=99) on clean leaves
at 25°C,70.9 min (+79.9; «=55) on leaves with one droplet of honeydew per 10cm2
and 155.7 min (+102.6; n=15) on leaves when on average 3unparasitized hosts were
discovered. A correlation between residence time and leaf size (range 43-160 cm2;
n=99) wasnot found. However, onmuch 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.
Averylargeproportion oftheparasitoids(95.9%)discovered theunparasitized
hostsinarelatively shorttime.Thisisbecauseduring thetreatmentwith unparasitized
hosts, the parasitoids were introduced close to the hosts, which were always in the
middle of theleaflet due tothe useof leaf cages for whitefly oviposition. In theother
treatments with 1or 4parasitizedhosts, 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
Küsters(1990)found that65%oftheparasitoidsdiscovered unparasitized hosts,which
shows that detection of unparasitized hosts is not different from that of parasitized
hosts.
Ledieu(1976)andHusseyetal.(1976)found E.formosamoreoften onheavily
infested leaves of the crop and concluded that this was the result of detection from a
distance,probablyduetoattractionbythehoneydew thatisexcreted bythe whiteflies.
Popov &Zabudskaya (1982) observed more parasitoids in the olfactometer chamber
withheavilyinfested leavescomparedtocleanleaves,butitisnotclearfrom thepaper
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 bydirect 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
leavesarevisitedrandomly.Thepresent study showed that,onceonaleaf,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
importantconsequences for theinterpretion andexplanation oftheoverall 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 itsreciprocal, 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 Encarsiaformosa
ABSTRACT
Theeffect ofexperiences,suchascontactwithhoneydew,rejectionsofhostsandovipositionsinhosts,
andoftemperature,onthetimeallocationofindividualEncarsiaformosa femaleparasitoidsontomato
leaflets have been studied. Behavioural records were analysed by means of the proportional hazards
model. Analyses 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 11.6min and dropped to 5.7 min after both leaf sides had been visited. The
effect of temperature, ranging from 20to 30°C,was negligible.The presenceofhoneydew as well as
thefirstoviposition inanunparasitized hostdecreased thetendencytoleave,thusincreasingthegiving
uptime (GUT) sincelatest encounter with ahost.Encounters withparasitized hostsdid not affect the
GUT since latest encounter, as a result the total residence time increased. After the first oviposition
inanunparasitized hostthetendencyofchanging from thelowerleaf sideonwhichhostswerepresent
to the upper side was decreased. The presence of honeydew did not affect the tendency of changing
leaf sides.

INTRODUCTION
Foraging by aparasitoid involves a series of steps that brings itprogressively closer
totheirhosts(Salt, 1935;Doutt, 1964;Vet&Dicke, 1992;andforanextensivereview
of allphases seeNordlund et al., 1981).When searching in a hostpoor environment,
orwhenmosthostsinacertainpatchhavebeenexploited,themotivationtoleavesuch
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
optimalforaging theory.Severalstrategieshavebeenmodelled(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 isparasitized, (b) the parasitoids leave thepatch after a fixed period
of timeand(c)theparasitoids leaveafter theoviposition orencounterratefalls below
acertainthreshold(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
unparasitizedhostsshouldincreasethetimespentinapatchsincethelatestoviposition
(giving up time, GUT).Encounters with parasitized hosts, however, are suggested to
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result in a decrease. Most of the optimal foraging theories are based on a priori
modelling,sincetherelativeimportanceofseveralfactors indeterminingwhenapatch
is left is pre-set in the models. Predictions can be compared qualitatively with
empirical data.Animportantextension toapriori modellingistoquantify therelative
effects of severalfactors onpatch-leaving decisions from theempiricaldata, byusing
statistical models (see Haccou et al., 1991;Hemerik et al., 1993).
Muchresearchhasbeendoneonhostsearching,hostselectionandparasitization
of thewhitefly parasitoidEncarsiaformosa.Little isknown about thetime allocation
on leaves at low host densities when the parasitoid gradually depletes apatch. Here,
we study the influence of different experiences and of temperature on the time
allocation of this parasitoid on a tomato leaflet, i.e. the probability per unit time of
leavingtheleaflet (leavingtendency)ortochangefrom thelowertotheupperleafside
orviceversa(tendency ofchangingleaf sides).Presence ofhoneydew wasconsidered
afactor becauseparasitoidscanbeexpectedtoreact tothishostassociated cue,which
isalsoused asafood source.Ovipositions areincorporated asanotherfactor, because
they can give information about the quality of the patch. Rejections of hosts are
includedasrelevantsinceencounterswithparasitized hostscangiveinformation about
patch depletion.
E.formosa Gahan (Hymenoptera:Aphelinidae)isasynovigenic,solitary larval
parasitoid of the greenhouse whitefly, Trialeurodes vaporariorum (Westwood)
(Homoptera:Aleyrodidae).Onceontheleafthewaspstartswalkinganddrummingthe
leaf surfacewithitsantennae.Hostsareonlypresentonthelowerleaf side.Upperleaf
sides may be covered by honeydew produced by hosts in higher leaf layers. 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 an
insertion of the ovipositor (ovipositorial rejection, oviposition or host feeding) (van
Lenteren et al., 1980).
Experiments were carried out in which individual parasitoids were observed
continuously either on clean leaflets, on leaflets with honeydew, or on leaflets with
unparasitized and parasitized hosts. Analysis of total residence times should be discouraged because number, timing and sequence of encounters and the resulting
handling behaviours can never bekept equal among replicates.The statistical models
that we applied to analyse the experimental data are special applications of the
proportionalhazardsmodel(Cox, 1972;Kalbfleisch &Prentice,1980).Thismodelwas
chosen because it is a stochastic model, it makes no assumptions about how
probabilitieschangewith time,itiseasily adapted todifferent situations and censored
data, which inevitably occur in behavioural research (see Bressers et al., 1991), are
handled accurately. When one studies the giving up time (GUT) since the latest
encounter of a parasitoid, the encounter with ahost causes a censored observation of
the searching time,because itisnotknown when theparasitoid would have left if the
hosthadnotbeenencountered. TheGUTwillbeunderestimated when thesecensored
observationsareneglected.Anotheradvantageofthisapproachisthattheoutcomecan
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directly be incorporated as input in stochastic simulation models of insect behaviour
(Chapters 5,6, 7, and 10).
MATERIAL AND METHODS
Detailsonthegrowingoftomatoplants,therearingandpre-treatmentofwhiteflies and
parasitoids andontheproduction oftomato leaflets covered with afilm of honeydew,
orleaflets with acertain number of unparasitized orrecently parasitized L3/L4larvae
or black parasitized pupae can be found in Chapter 2. Recently parasitized whitefly
larvae were parasitized by conspecifics 1-7 h before the observation and black
parasitized pupae 9-10 days (at 22°C) before the observation.
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 E.
formosa female was introduced on a leaflet placed in a glass vial (5.5x1.5 cm) filled
with water.This vialwasattached tothesteminthemiddleof atomatoplant. Leaflet
anglewas about45°.Fiveplants surrounded theplant tomimic thelightconditionsof
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 theintroduction oftheparasitoid.Whentheparasitoid wasonthe
lowerleaf sideitwasobserved through astereomicroscope;whenitwason theupper
leaf side it was followed byeye.
The following behavioural components were recorded using the computer
software package 'TheObserver' (Noldus, 1991):a)searching,b)standing still/eating
honeydew/preening,c)drumming thehost with antennae,d) oviposition posture,and
e)hostfeeding. Throughout theexperiment,thepositionoftheparasitoid onthe 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 observation stopped when the parasitoid flew from the
leaflet orwhenitwalked off thepetiole,whichwasrarelyobserved.When noforaging
activity occurred for more than 60min,the observation wasstopped andnot included
in the analysis. Observations were also excluded when aparasitoid left within 180s,
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 and in experiment II a varying number of unparasitized or parasitized hosts
were present on the lower leaf side. Experiment I was done to study the effect of
temperature, the side of the leaflet on which the parasitoid was introduced to and the
presence of honeydew, on the leaving tendency and the tendency of changing leaf
sides. Five combinations of these factors were tested: (1) 25°C, without honeydew,
parasitoid introduced onupperleafside(n-39), (2)25°C,withouthoneydew,parasitoid
introduced on lower leaf side(n=45), (3)25°C,with honeydew, parasitoid introduced
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onupperleaf side(«=24),(4)20°C,withouthoneydew,parasitoid introduced onupper
leaf side(«=29) and (5) 30CC,without honeydew, parasitoid introduced on upperleaf
side («=50).
Experiment IIwasconducted toestimate theeffect ofencounters with hostson
the leaving tendency and the tendency of changing leaf sides. Therefore, whitefly
immatures were present on the lower leaf side. In this experiment the ambient
temperaturewasalways25°C,honeydew wasabsentandtheparasitoid wasintroduced
on thelowerleaf side.Asacontrol, thegroupof 45replicates from experiment Iwas
taken. The only difference between the 6 treatments with hosts was the number of
hosts and whether or not they were parasitized by a conspecific: (1) 1unparasitized
L3/L4larva(«=24),(2)4unparasitized L3/L4larvae(«=27),(3) 1 recently-parasitized
L3/L4larva («=43), (4) 4recently-parasitized L3/L4 larvae («=43), (5) 4 parasitized
black pupae («=41) and (6) 77 to 200parasitized black pupae («=23).
It is not necessary to aim at equal number of replicates, because time periods
between subsequentencounters wereanalysed (seedescription ofthemodel)andeach
replicate differs in number of such timeperiods.
THE REGRESSION MODEL
Theproportional hazardsmodelisformulated interms of thehazard rate,which isthe
probability per unit time that a certain event (a so-called failure) occurs. The hazard
rate can be considered here as the tendency of a parasitoid to leave a leaflet or to
change to the other side of the leaflet. It is assumed that parasitoids have a basic
tendency toperform acertain behaviour(baselinehazard),which isresetafter certain
renewal points. Renewal points occur here at times of encounters with hosts. These
clearly interrupt searching of E.formosa due to therelative long handling times.The
observed hazard rateisassumed tobetheproduct of thebaseline hazard and a factor
that gives the joint effect of a set of p covariates z„....,zp.The covariates are, for
instance, the intra-patch experiences, such as the occurrence of ovipositions (with
values 0,1,2, ...) or the absence or presence of honeydew (with value 0 or 1
respectively).They arecalledfixedsince they do not change between two successive
encounters. The general form of the model with fixed covariates is:
(1)

«(r;z)=« 0 (f)exp{£ß. z.}

where h(t;z)denotes the observed hazard rate, h0(t)the base line hazard, t the time
since the latest renewal point and ß„....,ßp the relative contributions of the fixed
covariates z„....,zp. The form of the base line hazard in time is left unspecified; hj[t)
as well as ß„....,ßp areestimated from the data by means of likelihood maximization
(for further details,seeHaccou &Hemerik, 1985;Kalbfleisch &Prentice, 1980).The
test statistic is distributed as a %2 with p degrees of freedom. The test procedure is
explainedinHemeriketal.(1993).Thename 'proportional hazardsmodel' stems from
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the assumption that for different values of z,the hazard rates h(t;z)are proportional.
This multiplicative effect can be tested (see Haccou &Hemerik, 1985).
Leaving tendency
The data used in the regression model were the observed time periods of each
parasitoid from being placed on the leaflet until the first encounter with a host,
between successive encounters, and from the last encounter until leaving the leaflet.
During suchperiods,theparasitoid caneither searchfor hosts,stand still,preen oreat
honeydew.Whennoencountersoccurred,onlyonetimeperiodwasobserved:thetotal
residence timeon theleaflet. Anencounter with ahostcaused acensored observation
ofthetimeuntilleaving.Sometimescensored observationswerecaused byparasitoids
walking off the leaflet on thepetiole, or by theexperimenter. The renewal points for
theleavingtendencywerethemomentsofbeingplaced ontheleaflet andthemoments
of resuming search after encounters with hosts.
Thetendency ofleavingtheleaflet inexperiment Iisgivenbyequation (1)with
4 fixed covariates, namely (a)thepresence or absence of honeydew on theupper leaf
side, (b) the effect of a temperature of 20°Cin comparison to the higher regimes (25
or 30°C),(c) theeffect of a temperature of 30CCin comparison to the lower regimes
(20 or 25°C)and (d) the side of the leaflet on which the parasitoid was introduced.
In experiment II the effect of the following fixed covariates on the leaving
tendency wereestimated:(a)thetimesincebeingplaced ontheleaflet, (b)thenumber
of antennal rejections of a recently-parasitized host, (c) the number of antennal
rejections of a parasitized black host, (d) the number of ovipositorial rejections of a
recently-parasitized host, (e) thenumber of ovipositions in arecently-parasitized host
(superparasitism) and (f) the number of ovipositions in an unparasitized host. The
effects of host feedings or rejections of unparasitized hosts could not be analysed
because these behaviours wererarely observed in theexperiments.
Tendency of changing leaf sides
The data used in theregression model were the observed time periods on aparticular
leaf side from the beginning on that leaf side until the first encounter, between
successive encounters on that leaf side and from the last encounter until changing to
theotherleaf side.Whennoencountersoccurred onaparticularleaf side,theobserved
timeperiod equalled thetotal time from thebeginning onthat leaf side until changing
leaf sides again. When analysing time periods on upper or lower leaf sides, censors
were caused byencounters with hosts,byparasitoids flying away from the leaflet, or
sometimes by parasitoids walking off the leaflet or by the experimenter. Renewal
points were the moments of changing to the leaf side under consideration and the
moments of resuming search after encounters with hosts.
In experiment I the tendency of changing leaf sides is given by equation (1)
with 5fixed covariates: the first three covariates of the leaving tendency (a,b andc),
plus (d) the time since being placed on the leaflet, and (e) whether or not both leaf
sides have been visited.
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The tendency of changing leaf sides in experiment II is given by equation (1)
with 7 fixed covariates, namely the first six covariates of the leaving tendency
(a,b,c,d,e and f), plus (g) whether or not both leaf sides have been visited.
RESULTS
Leaving tendency
Theestimatedleavingtendency andtheeffects of severalcovariatesaregiveninTable
1.The basic leaving tendencies (base line hazards; probability of leaving per unit of
time)inExperiment I andII wereapproximately constant over timeand almost equal
(Table 1A). The combined effect of all covariates is significant in both experiments
(Table IB).
Afilm ofhoneydew withsmallpiecesofexuviaeontheupperleaf sidestrongly
reduced the leaving tendency of the parasitoid. The multiplication factor exp(ß) is
below 1, which results in a lower hazard rate h(t,z)according to equation (1): time
periods on leaflets with honeydew were much higher than on clean leaflets. Theleaf
side on which theparasitoid started and thetemperature did not influence theleaving
tendency significantly on clean leaflets (Table 1C).
The effect of honeydew is shown graphically after stratification of the data
(Figure 1).The cumulative base line hazards over time were approximately straight
lines, so the probability of leaving remained nearly constant over time and can be
estimated bythe slope.Inthiscasethemaximum likelihood estimator isgiven by the
total number offailures divided by the totalfailure plus censor times of all replicates
ofatreatment.However,thefailure-to-censor ratiomustbehigh.Thiswasnotthecase
in Experiment II:encounters with hostsresulted in many censored observations, thus
making this estimate of the base line hazard lessreliable.
Graphical goodness of fit tests can be performed by making plots of the
'residuals'. If a variable has a multiplicative effect, these plots are straight lines
through the origin with a slope of 45degrees (Kalbfleisch &Prentice, 1980; Haccou
& Hemerik, 1985).Figure 2 shows the 'residuals' of Experiment I and II.
Because leaving tendency remained constant over time, the fraction of
parasitoids that remain on a leaflet over time (the survival function) follows an
exponential distribution.Thusthemedian timeperiod onaleaflet can beestimated by
ln(2)divided bytheleaving tendency.Thisresultsin amedianresidence timeof 1116
s (18.6 min) on clean tomato leaflets and 5978 s (99.6 min) on uninfested tomato
leaflets containing afilm of honeydew with smallpieces of exuviae on theupper leaf
side.
Inexperiment II the first oviposition in an unparasitized host strongly reduced
the leaving tendency (Table 1C),resulting in anincrease in the time period since the
latest encounter until leaving (GUTsincelatest encounter).This is graphically shown
after stratification in Figure 3. In a preliminary study the effect was tested for all
realized ovipositions ranging from 0 to 4, but no clear difference was found for the
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Table IA. Estimated leaving tendency (base line hazard
Experiment I
Experiment II
11
Estimated without censors duetoencounters.

in s"1)in experiment I andII.
0.000621
0.000732 "

Table IB. Thevalue of the test statistic T (df) for thecombined effect of allcovariates onthe
leaving tendency inexperiment I andII.
Experiment I
Experiment II
*: P <0.05

39.28 (4)*
22.90 (6)*

Table 1C.Estimated effects (multiplication factor exp ß)of covariates onthe leaving tendency in
experiment I and II andthevalue ofthetest statistic T.
Effect
Experiment I
Introduction onupper leaf side
Honeydew onupper leaf side
Temperature 20°C
Temperature 30°C
Experiment II
Time since being placed on leaflet"
Antennal rejection of recently-parasitized hosts
Antennal rejection of parasitized black hosts
Ovipositorial rejection of recently-parasitized hosts
Oviposition in recently-parasitized hosts
Oviposition in unparasitized hosts2'

0.7788
0.1867
0.9343
0.7027

T(df)
1.23(4)
27.05 (4)*
0.07 (4)
2.37 (4)

1.89(6)
1.0000
3.73 (6)
1.1351
0.03 (6)
0.9948
3.63 (6)
0.7255
0.8422
1.01(6)
16.02 (6)*
0.4648
*: P <0.05.l) Effect given persecond.2) Effect given when covariate is0/1 for no/one or more
events.

Figure 1. Cumulative leaving tendency (cumulative hazard rate) in experiment I, when a
filmof honeydew with small pieces of exuviae
is absent or present on theupper leaf side.
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Figure 2. Graphical test for goodness of fit (-log survivor of the residuals) of the model for the
leaving tendency of experiment I (A) and II (B).

Figure 3. Cumulative leaving tendency (cumulative hazard rate) in experiment II for no or
oneormoreovipositions inunparasitized hosts.
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effect after one or more ovipositions.
Time since being placed on the leaflet and encounters with parasitized hosts did
not affect the leaving tendency significantly (Table 1C), so the GUT since latest
encounter was not affected. Even encounters with black parasitized hosts did not affect
the leaving tendency, although leaflets with 77 to 200 black hosts were used in the
experiments. On these leaflets, the number of encounters was on average 53 (range 12134).
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As a consequence, each encounter with hosts, whether or not parasitized,
increased the residence time on a leaflet, even when the GUT since latest encounter
is not changed. The median GUT since latest encounter with parasitized or
unparasitized hosts was 1116 s (18.6 min) if no oviposition had occurred. This time
period increased to2401 s(40min)after thefirst oviposition in anunparasitized host.
Tendency of changing leaf sides
In a preliminary analysis the effect of all covariates was tested for many realized
values.If theeffect did notdiffer when acovariate was 1or higher, thefinal analysis
was done with the covariate being 0 or 1 for zero or more than zero events
respectively.
The estimated tendency of changing from one leaf side to the other and the
effects of thecovariates aregiven inTable2.Thebasictendencies (baseline hazards)
inExperiment Iand II were about the same.Again cumulative baselinehazards over
time were approximately straight lines. Encounters with hosts on the lower leaf side
in experiment IIresulted in alow failure-to-censor ratio, thus making the estimateof
the base line hazard from lower to upper leaf side less reliable (Table 2A).
Thebasictendencyofchangingleaf sideswasalmostequalfor lowerandupper
leaf side (Table 2A). The median time period on the lower leaf side since the
beginningonthatleaf sideor,ifitoccurred,sincethelatestencounter onthatleafside,
was in Experiment I initially 724 s (12.1 min).On the upper leaf side in Experiment
I and II median times were respectively 636 (10.6 min) and 745 s (12.4min).
The combined effect of all covariates were significant in both experiments
(Table 2B). After the first oviposition in an unparasitized host the tendency of
changing from lower to upper leaf side was strongly decreased (Figure 4), thus
increasing thetimesincethelatestencounter onthelower leaf side(wherehosts were
present) to 1288 s (21.4min).
After both leaf sides had been visited by the parasitoid, the tendency of
changing leaf sides increased strongly on both leaf sides in experiment I. As aresult,
the median times were shorter: 400 s(6.7 min) and 286 s(4.8 min) on thelowerand
upper leaf side respectively. Also in experiment II the tendency of changing from
lowertoupperleaf sideincreased after bothleaf sideshad been visited.Asimilar,but
notsignificant effect wasfound for thetendency ofchanging from uppertolowerleaf
side.
Thepresence of afilmof honeydew with smallpieces of exuviae on theupper
leaf sidedid not influence thetendency ofchanging from upper to lower leaf side.In
general, the tendency of changing leaf sides wasnot affected by the time since being
placed on the leaflet, the temperature and encounters with parasitized hosts.
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Table 2A.Estimated tendency of changing leaf sides (base line hazard in s~')in experiment I and
II.
From lower to upper side From upper to lower side
Experiment I
0.000958
Experiment II
0.00129 "
" Estimated without censors due to encounters.

0.00109
0.000931

Table 2B.The value of the test statistic T (df) for the combined effect of all covariates on the
tendency of changing leaf sides in experiment I and II.
From lower to upper side From upper to lower side
Experiment I
Experiment II
*: P< 0.05

33.60(4)
212.33 (7) *

60.15(5)*
67.25 (7) *

Table 2C.Estimated effects (multiplication factor exp ß) of covariates on the tendency of changing leaf sides in experiment I and II and the value of the test statistic T.
From lower to upper side
From upper to lower side
Effect
Effect
T(df)
T(df)
Experiment I
Time since being placed on leaflet1'
1.0000
0.14 (4)
1.0000
0.01 (5)
Both leaf sides visited
1.8072
10.84 (4) *
2.2258
19.35 (5) *
0.9034
Honeydew on the leaf side
0.25 (5)
Temperature 20°C
0.6210
0.7989
0.61 (5)
2.23 (4)
Temperature 30°C
0.6316
9.23 (4)
1.9440
12.33 (5) *
Experiment II
Time since being placed on leaflet1'
1.0000
0.57 (7)
0.9999
7.47 (7)
Antennal rejection of recentlyparasitized hosts2'
1.3716
4.42 (7)
1.7151
4.81 (7)
Antennal rejection of parasitized
black hosts2'
1.1134
0.55 (7)
2.7547
29.70 (7) *
Ovipositorial rejection of recentlyparasitized hosts2'
0.8542
0.81 (7)
2.3901
15.15 (7)*
Oviposition in recently-parasitized
hosts2'
0.9268
0.16 (7)
1.0046
0.00 (7)
0.94 (7)
Oviposition in unparasitized hosts2'
0.5616
0.7999
15.11 (7) *
Both leaf sides visited
3.3797
93.82 (7) *
1.5196
8.00 (7)
*: P < 0.05. •'Effect given per second.2) Effect given when covariate is 0/1 for no/one or more
events.
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no oviposition
one or more
oviposltlons

Figure 4. Cumulative tendency of changing
from lower to upper leaf side (cumulative
hazard rate) in experiment II for no or one or
more ovipositions in unparasitized hosts.

time (in seconds x 1000)

DISCUSSION
Leaving a leaf side or a leaflet can be described by a certain probability per unit of
time,resulting in a great variation in GUT since latest encounter. For E.formosa on
tomato leaflets this probability is approximately constant over time and the median
time period that the parasitoids remain on a leaflet is 18.6 min after landing or after
their latest encounter with a host. This time is equal on clean and on infested leaves
when nohosts wereencountered, soonce on theleaf theparasitoid is not arrestedby
the presence of hosts at a short distance on the same leaf. This time is also not
influenced bytemperaturerangingfrom20to30°C.Suchdailytemperature fluctuations
are common in the field and as they do not influence the distribution of the sessile
hosts, there is no need for the parasitoid tochange its leaving tendency.
Thepresence of afilm of honeydew with smallpiecesof exuviae and the first
oviposition in an unparasitized host decrease the leaving tendency of E.formosa on
tomato leaflets. This increases the GUTsincelanding or sincethelatest encounter to
amedian ofabout 100and40minrespectively, without affecting thewalking pattern,
speed or activity (van Lenteren et al., 1976; Chapter 4). These observed responses
increase the likelihood of encountering hosts in a natural, clumped host distribution.
Honeydew is apparently associated with the presence of hosts. The majority of
honeydewisproducedbythepreferred L3,L4andprepupal whitefly stages(LeiHong
& Xu Rumei, 1993;Madueke, 1979).Van Vianen & van der Veire (1988) observed
an increase in time on the leaf after E.formosa discovered honeydew. Hâgvar &
Hofsvang (1991) review longer visit times when honeydew was present for several
aphid parasitoids.

37

chapter3
Haccouetal.(1991)andHemeriketal.(1993)found amultiplication factorfor
GUT (since latest oviposition) of 1/0.87and1/0.80peroviposition after ovipositions
in unparasitized hostsforLeptopilina heterotoma andL. clavipes respectively. These
parasitoids aremainly time-limited (Messen &Hemerik, 1992).Theeffect on GUT
(since latest encounter) for E.formosa is initially stronger, namely a multiplication
factor of 1/0.46forthefirst oviposition.Thesecond,third andfourth oviposition give
no additional effect. E.formosacanbeegg-limited ortime-limited, depending on the
situation. Once on a patch with hosts all 8-10 eggs can be laid within one hour,
whereas maturation ofneweggstakesmoretime(vanVianen &vanLenteren, 1986).
Also Sugimoto &Tsujimoto (1988) found that theparasitoid Chrysocharispentheus
stayed longer onapatch after thefirst encounter with ahost.
Encounters with parasitized hosts donot affect the leaving tendency andthe
resulting GUTsince latest encounter of E.formosa, even though experiments were
conducted in which more than 100of such encounters were realized. Although the
leaving tendency doesnotincrease after suchencounters,parasitoids arearrestedand
theresidence timeonaleaflet does increase.When encounters with parasitized hosts
are a good indicator of thepresence of unparasitized hosts, there isnoneed forthe
parasitoids toincrease theleaving tendency after rejections when they arenottimelimited.Ingreenhouses thisisusually thecase,becausenotallunparasitized hostson
a leaflet areparasitized byoneE.formosa. Thisiscaused bytheparasitoids' random
walking pattern and short residence time atlowhost densities andby egg-limitation
at higher densities.
Haccouetal.(1991)found noeffect ofencounterswithparasitized hostsonthe
GUTsincelatestoviposition ofLeptopilina heterotoma. Thisparasitoidisnotarrested
by such encounters. ForL. clavipes,theeffect wasdependent on whether previous
ovipositions hadoccurred (Hemerik etal., 1993).VanLenteren (1991) discussedthe
fact that early encounters ofL. heterotoma with parasitized hosts might increasethe
tendency of staying on the patch, but later, when the ratio of unparasitized to
parasitized hosts is low, encounters might result in the opposite. However, in an
analysis in which thedata of E.formosa were stratified according to thenumberof
encounters withparasitized hosts,even ahigh numberofencounters of 10 to 134 had
no effect on the leaving tendency. In another analysis of the data hosts were
distinguished between hostsparasitized bythesamefemale orbyaconspecific. In the
first set-uptheratioofunparasitized toparasitized hostsdecreased during observation
from 1to 0 in many cases and in the latter it remained always 0. In both cases,
encounters with parasitized hosts didnothave anyeffect ontheleaving tendencyof
E.formosa.
Summarizing,thepresentpaper showesthefollowing additions and differences
to earlier work: (1)E.formosais arrested ontheleaf bycontact with honeydewand
by encounters with, and especially by ovipositions in unparasitized hosts; (2) the
parasitoid is even arrested byencounters with parasitized (unsuitable) hosts; (3)the
parasitoid is not arrested by the presence of hosts which are not encountered; (4)
parasitoids usually leave from the upper leaf side, because on this leaf side no
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encounters with hosts occur; (5)the parasitoid does not make adistinction between the
upper and lower leaf side when searching for hosts, whereas whitefly immatures are
only present on the lower leaf side; (6) theparasitoid is arrested on the lower leaf side
by encounters with, and especially by ovipositions in unparasitized hosts; (7) the
parasitoid is also arrested on the lower leaf side by encounters with parasitized hosts;
and (8) the parasitoid is not arrested on the honeydew-contaminated leaf side. Ledieu
(1976) and Hussey et al. (1976) found E. formosa more often on heavily infested
leaves of a crop and concluded that this was the result of host detection from a
distance. Noldus & van Lenteren (1990) showed by direct observation of individual
parasitoids that they do not distinguish between infested and clean plants or leaves
before landing.The present study showes that the increasing number of parasitoids on
infested leaves can be explained by the arrestment effect after landing.
The patch-leaving behaviour of E. formosa can be described by a stochastic
threshold mechanism: the parasitoid leaves after the host encounter rate falls below a
certain threshold (encounters pertime,which isthe reciprocal of GUT).This threshold
is not fixed however, but shows a great variation, and can be described by a
probability. Three differences with the model of Waage (1979) are that (1) in our
statistical model the relative importance of different factors is based on the data; (2)
Venturia canescens leaves a patch when the oviposition rate falls below a certain
threshold and encounters with parasitized hosts do not influence patch times; and (3)
the threshold (and thus the GUT) in the model of Waage (1979) is assumed to be
deterministic and never varies at aconstant host density and timing of ovipositions. As
Waage (1979) noticed, the observed GUT (since last oviposition) was often shorter
than some previous interval between ovipositions on the patch, which could not be
explained by the model. For E. formosa stochasticity plays an important role, as
observed standard deviations were large and equalled the mean GUT values.
Theproportional hazards model isappropriate to analyse data on time allocation
because it is a stochastic model. Another advantage of this approach is that the results
arequantitative and can beincorporated directly into simulation models.The estimated
leaving tendency and the tendency of changing leaf sides together with the significant
effects of certain types of encounters with hosts and honeydew will be used as input
in a stochastic simulation model of the foraging behaviour of E.formosa on a leaf
(Chapter 6). With this model, the functional response can be simulated on a leaf in a
natural situation, where the parasitoid can fly to other leaves. Based on these
simulations, we are able to judge in what situation E. formosa can be used as an
efficient biological control agent.
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Chapter 4
Foraging behaviour of the whitefly parasitoid Encarsia
formosa on tomato leaflets
ABSTRACT
Individual Encarsiaformosa parasitoids were observed continuously until the parasitoids flew away,
either on clean tomato leaflets, on leaflets with honeydew, or on leaflets with unparasitized and
parasitized whitefly larvae.Encounters withunparasitized andparasitized whitefly larvae,andcontact
withhoneydew arrestedtheparasitoidsontheleaflet. Thewalkingspeedincreasedlinearly from 0.179
to 0.529 mm/s between 15 and 25-30°C. The walking activity showed another relationship with
temperature: itwasbelow 10%at 15and 18°C,andincreased to about 75% at20,25 and 30°C.Itwas
not affected by host encounters or by 1 to 4 ovipositions. The total handling time of hosts was
between 1.8-21.8% ofthetotaltimeontheleaflet. Self-superparasitism wasnotobserved. Conspecificsuperparasitism did occur in 14% of the encounters with hosts containing a parasitoid egg, but was
notobserved anymore when theparasitoid egghad hatched. Experienced parasitoids superparasitized
asoften asnaive females.Theforaging behaviourofE.formosa from landingonaleaf until departure
has now been quantified and is discussed.

INTRODUCTION
Biologicalcontrolofthegreenhousewhitefly, Trialeurodesvaporariorum(Westwood)
(Homoptera:Aleyrodidae),withtheparasitoidEncarsiaformosaGahan(Hymenoptera:
Aphelinidae) has been applied since the 1920s and is at present commercially used
with success in several greenhouse vegetables (van Lenteren & Woets, 1988). An
intensive research program backed the reliable application of this parasitoid. Part of
this research consisted of direct observation of host searching, host selection, host
discrimination, parasitization, and hostfeeding behaviour (van Lenteren et al., 1976a
and b; Nell et al., 1976; van Lenteren et al., 1980).Most of these experiments were,
however,conducted during afixed timeperiod athighdensities of unparasitized hosts
on leaves removed from the plant. Little is known about these processes at low host
densities when the parasitoid gradually depletes a patch and leaves, or when the
parasitoid visits an already depleted patch, more typical of conditions under which
whitefly is controlled by E.formosa.
E. formosa is a synovigenic, solitary larval parasitoid of the greenhouse
whitefly. In order to reproduce, E.formosa has to search for the sessile whitefly
immatures. The parasitoid moves from leaf(let) to leaf(let) by flying or hopping,
without distinguishing between infested and clean plants or leaves before landing
(Noldus &van Lenteren, 1990; Siitterlin &van Lenteren, in prep.).Once on aleaf it
starts walking and drumming theleaf with its antennae.Hosts are onlypresent onthe
lower leaf side.Upper leaf sides may becovered by honeydew produced by hosts in
higher leaf layers. On encounter, a host can be rejected after an inspection with the
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LANDINGON LEAFLET.
o distinction between Infested and
uninfected leaflets before landing.

LEAVINGTHELEAFLET.
givinguptime: GUT.
GUTincreases whenhoneydewispresent.

STANDINGSTILL,
PREENINGORFEEDING. 4 —
nodisplacement.
thewalkingactivitydependsonegg had.
onlyslightlyonleafstructureandtemperature.
totalinactivitywhenbarometricpressure decreases

LANDINGONUPPER
ORLOWERLEAFSIDE.
no distinction between upper and lower leaf side.

WALKINGWHILEDRUMMING.
randomsearchwithoutapreferencefor
theupperorlowerleafside,norfor
leafedgeormiddleparts.
thewalkingspeed dependson temperature

•

CHANGINGTOOTHERLEAFSIDE.
timeuntilchanging:TUC.

and leaf structure.

ABANDONINGHOST.
thehandling timedepends onthe

ENCOUNTERINGHOST
ONLOWERLEAFSIDE.

handling behaviour and the host type.

hosts are encountered randomly.

resumingsearchduringanew TUC
and GUT(arrestmenteffect!).
TUConlowerleafsideandGUT
increaseafterfirstoviposition
inunparasitizedhost.

HANDLINGAHOST.
rejection (antenna!orovipositorial)or
acceptance for oppositionorhost feeding.
theprobability that these behaviours occur
depends on egg load and on host stage and type:
- unparasitized host: L1, L 2 , . . .
- self-parasitized, containing egg

-conspecific-parasitized, containing
egg,larx'a orpupa
- host which was previously fed upon

Figure 1.Overview ofthe foraging behaviour ofEncarsiaformosa ona tomato leaflet. Gaps in knowledge
which were quantified by thepresent experiments are given in italics. Data on time allocation ofthe parasitoid
(TUC: the time until changing leaf sides;GUT: the giving uptime) can be found in Chapter 3.The body length
of the waspis0.6 mm.
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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).
Ingreenhouseswherebiologicalcontrolissuccessful, averagewhitefly densities
areusuallyextremelylow,andvarybetween0and0.2whitefly pupaeperplantduring
agrowingseason(Eggenkamp-RotteveelMansyeldetal.,1978).Mostoftheleavesare
notinfested andtheparasitoidsspendmuchtimesearchingforhosts.Therateatwhich
they hop or fly from leaf to leaf depends on the host situation and thus on the time
which they stay on aparticular leaf. The aim of this study was to quantify the whole
foraging process from landing on a leaf until departure (see Figure 1). Later, this
information willbeusedtoestimatetheparasitization efficiency oftheparasitoid with
thehelp of a simulation model (Chapters 5,6,7, and 10).Experiments weredoneon
(1) clean tomato leaflets, (2) leaflets with honeydew, (3) leaflets with a lownumber
ofunparasitizedhosts,and(4)leaflets whichweredepletedbyconspecifics earlierand
only bearparasitizedhosts.Asthetemperature usually varies between 15and 30°Cin
greenhouses,theeffect ofthesetemperaturesontheforaging behaviourwasalsotested.
Individual parasitoids were observed continuously on both leaf sides until they flew
away, aprocedure which has not been followed until now.

MATERIAL AND METHODS
Details on thegrowing of tomato plants,therearing of whiteflies and parasitoidsand
ontheproduction of tomato leaflets covered with afilmof honeydew,orleaflets with
a certain number of unparasitized or recently parasitized L3/L4 larvae or black
parasitized pupaecanbefound inChapter2.Recentlyparasitized whitefly larvaewere
parasitized by conspecifics 1-7 h before the observation and black parasitized pupae
9-10days(at22°C)before theobservation.Toproduceparasitized whitefly larvae(L4)
containing aparasitoid larva, afew parasitoids werereleased on a leaflet bearing unparasitized L3/L4larvae.Theseleaflets remained attached totheplantsandwerekept
incages at 25°Cfor 6d. This was 2days before pupation of theparasitoid immature
and blackening of thehost. Whitefly larvaewereconsidered to beparasitized after an
ovipositionposturelastinglongerthan 120swasobserved(vanLenterenetal.,1976b).
At the end of the observation the larvae were dissected to check if each oviposition
posture was successful.
Detailsontheageandpre-treatmentsoftheparasitoidscanbefound inChapter
2.Inonecase,whichwillbespecified later,experienced parasitoidsweretested,which
had one oviposition in anunparasitized L3larvatheday before theobservation.They
werekept inglasspetridishes (5cmindiameter) with adropletof honey at 25°Cand
aged 24-48 h at the time of observation.
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Experimental set-up: direct observations
The observations were carried out on tomato leaflets in a climate room at a constant
temperature (+1°C)and 70+5%RH.Atthe startof each observation a singlenaiveE.
formosa female was introduced on a leaflet placed in a glass vial (5.5x1.5 cm) filled
with water.Thisvialwasattached tothesteminthemiddle of atomatoplant. Leaflet
anglewasabout45°.Fiveplants surrounded theplant tomimic thelightconditionsof
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
starteddirectlyafter theintroduction oftheparasitoid.Whentheparasitoid wasonthe
lowerleaf sideitwasobserved through astereomicroscope;when itwasontheupper
leaf side it was followed byeye.
The following behavioural components were recorded using the computer
software package 'TheObserver' (Noldus, 1991):a)searching,b)standing still/eating
honeydew/preening,c)drumming thehostwith antennae,d) oviposition posture,and
e)hostfeeding.Throughouttheexperiment,theposition oftheparasitoid onthe 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 observation 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
includedintheanalysis.Observationswerealsoexcludedwhenaparasitoid left within
180s,becausethiswasclearlyduetodisturbanceoftheparasitoid duringintroduction.
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 ofthesefactors weretested (nisthenumberof successful observations):
(1) 15°C,withouthoneydew,parasitoidintroduced onupperleaf side(«=32),(2)18°C,
without honeydew,parasitoid introduced on upper leaf side (n=66),(3)20°C,without
honeydew, parasitoid introduced on upper leaf side («=26), (4) 25°C, without
honeydew, parasitoid introduced on upper leaf side («=38), (5) 30°C, without
honeydew, parasitoid introduced on upper leaf side («=46), (6) 25°C, without
honeydew, parasitoid introduced on lower leaf side («=43) and (7) 25°C, with
honeydew, parasitoid introduced on upper leaf side («=22).
In experiment II a varying number of unparasitized or parasitized hosts were
present onthelower leaf side.Thiswasdonetoestimate theeffect of encounterswith
hosts. In this experiment the ambient temperature was always 25°C, honeydew was
absent andtheparasitoid wasintroduced on thelower leaf side.Threehosttypeswere
distinguished:unparasitized,recently-parasitizedbyaconspecific,andblackparasitized
by a conspecific. The only difference between the 6 treatments was the number of
hosts and the host type: (1) 1unparasitized L3/L4 larva («=24), (2) 4 unparasitized
L3/L4 larvae («=25), (3) 1recently-parasitized L3/L4 larva («=54), (4) 4 recentlyparasitizedL3/L4larvae(«=41),(5)4blackparasitizedpupae(«=32)and(6)77to200
black parasitized pupae («=20).
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Two complementary treatments were carried out to test the effect of previous
experience with hosts and the presence of a parasitoid larva in the host. As in
experiment II, the ambient temperature was 25°C, honeydew was absent and the
parasitoid was introduced onthelower leaf side.Thebehaviour of theparasitoid was
followed until handling of thefirst encountered hostended: (1)1 recently-parasitized
L3/L4 larva, experienced parasitoid (n=29) and (2) 1parasitized L4 larva containing
a parasitoid larva, naive parasitoid (n=20).
Experimental set-up: walking speed
Theexperimentwascarriedoutbyobservationofanindividualparasitoid onthelower
leaf sideof aclean tomatoleaflet. Leaflets werefully grown andabouttwoweeksold
(from the fifth leaf out of 10,counted from the top of the plant).Observations were
carried outinaclimateroom ataconstant temperatureof 15,20,25,and 30°C(+1°C)
and 70+5% RH for 21,21,20 and 20 replicates respectively. A leaflet was placed
upsidedownintoapetridish(5.1cmindiameter).Ontheleaflet aperspexring(inside
diameter 2.4 cm) was placed to create a fixed and restricted searching arena. At the
startofeachreplicateasingle,naiveE.formosafemale wasintroduced intothisarena,
after whichthepetridishwasclosed andmounted onaburetteholder.Openingsinthe
lidprevented ahighhumidity.Thepetridish wasplaced upsidedown with anupward
tilt of approximately 45° to mimic the natural position of leaves. The searching
behaviour was then recorded on video for about 5 min. Later, the recordings were
projected onamonitorscreen(magnification 13x)andbyfollowing theparasitoidwith
a marker the walking patterns of the parasitoids were drawn on a transparent sheet
fixed to the screen.Theposition of theparasitoid wasmarked every 10s.All periods
that the parasitoid was not walking were omitted. Walking tracks were then read into
thecomputer with a x-y digitizer. The (magnified) tracks were subdivided into 2mm
parts,whichis0.5x the(magnified) steplength of theparasitoid. Acomputer analysis
of the tracks resulted into the average distance covered while walking per unit time:
walking speed.

RESULTS
Searching for hosts
ResidencetimesofE.formosaonclean andhoneydew-contaminated leaflets aregiven
in Table 1. At 15 and 18°C parasitoids did not fly away from the leaflets. At
temperatures of 20°C or up, residence times on clean leaflets were not affected by
temperature or theleaf side onwhich theparasitoids wereintroduced to.Contact with
honeydew arrested the parasitoid on the leaflet.
During this timeparasitoids werewalking whiledrumming for hosts,preening,
orsitting still.Thesearchingorwalking activity ofE.formosacan beexpressed asthe
timewalking whiledrumming on theleaf surface asapercentage of thetotal timeon
the leaf, excluding host handling time. Table 1shows that walking activity was low
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at 15and 18°C,but wasnot influenced by temperature at20°Cor up.It was alsonot
influenced by the leaf side of introduction and the presence of honeydew at25°C.
Residence times on infested leaflets when no hosts were discovered by the
parasitoids (1681+1312SD s; median: 1385 s) were equal to that on clean leaflets
(1450+1417SD s; median: 1014 s) (Mann-Whitney U test, P=0.132, «=54 and 153
respectively). Residence times weremuch higher when hosts werediscovered by the
parasitoidsandthenthenumberandtypeofhostsencountered playedanimportantrole
(Table2).
These long residence times were not caused by parasitoids spending a larger
amountoftimesitting stillorpreening.Table2showsthewalking activity on infested
leaflets. Some differences in walking activity between treatments were observed.
However, these differences were not caused by the type of hosts encountered: Table
3 shows that the walking activity was never affected by encounters with hosts orby
ovipositions in these experiments, where thenumber of ovipositions varied from 0to
4. The walking activity on infested leaflets was equal to that on clean leaflets at 20,
25and 30°C(Mann-WhitneyUtest,P=0.152,n=175and 196).The overall mean was
71.7+21.2SD %(n=371, median=77.0%).
Walking speed measurements are given in Table 4. Walking speed increased
rapidly with temperature from 15until 25°C.Adifference between 25 and 30°Cwas
not found.
Host handling
Every parasitoid-host contact was followed by drumming the host with the antennae.
Theaveragenumberofencountersandovipositionsinhostsontheinfested leaflets are
giveninTable2.Oviposition did occurinrecently-parasitized hosts(superparasitism),
but was never observed in black parasitized whitefly pupae.
Thetotaltimespenthandlingthehostswaslow compared tothetotalresidence
time (Table 2). When 4 unparasitized or recently-parasitized L3/L4 larvae were
available,about20%oftheresidencetimewasspentonhandlinghosts.Evenatahigh
host density of 77-200black parasitized pupae,handling hosts took only 8.0% of the
residence time (Table 2). Most of the time the parasitoid was walking, preening or
sitting still on the leaf surface. Obviously, long residence times were not caused by
host handling.
Thehandling timefollowing anencounter with ahostof stageL3/L4depended
onwhether thehostwasrejected oraccepted for oviposition orhostfeeding (Table5).
Thetimeneeded toreject ahostafter contact with the antennae wasrather short (5-35
s, depending on the host type) compared to the other handling behaviours. The
handlingtimeforovipositionandforovipositorial rejection ofahostwasalwaysequal
(Mann-WhitneyUtests),andwas298-654sdependingonthehosttype.Thetotaltime
for host feeding was quite long (1063-1626 s).
The time for an oviposition and the time for an antennal rejection seems to
depend on the host type. Time of oviposition in unparasitized hosts was shorter than
thatinparasitizedorsuperparasitized hosts(Mann-WhitneyUtests).Antennalrejection
50

foraging behaviour ofEncarsia formosa

1

1

*0

Q

3

C/5

p-

CS

a

U

ia

»n p »n p
\D

CT\

O

s.
CN

JJ

'a
CA

g

g
^

"ft

|2 1

a
s
;a

fi -3 u

ON

»

-« O
H J)

O
Ó

o o o o
©©©ö o
r- m

es

'S

&
>
o

o
o

8.

'S

I

- 1 ,~ •*.
(S <=î - . T .

*>s K a

es ts vc o
in H

£; es

M

ö

es c . •*Cirt

'I

&

ON

•*

r- >o cs_
es' oó rr'

'II
Ig

p es
»ri -«awi

CS

§
•a

I>

"S-3

"si
il

s */i

•*. •* p
2; m

Os «

8

»

d ri •» es r-

O

»

—

3s

as

g'-â

'P
ui a
Al

^

o
•a

2

§ .8.
•a «T

•a
|
&
>
o

c
o

&
0>

B

i
CO

O

a

tü

•g*-a

•S c

= 'So
a

ê3

# # # [2

w

51

chapter4
of self-parasitized and self-superparasitized hosts and of black parasitized pupae was
shorter than for other host types. The handling time for oviposition and for
ovipositorial rejection varied less when hosts were unparasitized compared to
parasitized hosts.The handling times by naive and experienced females were equal.
The probability of a host rejection, an oviposition or a host feeding after encountering ahostcanbeestimated bythepercentageofthetotalnumberof encounters
spentoneachhandlingbehaviour.ForhoststageL3/L4theydependedonthehosttype
encountered (Table 6).Thepercentage ovipositions (successratio) washighest in unparasitized hosts (74.8%) and did not change during these experiments, when the
number of ovipositions increased from 0 to 4. An oviposition posture was rarely
observed inhostsrecently parasitized bythe samefemale. However, oviposition does
occurwhenhostswererecentlyparasitizedbyaconspecific: 14.2%ofsuchencounters
resulted in a superparasitization. This did not change significantly for experienced
females, at least the success ratio did not decrease. Host handling behaviour of
experienced wasps did not differ from that of naive wasps. When the host was
parasitized6daysbeforeandcontainedaparasitoidlarva,ovipositionwasnotobserved
anymore.Whenthehostswereblackparasitizedpupaeorsuperparasitized bythesame
female, they were almost always rejected after antennal contact.
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egg load (relative to its maximum)

Figure 2. Walking activity (time walking while drumming on the leaf surface as a percentage of the total time
on the leaf, excluding host handling time) of Encarsiaformosa on cucumber during an oviposition sequence,
derivedfrom 11observationsbyHulspas-Jordaan (1978).Barsrepresent standarderrors;thenumberof replicates
(periods between successive encounters >25 s) is given between brackets.
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0.95 0.85 0.75 0.65 0.55 0.45 0.35 0.25 0.15 0.05

egg load (relative to itsmaximum)
Figure 3.Successratio (%of the total number of encounters with L3 or L4 larvae resulting in an oviposition)
of Encarsiaformosa on cucumber during an oviposition sequence, derived from 11 observations by HulspasJordaan (1978). The number of encounters is given between brackets.

DISCUSSION
The median residence time of E.formosa onclean tomato leaflets was about 20min.
Contactwithhoneydew orencounterswithunparasitized andparasitized hostsarrested
the parasitoid on the leaflet. The parasitoids spent maximally 20% of the residence
timeon host handling.About 75%of theremaining timewas spent on walking while
drumming for hosts at temperatures above 20°C. The average walking activity was
quite constant: it did not change with temperature above 20°C, it was the same on
leaflets with honeydew, and it was not influenced by encounters with or ovipositions
in hosts in these experiments on the premise that the total number of ovipositions
remained low.The egg storage capacity ofE.formosa is generally 8-10 mature eggs
perfemale (van Vianen &vanLenteren, 1986;Kajita &vanLenteren, 1982).Ifmore
than 4 eggs are laid, walking activity decreases. This became particularly clear after
re-analysis of Hulspas-Jordaan's (1978) data on E.formosa foraging for hosts on
cucumber. These results show that when more than 4 eggs have been laid, walking
activity decreases with decreasing egg load (Figure 2). This result is supported by
recent observations of Siitterlin &van Lenteren (1993) on gerbera, who also found a
decreasing walking activity after more than 4 ovipositions until the egg load was
depleted.Further,they showedthatthewalkingactivityincreased againafter neweggs
had matured.
Thewalking activity ontomatoseemstobeslightly higherthan ongerberaand
cucumber leaves, where an activity of about 60% was observed (see Appendix I).
Differences in walking speed between host plants are much more obvious (HulspasJordaan & van Lenteren, 1978). The walking speed is also more sensitive to
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temperature: it increased rapidly from 0.179 to 0.529 mm/s between 15and 25-30°C
on tomato.Thesametrend wasfound for gerberaleaves(Siitterlin&vanLenteren,in
prep.). Hulspas-Jordaan &van Lenteren (1978) found a walking speed on tomatoof
0.3mm/s(n=12)at24°C,which islowcompared to thepresent study.However, their
number ofreplicates waslow,thewalking arena was smaller and thecurvimeterthey
used to determine walking speed was much lessprecise than thedigitizer used in our
experiments (see alsoLiet al., 1987).Even for gerbera leaves,which arehairier than
tomato, Siitterlin &van Lenteren (in prep.) measured a higher walking speed of 0.39
mm/s («=60) at 25°C,when using the same method as wedid.
Hosthandling doesnotseemtobeinfluenced by thehostplant. No differences
were found in handling times and success ratios on unrelated host plants liketomato,
cucumber, gerbera and poinsettia (see below).Handling seems to depend entirely on
the stage ofthegreenhouse whitefly immature which isencountered by theparasitoid
(Nelletal, 1976)andwhetherornothostsareparasitized, superparasitized or host-fed.
The total handling time (including drumming etc.) for oviposition and for
ovipositorial rejection of an unparasitized host is about 6 min on tomato, which is
similartorecentfindings onpoinsettia,gerberaandcucumber (seeAppendix I).Asin
thepresentstudy,nosignificant differences werefound inearlierdatabetweenthetotal
handlingtimefor ovipositionandforovipositorialrejection.Differences inthetimefor
an oviposition posture for oviposition and for ovipositorial rejection were not found
either(seeAppendix I).Thus,the 100-secondcriteriumof vanLenteren etal.(1976b)
for oviposition postureresulting in aneggdeposition isnotvery accurate.Hostshave
to be dissected to be sure of an egg deposition.
The only difference between the time for oviposition and for ovipositorial
rejection was their variation, which was lower in case of an oviposition: the average
coefficient of variation (SD^/mean) was 25 and 63%respectively when hosts were
unparasitized, and was caused by variation in the duration of the oviposition posture
(see Appendix I).
Inthepresentstudythesuccessratioinunparasitized hosts(74.8%)mightseem
quitehigh when compared toother data (seeAppendix I).Nell et al.(1976) found on
average42.6%ovipositionsinunparasitized L4larvaeoncucumber andtomato,when
parasitoids could lay all their eggs.Unfortunately, therelationship with egg load was
not studied.Hulspas-Jordaan (1978)found onaverage49.0%ovipositionsinL3orL4
larvaeoncucumber,whenparasitoidscouldlayalltheireggs.Re-analysisofthesedata
showed that the success ratio depended on egg load. It was about 80% when the
parasitoids had afull eggload, butdecreased significantly when moreeggs werelaid
(Figure 3). The same was recently found on gerbera (Siitterlin & van Lenteren, in
prep.).Inourexperimenttheparasitoidsneverlaidmorethan4eggsandwerethusnot
depleted, which explains the high successratio.
Self-superparasitism was not found for E. formosa (see also Appendix I).
Conspecific-superparasitism did occur in 14% of the contacted hosts containing a
parasitoid egg, but was not observed anymore when the parasitoid egg had hatched.
Experienced wasps did notreject more parasitized hosts than naive females.
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At 15and 18°C,theparasitoids werestanding still for most ofthetimeanddid
not fly. Usually they walked only for the first few minutes. This is contrary to van
Lenteren & van der Schaal (1981), who found a lower temperature threshold for
searchingandoviposition of 12°C.However,itdoesagreewithEnkegaard (1992)who
found a strong reduction in the functional response curve on leaves for E.formosa at
16°Ccompared to22°C,whenparasitoidswerereared at22°C.Apossible explanation
mightbethat thetemperature atwhich theparasitoids werereared hasbeen increased
during thelastdecade,causing aconsiderable shift in thelower temperature threshold
of E.formosa for searching and oviposition.
In conclusion, the present study showed the following essential additions to
earlierworkonE.formosa:(1)parasitoidswerearrestedontheleafbyencounterswith
and ovipositions in unparasitized hosts, by encounters with parasitized (unsuitable)
hosts and by contact with honeydew, (2) walking activity decreased with decreasing
eggload,(3)walkingspeed increased withincreasing temperature, (4)thepercentage
ofencountersresultinginanoviposition (successratio)decreased withdecreasingegg
load, (5) host handling did not depend on the host plant, (6) handling time for
oviposition did notdiffer from that of ovipositorial rejection, (7) self superparasitism
wasnotobserved,(8)conspecific superparasitism wasonlyobserved when parasitized
hostscontained aparasitoid egg,and notanymore when parasitized hostscontained a
parasitoid larva or pupa, (9) host handling behaviour of experienced wasps did not
differ from that of naive wasps, and (10) parasitoids became active only at
temperaturesabove 18°C.Particularlyfindings (1),(2),(3),(4)and(10)haveimportant
consequences for the overall parasitization efficiency of E.formosa.
More detailed information on time allocation of the parasitoids on leaves can
befound inChapters2and3.Inthesestudies,residencetime,timeonupperandlower
leaf side, time until changing to the other leaf side, and the giving up time were
analyzed.Theinfluence ofdifferent intra-patchexperienceswithhostswerealsotested
and thepatch leaving mechanism ofE.formosaisdiscussed.With these new findings
the complete foraging process from landing on a leaf until departure has now been
described andquantified (Figure 1).Next,thisinformation willbeused in astochastic
simulationmodeloftheforaging behaviourofE.formosa(Chapters5,6and7).Based
on these simulations, we are able tojudge in what situations E.formosa can beused
as an efficient biological control agent.
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APPENDIX I. ESSENTIAL DATA.
Almost alldata listed below originate from unpublished M.Sc. theses.They areused for comparison
with thepresent results andin simulation models of the foraging behaviour.
Walking activity:
Clean cucumber leaf: 57.8%, «=99 (vanEck-Borsboom, 1979).
Infested cucumber leaf: 63.7%, «=59 (Liet al., 1987).
Cucumber leaf before thefirst oviposition: 72.7+27.2SD %,«=8(Hulspas-Jordaan, 1978).
Clean gerbera leaf (var.'Parade'): 58.8+24.2SD %, «=21 (Siitterlin et al., 1993).
Gerbera leaf before thefirst oviposition: 59.5+27.5SD %,«=10(Siitterlin et al., 1993).
Gerbera leaf before thefirst encounter with ahost: 60.1%, «=55 (Godthelp, 1989).
Gerbera leaf before thefirstencounter with ahost: 44.6%, «=30 (Küsters, 1990).
Handling time:
Oviposition inunparasitized hosts:
Poinsettia: 333.0+85.3SD s, n„=74 handlings (Boisclair, 1990).
Gerbera (var.'Parade'): 333.7+78.9SD s, «=10 parasitoids (Siitterlin &vanLenteren, inprep.).
Tomato andcucumber: 249.7+76.8SD s, «,,=76 (Sevenster-van derLelie, 1974).
Tomato: 248.8+40.6SD s, «=10 (vanLenteren &vanderSchaal, 1981,at25°C).
Ovipositorial rejection of unparasitized hosts:
Poinsettia: 251.4+157.3SD s, n„=24 (Boisclair, 1990).
Gerbera (var.'Parade'): 372.1+233.3SD s, «=14 (Siitterlin &vanLenteren, inprep.).
Oviposition posture inunparasitized hosts, resulting in oviposition:
Cucumber: 216.2+63.5SD s, «,,=129 (Hulspas-Jordaan, 1978).
Tomato andcucumber: 209.5+46.0SD s, «,,=179 (Sevenster-van derLelie, 1974).
Oviposition posture inunparasitized hosts, resulting inovipositorial rejection:
Cucumber: 218.6+140.5SD s, ^=19 (Hulspas-Jordaan, 1978).
Tomato andcucumber: 194.0+144.1SDs, «h=173(Sevenster-van derLelie, 1974).
Antennal rejection of unparasitized hosts:
Tomato andcucumber, allhost stages: 10.9s, «h=1178(vanLenteren et al., 1980).
Poinsettia, L3/L4 stage: 21.6+17.2SD s, nh=64 (Boisclair, 1990).
Host feeding ofunparasitized hosts:
Tomato andcucumber: 917.3+411.2SD s, ^=19 (Sevenster-van derLelie, 1974).
Antennal rejection of parasitized hosts:
Tomato andcucumber, allhost stages: 9.7s, «h=244 (vanLenteren et al., 1980).
The percentage ofthe total number ofencounters spent on each handling behaviour:
Poinsettia; the first encounter with unparasitized L3/L4 larvae: 33% antennal rejection, 18%
ovipositorial rejection, 49% oviposition, and0%host feeding; «=139 encounters (Boisclair, 1990).
Cucumber and tomato; unparasitized L4 larvae; parasitoids laid all their eggs: 28.0% antennal
rejection, 23.9%ovipositorial rejection, 42.6%oviposition, and5.5%host feeding; «=254(Nelletal„
1976).
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Cucumber, unparasitized L3/L4larvae;parasitoids laid all their eggs: 38.0% antennal rejection, 9.2%
ovipositorial rejection, 49.0% oviposition, and 3.7% host feeding; w=271(Hulspas-Jordaan, 1978).
Tomato and cucumber, self-parasitized L4 larvae: 97.5% antennal rejection and 2.5% ovipositorial
rejection; n=158 (van Lenteren et al., 1976b).
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Chapter 5
Analysis of foraging behaviour of the whitefly
parasitoid Encarsiaformosa in an experimental arena:
a simulation study
ABSTRACT
Foraging behaviour of Encarsiaformosa was analysed with a stochastic simulation model of the
searching parasitoid during a fixed tune in an experimental arena with immatures of the greenhouse
whitefly, Trialeurodesvaporariorum.The model is based on searching, host selection and handling
behaviour, and on the physiology of the parasitoid. Outputs of the model were the number of hosts
encountered,parasitizedorkilledbyhostfeeding.Thesimulationresultsagreed wellwithobservations
onleavesof severalcrops.Meannumberofencounters,ovipositions and host feedings increased with
host density to a maximum of 25 encounters, 6.5 ovipositions and 1.5host feedings during 2 h at
25°C. The number of ovipositions on the leaf at low host densities was strongly affected by the
parasitoids'walkingspeedandwalkingactivity,theprobabilityofovipositionafter encounteringahost
andthe initial eggload. Athighdensities,the initial and maximum eggload were mostimportant. A
TypeII functional response curvewas found, whichmaybetheresultof the 'experimental' procedure
where a parasitoid was confined to a patch during a fixed time.

INTRODUCTION
Biological control of the greenhouse whitefly, Trialeurodes vaporariorum, with the
parasitoid Encarsia formosa is commercially applied with success in several
greenhouse vegetables, such as tomato (van Lenteren & Woets, 1988). Much basic
research backed thereliable application of the parasitoid in the field, such as studies
on host searching, host selection, host discrimination and host handling behaviour of
theparasitoid (vanLenterenetal., 1976a,b;Nelletal., 1976;vanLenterenetal.,1980)
and on foraging behaviour and time allocation on leaves (Chapters 2, 3 and 4). E.
formosaisasynovigenic andsolitaryparasitoid.Inordertoreproduce,E.formosahas
tosearchfor thesessilewhitefly hosts.Theparasitoid forages onaleafbywalkingand
drumming andhostsareencounteredrandomly(vanLenterenetal.,1976a;Chapter2).
After an encounter, four behaviours on that host can be distinguished: the parasitoid
mayreject thehost after contact with theantenna (antennal rejection) or after contact
withtheovipositor(ovipositorialrejection),shemayparasitize(oviposition)orshemay
usethehostasafood source(hostfeeding) (vanLenterenetal., 1980).Abouttendays
after oviposition the immature parasitoid pupates in the host pupa, which then turns
black.
Asyetthereisno satisfactory explanation astowhytheparasitoid introduction
scheme for tomato cannot be applied reliably on some other important greenhouse
crops, such as cucumber and gerbera. To better understand the tritrophic system host
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plant-greenhousewhitefly- E.formosa whichcan helptoexplain failure orsuccessof
biological control, a simulation model of the population dynamics of thepest insectparasitoid interaction wasdeveloped.Themodelisbasedondevelopmentalbiologyof
the two species and on the parasitoid's searching and parasitization behaviour in
relationship to host plant characteristics and greenhouse climate. Demographic input
datacan be found in Chapters 8and 9.Themodelconsists of several submodels,one
of which is presented here.
Thesubmodelpresentedheresimulatestheforaging behaviouroftheparasitoid.
In order to understand quantitative effects of the parasitoid's foraging behaviour on
whitefly populationsinacrop,thisbehaviourisfirst studied atamuch smaller spatial
scale. Input parameters for an E.formosa female searching for hosts during a fixed
time in an experimental arena were used in the present simulations. The simulated
number of hosts encountered, parasitized and killed by host feeding were validated
withexperimental data.Asensitivity analysis showed themost important behavioural
or physiological parameters, which affect the number of hosts encountered and
parasitized.
Fromthesimulationresultsatdifferent hostdensities,theparasitoids' functional
response can bedetermined. The functional response is the relationship between the
number of parasitizations of anindividual parasitoid per unit of timeas a function of
host density. Holling (1965) distinguished three types of functional responses: (I) a
linear increase of number of parasitizations with host density until a maximum level
isreached,(II)ariseinparasitization whichdecelerates ashostdensity increasesuntil
a maximum levelisreached and (III)asigmoid increase with hostdensity.Theshape
of thecurve helps to understand thedynamics of thehost-parasitoid interaction atthe
population level.
In case of a Type II response, percentage parasitism declines with increasing
hostdensity (inversely density-dependent).According totheory,this will tend tohave
a destabilizing effect on the dynamics of host and parasitoid. A high host density on
the leaf thus 'dilutes' the per capita parasitization pressure caused by one parasitoid.
Incase of aTypeIII(Sshaped)response,density-dependence occursand populations
tend to be stabilized (see e.g. Murdoch & Oaten, 1975; Oaten & Murdoch, 1975).
However,functional responsesareonly onefactor indetermining thedynamics atthe
population level. The effect on the population level depends on the balance between
the 'dilution' effect and, for instance, aggregation of parasitoids on leaves (see e.g.
Hassell & May, 1974; Chesson &Murdoch, 1986; Reeve et al., 1989;Pacala et al.,
1990).Fromthesimulationresultsatdifferent hostdensities,thenumberofencounters,
ovipositions (parasitizations) and host feedings in relationship to density can be
generated for E.formosa searchingduring afixed timein anexperimental arena.The
model will later beextended and used atlarger spatial scales, such as (whole) leaves,
plants and canopies (Chapters 6, 7 and 10).
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THE SIMULATION MODEL
Astochastic MonteCarlosimulation modelwasdeveloped for theforaging behaviour
oftheparasitoid.Inthesimulationspresentedinthischaptertheparasitoid issearching
on the infested side of a leaf(let) during a fixed time and cannot reach the other leaf
side or leave. In Chapter 6 the model isextended and used to simulate the searching
parasitoid during asinglevisittoatomatoleaflet, wheretheparasitoid isabletomove
from one leaf side to the other and can fly away. In Chapter 7 themodel is extended
and simulations are done for the parasitoid on a tomato plant where the parasitoid is
able to fly from leaflet to leaflet and can move from one leaf side to the other. The
description of the three models isgiven here.
Stochasticity meansthatprocesses occurwith acertainprobability,for instance
in the model presented here, an encounter with a certain host stage or the resulting
handling behaviour onthat host. Someinputparameters arenotfixed butdrawn from
acontinuousdistributionfunction tomimicitsobserved variation,suchasthehandling
time,the walking activity, and when theparasitoid is searching on aleaf orplant, the
timeperiod that the parasitoid searches on the leaf until leaving and the time period
on a particular leaf side until changing to the other leaf side. Each computer run
simulates one foraging parasitoid. The searching and parasitization results for each
parasitoid areuniqueduetothestochastic processesand therefore thesimulationmust
be repeated for many parasitoids. As a result, Monte Carlo simulations yield
information about the mean and variation of a population of parasitoids. The same
approach wasusedbySabelis(1981)andvanBatenburgetal.(1983)tosimulatepreypredator and host-parasitoid interactions at the individual level.
Input parameters were obtained from several experiments (see below).For themodel
of the foraging behaviour in an experimental arena they are:
number of all immature hosts per leaf(let)
size (mean diameter) of all immature host stages
width of the parasitoids' searching path
walking speed of the parasitoid
walking activity of theparasitoid
variation in walking activity
theprobabilityofacertainhandlingbehaviourtooccurafter encounteringahost
handling time for each handling behaviour
variation in handling time for each handling behaviour
initial egg load of the parasitoid (number of mature eggs per female at the
beginning of the experiment)
maximum egg load of the parasitoid (egg storage capacity)
relative egg maturation rate of the parasitoid
maximum number of host feedings per parasitoid per day
leaf(let) size
temperature
time step of simulation
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START

read input parameters
and initial conditions
from data file

parasitoid begins to search
on the infested leaf side
calculate ABATIM:the moment at
which the host will be abandoned

calculate handling time

I Yes

select handling type:
• antennal rejection
- ovipositorial rejection
- oviposition
- host feeding

calculate number of hosts that are:
- rejected after antennal contact
- rejected after ovipositorial contact
- parasitized
- superparasitized
- host fed upon

calculate egg maturation rate

increase TIME with time step

calculate walking activity
select encountered
host stage and host type
calculate host encounter rate

Figure 1.Flow diagram oftheforaging behaviourofoneE.formosa female inanexperimental arena.
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end time of simulation
Extra input parameters for the models of foraging behaviour on a tomato leaflet and
on a plant (Chapters 6 and 7)are:
parasitoids' tendency of changing from the lower to the upper leaf side
parasitoids' tendency of changing from the upper to the lower leaf side
the effects of intra-patch experiences on the tendencies of changing leaf sides
parasitoids' tendency to leave the leaflet
the effects of intra-patch experiences on the leaving tendency
probability of landing on the lower leaf side of the leaflet, compared to the
upper side
For simulation of the searching parasitoid on a tomato plant (Chapter 7) a few more
parameters are needed as input:
number of leaflets on the plant
number of infested leaflets
number of each immature host stage on each infested leaflet
probability of landing on a particular leaflet
Themodelfor oneparasitoid searchingin anexperimental arenaduringa fixed
time is presented in the flow diagram of Figure 1.The model is initialized with the
number of hosts per leaf for each stage.The time step of simulation was taken 1.2s,
much smaller than the smallest time coefficient in the model (handling time for
antennal rejection of a parasitized host), which is needed for accurate numerical
integration. Accuracy was tested by comparing the simulation results with those
obtained at atime step double or half in size.Number of replicates (parasitoids) was
always 100, which was sufficient for a low standard error of the mean (SE<5%).
During the simulation, the initial condition of each replicate was taken the same.
Therefore, variation in body size between parasitoids or in number of ovarioles per
female was not taken into account.
Walking speed and activity
Theparasitoid walkswithacertain speed.Walking speeddoesnotaccountfor periods
thattheparasitoid isstandingstill.Itdependsonleaf structure(Hulspas-Jordaan &van
Lenteren, 1978;Li et al., 1987) and on temperature (Chapter 4).Walking speed data
for tomato were taken from Chapter 4.
Walking activity is defined here as the percentage of time walking while
drumming on the leaf surface compared to the total timeon the leaf without handling
hosts. In the model, a value for walking activity is drawn from a normal distribution
(after arcsin transformation) to mimic the large variation for one parasitoid as was
observedduringexperiments.Meanandcoefficient ofvariation(SDn.,/mean)ontomato
were 75%and 0.30 respectively (Chapter 4).The walking activity was a little lower
oncucumber andgerberaanditdecreased withdecreasingeggload,after about4eggs
were laid (Chapter 4). In the model, the mean walking activity was kept at its
maximum valueuntil theegg load wasdepleted for 50%,and then decreased linearly
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to zero with egg load. The walking activity was low at temperatures below 18°C
(Chapter 4) and was set to5%.
Encounter probability
In the model six host stagesare distinghuished which can be parasitized or host-fed
upon: the larval stages LI, L2,L3,L4,and the prepupa (PP) and pupa (PU) (Nell et
al., 1976).After parasitization orhostfeeding, sixhosttypes aredistinguished:(1)unparasitized hosts,(2)parasitized hostscontaining an egg laid by the same female, (3)
parasitized hosts containing an egg laid by a conspecific, (4) parasitized hosts
containing a parasitoid larva from a conspecific, (5) parasitized hosts containing a
parasitoid pupa (black pupae) and (6)hosts which arefed upon.To summarize:hosts
are divided into 36host classes which can only bepresent on the lower leaf(let) side.
E. formosa is searching randomly on a leaf(let) without preference for a
particular leaf side or part (van Lenteren et al., 1976a; Chapter 2). The observed
walking pattern is not influenced by veins and never becomes tortuous (van Lenteren
et al., 1976a) and is independent of the number of leaf hairs on cucumber (Li et al.,
1987). Therefore the walking pattern does not have to be described for the
simulations,but thecalculation of theencounter rate suffices. Skellam (1958)derived
an equation for the encounter rate RE (encounters per time):
(1)

RE = (WIp + DMh) *WS *ACT *DENS

inwhichWIpisthewidth oftheparasitoids' searching path (inmm),DM,, isthemean
diameter of thehost (in mm),WS isthe walking speed of theparasitoid (in mm/sec),
ACTisthewalkingactivityoftheparasitoid (expressed asfraction oftime)andDENS
is the host density (in number/mm2). The mean diameter of the host stages was
calculated asthe averageof length and width,which are given by van Lenteren et al.
(1976a). E. formosa searches by drumming the leaf surface with the antennae,
meanwhile turning slightly to theleft andright. From video analyses the width of the
searchingpathwasestimated astwicetheheadwidth(headwidthgivenbyvanVianen
& van Lenteren, 1986a). The sum of WIp and DMh represents the width of the
encounter path and the product of WS and ACT the net rate of movement of the
parasitoid.
Theprobability PE of an encounter during atime stepdt, can bederived from
the Poisson distribution, which is commonly used to describe random processes:
(2)

PE = 1- exp(-RE*dt)

By drawing a number between 0 and 1 with a random generator, an encounter is
simulatedwhenthisnumberisbelowPE.Inthisway,encounterswithallpossiblehost
classes can be simulated.
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Handling of hosts
Each encounter willbefollowed by oneof thefour handling behaviours,whichoccur
atacertainprobability,depending onhoststageandhosttype.Thehostplantdoesnot
have an effect (Chapter 4). These probabilities were estimated by the percentage of
encountersresultinginantennalrejection, ovipositorialrejection, oviposition andhost
feeding. For unparasitized hosts, they were taken from Nell et al. (1976), for
parasitized hosts by the same female from van Lenteren et al. (1976b) and for
parasitized hosts by aconspecific female from Chapter 4. In the first two studies the
parasitoidsdepletedtheireggs.Unfortunetaly, therelationshipbetweentheprobability
ofeachhandling behaviourandeggload wasnotexamined.InChapter4itwas found
that the probability of oviposition (success ratio) in unparasitized hosts decreased
linearlyduringtheobservationswhentherelativeeggloaddecreasedfrom 1 (full batch
of mature eggs) to 0 (no eggs). Table 1 shows the results of linear regression, as
derived from the observational protocols of Hulspas-Jordaan (1978). Although the
number of parasitoids was low (11), only the relationship for the probability of host
feeding wasnotclear.Theseresultswereconfirmed byrecentexperimentsof Siitterlin
& van Lenteren (in prep.) on gerbera. For the model, probabilities depending onegg
load werederived.They werebased onthemean valuesof Nelletal.(1976),because
thesewereobtained for allwhitefly stagesandwerebased onmanyreplicates,andon
the slope of Table 1.
E.formosais asolitary parasitoid. During anoviposition, oneegg will belaid.
Superparasitism by aconspecific may occur, depending on theparasitoid stagein the
host(Chapter 4). Selfsuperparasitism wasnotobserved andisneglected inthemodel.
An observed maximum number of 3 host feedings per parasitoid per day is used
(Fransen &van Montfort, 1987;Arakawa, 1982).
Host handling takes acertain amount of time.ForE.formosa, handling times
were low compared to the total time on the leaf (Chapter 4). In the model, handling
timeisdrawnfrom anormaldistribution,ofwhichmeanandvariationdependsontype
ofbehaviourandhosttype.Thehostplantdoesnothaveaneffect (Chapter4).Forunparasitized hosts handling times were derived from Boisclair (1990), Siitterlin &van
Lenteren (inprep.) and Chapter 4 and for parasitized hosts from Chapter 4.Thetime
for host feeding and its variation were taken from Sevenster-van der Lelie (1974),
because the number of replicates washigher than in other studies.When handling of
anencountered host stops and thehostisabandoned, host numbers of each host class
changeduetooviposition orhostfeeding. Therefore, densities for each host stageand
type are recalculated in the model. When an encountered host is abandoned, the
parasitoid resumes searching on theleaf.
Egg maturation
In the model, the parasitoid starts with a full batch of mature eggs of 8.9. This
maximum egg load is based on data of van Vianen & van Lenteren (1986a) who
observed on average 8.9 ovarioles per parasitoid («=1452). About 1mature egg per
ovariole was observed at 0.5 day after emergence (Kajita &van Lenteren, 1982;van
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Table1. Linearregressionbetweentheprobabilityofeachhandlingbehaviourtooccurafter
encounteringahostandeggload(relativetoitsmaximum), asderivedfromHulspas-Jordaan
(1978)(«=10eggloadclasses).
Probabilityof:
r2
antennalrejection=
0.502-0.429* eggload
0.495
ovipositorialrejection=
0.153-0.160* eggload
0.601
oviposition=
0.290 +0.628* eggload
0.766
hostfeeding=
0.0559-0.0391* eggload
0.151
Vianen&vanLenteren, 1986b).E.formosa isasynovigenicparasitoid.Whentheegg
load of the parasitoid drops below its maximum value due to oviposition, egg
maturation starts.The egg maturation rate at a certain time (dEGG,/dt, in number of
matureeggsperfemale perhour)depends ontheeggload atthat time(EGG,),aswas
shownbyvanVianen&vanLénteren(1986b):itisatitsmaximumwhentheeggload
is zero and decreases linearly with increasing egg load, until the maximum egg load
(EGGmM)is reached. It is simulated as a deterministic process:
(3)

dEGGt/dt = C *(EGGm„ -EGGJ

in which theconstant Cis therelative egg maturation rate (in 1/h)and can be solved
analyticallyfrom equation(3).ThevalueCwasderived ataconstanttemperature from
data of Kajita &van Lenteren (1982), who counted the number of mature eggs at 0
and 16hafter emergenceof5parasitoidsat5, 10,15,20and25°C. Themaximumegg
loadintheirexperimentswas7.7.Alinearrelationship withtemperature(TEMP)was
then found:
(4)

C = -0.0205+0.004032 *TEMP; ^=0.828 («=5)

According to equation (3) and (4), the maximum egg maturation rate is 0.7 eggs/h
when theparasitoid depleted hereggs at 25°C.Many parasitoids need to host feed to
obtain nitrogenous compounds, which are necessary toproduce eggs (Jervis &Kidd,
1986).However, Gast &Kortenhoff (1983) and van Lenteren et al.(1987) found that
E.formosa females which wererefrained from host feeding laid the same numberof
eggs than females which were able to host feed. They suggested that parasitoids that
do not feed on hosts obtain the nitrogenous compounds from the honeydew of the
whiteflies. Therefore, in the model we assume that egg maturation is not affected by
host feeding.
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Time allocation
Data on timeallocation are only used asinput in the models for searching parasitoids
on a tomato leaflet and on a plant (Chapters 6 and 7). The median giving up time
(GUT)ofE.J"ormosa after landingonatomatoleaflet or,ifitoccurred,from thelatest
encounter with ahostuntilleaving was 18.6min.Themedian timefor changing from
one leaf sideto the other (TUC) wasinitially 11.6min,and dropped to 5.7 min after
both leaf sideshad been visited (Chapter 3).GUTandTUC showed agreat variation.
In Chapter 3 two characteristics were quantified to describe the time allocation of E.
formosa on atomato leaflet: theparasitoids' leaving tendency, i.e. theprobability per
unit of time to leave the leaflet and the parasitoids' tendency of changing leaf sides,
i.e. theprobability per unit of time to change from one leaf side to the other.
The leaving tendency and the tendency of changing leaf sides sometimes
changedafter theparasitoid hadanexperiencewithahost.Intra-patchexperienceswith
the host are e.g. contact with honeydew, antennal or ovipositorial rejections of hosts
andovipositions.Theeffect ontheleavingtendency andthetendencyofchangingleaf
sides werequantified asmultiplication factors (Chapter 3).Thefirst oviposition inan
unparasitized hostaswellasthepresenceofafilm ofhoneydew decreased theleaving
tendency strongly, thus increasing the GUT since latest encounter. Encounters with
parasitized hostsdidnotaffect theleavingtendency andtheresulting GUTsincelatest
encounter. As a consequence, each encounter with hosts, whether or not parasitized,
lead to longer residence times on theleaf.
The first oviposition in an unparasitized host also decreased the tendency of
changing from thelower leaf side,where hosts arepresent, to the upper side,leading
to longer visit times at the lower leaf side.Presence of honeydew did not affect the
tendency of changing leaf sides. Both the leaving tendency and the tendency of
changing leaf sides were not affected by the leaf side on which the parasitoid began
to search, the time since the beginning of searching on the leaf and the temperature
above 18°C.
Each timeafter landing ontheleaflet andwhenahostisabandoned,avaluefor
GUT is derived in the model from an exponential distribution, as was observed in
Chapter 3:
(5)

GUT = -ln(X)/T

in which T is the leaving tendency (in time"1), and X is arandom number between 0
and 1.Theparasitoid leaves when this timeisreached without anext host encounter.
The leaving tendency of the parasitoid is calculated from the basic tendency and, in
caseanexperience withahosthasoccurred earlier whichinfluences thistendency,its
multiplication factor. For instance on a clean leaflet or after each host encounter, the
leaving tendency is equal to the basic tendency of 0.000621 s'1. When the first
ovipositioninanunparasitized hosthasoccurred,thebasictendencywillbemultiplied
by0.46. GUTisthen -ln(X)/0.000621 sonclean leaflets or after each hostencounter
andincreases to-ln(X)/0.000286 safter thefirstoviposition ontheleaflet. Formedian
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times, X is set to 0.5 which yields 18.6 and 40.4 min respectively. In the model,
minimum GUTwas setto 100s,because observed times sincethelastencounteruntil
leaving were never smaller than this value.
DuringGUT,theparasitoid eitherwalkswhilesearchingordoesnotwalkatall
(standsstill,preensoreatshoneydew).Theaveragewalkingactivityintheexperiments
ontomato, which were used to estimate theleaving tendency and theresulting GUT,
was75% (Chapter4).Inthemodel,theGUTofequation (5)wasprolonged whenthe
meanwalkingactivitydropped below75%duetoadecreasingeggload,toincludethe
long resting periods of the parasitoid. In this way, the GUT that theparasitoid really
walkswas always equal.
Atthebeginningofsearchingonaparticularleaf sideoreachtimewhenahost
isabandonedonthatleaf side,thetimethattheparasitoid staysonthatleaf side(TUC)
is calculated in the same way. TUC was also exponentially distributed. A value for
TUC is derived according to equation (5),in which T is now the tendency to change
from one leaf sideto the other. Both tendencies of changing from thelower leaf side
to the other and vice versa are calculated from each basic tendency and, in case an
experience with a host has occurred earlier which influences this tendency, its
multiplication factor (Chapter 3).
In summary, important processes in the model characterizing the tritrophic
relationship between host plant, host insect and the parasitoid as influenced by
temperature are:
thewalking speed whichdependsonhostplant(leaf structure)and temperature
thewalkingactivity whichdependsonegg load andleaf structure andwhichis
low at temperatures below 18°C
the probability of each handling behaviour after encountering a host which
depend on host stage, host type and on egg load
handling time and its variation which depend on handling behaviour and host
type
the relative egg maturation rate which depends on temperature
For searching parasitoids on a tomato leaflet and on a plant (Chapters 6 and 7),two
other important processes are:
thebasictendency tochange from oneleaf side totheother which dependson
hostplant (leaf size), the first oviposition in an unparasitized host on that leaf
side and on whether both leaf sides have been visited.
Thebasictendency toleavewhich depends on hostplant (leaf size),honeydew
on the leaf and on the first oviposition in an unparasitized host.
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RESULTS
Validation
Direct observations of searching parasitoids on a cucumber, poinsettia and bean leaf
infested with immatures of the greenhouse whitefly by Hulspas-Jordaan (1978),
Boisclair (1990) and Gast & Kortenhoff (1983) were used to validate the model.
Experiments were done with parasitoids on leaves in petri dishes during a fixed time,
where they could not leave or reach the other leaf side. The leaves were infested with
a high number of unparasitized hosts and exposure times were one,two or three hours.
Experiments during an exposure time much longer than the residence time on leaves
in the field, such as those of Fransen & van Montfort (1987) during 24 h, were not
taken to validate the model, because the behaviour may change when parasitoids
cannot leave a patch for a long time.
Almost all input parameters for the model were derived independently from the
validation experiments (see description of the model). Only the observations of
Hulspas-Jordaan (1978) were used toestimate the (relative)increase ordecrease of the
probability of each handling behaviour on unparasitized hosts (see Table 1). These
results, however, were confirmed by recent experiments of Siitterlin & van Lenteren
(in prep.) on gerbera.
Results of the validations are given in Figures 2-4. Simulated confidence
intervals were very small, due to the high number of replicates. As data on walking
speed of the parasitoid on bean leaves were not available, data for sweet pepper leaves
were used. Bean and sweet pepper leaves are both smooth without leaf hairs and
walking speeds are assumed to be similar. Input data on walking speed for cucumber
and sweet pepper were taken from Hulspas-Jordaan & van Lenteren (1978) and for
poinsettia from separate experiments of Boisclair (1990). The mean walking activity
on the three host plants when the parasitoids had a full batch of mature eggs was taken
70%.
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ovipositionsofE.formosaonhairyandhairless
cucumber leaves. Bars represent the 95%
confidence interval. Experimental set-up (n=8
and 5 respectively): 25 L3 and 25 L4 (unparasitized) greenhouse whitefly larvae on 3.5
cm2 exposed to 1parasitoid for 180 min at
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Figure 3. Observed and simulated number of
encounters (enc), antennal rejections (atr),
ovipositorial rejections (ovr),ovipositions(ovi)
and host feedings (hfe) of E. formosa on a
poinsettia leaf. Bars represent the 95%
confidence interval.Experimentalset-up(«=22):
11 L3 and 11 L4 (unparasitized) greenhouse
whitefly larvae on 7.07 cm2 exposed to 1
parasitoid for60minat20°C(Boisclair, 1990).
Simulations were done for 100replicates.
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(unparasitized) greenhouse whitefly larvae on
19.6cm2exposed to 1parasitoid for 120minat
25°C (Gast & Kortenhoff, 1983). Simulations
were done for 100replicates.
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Functional response
Aparasitoid searching ontheinfested sideofatomato leaflet wassimulated for2h.
Hostnumberswere6,12, 24,...,480andthehoststagesLI, L2,L3,L4,prepupa(PP)
and pupa (PU) were equally available. Temperature was always 25°C and tomato
leaflet sizewas22cm2 (one-side).
Undertheseconditions,meannumberofencounters,numberofovipositionsand
host feedings increased with host density toamaximum level of 25encounters,6.5
ovipositions and 1.5 host feedings after 2 h (Figure 5).Variation resulted from the
randomencounterofhosts,thevariablewalkingactivityofeachparasitoid,thevariable
handlingbehaviour ofanencountered hostandfrom thevariablehandlingtimes. The
functional response resembles aType II curve. Athost densities of 0, 1,2,..., 6L3
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andhostfeedingsofE.formosa
after2 hontheinfested leafsideofatomatoleaflet(22 cm2). Barsrepresentthestandarddeviations
(«=100).
larvae per leaflet, alinear increase in number ofencounters and ovipositions was
simulated. Ata density ofonly 1L3 larva per leaflet, 60% of the parasitoids
discovered the larva within theexposure time of 2 h.Per parasitoid, an overall mean
of0.92encounters,0.46 ovipositions and0.01 hostfeedings weresimulated after 2h.
The simulated distribution of encounters over different host stages is given in
Figure 6A for 24 and 480 hosts per leaflet. They are expressed as percentages of the
total number of encounters for all stages together. The same isdone for ovipositions
and host feedings (Figures 6B-C). Host density did not affect the distribution of
encounters.Even thesmalleststage(LI)wasencountered quiteoften, compared tothe
larger stages. As the initial number of each host stage on the leaflet was equal, the
distributionofencountersisonlydetermined bytheirmeandiameter(seeequation(1)).
The distribution of ovipositions over different host stages is determined bya
combination of being encountered (size) and the probability of oviposition after encountering a host (success ratio), of which the latter played the most important role.
Thesimulateddistribution ofovipositionsoverdifferent hoststagesshifted towardsthe
mostpreferred host stage at a lower egg load.This can beclearly seen at a high host
density (Figure 6B), and is the result of a decreasing success ratio when egg load
decreases (see Table 1).In themodel, this decrease was taken linear withequal slope
for all stages, so the success ratios of the most preferred stages become relatively
higher at a lower egg load.
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Sensitivity analysis
Parasitoids foraging under thesameconditions as simulated for the functional response
were simulated again (see above).Now, the change in mean number of encounters and
ovipositions was simulated after the value of one particular input parameter was
decreased with 25% compared to the 'standard run'. This was done for 13 input
parameters at a host density of 6, 24 and 480 hosts per leaflet. These densities
corresponded with a low,medium and high number of ovipositions respectively (2.06,
4.71 and 7.50), compared to the maximum egg load of 8.9. SE/mean for the 100
replicates of the standard run was 3.75, 1.96 and 2.17% for the number of encounters
and 4.64, 2.63 and 1.61% for the number of ovipositions for the three host densities
respectively. Results are shown inFigure 7,in which inputparameters resulting in long
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Figure 7. Change (%)in number of (A) encounters and (B) ovipositions of E.formosa after 2 h on
the infested leaf side of a tomato leaflet (22 cm2), when the value of one particular input parameter
was decreased with 25%. Simulations were done for 100 replicates. Input parameters are leaf area
(AR), diameter of host stages (DM), width of the parasitoids' searching path (Wl), walking speed
(WS), walking activity (AC), coefficient of variation of walking activity (CVa), maximum egg load
(ME), initial egg load (EG), egg maturation rate (MR), handling time (TH), coefficient of variation
of handling time (CVt), probability of oviposition after encountering a host (success ratio, Po) and
probability ofhost feeding after encountering ahost (Ph).Barsmarked by *are significantly different
from 0 (Student t-test on population mean; a=0.05).
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bars are the most important in determining the number of encounters or ovipositions.
Increasinginstead ofdecreasing eachinputparameter yielded aboutthesameabsolute
change in the output under study.
At a high host density, the number of encounters after 2 h was strongly
influenced by and most sensitive to the handling time (TH, Figure 7A). Other
parameters were less important. At a low host density, more parameters were
important, especially the walking speed (WS),the walking activity (AC)and theleaf
area(AR).
The number of ovipositions at a high host density was most sensitive to the
initial and maximum egg load (EG and ME, Figure 7B), which is caused by egg
limitation of the parasitoid. Again, more parameters were important at a low host
density: the walking speed (WS) and walking activity (AC), the probability of
oviposition (Po)and theinitialeggload (EG).Thelatter stillplayed animportantrole
atalowhostdensity,whereasthenumberofencounterswasnotaffected (Figure7A).
The influence of the temperature was simulated and is shown in Figure 8. At
18°Cthe number of encounters and ovipositions were strongly reduced, because the
walkingactivity asobservedinexperimentswasverylowatthattemperature (Chapter
4). At20°Cthemean number ofencounters andovipositions wasalways significantly
lower than at 25or 30°C.Areduction of 41.7 and 33.5%respectively was simulated
compared to 25°C at a host density of 6 per leaflet. At higher host densities, the
reduction in the number of encounters and ovipositions was smaller: 29.5 and 17.8%
at24hostsper leaflet andonly 8.9 and5.2% at480hostsperleaflet respectively.This
reduction iscaused byareduction inwalking speedof39.2%at20°Ccompared to25—O—
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30°C (Chapter 4).Achange in theegg maturation rate with temperature did not play
a role,because that parameter was unimportant in a timeperiod of 2 h, according to
Figure 7.
DISCUSSION
Thesimulationresultsagreedwellwithobservationsoncucumber,poinsettiaandbean
leaves. The probability of a host rejection, an oviposition or a host feeding after encountering a certain host stage were obtained from host populations of mixed stage
distribution (Nelletal., 1976).Theexcellentvalidationresultsmakeitlikelythatthey
do not change when only the most preferred stages (L3 and L4) are offered, as was
done in the validation experiments.
As simulated number of encounters are similar to the observed number, the
hypothesis of random hostencounter seems to becorrect. The walking pattern of the
parasitoidwasnotsimulatedbygeneratingangulardeviationsfrom observed frequency
distributions.Instead,theequation ofSkellam(1958)forrandom encounterwasused.
Van Lenteren et al. (1976a) observed that the walking pattern of E.formosa wasnot
influenced by veins and never became tortuous; hosts stages were encountered
according to their size and number. Noldus & van Lenteren (1990) show that E.
formosa does not use chemical cues to locate hosts or infested leaves. As two experimentsusedtovalidatethemodelweredoneatavery smallspatial scale, influence
of edges on walking pattern seems to be absent. In Chapter 2 it was observed that
walking along edges did hardly occur and that a preference for a particular leaf part
was absent.
A strong reduction in the simulated number of encounters and ovipositions at
18°Cwascausedbyaverylowwalkingactivity.Duringrecentexperiments averylow
walking activity was found at 15 and 18°C after different pre-treatments of the
parasitoids (Chapters 2 and4).This does not agree at all with earlier findings of van
Lenteren & van der Schaal (1981), who found a temperature threshold of 11.4-12°C
for searching and oviposition. However, it does agree with Enkegaard (1992) who
found amuch lower thefunctional response curvefor E.formosa on hostsofBemisia
tabaci at 16°Ccompared to22°C.Parasitoids werereared ataconstanttemperatureof
22°C. A possible explanation may be that during the last decade, the temperature at
which theparasitoids were reared has been increased and/or temperature fluctuations
have been decreased, causing a shift in the lower temperature threshold for searching
and oviposition.
Athighhostdensitiesandtemperatures above 18°C,thenumberof ovipositions
ofE.formosaafter 2hwasclosetotheinitialeggload,whichwasthemostimportant
parameter in such a short period. Even at a low host density, initial egg load played
an important role for the number of ovipositions, whereas the number of encounters
wasnotaffected. Thiswascausedbytheeffect ofeggloadonsuccessratio(seeTable
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1), which is an important parameter at low host densities. Also important at low
densities were the parasitoids' walking speed and walking activity.
Theshapeofthesimulated functional responseresembled aTypeIIcurve.This
agreeswithempiricaldataofE.j'ormosaobtainedinpetridishexperimentsofArakawa
(1981), Fransen &van Montfort (1987) and Lopez Avila (1988).At low densitiesof
1to6hostsper22cm2,alinearincreaseinnumberofencountersandovipositionswas
simulated.Burnett(1958a,b)alsofound alinearincreaseinnumberofhostsparasitized
at comparable host densities, although the experimental set-up was different. He
released 20 parasitoids at the same time, resulting in a high parasitoid-host ratio.In
fixed-time laboratory experiments, the Type II functional response is frequently
observed for predators and parasitoids of insects or mites (reviews in Lessels, 1985;
Stiling,1987;Walde&Murdoch, 1988).Thedecelerationofthecurveswithincreasing
hostdensity hasgenerally been attributed toanincrease in non-searching activitiesor
to egg limitation, as observed by deBach & Smith (1941) and Collins et al. (1981)
respectively. For E.formosa,both play arole and a decrease in walking activity and
success ratio is responsable for the effect.
Sabelis (1981) simulated a Type II response for predatory mites foraging for
spider mites using different simulation approaches, of which Monte Carlo simulation
and stochastic queueing technique (finite state Markov model) yielded similar results
close to the observations. In the present study a Monte Carlo model was chosen to
simulate the foraging behaviour of E.formosa on a small spatial scale (single leaves)
when host numbers are low. Under these conditions, the natural enemy gradually
depletes the patch and host densities will change rapidly. Steady states cannot be
assumed as will be done when using the Markov model (Sabelis, 1985,1986).
Type II functional responses can be described by the time budget or disc
equation(Holling,1959). Animportantassumptionforthatequationisthathostdensity
remains constant. When the natural enemy gradually depletes the patch, the equation
of Rogers(1972)ismoresuitable.Theshapeofthecurveisdescribed bythe 'handling
time' (Th) and the attack rate (a'). The maximum level of the functional response is
determined bythemaximum numberof handling times thatcan befitted into thetotal
timeavailable.ForE.formosa,the simulated maximum level of 7ovipositions would
result in aTh of 17min, which is much higher than the observed total handling time
of 5.5 min for oviposition (Chapter 4). Fernando & Hassell (1980) showed that real
handling times are much lower than estimated Th values for several predator-prey
interactions.Obviously,theestimatedThalsoincludesthetimestakenforstandingstill,
preening, rejection, host feeding and egg maturation.
Estimated ThvaluesforE.formosavaryfrom 12-17to48min(Arakawa, 1981;
Fransen &van Montfort, 1987) and withBemisia tabacias host, from 78 to 120min
(Lopez Avila, 1988;Enkegaard, 1992).The rate of approach to the plateau at a low
hostdensityisthesearchingefficiency ortheattackrate,a' (Holling, 1959).Theattack
rate based on the present simulations was 1.0 cm2/h. Estimated a' values were 1.5
cm2/h (Fransen & van Montfort, 1987) and with B. tabaci as host, 1.5-2.6 cm2/h
(Lopez Avila, 1988;Enkegaard, 1992).Th and a' arejust parameters to describethe
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functional responsecurve.Theydepend ontemperature,exposuretimeand,whenhost
densities are notequal, on the experimental arena or spatial scaleof theexperiments,
aswas observed for E.formosa byEnkegaard (1992).Thus,comparison of Thand a'
of different experiments is often not possible. A description of observed functional
responses is not sufficient and explanatory simulation studies, based on the basic
processes, are necessary to increase insight in quantitative effects.
Type III (S-shaped) functional responses have been found for parasitoids
confined to a patch for a fixed time (see examples of Hassell et al., 1977;Pandey et
al., 1982,1984; Shirota et al., 1983; Carton et al., 1987; Kumar et al., 1994). For
Venturia (Nemeritis) canescens this shaperesulted from an increase in the searching
intensity or activity (Hassell et al., 1977).Such an accelerating response can also be
caused by a decreasing time spent handling the hosts, as found for the parasitoid
Aphelinusthomsoni (Collins et al., 1981).For E.formosa Type IIIresponses may in
principle be the result of an increase in the parasitoid's walking speed, the walking
activity or the successratio or by a decrease in the handling time after encounters or
ovipositions.Suchchangeswereneverfound forE.formosaduringdirectobservations
(van Lenteren et al., 1976a; Sütterlin &van Lenteren, in prep.; Chapter 4).
Apotentially importantcomponent of parasitoid behaviour isomitted in fixedtimeexperiments.Aparasitoid confined toapatchfor afixed length oftimeis forced
toremain there,whereasin thefield itmayemigrate to search for betterpatches.The
TypeIIresponseofE.formosa,asderived from thesimulations,maybecaused bythe
'experimental' procedure that was followed. Van Lenteren &Bakker (1978) mention
two possibilities for obscuring a Type III response, when parasitoids are confined to
apatch:(1)the smallexperimental arena,whichcauseseven thelowest hostdensities
to be too high to detect the increasing attack rate and (2) theparasitoid cannot leave
the arena, which increases the probability to detect hosts at a low density. The
functional response curve on a leaf may change in more natural situations where the
parasitoid can leave. Type III responses may result when an accelerating increase in
residence timewithhostdensity occurs.Thenext stepin our analysis of the foraging
behaviour of E.formosa will be astudy whereparasitoids can fly away from theleaf
(Chapter 6).
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Chapter 6
Analysis of foraging behaviour of the whitefly
parasitoid Encarsiaformosa on a leaf: a simulation
study
ABSTRACT
Foraging behaviour of Encarsiaformosa was analysed with a stochastic simulation model of the
searchingparasitoid duringasinglevisittoatomatoleaflet infested withimmaturesofthe greenhouse
whitefly, Trialeurodesvaporariorum, from which the parasitoid can fly away.The model isbased on
host searching, host selection, host handling and patch leaving behaviour, and on the physiology of
the parasitoid. Outputs of the model were the residence time of the parasitoid on the leaflet and the
number of hosts encountered, parasitized orkilled by host feeding. The mean residence time and the
meannumber of encounters,ovipositions and host feedings onthe leaflet increased with host density
to amaximum of 14.0h, 209.3encounters, 15.6ovipositions and 2.9 host feedings. The shapeof the
curves resembles a Type II functional response. The relationship between ovipositions per unit of
residencetimeandhostdensityshowed adome-shaped curve.Themostimportantparameters affecting
the number of ovipositions at low host densities were the parasitoids' initial egg load, the walking
speed,the walking activity and theleaf area. Athighdensities,themaximum and initial egg load and
the egg maturation rate were most essential.

INTRODUCTION
Biological control of the greenhouse whitefly, Trialeurodes vaporariorum, with the
parasitoid Encarsia formosa is commercially applied with success in several
greenhouse vegetables, such as tomato (van Lenteren & Woets, 1988).However, there
isno satisfactory explanation why theparasitoid introduction schemefor tomato cannot
be applied reliably on some other important greenhouse crops, such as cucumber and
gerbera. This chapter is a continuation of the work described in Chapter 5, where the
foraging behaviour of E. formosa during a fixed exposure time in an experimental
arena was simulated. Under these conditions, the shape of the functional response
resembles a Type II curve (Holling, 1965). However, a potentially important
component of parasitoid behaviour is omitted in fixed-time experiments. A parasitoid
confined to a patch is forced toremain there, whereas in the field it might emigrate to
search for other patches. Van Lenteren & Bakker (1978) and Collins et al. (1981)
found a shift from Type II curves in fixed-time experiments to Type III in variabletime experiments. Simulations of Luck et al. (1979) showed that an increase in giving
up time after the first encounter with a hostcan produce a sigmoid response.The shape
of the curve may change when an accelerating increase in residence time with host
density occurs.
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START

read input parameters
and initial conditions
from data file

select the leaf side
on whichthe parasitoid
begins to search

calculate GUT: total time that
the parasitoid will walk on the leaf
(giving up time)

calculate TUC: total time that
t i e parasitoidwMwale
on the current leaf side
(time until changing)

calculate handling time

select handling type:
- antennal rejection
- ovipositoria) rejection
- oviposition
-host feeding

calculate number of hosts that are:
- rejected after antennal contact
- rejected after ovipositorial contact
• parasitized
• superparasitized
- host fed upon

select encountered
host stage and host type
calculate GUT: total time that
the parasitoid will walk on the leaf
(giving up time)

calculate T U C : total time that
the parasitoid will walk
on the current leaf side
(time until changing)

calculate egg maturation rate

increase T I M E with time step

calculate T W A U t total time that
the parasitoid walked on the leaf
since start or latest encounter

calculate T U C : total time that
the parasitoid will walk
on the current leaf side
(time until changing)

calculate TWALKS: total time that
the parasitoid walked on the leaf
side since start on that leaf side
or latest encounter

STOP
calculate walking activity

Figure 1. Flow diagram of the foraging behaviour of one E.formosa female on a leaf.
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The model presented here simulates the foraging behaviour of the parasitoid
during a single visit to a tomato leaflet. To understand quantitative effects of the
parasitoids' foraging behaviour on whitefly populations in acrop,foraging behaviour
isfirst studied atamuch smallerspatial scale.Theparasitoid canmovefrom oneleaf
side to the other and can fly away. From the simulation results at different host
densities,theparasitoids' residence time on theleaflet and the number of encounters,
ovipositionsandhostfeedingsinrelationshiptohostdensityweregenerated.Theshape
ofthecurveshelpstounderstand thehost-parasitoid interaction atthepopulationlevel
(see introduction of Chapter 5). A sensitivity analysis extracted the most important
behavioural or physiological parameters for residence time and number of hosts encountered and parasitized. Themodelwilllater beextended and used atlarger spatial
scales, such as plants and canopies (Chapters 7 and 10).

THE SIMULATION MODEL
Astochastic MonteCarlosimulation modelwasdeveloped for theforaging behaviour
of the parasitoid during a single visit to a tomato leaflet infested with hosts. The
parasitoid is able to move from one leaf side to the other and can fly away.
The model for one parasitoid is presented in the flow diagram of Figure 1.A
detailed description of the processes as simulated by the model and the input
parameters can befound in Chapter 5.In themodel,theparasitoid starts searchingon
thelower sideof aleaflet, wherehostscan befound. Themodelisinitialized withthe
number of hostsper leaflet for each stage.Thetime stepof simulation was taken 1.2
s, about one tenth of the smallest time coefficient in the model (handling time for
rejection of a parasitized host), which is needed for accurate numerical integration.
Accuracy wastested bycomparing thesimulation resultswiththoseobtained atatime
stepdouble orhalf in size.AsE.formosadoesnot forage inthedark (Hoogcarspel &
Jobsen, 1984), the maximum time of simulation was set to a daylength of 16 h.
Temperature was always 25°C.Number of replicates was 1000,except in the caseof
the sensitivity analysis at host density 480 where 100replicates were sufficient for a
low standard error of the mean (SE<5%). Honeydew on the leaf was assumed to be
absent. During the simulation, the initial condition of each replicate was taken the
same.Therefore, morphological orphysiological differences between parasitoids (i.e.
in body size,number of ovarioles orrelative egg maturation rate) werenot taken into
account.
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RESULTS
Validation
Validation of the simulation results was very good for parasitoids foraging during a
fixed time in an experimental arena (Chapter 5). The extra input parameters for the
present model, the tendency to leave and the tendencies of changing leaf sides, were
derived from direct observations (Chapter 3).Therefore these experiments were only
usedforverification andnotforindependentvalidation.Thesimulatedresidence times
and number of encounters were similar to these observations for parasitoids foraging
on clean leaflets and on leaflets with 77-200 black pupae.
Theexperiments with one to four hosts per leaflet could not be used, because
parasitoidswerealwaysreleasedclosetothehosts,whereasthemodelassumesrandom
landing. Thus, experiments to validate random host encounter at low host densities
were not available. At one L3 larva per leaflet, only 15.7% of the parasitoids are
expected toencounter thelarvaaccording tothemodel,if theposition of thehostand
the place where the parasitoid begins to search on the lower leaf side is random.
Simulation results
In themodel, theparasitoid started to search on the lower side of a tomato leaflet on
which the host stages LI, L2, L3, L4, prepupa (PP) and pupa (PU) were equally
available.Simulationcontinued untiltheparasitoid left. Temperaturewasalways25°C
and tomato leaflet size was 22cm2(one side).
Under these conditions, the mean residence time and the mean number of encounters,ovipositions and hostfeedings increased with hostdensity to amaximumof
14.0 h, 209.3 encounters, 15.6 ovipositions and 2.9 host feedings (Figures 2A-C).
Variationbetweenparasitoidsresultedfrom therandomencounterofhosts,thevariable
walking activity, the variable handling behaviour of anencountered host, the variable
handling time and from variation in the giving up time (GUT) and the time that the
parasitoid searches on a particular leaf side (TUC). Deviations from the mean were
highest at 80-240 hosts per leaflet, but when expressed relative to their mean, they
were highest at low host densities.
Whenparasitoids land ontheupper leaf side,theyfirst have toreach thelower
leaf side to encounter hosts. As GUT did not depend on the leaf side on which the
parasitoid began to search (Chapter 3), a larger part of the parasitoids will leave the
leaflet before the first host encounter. Thereduction of the mean residence time and
the number of encounters and ovipositions varied between 19and 34%,according to
the model at 24 and 480 hosts per leaflet.
The shape of the curves of Figures 2A-C resembles a Type II response. The
functional response is the relationship between the number of parasitizations of an
individual parasitoid per unit time as a function of host density. According to the
conventional definition, the number of parasitizations during an equal time interval
have to be obtained at different host densities. A functional response curve can be
generated when the number of ovipositions is expressed per unit of residence time
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(Figure 2D).Theresulting mean number of ovipositions per hour is an average over
thetotalresidence time.Thecurveincreased rapidly with hostdensity toan optimum
of2.06 ovipositions/hat48hostsperleaflet, after whichitdecreased to 1.25 athigher
densities.
At low densities of 0, 1, 2,..., 6 L3 larvae per leaflet, a linear increase was
simulated (Figures 2A-D). At a density of 1 L3 larva per leaflet, 15.7% of the
parasitoids discovered the larva, 9.7% had a successful parasitization and 1.1% used
the larva for host feeding. Thus, the probability for the larva of being killed by E.
formosawas 10.8%during asinglevisitof theparasitoid totheleaflet. Whenthehost
stagesareequallyavailable,theywere3.5%forLI, 9.6%forL2,14.8%for L3,19.5%
for L4, 16.7% for the prepupa and 12.8% for the pupa. Thus, for 100% host kill,
leaflets have to be visited at least five times. The probabilities hardly changed with
increasing hostdensityuntil90hostsperleaflet, duetotheinitiallinearincreaseofthe
number of ovipositions and host feedings with host density. The oviposition-host
feeding ratio was initially 10:1 and dropped to 4.2:1 at higher densities.
Figure 2E shows the simulated number of changes theparasitoids made from
oneleaf sidetotheother.From 2.4changes on average on clean leaflets, itincreased
to 8.2 at 120 hosts per leaflet, after which it decreased at higher host densities. It is
clear that on tomato leaflets both leaf sides werevisited quite often, whereas onlyon
the lower leaf side hosts can be found.
Thepercentageofparasitoidswithnoencounterbefore leavingtheleaflet (nonfinders) and thepercentage of parasitoids which stayed on the leaflet until theend of
theday (stayers) are given in Figure 3.Especially the percentage non-finders rapidly
declined with host density. At a high densities of 480 hosts per leaflet, 73.3%of the
parasitoids stayed on the leaflet for the whole day and continued foraging the next
morning.Ashoneydewprolongsthetimeonaleaflet (Chapter 3),thepercentagenon100

Figure 3. Simulated percentage of E. formosa
leaving a tomato leaflet (22 cm2) before an
encounter (non-finders) and staying on the
leaflet during the whole day of 16h (stayers).
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finders will decrease and the percentage stayers will increase when presence of
honeydew would be included in the simulations.
Thedistribution of encounters over different host stages is given in Figure4A
for 24 and 480 hosts per leaflet. They were calculated as percentages of the total
number of encounters for all stages together. The same was done for the number of
ovipositions and host feedings (Figures 4B-C). Host density did not affect the
distribution of encounters. As the initial number of each host stage was equal, the
distribution of encounters wasonly determined byhostsize(seeequation of Skellam,
1958).Even the smallest LI stage wasencountered quite often, because the width of
the parasitoids' searching path is rather large compared to the size of LI.
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Figure 4. Simulated distribution of (A)
encounters, (B) ovipositions and (C) host
feedings over different host stages of E.
formosa on a tomato leaflet (22 cm2).
Simulations were done for 1000 replicates.
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Thedistribution ofovipositionsandhostfeedings overdifferent hoststageswas
determined by acombination of hosts beingencountered (size) and theprobability of
anoviposition (successratio)orahostfeeding after encountering ahost,of which the
latter played the most important role. At high host densities the distribution of
ovipositions shifted tothemostpreferred stagesL3, L4andprepupa (Figure4B).This
istheresult of adecreasing successratiowhen egg load decreases (Chapter 5).Inthe
model, this decrease was taken linear with equal slope for all stages, so the success
ratio of the most preferred stages become relatively higher at a lower egg load. The
distribution ofhostfeedings overdifferent hoststagesgavetheoppositepicture,which
was caused by the slight increase in the probability for host feeding when egg load
decreases.
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Figure 5. Change (%) in (A) residence time, (B) number of encounters, (C) number of ovipositions
and (D) ovipositions per unit of residence time of E.formosa on atomato leaflet (22 cm2),when the
valueofoneparticularinputparameterwasdecreased with25%.Numberofsimulationreplicateswere
1000 at 24 hosts and 100 at 480 hosts. Input parameters are leaf area (AR),diameter of host stages
(DM), width of the parasitoids' searching path (WI), walking speed (WS), walking activity (AC),
coefficient ofvariation ofwalkingactivity (CVa),maximum eggload (ME),initialeggload(EG),egg
maturation rate (MR), host handling time (TH), coefficient of variation of handling time (CVt),
probabilityofoviposition after encountering ahost(success ratio,Po),probability ofhostfeeding after
encountering ahost (Po),leavingtendency (LT),tendency of changing from thelowerleaf sidetothe
upper (LS),tendency of changing from theupperleaf side to the lower (US), and both tendencies of
changing from one leaf side to the other (ST). Bars maiked with * are significantly different from 0
(Student t-test on population mean; a=0.05).
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Sensitivity analysis
The change in residence time, number of encounters, number of ovipositions and
ovipositionsper unitofresidencetime weresimulated, based onadecrease of 25%in
the value for one particular parameter, compared to a 'standard run'. This was done
for 17 parameters at 24 and 480 hosts per leaflet, corresponding to a low and high
number of ovipositions respectively (2.8 and 15.6 per female). SE/mean for the
replicates of the standard run varied between 1.96 and 3.74%. Results are shown in
Figure 5, in which parameters resulting in long bars are the most essential in
determining the output under study.
At a high host density, the residence time was most sensitive to the handling
time(TH,Figure 5A).Atalowdensity,moreparameters wereimportant, such asthe
leaving tendency (LT) and the tendency of changing from lower to upper leaf side
(LS),theleaf area(AR),thewalking speed (WS)and thewalking activity (AC).Only
thefirsttwoparameters had adirecteffect onresidence time.Theotherschanged the
residence time indirectly through the number of encounters with hosts.
Both residence time and number of encounters were influenced by the same
parameters,especially atlow densities.Thenumber of encounters was most sensitive
to the parameters used in the equation of Skellam (1958) (Figure 5B): the walking
speed(WS),thewalkingactivity(AC),theleaf area(AR),thewidthoftheparasitoids'
searchingpath(WI)andthesizeofthehosts(DM).Theleavingtendency(LT)andthe
tendency of changing from lower to upper leaf side (LS) affected the number of encounters indirectly through theresidence time.
Thenumber of ovipositions at ahigh hostdensity was strongly affected by the
maximumandinitialeggload(ME,EG)andtheeggmaturation rate(MR,Figure5C).
At a low density, egg maturation was not important anymore and essential were the
initial egg load (EG), the success ratio (Po), plus the same parameters as for the
number ofencounters.Only thefirst twochanged thenumber of ovipositions without
affecting thenumber of encounters and theresidence time(Figures 5A-B).The effect
of egg load is caused by its effect on success ratio (see Chapter 5).
The number of ovipositions per unit of residence time is a measure of the
parasitoids' efficiency on the leaflet. For simplicity, only results of the sensitivity
analysis at a low host density are given (Figure 5D). Two of the most essential
parametersweretheinitialeggload(EG)andthesuccessratio(Po).Theyhad adirect
effect on the number of ovipositions without changing the number of encounters and
theresidence time (Figures 5Cand 5A). Also important were theparameters used in
the equation of Skellam (1958), especially the walking speed (WS) and the walking
activity (AC).Theyaffected thenumberofovipositions butalso,toalesserextent,the
residence time indirectly through the number of encounters (Figures 5C and 5A).
Compared to the number of ovipositions on the leaflet, oviposition per unit of
residencetimewashardlysensitivetotheleaf area(AR)andthetendencyofchanging
from the lower leaf side to the upper (LS,Figures 5C-D), because these parameters
changed the number of ovipositions and theresidence time in the same way (Figures
5C and 5A).
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The influence of temperature is shown in Figure 6. At 18°Cparasitoids were
assumednottoflyawayfrom theleaflet andthewalkingactivitywasverylow,aswas
observedinexperiments(Chapter4).At20°Ccomparedto25°Casignificantreduction
of 22.1%in residence time, 47.5% in number of encounters, 36.2% in number of
ovipositionsand30.5%inovipositionsperunitofresidencetimeweresimulatedat24
hostsper leaflet. At480hostsperleaflet, differences werealso significant, except for
theovipositionsperunitofresidencetime.They werecaused byareduction of39.2%
in walking speed and of 25.1% in relative egg maturation rate at 20°Ccompared to
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25°C (Chapters 4 and 5), of which the walking speed played the most crucial role
according to Figure 5. At 30°Ccompared to 25°C a significant increase of 9.2% in
number of ovipositions and of 10.1% in ovipositions per unit of residence time were
simulated at 480 hosts per leaflet. This was due to an increase in the relative egg
maturation rate of 25.1%.
DISCUSSION
Validation of the simulation results was very good for parasitoids foraging during a
fixed time in an experimental arena (Chapter 5). The simulated residence times and
number of encounters were similar to observations for parasitoids foraging on clean
tomato leaflets and on leaflets with 77-200 black pupae. Independent experiments at
a low host density were not available.
According to the model,E.formosa can parasitize 16greenhouse whitefly immaturesperdayonaverageat25°C,if they startsearchingwith afull batch ofmature
eggs and if host density is not limiting. This means that about 7 new eggs mature
during 16 h at this temperature. Fransen & van Montfort (1987) did petri dish
experiments at the same conditions and found maximum oviposition of 14-19.Their
experiments weredoneatlower hostdensities than simulated here,but theparasitoids
could not leave. Arakawa (1981,1982) obtained maximum numbers of 14 and 20
ovipositions per day respectively.
When Bemisia tabaci was offered as host, Lopez Avila (1988) found a
maximum of 12.8 per day and Enkegaard (1992) found 10.4 ovipositions when the
parasitoidscouldleavethepatch.Otherstudiesshowlowernumberofovipositionsper
day (for a review see Chapter 9). This can sometimes be explained by a limiting
number of hosts, thepresence of large amounts of honeydew and wealso expect that
damagingoftheparasitoidsmayhaveplayed arole.Itisdifficult tohandletheminute,
delicate E.formosa females and only with the utmost care do females survive daily
transfer from one patch to another over a long period.
From the second day onwards, E.formosa can parasitize 11 hosts per day
instead of 16,according to the model, due to egg limitation. If the parasitoid laid all
eggsthepreceding day,theeggmaturation rateisinitially 0.69eggs/h and only4eggs
mature during a night of 8 h at 25°C (see Chapter 5). Thus, the next morning
parasitoids do not have a full batch of matureeggs.
Many parasitoids spend more time inpatches of high host density (reviews in
Hassell &May, 1974;Murdoch &Oaten, 1975;Godfray, 1994).ForE.formosa, the
increaseinresidence timewithhostdensityresembles atypeIIresponse,accordingto
themodel.Thiswasalsofound for thetimeuntilfirst escapeattemptof theparasitoids
Aphidius matricariae andDiaeretiella rapae ('t Hartetal., 1978;Pandeyet al., 1984).
Variation in patch times was considerable, because E. formosa responds to its
perception of host density (host encounters) rather than to actual host density. The
same was found for the parasitoid Trichogramma pretiosum(Morrison, 1986). The
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simulated number of ovipositions of E. formosa on leaves during a single visit
increased withhostdensity accordingtoaTypeIIresponse.Thisresponseagreeswith
thatfound byEnkegaard (1992)whenE.formosacould leavethepatch. Collinsetal.
(1981) observed a Type III response for Aphelinus thomsoni in variable-time
experiments. Van Lenteren &Bakker (1978) and van Alphen & Galis (1983) found
that an increasing giving uptime (GUT) after a host encounter resulted in aType III
response. Apparently, the observed increase in GUT of E.formosa after the first
oviposition ontheleaf istooweak toproduce a sigmoid response,and thedecreasing
walking activity and successratio is predominant in causing a decelerating increase.
The curve describing the number of ovipositions on leaves during a visit of
variable duration does not meet the conventional definition of a functional response.
The functional response can be derived from the number of ovipositions per unit of
residence time (Hertlein &Thorarinsson, 1987). Such acurve showed a dome-shape
for E.formosa on tomatoleaflets and wasneither of TypeI, II or IIIaccording tothe
simulations. At low host densities, the increase was initially linear. Hertlein &
Thorarinsson (1987) found aType II curve for the ovipositions per unit of residence
timefor theparasitoidLeptopilinaboulardi. ForE.formosa,adecreasewassimulated
at higher densities, because the parasitoid shows a very low walking activity and
successratiowhentheeggloadislow(Chapter4).Longresidencetimesaretheresult,
during which oviposition hardly occurs anymore.
The number of ovipositions of E.formosa on tomato leaflets was sensitive to
theinitial egg load and the successratio,without changing thenumber ofencounters.
Other important parameters, such as the leaf area and the parasitoids' walking speed
and walking activity had an indirect effect through the number of encounters. These
parameters were also the most important for the number of ovipositions of the
parasitoid in an experimental arena during 2 h (Chapter 5). On tomato leaflets the
parasitoids' leaving tendency and the tendency of changing from the lower leaf side
to the upper also played an important role.
Two parameters had a different effect on the number of encounters or
ovipositions onatomato leaflet compared toaclosed experimental arena athigh host
densities. Handling time did not affect the number of encounters on tomato leaflets
whereas it played the most crucial role in anexperimental arena during 2 h. Theegg
maturation rate showed the opposite for the number of ovipositions: it was only
important on tomato leaflets at long exposure times.The effect of temperature above
18°Con thenumber ofencounters andovipositions waslargeronatomatoleaflet than
inanexperimental arenaduring2h,duetothemoreimportantroleofegg maturation.
According to the model, thenumber of new eggs matured within 16hbyE.formosa
on tomato leaflets with high host density was 3.5, 7.2 and 8.6 at 20, 25 and 30°C
respectively.
Theabovearemechanisticexplanationsfor theparasitoids'hostencountersand
ovipositionsontheleaf.Thatis,theyexplainhow, intermsofsearchingefficiency, the
allocation of searching time, host handling and available eggs, the observed level of
parasitism is realized. Mechanistic explanations can help to understand failure or
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success of biological control in practice. However, they do not explain why the
parasitoids choose to behavein this way, in terms of the selection pressure acting on
them. They thus do not provide afunctionalexplanation of the observed behaviour.
Whether selection on parasitoid searching behaviour leads to direct, inverse, or no
density dependence in parasitism across patches was studied by Lessels (1985) for a
population of parasitoids.
The Type II curve for ovipositions of E.formosa on tomato leaflets during a
singlevisitwasalsofound fortheparasitoid searchinginanexperimental arenaduring
a fixed time (Chapter 5). However, the observed shape for an arena or leaf may be
caused by the 'experimental' procedure and an S-shaped response may be obscured.
VanLenteren &Bakker (1978)mention twopossibilities: (1) if the parasitoid cannot
leave the arena, this increases the probability to detect hosts ata low density and (2)
if the arena or leaf is small, this causes even the lowest host densities to be too high
todetectanincreasingattackrate.Thepresentstudyshowsthatthefirstpossibilitycan
be excluded for E.formosa, because an S-shaped curve was not found on tomato
leaflets whenparasitoidswereabletoleave.However,thesecondpossibilitymightstill
be relevant: a density of 1host per tomato leaflet is still high compared to densities
in thefield.This must be studied at a larger spatial scale.
Inanextstudy,thesimulationmodeloftheforaging behaviourwillbeextended
and tested attheplant level (Chapter 7).The shapeof thefunctional response andthe
mechanistic explanations may differ in a more natural situation where the parasitoid
isabletofly from oneleaflet toanotherandwherehostdensitiesaremuch lower.The
influence of hostdensity andhostdistribution over leaflets willbeevaluated aswell.
ACKNOWLEDGEMENTS
D.J.van derVeer isacknowledged forthe simulations with aprevious version ofthemodel. Y. Drost
is acknowledged for critically reviewing the manuscript and F. von Planta for drawing Figure 1.

REFERENCES
Alphen, J.J.M, van; Galis, F., 1983. Patch time allocation and parasitization efficiency of Asobara
tabidaNees, a larval parasitoid of Drosophila.J. Anim. Ecol. 52:937-952.
Arakawa,R., 1981. Functional response of Encarsiaformosa Gahan, a solitary endoparasitoid of the
greenhouse whitefly Trialeurodesvaporariorum (Westwood). Proc. Assoc. PI. Prot. Kyushu
27: 94-96.
Arakawa, R., 1982. Reproductive capacity and amount of host feeding of Encarsiaformosa Gahan
(Hymenoptera, Aphelinidae). Z. ang. Ent!93: 175-182.
Collins, M.D.; Ward, S.A.; Dixon, A.F.G., 1981. Handling time and the functional response of
Aphelinusthomsoni, apredatorandparasiteoftheaphidDrepanosiphumplatanoidis. J.Anim.
Ecol. 50:479-487.
Enkegaard, 1992. Bionomics of and interactions between the cotton whitefly, Bemisia tabaci Genn.
(Homoptera: Aleyrodidae) and its parasitoid, Encarsia formosa Gahan (Hymenoptera,
Aphelinidae) on Poinsettia in relation to biological control. Ph.D. thesis, University of
Copenhagen, Denmark.

94

foraging ofEncarsia formosa ona leaf
Fransen, J.J.; Montfort, M.A.J, van, 1987. Functional response and host preference of Encarsia
formosa Gahan (Hym., Aphelinidae), a parasitoid of greenhouse whitefly T. vaporariorum
(Westwood) (Hom., Aleyrodidae). J. appl. Ent. 103:55-69.
Godfrey, H.C.J., 1994.Parasitoids.Behavioral andEvolutionary Ecology.Princeton University Press,
New Jersey. 473 pp.
Hart, J.'t; Jonge, J. de; Collé, G; Dicke,M.; Lenteren, J.C.van; Ramakers,P., 1978.Host selection,
host discrimination and functional response ofAphidius matricariaeHaliday (Hymenoptera:
Braconidae), a parasite of the green peach aphid, Myzus persicae (Sulz.). Med. Fac.
Landbouww. Rijksuniv. Gent 43/2: 441-453.
Hertlein,M.B.;Thorarinsson, K., 1987.Variablepatchtimesandthefunctional responseofleptopilina
boulardi (Hymenoptera: Eucoilidae). Environ. Entomol. 16:593-598.
Hassell, M.P.; May, R.M., 1974. Aggregation in parasitoids and insect parasites and its effect on
stability. J. Anim. Ecol. 43:567-594.
Holling, C.S., 1965.The functional response of predators to prey density and its role in mimicry and
population regulation. Mem. Entomol. Soc. Can. 45: 3-60.
Hoogcarspel, A.P.;Jobsen, J.A., 1984.Laboratory method fortestingthe side-effects of pesticides on
Encarsia formosa Gahan (Hymenoptera: Aphelinidae). Results with pesticides used in
glasshouse crops in the Netherlands. Z. ang. Ent. 97:268-278.
Lenteren, J.C.; Bakker, K., 1978. Behavioural aspects of the functional responses of a parasite
(Pseudocoila bocheiWeld)toitshost(Drosophilamelanogaster).Neth.J. Zool.28: 213-233.
Lenteren, J.C.; Woets, J., 1988. Biological and integrated pest control in greenhouses. Annu. Rev.
Entomol. 33:239-269.
Lopez Avila, A., 1988.Acomparative study of four species ofEncarsia(Hymenoptera: Aphelinidae)
as potential control agents for Bemisia tabaci(Gennadius) (Homoptera: Aleyrodidae. Ph.D.
thesis, Dept. of Pure and Applied Biology, Imperial College, Silwood Park, U.K., 302 pp.
Luck, R.F.; Lenteren, J.C. van; Twine, P.H.; Kuenen, L.; Unruh, T., 1979. Prey or host searching
behavior thatleadsto asigmoid functional response ininvertabrate predators and parasitoids.
Res. Popul. Ecol. 20: 257-264.
Morrison, G., 1986. "Searching time aggregation" and density dependent parasitism in a laboratory
host-parasitoid interaction. Oecologia 68:298-303.
Murdoch, W.W.; Oaten, A., 1975.Prédation and population stability. Adv. Ecol. Res. 9: 2-131.
Noldus, L.P.J.J.; Lenteren, J.C. van, 1990. Host aggregation and parasitoid behaviour: biological
control inaclosedsystem.In:CriticalIssuesinBiological Control.Mackauer,M.;Ehler,L.E.;
Roland, J. (eds.). Intercept, Andover. pp 229-262.
Pandey,K.P.;Singh,R.;Tripathi,C.P.M., 1984.Functional response ofDiaeretiellarapae(M'Intosh)
(Hym., Aphidiidae), a parasitoid of the mustard aphid Lipaphis erysimi Kalt. (Hom.,
Aphididae). Z. ang. Ent. 98:321-327.
Skellam, J.G., 1958. The mathematical foundations underlying line transects in animal ecology.
Biometrics 14:385-400.

95

Chapter 7
Analysis of foraging behaviour of the whitefly
parasitoid Encarsiaformosa on a plant: a simulation
study
ABSTRACT
Foraging behaviour of Encarsiaformosa was analysed with a stochastic simulation model of the
searching parasitoid during a day on a tomato plant infested with immatures of the greenhouse
whitefly, Trialeurodes vaporariorum, on whichtheparasitoid isabletofly from leaflet toleaflet. The
model is based on searching, host selection, host handling and patch leaving behaviour, and on the
physiology of theparasitoid. Outputs of the model are the number of visited leaflets and the number
of hosts encountered, parasitized or killed by host feeding. The simulation results agreed well with
observations of parasitoids foraging on tomatoplants.The number of encounters and ovipositions on
the plant increased with host density according to a Type II functional response. At a clustered host
distribution over leaflets and low host densities, the most important parameters affecting the number
ofovipositions weretheleaf area,theparasitoids' walking speed and walking activity, the probability
of oviposition after encountering ahost, theinitial eggload and the ratioof searchtimes on bothleaf
sides. At high densities, the maximum egg load and the giving up time on a leaflet since latest host
encounter were most essential.

INTRODUCTION
Biological control of the greenhouse whitefly, Trialeurodes vaporariorum, with the
parasitoid Encarsia formosa is commercially applied with success in several
greenhousevegetables,suchastomato(vanLenteren&Woets, 1988).However,there
isnosatisfactory explanationwhytheparasitoidintroduction schemefortomatocannot
beappliedreliablyonotherimportantgreenhousecrops,suchascucumberandgerbera.
This work is a continuation of the work described in Chapters 5 and 6, where the
foraging behaviour of E.formosa was simulated in an experimental arena during a
fixed time and on a tomato leaflet when theparasitoid was able to leave.Under both
conditions, the number of encounters, ovipositions and host feedings increased with
hostdensity according to aTypeIIresponse(Holling, 1965).However,theleaf might
be too small, which causes even the lowest host density to be too high to detect an
increasingattackrate(Lenteren&Bakker, 1978).Evenadensityofonehostper leaflet
is very high compared to the situation in the field, where biologically controlled
whitefly densities are usually below 0.3 pupae per plant (Eggenkamp-Rotteveel
Mansveld et al., 1982a,b). Moreover, in the field the parasitoid not only can leave a
patch but can proceed to another or return to the same patch again. Experiments in
whichparasitoids arepresented with anumber ofdiscretepatches testeffects ofpatch
selection.Theshapeofthefunctional responsemaychangeinamorenatural situation
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Figure 1. Row diagram of the foraging behaviour of one E.formosa female on a plant.
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where E.formosa is able to fly from leaflet to leaflet and where host densities are
much lower.
Themodelpresented here simulates theforaging behaviour ofE.formosa ona
tomatoplantduringaday.Inordertounderstandquantitativeeffects oftheparasitoids'
foraging behaviour on whitefly populations in a crop, foraging behaviour is first
studiedatasmallerspatial scale.Theparasitoid isabletoflyfrom leaflet toleaflet and
to move from one leaf side to the other. From the simulation results at different host
densities, the number of encounters, ovipositions and host feedings in relationship to
host density were generated. The shape of the curves helps to understand the hostparasitoid interaction at the population level (see introduction of Chapter 5). The
importance of each input parameter of the model will be evaluated in a sensitivity
analysis. The model will later be extended and used at a larger spatial and temporal
scale,such asfor atomatocropduring agrowing season.Theforaging behaviourwill
then be simulated during aparasitoids lifetime (Chapter 10).

THE SIMULATION MODEL
Astochastic MonteCarlo simulation modelwasdeveloped for theforaging behaviour
of the parasitoid on a tomato plant infested with hosts. The parasitoid is able tofly
from leaflet to leaflet and tomove from oneleaf side totheother.The model for one
parasitoid is presented in the flow diagram of Figure 1.Adetailed description of the
processes as simulated bythemodelandtheinputparameters canbefound inChapter
5.Themodelisinitialized withthenumberofleafletsperplant,thenumberof infested
leaflets andthenumber ofeachimmaturehoststageperinfested leaflet. Thetimestep
of simulation was taken 1.2s, about one tenth of the smallest time coefficient in the
model (handling timefor rejection ofaparasitized host),which isneeded for accurate
numerical integration. Accuracy was tested by comparing the simulation results with
thoseobtained at atime stepdouble orhalf in size.AsE.formosa does not forage in
thedark (Hoogcarspel &Jobsen, 1984),thetimeof simulation was set to adaylength
of 16h.Temperature was always 25°C.Number ofreplicates was 1000at an uniform
host distribution over leaflets and 5000 at aclustered distribution, except in the case
of the sensitivity analysis at24clustered hostsperplant, where 10000replicates were
needed for a low standard error of the mean (SE<5%). Honeydew on the leaves was
assumed tobeabsent.Duringthesimulation,theinitialcondition ofeachreplicatewas
taken the same. Therefore, morphological or physiological differences between
parasitoids(i.e.in body size,numberofovarioles orrelativeeggmaturationrate)were
not taken into account.
In the model the tomato plant consisted of 120 leaflets, which is similar to a
fully grown tomato plant with 17leaves and 7 leaflets each. Foraging behaviour was
simulated for twoextreme hostdistributions: when all hostswerepresent on only one
leaflet andtheother 119leafletswereclean(extremelyclustereddistribution)andwhen
allhostsweredividedequally overasmanyleaflets aspossible(uniform distribution).
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In the last situation host stages were separated in different leaf layers and if host
density was lower than 120per plant, not all leaflets were infested (with onehost).
E. formosa does not distinguish between clean and infested leaves before
landing.Noldus&vanLenteren(1990)andSiitterlin &vanLenteren(inprep.)didnot
observe differences in response to or number of landings on clean or infested leaves
or plants for tomato,cucumber and gerbera. The samewas found for leaves whether
ornot visited by parasitoids earlier.Therefore, in themodel thetomato leaflets of the
plant were visited randomly: the parasitoids made no distinction before landing
between infested orclean leaflets, leaflets indifferent leaf layers,orleaflets thatwere
visitedearlier.Landingontheupperorlowerleaf sideoccuredatthesame frequency.
RESULTS
Validation
Validation of the simulation results was very good for parasitoids foraging during a
fixed timein anexperimental arena(Chapter 5).Furthermore,the simulated residence
timesandnumber of encounters were similar toobservations for parasitoids foraging
on clean tomato leaflets and on leaflets with 77-200 black pupae (Chapter 6).
Observations wheretheparasitoids areconfined to asingleplant arenotavailable for
validation or verification of the present model. Yano (1987) did release experiments
ontomatoinasmallglasshouse.Hefound amaximumnumberof 10ovipositionsand
about 2 host feedings per parasitoid per day when host densities were 400-600 per
plant. These densities were similar to about 10hosts per leaflet, because the tomato
plants were only 0.5 m in height (about 50fully grown leaflets) and such high host
numbers musthavebeendistributed quiteuniformly overtheplants,asthe infestation
wasachieved byreleaseofmanywhiteflies on smallplantsduring ashorttime.Atthe
same host density and a uniform host distribution, the model simulated 36.1
encounters, 9.7 ovipositions and 2.2 host feedings per parasitoid after a daylength of
16h at25°C.
Simulation results
Aparasitoid searching on atomatoplant with 120leaflets during 16hwas simulated.
The host stages LI, L2, L3, L4, prepupa (PP) and pupa (PU) were always equally
available,eitherononeleaflet (extremelyclustered distribution)oronasmany leaflets
aspossible(uniformdistribution).Temperaturewasalways25°Candthetomato leaflet
sizewas 22cm2(one-side).
Thepercentageofparasitoidswithnoencounter (non-finders) during thedayis
given in Figure 2.This percentage rapidly declined with host density at the uniform
host distribution. Allparasitoids discovered hosts when theplant was infested withat
least 1host per leaflet. However, when the host distribution was extremely clustered,
80% of the parasitoids did not discover the infested leaflet during theday.
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Figure 2. Simulated percentage of £. formosa
parasitoidswithnohostencounter (non-finders)
on a tomato plant during a day of 16 h. The
host distribution over leaflets was clustered or
uniform.
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Themeannumberofencounters,ovipositions andhostfeedings increased with
hostdensity toamaximumof272encounters, 17.4ovipositions and3.0host feedings
incaseof auniform hostdistribution (Figure 3A-C).Attheclustered distribution, the
maximum levels were much lower (33 encounters, 2.5 ovipositions and 0.56 host
feedings),becauseonly20%oftheparasitoidsdiscoveredtheinfested leaflet (finders).
Theratio between finders and non-finders caused large standard deviations which are
not given in the figures. These successful parasitoids had maximum numbers of 163
encounters, 12.3 ovipositions and 2.7 host feedings (Figure 4). Variation between
parasitoidsresulted from therandomvisit ofleaflets, therandom landingontheupper
or lower leaf side, the random encounter of hosts, the variable walking activity, the
variable handling behaviour of an encountered host, the variable handling times and
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from variation in the giving up time (GUT) and the time that the parasitoid searches
onaparticularleaf side(TUC).Thecoefficient ofvariation (SD/mean)for thenumber
ofencountersandovipositionswas17.3and 15.2%respectively,whenallleafletswere
infested with 15 hosts. This was six times lower than the variation on individual
leaflets with the same host density (Chapter 6).
The shape of the curves of Figures 3 and 4 resembles a Type II response. At
lowhostdensities,alinearincreasewas simulated.Despitemorethan80% non-finders,
the overall mean number of encounters, ovipositions and host feedings were always
higherwhenhostswereclusteredthanwhenuniformly distributed.Atadensityofonly
1L3larvaperplant,3.4% of allparasitoidsdiscovered thelarvaduringtheday,2.4%
had a successful parasitization and 0.10% used the larva for host feeding. Thus, the
probabilityfor thelarvaofbeingkilledbyoneE.formosaperplantwas2.5%perday.
When the host stages are equally available at 24 clustered hosts per plant, the
probabilitiesofbeingkilledwere0.9%for LI, 1.9% forL2,3.0%for L3, 3.6%forL4,
3.4% for the prepupa and 2.4% for the pupa per day. These probabilities hardly
changed with increasing host density until about 90hostsper plant, due to theinitial
linear increase of the number of ovipositions and host feedings with host density. At
auniform hostdistribution,theseprobabilitiesofbeingkilled wereslightly lower(0.72.9%). The oviposition-host feeding ratio was initially 10:1 and dropped to 4.5:1 at
higher densities.
Figure 5 shows the simulated number of visits theparasitoid made to leaflets.
From 33 visits on average on clean plants, it decreased with host density due to the
arrestment effect of theparasitoid on infested leaflets. When hosts wereclustered on
the plant, still 30 leaflets were visited at high host densities. This average is high
compared to a uniform distribution, due to the 80% non-finders which visited 33
leaflets. The 20%findersvisited on average 16 leaflets.
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The distribution of encounters overdifferent host stages is given in Figure6A
for 1200hostsperplant. They were calculated aspercentages of the total numberof
encountersfor all stages together.The samewasdonefor thenumber of ovipositions
and host feedings (Figures 6B-C).Host density did not affect the distribution of encounters. As the initial number of each host stage was equal, the distribution of encounters was only determined by host size (see equation of Skellam, 1958). At the
uniform host distribution, the distribution of encounters shifted slightly to the most
preferred stages L3,L4 and prepupa (Figure 6A).This was caused by the separation
of the host stages on different leaf layers and not by the uniform host distribution
itself. On leaflets with the preferred host stage ovipositions occurred earlier, thus
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increasing theaverageresidencetimeonsuchleaflets, somorehostsofthatstagewere
encountered.
Thedistribution ofovipositionsandhostfeedings overdifferent hoststageswas
determined by acombination of hosts beingencountered (size) and theprobability of
an oviposition (successratio)orahostfeeding after encountering a host,of which the
latter played the most important role.When hosts were clustered, the distribution of
ovipositions shifted to the most preferred host stages. This effect was also found at
higher hostdensities.The successful parasitoids laid moreeggs and thus had a lower
egg load onaverage than when hosts wereuniformly distributed or atlower densities
(seealsoFigure4B).Theshift istheresultofadecreasing successratiowheneggload
decreases (Chapter 5). In the model, this decrease was taken linear with equal slope
for allstages,sothesuccessratioofthemostpreferred stagesbecomerelativelyhigher
at a lower egg load.
Sensitivity analysis
The change in thenumber of encounters and ovipositions were simulated, based ona
decrease of 25% in the value for one particular parameter, compared to a 'standard
run'.Thiswasdonefor 18parametersat24and 1200hostsperplant,whenhostswere
clustered or uniformly distributed. These densities correspond to a low and high
numberofovipositionsrespectively (seealsoFigure 3B).SE/mean ofthestandardrun
varied between 0.57-3.63%for thenumberofencounters and between 0.58-4.43%for
the number of ovipositions. Results are shown in Figure 7, in which parameters
resulting in long bars are the most essential in determining the output under study.
Asin greenhouses whiteflies show astrongly clustered distribution overplants
and leaflets (Eggenkamp-Rotteveel Mansveld et al., 1982a,b),attention is focused on
this situation. At a high host density the number of encounters was most sensitive to
theparasitoids' leaving tendency (LT) and the handling time (TH) (Figure 7A). Ata
low density, the parameters used in the equation of Skellam (1958) were most
important: theleaf area (AR),thewalking speed (WS),thewalking activity (AC),the
width of theparasitoids' searching path (WI)and the size of thehosts(DM),plus the
parasitoids' tendencyofchangingfrom thelowertotheupperleaf side(LS).Achange
of both tendencies ofchanging leaf sides(ST),changingthefrequencywithwhichthe
parasitoids shifted from one leaf side to the other did not have an effect. The
probabilityoflandingonthelowerleaf sidewherehostscanbefound compared tothe
upper side (PI)was not important for the number of encounters. This was caused by
the frequent shifts E.formosa made on tomato leaflets.
The number of ovipositions at a high density was strongly affected by the
maximumeggload(ME)andtheleavingtendency (LT)(Figure7B).Theseparameters
were not important anymore at a low density. The number of ovipositions was then
mostsensitivetothesameparameters asthenumberofencounters,plustheinitialegg
load (EG) and the success ratio (Po). Only the last two changed the number of
ovipositionswithoutaffecting thenumberofencounters.Theeffect ofadecreasingegg
load is caused by a strong decrease in the success ratio (Chapter 5).
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Figure 7. Change (%)in number of encounters and ovipositions of E.formosa on atomatoplant
duringadayof 16h,whenthevalueofoneparticularinputparameterwasdecreased with25%. The
hostdistribution overleaflets wasclustered (A,B)oruniform (C,D),andhostnumberswere24or
1200 per plant. Input parameters are leaf area (AR), diameter of host stages (DM), width of the
parasitoids'searchingpath(WI),walkingspeed(WS),walkingactivity(AC),coefficient ofvariation
ofwalkingactivity(CVa),maximumeggload(ME), initialeggload(EG),eggmaturationrate(MR),
host handling time (TH),coefficient of variation of handling time (CVt),probability ofoviposition
afterencounteringahost(successratio,Po),probabilityofhostfeedingafterencounteringahost(Po),
leavingtendency (LT),tendencyofchangingfrom thelowerleafsidetotheupper(LS),tendencyof
changing from theupperleaf sidetothelower(US),bothtendenciesof changingfrom oneleafside
to theother (ST),andtheprobability of landing onthelowerleaf sidecompared tothe upperside.
Barsmarkedwith*aresignificantly different from 0(Studentt-testonpopulationmean;a=0.05).
Figures 7C-D show the results at a uniform host distribution. Bars were shorter
than when hosts were clustered, but they were more often significantly different from
zero, because variation in number of encounters and ovipositions between parasitoids
was smaller when hosts were uniformly distributed. When host density was low, the
sameparameters wereimportant at thetwohostdistributions. Ata highdensity, results
were similar to those obtained at a low number of clustered hosts.
The influence of temperature is shown in Figure 8. At 18°C parasitoids were
assumed not to fly and the walking activity was very low, as was observed in
experiments (Chapter 4). At 20°C the number of encounters and ovipositions were
always significantly lower than at 25°C. The relative differences were highest at 24
hosts per plant: a reduction of 40 and 34% respectively was simulated compared to
25°C atboth hostdistributions.Thesereductions werecaused by areduction in walking
speed of 39.2% and by a reduction in the relative egg maturation rate of 25.1% at 20
°C compared to 25°C (Chapter 5), of which the walking speed played the crucial role
according to Figures 7A-B. Differences at 30°C compared to 25°C were never
significant at 24 hosts perplant. At 1200hosts per plant, a significant increase of 5-8%
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in number of ovipositions was simulated. This was due to an increase in the relative
egg maturation rate of 25.1% at 30°C compared to 25°C.
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DISCUSSION
Validation of the simulation results was very good for parasitoids foraging during a
fixed timeinanexperimentalarena(Chapter5).Verification ofthesimulatedresidence
timeandnumberofencounterswasalsogoodforparasitoidsforaging oncleantomato
leaflets oronleaflets withhighnumbersofblackpupae(Chapter6).Ontomatoplants
with 400-600 hosts, the simulated number of ovipositions and host feedings agreed
well with observations of Yano (1987). Experiments at a low host density were not
available.
According to the model, at most 20% of the parasitoids discovered hosts
(finders) on a tomatoplant with 120leaflets during 16h,if thehostdistribution over
leaflets was extremely clustered. The other 80% searched on clean leaflets and were
time-limited during theday.Thefinders laidonaverage 12eggsathighhostdensities
and soon became egg-limited. They visited on average 15 clean leaflets before
discovering the infested leaflet, which reduced the time available for parasitization
during theday.On a single leaflet amaximum number of 16ovipositions was found,
when theparasitoids wereimmediatelyplaced ontheinfested leaflet (Chapter 6).The
percentagefinders willincreaseduringthefollowing days,duetothearrestment effect
of parasitoids on leaflets with high host numbers.
Theprobability for thewhitefly immatures (LI, L2,...,pupa) ofbeing killedby
E.formosa is 0.9-3.6% perday during thefirst day after release of oneparasitoid per
tomatoplantat25°C.Thisprobabilityhardlychangedwithincreasinghostdensityuntil
about90hostsperplant.Thenaturalmortalityis0.9%perdayaveraged overallstages
on thesame hostplant (Chapter 8).Thus,the mortality for each whitefly immature is
increased 2-5timeswhen oneparasitoid searchesrandomly on aplant. Thisiseven a
conservative estimate. It will increase during the days following therelease, because
ofthearrestmenteffect oftheparasitoidoninfested leaflets.Inflow ofotherparasitoids
from cleanplantswillincrease thepercentagefinders.Furthermore,asthemajority of
killed hosts yields new parasitoids, the numerical response plays a role after atime
period equal to the development duration.
In this study,mechanistic explanations wereexamined for theparasitoids' host
encounters and ovipositions on the plant. They explain how, in terms of searching
efficiency, the allocation of searching time, host handling and available eggs, the
observed level of parasitism is realized. Mechanistic explanations can help to
understand failure orsuccessofbiologicalcontrolinpractice.Theydonotexplainwhy
the parasitoids choose to behave in this way, in terms of selection pressure acting on
them. They thus do not provide afunctional explanation of the observed behaviour.
Whether selection on parasitoid searching behaviour leads to direct, inverse, or no
density dependence in parasitism across patches, is studied by Lessels (1985) for a
population of parasitoids.
Most essential parameters for the number of encounters on aplant were these
used in the equation of Skellam (1958), especially the leaf area, the parasitoids'
walking speed and the walking activity. They determine the host density, the net
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displacementoftheparasitoidandthewidthoftheencounterpath.Thiswasalsofound
for individual leaflets (Chapter 6). The ratio of the parasitoids' time until changing
from one leaf side to the other (TUC) on the lower leaf side compared to the upper
side also played an important role.The number of encounters increased if TUCwas
highest on the lower leaf side where hosts can be found. However, for E. formosa
TUC's werethesameonboth leaf sides(Chapters 2and3).Atlowhostdensities,the
average giving up time (GUT) of the parasitoid was not important for the numberof
encounters on a plant, whereas it was very important on individual leaflets (Chapter
6). Only at high host densities and aclustered host distribution over leaflets, a lower
GUTincreased the number of encounters on theplant through ahigherpercentageof
parasitoidsdiscovering hosts(finders). Theparasitoids then found theheavily infested
leaflets sooner, without wasting much time on clean leaflets.
The number of ovipositions at low densities was determined by the same
parametersasthenumberofencounters,plustheinitial eggload and thesuccessratio.
The egg maturation rate was not important during the day. However, the effect may
beobscured,becauseeggmaturation duringthenightaffects theinitialeggload ofthe
parasitoids the next morning, which is important according to the model. The egg
storagecapacity oftheparasitoid wasnotimportant atlowhostdensities.Thenumber
of encounters and ovipositions on the plant were determined by almost the same
parameters as on the leaf during shorter exposure times (Chapter 6).
When comparing the parasitization efficiency of E.formosa on different host
plants, at different temperatures, or with other parasitoid strains or species with a
comparablebehaviour(synovigenic,solitaryparasitoidswithrandomsearch),attention
should befocused ontheparametersdetermining theovipositions atlow hostdensity:
the walking speed, the walking activity, the succesratio, the initial egg load and the
ratio of search times on both leaf sides. However, whether these parameters are also
crucial for biological control in atomatocropduring a growing season remains tobe
investigated. As mass rearing of natural enemies is done at high host densities, the
selectionpressuremayshift toeggstoragecapacity andeggmaturationandcareshould
be taken. Quality control of natural enemies is important in this respect.
The walking speed can be manipulated by temperature and leaf structure.
Between 15and 25°C,walking speed increased 2.8 times on tomato leaflets (Chapter
4). On smooth leaves like sweetpepper, walking speed was 2.7 times higher than on
tomato leaves at24°C(Hulspas-Jordaan &van Lenteren, 1978).The walking activity
variedlessandwas60-75% ongerbera,cucumberandtomatoandconstantabove18°C
(Chapter 4).The success ratio can depend on the host insect on which the parasitoid
was reared, as was shown for E.formosa with Bemisiatabacias host (Henter et al.,
1993).The initial egg load can in principle be manipulated by the night temperature,
when parasitoids are not searching and new eggs mature. However, after a night of 8
hfollowing aday on which all eggs have been laid, atemperature change from 15to
20°Cincreased the initial egg load from 2.4 to only 3.4 according to the model.
Theshapeofthefunctional responseontheplantresembles aTypeIIcurve.At
low host densities, the increase was initially linear. This response agrees with that
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found by Yano (1987) for E.formosa on tomato plants in a glasshouse experiment
during a day. According to van Lenteren & Bakker (1978), S-shaped Type III
responses may beobscured by the 'experimental' procedure that wasfollowed. They
mentiontwopossibilities:(1)iftheparasitoidcannotleavetheexperimentalarena,this
increases theprobability todetect hostsatalowdensity and (2)if thearena orleaf is
small,thiscauseseven thelowesthostdensitiestobetoohigh todetect theincreasing
attackrate.Chapter6showedthatthefirst possibilitycanbeexcluded for E.formosa,
because an S-shaped oviposition curve wasnot found on tomato leaflets either, when
parasitoidswereabletoleave.However,thelowestdensity of onehostperleaflet was
still highcompared to the situation in thefield.Thepresent study showsthat alsothe
second possibility can beexcluded for E.formosa: even atlow densities starting from
onehostperplant,anaccelerating increasewasnotfound. Thenumberofencounters,
ovipositionsandhostfeedings ofE.formosaincreased with hostdensity according to
a Type II response at all spatial scales tested. The decreasing walking activity and
successratiowith decreasing eggload ispredominant at all levels,andeven achange
in GUTfrom 18.6to40.0min after thefirst oviposition on theleaf does not showan
effect.
A Type II response was also found for Trichogramma pretiosumon cotton
plantsorinapatchy environment, caused byegglimitation of theparasitoid (Allen&
Gonzalez, 1975; Hassell, 1982). Mitchell Rohlfs & Mack (1984) found the same
responsefor theparasitoid Ophionflavidusinplant cages.Weis (1983)found aType
IIresponse perpatch for theparasitoid Torymus capitein apatchy environment. The
parasitoid Catolaccus grandis showed a Type I response in plant cages (MoralesRamos&Cate, 1992).Thesamewasfound for theparasitoid Cotesiaflavipesin field
cagesatlowhostdensities,butaTypeIIresponsewasfound inexperimentsathigher
densities (Wiedenmann & Smith, 1993).Care should be taken by comparing density
dependence of different studies, as in many experiments not one but a population of
parasitoidswerereleased.Theobservedresultmightbecausedbyacombination ofthe
functional responseofoneparasitoid andapossibleaggregatedresponseofparasitoids
in high density patches, such as the examples of field studies of Hassell & Pacala
(1990).
Theshapeof thecurvehelpstounderstand thedynamics of the host-parasitoid
interactionatthepopulation level.IncaseofaTypeIIresponse,percentageparasitism
is inversely density-dependent. A high host density thus 'dilutes' the per capita
parasitization pressurecaused by oneparasitoid. According totheory, thiswill havea
destabilizingeffect onthedynamicsofhostandparasitoid(seee.g.Murdoch&Oaten,
1975;Oaten &Murdoch, 1975).However,functional responses areonlyonefactor in
determining the dynamics at the population level. For E.formosa, the effect on the
population level might depend on thebalance between the 'dilution' effect of theper
capitaparasitization pressureand,for instance,arrestment and subsequent aggregation
of parasitoids on leaves.
Many parasitoid species stay longer in high-density patches and field studies
suggest that many parasitoids do tend to aggregate (reviews in Walde & Murdoch,
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1988;Godfrey, 1994).Summyetal.(1985)found thattheparasitoidEncarsiaopulenta
aggregates in high-density patches of citrus blackfly and percentage parasitism inthe
fieldisdensitydependent.Parasitism ofAphytis melinus isindependent oforinversily
dependentonhostdensity,whereasCalifornia red scalepopulations arewell-regulated
(Reeve & Murdoch, 1985). Other mechanisms play a role, and a spatial refuge for
hostshas been found in thefield. However, Murdoch (1994) tested and failed to find
evidence for eight hypotheses that might account for the system's stability, including
a refuge. Sabelis (1981, 1986)found a Type II functional response for the predatory
mite,Phytoseiuluspersimilisinprey patches, and the metapopulation dynamics were
stabilized by factors contributing to the start of new prey patches and the
asynchronization of local predator-prey cycles (Sabelis &Laane, 1986; Sabeliset al.,
1991).
Inanextstudy,thesimulationmodeloftheforaging behaviour oftheparasitoid
will becoupled with a model of thepopulation dynamics of thegreenhouse whitefly
and E. formosa during a growing season on a crop (Chapter 10). The foraging
behaviour will then besimulated during aparasitoids lifetime. This modelcan helpto
explain failure or success of biological control in thefield.
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Life-history parameters of greenhouse whitefly,
Trialeurodesvaporariorumas a function of host plant
and temperature
ABSTRACT
Life-history parameters of the greenhouse whitefly are reviewed. The relationship immature
development rate, immature mortality, sex ratio, longevity, pre-oviposition period, fecundity,
oviposition frequency, period of increase of daily oviposition and temperature have been assessed by
non-linear regression for each host plant. Five mathematical equations were fitted, the best being
selected on the basis of comparison of coefficients of determination (r2) and by visual comparison of
the curves. Coefficients to describe mean life-history parameters as a function of temperature are
summarized. Coefficients of variation (cv) among individuals of each life-history parameter are also
given. These will be used as inputs into a simulation model of the population dynamics of the
greenhouse whitefly.

INTRODUCTION
The greenhouse whitefly, Trialeurodes vaporariorum (Westwood), is a well known,
highly polyphagous pest insect. Recently, van Lenteren & Noldus (1990) reviewed
whitefly-plant relationships. Adults and immatures feed on phloem sap and produce
large amounts of honeydew, on which occasionally black moulds develop. As a result,
crop yield is reduced (Lindquist et al., 1972).More important is the economic damage
on fruits and ornamentals due to the residue of sticky honeydew. 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 scales/cm2 leaf or more, and an economic
yield reduction at 6 scales/cm2 or more. According to Helgesen & Tauber (1974), a
much lower density of 0.3-0.7 scales/cm2leaf iscommercially acceptable on poinsettia.
Despite available insecticides, whiteflies are still a major economic problem in
greenhouse crop production. Other control methods have been studied, such as
resistance breeding (de Ponti et al., 1990) and biological control (Noldus & van
Lenteren, 1990). Introduction of the parasitoid Encarsia formosa has proven to be
commercially successful. In the Netherlands, about 90 percent of the tomato acreage
is under biological control and the parasitoid has been introduced in many other
countries (van Lenteren & Woets, 1988).As yet there is no satisfactory explanation as
to why the parasitoid cannot be applied successfully on some other crops.
A simulation model based on developmental and behavioural aspects of
individuals in relationship to hostplant and environment is being developed to find out
more about the tritrophic system host plant- greenhouse whitefly- Encarsia formosa in
order to understand failure or success of biological control.
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The simulation model consists of several submodels each simulating a certain
subprocess, for example the population dynamics of the greenhouse whitefly, which
depends on the host plant species and the environment. Inputs in this submodel are
life-history parameters, such as immature development, immature mortality, adult
longevity, sex ratio and fecundity or oviposition frequency. These life-history
parameters have been reviewed to some extent by Vet et al. (1980),van Lenteren &
Hulspas-Jordaan (1983) and Hulspas-Jordaan &vanLenteren (1989).In this articlea
morecomprehensive review has been given and therelationship between life-history
parameters and temperature has been estimated for each host plant by non-linear
regression.
MATERIAL &METHODS
Between 1915and 1990,about 100studiesweredoneonlife-history parameters ofthe
greenhousewhitefly. Data wereselected ondevelopment rate ofeach immaturestage,
percentage mortality of each immature stage, sex ratio, longevity, pre-oviposition
period,fecundity, oviposition frequency andperiod of increaseofdailyoviposition on
several hostplants, such as bean (Phaseolus vulgaris L.),cucumber (Cucumis sativus
L.), eggplant (Solanum melongena L.), gerbera (Gerberajamesonii Hook.), tobacco
(Nicotiana tabacumL.), tomato (Lycopersicon esculentum Miller) and sweet pepper
(Capsicum annuum L.). Data sets are incomplete for garden chrysanthemums
(Dendranthema cvs), gherkin (Cucumis sativusL.), hibiscus (Hibiscus rosa-sinensis
L.),melon(CucumismeloL.),potato(SolanumtuberosumL.),oneofthewildpotatoes
(Solanum berthaultii Hawkes)and treetobacco (Nicotiana glaucaGrah.). Sometimes
a distinction was made between East European (Hungarian, Bulgarian, Russian) and
West European whitefly. As van Lenteren et al. (1989) clearly showed, there is a
difference in whitefly strains. Most experiments have focused on the effect of
temperatureontheseparameterswithlittleattentiontootherenvironmentalfactorssuch
ashumidity andlight.Allcollected dataaregivenintheappendicesof vanRoermund
& van Lenteren (1992), in which thenumber of decimals have been copied from the
original studies. Small experiments (with a low number of whiteflies) of one study
were sometimes combined and the (weighted) average is given in these appendices.
Host plant and temperature are the most important factors influencing lifehistory parameters for many insect species. The relationship between life-history
parameters and temperature was determined for each host plant by non-linear
regression based onaleast squares method of Marquard (Statgraphics User's Manual,
version 4.0, 1989). For each life-history parameter, several mathematical equations
were used to describe the relationship to temperature. The best fitted curve was
selectedonthebasisofthecoefficient ofdetermination (r2, basedonthecorrected total
sumofsquares)andonvisualcomparisonofthecurveswhichwasnecessary tocheck
whether a curve was biologically realistic, particularly the tails.
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Fivemathematicalequationswereused,inwhichYisthelife-history parameter
and X is the temperature(°C):
1)Linear:

Y = a + b*X

2)Exponential:

Y =exp(a + b*X)

3)Third degree polynomial:
Y =a +b*X + c*X2+d*X3
4)Logan (et al., 1976):
Y =a * {exp(ft*(X-rf)) - exp(b*(e-d)-(e-X)/c) )
5)Weibull (1951; Campbell &Madden, 1990):
Y =clb *((X-a)/b)cl *exp(-((X-a)/ö)c) *d
Thefirst threemodelsarewellknown,thelasttwoneed someexplanation.According
totheLoganmodel(Figure 1),Yincreasesexponentially from thevalueaatthelower
threshold temperature d to an optimum temperature with a relative increase of b,
whereafter Y declines sharply until the upper lethal temperature e has been reached.
Ifthelower threshold andupperlethaltemperatureareknown,onlythree coefficients
have to be estimated. The Weibull model of Figure 10 describes an exponential
increase from the lower lethal temperature a to an optimum temperature, whereafter
Y decreases exponentially. The scale parameter b is inversely related to the rate of
increase,theshapeparameter ccontrols theskewness ofthecurveandthe coefficient
dis theareaunder thecurve.Other shapes arealsopossible,depending onthevalues
ofthecoefficients. Whenthelowerlethaltemperatureisknown,threecoefficients have
to be estimated.
Asfourofthesemodelsdescibenon-linearrelations,onlylife-history parameters
measured at a constant temperature can be used in the regression procedure.
Experiments done atfluctuating temperature can only be used to validate the models
when hourly temperature data are available.
RESULTS
LIFE-HISTORY PARAMETERS
Whiteflies feed onphloemsapandproducelargeamountsofhoneydew.Theadultscan
migratetootherleavesorplants.Thefemales laytheirwhiteeggsontheundersideof
theplant leaves.After afew days theeggs turn purple or black. The first instar larva
(LI)isinitially mobileandafter afew hoursitsettlesdownandinsertsitsmouthparts
intotheleaf.Subsequently, thelarvamoultsintothesecond (L2)andthird(L3)instar,
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whichdiffer in size(for sizes,seeHulspas-Jordaan andvanLenteren, 1989).Thenext
moult results inthelastinstar, which isinitially flat and translucent, liketheprevious
instars.Asthelastinstar larvadevelops,itthickensand becomeswhite-coloured with
waxy spines.During the last phase of its development the red pigmented eyes of the
adult can be seen. Many studiesdonotdistinguish thethreephasesof thelastinstar
or they usedifferent termstodescribethesephases (Table 1).Because theparasitoid
Encarsiaformosa makes a significant difference in accepting the phases of the last
instar(Nelletal., 1976),thesephaseshavebeendistinguished asfollows:fourth instar
larva (L4), prepupa (PP) and pupa (PU). Development rate and mortality have been
calculated for each of the three last phases separately (L4, PP, PU) and for the total
last instar (L4+PP+PU).
Table 1.Terms used to describe the last immature instar of the greenhouse whitefly.
Author
Second phase
First phase
This article
L4
prepupa
Hargreaves, 1915
L4
L4
Weber, 1931
L4
L4
Burnett, 1949
L4
pupa
Hussey & Gurney, 1957
pupa
pupa
Eijsackers, 1969
L4
L4
Kraayenbrink, 1972
L4
L4
Veerkamp, 1975
L4
L4
van Bruggen, 1975
L4
L4
van Lenteren et al., 1976
L4
prepupa
Di Pietro, 1977
L4
pupa
Nechols & Tauber, 1977a and b
early 4th
Transitional
Hulspas, 1978
L4
L4
van de Merendonk, 1978
L4
pupa
Zebitz, 1978
L4
L4
Madueke, 1979
L4
L4
Li et al, 1980
pseudopupa
pseudopupa
Christochowitz &van der Huit, 1981
L4
prepupa
Agekyan, 1981
pupa
pupa
Arakawa, 1982
L4
prepupa
Kajita, 1982
L4
pupa
van Evert & Schutte, 1983
L4
prepupa
Burggraaf & van der Laan, 1983
L4
prepupa
Fransen & van Montfort, 1987
L4
prepupa
Yano, 1988
early L4
lateL4
Kajita, 1989
L4
pupa
Dorsman &van der Vrie (unpubl.)
pupa
pupa
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pupa
L4
L4
pupa
pupa
pupa
L4
pupa
pupa
pupa
pupa
Pharate adult
pupa
pupa
L4
pupa
pseudopupa
pupa
pupa
pupa
pupa
pupa
pupa
pupa
late L4
pupa
pupa
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Immature development rate
The development rate of each immature stage was calculated as the reciprocal of its
duration.Weber (1931)found alowerthreshold temperature for development of eggs
and the first three larval instars of 8°C on tobacco and for L4 larvae a few degrees
lower.VanEvert&Schutte(1983)didexperimentsontomatoat7°Candfound hardly
any development of all immature stages.Therefore a lower threshold temperature of
8°Cwastakenintheregressionprocedure.Osborne(1982)estimated alowerthreshold
temperature of 8.3°C by linear regression using data of Stenseth (1971), whereas
Madueke &Coaker (1984), using their own data estimated thethreshold temperature
at7.0-11.5°C.
Weber (1931)found anupperlethal temperature of 35°Cfor egg development
and a somewhat higher temperature for the other immature stages. Van Evert &
Schutte (1983) still found larval development at 35°C. Thus 35°C was taken as the
upper lethal temperature for egg development and 38°Cfor other immature stages in
the regression procedure. It was assumed that the lower threshold and upper lethal
temperature for development were the same on all host plants. The Logan model
yielded the highest coefficients of determination (r2). This model was also used by
Gerlingetal.(1986)forimmaturedevelopmentof thecottonwhitefly,Bemisia tabaci.
The relationships between development rate of the immature whitefly stages and
temperatureoneighthostplantsareshowninTables2-10andpresentedinFigures 1-9
for tomato. Data on tobacco and tree tobacco were combined because no difference
was observed.
Exceptional data points were excluded (ne) from the regression, such as
Eijsackers (1969; LI, L2, L3, pupa, L4+prepupa+pupa and total development on
tomatoat30°C);vandeMerendonk (1978;L4ontomatoat24°C);Huang(1988;pupa
on tomato at 25°C); Collman &All (1980;L2 on bean at 26°C);Hooy (1984;LI on
cucumber at 25°C); van Sas (1978; total development on cucumber and eggplant at
25°C);DiPietro(1977;LI at22°CandL4+prepupa+pupa at27°Contobacco);Mulock
Houwer (1977; L2 at 21°C, L3 at 25°C and total development at 25°C on gerbera).
Huang (1988) used old plants, and Mulock Houwer (1977) used leaves that hadbeen
removed from theplant. Thereasons for theexceptional development ratescould not
be ascertained from the other studies. All data points are presented in the relevant
figuresand in the appendices of van Roermund &van Lenteren (1992).
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Table 2. Relationship between the development rate of eggs and temperature based on the Logan
model where a, b and c are coefficients, d and e are the lower threshold and upper lethal
temperature (8 and 35°C respectively), r2 is the coefficient of determination, and n,and nt are the
number of data points included and excluded respectively.
Hostplant
Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweetpepper
Chrysanthemum

a
0.0464
0.0265
0.0303
0.0409
0.0320
0.0444

b
0.0767
0.108
0.115
0.0796
0.103
- .
0.0647

c
2.56
3.09
4.09
1.83
3.67
4.15

r2
0.733
0.913
0.865
0.920
0.947
0.911

"i

19
18
7
2
9
9
4
4

".
0
0
0
0
0
0
0
0

Table 3. Relationship between the development rate of LI and temperature based on the Logan
model where a, b and c are coefficients, d and e are the lower threshold and upper lethal
temperature (8 and 38°C respectively), r2 is the coefficient of determination, and nt and nc are the
number of data points included and excluded respectively.
Hostplant
Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweetpepper
Chrysanthemum

a
0.0612
0.0614
0.120
0.118
0.0749
0.0467

b
0.101
0.146
0.0581
0.130
0.0813
0.0515

c
3.21
5.39
1.19
6.70
4.19
2.08

f*

0.726
0.874
0.617
0.830
0.869
0.975

»,
14
17
6
2
6
9
4
4

».
1
0
1
0
1
0
0
0

Table 4. Relationship between the development rate of L2 and temperature based on the Logan
model where a, b and c are coefficients, d and e are the lower threshold and upper lethal
temperature (8 and 38°C respectively), r2 is the coefficient of determination, and n,and nc are the
number of data points included and excluded respectively.
Hostplant
Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweet pepper
Chrysanthemum

120

a
0.100
0.0704
0.142
0.323
0.284
0.318

b
0.0848
0.0914
0.0712
0.115
0.0957
0.0441

c
1.71
0.539
0.886
7.58
8.16
15.0

r2
0.801
0.537
0.762
0.933
0.581
0.593

"•

"c

14
10
7
2
6
8
4
4

1
1
0
0
0
1
0
0
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Table 5.Relationship between thedevelopment rate of L3 andtemperature based onthe Logan
model where a, b andc arecoefficients, d and e are thelower threshold andupper lethal
temperature (8 and38°C respectively), r2is thecoefficient of determination, andn, and« e are the
number of data points included andexcluded respectively.
Hostplant
b
r>
a
c
««
»i
0.0644
2.09
0.868
13
2
Tomato
0.123
Bean
0.0835
0.0837
0.895
0.770
11
0
Cucumber
0.0874
0.120
4.60
0.876
7
0
Eggplant
2
0
(Tree)Tobacco
0.141
0.119
6.76
0.923
6
0
Gerbera
0.237
0.0918
8.44
0.822
8
1
Sweet pepper
4
0
Chrysanthemum
4
0

Table 6.Relationship between the development rate of L4 andtemperature based onthe Logan
model where a, b andc arecoefficients, d ande arethelower threshold andupper lethal
temperature (8 and38°C respectively), r 2isthecoefficient of determination, andn, andnt are the
number of data points included andexcluded respectively.
Hostplant
Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweet pepper
Chrysanthemum

a
0.124
0.148
0.053
0.180
-

b
0.0774
0.112
0.208
0.0768
-

r*
0.989
0.804
0.874
0.528
-

c
0.236
6.09
4.52
8.23
-

"•

"t

5
2
3
1
3
5
3
0

1
0
0
0
0
0
0
0

Table 7.Relationship between thedevelopment rate of the prepupa andtemperature based on the
Logan model where a, b andc arecoefficients, d ande arethelower threshold andupper lethal
temperature (8 and38°C respectively), r2isthecoefficient of determination, and«, andnc are the
number of data points included andexcluded respectively.
Host plant

a

b

c

r2

Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweet pepper
Chrysanthemum

Ö33Ï

0.0882
.
.
.
.
0.106
.
.

9ÄÖ

0.929
.
.
.
.
0.918
.
.

.
.
.
.
0.338
.
.

.
.
.
.
7.60
.
.

n{

nc
3
1
2
0
1
5
0
0

0
0
0
0
0
0
0
0
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Table 8. Relationship between the development rate of the pupa and temperature based on the
Logan model where a, b and c are coefficients, d and e are the lower threshold and upper lethal
temperature (8 and 38°Crespectively), r2 is the coefficient of determination, and n{and «e are the
number of data points included and excluded respectively.
?
a
b
c
Host plant
"e
"i
Tomato
6.43
6
2
0.125
0.115
0.780
Bean
0.0743
0.0933
4.06
0.967
4
0
Cucumber
0.0585
0.108
1.20
0.416
3
0
Eggplant
1
0
(Tree)Tobacco
1
0
Gerbera
0.121
0.0955
6.82
0.685
5
0
Sweet pepper
1
0
Chrysanthemum
0
0
-

Table 9. Relationship between the development rate of L4+prepupa+pupa and temperature based
on the Logan model where a, b and c are coefficients, d and e are the lower threshold and upper
lethal temperature (8 and 38°C respectively), r1is the coefficient of determination, and n{and ne are
the number of data points included and excluded respectively.
Host plant
Tomato
Bean
Cucumber
Eggplant
(Tree)Tobacco
Gerbera
Sweet pepper
Chrysanthemum

a
0.0377
0.0635
0.0415
0.0628
0.0911
0.0563

b
0.104
0.116
0.127
0.139
0.0962
0.0165

c
5.12
7.16
6.05
6.35
8.45
4.30

r2
0.764
0.846
0.851
0.895
0.639
0.114

"i

15
17
7
2
10
9
4
4

"*
1
0
0
0
1
0
0
0

Table 10.Relationship between the total immature development rate and temperature based on the
Logan model where a, b and c are coefficients, d and e are the lower threshold and upper lethal
temperature (8 and 35°Crespectively), r2 is the coefficient of determination, and «jand nc are the
number of data points included and excluded respectively.
a
?
Host plant
b
c
n.
«c
Tomato
0.739
29
1
0.0109
0.0838
2.13
Bean
0.00915 0.109
4.21
0.929
28
0
Cucumber
0.0153
0.148
5.65
0.960
12
1
Eggplant
0.00906 0.167
4.89
0.891
14
1
(Tree)Tobacco
0.0220
0.123
6.74
0.771
11
0
Gerbera
0.0316
0.146
6.33
0.953
21
1
Sweet pepper
0.0151
0.0928
6.37
0.344
14
0
—East European whitefly
5
0
—West European whitefly
0.00777 0.138
5.05
0.730
9
0
Chrysanthemum
0.0143
0.0294
2.62
0.983
4
0
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Figure 1. Relationship between the development rate (1/day) of the egg stage and
temperature on tomato.
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Figure 2. Relationship between the development rate (1/day) of LI and temperature on
tomato. Open dots represent data points
excluded from the regression.
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Figure 3. Relationship between the development rate (1/day) of L2 and temperature on
tomato. Open dots represent data points
excluded from the regression.
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Figure 4. Relationship between the development rate (1/day) of L3 and temperature on
tomato. Open dots represent data points
excluded from the regression.
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Figure 5. Relationship between the development rate (1/day) of L4 and temperature on
tomato. Open dots represent data points
excluded from the regression.
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Figure 6. Relationship between the development rate (1/day) of the prepupa and
temperature on tomato.
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Figure 7. Relationship between the development rate (1/day) of the pupa and temperature
on tomato. Open dots represent data points
excluded from the regression.
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Figure 8. Relationship between the development rate (1/day) of L4+prepupa+pupa and
temperatureontomato.Opendotsrepresentdata
points excluded from the regression.
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Relative development duration
The development duration of a development stage can also be expressed as a
proportion of the total immature development duration. As shown in Table 10, the
curves for total immature development rate are often based on more data points and
show ahigher r2 than thecurvesfor developmentrateof individual stages.Curves for
theL4,prepupa and pupa stagesespecially are sometimes based on afew datapoints
only.If theproportion isindependant of temperature, thatisdevelopment duration of
allstageschangeinthesamewaywithtemperature,datapointsmeasuredat fluctuating
temperature can also be included to produce a more reliable estimate.
Forallhostplants,therelationshipbetweenthedurationofeachstageexpressed
as a proportion of the total length of all immature stages and temperature was
examined fordatapointsobtained ataconstanttemperature.After visual inspectionof
thedata,it wasconcluded thatonly thelinear model should betested.In this way,46
linear regressions could be made. In 42 cases, the regression was not significant
(oc=0.05;datanotshown),whileinthreecasestheslopewassignificantly negative,and
in one case significantly positive. Therefore, it was concluded that there is no
relationship between the proportion of total immature duration and temperature.This
means that data points obtained at fluctuating temperature can also be included to
calculate the mean proportion.
Results are shown inTables 11-21.As ameasure of variation among data, the
coefficient of variation (cv)wascalculated,whichisthestandarddeviation dividedby
theoverall mean(sd^/mean).Nodatapointswereexcluded (/ie=0).Whereestimation
of the Logan model was not possible in Tables 2-9, the development rate can be
estimated bycalculating totalimmaturedevelopmentrate(Table 10)andthendividing
this figure by the proportion in Tables 11-18.
Thesumof theproportions of allimmature stagesof Tables 11-18for onehost
plant is not exactly 1.000,because the studies or number of data points were not the
same for all stages. Proportions can berounded off for this purpose.
Data were analysed for host plant effects by a Kruskal-Wallis test, although
differences among host plants can also be caused by differences in experimental
conditions and in whitefly strains. The proportion of the duration of the short stages
LI, L2andL3compared tototalimmatureduration doesnotvary significantly among
host plants (Kruskal-Wallis test, a=0.05). It is possible that this is caused by
inaccuraciesduringobservation.Usuallyindevelopmentexperiments,immaturestages
are checked once a day, which is not frequent enough for measurement of the short
stages.This effect is also shown by the higher cvvalues for short stages.

126

life-history parameters

of greenhouse

whitefly

Table 11.Development duration of the eggs expressed as proportion of the total immature
development duration, cv is the coefficient of variation and ntis the number of data points.
Mean
Host plant
cv
n{
0.155
27
0.295
Tomato
Bean
0.302
0.154
22
Cucumber
0.312
0.0535
10
Eggplant
0.324
0.00648
2
Tobacco
0.266
0.0286
6
Tree tobacco
0.289
0.172
3
Gerbera
0.289
0.115
12
Sweet pepper
0.291
0.128
4
Chrysanthemum
0.224
0.130
4
Hibiscus
0.270
1
All host plants
0.291
Kruskal-WaUis test, P=0.0439, n=93.

0.156

93

Table 12.Development duration of LI expressed as proportion of the total immature development
duration, cv is the coefficient of variation and n,is the number of data points.
Host plant
Mean
cv
n{
0.161
0.172
23
Tomato
Bean
0.158
0.167
17
Cucumber
0.136
0.136
10
Eggplant
0.146
0.0663
2
Tobacco
0.186
1
Tree tobacco
0.142
0.296
3
Gerbera
0.153
0.187
12
Sweet pepper
0.186
0.277
4
Chrysanthemum
0.215
0.213
4
Hibiscus
0.154
1
All host plants
0.158
Kruskal-WaUis test, P=0.0698, «=79.

0.208

79

Table 13.Development duration of L2 expressed as proportion of the total immature development
duration, cv is the coefficient of variation and n,is the number of data points.
Host plant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Tree tobacco
Gerbera
Sweet pepper
Chrysanthemum
Hibiscus

Mean
0.114
0.123
0.0988
0.0808
0.0873
0.0933
0.105
0.113
0.130
0.100

All host plants

0.111

cv
0.285
0.322
0.0931
0.214
0.046
0.179
0.264
0.243
0.268

nt
24
11
10
2
1
3
12
11
4
1
81

Kruskal-Wallis test, P=0.370,n=81.
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Table 14.Development duration of L3 expressed
duration, cv is the coefficient of variation and n,is
Mean
Host plant
Tomato
0.127
Bean
0.122
Cucumber
0.106
Eggplant
0.103
Tobacco
0.117
Tree tobacco
0.122
Gerbera
0.125
Sweet pepper
0.121
Chrysanthemum
0.112
Hibiscus
0.120
All host plants
0.122
Kruskal-Wallis test, P=0.401, «=81.

as proportion of the total immature
the number of data points.
CV

«i

24
11
10
2
1
3
12
11
4
1

0.236
0.177
0.0840
0.137
0.0181
0.252
0.213
0.264
0.217

development

81

Table IS. Development duration of L4 expressed as proportion of the total immature development
duration, cv is the coefficient of variation and n,is the number of data points.
Host plant
Mean
cv
n,
Tomato
0.0816
0.360
8
Bean
0.140
0.225
2
Cucumber
0.0977
0.0972
4
Eggplant
0.0930
1
Tobacco
0.135
1
Tree tobacco
0.208
0.0866
2
Gerbera
0.136
0.181
8
Sweet pepper
0.115
0.196
10
Chrysanthemum
.
0
Hibiscus
0.136
1
All host plants
0.118
Kruskal-Wallis test, P=0.00850, n=38.

0.314

38

Table 16. Development duration of the prepupa expressed as proportion of the total immature
development duration, cv is the coefficient of variation and n,is the number of data points.
Tomato
Bean
Cucumber
Eggplant
Tobacco
Tree tobacco
Gerbera
Sweet pepper
Chrysanthemum
Hibiscus

Host plant

Mean
0.128
0.0880
0.117
0.0751
0.0696
0.0925
0.108

All host plants

0.0960

Kruskal-Wallis test, P=0.0141,n=22.
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cv
0.184
0.0849
0.0862
0.186
0.301

n,
5
1
3
0
0
1
5
5
0
1
22
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Table 17.Development duration of the pupa expressedas proportion of the total immature
development duration, cv is the coefficient of variation andrçis the number of data points.
Host plant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Tree tobacco
Gerbera
Sweet pepper
Chrysanthemum
Hibiscus

Mean
0.120
0.129
0.150
0.202
0.117

-

0.238
0.0241
0.281

-

0.137
0.0949

0.0884
0.314

.

-

0.112

All host plants
0.126
Kruskal-Wallis test, P=0.0392, n=34.

11
4
4
1
1
0
5
6
0
1

0.258

34

Table 18.Development duration of L4+prepupa+pupa expressed as proportion of the total
immature development duration, cv is the coefficient of variation and nK is the number of data
points.
Host plant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Tree tobacco
Gerbera
Sweet pepper
Chrysanthemum
Hibiscus

Mean
0.307
0.332
0.347
0.352
0.332
0.369
0.331
0.314
0.319
0.359

All host plants
0.327
Kruskal-Wallis test, P=0.0117, n=96.

0.0812
0.145
0.0706
0.0119
0.0169
0.100
0.109
0.133
0.187

26
19
10
2
6
3
12
11
4
1

0.117

96

Table 19.Development duration of L4 expressed as proportion of the development duration of
L4+prepupa+pupa, cv is the coefficient of variation and n,is the number of data points.
Host plant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Tree tobacco
Gerbera
Sweet pepper
Chrysanthemum
Hibiscus
All host plants

Mean
0.269
0.400
0.290
0.267
0.413
0.598
0.420
0.357

0.379
0.361

0.383
0.163
0.0765

8
2
4
1
1
2
8
10
0
1

-

0.128
0.170
0.123

0.284

38

Kruskal-Wallis test, P=0.00663,n=38.

129

chapter 8

Table 20.Developmentdurationof theprepupaexpressed asproportionof thedevelopment
durationof L4+prepupa+pupa, cvisthecoefficient ofvariation andn,isthenumberofdatapoints.
Hostplant
Mean
cv
n{
0.412
0.133
5
Tomato
Bean
0.266
1
Cucumber
0.335
0.0686
3
Eggplant
0
0.230
1
Tobacco
Treetobacco
0
0.206
0.132
5
Gerbera
Sweetpepper
0.303
0.299
5
Chrysanthemum
0
Hibiscus
0.302
1
Allhostplants
0.296
Kruskal-Wallistest,P=0.0127,n=22.

0.330

22

Table 21.Development durationof thepupaexpressed asproportion of thedevelopmentduration
ofL4+prepupa+pupa, cvisthecoefficient ofvariation andn,isthenumberofdatapoints.
Hostplant
Mean
cv
n{
Tomato
0.383
0.228
11
Bean
0.393
0.0326
4
Cucumber
0.429
0.274
4
Eggplant
0.568
1
Tobacco
0.357
1
Treetobacco
0
Gerbera
0.403
0.0796
5
Sweetpepper
0.310
0.254
6
Chrysanthemum
0
Hibiscus
0.312
1
Allhostplants
Kruskal-Wallis test,IM).122,«=34.

0.384

0.222

34

Immature mortality
Immature mortality of each stage was expressed as a percentage of the number of
individuals entering that stage. The relationship between percentage mortality and
temperature on each host plant was examined by using data points obtained at a
constant temperature. From visual inspection of the data, it was concluded that only
the linear model should be tested. In this way, 46 linear regressions were done, from
which only eight were significant (a=0.05; data not shown). Of these eight significant
regressions, the slope was negative in two cases, 0 in three cases and positive in three
cases. Therefore, it was concluded that there is no relationship between percentage
mortality and temperature. Thus, experiments done at fluctuating temperature could
also be used to calculate the mean percentage mortality for each immature stage on
each host plant.
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Yano (1981) found higher mortality at low temperatures (around 15°C) on
tobacco, but these results were not confirmed by other studies (Dorsman & van der
Vrie, unpubl. on gerbera; Weber, 1931 on tobacco). At high temperatures (30°C or
more) mortality of egg, prepupa and pupa was usually higher (van Evert & Schutte,
1983;Weber, 1931).This resulted in a higher total immature mortality (van Evert&
Schutte, 1983;Weber, 1931;Yano,1981). However,highmortalitywasonlyobserved
whentemperaturewasconstantlyhigh.Atfluctuating temperatureswithpeaksof30°C
or more,which isusually thecasein greenhouses,higher mortality was not observed
(van Evert & Schutte, 1983;Kajita, 1982;Yano, 1988;van Vianen et al., 1987,also
in van Lenteren et al., 1989;Meyer, 1990,also in Meyer et al., 1990).Even if eggs,
prepupaeandpupaeremainedfor aslongasfivehoursattemperaturesbetween 30and
35°C,mortalitywasnothigherthanatlowertemperatures(vanEvert&Schutte,1983).
This meansthat athigh temperatures theduration of exposition isimportant. Because
in greenhouses temperatures do not often exceed 30°C for more than 5 hours, this
effect was not included in the tables below.
The percentage mortality was calculated using data obtained at an average
temperature not exceeding 30°C.Exceptionally high mortalities were excluded, such
as observed by Oostenbrug (1988;alsoin vanLenteren et al., 1989;egg,LI, L2, L3,
L4,prepupa,pupa,L4+prepupa+pupaandtotalmortalityontomatoat22.9°C);Küsters
(1990; egg, LI, L2,L3,L4,prepupa, pupa, L4+prepupa+pupa and total mortality on
gerbera at 22°C); Schönherr (1988;egg,LI, L2,L3,L4,L4+prepupa+pupa and total
mortality on gerbera at 23.5°C(three times));Nechols &Tauber (1977a; LI, L2,L3,
and L4 mortality on tobacco at 25°C); Yano (1981; LI, L3 and total mortality on
tobacco at 15°C); Yano (1988; L2 and total mortality on tomato at 20°C); van de
Merendonk (1978; LI mortality on sweet pepper at 24°C); Kraayenbrink (1972; LI
mortality on sweet pepper at 23.3°C); Zebitz (1978; L2, L3, L4+prepupa+pupa and
total (twice) mortality on tobacco at 25°C, and total mortality at 20.5°C); Li & Li
(1983; L4+prepupa+pupa and total mortality on cucumber at 17.8°C); Huang (1988;
total mortality on tomato at 20°C); Laska (1986; total mortality on bean at 20°C);
Malausa etal.(1984;total mortality oneggplant at22°C(twice));van Sas(1978;total
mortality on gerbera at 25°C); Mulock Houwer (1977; total mortality on gerbera at
21°C).
The reasons for the high mortalities could not always be ascertained. Küsters
(1990) and Schönherr (1988) used whitefly not originating from gerbera. Nechols &
Tauber (1977a) and Zebitz (1978) used host varieties not used in any other
experiments. Mulock Houwer (1977) used leaves that had been removed from the
plant.
ResultsareshowninTables22-30.Hostplanteffects werenottested statistically,becausedifferences inmortalityamonghostplantswereobvious.Thehighvariation
inpercentagemortalityamongdifferent experimentsisexpressedbythehighcvvalues.
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Table 22.Mean egg mortality expressed as the percentage of the number entering the stage, cv is
the coefficient of variation, and n,and ne are the number of data points included and excluded.
Mean
Host plant
cv
"i
n.
1
Tomato
3.7
0.885
15
Bean
1.6
0.713
7
0
Cucumber
5.6
0.959
9
0
Eggplant
4.1
1
0
Tobacco
2.8
0.991
5
0
Tree tobacco
3.4
0.518
3
0
Gerbera
1.5
0.551
3
4
Sweet pepper
12.5
0.802
10
0
—WestEuropean whitefly
10.6
0.797
4
0
—East European whitefly
13.7
0.839
6
0

Table 23.Mean LI mortality expressed as the percentage of the number entering the stage, cvis
the coefficient of variation, and «,and ncare the number of data points included and excluded.
Host plant
Mean
cv
"i
«e
Tomato
4.2
0.632
11
1
Bean
5.7
0.071
3
0
Cucumber
2.2
1.307
0
8
Eggplant
1.2
1.175
2
0
Tobacco
12.2
1.121
4
2
Tree tobacco
18.8
0.515
3
0
Gerbera
4.3
0.893
3
4
Sweet pepper
31.8
0.660
11
0
—West European whitefly
30.3
0.188
5
2
—East European whitefly
14.6
0.431
4
0

Table 24.Mean L2 mortality expressed as the percentage of the number entering the stage, cv is
the coefficient of variation, and n{and nc are the number of data points included and excluded.
Host plant
Mean
cv
nc
"i
0.814
Tomato
2.6
10
2
Bean
1.8
1.051
3
0
Cucumber
2.7
1.121
8
0
Eggplant
0.1
1.400
2
0
Tobacco
0.9
1.029
5
2
Tree tobacco
3.4
0.642
3
0
Gerbera
2.0
0.435
3
4
Sweet pepper
24.0
0.523
11
0
—West European whitefly
31.4
0.348
4
0
—East European whitefly
19.7
0.610
7
0
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Table 25. Mean L3 mortality expressed as the percentage of the number entering the stage, cv is
the coefficient of variation, and n,and «„are the number of data points included and excluded.
Host plant
Mean
cv
"«
«i
0.812
1
3.7
11
Tomato
Bean
0.000
0
0.0
3
Cucumber
3.2
1.514
8
0
Eggplant
0.1
1.400
2
0
Tobacco
7.2
1.359
4
3
Tree tobacco
2.9
1.050
3
0
Gerbera
1.3
0.953
3
4
Sweet pepper
27.2
0.769
11
0
—West European whitefly
25.5
0.255
4
0
—East European whitefly
28.1
0.943
7
0

Table 26. Mean L4 mortality expressed as the percentage of the number entering the stage, cv is
the coefficient of variation, and n,and nt are the number of data points included and excluded.
Mean
Host plant
cv
«e
"•
1
3.4
1.273
Tomato
3
Bean
0.0
0.000
3
0
Cucumber
0.3
0.967
4
0
Eggplant
0.0
1
0
Tobacco
0
1
Tree tobacco
1.0
0.671
2
0
Gerbera
0.0
0.000
3
4
Sweet pepper
22.9
0.899
10
0
—West European whitefly
13.4
0.767
3
0
—East European whitefly
27.0
0.858
7
0

Table 27.Mean prepupa mortality expressed as the percentage of the number entering the stage,cv
is the coefficient of variation, and n, and ne are the number of data points included and excluded.
Host plant
Mean
cv
«i
"c
1
1
Tomato
3.8
Bean
0.0
0.000
3
0
Cucumber
0
0
Eggplant
0
0
Tobacco
1.3
1
0
Tree tobacco
0
0
Gerbera
0.0
0.000
3
1
Sweet pepper
1.6
0.722
5
0
—West European whitefly
1.5
0.093
2
0
—East European whitefly
1.6
0.982
3
0
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Table 28.Mean pupa mortality expressed as the percentage of the number entering the stage, cv is
the coefficient of variation, and n,and nt are the number of data points included and excluded.
Mean
cv
Host plant
"i
"c
Tomato
2.6
0.327
2
1
Bean
1.3
0.864
3
0
Cucumber
0.4
1
0
Eggplant
1.1
1
0
Tobacco
0
0
Tree tobacco
0
0
Gerbera
0.7
1.716
3
1
Sweet pepper
8.0
0.759
6
0
—West European whitefly
11.3
0.673
3
0
—East European whitefly
4.7
0.253
3
0

Table 29.Mean mortality of L4+prepupa+pupa expressed as the percentage of the number entering
the stage, cv is the coefficient of variation, and n,and n, are the number of data points included
and excluded.
Mean
cv
Host plant
«i
".
1
Tomato
0.655
7.3
9
Bean
1.3
0.864
3
0
Cucumber
3.8
1.579
6
1
Eggplant
2.8
1
0
Tobacco
18.4
0.682
11
1
Tree tobacco
1.8
0.733
3
0
Gerbera
0.6
1.746
3
4
Sweet pepper
32.8
0.664
7
0
—West European whitefly
22.0
0.119
3
0
—East European whitefly
40.8
0.666
4
0

Table 30. Mean total immature mortality expressed as the percentage of the number entering the
egg stage, cv is the coefficient of variation, and n,and nc are the number of data points included
and excluded.
n
Mean
cv
Host plant
«c
\
Tomato
4
16.7
0.713
21
Bean
7.9
0.284
7
1
Cucumber
15.9
0.663
12
1
Eggplant
12.9
0.574
11
2
Tobacco
30.0
0.464
4
4
Tree tobacco
30.3
0.405
3
0
Gerbera
10.2
0.406
15
6
Sweet pepper
69.7
0.299
24
0
—West European whitefly
80.7
0.075
6
0
—East European whitefly
66.0
0.345
18
0
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Sex ratio
The relationship between sex ratio (expressed as the proportion of females of total
offspring) and temperature was studied for each host plant using data obtained at a
constant temperature. From visual inspection of the data, it was concluded that only
the linear model should be tested. The linear regression was not significant for tomato,
bean and cucumber. Only for sweet pepper it was, but the data were for temperatures
between 22 and 27°C,so theregression is notreliable.For all hostplants together, the
regression was not significant (P=0.253, «=43). Therefore it was concluded that sex
ratio was not related to temperature. A Kruskal-Wallis test (oc=0.05)showed no effect
of host plant on sex ratio (see Table 31). Four data points of van Rongen (1979) on
cucumber were excluded because of difficulties in interpreting the sampling method.
Datapoints of Lloyd (1922)onvarious hostplants werecombined because of the small
number of whiteflies used and were not included in the Kruskal-Wallis test.
Table 31. Sexratioexpressed astheproportionof females oftotaloffspring, cvisthe coefficient
of variation andn, and nearethenumberof datapoints included andexcluded.
Hostplant
Mean
cv
n-,
nt
Tomato
0.483
0.063
5
0
Bean
0.553
0.166
12
0
Cucumber
0.543
0.146
5
4
Eggplant
0.440
1
0
Tobacco
0
0
Treetobacco
0.514
2
0
0.018
Gerbera
0.525
0.176
3
0
Sweetpepper
0.525
0.090
9
0
Wildpotato
0.732
1
0
Potato
0.700
1
0
Various
0.558
1
0
Allhostplants
0.538
Kruskal-Wallis test,P=0.219,«=39.

0.149

40

Longevity
As rough data indicated longevity was lower in males than in females, this life-history
parameter was studied separately for the sexes. Data points obtained at constant
temperatures were used to examine the relationship between female longevity and
temperature.Weber(1931)didexperiments atextremetemperatures andfound longevities of 6.5 days at 0°C and 0.25 days at 36°C on tobacco. These data have been taken
as the arbitrary lower and upper values for all host plants. The highest coefficients of
determination (r2) were obtained when the third degree polynomial and the Weibull
model were used. On the basis of visual inspection of the curves, the Weibull model
was chosen. The third degree polynomials yielded biologically unrealistic tails. Table
32 shows the results. The lower lethal temperature (coefficient a) is fixed at -10°C
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according to Weber (1931). Figure 10 presents the relationship between female
longevity and temperature on tomato.
Thecoefficients ofdetermination ontomatoandeggplantwerelow becauseof
differences in host plant variety, as shown for tomato by an increase in r2when host
plant varieties were analysed separately. High variation in longevity among eggplant
varieties was shown by Malausa et al. (1984, 1988). The shape coefficient c for
eggplant was fixed at 3.50 (average of host plants with high r2) because data at low
temperatures were missing. The great variation in longevity on sweet pepper, also
shown by Zabudskaya (1989), was not caused by a difference in whitefly strains,
because r2 remained low when the West European and East European strain were
analyzed separately. Data below 22°C were not available, which resulted in a shape
coefficient of 10.9.
Table 32.Relationship between female longevity and temperature based on the Weibull model
where b, c and d are coefficients, a is the lower lethal temperature of -10°C,i2is the coefficient of
determination and ^ and ne are the number of data points included and excluded.
Host plant
Tomato
—'Bonnie Best'
—'Moneymaker +'Moneydor'
Bean
Cucumber
Eggplant
Tobacco
Gerbera
Sweet pepper
—West European whitefly
—East European whitefly
" Fixed at 3.50

b
29.6
27.8
29.0
26.2
31.4
33.2
30.1
29.1
38.6
23.5
27.5

c
4.68
5.56
3.45
3.79
3.59
3.50l)
3.06
3.43
10.9
2.64
4.02

ou
70
—.

60

•

CO

2.

50

.£•

40

O)

30

O

—

20

•
-

\ •
•\

•/
/ •

•

•

10
i

u
0

5

#

\

8

•

i

i

i

i

10

15

20

25

temperature

136

f»

0.609
0.905
0.864
0.852
0.793
0.486
0.716
0.849
0.482
0.402
0.442

"i

»«

22
11
6
7
12
20
11
8
17
8
11

2
0
2
0
2
0
0
4
0
0
0

Figure 10. Keiauonsmp oeiween me iemaie
longevity (day) and temperature on tomato.
Open dots represent data points excluded from
theregression.
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life-historyparameters ofgreenhouse whitefly
Exceptional datapointswereexcluded from theregression, suchasvan Boxtel
(1980; twice on tomato cv. 'Moneymaker' and twice on cucumber) and Mulock
Houwer(1977;four timesongerbera).VanBoxteldidtheseexperimentsinwinteron
poor quality host plants and as already mentioned, Mulock Houwer did experiments
on leaves removed from theplant.
Not enough data were available to estimation the relationship between male
longevity and temperature in the same way as for female longevity. However, it was
possibletoexpressmalelongevityasaproportionoffemalelongevitybecauseinmany
studies longevity was examined for both sexes under the same environmental
conditions. According to the available data, there is no significant linear relationship
between this proportion and temperature (P=0.167, n=28), so data were averaged
(Table 33). Differences in the proportion among host plants were not significant
(Kruskal-Wallis test,cc=0.05).
DatapointsofGenchev(1986,onbean)andLloyd(1922,twiceonvarioushost
plants) wereexcluded, because thefirst studydiffered greatly from other studiesand
thesecond used a small number of whiteflies. Malelongevity can easily beestimated
bycalculating female longevity from Table32and then multiplying this figure bythe
proportion given in Table33.
Table33.Malelongevityexpressedas theproportionoffemalelongevity,cv isthecoefficientof
variationandn, andnc arethenumberofdatapointsincludedand excluded.
Hostplant
Mean
0.281
0.46
Tomato
2
0
0.71
Bean
1
1
0.64
0.137
Cucumber
7
0
0.248
Eggplant
0.47
8
0
0.316
Sweetpepper
0.53
10
0
Various
0
2
Allhostplants
0.54
Kruskal-Wallistest,P^O.0787, n=28.

0.264

28

3

The survival pattern of adult whiteflies in relation to age has been studied by
van Rongen (1979), van Sas (1978; also in van Sas et al., 1978), van Boxtel (1980;
alsoinvanBoxteletal., 1978),Yano(1981,1988, 1989),Burggraaf-van Nierop&van
der Laan (1983; also in van der Laan et al., 1982),Dorsman & van der Vrie (1987)
and Oostenbrug (1988; also in van Lenteren et al., 1989). The results are shown in
graphs without fitting the data to a statistical distribution and without giving the
originaldata.S-shaped orlineardeclinearemostlyshown.Anexponentialdeclinewas
found for Dutch whiteflies on sweet pepper (Burggraaf-van Nierop & van der Laan,
1983; Oostenbrug, 1988).The survivalship curves of van Boxtel (1980) on eggplant
and van Sas (1978) on tomato showed a tail to the right, indicating that some
individualsreachedahighage(morethantwicetheaverage).However,on7otherhost
plants this was not clear and van Rongen (1979), Yano (1981, 1988, 1989) and
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Dorsman&vanderVrie(1987)didnotfindthisatall.Becauseadultsof high ageare
notimportant for thepopulation growth rate,asshown byBirch (1948),it ispossible
to describe the whitefly survivalship curve by a decreasing cumulative normal
distribution, of which the S-shape depends on the variation in longevity. Maximum
longevity can be calculated as the mean longevity plus three times the standard
deviation to include 96 %of theadults.
Pre-oviposition period
The period between adult emergence and oviposition was measured only between
temperatures of 17°Cand 27°C. Theexponential modeldescribed thebestrelationship
between the pre-oviposition period and temperature, although r^s were low.
Differences among host plants were not clear. Extrapolation to temperatures below
17°C is very unreliable, because of a rapid increase of the pre-oviposition period
accordingtotheexponentialmodel.Forlowtemperatures,apre-oviposition periodthe
same as that at 17°Cis a betterestimate.Table 34 gives the results of the regression
and Figure 11shows the graph when all host plants were combined.
Table 34. Relationship between the pre-oviposition period and temperature based on the
exponential model where a and b are coefficients, r 2 is the coefficient of determination and n-, and
ne are the number of data points included and excluded.
Host plant
Tomato
Bean
Eggplant
All host plants

a

nt

nc

0.558
1.94
3.97

-0.0213
-0.0765
-0.176

0.014
0.380
0.968

4
6
3

2.17

-0.0901

0.328

13

0
0
0

Figure 1 1 . Relationship between the preoviposition period (day) and temperature.
Circle: tomato; triangle: bean and square:
eggplant.
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Fecundity
Fecundity isthetotalnumberofeggslaidinafemale's lifetime. Someofthevariation
in fecundity among females iscaused by variation in longevity. Weber (1931) found
alowerandupperthresholdtemperatureforovipositionof 10and37°Contobaccoand
a lower threshold temperature for egg maturation of 4°C. Pravisani (1981) studied
fecundity at 2.5°C intervals on bean and found 7.5 and 37.5°C respectively. It is
assumed that these lower and upper temperatures are the same on other host plants.
When the relationship between fecundity and temperature was studied, the best fits
wereobtainedwiththeWeibullmodelandresultedinthehighestr1valuesandrealistic
tailsof thecurves.Table35presentstheresultsfor different hostplantsandFigure 12
for tomato. As for longevity, r2 values were low for tomato, eggplant and sweet
pepper, because of the differences in varieties of the tomato and eggplant. For
cucumber abiological realistic fit wasonlypossiblewhen the shapecoefficient cwas
fixed at the average value of 2.70 for the other host plants. Data for sweet pepper
below 22°C were not available, which resulted in a shape coefficient of 7.55.
Exceptional datapointswereexcluded from theregression, such asvan Boxtel
(1980; twice on tomato, twice on cucumber, once on sweet pepper at 22°C); Huang
(1988; twice on tomato); Christochowitz &van der Fluit (1983; on tomato); Burnett
(1949;ontomatoat 18°C);Collman&All(1980;onbeanat26°C);Zabudskaya(1989;
seventimesoncucumber);DiPietro(1977;oneggplant at27°C)and MulockHouwer
(1977; four times on gerbera). Van Boxtel (1980) did these experiments in winter on
poorquality hostplants.Huang(1988)used old hostplants,Christochowitz &vander
Fluit (1983) studied fecundity over aperiod of 17days only, Mulock Houwer (1977)
used leavesremoved from theplant.Low fecundities obtained byZabudskaya (1989)
may bedue to theEastEuropean whitefly strain or tothecucumber variety. Noclear
explanation couldbefound for lowdatapointsofCollman &All(1980)andDiPietro
(1977) and for the very high data point of Burnett (1949).
Table 35.Relationship between fecundity and temperature based on the Weibull model where b, c
and d are coefficients, a is the lower threshold temperature of 7.5°C, r2 is the coefficient of
determination and ntand nt are the number of data points included and excluded.
Host plant
Tomato
—'Bonnie Best'
—'Moneymaker'+ 'Moneydor'
Bean
Cucumber
Eggplant
Tobacco
Gerbera
Sweet pepper
—West European whitefly
—East European whitefly
" Fixed at given value.

b
14.9
12.8
12.8
14.6
17.9
17.1
17.2
17.6
22.8
14.0
22.9

c
2.58
3.91
2.23
2.27
2.70"
2.55
3.64
2.37
7.55
7.55"
7.55"

d
2350
2430
2580
1840
3300
8940
3700
4190
736
60
757

r2
0.481
0.921
0.848
0.998
0.961
0.618
0.947
0.787
0.277
0.173
0.187

"i

«e

25
10
7
5
4
18
8
17
15
6
11

6
0
3
1
9
1
0
4
1
1
0
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Figure12.Relationshipbetweenthefecundity
(egg/female)andtemperatureontomato. Open
dotsrepresentdata points excluded from the
regression.
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temperature

Oviposition frequency
Mean oviposition frequency can be calculated by dividing the fecundity of a female
whitefly byherlongevity. Oviposition frequency may beless variable than fecundity,
because differences in longevity are accounted for.
Only 'wholelifetime' experimentsdoneataconstanttemperature wereused to
examine the relationship between oviposition frequency and temperature. Lower and
upper threshold temperatures of 7.5 and 37.5°C observed by Pravisani (1981) were
taken for allhostplants.TheWeibullmodel yielded thebestfit, although ther2values
of the third degree polynomials were very close. The tails of the third degree
polynomials were not always realistic. The mean oviposition frequency is given in
Table36andfortomatoalsoinFigure 13.Datafor sweetpepperbelow 20°Cwerenot
available, which resulted in a shape coefficient of 9.25.
Exceptional datapoints wereexcluded from theregression, such asvan Boxtel
(1980; twice on tomato,once on sweetpepper at 22°C);Hussey &Gurney (1957;on
tomato at 26.7°C); Zabudskaya (1989; on tomato at 27°C); Castresana Estrada et al.
(1982; on tomato at 22°C) and Mulock Houwer (1977; four times on gerbera). Data
from van Boxtel (1980), Zabudskaya (1989), and Mulock Houwer (1977) were
excluded for the samereasons that they were excluded from study on fecundity. The
high oviposition frequency given by Hussey &Gurney (1957) and the low value of
Castresana Estrada et al. (1982) could not be explained.
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Table36.Relationshipbetweenmeanovipositionfrequency duringalifetime and temperature
basedonthe
Weibullmodelwhereb, canddarecoefficients, aisthelowerthresholdtemperature
of7.5°C,r2isthecoefficient ofdetermination andnt andncarethenumberofdatapoints
includedandexcluded.
b
16.8
16.7
16.4
15.8
16.8
17.6
19.4
20.6
18.7
21.0
18.4

Host plant
Tomato
—'Bonnie Best'
—'Moneymaker' +'Moneydor'
Bean
Cucumber
Eggplant
Tobacco
Gerbera
Sweet pepper
—West European whitefly
—East European whitefly
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Figure 13. Relationship between the mean
oviposition frequency during a lifetime
(egg/female/day) and temperature on tomato.
Open dots represent data points excluded from
the regression.
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Change in oviposition frequency during ageing
Oviposition frequency is not constant throughout the lifetime of a female. Van Sas
(1978;alsoinvan Sasetal., 1978),vanBoxtel (1980;alsoinvan Boxtelet al., 1978),
Yano(1981,1988, 1989),Burggraaf-van Nierop&vanderLaan(1983;alsoinvander
Laan et al.(1982), Steenhuis (unpubl.), Dorsman &van der Vrie (1987 and unpubl.)
and Oostenbrug (1988;also in van Lenteren et al., 1989)have shown that oviposition
frequency usually varied greatly from day today. In all cases it increased in the first
few days from zero to a maximum level. This maturation period, in which the preoviposition period is included, was estimated from these studies. The relationship
betweenmaturation periodandtemperaturecouldbedescribedwellbytheexponential
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model (see Table 37). Hulspas-Jordaan & van Lenteren (1989) published slightly
different data.
In some studies the oviposition frequency was found to be constant after the
maturationperiod untilthewhiteflies died(vanBoxtel(1980)oneggplantandtomato;
Yano(1981,1988,1989);Oostenbrug(1988)forHungarianwhiteflies),butmoreoften
it remained constant for a period and then decreased almost linearly with age (van
Boxtel(1980)oncucumber; van Sas(1978)onfive hostplants;Burggraaf-van Nierop
&vanderLaan (1983);Dorsman &vanderVrie(1987 andunpubl.);vanLenteren et
al., 1989for Dutch whiteflies).
In general, oviposition frequency during ageing increases linearly with
maturationtoamaximum.Thislevelremainsconstant untilmeanlongevity isattained
andthendecreaseslinearly tozeroatmaximumlongevity.Maximumlongevitycanbe
estimated from the mean longevity plus three times the standard deviation. The
maximum level of the oviposition frequency can be calulated by using the fecundity,
thepre-oviposition period, the maturation period and the mean longevity.
Table 37.Relationship between the maturation period (pre-oviposition period included) and
temperature based on the exponential model where a and b are coefficients, r2 is the coefficient of
determination and n{and nc are the number of data points included and excluded.
f»
a
Host plant
b
"•
"e
2.82
All host plants
-0.0568
0.953
5
0

VARIATION AMONG INDIVIDUALS
So far only mean values of the life-history parameters were used to relate the
parameter to host plant and temperature. Variation among individuals within one
experiment was also obtained in many studies. As a measure of this variation, the
coefficient of variation (cv, alsocalled relative dispersion) was calculated, that is the
sample standard deviation divided by the overall mean (scL^/mean). For data from
different populations, the mean and standard deviation often tend to change together
sothatthecvisrelatively stable.Thecvvalues should beused asinput parameters in
simulation models when stochasticity is desired and normality can be assumed, as
arises often during developmental dispersion (Goudriaan & van Roermund, 1989;
Schaub &Baumgärtner, 1989).
Meancvvalueswerecalculated for immaturedevelopment duration, longevity,
fecundity, oviposition frequency and pre-oviposition period. Two categories of cv
valueswereexcluded:valuesofwhichthenumberofreplicates(n)waslowerthanthe
totalnumberofwhiteflies (becausethenvariation amongnexperimentswascalculated
instead of variation among individuals) and values of mean life-history parameters
which wereexcluded from theregression in Tables 2-37 (referred to Tables 38-40as
the number of observations excluded, nj. If variation was given without the number
of replicates or whiteflies, itwas assumed tobeamong individuals and was included.
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Variation in immature development duration
Variation among individuals in development duration (which is almost equal to the
variation in development rate) can be measured by following individual larvae
separately through leaf mapping or calculated after linearization of the s-curve when
populations were followed. The latter method was chosen by van Zoest (1987).
Only data obtained at a constant temperature were used when the relationship
between cvandtemperaturewasstudied.Fromvisualinspectionitwasconcludedthat
onlythelinearmodelshouldbetested.Nosignificant relationshipcouldbefound from
11 cases tested (a=0.05, results not shown), so cv values obtained at constant and
fluctuating temperatures werecombined.Table38showsthemeancvof development
duration of each whitefly immature stage on each host plant. No observations were
excluded (ne =0). Data on tobacco and tree tobacco were combined, because no
difference was observed. According to Kruskal-Wallis tests,differences in cvamong
host plants were only significant for theegg stage (a=0.05). This is probably due to
a high cv on sweet pepper. The cv of the development duration of the shorter stages
(L2, L3,L4) is higher than that of the longer stages (egg- and total immature stage)
andcanbecausedbyinaccuraciesduringexperimentation.Inmanystudiesindividuals
werechecked once a day, which is not frequent enough for reliable estimation of the
duration of stages of only a few days duration.
Sequentialdependanceofdevelopment ofindividualsduring successivestages,
that is individuals developing slowly during one stage and compensating for this by
developing faster in the next stage, can be studied accurately if the development
duration of each individual during each stage is known. This was done by HulspasJordaan &van Lenteren (1989) using data of Christochowitz &van der Fluit (1981),
showingnocorrelationbetweensuccessivestages.Ifitoccurs,thevariance(sd2)ofthe
total immature development duration will be lower than when calculated from the
variances of the separate stages. From data of Eijsackers (1969), Nechols & Tauber
(1977b),Laska et al. (1980),Küsters (1990) and Dorsman &van der Vrie (unpubl.),
the measured variance of the total immature development duration was compared to
thecalculated varianceandnosignificant difference wasfound (Wilcoxon signedrank
test, P=0.610, «=12 pairs).Thus sequential dependance appears to be absent.

Variation in longevity and pre-oviposition period
Therelationshipbetweencvandtemperaturewasstudiedforeachhostplantseparately.
From visual inspection it was concluded that only the linear model should be tested.
No significant regression was found in the six tested for longevity. For the preoviposition period, however, one significant relationship was found on bean in two
tested (a=0.05), but thenumber of observations was very low (n=3,data not shown).
Therefore, no relationship with temperature was assumed. Table 39 shows mean cv
values oneach of the seven hostplants.Data on other hostplants werealso used but
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life-history parameters ofgreenhouse whitefly
are not given separately in the table. No significant host plant effect on the cv was
found (Kruskal-Wallistest,a=0.05),althoughonpoorhostplantssuchassweetpepper
cv tends to be higher.
In some studies the longevity of males wascompared to that of females under
thesameexperimentalconditions.Fromthese 15 experimentsthecvofmalelongevity
tended to behigher than that of females (mean cvwas 1.0and 0.68respectively),but
no significant difference could befound (Wilcoxon signed rank test,P=0.0938,«=15
pairs).
Table39.Meancoefficient ofvariationamongindividuals(cv) offemalelongevityand preovipositionperiodandnumberofobservations included(«;)andexcluded (nj.
Host plant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Gerbera
Sweet pepper
All host plants
Kruskal-Wallis test

Female longevity
cv
«•
0.54
21
0.41
4
0.48
4
0.45
7
0.39
6
0.55
9
0.76
14
0.56

69

2
0
2
0
0
4
0

Pre-oviposition period
n
n
cv
i
t
0
0
0.92
3
0
0
0
3
0
0.83
0
0
0
0
0
0

8

0.88

«e

P=0.0640, n==69

6
P=0.827, n=6

0

Variation in fecundity and oviposition frequency
Therelationshipbetweencvandtemperaturewasstudiedforeachhostplantseparately.
From visual inspection of thedataitwasconcluded thatonly thelinear model should
be tested. No significant regression was found for the cv of fecundity on four host
plants (a=0.05). Of the four tested for mean oviposition frequency during a lifetime
only on tomato cvincreased linearly with temperature (oc=0.05),but r2was very low
(0.348, data not shown). Therefore it was concluded that a relationship with
temperature was absent. Table 40 shows the results. Data on other host plants were
also used but are not given separately in the table.
A significant host plant effect was found, due to the high cvon sweet pepper.
The cv of fecundity is in general higher than that of oviposition frequency, because
fecundity is a combination of oviposition frequency and longevity which both vary
among individuals.
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Table 40. Mean coefficient of variation among individuals (cv) of fecundity and mean oviposition
frequency during a lifetime and number of observations included (n) and excluded (nj.
Hostplant
Tomato
Bean
Cucumber
Eggplant
Tobacco
Gerbera
Sweetpepper

Fecundity
cv
"i
0.64
22
0.44
3
0.61
3
0.47
6
0.49
6
0.54
4
1.41
8

».
3
3
2
1
0
4
1

Oviposition frequency
cv
«i
«c
0.39
17
3
0.81
1
2
0.51
5
0
0.29
6
0
0.61
6
0
0.24
4
4
0.97
10
1

All hostplants

0.71

15

0.52

Kruskal-Wallis test

55

P=0.00166, «=55

52

9

P=0.000231, n=52

DISCUSSION
Moststudiesonlife-history parametersofthegreenhousewhitefly havefocused onthe
relationship to temperature and host plants. Almost all experiments have been
conducted atsub-optimaltemperatures.Lowerthreshold andupperlethal temperatures
wereoften obtainedononehostplantspeciesonly.Thesamevalueswereusedfor the
other host plants in order to obtain realistic tails of thecurves.
Fewexperiments havebeen doneto study other factors, such aslight intensity,
air humidity or whitefly density. Weber (1931) studied the effect of humidity on
immature mortality and found lowest mortality at 70-80 % R.H.. He also measured
oviposition frequency in the dark, which was low compared to the oviposition
frequency atdaylightconditions.Hussey &Gurney (1959)did notfind differences in
oviposition at different light intensities or daylengths. Van Boxtel (1980; also in van
Boxtel et al., 1978)noted a lower oviposition and longevity in winter than in spring,
but also host plant quality played a role in his experiments. All these studies are
qualitative and no attempt has been made to quantify the relationship between
oviposition and light intensity.
Theeffect ofwhitefly density onimmaturemortality andoviposition frequency
wasstudied byXuRumei(1983;alsoinXuRumeietal., 1984)andYano(1988;also
in Yano, 1989). High whitefly densities were shown to result in higher immature
mortality and lower oviposition. Xu Rumei (1983) found an increase in mortality
during theegg-L2stageabovedensities of 8eggs/cm2, and during theL3-pupal stage
between 0 and 3 (L3) larvae/cm2 on bean. However, Yano (1988) did not find a
significant increase of immature mortality up to a density of 30eggs/cm2 on tomato.
XuRumei(1983)found adecreaseinoviposition frequency fordensitiesabove
3.6 adults/cm2 on bean. However, Yano (1988) did not find a significant decrease
below densities of 10 adults/cm2 on tomato, despite a high variation in oviposition
frequency atlowdensities.Suchdensitiesareonlyobtained wellbeyondtheeconomic
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damage threshold, and will not befound in thegreenhouse because control measures
will have been taken.
Notall studiesonlife-history parametersdescribehowtheseparameters andcv
valueswerecalculated. Inanumberofcasestheoriginalprotocolsoftheexperiments
were available so that they could be (re)calculated according to the proper method.
Information needstobegivenonvariation(minimumandmaximumvalue, coefficient
ofvariation)andnumberofreplicates,aswellashostplantvarietyandwhitefly origin.
This information isoften lacking,thus making interpretation difficult (see appendices
of van Roermund &van Lenteren, 1992).
From some studies it was not always clear whether mean longevity and
developmentratewerecalculated asarithmeticmean or50%point.Mean oviposition
frequency duringalifetime wascalculated byoneofthreemethods:fecundity divided
bylongevityfor each female andthen averaged overallfemales; totalnumberofeggs
onaparticulardaydivided bytotalnumberofstilllivingfemales onthatdayandthen
averaged over alldays (maximum longevity);andthe sumof fecundity of all females
divided bythesumof longevity.Thesethreemethodsleadtothesameresultprovided
oviposition isconstant during ageing. Butif oviposition decreases during ageing, the
first method overestimates and the second method underestimates mean oviposition
frequency.
When multiplying the oviposition frequency of Table 36with thelongevity of
Table 32,theresult isusually higher than thefecundity of Table35.Thefirst method
to calculate mean oviposition frequency was obviously more frequently used.
Instudiesonthechangeinovipositionduringageing,ovipositionfrequency was
calculated per still living female or per introduced female. The disadvantage of the
calculation per introduced female is that two life-history parameters, oviposition and
longevity, are combined and can not be derived from these data anymore. The best
method is to average the mean oviposition frequency over all still living females for
each day. Variation among individuals has to be calculated for each day as well,
because the number of replicates (whiteflies) decreases in time.
In studies on sexratio,individuals have to be sexedjust after emergence from
pupa. In some studies, however, an adult population was sampled from host leaves,
which is not satisfactory because morefemales will be sampled because longevity is
higherinfemales than in males.Inthiswaytwolife-history parameters, sexratioand
longevity, are mixed and can not bederived from such a sample separately. It is also
possible that differences in behaviour between the sexes affect the sex ratio in the
sample.
The coefficients which describe each life-history parameter in relation to
temperature on a host plant will be used as inputs in a simulation model of the
populationdynamicsofgreenhousewhitefly.Thismodelexplainspopulationdynamics
and host plant performance by integration of individual life-history parameters. The
effect of each life-history parameter will be evaluated and is of importance in plant
resistance breeding. A preliminary version of the model was published by HulspasJordaan &van Lenteren (1989) and Yano et al. (1989a and b).
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The model will be used as a submodel in a simulation model of the tritrophic
interaction between host plant, greenhouse whitefly and the parasitoid Encarsia
formosa (Chapter 10). The model will help to gain better insight into the complex
tritrophic system which is essential to understand whether biological control is feasible,
particularly when new crops and other environmental factors are involved. The model
will be used to evaluate timing and number of parasitoid release.
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Chapter 9
Life-history parameters of the greenhouse whitefly
parasitoid Encarsiaformosa as a function of host stage
and temperature
ABSTRACT
Life-historyparametersofEncarsiaformosa,parasitoidofthegreenhousewhiteflyarereviewed.The
relationship immature development rate, immature mortality, sex ratio,longevity,pre-oviposition
period,fecundity,ovipositionfrequencyandtemperaturehavebeenassessedbynon-linearregression.
Five mathematical models were
fitted, the best being selected on the basis of comparisonof
coefficientsofdetermination(r1)andofcurvesbyeye. Coefficientstodescribelife-historyparameters
andcoefficients ofvariation(cv)amongindividualsofeachlife-history parameteraresummarized.
Thesewillbeusedasinputsintoasimulationmodelofthepopulationdynamicsoftheparasitoid.
INTRODUCTION
The greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Homoptera,
Aleyrodidae) is an important pest on many crops. One of its natural enemies, the
parasitoidEncarsiaformosaGahan(Hymenoptera,Aphelinidae)wasusedinbiological
controlprogramsinthe 1920sinEngland(Speyer, 1927)andsubsequently populations
wereshipped toAustralia,NewZealand,Canada and othercountries(Tonnoir, 1937).
The use of the parasitoid was discontinued in the fourties and fifties when chemical
pesticides were used extensively. In the seventies when the first problems with
pesticideresistanceoccurred,interestintheparasitoidincreasedagainandintroduction
schemesweredeveloped.E.formosaisnowusedcommercially in 90%ofthetomato
growingareasintheNetherlandsandinmany othercountries(vanLenteren &Woets,
1988).As yet there is no satisfactory explanation as to why the parasitoid cannot be
applied successfully on some other crops.
A simulation model based on behavioural aspects of individuals in relation to
host plant, pestinsect and environment isbeingdeveloped to find out moreaboutthe
tritrophic system 'host plant- greenhouse whitefly- parasitoid'. Oneof the submodels
simulates thepopulation dynamics ofE.formosa.Inputsinthis model are life-history
parameters such as immature development, immature mortality, sex ratio, adult
longevity, fecundity, oviposition frequency and pre-oviposition period.
Life-history parameters ofE.formosa andotherwhitefly parasitoidshavebeen
reviewed to some extent by Vet et al. (1980), Vet & van Lenteren (1981), van
Lenteren &Hulspas-Jordaan (1983) and Artigues et al. (1987).E.formosa behaviour
has been reviewed by Noldus & van Lenteren (1990). In this article a more
comprehensive review has been given and the relationship between life-history
parameters and temperature has been estimated by non-linear regression.
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MATERIAL & METHODS
Many studies have been done on Encarsiaformosa as parasitoid of the greenhouse
whitefly,Trialeurodesvaporariorum.Insomeexperimentsthecottonwhitefly,Bemisia
tabaci,was used as host (Lopez Avila, 1988).Life-history parameters of E.formosa
included in these studies were development rate of immature stages, percentage
mortalityoftheimmaturestages,sexratio,longevity,pre-oviposition period, fecundity
and oviposition frequency. All collected data are given in the appendices of van
Roermund&vanLenteren (1992),inwhich thenumberofdecimals havebeencopied
from the original study. Mostexperiments have focused on the effect of temperature
ontheseparameterswithlittleattentiontootherenvironmentalfactors suchashumidity
and light.Hostfeeding of theparasitoid (hostskilled by prédation)is not included in
this study, because host feeding is not a life-history parameter.
Host and temperature are the most important factors influencing life-history
parameters for many insect species.Therelationship between life-history parameters
and temperature was estimated by non-linear regression based on a least squares
method of Marquard (Statgraphics User's Manual, version 4.0, 1989). For each
parameter,severalequationswereusedtodescribetherelationshiptotemperature.The
bestfitted curvewasselected onthebasisofthecoefficient ofdetermination (r2,based
on thecorrected total sum of squares) and on visual comparison of thecurves,which
wasnecessarytocheckwhetheracurvewasbiologicallyrealistic,particularlythetails.
Fivemathematical equationswereused,inwhichYisthelife-history parameter
and X is the temperature (°Q:
1)Linear:

Y =a + b*X

2) Exponential:

Y = exp(a + b*X)

3) Third degree polynomial:
Y = a +b*X + c*X2 +d*X3
4)Logan (et al., 1976):
Y =a * [exp(b*(X-d))- exp(b*(e-d)-(e-X)/c) )
5) Weibull (1951, in Campbell &Madden, 1990):
Y =c/b* ((X-a)/bTl *exp(-((X-a)/&)c) *d
Thesemodelsaredescribed inChapter 8.Asfour ofthesemodelsdescibeanon-linear
relation, only life-history parameters measured ataconstant temperature wereusedin
theregressionprocedure.Experimentsdoneatfluctuating temperaturecanonlybeused
to validate the models in case hourly temperature data are available.
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RESULTS
LIFE-HISTORY PARAMETERS
E. formosa females are black in colour with a yellow abdomen, and males are
completely black. They feed on honey or honeydew, as well as on smaller whitefly
larvae (host feeding).Like thewhitefly, theadult istheonly stagethatcan migrateto
other leavesorplants.Femaleslayoneeggperhostpreferably inthethird,fourth and
prepupal stages of the greenhouse whitefly (Nell et al., 1976). For terminology of
whitefly stages (LI, L2, L3, L4, PP, PU), see Chapter 8. The egg stage of the
parasitoid lastsfour daysat25°C(Hooy, 1984;alsoFransen, 1987),after which there
arethreelarvalstages.Theimmaturewhitefly istranslucentandparasitizationcanonly
be observed after dissection. TheEncarsia larva can pupate only when the immature
whitefly reaches the fourth instar (Nechols & Tauber, 1977). After pupation of the
parasitoid larva, the immature whitefly turns black and parasitism can easily be seen
from the outward appearance of the whitefly. Most studies only distinguished two
immature 'stages' of Encarsia. In this article these arereferred to as the 'white' and
'black' stage.

Immature development rate
The development rate of each immature stage was calculated as the reciprocal of its
duration. Only experiments done at a constant temperature were included. Linear
regression of the development rate of the white and black stage yielded lower
temperaturethresholdsof 10.7and 10.2°Crespectively (n=53and54respectively,data
not shown). Therefore, a mean value of 10.5°C was taken as lower temperature
threshold.
Osborne (1982)calculated alower temperaturethreshold of 12.7°C,based only
on data from Burnett (1949). Madueke &Coaker (1984) using their own data (n=3)
calculated a lower temperature threshold of 13.0°C. As data at super-optimal
temperatures are lacking, the Logan model was used to estimate an upper lethal
temperature. Gerling et al. (1986) showed for the cotton whitefly that this model
estimated realistic tails at super-optimal temperatures.An upper lethal temperatureof
38.3°C for the total immature stage wasestimated (with 10.5°C aslower temperature
threshold,«=80).Therefore, 38°Cwastaken forallstages,aswasdonefor greenhouse
whitefly immatures (Chapter 8).
The Logan model resulted in slightly higher coefficients of determination (r2)
than the linear model. Regressions in which whitefly stages were separated yielded
higher r2, showing a difference in development rate of E. formosa depending on
whitefly stage being parasitized. Similar findings were also obtained by Madueke
(1979), Eijsackers (1969), Nechols &Tauber (1977), Arakawa (1982) and Di Pietro
(1977).
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Table 1.Relationship between the development rate of E.formosa white stage in T. vaporariorum
and temperature based on the Logan model where a, b and c are coefficients, d and e are the lower
threshold and upper lethal temperature of 10.5 and 38°C respectively, r2 is the coefficient of
determination, rç and ncare the number of data points included and excluded respectively.
Host stage
LI
L2
L3
L4 + Prepupa
Pupa

a
0.0326
0.0305
0.0705
0.0571
0.0249

b
0.115
0.152
0.160
0.142
0.164

c
6.19
5.21
5.73
6.01
4.77

r*
0.867
0.848
0.914
0.943
0.976

«i

«e

4
7
16
11
4

1
1
0
0
0

All stages

0.0393

0.135

5.61

0.715

53

0

Table 2. Relationship between the development rate of E.formosa black stage in T.vaporariorum
and temperature based on the Logan model where a, b and c are coefficients, d and e are the lower
threshold and upper lethal temperature of 10.5 and 38°Crespectively, r2 is the coefficient of
determination, t^ and nt are the number of data points included and excluded respectively.
Host stage
LI
L2
L3
L4 + Prepupa
Pupa

a
0.0291
0.0339
0.0687
0.0643
0.0346

b
0.187
0.152
0.118
0.133
0.153

c
4.76
5.25
6.97
6.35
5.33

r2
0.887
0.921
0.756
0.869
0.894

n

i

"«

4
7
16
11
4

1
1
0
0
0

All stages

0.0526

0.133

6.15

0.798

54

0

Table 3.Relationship between total immature development rate of E.formosa in T.vaporariorum
and temperature based on the Logan model where a, b and c are coefficients, d and e are the lower
threshold and upper lethal temperature of 10.5 and 38°C respectively, r1is the coefficient of
determination, n,and neare the number of data points included and excluded respectively.

?

Host stage
LI
L2
L3
L4 + Prepupa
Pupa

a
0.0222
0.0230
0.0302
0.0314
0.0247

b
0.157
0.159
0.135
0.138
0.166

c
5.69
5.52
6.28
6.19
5.39

0.977
0.960
0.896
0.918
0.927

5
8
17
13
5

n*
1
1
0
0
0

All stages

0.0188

0.133

5.56

0.809

80

0
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0.14

Figure 1. Relationship between the development rate(1/day)ofthewhitestageofEncarsia
formosa in the first larval stage of the
greenhousewhitefly andtemperature.Opendots
represent data points excluded from the
regression.
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Figure 2. Relationship between the development rate(1/day)ofthewhite stageofEncarsia
formosa in the second larval stage of the
greenhousewhitefly andtemperature.Opendots
represent data points excluded from the
regression.
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formosa in the third larval stage of the
greenhouse whitefly and temperature.
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0.20

Figure 4. Relationship between the developmentrate(1/day)ofthewhitestageofEncarsia
formosa in the fourth larval stage and prepupa
of the greenhouse whitefly and temperature.
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Figure 5. Relationship between the development rate(1/day)ofthewhitestageofEncarsia
formosa in the pupa of the greenhouse whitefly
and temperature.
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Figure 6. Relationship between the developmentrate (1/day)ofthewhite stageofEncarsia
formosa in all immature stages of the
greenhouse whitefly and temperature.
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Figure 7. Relationship between the development rate(1/day)oftheblackstageofEncarsia
formosa in the first larval stage of the
greenhousewhitefly andtemperature.Opendots
represent data points excluded from the
regression.
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Figure 8. Relationship between the development rate(1/day)of theblack stageofEncarsia
formosa in the second larval stage of the
greenhousewhitefly andtemperature.Opendots
represent data points excluded from the
regression.
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Figure 9. Relationship between the development rate(1/day)oftheblackstageofEncarsia
formosa in the third larval stage of the
greenhouse whitefly and temperature.
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Figure 10. Relationship between the development rate(1/day)of theblack stageofEncarsia
formosa in the fourth larval stage and prcpupa
of the greenhouse whitefly and temperature.
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and temperature.
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Figure 13.Relationshipbetweenthe developmentrate(1/day)ofthetotalimmaturestageof
Encarsiaformosainallimmaturestagesofthe
greenhousewhitefly andtemperature.
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Differences betweendevelopmentrateonwhitefly L4andprepupaashostwere
notclear, andbecause therewerefew experiments onthesehost stages,thetwostages
werecombined.Therelationshipsbetweendevelopmentrateofwhitestage,blackstage
and total immature stage of E.formosa and temperature are shown in Tables 1-3 and
in Figures 1-13.
Host plant effects on development rate of E.formosa cannot be examined,
because of the shortage of data points at different host plants. The high r2in Tables
1-3 indicates that hostplanteffect can bedisregarded. Jansen (1974)could not show
a difference in development rate among hostplants.
Datapoints ofEijsackers (1969) onLI andL2whitefly at 20°Cwereexcluded
from the regression because they differed greatly from other studies.
Immature mortality
Immature mortality was expressed as a percentage of the number of individuals
enteringaparticular stage.Itwasonlymeasured inexperimentsfor theblackstageand
for the total immature stage. Mortality during the white or total immature stage is
difficult tomeasurebecauseitisnotpossibletoseewhetheranegghasbeenlaid from
anintact whitefly larva.E.formosa does not always lay an egg during an oviposition
posture, as was shown by Hulspas-Jordaan (1978) who found that 93 % of the
ovipositionposturesinunparasitized L3/L4larvaeledtothedeposition ofanegg.The
7 % difference cannotbeascribed tomortality.Inmoststudiestheexperimental setup
to measure mortality during the white stage or total immature stage was not clearly
described.However,Nechols&Tauber(1977)didexplain howtheyderived mortality
during the white stage from total mortality and mortality during black stage.
Therelationship between percentagemortality and temperature was studied for
the black stage and total immature stage of E. formosa on each whitefly stage
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Table 4. Mean mortality during the black stage of E.formosa on T. vaporariorum,expressed as
the percentage of the number entering the stage, cv is the coefficient of variation and nxand nc are
the number of data points included and excluded respectively.
Host stage
LI
L2
L3
L4
Prepupa
L2+L3+L4+Prepupa
Pupa

Mean
7.4
2.9
3.3
1.3
3.4
10.6

cv
0.137
0.796
0.672
1.416
0.737
0.240

3
6
5
2
0
19
3

««
0
0
0
0
0
4
0

5.6

0.673

26

4

All stages

"•

Table 5. Mean total immature mortality of E.formosa on T. vaporariorumexpressed as percentage
of number entering the egg stage, cv is the coefficient of variation and nK and nc are number of data
points included and excluded respectively.
Host stage
Mean
cv
rç
nt
_
41.9
1.154
2
0
L2
25.0
1
0
L3
11.8
0.151
2
0
L4
11.1
0.134
2
0
Prepupa
9.1
0.320
2
0
L3+L4+Prepupa
10.6
0.196
6
0
Pupa
26.5
0.134
2
0
AUstages

21.7

0.895

12

Table 6. Calculated mean mortality during the white stage of E.formosa on T.vaporariorum
expressed as percentage of the number entering the stage.
Host stage
_
L2
L3+L4+Prepupa
Pupa
All stages

164

Mean
_
22.3
7.5
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17.0
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separately and for all whitefly stages together. From visual inspection of the data, it
was conluded that only the linear model should be tested. Eight regressions were
possible,butnoneshowedasignificant relationship(datanotshown).Therefore,itwas
concluded thatpercentagemortality wasnotrelated totemperature.Thus experiments
conducted at fluctuating temperature could be used in the analysis.
Tables 4 and 5 give the mean percentage mortality during the black stageand
during the total immature stage for each whitefly stage parasitized. Percentage
mortality during the white stage derived from the total immature mortality and
mortality during the black stage is presented in Table 6.
Sex ratio
Malesareseldomobserved.Femalesproducedaughtersparthenogenetically. Thusthe
sexratio,expressedastheproportionoffemales oftotaloffspring, isalmost 1.Aswith
thefemales, males areproduced after oviposition in unparasitized hosts,unlikemany
other Aphelinidae, were it is thought that males are produced by parasitization of
female parasitoid larvae (hyper-parasitization).
Longevity
Only experiments conducted at a constant temperature were used in examining the
relationship between longevity andtemperature.Female longevity has been studied at
temperaturesbetween 12and40°C.Inmostcases,hostswereoffered during longevity
tests. The exponential model yields the highest r2(Table 7). Extrapolation to lower
temperatures with this model is unreliable; the best estimate of longevity is at 12°C.
Ahigherlongevity wasobserved intheabsenceof whitefly larvaeandinthepresence
of honey or honeydew. Similarfindingswere also observed by Vet & van Lenteren
(1981) and Gast & Kortenhoff (1983; also in van Lenteren et al., 1987). Results are
given in Table 7 and Figures 14and 15.
Extremesituationswereexcludedfromtheregression,forexamplenon-preferred
whitefly stages (L2) offered (Di Pietro, 1977;Burnett, 1949) and at very low or high
humidity (three times, Kajita, 1979). A longevity of 1 day at 40°C when whitefly
larvae werepresent (Kajita, 1979)wasassumed alsoto bevalid when whitefly larvae
were absent.
There arefew reportsonmalelongevity.Gast&Kortenhoff (1983; alsoinvan
Lenteren et al., 1987) found an average male longevity at 13°C of 53 days (n=15),
which was 68 %of female longevity.
The survival pattern of adultsinrelation toagehasbeen studied byBurggraafvan Nierop & van der Laan (1983; also in van der Laan et al., 1982) and Kajita
(1989). Both studies report a linear decline in number during ageing, starting
immediately at low temperatures (daily temperature range 18 to 7°C) according to
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Burggraaf-van Nierop & van der Laan (1983) and starting after 20 days at 20°C
according to Kajita (1989).The survival can bereproduced by a(cumulative) normal
distribution, because in both cases the mean longevity is halfway thedecline.
Table 7. Relationship between female longevity and temperature based on the exponential model
where a andb are coefficients, /*is the coefficient of determination and n, and nc are number of
data points included and excluded respectively.
r»
Host
Honey/honeydew
a
b
«i
««
Present
Absent

Present
Present

5.03
6.63

-0.0921
-0.150

0.635
0.813

29
8

5
0

Figure 14.Relationship between the longevity
(day) of Encarsiaformosa and temperature in
thepresenceof greenhouse whitefly immatures.
Open dots represent data points excluded from
theregression.
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Figure 15.Relationship between the longevity
(day) of Encarsiaformosa and temperature in
the absence of greenhouse whitefly immatures
and in the presence of honey or honeydew.
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Pre-oviposition period
Few data havebeenpublished onthepre-oviposition period of E.formosa. Only data
between 18 and30°C(Burnett, 1949)werefound.Theexponentialmodeldescribedthe
best relation with temperature (Table 8 and Figure 16),but extrapolation of thepreovipositionperiodtotemperaturesbelow 18°Cisunreliable.Themostreliableestimate
at low temperatures is the valuecalculated at 18°C.
Table 8. Relationship between pre-oviposition period and temperature based on the exponential
model where a and b are coefficients, r2 is the coefficient of determination and n, and nc are the
number of data points included and excluded respectively.
r»
Host
a
b
«i
««
All stages

5.56

-0.290

4

0

Figure 16. Relationship between the preoviposition period (day) of Encarsia formosa
and temperature in the presence of greenhouse
whitefly immatures on tomato.
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Fecundity
Dataontotal number ofeggslaid by afemale vary greatly.Data from experiments in
whichpreferred whitefly stageswereoffered ataconstant temperature were included.
Data from less preferred whitefly L2 or L2/L3 larvae were excluded in order not to
underestimate thefecundity. Inmostexperiments, amixture of all whitefly immature
stages was offered, but numbers of preferred immatures per E.formosa female were
not given. Direct observations indicated that about 10eggs per day could be laid by
afemaleifthewhitefly numberwasnotalimitingfactor (Hulspas-Jordaan, 1978;Gast
& Kortenhoff, 1983). Host feeding was not obligatory to maintain or enhance egg
production ortopromotelongevity,aslongashoney orhoneydew wasavailable(Gast
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& Kortenhoff, 1983;alsoinvan Lenteren et al., 1987).Under theseconditions theratio
between parasitization and host feeding was 5:1 (Arakawa, 1982; Gast & Kortenhoff,
1983; also in van Lenteren et al, 1987).
The lower threshold temperature for egg laying was 11.4°C (van der Schaal,
1980; also in van Lenteren & van der Schaal, 1981). Only from the experimental set
up of Burnett (1949), was it clear that the numbers of available whitefly larvae were
not sufficient (5 larvae per female per day), which resulted in underestimation of
fecundity. Low fecundity wasalsoreported byWoets (1972),Madueke (1977), Ibrahim
(1975), Di Pietro (1977), Kajita (1979) and Kajita (1989). Kajita (1979) did
experiments at a low (31 and 55 %) and high (100 %) relative humidity. The reasons
for the low fecundity data could not be ascertained from the other studies.
Table 9.Relationshipbetween fecundity andtemperature based ontheWeibullmodel whereb, c
anddarecoefficients, aisthelowerthreshold temperatureof 11.4°C,r2isthecoefficient of
determination and ntand nearethenumberof datapoints included andexcluded respectively.
Host
Ll-Pupa or L3-L4
LI-Pupa or L3-L4

b
12.9
14.1

450

c
2.48
3.03

d
1510
4780

r2
0.135
0.963

Hi

"e

38
8

0
30

Figure 17.Relationship between the fecundity
(egg/female)ofEncarsiaformosa ingreenhouse
whitefly immatures of third larval stage or up
and temperature. Open dots represent data
points excluded from the regression.

temperature

The Weibull model gave the highest coefficient of determination and a biologically realistic description of the curve tails (Table 9 and Figure 17). The r2 was very
low when all data were used. A reliable curve of maximum fecundity could only be
obtained when 30 of the total 38 data points from the studies were omitted. Data were
included were data from Biggerstaf (in Parr et al., 1976), Arakawa (1982), van der
Schaal (1980; alsoin vanLenteren & van der Schaal, 1981), Christochowitz & van der
Fluit (1981; also in Christochowitz et al, 1981), Vet & van Lenteren (1981) and Gast
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& Kortenhoff (1983; also in van Lenteren et al, 1987).Data on fecundity at 35 and
40°C (at 70 % RH) from Kajita (1979) were also included, because host density is
unlikely tobealimiting factor atextreme temperatures.Thelow fecundities obtained
in many experiments may be explained by the fact that it is difficult to handle the
minute, delicate E.formosa females. Only with the utmost care do females survive
daily transfer from onepatch toanother.We areconfident that the fecundity data on
which the fitted curve presented in Figure 17do not overestimate egg production of
E.formosa.
Oviposition frequency
Data on the number of eggs laid per female per day vary greatly. The oviposition
frequency measured over afew days only did not differ from the average oviposition
frequency during a lifetime. The coefficient of determination (r2) was the same (data
not shown). Two reasons are given for this. Firstly, the observed wide variation in
oviposition frequency among the various studies might have obscured differences.
Secondly,ovipositionfrequency maychangelittlewithageing.Ourexperiencesupports
the second proposition. Thus dataon oviposition frequency based on only afew days
were not excluded.
Low oviposition frequencies wereobserved by Burnett(1949),Woets(1972b),
Madueke (1977),DiPietro (1977),Kajita (1979, 1983,1989),Kajita &van Lenteren
(1982). Burnett (1949) used too few whitefly. Hulspas-Jordaan (1978) found a low
oviposition frequency when leaves were covered with large amounts of honeydew,
hampering the parasitoid during searching. Areliable curve of maximum oviposition
frequency was fitted when 26 of a total of 36 data points were omitted. Data points
wereincludedfrom Arakawa(1982),vanderSchaal(1980;alsoinvanLenteren &van
der Schaal, 1981),Christochowitz &vanderFluit(1981;alsoinChristochoWitz etal.,
1981),Vet&vanLenteren (1981)andGast&Kortenhoff (1983;alsoinvanLenteren
et al., 1987),Pravisani (1981), Hulspas-Jordaan (1978) and Fransen & van Montfort
(1987).Dataat35and40°C(at 70%RH)from Kajita (1979) wereincluded, because
host density is unlikely to be a limiting factor at extreme temperatures. The Weibull
model yielded the best fit; results are shown in Table 10and Figure 18.
Table 10.Relationship between mean oviposition frequency and temperature based on the Weibull
model where b, c and d are coefficients, a is the lower threshold temperature of 11.4°C, r2 is the
coefficient of determination and «,and nc are the number of data points included and excluded
respectively.
r2
b
Host
c
d
«i
nt
2.92
36
All stages
15.8
101
0.300
0
All stages
3.12
201
10
15.8
0.825
26
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Figure 18.Relationshipbetweentheoviposition
frequency (egg/female/day)ofEncarsiaformosa
in all immature stages of the greenhouse
whitefly and temperature. Open dots represent
data points excluded from the regression.
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Change in oviposition frequency during ageing
Directobservation studieshaveshownthatimmediately after apre-oviposition period,
youngE.formosa females canlayupto 10eggsperday(Hulspas-Jordaan, 1978;Gast
& Kortenhoff, 1983). This does not change over the subsequent few days, thus E.
formosahasavery shortmaturationperiod inwhichtheegglayingcapacityincreases,
if at all.
Burggraaf-van Nierop&vanderLaan (1983;alsoinvanderLaan etal., 1982)
have shown thatoviposition frequency remainsconstantuntil themaximum longevity
isreached.Arakawa(1982)andKajita(1989)demonstrated alineardeclineafter about
20days at20-25°C,butdid not specify whether oviposition frequency wascalculated
per still living female orperintroduced female. Comparison of data on longevity and
oviposition frequency of Kajita (1989) suggest that oviposition frequency was
calculated per introduced female, indicating that the decline isprobably due to adult
mortality instead of a reduction in oviposition frequency.
VARIATION AMONG INDIVIDUALS
Inthenon-linearregressiononlymeanvaluesofthelife-history parametersweretaken
from each study in order toestimate the coefficients todescribe therelationship with
temperature.Asameasureofvariation amongindividuals,thecoefficient of variation
(cv)canbecalculated asthepopulation standard deviation divided by themean (cv=
scL^/mean).Thesecvvalues(orrelativedispersion)should beusedasinputparameters
in simulation models when stochasticity is desired and normality can be assumed, as
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for developmental dispersion (Goudriaan & van Roermund, 1989; Schaub &Baumgärtner, 1989).
Mean cv values werecalculated and are presented in Tables 11-13. Data were
not included when the number of replicates was lower than the total number of
parasitoids used in the experiments, if the observation had been excluded from the
regression analysis or if the cv value was exceptional because it was measured at an
extremetemperature.Thelatter twocategories aregiven asthenumber of datapoints
excluded (we).
Only experiments done at a constant temperature were included. If the
relationship between cv value and temperature was not significant, then cv values
obtainedatfluctuating temperaturewerealsousedtocalculatethemeancvvaluewhen
all data were combined.
Variation in immature development duration
cvvalues of immature development duration (which arealmostequal tothecvvalues
of thedevelopment rate)obtained at aconstant temperature wereanalysed toassessa
possible host stage effect. A Kruskal-Wallis test (a=0.05) did not show a host stage
effect (data not shown). These data were then combined to study the relationship
between cvand temperature.After visual inspection of thedata, itwasconcluded that
only thelinear model should betested. Asignificant linearrelationship between cvof
the white stage and temperature was found (a=0.05, n=28), but the r2 was very low
(0.245).Therelationshipwasnotsignificant fortheblackstageandwasjust significant
(a=0.05, n=56) for the total immature stage,but the r2was very low (0.071).
In spiteof asignificant linearrelationship,only 25and 7%respectively of the
variation in cvvalue can be explained by differences in temperature. Thus cvvalues
were assumed not to relate to temperature. Therefore, data points measured at
fluctuating temperature could alsobeincluded inthecalculation of themeancvvalue.
Table 11showsthemeancvvaluesofthedevelopmentduration ofE.formosa ineach
whitefly stage and number of observations included (n). No observations were
excluded (ne=0). No significant effect of host stage could be found (Kruskal-Wallis
test, <x=0.05);the cv values arerelatively low.
Sequentialdependenceofdevelopmentdurationofindividualsduringsuccessive
stages,thatisindividualsdevelopingslowlyduringonestageandcompensatingforthis
bydeveloping faster in thenext stage,can bestudied if development duration ofeach
individual is known. This was not done for E.formosa. If sequential dependence
occurs, then the observed variance (sd2) of the total immature development duration
will be lower than when calculated from the variances of the separate stages. When
data of Nechols &Tauber (1977a)wereused tocomparetheobserved variance of the
total immature development duration to the calculated variance, no significant
difference wasfound (Wilcoxon signedranktest,P=0.402,n-6 pairs).Thussequential
dependence appears to be absent.
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Table 11.Meancoefficient ofvariation(cv)oftheimmaturedevelopment durationofE.formosa
oneachwhitefly larvalstage.
Host stage
LI
L2
L3
L4+Prepupa
Pupa
All stages
Kruskal-Wallis test

White stage
cv
«•
4
0.10
6
0.071
6
0.077
0.11
7
4
0.070

Black stage
cv
«i
1
0.19
1
0.29
1
0.10
0.26
2
0.06
1

Total stage
cv
"i
0.083
6
0.073
9
11
0.10
0.074
12
5
0.058

0.084

0.17
7
P=0.446, n=6

0.083
60
P=0.973 n=43

30
P=0.953, n=27

Variation in longevity and pre-oviposition period
Only data obtained when whitefly larvae were available for parasitization were used
in asssessing the relationship between cv of longevity and temperature. After visual
inspection of the data, it wasconcluded that the linear model only should be tested. No
significant linear regression was found (a=0.05, «=18). The mean cv values of
longevity with and without the presence of whitefly larvae and honeydew are given in
Table 12. No significant differences were found (Kruskal-Wallis test, a=0.05, n=24).
Data on cv of pre-oviposition period have not been published.
Table 12. Meancoefficient ofvariation (cv)oflongevity with and without thepresenceof whitefly
larvae andhoneydew andnumberof datapointsincluded (rç)andexcluded(n^).
Hoststage,
cv
n,
«,.
Larvaepresent,honeydewpresent
0.40
21
Larvae absent,honeydewpresent
0.37
3
Larvae absent,honeydewabsent
0.30
1
Alldata
Kruskal-Wallistest

0.39

25

P=0.798, n=25

Variation in fecundity and oviposition frequency
After visual inspection of the cv values, it was concluded that only the linear model
should be tested. The regressions of cv of fecundity («=29) and of oviposition
frequency (n=23) on temperature were not significant (a=0.05) when data at
temperatures below 35°C were included (oc=0.05, «=29 resp. 23). Only when data
obtained at 35 and 40°C were added (Kajita, 1979), the relationship between cv of
fecundity and temperature was significant (a=0.05, n=31), but r2 was still very low
(0.408). Thus it was concluded that cv of fecundity and oviposition frequency are not
related to temperature under 'normal' circumstances.
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Table 13presents dataon cvin two ways.Firstly,data used for the non-linear
regression ofTables9and 10wereincludedexcept thoseof Kajita (1979)obtainedat
35and 40°C.Secondly,data not used in theregression wereincluded except thoseof
Kajita (1979)atlow orhigh humidity.Themajority ofdatapointswasexcluded from
the regression because they were low. Sinceboth sets of data were not significantly
different (Kruskal-Wallistest,oc=0.05),themeancvcanbecalculatedfromallthedata.
Table13. Meancoefficient ofvariation(cv)offecundity andovipositionfrequencybasedon(n)
dataincludedorexcludedinthenon-linearregressionofTables 9and 10.
Non-linear regression
Only included data
Only excluded data

Fecundity
cv
0.29
0.45

All data
Kruskal-Wallis test

0.42
31
P=0.0643, n=31

n
6
25

Oviposition frequency
n
cv
8
0.35
0.39
19
0.38
27
P=0.490, «=27

DISCUSSION
Moststudiesonthelife-history parameters ofEncarsiaformosa havefocused ontheir
relationship to temperature and have given little attention to other environmental
factors. Relative humidity and light intensity have in most case not been quantified
accurately. Milliron (1940) found the highest percentage parasitism at 50-70 %RH;
Burnett (1948) noted that E.formosa avoids higher humidities; and Ekbom (1977)
reportedthatbiologicalcontrolfailed moreoften whenE.formosawasreleased athigh
humidities.Kajita (1979)concludedthatlongevityandfecundity werereducedtoabout
14,37and 8%at aconstantRHof 31, 51and 100%respectively at25°Ccompared
to the value of 19days and 59.5 eggs at 74 %RH.
McDevitt (1973, alsoin Scopes, 1973)observed maximum oviposition atlight
intensity above 7300lux over a 16-hour period, and observed no oviposition at 4200
lux.However,wehavefrequently observed oviposition atabout 100lux.VanAlphen
(1972) found no oviposition in the dark. Scopes (1973) reported a reduction in
longevity at lightintensities of 4200luxovera 16-hourperiod,butdid notgivemean
values.Husseyetal.(1976)didnotobtaindifferences inpercentageparasitismbetween
shaded and unshaded plants.Burnett (1948) noted a higher dispersion in light.
As discussed for the greenhouse whitefly (Chapter 8), the method used to
calculate the average value of each life-history parameter is not always clearly
explained. It was not always clear whether longevity and development rate were
calculated asmeanor50%point.Threecalculation methodswereusedfor oviposition
frequency. Where ageing effects were studied, it was not always clear whether
oviposition was expressed per still living female or per introduced female.
Immature mortality of E.formosa during the white stage and during the total
immaturedevelopment isdifficult toquantify. Oviposition behaviour hasfirstly tobe
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observed and then thenumber of observed oviposition posturescorrected for postures
not resulting in oviposition. This means that at first an experiment should be carried
outtomeasurenumberofoviposition 'failures'. Hulspas-Jordaan (1978)measured7%
oviposition 'failures' when unparasitized L3 larvae were offered. In many of the
studies on mortality, the procedure followed has not been specified.
The whitefly density was often not specified in studies on fecundity and
oviposition frequency. Meanvaluesdiffered greatly,asexpressed bythelowr1 values
in Tables 9 and 10. Oviposition frequency of the parasitoid does not depend on
temperature alone, but also on the total number of encounters which is related to
whitefly larvaldensityandthesearchingcapacityoftheparasitoid.Directobservations
of parasitization behaviour and checking for parasitoid eggs at the end of the
experiment gives the most reliable assessment.
The coefficients which describe the life-history parameters in relation to
temperature and sometimes host stagewillbeused asinputsin asimulation modelof
the population dynamics of the parasitoid E.formosa. Population dynamics will be
explained from integration of individual life-history parameters and their separate
effects studied. A different approach will be followed for oviposition frequency,
because it does not depend on temperature alone. Whitefly larval density, host plant
effects and parasitoid behaviour have also to be taken into account. Thus the
coefficients of Tables 9 and 10will not be used in the simulation model.
Therelationshipbetweenovipositionfrequency (ornumberofhostsparasitized)
and whitefly density is expressed by the functional response, which can be obtained
empirically (e.g., Yano, 1987), but experiments often result in estimates for specific
situations in which the parasitoid cannot always leave the colony freely. Thus
generalizationscannotbemadeaboutlargewhitefly densitiesundernaturalconditions.
Therefore, in our simulation model of the population dynamics of E.formosa, the
oviposition rate will be simulated by a separate model of theparasitization behaviour
and not by using measured oviposition frequencies. This model also simulates the
number of hosts killed by host feeding (Chapters 5, 6 and 7).
Themodelofpopulationdynamicsof theparasitoid willbeused asasubmodel
in a simulation model of the tritrophic interaction between host plant, greenhouse
whitefly and parasitoid (Chapter 10). Knowledge of such complicated tritrophic
systems is important in understanding whether biological control is feasible. It is
essential to be able to predict under which conditions biological control will be
successful, particularly when newcropsandotherenvironmental factors are involved.
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Biological control ofgreenhouse whitefly withthe
parasitoid Encarsiaformosa ontomato: anindividualbased simulation approach
ABSTRACT
Biological control strategiesofgreenhouse whitefly withthe parasitoid E.formosa were studied with
a simulation modelofthe parasitoid-host interaction inacrop.The model isbased ondevelopmental
biology of both insect species and on the searching and parasitization behaviour of individual
parasitoids, in relationship tohost plant characteristics andgreenhouse climate. The model includes
stochasticity andspatial structure which is based onlocation coordinates of plants andleaves. The
simulated population increaseofgreenhouse whitefly inthe absenceorpresenceofparasitoids agreed
well withobserved populationsinatomato crop. Whiteflies were suppressed ratherthanregulatedby
the parasitoids atextremely lowdensities (<0.3 unparasitized pupae perplant), butdidnotbecome
extinct.Percentageblackpupaefluctuated between40and70%.Accordingtothemodel,theparasitoid
adults reached high densities of7.4 per plant,butduetothe low whitefly density notmore than1%
of theparasitoids wassearching on infested leaflets. Thedegree of whitefly control wasstrongly
affected byvariation ingivinguptime(GUT)oftheparasitoids.WhenvariationinGUTwasexcluded
in the model, the whitefly population became almost extinct. Other important parameters ofthe
parasitoid which strongly influenced thelevelofcontrol werethewalking speed and walking activity,
the probability ofoviposition after encountering ahost, theratio of search times onboth leaf sides,
andthe longevity.The combined effect ofthese important attributes ofaparasitoid canbe tested with
the model. When comparing successofE.formosa ondifferent crops,attention should befocusedon
the same parameters, plusthewhitefly development duration and the number, sizeand productionof
leaves inthecanopy. Themodel canbeused toevaluate anumber of release strategies on several
crops andunder various greenhouse climate conditions.

INTRODUCTION
The greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Homoptera,
Aleyrodidae),isaverycommon,highlypolyphagous pestinsect.Adults and immatures
are phloem feeders and can contribute to reduced productivity by directly consuming
transportable carbohydrates, nitrogen and other nutrients. Furthermore, they produce
large amounts of honeydew on the leaf, on which occasionally sooty moulds develop,
thusreducing leaf photosynthesis (Byrneetal., 1990).Bothdamagecomponents reduce
crop yield, as observed for tomato by Lindquist et al. (1972). More important is the
economic damage on fruits and ornamentals due to the residue of sticky honeydew.
Hussey et al. (1958) measured significant yield reduction on tomato at an average pest
density (between start ofpest and final picking of fruits) of 22 scales/cm2 leaf or more,
and an economic damage at 6 scales/cm2 or more. According to Helgesen & Tauber
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(1974),amuchlowerdensity of0.3-0.7 scales/cm2leaf iscommercially acceptableon
poinsettia.
Whiteflies areamajor economicproblem ingreenhousecropproduction.Nonchemical control methods havebeen studied, such asresistance breeding (dePonti et
al., 1990) and biological control (Noldus & van Lenteren, 1990). Biological control
with theparasitoidEncarsiaformosaGahan (Hymenoptera, Aphelinidae) isnowused
commercially in 90% of the tomato growing areas in the Netherlands and in many
other countries (van Lenteren & Woets, 1988). The parasitoid was already used in
biological controlprograms inthe 1920sinEngland (Speyer, 1927)and subsequently
populations were shipped to Australia, New Zealand, Canada and other countries
(Tonnoir, 1937).Theuseof theparasitoid wasdiscontinued in the fourties and fifties
when chemical pesticides were used extensively. In the seventies, when the first
problems with pesticideresistance occurred, interest in theparasitoid increased again
and introduction schemes were developed. In tomato greenhouses today, on average
oneE.formosa isreleased perplant at two-week intervals.When adult whiteflies are
observed,releaseratesareincreased totwoperplant atone-week intervals untilabout
80% black pupae are observed. This usually takes three introductions (Koppert
Biological Systems,pers.comm.).
As yet there is no satisfactory explanation as to why similar parasitoid
introduction ratescannotbeapplied successfully onotherimportant greenhousecrops,
such as cucumber and gerbera. It is hypothesized that the following host plant
differences might be responsable: (1) the quality of the host plant for the whitefly,
whichdetermines thepopulation development of thepest and(2) theproperties of the
host plant for the parasitoid, which influence the searching behaviour and the
parasitization efficiency. Which of these effects is most important on a greenhouse
scale can only beevaluated after integration of all relevant processes.
Thepresentstudyaimsatintegratingexistingknowledgeonthemajorprocesses
known to affect thewhitefly-parasitoid interaction in acropby meansof a simulation
model. The goal is to better understand the tritrophic system host plant- greenhouse
whitefly- E.formosawhichcanhelptoexplainfailure orsuccessofbiologicalcontrol.
The model is based on developmental and behavioural aspects of individuals in
relationship to host plant characteristics and greenhouse climate. The model consists
ofseveralsubmodelseachsimulatingasubprocess,forexamplethedispersalbehaviour
of adult whiteflies and parasitoids from leaf to leaf, the foraging behaviour of the
parasitoids on leaves,andthedevelopment of thewhitefly andparasitoid populations.
The submodel of theparasitoids' foraging behaviour isexplained in detail in Chapter
5. Demographic input data for the submodels of population development of both
insects can be found in Chapters 8and 9.
Mathematicalmodelshavebeendeveloped tostudythegreenhousewhitefly- E.
formosa interaction (Burnett, 1958; Varley et al., 1974; Yamamura & Yano, 1988;
Yano, 1989a,b;Baumgärtner &Yano, 1990;Xu Rumei, 1991a,b).Thepresent model
is, however, unique in that it is an individual-based model which simulates local
searching and parasitization behaviour of a large number of individual parasitoids in
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a whitefly-infested crop.Themodel includes stochasticity and spatial structure which
is based on location coordinates of plants and leaves. In many other parasitoid-host
models one parameter for searching efficiency has been used which is difficult to
determine.Here,searching efficiency hasbeen split upin several components, which
can be independently measured in laboratory studies. Individual-based models are a
necessity when local interactions and stochasticity areimportant (Huston et al.,1988;
De Angelis & Gross, 1992;Judson, 1994).
This study describes the results obtained with the individual-based model of
tomato- whitefly- E.formosa. With the model, we are able to (1) explain the ability
ofE.formosa toreduce whitefly populations in greenhouses oncropsliketomato,(2)
improve introduction schemes of parasitoids for crops wherecontrol is more difficult
to attain and (3) predict effects of changes in cropping practices (e.g. greenhouse
climate,choice of cultivars) on thereliability of biological control.

THE SIMULATION MODEL
Development from one insect stage to the next
Inmodelsfor apopulation ofidentical,synchronized individuals,developmentcanbe
treated as a single variable. Insect populations are characterized by several stages of
development, which may occur simultaneously. Each stage then requires separate
simulation. In addition, individuals of one development stage are not identical and
variation in duration of development (dispersion) occurs. In our model, the so-called
boxcartraintechniquewasusedfor simulationofdevelopment,whichisabletohandle
all possible development stages simultaneously. Before the simulation starts, the
development axis of one stageisbroken upinto a number ofclasses orboxcars,each
with identicaldevelopment duration. Suchasetof boxcarsiscalled aboxcartrainand
represents one development stage. Several separate boxcar trains will be chained, for
instance, one to allow for the egg stage,one for thefirstlarval stage, and so on.
Development is mimicked by transferring individuals from one boxcar to the
next. Mortality is mimicked by deleting individuals from the boxcars. Dispersion
depends on the amount and timing of the transfer process. If every now and then the
wholecontentofeachboxcarisshifted tothenext,dispersiondoesnotoccur(escalator
boxcar train).If during every timestepaconstant fraction ofeach boxcaris shifted to
the next, a fixed dispersion occurs, which depends on the number of boxcars (fixed
boxcartrain).Severalexperimentaldatasetsofinsectdevelopment showevidencethat
the development duration of a certain stage and the dispersion are not equally
influenced bye.g.temperature,andsotherelativedispersionalsovaries.The fractional
boxcar train allows the dispersion between individuals to be altered during the
simulation process. Every now and then a fraction of the contents of each boxcar is
shifted tothenextone.Mathematics for andcomputer programs of thesemethodscan
be found in Goudriaan & van Roermund (1993). Input for the simulation is the
observed mean development duration, the relative dispersion (or coefficient of
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biological control ofgreenhouse whitefly withEncarsia formosa
variation, cv: SD/mean) and the mortality of each development stage. All these
variables may depend on for instance temperature.
Whitefly population model
Females ofthegreenhouse whitefly (T. vaporariorum) laytheireggsontheunderside
oftheplantleaves.Thefirst instarlarva(LI)isinitially mobile,andsettlesdown after
a few hours and inserts its mouth parts into the leaf. Subsequently, the larva moults
intothesecond(L2),and third (L3)instar,whichdiffer in size.Thenextmoultresults
inthelastinstar,whichisinitiallyflat andtranslucent,likethepreviousinstars (fourth
instar larva, L4). As the last instar larva develops, it thickens and becomes whitecolouredwithwaxy spines(prepupa).Duringthelastphaseofitsdevelopment thered
pigmented eyes of the adult can be seen (pupa). Many studies use different terms to
describe these phases (for terminology, see Chapter 8).
Themodelofwhitefly population growthispresented intherelational diagram
of Figure 1. It is an explanatory state-variable model (Rabbinge et al., 1989), also
referred to asan /'-statedistribution model (DeAngelis &Gross, 1992).State and rate
variables are distinguished and mathematical expressions are given to calculate the
valueofeachratevariablefrom thestateofthesystem.Thestatevariablesareupdated
by rectilinear integration of the rate variable over short time intervals. The program
structure of the model (and other submodels described in this paper) is conform the
concepts of van Kraalingen (1993).
Each immature whitefly stage is described by a fractional boxcar train. The
number of boxcars representing one stage varies between 3-10, depending on the
dispersiontobemimicked.Thedevelopmentrate(reciprocalofdevelopmentduration)
of each stage is affected by temperature. Observed data on development rate, its
relative dispersion and mortality of the immature stages of greenhouse whitefly on
tomato were used asinput and can be found in Chapter 8.
Pupae develop into adult females and males,with ratio 1:1(Chapter 8).Adult
females aredivided intomanyageclasses(50),becauseoviposition strongly depends
onage.Aging ofadultsismimicked bytheescalator boxcar train.Theobservedmean
longevity and the dispersion (cv) are used as input to calculate mortality of each age
class in such a way that the survivalship curvefits toadecreasing cumulative normal
distribution.Thisdecreasing S-curvewasobservedforgreenhousewhitefly, withmean
longevity depending on temperature (Chapter 8).Ageing of adult males is described
by afractional boxcartrain with 2boxcars,with meanlongevity and thedispersion as
input. Longevity of greenhouse whitefly males is about half as long as for females
(Chapter 8).
For greenhouse whitefly females, the oviposition frequency is zero during the
pre-oviposition period. During ageing it increases linearly with maturation to a
maximum. This level remains constant until mean longevity is attained and then
decreases linearly to zero at maximum longevity (Chapter 8).This oviposition curve
is simulated by using the observed pre-oviposition period, the maturation period, the
mean and maximum longevity and the mean fecundity, which are all affected by
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biological controlofgreenhouse whiteflywithEncarsia formosa
temperature.With thiscurve,theoviposition rate of onefemale of acertain ageclass
is derived and subsequently the total oviposition rate of all females is computed.
The model is initialized by introduction of adult females. Temperature is the
driving variable. The time step of themodel is chosen to be0.05 day (1.2 h).Thisis
about one-tenth of the smallest time-coefficient (residence time of individuals in one
boxcar),which is needed for accurate numerical integration. Accuracy was tested by
comparing the simulation results with those obtained at a time stepdouble or half in
size.
Parasitoid population model
E. formosa is a solitary, larval parasitoid of whitefly. Males are rarely observed.
Femalesproducedaughtersparthenogenetically.Theylayoneeggperhost, preferably
in thethird, fourth and prepupal stages of thegreenhouse whitefly (Nell et al., 1976).
Thefirst, second andpupal stages arelesspreferred for oviposition.Theegg stageof
the parasitoid develops successively into three larval stages.During these stages, the
parasitized whitefly immature is translucent and parasitization can only be observed
after dissection('white' stage).TheEncarsialarvacanpupateonlywhentheimmature
whitefly reaches thefourth instar.After pupation of theparasitoid larva,theimmature
greenhouse whitefly turns black and parasitism can easily be seen from the outward
appearance of the whitefly ('black' stage).
Themodelofparasitoidpopulationgrowthispresentedintherelationaldiagram
of Figure 2. The model is of the same type as the whitefly population model. In the
model, the three larval stages are taken together, because life-history data for each
separate stage are lacking. Each immature parasitoid stage (egg, larva and pupa) is
described byafractional boxcar train.Observed dataondevelopment rate,itsrelative
dispersion and mortality of the egg+larval ('white') stage and of the pupal ('black')
stage of E. formosa were used as input and can be found in Chapter 9. The
development duration of the egg stage is about the same as that of the larva (three
larval stages together). Dispersion and mortality are assumed to be the same as well.
Adistinctionismadebetweenimmatureparasitoidindividualsofthesamestagebased
onthewhitefly stageoriginallyparasitized,becausetheobserveddevelopmentduration
and mortality of E.formosa immatures depended on the whitefly stage which was
originally parasitized (Chapter 9). Thus, 3x6 fractional boxcar trains were used for
simulation of the immature parasitoid stages.
Ageing of adult females and mortality is simulated in the same way as for
whitefly adult females. Input is the adult longevity in the presence of whitefly
immatures, which is affected by temperature (Chapter 9). A different appoach is
followed for oviposition frequency. For E.formosa, oviposition can be assumed to
remain constantduringageing.InChapter9itwasfound thattherelationshipbetween
ovipositionfrequency (orfecundity)andtemperatureofE.formosawasveryweak.For
parasitoids, oviposition does notdepend on temperature alone,and host density, host
plant effects and parasitoid behaviour also play an important role.
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Therefore, oviposition is simulated by a separate model of the foraging
behaviour of theparasitoid. Maximum daily oviposition of onefemale was simulated
on a heavily infested tomato leaflet (480hosts with stable agedistribution) during a
16hdaylength.Detailsofthismodelcanbefound inChapter 5.Theparasitoid started
with an egg load matured during the preceding night (4.9 eggs at 25°C). The
simulations yielded maximum daily oviposition ratesof 5.55, 10.26, 13.11and 15.83
at 15,20,25and30°Crespectively.Thepercentageof ovipositions inLI, L2,L3, L4,
prepupae and pupae were 5.0, 4.7,37.8,38.7, 11.7 and 2.0 %respectively at25°C.
These simulation results areused asinput in thepopulation model to simulate
the maximum population growth ofE.formosa at a constant temperature. The model
isinitialized byintroduction ofadultfemales.Temperatureisthedrivingvariable.The
time stepis chosen to be0.05 day (1.2 h) for accurate numerical integration.
Combined host and parasitoid population growth
The final model combines both population models and simulates the population
dynamicsofwhitefly andparasitoidduringagrowingseasonofacrop.Theinteraction
betweenbothpopulationsinthegreenhouseisrealized bythelocalforaging behaviour
oftheparasitoid adultsonleaves.Newparasitoidsare'bom' afterparasitizations,while
the whitefly immatures which were parasitized, die. Host feeding of parasitoids kills
additionalwhitefly immatures.Theforaging behaviourandtheresulting parasitizations
and host feedings on leaves depend to a large extend on local host density. After
emergence, whitefly adults usually disperse over short distances before settling on a
leaf, on which oviposition continues for days (Noldus et al., 1986a). As a result,
whiteflies (and many other pest insects) show a strongly clustered distribution over
plantsandleaves(Ekbom,1980;Eggenkamp-RotteveelMansveldetal.,1982a,b;Yano,
1983;Nolduset al., 1986a,b;XuRumeietal., 1989;XuRumei, 1991a;Martin et al.,
1991).
Whitefly and E.formosa disperse in the canopy by flying from leaf(let) to
leaf(let). Walking from one leaf(let) to the other is hardly observed. Therefore, the
leaf(let) is chosen as the spatial unit. In the model, the canopy is divided into plants
with a certain number of leaves.For tomato,each leaf is divided into seven leaflets.
The coordinates of each plant, leaf and leaflet represent their location in thecanopy.
All immature stages of whitefly andparasitoid can beconsidered sessile.To simulate
the local interaction between parasitoid and host properly, the model simulates the
spatialdistribution of allwhitefly and parasitoid stagesin thecanopy, based on flight
behaviour of individual adults,subsequent oviposition and immature development on
leaflets, and on production of new leaves in the top of the plants. The model of
combined whitefly and parasitoid population growth is presented in the relational
diagram of Figure 3 and is explained in the following sections. Only details on the
interaction of the two populations are given. The interaction between parasitoid and
host on infested leaflets is simulated by an individual-based or /-state configuration
submodel (DeAngelis &Gross, 1992).Thewhitefly and parasitoid populations in the

187

chapter 10
whole crop are simulated by variable-state submodels (see population models for
whitefly and parasitoid).
On each infested leaflet (Figure 3, left) and for the whole canopy (Figure 3,
right),thenumberofeachdevelopment stageof whitefly andparasitoid aresimulated
simultaneously:adultfemales,adultmales,eggs,allunparasitizedwhitefly stages(from
LI topupa),parasitized hosts(originally parasitized asLI, L2,...,pupa) whichcontain
aparasitoid egg,larva orpupa,and dead hosts orempty pupal cases.Thelocation of
theadultparasitoidsinthecanopyiskepttrackof aswell.Thenumbers of individuals
on each infested leaflet are integers (whole numbers), whereas those for the whole
canopy arereals(broken numbers).Ateach timestep,thenumbers oneach leaflet are
added up and compared with thosefor thewholecrop tocheck for simulation errors.
In the submodel of error check, a difference of only 10 individuals per stage was
allowed.
Foraging behaviour of the parasitoid
Parasitoid adults fly from leaflet to leaflet during the day in the model. The infested
leaflets can beconsidered as local host patches. The 'giving up time' (GUT) of each
parasitoid on an uninfested leaflet is drawn from an exponential distribution with
median and mean of 18.6 and 26.8 min respectively (Chapter 3). In the model, the
parasitoidleaveswhenthistimeisreached.Oninfested leaflets,theforaging behaviour
and the resulting number of parasitizations and host feedings of each parasitoid are
simulated simultaneously. Changesineggloadofeachparasitoid andinhostnumbers
on each of these leaflets are adapted immediately (Figure 3, left). A detailed
descriptionofthisstochasticsubmodelcanbefound inChapter5.Thetime-stepofthis
submodel is only 0.00005 day (4.32 s).
E.formosaforages onaleaf bywalkingrandomly onbothleaf sides. Therefore
the walking pattern does not have to be described for the simulations, but the
calculation of the encounter rate suffices (Skellam, 1958).Hosts are only present on
thelower leaf side.After each encounter with anunparasitized orparasitized whitefly
larva,prepupa orpupa, theparasitoid stays another GUTon the leaflet. Median GUT
is again 18.6 min and is doubled when one or more parasitizations occurred on the
leaflet (Chapter 3). When no hosts are encountered within the simulated GUT,
parasitoidsfly tootherleaflets.Theparasitoiddoesnotshowanarrestment effect after
encountering whitefly eggs (Sebestyen, 1995). This was also assumed in the model
when encountering whitefly adults. From Hussey et al. (1958) and Parr et al. (1976)
it wasestimated that 75 whitefly larvae,pupae or adultsproduce a film of honeydew
on the leaflet and on the leaflet below. Median GUT on such leaflets is 99.6 min
(Chapter 3).
The median time for changing from one leaf side to the other (TUC) was
initially 11.6 min, and dropped to 5.7 min after both leaf sides had been visited
(Chapter 3).Thefirst oviposition inanunparasitized hostlead tolongerTUC's onthe
lower leaf side. In the model, TUC is also drawn from exponential distributions.
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Mortality caused by the parasitoid
Theparasitization and hostfeeding rates of all individual parasitoids, simulated using
the small time step, are accumulated during each large time step of 0.05 day for
population growth (development, mortality andchange ofabiotic factors).Theserates
are then used in the whitefly and parasitoid submodel to adapt the total whitefly and
parasitoid population inthewholecrop(Figure3,right).Inthewhitefly submodel,the
sum of both parasitization and host feeding rate is the mortality rate caused by
parasitoids.In theparasitoid submodel,theparasitization rate is the birth rate of new
eggs and the host feeding rate on parasitized hosts is the mortality rate caused by
parasitoids. Superparasitization does not change the number of parasitoid immatures
of E.formosa, because only oneparasitoid can develop within a host.
E.formosa isvery selective in accepting hosts for oviposition or host feeding.
In about50%of encounters withthemostpreferred stage,thehost isrejected (Nellet
al., 1976).Therefore,itisassumedinthemodelthattheparasitoidsonlyaccepthealthy
hostswhicharenotdying (byanaturalcause)inthesametime-stepof0.05day.Even
if this assumption isnotcorrect,thenumericalconsequences for themodel outputare
negligible,becausethenaturalmortalityofimmaturewhitefly stagesisverylow.Thus,
in the whitefly and parasitoid submodels the relative mortality rate of each
development stage in the whole canopy (by natural cause and caused by parasitoids)
is the sum of both relative mortality rates.
Change in number of individuals on each leaflet
Mortality anddevelopmentofalldevelopment stagesinthewholecanopyissimulated
in thewhitefly and parasitoid submodels bytheboxcar train method (Figure 3, right).
Subsequently, the number of individuals per stage on each leaflet is updated
proportionally for natural mortality and development, in the submodel of spatial
distribution (Figure 3, left). Only those individuals not accepted by parasitoids for
oviposition or host feeding during the same time-step are updated here. Natural
mortality of a certain stage is equal in all leaf layers where that stage is present, but
the change from one stage to the next only occurs with the oldest individuals of that
stage, which are on the lowest leaf layer. The same is done for dead hosts or empty
pupal cases falling from the leaves. Their average residence time on the leaf is
assumed to be one week.
Theproportional correction yieldsreals(broken numbers) for, for instance,the
individuals of acertain stagedying during thetime step on aparticular leaflet. These
numbersareusuallyfar below 1.Therefore, foreach leaflet thesenumbersarerounded
off to the nearest integer (whole number) by a method which compares the decimal
with a random number between 0 and 1. If that number is higher than the decimal,
rounding off occurs tothenearestinteger below.Rounding off issometimesforced to
the nearest integer up or below when the rounding off error for dying individuals of
that stage, cumulated for all leaflets, becomes larger than 1 individual. The same
procedure is followed for individuals developing or falling from theleaf.
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Thetotalwhitefly ovipositionrateinthewholecropissimulatedinthe whitefly
submodel as explained earlier. Then the average oviposition rate for one female is
calculated. The oviposition rate on each leaflet is derived from the number of adult
females on the leaflet and the average oviposition rate.
Production of new leaves
New leavesdevelopatthetopof theplants.Fortomato,thenodeinitiation rate(NIR)
depends on temperature only and available carbohydrates or sink-source ratio do not
playarole(after threeleaves,atrussdevelops;botharecallednodes).Inthesubmodel
of plant growth, the equation of Jones et al. (1991) is used:
NIR =INIR * f
in which INIR is the maximum node initiation rate (0.55 nodes/day at 28°C)and fis
thetemperature(T)response.Theincreasetotheoptimumattemperaturesbelow28°C
is much slower than the decrease above28°C:
if 12<T <28°C,
if 28< T <50°C,

f = 1-0.0281 *(28-T)
f = 1-0.0455 *(T-28)

Adult whiteflies only settle in the upper three leaf layers of a tomato crop
(Noldus et al., 1985). If during the simulation a new leaf has fully expanded, adult
whiteflies onleaf 3willthen beonleaf4(counted from thetop) andmigration occurs
to the upper leaf layer of the sameplant. Due to development of immatures and leaf
initiation at the top, older whitefly stages are situated in the lower leaf layers during
the simulation. This was also observed on tomato and cucumber in the greenhouse
(Noldus et al., 1985; Yano, 1983; Martin & Dale, 1989; Xu Rumei, 1991a). In the
model,asincommercial greenhouses,the side shoots of thetomato plants arepruned
andoldleavesareremoved andkeptatthebottomoftheplants,becausetheycanbear
black pupae. The maximum number of leaves per plant is about 20.
Dispersion of adults
Noldus et al. (1986a) found that young adult whiteflies disperse on average 125cm
from theplantonwhichtheyhademerged.About 10%of thewhiteflies settled onthe
plant ofemergence.Inthe submodel ofwhitefly dispersion, theprobability of landing
(and settling) on a new plant at a distance r from the source plant is given by the
exponential distribution (in all directions):
P(r) = a exp(-a r) / 27tr
in which the parameter a describes the decrease of P(r) with r. This probability
distribution canberepresented byaplane,withitstopinthemiddle(thesourceplant).
Total volume under the plane is 1. It is a continuous distribution, whereas in a
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greenhouse the distribution of whiteflies is discrete: they cannot land between two
plants.Thediscretedistributionisderived bydividingthecanopyintogrids,eachwith
oneplantin thecenter.Thus,grid areais 1 plant-distance2.Theprobability of landing
inthisgrid (on theplant)can berepresented bytherelativevolumebetween gridand
plane. This is numerically solved by dividing each grid into 100 (or more) subunits.
The probability of landing in the middle of each subunit is approximated by
multiplication ofP(r)with subunit-area. Summation ofalltheseprobabilities yieldthe
probability of landing on theplant.
Based ontheseprobabilities,aplantisselected for eachemerging adult female
whitefly. Edgeeffects aresolvedbymirroringtoavoidaccumulation ofindividualsin
the outside boundary of the crop. Then, a leaflet is selected randomly in the upper
three leaf layers of this plant on which the adult settles. Each emerging adult male
joins a female. Thus, dispersion of adults is a stochastic process. For greenhouse
whitefly, the parameter a was set to 0.30/plant-distance, which yielded an average
dispersion distance of 2.87 plant-distances, which is 1.15 m in a tomato crop. The
percentage of whiteflies staying on theplant of emergence was then 15.6%.
E. formosa moves from leaflet to leaflet by flying or hopping, without
distinguishing between infested and clean plants or leaves before landing (Noldus &
van Lenteren, 1990; Siitterlin & van Lenteren, in prep.). Each time when an adult
parasitoid leaves a leaflet, the submodel of parasitoid dispersion follows the same
procedure for the selection of a new plant as for whitefly. A new leaflet is selected
randomly from all leaf layers on that plant. Landing on the upper or lower leaf side
occurs at the same frequency. Thus, parasitoid flight behaviour is also a stochastic
process in the model. ForE.formosa, theparameter a was set to0.95/plant-distance,
whichyielded anaverageflightdistanceof 1.0plant-distance(0.4minatomatocrop).
Thepercentage of parasitoids staying on the same plant was then 40.5%.
Input data
The model is initialized by introduction of adult whiteflies and their location in the
crop.Numberofplantrows,plantsperrowandinitialnumber ofleaf layersdetermine
theinitialcropsize.Parasitoidsareintroduced asemergingblackpupaeonpapercards
orleaves.Day(s)ofrelease,numberofparasitoidspercard,numberofcardsperplant
rowandbetweenrowsareinputdataforparasitoidintroduction.Temperatureandlight
period for each day are thedriving variables. For tomato,the light period is the time
between sunriseandsunset,becauseartificial lightisnotused.Allinputontime,crop,
whitefly, parasitoid, parasitoids' foraging behaviour, temperature and lightperiod are
stored in separate data files.
Validation
The simulation results of the whitefly population model were validated with six
independent population counts on tomato (var. 'Allround') (de Ponti & Steenhuis,
unpubl.; Elzinga, 1982;Joosten &Elings, 1985).In small greenhouse compartments,
100or300one-day-old female whiteflies werereleased,together withmales,on 10or
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15plantsrespectively. After about40,60and 80days,thenumber of emerged pupae
werecounted.Thetemperaturewasmeasured 3or4timesduringaday,and fluctuated
between 15and35°C.
The final model of the combined whitefly and parasitoid population was
validated with data from an experiment in a commercial greenhouse (EggenkampRotteveel Mansveld et al., 1982a,b). White and black pupae were counted from 1
Januaryuntil22April 1974(112days)inacommercialgreenhousewith 18000tomato
plants(var. 'Extase')inTheNetherlands.Duringthatperiod,plantsincreased from 30
cm and six leaves to about 300 cm and 44 leaves, of which only the upper 15-20
leaves were kept on the plant.
Simulations were done for 'patch 12',which was the heaviest infested plot in
the greenhouse, consisting of 32 plant rows and 42 plants per row (EggenkampRotteveel Mansveld et al., 1982b). Five replicates were simulated, because of the
stochastic processes.Counted adult whiteflies in the greenhouse fluctuated during the
first threeweeks,andthehighestcountof36adultswaschosen toinitializethemodel.
Observeddensitieswere 1 adultperplant.Inthemodel,oneadultfemale andonemale
were initialized on a leaflet of 18 plants in the centre of the plot. Parasitoids were
released on23January, 6February, 20February and6March (day 23, 37,51and65)
asemergingblackpupaeoncucumberleaves.Fromthepublication,thelocationofthe
release sites was not clear. Leaves carried large numbers of black pupae (435-1209)
and the number of release-leaves in the whole greenhouse was relatively small.
Therefore, in the model all parasitoids were released in the centre of the plot. The
release rates for the four introductions in 'patch 12' were 0.97, 2.70, 4.50 and 2.48
parasitoidsperplant,respectively. Temperaturedata of 'Bay 47',measured every two
hours,wereused for the simulation, because theseweremeasured close to 'patch 12'.
Weekly minimum, mean andmaximum temperatures are summarized inEggenkampRotteveel Mansveld et al.(1982a).
Simulations were also validated with counts of the total greenhouse
(Eggenkamp-Rotteveel Mansveld etal., 1982a).Forthispurpose,onetwentiest of the
whole greenhouse was simulated (900 plants) and all counts were reduced with the
samefactor. Themodel was then initialized with 3infested leaflets bearing onemale
and female whitefly each. At the four introductions 0.75, 2.09, 4.50 and 2.48
parasitoids were released per plant, respectively. During the first two releases, more
parasitoids werereleased in 'patch 12' than in the rest of the greenhouse.
Manyotherpopulationcountsweremadeofgreenhousewhitefly andE.formosa
ontomato(Burnett, 1949;Burnett, 1960a,b;Curry&Pimentel, 1971;Parretal.,1976;
Stenseth, 1976;Hulspas-Jordaan etal., 1987;Yano, 1990).Thesestudiescould notbe
used to validate the present model. In most cases, validation was not useful because
of the small spatial scale and high whitefly densities, which excluded the possibility
to determine the importance of parasitoid searching. In addition, for many studies
temperature data or initial whitefly numbers were lacking.
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Sensitivity analysis
For the sensitivity analysis of thefinalmodel, initial whitefly densities of 'patch 12'
weretaken.Theplotconsisted of 25plantrowsand 25plantsperrow and themodel
wasinitialized with9infested leaflets bearingonemaleandfemale whitefly each.The
timing and number of released parasitoids per plant was the same as for the total
greenhouse(seeabove).Parasitoidswerereleasedasemergingblackpupaeon25paper
cards, which were evenly distributed in the crop. This method of introduction is
comparablewiththatinDutchtomatogreenhousestoday(KoppertBiologicalSystems,
pers. comm.). Simulations were always done for 5replicates.
RESULTS
Maximum population growth of whitefly and parasitoid
The validation results of the whitefly population model are shown in Figure 4. The
simulated curves agreewell withtheobserved population counts.During day 40-60a
slower increase of empty pupae (emerging adults) is simulated by the model. During
that period, other whitefly stages were more numerous, caused by the discrete
generations in the beginning. After about 60 days, the curves of Figure 4 become
straight lines and the whitefly populations increased exponentially.
Thepercentageofeachdevelopmentstageinthetotalpopulationthenstabilizes:
a stable age distribution is attained. For greenhouse whitefly, the model predicted a
stable agedistribution of 55.3% eggs, 16.7%LI, 8.1%L2, 6.0% L3,3.6% L4,3.2%
prepupae,2.3%pupae,2.7%female adultsand2.2%maleadultsrespectively at20°C.
ForE.formosa,themaximumpopulationgrowthcouldnotbevalidated,because
experimental datawerenot available.Themodelpredicted astableagedistributionof
67.1% eggs,22.7%larvae, 10.5%pupae and 1.8% female adultsrespectively at20°C.
Theintrinsicrateofincrease(rm)isameasureofexponentialpopulation growth
(Birch, 1948)underexceptionalcircumstanceswherefood and/orhostsareabundantly
available and restrictions due to other environmental circumstances are absent. With
the whitefly and parasitoid models, therm values of both insects could be derived by
using the simulated number of individuals (N) of the exponentially increasing
population on two moments, t, and t2:
rm = (In N a - In N„)/ (t, - t.)
Inthisway,rmisdetermined byalllife-history parameters used asinputinthemodels.
Results aregiven inFigure 5.Thetemperaturerange for population growth is8-35°C
for greenhouse whitefly and 11.4-35°C for E. formosa. Below 8°C the immature
whitefly stages do not develop; at 35°C whitefly eggs and pupae do not survive
(Chapter 8). Van Lenteren & van der Schaal (1981) found a lower-temperature
threshold for oviposition ofE.formosa of 11.4°C.Figure 5shows that thermvalueof
E.formosa is much higher than that of the greenhouse whitefly above 14°C.
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Figure 5. Simulated intrinsic rate of increase
(rm)of greenhousewhitefly ontomato and ofE.
formosa.
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Table 1. Change (%) in r„,value afterGreenhouse
a decrease ofwhitefly
10%of input parameter
Parameter
E.formosa
-7.32
Development rate
-8.01
Daily oviposition"
-2.90
-2.43
Sex ratio
-2.90
2
Adult longevity '
-0.22
-0.73
Immature mortality
0.66
0.26
Relative dispersion
-0.30
-0.50
Maturation period
0.31
Pre-oviposition period
0.07
11
or fecundity. 2) Fecundity also decreased with 10%,and therefore daily oviposition was hardly
affected.

A sensitivity analysis of thermvalue for each life-history parameter was done
usingthewhitefly andtheparasitoidmodel.Thechangeinrmvaluewassimulated after
the value of one particular input parameter was decreased with 10% (Table 1).
Increasinginstead ofdecreasingeach inputparameter yielded about thesameabsolute
change in rmvalue.
Combined host and parasitoid population growth
The number of unparasitized prepupae and pupae in 'patch 12' (1344 plants) was
simulatedfrom 1 Januaryonwardswithandwithoutintroduction ofparasitoids(Figure
6).Whitefly densitieswerekeptatextremelylowdensitiesbytheparasitoidsandnever
exceeded 0.3 unparasitized pupae per plant on average. After 112 days the whitefly
populationwithoutcontrolwas317timeslargerthanwhenparasitoidswereintroduced.
Thedecreaseinnumberofprepupaeandpupaeafter 40dayswhennoparasitoidswere
introduced was caused by the discrete whitefly generations in the beginning. During
that period, other whitefly stages were more numerous and the total number of
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Figure 6. Simulated number of unparasitized
whitefly prepupae+pupae with and without
biological controlwithE.formosa in 'patch 12'
(1344 plants; Eggenkamp-Rotteveel Mansveld
et al., 1982b) during 1January-20 April. Bars
represent standard deviations (n=5). Arrows
indicate release of parasitoids.
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individuals did not decrease.
Figure 7A shows the total number of prepupae and pupae of five simulation
runs.Thesimulationresultscanbecomparedwithobservations.Thesimulatedincrease
in number of prepupae and pupae during the first 50 days was very close to the
observations. From day 60,the simulations were somewhat higher. However, counts
were based on only one experiment, and differences between replicates of a factor 2
over 100daysarecommoninpopulation studieswheninitiatedwithonlyafew adults.
Thedifference might also becaused bywhitefly adults leaving 'patch 12' after about
50days.Eggenkamp-Rotteveel Mansveld et al. (1982b) show that atthat time adults
reached theedge of theplot in which pupae were counted. Immigration of whiteflies
can be excluded because other patches were far away. Some adults probably left the
plot andtheir offspring isnotincluded inthecounts.Thisissupported by simulations
for the whole greenhouse which are similar to the observations (Figure 7B). The
variation between simulations is now larger however, due to a lower initial whitefly
density.
Parasitismofpupaecaneasilybeestimatedfrom theiroutward appearance.The
percentage of black pupae in 'patch 12' and in the whole greenhouse is shown in
Figures7C-D.Theagreementbetween simulations and observations isclear, although
the observed increase in parasitism at the end was not simulated for 'patch 12'.
According to the model, the real (visible and unvisible) percentage parasitism was
Figure 7 (next page). Validation of the model. Simulation results of 5 replicates (lines) and
observations (dots) during 1January-20 April: (A) number of prepupae+pupae in 'patch 12' (1344
plants) and (B) in 1/20 of total greenhouse (900 plants); ( Q percentage visual parasitism of
prepupae+pupae (%black pupae) in 'patch 12' and (D) in 1/20of total greenhouse; (E) percentage
real parasitism of prepupae+pupae in 'patch 12'; (F) number of fully grown leaves per tomato plant.
Arrows indicate release of parasitoids. Each population count took 7-14 days (Eggenkamp-Rotteveel
Mansveld et al., 1982a,b).
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about twice as high and close to 100%, due to parasitized prepupae and pupae
containingaparasitoideggorlarvawhichcannotbeseen(Figure7E).Thispercentage
cannot be compared with that of the greenhouse experiment, because hosts were not
dissected.
Thenumberoffully grownleavesperplantinthegreenhouseisgiveninFigure
7F. The simulated increase was very close to the observations. Maximum numberof
leaves per plant was set to 17 in the model, which was the average of that in the
greenhouse when old leaves were removed.
Thesimulatednumberofadultwhiteflies andparasitoidsin 'patch 12'isshown
in Figures 8A-B.During 90days,whitefly adults werekept at aconstant density,but
thenincreased.Theirnumber,however,wasstillvery low andneverexceeded 0.3per
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plant.Theparasitoid adultsreached very high densities of 7.4 per plant, of which the
majority wassearching oncleanleaflets. Mostofthetime,percentageinfested leaflets
in the crop and percentage parasitoids searching on these leaflets was less than 1%
(Figure 8C).
Theparasitoidsweresearchingforhostsinagreenhousewherehostdensitywas
low and many hostswereparasitized. Only in25%of thehostencounters,hosts were
unparasitized duringthesimulatedperiod of 112days(Figure9A).Mostly,encounters
were with parasitized hosts. Some of the encountered hosts were accepted for
parasitization,super-parasitizationorhostfeeding,butthemajority wasrejected(Figure
9B).
When considering unparasitized hosts only, the picture becomes clearer. The
young and small whitefly immatures were the most encountered stages in the
greenhouse,becauseoftheirrelativelyhighdensitiesinthepopulation(Figure 10). As
a result, most ovipositions took place in LI, L2 and L3 and, subsequently, most
emerged adultparasitoids originated from these stages.In total,only 2127parasitoids
emerged as offspring of the 14318released in 'patch 12'during the simulated period.
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Figure 10. Simulated distribution of host
encounters,ovipositions andhost feedings over
(unparasitized) host stages and distribution of
parasitoid emergence over host stages which
were originally parasitized. Means of 5
replicates for 'patch 12' during 1 January-20
April are given.
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Sensitivity analysis
Forthesensitivity analysisofthefinal model,attention wasfocused onthenumberof
unparasitized prepupae and pupaeduring a 100day period.The areaunderthis curve
isthecumulativenumber ofunparasitized prepupae andpupae and can be considered
asameasureof thewhitefly population underbiologicalcontrol.Thereduction ofthis
whitefly populationwassimulatedafter thevalueofoneparticularinputparameterwas
changed with 25% compared to the 'standard run'. This was done for 32 input
parameters. Results are shown in Figure 11, in which input parameters used in the
submodeloftheparasitoids' foraging behaviourwereseparatedfrom theother,mainly
life-history parameters.SE/mean for the whitefly population of 5replicates (standard
run) was4.0%.
Themostimportantlife-history parametersdetermining thewhitefly population
under biological control were the whitefly development rate (Dw) and the parasitoid
longevity (Lp) (Figure IIA). The leaf initiation rate (LI) and the number of released
parasitoids (Np) also had a strong effect on the whitefly population under biological
control.
Important parameters used in the submodel of foraging behaviour were those
determining the host encounter rate: the leaflet size (AR), the parasitoids' walking
speed(WS)andwalkingactivity (AC)and,toalesserextent,width of theparasitoids'
searching path (WI) and diameter of the immature hosts (DM) (Figure IIB). Also
important were the probability of oviposition after encountering a host (Po, success
ratio) and the parameters determining the parasitoids' searching time on lower and
upper leaf side (LS and US).
Theeffects of thedriving variables temperature and daylength were studied as
well.When temperature wasdecreased in themodel with PC during the total period,
the whitefly population was reduced with 29.2% when no parasitoids were released.
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the next (F), average residence time on leaf of dead hosts and empty pupal cases (RT), and leaf
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(B) Allparameters are used inthesubmodel of theparasitoids' foraging behaviour: leaflet area(AR),
diameter of host stages (DM), width of parasitoids' searching path (WI), parasitoids' walking speed
(WS), walking activity (AC), coefficient of variation of walking activity (CVa), maximum egg load
(ME), egg maturation rate (MR), host handling time (TH), coefficient of variation of handling time
(CVt), probability of oviposition after encountering a host (success ratio, Po), probability of host
feeding after encountering ahost (Ph),parasitoids' leavingtendency (LT),tendency of changing from
thelowerleaf sidetotheupper(LS),tendency ofchanging from theupperleaf sidetothelower(US),
both tendencies of changing from one leaf side to the other (ST), the probability of landing on the
lower leaf side compared to upper side (PI).
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This temperature chance however, hardly affected the whitefly population (+5.0%)
whenparasitoidswerereleased.Apparently,thelowerwhitefly populationgrowthwas
compensated byalessefficient biologicalcontrol,duetoalowerwalkingspeedofthe
parasitoids.Achangeinthreshold temperatureofE.formosa for searchingfrom 18to
12.1°C did not affect the whitefly population (+2.5%). Temperatures below 18°C
mostly occurred during the night, when parasitoids were not active. A reduction in
daylenght of 1h,reducing it by 12.8and 7.3%on day 1and 100respectively, had a
much greater effect on parasitoid efficiency: the whitefly population increased with
19.0%.
ForE.formosa theGUTafter landing ontheleaflet or,if it occurred,from the
latesthostencounter until leaving varied to alargeextent (Chapter 3).The samewas
found for thetimeuntilchanging (TUC)from oneleaf sidetotheother.In themodel
each GUT and TUC of a parasitoid is drawn from an exponential distribution. The
whitefly populationwasnotsensitivetotheaverage GUToritsreciprocal,theleaving
tendency (LT,Figure IIB). The same was found for TUC on both leaf sides.
Figure 12A shows the reduction of the whitefly population for different GUT
values,when variation in GUT and TUC was excluded in the model. The reduction
was calculated by comparing the whitefly population with that when variation was
includedandminimalGUTwas 100s(seealsomodelofChapters6and7).Thefigure
shows that when variation was excluded, the whitefly population was extremely
reduced and wentnearly extinct atGUT values close to the observed mean (1610s).
Even achangeof 50% inGUT(805 or2416s)did nothavealargeeffect. However,
at low GUT values the population was not reduced as severely and did not become
extinct.Figure 12Bshowsthewhitefly population duringday 1 to 100when variation
in GUT and TUC wasexcluded in the model.The exclusion of low GUTvalues
(< 800 s) on infested leaflets was mainly responsible for the effect.
Thus,thewhitefly population isvery sensitive tolow GUTandTUC valuesof
theparasitoid. Analysis of theobserved giving uptimes ontomatoleaflets of Chapter
3 showed that such a minimum GUT and TUC was not found on clean leaflets, but
GUT'slowerthan 100swereneverfound afterhostencounters.Theparasitoidshardly
changed leaf sides within 100 s and hardly left the leaflet within 500 s when one or
moreparasitizations had occurred on the leaflet earlier (Figure 12C)or when leaflets
were covered with honeydew. These minimum values arepart of the present model.
In thepresent model, honeydew is only present on leaflets when host number
exceeds 75per leaflet, which hardly ever occurred during the simulations.Honeydew
didnotplayaroleonleaflets with 1-4immaturewhiteflies (Chapter 3).Arecentstudy
showed thatE.formosaalsocontinued searching for atleast 500sand on average20
minutesafter encountering atinydropletofhoneydew ontomatoleaflets (Doodeman,
pers.comm.).Thismightsignificantly increasetheparasitoid'sarrestmenteffect athost
densities of less than 75 per leaflet.
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Figure 12. (A) reduction (%) of the whitefly
population (cumulativenumberofunparasitized
prepupae+pupae during 100 days) when
variation was excluded in giving up time
(GUT) and in time until changing (TUC) from
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GUT was 100 s (model of Chapters 6 and 7);
(B) simulated number of unparasitized
prepupae+pupae in625plantswithand without
variation in GUT and TUC;(C) observed GUT
since last host encounter of E.formosa when
oneormoreparasitizations had occurred earlier
on the tomato leaflet (Chapter 3). Arrows
indicate release of parasitoids.
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Release strategies
Theinfluence ofnumber,locationandtimingofparasitoidreleasewasstudiedwiththe
model.The location ofrelease sites and thenumber ofreleased parasitoids wereboth
important factors for the reduction of the whitefly population. When all parasitoids
were released in the centre of the plot where the first adult whiteflies were observed
insteadofreleasedatregularspatialintervals,thewhitefly populationwasreducedwith
63.2%(Figure 13A).Whenthenumberofreleasedparasitoidswasincreasedwith25%,
the whitefly population decreased with 30.0%(Figure 13A, see also Figure IIA).
Timing of release is not that important when parasitoids were released four
times(Figure 13B).Earlyintroductions, starting onday 9,resulted inlow infestations
which rapidly increased after 60 days.Later introductions, starting on day 23 or 30,
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resulted in more stable populations. If all parasitoids were released at once, the
cumulative whitefly population (area under the curve) was much more sensitive to
timing(Figure 13C).Singleintroductionsresulted alwaysinlow butunstable whitefly
populations.
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DISCUSSION
Thesimulatedpopulationincreaseofgreenhousewhitefly intheabsenceofparasitoids
agreed wellwith observationsontomato.Thisresultcan beexplained by theaccurate
estimates ofthelife-history parameters,which werebased onmanyexperimental data
atawidetemperaturerange(Chapter8).Theintrinsicrateofincrease(rm)wasstrongly
influenced by temperature and by the development duration and, to a lesser extent,
daily oviposition and sex ratio. Similar results were found by Xu Rumei (1982),
Hulspas-Jordaan & van Lenteren (1989) and Yano et al. (1989). From the present
model wecan conclude thatplantresistance breeding aimed at anincrease inegg-toadult duration is very efficient for successful control of whitefly, also when they are
under biological control. De Ponti et al. (1990) also stress that pest resistant plant
varieties can improve biological control. Development time of whitefly differs very
little between tomato genotypes, and a much larger difference is found for whitefly
longevity, oviposition rate and immature mortality (Romanow et al., 1991). These
parameters have a smaller effect on whitefly population development.
Theintrinsic rateof increase(rm)ofE.formosa ismuch higherthan that ofthe
greenhouse whitefly above 14°C.Thermof anatural enemy however, plays a limited
role when identifying good candidates in biological control (see also van Lenteren &
Woets, 1988), because rm is only valid under exceptional circumstances where food
and/or hosts are abundantly available and restrictions due to other environmental
circumstances are absent. Such conditions are very rare and parasitoids can only lay
their daily egg load atextremely high hostdensities when they do not have tosearch
for hosts.In greenhouses whitefly densities are ususally much lower and therealized
whiteflydensitydependsontheparasitoids'searchingefficiency. Therefore,toevaluate
and understand success orfailure of biological control,rmvalues areinappropiateand
it isessential tobuilt models which include searching and parasitization behaviour of
the natural enemy at very low host densities, like thepresent model.
Also in the presence of parasitoids, the simulation results agreed well with
greenhouse observations on tomato. Apparently, the hypothesized searching and
parasitization behaviour of E.formosa in a tomato crop is reliable. In the model, the
parasitoid doesnotdistinguish between uninfested andinfested leaflets before landing,
the parasitoid searches randomly for hosts once on the leaflet, and shows a strong
arrestment effect: it stays longer on the leaflet once a host is encountered.
Theinitial whitefly density was only0.007 adults per plant in the greenhouse,
whereas about 10parasitoids per plant werereleased during the season (EggenkampRotteveel Mansveld et al., 1982a,b). Simulations showed that the adult parasitoidwhitefly ratiowasvery highandpeaked at250onday65.Asaresult,whiteflies were
suppressedratherthanregulated,atextremelylowdensities,lessthan0.3unparasitized
pupae per plant, but never became extinct. These whitefly densities are much lower
than the economic damage threshold for greenhouse whitefly. 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 scales/cm2 leaf or more, and economic
205

chapter 10
damage at6 scales/cm2 ormore.These threshold densities seem very high andwould
not be accepted in the present practice of growing tomatoes in greenhouses in the
Netherlands (Koppert Biological Systems,pers.comm.).
The whitefly population in a greenhouse usually consists of a few local
populations in loose patches (Eggenkamp-Rotteveel Mansveld et al., 1982a,b). The
dynamics of such a metapopulation can bestudied with thepresent model. However,
thewhitefly metapopulationdynamicsinthewholegreenhousedidnotdiffer from that
of local populations such as 'patch 12'. Local populations developed quite
synchronized, because they started from infested seedlings and they received
parasitoids at the sametime.E.formosa does not stay in apatch, apparendy because
the parasitoid does not use chemical cues to locate its hosts from a distance (Noldus
&vanLenteren, 1990;Romeis&Zebitz,inpress;Sutterlin &vanLenteren,inprep.).
Whitefly patches do not go extinct, but gradually increase in size with decreasing
whiteflydensity(Eggenkamp-RotteveelMansveldetal.,1982a,b).Thismetapopulation
dynamicsisdifferent forspidermite-predatorymiteinteractions,wherepredatorymites
use chemical cues and stay in a patch for a few weeks until the local spider mite
populationgoesextinct,whiledispersing spidermitesdevelopnewpatchesatthesame
time (Sabelis &van der Meer, 1986; Sabelis et al., 1991).
Thedegreeofwhitefly control isvery sensitivetothosegivinguptimes(GUT)
lower than 800 s of the parasitoids. The whiteflies are suppressed at much lower
densities when the parasitoids stay at leastfiveminutes on each leaflet (infested or
uninfested) andafter eachhostencounter.Thisminimumtimeincreasesthearrestment
effect andtheresultingpercentageofparasitoidsoninfested leaflets, thereby reducing
the chance that clustered hosts escape from parasitism. When variation in GUTwas
excluded in the model, the whitefly population became less stable and nearly went
extinct.Variation inGUTonleaflets induceshostrefuges from parasitoid attack.Also
from moretheoretical studies,hostrefuges areknown tostabilizepopulations (Bailey
et al., 1962;Murdoch &Oaten, 1975;Chesson &Murdoch, 1986).
The whitefly population under biological control was sensitive to the leaf
initiationrate.Inthemodel,aslowerleafproductionresultedinalongerstayandmore
ovipositions of whitefly adultsonaparticular leaflet. Thus,the same numberof hosts
were distributed over fewer leaflets, resulting in a more aggregated host distribution.
Whiteflies werethen suppressed byE.formosatomuch lower numbers.Parasitismof
one E.formosa female on a tomato leaflet is inversely density-dependent, which is
causedbyadecreasingwalkingactivityandsuccessratio(Chapter6).Hostaggregation
thus 'dilutes' the per capita parasitization pressure caused by one parasitoid on the
leaflet. However, the effect on population level depends on the balance between this
'dilution' effect and the strength of the arrestment and aggregation of E. formosa.
Therefore, the stronger whitefly reduction was caused by a stronger parasitoid arrestment and subsequent increase in the relative number of parasitoids on infested
leaflets. Moredetails onthespatial aspectsof thewhitefly-£.formosa interaction will
be published elsewhere. Many parasitoid species stay longer in high-density patches
andfield studiessuggestthatmanyparasitoids dotendtoaggregate(reviewsinWalde
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& Murdoch, 1988; Godfray, 1994). Summy et al. (1985) found that the parasitoid
Encarsiaopulenta aggregatesinhigh-densitypatchesofcitrusblackfly andpercentage
parasitism in the field is density dependent. The aphelinid Aphytis melinustend to
aggregateonorangeswithhighdensitiesofCaliforniaredscalethoughtherelationship
between number ofparasitoidsper patch andhostdensity isweak (Smith &Maelzer,
1986).Parasitism in thefield isdensity independent of orinversilydependent onhost
density,whereasred scalepopulations arewell-regulated (Murdoch, 1994).Hisgroup
tested and failed to find evidence for eight hypotheses that might account for the
system's stability.
Many theoretical studies showed that aggregation of natural enemies may
increase population stability (see e.g. Hassell & May, 1974; Chesson & Murdoch,
1986;Reeveetal., 1989;Pacalaetal., 1990).Kareiva&Odell(1987)avoided making
general remarks about theeffects of aggregation. They showed thatdifferences inthe
detailed behaviour of the species involved could lead to opposite effects. Murdoch &
Stewart-Oaten(1989)andGodfray &Pacala(1992)arguethattheeffect ofaggregation
on stability depends on the type of analytical model used and the biological
assumptionsonemakes.Ingreenhousebiologicalcontrolwearenotinterestedinlongtermstabilityperse,butinsuppressionofhostnumbersbelow theeconomic threshold
during the growing season. Murdoch & Steward-Oaten (1989) show that there is a
strongtrade-off between stability andthedegreeofsuppression ofhostdensity,which
isundesirable in biological control.Itisinteresting tostudy this for whitefly, because
the present model is based on observed behaviour of individuals and, therefore,
biologically more realistic than analytical models.
In biological control programs, parasitoids are usually tested in small-scale
experiments at high host densities before introduction in the field. As a result,
maximumdailyoviposition ofparasitoidsismeasured,whereasthisstudy showedthat
egg storage capacity andegg maturation rate ofE.formosa wasnot important for the
levelofwhitefly control.Incommercialgreenhouses,whitefly densitieshavetobevery
low for biological control to be successful, therefore effective host searching is the
most essential process. When selecting parasitoids for biological control, attention
should be focused on the parasitoids' arrestment effect (minimum GUT), walking
speed, walking activity, success ratio,theratio of search times on both leaf sides and
onlongevity,whencomparingdifferent synovigenicandsolitaryparasitoidspecieswith
random search. These characteristic attributes of parasitoids are easily measured in
laboratory studies. They cannot be compared independently however, because the
attributesofnaturalenemiesareoften found inparticularcombinations(Waage,1990).
Thecombinedeffect oftheseimportantattributesofaparasitoidcanbetestedwiththis
model.Whencomparing thesuccessof£.formosaondifferent crops,attention should
be focused on the same parameters, plus the whitefly development duration and the
number, size and production of leaves in the canopy.
Thus, the present study resulted in increased understanding of the relative
importance of basic processes known to affect the population interaction of prey and
naturalenemy.Systemsanalysisand simulation areveryhelpful for integration ofthe
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relevant processes. The tremendous effect of variation in patch times of individual
parasitoids on the whitefly population in the greenhouse shows that individual-based
modelswhichincludestochasticity andlocalsearchingbehaviourareanecessitywhen
developing models of host-parasitoid interaction at extremely low host densities and
aggregated host distributions. The model will now be used to evaluate a number of
release strategies on several crops and under various greenhouse climate conditions.
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Summarizing discussion
The greenhouse whitefly, Trialeurodes vaporariorum (Westwood) (Homoptera,
Aleyrodidae), is a very common, highly polyphagous pest insect all over the world.
Biological control of whiteflies with the parasitoid Encarsia formosa Gahan
(Hymenoptera, Aphelinidae) was already applied in the 1920s in England, Australia,
New Zealand and Canada. The use of the parasitoid was discontinued in the fourties
andfifties whenchemicalpesticides wereusedextensively.Inthe seventies,whenthe
first problems with pesticide resistance occurred inWestern Europe,interest in using
the parasitoid increased again. A reliable introduction scheme of the parasitoid was
found bya 'trial and error' approach:natural enemieswerereleased atdifferent times
and in different numbers, and their level of control was examined. In 20 of the 35
countries with a greenhouse industry, the parasitoid is used on about 5000 ha.
Biological control with E.formosa is now used commercially in 90%of the tomato
growing areas in the Netherlands. On several other important greenhouse crops such
as cucumber and gerbera, biological control of whitefly is not so successful.
Thisstudyaimsatintegratingexistingknowledgeonthemajorprocessesknown
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
biological control.With themodelweareableto(1)explain theability ofE.formosa
to reduce whitefly populations in greenhouses on crops like tomato, (2) improve
introduction schemes ofparasitoids for cropswherecontrol ismoredifficult toobtain
and(3)predicteffects ofchangesincroppingpractices(e.g.greenhouseclimate,choice
of cultivars) on thereliability of biological control.
Direct observation experiments on foraging of E.formosa
When the present research project started, the behaviour of E. formosa had been
observed invariousexperiments.Theseexperiments resulted in thefollowing picture.
E.formosa is a solitary larval parasitoid: females lay one egg per host during an
oviposition.Likeinother synovigenic parasitoids neweggsmaturewhen theeggload
of the parasitoid drops below the storage capacity, which is 8-10 mature eggs for E.
formosa. About ten days after oviposition theimmature parasitoid pupates in thehost
pupa,which(incaseofgreenhousewhitefly) thenturnsblackandparasitismcaneasily
be seen from the outward appearance of the whitefly. Female parasitoids produce
daughters parthenogenetically. Males arerarely observed.
Theparasitoid searchesfor the sessilewhitefly immatures byflying orhopping
from leaf(let) to leaf(let), without distinguishing between infested and clean plants or
leavesbefore landing.Onceontheleaf shestartswalking anddrumming theleafwith
herantennae.Hosts areencountered randomly and thewalking pattern isnot changed
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after anencounter withahost.After anencounter,four behaviours onthathostcanbe
distinguished: theparasitoid mayreject thehost after aninspection with the antennae
(antennalrejection)orafterinsertionoftheovipositor(ovipositorialrejection),shemay
parasitize (oviposition) or shemay use the host as a food source (host feeding).
However, these earlier experiments did not lead to a complete picture of
foraging behaviour. Quantitative data on some aspects were lacking, such as the
parasitoids' searching or walking activity between host encounters, and the effect of
temperature ontheforaging processes.Inmany of the earlierexperiments parasitoids
wereconfined toanexperimental arena,andtherefore litdewasknownaboutthetime
allocation of theparasitoid onleaves,suchasthetimeuntilleaving,thetimespenton
upper and lower leaf side, and how these are affected by encounters with or
ovipositions inhosts.
In this thesis, these gaps in our knowledge are first identified and studied
experimentally.Chapters2,3and4describeexperimentswhereindividualparasitoids
were observed continuously until they flew away, either on clean tomato leaflets, on
leaflets with honeydew, or on leaflets with unparasitized and parasitized whitefly
larvae.InChapter2theresidencetimesoftheparasitoidsonleaflets arediscussed.In
Chapter3theleavingtendency oftheparasitoid from theleaflet andeffects of several
intra-patch experiences with hosts arequantified. In Chapter 4 other basic aspects of
foraging are quantified, such as the parasitoids' walking speed and walking activity,
theprobability ofeach handling behaviour tooccur after anencounter with ahostand
thehosthandlingtimes.Thesedataenablequantification oftheforaging processofthe
parasitoid from landing on a leaf until departure. For an overview of the subsequent
processes, see Figure 1 of Chapter 4. The work described in Chapters 2, 3 and 4
resulted in the following conclusions:
TheparasitoidE.formosa searchesatrandomwithout apreference for theedge
or the middle of a leaf, or for the upper or lower leaf side, whereas whitefly
immatures (the hosts) are present only on the lower side of a tomato leaflet.
The median residence time of the parasitoid on uninfested tomato leaflets (or
giving up time, GUT) is 18.6 min at 20, 25 and 30°C and equal to that on
infested leaflets on which no hosts are encountered.
Parasitoids are arrested on the leaf by encounters with, and especially by
ovipositions in,unparasitized hosts,byencounters withparasitized (unsuitable)
hosts and by contact with honeydew. GUTsince latest host encounter is again
18.6min,alsowhenthehostswereparasitized, butincreases to40minafter the
first oviposition in an unparasitized host.
Parasitoids are arrested on the lower leaf side by encounters with hosts, and
especially by ovipositions in unparasitized hosts. The median time since the
arrival onaparticular leaf side or,if itoccurred, sincethe latest host encounter
onthatleaf sideuntilchangingtotheother side(TUC)isinitially 11.6minand
drops to 5.7 min after both leaf sides have been visited. After the first
oviposition in an unparasitized host, TUC since latest host encounter on the
lower leaf side (where hosts are present) becomes twice aslong.
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Parasitoids usually leavefromtheupper leaf side, whereno hosts are present.
Thepatch-leaving behaviour of theparasitoid can bedescribed by a stochastic
threshold mechanism, whichischaracterized byacertain tendency (probability
pertime)toleave.Theparasitoidleavesafter thehostencounterratefallsbelow
acertain threshold (encounterspertime,whichisthereciprocal of GUT).This
threshold isnotfixed,however,butshowsagreatvariation andisexpressed as
a probability.
Theparasitoids' walking speed increases linearly between 15and 25-30°C.
The parasitoids' walking activity is very low at temperatures below 18°Cand
increases to about 75%of the total time on the leaf at 20, 25 and 30°C. The
walking activity is not affected by host encounters, but decreases with
decreasing egg load after 4 ovipositions.
The percentage of encounters resulting in an oviposition is about 75%for the
mostpreferred stage(unparasitizedL4larva),butdecreaseswithdecreasingegg
load.
Hosthandlingbehaviour andhandling timeisnotinfluenced bythehostplant.
The total handling time (including drumming etc.) for antennal rejection of an
unparasitized hostsisabout20s,for oviposition and for ovipositional rejection
about 6min,and for host feeding about 15min.These handling times slightly
differ when hosts are parasitized.
Self-superparasitismisnotobserved.Conspecific-superparasitism occursin14%
of thecontacted hostscontaining aparasitoid egg,butisnotobserved anymore
when theparasitoid egg had hatched.
No difference is observed in host handling behaviour between naive and
experienced parasitoids.
Many inactive parasitoids are observed when the barometric pressure had
decreased over a time span of at least 12h.
Simulation models of foraging behaviour ofE.formosa
The information described above is used as input in the simulation models of E.
formosa's foraging behaviour, which is described in Chapters 5, 6 and 7. Here,
foraging behaviour is analyzed using Monte Carlo simulation at three spatial scales:
in a small experimental arena, on a tomato leaflet and on a tomato plant. For an
overview of themodels, seetheflow diagrams (Figure 1)of thesechapters.Foraging
behaviour is first studied at these small spatial scales, to better understand the
quantitative effects of parasitoids on whitefly populations as observed in acrop.
The above simulation models are mechanistic, that is, they explain how
parasitoids,in terms of searchingefficiency, host handling and available eggs,realize
the observed level of parasitism. Mechanistic explanations can help to understand
failure orsuccessof biological control inpractice.Themodelsdonotexplain whythe
parasitoids choose to behave in this way,in terms of the selection pressure acting on
them. Thus, they do not provide afunctional explanation of the observed behaviour.
This is subject of study in optimal foraging models.
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The simulated number of hosts encountered, parasitized and killed by host
feeding, and theresidence times on leaflets are validated with experimental data and
the simulation results agree wellwith these observations. According to the model,E.
formosacanparasitize 16hostsperdayon average at25°Con atomato leaflet if they
startsearchingwithafull batchofmatureeggsandifhostdensity isnotlimiting.Thus
about 7 new eggs mature during the day (16 h) at that temperature. From the second
day onwards, theparasitoid can parasitize 11hosts per day, due to egg limitation: if
theparasitoid laid alleggs thepreceding day,only 4eggs matureduring thenight(of
8 h) at 25°C, so the parasitoids do not have a full batch of mature eggs the next
morning. The model shows that at a density of 1L3 larva per tomato leaflet, 15.7%
of the parasitoids discover the larva before they leave. Also at higher host densities,
not all hosts are encountered and patches (leaflets) are not depleted after one visit.
Variationinnumberofencountersandovipositionsbetweenparasitoidsisconsiderable,
mainly caused by therandom encounter of hosts, the variation in handling behaviour
of an encountered host and by the variation in GUT and TUC.
In greenhouses,whiteflies show aclustered distribution overplants and leaves
and average numbers are usually very low. The models show that at such conditions
the number of parasitizations on tomato leaflets or plants is strongly affected by the
leaf area, the parasitoids' walking speed and walking activity, the probability of
oviposition after encountering ahost,theinitial eggload(eggload atthebeginningof
theexperiment)andtheratioofsearchtimesonbothleaf sides.Atextremelyhighhost
densities, the egg storage capacity and the initial egg load of the parasitoid are most
important, and on plants with aclustered host distribution also theparasitoids' GUT.
At all spatial scales tested, the number of encounters, ovipositions and host
feedings increase with host density with adecelerating rate until a maximum level is
reached. This shape of the curves resemble a Holling Type II functional response,
which is caused by the parasitoids' decreasing walking activity and probability of
oviposition after encountering ahostwheneggload decreases.This ispredominant at
all levels, and even a change in GUTfrom 18.6 to 40 min after the first oviposition
on the leaf does not result in an accelerating increase of the curve. The shape of the
curves, describing the effect of host density on parasitism as a result of the basic
processes, helps to understand the dynamics of the host-parasitoid interaction at the
population level. In case of a Type II functional response, percentage parasitism
declines with increasing hostdensity andparasitism isinversily density dependent.A
high host density thus reduces the per capita parasitization pressure caused by one
parasitoid. According to theory, inversely density dependence tends to have a
destabilizing effect on the dynamics of host and parasitoid. However, the functional
response or the parasitization pressure caused by one parasitoid is only one factor in
determining the dynamics at the population level. Another factor is the number of
parasitoids on theleaf.For £.formosa, theeffect on thepopulation level dependson
the balance between the parasitization pressure caused by one parasitoid and the
arrestment and subsequent aggregation ofparasitoids onleaves with high hostdensity
(see Chapter 10).
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Life-history parameters of greenhouse whitefly and E.formosa
In Chapters 8 and 9, life-history parameters of the greenhouse whitefly and E.
formosa arereviewed.Datafrom literaturewere selected ondevelopmentrateofeach
immaturestage,percentagemortalityofeachimmaturestage,sexratio,longevity,preoviposition period, period of increase of daily oviposition, fecundity and oviposition
frequency. Most of theseexperiments have focused on theeffect of temperature with
littleattentiontootherenvironmentalfactors suchashumidityorlight.Withthesedata,
the relationship between the life-history parameters and temperature are assessed by
non-linearregression.Fivemathematicalequations werefitted, thebestbeing selected
on the basis of the coefficient of determination (r2) and on visual comparison of the
curves, which was necessary to check whether a curve was biologically realistic,
particularly thetails.Coefficients todescribe the mean of each life-history parameter
asafunction oftemperaturearesummarizedinthesechapters.Coefficients ofvariation
(cv: sd/mean) among individuals are also given. These coefficients are used as input
in the submodels of population development of whitefly and parasitoid (see Chapter
10).
For greenhouse whitefly, the life-history parameters depend very much on the
type of host plant. For E.formosa, data for several host plants were combined. The
high r2values indicate that host plant effects can be disregarded for the parasitoids'
life-history parameters, except for oviposition at low host densities, which is caused
by differences in the parasitoids' walking speed and walking activity on leaves with
a different morphology. The host stage originally parasitized strongly affects the
immature development rate and immature mortality of the parasitoid.
The development rate is calculated as the reciprocal of the stage duration. For
all immature stages of whitefly and parasitoid the relationship between development
rate and temperature isdescribed by the Logan curve:just above the lower threshold
temperature, the development rate increases exponentially to an optimum, whereafter
it declines sharply until the upper lethal temperature has been reached. The
relationships of longevity, fecundity, and oviposition frequency with temperature are
described by the Weibull curve: they increase exponentially from the lower lethal
temperature to an optimum, whereafter they decrease exponentially. Only for E.
formosa, thelongevity decreasesexponentially with temperature andan optimumwas
not found at greenhouse conditions.Norelationship with temperature isfound for the
immature mortality, the sex ratio and the cvvalues of the life-history parameters of
whitefly and parasitoid.
Simulation model of whitefly-parasitoid interaction in a crop
The final model simulates the population dynamics of the pest insect-parasitoid
interaction in a tomato crop and is described in Chapter 10.The model is based on
theparasitoids' searching and parasitization behaviour and on developmental biology
of the two insect species. This model comprises several submodels, such as the
submodelforwhitefly populationdevelopment,forparasitoidpopulation development,
for the parasitoids' foraging behaviour on tomato leaflets (model of Chapter 6), for
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spatial distribution of whitefly and parasitoid in the canopy, for dispersion of adult
whiteflies and parasitoids from leaf to leaf, for leaf production and a submodel for
checking simulation errors. Life-history parameters of Chapters 8 and 9 are used as
input in the submodels for population development of whitefly and parasitoid on
tomato. For an overview of the model, see the relational diagrams (Figures 1, 2 and
3) of Chapter 10.The model is unique in that it is an individual-based model which
simulateslocal searching andparasitization behaviour of alarge number of individual
parasitoids in a whitefly-infested crop. The model includes stochasticity and spatial
structure which is based on location coordinates of plants and leaves.
Themodelisvalidatedwithpopulationcountsfrom experimentsontomatowith
and without introduction of E.formosa in small greenhouse compartments and in a
large commercial greenhouse. The simulated population increase of greenhouse
whitefly intheabsence ofparasitoids agreewell withtheobservations.Thisresultcan
for an important part be explained by the accurate estimates of the life-history
parameters, which are based on many experiments at a wide temperature range (see
Chapters 8 and 9).
With these life-history parameters as input in the model, the intrinsic rate of
increase (rm)of both insect species is simulated. Therm ofE.formosa ismuch higher
thanthatofthegreenhousewhitefly above 14°C.Thermofaparasitoid however,plays
alimitedroleinbiologicalcontrol,becauseitisonlyvalidwhen allparasitoidscanlay
their daily egg load. This can only happen atextremely high host densities when the
parasitoidsdonothavetospentmuchtimesearchingforhosts.Ingreenhouses whitefly
densities are usually much lower and the realized whitefly density depends on the
parasitoids' searching efficiency. Therefore, to evaluate and understand success or
failure of biological control, rm values are inappropiate and it is essential to built
models which include searching and parasitization behaviour of the natural enemy at
very low host densities.
Alsointhepresenceofparasitoids,thesimulationresultsagreewellwithgreenhouseobservationsontomato.Apparently,thehypothesized random hostencounterof
E. formosa in -a tomato crop is reliable. In the model, the parasitoid does not
distinguish between uninfested and infested leaflets before landing, the parasitoid
searchesrandomly for hosts onceon the leaflet, and shows astrong arrestment effect:
it stays longer on the leaflet once a host is encountered. Simulations show that the
adult parasitoid-whitefly ratio is very high and can even reach 250:1. As a result,
whiteflies aresuppressedratherthanregulated bytheparasitoidsatextremely lowhost
densities (<0.3 unparasitized pupae per plant), but never become extinct. These
whitefly densities aremuchlower thantheeconomic damagethreshold for greenhouse
whitefly. Percentage black pupae fluctuates between 40 and 70%. According to the
model, the parasitoid adults reach high densities of 7.4 per plant, but due to the low
whitefly density notmore than 1%of theparasitoids issearching oninfested leaflets.
The giving up times (GUT) of E.formosa vary to a large extend. The degree
ofwhitefly controlisverysensitivetothoseGUT'slowerthan 800softheparasitoids.
Thewhiteflies aresuppressed atmuchlowerdensitieswhentheparasitoidsstayatleast
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five minutesoneachleaflet (infested oruninfested) andafter eachhostencounter.This
minimum time increases the arrestment effect and the resulting percentage of
parasitoidsoninfested leaflets,therebyreducingthechancethatclusteredhostsescape
from parasitism. When variation in GUT is excluded in the model, the whitefly
population becomes less stable and nearly goes extinct. Variation in GUT on leaflets
induces host refuges from parasitoid attack. Also from more theoretical studies,host
refuges are known to stabilize populations.
Whitefly adults migrate to young leaves in the top of the plant. A slower leaf
production results in a longer stay and more ovipositions of whitefly adults on a
particular leaflet. Thus,the same number of hosts are distributed over fewer leaflets,
resulting in amore aggregated host distribution. Whiteflies are then suppressed byE.
formosatomuchlowernumbers,accordingtothemodel.ParasitismofoneE.formosa
female on a tomato leaflet is inversely density-dependent, which is caused by a
decreasing walking activity and probability of oviposition after encountering a host
(Chapters 5, 6 and 7). Host aggregation thus 'dilutes' the per capita parasitization
pressure caused by one parasitoid on the leaflet. The effect on the population level
however,depends onthebalance between this 'dilution' effect and thestrength of the
arrestment and aggregation of E.formosa. Therefore, the stronger whitefly reduction
whenwhiteflies aremoreaggregated iscaused byastrongerparasitoid arrestmentand
subsequentincreaseintherelativenumberofparasitoidssearchingoninfested leaflets.
This shows thatdifferences in whitefly distribution among crops are one factor
in causing differences in success of biological control. Other factors are the size,
number and surface (hairiness) of leaves in the canopy. Leaf size and total leaf area
have astrong effect onwhitefly control according tothemodel,caused bytheirdirect
effect on host density. Furthermore, leaf size and leaf surface strongly affect the
efficiency ofE.formosa bychangingtheparasitoids' arrestment effect (GUT)and the
walking speed and activity, respectively.
Anotherimportantfactor isthewhitefly development duration onthecrop.The
model shows that plant resistance breeding aimed at an increase in egg-to-adult
duration of the whiteflies is very efficient in causing a severe reduction of whitefly
numbers,when biological controlisapplied. Observed development times of whitefly
differ very littlebetween tomato genotypes,and amuch largerdifference isfound for
whitefly longevity, oviposition rate and immature mortality. Theseparameters havea
smaller effect on whitefly population development.
The important factors or crop properties affecting the success of biological
controlcannotbecompared independently.Forinstancecropswithlargeleavesusually
havelowernumber ofleaveswhich areproduced atalowerratethan cropswithsmall
leaves or leaflets. Itisparticularly thecombined effect of these important factors that
can be tested with this model for different crops or plant varieties.
In biological control programs, parasitoids are usually tested in small-scale
experiments at high host densities before introduction in the field. As a result,
maximum daily oviposition ofparasitoids is measured, whereas this study shows that
egg storage capacity and egg maturation rate of E.formosa is not important for the
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levelofwhitefly control.Incommercialgreenhouses,whitefly densitieshavetobevery
low for biological control to bejudged successful, therefore effective host searching
is the most essential process. When selecting parasitoids for biological control,
attention should be focused on the parasitoids' arrestment effect (minimum GUT),
walking speed, walking activity, the probability of oviposition after encountering a
host, the ratio of search times on both leaf sides and on longevity, when comparing
different synovigenic and solitary parasitoid species with random search. These
characteristic attributesofparasitoidsareeasilymeasuredinlaboratory studies.Again,
they cannot be compared independently, however, because the attributes of natural
enemies are often found in particular combinations. The combined effect of these
important attributes of a parasitoid can be tested with this model.
Epilogue
The present study aimed at integrating existing knowledge on the major processes
knowntoaffect thewhitefly-parasitoid interaction in acrop.Becauseof themultitude
ofrelationships between thethreetrophic levels (crop-pest-parasitoid), it wasdecided
to follow a combined experimental-simulation approach. The goal was to obtain
quantitative understanding of the tritrophic system to explain failure or success of
biological control. With the model we now unravelled the ability of E.formosa to
reduce whitefly populations on greenhouse tomato. The study resulted in increased
understanding of therelative importance of basic processes that affect the population
interaction of whitefly and natural enemy. The life-history of parasitoids, often
summarized in armvalue,areless important than the parasitoids' searching capacity.
This shows that in addition to the traditional selection criteria, a criterion based on
searching efficiency is essential. The study has further generated knowledge on
foraging behaviour of E.formosa. The tremendous effect of variation in patch times
of individual parasitoids on the whitefly population in the greenhouse shows that
individual-based modelswhichinclude stochasticity andlocal searchingbehaviour are
a necessity when developing models of host-parasitoid interaction at extremely low
host densities and aggregated hostdistributions.
Oneofthemainquestionswastoidentify themaincausalfactors for differences
among crops in success of biological control of whitefly. The parasitoid is more
successful on tomato than on cucumber or gerbera. The present study showed that
attention should befocused ondifferences intheparasitoids' arrestmenteffect (GUT),
theparasitoids' walking speed andactivity,thewhitefly developmentduration andthe
number, sizeandproduction ofleavesinthecanopy.Theseparametershavealsobeen
quantified for cucumber andgerberaandsomeareverydifferent from thoseoftomato
(see Chapters 2,3and 8).Thenext stepintheresearch istousethe simulation model
presented in Chapter 10for the other two crops and evaluate the main causal factors
for success or failure of biological control.
When adapting the parameters in the model for gerbera and cucumber we are
ableto(1)explain thelower ability of theparasitoid toreducewhitefly populationson
these crops, (2) improve introduction schemes of parasitoids for these crops, and (3)
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predict effects of changes in cropping practices (e.g. greenhouse climate, choice of
cultivars) on thereliability of biological control.Furthermore, with the model wecan
identify the characteristics which compose an efficient natural enemy. These
characteristics can later be used as evaluation criteria in natural enemy selection
programs. In fact ideotypes of natural enemies may be designed, tailored to crop,
whitefly and environmental conditions. In that way, a new field of ecological
engineering maybeexplored.Thepresent studyalreadypointed atimportant selection
criteria when comparing different synovigenic, solitary parasitoids showing random
search. The model can be adapted for other parasitoids with different foraging
strategies or for other natural enemies of whitefly.

221

Samenvatting
Inzicht in de biologische bestrijding van kaswittevlieg met de sluipwesp
Encarsiaformosa
Van individueel gedrag naar populatiedynamica
Witte vlieg: plaag, schade en bestrijding
Erzijn ongeveer 1200wittevliegsoorten beschreven,maarslechtsenkele staanbekend
als veroorzakers vanplagen. Slechts tweewittevliegsoorten zijn schadelijk in kassen:
dekaswittevlieg, Trialeurodes vaporariorum, endetabakswittevlieg,Bemisia tabaci.
Beidesoortenkomen opheelveelplantesoorten overdehelewereld voorenleidentot
aanzienlijke economische schade. In tegenstelling tot de naam misschien doet
vermoeden,zijn wittevliegengeenvliegenmaarbehorenzij totdeplantesap-zuigende
insekten (Homoptera),waartoe ook bladluizen behoren. Volwassen wittevliegen zijn
slechts 1-1.5 mm groot.
Schade aan gewassen veroorzaakt door witte vlieg is drieledig. Ten eerste
voeden volwassen witte vliegen en hun larven zich met het floeemsap uit deplanten
dragendaarmeedirektbijaanopbrengstdervingdoorhetconsumerenvankoolhydraten,
stikstof en nutriënten. Ten tweede produceren ze daarbij grote hoeveelheden
honingdauw op de bladeren, die schimmelgroei op het blad stimuleert, waardoor de
bladfotosynthesegereduceerdwordt.Veelbelangrijkerisechterdeeconomischeschade
door deverontreiniging van vruchten en bloemen met deplakkerige honingdauw. Op
tomaatisopbrengstdervinggemetenbijeengemiddeldewittevliegdichtheid (tussenhet
begin van deplaag en hetoogsten van devruchten) boven 22larven/cm2 ophet blad,
en economische schade boven 6 larven/cm2. Ten derde kunnen witte vliegen
verschillende plantevirussen overbrengen.
Innatuurlijke ecosystemen enlandbouwsystemen waargeenpesticiden worden
gebruikt, wordt het aantal witte vliegen op een laag niveau gehouden door diverse
natuurlijkevijanden:predatoren,parasitoidenenpathogenen.Predatorenzijnroversdie
hun prooi doden door ze op te eten of leeg te zuigen. Parasitoiden (sluipwespen en
sluipvliegen) leggen één of meer eitjes in of opeen ander insekt (de gastheer),en de
daaruitontwikkeldeparasitoidlarveconsumeertdegastheertotdatdiesterft.Pathogenen
zijn ziekteverwekkers, zoals bacteriën, schimmels of virussen, die vaak de gastheer
doden. Ervaring met twee gewassystemen - tomaat in de zestigerjaren in Californie
en katoen in dejaren 1925-1992 in Sudan - hebben aangetoond dat witte vlieg van
natureopeenlaagaantalsniveau blijft doornatuurlijke vijanden. Doorhetgebruikvan
pesticiden worden natuurlijke vijanden echter uitgeroeid enkan witte vlieg een plaag
worden.Daarnaasthebbenveranderingeningewasrotatie,verkortingvanbraakperiodes
en opeenvolgende teelt van wittevlieg-gevoelige gewassen er toe geleid dat de
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natuurlijke vijanden nietlangerin staat waren wittevliegvoldoende ondercontrolete
houden.
Sinds de Tweede Wereld Oorlog zijn chemische pesticiden het belangrijkste
middelvoordebestrijding vaninsektenplagen.Devoordelenvanchemischebestrijding
warendegoedebescherming vandegewassen, debetrouwbaarheid endeeenvoudige
toepassing. Pas later werden nadelen van het volledig afhankelijk zijn van pesticiden
duidelijk: het risico voor mens en milieu en de ontwikkeling van resistentie van de
insekten tegendemiddelen.Ditgaf aanleiding totonderzoek naarandere bestrijdingsmethoden. Deze problemen zijn recentelijk erkend door de politiek en dit heeft in
Nederland in 1991geleid tothetMeerjarenplan Gewasbescherming (MJP-G).Ditplan
heeft als doel een 50%reduktie in het gebruik van pesticiden terealiseren in hetjaar
2000.Eén van de belangrijke alternatieven voor chemische bestrijding is biologische
bestrijding, waarpredatoren,parasitoiden ofpathogenenwordenuitgezetoftoegediend
om plaaginsekten te bestrijden. Omdat wittevliegplagen tegenwoordig over de hele
wereld voorkomen, is een intensieve zoektocht naar geschikte natuurlijke vijanden
gaande.
Geschiedenis van biologische bestrijding van witte vlieg
Dekaswittevlieg, T.vaporariorum (Westwood) (Homoptera, Aleyrodidae) werd voor
heteerst in Europa aangetroffen in kassen in Engeland in 1856.Westwood beschreef
de soort in dat jaar en nam aan dat het insekt was geïmporteerd met bloemen of
planten van orchideeësoorten uit Mexico.Tegenwoordig heeft de soort zich verspreid
over de hele wereld en belaagt veel plantefamilies en genera. In 1926 vroeg een
tomatetelerdeengelseentomoloog Speyerwatdezwartepoppendietussendenormaal
witte larven en poppen van de kaswittevlieg voorkwamen, zouden kunnen zijn. Uit
deze zwarte poppen kwamen sluipwespen die werden geïdentificeerd alsEncarsia
formosa Gahan (Hymenoptera, Aphelinidae). Deze sluipwesp van slechts 0.6 mm
lengteparasiteert wittevlieg,datwilzeggen hetvrouwtje legthaareiindewittevlieglarve, waardoor uiteindelijk geen volwassen witte vlieg maar een nieuwe sluipwesp
ontstaat.Naenkelejarenproduceerdeeenonderzoeksinstituut inEngelandjaarlijks ca.
1.5 miljoen exemplaren vandeze sluipwesp voor zo'n 800kwekerijen. Gedurende de
dertiger jaren werd de sluipwesp uitgevoerd naar andere Europese landen, Canada,
Australieen Nieuw Zeeland. NadeTweedeWereld Oorlog werd de sluipwesp steeds
mindergebruiktomdatinsekticidendeplaagopdemeestekasgewassen goed bestreed.
Deinteressein het gebruik vannatuurlijke vijanden kwam weer terug nadatde
spintmijt Tetranychusurticaeresistent werd tegen pesticiden, waardoor chemische
bestrijding niet meer het gewenste resultaat opleverde. Een belangrijke roofmijt,
Phytoseiulus persimilis,bleek de spintmijtpopulaties goed onder controle te houden.
Dit betekende dat breedwerkende pesticiden niet meergebruikt konden worden tegen
andere insektenplagen, omdat deze de roofmijt negatief beinvloeden. Daardoor werd
de aandacht gericht op natuurlijke vijanden van de plaaginsekten in de kas. In de
zeventiger jaren ontstonden enorme wittevliegplagen in kassen in West Europa,
voornamelijk doordetoegenomen resistentietegen pesticiden, endeinteressevoorE.
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formosa nam weer toe. De kennis opgedaan tijdens eerdere introdukties van de
sluipwespindedertigerjarenversneldedeontwikkelingvanintroduktiemethoden voor
de praktijk.
Dezeefficiënte sluipwespbaandehetpad voordeontwikkelingvan biologische
engeïntegreerde bestrijdingsprogramma's inkassen. Gedurendedelaatste25jaar zijn
25 soorten natuurlijke vijanden geïdentificeerd en geïntroduceerd tegen zo'n 20
plaaginsekten in kassen.Tegenwoordig wordtkaswittevlieg biologisch bestreden met
E.formosa in meer dan 20 van de 35 landen met glastuinbouw. De sluipwesp wordt
voornamelijk uitgezet op tomaat. In West Europa vindt biologische bestrijding van
kaswittevlieg plaats op4000 haen tuinders vinden hetinmiddels betrouwbaarder dan
chemische bestrijding. Het positieve resultaat is een verminderde belasting van het
milieu,eengezonderewerkomgeving voortuindersentuinbouwprodukten metminder
of geen chemische residuen.
Probleemomschrijving en doel van het onderzoek
Biologische bestrijding van kaswittevlieg met E. formosa is erg betrouwbaar in
gewassen zoals tomaat, paprika en augurk, maar veel minder in aubergine en
komkommer. In de sierteelt, zoals in gerbera, zijn de resultaten wisselvallig. De
introduktiemethodevandesluipwespisgevondendooreen 'trialanderror'benadering:
natuurlijke vijanden werden losgelaten op verschillende tijden en in verschillende
aantallen, en vervolgens werd het succes van de bestrijding bekeken. Kennis op het
gebied vanregulatiemechanismen oppopulatieniveau isnogsteedsgering.Totnogtoe
isergeen goedeverklaring waaromhetintroduktieschema vandesluipwespintomaat
geenbetrouwbareresultatengeeftinanderebelangrijke kasgewassen.Voorditverschil
zijn wel diverse kwalitatieve verklaringen gegeven, die gebaseerd zijn op
gedragsstudies van individuele insekten in hetlaboratorium en oppopulatiestudiesin
dekas. Dehoofdoorzaken konden echter nog niet geïdentificeerd worden.
De verschillen in bestrijdingsresultaat tussen de gewassen kunnen worden
veroorzaaktdoorverschillenin(1)dekastemperatuur,(2)dedemografische parameters
endusdepopulatieontwikkeling vanplaagennatuurlijke vijand, (3)degewasstructuur
endebladgrootte,(4)de bladstructuur (beharing),en (5)dewittevliegverdeling inhet
gewas.Factor (1)heeft invloed opdedemografische parameters en(1),(3),(4)en (5)
beïnvloeden hetzoekgedrag vandesluipwesp,enalsgevolgdaarvandeparasiteringsefficiëntie. Door de veelheid aan relaties tussen de drie trofische niveau's (gewasplaaginsekt-sluipwesp) kunnendebelangrijkste factoren alleengeëvalueerd wordenna
integratie van allerelevante processen.
Systeemanalyse en simulatie zijn goede instrumenten voor dit doel. Deze
benaderingswijze overbrugthethiaattussenkennisopindividu-niveauenhetverkrijgen
vaninzichtoppopulatie-niveau.Inhethierbeschrevenonderzoekwordtdekennisover
belangrijke processen die een rol spelen bij de interactie tussen witte vlieg en
sluipwesp in een gewas geïntegreerd met behulp van een verklarend simulatiemodel.
Het doel is om kwantitatief inzicht te verkrijgen in het tritrofische systeem gewaskaswittevlieg-£. formosa om daarmee het succes of het falen van biologische
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bestrijding te kunnen verklaren. Het model is mechanistisch,dat wil zeggen het
verklaart hoewitte vliegen en sluipwespen in termen van demografische parameters,
enhoesluipwespen,intermenvanzoekefficiëntie, hetbehandelenvanwittevlieglarven
en de beschikbare ei-voorraad, het geobserveerde parasiteringsniveau realiseren.
Mechanistische verklaringen helpen om het succes of het falen van biologische
bestrijding in de praktijk te kunnen begrijpen. Het model verklaart niet waaromde
witte vliegen en sluipwespen zich gedragen zoals dat geobserveerd wordt, in termen
van de selectiedruk die op hen van toepassing is. Dus, het model verschaft geen
functioneleverklaring van hetgeobserveerde gedrag. Datkan worden bestudeerd met
behulp van optimaal fourageermodellen.
Het model simuleert de populatiedynamica van witte vlieg (gastheer) en
sluipwesp in een gewas, dat wil zeggen het model berekent het verloop van de
aantallen witte vliegen en sluipwespen in de kas gedurende een groeiseizoen. Het is
gebaseerd opdeontwikkelingsbiologie vandetweeinsektesoorten enophet zoek-en
parasiteringsgedrag van de sluipwesp, in relatie tot waardplant en kasklimaat. Witte
vliegissterkgeclusterdverdeeldoverplantenenbladerenenlokalegastheerdichtheden
beinvloeden in sterke mate het gedrag van de sluipwesp. Daarom zijn de lokale
interacties tussen witte vlieg en sluipwesp erg belangrijk. Het model is uniek wat
betreft de benadering van populaties opgebouwd uit individuen en het simuleert het
lokalezoek-enparasiteringsgedragvaneengrootaantalindividuelesluipwespenineen
met witte vlieg besmet gewas. Het model is stochastisch, dat wil zeggen dat er
rekening gehouden wordt met variatie in gedrag tussen individuen. Ruimtelijke
structuur wordt onderscheiden door middel van lokatiecoördinaten van planten en
bladeren in het gewas. Op individu-gebaseerde modellen zijn noodzakelijk wanneer
lokale interacties en stochasticiteit een belangrijke rol spelen. Met het model zijn we
instaatom(1)decapaciteit vanE.formosateverklaren omwittevliegpopulaties onder
controletehoudenopgewassenzoalstomaat,(2)introduktieschema's teverbeterenvan
de sluipwesp op gewassen waar de bestrijding moeilijker is, en (3) effekten te
voorspellen van veranderingen in teeltmaatregelen (e.g.kasklimaat, plantcultivars) op
het succes van biologische bestrijding.
In de meeste modellen op het gebied van de populatiedynamica worden
waargenomen functionele responscurves gebruikt alsinvoer. De functionele responscurveisderelatietussen het aantal geparasiteerde gastheren per sluipwespperdagen
degastheerdichtheid. Meestal zijn dezecurves experimenteel vastgesteld opbladeren
en worden zij vervolgens doorgetrokken naar het gewasniveau door deparasiteringssnelheidafteleidenmetbehulpvandegemiddeldegastheerdichtheid inhetgewas.Dit
houdt impliciet in dat men aanneemt dat de waargenomen relatie op bladeren ook
opgaat opgrotereruimtelijke schaal.Datisechter onrealistisch in hetgeval gastheren
een sterk geclusterde verdeling vertonen in het gewas en wanneer functionele
responscurves niet-lineair zijn.
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Opzet van het proefschrift
Toen het onderzoeksprojekt van start ging, was reeds veel onderzoek gedaan aan de
demografische parameters vankaswittevlieg enE.formosa: delarvale ontwikkelingsduur, de larvale sterfte, de levensduur van de volwassen individuen, de
geslachtsverhouding, de eilegcapaciteit gedurende het leven (fecunditeit) en de
dagelijkse eileg (ovipositie-frequentie). Verder was uitvoerig onderzoek verricht aan
devoorkeur vankaswittevlieg voordiverse waardplanten en voordiverse plaatsen op
de plant om zich te voeden en eieren te leggen, aan de geschiktheid van de
waardplanten voor kaswittevlieg en aan ruimtelijke verdelingspatronen van
kaswittevlieg ineengewas.Vandesluipwespwashetfourageergedrag in bladkooitjes
of petrischaaltjes gedetailleerd bestudeerd.
Er wasechter niet veel bekend over detijdsbesteding van de sluipwesp ophet
blad,wanneerdesluipwespzelf konbesluiten omtevertrekken.In Hoofdstuk 2,3en
4wordendehiateninkennisgeïdentificeerd enwordtexperimenteelonderzoekhieraan
beschreven, om zodoende het fourageerproces van de sluipwesp van het moment van
landen op het blad tot wegvliegen te kunnen kwantificeren. Deze hoofdstukken
beschrijven experimenten waarin fouragerende sluipwespen voortdurend worden
geobserveerd op tomateblaadjes tot ze wegvliegen.
De gegevens van Hoofdstuk 3 en 4 worden gebruikt als invoer in de
simulatiemodellen die beschreven worden in Hoofdstuk 5, 6 en 7. In deze
hoofdstukken wordt het fourageergedrag van E.formosa bestudeerd met behulp van
een stochastisch simulatiemodel opdrieruimtelijke niveau's:ineenklein bladkooitje,
opeen tomateblaadje en opeen tomateplant.
In Hoofdstuk 8 en 9 wordt een overzicht gegeven van de demografische
parametersvandekaswittevliegenE.formosa.Metbehulpvanliteratuurgegevens zijn
deze parameters bepaald als functie van temperatuur door middel van niet-lineaire
regressie.
Hoofdstuk 10 beschrijft het uiteindelijke model dat de populatiedynamica
simuleertvandeinteractie tussen wittevliegendesluipwesp ineen tomategewas.Dit
model is opgebouwd uit verschillende submodellen, o.a. uit het model van het
fourageergedrag van de sluipwesp op tomateblaadjes uit Hoofdstuk 6. Gegevens uit
Hoofdstuk 8 en 9 voor tomaat zijn gebruikt als invoergegevens om de populatieontwikkeling van de twee soorten te simuleren.
Hieronder volgt de samenvattende discussie van hoofdstuk 11 waarin de
wetenschappelijke enpraktischeconclusies van het onderzoek ende toekomstplannen
voor verder onderzoek uiteengezet worden.
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Directe waarneming van het fourageergedrag vanE. formosa
Eerder onderzoek leidde tot het volgende beeld van het gedrag van de sluipwesp. E.
formosaiseensolitaire,larvale sluipwespvanwittevlieg:vrouwtjes leggen ééneiper
gastheer gedurende een parasitering. De sluipwesp is synovigeen, dat wil zeggen dat
elkedag nieuwe eieren afrijpen wanneer deei-voorraad van de sluipwesp lager wordt
dan de opslagcapaciteit, die voorE.formosa 8-10eieren is. Ongeveer tien dagen na
parasitering verpoptde sluipwesplarve indepop vandegastheer, dieinhet gevalvan
kaswittevlieg dan zwart kleurt, waardoor geparasiteerde poppen duidelijk zichtbaar
worden. Een E.formosa populatie bestaat vrijwel geheel uit vrouwtjes; mannetjes
komen nauwlijks voor.Vrouwelijke sluipwespen produceren dochters zonderteparen
(parthénogenèse).
Desluipwespzoektnaardeimmobielewittevlieglarvenenpoppendoorvanblad
naar blad tevliegen, zonderdaarbij vóórhet landen onderscheid temaken tussenweiofniet-besmetteplantenofbladeren.Eenmaalophetbladbegintdesluipwesptelopen
en met haar antennes op het blad te trommelen opzoek naar gastheren. Dezeworden
lukraakontmoetenhetlooppatroonvandesluipwespverandertnietnaeenontmoeting
meteengastheer.Nahetontdekken vaneengastheerkunnen viergedragingen worden
onderscheiden: de sluipwesp kan de gastheer afwijzen na een inspectie met haar
antennesofnadatdelegboorindegastheerisgestoken,zekan degastheerparasiteren
door er een ei in te leggen (ovipositie), of ze kan de gastheer als voedselbron
gebruiken en leegzuigen (voeden met gastheren = gastheervoeding).
Dezeeerdereexperimenten haddenechternognietgeleid toteenvolledig beeld
van hetfourageergedrag. Kwantitatieve gegevens oversomminge aspecten ontbraken,
zoals de zoek- of loopactiviteit van de sluipwesp op het blad en het effect van
temperatuuropdefourageerprocessen. Inveelvandeeerdereexperimenten werdende
sluipwespen opgesloten in een bladkooitje of petrischaaltje. Daarom was er weinig
bekend over de tijdsbesteding van de sluipwesp op het blad, zoals de tijd tot vertrek
van het blad, de tijd doorgebracht op de boven- en onderkant van het blad, en
beïnvloeding van deze tijdsbestedingen door ontmoetingen met, of oviposities in
gastheren.
Hoofdstuk 2,3en4beschrijven experimenten waarin individuele sluipwespen
voortdurend werdengeobserveerd totdatzevanhetbladwegvlogen.Dezeproeven zijn
gedaanmetschonetomateblaadjes, metblaadjes methoningdauw,enmetblaadjes met
alleen ongeparasiteerde en met alleen geparasiteerde wittevlieglarven. In Hoofdstuk 2
wordendeverblijfstijden vandesluipwespen opdeblaadjes beschreven.In Hoofdstuk
3 wordt de neiging van de sluipwesp gekwantificeerd om van het blad te vertrekken
en de effecten hierop van temperatuur en verschillende ervaringen met gastheren op
het blad. In Hoofdstuk 4 worden andere onderliggende processen van het fourageren
gekwantificeerd, zoals de loopsnelheid en loopactiviteit van de sluipwesp, dekansop
één vande viergedragingen naeen ontmoeting met een gastheer en deduur van zo'n
gastheerbehandeling. Met deze gegevens is het fourageerproces van E.formosa vanaf
landen op het blad tot vertrek gekwantificeerd. Voor een overzicht van de
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achtereenvolgende fourageerprocessen wordt verwezen naar figuur 1van Hoofdstuk 4.
Het werk beschreven in Hoofdstuk 2, 3 en 4 heeft tot de volgende resultaten geleid:
De sluipwesp E.formosa zoekt lukraak naar gastheren op het blad, zonder een
voorkeur te hebben voor de rand of het middengedeelte van het blad, of voor
de boven- of onderkant van het blad, terwijl wittevlieglarven (de gastheren)
alleen op de onderkant van een tomateblaadje voorkomen.
De mediane verblijfstijd van de sluipwesp (ofwel de opgeeftijd = giving up
time, GUT) op schone tomateblaadjes is 18.6 min bij 20, 25 en 30°C en
hetzelfde op een besmet blaadje wanneer geen gastheren ontmoet worden.
De sluipwespen blijven langer op het blad na ontmoetingen met gastheren, en
met name na oviposities in ongeparasiteerde gastheren. Ze blijven ook langer
na ontmoetingen met geparasiteerde (ongeschikte) gastheren en na contact met
honingdauw. De opgeeftijd na de laatste ontmoeting met een gastheer is steeds
18.6 min, ook als de gastheer geparasiteerd is, maar wordt verlengd tot 40 min
na de eerste ovipositie in een ongeparasiteerde gastheer op het blad.
De sluipwespen blijven langer op de onderkant van het blad na ontmoetingen
met gastheren, en met name na oviposities in ongeparasiteerde gastheren. De
mediane tijd vanaf het begin op een bepaalde bladkant, of als dat plaats vond,
vanaf de laatste gastheerontmoeting op die bladkant tot het verplaatsen naar de
andere bladkant (tijd tot wisselen =timeuntil changing, TUC) is 11.6min, maar
wordt 5.7 min wanneer beide bladkanten bezocht zijn door de sluipwesp. Na de
eerste ovipositie in een ongeparasiteerde gastheer wordt deze tijd (TUC na
laatste gastheerontmoeting) op de bladonderkant twee keer zo lang.
De sluipwespen vertrekken meestal vanaf de bladbovenkant, waar geen
gastheren aanwezig zijn.
Het vertrekgedrag van de sluipwesp van een blad kan worden beschreven met
eenzogenaamd 'stochastisch-drempelwaarde mechanisme',dat gekarakteriseerd
wordt door een bepaalde neiging (kans per tijdseenheid) om te vertrekken. De
sluipwesp vertrekt nadat de ontmoetingssnelheid met gastheren beneden een
bepaalde drempelwaarde komt. Deze drempelwaarde (ontmoetingen per tijd,
ofwel 1/GUT) is echter geen constante, maar vertoont grote variatie en wordt
uitgedrukt als een kans.
De loopsnelheid van de sluipwesp neemt lineair toe met de temperatuur tussen
15 en 25-30°C.
De loopactiviteit van de sluipwesp is erg laag bij temperaturen beneden 18°C,
en bedraagt ongeveer 75% van de totale tijd op het blad bij 20, 25 en 30°C. De
loopactiviteit wordt niet beinvloed door ontmoetingen met gastheren, maar
neemt wel af met afnemende ei-voorraad van de sluipwesp na ca. 4 oviposities.
Het percentage ontmoetingen datresulteert ineen ovipositie isca. 75%voor het
meest geprefereerde gastheerstadium (ongeparasiteerde L4larve).Dit percentage
neemt af met afnemende ei-voorraad van de sluipwesp.
Het behandelingsgedrag van de gastheer door de sluipwesp en de behandelingsduur worden niet beinvloed door de waardplant.
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Detotalebehandelingsduur (inclusief hettrommelen metdeantennesetc.)voor
afwijzing vaneen ongeparasiteerde gastheernainspectiemetdeantennes isca.
20s,voorafwijzing nainbrenging vandelegboorenvoor ovipositieca.6min,
envoorhetzichvoedenmetdegastheerca. 15min.Dezetijden veranderen iets
als de gastheren geparasiteerd zijn.
Zelf-superparasitisme, waarbij door een sluipwesp een ei gelegd wordt in een
gastheer die al eerder door dezelfde sluipwesp geparasiteerd was, is niet
waargenomen voor E. formosa. Opvolgend-superparasitisme ('conspecifïc'),
waarbij het ei gelegd wordt dooreen andere sluipwesp,komt voor in 14%van
de ontmoette gastheren die reeds een sluipwesp-ei bevatten. Superparasitisme
isnietmeerwaargenomenwanneerhetsluipwesp-eizichontwikkeld hadtoteen
larve.
Er is geen verschil gevonden in het behandelingsgedrag van gastheren door
naieve of door ervaren sluipwesp-vrouwtjes.
Veel inactieve sluipwespen worden waargenomen nadat de luchtdruk gedaald
was gedurende een periode van tenminste 12uur.
Simulatiemodellen van het fourageergedrag van E. formosa
Dezojuist beschreveninformatie isgebruiktalsinvoerindesimulatiemodellen vanhet
fourageergedrag vanE.formosa in Hoofdstuk 5, 6 en 7. Hier ishet fourageergedrag
geanalyseerd met behulp van Monte Carlo simulatie op drie ruimtelijke niveau's: in
eenkleineexperimentele arena,opeentomateblaadje enopeentomateplant. Vooreen
overzicht van demodellen wordt verwezen naarde stroomdiagrammen (defiguren 1)
in deze hoofdstukken. Het fourageergedrag is eerst bestudeerd op deze kleine
ruimtelijke schaalomhetkwantitatieveeffect vandesluipwespopwittevliegpopulaties
in een gewas beter te kunnen begrijpen.
Hetgesimuleerdeaantalontmoette,geparasiteerdeengeconsumeerdegastheren,
en de gesimuleerde verblijfstijd van sluipwespen op het blad zijn gevalideerd met
experimentele gegevens. De simulatieresultaten komen goed overeen met deze
gegevens.VolgenshetmodelkanE.formosaopeentomateblaadje bij25°Cgemiddeld
16gastheren per dagparasiteren, als de sluipwespen beginnen met een maximaleeivoorraad en als de gastheerdichtheid niet beperkend is. Dit houdt in dat er ongeveer
7 nieuweeierenworden aangemaaktgedurendeeen dagvan 16uur bij25°C.Vanaf de
tweede dagkan de sluipwesp dagelijks nogmaar gemiddeld 11gastheren parasiteren.
Ditwordtveroorzaakt doorei-beperking:alsdesluipwespdedagervooralhaareieren
gelegd heeft, dan rijpen er bij 25°C ca. 4 eieren gedurende de daaropvolgende nacht
van 8 uur, zodat de sluipwespen de volgende morgen geen maximale ei-voorraad
hebben.
Het model laat zien dat bij een dichtheid van 1 L3 larve per tomateblaadje
15.7%vandesluipwespen dielarveontdekken voordat zewegvliegen.Ookbijhogere
gastheerdichtheden worden niet alle gastheren ontmoet en plekken (blaadjes) met
gastheren worden niet na één bezoek volledig geparasiteerd. Devariatie in het aantal
ontmoetingen en oviposities tussen sluipwespen is aanzienlijk, voornamelijk door het
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lukraak ontmoeten van gastheren, door de variatie in behandeling van een ontmoette
gastheer en door variatie in opgeeftijd (GUT) en tijd tot wisselen van bladhelft (TUC).
Inde kasvertoont wittevliegeen geclusterde verdeling overplanten en bladeren
en het gemiddeld aantal witte vlieg per plant is meestal erg laag. De modellen laten
zien dat onder zulke omstandigheden het aantal parasiteringen op tomateblaadjes of
planten sterk afhankelijk is van de volgende parameters: de bladgrootte, de
loopsnelheid ende loopactiviteit vandesluipwesp,dekans opovipositiena ontmoeting
met een gastheer, de initiële ei-voorraad van de sluipwesp (de ei-voorraad aan het
begin van het experiment), en de verhouding tussen zoektijden opboven- en onderkant
van het blad. Bij extreem hoge gastheerdichtheden zijn de ei-opslagcapaciteit en de
initiële ei-voorraad van de sluipwesp het meest belangrijk. Op planten met een
geclusterde gastheerverdeling speeltdan ook de GUT van de sluipwesp een belangrijke
rol.
Op alle ruimtelijke niveau's die getest zijn, neemt het aantal gastheerontmoetingen, oviposities en gastheervoedingen in afnemende mate toe met de
gastheerdichtheid, totdat een maximum niveau bereikt wordt. Deze vorm van de curve
komt overeen met die van een 'Holling-type-II-functionele-respons', en wordt
veroorzaakt door de afnemende loopactiviteit van de sluipwesp en de afnemende kans
op ovipositie na een gastheerontmoeting wanneer de ei-voorraad afneemt. Dit effect is
dominant op alle ruimtelijke niveau's, en zelfs een toename in GUT van 18.6 naar 40
min na de eerste ovipositie op het blad veroorzaakt geen S-vormige curve. De vorm
van de curve beschrijft enkel het effect van gastheerdichtheid op parasitisme als
resultaat van de onderliggende processen. Het helpt de dynamica van de gastheerparasitoid interactie op populatieniveau beter te begrijpen. In het geval van een Type
II functionele respons neemt het percentage parasitisme af met toenemende gastheerdichtheid en parasitisme is dus omgekeerd-dichtheidsafhankelijk. Bij een toenemende
gastheerdichtheid wordt dan de per capita parasiteringsdruk veroorzaakt door één
sluipwesp lager. Volgens de theorie heeft omgekeerde dichtheidsafhankelijkheid een
destabiliserend effect op de dynamica op populatieniveau. De functionele respons van
of de parasiteringsdruk veroorzaakt door één sluipwesp is echter slechts één van de
factoren die een rol spelen op populatieniveau. Een andere factor is het aantal
sluipwespen op het blad. Voor E.formosa hangt het effect op populatieniveau af van
de balans tussen de parasiteringsdruk veroorzaakt door één sluipwesp en het langer
blijven op een blad na een ervaring met een gastheer en de daarmee gepaard gaande
aggregatie van sluipwespen op bladeren met hoge gastheerdichtheid (zie Hoofstuk 10).
Demografische parameters van de kaswittevlieg en E. formosa
In Hoofdstuk 8 en 9 wordt een overzicht gegeven van de demografische parameters
van de kaswittevlieg en E. formosa. Literatuurgegevens werden verzameld over de
ontwikkelingssnelheid vanieder onvolwassen insektestadium, desterfte gedurende ieder
stadium, de levensduur van het volwassen stadium, de geslachtsverhouding, de preovipositie periode van de volwassen vrouwtjes, de periode waarin de dagelijkse
ovipositie toeneemt tot een maximum niveau, de eilegcapaciteit gedurende het leven
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(fecunditeit) en dedagelijkse eileg(ovipositie-frequentie). In demeeste experimenten
werd het effect van temperatuur op deze parameters bestudeerd, zonder naar andere
factoren tekijken, zoalsluchtvochtigheid oflicht.Metdezeliteratuurgegevens werden
met behulp van niet-lineaire regressie de relaties bepaald tussen de demografische
parameters en de temperatuur. Vijf wiskundige vergelijkingen werden getest, waarbij
debestewerd geselecteerd opbasisvandecoëfficiënt van determinatie (r2)en visuele
beschouwing van de curves. Dat laatste was nodig om na te gaan of de curves wel
biologisch realistisch waren,metnamedestaarten vandecurves.Decoëfficiënten die
dedemografische parameters beschrijven als functie van temperatuur worden indeze
hoofdstukken vermeld. De coëfficiënten van variatie (cv: sd/gemiddelde) tussen
individuenzijnookgegeven.Aldezecoëfficiënten wordengebruiktalsinvoergegevens
in de submodellen van populatieontwikkeling van witte vlieg en sluipwesp (zie
Hoofdstuk 10).
De demografische parameters van kaswittevlieg zijn erg afhankelijk van de
waardplant.VoorE.formosazijndegegevensvandiversewaardplanten gecombineerd.
De hoge ^-waardes laten zien dat waardplanteffecten kunnen worden verwaarloosd
voor dedemografische parameters van de sluipwesp, behalve voor ovipositie bij lage
gastheerdichtheden. Dit wordt veroorzaakt door verschillen in de loopsnelheid en
loopactiviteit van de sluipwesp op bladeren met een verschillende morfologie. Het
stadium van de oorspronkelijk geparasiteerde gastheer heeft een belangrijk effect op
de ontwikkelingssnelheid en sterfte van de onvolwassen sluipwesp in de gastheer.
De ontwikkelingssnelheid is berekend als omgekeerde van de duur van een
stadium (l/duur). Voor alle onvolwassen stadia van witte vlieg en sluipwesp kan de
relatietussen ontwikkelingssnelheid entemperatuur hetbestebeschreven worden door
de Logan-curve: net boven de drempeltemperatuur neemt de ontwikkelingssnelheid
exponentieel toetoteen optimum bereikt wordt, waarnahij snelafneemt totdelethale
maximum temperatuur bereikt wordt. De levensduur, fecunditeit en ovipositiefrequentie vandevolwassen vrouwtjes alsfunctie vandetemperatuurkunnen hetbest
beschreven worden met behulp van de Weibull-curve: deze parameters nemen
exponentieel toe vanaf de minimumtemperatuur tot een optimum, waarna ze
exponentieel afnemen. Alleen voor E.formosa nam de levensduur van volwassen
sluipwespen exponentieel af met detemperatuur en een optimum werd niet gevonden
bijnormalekastemperaturen.Voorsommigeparameterswerdgeen significant verband
met temperatuur gevonden, zoals de sterfte tijdens de onvolwassen stadia, de
geslachtsverhoudingendecv-waardesvandedemografischeparametersvanwittevlieg
en sluipwesp.
Simulatiemodel van de witte vlieg-sluipwesp interactie in een gewas
Het uiteindelijke model simuleert de populatiedynamica van de plaag-sluipwesp
interactie in een tomategewas en wordt beschreven in Hoofdstuk 10. Het model is
gebaseerd op het zoek- en parasiteringsgedrag van de sluipwesp en op de ontwikkelingsbiologie van de twee insektesoorten. Het model is opgebouwd uit diverse
submodellen, zoalshet submodelvoor depopulatieontwikkeling van witte vlieg,voor
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depopulatieontwikkeling vandesluipwesp,voorhetfourageergedrag vandesluipwesp
op tomateblaadjes (model van hoofdstuk 6), voor de ruimtelijke verdeling van witte
vlieg en sluipwespin het gewas,voor deverplaatsing vanvolwassen wittevliegenen
sluipwespen van blad naar blad, voor de produktie van nieuwe bladeren en een
submodelvoor hetnagaan vanfouten tijdens desimulatie.Demografische parameters
van Hoofdstuk 8en9wordengebruikt alsinvoergegevens indesubmodellen voorde
populatie-ontwikkeling vanwittevliegensluipwespoptomaat.Vooreenoverzichtvan
het model wordt verwezen naar de relatiediagrammen (figuren 1, 2 en 3) van
Hoofdstuk 10.Hetmodel isuniek inhetfeit datindividuen centraal staan.Hetlokale
zoek- en parasiteringsgedrag van een groot aantal individuele sluipwespen wordt
gesimuleerd in een met witte vlieg besmet gewas. Het model is stochastisch, dat wil
zeggen dat er rekening gehouden wordt met variatie in gedrag tussen individuen. Er
wordt ook rekening gehouden met de ruimtelijke structuur: de positie van de witte
vliegen en sluipwespen in het gewas wordt bijgehouden met behulp van
lokatiecoördinaten van planten en bladeren.
Het model is gevalideerd met populatietellingen van experimenten op tomaat
waarbijsluipwespenwelofnietwerdengeintroduceerd.Dezeexperimenten zijngedaan
in kleine kascompartimenten en in een grote, commerciële kas. Wanneer geen
sluipwespen zijn geintroduceerd, komt de gesimuleerde populatietoename van
kaswittevlieg goed overeen met de observaties. Dit resultaat kan voor een groot deel
worden toegeschreven aan de nauwkeurige schattingen van de demografische
parameters, die gebaseerd zijn op vele experimenten bij sterk uiteenlopende
temperaturen (zie Hoofdstuk 8en 9).
Met deze demografische parameters als invoergegevens in het model is de
intrinsiekepopulatiegroeisnelheid (rm)vanbeideinsektesoorten gesimuleerd.Dermvan
E. formosa is veel hoger dan die van kaswittevlieg boven 14°C. De rm van een
sluipwesp speelt echter een beperkte rol voor de biologische bestrijding, omdat zij
alleen geldt wanneer alle sluipwespen hun dagelijkse ei-voorraad kunnen leggen. Dit
gebeurt alleen bij extreem hoge gastheerdichtheden als de sluipwespen niet veel tijd
kwijt zijn met zoeken. In kassen zijn wittevliegdichtheden veel lager en de
gerealiseerde wittevliegdichtheid hangt af van de zoekefficiëntie van de sluipwesp.
Daarom zijn rm-waardes onvoldoende voor het evalueren van het succes of falen van
biologischebestrijding. Hetgebruikvanmodellendiehetzoek-en parasiteringsgedrag
vandenatuurlijke vijand simuleren bijlagegastheerdichtheid zijn daarvooressentieel.
Ookwanneersluipwespengeintroduceerd worden,komendesimulatieresultaten
goed overeen met de populatietellingen in een tomatekas. Blijkbaar is de hypothese
juist dat E.formosa gastheren lukraak ontmoet in een tomategewas. In het model
maaktdesluipwespgeenonderscheid tussenonbesmetteenbesmetteblaadjes vóórhet
landen, en éénmaal op het blad zoekt de sluipwesp lukraak naar gastheren, en blijft
langer op het blad na een ontmoeting met een gastheer. Simulaties laten zien dat de
verhouding in het aantal volwassen sluipwespen en witte vliegen erg hoog is en kan
oplopen totca. 250:1. Als gevolg daarvan worden witte vliegen meer onderdrukt dan
gereguleerd door de sluipwespen tot extreem lage dichtheden (<0.3 ongeparasiteerde
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poppen per plant), maar ze worden niet uitgeroeid. Deze dichtheden zijn veel lager dan
de economische schadedrempel voor kaswittevlieg. Het percentage zwarte poppen
fluctueert tussen de40en 70%.Volgens het model bereiken de volwassen sluipwespen
hoge dichtheden tot 7.4 per plant, maar door de lage gastheerdichtheid zoekt niet meer
dan 1% van deze sluipwespen op besmet blad.
De opgeeftijden (GUT) van E.formosa variëren aanzienlijk. De mate waarin
wittevlieg ondercontrolegehouden wordt,iserg gevoelig voordie GUT-waardes lager
dan 800 svan de sluipwespen. Witte vlieg wordt tot veel lagere dichtheden onderdrukt
als de sluipwespen ten minste vijf minuten door blijven zoeken op ieder blaadje
(besmet of onbesmet) ennaiederegastheerontmoeting. Doordeze minimale tijd blijven
de sluipwespen langer op besmet blad en wordt het uiteindelijke percentage
sluipwespen op besmet blad groter, waardoor de kans kleiner wordt dat de geclusterde
gastheren ontsnappen aan parasitisme. Wanneer in het model de variatie in GUT wordt
uitgesloten, wordtde wittevliegpopulatie instabiel en sterft vrijwel uit.Variatie in GUT
op blaadjes heeft tot gevolg dat réfugia ontstaan voor de gastheer waar geen of minder
parasitisme voorkomt. Ook uit puur theoretische studies is bekend dat gastheer-refugia
populaties stabiliseren.
Volwassen witte vliegen migreren steeds naar de jonge bladeren in de top van
het gewas. Een langzame produktie van nieuwe bladeren heeft tot gevolg dat de
adulten langer opeen blad blijven en er meer eieren leggen. Zodoende wordt hetzelfde
aantal gastheren verdeeld over minder bladeren, zodat de wittevliegverdeling sterker
geclusterd is.Witte vliegen worden dan volgens de simulaties sterker onderdrukt door
E. formosa. Parasitisme door één E. formosa vrouwtje op een tomateblaadje is
omgekeerd-dichtheidsafhankelijk, hetgeen veroorzaakt wordt door een afnemende
loopactiviteit en een kleinere kans op ovipositie na ontmoeting met een gastheer
(Hoofdstuk 5, 6 en 7). Een hogere gastheerdichtheid 'verdund' dus de per capita
parasiteringsdruk veroorzaakt door één sluipwesp op het blad. Het effect op het
populatieniveau hangtechter af van de balans tussen dit 'verdunningseffect' en de mate
waarin E.formosa sluipwespen langer blijven en aggregeren op een blad. De sterkere
reduktie van de wittevliegpopulatie wanneer ze meer geclustered zijn, wordt dus
veroorzaakt door het langer blijven na een ontmoeting met een gastheer en de daaruit
voortvloeiende toename in het relatieve aantal sluipwespen op besmette bladeren.
Dit betekent dat het verschil in wittevliegverdeling één van de factoren is die
verschillen veroorzaakt in het succes van biologische bestrijding tussen gewassen.
Andere factoren voor deze verschillen zijn de grootte, het aantal en het oppervlak
(beharing) van bladeren in het gewas. Volgens het model hebben bladgrootte en totaal
bladoppervlak een sterk effect op de reduktie van witte vlieg, door het direkte effect
op gastheerdichtheid. Verder beinvloeden bladgrootte en bladoppervlak de efficiëntie
van E. formosa door hun effect op de opgeeftijd (GUT), de loopsnelheid en de
loopactiviteit van de sluipwesp.
Een andere belangrijke factor voor het verschil in biologische bestrijding tussen
gewassen is de ontwikkelingsduur van de witte vlieg. Het model toont aan dat
plantenveredeling gericht opeen langere ontwikkelingsduur van wittevlieg-ei tot adult
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erg efficiënt is om het aantal plaaginsekten in combinatie met biologische bestrijding
flink tereduceren.Ontwikkelingstijden vankaswittevlieg opdiverse tomategenotypen
verschillen echter weinig van elkaar, eneen veel groter verschil is gevonden voor de
levensduur van de adulte witte vlieg,de dagelijkse ovipositie en de sterfte tijdens de
onvolwassen stadia. Deze parameters hebben een geringer effect op de
populatieontwikkeling van witte vlieg.
Deze belangrijke factoren of gewaseigenschappen die het succes van de
biologische bestrijding beinvloeden,kunnen niet onafhankelijk van elkaar vergeleken
worden.Zohebbengewassen metgrotebladeren meestaleenlageraantal bladerendie
langzamergeproduceerdwordendangewassenmetkleinebladerenofdeelblaadjes.Het
gecombineerde effect van de belangrijke factoren kan echter getest worden met het
model voor verschillende gewassen of plantevarieteiten.
In biologische bestrijdingsprogramma's worden sluipwespen vaak eerst getest
in experimenten op kleine schaal bij hoge gastheerdichtheden, voordat de sluipwesp
wordt uitgetest in het veld. Dan wordt echter de dagelijkse maximale eileg van
sluipwespen gemeten, terwijl deze studie aantoont datdemaximaleei-voorraad ende
ei-afrijpingssnelheid vanE.formosageenrolspeelt voordematevan plaagbestrijding
bij de zo gewenste lage plaagdichtheden. In commerciële kassen moet de
wittevliegdichtheid erg laag zijn wil men over geslaagde biologische bestrijding
spreken. Daarom is effektief zoeken naar gastheren door de sluipwesp het meest
essentiële proces. Als sluipwespen worden geselecteerd voor biologische bestrijding
moet de aandacht vooral uitgaan naar het langer doorzoeken van de sluipwesp op
besmette bladeren (minimale GUT), haar loopsnelheid en loopactiviteit, de kans op
ovipositie na een gastheerontmoeting, de verhouding in zoektijden op boven- en
onderzijde van het blad,en opdelevensduur vandevolwassen sluipwespen, wanneer
verschillendesynovigeneensolitairesluipwespendieeenlukraakzoekgedragvertonen
worden vergeleken. Deze karakteristieke eigenschappen van sluipwespen zijn relatief
eenvoudig te meten in laboratoriumproeven. Nogmaals, ook deze eigenschappen
kunnennietonafhankelijk vanelkaarwordenvergeleken,omdatdeeigenschappenvaak
in bepaalde combinaties aangetroffen worden in de natuurlijke vijanden. Het
gecombineerde effect van dezeeigenschappen kan welmethet model getest worden.
Epiloog
Hetin ditproefschrift beschreven onderzoek richtte zich ophet integreren van kennis
over debelangrijke processen dieeenrol spelen bij deinteractie tussen wittevliegen
E. formosa in een gewas. Door de veelheid aan relaties tussen de drie trofische
niveau's (gewas-plaaginsekt-sluipwesp) werd gekozen voor een combinatie van
experimenteel onderzoek en simulatiestudies. Het doel was omkwantitatief inzicht te
verkrijgen in het tritrofische systeem zodat het falen of slagen van biologische
bestrijding kan worden verklaard. Met het model hebben wenu het inzicht verkregen
hoeE.formosa witte vlieg in tomaat onder controle kan houden. Het onderzoek heeft
geleid tot een duidelijk beeld van de belangrijke onderliggende processen dieeen rol
spelen bij de interactie tussen witte vlieg en natuurlijke vijand. Bij de lage plaag235
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dichthedendieinkassengerealiseerdmoetenworden,zijndedemografische parameters
van de sluipwesp, vaak samengevat in een rm-waarde, minder belangrijk dan de
zoekcapaciteit van de sluipwesp. Dit toont aan dat als aanvulling op de traditionele
selectiecriteria,eencriteriumgebaseerdopzoekefficiëntie essentieelis.Hetonderzoek
heeft verdergeleid totuitgebreidekennisvanhetfourageergedrag vanE.formosa.Het
enormeeffect vanvariatieinzoektijden vanindividuele sluipwespenopbladerentoont
aan dat op-individu-gebaseerde, stochastische modellen van lokaal zoekgedrag nodig
zijn wanneer degastheer-parasitoid interactie bij extreem lage gastheerdichtheden en
geclusterde gastheerverdelingen gesimuleerd wordt.
Eén van debelangrijke vragen van het onderzoek was omdehoofdoorzaken te
identificeren voor het verschil in het succes van biologische bestrijding van
kaswittevlieg tussen gewassen. De sluipwesp is succesvoller op tomaat dan op
komkommer of gerbera. Het onderzoek toont aan dat de aandacht gevestigd dient te
worden op het langer doorzoeken van de sluipwesp op besmet blad (GUT), de
loopsnelheid enloopactiviteit vande sluipwesp,deontwikkelingsduur van wittevlieg
en het aantal, degrootte en deproduktie van bladeren in het gewas.Deze parameters
zijn ook gekwantificeerd voor komkommer en gerbera en sommige verschillen
aanzienlijk van die op tomaat (zie Hoofdstuk 2, 3 en 8). De volgende stap in het
onderzoek is om het simulatiemodel van Hoofdstuk 10 te gebruiken voor de andere
twee gewassen en om de hoofdoorzaken voor succes of falen van biologische
bestrijding te evalueren.
Alsdeparameters van het model zijn aangepast voor komkommer en gerbera,
zijn we in staat om (1) te verklaren waarom E.formosa op die gewassen witte vlieg
moeilijker ondercontrolekanhouden,(2)deintroduktieschema's voorsluipwespen te
verbeteren voordezegewassen,en (3)deeffecten tevoorspellen van veranderingenin
teeltmaatregelingen (e.g. kasklimaat, plantcultivars) op het succes van biologische
bestrijding. Verder kunnen we met het model de eigenschappen identificeren die een
efficiënte natuurlijke vijand zou moeten hebben. Deze eigenschappen kunnen dan
worden gebruikt als evaluatiecriteria tijdens de selectie van een natuurlijke vijand. In
feite kunnen ideotypes van natuurlijke vijanden ontworpen worden, afhankelijk van
gewas, witte vlieg en kasklimaat. Op deze manier kan een nieuw terrein van
'oecologisch ontwerpen' verkend worden. Het onderzoek heeft al geleid tot de
belangrijke selectiecriteriawanneerverschillendesynovigene,solitairesluipwespendie
lukraak zoekgedrag vertonen worden vergeleken. Het model kan worden aangepast
voor andere sluipwespen met verschillende fourageerstrategieen of voor andere
natuurlijke vijanden van witte vlieg.
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Ondanks het feit dat dit proefschrift één auteursnaam draagt, is het onderzoek
uitgevoerd in samenwerking met diverse personen. Mijn promotoren, Joop van
Lenteren en Rudy Rabbinge, gaven de wetenschappelijke begeleiding aan het
onderzoek. Joop van Lenteren was de direkte begeleider gedurende het werk. Zijn
kennis over biologische bestrijding en gedrag van natuurlijke vijanden is van groot
belang geweest. Rudy Rabbinge waakte over de grote lijnen van het projekt. Hij
overtuigdemereedslanggeleden vanhetbelangeen brugteslaan tussen individu-en
populatieniveau. Beidepromotorenhebbenveelruimtegelatenvooreigeninbreng.De
manuscripten zijn door hen altijd kritisch en vlot van kommentaar voorzien, meestal
al na één week.
Bijdeobservatie-experimenten zijndeinspanningen vanHenriBeekers,Arnout
van Delden, Murièl Klein Beekman, Albert Visser en Marc Storms in het kader van
hundoctoraalvak vangrotewaardegeweest.PietHuisman heeft hiervan ookeendeel
voor zijn rekening genomen. Het coördineren van kasruimte en het opkweken en
verzorgen van de tomateplanten voor de experimenten is gedaan door Wim den
Dunnen, Henk Smid en Nanni Volmer van het kassencomplex aan de Binnenhaven.
Leo Koopman, Frans van Aggelen en André Gidding van de kweekafdeling van
Entomologie hebben ervoor gezorgd dat altijd ruim voldoende wittevliegen aanwezig
waren. Het verzorgen van de planten en insekten heeft hen ook in het weekend de
nodige tijd gekost. Het gebruik van klimaatcellen werd gecoördineerd door Herman
Dijkman.Deparasitoiden werdenkosteloosgeleverddoordefirma KoppertBiological
SystemsuitBerkelenRodenrijs.Destatistischeanalysevanderesultatenin Hoofdstuk
3 is tot stand gekomen dankzij Lia Hemerik.
MachielvanSteenis,Dirk-JanvanderVeerenWilmaBiesheuvelhebbentijdens
hundoctoraalvakken veelbijgedragen aandeontwikkeling vande simulatiemodellen.
Tijdens hetprogrammeren isdankbaar gebruik gemaakt van deFSE-richtlijnen ende
handige TTUTIL-subroutines, ontwikkeld op de vakgroep Theoretische Produktie
Ecologie en het onderzoeksinstituut AB-DLO in Wageningen. Hierdoor is de
programmastructuur van de modellen erg overzichtelijk. Enkele lastige problemen
tijdens het programmeren van het simulatiemodel van Hoofdstuk 10 zijn elegant
opgelost dankzij Daniël van Kraalingen (AB-DLO).
Het onderzoek is regelmatig besproken tijdens het informele, twee-wekelijkse
'kas-overleg' bij Joop van Lenteren, bestaande uit een enthousiaste groep collega's,
gast-medewerkersenstudentendieaanbiologischebestrijding inkassenwerken.Deze
groepisin deloopderjaren van samenstelling veranderd, maar totdevaste kern van
meedenkers tijdens dit promotie-onderzoek behoren Susanne Sütterlin, Antoon
Loomans, Heather Henter en Conny Doodeman.
Éénmaalperjaarwerddevoortgang vanhetonderzoek besproken metdeleden
van de gebruikerscommissie: Joke Fransen (Proefstation voor Bloemisterij en
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Glasgroente,afd.Aalsmeer),WillemRavensberg(KoppenBiological Systems,Berkel
en Rodenrijs) en Frits Veenman (Brinkman B.V., 's Gravenzande). Deze bijeenkomsten, gericht op de toepassing van het onderzoek voor de praktijk, zijn altijd erg
stimulerend geweest. Dit geldt ook voor de twee-jaarlijkse bijeenkomsten van de
landelijke werkgroep 'Geïntegreerde Bestrijding van Plagen in Kasteelten'.
TekstenzijnvaninhoudelijkekritiekvoorziendoorYvonneDrost,LiaHemerik,
Heather Henter, Marcel van Oijen, Richard Stouthamer, Susanne Sütterlin en Louise
Vet. Een aantal figuren is getekend door Frederik von Planta en Piet Kostense. Deze
mensen worden per hoofdstuk genoemd in de 'acknowledgements'. Ernst van Cleef
heeft kleuradviezen gegeven voor de omslag van het proefschrift.
Deafronding vanhetproefschrift iseengoedegelegenheid omevenstiltestaan
bij vrienden en collega's die ervoor gezorgd hebben dat de afgelopen periode vooral
erg leukwas.Ikwil mijn ouders bedanken voordekansen diezemij geboden hebben
en voor hun betrokkenheid en interesse.
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