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3. Omdat de roofmijten uit gerefereerd onderzoek in staat blijken te éijn
om spintmijtaggregaties op enige afstand te ruiken (Sabelis et al., in prep.)
is de hypothese dat deze roofmijten 'op de tast' naar hun prooimijten zoeken,
niet langer houdbaar. De verwerping van deze hypothese heeft belangrijke
consequenties voor de constructie van populatiemodellen van roofmijt-spint-
mijt interacties.
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spintmijten te beperken tot een bepaling van de netto-reproductie (sensu
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ductie.
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5. Voor de evaluatie van natuurlijke vijanden met betrekking tot hiologische
bestrijding van plagen is een systeemanalytische werkwijze onontbeerlijk. Op
deze manier kan de kunst een kunde worden.

Lenteren, J.C. van (1980). Evaluation of control capabilities of natural enemies: does art
have to become science? Netherlands Journal of Zoology 30(2): 369-381.
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bruikelijke bestrijdingsmiddelen en de biorationele bestrijdingsmiddelen

(EPA, Federal Register, 14 mei 1979) aan dezelfde toelatingseisen te onder-
werpen. Om dezelfde redenen dienen de toelatingseisen te worden aangepast
aan de diverse klassen van bicrationele bestrijdingsmiddelen.
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toepasbare - gewasbeschermingsmethode beschikbaar is, dient als aanvulling
op het toelatingsbeleid voor bestrijdingsmiddelen overwogen te wordenh om

het gebruik van het milieubelastende breedwerkende pesticide te ‘'sturen'
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samenwerking en afstemming van prioriteiten tot stand te komen. Uitbreiding
van de onderzoeksinspanning cp dit vrijwel braakliggende terrein van weten-
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competentiestrijd hetgeen tot onnodige verlenging wvan procedures leidt.
Deze gang van zaken is fnuikend voor een democratische besluitvorming.

10. De roofmijt Phytoseiulus persimilis is méér waard dan haar gewicht in
goud.
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Abstract

Sabelis, M.W. (1981). Biological control of twe-spotted spider mites using phytose1§d
predators. Part 1: Modelling the predator-prey interaction at the }nleldual level. Agric.
Res. Rep. {(Versl. landbouwk. Onderz.), 910, ISEN 90 220 0776 6, (vi) + 242 p., 42 figs, 72
tables, Eng. and Dutch summaries, 10 App., 253 refs.

Also to be used as Doctoral thesis, Wageningen.

The searching behavicur of individual predators of four phgtoseiid gpec1es.(Pbgto$EIHIU§
persimilis, Amblyseius potentillae, Amblyseius bibens, Metaseiulus occidentalis) 1s 1nvestl-
gated in relation to the two-spotted spider mite (Tetranychus urticae), which infests green-
house roses. Especially the role of spider-mite webbing in the predator-prey relation is
studied. webbing interferes with searching, decreasing the rate of encounter per unit prey
density. Low walking speeds and activity in webbing ensure that the predator is ra;ely dis-
turbed after contact with other mites. Webbing also positively influences searching, as
spider mites agygregate within the webbed area: prey density, defined here as the numbe; eof
prey per square centimetre of webbed leaf area, is high, as is the rate of encounter with
prey. The ability to capture a prey after tarsal contact depends on the food content of the
gut, the prey-stage and, in two specific cases, the webbing; the success ratie of P. per-
=imilis increased on a webbed substrate, that of A. potentillae decreased.

Models to simulate rate of predation on the basis of the dynamics of the motivational
state and the state dependent rate of successful encounter are proposed. The food content
of the gut is chosen as an indicator of the motivational state. A stochastic queueing model
gimulates predation as accurately as a Monte Carlo model or a compound simulation model.
The gueueing medel is preferred because of its economic use of computer time and the rela-
tively few variables used. The model was validated in predation experiments.

systems analysis showed that the effect of temperature on the rate of predation is large-
1y determined by its relation with the relative rate of food comversion into egg bicmass
and not by behavioural changes related to temperature. Also, it was shown that webbing has
an important influence on the predation rate. A new model for the analysis of prey-stage
preference is proposed.

Predators invade the webbed leaf area after contact with the silk strands, irrespective
of the presence of prey. The residence time in the prey colony is determined by prey density.
Simulation of experimentally defined walking behaviour shows that predatcrs remain in prof-
itable prey patches by turning at the edge of the webbed leaf area. However, when predator
dens%ty increases, the tendency to leave the prey colony alsc increases, even at high prey
densities. Only A. potentillae avoided the webbed leaf area, preferring the thickest parts
of the leaf ribs or other protected places on the plant.

A survey of references on'life history @ata is presented; emphasis is given to the role
of food, temperature and relative humidity. Experiments by the author show that oviposition
hlstqry gf predatory females is a major factor in determining the actwal rate of food con-
version into egyg biomass; and that the egg stage of the predators is very vulnerable to
relaplve humidities below 70%, though the evapotranspiration of the plant and the hygro-
scoplc properties of the webbing buffer this to some extent. As the juvenile mortality of
the phytoseiids increases above 30°C, and that of the two-spotted spider mites abowve 35°(,
spider-mite controllqt temperatures above 30°C is not effective.

The four phytoseiid speciee are ranked on their capacities for numerical increase and
pred§t10n; P, persimilis, A. bibens, M. occidentalis and A, potentillae. On capacity to
survive on alternative foods they are ranked: A. potentillae, A. bibens, M. cccidentalis
and P, persimilis. Some trials with alternative food supply did not improve survival rates
estégllshed for prevailing greenhouse conditions.

The rate of increase of the webbed area per individual spider mite ig quantified by ex-
periment. This knowledge will enable continuous monitoring é} the prey deéglty during:iimula-
ticns of the predator-prey interactions on the population level.

Free descriptors: biological control, natural enemies, Phytoseiidae, Tetranychidae, wehbs,

searching behaviour, prey stage preference, predatio i inisti i i
: . : n, dispersal, determinis on
models, stochastic simulation medels, life hf;tory. ! i ' nistie simulati
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This report will also be used as a doctoral thesis for graduation as
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1 Introduction

1.1 CONTROL OF SPIDER-MITE OUTBREAKS

Spider Mites (Acarina: Tetranychidae) are a continuous potential danger
to many food and cornamental crops. Their high reproductive potential and
rapid development form the basis for a high capacity of population increase.
Hence the outbreaks can develop even shortly after pesticide treatment.
Moreover, they appear to develop resistance to many chemicals that initially
gave effective control (Helle & van de Vrie, 1974). This results in a vicious
circle of pesticide development and resistance. Therefore alternatiwve control
strategies need to be developed. Apart from supervised control strategies
there are four major alternatives:

- plant breeding for resistance to spider mites (e.g. de Ponti, 1977a).
- genetic control strategies

to reduce the fertility of female spider mites by the introduction of
sterilized males (Nelson, 1968; Nelson & Stafford, 1972) or males with
chromesomal rearrangements {van Zon & Overmeer, 1972; Overmeer & van Zon,
1973).

to displace the endemic spider-mite population by a mite strain that is
not resistant to certain pesticides or very sensitive to extreme tempera-
tures, which can be easily brought about in greenhouses (Feldmann et al.,
1981).

- control by a fungal epidemic in the mite population (Shagunina, 1977;
Gerson et al., 1979).
- control by predators (e.g. Huffaker et al., 1970).

The choice of a specific method or a combination of methods depends very
much on agricultural practice and the demands of the grower/consumer with
regard to the product. The present study aims to elucidate the potential
role of some predatory mites (Acarina: Phytoseiidae) for the control of the
two-gpotted spider mite, Tetranychus urticae (Acarina: Tetranychidae), by
systems analysis so that new options for integrated pest management may be
developed and compared with alternative control strategies. The results of
these studies are described in two subsequent Agricultural Research Reports
concernihg investigaticons in the laboratory (Part 1) and the greenhouse
(Part 2).



1.2 DESCRIPTION OF THE PREDATOR-PREY SYSTEM

The two-spotted spider mite, Tetranychus urticae Koch, is a serious pest
in the greenhouse culture of ornamental roses. Since 1967, dienochler {per-
chlorobi(cyclopenta-2,4—dienyl)] has been used for chemical control of this
spider mite in ornamental crops. Because pesticide resistance may evolve
{(McEnroe & Lakocy, 1969), alternative methods of crop protection have to be
investigated. It is desirable to replace chemical spraying by biological
control. Encouraged by the successful use of Phytoseiulus persimilis as a
controlling agent of the two-spotted spider mite in greenhouse cucumbers in
the 'westland' district of the Netherlands (Bravenboer, 1963; Woets, 1976),
some rose growers started to use this predatory mite with reasonable suc-
cess (van de Vrie, personal communication). As in cucumbers, the predators
are introduced at each spider mite outbreak.

This method of spider-nite centrol will only be accepted by the majority
of the growers if it can be achieved with nc decrease in rose preduction or
guality and if it costs no more than. treatment with chemical pesticides.
Moreover, because rose bushes are exploited for 5-7 years, the use of pred-
atory mites would be especially attractive if long-term control could be
achieved with only a few initial predator introductions. These requirements
can not be met as yet, so that a critical evaluation of the use of predatory
mites is necessary. That evaluation should include assessment of the eco-
nomic-damage level and quantificatien of the potential for control by the
predatory mites. The economic-damage level is being studied by van de Vrie,
an entomologist at the Research Station for Floriculture in Aalsmeer, The
Netherlands. Studies on the potential for control by predatory mites, done
upen van de Vriet's suggestion, are the topic of this report.

The substrate of Tetranychus consists of leaflets, shoots, bushes and
hedges (Fig. 1). The rose shoots that rise above the hedges are harvested
at an early stage of flowering. Because quality roses have to be free of
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Fig. 2. Scanning electron micrograph (magnification 50 x) of the oviposi-

tion female of Tetranychus urticae.

any damage, the leaves of these shoots should be carefully protected against
spider-mite infestation. On the other hand, it is acceptable for the hedge
beneath the economically important part to be slightly damaged. ‘

Adult females (Fig. 2) are the founders of the spider-mite aggregations
on the underside of the leaves, which are freguently located near to an
edge or a rib of the leaves. The juveniles (egg, larva, protonymph, deuto-
nymph and the different moulting stages) and the adults live in self-
produced webbing. The pre-ovipositional females disperse after mating to
other leaves, where they begin new colonies. The population growth and dis-
persal apparently result in compact foci of infestatieon. The upward dispers-
al out of the hedge leads to colonization of the upper leaves of the rose
shoots. This must be prevented by one or more introductions of predatory
mites.

The mites feed on the leaf parenchyma, which causes spots that reduce the
immaculate appearance required of gquality roses. Losses caused by mite feed-
ing are more serious therefore than in other greenhouse crops. like the
cucumber or Gerbera, where the fruits or the flowers are sold and not the
leaves, so that only the photosynthetic function of the leaves is of con-
cern.

Clearly, predatory mites must prevent the upward dispersal of the plant-



A. Phytoseiulus persimilis.

B. Amblyseius potentillae.

Fig. 3. Scanning electron micro
females of four Phytoseiid species.

graphs (magnification 50 %) of ovipositing

4


http://xemaj.es

C. Amblyseius bibens.

D. Metaseiulus occidentalis



feeding mites from the hedge by controlling the prey populaFion within Fhe
hedge. Phytoseiid mites feed on all stages of the spider mite and deposit
their eggs in the spider mites' webbing. The sequence of developmental
stages is similar to that of the spider mites, but much less timé for moult-
ing from one stage to the other is required. Similar to spider mlte?, only
female adult phytoseiids disperse, and only after mating. However, 1? co?—
trast to their prey they do not disperse predominantly in the pre-oviposi-
tion phase, but rather during their whole adulthood. How the tetranychid
and phytoseiid females disperse from colony to colony, leaflet to leaflet,
shoot to shoot or hedge to hedge, and the factors that induce their disper-
sal are major topics of this report.

Because the time needed for the spider-mite population to double varies
between only 2-4 days, their numerical increase is rather explosive. Hence
the timing, the dose and the potential for control by the phytoseiid species
used is of crucial importance, the more so because ~ in contrast to immedi-
ate extermination by acaricide spraying - the prey numbers keep increasing
for some time after predator release. The increase of colonized area and
the time lapse between bPredator release and decline in prey numbers will be
treated in Part 2 of this Agricultural Research Report (to be published).

These problems are investigated for four phytoseiid species: Phytoseiulus
persimilis, Amblyseius potentillae,
dentalis (Fig. 3).

Amblyseius bibens and Metaseiulus occi-

Because a spider-mite outbreak cannot be easily detected in its early
stages by a grower,

the possibility of leaving this task to the predators
was investigated.

Special attention was therefore given to the ability of

the predator to search for scarce prey aggregations, to withstand starva-

tion and to survive on alternative food in periods of spider-mite scarcity.

Although the four phytoseiid species studied are more or less specialized

predators of tetranychids, there are conspicuous differences in their diet-

ary range. These are treated in Part 1. The problem of cheosing a favourable
combination of pPredatory capacity and dietary range for the control of two-

spotted spider mites in the greenhouse culture of ornamental roses will be
treated in Part 2.

1.3 EXTRAPOLATION FROM LABORATORY TO GREENHOUSE

Experiments in which predatory mites are introduced into greenhouses to
contrel spider mites have in scme casesg been s
1970). Observations in the greenhouse (po
predator-

uccessful (Huffaker et al.,

pulation estimates, assessment of

prey ratios and distributions) and laboratory experiments (life

tables, predation rates, mutual interference among predators, effects of

spider-mite crowding) with several tetranychid and phytoseiid species have
formed a basis for the understanding of the dama

ging capacity of the prey
and the controlling potential of

the predators. It is tempting to extrapo-



late laboratory observations to the practical greenhouse situation, but
such extrapolations need to be validated. This problem can best be tackled
by modelling the predator-prey system, computing the population fluctuations
with the model and comparing the results with data gathered in the green-
house.

Such a study may provide interesting starting peints for further research
in an iterative process of evaluation and design. Maybe practical results
will follow, but it is not suggested that this method will give rise to
fully reliable control methods by itself; large-scale validation under dif-
ferent conditions generally takes an excessive amount of time and models
canncot approach the complexity of biolegical systems, if only because of
the limited capacity of computers. Nevertheless attempts to validate con-
cepts of biological systems need encouragement as they lead to a better in-
sight inte the use of biological control agents in an agro-ecosystem.
Examples of such validations can be found in the modelling studies of Fransz
(1974: Tetranychus urticae - Metaseiulus occidentalis), Rabbinge (1976:
Panonychus ulmi - Amblyseius potentillae), Wollkind & Logan (1978: Tetrany-
chus mecdanieli ~ Metaseiulus occidentalis} and Dover et al. (1979: Pancny-
chus uimi - Amblyseius fallacis).

The model of Fransz (1974) is based on a component analysis of the pred-
atory behaviour of Metaseiulus occidentalis: it simulates the rate of pre-
dation on prey eggs and prey males distributed over a small bean-leaf disc.
Rabbinge (1976) and Wellkind & Logan (1978) based their population model of
the predator-prey interaction on measurements at the individweal level of
life history traits and the rate of predation. By using small leaf-discs
the interaction surface is easily defined and prey density can be directly.
assessed as long as the prey is randomly distributed eover the disc. In this
way variables like the rate of predation and the rate of reproduction by
the predator were measured in relation to the density of the prey.

The latter authors simulated the predator-prey interactions in larger
ecosystems (e.g. the orchard) by simple extrapolation of the measurements
on the leaf-discs to the surface of the ecosystem, e.g.

5 prey eggs _ 5-10!% eqggs

1 cm? 1-1012 cm?

This assumes that the prey is randomly distributed and that the predator
searches for prey in a random fashion. But the distribution of tetranychids
in the field as well as in the greenhouse crops is generally clustered (e.g.
Croft et al., 1976) and as it is 1likely that predators tend to aggregate at
prey colonies, it is relevant to include these aspects for the understand-
ing of the population fluctuations of predator and prey.

Dover et al. (1979) recognized this problem. They directly monitored the
result of the dispersal process in the practical situation of the orchard



by counting the number of prey mites and predatory mites on each leaf of a
representative sample of leaves. These mite counts were used to create sepa-
rate frequency distributions for predator and prey. An appropriate two-para-
meter model, the negative binomial distribution, was used for description
of the frequencies. By assuming the independence of the predator and prey
distributions, their descriptive models were related to each other in a
joint probability function. This function was used in a predator-prey model
to account for predators occupying leaves at below-mean or above-mean prey
densities. However, this implies that each leaf has the same probability of
containing a given number predators, irrespective of the number of prey.
Whether or not this is true, it remains difficult to understand how the

~ presumably prey-density related ~ predation and dispersal give rise to a
dispersion that can be described by a negative binomial function. Moreover,
by representing the predator-prey distribution by frequency distributions,
the positions of the colonies and the leaves with respect to each other are
not considered, so that the spatial mosaic of predator and prey cclonies is
eliminated as an aspect of predator-prey interaction.

None of the above meodels include the dispersal mechanisms of predator
and prey in relation to the heterogeneity of the environment. These factors
can affect the persistence of prey and predator populations in an ecosystem,
as shown by Huffaker (1958) in an experimental study of the interaction be-
tween a predatory mite (Metaseiulus occidentalis) and a spider mite (Zotetra-
nychus sexmaculatus) in artificial universes differing in complexity. He
constructed an environment of interconnected oranges that were suitable as
a food source for the prey. Some days after the introduction of the spider
mites on their substrate, the predators were released, They exterminated
the spider mites within a month. Apparently the predators were able to cover

the whole substrate in search of prey. However, when these walking predators
were prevented from dispersing,

using vaseline barriers, and prey dispersal
by 'ballooning'

was stimulated with low-velocity air currents, prey and
bpredator survived for six months 'in this artificial ecosystem. Therefore
more detailed modelling and experimentation are needed to elucidate the
role of dispersal and heterogeneity in the population dynamics ef predator
and prey.

Factors that have to be taken inte account,
ence of degree of rese-crop heterogeneity,
density on the residence time of the predator in a prey colony and the time
spent outside the prey colonies by the predators. In addition a model is
needed in which the dispersal mechanisms are specifically incorporated and
the predator and prey distributions are generated in space. But such a com-

plex model requires a lot of computing time. It would be desirable to use a
simpler, it is not possible to make

e of dispersal mechanisms in
It is known that the model proposed by Dover et al.

are for example: the influ-
the effect of Prey and predator

less time-consuming model. However,

a-priori statements on the relative impertanc
pPredator-prey models.

8



(1979}, in which field measured dispersion parameters of the negative bino-
mial account for the degree of ccincidence between predator and prey give
results that differ considerably from simulations that do not take disper-
gion into account. Because this difference is more a demcnstration of the
static structure of their model. than a proof of the importance of the low
degree of ceoincidence between predator and prey, it shows once more the
need for further research on this matter.

Another aspect of the distribution of Teié¢ranychus spp. that is not con-
gsidered in most studies of the functional response and in the modelling
study of Wollkind & Logan (1978), is that these spider mites aggregate with-
in structures of self-made webbing, in contrast to Panonychus spp., which
predominantly spin 'lifelines' made of silk strands. As the predator-prey
interaction takes place only where there are aggregations, prey abundance
should be quantified as the number of mites per webbed leaf area, instead
of per total leaf area. Moreover, webbing may play an impertant role in
searching and predation, as indicated by experiments of McMurtry & Johnson
(1968), Fransz (1974), Takafuji & Chant (1976) and Schmidt (1976).

Still other factors may contribute to the lack of conformity between
laboratory and greenhouse experiments, e.g. effects of spider-mite crowding
during hostplant exploitation and availability of alternate food sources in
periods of prey scarcity. A final difference between laboratory and green-
house conditions can be found in their microclimates. First, temperature
plays a very important role in the population dynamics of poikilotherm
arthropods. For example, a rise in temperature enhances development, stimu-
lates reproduction and increases food consumption. Although a greenhouse.
in, say, BAalsmeer may seem a well-regulated climatic environment, this is
only partially true. As a consequence of the variability of the outdcor
climate and despite of the 'between limits' regulation of the glasshouse
climate, temperatures range between 10°C and 33°C. Because of this wvariabi-
lity, temperature has to be measured to enable validation of predator-prey
models, which incorporate several temperature-dependent variables. However
this raises a problem with respect to the microclimatic detail needed. As
rose leaves are rather dark objects, leaf temperature may differ from the
air temperature, depending on the amount of incident (hedge-penetrating)
radiation. Due to the small size of the mites (<1 mm) their environmental
temperature will be determined to an important extent by the leaf.
Goudriaan (1977) has presented a simulation model that calculates the leaf
temperature @istribution in a cancpy on the basis of the weather conditions
above the canopy, the crop geometry, the optical properties of the leaf and
the behaviour of the leaf stomata. This model can be coupled to a model of
arthropod growth (Rabbinge, 1976). Even correction for interception of radi-
ation by the structural elements of a greenhouse can be made, as shown by

Kozai et al. (1978).
Unlike the leaf temperature, the humidity near to the leaf cannot be



computed or directly measured. Moreover, tetranychid webbing'c0vers then
underside of the leaf and this may interfere- with the microclimate (?aza

et al., 1975b). This problem can be eliminated to some extent.by using
webbed leaves of intact plants in controlled humidity cabinets in laboraezrf
experiments. The extrapolation of these measurements to the greenhouse situ
ation can be accomplished via intra-crop humidity profiles, which can be
calculated from the above-crop weather conditions using Goudriaan's medel.
aAlthough the above-crop weather conditions would have to be measu?ed con-
tinucusly, other data for the model, such as the geometrical, optical and

physiclogical properties of the leaves, would only have to be measured once
for intra-crop extrapolation.

1.4 MODELLING OF THE PREDATOR-PREY SYSTEM

In modelling a complex system it is advisable to distinguish only two
levels eof causal depth (van Keulen, 1975). Therefore the study described in
two reports attempts to explain the population fluctuations of predater and

Prey in the greenhouse (Part 2) on the basis of laboratory experiments at

the individual Jlevel (Part 1). The 1life history parameters (develcpment,

reproduction, mortality and .sex ratio; Part 1 Chapter 2) and the predator-
prey interaction (predation and dispersal behaviour:; Part 1 Chapter 3) were
measured by studying individual mites in the laboratory. The data obtained

were fed into a model that computes population growth and generates disper-
sion patterns in space (Part 2}.

These extrapolations
with actual population e
indications were derive

to the population level were validated by comparison
Xperiments in the greenhouse. From the discrepancies,
d for improving the model. Additional measurements

were taken and the modelling and validation procedure repeated. This working
procedure offered a framework for the evaluation of the phytoseiid predators,
in particular for greenhocuse culture of ornamental roses.
species were compared for each laboratory experiment on

level and the impact of thege differences on
ical control’

These phytoseiid
the individual
the final objective, 'biclog-
+ ¥Was evaluated with model calculations described in Part 2.
In the acarine predator

“Prey system the causal relations are manifold.
However,

some parts of the system contain
variables than others.

the acarine bredator-pr
level concerns the abi
density and at a well-
Motivation is not cons

more interconnections between

These parts are called submodels. The structure of
ey system was subdivided inte four levels. The first
lity of the predator to locate its prey at some prey
defined motivational state of the predator (Level 1}.

tant, but depends on the feeding history and the food
conversion (e.q. Fransz, 1974).

iocnal state leads to the subge
predation,

Incorporating the dynamics of the motivat-
quent level of complexity (Level 2). Due to
but alse reproduction, abiotic mortality,

development, etc.,
Prey and predator numbers will chan

ge during the interaction period; incor-
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porating this adds another dimension to the predator-prey system (Level 3}.
Finally the prey aggregate in colonies. As new colonies are founded, the
predators may move from one colony to the other. This emphasizes the final
level of complexity, the dispersal of the predator (Level 4).

These four levels are recognizable in the population model as submodels
that simulate the relative rate of successful encounter at some level of
the motivational state, the rate of predation at some level of the prey
density, the population growth per prey ceoclony, the rate of departure from
the prey colony and the redistribution of the dispersing mites over the sub-
strate (e.g. prey coleonies in case of the predator and leaf surface in case
of the prey). After validating all submodels separately, predictions were
obtained from the entire model, which were themselves again validated by
experiment.

The model is of the state-variable type (Forrester, 1961); state and
rate variables are distinguished and mathematical expressions are given to
calculate the value of each rate variable from the state of the system.
Examples of state variables are the number of eggs, the motivational state
of the predator, etc. The rate of egg development, the oviposition rate and
the predation rate are examples of some of the rate variables. The state
variables are updated by rectilinear integration over a sufficiently short
time interval:

Yt+At = ‘.{t + RY-AT

RY = Yt‘ RRY

t = time (e.g. day}
At = time interval of integration

¥ = state variable (e.g. number)
RY = rate variable (e.g. number per day)
RRY = relative rate (e.g. day_l)

Unfortunately integration methods that continuously adjust the time inter-
val of integration on the basis of some accuracy criterion (e.g. Runge-Kutta/
Simpson) cannot be used in the population program. The method for the simu-
lation of dispersion in developmental time (the 'boxcar' method; Goudriaan,
1973) requires the use of retilinear integration, because some of the rate
variables involve a division by At (= discontinuous emptying of a 'boxcar';
de Wit & Goudriaan 1978, p. 20). Therefore the size of the time interval of
integration has to be prefixed. As a rule of thumb it has to be smaller than
20% of the time constant of the integration process (Ferrari 1978, p. 26).
The inverse of the time constant eguals part of the rate RY that is indepen-
dent of Y. For the simple inteqgration above the time constant equals the
inverse of RRY.

when the model consists of a system of integrals, the time constant of
this system is governed by the integration with the smallest time constant.
to evaluate a number of natural enemies for the biclogical control of

arthroped pests.



Because the time constants of different processes treated.in a.s%mulatlon
model often differ considerably, the computing effort is inefficient EOF
the integration of the slow processes. This problem will be encountered in
Part 2 with respect to the adaptation of the motivational state of the ?re—
dator to a continually changing prey abundance in time and spaCé. Numer}cal
integration of difference equations over short time intervals is applied
because of the complex character of the interactions. For example, the rate
of successful encounter of the predator with itg prey and the preferenCE of
the predator for the different stages of the prey depends on its feEdIPg
history. Moreover, temperature influences several rate variables and %t.
varies continuously during population growth in the greenhouse. The addftlon
of non-linear terms to the differential equations often prevents solution
by analytical techniques. Numerical methods are the only solution in that
case.Even when the system consists of only linear differential equations,
the large number of these equations necessitates the use of numerical tech-
niques (see e.g. Hall & Day 1977, p. 10).

The use of random numbers to simulate the stochastic character of a variT
able is not necessarily implied. Mest parts of the model have a deterministic
character. However there are some situations in which the stochastic nature
©f a variable is absolutely basic to the proper modelling of the process.
Fransz (1974} demonstrated that even when one is only interested in mean

values, deterministic models of the bredation process can lead to results

different from those of stechastic models when non-linear relations between

the rate and state variables of the model are involved. In the model de-
scribed in this report Monte Carle procedures are applied to simulate the
Predatory mites! walking behaviour (Part 1, Subsection 3.2.4) and capture
events (Part 1, Subsection 3.3.1). Because of the large amount of replicates
needed to obtain a reasonable estimate of the mean rate of predation these

inefficient Monte Carlo procedures were replaced by more economical alter-
natives whenever possible.

For example, the Monte Carlo simulations of the
Predation process were comp

ared with several alternative models that are
based on a larger set of assumptions but are much more efficient in terms
¢f computing effort (e.g. compound simulation, Fransz 1974; gueueing
approach, Curry & DeMichele 1977).

Mathematical formulation of the interacting growth processes forces the

investigator to measure the biological components of the system in such a
way that they fit the context of the model.

Subsequently, the importance of
the input data relative to each other can



2 Bionomics of prey and predator

The framework of a model of arthropod population growth consists of
stage-specific rates of development and survival, and age (or state) spe-
cific rates of reproduction, sex ratio in the offspring and senescence.
Such life-history frameworks can be modelled for both prey and predator and
subsequently ¢oupled by prey stage-specific predation rates of each stage
of the predator (Part 2).

Rates of predation will depend on prey abundance, which, therefore, has
to be quantified. The interference between Tetranychus spp. and their pred-
ators takes place on theose parts of the leaf area that are covered with
webbing, since all stages of the spider mite are aggregated there. To quan-
tify prey abundance therefore, it is more logical to define prey density as
the number of prey per square centimetre of webbed leaf, rather than per
leaf area, as Wollkind & Logan (1978) did. The size of the webbed area
changes during population growth, as do the prey numbers. Therefore both
the rate of population increase and the rate of increase of webbed leaf
area should be measured to calculate the prey density in the computer simu-
lation model. In this chapter a complete picture is given of the 1life his-
tories, webbing activity and stage-specific rates of predation, as affected
by arthropeod related factors (stage of develcpment, age of the adult, etc.)
and environmental factors (temperature, relative humidity and food supply).
These measurements are part of the input to the population models presented
and validated in Part 2, but they are also basic to the structure of these
models.

In the final part of this chapter the ability of the predator to survive
periods of spider-mite scarcity and to recover from starvation are deter-
mined. This is important in assessing possible alternative foods for main-
taining a predator population in a greenhouse crop in absence of spider
mites.

2.1 TETRANYCHID PREY

The life history traits of Tetranychus urticae on rose (Rosa canina
'Sonia', grafted on Rosa indica 'Manetti') are discussed in Subsections
2.1.1 - 2.1.3. Although much life history data are available from litera-
ture, new measurements were made because variation due to differences in
mite strain (e.g. Lehr & Smith, 1957), host plant (e.g. Dabrowski & Marczak,
1972) and even cultivar involved (e.yg. Bengston, 1970; Tulisalo, 1971; de
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Ponti, 1978) can be considerable, The strain of Tetranychus u€ticae used
throughout this investigation originated from a culture maintained at the
Research Station of Floriculture at Aalsmeer, where it was collected from
greenhouse reoses and reared for several generations on beans (Phaseolus

vulgaris, 'Stamkievitsboon'). .

Jesiotr & Suski (1976, 1979) found a difference in reproductive poten-
tial between mites fed on beans and those fed on rose 'Baccara’. Aftef
transfer of the mite population from rose to bean or vice versa these dif-
ferences were observed over a period of more than one generation, which may
suggest adaptation of the population to the new host plant through selec-
tion. Because it was more practical to cultivate the spider mites on beans
than on roses, in addition to rose 'Sonia' the bean 'Noord-Hollandse Bruine'
is also considered as a host plant.

The food turncver of Tetranychus urticae is considered to enable compa-
rison of the conversion efficiencies of the plant-feeding spider mites and
the mite-feeding predatory mites (Subsection 2.1.4). Furthermore, the role
of the webbing is discussed, especially in relation to the phytoseiid pre-
dators (Subsection 2.1.5). The web production and the growth of the webbed
area is quantified to enable the calculation of prey density (Subsection
2.1.6}.

The following aspects of the bionomics of Tetranychidae will be discuss-
ed enly briefly:

Food gquality of the host plant for the barenchym feeding spider mite

The food quality of the host plant, as affected by plant nutrition, is con-

sidered to be constant under bractical circumstances of cultivation. For
example, the N, P and K levels of rose leaves are mostly within 10% of

their mean levels (Arnold Bik, personal communication),

variation relative to their effect on the reproduction of
cae (Rodriguez, 1964).

which is a small

Tetranychus urti-

Fertilization status of prey and predator Females of tetranychid and phyto-

eeiid species sampled in the field are rarely unfertilized. Potter (1976a,
1978} and Blommers & Arendonk (1979) review sev

eral explanations for this
phenomenon,

Exlreme temperature and relative humidity 1In the greenhouse culture of

ornamental roses temperatures normally range between 10°C and 33°C, while
relative humidities range between 45% and 90%. These ra
measurements at 40 locations spread over the rose-growing -area of The
Netherlands (van Rijssel, personal communication}),

Wind and rain Glasshouse structures nullify effects of wind and rain.
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To restrict the amount of work invelved in this study, - several aspects
that influence the predator-prey system have been purposely neglected, des-
pite their importance for the effectiveness of control:

Implications of chemical spraying The toxic effects of several compounds
to both predator and prey are being studied by van de Vrie (Research Station
of Floriculture, Aalsmeer) and van Zon (Yniversity of Amsterdam, Amsterdam).

Diapause, as a means to survive the winterperiod The induction as well as
the termination of the diapause of the two-spotted spider mite and the phy-
toseiid predator depend on photo-pericd, temperature and the availability
of food. In addition to the literature reviewed by van de Vrie et al. (1972)
and McMurtry et al. (1970), the following references represent current knowl-
edge on this topic:

-Tetranychus urticae: Geispits et al., 1971;Hussey, 1972; French & Ludlam,
1973; Helle & Overmeer, 1973; Fritzsche & Lehman, 1975; Veerman, 1977a.,b.
-Phytoseiidae: Sapozhnikova, 1964; Boczek et al., 1970; Hoy & Flaherty,
1970; Wysoki & sSwirski, 1971; Knisley & Swift, 1971; Rock et al., 1971;
Croft, 1971; Hoy, 1975a,b; Simova, 1976; Hamamura et al., 1976b.

2.1.1 Development and mortality

The rate of development and juvenile mortality was measured in a serial
thermal cabinet at constant temperatures of 13, 15, 20, 25, 30 and 35°C;
the relative humidity ranged between 55% at 35°C and 85% at 15°C. The
leaves of the host plant were placed upside down on a wet sponge floating
in a plastic box filled with water. These leaves were covered with water-
soaked tissue paper that had been perforated at regular distances with a
leaf puncher. In that way circular parts of leaves were obtained that were
surrounded by wet tissue, which acted as a barrier for all stages of spider
mites. The justification for the use of detached leaf cultures in life-table
studies was given by Rodriguez (1953), de Ponti (1977b) and Dabrowski &
Bielak (1978).

The eggs, used to start the experiments, were deposited within a one-hour
period. The subsequent progress in develcopment and the juvenile mortality
were obgserved at intervals of eight hours at all temperatures. The transfer
to fresh leaves, which 1s necessary to eliminate effects of ‘diminishing
food quality was carried out at least every 3 days, but only if the mites
were in a mobile stage.

To study the effect of alternating temperatures on development, some of
the experimental boxes were transferred at daily intervals from 10°C to 20°C
and vice versa in one series, and in another series from 25 to 35°C. The
developmental time from the deposition of the egg until first reproducticn
{'egg-to-egg' development) is plotted in Fig. 4. The rate of development
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the inverse of developmental time) depends line

a general phenomenon in Tetranychidae. A studen
two means and an F-

arly on temperature (15-35°C),

t's t-test for comparison of
test for comparison of their respective variances did

ant differences between developmental time at the above

This was alse found for other Tetran

Ychidae, like Panonychus ulmi {Rabbinge,
1976) and Tetranychus mcdanieli (Tan

igoshi et al., 1976).
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Table 1. The effect of alternating temperatures on 'egg-to-egg' developmen-
tal time (hours) of females of Tetranychus urticae.

Interpolationa Simulationb Observation n Temperature
alternation

It a i & 1 G

193.7 15.0 196.2 14.4 198.1 12.4 28 25=35°C

663.8 55.5 671.9 51.0 677.8 48,1 24 10-20°C

a. Developmental time (= DR) estimated by linear interpolation from the
measurements obtained at congtant temperatures e.q. [(DR10 + DRzo)/z]'l.

b. Simulated by the population model presented in Part 2 of this Agricultural
Research Report (to be published) using measurements obtained at constant
temperatures.

In Table 2 the developmental times are given per stage and sex. The rel-
ative length of the different stages as a part of the total egg-teo-egg de=-
velopmental period is rather constant, irrespective of the temperature: egg
39%, larva 9.5%., protochrysalis 8%, protonymph 7%, deutochrysalis 8%, deu-
tonymph 8.5%, teleiochrysalis 11% and pre-oviposition female 9%.

Although the rate of development is strongly affected by temperature,
mortality remains constant at a low level (about 10% from egg to adult) in
the range 15-30°C (Table 3). OQutside this temperature range mortality in-
creases, as was also found by Mori (1961), Stenseth (1965) and Nickel
(1960). Assuming that at each moment during the developmental period a con-
stant proportion of the mites die from a non-predator cause, the relative
rate of mortality can be computed as follows:

-In(N,./N,)
RRM = ——=—2_ = ~1n(M)-DR
t

RRM = the relative rate of mortality (day_l)
Nt = the number of mites at time t
t = the developmental periocd (day)
DR = rate of development (day'l)
M = mortality

The stage-specific mortalities are incorperated in the population models
presented in Part 2 by using these relative rates.

Several studies have shown that both low and extremely high humidity
causes an increase in juvenile mortality and retards development (Boudreaux,
1958; Ferro & Chapman, 1979; Harrison & Smith, 1961; Hazan et al., 1973;
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i icae.
Table 2. Female and male developmental time (hours) of Tetranychus urt

Total n
Temperature Stage of development
{°c)

Females i o n
13 - 64B 24 - - - - - - o - . o . -

15 . 342 18 90 14 70 9 61 10 65 © 73 13 85 9 g4 21 870 38 15
20 160 4 36 631 427 629 534 5 40 5 41 8 398 21 22
25 103 2 24 921 417 621 523 431 621 5 261 14 31
30 68 5 17 514 513 515 § 14 6 20 615 4 176 13 24
35 56 3 15 211 4 11 411 4 12 717 4 14 5 154 16 18
Nales

13 . 640 21 -« - - - - . o o o - o _ _ . - = 12
15 341 14 106 31 69 7 52 10 68 11 50 780 6 - - 766 45 11
20 161 1 34 333 524 530 526 638 4 - - 346 12 14
25 »104 2 19 4 24 5 14 421 616 527 4 = = 225 7 7
30 71 4 14 513 5 12 a 13 411 417 3 - « 151 11 11
35 59 2 11 412 4 10 a4 13 612 616 7 - =133 9 9
E = egg DC = deutochrysalis n = number of replicates
L = larva DN = deutonymph

PC = protochrysalis TC = teleiochrysalis

PN = protonymph - PF

preovipositional female

Table 3. Mertality (%) in the developmental stages of Tetranychus urticae.

Temperature Stage of development

Total n
(°c)
E L PC PN DC DN TC  PF

10 15.6 12,5 . - - - - - 38.4 190
15 6.1 1.4 1.0 1.0 o.p 2.2 0.0 0.0 11.3 154
20 6.3 1.1 0.0 1.3 ¢.0 0.0 1.0 0.0 9.6 181
25 4.3 1.9 0.0 0.0 9.0 1.0 1.0 1.5 9.3 144
30 6.6 1.4 1.2 0,0 1.9 0.0 0.0 1.0 10.8 160
35 10.1 4.1 0.0 2.9 1.0 2.1 3.0 4.0 24.4 144

Abbreviations are explained in Table 2,
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McEnroe, 1963; Nickel, 1960). However the range of humidities for which de-
velopment is not affected differs from study to study. Hazan found optimal
conditions for Tetranychus cinnabarinus at a relative humidity of 38%, but
Harrison & Smith found little differences in egg development of Tetranychus
urticae in the range 50-90%, and showed that the egg mortality at 100% rel-
ative humidity occurred only after 6 days of exposure. Because such high
humidities occur for only short periods under greenhouse conditions (van
Rijssel, Research Station of Floriculture, RAalsmeer; personal communication)
this effect is ruled out as a factor of importance. Moreover, an experiment
carried out for a more realistic range of humidities (50%, 75% and 85% at
23°C} did not reveal any difference in development or mortality (Table 4).
A possible explanation for the absence of any reaction is that these expe-
riments were carried out on webbed leaves that were connected to a part of
their shoot, for, as postulated by Hazan et al. (1975b), both webbing and
defaecation by the spider mite and, prebably most important of all, evapo-
transpiration by the leaf may act as a buffer to changes in humidity. For
this reason humidity is not important under the greenhouse conditions (rel-
ative humidity 45-90%) in The Netherlands.

To study the effects of transferring spider mites from bean to rese, si-
multaneous experiments on both host plants were carried out. The results
are given in Fig. 4. A t-test for comparison of means and F-test for compa-
rison of variances did not reveal significant differences at the 5% level
between development cn bean and rose. To check if this conclusion also
holds after generations of feeding on the same host plant, another compar-
ison was made after a six-month culturing period. The results (Table 9)
show that in contrast to the results of Jesiotr & Suski (1976} with. bean
and rose 'Baccara', the present cultivars of bean and rose 'Sonia' are
interchangeable host plants with respect to developmental time.

But for cne exception (Marle, 1951), data from literature about develop-
mental time on several bean cultivars are in close agreement {Gasser, 1951:
Hussey et al., 1957; Bravenboer, 1959; Fritzsche, 1959; Nickel, 1960; Suski

Table 4. The effect of relative humidity {T = 23°C) on female 'egg-to-egg'
developmental time of Tetranychus urticae.

Humidity (%) Developmental time (hours)
a g n
45=50 286 17 44
70-75 289 19 52
85=-90 292 21 48
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& Badowska, 1975; Shih et al., 1976; Saito, 1979b; Feldmann, 1981)..Compar-
able data about developmental time on greenhouse roses are not available.
As for developmental time, juvenile mortality may differ with the plant
epecies or cultivar (Dabrowski & Marczak, 1972). Tulisalo (%969) found
differences in juvenile mortality between cultures grown on dlfferen? cu}—
tivars of cucumber, although the rate of development did not differ 51gn}f-
icantly. However, in the study described in this report juvenile morta%lty
was very low on both host plants (bean and rose), which corresponés with
the results given in the above-mentioned literature, except for Shih et al.,
who reported a rather high mortality (30%). .

Of the vast number of studies on nutrition in Acarina, only that of Suski
& Badowska (1975) concerned the influence of NPK supply on the rate of devel-
opment and the juvenile mortality. The relations they established are COT-
plex. It is sufficient to mention here that the nutritional ranges used 1n
the experiments caused changes in the rate of development and juvenile mor-
tality that were within 15% of mean values. However the nutritional range
was probably larger than that found in practical agriculture. The nutrient
composition of the leaf may also be affected by its ageing; no experimental
evidence of an effect on the rate of development was found, however
(Table 10),

During mite-colony growth the eggs and juveniles are left stranded in
already exploited leaf areas. The young mites are not as active as the
mature mites, which may cause mortality additional to that measured in the
Previous experiments, where the mites wers cultivated individually on fresh
leaves. Wrensch & Young (1978) measured a marked reduction in rate of devel-
opment and survival at high spider-mite densities. However, as they confined
the mites to a leaf disc, the importance of intraspecific competition for
food still has to be demonstrated. Spider mites are able to control their
density (number of mites per square centimetre webbed leaf area) partly by

increasing the webbed area and partly by dispersal. To decide whether these
factors need to be studied in more detail,

lation growth was carried out and the nume
simulations of the same experiment, which

a greenhouse experiment on popu-
rical results were compared with

neglect effects of intraspecific
competition. This experiment wiil be discussed in Part 2.

2.1,2 Reproduction and life span

Experiments on the rate of reproduction and ageing were carried out using
a similar experimental design as that 4
{Subsection 2.1.1).

sampled for each tr

escribed in the previous subsection

removed at eight-hour intervals,

Moreover,
ignoring deaths by. unnatural caus

female mortality was registered,

€S, €.g. drowning in the water-soaked tis-
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Fig. 5. Rate of reproduction of Tetranychus urticae in relation to female
age class and temperature. The histogram visualizes the descriptive power
of the intra-age class regressions. Length of each age class at different
temperatures: 3.5 day at 15°C; 2.5 day at 20°C; 2.0 day at 25°C; 1.25 day
at 30°C; 1.0 day at 35°C.

sue (5~10%). Because both reproducticn and mortality appeared to depend on
age, the data were classified in age pericds forming equal parts of the
maximum life span. This maximum longevity of the female was estimated via a
least-squares estimate of the 97-99% peint of the cumulative frequency dis-
tribution of life spans, plotted on probability paper of the Gaussian dis-
tribution. From this linear relation the mortality per age class was esti-
mated. This mortality together with the duration of the classified age pe-
ricds was used to calculate the relative rate of mortality. This classifi-
cation approach requires some degree of intra-clasg constancy of the rela-
tive rate variables involved. For this reason the maximum life span was
divided in 18 age classes, preceded by a pre-oviposition period. The dura-
tion of the age periods and the age-dependent rate of reproduction in rela-
tion to temperature are given in Fig. 5. It appeared that the intra-class
rate of reproduction in the initial 10 age classes depends on temperature
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s . - to
Table 5. Potential and net fecundity of Tetranychus urticae in relation
temperature. ’
Temperature (°C) Fecundity

potential® netb

1 i & n range
10 31.2 28.6 9.8 48 6- 44
i5 28.0 84.2 36.6 43 35-170
20 146.2 129.% 53.3 42 43-272_
25 160.8 129.7 48.9 45 41-237
30 135.3 119.5 33.7 38 40-185
as 135.4 120.6 38.6 39 40-177
10-20 101.1 87.5 28.8 41 35-157
25-35 148.3 123.9 40.8 38 43-205

a.

excluding age-dependent mortality.
b. Net fecundity = total number of e

998 produced per female, including
age-dependent mortality.
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in a linear fashion over the whole temperature range from 15°C to 35°C.
This enabled a more concise description via the slopes of the linear regres-
sion lines, which cress the x axis close to 10°C. These tangents of the
angle of inclination are plotted in Fig. 6 and their descriptive power is
visualized by the histograms in the original graph of the age-specific
rates of oviposition (Fig. 5).

In Table 5 the mean egg production per female is given as a net (= fe-
male mortality included) and a potential (= female mortality excluded)
fecundity, which shows that mortality causes only a 10-20% decrease of the
fecundity relative to the potential. Fecundity appears to be unaffected by
temperature over a rather large range (20-35°C). However below 20°C it de-
creases, being 70% at 15°C and 20% at 11°C.

The mean and maximum life-spans depend on temperature in a much more
gradual way, as can be seen in Table 6 and Fig. 5. Because the post-oviposi-
tion period is absent or very short, the adult life-span is only subdivided
in a pre-oviposition peried and a post-oviposition period.

As with reproduction, survival may depend on temperature and ageing, i.e.
the age relative to the maximum life-span. Therefore the relative rate of
mortality was determined for each age class and at all experimental temper=
atures. From simulations of population growth (Part 2), it appears that the
numerical effects of the temperature dependency could be neglected as well
(12-35°C). For this reason the relafive rates were smoothed out by repeated
simulation of the above survival and reproduction experiment until an accept-
able overall fit was found. These fitted values are given in Table 7. They
demonstrate that the relative rate of mortality depends on the age relative
to the maximum 1life-span.

Takle 6. The length of the preoviposition and oviposition period (days) of

Tetranychus urticae.

Temperature Preoviposition period Ooviposition period
(°C)

7 a n H G n range
10 25.00 - 20 100 - 48 28-
15 3.49 0.87 15 39.3 14.5 43 12-67
20 1.70 0.32 22 26.5 8.1 42 13-44
25 0.89 0.20 31 21.8 8.8 45 8-48
30 0.61 0.16 24 11.6 3.2 38 8-20
35 0.60 0.20 18 10.6 2.6 39 6-16
1a=20 3.05 0.91 22 40.6 10.0 41 16-59
25-35 0.55 0.11 28 13.4 5.1 38 6=31
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i i of
Table 7. The smoothed estimates of the relative mortality rate {d:y )
: male.
Tetranychuys urticae in relation to the age class of the adult fe

Female age class

1-5 & 7 8 9 10 11 12 13 14 15 16 17 18

.50
0.0 0.002 0.02 0.05 0.05 ©.07 0.10 0.10 0.10 0.10 0.15 0.15 0.30 0.5

. L] i_
Table 8. The effect of humidity (T = 23°C) on net fecundity and ovipos
tion period of Tetranychus urticae.

Relative humidity (%) Net fecundity Oviposition period (days)} n

p o H o
45-5( 130.1 44.0 23.1 9.2 2:
70-75 129.8 45.1 23.6 7.9 3
85-90 122.4 38.2 22.4 7.1 &1y

The effect of humidity on the rate of reproduction was analysed by
Boudreaux (1958), Nickel (1960} and Hazan et al. {(1973).
rate is maximal for relative humidities below 90%, the maximum depending on
temperature and the species involved; Hazan et al. (1973) found optimal
values at relative humidities of 22-38%. Above 90% relative humidity the
oviposition is lowest. As argued in the previous subsection the humidity
near to a webbed leaf will probably differ from the environmental relative
humidity at the same temperature due to evapotranspiration of the leaf and
defecation by the spider mite. To study the effect of the humidity buffering

capacity of the webbed leaves mite reproduction was measured on this sub-
strate at three humidity levels {relative humidity =

for the same experimental design as discussed in Subs
sults (Table 8) indicate that as for the rate of dev
ruled out as a factor of importance for the reprodu
urticae within the humidity range of practical inter

As with the rate of development, fecun
Trose 'Sonia' and beap 'Noord

The ovipeosition

50, 75, BS5% at 23°C)
ection 2.1.1. The re-
elopment, humidity is
ction of Tetranychus
ast,

dity was measured also on both
-Hollandse Bruine' (Table 9). These trials were

test for compa-
did not reveal significant dif-
refore it is probable that these particular

rison of means andg variances, respectively,
ferences at the 5% level. The
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Table 9. The effect of the culturing pericd on some life-history traits of
Tetranychus urticae (T = 25°C).

Phase of Female 'egg-to-egg' Net fecundity Oviposition period
culturing developmental time {days)
(hours)
n fi a n g n B o
directly after 31 261 14 45 129.7 48.9 45 2l1.8 8.8
transfer to rose
after a 6-month 42 266 16 40 132.1 47.3 40 21.5 8.1

period of culturing
on rose {('Sonia')
continuously cultured 15 270 21 4] 133.4 50.8 41 22.2 9.2
on bpean ('Noord-
Hollandse Bruine'}

cultivars of bean and rose are interchangeable host plants with respect to.
the life-traits studied.

Comparison of these results on rose with data from the literature on
bean shows similar fecundity levels (Bravenboer, 1959; Lehr & Smith, 1957
(Massachusets strain); van de Bund & Helle, 1960; Watson, 1964 (cld leaves};
Suski & Badowska, 1975; Shih et al., 1976; Saito, 1979b; Feldmann, 1981)
with only a few lower values (Gasser, 1951 - 68 eggs; Lehr & Smith, 1957
{Canterbury strain} - 107 eggs; Fritzsche, 1959 - 57-80 eggs) and higher
values (Watson, 1964) (young leaves). At other host plants fecundity levels
similar to the present results may be cbtained, but mostly lower levels are
reported.

In several cases the chemical composition of the plant has been shown to
correlate with mite fecundity. According to Jesiotr & Suski (1974) fecundity
of the two-spotted spider mite is lower on rose 'Baccara' than on a number
of other rose cultivars. However Dabrowski & Bielak (1978), who studied nue
tritional correlations with mite reproduction in 4 cultivars of both orna-
mental roses, were not able to explain this result; they only found some
correlation with the content of glutamic acid. Furthermere, they found a
positive correlation with the total nitrogen content and total free endocge-
neous amino acids. According to the review by Suski & Badowska (1975) the
effect of nitrogen is often positive, but the results with potassium and
phosphorus are far from conclusive. Suski et al. (1975) state that the ex-
treme conditions produced in the nutritional solutions in the laboratory
are rarely met in practice today and therefore the effects on mite repro-
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duction reported can be ignored. Moreover, the rolé o{ adaptatiigloi;lszij
population to modified nutritional cenditions, as 1?d1cated by e e
of Jesiotr & Suski (1974}, is virtually overlooked in the laboratory -
riments, where generally instantaneous, instead of delaye? responéesl o
generations) to nutritional changes are measured. Because }n practical A
culture today more or less constant NPK levels are maintained, and beizziﬁ
the genetic make-up of the greenhouse populations seems t? be rather s t,
which indicates minor exchange with outdoor mite populations {?Vérmeer e
al., 1975), it may not be far from reality to consider the nutrltlo?al ?on-
ditions as a constant or an implicit 'noise' factor. This assumption is
supported by the fact that in practice NPK levels of 'Sonia' rose leaves0
(3.10% N, 0.28% K, 2.20% P) are largely within 10% of their mean value?. s
that in most cases fecundity varies within 11% of its mean level (ROérlgule
1964}. Rabbinge (1976) came to the very same conclusion for the fruit-tree
red spider mite, which infests Dutch apple orchards.

- . - : enced
Besides fertilizer doses, the nutrient composition may also be influ

. gki
by the age of the leaf or by seasonal changes (e.g. Storms, 1969; Dabrowski,

1976). However the age of 'Sonia' leaves is probably not of importance:

female spider mites placed on green leaves at the top, middle or lower part
of a rose bush produced a similar amount of eggs (Table 10). Besides, yel-
lowing leaves are dropped rather soon and these senescent leaves are simply
left or avoided by the spider mites.

Seasonal changes in food quality were
not studied.

Food quantity is affected by feeding of the spider mites. The availab}e
leaf parenchym decreases during population growth until the host plant is
exhausted. The overall damage may exceed the direct damage done to the host

Table 10. ‘The influence of leaf age on some 1ife

;history traits (T = 25°C)
of Tetranychus urticae.

Leaf number, n

_ Female Net fecundity Oviposition peried
counted from the 'egg-to-egg! {days)
top of a flowering developmental
roge shoot (hours)

—_—

i g i 5 i &
2- 4th leaf 30 258 14 131.1 46.4 22.1 8.9
12-14th leaf - 25 269 19 126.8 40.9 21.8 9.1
20-24th leaf 21 262 13 124.6 55,1 20,9 9.8
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plant by the piercing of the leaf cells. Possibly the quality of available
food dropped by indirect causes. Anyway, mite feeding activity does affect
the food, as shown by a number of researchers (Davis, 1952; Bravenboer,
1959; Tulisalo, 1970; Rasmy, 1972; Wrensch & Young, 1975). To decide whether
these factors need to be studied in more detail, a population experiment in
the greenhouse was compared with populaticn simulation, excluding density
dependent factors (Part 2}. In this way, if the simulations fit under cir-
cumstances of free growth (unlimited food supply), the critical level of
plant exploitation may be found above which intraspecific competition acts
upon the population growth of Tetranychus urticae.

2.1.3 BSex ratio

The two-spotted spider mite Tetranychus urticae is an arrhenctokous par-
thenogenetic species: unmated females produce only haploid eggs, which de-
velop into males, whereas mated females produce both haploid and diploid
eggs, which develop into males and females, respectively. Mating takes
place immediately after the las moult of the female. Supply of sperm is
organized very efficiently due to:

- the guarding and defending behavicur of the males (Potter et al., 1976a,
1978)

- the role of pheromones, tactile stimuli and web (Cone et al., 197lab,
1972; Penman & Cone, 1972, 1974; Regev & Cone, 1975, 1976)

- a shorter developmental time of the males relative to the females (Sub-
section 2.1.1)

- a lower tendency cof the males to disperse relative to that of the preovi=-
position females (Part 2)

~ the presence of an overdose of males relative to the number of teleio-
chrysalids near the ecdysis {Potter, 1978; Functional sex ratio).

The insemination at the first mating appears to be the effective one {Helle,
1967; Overmeer, 1972; Wrensch & Young, 1978).

According to Boudreaux (1963) the proportion of females in the offspring
of a single female is rather variable, so that there is no fixed sex ratio.
He states, that the sex ratio in the offspring of each female depends on
the amount of sperm received during mating. Though Overmeer (1972) demon-
strated the possibility of such a relation by artificial coitus interrup-
tions, it is still not c¢lear if these interruptions occur under natural
conditions. Moreover, Potter & Wrensch (1978) summarize some mechanisms
that may lead to resistance of the males to disturbance by other males.

Although the sex ratio in the offspring of a single female is subject to
variation, this need not to be true for the sex ratio in the offspring of a
population of spider mites. Overmeer (1967) and Overmeer & Harrison (1969)
found that the ratio of the total number of fertilized eggs against those
that escape fertilization is rather fixed over a large number of subsequent
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generations. They suggest that sex ratio is an inherited property.of a ?op-
ulation, i.e. strain specific. Mitchell (1972) attempted to verify this
genetic hypotheses. He found similar indications and suggested that'the
variability of the sex ratic would appear to be a genetic polymorphism.
Both Mitchell and Overmeer & Harrison found in their experiments a maternal
effect on the inheritance of the sex ratio. Although the selective forces
that cause fixation of the sex ratio of a mite population have never Peen
demonstrated, there are some indications of strain-specific sex ratios
(Lehr & smith, 19%57; Overmeer & Harrison, 1967; Mitchell, 1973; Feldmann,
1979) and it will be considered as such in this study. Nevertheless all
data have one aspect in common: the preponderance of females among the off-
spring. This can be seen in the studies just mentioned and also in those of
Gasser (1951), Davis (1961), Iglinsky (1951), Laing (1969), Overmeer (1967,
1972), Hazan et al. (1973).

- The proportion of female progeny was therefore measured again in the
present strain of Tetranychus urticae. The €ggs, produced in the reproduc-
tion experiments at 25°C, were allowed to develop until maturity, when the
sex of the individuals can be registrated conveniently. To study a possible

relation between the sex ratio and the age of the parental female the eggs

were grouped according to the age class of their mo

ther (time periods of 2
days).

Because the number of eggs produced during the final 8 age classes
were low, due to a low rate of reproduction and survival of the parents, an

extra number of females was grown simultaneously with the reproduction expe-

riments to increase the number of 'old female' eggs for sex ratio assessment.

From the results (Table 11) it appears that the sex ratio increased from
6.55 in Class 1 to 0.75

in Class 2 and starting from Class 6 gradually de-
creased to 0.51 again.

This change in the sex ratio with age can be attrib-
uted to intrinsically operating factors, because the mortality during de-
velopment was less than 10%. It was generally found that the first egg
deposited tends to be unfertilized more frequently (e.g. Overmeer, 1972).

Table 11. Sex ratio in the offspring of Tetranychus urticae against the age
of the parsntal female (T = 25°C).

Age class number Proportion females

Number of eggs Number of
in progeny

parental females

1 0.55 197 125
2-3 0.74 320 118
4- 6 0.75 228 112
-9 0.70 479 96
1C-14 - 0.63 302 72
15-18 0.51 178 65
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The subsequent increase of the sex ratio was also found by Nickel (1960},
Hazan et al. (1973} and Potter & Wrensch (1878). Feldmann (1%81) reported a
response of the sex ratio to the age of the female, that was gualitatively
similar to that found in the present work.

Because sex is determined by the fertilization process, control of the
sex ratio as found in hymenopterous parasitic wasps may be expected. Be-
cause females are larger than males (6:1; Table 12), and because females
require much food for egg production, sex determination has an important
bearing on the rate of plant exploitation. At some specified degree of in~
festation it may be more efficient to produce less diploiid eggs (= females)
in view of their chances to reach maturity. In this respect the results of
Wrensch & Young (1978} should be noted. They found an effect of depletion
of the feood resource on the sex ratio that could be ascribed te an intrin-
sically operating mechanism in the female parent. The relative importance
of this aspect for the population growth of the spider mites is determined
by comparison cof simulated and experimentally determined population growth
{Paxrt 2).

2.1.4 weight loss, water balance and growth budget

Because the weight increase during development and the rate of food con-
version inte egyg biomass play a central role in the guantitative analysis
of the predator-prey relation, it is worthwhile to point out the differences
in this respect between the parenchym-sucking Tetranychidae and the mite-
sucking Phytoseiidae. The weight was measured at different stages of devel-

Table 12. Weight increase of Tetranychus urticae during development.

Stage of development Live weight (ug) n
r a/dn
egyg 1.2 - 20 (group}
larva 1.6 - 20 {(group}
protochrysalis 1.5 - 20 (group)
protonymph 3.7 0.2 25
deutochrysalis 3.5 0.2 10
deutonymph ¢ 10.9 0.5 18
deutonymph ¢ 3.4 0.2 20
teleiochrysalis ¢ 11.0 0.4 20
teleiochrysalis ¢ 3.5 0.2 20
adult female in oviposition phase 24.1 0.8 40
adult male 3.9 0.1 28

29



opment with a Cahn electrobalance. The resultf {Table 12) azi ;:t:izzz ;ziee
ment with those of Mitchell (1973) and Thurling (19§0), ?o rrom oag to
Tetranychus cinnabarinus. The twenty-fold increase in welght; . (305) and
ovipositing female, takes place primarily in the.deuFonyTph s aihe eighe
the preovipesition stage (55%). This relative dlstrléutlon of e
over -the develcpmental stages appears to be very similar te that o ]-Yves
seiidae (Subsection 2.2.1, Table 18). Spider mites disperse tolother i:-s
in the beginning of the precviposition phase after fertilizatlon..In tlre
way coloniziﬁg females disperse before they have attained half their za :ion
weight. By delaying half or more of their growth and their full reproduc
effort until after dispersal to new food rescurces these mites reduce de-
mands on their original location, where juveniles, males and parental fe-
males remain having a much lower tendency to disperse {Part 2).

The feeding physiclogy of spider mites is characterized by the large
quantities of plant fluid passing the digestive system. McEnroe (1961,
1%63), studying the actively feeding female by a radioactive tracer tech-

=3 : s and
nigque, estimated an ingestion rate equal to 6 x 10 - pl per 30 minute

- . is implies
@ simultaneous defecation rate of 5 x 1073 #l per 30 minutes. This imp

; i sing
that an amount of fluid equivalent to 20-25% of the female weight is pas

. a-
the gut at 30 minute intervals. Liesering (1960) counted the number of p

. . . : 1 te
renchym cells punctured and emptied. His estimation of the ingestion ra
amounts to 100 parenchym cells per 5 minutes,
spherical with radius 0.01 mm,

Elimination of the large quanti

which, assuming the cell is
implies an ingestion rat of 5 pl per hour.
ties of water ingested in this way is accom-
at shunts excess fluids from the oesophagus
In this way ventricular digestion may proceed
f processing and transporting excess liquid
Large volumes of water can be passed rapidly through the
and excreted without requiring energy for selective ab-

Plished via & bypass system th
directly into the hindgut.
vwithout the added burden o
(McEnroe, 1963).
digestive system
sorption and tran

. s
Sport to the tracheal system for excretion. Also substance
of low molecular

weight (methylene blue so
gut from the oesophagus,

rected to the midgut (ak

lution) pass straight to the hind-
However a colloidal solution of Congo red is di-

imov & Barbanova, 1978).
that chloroplasts and chlorophyll graing w
epithelial cells, in which the st
showed that these free-

Bekker (1956) supposed
ere phagocytized by disengaged

Toma was being digested. Wiesmann (1968)

living gut cellg accumulated dyes, particles and

converting them ultimately into balls of excrement.

about the common name "two-spotted spider miten

the body wall, Upon excretion thes
large amount of plant-pigment-
Gasser, 1951; McEnroe,
another type of faeces
size to the black pelle

+ due to the transparancy of
€ 86 called "black pellets" contain a

related waste products (Blauvelt, 1945;
1961; Liesering, 1960}.

can be distingui

t= and spider pi

Apart from these solid faeces
shed. These are initially equal in

te eggs, but evaporate so quickly
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that only a very small solid fraction containing nitrogeneous waste products
(McEnroe, 1961}, remains: the "white pellets". Another means ¢f eliminating
large quantities of water is that via tracheal evaporation. By sealing the
tracheal openings and by cyanide treatments, McEnroe (1961) showed that an
important part of weight loss can be attributed to tracheal transpiration.
Blauvelt (1945) showed the structural basis for the control of tracheal
transpiration via the peritremes, which are located dorsally just behind
the gnathosema in this prostigmatid mite. The role of cuticular evaporation
is very limited (McEnrce, 1961), probably because of a lipid layer in the
cuticle (Gibbs & Morrison, 1959).

As expected of a plant-feeding arthropod, the conversion of ingested
plant liguid into egg biomass is accomplished with low efficiency. A crude
estimate of the conversion efficiency has been obtained from the following:
- The size of a fresh faecal pellet approximates that of an egg, so that
their respective weights will not differ very much {approximately 1 pg) (own
cbservation).

- The rate of oviposition is egual to 75% of the rate of defecation (rela-
tive humidity = 60-80%) (Hazan et al., 1973, 1975).

- The weight loss during the first hour of food deprivation is equal to
1.2 pg at T = 30°C and a relative humidity = 15-20% {McEnroe, 1961). This
may be considered as an estimate of the tracheal transpiration rate.

- Oviposition and defecation at T = 30°C (and relative humidity = 15-20%)
takes place at 2 and 1.5 hour intervals, respectively (Hazan et al., 1973,
1975}, so that the weight loss via tracheal transpiration eguals that via
oviposition plus defecation.

The weight loss via oviposition therefore contributes to 3/7 x 1/2 = ca.
20% of the total weight loss. In the steady state (fluid intake = total
weight loss), the conversion efficiency of ingested fluid to egg mass is
equal to approximately 20%, which contrasts with that of the phytoseiid fe-
males (Secticn 3.1). Because mature females of this family lose most of
their weight via egg production, Phytoseiidae can convert the ingested con-
tent of the spider mite to egg biomass with an efficiency of about 70%.
This difference may be explained by a relatively higher degree of water
conservation in the Phytoseiidae, as indicated by the presence of Malphighian
tubules and a colon (Akimov & Starevir, 1975), and by a low proportion of
indigestable constituents. In spider mites the physiological effort is not
directed to recycling of water, but rather to eliminating it, as indicated
by the presence of the combined hindgut and excretory organ {Blauvelt, 1945).
Moreover, large amount of solid food residue are eliminated, as indicated

by the '"black pellets".
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2.1.5 Role of webbing

Tetranychid species differ with respect t? their m?de ?f web]fizgiiizzgr
Panonychus spp. use the silken strands predominantly in dlspersaf e
et al., 1956). They spin threads by which they lower themselves rothE o
until they are picked up by air currents. Saite (1979} found t?at e
males of Panonychus citri spin while walking, but appear to a?o%d the o
threads, which merely serve as 'lifelines'. Apart from its'51m11ar u?;din
dispersal, Tetranychus spp. use the silken strands as material fo% bUJ-Theg
structures of webbing, within which all stages find a place to llYe-
adult stages of these species walk upen, in or under the webs, Whllé for
example Oligonychus ununguis mostly lives under a webbing cover (Saito.
1979). The structure of these so called colonies differs among the members
of the Tretranychus species. Colonies of Tetranychus atlanticus are more
compact and have a greater profusion of webbing than those of most other

; imi to
species {Leigh, 1963). Tetranychus desertorum produces colonies similar

the latter species (Nickel, 1960), but Tetranychus pacificus produces only
a loose or dispersed type of colony, with relatively little webbing. T?tra-
nychus urticae produces colonies with an intermediate amount of webbing
(Leigh, 1963). On the other hand the form and density of the web depends on
the host plant involved (hairs, ribs, smoothness) (van de Vrie et al., 1972).
Several functions have been ascribed to the webbing (Gerson, 1979). The

\ . . ; i i is-
silk serves as ballooning threads in aerial dispersal, as a lifeline in d

bersal by walking and ag a carrier of sex pheromones. The webbing may inél-
cate the state of depletion of food resources and .it may be a prereguisite
for the conditioning of social interactions.
specific mating competition between males and in interspecific competition

against other non-spinning phytophagous mites. The webbing cover may also
exert an influence on the microclimate,

broperties of the fibroin silk strands.

itants from adverse climatic conditions,
natural enemies.

The webbing is used in intra-

for instance via the hygroscopic
Moreover, it protects the inhab-
some pesticides and at least some



ately crawled between the strands of webbing. A negative influence of web-
bing on predation by Phytoseiidae has been reported for the adult females
of Amblyseius longispinosus (Mori, 1969), A. largoensis (Sandness & McMurtry,
1970, 1972), Typhlodromus caudiglans (Putman, 1962), 7. pyri (McMurtry et
al., 1970) and for the larvae of T. tiliae (Dosse, 1956); the adults of the
latter species seemed not to be affected. However other Phytoseiidae seem
to be attracted to the webbing and undisturbed by the silk. These include
Amblyseius fallacis, Phytoseiulus persimilis and Metaseiulus occidentalis
{Putman & Herne, 1966; Huffaker et al., 1969; McMurtry et al., 1970).
schmidt (1976) measured an increased rate of predation by Phytoseiulus per-
gimilis due to the webbing. She found, that webs arrested the predator more
than prey eggs or exuviae, and suggested, that this arrestment was based on
tactile stimuli. These observations correspond with those of Takafuji &
Chant (1976), who observed that Phytoseiulus persimilis, as opposed to
Iphiseius degenerans, consistently distributed itself over the silk-covered
leaves, and the adult females invariably deposited their eggs in the webbing.
Fransz (1974, p. 99-100) concluded that webbing hinders Metaseiulus occiden-
talis sufficiently to affect the predation rate. He observed several behav-
ioural changes of Metaseiulus cccidentalis in response to webbing produced
by the males of Tetranychus urticae (decrease of walking activity, walking
velocity, coincidence of prey and predator and handling time with respect
to the prey males). He stated that if this species is common in spider mite
colenies, it is more due to the effect of trapping and a high reproduction
rate in the presence of much food than by attraction. These findings stimu-
lated the investigations discussed in this report on the role of webbing in

the predator-prey interaction (Chapter 3).
2.1.6 Web production and colony growth

Tetranychus spp. produce silk strands (0.03-0.06 pym diameter) by way of
a glandular system, which opens in a hollow hair at the top of the pedi-
palps (Mills, 1973; Alberti & Storch, 1974). The strands are stretched be~
tween the curved leaf edge, the leaf ribs and the leaf surface. When powder-
ed with talc, the webbing becomes visible. It appears to be chaotically
structured except that it tends to form a compact, coherent cover with a
more-or-less obvious border. To quantify web preduction a fixed amount of
fluorescent powder was dispersed over the webbed area, as proposed by
Fransz (1974, p. 24). Scme of the fluorescent particles stick to the silk
strands, but the majority fall onto the leaf surface. The number of fluo-
rescent particles stuck to the silk strands can be counted using a binocular
microscope and a UV=lamp for illumination. These counts may serve as a rel-
ative measure of the amount of webbing, because they indicate the length of
the silk strands. The webbing density is quantified by the number of inter-
cepted particles per square centimetre of leaf area. To standardize the
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Apparatus used for spraying fluorescent: particles over the webbe
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Spore dispersal over 2 leaf area, aiming at a uniform distribution
of the infectipp.

' ly with a standard measurement of
webbing

= 23°C and a relative humidity = 759, to detect
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variations in the experimental procedure and to enable correction for these
variations if necessary.

These standard treatments were all within 15% of their overall mean, so
that the experimental procedure was considered to be reliable.

Hazan et al. (1974) quantified the web production of Tetranychus cinna-
barinus in a comparable way. They used the fraction of the total faecal-
pellet production anchored to the gilk threads as a measure for web produc-
tion. Saito (1977a) developed a different approach to the problem. He con-
structed a grid of 1 mm mesh from thin (50 um) nvlon threads and placed it
on the leaves. The mites produced webbing over the leaf-grid system. The
nites were subsequently removed and the grid was lifted with the web threads
attached. The amount of webbing was measured using dark-field microscopy.
To date no comparison of these two methods has been reported in the liter-
ature.

The experiments on web production were carried out at three constant
temperature levels (T = 15, 23, 29°C); the relative humidity was 75%. In
another series of experiments measurements were made at three humidity
levels (relative humidity = 45-50, 70-75 and 85-%0%) and one constant
temperature (T = 23°C). A Weiss Growth Cabinet (type ZK 2200 E/+4 JU-P-35),
located at the Institute of Plant Protection Research, Wageningen, served
as a climate room (T = x + 0.25°C; relative humidity = y + 2.5%).

Single precviposition females were transferred to rose leaves that were
still connected to a 5 cm section of their shoot. These females were allowed
to produce eggs and web during a peried equal to the mean incubation time
of the eggs. Each experiment at a certain combination of T and RH was repli-
cated at least 15 times. The results are given in Tables 13 and 14. These
show that web producticn is stimulated by increasing temperature but is
only slightly affected by changes in humidity within the range 50-85%. From

Table 13. Rate of increase of area webbed by Tetranychus urticae.

Temperature (°C} Relative humidity (%) Rate of increase of webbed area
(cmz-day-l-Q'l}
n o n

13 70-75 0.016 0.005 20

16 70-75 0.057 0.014 16

23 45-50 0.167 0.039 21

23 70=75 0.157 0.045 18

23 85=90 0.129 0.043 19

29 70-75 0.218 0.032 12

35



cae, as indi-
Table 14. Web production of young females of Tetranychus urticae,
2 . .
cated by the interception of fluorescent particles.

idi ction
Temperature (°C) Relative humidity (%) Rate of web produ

-1 =1
(particles-day -9 )

p a n

20

13 70-75 8 3 16
8

16 70-75 26 1
23 45-50 72 14

23 70-75 63 11 "

19

23 85-90 54 ° 12
29 70-75 102 15

the same experiments the daily expansien of the webbed area was measu?ei;_
Since webbing became visible after powdering with fluorescents ané uv-il

mination, the circumference of the colony could be drawn on graphic paper%
The rare case of a single strand stretched over a part of uncolonized léi
was neglected. As can be seen from Tables 13 and 14, the ratioc of the daily
increase of particle interception and that of the webbed area is about con-

. , al
stant, so that apparently the web production is largely used for later

, that
expansion of the webbed area over the leaf surface. Thiz does not mean

, en-
the webbing is distributeg uniformly over the webbed area. The webbing d

. : ; igqure
sity was mapped crudely and some characteristic cases are given in Figu
8. It appears that the lower densities are found in small
the boundaries of the colony. However,

been assumed that the webbing in a mite

strate for predator-prey interaction. T

strips near to
to simplify further analysis it has
colony provides a homogeneous sub-

his simplification must be kept in

mind in interpreting results discussed in this report.

In a subsequent series of experimen
stopped after the elapse of the mean
females and their offspring were all
leaves were exhausted as a food sour

density is given for three character
nization of a leaf.

iod enly adult females produced webbingi
the density of 8ilk strands Per sg

ts the colonization period was not
incubation time of the eggs, but the
owed to continue feeding until the

Ce. In Figqure 9 the change in webbing
istic sub-periods of spider-mite colo-

sible ¢

- This reflects a pre-
colony. The third period started, when



B

HIGH CENSITY OF WEBBING
MODERATE DENSITY OF WEBBING
LOwW DENSITY OF WEEBING

Fig. &. Growth of the webbed area on the underside of a rose leaflet
and a schematic representation of areas of high, mederate and low density
of webbing. Leaf A until D represent increasing stages of colonization.

the food source was almost exhausted and the mites were becoming increasing-
ly active, probably in search of food. There is an expleosive increase in
the amount of webbing due to the increase in walking activity. Saito (1977a}
also noticed a high correlation between the walking activity and webbing.
His observations clearly show that the spider mites continually produce
threads while walking. Because silk secretion is probably not continuous,
continuous thread production is probably due to the effect of silk coagulat-

ing by stretch.
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Fig. 9. Webbing intensity,
fluorescent particles,
Period A:

as indicated by the density of intercepted

in different periods of spider mite colonization.
adult females produce ©ggs and webbing, abundant food. Period B:
adult females produce less eggs, €9gs of Period A are hatched and developed
until the deutonymph stage, moderate food availability. Period C: all- stages

, . ood
are present, food demands of the hew generation caused exhaustion of the f
source, walking activity is increased.

Having studied the increase of the webbed area it may be guestioned, ?ow
this is related to the actual leaf area damaged by the piercing and sucking
of the spider mites. The mite injury to young rose leaves can be detected
easily by the small circular yellow spots that appear through the dark-green
UPPEr cuticle. These symptoms arise irrespective of which side of the leaf

received that damage in an early stage of
using young rose leaves,

"the damaged area can be
ification of the diameter

ith the reproduction experiments discussed in Sub-
section 2.1.1. ag with

Teproduction, the rate at which the mites damage
is dependent °n temperature gz

nd the age of the female spider mite.
Baker & conel] (1963) measured the vigj

leaves,
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. Pable '15. Daily leaf injury (mma-day-l-e-l) on soybeana and roseb {4-5th
leaf from top of flowering plant), caused by feeding of adult female spider

mites.
Temperature (°C) Soybean Rose ('Scnia'),
age class of the adult female
leaf from leaf from
upper part lower part 2=3 8~10 11-18
15 - - 0.6 0.2 -
20 - - 0.9 0.3 -
24 0.5 0.33 - - -
25 - - 1.2 0.4 g.1
26 0.66 0.41 - - -
30 - - 1.4 0.5 -
32.5 0.85 0.74 - - -
35 - - 1.7 0.6 -

a. Data from Baker & Conell {(1963), using females of Tetranychus atlanticus
(age unknown).
b. Present study, n = 10-20,

by spider mite females of Tetranychus atlanticus. Their data are also given
in Table 15. They did not standardize the age of the spider mite females
explicitly, which makes exact comparison difficult due to age-released
changes in the rate of food ingestion. Nevertheless, the conclusion may be
drawn that both results indicate a rate of leaf damage more than ten times
smaller than the rate of colony growth. This suggests that a large part of
the leaf covered with webbing is still available for juvenile food require-
ments, as long as the colony is allowed to expand freely. After complete
colonization of the leaf, food scarcity may socner or later become apparent.

2.2 PHYTOSEIID PREDATORS

In this section the bionomics of four phytoseiid species are discussed
that are generally considered to be specialized on tetranychid prey

{McMurtry et al., 1970). These predators are:

Phytoseiulus persimilis Athias-Henriot 1957

This species was obtained from the culture of the firm of Koppert (Berkel
en Rodenrijs, The Netherlands), where it was fed with Tetranychus urticae.
Dosse (1958) originally obtained specimens from Chile. Kennett & Caltagi-
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rone (1968) showed that the Chilean population readily hybridizes with a
Sicilian population, which is considered to be endemic (Ragusa, 1977). Many
records from other Mediterranean countries are available (see e.g. McMurtry.
1977). This predator has been introduced in North American and European
glasshouses to control spider-mite outbreaks. The results have been satis-

factory (Hussey & Scopes, 1977).

Hetaseiulus occidentalis (Nesbitt, 1951)

This species was obtained from the culture of Kuchlein (Agricultural Uni-
versity, Wageningen), which originated on the culture of Bravenboer (Glass-
house Crops Research & Experimental Station, Naaldwijk).

According to Hoying & Croft (1977) this population is conspecific with popu-
iations inhabiting citrus orchards in the western part of North America,
where it is considered to be a successful predator of Tetranychus mcdanieli
and, to a lesser extent, Panonychus ulmi (Hoyt & Caltagirone, 1971). The
name of the genus (Metaseiulus instead of Typhlodromus) is adopted from
Schuster & Pritchard (1963).

Amblyseius bibens Blommers, 1973

This species was obtained from the culture of van Zon & Blommers {Amster-
dam, The Netherlands), where it was fed on Tetranychus urticae. Blommers

(1973) collected specimens in Madagascar. He reports this predator to be

successful in controlling Tetranychus neocaledonicus and Tetranychus urti-

cae populations in the greenhouse (Blommers & van Etten, 1975; Blommers,
1976).

Amblyseius potentillae (Garman, 1958)

This species was obtained from the culture of van de Vrie (Wilhelminadorp,
The Netherlands), where it was fed on Tetranychus urticae. The culture did
not succeed on mite-infested bean plants, but was successful when mites
were brushed off the leaves and offered to the predators (van de Vrie,
personal communication; own observations).Van de Vrie collected specimens
in the south-west part of The Netherlands (Sercoskerke). Here it is con=-
sidered to be an effective predator of Panonychus ulmi, together with other
predatory mites like Typhlodromus pyri and Amblyseius finlandicus {van de
Vrie, 1972; McMurtry & van de Vrie, 1973; Rabbinge, 1976). Boczek et al.
{1970) recorded this species alsoc in Central European orchards. Recently,
McMurtry (1977) collected specimens in Southern Italy and showed that a

stock from apple in The Netherlands was reproductively compatible with a
stock from citrus in Italy (McMurtry et al., 1976).

The purpose of this study of phytoseiid predators is threefold:
= to analyse interspecific differences in development, abiotic mortality,
fecundity and sex ratio in relation to temperature, humidity and prey den-
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i i .1-2.2.3). .
sity (Subsection 2.2.1 ' . . Cile an
to quantify the relative contribution of the different sz? g
] i i in a
adult stages of the predator to the prey consumption achieve
i i .2.4).
life-span (Subsection 2.2 . . .
to estimate the effects of drinking water, cannibalism and, ;v o
. i i sel
nychid food is lacking, non-tetranychid food consumption on phyto

i Subsec~
vival, and to determine their ability to recover from starvation (
tions 2.2.5-2.2.7).

2.2.1 Development and mortality

; i Table 16}
Data on developmental time and mortality seem to be available { o may
i i
in sufficient gquantities. However many results are contradictory, W Tte of
i su
be due te differences in strains or experimental methods, e.g. re

; 1 similis
Bravenboer & Dosse on the developmental time of Phytoseiulus per

. : i et al.
(Bravenboer & Dosse; Table 1 and Figure 1), results of Tanigoshi

(1977) and Pruszynski & Cone (1973) on the developmental time of Metasez::fs
occidentalis, and results of McMurtry (1977) and Rabbinge (1976{ on thees
velopmental time of Amblyseius potentillae. Because of these dlfferenciid
interspecific comparisons were made simultaneuously between four Phyﬁ?i:
species. This trial was carried out at three temperature levels (T = ;
20, 30°C; relative humidity = 70%; photoperiod = 16 hours). At the star-
females were allowed to oviposit for two hours at T = 20°C. The eggs ob
the climatic cabinet.
After hatching the larvae were put separately in Munger cages (Fig. 10).
where they were supplied with abundant prey (eggs,
throughout their development. The Presence of exuvia
rium for previocus moulting. The skins were discarde
the preoviposition phase of the females,
ensure fertilization. ‘The experiment was
posited their first egq.
corded every 8 hoursg with
11 as the inverse
deposition of the first e
development).

tained in this vay were immediately transported to

larvae and females).
e was used as a crite”
d after detection. At
two males were added per cage t0
stopped after all females had de-
In this way the Progress in de@elopment was re-
at least 30 replicates. The results are presented
of the time elapseq between egy sampling and the

—to-egd’
99 by the grown up female (the rate of 'egg-to-e99 .
pecific differences in

ations relating

The interg
summarized in linear equ

perature (T = 15-30°g):
Phytoseiulys bersimilis - rate = 0,011 x (T-11.2) {dayal)
Amblyseius bibens - rate = 0,011 x {T-11.5) (daY-l)

0.010 x (T-11.0) (day *)
0.008 x (T-11.0) (day"

e
the rate of development ar¢ .

em-
the rate of development to the t

Amblysejius potentiljae

- rate =
Metaseiulys occidentalis



GLASS PLATE

*.. PERSPEX CAGE

................... FH_TER PAPER

s GLASS PLATE

Fig., 10. Design of the Munger cage used in the study of Phytoseiidae.

tenperature regime. This difference is possibly related to the climatic ori-
gin of these species. One common trait of the rate of development among the
Phyteseiidae studied is that they develop faster than their prey: Tetrany-
chus urticae - rate = 0.0067 x (T-11.0) (day'l). Moulting causes only a
very short interrupﬁion in the feod searching activity of phytoseiids.
Tetranychid development is characterized by distinct moulting stages of a
duration similar to that of the preceding feeding stage. This causes an in-
terruption of feeding and hence a retardation of develcopment. From this
point of view it is worthwhile to note that the egg-to-egg developmental
periods of predator and prey equal each other, if the moulting stages are
excluded from the computation of developmental time. The relative contri-
bution of the hatching, intermoult and preoviposition periods to the total
egg-to-egg period is about the same for all temperatures and for all species
studied; on average 34% of the egg-to-egyg period is spent in the egg stage,
12% in the larva stage, 15.5% in the protonymph stage, 16.5% in the deuto-
nymph stage and 22% in.ghe preoviposition stage (Table 17). The standard
deviation and the mean of the developmental periods were estimated from a
plot of the cumulative frequency distribution of developmental periods on
probability paper of the Gaussian distribution. The 8-hour observation in-
terval was taken as a class unit. The estimated standard deviations were
7-12% of the estimated mean developmental time. In Table 16 the proportional
differences between the present measurements and those found in the litera-
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Fig. 11. Rate of egg-to-egg development of four phytoseiid species and tF
two-spotted spider mite in relation to temperature. o, Phytoseiulus PefSIi
milis; e, Amblyseius bibens; +, Amblyseius potentillae; A, Metaseiulus occi-

dentalis; » the two-spotteq spider mite, Tetranychus urticae; 1 .
standard deviation (n = 30-50),

ture are summarized. Whenever the
adult periods instead of egg-to-eg
pPeriod was adjusted accordingly.
tion in the data from the litera
This may be due to Strain specifi

Even though the rate of devel
ture in the Tange of interest i
give rise to results that deviag
tion. However Rabbinge (1976) s
considered as reacting instanta

data in the literature concerned egg-to-
g periods, the length of the developmental
This survey demonstrates the large varia-
ture compared to the data of this study.
cness and/or experimental methods,

cpment is relateq linearly to the tempera-
n this study, fluctuating temperatures may

te from that expected for the linear rela-
howed that the

nheously to 5 ch
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Table 17. Stage-specific developmental times of four phytoseiid species.

Species Temperature Mean developmental time (days)
(°c)

eqgy larva proteo- deuto- preoviposition
nymph nymph female

Phytoserulus 15 8.6 3.0 3.9 4.1 5.6
persimilis

Amblyseius 15 6.8 2.4 3.3 3.4 4.2
potentillae

Amblyseius 15 9.2 3.2 4.3 4.5 5.8
bibens

Metaseiulus 15 9.8 3.6 4.4 4.9 6.6
occcidentalis

Phytoseiulus 20 3.1 1.1 1.4 1.6 1.9
persimilis

Amblyseius 20 3.2 1.1 1.4 1.5 2.0
potentillae

Amblyseius 20 3.5 1.3 1.6 1.8 2.3
bibens

Metaseiulus 20 4.4 1.7 2.0 2.4 3.1
cccidentalis

Phyteseiulus 30 1.7 0.6 0.8 0.8 1.1
persimilis )

Amblyseius 30 1.6 0.7 0.8 0.8 1.1
potentillae

Amblyseius 30 1.7 0.7 0.8 0.8 1.1
bibens

Metaseiulus 30 1.7 0.8 0.9 1.0 1.3
occidentalis

seius potentillae).

Begljarow (1967), Ushekov & Begljarow {1968) and Stenseth (1979) showed
that developmental time is also affected by relative humidity. only a slight
increase in developmental time was observed by these authors when the rel-
ative humidity was increased from 407 to 70%. The tendency to gain water by
increased predation at low humidity may account for this reduced effect
(Begljarow, 1967; Pruszynski, 1977). pccording to Begljarow, development
almost stops at relative humidities of 25-35%. :

In the present experiments, mortality during development was as low as
in Tetranychus urticae. At all temperatures 87-94% of the eggs reached
maturity, independent of the species involved (RRM = ~1n(0.9) x DR; RRM =

relative rate of mortality; DR = 'egg-to-edgg developmental rate). In another

experiment the effect of extreme temperatures was investigated for Phyto-
seiylus persimilis and Metaseiulus occidentalis; a five-day period of the

45



eggs at T = 10°C did not alter the percentage of ?g?s reaching maEUflzzo;n
a subsequent period at T = 20°C and relative humidity = 70%. ft = o
and relative humidity = 75% the pre-adult mortality roselt? %44. %ccoI': g
to Hamamura et al. (1978) the eggs of Phytoseiulus persimilis failed 2C
hatch after storage pericds of more than 6 days at temperatures be}ow lot,
but the adult females were able to survive and to remain reproductive af7zr
25 day storage without food, after 50 day storage with honey ?né afterhi X
day storage with spider mites, when relative humidity was sufficiently i gh.
According te Begljarow (1967) the mortality in the egg stage depen Sf
very much on the humidity level. At a relative humidity of 50% the eggs :
Phytoseiulus appeared to shrivel at all temperatures between 13°C and 37 C;
At 3 relative humidity of 60% hatching of the eggs was successful below T =
30°C, but above this temperature level a relative humidity of 80% was nec-
essary for successful hatching. Larvae, nymphs and adults were less afféct-
ed by humidity, probably due to a compensatory moisture supply through in-
creased predation at decreasing humidities. They could develop normally at
relative humidity = 50%, but at 25-35% stopped (Begljarow, 1967). A num?ef
of authors confirmed the fact that the egg stage of Paytoseiulus persimilis
is relatively vulnerable to relative humidities below 70% {(Ushekov et al.,
1968; Hamamura et al., 197s; Pralavorio et al., 1979; Stenseth, 1979). A

similar type of vulnerability was found by McMurtry et al. (1976) for Ambly-
seius potentil]lae.

An Ttalian stock of this species appeared to be more Ie-
sistant to low hum

idities than a Dutch stock (50% mortality of the eggs at
relative humidities of approximately 55% and 70%,

for the respective stocks)
McMurtry et al.

state that these results are consistent with the climatic
origin of the stocks and that the egg stage is probably the most vulnerable
to dry conditions: the mobile stages can obtain moisture from their food or
move to a more favourable (micro)climate. However, although the egyg itse{f
is immobile, it ig deposited by the adult female bredator at characteristif

SPots on the leaf (e.g. stuck to the leaf hairs), often close to the leaf

Tibs and - most important with regard to the Phytoseiidae in question - il

the webbing structure produced by their Prey. As postulated by Hazan et al.
(1975), the hygroscopic properties of the fibroin silk strands, the micro-
Climate in the webbing Structure, the supply of meisture via evapotranspi-
ration of the leaf and, to a smaller extent, defecation by the spider mite

Because the greenhouse climate is such that Telative humidities between

40% and 70% do occur rather frequently, the extent to which the miCrOhabitat:

buffers the effect of humidity was investigated. Two substrates for egg de-
velopment were Placed simultaneously .5

- plant with‘webbing and mites {eqg

uncovered Munger cage without le
substrate),

Subsequently. well-

95 and adults) (Fig. 12);
aves,

webbing and spider mites (= PersPEX_

fed female pPredators were released on these substrates
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Fig. 12. Plant system used in the study of climatic effects on life history.

and were allcwed to oviposit for one day. In this way, the eggs were not
deposited in an artificial way, but according to the oviposition behaviour
of the female predator. After removal of the ovipositing females the hatch-
ing success of the predator eggs was recorded during the following six days.
The results {(Fig. 13) show that in comparison with the artificial substrate
the combination of plant, webbing and spider mites exerts a positive influ-
ence on the hatching success. Under the climatic regime of the greenhouse
culture of ornamental roses (relative humidity > 50%) no detrimental effects
are to be expected because the hatching success declines for relative humid-
ities below 50%, even at high temperatures. The results concerning the arti-
ficial substrate correspond with reports of similar investigations (Ushekov
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cenn,

webbed bean leaves (Fig. 12);

Fig. 13.
seiulus persimilis anpd +
humidity and to the substrate,
uncovered Munger cages (Fig. 10).

1968; Pruszynski, 1977; Pralaverio et al., 1979; McMurtry, 1977;'
Substrate correspond with the results ©

et al.,
Those concerning the 'natural’
Stenseth (1979), who used the appropriate experimental procedure at two ex-
treme humidities (relative humidity = 80% and 40%)
The reports of juvenile mortality at high temperatures (T > 30°C) are
Bravenboer & Dosse (1962) did not report an increase in mortality
eiulus persimilis at temperatures above

numerous.,
of Phytoseiulus juveniles at T

found a high mortality of Phytos
C and McClanahan (1968) found a very high mortal-

Begljarow (1968) and R&hm (1970) observed low viability of the eggs
seiulus occidentalis, there are

°C (Pruszynski & Cone 1973, high
o . .
100% mortality at T = 38.4°C)

ity even at T
reports of increasing mortality above 33

35°C; Tanigoshi et al. 1975, ‘

ery difficult, beth through lack of

at temperatures above 3Q°
= 30°C. similarly for HMeta

mortality at T =

The interpretation of these results jg v
midity ga

eriments described in this study did not

specification of the envirommental hu
30°C and high humidity, but the

experimental substrates. The exp
indicate an increase in mortality at T =
ality increases, is raised by 1n-

critical humidity level, below which mort
1968). Probably the rapid onset of
d by high humidities when temperature

creasing temperatureg {see Begljarow,
detrimental effects cannot be prevente
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Table 18. Stage-specific fresh weights (ug) of four phytoseiid species.

a b

Predator Egg Larvab Proto=- Deuto- Male Female®

species nymphb nymphb Q

Phytoseiulus 4.5-4.8 4.0-4.8  5.2-6.7 9.7-10.9 5.4-6.7 24.1-28.9
persimilis

Anblyseius 2.9-3.3 - - - - 15.1-~17.9
potentillae

Amblyseius 2.0-2.4 = - - - 10.1-12.72
bibens

Metaseiulus 1.8-2.1 1.8-2.2 2.3-2.9 3.1-3.9 2.5-3.0 8.0-10.4
cccidentalis

a. Number of replicates = 20.
b. Number of replicates = 5,

exceeds 32°C.

Measurements of the weight increase during development are given in
Table 18. The males attain their final weight level in an early stage of
development: the protonymph stage. The females obtain almost 60% of their
weight increase during the preoviposition period. The maximum difference in
weight between females sampled from well-fed cultures at or befcre ovipOSij
tion almost corresponds with the weight of an egg. This is because one eggw
at a time (= the terminal oc&cyte) is absorbing vitelleogenic materials. After
attaining its final size and fertilization the egg will be deposited and
the next egg in the 'queue’ will start growing. The adult ovipositing female
weighs 4-5 times more than the original egg mass, & ratio that holds for
all species studied. Furthermore, it appears that though the relative weight
increase is constant for the species studied, absolute weight levels differ
considerably. As shown in Fig. 3, Metaseiulus occidentalis is the smallest
phytoseiid of the four studied. Relative to this species the ovipositing
females of Phytoseiulus persimilis contain 2-3 times more biomass, Ambiy-
seius potentillae 1.5-2 times more and Amblyseius bibens 1.1-1.3 times more.

The effect of food supply on the rate of development is demonstrated in
Table 19, which presents some unpublished data of Kuchlein and data from
the literature (van de Vrie, 1973; Takafuji & Chant, 1976). The critical
level of food supply, below which development is retarded and mortality in-
creases, is about 1-2 pg per day. From the interspecific and stage-specific
weight distributions, it is obvious that the effects are more pronounced in
the larger-sized phytoseiid species and in the preoviposition phase, in
which relative to the other stages a large weight increase has to occur in
a short time span. The larvae of all species in guestion are able to moult
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Table 19A. . .
time of Metaseiulus occidentalis. Leaf area = 5 cm2; daily replacement o
the prey consumed; T = 27°C. Source: Kuchlein (to be published).

The influence of the density of the prey on the developmental

Prey (eggs) Developmental time (days)

number st
egdg n larva n protonymph n  deutonymph n egg to a

1 1.7 44 1.16 37 1.94 32 1.26 27 ©6.06

2 1.72 69 0.98 &5 1.26 57 1.02 51 4.98
- - 0.97 76 1.00 73 1.00 73 4.67

25 1.61 74 1.01 &9 1.01 67 0.93 67 4.56

5¢ 1.81 9% 0.90 90 0.89 B2 0.95 75 4.55

Table 193.

The influence of prey density on the developmental time of
Phyteoseiulus persimilis. n = 10-14; paper area = 4 cm2; daily replacement
of the prey consumed; T = 25°C. Source: Takafuji & Chant (1976).

Prey (protonymphs) Developmental time (days)

number
larva  protonymph deutonymph egg to adult
0.8 2.8 5.1 8.7
0.8 1.2 1.7 .7
0.8 1.2
20 0.8 1.2 1.2 .
Prey (adult 9) Preoviposition
number
1 5.5
2 4.1
4 2.9
8 2.0
16 1.5
32 1.4
into the next nymphal stage without any food and without any retardation of
development :



Table 19C. The influence of prey density on the developmental time (days)
of Amblyseius potentillae. n = 11-13; cage area = approx. 20 cm2; daily
replacement of the prey consumed; T = 23°C. Source: van de Vrie (1973).

Prey (larvae) Developmental period Preoviposition period

number (egg to adult)
high 6 {5=6.5) 2 (1.5- 3.5)
10 6 (5-6.5) 2 (1.5~ 3.5)
8 (7-9.5} 4 (3.5~ 5.5)
2 12 (10-18) 8 (7.0-10.5}

during nymphal development (Subsection 2.2.4). These quantities of food re-
quired are constant at all temperatures, which suggests a fixed amount of
food needed to mature. However, phytoseiids are able to mature on 66% of
the food guantity described previocusly (own cbservation). Although their
bodies were flattened under conditions of low food supply, they were still
able to moult into the next stage despite their obviocusly hungry state,
Apparently development allows for some flexibility with respect to the food
reguirements in the nymphal stages.

2.2.,2 8ex ratio

For four phytoseiids, egg production commences only after copulaticn
(McMurtry et al., 1970; Schulten et al., 1978; personal observation). Al-
though Rkaryological evidence indicates that males are hapleid and females
diploid (Wyscki & Swirski, 1968; Blommers & Blommers-Schlisser, 1975;
Oliver, 1977), both males and females probably result from dipleid eggs, as
has been shown by genetic means for the case of Amblyseius bibens, Phyte-
seiulus persimilis (Helle, 1978) and Metaseiulus occidentalis (Hoy, 1979).
Apparently the hapleid condition of the males is caused by the loss and/or
heterochromatization of half of the chromosomes. Thus parahaploidy, not
arrhenotoky, as found in the spider mites, is the genetic system (Hoy, 1979}.

The probability that an egg becomes a male or a female can be estimated
from the sex ratio (9/(9 + 9} in a large sample taken from eggs lain by
randomly selected phytoseiid parents. Sex distinction is most conveniently
made in the adult phase: females are larger than males. The proportion of
females can thus be assessed in the group of adults emerging from a labora-
tory ab ovo cultivation. This proportion equals the sex ratio if the rela-

tive rate of juvenile mortality of both sexes are the same. In Table 20 a

data survey is given for 'laboratory' sex ratios of the four Phytoseiidae.

Although the sample size of the parental females is generally small, it
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Table 20. Sex ratio in the progeny of four phytoseiid species according to
references in the literature.

Predator Temperature Sex ratio Number
2/{(2 + ¢) of eggs

species (°c)

Phytoseiulus 23
persimilis 25
25
25
15-28
22-27

Metaseiulus 18
occidentalis
21
24
27
29
32

35

24
22,5

22.5

15-28
25.5

Amblyseius 29
bibens

Amblyseius 15=-3¢

botentillae

a. Ph.p. thesis,
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0.89
0.86
0.84
0.82
0.804
0.79

0.64

0.53
.63

0.71
O.QZ

954
816
930
400
245
247

43
620

179

360

238

Number of Reference

parental
females

11
13
106
20
20
50
50
50
S0
50

50

50

60

20

54

és

Amanc & Chant, 1978
Schulten et al., 1978
Hamamura et al., 1976
Takafuji & Chant, 197
Laing, 1968

Kennett et al., 1968

Tanigoshi et al.,
1977

Tanigoshi et al..
1977

Tanigeshi et al.,
1977

Tanigoshi et al..,
1977

Tanigoshi et al..,
1977

Tanigoshi et al..
1977

Tanigoshi et al..
1977

Lee & Davis, 1968
Croft & McMurtry,
1972

Croft & McMurtry,
1972

Laing, 1969

Sharma®, 1966

Blommers, 1976

Rabbinge, 1976

referred to in Croft & McMurtry (1§72)



seems justified te conclude that for all four species the sex ratio general-
ly exceeds 50% and that there are interspecific differences. The sex ratios
of Amblyseius potentillae and Metaseiulus occidentalis are around 66%, while
those of Phytoseiulus persimilis and Amblyseius bibens are close to 83%.

Based on both laboratery sex ratios and sex ratios observed in the field,
the sex ratio may be considered constant, although a few exceptions are
noteworthy:

- Tanigoshi et al. (1977) established a slight decrease of the sex ratio
of Metaselulus occidentalis at temperatures exceeding 30°C.

- Dyer & Swift (1979) found that short-term variations in sex ratio were
related to meteorological changes, particularly humidity, temperature and
wind speed. The reason is not yet clear.

- Amano & Chant (1978) observed that the sex ratio of Phytoseiulus persi-
milis was constant with age, except for a higher proportion of male progeny
at the onset of reproduction.

- Amanoc & Chant (1978) found that the sex ratio was independent of the
feeding history of the female as a juvenile, but in comparison with well-
fed females temporary food deprivation in the adult stage gave rise to a
decrease of the sex ratio in the subseguent offspring.

The causes of the deviating 'laboratory' sex ratios may be due to both
differences in mortality among the sexes and the sex determination process.
The 'field' sex ratios are also influenced by the shorter life span cof the
males, differential susceptibility to detrimental factors, etc.

There seems to be no reason why adult females should not mate shortly
after emergence:

- The eggs are deposited in prey aggregations, so that emerging males and
females are in close vicinity.

~ The tendency to disperse is low in all stages relative to that in the
fertilized females (Section 3.4). The food requirements for development are
very low and even flexible to a certain extent (see Subsection 2.2.1), seo
that the aggregation of the juvenile, male and virgin female phytoseiids
has no severe effect on prey availability and when prey becomes scarce, the
strongest individuals can survive and develop by way of cannibalism (Sub-
section 2.2.6).

- The sex-attracting cues are probably only effective over short distances
(Rock et al., 1976; Hoy & Smilanick, 1979} and the proportion of males in
the offspring is always less than 507%.

- Severe starvation is not detrimental to the willingness to mate (Ragusa
& Swirski, 1977; Blommers et al., 1979).

A single mating is sufficient to achieve maximal fecundity in the case
of Phytosejulus persimilis (Schulten et al., 1978; Amano & Chant, 1978).
However Hamamura et al. (1976a} found, that those females that had deposited
less than 43 eggs, restarted to oviposit after the reintroduction of a male
on day 33 since first oviposition. Surprisingly the sex ratio of the 'second'
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Table 21. Survey of the literature on fecundity (number of eggs) and on
life-span of some phytoseiid predators.

Species Temperature Potential Ket Reference
{°C) fecundity fecundity
] 1 a n range
\
Phytosedulus - - g1.2 - - -105 Begljarow & Rlopceva, 1965 (R)
persimilis - - 75.0 - - - 87
- - 51.8 - - - 63
15-28 73.2 53.5 - 38 14-101 Laing, 19568 (B)
20 - 43.8 23.3 10 ~ 78 McClanahan, 1968 (C)
26 - 53.5 20.7 12 - 87
- - 62.0 - - - Kamath, 1968 {D}
25-26 - 59.¢ - - - B6hm, 1966 (E)
22-27 - 56.1 - 20 - Kennett & Caltagirone, 1968 (F)
2227 - 64.7 - 20 -
- - 74.5 - - - Plotnikov & Sadkowskij, 1972 (G)
23 - 71.9 15.3 10 - Amano & Chant, 1977 (H}
25 - 79.5 25.2 30 - Takafuji & Chant, 1976 (I)
25 - 71.5 20.4 13 23-93 Hamamura et al., 1976a {J)
17 - 65.5 - 12 51-79 Pruszynski, 1977 {X)
21 - 731 - 12 60-85
26 - 74.1 - 12 56-87
- - 78.0 - 18 52-93
- - 70.9 - 19 4z2-91 {eggs as food)
e - 57.9 - 12 36-89 {larvae as food)
25 - 4.2 - 11 %9-98 Schulten et al., 1978 (L)
20 - 78.8 19.2 16 12-95 Fernando, 1977 (M}
s - o - 14 - Fralavorio, 1979 (¥}
5-12 - 16.8 - 21 -
10 - 31.0 - 25 -
20 - 80.2 - 24 -
3 - 16.4 - 25 -
Amblyseius 10 - 9.0 - 10 - Rabbinge, 1976 {0}
potentillae 15 - 50,0 _ 160 _
20 40.9 27.8 - 38 -
25 - 29.1 - 9 -
30 23.3 16.0 - 38 -
Amblyseivs 22 65.0 63.2 . 54 . Blommers, 1976 {F}
eibens 25 64.1 60.1 _ 54 _
23 63.7 63.6 - 54 _
29 - 39,5 _ 20 30-49 Schulten et al.®, 1278 (Q}
Metaseiulys 24 - 33,7 N -
cocidentalis  15-28 41.8 34.0 - 2; ii:zz E:?n: D:::Z-€:363 w
ii's : ;:.a i zz - Croft & McMurtry, 1972 {T)
18.5 - 33.8 . 1o 13' Croft, 1972 (U)
25 _ 5.3 - =53 Pruszynski & Cone, 1973 (V)
. 1z 21=54
30 - 28,2 - 12 17-48
8 - 21.9 - 50 - .
21 _ Tanigoshi et al., 1976 (W}
28,2 - g0 _
24 - 29.5 - 50 -
z - 3.1 - 50 -
29 - 28.2 - 56 .
32 - 33.4 - 50 .
» N 27.8 - 50 -
= 50.9 45.0 . 54 _

Kuchlein (to be published) {X)
4. Females had mated only once. -
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Table 2I. Continued.

Ref. Frecviposition ovipositicon Postovipositicn Female
period period period longevity
i é n range B & n range f a n range p '] n range
A - - - - - - - - - - - - 22 - - -
- - - - - - - - - - - - 21 - - -
- - - - - - - - - - - - 19 - - -
B 3.0 0.6 22 2.2-3.2 22.3 - 38 6-39 7.3 - 38 - 2.6 - 38 12- 50
c - - - - - - - - 31 - - - - - - - -
- - - - - - - - 17 - - - - - - - -
D - - - - - - - - - - - - - - - -
E - - - - - . - - - - - - - - - -
F - - - - 15.2 =~ 20 - - - - - - - - -
- - - - 18.6 = 20 - - - - - - - - -
G - - - +21 - - - - - - - - - - -
H 0.3 16 - 23.3 5.5 10 - 0.7 ©.8 10 - 28.1 5.7 ie -
1 6.5 30 - 21.6 6.0 30 - 13.1 7.7 30 - 6.2 9.3 30 -
J - - - 17.2 4,8 13 - - - - - 49,0 11.1 13 -
X - - - 3.6 - 12 26-38 - - - - 56.3 - 12 23~ 82
- - - - 26.3 - 1z 22-37 - - - - 4.1 - 12 19~ 93
- - - - 8.8 - 12 16-23 - - - - sz - 12 15~ 58
- - - - 33.8 - 18 25-48 - - - - 77.9 - 18 49-123
- - - - 22,3 - 19 13-33 - - - - 51,1 = 19 15-138
- - - - 23.1 - 12 12-3% - - - - 37.8 = 12 19-128
- - - - 10-15 - - - - - - - - - - -
M 3.3 0.4 15 2.9-4.5 37.1 - 8.8 16 6=44 22,7 11.3 11 6+44 50.9 17.0 19 10- 72
N - - - - - - - - - - - - 52 - 14 -
- - - - 43 - - - - - - - 65 - 21 -
- - - - 24 - 25 - - - - - 68 - 25 -
- - - - 30 - 24 - - - - - 45 - 24 -
- - - - 5.5 = 25 - - - - - 9 - 25 -
o _ _ _ - _ _ - - - - . - - - -
7.4 1.1 - - - - - - - - - - - - - -
1} 1. - - 22.2 11.8 35 4-41 8.0 9.1 35 0-28 34.2 - 35 -
c. - - 15.1 8.5 8 6-28 7.6 8.4 B 0-28 24.6 - -3 -
0.8 - - 13.4 7.8 37 2-44 10.8 11.0 37 0-45 27.1 - 37 -
I3 - - - - - - - - 46 - - - - - - - -
- - - - - - - - 28 - - - - - - - -
1.2 - - - - - - - 23 - - - - - - - -
Q - - - " - - - - - - - - - - - -
R 1.3 - 51 1-2 - - - - - - - - 38.7 - 51 21-5&
s 3.2 0,4 18 2.5-4.0 15.9 -2 25 7-25 1 - - - 20,2 6.2 18 10-30
T .5 - - - - - B0 27-42 - - - - - - - -
v~ - - - - - 30 16-29 - - - - - - - -
v 2.8 - 10 2-3 27.1 - 10 15-39 - - - - - - - =
1.2 - 12 1=1.5 14.3 - 12 10-18 - - - - - - = =
1 - 12 0.8-1.3 16.9 - 12 7-15 - - - - - - - -
¥4 - 50 - 17.6 - S0 - - - - - - - - -
2.7 - 50 - 16.0 - SO - - - - - - - - -
2.4 - 50 - 13.9 - 50 - - - - - - - - -
2.4 - 50 - 13.4 - S0 - - - - . - - - -
1.3 - S0 - 1.5 - 50 - - - - - - - - -
1.1 - 50 - 114 - 50 - - - .- - - - - -
1.5 - 50 - 9.5 - 50 - - - - T - R -
x 12 - _ _ . R - - - - - - 27.1 13.8 67 3-60
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brood had decreased to 76%. Amblyseius bibens (SchulFen et al.,.;97il;1::f-
seiulus occidentalis (Kuchlein, personal communication) ané Amblyse v
tentillae deposit only about 2/3 of their total egqg p?téntlal fi; c:;;;
mating. Hence more than one mating is required to maximize repreduc .

2.2.3 Adult life span and fecundity

From the literature data in Table 21 on phytoseiid longevity and fecun-
dity at various temperatures and high prey density, it follows that: e
- Interspecific differences in female longevity are absent, b%t the SPZi-
specific fecundities decrease in the following order: Pbg?osezulus‘pert e
milis (apprex. 70), Amblyseius bibens (approx. 60), Metaseiulus occidenta
(approx. 35), Amblyseius potentillae (approx. 30).

indi diffe-
Strain specific fecundities may be present, as indicated by the i
rences between the Dutch strain of Phytoseiulus persimilis {(Pruszyns ;e
.. .o . n
1977; Schulten et al., 1978) and the others. A similar indication ca

. : orts
found by comparison of the data of Kuchlein and the North American rep
for Metaseiulus occidentalis.

. > ex-
- Net fecundity is 70-97% of the potential fecundity (female mortality
cluded). :

i i ale
The oviposition period is shortened by increasing temperatures. Fem

- ¥ a . 1] la—
longevity is less affected as the postoviposition peried is rather vari
ble.

1
Fecundity is probably maximal in the temperature range of 17-28°C. Only

i X~
a few data are available at temperatures below 17°C, but a decrease is e

pected. At temperatures above 28°C such a decre

ase will eventually occur
also,

but the critical temperature is not known. o)
To complete these results interspecific comparisons at low (12 and 15
and high (30 and 33°c) temperatures are necessary. These reproduction expe-

riments were carried out in Munger cages with ample supply of prey (eggs

and larvae) and high relative humidity (relative humidity = 85%). At the

Upper limit is above 33°C. In the latter case the limit is somewhere be-

twWeen 25 and 30°C. On the other hand, when considered relative to their
maximal fecundity the decrease in fecundity below 17¢

C was almost equal
among the specieg.

Several authorg have establighe
at humidities below 65% (Ustchekow
1977; Pralavorio, 1979).

d a decrease in the rate of reproduction

et al., 1968; Begljarow, 1968; pruszynskis

However these data were not derived from experi-
ments on intact plants,

ity of the pPlant was not
level. Relative humidity

&0 that the effect of the humidity buffering capac-

included in the assessment of the critical humidity

is critiecal below 50%, as experiments on the sensi-
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Tahle 22. Net fecundity (number of eggs) of four phytoseiid species at
some extreme temperatures.

Species T = 12°C T = 15°¢C T = 30°C T = 33°C

Phytoseiulus 20.2 7.2 15 4¢.9 15.2 25 62.8 19.2 25 60.8 14.3 25
persimilis

Amblyseius 13.4 5.2 20 48.2 16.4 20 60.8 16.3 20 58.8 14.1 20
bibens

Metaseiulus 9.4 2.8 20 30.1 12.4 18 41.3 11.0 20 44.0 12.7 20
occidentalis

Amblyseius 10.2 3.3 15 22.5 9.8 15 21.4 13.2 25 16.5 7.7 25
potentillae

tivity of hatching success to humidity indicate. Therefore it is assumed
that ne detrimental effects of humidity are to be expected under the cli-
matic regime occurring for the greenhouse culture of ornamental roses.

The rate of food conversion into egg biomass is very high. Ovipeositing
phytoseiid females have a daily egg biomass production egual to half their
maximwne body weight, which is taken teo be their mean weight just prior to
egg laying. Moreover, although the fecundity of phytoseiids is 2-4 times
lower than that of the spider mites, the biomass of eggs produced may be
equal (Amblyseius bibens) or even two times larger (Phytoseiulus persimilis).
Because of the high production of egg biomass the supply of prey will be
very important to these predators in realizing their reproductive potential.
The effect of prey egg density on the life span and net fecundity of Meta-
seiulus occidentalis is given in Table 23 and Fig. 14. The mean life span
is double at a prey density of 1-2 eggs per 5 cm? leaf disc, replacing the
prey eaten by the predator or died from other causes at daily intervals,
The cumulative number of egys produced per living female is plotted against
time elapsed since the last moult of the female for various levels of the
prey density. The ultimate number cof eggs produced (= potential fecundity)
decreased from 74% at 4 prey eggs per 5 cm2 to 44% at 2 prey eggs per 5 cm?

and next to 10% at 1 prey egg per 5 cmZ.
The rate of reproduction does not depend on the age of the female, but

rather on the number of eggs already deposited:

- Virgin females retain the ability to produce eggs all their life. Their
age at fertilization does not influence the subsequent rate of reproduction
nor the sex ratio (Schulten et al., 1978).

- Adult female Phytoseiidae retain their ability to
number after any period of food deprivation, unless prevented by ?eath or
old age (> 50 days). See Table 24 and Blommers et al. (1979). Ashihara et

produce a normal egg
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Table 23. The influence of prey density on female longevity of Metaseiulus
oceidentalis. T = 27°C; relative humidity = 60-80%; daily replenishment of
the prey consumed. Source: Kuchlein (to be published).

Prey (egg) density Life-span (days)

{number/5 cmz) i G n

Q

1- 2 56.8 27.1 19

4~ 10 41.1 13.1 37

25= 50 26.8 13.7 51

75-150 27.5 14.0 16
CUMULATIVE NUMBER QF
NUMBER OF : PREY EGGS
EGGS PRODUCED PER ARENA { 5CM?)
60+

!

50+

40+

30+

204

10+

0 0 20 30 40 5 60 70 8y 9 100
' TIME [DAYS)

Y egg density on the potential fecundity of
(Data from Ruchlein, to be published)

Fig., 14, Influence of pre
Netaseiulus occidentalis.



Pable 24. The influence of the starvation history on subseguent fecundity
of four phytoseiid species.

Species Starvation history Net fecundity
temper- food presence @ o n
ature deprivationa of
(°C) pericd {(days) water

Phytoseiulus 20 5 no 66.4 11.8 20

persimilis no 62.4 14.2 iB

10 yes 69.6 15.4 26
20 yes 66.4 13.7 16
30 2 no 60.1 9.4 12

Amblyseius 20 7 no 28.2 8.1 18

potentillae

Amblyseius 20 7 noe 54.2 10.0 18

bibens

Metaseiulus 20 7 no 40.8 11.4 18

occidentalis

a. Food deprivation was begun after deposition of 1-3 eggs per female.

at the same age. Examples of this phenomencn are the rate of reproduction
of Amblyseius bibens at low temperatures (Fig. 15), that of Metaseiulus
occidentalis at low prey densities (Fig. 14) and that of the same species
at unfavourable predator densities (Kuchlein, 1966).

Just before reaching the specified level of egg production a decline in
the rate of oviposition takes place. Consequently the rate of reproduction
is not related to the female age in a fixed way, but depends on the ovipo~
sition hlstory, which becomes relevant after a major part of the eggs has
been dep051ted For this reason it makes more sense tO study the interre-
lations between the availability of prey, on the one hand, and the search-
ing behaviour and conversion physiology on the other hand (Chapter 3), than
to establish age-related reproduction curves under all kinds of conditions.
The reproduction curves presented here only serve to validate concepts of
the underlying processes {(Section 3.1 and Subsection 3.3.5), rather than to
be used directly in the population models. However, the data of the poten-
tial fecundity are actually used in these models to specify the maximum egg
deposit per phytoseiid female.

The data concerning the life span measured at favourable feeding condi-

tions are remodelled before use in simulation. The maximum life gpan is
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CUMULATIVE
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EGGS PER FEMALE
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T=22°C
T=29°¢  T=25°C

T=12°C

3 T T T

1
0 10 20 30 40 50

TIME (DAYS)
Fig, I5. Cumulative number of eggs produced per living female of Ambly-
seijus bibens at different tem

perature levels and for ample food supply-
Data at T = 29, 25 and 22°C are obtained from Blommers {(1976).

lative rate of mortality can be estimated
Similar to mortality of the adult spider mites it ap~
ns of the population growth (Part 2), that the numer-
temperature dependency could be neglected as well. FOT

tive rates were Smoothed by repeated simulation of the
nd reproduction experiments

fit was found. The fitted values are given in Table 25, They show a clear
dependency on the relative age (i.e. the age relative to the maximum life
span).

for ten age classes.
peared from' simulatic

“available survival a until an acceptable overall
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Table 25. The smoothed estimates of the relative rate of mortality (day'l)
of four phytoseiid species in relation te the age class of the adult female.

Species Female age class®

1 2 3 4 5 6 7 8 9 10

Phytoseiulus 0.004 0.009 0.017 0.042 0.053 0.108 0.170 ©.220 0.220 0.320
persimilis

Ambiyseius 0.006 0.010 0.019 0.038 0.064 0.090 0.150 0.190 0.230 0.320
potentillae

Amblyseius 0.004 0.008 0.020 0.035 0.071 0.094 0.140 0.220 0.28B0 0.420
bibens

Metaseiulus ¢.008 0.014 0.014 0.029 0.032 0.042 0.073 0.083 0.112 0.250
oceidentalis

&. See Table 27.

Table 26. The effect of prey supply on the relative rate of female mortality
(dayhl) of Metaseiulus occidentalis.T = 27°C; relative humidity = 60-80%.
Source: Kuchlein (to be published).

Prey density Female age class?

{number of eggs
per 5 cm2 leaf) 1 2 3 4 5 6 7 8 ] 10

1- 2 0 0 0.010 0.010 0.010 0.010 0.018 0.021 0.026 0.030
4- 10 0 0.004 0.004 0.014 0.014 0.016 0.040 0.050 0.149 0.209
25=150 0.004 ©.013 0.017 0.026 0.042 0.043 0.088 0.098 0.101 0.153

a. See Table 27.

Table 27. Smoothed estimates of the duration of an age class in relation

to temperature.

Temperature Duratien

(°c) of an age class (days)
15 o.0

20 7.0

25 6.0

30 4.5

35 3.3
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The effect of the prey supply on survival is incorporated in the po?ula-
tion model by appropriate modification of the relative rate of mortalle.
for which the residence time per age class is held constant. By moéelllng
in this way a low prey supply only causes additional mortality, while the
survivors are not affected in any way by their feeding history. The obser-
vations on the recovery of starvation {(Table 24 and Section 3.1)'support
this approach. Data on the relative rate of mortality are given in Tab}e
26, but only for the case of Metaseiulus occidentalis at 27°C. In the sim-
ulations of population growth these data were extrapolated to other temper-
ature levels and used for the four phyteseiid species.

2.2.4 Predation capacity

The reproducing female determines the predation capacity of the four
Phytoseiidae in this study: developmental time is short compared to thel
oviposition period, the sex ratio favours females, and their food intake 1%
considerable because the mean egg biomass produced per day is high comparec
to the body weight of a mature female. Therefore, the young ovipositing

. e
female was chosen for the detailed study of the predatory behaviour of th

four Phytoseiidae. To support this cheoice with quantitative arguments the

predation capacity of an individual predator over its whole life span 18
estimated and the contribution of the reproducing female to this capacity
is assessed. Such an estimate can be obtained by taking 'snapshots' of tﬁe
rate of predation while development and ageing proceeds, and by integratint
the rate of predation multiplied by the fraction of surviving predators

over the phytoseiid life span.

The measurements of stage-specific predation are presented in Fig. 16.

. c
Except for those of Hetaseiulus occidentalis the larvae were not predaclouf

as confirmed by direct observation of the larval behaviour. The nymphs,

han the young
Simultaneous measurements of the reproduction rate 1in°

mately 70% of the big
for phytoseiid egg production;

milis consumed 6.g €9gs per egg
of Ashihara et al,
of 10-35°C. Becauge

males and postoviposition females were much less voracious t
oviposition females,

dicated that approxi mass of prey killed is utilized

for example, a female of Phytoseiulus persi:
deposited, which corresponds to the result:

(1978) measured at different temperatures in the range

the food content of a Prey egg weighs approximately 1
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Fig. 16. stage specific rates of predation of three phytoseiid species for
T = 20°C and RH = 75%. o, Phytoseiulus persimilis; ®, Amblyseius bibens;
A, Metaseiulus occidentalis. Prey egg density = 30-60 eggs/cm?2; webbed area =
4-11 cm2?; number of replicates = 20-30. E, egg; L, larva; PN, protonymph;
DN, deutonymph; AM, adult male; FF, preoviposition female; AF1, oviposition

female; AF2, postoviposition female.

cause (Subsections 2.2.1 and 2.2.3), a crude estimate of the predation

capacity of an individual predator can be made for each phytoseiid species.

The following overall predation capacities (on eggs and larvae) were found:

- Phytoseiulus persimilis about 550 prey items each of 1 pg
=~ Amblyseius bibens about 200 prey items each of 1 pg
- Amblyseius potentillae about 150 prey items each of 1 ug

- Metaseiulus occidentalis about 100 prey items each of 1 ug.
nds on the size of the phyteoseiid species: a
requires more food for egg

The predation capacity depe
larger species produces larger eggs and, thus,
growth etc. This is only modified by interspecific differences in fecundity
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Fig, 17.

Weight decrease during the starvation of four phytoseiid species.
Starting with young well-fed females in the initial phase of their oviposi-
tion period. T = 20°C and RH = 60-80%. o, Phytoseiulus persimilis; e, Ambly”
seius bibens; + Amblyseius potentillae: A, MNetaseiulus occidentalis; ——
dry-weight levels; | , standard deviation (n = 20).

and sex ratio, as ig demonstrated b

bibens, being superior to that of Amblyseius botentillae, The contribution

Predation capacities amounts to 84, 80,
respectively. Because of this important role of the ovipositing

S¢ were chosen to study interspecific differences in prey sear-
ching behaviour {Chapter 3).

66 and 60%
females the
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2.2.5 Starvation and survival

After depletion of their food source Phytoseiidae are able to survive
for some time. When well-fed young females were placed in a Munger cage
without any food or water, oviposition initially continued utilizing the
food ingested before the start of the experiment, but it ceases within 1
day after one or - less frequently - two eggs had been deposited. Because
the weight of an egg corresponds to 20% of the mature female weight, the
initial weight decline was very steep, as illustrated by the electrobalance
measurements of the female weight during food deprivation (Fig. 17). After
egg deposition had ceased, the weight decreased steadily, but much more
slowly., Some of the predators were able to withstand severe dehydration.
Their body weight approached dry weight, but they did not die. As discussed
in Subsection 2.2.3, these starving females are able to recover and subse-
quently oviposit as well as they did before starvation. The rates of sur-
vival during these and other starvation experiments are summarized in Table
28 as the 90, 50 and 5% points of the survival curve. Larvae develop into
protonymphs without any feod, but after this moult they require food to de-
velop intec the next nymphal stage.

Two factors are very important with respect to the rate of survival.
First, dehydration is enhanced by an increase of temperature. Second, high
humidity and drinking water enables prolonged survival. The role of both
factors is demonstrated in Table 28 using additional data from the litera-
ture. Because in rose culture the mean temperature is about 20°C and because
water spraying takes place freguently, it may be expected tha
are able to survive for 2-3 weeks after the extermination of their prey and

t Phytoseiidae

in the absence of alternative, non-tetranychid food supply.
Whether non-tetranychid food sources provide a means to survive during a
longer period in the greenhouse culture of ornamental roses, will be treated

in the remaining subsections of this chapter.

2,2.6 Cannibalism

when other food resources are lacking, the adult female and occasionally

the nymphal stages of the Phytoseiidae are reported to feed on their own
young, mainly eggs and larvae. The tendency towards cannibalism may differ
from species to species and even from population to population. Croft &
McMurtry (1972) observed cannibalism among four strains of MNetaseiulus occi-
dentalis originating from different parts of the U.S.A. They found signifi-
cant differences in the extent of the cannibalistic behaviocur. Laing {1969)
reported that when several of each stage of Metaseiulus were placed together
in a cell, the adults fed on immature stages, but not on each other. He also

observed that nymphs of Metaseiulus could be reared to maturity on eggs and

larvae of the same species. However the resultant adults laid only few eggs
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and had shorter life spans. In the strain of Metaseiulus occidentalis reared
by Kuchlein, only very occasionally did hungry females succeed in piercing
the egg chorion. This corresponds with observations by Bravenboer (1959}.
Amblyseius bibens may be compared with Metaseiulus occidentalis in this re-
spect. According to our own cbservations Amblyseius potentillae becomes
cannibalistic to some extent after 1-2 days of food deprivation at T = 20°C.
It may then feed primarily on eggs and larvae.

Dosse (1958) was first to report cannibalism in Phytoseiulus persimilis.
The extent of cannibalism is relatively high in this species: 12 hours of
food deprivation at T = 20°C induced cannibalism of eggs; longer periods
led to feeding on the larval and nymphal stages. In a starvation experiment
with only an initial supply of 30 fresh predator eggs, the longevity of
female Phytoseiulus persimilis did not exceed the mean value measured in
presence of free water in any of the 20 replicates. As expected, the well-
fed females deposited one or two eggs during the first day, but only occa-
sionally did egg deposition occur during the next two days. After 3-4 days
most of the eggs had hatched. During the subseguent periocd the water and
food content of the larvae and nymphs decreased expenentially with time,
until death, as shown for example in Fig. 17. Therefore the food supply
decreased drastically during the experiment.

Because the acarine predator-prey interaction frequently leads to rapid
local extermination of the prey, the above experiment represents a fairly
realistic situation and it may therefore be concluded that in the long run
the effect of cannibalism on female longevity does not exceed the effect of
water supply. Under the present glasshouse conditions it is reasonable to
assume the continuous availability of free water, which thus determines the
Predator capacity to survive irrespective of cannibalism. However, under
dry conditions cannibalism may provide a means for the strongest individuals
to survive for some time, when no other food items are available.

Cannibalistic behaviour may be favoured by natural selection, when diffe-
rent generations of the predator are confronted at times with temporary food
Scarcity. Such a situation can be induced by a high predatory and reproduc-
tive capacity of the phytoseiid itself. It will be shown in Part 2 that the
Capacity of Phytoseiidae indeed leads to local extermination of prey clus-
ters. If neither alternative food nor water sources are available, canniba-
lism can be expected. It is not surprising, therefore, that especially
Phytoseiulus persimilis is the most cannibalistic of the species studied
here, for the individual weight and the voracity of this species are rela-
tively high and, as will be discussed in Subsection 2.2.7, this predator

feeds itself exclusively with Tetranychidae.
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2.2,7 Alternative food supply

The Phytoseiidae contain many diverse forms with respect to their feeding
habits (McMurtry et al., 1970). Some species seem to be specialized preda-
tors of Tetranychidae and show no tendency to reproduce on other types ?f
food. Phytoseiulus persimilis is such a species. Although the cother SPE?IES
studied could certainly be ranked as specialized predators of Tetranychidae,
their dietary range is not restricted to this kind of prey, but includes
other plant-inhabiting mites, young stages of various insects and some nPn-
animal foods, like pollens and fungi. A brief review of the literature il-
lustrates the interspecific differences of a number of Phytoseiidae:

- Phytoseiulus persimilis is very dependent on the availability of Tetra-
nychidae {Dosse, 1958; Chant, 1961; Ashihara et al., 1978). According to
Mori & Chant (1966) the addition of nutritive substances such as sucrose,
glucose, pollen, honey and fish meals of various kinds to the drinking water
did not significantly increase longevity compared to the effect of water
drinking alone. Ashihara et al. (1978) also demonstrated, that Phytoseiulus
versimilis did not reproduce on honey or pollen (strawberry, castor, red
pine), but mean adult longevity was increased to 45 days by nutritional sub-
stances such as fresh honey or a 10% sucrose solution, as compared to 12
days with only water available. Laing (1968) reports that strawberry pollen
did not promote longevity or development of Phytoseiulus, compared to spe-
cimens kept without food. Similarly, McMurtry (1977) found that pollen of

Hymenocyclus croceus was not an acceptable food for this species, in con-
trast to some other Phytoseiidae.

Metaseiulus occidentalis has been observed to feed, develop and repro-
duce on tarsonemids (Huffaker & Kennett, 1956; Flaherty, 1967), tydeiids
(Flaherty & Hoy, 1971), Brevipalpus bhoenicis, thrips and some crawler spe-
cies (Swirski & Dorzia, 1969). According to Flaherty & Hoy (1971), Metasei-
ulus occidentalis could net reach adulthoed on Cat tail pollen (fypha lati-
folia), which is an impoertant food for Amblyseius hibisci (Kennett et al..
1979). Lee & Davis (1968) reported feeding on this pollen by the adults,
but only when Tetranychidae were absent.

= Amblyseius bibens is able to rely on certain pollens in absence of Tetra-
nychidae (Blommers, 1976), Among several pollens tested as food for this
predator, pollen of gome Papilionaceae and Carpobrotus Spp., apple and rose

(!) enabled the predator to more or less maintain reproduction. Pollen was
the best foogd substitute

Amblyseius potentillae fed and reprodu
Aculus spp. in the experiments of Kropcz
ting. are the experiments of McMurtry {197
Malephora was utilized even when an abun
For a diet of only pollen,

ynska (1971). Especially interes-
7), which indicated that pollen of
dance of spider mites was present.
he found a iower rate of reproduction {about
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two-thirds the nermal rate) and a longer preoviposition period than for only
Tetranychidae. .

Not all pollens are accepted as food by Phytoseiidae. For example, cotton
pollen was rejected as food by Metaseiulus occidentalis (Swirski & Dorzia,
1976) and Amblyseius bibens (Blommers, 1976}, possibly because of its size
(75~100 uym) (Kennett et al., 1979). In many other cases it is presumed that
the negative responses to certain pollens are related to the chemical or
physical nature of their waxy or resinous exine (Kennett et al., 1979).

Several authors state that honeydew can merely serve to promote survival,
but allows little reproduction (Huffaker & Kennett, 1956; Chant & Fleschner,
1960; McMurtry & Scriven, 1964, 1965). In an experiment in which a 32P solu-
tion was mixed with bee honey and offered as droplets to hungry young females
of the phytoseiid species in hunger cages, the degree of 32P ingestion was
measured with the aid of- the Cherenkov-method. The results indicated that
Amblyseius potentillae was far more able to ingest the honey (500-2000 counts
per minute) than the other species, even when these were starved for long
beriods (Amblyseius bibens 100-200 counts per minute; Netaseiulus occiden-
talis 50-100 counts per minute; Phytoseiulus persimilis 0-50 counts per
minute).

From the review of the literature the degree of specialism on tetranychid
Prey can be derived using the preference for the different pollens relative
to tetranychid prey as a criterion. As stated before, Phytoseiulus persimi-
1is is highly specialized on tetranychid prey, which is also true for Neta-~
seiulus occidentalis and Amblyseius bibens but especially the latter species
is able to rely on non-animal food when tetranychids are absent. Amblyseius
pPotentillae, however, seems to accept both pollen and tetranychids when of-
fered simultaneously. The original criterion thus leads te a seguence that
corresponds with that obtained from the 32P ingestion experiments.

The short survey above indicates differences in the dietary range that
may be important for their survival and reproduction in a natural habitat.
It may be important too in the greenhouse culture of ornamental roses, but
the hairless rose-leaves are less suitable as pollen gathering centres and,
besides, other plant feeding arthropod or honeydew are absent and/or unde-
sirable. It was therefore presumed, that under the greenhouse conditions to
be investigated, the effects of an alternative food supply will not exceed
that of simple water supply to an important extent. This presumption was
confirmed by release experiments with the four phytoseiid species. Fifty
young ovipositing females were released on a group of five potted rose
bushes upon which 1-2 gram of fresh Vicia pollens had been scattered. The
Toses were sprayed daily with water. The rate of survival was measured in
two ways: by direct inspection of the leaves; and, if this method indicated
low numbers of predators, by imspecting mite infested bean leaflets 10 hours

after being pinned on to the rose leaves (10 leaflets per bush). If both

¢hecks rendered negative results, the predators were assumed to be absent.
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Table 29. Survival of young pPhytoseiid females of four species on rose
bushes scattered with pollen. T = 17-22°C; relative humidity = 60-80%.

Species Number of predators found Number of predators found
by direct inspection of by trapping in mite coleonies
leaves on bean leaves pinned onto the

rose leaves

Number of days after release Number of days after release

10 15 21 29 29
Phytoseiulus 21 13 2 ; 0
persimilis
Amblyseius 33 27 6 0 0
potentillae
Amblyseius 43 36 8 4] 1
bibens
Metaseiulus 45 29 3 0 0
occidentalis

Survival appeared to be not significantly promoted by the pollen treatment
(Table 29); it did not exceed the survival expected under conditions of
water supply and the actual climate (T = 17-22°C; relative humidity = 60-80%).
However, Blommers (1977} found positive effects of the pollen treatment on
the survival of Amblyseius bibens, even at g high temperature (T = 28°C).

terminated the spider mite population on these plants. Consequently these
plants were covered by some {sticky) webbing, which may serve as a better
Pollen gathering centre than the bare rose leaves,
however, treat this aspect.

Although it seems difficult to maintain the predator population perma-
nently by the addition of nutritional substances, the survival of even the
most specialized phytoseiiq, Phytoseiulus persimilis, may be promoted by

spraying 10¥% sucrose solutions (Ashihara et al., 1978). This possibility
should be evaluatedq under greenho

This report dces not,

use conditions.
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3 Predation, reproduction and residence time
in a prey colony

As argued in Chapter 2 the predation capacity of phytoseiid predators is
largely determined by the high rate of food conversion during the oviposi-
tion period; under favourable conditions phytoseiid females are able to pro-
duce an egg biomass per day equal to their own weight. The rate of repro-
duction will therefore depend on the searching efficiency of the predator
and the availability of the prey. It was outlined, moreover, that previous
reproductive success (i.e. the number of eggs already deposited) is more
important in determining future reproductive food demands than ageing.
Apparently, among Phytoseiidae there is a tendency to deposit a specified
number of eggs. Because the availability of prey is not uniformly distri-
buted in space, the food demands of the ovipositing female may lead to
moving from colony to colony in search of a satisfactory supply of prey and
a minimized level of interference with other conspecific females.

The availability of the two-spotted spider mite is restricted to the
plant area covered by webbing. The webbed area is generally situated at the
lower side of the leaves and is arbitrarily subdivided in units surrounded
by uncolonized parts of the leaf, These so called colonies attain their
maximal size when the underside of the leaf is completely webbed.

During the residence of the predator in a certain celony, prey consump=-
tion will lessen the local supply of prey until the predator leaves the
colony, because of the lower level of prey availability. In search of new
Prey colonies, the predators tend to aggregate at colonies with high prey
supply, but this aggregative response may be counteracted by mutual inter-
ference among the predators, which enhances the tendency to disperse from
the colony, independent of the local prey supply. Moreover, mutual interfe-
rence can lead to a decreased rate of reproduction, as shown by Kuchlein
{1966).

In this chapter the relation between on the one hand prey and predator
density in the colony and, on the other, the rate of predation, reproduction
and departure is analysed. This analysis is confined to the level of a fe-
male predator foraging in a colony of spider mites. Those aspects of forag-
ing behaviour that take place after departure from a coleny are treated in
Part 2 of this Agricultural Research Report, as well as the aspects concern-
ing population growth.

The analysis is carried out by validation of conceptual models of preda-
tory behaviour. a predation model is constructed that is based on random
Searching periods between successive encounters with prey items and on a
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relation between the motivational state of the predators (Section 3.1) ?nd
the prey density related rate of successful capture (Section 3.2). The in-
dicator of the motivational state of the predator is chosen to be the food
content of its gut. According to Akimov & Starovir (1978) the gut walls of
phytoseiids are markedly extensible, compared to other gamasids. Nevefthe-
less there has to be a maximum load, whether this is caused by a limited
extensibility of the body or gut walls, or by a negative feedback toc feed-
ing via gut or body wall stretch receptors, as found in Phormia regina by
Gelperin (1971) and Belzer (1979). Because ingestion, maximal gut content
and gut emptying may be quantified by use of the electrobalance, the food
content of the gut can be related to behavioural components by observation
of the predatory behaviour and simultaneous calculation of the amount of
food present in the gut.

The behavioural components needed to calculate the rate of encounter at
any level of the motivational state and prey density are as follows:
- width of the searching path {cm)
- distance of prey detection (cm)
- - walking speed {(cm/s)
- walking pattern’
- walking activity (%)
coincidence between Prey and predator in the webbed space
= Success ratio (%)
= - handling and feeding time (s).

The relations between the motivational state of the predator and these
behavioural components are used in a simulation model of the gueueing type
(Taylor, 1976; curry & DeMichele, 1977), where the predator is considered
to be the service facility, i.e. 'the dentist', and the prey 'the client',
who may enter (at a certain rate) the 'waiting room! (i.e. gut) in expec-
tance of the service (i.e. 'digestion, absorption and egestion').

In another model the walking behaviour ig simulated to calculate the

the prey colony {Sections 3.2 and 3.4)
above components of walking behaviour.
tration of the walking pattern,

ity and the frequency distribut
fixed step size.

Video equipment enabled the regis-
which was used to measure the walking veloc-
ion of changes in walking direction after a
The model simulates the walking behaviour on basis of the



Apart from fundamental ecoclegical interest in analyzing the foraging be-
haviour, there are more reasons to undertake a detailed component analysis
instead of direct measurement of the resulting rate of predation. Extrapo-
lation of the measured prey consumption to the population level is only
allowed if the motivation of the predator is in a steady state during these
measurements of the rate of predation, as well as during populatien growth
of predator and prey. Rabbinge (1976) solved the first problem by allowing
the predator to adapt its motivational state to a constant prey density be-
fore measurement. of the rate of predation. Prey density was kept constant
by replacement of the prey captured (or died from other causes) at 15 min
intervals. However prey replacement is essentially impossible in the webbed
coleny, because mite transfer with the aid of a brush can damage the web
structure and can disturb the predator being sensitive to movements of the
web. Numerical simulation of the predation on the basis of a component ana-
lysis may provide a means to keep track of a changing prey density and to
estimate predation at constant prey density. With respect to the extrapola-
tion of predation measurements to the level of population growth - the
second problem - Rabbinge {1976) assumed instantaneous equilibration of the
Phyteseiid motivation to any change in prey density. This assumption is
tested in Part 2 of this Agricultural Research Report by using a simulation
medel of population growth and dispersal of prey and predator that can ac-
count for non-steady states of the motivation.

Finally, the component analysis was undertaken to study the role of web-
bing in the acarine predator-prey interaction. In most of the reported ex-
Periments webbing was either not included or it was distributed in an unrea-
listic way due to the flat and artificial substrates (paper, plastic) or
due to the stage of the prey, which produced a web different from that of
the adult female. Although female-produced webbing has a very chaotic struc-
ture, it can be considered as a coherent unit (Figure 8), which should be
distinguished from the uncolonized parts of the leaf in acarine predator-
brey studies.

Actually some unexpected types of functional response of phytoseiid
bredators to the density of their prey were attributed to clumped distribu-
tions of webbing in space (Mori, 1969; Fransz, 1974). Other deviating forms
of the functional response were attributed to disturbance of feeding preda-
tors by active prey, resulting in an attack on the interfering prey, that
bumped into it (Sandness & McMurtry, 1972), or attributed to contact distur-
bance, decreasing the number of successful captures (Mori & Chant, 1966).
Kuchlein (to be published) found a second rise of the functional response
of Metaseiulus occidentalis at high prey egg densities. Probably this pheno=-
menon was not related to the food satiation level of the predator, but rath-
er t0 a contact stimulus. However it may be gquestioned whether the above
behavioural factors operate in the webbed area. Preliminary observations

indicated that both predator and prey were less active in the prey cclonies
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and disturbance of the predator was rarely observed. Furthermore, webbing
may change predation simply by surface enlargement or by inducing specific
changes in the predatory behaviour, as discussed in Subsection 2.1.6, There-
fore detailed observation of predation was preferred.

3.1 DYNAMICS OF THE MOTIVATIONAI, STATE

By assuming the food content of the gut to be the main indicator of the
motivational state of the predator, the dynamics of the predatory motivation
can be simulated by integration of the rate of ingestion (Subsection 3.3.1)
and the rate of gut emptying (Subsection 3.1.2). This simple concept allovs
the calculation of the motivational state during observation of the preda-
tory behaviour, so that predatory motivation and behavioural components can
be related to each other (Section 3.2). These relations are used in turn in
the predation models to calculate the rate of predation (Section 3.3).
Validation of thig type of predation models did not result in a rejection
of the concept (Holling, 1966; Nakamura, 1974; Fransz, 1974). However the
postulation of one intervening variable, indicating the hunger drive, may
be too simple a hypothesis to account for all hunger related behaviour. For
example it may be questioned, whether the motivational state adapts itself
instantaneously to a Change in the food content of the gut. In other words
does a certain level of gut filling induce the same searching behaviour,
whether it is achieved via ingestion or gut emptying starting from low or
large amounts of food in the gut respectively? This problem is considered
at some occasions in this chapter (for example Subsection 3.2.7). Another
problem concerns the quality of the food. The eXistence of specific hungers
for proteins, sugars or water has been shown in the blow fly (Dethier, 1976}
Because phytoseiids are known to rely on pollens, honeydew and water apart
from tetranychids and because the developmental stages of the spider mite
MY not have the same food quality to the predator, diet composition may be

Synthesis and allocation of food elements does.
not yet exist, even for insect physiologists pets. For the time being the
food content of the gut will be expressed in terms of weight {ng), assuming
the quality of the ingested food to be constant.
assumption is criticized on the basis of available
diet composition and phytoseiid reproduction.

The phytoseiiqg females used for the e
samé way. They developed on bean leaves with an abundance of Tetranychus
urticae at all developmental stages (T = 25°C, relative humidity = about
75%). Female deutonymphs were collected from this stock and transferred to
cther leaves with abundant food (T = 20°C), where they moulted and copulated
after supply of males. When the female predators had deposited their first

In Subsection 3.1.3 this
references pertaining to

Xperiments were all treated in the
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eggs, they were ready for experimentation. Subsequently, whenever these
predators were deprived of food, care was taken to use only satiated preda-
tors by sampling them immediately after an actual feeding period. Next they
were put individwally in Munger cages (Figure 10) for different time inter-
vals and at different temperatures, depending on the particular purpose of
the experiment. Unless stated otherwise, the female predators never exceeded
the age of 10 days as an adult.

3.1.1 Ingestion

After a successful capture the predator starts ingesting the prey content,
the movements of the ingested fluid being visible through its transparant
body wall. Presumably praedigestive fluids are injected for extra-intestinal
digestion (Akimov & Starovir, 1975). The amount of food ingested depends on
the following factors:
- the amount of food that can be ingested by one or more predators from a
single prey stage (the ingestable food content of the prey)
- the suctien force in relation to the phyteseiid species involved and the
fluidity of the food (the ingestion constant)
- the difference between the maximum food content and the actual food con-
tent of the gut of the predator (the satiation deficit of the gut)
~ the sum of the periods in which the mouth parts of the predator are in-
truding the body of the prey (the feeding time, Subsection 3.2.8).

As a first approximation of the ingestable food content of the prey one

Table 30. The ingestable food content of the developmental stages of

Tetranychus urticae.

Fresh weight minus

Prey stage Weight increase (pg) after feeding y
dry weight

Metaseiulus Amblyseius Phytoseiulus

occidentalis  potentillae persimilis

i a n {i a n A a n

- e9g 1.0 0.2 30 - - - - - - 0.8

larva 1.1 0.2 24 1.1 0.2 12 =- - - 1.3
Protonymph - - - 2.3 0.3 1& - - - 2.7
deutonymphe 2.9 0.2 16 5.1 0.3 30 7.3 0.5 21 8.6
male - - - 5.5 0.2 27 2.4 0.3 17 2.7
female 2.8 0.4 18 4.9 0.4 16 7.8 0.5 29 17.9
a,

According to the data of Mitchell (1973).

75



could measure the difference between the fresh and the dry weights of the
different prey stages. These estimations can be obtained from the work.of
Mitchell (1973). A more precise method is to compare the weights of an ini-
tially hungry predator (2 days starvation at T = 20°C) before and after
feeding on a certain prey stage. The results of both types of measurements
are given in Table 30, which shows correspondence cnly with respect to the
small prey stages. Because the amount of food ingested from the adult female
prey increased with the body size of the phytoseiid species, one may supp?se
the ingestable food content of this stage to be much higher. In an experi-
ment with females of Phytoseiulus persimilis and Tetranychus urticae the
total weight of food consumed by three hungry predators from one Si?gle
prey amounted to 16.6 pg, which result closely approximates the estimate
based on the difference between the fresh and dry weight of the prey. Appa-
IentlYuthe amount of food in the female prey exceeds the maximal food con-
tent of the phytoseiid gut. It can therefore be concluded, that the ingest-
able prey content per single predator is limited by both prey size and gut
size.

7 In another series of experiments ingestion was measured in relaticn to
feeding time. By interruption of feeding after fixed time intervals thé
amount of food ingested by a hungry predator can be monitored with the aid
of the following methods. The first method is to measure the weight of the
predator before and after a predetermined feeding period. However this
method is not reliable, when the weight differences are below 0.5 Pgé;s
€.9. in the egg stage. In that case another method was applied using ~ P~
labelled prey. The spider mites were labelled by feeding during 12 hours on
a bean leaf, previously put with its stem in a 32P solution {1 mci) for 1
day. Radioactive €dgs were obtained from radioactive females. The labelled

brey was offered to an unlabelled female predator,

being deprived of feod
for 2 days at T =

20°C since satiation. Fransz {1974) assumed, that the
amount of radiocactivity in the Prey was proportional to its food content.
However the author's experiments indicated such a high variability among
brey individuals of exactly the same age ang labelled on the same bean leaf
that this assumption is invalid. This variability may be due to the unhomo-
geneous distribution of 32P in the leaf or to individual differences ig
sucking activity of the mites. Therefore the ingestion experiments with ~°P
labelled prey can only be interpreted, when the radicactivity ingested by
the predator is expresseq as a fraction of the total radicactivity initiall¥

Present in the individual Prey. For this reason the exploiter and its victid

These vials were brought into a radioactivity
rs the B-radiation emittance of S2p by means
eutrons emanated by the 32p molecules were

counter, which directly registe
of the Cherenkov method. The p



registrated in vials containing only water. The proportion of the total
radioactivity ingested by the predator can be computed from these counts
and this indicates the level of ingestion. The shapes of the ingestion
curves obtained by the above methods were invariably of the saturation type.
Therefore the following formula was adequate for description of the fraction
ingested relative to maximal (i.e. uninterrupted) ingestion:

Fraction ingested = 1 - e RRFL ° time

4

RRFI = relative rate of food intake (time™

In this formula RRFI represents the resultant of the suction force (or
ingestion constant) of the predator and the viscosity of the prey content.
The value of this ingestion constant can be estimated from the slope of the
linear regression of lﬁ(l-FI) on time. These estimates are given in Table
3l. Apparently the ingestion constants do not differ very much between the
species studied. However, one exception must be noted in case of Amblyseius
pbotentillae attempting to ingest the content of the tetranychid egg. For
Some reason this predator has difficulties in puncturing the egg chorion,
as suggested by direct cbservation of the predatory behaviour. Kuchlein
(personal commﬁnication) measured a much lower rate of reproduction of this
predator: if eggs of Tetranychus urticae in stead of larvae were offered
as prey. This result corresponds with the measurements of ingestion that
indicated no absolute barrier to ingestion, but some hindrance when compar-

Table 31. The ingestion constants RRFI (min-l) of four phytoseiid species
in relation to the stage of the prey.

Predator Egg Larva Proto- Deuto- Male Female
species nymph nymph ¢

i n r n H n B n G n i n
Netaseiylus 1.9 27 1.1 10 - - 0.11 10 0.7 12 0.07 18
occidentalis
Amblyseius 1.8 12 - - - - - - - - - -
blbens
Amblyseius 0.2 5 o0.8 9 0.6 26 0.3 14 0.4 21 0.15 24
potenti]jae
Phytoseiulus 1.8 38 - - 0.9 37 0.4 30 - - 0.05 11
bersimiiis

NB. The correlation cosfficients vary between 0.84 and 0.91; the intercepts

8re not tabulated as they are close to zero.
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ed with the other phytoseiid species. Another conclusion can be drawn from
the measurements in Table 31 with respect to the effect of the prey stage
on the ability to ingest its content; the more development proceeés, the
more difficult it is for the predator to suck the prey content. ?hls may be
caused by the internal structure of the body being very compartlment?llzed
in the adult female phase. Another explanation may be found in relation to
the time required for extra-intestinal digestion of solid structures. De-
spite these differences in the measured ingestion constants it can Fe.s?at6¢
that 90% of the overall ingestion ber prey takes place during the initial
20% of the prey stage specific feeding times of the different predator spe-
cies (Subsection 3.2.8). Because the feeding times are rather short and,
therefore, alsc the period needed for 20% food intake, it is not far from
reality to consider the ingestion process as an immediate swallowing of.the
food content of the prey. This concept is a prerequisite for the gueueing
approach of the predation Process, to be discussed in Subsection 3.3.1.
Several times observations indicated, that even small prey were not
consumed completely, as also reported by Lee & Davis (1968), Fransz (1974)
and Rabbinge (1976). Rabbinge presented indirect evidence for this phenome-
non. By assuming that ingestion by the predator equals its gut emptyinglon
the average at a constant prey density, he estimated the prey-utilization
from this equation after Measurement of the rate of predation and gut empty-
ing. These indirect estimations pointed to the importance of partial ingfs‘
tion of the brey content. Direct proof was given by the following experi-
ments, using the electrobalance. Females of paytoseiulus persimilis were
deprived of food for different periods starting from full satiation and

subsequently a female of Tetranychus urticae was offered as prey. The dif-
ference in the weight of the pred

With the electrobalance and the results are plotted in Fig. 18. A similar

INGESTION { ug )

—e—

L

0 4 8 2 18 20 24 28 32 36 40 44 48

TIME OF FOOD DEPRIVATION {HOURS )
Fig. 18. weight of the food ingesteq p
similis from females of Tetran
deprivation (T = 2p°

¥ Young females of Phytoseiulus per-

ychus urticae after different periods of food
C). 1 = standard deviation.
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Fig, 1%. ©Proportion of radiocactivity ingested from a ~“P-labelled egg of
Tetranychus urticae by individual young females of Metaseiulus occidentalis

after different periocds of food deprivation (T = 20°C).

experiment was done with females of Metaseiulus occidentalis and 32P-label-

led eggs of Tetranychus urticae (Fig. 19). Both experiments demonstrate the
occurrence of partial ingestion. Moreover the shape of the ingestion curve
is of the saturation type instead of sigmoid, which suggests that the pre-
dator tends to empty its prey as far as allowed by the satiation deficit of
its gut or the food content of its prey.

As discussed before, the amount of food in the adult female spider mite
largely exceeds the phytoseiid gut volume. In this way an estimate of the
gut volume was already available. However a second estimate was needed, be-
Cause the apparent gut volume may depend on the prey stage involved. This
Was accomplished by allowing hungry phytoseiid females (2 days food depriva-
tion at T = 20°C) to feed on eggs and larvae instead of feeding on adult
female Prey until they were satiated. Satiation was defined by the occur-
rence of at least 10 successive contacts of the predator with its prey with-
out subsequent attack. The weight difference between the predator before
and after feeding until satiation was measured using the electrobalance to
estimate the apparent gut volume in case of small prey stages. Predators
Unable to achieve satiation within two hours were discarded to prevent over-
estimation of the volume due to gut emptying by absorption or egestion. The
Fesults indicated only a slight influence of the prey stage on the estimated
9ut volume, as shown in Table 32. Therefore this aspect was neglected in
further analyses for the sake of simplicity. Moreover the results indicate
that the interspecific differences in gut volume are proportional to their

Slze, as expected,
In summary, the ingestion process can be considered as an immediate swal-
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Table 32. The apparent gut volume of four phytoseiid
species, estimated from the weight increase-of hungry
female predators after feeding on eggs and larvae of
Tetranychus urticae until satiation.

Phytoseiid species Weight increase (ug) n
¥ G

Metaseiulus ocecidentalis 3.2 0.2 25

Amblyseius bibens 3.3 0.2 1s

Amblyseius potentillae 5.2 0.4 32

Phytoseiulus persimilis 8.1 0.4 38

lowing of the prey. The amount of food consumed is determined by the avail-
able space in the gut or the food content of the prey, depending on which
of both factors is the smaller one. To inlcude this aspect the previous in-
gestion formula can be extended as follows:

1
FT - . .
e =1 - e RETFT e IF = min(SDG, FCP)
FT = feeding time
I = ingested foocd

ingestable food content of the prey per predator
SDG = satiation deficit of the gqut
FCP = ingestable food content of the prey

IF =

3.1.2 Gut emptying

The rate of gut emptying can be measured by weighing the amount of food
required to satiate the predator after different periods of food depriva-
tion. After a certain hunger period the predators were 'drugged' by a slight
amount of €0, to reduce their mebility and weighed using an electrobalance.
Next they were brought to a feeding area, consisting of a prey colony with
abundant numbers of eggs and some females, where they were allowed to feed
until ‘'satiation. After a certain number of successful attacks predators tend
to leave prey unharmed, despite contact with the predators' front legs. When
10 successive failures of this kind were recorded, the predator was consi-
dered to be satiated. To prevent overestimation of the food consumed, dué
to'gut emptying, this series of events had to take place within a short time
interval. Predators requiring more than two hours {T = 20°C) to achieve
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satiation were therefore not considered. After an anaesthetic, the final
weight of the predator was measured and the weight increase after the hunger
period in guestion could be calculated.

The results of these experiments are shown in Figure 20 for young females
of Phytoseiulus persimilis, at three different temperatures. In agreement
with Holling (1966) and Green (1965), the results show that the gut is emp-

tied in an exponential fashion:

e-RRGE-time

FE = 1 -
FE = fraction emptied
RRGE = relative rate of gut emptying (time-l)

Moreover, temperature is an important factor influencing the rate of gut
emptying. The RRGE values estimated from the measurements were almost in a
straight line when plotted against temperature (RRGE in day™! = 0.21 x
{temperature - 11°C). Moreover these estimates show that the ingestion con-
stant is much larger than the relative rate of gut emptying viz. 70-2700
per day compared to 1l-4 per day.

Although this experimental procedure did produce some useful results,
there were some problems in applying it for all the species in question.
Weighing of the individuals before and after feeding was rather difficult,
because they were easily disturbed by the manipulations during transport
Causing a delay in the achievement of full satiation. Besides, the time
Period allowed for the achievement of satiation made it necessary to dis-
card almost 60% of the replicates from the final results. Therefore some
alternatives were applied. The first method was to omit the weighing proce-

WEIGHT OF FOOD
CONSUMED { ug )
9

H T T T T T T T J i ! !

0O 4 8 12 1 20 26 28 32 36 40 44 48
TIME OF FOOD DEPRIVATION {HOURS)

Fig. 20, Weight of the food consumed until satiation by young females of

Phytoseiuius persimilis after different periods of food deprivation and at

three temperature levels. o, T = 25°C; &, T = 20°C; 0, T = 15°¢C;

1= standard deviation.
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dure and to feed the predator merely with eggs. A simple enumeration of ?md
number of eggs consumed and the data on the ingestable food cont?nt prOV%d:
a way to estimate the ingestion until satiation, thereby neglec?lng.parzla
ingestion. Although the procedure was much more simple, the.crlterlon. or
full satiation remained a central problem to obtaining replicates éaSllx.
Therefore another method was developed, based on the energy expenditure in
the phytoseiid physioclogy.

As discussed in Subsection 2.2.3, the phytoseiid female is capable of
producing a daily egg mass equal to her own weight. Obviocusly the le?el of
energy conversion is quite high in the oviposition Phase. Therefore it maYh
be expected that the rate of absorption of digested food into the haemolymp
is closely linked to the rate of reproduction. According to Treherne (19§7)
and House (1974) the absorption of amino acids and sugars from the gut dif-
fers from that of the vertebrate intestine in that these substances do not
appear to be absorbed by specific active transport mechanisms againSF con-
Centration: gradients. With respect to lipids, there are also no valid 2
priori Teasons for active transport across the gut wall, as argued by
Treherne (1967). The net absorption appears to be linked to water movements

due to the uptake of water into the haemolymph. These water movements c§n
be the result of 0smosis and arthropods are capable of performing osmotic
work (Berridge, 1970), so that absorption of gut stores may even occur
against concentration gradients between the gut fluid and the haemolymph.
However these mechanisme could be overruled by diffusive absorption induced
by the withdrawa] of blood stores. a rapid conversion of amino acids te pre-
teins and Monosaccharides to disaccharjdes will tend to maintain a steep
concentration gradient across the gut wall. Thus, because the absorbed food

tion will be related to these processes too in case of g high turnover of
energy. Hudson (1958), for example, has shown that the delivery of gut
stores is dreatly speeded by increaseq eénergy expenditure, as for examp%e
flight. Similarly, the withdrawal of water molecules from the (hind)gut into

is very probable that the absorption rate in phytoseiid females, which have

a high rate of reproduction, will be Closely related to egg formation and
transpiration, and, of course, vice versa.

The rate of absorption will probably dominate the rate of gut emptying,
for the presence of a colon and Malphigian tubulesg {Akimov & Starovir, 1975)
indicate some degree of recycling of the water,



Based on the above, tentative reasoning, the relative rate of absorption
(RRA} can be estimated from the balance between ingestion and weight less,
Under conditions of abundant food the gut will approach satiation, and be-
cause the gut volume is measured (Subsection 3.1.1), RRA can be fitted such
that the rate of absorption compensates the weight loss occurring under
these circumstances. The weight loss due to egg production can be estimated
from the specific weight of the phytoseiid egg and the measured rate of ovi-
position. As well, an approximation of the weight loss due to respiration
and transpiration can be obtained from the weight decreases measured in the
starvation experiments presented in Subsection 2.2.6. The estimation of the
relative rate of absorption is carried out with a simulation model in which
RRA is the only unknown parameter, while the output consists of the rate of
oviposition. The structure of the model is based on the principle that
arthropods avoid gluttony, so that there may be an optimal body weight above
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Fig. 21. Flow diagram of phytoseiid energy expenditure, relating ingestion

to oviposition.
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which the absorbed food is spent on egg formation and below which it is spent
on compensation of weight loss due to respiration and transpiration. Because
the terminal oocyte absorbs the major part of the lipoproteins and water,
egg production can be simulated by extrusion of the egg, if the specific
weight of the phytoseiid egg is achieved. A flow diagram of this simple
concept of the relation between ingestion and reproduction is presented in
Fig. 21; the program is listed in Appendix A. With this model, the relative
rate of absorption can be fitted such that the rate of ovipoesition calculat-
ed by the model corresponds with that measured experimentally. The experi-
mental values of the oviposition (Fig. 22) were measured at several temper-
atures in a colony with abundant numbers of prey eqgs for young female pre-
dators of Phytoseiulus persimilis and Metaseiulus occidentalis. The oviposi-
tion data concerning Amblyseius bibens and Amblyseius potentillae were ob-
tained from Blommers (1976) and Rabbinge (1976). The results are presented
in Table 33. These show that MNetaseiulus occidentalis and Amblyseius bibens
resemble Phytoseiulus persimilis greatly with respect to the estimated val-
ues of RRA, but that Anblyseius potentillae has a much lower level of energy
conversion, because of its lower rate of egg production. Moreover, for
Phytoseiulus persimilis it can be concluded that the RRA estimates obtained
by the present curve fitting procedure correspond very closely with the
estimates of RRGE (= RRA) obtained by adequate use of the electrobalance.
This correspondence may justify further use of the RRA values obtained for
the other phytoseiid species by the curve fitting procedure.

Because these model estimations of RRA were obtained from reproduction

OVIPOSITION RATE
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Fig, 22,

. Rate of oviposition of Young females of four phytoseiid species
in relation to temperature (abundant food). o, Paytoseiulus persimilis

(? = 32); e, Amblyseius bibens (Blommers, 1976); &, Metaseijulus occidenta-
lis (n = 25); +, Amblyseius botentillae {Rabbinge, 1976).
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Table 33. . Indirect estimations at different temperatures of the relative
rate of absorption (day-l), based on the weight balance of a phytoseiid
female (see Figure 22).

Predator species Temperature (°C)

13 15 18 20 22 25 26 29 30 32

Phytoseiulus - 0.86 1.50 1.98 =~ 3.08 3.33 3.87 = 3.99
persimilis

Amblyseius 0.31 - 1.32 - 1.86 2.55 = - 3.33 -~ 3.88
bibens

Netaseiulus - 0.72 1.33 1.62 = 2.%4 2,55 3.15 -~ 3.21
occidentalis :

Amblyseius - 0.76 - 1.26 = 2.10 = - 1.52 -
potentillae

Relative rate of - 0.45 0.68 0.78 - 1.01 - - 1.46 =

colour decrease

A. potentillae

(Rabbinge, 1976)

Relative rate of - - - - - - 10.44
gut emptying of

M. ocecidentalis

(Fransz, 1974)

experiments for abundant food supply, it is worthwhile to compare the rate
of oviposition calculated by the model for lower levels of food supply with
those measured in matching experiments. The model uses the RRA value esti-
Mated at abundant food supply and the rate of predation measured at sub-
°ptimal levels of food supply, but the rate of oviposition is calculated
for lower food supply levels for comparison with the measured reproduction.
™wo comparisons concerning Metaselulus occidentalis and Amblyseius poten-
tillae are presented in Tables 34 and 35. The results show a close corres
spondence between the calculated and measured oviposition, which demon-

Strates the usefulness of the estimated RRA values. Apparently the gut 1s

eMptied in an exponential fashion, as was also found by direct measurement

for Phytoseiuius persimilis. In the simulation model, the time required for
transport, synthesis, utilization and allocation of the absorbed gut-stores
M the acarine body is not considered, because it was assumed that each

holecule absorbed was matched by simultaneous wtilization of another mole-

; i tion
Cule. This assumption was tested in two experiments concerning the reac

i i t
of the reproduction on sudden changes in food supply. The first experimen

‘ i i occi-
Consisted of the measurement of the numerical response of Metaseiulus
using two levels of food

dentalis to sudden changes in prey €gg density.
ion. The measurements

SUpply, both giving rise to some level of reproduct . e o
Carrieq out by Kuchlein were compared with matching simulations Dbase
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Table 34. Simulated and measured rates of oviposition for different food
regimes for young females of Amblyseius potentillae. The relative rate of
gut emptying is estimated by fitting its value in the model such to obtain
an oviposition rate of 0.85 (or 2.26) eggs per day at an average level of
95% gut filling.

Temperature Coloration of the Measured rate of Simulated rate of
(°C) the guta (expressed ovipositiona oviposition
in colour units (eggs/day} (eggs/day)

ranging from 0-7)

15 1.2 0.16 0.00
2.0 0.1z 0.08
3.1 0.26 ¢.22
4.0 0.27 G.35
5.0 0.4% 0.49
5.9 0.68 0.66 -
6.8 1.00 0.85

25 1.2 0.00 0.00
2.0 0.64 G.22
3.0 0.83 0.56
3.9 1.16 1.00
5.0 1.33 1.47
6.0 : 1.65 1.%0
6.8 2.25 2,26

a. Data from Rabbinge {1976).

the functional response at the given prey densities (Table 36). Both model
and experiment indicate the adjustment of the rate of ovipeosition to the
new food level within one day. The initially larger repreduction rate after
the change from high to low €gg density will therefore be caused by the
presence of the gut stores and by the €g9gs already developed near to ovipo-
sition. similar but opposite reasons apply to the oviposition response
after a change from low to high egg density, In another series of experi-
ments the above assumption was tested by measurement and simulation of the
time required to resume €99 production after different periods of food de-

privation. The results, presented in Table 37, demonstrate that the female
predator has to recover from the deleterious e

ffects of severe starvation
(3 days foed deprivation at T = 25°

C) before egg production was restarted.
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Table 35. :Simulated and measured rates of ovipesition at
different prey ‘egg densities for young females of Metaseiulus

occidentalis.

Prey density  Measured rate of Simulated rate of

{eggs/cm2)® oviposition® ovipesition
(eggs/day) {eggs/day)

0.2 0.1 0.1

0.4 0.4 0.4

9.8 0.9 1.0

5.0 2.3 2.5

10.0 3.2 3.3

20.0 3.4 3.5

30.0 3.5 3.6

a. Data from Kuchlein (personal communication); T = 25-27°C;
leaf area = 5 cm2; daily replacement of eggs consumed. The
rate of predation was not measured in the same experiment but
in a similar experiment by Kuchlein, presented in Table 57.

Table 36. The oviposition response of Metaseiulus occidentalis to sudden

changes in prey egg density.

Female age (in days) Prey egg Measured rate of Simulated rate of

starting from final de.nsitya ovipositiona oviposition
moult (eggs/cm2) (eggs/day) {eggs/day)
3 10.0 3.3 3.3
4 10.0 2.6 3.4
> 10.0 3.0 3.3
6 0.4 1.7 1.5
7 0.4 0.4 0.6
8 0.4 0.5 0.5
° 0.4 0.55 0.4
10 0.4 0.3 . 0.4
11 0.4 0.4 0.4
12 0.4 0.3 - 0.4
13 10.0 1.3 1.3
14 10.0 3.2 3.3
15 16.0 3.2 3.3
16 10.0 3.1 3.3

' . = 5 cm?;
3. Unpublisheq data from Kuchlein; T = 25-27°C; leaf area €

i 87
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Table 37. The time required for the production of the first eqg after
different periods of food deprivation. T = 25°C; high density of prey eggs.

Predator species Period of food Time required for the production
deprivation (days) of the first egg (hours)

n measured simulated

Phgtosqiqlus 0 30 6.2 6.2

persimilis 1 30 11.3 10.7

3 30 - 13.5 14.2

6 16 18.2 15.4

Metaseiulus 0 15 6.3 6.0
occidentali

ccidentalis 1 15 9.4 7.9

3 30 18.6 10.9

. 6 15 27.2 11.7

Amblyseius Q 33 5.3 6.0

bibens® 2 29 12 10.2

4 26 12-24 11.4

6 15 12-24 11.8

a. Data from Blommers (1977).

Comparison of the data obtained on RRGE (or RRA) values with those given
in literature reveals many discrepancies. A closer examination is needed,
therefore, of the methods adopted by the different authors (Fransz, 1974;
Rabbinge, - 1976). Fransz estimated ‘RRGE by a fitting procedure related to
the observed predatory behaviour, instead of to the conversion physiclogy.
He simulated the bPredatory activities in a part of his behavioural observa-
t%ons using the relations between the food centent of the gut and the beha-
?1oura1 compenents estimated from the other part of the observations, select-
ing some starting value for the gut emptying constant. This procedure was
repeated until a value of RRGE was obtained that enabled prediction of the
behaviour in one part of the observations on the basis of the behaviour ob~
served in the other bPart. Such a procedurse does not, however, guarantee a
correct'estimation of RRGE, because there may be more than one solution.

Fabblnge applied a more direct method based on-the prey-induced gut colo-
ration of Amblyseius potentillae, the coloration being visible through its
tran?pérant body wall. The coloration is brought about by carotencids pres-
ent 1n.the haemolymph of the spider mite; it isg correlated with the rate of
predation. Although Rabbinge introduced coloration merely as a predation-
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correlated state variable, it may give an estimate of the relative rate of
gut emptying (RRGE). However, it is questionable whether the rate of absorp-
tion of other metabolically more important food elements, like proteins,
lipids and sugars, equal to that of the carotenoids. Anyway, the results
cbtained by Rabbinge and Fransz (Table 33) differ largely from theose of this
report.

3.1.3 ANutritive guality of the prey stages

There is some evidence that food guality depends on the developmental
stage of the prey consumed. Because 60-70% of the ingested food is utilized
in the production of egg mass, effects of food guality may be determined
from the rate of reproduction of a particular prey stage, i.e. in a prey
monoculture. However these kind of experiments are difficult to interpret
when the prey stages have no equal capture probability, which is due to
Prey-stage preference of the predator or the escaping capacities of the
Prey stages. In other words, egg production may be lowered merely by a de-
crease in the food weight consumed, instead of prey-stage food quality. As
will be shown in Subsection 3.2.7, adult female prey run much less risk at
being captured than any other stage. Especially this prey stage gives rise
to a lower rate of reproduction when offered abundantly in monoculture
(Metaseiulus occidentalis: Croft & McMurtry, 1972; Croft, 1972; Pruszynski
& Cone, 1973) (Phytoseiulus persimilis: Shehata, 1973; Begljarow & Hlopceva,
1965), Therefore, to analyse whether the low rate of reproduction is due to
a low rate of predation or to nutritive quality, measurements of predation
in monocultures of prey stages can be supplied to the medel presented. in
dppendix A and subsequently the reproduction of the predator can be simu-

lated assuming that 1 pg of food ingested from any prey stage has the same

Mutritive quality as 1 pg egg mass. In this way indications were found that

Spider mite females as prey give rise to a lower rate of reproduction mainly
because they are captured less easily and hence consumed less freguently.
Another approach is to compare reproduction rates in high denfitY mono=
Cultures of different prey stages that have been measured at similar ra‘tes
°f predation. For example, Croft & McMurtry (1972) used Hetaseiulus occiden-
talis and measured a rate of predation of about 10 prey per day for both
€99 monocultures and nymph-male cultures, while the appropriate rates °.f
Teproduction had a ratio of 3:2. Similarly, Blommers (1976) used Amblyseius
bibens and measured corresponding rates of predation for €9gs and males,
“hile the matching reproduction had a ratio of 4:3. Pruszynski & Con.e (1973)
Used Wetaseiulus occidentalis and measured a higher rate of predation on

€998 then on nymphs . However the rates of reproduction were equal or even

higher in cage of nymphe as food.
Of course, under more natural conditions of poP . ono
dlstributiOn of the prey mites will never resemble the extreme of a m

ulation growth the age
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culture of a specific age group of the mites. Although the proportions ?f
the different age groups in the population are rather variable, there {s
always a mixture of young and old stages due to the continuous reproductive
effort of the adult females. The author's experiments indicate that even
slight supplies of eggs to monocultures of preovipositional females-res?lfed
in a maximal rate of reproduction; addition of 10 eggs to 30 postov1p051t1?n
females on a leaf disc of 5 cm? raised the reproduction of Metaseiulus occi-
dentalis from 2.7 eggs per day to 3.5 eggs per day (n = 18, T = 27°C}.
Shehata (1973) found similar results for Phytoseiulus persimilis. Therefore
food quality is not considered in the models presented.

3.2 RATE OF SUCCESSFUL ENCOUNTER

In the previous section (3.1), methods to quantify the dynamics of the
food content of the gut were discussed. In this section the behavioural c?m-
ponents, such as walking, resting, attacking and feeding, are described in
relation to the food content of the gqut. These components are measured
during continuous observations of the predatory behaviour and subsequently
related to the food content of the gut as computed from the rate of gut emp-
tying (Subsection 3.1.2) and the observed time series of ingestions. At the
start of the exXperiments female bredators are introduced that are standard-
ized with Tespect to age (3-10 days), feeding history and adaptation to the
exXperimental arena (6 hours). The computation of the state dependent raté
of successful encounter is given by the following formula for the total time
spent per successful encounter in searching, handling and feeding:

ﬁéE=FT+(_RE"E%z~T5i—)
RSE = rate of successful encounter (time_l)
FT = feeding and handling time (time)
RE = rate of encounter (timeh})
COIN = coincidence in the webbed space (%)
SR = success ratio (%)

The

DS 3.2.1 and 3.2.3) and the walking speed
ion 3.2.2). Assuming that the walking di-
¥ independent, skellam (195a) derived the

of both predator and prey (Subsect
rections of the mites are mutuall
follewing formula:
RE = 2.4 . ¢ . Dprey
where: D is the symbol for density
brey detection {cm);
vectors of bPredator a
2 2 2
= v + - 2. . .
prey v predator 2 vprey vpredator cos 6

(number/cm2) and d for the distance of
v {em/time unit) is the resultant velocity of the speed
nd prey and it ig given by:
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6 represents the angle between the momentary directions of predator and prey.
Taking expectations we get:

2n

’ 2 2 since [ cos 8 = 0O
-]

EvT = Ev + B ,
prey predator

Mori & Chant (1966) suggest the absence of any form of remote sensing in
phytoseiid predators. However, it may be that the web threads influence
searching by acting as a warning signal for the prey or by drawing the
attention of the predator to active prey. These hypotheses are tested in
Subsectiens 3.2.1 and 3.2.3 by comparing the results of an actual experiment
concerning the rate of encounter and a calculation of this rate by means of
Skellam's formula, where the prey detection distance is taken to be equal
to the sum of the radii of the circumferences of prey and predator.

Within a prey colony the phytoseiid predators display a very tortuous
walking pattern. This may have two consequences. The rate of encounter may
be depressed by revisiting areas already exploited. On the other hand, the
residence time of the predator in a prey colony may be increased by this
behaviour; for the opposite case, a straight path, a shorter residence time
will occur, provided the predator does not turn when arriving at the edge
of the celony. The analysis of both the 'recrossing’ phenomencn and the fac-
" tors involved in the residence time is carried out by observation and simu-
lation of the walking behaviour (Subsection 3.2.4 and Section 3.4).

The rate of encounter is also determined by the walking activity of the
mites (Subsection 3.2.5). It is defined as the percentage of the observation
time that the mite spends walking. Assuming that the activity of beth préda-
tor and prey is independent of the momentary activity of their neighbouring
Mites, the rate of encounter can be computed by adding its sub-estimates
that pertain to three combinations of predator and prey activity {walk -~

valk, walk - rest, rest - walk}:

~

N 2 z - act + act
RREWW ) 2‘(rprey M rpred) '\/; prey+ v pred prey pred

ey = 2¢ . (l-act ) - act o4
WR ~ 2 (rprey + rpred) Vpred prey pre
B - act - {l-act )
RRERW = 2- (Iprey + Ipred) . Vprey prey pred
RE = )
(RRE_ + RRE_. + RREp,) * Dppoy
RRE = relative rate of encounter (RE/DpIey)
! = radius of the circumference of a mite (cm)
act

T activity (%)
. ig restricted to the case of a

It can be easily extended to a
ribution of the

eb structure is

The formula of skellam presented here

ho
Uogeneous and two-dimensional surface. ;
e s in the web. However the dist

: ~dimensional space, a
Miteg

and their walking behaviour in the hetérogeneous W
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such that the probkability of a visit is not the same for every location in
the wvertical plane of the webbed space. Therefore the coincidence in space
(Subsection 3.2.6) is introduced as a factor, which accounts for the phene-
menon that predator and prey may pass over and under each other. In this
way the potential number of encounters on a two-dimensional leaf surface is
corrected to obtain the number of real contacts in the webbing.

Net all encecunters result in predation. The greater and stronger the prey
stage, the more difficult it is for the predator to capture the prey. More-
over, the motivational state of the predator, as indicated by the food
content of its gut, may determine its chances of seizing prey. Therefore the
rate of encounter has to be multiplied by the success ratio (Subsection
3.2.7) to obtain an estimate of the rate of successful encounter. Finally
the time spent handling and feeding the prey after successful attack (Sub-
section 3.2.8) has to be supplemented to the time spent searching per suc-

cessfully captured prey item. In this way the total time spent per success-
ful encounter (1/RSE) is cbtained.

3.2.1 Width of the searching path

The circumference of a predatory mite is not fully determined by taking
the distance between the tips of the lateral fore and hind projections of
the mite. It is also related to behaviour that enlarges the area covered
(Fig. 23). In this respect two behavioural components can be distinguished:

WIDTH OF WIDTH OF
THE BODY THE SEARCHING PATH
3
1 ] 2 3 4
20\
a 'y } N " & & i -
A Iy i A A i Iy * +
Ly o\ N L
bl ]: TT T T 111 T T r—H_r—H-F’—'_r-'-Tﬁ
bo 8
imm (—q/é 6 7
A .E & a 13
. s a . .
s E * 1
4 a i . a a L

0

Fig, 23, i i
ig, 23. Width of the searching path determined by body and front leg-
movements of a phytoseiig predator.

4, tarsi o . A, tarsus
of leg 1; f legs 2, 3 and 4;

o b érIOﬁF indicate leg-movement; straight line represents position
Y=aX1s. Eight successive Phases of forward locomotion are given.
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first, the frequent turning of the body from cne side to the other; second,
a superimposed fast ambushing with the front legs, resembling the use of
antennae in hymenopterous parasitic wasps. Tc measure these actions separa-
tely a video equipment (camera, recorder and monitor), connected to a bino-
cular microscope, was used, thus offering the facility to fix the moving
image.

The cobservations indicated that an increase of the walking speed results
in a decrease of the lateral reach of the predatory female. When the preda-
tor is disturbed by something the walking speed is relatively high (Subsec-
tion 3.2.2) and the lateral reach almost equals the breadth of a resting
nite. In a state of complete rest the front legs are drawn up close to its
mouthparts, which causes the length to be equal to the length of the soma.
Spider mites, with their rigid shuffling way of walking, do not show any of
these characteristics.

The measurements of the lateral and distal reach of undisturbed female
bPredators in different states of activity are presented in Table 38. Those
of the spider mites are given in Table 39, related to the developmental
stage. It may be concluded that except for the resting state of the preda-
tors, the breadth of the mites is veéry near to their length, so that it is
hot unrealistic for simulation purposes to conceive mites as circular units
With a diameter equal to half the sum of the real length and breadth. These
measurements will be used in calculations with Skellam's formula for the
rate of encounter, for which the distance of prey detection is assumed to
be equal to the sum of the radii of predator and prey (Subsection 3.2.3).

Table 38. The lateral reach and the distal length of the females of four
Phytoseiid species (n = 20).

Diameter {mm)

Predator State Length (mm) Breadth (mm)
G i 5 (length + breadth)/2

Species i G " a

Phytoseiulus walking 0.98 0.147 0.84 0.068 0.91

bersimiii
18 resting ©0.71  0.040 0.42  0.020 0.565

Ambzgseius walkjng 0.81 ”‘”38 o-;]. 0.040 01;6
I Otenti ! Zae
EStin'g 0.69 0.034 0.43 0.02; 0.56

0.56 . 0.020 0.605

Mmblyseius  walking 0.65  0.037
0.30  0.029 0.46

bibens
resting 0.62  0.030

0.018 0.57

Netaseiulus  walking 0.62  0.033  0.52
0.028 0.445

Occidentazi
*% resting 0.62 0.031  0.27
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' Table 39. Length and breadth of the developmental stages of Tetranychus
urticae (n = 10).

Developmental stage Length (mm) Breadth (mm) Diameter (mm)
. i a H ¢ {(length + breadth)/2
€gg 0.137 0.007 0.137 0.007 0.137
larva 0.307 G.017 0.219 0.017 0.263
protonymph 0.411 0.040 0.272 0.035 0.342
deutonymph ¢ 0.539 0.040 0.362 0.048 0.451
male 0.592 0.032 0.376 0.044 0.484
preoviposition female 0.749 0.077  0.443 0.082 0.596
oviposition female 0.779 0.061 0.534 0.061 0.657

3.2.2 Walking velocity

The walking velocity was measured as the displacement along the track
Per unit of time. Thesge walking tracks were registered with the video equip-
ment shown in Fig. 24. This experimental set up provided an almost perpen-
dicular projection of the paths with a magnification of about 8 times. Al-
though the experimental leaves vere selected on their flatness, the walking
tracks near to the edge of the leaf were incorrectly projected on the screen
due tn the curvation of the leaf and therefore discarded. To prevent any
possible orientation by the mites on a surrounding unegual light distribu-
tion, the experimental leaf was enclosed in an 'opal! Perspex cylinder,
which diffused the lateral incoming light. The light distribution was mea-
sured with a selenium unit connected to an ampére-meter. The radiation flux
varied between 2 and 2.3 watt per m2 near the leaf.

The walking time was measured simultaneously by means of a stop watch;
each 10 second period was marked on the drawings of the walking paths. The
walking activity of the mites was frequently interrupted by short or long
stops. Those stops that lasted less than 1 second could not be separated by
observers from the walking-time registration due to lags in reaction time.
From these measurements of walking time and displacement, the mean walking
speed was computed. An attempt was also made to characterize the variation
in walking speed by computing the variance of the velocities in the arbi-
trary 10-second pericds.

The walking velocity was studied in relation to the period of food depri-
vation, temperature, webbing and the side of the leaf. To study these rela-
portant to distinguish between edge-oriented walks and
walking paths on the leaf surface. The edge-oriented walking becomes appa-
rent by intensive inspection of leaf-edge-related structures and the regulal
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return of the mite towards the leaf edge after loosing contact with it. A
few times the mites lost contact with the edge and did not return. On those
occasions they were swaying te and fro; to the author they appeared to be
disoriented. Only the walking paths on the leaf surface, i.e. not edge-
oriented, are used in the treatment of walking velocity. The edge-oriented
walk will be discussed in relation te the time spent outside the prey aggre-
gations. (Part 2). '

The walking behaviour can be strongly influenced by experimental manipu-
lation. For example, disturbances can be observed after the predatory might
are displaced by a brush. To illustrate the effect on the walking speed some
measurements were made of the walking behaviour of disturbed predators;
these are given in Table 40. Disturbance diminishes within two hours. There-
fore the behavioural observations of predators were used only after a rest-
ing period of some length (> 5 min.), so that the predator started walking
spontaneously.

The effect of the starvation period on the walking speed of the predators
is probably rather complicated (Table 40). When starved for two consecutive
periods of a whole day, the walking speed of all four phytoseiid species
studied increaseqd by less than 30%. However, when Amblyseius bibens was
starved for perieds of less than 1 day, the walking speed initially in-
creased, subsequently followed by a decrease. The latter effect was also
hmeasured by Sandness & McMurtry (1972) for Amblyseius largoensis. Kuchlein
{to be published)} found indirect evidence for an increase in walking veloc-
ity/activity for the case of Metaseiulus occidentalis at low densities of
the prey (from 3 €ggs per 5 cm? to 1 egg per 10 cm2).

The effect of temperature on the displacement of female phytoseiids (=
observation time x walking speed x fraction of the cobservation time spent
walking) was studied by Everson (1979} and Penman & Chapman (1980). Everson
concluded, that the displacement of Phytosejiulus persimilis was not influ-
enced by temperature on both a glass substrate and a bean leaf. Penman &
Chapman obtained similar evidence for Metaseiulus occidentalis in the range
of 15-3pe°C {relative humidity = 75%), but below 15°C displacement was clear-
ly decreased. This result was also obtained by these authors for the case
of Tetranyehus urticae. The results of the present study (Table 40) indicate
a small or no increase of the walking speed of the predators at temperatures
increasing from 15°c to 30°C, According to Penman & Chapman (1980) the humi-
dity level is orf minor importance for the displacement of females of Meta-
seiuvlus occidentalis and Tetranychus urticae.

Although temperature giq exert some influence on the walking velocity of
the predators, its effect was minor compared to that of the structure and
position of the substrate. The walking speed of the four phytoseiid species
Studied was reduced to 15-30% as a consequence of their position on the
downward—facing side of the lear. Turning experiments with the experimental
leaf showed that this result was not caused by the texture differences be-
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edator (Amblyseius potentillae) resting
B. Detail of the tarsus of

Flg‘ 25‘

next to , Al Back. Vie"w of a female pr
the hindle eaf ml?—-.l‘lb (magnification: %0 X). ;
Clavs ang ih(magnl:flcation: 6000 x) shown in A. Notice the position of the

e swab-like empodium and compare with the position of the claw

r&mnant
$ and the empodial hairs of the spider mites, shown in Figure 26.
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tween the upper and lower cuticle, but probably by gravitational f?rce. This
phencmenon may be related to the adhesive properties of the swa?—llke émpo
dium and the claws of phytoseiid mites (Fig. 25), because their walk{ng
speed was not reduced when walking on the mid-rib of the downward—faflng
side of the rose leaf. The walking speed of the spider mites was not 1nflu-l
enced by the position of the leaf, possibly because they are always atta?hed
to the leaf, as web threads are continuously produced during walking (Saito,
1977a). Artificial trembling of the leaf caused the spider mites and the
predators to lese contact with the leaf surface, but it was often observed
that the two-spotted spider mites crawled along its web thread up to the
surface after this manipulation.

Both spider mites and predatory mites walked more slowly in a webbed en-
vironment {(Tables 40 and 41) if compared with their walking velocity on the
upvard-facing side of the rose leaf. Even a very low webbing density Faused
the predatory mites to slow down. The web structures were inspected inten-
sively with their front legs. Once a passage through these structures was
detected a forward movement was made. Presumably the long dorsal setaé
pointing backwards on the peér shaped phytoseiid bedy serve as a wedge in
the sticky web during forward locomotion. Sandness & McMurtry (1972) re-
ported that the stickiness and the Physical presence of several strands of
webbing impeded the progress of Amblyseius largoensis. In the present study
it was observed a few times that females of Amblyseius potentillae stuck to
the web with their dorsal plate. An explanation for this fact could be found
in the absence of long setae on the dorsum of Amblyseius potentillae, the
longer setae being positioned near the edge of the dorsal plate. It may be
worthwhile to reconsider acarine predator-prey relations from this point of
view. When mites are in the webbing the influence of gravity can be ne-
glected. Likewise, the effect of temperature on the walking velocity was not
significant for mites moving in the webbing. Surprisingly the same rule ap-
plies to the interspecific differences. This implies that the walking veloc~
ity is not responsible for any interspecific difference in the intra-colony
rate of predation, but it may be relevant in the specific capacity of inter-
colony dispersal (Part 2). _

3.2.3 Distance of prey detection

As stated by Mori & Chant (1966);

initial contact of Phytoseiulus persi-
milis with its brey appears to be ma

tter of chance. The prey mites are ap-
parently first detected by contact Wwith the anterier tarsi of the front
legs, which are extended in front of

usually moves c¢loser to the prey and
penetrating the mite's soma.

scanning electron micrographs
tarsi of legs I Jackson (1973,

the body. After contact the predator
palpates it with its pedipalps before
On the basis of behavioural observations ané
of the setae on the pedipalps and the anterior
'1974) suggests that mechanoreception and ¢on”
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tact chemcreception is involved at both tarsal and palpal contact with the
prey.

However web may interfere with searching by providing a warning signal
te the prey or by drawing the attention of the predator to active prey.
Therefore a distinct validation of Skellam's model is needed. To accomplish
this, estimates of the rate of encounter were compared with the results of
an experiment where the encounters between predator and prey were scored on
a time scale. Hungry predators (0.5 days food deprivation, T = 20°C) were
used to ensure reaction to the presence of prey, if any. The experiments
were made in the presence and absence of web. The effect of the mobility of
the prey was also investigated, using eggs and females of Tetranychus urti-

Table ¢2. Measured and simulated rates of encounter between female phytoseiid

Predators and a mobile (female) or immobile (egg) stage of Tetranychus urticae in

absence or presence of webbing.

Fredator Prey stage Webbing - Rate of encounter (number/min)  Total
Species and density observation
simulated measured time {(min)

Phytoseiulus 4 eggs absent 3.26 3.35 32
bersimilis per cm2
Amblyseius 36 eggs absent 16.3 18.9 21
Potentillae per cm?

2 eqggs absent 0.91 1.08 96

per cm? .

0.25 eggs absent 0.12 0.14 1

per cm?
Petaselulus 4 egss absent 1.13 1.10 86
O¢cidentalis per cm?2
poltoseiulus 4 egss present  0.47 0.57 222
Persimilis per cm2
perlyseius 4 eggs present 0.32 0.36 245
Potentllzae per cm?

: 0
Igetﬁsnuzug 4 eggs present 0.30 0.34 25
CCidentalis per cm?2

L 92
izthS?IUJUS 10 ¢° present  1.76 1.73

rslmzzl‘s per cm2

: 110

gﬁlys?lus 10 o present 1.37 . 1.24

entillae per cm? .
zit%Seiu_zus 10 92 present 1.34 1.25

Cidentalig per cm2

a. , . e =
The walking activity of the female spider mite = 4%
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cae as prey. The activity of the female spider mite was registered and ac-
counted for in the calculaticn of the rate of encounter. The female preda-
tors, however, were only observed when they were active. Care was taken
that the mites were accustomed to the experimental leaf, which was placed
on wet cotton wool to keep the leaf fresh and prevent the mites from leaving
the leaf surface. The arena was marked by a square on the ocular of a bino-
cular microscope. It was smaller than the rose leaf to avoid any edge effect.
Therein the eggs (immobile category) were spread equidistantly. In this way
unnecessary variation in the results as a consequence of the casual occur-
rence of clusters of eggs were prevented. For the mobile female prey this
was obviously not possible. The projection of the ocular square on the leaf
surface resulted in an imaginary arena of 4 cm2. A female predator was al-
lowed to traverse this arena and the number of contacts during the time
spent in the arena were scored. On a webbed substrate encounters were also
scored when the projections of prey and predator on the horizontal leaf
plane overlapped. The mean rate of encounter was calculated as the total
number of encounters scored divided by the cumulative time spent walking in
the arena.

In Table 42 the measured rates of encounter are given together with the
estimates according to Skellam's formula. From these results it can be con-
cluded that the contribution of olfaction or web (= the difference between
the measured and the calculated rate) was always less than 20% of the cal-
culated rate. For eggs as prey, all differences between simulation and mea-
surement disappear when the diameter of the simulated egg is doubled. This
suggests that the eggs are scented from near by. In case the prey is a mo-
bile female, the measured rate turns out to be consistently smaller than
the calculated rate. an explanation for this small but consistent diffe-
rence may be found in the warning action of web vibrations caused by the
predator.

' The overall conclusion is that the influence of olfactory or other stimu-
li emerging from the web is low, so that it is allowed to use the formula of
Skellam for the calculation of the rate of encounter. This means that pre-
datory preference for a brey stage or the escaping capacity of the prey may
for computational purposes be considered to arise at the moment of contact.

3. 2.4 Walking pattern

Th? vwalking pattern of the predator affects the rate of encounter with
PEEY In two ways. In the first place it determines the time spent in a prey

colony. When the edge of the colony does not influence the walking behaviocul
of the Pr?dator, a straight path causes the residence time to be minimal
and the distance between starting and momentary position (= linear displace”
ment) to be maximal. The more tortuous the walking behaviour, the smaller

th i i
® linear displacement and thus the longer the residence time of the pre-
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dator in a prey coclony. Of course, the transition of colonized leaf surface
to uncelenized parts of the plant may induce the return of a predator when
it arrives at this edge. However, such a mechanism has not been reported so
far with respect to Phytoseiidae.

In the second place, a very tortucus walking pattern may cause a depres-
sion of the rate of encounter if the predator devours the prey items encoun-
tered; the predator may stay too long on a spot previously occupied by de-
voured prey. Predatory mites walk tortuously when searching in webbing
{(Fig. 27). Therefore, the walking paths being available from the measure-
ments of the walking velocity (Subsection 3.2.2), it was worthwhile to ana-
lyse the effect of the walking pattern on the residence time of a predator
in a prey colony and on the rate of encounter between predator and prey.
For this purpose a simulation model of the walking behaviour was constructed.

The walking behaviour of an individual animal can be simulated as follows.
Each time interval, which is equal to the quotient of step size and walking
velocity, the animal makes a forward movement with a change in direction
over a fixed distance. This angular deviation is chosen at random from a
distribution of changes in walking direction (-n, +r) obtained from the
valking paths registered on video equipment. These angular deviations are
found in principle by determination of the angle between two successive
directions after a linear step of a fixed length (Fig. 28). The shape of
the frequency distribution strongly depends on the magnitude of the step.
‘Advancing with seven-league boots' the distribution tends to the Gaussian

-— START

, . imilis) on a
Fig. 27, Walking path of a female predator (Phytoseiulus persimil | )

"ebbed leaf area.
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t 1 ? f

Fig. 28. Determination of three consecutive angular deviations (A
As 1 As) after pacing linear distances of fixed length.

g=2"'

or uniform-type, while for a small step the tendency is towards a Student-
type distribution. To justify comparison of different distributions mea?ured
and to fulfill the requirements of an accurate description of the walking
paths, a step size is selected of half the average length of the mites‘(=
0.04 cm), which corresponds to about 2 times the step length of adult mites.
Correlation between successive changes in walking direction can be accounted
for by an auto regression model:

. . + o, + A + X
5 1 As—l * %y As-z . o s

Ay = directional change at step number s
random process to obtain angular deviations from a frequency
distribution, corrected for autocorrelations
¥y¢..a, = autoregressioncoefficients
m = order of the process
The first-order auto Tregressive process is then:

As = as-l'As-l * xs
s . ion
The procedures to obtain and to interpret the values of the auto correlatl

coefficients, to calculate the auto regression coefficients from the auto

correlation coefficients, ang finally to determine the order of the process
are explained in Appendix B.

For comprehensive representation

the frequency distributions by the
Student-

'mass!

ibe
of the results it is useful to describ

ir moments. However, the Gaussian and
type distributions proved to be inadeq

uate due to the probability
located in the tails of the measured dis

tributions. The Tukey distri~
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bution was chosen due to its flexibility in this respect. The mathematical
form of this inverse, symmetric, continuous and cumulative distribution is:

Xs =p + c-Yp
v (pA - (l-p)l)/h .......... AEDO
Poiln(p/(1-p)) eeeieinn A=o0

mean angular deviation

"

scale parameter
kurtosis~-related parameter

o Qo=
1)

cumulative frequency of angular deviations

The flexibility of this three-parameter distribution finds expression in
the fact that the kurtosis related value of A causes the distribution te
approximate the shape of some well known distributions:

A=1 L. uniform

A= 0.14 ...... normal

A=9o0 L, logistic

A=-0.85 ..,,.. Student's t, or Cauchy

1
The maximum likelihood procedure for the estimation of p, o and A, plus a
test on goodness of fit, are given in Appendix C.

The simulation process is as follows. A change in walking direction (in
radians), X, is computed for a random p value (0 € p ¢ 1) drawn from a uni-
form distribution. This change in direction is subsequently added to the
tctual direction, and from the cosine and the sine of this new direction
the new x and y positions are obtained, taking the step size as the length
of the hypotenuse. In Fig. 29 the relation between the shape of the distri-
bution and its matching walking path are visualized. These simulations de-
Tonstrate the influence of the scale and tail length of the frequency dis-
tribution on the simulated walking path.

Comparable simulation approaches can be found in Siniff & Jessen (1969),
Mtching (1971), coay (1971, 1974), Jomes (1977, 1978), Pyke (1978), ¥ano
(1978), Sirota (1978}, lnoue (1978), waddington (1979) and Baars (1979}).
Some of these authors have based their frequency distributions on angular
deviations after variable time periods, which makes comparison of different

distributions essentially impossible. Other authors used angular deviations

Ater fixed tipe periods, so that their conclusions pertain to both walking

Yelocity anq pattern. Pyke (1978) and Jomes (1978) noted the possibility

. , i e
that an arthropod has some limited memory concerning the direction of th

1mediately Previous movement. They did not present a model of this partic-

tlay aspect.

i i ibu
tion 3.2.2, were used for the measurement of the frequency distrl

i the
"9ular deviations. 1n principle this was donme by proceeding along
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Relation between the shape of the frequency distribution of
angular deviations and the actual walking path. Two differently scaled
Gaussian distributions and another distribution with a longer tail are
plotted on probability paper of the Gaussian distribution. The matchind

simulations of walking paths are shown below and the computer program is
listed in Appendix D.
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track with fixed linear steps and by subsequent determination of the angular
deviation between successive directions (Fig. 28). At the end of each path
the collected angles were ordered into a frequency distribution (-n, +n).
This procedure and the subsequent estimation of the Tukey parameters, auto
regression and correlation coefficients, plus a final test on the goodness
of fit, were executed with the aid of a computer program constructed for
this purpose (Ruardiij, 1981). The paths can be supplied to the program in
the form of a series of x,y coordinates via an x-y tablet connected to the
computer. The distances between those coordinates are inevitably subject to
irregularities due to human inaccuracy. Therefore an interpolation method
{Spline or Aitken-Lagrange) operates in the program to obtain a continuous
walking path along which the fixed step size can be paced. Overshoot prob-
lems with the interpolation at sharp turns in the walking paths are solved
initially by interpolation over smaller parts of the walking track and
ultimately by simple linear interpolation. The program was tested in a
series of experiments with straight and circular walking paths.

The walking tracks analyzed in this paragraph originate from solitary
mites, walking on explicitly defined substrates. If the effect of contact
between predator and prey was studied, this was accomplished by putting the
brey close to a predator and subsequently removing it after the occurrence
of the desired action. To obtain a webbed area without any prey. both males
and preOVipositional females were put on a fresh leaf, from which they were
discarded after about 2 days to prevent egg deposition. The results of the
analysis of these walking paths are presented in Tables 43 and 44. To get a
Better estimation of the correlation between successive angular deviations,
only the longest walking paths were used. In most cases the auto correla-
tions showed a low level of correlation, if any. When significant values

occurred (lﬂkl > 2//N: N = total number of steps), these normally indicated

& first-order auto regressive process. The irregular pattern of positive

2nd negative values also supports the conclusion, that the mites do not.
show an autocorrelated walk. The evaluation of the different treatments 1s
facilitateq by tabulating the linear displacement after 200 step units next
to the values of the Tukey parameters and the auto correlations. From th.ese
displacements it can be concluded that the effect of the starvation periocd
is rather small, even in combination with previous contact with prey. How=
VeI, the substrate appeared to be very important, as was also the ca?e lear
the walking velocity. The tortuosity of the walking paths in the webb:.ng' is
SXpresseqd by an increase in the value of the scale parameter g, which 1.n
tuIn causes the decrease in the estimated linear displacement. The position
of the Predator on the upper or underside of the leaf does not affect the‘:
Walking Pattern, although the walking speed was severely reduced on the side
f%\cing_ downward. Consegquently three regions can pe distinguished on the leaf
¥ith respect to the walking speed and the walking pattern:

the upperside of the leaf, the mid-rib on the underside of the leaf and
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the stem: fast and straight walk, predominantly edge-oriented

- the underside of the leaf excluding the mid-rib: slow and straight walk
- the webbed area of the leaf: slow and tortuous walk,

Evidently the residence time of the female predator per unit webbed area is
promoted relative to that per unit of any other plant area. This tendency
becomes even more obvious when the data on walking activity at the above-
plant regions (Subsection 3.2.5) are considered.

It may be questioned whether the presence or abundance of prey in the
webbed area has an additional arresting effect on the female phytoseiids.
For example, several arthropod predators and parasitoids change their walk-
ing pattern from straight to tortuous after contact with a prey item, pre-
sumably to increase the probability ef a subsequent capture of patchily
distributed prey {Hassell, 1976, p. 50-55). Besided, the walking speed and
walking activity may decrease when predatcers arrive at local patches of prey.
Finally, there may be some patch-specific signal causing the return of the
predator when it arrives at the edge of the colony. To elucidate the role
of the above factors in the causation of the residence time the walking be-
haviour is also measured in colonies with prey and experimentally defined
residence times are compared with estimates, based on simulations of the
walking behaviour, which assume the absence of specific returns of the pre-
dator, when arrived at the edge of the colony. Both measurements and simu-
lations' are discussed in Subsection 3.4.1.

To give a general idea of the sensitivity of the linear displacement for
the parameters of the Tukey distribution and the auto regression coeffi-
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g. 30. HMean linear displacement, expressed in step units, in relation

t
© the number of steps moved at different levels of A (¢ = 0.2).
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Yont, . three graphs are given based on the mean values of a series of 1000
e : ,

Carlo simulations. In each graph the mean change in walking direction

iS cho s .
sen to be zero and the values of A are those of the appreximate uni-

form -
(A = 1), normal (A = 0.14) and Student (A = -0.85) distribution, sup-
In the first graph (Fig.
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20) tthth one realistic intermediate (A = 0.1).
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1

promotes the linear displacement. Positive correlations, however, intensify
the turnings instead of correcting them, thus causing a decrease of the
linear displacement. From these simulations it can be concluded, that within
the range of measured parameter values (-0.4 < A < 0.14; 0.1 < ¢ < 0.6;
=0.2 < @ < 0.2) the value of the scale parameter is most decisive for the
linear displacement, subsequently followed by the shape parameter, while
the autoregression coefficients are of minor importance.

The above method to simulate the walking behaviour of an individual ani-
mal can be extended for the case of two or more animals encountering each
ether. Then the animals are represented by circles and each time step is
considered to be equal to the quotient of the step size and the walking
velocity of the fastest animal. For each time step the positions of the
circles are traced and new encounters registered if the distance between
the centres of the circles is smaller than half the sum of their diameters.
Such a model is listed in Appendix D for the simple case of immobile prey
and equidistant distributions of the prey items. This model is used to eXa-

. . a
mine the effect ot a tortuous path on the rate of encounter. Imagine an are

so large that even a straight path of the predator starting at the centre

does not result in a confrontation with the edge. The prey eggs are spread

eéquidistantly and every egg crossed by the walking path of the predator is

removed. Because of the large area the number of egg removals will hardly

affect the value of the overall prey density. A tortucus path by the preda-
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tor may give rise, however, to a frequent recrossing of a sub-area previous-
iy freed of prey, so that a prediction of the rate of encounter with the
aid of Skellam's formula results in an overestimation due to its dependency
on the overall prey density. On a webbed substrate predatory mites exhibit
a tortuous walk, independent of the presence of prey {Subsection 3.4.1).
Therefore a simulation experiment was done at a prey density of 4 eggs/cm?
over a 1000 step walking track. The simulated mean rate of encounter after
100 replicates appeared to be equal to 81% of the Skellam's estimate. Of
course, apart of the eggs and the moulting stages, the mobility of the other
prey stages lower the probability on local depressions in their density.
Simulations for the case of mobile larvae resulted in an estimate equal to
94% of the Skellam's estimate, so that the effect of a tortuous walk on the
rate of encounter in a prey colony may be considered to be very small.

3.2,5 Walking activity

The walking activity of the predator refers to the fraction of the obser=-
vation time the animal spends walking. The walking and resting periods were
neasured partly with the aid of the video-equipment described in Subsection
3.2.2, and partly with the aid of a bimocular microscope. During the conti-
nuous observations the start and end of the walking periods were recorded
on a time scale. The activity is not computed as the quotient of the total
¥alking period and the observation time since once a mite starts walking,
valking during the next time unit is very probable. Therefore to reduce
these correlations, the activity is conceived as a Bernouilli variable (0
or 1) the value of which is determined at random moments during the obser-
vations within the desired limits of the relative food content of the gut.
The number of determinations of the Bernouilli variable needed to attain a

Specified accuracy at the 5% level, were calculated with the binomial sam-

Pling formula (a = 0.05; d = 0.04 X Vmin(p,q); Pr{|p-?l> d) = a). The re-
Sults are presented in Table 45. .
The existence of interspecific differences in the level of activity be-

ore clear by comparison of the activity levels under webbed and unwebbed
circumstances. The activity of Phytoseiulus persimilis decreases due to the
factor web, almost irrespective of the presence of prey. In contrast, the
tivity of metaseiulus occidentalis seems to be unaffected by the ,lfaci.:ozl:
¥b and the same applies to Amblyseius bibens, but this species is signifi-
Cantly legg active for abundant prey supply in the webbing (Blommtﬁjrs, 1977).
According to the observations of the walking behaviour of Amblyseius poten-
tllae it preferred the thickest parts of the ribs or similar places on th?
Stems as a resting place. Even when they were present in 2 webbed area, this
type of Preference was observed. Its activity in the web seemf to be x.:ather
low, byt this is caused by the fact that only walking activities 1each'.ng to
splacement were scored. It was frequently observed that although this sper
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Table ¢5. The activity levels of Tetranychus urticae and females of four
phytoseiid species in relation to the substrate and the time period of food
deprivation. Own observations made at T = 20°C and RH = 60-80%.

Predator Time period of Activity (%)
species food deprivation
(hours) substrate

leaf with leaf without artificial

webbing webbing substrates
Phytoseiulus 0 (+ prey) 8 68 75
persimilis 24 . 3 . 30b
48 16 - -
120 12 - -
Amblgsgius 0 {+ prey) 19 14 : -
botentillae 24 . 17 & 10 _
48 - 16 -
Metaseiulus 0 (+ prey) 36 39%, 529 -
occidentalis a8 43 _ _
120 41 - -
Amblyseius 0 (+ prey) 46% g2® -
bibens e
- 66 -
12 B2 - - -
30 97 - -
56 94 - -
120 48 - -
144 - 29% -
168 34 - -
Tetranychus
urticae females 4 - 72b
males 5 - 65-80°
juveniles

a. Takafuji & Chant (1977); T = 25°C and RH = T75-90%.
b. Mori & Chant (1966); T = 23°C and RH = 76%.

c. Kuchlein (to be published); T = 27°¢ and RH = 70%.
d. Fransz (1974); T = 27°¢ and RH = 70%.

€. Blommers (1977); T = 28°C and RH = 70%.
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cies moved‘actively in the webbing, no effective displacement was made. On
rare occasions the predator even became stuck in the webbing with its a;rsum
presumably due to a lack of long dorsal setae in the centre of its dorsal ‘
Nﬁ?&. ynder cireumstances of abundant food the spider mites are much less
Zz?:; i;e::e wezbi?g than an? predaFor species  studied. This is probably
e thpre o?lfant feeding activities. When the food source became
:i‘um wegbinz Z:tl?lty of all stages increased, leading to a steep increase
: nsity as measured in Subsection 2.1.6.
pmjzzstikltieai;%Vity of the predators was unaffected after starvation
v 1 activ.:n one day. Howe?er Amb?yseius bibens showed a definite
tarvation inducez v after starvation perléds of 0.5 days or more. Severe
ot oy aaaoe a léﬁer lefel of activity in this predator. Hungry
- Spider'mPthoselld species were very sensitive to contact. When a
oo increasl e was used.t? pump against the back of the predators a
Satioted femalee of the activity occurred during the subsequent two hours.
o 16 o z were almost unaffected by these actions. From these obser-
e st e.co?cl?ded that the relationship between the hunger status
2 fourd foryt;s 1nd1fectly expressed b¥ way of disturbance.
oot o e valklng-s?eed (subsection 2.2.2), the effect of the tem-
tance especiallwalklng'aCth1tY of the predators is of little or no impor-
y when the predators are studied in the webbed area of a

prey col .

ony (Table 46). Spider mites, however, are probably activated by
pe derived from the fact that the rate of
temperature,

ed in the range

in°°ntrast1:: (Subsethon 2.1.6) is increased by increasing
of 15-305¢ (e the walking speed, which is only littlg affect
Mori & Cha nmman & Chapmanf 1980; own observationz.
fenales of Phnt (1_966) studied the effect of humidit
ytoseiulus persimilis and of retranychus ur

of both

ever prey and predator was reduced by increasing humidity levels.
£ humidity were clearly demcns

t allowed

of preda-

y on the activity of
ticae. The activity
How-

the' i}though the gualitative effects o trated,
ex . )
rapolation of their results to the plant substrate i€ no

due ¢
°t e .
he use of an artificial substrate. Moreover the reactions

tor ang
Prey may be different in the webbing of a prey colony.
the substrate also exerts an

Apart .
from its effect on the mean activity,
area the resting periods

influeﬂ

ce on the activity rhythm. In the webbed

Table

in a 46. The activity (%)} of female phytoseiids residing
Prey colony, in relation to the temperature level.

Predat. .
°F species 15°C 20°C 29°C

Metages
PhytOEI?lus occidentalis 38 36 41
Setulus persimilis 10 8 12
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, : sub-
are frequently alternated with walking periods, whllle tc;r; e;na :;v;eb:aesi o
strate these activities were much less fragmented; in for webbed sub-
king periods and resting periods were longer Fhan thoiziul3.2.3 ‘ustify a
strates, This fact and the findings discusseé in SuPsec ¢ the predater be-
modelling approach based on random inter-arrival times o

i ounters with prey items. ) . -
twe?: zzsoznzmportance to stress that the facteors discussed 1Tetht:eS::::i
tion do not determine the activity in a fixed way. For exa#:;e; determines
of starvation does not determine the activity level, but ra not determine
the level of receptivity to stimuli. Also, the substrate doeﬁld redators,
the level of activity nor the walking speed; hungry PhYtose%l ztructure'
when disturbed artificially, can walk very fast in the webblnglte re mot
Disturbance by artificial means or by bumping against another m;e e s
the only stimuli evoking bursts of walking activity. For examlpn ,3 4) and
predatory female leaves a prey colony on her own accord (Sectio tﬁe walk-
thus leaves the webbing and enters the unwebbed part of Fhe leaf’and tends
ing activity and the walking speed is high during the first hour
to stabilize towards the activity levels given in Table 45.

3.2.6 Coincidence in the webbed space

The three-dimensional structure of the webbing may cause the priji:fif
and its prey to pass above and below each other. Assuming the ?Ccuril for-
the mites to be equally probable at each position in the webbing, the by
mula of Skellam can be easily extended to the three-dimensional caseweb-
taking the mites as spherical units and by measuring the depth Of thEShow
bing. However, a vertical section through the webbing will certainly

e to their
that the spider mites are clustered near to the leaf surface du
predominant feeding activities.

for the major bart located in
leaf surface. pue to this hete
toward the three-dimensional ¢
ing the bpeculiarities in the
unconsidered. Thig problem ca
two-dimensional formula of sk

tween predator and prey out o
the leaf surface,

Moreover, the eggs of the spider mites ;ze
the lower layer of the webbing near to zla
rogeneity an extension of Skellam's formav‘
ase would be much too complicated, yet lieY
walking behaviour of both predator énd ime
h be solved more easily by multiplying be-
ellam with the fraction of real contaCFS on
f all coinciding perpendicular prOjeCtloniion
The measurement of this fraction was done by observa osi-
icroscope maintained continuously in a perpendicular in a
© Predator. The number of observations needed to aﬂ-:aomial
specified accuracy at the 5% level was computed with the aid of the bin

In
. =aqa).
sampling formula (a = 0.g5; q = 0.08 x ymin(p,q); Pr(|p-Pl > d) of en-
. ) e

this way a rough estimate was obtained of the reduction of the rat
counter due to webbing for three

with a binocular n
tion above g femal

different phases in colony growth:

118



- phase 1 The webbing intensity brought about by female spider mites in-
creases rapidly in the initial colonization period, but it levels off after
less than a day as lateral expansion of the web becomes predominant.

- Phase 2 After hatching of the eggs, the juveniles contribute to the
preduction of web.

- Phase 3 When the new born juveniles have matured, the food demands in-
crease exponentially, so that ultimately the food source will become ex-
hausted, causing an increase of the walking activity of all stages and,
thus, an increase in the webbing intensity.

The measurements of the coincidence in these three phases are presented
in Table 47. These results show that the rate of encounter is being reduced
by a factor of 45-55% as a conseguence of the heterogeneity of the webbing,
and, that this result is, surprisingly, independent of the predator species
and the prey stage involved. A more expected result was the decrease of the
coincidence at the increased webbing intensity on the highly infested rose
leaf. During a part of these experiments the activity status of predator
and prey was taken into account (walk-walk, walk-rest, rest-walk). The re-

Table ¢7. Coincidence in the webbed space between female phyteseiids and
different stages of their prey at three phases of colony growth.
I = 350-600; prey density = 20-60 mites/cmZ; adaptation peried = 12 hours;

T = 2¢°C,
Fredator Prey stage Coincidence (%)
Species
colony growth colony growth colony growth
phase 1 phase 2 phase 3
PMitoseiulus  eggs 47.3 43.4 33.0
Persimilis : | o2
juveniles - 48.3 .
females 56.2 49.0 -
mlyseius - -
Potentilzae G"‘ggs 50.1 | -
juveniles - : -
females 43.2 - -
Am‘b-zyse ' _ _
bibens eggs 47.8 -
juveniles - 46.3
females 55.0 - -
Metaseiul -
i us  eggs 49.1 52.2
occidentalis oo 46.1 24.3
Juveniles - .
females '43.8 55.8
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1 48 3 the Wi Spa(:e etwee fe]['l.al hytos
Pable . C01nc1dence in ebbed b een e p elids al'ld
]I!Oblle Sta‘ges of their prey at three d]. ffeI ent COIﬂbl"atlons of t/he activ t;y
e r
p th prey. Y den t y = -
of the redator and at of the I Pre ensi 20-40 mites cm?
adaptatlon period =12 hours, T = 20°C.

Pre Vv ge Coincil [+ activ ty Coﬂlbln.a tions
sta dence (/o) for 1
Predator
es (p dato P )
5pecl re tor rey

C
-walk
walk-walka walk-rest rest-w

52.5
.0
Phytoseiulus larvae 45.5 48 -
persimilis females 47.5 45.0

24.0
Metaseiulu.g males 47.2 51.1 o g
occidentalis females - 50.2 49.5
a. Number of replicates per ratio = 100-150.
b. Number of replicates per ratio = 200-400.
¢. Number of replicates per ratio = 150-300.

. ) ‘e iMpoOT-
sults, presented in Table 48, do not show effects of quantltatzz:nci:ence
tance. A similar conclusion was drawn from measurements of the R
using hungry predators (Table 49). It may therefore he stated,. ots a5
for exhaustion of the food source of the spider mites - webblng oy tevel.
constant 'labyrinth' in the predator-prey interaction at the C°h° sresent
It may be worthwhile to point out the difference between the evans
definition of the coincidence in space and that of Fransz (197*‘%);“ ~cie
measured the same catalogue of behavioural components of Metaselu cognized
dentalis on circular leaf discs of the Lima bean. In addition he re

r be-
. . £ encounte
the problem of spatial heterogeneity in computing the rate o sed
tWeen predator and brey on these discs,

here by the ribs and the edge of the le
walk near to these structures in absence
scanned by the Pbredator. Moreover,

The spatial heterogeneity 1% c:uto
af disc. Since predators prefeea is
of webbing, a smaller leaf a;gn of
according to the experimental de1:she eggs
to be published; Fransz, 1974). ¢ edge-
a and at some distance of the led ity re”
d walk causes a spatial heterogene; rey.
e of encounter between predator and P

discs
. . e leaf
S way, the coincidence on th £ indirectly

the functional response (Kuchlein,
vwere placed outside the ribbed are
For these reasons the edge oriente
sulting in a reduction of the rat
By conceiving the broblem in thi
can be determineqd directly as wa
as was done by Fransz (1974).

spent walking on the ribs and n
parently wasteq time with resp

& done by the author, instead ? the time
This was accomplished by measm.:lng peing
€ar to the edges of the leaf disc, ing the
ect to the time available for searchl
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Table 49. Coincidence in the webbed space between
hungry female phytoseiids and eggs of Tetranychus
urticae. n = 150-250; prey density = 20-60 mites/cm?;
adaptation period = 0.1 hour; time of food depriv-
ation = 2 days; cbservation period = 1-2 hours per
predator; T = 20°C.

Predator species Coincidence {%)
Phytoseiulus persimilis 46.6
Metaseiulus occidentalis 44.0

prey eggs. In this way it was found that 58% of the searching time (133 min-

utes) is being spent inefficiently. This result can be compared with Fransz's
indirect method, using Kuchlein's behavioural observations on the leaf discs.
He measured a walking speed of 0.47 mm/s and a walking activity of 39% in
presence of prey eggs. He also measured the number of encounters durirllg
6-hour time periods at several densities of the prey eggs on the leaf discs

e
and found a linear relation between the number of encounters and the number

of prey eggs on the 5 cm? leaf discs, the tangent being equal to 2.236. It

the spatial heterogeneity were to be discarded, the tangent computed accor-
ding to the Skellam formula on the basis of Kuchlein's pehavioural observa=
tions would be equal to 5.54 (encounters per 5 cm2 per 6 hour per egd).
Dividing both the directly measured tangent by the estimated tangent, an
estimate of the coincidence is obtained, which amounts to 40'2,%: The 1.:ate
of encounter is thus reduced by 60%, which approximates the original direct

estimate closely.

3.2.7 Success ratio

. i ia) of
After detection of a prey with its tarsal sensillae (trichobothria)

. ; uentl
the front legs the predator may move close to its captive and iubt:eq ey Yy
; ; e
itsg maxillary mouth parts are pushed through the integument o' ghar:d

. i s © -
leanwhile inspecting the prey with its pedipalps. when this ser1:fu1  ctack
lings v i ; . oural observations, a succes

a8 noticed during the behavio an encounter.

¥as scored ] t led to the registration of .
., while tarsal contac er of encounters is

The fract; the total numb
i s out of e .
on of successful attack o fits prec1sely to

further referred to as the success ratie. This definitio llam's

that of tpe coincidence in the webbed space. which reduce‘s the SRet-mate
®timate of the rate of encounter between ecircular items into an esd:.fast-
°f the rate of tarsal contact. However on an unwebbed ]'_eaf, le-lrgetla;n'r tip-
¥alking predators inspect the area covered less intensively with thel
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ping front legs, which may laed to a failure to detect a small prey stage
located in their walking path. In that case another factor should be defined,
one that expresses the tipping intensity within the area covered by the pre-
dator's circumference. Another complication arises when the prey encounters
a resting predator at the back. In the webbing, this type of prey-predator
contact generally results in stimulation of the locomotory activity, but on
an unwebbed substrate this sometimes caused a quick turn by a hungry preda-
tor and a subsequent attack on the prey. This apparent enlargement of the
width of perception by the hungry females can be accounted for by multiply-
ing the rate of encounter between active prey and the resting predator with
a factor, ranging from 0.5 (no turn) to 1. (turn).

At the start of the continuous observations of the predatory behaviour,
female predators were used that had been deprived of food for different pe-
riods since satiation. By transferring the predators from the Munger cages
to the experimental arena with a brush severe disturbance would have been
brought about very frequently. To prevent this artefact the predatory
females were transferred on a leaflet, which was placed previously in the
hunger cage as a refuge for the predators. In this way the predators were
allowed to enter the experimental arena on their own accord.

The experimental arena consisted of a prey colony founded after a prece-
ding infection of female spider mites on a rose leaf of an intact plant in
the greenhouse. These leaves were cut off and placed upside down on wet
cotton wool in a petri dish. In another series of experiments unwebbed
leaves were used still comnected to a part of their shoot. The shoots were
put in a test-tube filled with wet cotton wool and closed by plasticine.
This leaf system formed an easily turnable unit. The prey items were offered
one by one to the predator, except for the prey eggs, which were deposited
by female spider mites and subsequently freed of webbing and females using
a brush.

During the observations the behavioural elements were scored in a time
g o o o rertions ety a2 £
basis of the cbserved i(r)1 I::e thtéselld Suf 'n e paraliel TOe Ser%?:
females and the physiclo igesl - 'hlStorY °f the individual thtOSEl? id-
ing the gut content 1 2% Cal variables measured in Section 3.1. BY dlveen
predator ang prey and the :Vas:es of food contents the encounters betwun_
ters were ordered ip x:el.:n—,j_oe;1 :al Sicoessiul attacks among these en:ze
Phytoseiid gut. The numbher of D oo level of the food co'ntent of

encounters needed to determine the class

specific ; ;
Success ratio with a predefined accuracy at the 5% level was con-

uted i : .
gr( . :flng the binomial sampling formula (¢ = 0.05; d = 0.1 x v/ min(p, @)
- z = r *
regulated td) ‘-1)‘ The number of observations per food content class were
¢ achieve the desired accuracy by manipulating the deprivation

over, the 'normai: VL ] X
Prey densities in the Prey colonies happen to be quité



high, e.g. the egg density ranged from 20-60 eggs per cm2? webbed leaf area
Therefore many observations can be obtained in a reasonably short time s a.
Most of the observations were made at T = 20°C with colonies containinp "
Z;lly prej'l eggs or only larvae and numphs or only females or only males. Zome
eg;:l‘:vatlons were done at T = 15°C and T = 29°C in colonies containing only
Str:: zizuli:.ls T::z present-ed in Table S0A with respect to the webbed sub-
o .e S?B with respect to the unwebbed substrate. Smoothed
o Zzzssizrz 1n.Flg. 33.t? acc?ntuate the main characteristics. These
cted us 1?terspec1f1c dlfferénces among the phytoseiid species
e favcon WEbbc.)mpall‘lng the success ratios on webbed and webless leaves.
coius pOtentilllng induces a lower_level of succesg for the case of Ambly~
st e ade, favoqu Phgtos«iezulus Persimilz's and hardly affects Ambly-
— th: Metase1u1u§ occidentalis. With respect to the prey-stage
cence. Bec;use t;ucce.ssl ratio curves resemble each other in a gualitative
fator fmevennss e?_- abllllty o.f 1.:he prey to escape from an attack of the pre-
with its mobility and its strength, eggs are easier to cap-

ture th .
an larvae, etc.; female spider mites are the most difficult stage to
stage related success ratio=-

For each predator
ic differences in

ca .
pture. In a quantitative respect, the prey-
Curvesg :
oo differ among the phytoseiid species studied.
cies i
on its most favourable substrate, the interspecif

Success .
ratio levels suggest a relation between the body size of the preda-

tor and i
its predatory success. However, if the food content of the gut is

express i : , ,
ed in weight units instead of fractions of the maximum level of gut

fillin, R
d, the relation of the success ratio with the satiation deficit of

the gut
does reveal Lhe same but less conspicuous interspecific differences.

ratjzr:es::s;z Zn the predatory behaviour underlying the measured success
blyseius pot e I.nade. The adverse effelct.s of webbing on the .success of
the restrici dentllllsfe may no'l"_ be surprising due to‘the foregonllg notes on
The effect e mObJ:IJ.ty of this species in the webbing {subsection 3.2.2).
of webbing on the success of pPhytoseiulus persimilis, however,

Needs 1
urther explanation. On an unwebbed substrate this preda
when a female predater of this

tor species

Walks f
specs ast and spends more time in walking.
es . )
bumps into a female spider mite, it turns back and runs away with

an i

r:pz;i:::ai;d walking speed, which indicates disturbance. Mori & Chant (1966)

480 COntaCte very same effect. They found only 5 successful attacks among

side of thesl between' Phytoseiulus females and Tétranychus.females. At the

Walking acts Pjaf facing downward, where the walking speed is lower but where
ivity is still high compared to that in webbing, these effects

Were gf
served to the same extent. Apparently the webbed environment, where
offers a more favourable substrate for

both

r

Predator and prey walk slowly,
g a rare phenomencn

Pre(]at .

{Subg OTY activity of this species,
ecti ,

bance tion 3.2.9). with respect to the success

was never observed, so that. other factors opera

disturbance bein
ratio against eggs distur-
te causing the
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capture a prey when dispersing from webbed area to webbed area, within which
success is ensured. The disturbance described above was also observed when
a female of AmbIyseius potentillae bumped against an actively walking female
of Tetranychus urticae at the side of the leaf facing upward. The behavioural
reactions were very similar to Phytoseiulus persimilis except for the fact
that hungry females were usually not disturbed but reacted more frequently
by attack upon contact. In contrast to phytoseiulus persimilis, the dis-
turbed reactions were almost absent when the female-female contacts were
observed at the side of the leaf facing downward, where walking speed is
low. It may be stated that the success ratio depends on the walking speed
of both predator and prey and because the walking speed varies with the type
and the position of the substrate (Subsection 3,2.2), the success ratio is
related to these aspects too. From this point of view it is conceivable that
the small-sized phytoseiid species, 1ike Metaseiulus occidentalis and Ambly-
seius bibens, are less affected with respect to their success ratio, being
relatively sluggish and less sensitive to disturbance (Subsection 3.2.2).

Apart from the influence of the walking speed, also the locomotory acti-
vity of both predator and prey may affect the success ratio. The intensity
of attack stimuli emanated by the prey may Vary with the prey activity. A
walking prey mite may evoke pursuit by the predator. This effect may as well
be counteracted by a greater chance of escape. Furthermore the reaction of
an active predator to active prey may differ from that of an inactive pre-
dator. For these reasons it may be worthwhile to differentiate the success
ratio with respect to the state of activity of the attacker and the attacked.
The elaboration of this behavioural aspect is done for the case of prey males
and females (precviposition). The results, presented in Table 51, shov t&at
the differences are small and far from systematic. Fransz {1974}, measuring
the success ratio of Metaseiulus occidentalis against prey males, similarly
found small differences between the success ratios of active predators
against active/inactive prey males {SRWW = 0.038 and SRWR = 0.034), but the
resting predator seemed to react less aggressive (SRRW = 0.026). But this
difference is the consequence of his definition of the success ratio, which
focusses on the successfulness of mutual contacts, whether the predator was
encountered frontally, laterally or posteriorly. in the present study tpe
Successfulness was measured in relation to tarsal contact. This definition
1s more logic from a behavioural point of view, because the predatory female
first detects the prey with the tarsae of her frontlegs. A prey bu?plﬂ?
9ainst the back of a female predator usually evoked locomotory GCt%V3t1°“
°f the predator, rather than attack stimuli. For this reason posterior en-
Counters with a resting predater are related to the activity level (Subse?-
tion 3.2.5) and the frequency of tarsal contact after non-tarsal contact 1s
Measured separately. The latter variable, adequately called the rate of
'turning', will be discussed below in this subgection.

R rilar
To elucidate whether the temperature affects the success ratio, simil
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experiments were carried out at T = 15 and 29°C using prey colonies with
eggs only. The results are presented in Table 52. They indicate the absence
of any temperature effect. On the basis of this preliminary result it was
supposed that the food content of the gut determines the probability of
success, while the temperature related rate of gut emptying determines the
dynamics of the success ratio. This simple hypothesis is tested in some
predation and simulation experiments presented in subsection 3.3.4.

The success-ratio curves presented in this report resemble those obtained
by Fransz (1974: Metaseiulus occidentaliz vs eggs of males of Tetranychus
urticae at T = 25°C) and by Rabbinge (1976: Amblyseius potentillae and lar-
vae of Panonychus ulmi at T = 18°C). The present results invariably showed
a success ratio of about 90% at a low level of gut filling: this was also
found by Rabbinge (1976) and corresponds with the indirectly estimated suc-
cess ratios of Kuchlein {to be published). However the success ratios mea-
sured by Fransz differed largely, being always less than 50%. Croft (1972},
studying the predatory behaviour of Netaseiulus occidentalis in relation to
Tetranychus pacificus, measured the success ratio in a different way. He
measured the percentage of successful capture by predators after two con-
tacts with a particular prey. In the present work an encounter was scored

Table 52. sSuccess ratios (%) of young females of two
phytoseiid species in relation to the temperature.

Eggs as prey; webbed leaf substrate.

Relative food content 15°C 29°¢C
of the gut _—
MO PP MO PP
0- 5 77.5 - 70.4 -
5= 10 o1.4 - .  82.3 -
10- 20 86.2 - 80.1 -
20- 30 30.1 - 30.8 -
30- 40 19.4 - 23.0 -
240~ 59 13.8 - 14.7 -
>0~ 60 9.8 - 9.0 -
50~ 70 - - - -
70- 8o - 7 - 76.5
80~ 99 - 47.3 - 50.1
90~ 95 . 31.1 - 28.0
¥5-100 - 6.2 - 6.7
MO =

. Metaseiulus occidentalis.
P

il

Phytoseiulus persimilis.
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once tarsal contact was noticed, whether it was succeeded by more palpations
on that particular prey item or not. The next encounter was not scored until
after the predator had left the prey. Another difference with Croft's work
is that he withdrew the prey after a predater had captured a particular prey
stage and had assumed the feeding position. In this way the predators ob-
tained little, if any, food, so that they could be used again after further
starvation. A final difference is that encounters resulting is disturbance
were excluded from the computation of the success ratio. Croft observed
that direct frontal approaches of the predator to the adult female prey
nearly always resulted in an avoidance response by the predators at all
starvation times, and these were not counted, while they were included in
the present experiments. For these reasons the results of both studies are
not comparable, except for the fact that he found 90% success ratios after
1 day starvation, which corresponds with the author's results.

The effect of a less intensive inspection of the area covered by the pre-
dator was studied simultaneocusly during the behavioural observations. As
discussed before this aspect of searching should be investigated separately
at the unwebbed substrate but not at the webbed substrate, because it is
implicit to the definition of the coincidence in the webbed space. The ob-
servations indicate that small prey, e.g. eggs and larvae, were only over-
looked by the predatory females of the large species when walking at the
side of the leaf facing upward. It was estimated that Phytosejulus persimi-
1is missed about 30% of the eggs in their walking path, while Amblyseius
potentillae missed less than 10%. On the underside of the leaf these large
predators walk more slowly and hence inspect their walking paths much more
thoroughly. The other two phytoseiid species (Metaseiulus occidentalis and
Amblyseius bibens) walk relatively slower and are small sized, so that an
prey stage located in their walking path is detected.

An encounter of a mobile prey with the back of the predator resulted 2
few times in a turn of the predator towards the encountering prey SO that
tarsal contact occcurred after non
i;i:lzu:::::::d :J:blthe vaebbing, Pf:‘obably due to the restricted mcbil.it o
Sponse on unwebbed sisbe:;iim:entluae' in particular, showed 2 turnlnirns
towards prey femal S.-In Table 53 the relative frequenc¥ of
is enlarged b monstl.‘ated, that the width of tarsal pelrcep
predator alsoyrzZZizzgid starvation. Apart from the turning reactions tl-xe

Y forward locomotion as a consequence of the en

counter. i ‘
. The relative frequency of this behavioural reaction is alse aiver
in Table S3. This variable,

privation. After the prey is
feeding starts soon after.
the predators results in

~tarsal contact. This phenomenon was very
y on

teo, appears to depend on the time of food de- .
punctured by the predator a success is recorded,
However, it may be questioned whether foeding B

the death of the prey. Hoyt (1970) studied e 2o

tality of ai ]
v different prey stages of the McDaniel spider mite after short P?
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pable 53. The relative frequency of turning of a female predator
{Amblyseius potentillae) towards a female prey encountering the back
of the predator. T = 20°C; each value is based on a minimum of 170

encounters.

Relative food content Relative frequency of Relative frequency of
of the gut, ordered turning activations

in classes

0- 20 0.64 0.29
20- 30 0.21 0.64
30- 40 0.05 0.22
%0- 90 0.02 0.04
90-100 0.00 001

talis. These investigations

riods of feeding by females of yetaseiulus occiden
e of the prey are killed

revealed that a high percentage of eggs and larva
aftér being fed on for 5-30 seconds. Feeding periods of 30-120 seconds caused
a high percentage of mortality ameng the nymphs and 5 minute feedings on
adult female spider mites resulted in only 40% mortality, but substantially
reduced oviposition by the surviving females. Van de vrie (1973) similarly
fi:nd 50% mortality among adult females of panonychus ulmi after short hand-

g periods of Amblyseius potentillae. He reported that this mortality was
established within one day and did not increase afterwards. A comparison of
the length of the above feeding periocds with those measured during the pre-
sent behavioural observatiens (Subsection 3.2.8) shows that these constitute
a very small part of the total feeding period except for the rare case of
an attack of a satiated female predator on a female spider mite.

Apparently the probability of a successful capture is related to the food
Co?tent of the gut. However, there are two exceptions to be considered,
which set limits to the applicability of this relation. First, severely
Sta?ved predators can respond differently to those used in the present ex-
Periments, which are starved for no longer than 2 days at T = 20°C. In the
dehydrateq state, Amblyseius potentillae is very aggressive, as indicated
bY the increase of the success ratio against female spider mites for low
food contents in its gut. One meal on a female spider mite would enable the
qut to be filled completely, so that the subsequent probability of a suc-

c )
essful capture is expected to be very low, accordindg to the measurements.
6 days at T = 20°c) appeared to maintain

and even after their second
Table 54). The amount of
ording to measurements

How
a}:Ver, severely starved females (
. igh success ratio after their first meal,
ea

1 the success ratio was higher than expected (

food 3
d ingested after the first meal was very low acc
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Table 54. The success ratio (%) of young and
hungry females of Amblyseius potentillae against
adult females of Tetranychus urticae. T = 20°C;
observation time maximum 6 hours per individual;
each value is based on a minimum of 200 encounters.

Predation histery Starvation periods

2 days & days

first success 32.5 33.8

second success 1.2 29.4

third success - 8.4

fourth success - 1.0
2

of the female weight, so that this predatory behaviour is induced by other
motivational variables than the acquired amount of food. Presumably the peL-
sistence of aggressiveness is caused by the relaxation time of the physio-
logical processes, leading to recovery of the metabolic imbalance. In con-
trast to Amblyseius potentillae, severe starvation of Metaseiulus occiden-
talis led to a lower success ratip than found after 2 days food deprivation.
This effect was clearly related to their loss of strength, as indicated by
the decrease in walking velocity and their sluggish reactions. Both the in-
creased and decreased aggressiveness after severe starvation are not unigue
for the species mentioned, but were observed more frequently in these par-
ticular cases. Apart from this lower limit to the applicability of the food
concept there is also an upper limit caused by high rates of encounter with
brey. Ruchlein (to be published) found a second rise of the rate of eJg
predation by Metaseiulus occidentalis above the density of 30 eggs per o
Because the female predators are certainly well fed at these densities. this
phenomenon can not be related to the food content of their gut but possibly
to some stimulus resulting from frequent contact with prey.

Theée examples clearly demonstrate the limitations of food consumptioh
as an indicator of the hunger level. Nevertheless, with respect to the rangé
of conditions relevant in the greemhouse the use of food consumption is 3¢
Rt met within tr. :;Il :llef upper ‘ll.mlt at freque‘nt prey contact is prj;)feCt
of frequent centact was asse pre(;’alllng pre.y densities. Although th-e eof 4G
eqgs per cm?, it shoul soed 2% = seemingly realistic eqg RSV
high in thes; experz:eztze:tressed €hat the rate of egg encounter *% zaﬂeta'
seiulus occidentalis the di:: - th‘:“-abS(-:‘nce of webbing. In the case ¢ nd

erence in rate of encounter between webbed 2
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uwebbed substrates is approximately proporticnal to the difference in walk-
ing velocity so that the critical egy density in a web amounts to 40 X
0.47/0.18 = approximately 100 egys per cm2. Such high prey densities were
never measured in natural colonies grown on greenhouse roses, even with
respect to all stages. These densities ranged between 20-60 prey items per
cm? and occasionally densities up to 80 mites per cm? were observed. For
these reasons it is allowed to apply the simple concept of food consumption
for the purpose intended.

3.2.8 Handling time

The time spent handling a captured prey was also measured during the
continuous observations of the predatery behaviour and subsequently it was
related to the food content of the gut according to the method described in
the previous subsection. The handling time consists of several activities,
like palpating, piercing, feeding, 'guarding' and return feeding. Hungry
Predators feed almost immediately after contact with their prey, but well
fed predators spend more time in initial palpating and piercing. Feeding is
frequently interrupted for a short period and subsequently centinued on
other parts of the prey, especially when the prey is a deutonymph or an
adult. A few times the predatory female seemingly left its captive, but
subséquently returned towards the prey and started to feed again. At other
occasions the predator was observed to sit and wait next to its capt
during a handling period, cleaning its extremities in the mean time. The
actual feeding period during handling amounts to 90% in the yound stages of
the prey and 60-70% when feeding on mature prey.

The mean handling times at different levels of gut fi
in Table 55 in relation to the developmental stage of the Prey. .
concluded that the handling time increases with developmental progression
°f the prey and with the period of food deprivation. The latter effect was
also found by Putman (1962), Sandness & NMcMurtry (1972) and Fransz (1974).

Some peculiarities concerning the species studied may be noticec.l. Ambly-
Seiulus potentillae spends little time in the handling of spider mite ec_;’gs.
As discussed before, this is due to this species having some problems_ln
Plercing the egg chorion (Subsection 3.1.1). The majority of the feedn‘!g
ttempts fail, but successful feedings were observed too and these feeding
Periods were equal to those observed in the other species. Because the eggs
“eTe harmed by the piercing attempts, the time spent per €99 was recorded
e a handling period despite the absence of ingestion. The other species
Studieq ingest the content of the eggs without any pro '
€99 chorion. Phytoseiulus persimilis requires less +ime in emptylng the egg
than Hetaseiujus oceidentalis and amblyseius pibens. However these three

; . the
®PeCies spend equal amounts of time in handling the other Stages of
Prey. .

ive

11ing are tabulated
It can be
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3.2.9 Disturbance

In the acarine predator-prey system, disturbance shows itself in several
ways:
- as a decrease in the probability on a successful capture, &.g. in case
of frontal encounters between a female predator and a female prey, both
walking on an unwebbed, upward-facing substrate (Subsection 3.2.7)
- as an increase in walking speed, e.g. after frontal contact between ac-
tive adults
- as an increase in walking activity, e.g. after contact between a resting
predator and an active stage of the prey resulting in reactivation of the
former (Subsection 3.2.5)
- as a decrease in the width of perception, e.qg.
lateral inspection by the antennae-like frontlegs (Subsection 3.2.1) de-
creases, resulting in a decreased width of tantennal! perception
- as a decrease in the handling time, e.g. feeding predators being inter=-
rupted by prey bumping into the predator (Mori, 196%)
- as an increase in the success ratio of feeding predators,
burping into the predator, is immediately attacked (Haynes
1966; Sandness & McMurtry, 1972; Hoyt, 1970). '
The effects of the above types of disturbanc
of phytoseiid predators to prey density are considered to be very important

66) attributed the dome shape of the
ct disturbance of

after contact avoidance,

e.g. the prey,
& Sisojevie,

e on the functional response

by various authors. Mori & Chant (19
functional response of Phytoseiulus persimilis to conta
feeding predators by the numerous female prey. Sandness & McMurtry (1972}
found a second rise of the rate of predation at prey densities of 10 females
Per cm?2. This effect was attributed to successful attacks of the feeding
Predators on the prey occasionally bumping into them. Hoyt (1970) suggests,
that this "two flies in one blow" principle will increase the predatory
efficiency in reducing prey populations at high densities. Laing & Osborne
(%974): offering prey males instead of females, did not find any decline or
~ Tise of the functional response at high prey densities.

It should be stressed that disturbance is a consequence of the vigour of
tl.je interference. Activation and disturbance are prought about by high wal=
king speeq and high walking activity. consequently, the gize of the prey
ai.ld the substrate are very important. Because the above studies of the func-
Flonal response were carried out on artificial substrates (paper, perspex},
it may be guestioned whether disturbance is important on natural substrates.
Everson (1979) showed that the rate of encounter with female prey on a leaf
Substrate was only a fraction of that on the artificial substrates, because
:f their prevailing feeding activities. On 4 webbed leaf this reduction will
€ even more conspicuous due to low coincidence in the webbing, low walking
SPeed and 1ow walking activity. Hence it may be questioned, whether the in-
terferences in the webbing are vigorous enough to cause disturbance and
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whether these disturbances occcur frequently at the prey densities prevailing
in the greenhouse crop. This question was studied by recording the walking
behaviour and the encounters in prey colonies, grown on greenhouse roses
and containing a lot of mobile stages. Two Lypes of colonies Were selected:
- colonies with 20-40¢ nymphal and male stages per cmZ, plus a few females

- colonies with eggs and 10-15 females per cm2. '

One predatory female of Metaseiulus occidentalis or Phytoseiulus persi-
milis was released on each leaf and the observations started half a day
later. The results are presented in Table 56. It can be concluded that for
both phytoseiid species and both types of prey colonies, disturbance during
feeding is a rare phenomencn and the walking speed and walking activity of
both predator and prey are unaltered when compared to the data obtained in
colonies containing few, or even no, mobile mites. When a femaie prey en-
countered a feeding predator, the predator mestly continued feeding and in
the rare case of feeding interruption the prey captive was already sucked
dry, while attack on the disturber was observed only once. Disturbance phe=
nomena may occur upon exhaustion of the plant food source, causing the spi-
der mites to increase their locomotory activity in search of fresh food.
However this situation was not studied because it implies an infestation by
spider mites that surpasses an economically acceptable damage level.

3.3 PREDATION

The predation will be modelled for the case of a predator whose gut fil-
ling determines the relative rate of successful attack (= RSE for Dyrey = 1).
The dynamics of the food content of the gut is simulated by integration of

the rate of food intake and the rate of gut emptying over short time inter-
a series of simultaneous predation
d at the same time

ved as a determin-

Vals. By assuming that each predator in
SXperiments consumes uninterrupted by searching periods an
fcquires the same portion of food, foraging wonld be concel
istic process. However the random distribution of the prey
ted searching behaviour of the predator give rise to sequences of feeding
ad searching periods that are subject to stochastie variation. For this
feason each predator goes through a unique time series of feeding -events,
S0 that at one moment during the predation process each predator will have
4 different amount of food in its gut. Therefore stochastic models of the'
Predation process are discussed and subsequently conpared with deterministic
Malogues to elucidate the effect of the underlying concepts. e
After selection of the most adequate model from the above point of view
4 serieg of predation experiments on both webbed and unwebbed s.ubstrates
3T® discussed and compared with appropriate simulations to validate .the.
Measureq inputs and the concepts underlying that model. Subseguently 1t'ls
ecalled that the majdrity of the behavioural inputs were measured at hlg.h
°F 2ero prey density, at a standard temperature and in a standard age period,

and the undirec-
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studying solitary predators only. This raises the problem of how to extra-
polate those measurements to intermediate prey densities, other temperatures,
age periods and predator densities? Hence a concept of the relation between
reproduction and predation is proposed on the basis of experiments previ-
ously discussed in Subsections 2.2.3 and 3.1.2, which enables extrapolation
in a simple way. Some validations of this concept are presented.

Finally, there is the similar problem of extrapolating measurements of
tmonoculture' success ratios to 'mixed cultures' of prey stages. This is
discussed on the basis of the behaviour measurements described in Sectien
3.2 and of the available references pertaining to prey-stage preference of
phytoseiid predators.

3.3.1 Models of predation

Ensuing from the behavioural component analysis (Section 3.2), predaticm
is determined by the food content of the phytoseiid gut, which in turn de-
pends on food intake and gut emptying (Sectiom 3.1). In CSMP notation, the

dynamics of such a system can be simulated by the following numerical inte-
gration:

FCG = INTGRL (IFCG, RFI - RGE)
RGE = RRGE * FCG

(1)FCG = (initial) food content of the gut {ug)
RGE = rate of gut emptying (pg-day 1)
RRGE = relative rate of gut emptying (day-l)
RFI =

rate of food intake {ug-day 1)
Because of the small time constant of the ingestion process and the S

duration of the handling period needed for 90% of the ultimate food inta]:lr
&

hort

ingestion may be conceived as an immediate swallow of the prey contents

size of the portion being limited by the satiation deficit of the qut (5w
section 3.1.1);

RF1 AMINI(SDG/DELT, RSE * FCP)
SLG = GUTC - FCg

SDG = satiation deficit of the gut (ug)
GUTC = gut content (ng)
FCP = foeod content of the rrey (ug)
RSE = rate of successful encounter {prey'day—l)
The rate of successful encounter can be computed from the measured 5
haviour

al components ang Prey density:
RSE = 1./Tsc

ISC =-Fr 4 1./{RRE =* COIN * SR % DPREY}
TSC = ti
o tlme.spent Per successfyl capture (day)
= feeding time (day)
RRE =

relative rate of éncounter = RE/DPREY (dayql)
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Sk success ratio (%)
COIN = coincidence in space (%) )

Several of these behavioural components positively influence the rate of
successful encounter at low levels of gut filling. For example, the success
ratio increases if the food content of the gut decreases (Fig. 34). At a
constant density of.the prey, sooner or later the rate of food intake will
become equal to the rate of gut emptying. Then the fcod content of the qut,
and consequently the rate of predation, attain a constant level and the pre-
dation process enters a steady state.

However, as a consequence of predation prey density decreases unless each
prey killed by the predator (or by other causes) is replaced immediately by
a fresh one. Because immediate replacement is generally impracticable, the
rate of predation in that case is not assessed at a steady state, due to a
changing prey density. In case of fixed time delays of prey replacement the
fluctuation of the prey density can be monitored during the simulation in

the following way:

DEREY = INTGRL (IDPREY, (-RSE/AREA) + (REPL * { IDPREY-DFPREY ) /DELT) )
REPL = IMPULS (0., REPDEL)

{I)DPREY = (initial) density of the prey (prey/cm?)
AREAR = experimental leaf area (cm?)

REPL = replacement action {0 or 1)

REFDEL = time delay of prey replacement {day)

The fluctuation in prey density can be damped bY enlargement of the ex-
Perimental leaf area and by shortening of the time delay of prey replacement.

RELATIVE FOOD CONTENT SUCCESS RATIO
OF THE GuT %) { %}
100-: 100
80 - 80
B0 - 60
40- - 40
20- =] - 20
dﬂj—r s S *
| | I I I I I . I lllllllll - U

© & 12 48 2 30 3 42 48
TIME (HOUR)
Fig. 34, Graphic display of the main counteracting processes underlylrfs
Prédation for young female Metaseiulus occidentalis and eggs Of.TEtr:nglcli:_
irticae. Gut emptying given by dotted line, and success ratio given M
togran,
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Adequate manipulation of these measures can approximate a steady state of
the predation process within the limits of practicability.

The above type of simulation (Appendix E) is called deterministic, because
each moment in the predation process allews for only one possible state of
the system. The predators are considered to be identical foragers, each con-
suming the same portion of 'crumbs' of the prey 'cake'. Moreover, consump-
tion takes place uninterrupted by searching periods, while the size of the
food portions vary in time due to the dynamics of the satiation level of
the predator. It goes without saying that the actual predation process is
quite different from this picture. The random distribution of the prey and
the undirected searching behaviour of the predator cause the searching
periods to be variable and bounded by discrete feeding periods, so that
each predator has a different amount of food in its gut at one instant
during the predation process. Therefore it may be worthwhile to consider
stochastic models that take into account the instantaneous variation of the
motivational state.

Monte Carlo simulation of the predatory behaviour may serve as a first
illustration of a stochastic model. In a mite colony the searching behaviour
of the predator and the spatial distribution of the prey are approximately
random, so that the inter-encounter periods will be random too. In this case
the inter-encounter periods, as well as the inter-attack periods (Fransz,
1974), meet the conditions of a Poisson process. The probability of no suc-
cesstul attacks is then equal to EXP (~RSE * TIME), so that in a sufficient-
ly short interval (= DELT) at most one single prey can be attacked. Hence
the probability of a capture in DELT is equal to:

PRC = 1, = EXP(-RSE # DELT)
PRC = probability on a capture

The capture events can be obtained from a comparison between PRC and

random drawings at consecutive time intervals from a uniform distribution,
ranging from 0 to 1:

RDRAW = RNDGEN(U)
INCON U = 3
CATCH = INSW(PRC - RDRAW, 0. r 1.0)

U = starting value of the random number generator (RNDGEN)
RDRAW = random drawing from a uniform distribution ranging from 0 to 1
CATCH =

indicator of a catch event (0 or 1)

When CATCH equals zero,
catch event.
ted.

the predator is searching; CATCH = 1 denotes &
In this way sequential time intervals of searching are simula-

.Interruptions for ingestion are simulated as discrete moments, so that
the ingestion statement of the determ

inistic model can be modified as fol-
lows:

RFI = CATCH * AMIN1(SDG, FCP)/DELT
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Thus food intake takes place as an immediate swallowing of the food con-
tent of the prey during a time interval in which CATCH happens to equal 1.
an example of such a simulation is presented in Fig. 35, which shows the
course of the food content of the gut during a foraging period.

From random draws for a sexies of DELTs, the feeding history of an indi-
vidual predater can be simulated. To obtain an accurate estimate of the mean
nwber of prey attacked, a large number of reruns are required, e.g. at least
100, which makes Monte Carlco simulation a computer-time consuming procedure.
The program is listed in Appendix F.

The above formulation of a stochastic predation process can be extended
in several ways. The capture event and simultaneous swallowing of the prey
content can be replaced by an explicit feeding periecd and a dynamic inges-
tion process (e.g. Fransz, 1974; in contrast to Fransz's model, the feeding

RELATIVE FOQD CUMULATIVE
CONTENT OF THE NUMBER OF
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1
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dation process simulated by

£ the relative food content
1ative number of captures

raight line. The predator
on and ingests prey eggs

Fig. 35. Graphic representation of the Pre
Monte Carlo methods (Appendix F}. The dynamics ©
°f the gut is given by the dotted line. The cunt
during the period of predation is given by the st
(Metaseiylys occidentalis) starts at full satiati
after random searching periods.
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time in the model discussed above was only considered as waste time with
respect to the time available for searching). Another extension can be ac-
complished by coupling the model of the walking behaviour of predator and
prey to the above predation model, which is especially attractive in case
of non-randem distribution of the prey (Subsection 3.2.4). In that case the
rate of encounter (RE = RRE * DPREY) is replaced by simulation of the walk-
ing behaviour of the predator (and prey) at a certain distribution of the
prey. At the moment of a simulated encounter the occurrence of a successful
attack can then be determined by the same type of Monte Carle procedure but
where the probability of a capture (= PRC) equals the product of the coinci-
dence in space and the success ratio {= COIN * SR). However, because imme-
diate swallow of the prey content is not far from reality, and the intra-
colony distribution of the prey is close to being random, both extensions
were considered to be irrelevant to the present problem. Besides, the minor
effect of 're-crossing areas already visited by the predator' can be ac-
counted for by simple correction if necessary (Subsection 3.2.4).

By confining the simulation problem in this way the computer—time con-
suming Monte Carlc simulations can be replaced by ones based on gueueing
theory (Saaty, 1963}. Taylor (1976) and Curry & DeMichele (1977) recognized
the analogy between a queue of clients, waiting to be treated by the den-
tist and the 'queue' of ingested prey 'waiting' in the gut to be digested,
resorbed and egested by the predator. The treatment time is equal to the
time needed for digestion, resorption and egestion of the mass equivalent
to one prey, referred to as 'gut-emptying time'. The gut content is divided
ighclasses, also equivalent to the mass of one prey. At full satiation (=
N class} no successful captures can take place, while the rate of gut
emptying equals zero in case of an empty gut (= zero class). Based on a
Poisson distribution of the searching pericds and an exponential distribu-
tion of the 'gut-emptying time', a set of N+) difference equations can be
derived by computing the short interval changes in the relative frequencies
(= p,(t}) of predators at each satiation class n (0 < n ¢ N). For a small
time increment DELT at most one prey can be encountered, so that pn{t+DELT)

can be computed from p (t) by summation of the follewing transition proba-
bilities:

the probability to capture and ingest one prey mass without simultaneous
resorption of a mass equivalent to one prey,
content of the gut from class n-1 ton

causing an increase of the food

the probability to capture and simultanecusly resorb the mass equivalent
to one prey, resulting in the absence of a change in the food content of
the gut (= n)

the probability of no capture and no resorption,
level in the food content of the gut (=

resulting in a constant
n)

the probability of no Capture and one prey mass resorbed, causing a de-
crease of the food content of the gut from class n+l to n.
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The probability of a capture of one prey mass can be found from the fol-

loving formula (CSMP notation is not used in all subsequent formulas):

2
*
PRC = 1 - exp(-RSE * DELT) = 1 - (L - RSE » peLr + (BSE ZDEED) )

Neglecting the terms involving DELTZ, this formula can be simplified:
PRC = RSE * DELT

Because RSE depends on the amount of food in the gut, this formula can be
rewritten by adding the suffix n, which indicates the satiation class:

P = * = =
ch RSEn DELT and PRCN RSEN 0

The probability of the resorption of one prey mass ingested can be com-
puted in the same way after calculation of the time needed to resorb the
mass equivalent to one prey at different levels of the food content of the
qut (0 < n < N):

PRE, = RGEl  * DELT and FRE,

RGEl = 1/TGE1, and RGElj =
TGEl, = In(n/(n-ONE))/RRCE for (1 < n < N)
ONE = p.99

FRE probability to empty the gut with a mass equivalent to one prey

TEl = time required to empty the gut with a mass equivalent to one prey
Now it is possible to give the formulas of the above four transition pro=-

babilities, which form the elements of a sumnation of all possible ways to

arrive at satiation level n after a small time increment DELT:

Pp-p{t) * (1 - PRE ) * ERC,
TPty % PRE_ * PRC,
T Pylt) % (1 - PRE ) * (1 - PRC))
- pn+1(t) * PREn * {1 - pch)

, . | o that
Again, the terms involving DELT2 drop out in case of small DELT, 8

the distribution of the predators over the satiation € "
lated by recursive use of the following set of difference equations,

ting from any initial distribution of p (t=0):

lasses can be simu-
star-

PR{t+DELT) = p _(t) * (1 - (RSE,*RGE1,) * DELT) * ---
p_,q(t) * RGEl , * DELT * p,.1(E) * RSEqg
PRED) is equal to
iffe-

% DELT

terval (=
pe computed from the d
tiation levels, plus

al DELT:

The expected number of prey killed per time in
the amount of food consumed in DELT, which can
Ience between the successive distributions of the s@
the amount of food resorbed from the gut during time interv

N N * DELT
- . T) * RGEl b
n=0 n=0

; adding the
The cumylative number of prey killed (= CUNPRD) if R found by

in,
Stantanecus values of PRED.
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When prey density is kept constant by immediate replacement of the prey
killed by the predator, the rate of food intake will become equal to the
rate of gut emptying sooner or later, so that the predation process enters
into a steady state. The relative frequencies of predators at the different
satiation levels can then be solved directly by equating the differential
quotients to zero:

dp p, (t+DELT) - p_(t)
Pp(t) = dtn = Lim 2 DELT = =
n DELT-0

The equations obtained can be rearranged as follows:

* - = -
RGEln+1 Prs1 RSEn * Ph RGEln * Pn RSEn-l * Pri

Because pd(t) = RGEll * P, - RSE0 * Py = 0, the right hand side of the re-
arranged equation is equal to zero at consecutive values of n (n = 1,2,3,...)}.
Thie results in the following simple equation, showing that P, is proportio-
nal to Pp.1®

RSEn—l * pn—1 = RGEln * pn

After selection of an arbittary starting value of Py the values of Pn
{n =1,2,3,...) can be computed consecutively with this equation. Subsequent

. N
rescaling of the P, values such that 3 P, = 1 produces the steady-state
n=0 .

distribution of the predators over the satiation classes. In this special
case the formula of the number of prey killed during DELT (= PRED) reduces
to the term that computes the amount of food resorbed during DELT:

PRED = g P, * RGEl_ * DELT
n=0 n

Thus it is possible to compute directly the rate of predation at steady-
state conditions instead of by numerical integration over small time incre-
ments. Moreover, as long as brey density is kept constant in some way, the
number of prey killed can also be computed over any time interval starting
from any initial distribution of the satiation levels (= p_(t=0)). This is
done by matrix algebra, as is shown in Appendix G. Howeve;t when the prey
density is changing in time, and consequently RSE too, the set of difference
equations representing the queuneing process can only be solved by numerical
integration over small time increments {= DELT)}. In the foregoing discus-
sion of the queueing approach it was assumed that the gut content could be

divided into classes equivalent to the mass of one prey. However, as shown
in Subsection 3.1.1,
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pay excee i
y d the amount of food eguivalent to one class and can be expressed

in terms of class units:

ENLARG = NCLASS/GUTC
fn = min{(FCP * ENLARG, N - n}
(DG =N - n)

ENLARG = féctor accounting for the enlargement of the gut size (and pre
51ze)‘due to subdivision in satiation classes (Nclass) e
food intake of a successful predator at satiation level n
.expressed in class units (= INTEGERS} ‘

In thiz way ingestion is represented as a discrete jump over f classes,

s0 that the : : .

term in the queueing equations that represents the ingestion of
*%J(fsnsﬂdhimmﬁ
be attained via com-
starting from each

)
i1

one prey item up to state n is egual to RSE
;feizE:;z ;;Titi T.he max.imum satiation levngcan thus
class in the range t:?iftlon of the prey content, i.e.
-f to N-1. In that case the ingesticn term of the
N-1

queueing formula is equal to Z RSE. * p
n=N-f n n

ingestion th

e ament e expected number of prey killed during DELT is not equal to

torm i xt oflfood consumed. It can therefore only be computed from the
e difference equations that accounts for the successful captures:

. As a consequence of partial

N
PRED = 3
p (t) *
2=0 L(t) * RSE  * DELT

The com cati
putation of the steady-state distribution, P, ig similar to that

of the ¢ . )
value ofomplete ingestion of the prey content. Startin
Py: the value of p, can be solved from pé = 0:

g from an arbitrary

~ RSE_ %

FOrn -
=1
+2,3, .... N-1 the value of p_ 4 can be solved consecutively from

(0¢nsg f)
=O(f<n4N-1)

{RSE_ +
(RSEE + ﬁzin; : Py * ROEly.y * Ppay = O

n P, * RGEJ_n+l * Poi1 + RSE _¢ * Ppof
values such that thelir sum equals 1
er the gatiation

-

Subsge
remn::e?t rescaling of the computed P,
in the steady-state distributien of the predators oV

ClaSSQS ( =
pn)’ n RSE or RGE1l vary during the process.
1y method that can be used.

ent of the gut are considered,
it is inevitable to
th the searching

solution of the §gain, whe numerical
¥hen only ai difference equations is the on
"hether thege iscrete changes in the food cont
are due to food intake or gut emptyinge

eXPresS
time andthese changes in terms of probabilities, go that bo
the gut emptying time are subject to stochastic varaiation. Because
the colony and the random

°f the
random di .
andom distribution of the prey within

Searchj
. . .
9 behaviour of the predator this seems to espect

pe obvious with
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to the searching times between captures. Then the catch events occur by a
Poisson process and the probability of one or more captures is given by
1 - exp(-RSE * t). This guantity is a cumulative distribution from which
by differentiation, one obtains the exponential density function

RSE * exp(~RSE #* t) for the distribution of times between captures with
mean 1/RSE and variance 1/RSE2. However with respect to the gut emptying
time stochastic variation seems much less obvious. Each gut content class
is emptied with a probability of RGE1 #* DELT during a small time increment:

p(t + DELT) = (1 - RGE1 * DELT) * p(t)

Hence
dp(t) = 71+ R(t+DELT) = p{t) _
at Lim DELT = = RGE1l * p(t)

DELT>0

This differential equation has the solution
p(t) = ¢ * exp(~RGE1l * t)

Since each gut content class will be emptied sooner or later it follows that
o

J © * exp(-RGE1 * t) dt = 1
4]

Hence ¢ = RGEl. Thus the gut emptying time is described by the negative ex-
ponential distribution with density RGE1 * exp(-RGE1 * t). The mean gut
emptying time therefore equals 1/RGEl, and the variance is 1/RGE12. From
this it can be seen that because RGE1 depends on the number of satiation
classes distinguished (= n}, the stochastic variation in gut -emptying time
can be reduced by dividing the gut content into more (but smaller) satiation
classes. In case of an infinite number of satiation classes the process of
gut emptying is completely deterministic {(variance = 0). If one wants teo
reduce the variance, the effect of enlarging the number of satiation clas-
ses is governed by the law of diminishing returns. Simulations indicate that
the introduction of stochastic variation of the gut emptying time hardly
affected the end results. Even the modification of the distribution from
negative exponential to constant, uniform or normal proved to be of minor
importance in a series of Monte Carlo simulations. This result was also
established by Curry & DeMichele (1977). Therefore it may be stated that
the choice for the class size {or the number of satiation classes) mainly
depends on the accuracy one is willing to sacrifice in describing the rela-
t%on between RSEn and n. Ten to twenty satiation classes proved to be suffi-
clent with respect to the descriptive power. .

The reclassing principle shown in the queueing equations was used by
Fransz (1974) in a more extended form. He also distinguished satiation clas-
ses (= n) and appropriate relative frequencies of predators {= p_{(t)), but
h? additionally recorded the mean satiation level within each cl;;s. Accor-
ding to the queueing approach the satiation level is only expressed in dis-
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crete class units and food intake and gut emptying are accounted for by the
probability of discrete jumps from one ¢lass (n-f or n+l resp.) to the other
{z n}. The reclassing method applied by Fransz is more complicated. Within
each satiation class the mean food content of the gut is monitored by inte-
grating the food intake and gut emptying. When this integratiom results in
& satiation level outside the class boundaries, both relative frequency and
the mean food content of the gut are transferred to the appropriate satiat-
ion class. After all reclassings, which are needed after a time step of in-
tegration, a weighted mean of the class-specific food content of the gut
and of the matching relative frequencies of predators is computed. Due to
this reclassing principle, called Compound simulation by Fransz, the process
of qut emptying can be simulated in a deterministic wvay, while searching
conserves its stochastic character. However, as stated before, Monte carle
simlations have shown tliat the estimated predation is almost unaffected by
the stochasticity of the gut-emptying time, whether uniform, exponential or
Saussian distributions were used. Therefore for reasons of economy the re-
classing principle of the queueing approach is to be preferred since it is
based on one instead of two variables per class.

A realistic aspect of the Compound model (Fransz, 1974)
9¢stion can be integrated over small time increments instead of being re-

Presented by discrete jumps in the satiation level. Fransz accomplished this
one with predators

Each subclass is
me occupation

is that the in=-

by splitting each satiation class into 2 subclasses:
handling a prey and one with predators searching for prey.
%2in split into a fraction of predators continuing the €2 i
(handling or searching) and a complementary fraction shifting from handling
to searching (= abandoning the captive) or vice versa (= catching t.he pr.eY).
Within the handling subclasses ingestion can be monitored by numerical 1m=
tegration . However one may ask whether this realistic detail is necessa.ry:
the shory period needed to achieve 90% of the ultimate food intake. during
the tota) handling period and the high suction force of the i.ngestlng Prel.
dator may justify a concept of 'immediate gwallow'. To establish any p0.551-
ble effect of the underlying concepts of food acquisition, the follo'w;ng
hodels are compared for the case of a young female predat?r (Metaseiu :Zs
Occidentalis) hunting for eggs of the two-spotted spider mite (Tetranyc
Urticaey,

Deterministic model (Appendix E)
onte Carlo model {Appendix F)

Queuein, .
9 model (Appendix H) )

thig study)-
Compound model (Fransz, 1974; input adapted to results of

o the Monte Carlo model and the Compound model are . b e e
2t recording of the ingestion process during the handling P od
:l;miriCal integration procedures required to accorfnp :
ransz (1974). As discussed before, the determin

® concept of continuous feeding by jdentical predators.

able to make use of

1ish this are di

istic model is based on

and the Queueing
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Fig. 36. Comparison between four different models of the predation proceés
for young females of Metasafulus cccidentalis and eggs of Tetranychus urti-
cae (T = 27°C). (Coincidence. in space is not considered). , Compound
simulation; -+---, Queueing approach; —--e- , Deterministic simulation; L
the mean and standard deviation of 100 Monte Carlo simulationsﬁ

model is based on the concept of immediate swallowing of the prey content.
The results of the simulations with these four models are given in Fig. 36.
Both the Compound model and the Queueing model give predation rates that
fall within the confidence limits of those obtained frem the Monte Carle
simulations. It may therefore be concluded that in the present models Ff
the acarine predator-prey system detailed representation of the ingestion
process is superfluous and can be replaced by immediate swallowing of the
prey. The deterministic model produces consistently lower values of the Pfe'
dation than all other modelg presented. As discussed by Fransz (1974), this

. . , . ti-
difference is caused by the curvilinearity of the relation between the sa
ation level and several components of the s

) . s$
earching behaviour (e.g. succe
ratio).

For the remainder of the simulations the Queueing model is preferred,
because of itsg tractable mathematical Properties,

the number of variables and relatively economic
Moreover,

parsimony with respect to
demands on computer timet
the Queueing model can be programmed as a comprehensive subroutine
which can be coupled te the model of the predator-prey interactions on the
population level (Part 23,
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3,3.2 Prey density

1t should be stressed that the majority of data concerning the predatory
behaviour (Sectien 3.2) were obtained at high prey density or in complete
shsence of the prey. For this reason it is necéssary to validate simulations
of the rate of predation at intermediate prey densities. The relation be-
tveen the rate of predation and prey density should be determined at stan-
dardized initial conditions (standard age, sex, feeding history, temperature,
relative humidity and prey distribution), as well as at steady-state condi-
tiens during the experimental period. These conditions imply that:

- the motivational state of the predator is independent of its initial
level and oscillates around a stable level

- the prey density remains constant, despite predation, by immediate re-
placement of the prey killed and by ruling out the possibility of reproduc-
ing or developing into a next stage.

Hewever immediate replacement of the prey killed (or moulted) is freguently
lipractical, in contrast to scheduled replacement. In the latter case, prey
@ensity fluctuations depend on the time interval of prey replacement. Con=
sequently the mean motivational state is destabilized. The fluctuation of
the prey density can be damped by shortening the replacement interval and
ellarging the experimental area, provided the initial prey density is kept
' the same level by adequate increases in the number of prey. Due to the
fluctuating prey densit:y the rate of predation will be underestimated rela-
U to that obtained at a constant density.

The degree of underestimation at several values of the replacement inter-
v§1 and of the experimental area are given in Figures 37 and 38 for a SP?-
“ial case studied by Kuchlein {young female predator of Metaseiulus occl=
dentajjs, egys of Tetranychus urticae as prey, unwebbed substrate, T, B
5-27°C). as the density initially established declines, the underestima-
tions become more and more severe at all schedules of prey replacement.
This is 5 consequence of the curvilinear shape of the functional response
Brve: the effect of a unit change of the prey deneity on the rate o.f pre-
dation becomes more and more severe as the initial prey density declines.

The functional response, measured by Kuchlein (to be published), Ifleets
most Tequirements: the experimental leaf area was large (5 cm?}), the inter-
::;eszprey replacement was short (0.5 hour). and the pr:‘:dator

¢fore use and adapted to their experimental environmen . a
hm.]rs' The leaf discs were put on water-soaked ‘COttOn in a pet;-l within
¥aich largely prevented dispersal of the predator from the leaf 1scements

® experimental time alloted (6 hours). The well replicated me;sur e
d the appropriaste simulations are presented in Table 57- These corresp

W lower prey
dith‘each other in the range 5-30 prey eggs per cm2. However aat o or 1.5

51ty the simulated dati xceeds the measured value by
predation e edator and

Thig L, . s
deviation may be explained by a lower coinci

t for several
ish,

dence between Pr
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Fig. 37. 1Influence of the Prey replacement interval on prey consumption
relative to the rate of steady state predation. Experimental conditions are
taken similar to those in Kuchlein {to be published) except for the experi-
mental area (= 1 cm2; compare with Fig. 38).

RELATIVE
UNDERESTIMATION (%)

10

T T T T T 1
0 1 5 10
PREY EGG DENSITY [CM?)

Fig. 38. Influence of the size of the experimental area at constant initial

Prey density on the rate of predation simulated under conditions of a 12-houl
prey-replacement schedule. The underestimation of the prey consumption relas

tive to the simulated rate of steady state

predation is plotted against the
initial prey-

€99 density. Experimental conditions are similar to those in
Kuchlein (to be Published),
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prey, caused by an increased tendency towards an edge oriented walk (= dis-
persal). Possibly the ribs and edge of the leaf are frequented more often
in this range of low prey densities than indicated by the measurements at
high prey densities (Subsection 3.2.6}. At very low prey densities the si-
mulated predation becomes equal and subsequently lower than the actual mea-
surements.

As discussed by Kuchlein (to be published), the measured predation re-
veals two particular phenomena at the extremes of the prey density range
under investigation. Firstly the egg consumption does not decrease progres-
sively below a food supply of 8 eggs per disc, but rather it tends to sta-
bilize despite the decreasing prey supply. Kuchlein argues that probably
the searching behaviour is stimulated by increased walking speed and acti-
wvity, assuming prey is detected at tarsal contact (Subsection 3.2.3). Such
a behavicural response was observed for Amblyseius bibens, a predator re-
sembling Metaseiulus occidentalis in various respects. Hence it is interes-
ting to include these behavioural measurement in the input for another simu-
lation experiment. The agreement between simulated and measured predation
is somewhat improved, but a full‘explanation of the sigmoid predation curve
is still not achieved.

The second peculiarity of the functional response curve shows up at high
prey-egg density. Comparison between simulation and measurement reveals a
second rise of the measured predation. This difference may indicate another
motivaticnal component, which is not related to the amount of food in the
gut; the piercing of the egg chorion may be stimulated by frequent contact
with prey eggs. The question arises whether this level of contact frequency
operates under more realistic circumstances. The prey density of 40 egygs
per cm? is certainly relevant under field conditions. However the rate of
contact at this density will be probably too high due to the absence of web-
bing in these experiments. The difference between simulation and measure-
ménts at high prey-egy density may be caused as well by changes in the wal-
king pattern related to the eggs which were distributed in groups of ten

e?gs to easify counting; the predator may be arrested by the high egg den-
sity in the egg groups.

3.3.3 Webbing

The webbing produced by the spider mite causes the relative rate of en-
counter between predator and prey (= RE/DPREY) tc be reduced by a factor 10
Fo 100.'This reduction is due to the decrease of the walking speed, the walk
ing activity and the coincidence between predator and prey in the webbing.
M?reover, webbing can induce drastic changes in the success ratio (Subsec-
Flon 3.2.7). Therefore distinct validation of the model and its behavioural
input daté is needed for the case of a substrate covered with webbing.

Including the webbing factor causes several experimental problems. First:
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prey replenishment turns out to be an impracticable procedure. Contact be-
tween the brush and the web threads frequently results in activation of the
predator, which is sensitive to movements of the web threads. The web struc-
ture may be harmed, too, by these manipulations. Besides, positioning and
settlement of the eggs by a brush may differ from the natural egg deposition
of the female spider mite. For these reasons the measurement of steady-state
predation ie hardly possible. Simulatien accounting for non-gteady state
corditions is the only way out then. To enable these simulations the experi-
nents were started with fully satiated female predators and a specified ini-
tial density of prey eggs in the colony. According to.Fig. 39 the underesti=-
mation of the rate of predation can be kept within certain limits by enlarg-
ing the webbed area, shortening of the experimental period and omitting the
study of predation at low prey densities. Another problem is raised by the
dispersal tendency of the predators. Leaf discs surrounded by a water barrier
proved to be a satisfactory substrate for Metaseiulus occidentalis. However
the leaf disc-water barrier system proved to be insufficient for the case
of Phytoseiulus persimilis; when the prey density is low, this predator is
frequently observed to disperse from the discs and to drown in the water.
The best solution is therefore to use natural colonies formed on the plant
ad to omit the study of predation at the range of low prey dengities, which

RELATIVE
UNDERESTIMATION (%)
10+

08+
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¢ T
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Influence of the size of the
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prey consumption rela-
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give rise to high dispersal tendency of the predators (see Subsection 3.4.2).

At the start of the experiments rose leaves connected to a 5-10 cm part
of their shoot were cut off. Subsequently the leaf systems were placed in a
water filled test tube. Young female spider mites were allowed to produce
egg colonies on these leaves during 2 days at T = 25°C. Next the leaf sys-
tems were transferred to a room kept at a lower temperature (T = 20°C), to
postpone hatching. After removal of the colonyfounders the webbed area was
measured and the appropriate number of eggs were counted at each replicate.
The size of the webbed area should exceed 4 cm2, so that an extreme rate of
predation of 20 eggs per 10 hours would cause a decrease of only 5 units of
the prey density. The egg density should match some specified levels (14-15,
30-40 or 50-60), otherwise these have to be adjusted by crushing the surplus
eggs with a thin needle. One young and satiated female predator was trans-
ported to the upperside of each leaf system on an excised part of its ori-
ginal leaf. This procedure disturbs the predator less. The predators left
the excised leaf parts and entered the egg coleonies within an hour. Their
position in the colony was plotted for each leaf system. During the subse-
guent 10 hours the colonies were continuously observed one by one. The de-
partures of the predators during this period were registered (Subsection
3.4.2}, but these were not used in further calculations of the rate of pre-
dation. The results are presented in Table 58, together with simulations
for matching conditions. At all prey densities tested, the simulations cor-
respond with the measurements for both phytoseiid species studied.

Because most studies of phytoseiid predation in the past have neglected
the factor webbing, it may be worthwhile to comment on their reliability

Table 58. Predation in prey colonies with spider mite eggs. Webbed area =

4-11 cm2; no prey replacement; experimental period = 10 hours; temperature =
20°Cc; RH = 70%.

Predator species Number of Range of prey Measured predation simulated

replicates egg densities during 10 hours predation
v G

Phytoseiulus 22 40-60 ’ 2
persimilis _ 9.59 3.10 8.9

48 25-35 7.79 2.49 7.96

20 10-15 6.71 2.12 &.50
Metaseiulus 27 40—
occidentalis 0-60 3.5 1.48 3.67

23 : 25-35 3.34 1.13 - 3,23

26 - 1lo-1s ; 2.31 1.04 - 2.42
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for the purpose of extrapeclation te the population level. According to the
data presented in Tables 57 and 58 the rate of predation of Netaseiulus
occidentalis is lower on a webbed substrate (0.36 eggs per hour vs 0.55 eggs
per hour). Behavioural measurements and simulations indicate that this dif-
ference is explained largely by the difference in walking speed, associated
with these substrates. Besides it should be recognized that the coincidence
between predator and prey eggs on the bean leaf disecs used by Kuchlein (to
be published) accidentally corresponds with that in the webbed space. Thus
it may be stated that the artificial edge of the leaf disce contributes to
the concealment of the real differences between the substrates.

Another example of the importance of the substrate is found in the case
of Phytoseifulus persimilis, which shows drastic behavioural changes in re-
sponse to webbing. The relative rate of encounter decreases by a factor 100
as a consequence of the webbing, but the success ratio is increased. Simula-
tions based on these behavioural data show that the rate of predation on
the webbed substrate exceeds that on the bare leaf disc by a factor 1.5-2.
Apparently the effect on the success ratio overrules that on the relative
rate of encounter. Schmidt (1976), who measured the predation of this phyto-
seiid on bare and webbed leaves, found a very similar difference. The data
of Takafuji & Chant {1976) and Laing (1968), obtained on unwebbed substrates,
are therefore likely to be underestimations of the predation rate. Laing
found a predation rate of 14 eggs per day at T = 20°C, which is substantially
lower than that found in this present study by direct measurement and simu-
lation, i.e. 23 eggs per day. Takafuji & Chant found a rate of predation
equal to 20-22 eggs per day at T = 25°C, which centrasts with the measure-
ments and simulations at this temperature presented in Table 58 (i.e. about
30 eggs per day).

The female predators of Amblyseius potentillae showed a completely dif-
ferent response to the presence of webbing. The webbed areas on the leaf
system were frequently a#oided. The predators apparently preferred to stay
near to the thickest parts of the ribs or in any cavity that can be distin-
guished on the stem. Much less frequently than the other phytoseiid species
studied, they entered the mite colonies, where the probability of capturing
Prey (= success ratio) is less {(Subsection 3.2.7). This probably explains
the failure of Amblyseius potentillae to control the population growth of
Tetranychus urticae, as found in a population experiment described in Part 2.
These examples undoubtedly prove the importance of the factor webbing in the
quantitative assessment of the predation capacity of phytoseiid predators.

3.3.4 Temperature

Most of the behavioural observaticns (Section 3.2) were carried out at T
= 20°C, so that these measurements should be repeated for other temperatures.
However the few additional experiments carried out at other temperatures,
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indicated rather unimportant effects on the searching behaviour. Temperature
does exert a strong influence, however, on the food conversion physiology
of the Phytoseiidae (Subsection 3.1.2). It may be assumed, therefore, that
the searching behavicur is related to the food content of the gut in a way
independent of temperature, while the temperature-related dynamics of the
food conversion determine the rate of predation. In other words, the rela-
tion between the relative rate of gut emptying and temperature may explain
the effect of the temperature on the rate of predation. This assumptiocn is
evaluated in a number of simulations and experiments concerning the rate of
predation at different levels of the temperature and high density of the
prey. These are presented in Tables 59, 60, 61, 62 and 63. Any measured
predation rate, deviating from the simulations based on the above assumption,
may indicate behavioural changes, associated with the temperature. For exam-
ple the walking speed, the walking activity or the ability to capture a prey
may be decreased by temperatures lower than 20°C. In theory it is possible
that counteracting effects of the temperature neutralize each other, so that
the resulting rate of predation does not deviate from the simulation. Howevel
it is not likely that the temperature has a positive effect on one behaviour:
component and a negative effect on another. It is more likely, that the ef-
fect of temperature on the searching behaviour shows one consistent tendency,
if any. In that case an evaluation, as outlined above, may be a powerful
tool in localizing relevant areas of further research on the searching beha-
viour underlying the functional response at different levels of temperature.
In Table 59 the simulated and measured egg consumption of Metaseiulus

Table 59. The rate of predation of two phytoseiid species (young females)
at three levels of the temperature and high density of the prey in the
webbed area. Prey egg density = 40-60 eggs/cm2; webbed area = 4-11 cm2; no

prey replacement; experimental period = 10 hours; young, satiated female
predators,

Predator species Number of Temperature Measured predation Simulated
replicates (°C) during 10 hours predation
f &
Phytoseiulus 31 15 )
persimilis 5.16 1.44 4.71
22 20 9,59 3.1o 8.92
35 25 12.16 2.72 12.58
Metaseiulus 27
occidentalis s 2.07 1.12 2.19
27 20 3.51 1.48 3.67
22 25 4.57 1.41 4.92
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rable 60. The rate of predation of Metaseiulus occidentalis at different
levels of temperature and high density of the prey. Number of prey eggs per
leaf disc = 100; leaf area = 5 cm2; unwebbed substrate; the prey eggs killed
were replaced after one day = adaptation period of the predator; subsequent

period of 1 day = experimental period.

Number of Temperature Egg consumption Simulated

replicates (°C) per daya egg consumption
H g

71 15 4.73 2.95 5.23

76 21 10.0¢9 5.94 9.82

64 26 13.16 - 13.57

68 33 14.87 6.30 15.30

a. Unpublished data from Kuchlein.

Table 61. The rate of predation of Amblyseius bibens at different levels
of the temperature and high prey density. Prey egyg number = 40; leaf area
4.5 cm?; unwebbed substrate; the prey eggs killed were replaced after one
day = adaptation period of the predator; subsequent period of 1 day = expe-

rimental period; eggs of Tetranychus neocaledonicus.

Number of Temperature Egg consumption simulated
replicates (°c) per day® egg consumption
p d

32 18 2.4 1.8 7.5

21 22 9.7 1.8 10.3

30 25 13.4 2.2 13.5

25 28 17.2 1.7 16.6

37 31 21.2 2.3 18.9

a. Data from Blommers (1976).

occidentalis and Phytoseiulus persimilis is given for three different levels

of temperature and high prey density.

webbed leaves according to the procedure discussed (Subsection 3.
and measured predation,

the temperature. The same

These experiments were carried out on
3.3). There

is a striking correspondence between the simulated
vhich indicates the absence of relevant effects of
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Table 62. The rate of predation of Amblyseius potentillae at different
levels of temperature and at different densities of the larvae of
Panonychus ulmi. Leaf area = 3.8 cm2 (or 7.6 cm2); unwebbed apple leaf of
'Golden Delicious'; interval of prey replacement = 15 minutes (T = 25°C) or
1 hour (T = 15°C); experimental period = 1 day; predators are adapted to
the environmental circumstances for several hours.

Number of Temperature Number of prey Prey consumption Simulated prey

replicates (°C) per leaf disc per dayEl consumption
H a
16 15 0.5 1.7 1.45 3.32
24 1 2.7 1.15% 4.29
10 5 9.9 6.2 7.46
2 18 1 6.0 - 6.11
8 7.7 10.1 7.91
8 5 9.7 10.2 10.94
5 10 12.0 7.6 13.57
4 25 19.4 11.4 16.94
20 25 1 13.4 9.1 9.43
12 5 23.0 13.1 17.81
8 10 24.0 3.9 21.90

a. Data from Rabbinge {1976).

‘conclusion can be drawn from a similar analysis of the experiments of
Ruchlein with Metaseiulus occidentalis over a broad range of temperatures
(Table €0). On the contrary the analysis of Blommers's experiments with
Amblyseius bibens reveal an effect of the temperature (Table 61); the simu-
lations at low temperature result in an overestimation of predation, those
at high temperature result in an underestimation of the predation. Apparent-
ly the searching behaviour of Amblyseius bibens is stimulated by high temper:
ature, vhile it is less effective at low temperature. Another indication
for such a role of the temperature can be obtained from an analysis of
Rabbinge's (1976) data concerning Amblyseius potentillae and Panonychus ulml
as prey (Tables 62 and 63). Assuming that the fruit-tree red spider mite
and the two-spotted spider mite are identical as prey, the functional re-
sponse of Amblyseius potentillae to the density of the larvae and adult
femal§5 of the spider mite are simulated. Comparison between the data and
the simulations again shows a tendency to overestimate the predation at lo¥

158



Table 63. The rate of predation of Amblyseius potentillae at different
levels of temperature and at different densities of the adult females of
Panonychus uimi (eggs of Panonychus ulmi were not consumed). Leaf area =
3.8 cm2 (or 7.6 cm2); unwebbed leaf of 'Golden Delicious'; interval of prey
replacement = 15 minutes (T = 25°C) or 1 hour (T = 15°C}; experimental
period = 1 day; predators are adapted to the environmental circumstances

for several hours.

Number of Temperature Number of prey Frey consumption Simulated prey

replicates (°C) . per leaf disc per daya consumption
1] a
16 15 0.5 . 0.91 1.03 0.70
24 1 1.17 0.43 1.03
11 5 1.09 1.62 2.42
20 25 1 2.55 3.12 1.89
1z 5 6.99 3.60 4.47
8 , 10 . 6.38 5.18 6.55

a. Data from Rabbinge (1976).
temperature (15°C) and to underestimate at high temperature {25°C), while
there is correspondence at intermediate temperature (18°C}.
Indeed there are some direct measurements of the searchin
indicate that it is affected by temperature, though cnly slightly.
ple, the walking speed increases somewhat for an increase in temperature
(Subsection 3.2.2}. It is quite possible that the walking activity or even
y are affected too. However before suggesting

g behaviour that
For exam-

the ability to capture a pre
the need of further experimentation it should be stressed that the effect
as well as that on the predatory

of the temperature on the walking speed,
cing upward. For

searching behaviour, was studied on unwebbed substrates fa
webbed substrates, which are the usual substrate for any predator foraging
on the two-spotted spider mite, similar analyses showed that temperature

had no effect on predatory searching behaviour. This result corresponds with
r effects of the temperature on the temperature

the assessment of only mino per .
ection 3.2.2). In addition 1n

on the walking speed in the webbed area {Subs
the case of the fruit-tree red spider mite,
aggregates, it is more careful to study the effec
searching behaviour at the side of the leaf facing downwards, because there
the walking speed of Phytoseiidae is reduced to 15-25% of values for the
upperside of the leaf and the effect of temperature on the_walking speed

which does not produce web
+ of temperature on the

hay conseguently be small.
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3.3.5 Age and ovipesition history

So far only young females, aged 3-8 days after their final moult, have
been considered in this chapter. Because the population model of the preda-
tor-prey interaction includes predation at all phases of ageing, the beha-
vioural study of the phytoseiids should be extended accordingly. However,
before doing so, the need for further experimentation is considered. It may
be assumed tentatively that the ability to capture a prey successfully is
constant with age in contrast to the conversion of food (digestion, resorp-
tion, synthesis and allocation). In other words, the relative rate of suc-
cessful encounter (= RSEn, if DPREY = 1, 0 € n § N) are constant during the
whole pericd of female adulthood, but the relative rate of gut emptying (=
RRGE) is variable in this respect. In this case any change in the rate of
predatioen during the adult period is thought to be caused by a change in
the intrinsic food utilization of the predator apart from changes in the
prey density. If this conceptien is true, it is sufficient to measure the
behavioural components at one specific age period, while the age related
changes in the relative rate of gut emptying can be estimated from the re-
production curves, presented or referred to in Subsectien 2.2.3, with the
aid of the model of mass expenditure in the phytoseiid body (Subsection
3.3.2). These assertions will now be evaluated against experimental obser-
vation.

The assumption that RSEn is constant with age can be evaluated by compa-
rison of the observed predation rate of females of different ages that have
the same level‘of food conversion. This is achieved by comparing the preda-
tion of non-ovipositing females of different ages:

- unmated young females (2-4 days after fina] moult)

- unmated old females (about 30 days after final moult)

~ 'young' postoviposition females (25-35 days after final moult)
- 'old' post-oviposition females (45-55 days after final moult).

These females are supposed to have the same level of food conversion be-
cause their weights are approximately equal and the synthesis of protoplasm
only serves to replace old protoplasm (‘'non-growing system'). In addition
to direct measurement, predation can also be simulated (Subsection 3.3.1).
The relative rates of successful encounter (= RSEn, if DPREY = 1, 0 ¢ n €
N} are obtained from the 3-8 day females (Section 3.2) and using the model
of phytoseiid mass expenditure (Subsection 3.3.1) under conditions of satia-
tion, a value of RRGE can be fitted such that the weight loss by transpira-
tion and respiration (= fresh weight minus food content of the gut, multi-
plied by the relative rate of weight loss; see Subsection 2.2.5 and Section
3.1) are compensated by resorption of food from the gut store. The simula-
tions of the rate of predation on basis of these input data correspond with
the values obtained with unmated young and old females and the 'young' post-
oviposition females (Table 64). The predation of the ’o1d! post-oviposition
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females is somewhat lower than the others, which indicates a slight effect
due to ageing. However this effect can also be left out in simulations of
the interacticn between predator and prey populations, because the fraction
of the females reaching this phase of adulthood (50 days) is small, anvway.
For this reason the simulations on the population level have been based on
the assumption of searching ability, which is constant with age.

The second assertion of a variable relative rate of gut emptying (RRGE)}
with age is therefore probably true, because the reproduction has a curvi-
linear relation with age (Subsection 2.2.3). The relation of RRGE to age
appears to have a flexible character due to the strong tendency among the
Phytoseiidae to achieve the deposition of a specified number of eggs, for,
a8 argued in Subsection 2.2.3, the rate of reproduction does not depend on
age, but rather on the number of eggs already deposited. Because reproduc-
tion depends on the delivery of gut stores, repreduction can be modelled by
relating the relative rate of gut emptying to the oviposition history of
the predatory female (= the proportion of the potential fecundity that has
been realized). In Subsection 3.1.2 it has been shown that direct measurement
of the RRGE corresponds with its indirect estimation by a model of the phy-
toseiid mass expenditure. Therefore this model has been used for the appro-
priate rates of reproduction to estimate RRGE for several 'history' classes.
These estimates were made for the case of ample food supply, so that as well
as the rate of reproduction, the food content of the gut is known. Thus the
relative rate of gut emptying can be fitted in the mass expenditure model.
For sufficient description of the changes in the food conversion, the ovipe-
sition history should be divided into at least four episodes (classes) with
respect to the realized part of the potential fecundity:
= less than 60% of the eggs deposited
- 60-85% of the eggs deposited
- 85-100% of the eggs deposited
- all eggs deposited (= post-oviposition period}.

The appropriate values of the relative rate of gut emptying are given in
Table 65. These estimates were obtained from the reproduction curves pre-
sented or referred to in Subsection 2.2.3, which were obtained at conditions
of abundant food supply. The estimates were evaluated at low prey-egg densi-
ties for the case of Metaseiulus occidentalis, using data of its reproduc-
tion history {(Kuchlein, to be published) and simulations of the egg consump-
tion at the appropriate conditions (predation was not measured in the same
experiment). Because estimates of predation at all prey-egg densities were
available and the RRGE values of each history class were estimated from the

reproduction curve at a high prey density (150 eggs per 5 cm2), the rate of
reproduction at lower prey-

mass expenditure,

€99 densities were simulated with the model of

and subseqguently the estimated and measured repreoduction
Curves were compared (Fig. 40).

: The agreement was quite satisfactory for
the period 0-50 days,

but when the age of the bredator exceeded 50 days.
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Fig. 40. Cumulative reproduction in relation to age and oviposition history
of Metaseiulus occidentalis at different levels of prey-egg density. Measured
data of Kuchlein (to be published) {(-+--- } and simulated wvalues ( ).
Unwebbed leaf disc; area = 5 cm2; daily replacement of eggs consumed;

T = 25-27°C; RH = 70%.

-reproduction stopped, irrespective of the oviposition history. Because rela-
tively few females reach this period of adulthood, this aspect may be ignored
in simulations of the interaction between predator and prey populations.
Unfortunately, such evaluations of the estimated values of RRGE could not
be carried out for the other pbredator species because of lack of reproduc-

tion-history data at low prey densities and for the whole 1life-span of
phytoseiid females.

3.3.6 Predator density

When predators aggregate in colonies with a high prey density. it is
likely that they will encounter each other while searching for prey. This
contact may in turn lead to an increased tendency toward digpersal (Subsec-
tion 3.4.3) or, if the predators are confined to the prey colony, to a de-
creased prey consumption. The latter case will be considered below.

Kuchlein (1966) observed a decrease in the rate of reproduction of Meta-
seiulus occidentalis at predater densities exceeding one female per leaf
disc. Fernando (1977) found a decrease of the rate of predation by females

of Phytoseiuvlus persimilis. Because the ingested food is utilized to a
great extent in €99 production,

. reproduction decreases when prey consump=
tion decreases.

A i i .
decline in the rate of prey consumption can be caused by a decrease
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in:

- the rate of contact with prey items (i.e. RRE)

- the receptivity to contact with prey {i.e. Success ratio)
- the rate of food conversicn (i.e. RRGE).

Because the time predators spend in contact with each other is neglegible,
and the walking speed ‘and activity remain unchanged after mutual contact
{own observation; Kuchlein, personal communication), the time available for
prey searching remains nearly unchanged, at realistic predator densities
and therefore the first possibility can be cancelled. The latter two expla-
nations are difficult to illustrate by experiment. It may be hypothesized
that the reproduction site in the acarine functions as a 'sink' with respect
to the need for food and that this 'sink' is controlled by the neurophysio-
logical state of the predator. Mutual contact between predatory females may
affect that state and hence the need of food for egg production. If the

prey-capture ability is not affected by previous contact, the decreased rate

of prey consumption is the simple result of a decreased rate of food conver-

sion. This is a simple mechanism because it requires only a change in the
relative rate of gut emptying instead of changes in the success ratios at
several levels of gut filling.

For the time being this explanation is pursued and hence the effect of

interference among female predators can be modelled by estimating RRGE from

the reproduction curves at different levels of predator density, measured

by Kuchlein (1966) for the case of Metaseiulus occidentalis. This estimation
is again made with the model of the mass expenditure (subsection 3.1.2),
assuming that the success ratio is unaffected by mutual interference. Even
if this tentative conception turns out to be biologically invalid afterwards,
it is still a very easy way of imitating the observed effects of predator
density on the rate of predation. The estimated values of RRGE are given in

Table &6 for different phases in the oviposition history of the predatory

mites,

3.3.7 Prey stage preference

1f prey stage preference is not expressed until the moment of contact
with a prey stage, it can be defined quantitatively by the differences be~
tween the success ratios related to the different prey stages (subsection
3.2.7). Preference thus defined includes the defensive measures taken by
the prey, and the palability of the prey, as well as the aggressiveness and
attacking measures taken by the predator. The success ratios have been mea-

sured in 'monocultures' of each prey stage (Subsection 3.2.7). These data
tmixed cultures' of prey stages if the

are suitable for extrapolation to
contacts with

actual succese ratio is not altere
pPrey stages, and if this ratio is determined me
food in the gut, which is the result of 'past’'

d by experiences at tpast’
rely by the actunal amount of

ingestion and ‘past' conver-
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sion of food.

Under this assumption the predation in mixed populations of prey stages
can be simulated on the basis of behavioural input data measured in popula-
tions of one stage at a time. The Queueing model can he adapted to the case
of mixed populations by extending the 'ingestion' term in the set of diffe-
rence equations, which relate pn(t+DELT) to pn(t) (Subsection 3.3.1). The
food level n of the gut can be arrived at by ingestion from several lower
levels due to the different food contents of the prey stages (= FCPS; s =
1,2, .... 8 = prey stages labeled by enumeration), which are swallowed
immediately after capture. The size of the food intake depends on the food
content of the prey stage and the satiation deficit of the gut (= N-n).
£5 = min(Fcp® * ENLARG, N - n)

Hence the probability to reach state n via prey capture and subsequent in-
gestion consists of the sum of the probabilities on each - prey stage speci-
fic - ingestion (= FCP®), which arrives at state n:

I =

s
5 * f = FCp® * ENLARG; N-n > FCP®)
n RSE;_; * P,y * DELT {

n MW

=1

At full satiation it inciudes, furthermore, the sum of the probabilites on
each possible partial ingestion, which arrives at N:
s N~1 ]
Iy=z = RSE_ * p_ * DELT (f = Fcp® * ENLARG; N-n § FCP")
s=1 n=N-f n n

The complete set of difference eguations is then:

S *

P, {T+DELT)=p_(t) * (2 lRSEz + RGE1 ) * DELT + pp,q(t) * RGEl,,, * DELT + I,
s:

PN(t+DELT}=pn{t) * RGEly * DELT + I

The expected amount of food consumed per time interval DELT (= CONS) can be

computed from the difference between the successive distributicns of the
satiation levels, plus the amount of food resorbed or egested from the gut

during DELT:

pn(t+DELT) * RGE1  * DELT

N
3 - Z
(p, (t+DELT) p{t)) + z o

N
CONS = =
n=0
The expected number of each prey stage killed during DELT can be c?mputed
from the product of the relative frequencies of predators at the dlfferi?z
‘s sfu
satiation levels and the appropriate prey stage specific rate of succes

Capture:
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N
PRED® = 3 p_(t) * RSE® * DELT
n=0 n n

The steady state distribution of the predators over the satiation classes
(= pn) can be computed in a way analogous to that discussed in Subsection
3.3.1. In case RGEl and RSE are varying during the process, numerical solu-
tion of the set of difference eqguations is the only way out.

Wwith the aid of this model extension it is possible to extrapolate the
input data measured in 'moncultures' of the prey stages to the case of mixed
populations of prey stages. This approach can be validated using experimental
data of Rabbinge (1976). He offered 10 spider mites of two distinct prey
stages (larva and adult female) to a young female Amblyseius potentillae.
The prey stages were offered in different proportions (8:2, 5:5, 2:8),
which were maintained by replacing the prey killed (or moulted) after in-

PRED FEMaLE

PRED Larva
10 4 ) S
5 J //, 2
7 AREA=500CM
//
AREA=S CMZ
- ////’AREA=SDCM2
05 4
//
0.1 4 4
’/
0.05- o
,/
{/
II
II
T ] 1 T T T
0.0 0050 G5 1 5 10
D FEMALE
D Larva

Fig. 41. Measurements (Rabbinge, 1976; Experimental area = 5 cm2; interval
of prey replacement = 1 hour; T = 25°C) and simulations (this report) of
prey-stage specific predation in mixed populations of two prey stages (lar-
vae and adult female of Panonychus ulmi). The guotient of the prey stage
specific predation rates is plotted against the guotient of the respective
densities of the prey stages, both on a logarithmic scale. Measured values
() at 3 prey stage combinations: 2 ¢ + 8 larvae; 5 ¢ + 5§ larvae;

B @ + 2 larvae. Simulations {
D

) At 3 overall prey densities:

Porey = Premale * Plarvae = 10/AREA, where AREA equals 5, 50 or 500 cm?.
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RELATIVE FOOD CONTENT OF THE GUT

1.0+
AREA=5 CM? \

0.6

0.6 AREA= 50 CM?
0.4
0.2 AREA = 500 CM2
¥ T T 1
FEMALE 0 2 5 8 10
LARVA 10 8 5 2 0

PREY STAGE COMBINATION

Fig. 42. sSimulated mean level of the gut filling at three overall prey
densities, consisting of different combinations of larvae and females.
This plot fits to the simulation experiments presented in Fig. 41.

spections at short time intervals (1 hour). BY assuming, that the prey

stages in question resemble the two-spotted spider mite in their role as
brey, these experiments can be simulated on basis of the behaviocural data
of this Agricultural Research Report. The results are presented in Figures

41 and 42 as a plot of the quotient of the prey stage specific predation

rates against the gquotient of the respective densities of these prey stages

(2:8, 5:5, 8:2). The simulations agree with the experimental data if the

larvae constitute half or more of the prey population. when the adult female

however, the predation of this particular stage

Preys form the majority,
mulated predation. Presumably

seems to be favoured in comparison to its si
this effect is caused by a disturbing effect of some contacts between adult
female predators'and the large-sized female prey. The contact caused the
Predator to be less attentive in localizing the small sized larval prey.

The success ratio curves presented in subsection 3.2.7 show that prey
stage preference is strongly related to the size of the prey. Moreover
these data suggest, that the preferences tend to vanish as the satiation
level of the predator decreases. This effect is demonstrated in Fig. 42 with
the aid of simulations at lower levels of the prey density (= enlarging the
experimental area). At a prey density of 0.2 (= 10/50 cm?) the larvae are

captured more successfully than at the density of 2 (= 10/5 cm2). A further
£ 0.02 (= 10/500C ¢m2) tends to render the

decrease to the very low density o
Hence it is shown that

Predator less fussy with respect to both prey stages.
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preference could be far from a stable phenomenon. For this reason the use

of descriptive formulas of the functional response curve - like the Disc

equation (Cock, 1977) or other eguations (Rabbinge, 1976) - in analyzing

preference is discouraged: fussiness of the predator is likely to depend on
the food content of the gut (or the availability of the prey).

3.4 RATE OF DEPARTURE

So far the predatory behaviour has been considered isolated from any ten-
dency to leave the prey colony. By staying in a colony, predation decreased
the food supply of the predatory female and, alse, its progeny. Therefore
departure to other colonies is likely to occur socner or later. Moreover,
as predators aggregate in colonies with high prey density, it is increasing-
ly likely that they will detect each cther while searching for prey, which
may lead to an increased tendency toward dispersal. This sectien deals with
the guantitative assessment of the rate of departure in relation to prey
supply and interference between phytoseiid females, but before discussing
these measurements the walking behaviour of the predator and the size of
the colonized area on residence time in a colony is investigated. Due to

its apparent avoidance of the webbed area Awblyseius potentillae has been
excluded from the measurements.

3.4.1 Walking behaviour

As discussed in Subsection 3.2.4, it is possible to simulate the walking
behaviour and the linear displacement, based on analysis of measured walking
tracks. This simulation technique could be used to estimate the rate of de-
parture, assuming the edge of the colonized area exerts no influence on the
walking pattern. Before turning to such simulations it should be recalled
that the walking paths of Subsection 3.2.4 were measured in absence of prey
or other predators. Therefore it is hecessary to ascertain whether the wal-
king pattern is modified by their presence. The observations were made with
the video equipment, described in Subsection 3.2.4, to copy the walking paths.
The paths were registered for 1 or 4 predatory females walking inside a fresh
prey colony (eggs and females). The parameters of the experimentally defined

frequency distributions of angular deviations were used to estimate the 1iDp-
ear displacement after 200 steps.

These estimates, together with the walking
speed and activity,

are given in Table 67. They can be compared with the
results of Subsections 3.2.2 and 3.2.5. This clearly demonstrates that the
walking pattern is not affected by prey or predator density, nor the walking
speed and activity. Thus the rate of departure is independent of prey oT
predator density, if it is true that when the predators arrive at the edge
of a colony they make no distinct decision to leave or stay.

To test this hypothesis, simulations of the rate of departure were compared
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rable 67. Walking behaviour of females of two phytoseiid species in
presence and absence of prey and predators in the webbed area.

Predator Prey Number of Walking Walking Simulated linear
species density predators speed activity displacement after
(number/ (mm/s } (%) 200 steps (number
cm?2) of steps)
Phytqseiulus 0 1l 0.19 12 45
persimilis 20-60 1 0.19 8 43
20-60 4 0.20 ] 44
Metaseiulus 0 1 0.18 40 32
occidentalis  55.g0 1 0.20 36 29
20=60 4 0.20 38 29

with measurements of the actual rate of departure from a colony. Three kinds

of colenies were used:

- small webbed areas without prey, founded by males and preoviposition
femaleg

- large webbed areas without prey, founded by males and preoviposition
females

- large webbed areas with prey eg
which were removed before the experiment.

Such a colony was located on one leaflet of a composed leaf and to pro-
one or more of the other

gs only, founded by ovipositing females,

vide an alternative residence for the predator,
leaflets were also colonized with Type 3 coleonies. One female predator was
released on the upperside of a jeaflet containing the adequate kind of col=-
ony After the predator invaded the colony, the residence time was registered
by continuous observation {(i.e. 14 hours per day) over a period of 3 days.
The departures were scored after detection of the predator in the act or
after discovery of the predator in one of the alternative colonies. The mean
distance walked to reach the edge of a circular colony was computed from
100 Monte Carlo simulations of the walking pattern, and this estimate was
converted into the residence time using the walking speed, the walking agti-
vity and, if prey was present, the feeding time. The residence time% esti~
mated from the experimentally defined walking pehaviour correspond with the
directly measured residence times, as long as the prey was absent (Tab}e
68). Therefore it can be cencluded that the residence time in the webbing
is determined by the low walking velocity, the low walking activity and Fhe
tortuous walk. Probably surface enlargement, walking impedement and the 1in=
creased frequency of tactile probing before advancement in the heterogeneous
web structure are the factors determining the residence time in the webbed
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Table 68 Residence time of young females of two phytoseiid species in a
able . ) !
coleny with and without prey. T = 20°C; RH = 70%.

imulated
Predator webbed Prey Measured Slm.d e
species area density residence reside
(cm2) (number/em2) time (hour) time (hour}
p ¢ n #
0.52
Phytoseiulus 3- 5 .0 0.46 0.2 22 -
persimilis 15-25 o 1.60 0.8 32 2.5
15-25 20=-60 47.5 17.2 36 2.76
.19
Metaseiulug 3-5 a 0.36 0.1 28 0
occidentalis 15-25 0 0.58 0.3 17 0‘66a
15-25 20-60 53.4 21.3 24 0.86

a. Mean handling time included in simulating -the residence time.

area when prey is absent. The presence of kairomones presumably aSSOClat:i
vith the silk (Hislop et al., 1978; Hoy & Smilanick, 1981) does not arkr-en
the predators more than was expected from the measurements of the wal 1:
behaviour in the central area of the colony. However the kairomonal Ciﬁon
may operate as stimuli to enter the webbed area. Indeed, direct observatlct
of the colony-invading behaviour indicated an evident reaction upon conta

o : identalis
with the silk; females of Phytoseiulus persimilis, Metaseiulus occC
and Amblyseius bibkens,

tly along
walking on the upperside of the leaf frequently
the edge (Part 2) invar

iably turned to the underside of the leaf after'C0:

tact with siik Strands at the leaf edge. This apparent invading behaviod

was independent of the Presence of prey in the webbed area. ex-
The actual rate of departure in presence of prey was much lower than

stayed
pected from the simulations of the walking behaviour: the predators
in the colonies for several 4a

fore it was Supposed that the
at th

abund

¥s instead of the few hours predicted. Thezze
bredators are able to return when they'arrxey
e edge of the colony and that this behavioural reaction depends mﬂiiz&
ance. Probably prey density is a more important factor than CO1onY1emﬂY
for the prey colonies. are maximally sized when the rose leaflet is cOmpvals
webbed over (i.e. about 3¢ €r?) and even at this maximum the time inteftﬁr‘
edge arrivals are of gimilar magnitude as the time ;nbe-
vals between Captures, Therefore brey density will not change very mue

. ive the dis”
arrivals, so that it is allowed to conceive rvation
persal mechanisp a5 pPredominant] £ ove’

of turning at the edge was trieq

between suUccessive

tween subsequent edge

¥ prey-density dependent. Direc co be ham
too, but this approach appeared
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pered by the long observation times necessary to cbtain a sufficient number
of registrations and by the inability to find a useful criterion for the
'edge of the colony'. Anyway, the few results of these direct observatiens
were not in contradiction with those of the indirect analysis.

As for colony invasion, the behaviour at evasion from the prey colony
was observed to be characteristic; the evading predators tended to decrease
the likelihood of returning into the same webbed area by moving to the leaf
edge on the upperside of the leaf or to the main rib of the rose leaf, by
increasing the walking speed, by initially spending much time in walking
and presumably also by a temporary lower responsiveness to contact with the
silk strands. The latter suggestion is based on observations of just evaded
predators recrossing their path aleng the edge of the colonized leaf and

contacting the silk strands without subseguent invasion.

3.4.2 Prey density

Quantitative assessment of the rate of departure should be done at con-
stant density of the prey. However replacement of the prey consumed is im-
practicable due to the presence of webbing in the colony. As discussed in
Subsection 3.3.3, the prey density can be kept within acceptable limits
despite predation by enlargement of the colonized area and by shortening of
the experimental period. On the other hand, these measures should be adapted
in such a way that dispersal can take place at the proper time. For quanti-
tative assessment of the rate of departure the following design proved to
be practicable. The most voracious phytoseiid can consume a maximum of 16
eggs in 10 hours, so that prey density decreases less than 4 units if the

Based on this tentative calculation it was
Because the rate

webbed area exceeds 4 cm2.

decided to-classify the prey density in groups of 5 units.
prey densities above 20 eggs per cm?,

iy. According to these
male

of predation approaches its maximum at
the classes were enlarged in this range of food supp

conditions, two or more colonies were grown on a rose leaf. The fe
o the proper

spider mites were removed and the egg densities adjusted t
a needle, if necessary. The

density class by piercing the surplus eggs with
0 cm part of their shoots,

colonized rose leaves were left connected to al
which were placed in water-filled test-tubes kept in a rack. One well-fed

predator female was transported to each leaf system on an excised leaf of
its original hostplant. The predators succeeded in invading the fresh colony
within an hour. Subsequently the departures of the predators were recorded
by naked eye inspection of both sides of the leaflets. Disper51ng.predators
generally moved to the upperside of the leaf, where they were eaflly detec-
ted. In some cases dispersal was indirectly assessed by detection of the
Predator in onme of the alternative colonies. In these cases they probably
dispersed along the mid-rib on the underside of the leaves.

The numbers of predators that stayed in the colony longer than 10 hours
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rable 69. Rate of departure by young female phytoseiids from a colony in
relation to prey density. T = 20°C; RH = 70%; webbed area = 4-11 cme,

Predator Prey Simulated Number of predators in Relative
species density relative the colony rate of
{number/cm?) gut filling departure
(%) at the start after 190 hours (hour'l)
e
Phytqsqiqlus 40-60 92 24 24 0
persimilis 25-35 91 51 a8 0.006
10-15 88 38 20 0.064
5=10 85 41 6 0.192
0= 5 < 81 32 0 0.868
Metaseiulus 40-50 92 45 44 0.002
occidentalis 55 _sg 90 32 29 0.010
10-15 87 36 16 0.081
0= 5 < 80 19 0 0.977
Amblyseius 30-40 91 30 30 ' Y
bibens 10-15 88 30 14 0.076
Q-5 < 81 29 0 ¢.792

are given in Table 69 in relaticn to the density of the prey. Because the
fraction of residing predators decreased in an exponential fashion, the dis-

persal tendency can be characterized by the relative rate of departure ac-
cording to the following formula:

-1n(N, /N, )
t

RRD = relative rate of departure (hour'l)

N number of predators residing in the coleony at time t (hours).

If possible, the RRD values were computed from the time elapsed until 50%
of the predators had left the colonies. To provide some insight in the mean
level of gut filling at the different density classes, gimulated values of
the relative food content of the gut are given,

The results demonstrate the dependency of the rate of departure on prey-
egg density while interspecific differences seem to be absent. As prey
density decreases, the rate of departure increases. This effect cannot pos-
sibly be explained by a decreased time expenditure in feeding activities.
Even for the extreme case of 16 egg captures in the 10 hour period (Phyto-
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sejulus persimilis), the total feeding time would amount to 1 hour. The
residence times are therefore predominantly determined by the walking beha-
viour at the edge of the colony, as argued in the previous subsection.
Finally it is a glaring fact, that at the density of 10-15 eggs per cm2
half the initial number of predators had left their colony after 10 hours,
although their gut filling was still rather high according to the computa-
tions.

This high rate of departure may be due to the absence of female spider
mites in the experiments. Hence the experiment has been repeated for the
prey density of 10-14 eggs and 0.5 female per cm2, Despite the inevitable
oviposition by the female spider mites prey-egg density remained within the
limite indicated. The results (Table 70) show that the additiocnal presence
of the female spider mites did not alter the rate of departura. Hence it
may be supposed, that prey density is the governing factor in the realiza-
tion of the residence time of the female predators.

Evidently there is a strong tendency to forage at densities above 20 eggs
per cm2. Natural selection may have favoured this dispersal behaviour as a
consequence of the achievement of a larger progeny, but this gimplified ex-
planation is not clear, as long as the energy expenditure involved in reach-
ing other more favourable food areas is not known. It may as well have been
evolved as an anticipation on the survival chances of their progeny. The

experiments, discussed in Subsection 2.2.1, demonstrate, that development

was retarded and mortality was increased pelow a food supply of 1-2 eggs
per day. However the assessment of juvenile dispersal yielded only some ac-
cidental departures at this critical rate of food supply and even unferti-
lized females had a low tendency to disperse (Table 71). Because the density
of phytoseiid eggs can rise above the level of 1 egg per cm? colonized area

Table 70. Rate of departure by young female phytoseiids from a prey colony

containing eggs and females. T = 20°C; RH = 70%; webbed area = €-10 em?;

10-14 eggs/cm? and 0.5 female spider mite/cm?.

Predator Number of predators in the prey colomy Relative rate of1
species departure {(hour )
at the start . after 10 hours
Ne-o Ne=10
Phytoseiulus 30 16 0.063
persimilis
Hetaseiulus 42 23 0.060
occidentalis
Amblyseius 28 17 0.050
bhibens
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Table 71. Rate of departure from a prey colony by juveniles and unfertil-
ized females of two phytoseiid species. T = 20°C; RH = 70%; webbed area =
4-11 cm?; prey egg density = 1-3 eggs/cm?2.

Predator Predator stage Number of predators in the colony
species of development
at the start after 10 hours
I“It=0 N't=10
Phytoseiulus  larva ' 51 49
persimilis protonymph 24 23
deutonymph 41 39
unfertilized female 37 s
Metgseiulus larva 10 10
occidentalis protonymph 28 26
deutonymph 43 41
unfertilized female 32 30

(Part 2), it is not unrealistic to suppose a profitable effect of the dis-
persal behaviour of the adult female predators on the developmental prospects
of their less migratory juvenile progeny. This question will be investigated
further by sensitivity analysis of the population model with respect to the
relative rate of departure (Part 2).

3.4.3 Predator density

RKuchlein (1966) measured an increased tendency of young females of Meta-
seiulus occidentalis to disperse from the experimental leaf discs when more
than one predator was present per area; predators leaving the disc drowned
in the water-socaked cotton surrounding the disc. Kuchlein stated that the
data on migration tendency thus obtained are of arbitrary value as long as
a similar study of the dispersal on an actual plant is lacking. An experi-
ment to provide this information will now be described.

The experimental procedure differs from that discussed in the previous
subsection in the following respects. One, two or four females of Metaseiulus
occidentalis were released on the leaf system instead of only one. Because
the predators were allowed to invade the colony on their own accord, the
colonies were frequently occupied by a lower number of predators than re-
leased on the leaf. Only colonies that contained adequate (1, 2, 4) numbers
of predators were selected. The departures were assessed at consecutive time
intervals of 4 hoursg by detection of the predator in one of the alternate
colonies on the other leaflets of the rose leaf. When a predator left the
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rable 72. The relative rate of departure of young females of Metaseiulus
occidentalis related to predator demnsity. T = 25°C; RH = 65%.

Initial number The range Relative rate of departure (hour'l)
of predators of prey egg
invaded in the densities first after one after two after three
colony assessment departure departures departures
10-20 0.202 0.113 D.074 ¢.039
0.033 0.017 - -
0.027 - - -
20=-40 0.133 0.096 0.048 0.022
2 0.016 0.010 - -
1 0.028 - - -

colony it was removed to prevent re-invasions; the observaticns were con-
tinued for the remaining predators until all were gone or until the experi-
mental period, of 24 hours, had elapsed. This experimental procedure was
carried out at two levels of prey density: 10-20 eggs per cm? and 20-40 eggs
per cm2. The predator densities were biased due to variation in the webbed
areas per colony (p = 6.2 cm®, & = 3.1; range: 3-14 cm2?), but this wariat-
ion was present for each level of predator release. The values of the rela-
tive rate of departure, each computed from an initial amount of at least
180 predators, are given in Table 72. As predator density decreases during
the experiment as a consequence of the departures from the prey colony, the
relative rate of departure was computed for each 4-hour period, thereby
classifying the replicates with respect to the predator density at the
start of these periods. In this way it was possible to calculate the RRD-
values after one, two or three departures in case four predators were ini-
tially present in the prey colony and, similarly, after one departure in

case two predators were initially in the colony.
Evidently there is a tendency to avoid predator agg
Prey densities. This can be recognized from the data in two ways.

the relative rate of departure increases for an increase in the number of
each departure is followed

en-

regation even for high
First,

predators initially present in the coleny. Second,
by a period with a lower value of the relative rate of departure. These t

dencies are very similar at both levels of prey density. Also, the higher

dispersal at the lower density range confirms the findings discussed in the

Previous subsection. For some reascn (e.d. differences in temperature, ?15-
tribution of prey densities within the class range) the RRD values obtaln?d
after the one predator release are nigher than those stated in the preceding

subsection.
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4 The use of experimental and theoretical
results in dynamic population models

The preceding chapters of this Agricultural Research Report describe the
modelling of an acarine predator-prey interaction at the individual level
and the measurements cf the input data needed for that modelling; four spe-
cies of phytoselid predators were studied in relation to their prey, the
two=gpotted spider mite, which feeds on greenhouse roses., The results of
these laboratory studies at the individual level are to be used for the mo-
delling of the predator-prey interaction at the population level 1n the
greenhouse, Because of thie extrapolation to the population level it is
worthwhile to realize which assumptione underlying the predation models are
still unvalidated, and which input data are still missing. In addition, some
important questions arise that are based on the available experimental evi-
dence at the individual level; these will have to be solved by experiments
and simulations at the population level. The unvalidated assumptions, the
missing inputs and the guestions that relate to the population level are
considered in this chapter, preparing the way for Part 2 (to be published)
of this report, which deals with the modelling of the predator-prey inter-
action at the population level.

4.1 UNVALIDATED ASSUMPTIONS

In chapter 3, models have been developed for the simulation of the walk-
ing behaviour and the rate of predation of phytoseiids. These models were
used for the analysis of the predator-prey system at the individual level.
The results are to be used in the population models presented in Part 2.
Some of the assumptions underlying these models are based on meagre experi-
mental evidence; others have no empirical basis at all.

Though the Queueing model of the predation process proved to be as good
as or even better than other predation modals and successfully gimulated
the rate of predation under various conditions (Section 3.3), it should be
remembered that it rests on four basic assumptions, each of which needs sepa-
rate validation. First, a Poisson distribution is assumed for the number of
prey captures per unit time at a certain level of the motivational state of
the predators. Second, the food content of the gut is assumed to determine
the state dependent rate of successful encounter, whether this state is
achieved by previous gut emptying or by previous ingestion of food. Third.
it is assumed that the food quality of prey is the same for all prey stages-
This assumption is implicitly made since the flow of ingested food is merely
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treated in terms of weight. Some attempts have been made to validate the
assumption by considering the available data of predation and reproduction
rates in monocultures of diverse prey stages, but they did not provide any
decisive evidence (Subsection 3.1.3). Fourth, the model of the predation
procesz is based on the assumption that the gtate dependent success ratios
measured in 'monocultures' of each prey stage are also appliceble in 'mixed
cultures' of ceveral prey stages (Subsection 3.3.7); the probability of a
prey capture after prey detection merely depends on the level of gqut filling
and past experience in capturing other prey stages is only registered via
changes in the level of gut f£illing. This assumption is not refuted by the
available experimental evidence, but more validation experiments are still
needed.

énother point for comment is the concept of food conversion, which is
basic to the population model of the predator=prey interaction. The present
status of the systems analysis points to the important role of the relative
rate of food conversion in determining the rate of predation at various tem=
peratures, different ovipesition histories, and prey and predator densities
(Section 3.3). The increase in the rate of predation with increaging temper-
ature is determined not by temperature-related changes in the searching be-

haviour, but by the effect of the temperature on the relative rate of food

co i ; : . ] .
nversion into egg biomass. The relative rate of food conversion 1s shown

to depend on the number of eggs already deposited by the female predator,
only circumstantial evidence was

he rate of predation at in-
lative rate of
er mutual

i.e. its oviposition history. However,
given for the assumption that the decrease of t
creasing predator density is caused by a decrease in the re
food conversion, and not by behavioural changes of the predators aft
contact, nor by the time wasted for prey searching upon mutual contact be-

tween the predators. Furthermore it should be recalled that the food content
of the gut is not a good indicator of the motivational state when the pre-=

dator is severely starved (Subsection 3.1.2 and 3.2.7)

Simulations of experimentally defined walking behav
to determine the effect of recrossing areas already searched by the predator
and to estimate the residence time in a circular
webbed area under the assumption that the edge of the webbad area exerts no
effect on walking behaviocur. These simulation experiments show that the tor-
tucus walk of the predatery mites in the prey coleny leads to an approxi-
Mately 20% decrease in the rate of encounter with immobile prey {subsection
3.2.4), and that the predator cannot stay in a profitable prey patch but by
4 leaf area (Subsection 3.4.1). However,

the walking paths simulated on the basis of experimentally determined para-
m) were not explicitly tested for goodness of fit,

ed paths were indistinguishable from
to regressien model of the walking
hensively describe the charac-

jour were carried out

on searching efficiency.

turning at the edge of the webbe

meters (p, o, A and o
though with the naked eye the simulat
the paths originally measured. The au
Process was the best available model to compre
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teristic properties of the walking pattern (Subsection 3.2.4). Anyway, the
simulated level of recrossing is low and is hardly affected by even 20%
changes in the parameter values. Moreover, long residence times in a profi-
table prey patch are best explained by the edge-turning strategy; without
the edge effect simulated residence times equal to those determined experi-
mentally could only be obtained for extreme types of walking behaviour that
differ largely from the measurements at naked eye inspection. Hence prey
density predominantly determines the relative rate of departure of the
predator from the prey colonies that will be generated by the model at the
pepulation level.

4.2 MISSING INPUTS

In Chapters 2 and 3 experiments with individual mites have been described
that serve to measure rate variables for use in population meodels. For some
cases the set of inputs is incomplete, or the results cannot be used in the
population models without making new assumptions, which in turn need sepa-
rate validation. Toc gain insight into these limitations it is worthwhile teo
look at these aspects in more detail.

The possibility of maintaining a predator population in periods of prey
scarcity in the greenhouse is of considerable practical importance; it would
be convenient if the predators residing in the crop are able to detect new
spider mite infestaticns in due time for control of the mite pest. Litera-
ture data and some additional experiments have provided some insight into
the survival chances of the predatory mites in the greenhouse. When prey is
scarce in the greenhouse rose crop, the availability of water seems to be
most important for the survival of the phytoseiids (Subsection 2.2.5). Can-
nibalism provides only a limited means for survival, as it depends on the
survival of other predators, and as the food and moist content of these pre-
dators decreases exponentially with the length of food deprivation (Subsec-
tion 2.2.6). The supply of pollen on the rose plants did not improve survival
in comparison to the supply of water only (Subsection 2.2.7). However, be-
cause only one level of pollen supply was tried, no decisive, practical in-
formation can be given on the possibility of maintaining a predator popula-=
tion in the rose crop. Anyway, the amount of pollen originating from the
flowering roses in the greenhouse is insufficient in this respect. At higher
levels of pollen supply, especially Amblyselus bibens may perform better,
as shown by Blommers (1976) in small scale experiments.

By extrapolating data on individual 1ife histories measured at constant
temperatures to the greenhouse situation, an important assumption is made
that has been only partially wvalidated. The rate of development, the rate
of reproduction, the rate of mortality, the rate of webbing and the rate of
predation were measured at constant temperature levels in the range 10-35°C.

Of course, temperature will fluctuate in the greenhouse albeit within 1imits
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(10-35°C). The effect of variable temperature regimes on these rates was
investigated for the two-spotted spider mite, but hardly at all for the
phytoseiids considered in this report. But because the population model pre-
sented in Part 2 is based on the assumption that birth, death and predation
processes react instantanecusly to changes in temperature, validation of
this assumption is still needed for the phytoseiids.

Though the prey supply to the predators has been quantified in such a
way that prey density and prey number can be computed in the population
model (Part 2), the level of food supply to the spider mites has not been
considered. Some arguments have been given to consider the nutritional value
of the host plant as a constant for spider mites infesting greenhouse roses
(Section 2.1). However, in contrast to the food quality of the rose leaves,
food quantity can be affected by feeding of the spider mites themselves.
The available leaf parenchym decreases during population growth of the spider
mites until the host plant is exhausted as a food source, or the grower ap-
plies pesticides. Also, the juvenile spider mites are left stranded in al-
ready exploited areas, because they are less able to disperse. As the life
history variables have been measured for individual spider mites and plenty
of fresh plant food, an important gap in the experiments may be present.

Therefore, to decide if these factors need to be studied in more detail, a

greenhouse experiment on population growth of the spider mites should be

carried out and the numerical results should be compared with simulations
that neglect the effects of competition for food among the individual spider
mites. This population experiment and the adherent simulations will be dis-
Cussed in Part 2.

Another subject that is important in the interpretatio
of population simulations is the determination of the sex ratio. Although
the sex ratio of the progeny can depend on arthropod-related factors, such
as the age of the spider-mite 'mother’. (Subsection 2.1.3), it is assumed to

be a fixed ratio that does not alter in response to environmental conditions.
rather

n of the results’

But this is an assumption made because of lack of experimental data,
than a well-established foundation for population modelling. Control of the
fertilization process and hence the sex ratio in response to environmenﬁal
conditions may play a role in arthropods reproducing by arrhenotoky. This
possibility should bé taken into consideration when interpreting the sex

ratios simulated and measured at the population level (Part 2).
e in the population model of the predator-prey

Iin this report the prey density ‘is defined
bed leaf area, because
f the leaf area covered

An important state variabl
interaction is the prey density.
as the number of prey per square centimetre of web
two-spotted spider mites only inhabit those parts o '
by webbing. During population growth not only do prey numbefs increase, but
also the extent of the webbed area. Therefore, for calculation of prey den-

i ' i i onents, as.
sity for simulations at the population jevel, life history comp

at the
well as the rate of increase of webbed leaf area, have been measured
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individual level (Section 2.1). The rate of increase of webbed leaf area
can depend on the host plant species that is colonized by the two-spotted
spider mite. For example, the webbing cover on Lima bean is less aggregated
than on rose, and the webbing is even more spread out on leaves of Gerbera.
Presumably the hairiness of the leaves is an important factor in this res-
pect. The rate of colonization estimated in this study on rose 'Sonia' is
therefore by no means generally applicable and ghould be determined for
other plants.

By distinguishing webbed leaf areas from unwebbed leaf areas it is neces-
gary to assess which factors determine the residence time of the predators
ingide and cutside the webbed area. The residence time of individual preda-
tors in the webbed area of a prey coleny has been studied in this report,
but their residence time outside the webbed area is an aspect that hag not
yet been considered fully at the individual level, Some details have been
discussed in Subsection 3.2.4 and 3.4. It was found that the predatory mites
walk along the leaf edge or a rib, invading the prey colony after making
tarsal contact with the silk strands attached to the leaf edge or rib.
Amblyseius potentillae behaved differentiy. This phytoseiid predator tends
to avoid the webbed leaf area and prefers to stay next to the thick parts
of the main rib of a rose leaf or at other protected spots on the plant.
More knowledge is required on the question of how a predatory mite searches
for new prey patches, especially how the gearching is influenced by the mcde
of plant or crop celonization by the two-spotted spider mites. These aspects
will be discussed in Part 2 of the Agricultural Research Report.

4.3 IMPACT OF INDIVIDUAL CHARACTERISTICS AT THE POPULATION LEVEL

The measurement of mite properties at the individual level can sometimes
be sufficient for the evaluation of their impact on the population level.
For example, hatching of phytoseiid eggs fails for relative humidities of
30-60%, but the spider mite eggs are not affected in this range. Hence €99
mortality is probably a key factor in the failure of phytoseiids to control
the population growth of the two-spotted spider mites at low humidities. In
other cases, the measurement of mite properties at the individual level is
not sufficient for the evaluation of their relative importance at the popu-
lation level. For example, what is the importance of a 10% shorter develop-
mental time relative to a 10% rise of the rate of reproduction? Both devel-
opmental time and reproduction affect the rate of population increase, but
their relative effect cannot be determined without the help of a gquantita-
tive tool, such a3 a mathematical model of the population growth. The eval-
uation of such effects is even more difficult when their relative importance
has to be assessed for interacting populations of predator and prey. Hence
the evaluation of the interspecific differences in life histories is deferred
to Part 2, where the Predator-prey interaction is modelled at the pOPU1ati°n
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level.

Because several processes in the predator-prey system interact with each
other, and several rate variables depend in a non-linear way on state varia-
bles, it is often not possible even to describe the consequences of input
data measured at the individual level for the interaction at the population
level, let alene to indicate their relative importance. The role dynamic
simulation may play in this respect ig further illustrated in three examples.

Example 1 - the role of webbing in predation The searching behaviour of
individual female predators has been studied in the webbed leaf area, as
well as on unwebbed leaves (Section 3.2). Webbing interferes generally with
searching by decreasing the rate of encounter per unit prey density (the
relative rate of encounter), as a conseguence of a reduction in the walking
speed, the walking activity and the coincidence between predator and prey
in the webbed space. The relative rate of successful encounter was affected
by the webbing in different ways, however, depending on the phytoseiid spe-
cies involved: the success ratio of Phytoseiulus persimilis increases in
the presence of webbhing; the success ratios of Amblyseius bibens and Meta-
sefulus occidentalis are unaffected by the webbing; but the success ratio
of Amblyseius potentillae decreases (Subsection 3.2.7). It 1s shown by simu-
lation of the predation rate on basis of these behavioural data, and the
dynamics of the gut filling, that the increase of the success ratio of
Phytoseiulus persimilis in the webbing more than compensates for the reduc-
tion of the relative rate of encounter in the webbing, resulting in an in-
crease in the rate of predation in a prey colony {Subsection 3.3.3). The
factor webbing may therefore be important for future gtudies of the inter~
action between phytoseiid predators and the two-spotted spider mite, but
the relative importance of the substrate-related differences in predation
rate has yet to be demonstrated at the population level (Part 2).

Example 2 - prey-stage preference of the phytoseiid predatoers The pro-
bability of capturing a prey depends very much on the prey stage involved
(Subsection 3.2.7): egygs are easier to capture than larvae, larvae are more
easy to capture than nymphs and the adult female spider mites are the mosF
difficult to capture. These prey-stage specific differences in success ratio
may mean that the diet of the predator largely consists of the young prey
stages and that the reproductive spider mite females are alloﬁed Fo
¢continue the reproduction process for some time. Hence the exterm1n§t1on of
the prey population may be postpened due to the initial concentration of
the predators on the young prey stages. on the other hand, the adult female
spider mites do not live for ever and each consumption of a female juveni?e
Prevents the development of a reproductive female. Therefore the hYPOtheﬁls
that predators keep 'laying hens' should be evaluated by dynamic simulation
of the predator-prey interaction at the population level (Part 2). 1

Example 3 - dispersal of the predator from colony tq folony ?hen female
Predators tend to stay in colonies with high prey densities, this tendency

183



can lead to predator aggregation in the profitable prey patches, which in
turn leads tc a decreased rate of predation (and thus reproduction), or to
predator dispersal from the prey patch (Section 3.4). What effect this mode
of prey patch exploitation has on the population level is an important gues-
tion that may be solved by dynamic simulation of populatiocn growth and dis-
persal. For these simulations, where predators may move from one prey cclony
to the other, possibly differing in prey density, and where prey density
continually changes in time, it is necessary to account for the non-steady
state of the predation process. The Queueing model developed in Chapter 3
offers that facility and, moreover, it can be easily coupled to a popula-
tion model in the form of a subroutine.

184



Summary

The two-spotted spider mite, Tetranychus urticae (Acarina: Tetranychidae),
is a major pest of many foocd and crnamental crops. In the greenhouse cul-
ture of ornamental roses, an acaricide, called dienochlor [perchlorobi(cyclo-
penta-2,4-dienyl)] is used to control it. For environmental reasons it is
desirable to replace chemical spraying with a better alternative. This
Agricultural Research Report describes investigations into the possibility
of biological controcl of two-spotted spider mites in greenhouse roses with
predatory mites (Acarina: Phytoseiidae). Biological centrol has been suc-
cessful in the greenhouse culture of cucumbers, for example. In greenhouse
roses, however, much less damage can be tolerated because the ornamental
value of their flowers and leaves determines the economic value of the crop.
This qguality demand applies especially to the rose shoots that grow above
the rose hedge, which are cut off at a beginning stage of flowering; more
damage can be tolerated in the rose hedge itself. Spider mites should be
controlled in such a way that damage to the young rose shoots is minimized.

Two-gpotted spider mites are able to double their number in the short
period of 2-4 days. Even after the release of the predatory mites the popu-

lation of spider mites will increase initially. Only after some time will

it decrease. Hence it is important to estimate the minimum number of preda-

tors to be released for acceptable mite control. The control of newly devel-
oped infestations will depend on the ability of the phytoseiids to survive
bPeriods of prey scarcity. Because phytoseiid species can differ in their
ability to survive or reproduce on alternative food, and in their predation
ed with each other, i.e. Phytoseiulus per-
Metaseiulus occidentalis.
1 of the two-

capacity, four species are compar
similis, Amblyseius potentillae, Amblyselus bibens,
The potential role of these predatory mites for the contro
spotted spider mites has been investigated by systems analysis, i.e. by mo-
delling and experimentation., In this Agricultural Research Report, experi-
ments and models at the individual level are considered. In Part 2 of this
report (to be published) the results of these experiments and models will
be used in a new medel to simulate population growth of both predator and
Prey; simulations with this population medel will be compared with popula-
tion experiments in the greephouse. After validation the model can be used
for calculation of the minimum release of predatory mites at a certain stage
of pest development. These estimates may then be transformed into simple

rules of thumb.

For a systems approach it is necessary to quantify the prey supply (in
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particular, two-spotted spider mites) to the predatory mites in the green-
house. Because the spider mite numbers increase with time, the properties
of tetranychids were investigated that determine the rate of populatien in-
crease, i.e. the developmental time, age-dependent reproduction and the pro-
portion of females in the progeny (Subsections 2.1.1-2.1.3). Environmental
temperature influences the rate of development and reproduction of poikile-
thermic arthropeds. It was shown that the relation between temperature and
these rates is linear in the range 12-359C; under greenhouse conditicns rel-
ative humidity is not important. Furthermore, it was shown that the rate of
reproduction and the propertion of the progeny that are females depends on
the age of the reproductive female. With respect to the guantification of
the prey supply to the predators, it is alsc important to distinguish the
stages of development, because each stage runs different risks of being cap-
tured by the predatory mites. Hence the rate of mortality and development
were measured for each developmental stage, so that in population simula-
tions the prey supply can be subdivided per prey stage.

The prey supply to the predator is algo determined by the mean distance
between prey items, i.e. the prey density. Two~-spotted spider mites have a
strong tendency te aggregate. They construct labyrinths of silk strands on
the lower side of the leaf, starting from the leaf edge or a rib and dis-
persing cover the leaf surface. In the webs, the aggs are deposited and de-
velop into adults. The preoviposition females are inseminated immediately
after the last moult and subsequently disperse, freguently to other leaves,
where they form new colecnies. Hence colonization is an essential aspect of
the prey supply to the predator. The predatory mite has to invade the web-
bing to capture its prey. Therefore the prey supply is defined as the number
of spider mites per square centimetre webbed leaf area. Conseguently, the
rate of increase of webbed area was quantified by experiment (Subsection
2.1.6). On the basis of the measured rate of webbing and the measured life-
history components, a population model can be constructed that simulates
prey numbers and prey density in the course of the predator-prey interaction
(Part 2),

In the greenhouse culture of ornamental roses, food substances other than
spider mites are rare. Hence the survival of the predators in periods of
prey scarcity will depend on cannibalism and abiotic factors, such as the
availability of water, temperature and relative humidity. In contrast to
the other phytoseiid species studied, Amblyseius potentillae and Amblyseius
bibens can reproduce when feeding on pollen, so that the addition of these.
plant substances may lead to the maintenance of the predator population in
the greenhouse crop. Experiments indicate that the amounts of pollen required
are probably high (Subsection 2.2.7). Honey and sucrose solutions can improve
the rate of predator survival to a significant extent. To date the possibil-

ity of maintaining a predator population in a rose crop without spider mites
has still not been demonstrated.
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Population growth of the predatory mites will depend on the number of
spider mites in the webbed leaf area and the temperature and relative humi-
dity there (Subsections 2.2.1-2.2.3). As for the spider mites, the rate of
development and the rate of reproduction are linearly related to temperature.
However, when temperature rises above 30°C and relative humidity drops below
70%, juvenile mortality becemes high. As the spider mites are much less vul-
nerable to temperatures in the range 30-35°C and humidities in the range
40-70%, these conditions are critical for their contreol by predatory mites.
The four phytoseiid species studied differed with respect to developmental
time, size of progeny and proportion of females in the progeny. However,
all phytoseiid species matured in a shorter time-span, but laid fewer egys
than the two-spotted spider mites. The relative importance of these diffe-
rences can not be determined without the help of a quantitative tool, such
as a population simulation model. The evaluation of these differences will
therefore be treated in Part 2 of this Agricutlural Reseach Report.

When prey supply is sufficient, young phytoseiid females utilize approxi-
mately 70% of the ingested food for egg production. In addition, the rate
of oviposition is so high that the reproducing females determine the preda-
tion capacity'of the phytoseiids. The rate at which the ingested food is
utilized for egg production of new protoplasm was found to be mainly depen-
dent on the individual oviposition history, that is to say on the number of
eggs already deposited by the female predator; female predators tend to

achieve potential fecundity almost irrespective of their age. Hence the re-

Productive females represent the most voracious stage of the predatory mites,

and they decide where and when the eggs are deposited. For this reason the

searching behaviour of the female predators was studied in an attempt to

relate prey supply to predation and, consequently, reproduction {(Chapter

3}).
For a study of the searchin

the motivational state of the predator. nve
is high, it makes sense to use the food content of the gut as an indicator

of the motivational state of the predator. The dynamics of the guﬁ {illing
can be computed when ingestion, resorption and egestion are quantified by
predators before and after food intake the
the gut content and the food de-
Likewise, it was possible to
gut emptying. These data

g behaviour it is important to characterize
since the rate of food conversion

experiment. By weighing hungry
focd content of the different prey stages,
ficit of the qut were measured (Section 3.1}.

Quantify the rate of ingestion and the rate of N
were used in a model of food conversion that is based on the assumption a

the surplus of the resorbed food substances is used for egg pr?duction
(Fig. 21). This model was tested, for example by computing the time néeded
for a hungry female to produce an €gdg. The calculations w?re COfrect 1$ ad
broad range of food deprivation periods, but after a certain pericd of :x;
deprivation a ‘period of recovery was necessary before the female restarte

€99 production.:
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+ 'the food conversion model {Appendix A)J was used for the ahalysis of the

 obsetvations of the preddtory behavioutr. Youhg female predators belonging
to four different species of Phytoseiidae were deprived of food for some
specified period, starting ffom a state of satiation, and fhen placed in a
prey colonmy. Their behaviouf was recofded atd the dynamics of the gut fil-
1ing cofipitted. Thus it is possible to felate walking velocity, walking ac-
tivity, walking patteth, success ratio and feedind time to the estimated
level of food ifi the dut of the female predator (Section 3.2).

This experiment was carried ocut on two sibstrates: webbed leaft and un-
webbed leaf. it was therefote possible to assess the role of webbing in the
searchihg behaviotit of the predatory mites. in the webbihg the rate of en-
counter per thit ptey density was found to be lower, because predatory mites,
as well as spider mites, move slowly on this substtate and spend less time
in walkind. the slow advancefient of the mites prevents bumping of one mite
into ahother, so that disturbahce of the predator is a fare phenomenon. On
an unwebbed substtdte disturbance is impoftant, as is reported by several
authors. The coificidefice betweeh predator and prey and hehce also the rate

" of encouhtet ate loweted as & cohseguehce of the labyrinth formed by the
webbing: predator and ptey tiay move over and under each othetr without en-
couhtering ome atiother. The predatoty mites probably search at fandom and
locate their prey after conitact with the tarsi of their front legs (Subsec-
tion 3.2.3). However, not every encounter leads fo a successful attack. It
was shown that the stccess ratio depends of the gut filling of the predator,
the. prey stade ahd,.ih two specific cases, ofi the substrate: in the webbing
the success ratio of Phytoseiulus persimilis incteases and that of Amblyseiu¥
potentillae decreases {Subsectioh 3.2.7, Fig. 33).

The results of this behavioliral compoheht analysis were used in a preda-
tion .model derived ftom dueveind theory (Sectioh 3.3). This theory has been

‘used in problems corcerhiing waitifig-l1ihes of customets and service facili-
ties, Qonsider, for example, a dueue of patieftts in a dentist's waiting-roor
The patients reptesent the prey, the dentist represents the predator and
the wajting-toor represents the dut of the predator. The rate of patient
atrival -in the waiting-room is equivalent to the rate of ptedation; the time
heeded to help the patient is equivalent to the tine needed to empty the
gut of the predatot by the amount of one prey. As more patients enter the
faiting—room,.the dentist will sHorten the consulting time per patient and
1t.beco¢es ificteasihdly probable that newly arrived patients will refuse to

: ::i:.:?dg::ﬁii:t;zlészrrﬁ at ant?i.:her-t:llmef Anéiogous #o this examp?e, the

simultanecusly, the motzreZ:e? w;th o0 jacieasing level of gut fifling, =%

while the Prob;biiit ;a o thé bedafor to attack its prey decreases:
‘ . ¥ of prey escaping incfeases. Both tendencies were de-

monstrated by experiment. _

o£ :ui::::ii;1:£z::::i2g model cah be.derived if one assumes that the numPer

' Y a predator with a certain level of gut filling fits

188



a Poisson distribution and that the gut emptying time per ingested prey is
distributed according to the negative exponential distribution. This model
was compared with a deterministic model, a compound simulation model and a
Monte Carle simulation model of the predation process {Appendices E-H). The
Quetneing model is preferred because of its economic use of computer time
and because it uses a minimum number of variables without losing precision
(Subsection 3.3.1). ' '

The Queueing model was validated in a series of predation experiments
carried out on webbed and unwebbed leaves {Subsections 3.3.2 and 3.3.3).
The rate of encounter per unit prey density is lowered by the presence of
webbing, which results in a decreased rate of predation for Amblyseius
bibens and Metaseiulus occidentalis. Opposed to this decrease in searching

ability, the prey density in the webbed area is high (20-60 mites per square

centimeter of webbed leaf area}). So the rate of encounter between predator

and prey turns out to be high, anyway. According to the simulations, Phyto-
seiulus persimilis and Amblyseius potentillae are affected by the webbing
in a similar way, but the probability of these predators capturing a prey
after tarsal contact (success ratio) is strongly influenced. AmbIyseius
potentillae has a lower success ratio in the webking than on unwebbed leaves,
and this results in an extra decrease of the rate of successful -attack. In
contrast, Phytoseiulus persimilis has a higher success ratio in the webbing,
which more than compensates for the decrease of the searching ability (=
the rate of encounter per unit prey density): the rate of predation in the
prey colony is higher than on unwebbed leaves with the same number of prey
per leaf area.

Systems analysis of the predation process at different levels of the
temperature shows that the effect of temperature on the rate of food con-
version. determines the rate of predation (Subsection 3.3.4). Behavioural
changes related to temperature are probably of minor importance for the in-

crease of the rate of predation with temperature. Presumably the decreased
nsities is also caused by a

rate of reproduction at -increased predator de
ot by changes in the searching

decrease in the rate of food conversion, and n
behaviour or by an increase of the time wasted during mutual contact between

predators (Subsection 3.3.6). Because female phytoseiids tend to achieve
is supposed that the rate of food conversion

their potential fecundity, it
age but on the num-

as well as the rate of reproduction is not dependent on
ber of eggs deposited by the female {Subsection 3.3.5). In conclusion, the
rate of food utilization for €99 production is probably the most important
factor in determining the rate of predation, and the ability to capture prey
can probably be considered as a constant related to a specified substrate.
Finally the Queueing model was extended to the case of tmixed cultures'
of prey stages (subgection 3.3.7 and Appendix 1). The preference for each

specific prey stage is determined in the model by success ratios, which were

measured in 'monocultures' of these prey stages. These measurements show
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that spider-mite eggs are easier to capture than larvae, that larvae are
easier to capture than nymphs and that the adult female spider mites are
the most difficult to seize. Moreover, they show that the differences be-
tween success ratios of the different prey stages become smaller as the gut
filling of the predator decreases: the predator is less fussy as its hunger
increases. Simulation and measurement of predation ihimixed cultures of
larvae and adult females of the prey suggest that the"monoculture' success
ratios sufficiently describe the probability of capture under these circum-
stances. More validation experiments are needed, howevér.

The residence time of a predator in a prey colonylis mainly determined
by the prey density (Subsections 3.4.1 and 3.4.2). Thfs is evident from the
comparison of the residence time of predators in weﬁbed areas with and
without prey. Analysis of the walking pattern of the ﬁ?edatory mites in the
webbing and, based upon this analysis, simulation of the residence time in
the webbed area shows that the tortuous walking path of the predator does
not explain the length of the residence time in the pfey colony. The experi-
mentally measured residence times in prey colonies cahfonly be achieved by
the predator when it turns back at the edge of the colony. The simulation
of the walking behaviour of the predator shows that if:comes in contact with
the edge frequently enough to react adequately to a dééreasing prey supply.
When female predaters stay in colonies of high prey &éhsity, predator den-
sity may increase there. It was shown by experiment that an increase of the
predator density leads to a shorter residence time desplte the ample supply
of prey (Subsection 3.4.3). Hence predator and prey dens1ty are the major
factors determining the residence time of the predaf&fy mites in a prey
colony. :

In distinguishing webbed leaf areas on the plant ffom unwebbed ones, it
is not sufficient to determine only the factors that fequlate the residence
time in the prey coleny. It is also necessary to find‘fhe factors that deter-
mine how much time is spent outside the prey coloniesf:how does a predatory
mite search for new prey colonies? Of course, this is also an aspect of the
analysis at the individual level, but it will be discuésed in Part 2 of this
report in relation to the colonization of the plant by the spider mites.
Some details, however, have been discussed in Subsection 3.2.4 and Section
3.4. It was found that the predatory mites walk along the leaf edge or a
rib and that they invade the prey colony after making tarsal contact with
the silk strands attached to the leaf edge or the rib, Amblyseius potentil-
lae behaves very different in this respect. This phytoselld predator tends
to avoid the webbed leaf area and prefers to stay near to the thick parts
of the main rib of a rose leaf or other protected 'holes and corners' on
the plant.

The measurements at the individual level give risefto questions which
can be solved only by simulation and experimentation at the population level
(Chapter 4). An example is the measurement of the rate of departure of the

h
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predator from a prey colony at different prey and predator densities. What
is the role of this dispersal mechanism in the population dynamics of pre-
dator and prey? As the number of mites and the colonization pattern are con-
tinuously subject to change, dynamic simulation in combination with popula-
tion experiments in the greenhouse may provide the answer. This systems ap-
proach may also be useful in detecting missing knowledge on the individual
level of the predator-prey interaction. For example, the rate of development
and reproduction of the spider mites were measured for ample supply of food.
Because the spider mites feed on the contents of the leaf parenchym, food
quality may decrease and possibly the life-history variables are affected.
If this is so, simulated population growth will exceed the measured popula-
tion growth in the g?eenhouse. Population models can thus be used to eluci-
date the role of certain measured properties of predator and prey and to
determine which experiments at the individual level may still be necessary
to improve the existing population models.
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Samenvatting

De kasspintmijt,'Tetrangchus urticae (Acarina: Tetranychidae), vormt een
belangrijke plaag in een groot aantal vbedingsr en siergewassen. In de sier-
teelt onder glas wordt het kasspint chemisch bestreden met behulp van een
gechloreerde koolwaterstofverbinding die bekend is onder de naam Pentac.
Het is wenselijk om deze bestrijdingsmethode te vervangen door een milieu-
vriendelijk alternatief. Mijn onderzoek is erop géricht om mogelijkheden
veor biologische bestrijding van het kasspint met behulp van roofmijten
(Acarina: Phytoseiidae) te onderzoeken, en wel in de teelt van kasrozen.
Deze methode wordt reeds met succes -toegepast in de komkommerteelt en
andere teelten van kasgroenten. Het probleem van de toepassing in de teelt
van kasrozen is echter, dat hier veel minder zuigschade van het kasspint
kan worden getolereerd, omdat het blad sierwaarde heeft. Deze hoge kwaliteits-
eis geldt voor de rozenscheuten die boven de rozenheg uitgroeien en in een
vroeg stadium van de bloei worden afgesneden en verhandeld. Veel meer schade
kan worden getolereerd in de rozenheqg; het kasspint zal daar zodanig onder
controle gehouden moeten worden, dal de jolye scheulen o wil wogelljk soiade
cndervinden.

De populatie van het kasspint kan zich in de korte periode van 2-4 dagen
verdubbelen. Ook na het loslaten van de roofmijten zal de populatiegroei
van het Kasspint nog wel even doorgaan alvorens het aantél spintmijten zal
dalen. Daarom is het van belang om te weten hoeveel roofmijten bij een be-
paalde spintaantasting minimaal moeten worden uitgezet om een gewenst be-
strijdingsresultaat te verkrijgen. Of de predatorpopulatie na onderdrukking
van de plaagontwikkeling ook op eigen kracht nieuv opkomende spinthaarden
de baas zal kunnen zijn, hangt af van haar vermogen om perioden van prooi-
schaarste te overleven, De bepaling van dit vermogen is daarom van belang
voor het inzicht in introductiestrategieén van reofmijten. Omdat verschil-
lende roofmijtspecies verschillende combinaties van predatie- en averlevings-
capaciteit bezitten, zijn een viertal soorten roofmijten met elkaar verge-
leken, nl. phytoseiuvius persimilis, Amblyseius potentillae, Amblyseius
bibens en Metaseiulus occidentalis. .

Voor de oplossing van bovenstaande bProblematiek werd een systeemanaly-
tische aanpak gekozen, d.w.z. combinatie van model en experiment. In Deel 1
van het rapport werden eXperimenten en modellen op-het individu-niveau be-
sproken. In Deel 2 (in voorbereiding) zullen de resultaten van deze indi-
vidu-experimenten en de gevalideerde individu-modellen worden betrokken bij
de constructie van een nieuw simulatiemodel, dat de populatiegroei van pre-
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dator en prooi ip tijd ep ruimte berekent. De perekeningen met dit poéu}aﬁier
model zullen Ve;ge;eken worden met populatie-experimeqpen in de kas. Pas na
gebleken bruikbaarheid zal qit model kunnen gienen voor berekening van het
minimale aapta} }os te ]aten predatoren bij eep pepaalde spintaantasting, en
een bepaald wensenpakket van de tuipder. wellicht kunnep deze schattingen.
dan voor de praktijk vertaald worden in vyistregels.

Voor de systeemanalytische penadering is het vereist om het voedselaan-
bod voor de roofmijten te gquantificeren, te beginnen pij de kasspinﬁmijten.
Omdat het aantal spintmijten verandert in de tijgd, werden eerst die eigen-
schappen van de parepchymzuigende spintmijten onderzocht, die pepalend zijn
voor de snelheid van populatiegroei, te weten: de ontwikkelingsduur, de leefs.
tijdsafhankelijke reproguckie en de geslachtsverhouding in het nakomelipg-
schap (paragraaf 2.1.3-2.1.3). Pe omgevingstemperatuqr speel; een belangrij-
ke rol bij de optwikkelings- en reprodyc;iespe;peiq van deze kcudploedige
arthropoden. De relatie tussen de temperatuur en deze variabelen bleek in
grote trekkep lineair te zijn fussen 12°C ep 35°C. Onder kasomstandighedén
speelde de luchtvochtigheid geen pelangrijke rol. De reproductiespelheid en
de geslachtsverhouding vanp het nakomelingschap pleken skerk af te hangen
van de leeftijd van het repro@uctieve vrouwtje. De leeftijq van de juveniele
spintmijt is ook van be}ang voor ge kwantificering van het V°é¢se;hanb°d' ,
voor de rovers, omdat de diverse on;wikke;ingsstaqia een sterk verschillende’
kans lopen om door een rocofmijt te worden gevanpgen. paarom werd Je ontwikke-
lingsduur en de mortaliteit van elk ontwikkelingsstadium experimehteel be-
paald, zodat het voedselaanbod in de simulatie van de predator-prooi inter-

actie op populatie-niveau kan worden gedifferentieerd naar ontwikkelings-

stadium.

Het voedselaanbod voor de predator wordt ook bepaald door de gemiddelde
onderlinge afstand tussen de prooi-individuen, m.a.w. de procidichtheid.
Spintmijten vertonen een sterke neiging tot aggregatie. 2ij huizen in een
labyrinth van spinseldraden dat zij construeren aan de onderkant van het
blad, beginnend langs de bladrand of de hoofdnerf en van daaruit expanderend

over het hele blad. In deze spinsels worden de eieren gelegd en groeien de

juvenielen op. De preovipositievrouwtjes worden onmiddellijk na de laatste

vervelling bevrucht door de mannetjes en verhuizen dan veelal naar andere
bladeren, waar een nieuwe spintkolonie wordt gesticht. Kolonievorming is
dus een essentieel aspect van het voedselaanbod van de predator. Als de roof-
mijt spintmijten wil bemachtigen, zal deze de spinsels moeten binnendringen.
Daarom werd het prooiaanbod voor de predator gedefinieerd als het aantal
spintmijten per cm? bespinseld bladoppervlak en werd tevens de snelheid,
pintmijten bijdragen aan de bespinseling van het blad-

§ 2.1.6). Met behulp van deze

pen die de populatiegroei bepa-
prooi-

waarmee individuele s
oppervlak, experimenteel bepaald (paragraa

resultaten en de bepaling van de eigenschap
len, zal .een model worden geconstrueerd dat de prooiaantallen €n de

dichtheid in de tijd simuleert (Deel 2).
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Naast spintmijten komen er in de teelt van kasrozen nauwelijks andere
procien of andersocortig veoedsel voor. De overleving van de predatoren bij
afwezigheid van spintmijten zal dus afhangen van de mogelijkheid tot kanni-
balisme en abiotische factoren, zoals de beschikbaarheid wan water, tempe-
ratuur en luchtvochtigheid (paragraaf 2.2.5 en 2.2.6). In tegenstelling tot
de andere onderzochte scorten kunnen Amblyseius potentillae en Amblyseius
bibens reproduceren met pollen als voedsel, zodat teoevoeging hiervan zou
kunnen leiden tot handhaving van een predatorpopulatie. De beénodigde hoe-
veelheden zullen waarschijnlijk greot zijn (paragraaf 2.2.7). Honing of
sucrose-oplossingen kunnen de overlevingskansen van roofmijten aanmerkelijk
vergroten. De mogelijkheden om in een rozengewas zonder spintmijten een
predatorpopulatie te handhaven zijn neg niet aangetoond, maar vergroting
van de overlevingskansen van een bestaande predatorpopulatié lijkt prak-
tisch realiseerbaar.

De populatiegroei wvan de roofmijten zal afhangen van het aantal spint-
mijten dat zich op het bespinselde bladoppervlak bevindt, maar tevens van
de temperatuur en de relatieve luchtvochtigheid (paragraaf 2.2.1-2.2.3}.
Ook bij roofmijten is de ontwikkelingssnelheid en de reproductiesnelheid
lineair gerelateerd aan de temperatuur. Echter temperaturen boven 30°C en
vechtigheden beneden 70% veroorzaken een hoge mortaliteit onder de juveniele
rocfmijten. Omdat spintmijten veel minder kwetsbaar zijn bij temperaturen
tussen 30 en 35°C en bij lage luchtvochtigheden (40-70%), zijn deze omstan-
digheden in het kasklimaat kritiek voor de beheersing van spiﬁtmijtenplagen
m.b.v. roofmijten. De vier onderzochte soorten roofmijten vertoonden onder-
ling verschillen in ontwikkelingsduur, grootte van het nakomélingschap en
de geslachtsverouding hiervan. Zij ontwikkelden zich echter allemaal snel-
ler dan de spintmijten, maar legden minder eieren. De conseguenties van deze
verschillen zijn moeilijk te overzien zonder gebruik te maken van computer=
modellen van de predator-prooi interactie op populatie-niveau. De evaluatie
van deze verschillen zal daarom in Deel’ 2 van dit rapport worden behandeld.

Als het prooiaanbod voldoende groot is, kunnen jonge roofmijtvrouwtjes
ongeveer 70% van het opgenomen voedsel besteden aan de aanmaak van eieren.
De eiproduktie is zo hoog, dat het voornamelijk de reproduktieve vrouwties
zijn die de predatiecapaciteit van de roofmijten bepalen (paragraaf 2.2.4).
De snelheid waarmee het voedsel wordt gebruikt voor de aanmaak van nieuw

' 'protoplasma bleek in hoofdzaak af te hangen van de ovipositiehistorie,

d.w.z. het aantal reeds gelegde eitjes: roofmijtvrouwtjes lijken te 'stre-
ven' naar volledige realisatie van de potentiéle eiproduktie. De reproduk-
tieve roofmijtvrouwtjes zijn dus het meest vraatzuchtig en zij bepalen in
welke kolonies de eieren worden gedeponeerd. Daarom werd het zoekgedrag van
deze roofmijtvrouwtjes bestudeerd in een poging om het prociaanbod te rela-
teren aan de predatie en de daaruit resulterende reproduktie {Hoofdstuk 3).

Bij de bestudering van het zoekgedrag is het van belang om de motivatie-
toestand van de predator te karakteriseren. Gezien de hoge snelheid van de
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voedselconversie ligt het voor de hand om de voedselinhoud van de darm als
indicator veoor de motivatietcestand te kiezen. De dynamiek van de darmvul-
ling kan worden berekend als de ingestie, resorptie en egestie experimen-
teel kunnen worden gekwantificeerd. Dit bleek mogelijk met behulp van een
elektrobalans, waarmee het gewicht van individuele mijten kan worden bepaald.
Door meting van het gewicht van een gehongerde roofmijt voor en na voedsel-
opname kon de voedselinhoud van de verschillende prooistadia, de maximale
darmvulling en het verzadigingsdeficit worden bepaald (paragraaf 3.1}. Ook
was het mogelijk om de ingestiesnelheid en de snelheid waarmee het voedsel
uit de darm verdwijnt, te bepalen. Deze kwantitatieve gegevens werden ge-
bruikt in een model van de voedselconversie, dat is gebaseerd op de aanname

dat het surplus van de geresorbeerde voedingsstoffen wordt gebruikt voor de

aanmaak van eieren (Figuur 21}. Dit model werd op bruikbaarheid getest door

bijvoorbeeld uit te rekemen hoeveel tijd een gehongerd roofmijtvrouwtje

nodig heeft om weer een ei te produceren, en dit te vergelijken met experi-

menteel bepaalde tijdsperioden. De berekeningen bleken juist te zijn in een
maar na een bepaalde hongerperiode veroor=

breed traject van hongerperioden,
ode vroegen alvorens

zaakte voedseldeprivatie effecten die om een herstelperi
het vrouwtje weer tot eiproduktie kon overgaan.

Het model van de voedselconversie (Appendix A) werd gebruikt bij de ana-
onge vrouwelijke predatoren die vanaf ver-
iode, werden bij een
d geobserveerd en de
n de loopsnel-

lyse van de gedragswaarnemingen. J
zadigde toestand waren gehongerd voor een bepaalde per
prooikolonie geplaatst. Het gedrag van de predator wer
dynamiek van de darmvulling werd berekend. Op deze wijze ko
heid, de loopactiviteit, het looppatroon, de kans op prooivangst en de duur
van de voedingsperiode worden gerelateerd aan het geschatte voedselniveau
in de darm van de predator (paragraaf 3.2).

Dit experiment over het gedrag van de vier predatorspecies werd uitge-
pinseld blad en onbespinseld blad. Op deze
wijze kon de rol van het spinsel bij het fourageergedrag van de roofmijt
In het spinsel bleek de ontmoetingssnelheid per eenheid
omdat zowel roof- als spintmijten zich er

langzaam voortbewegen en ook minder tijd aan lopen besteden. Deze trage ver-

Plaatsing voorkomt heftige botsingen tussen roof- en gpintmijten zodat ver-
storing van de roofmijt, zoals veelvuldig waargenomen op het onbespinselde
substraat, nauwelijks meer optreedt. De coincidentie tussen predator en

tmoetingssnelheid worden verlaagd door de labyrinth-
oi kunnen over en onder

voerd op twee substraten: bes

worden vastgesteld.
prooidichtheid lager te zijn,

Prooi en dus cok de on
strudtuur van het spinsel.
elkaar doorlopen zonder dat onderling <O :
zoeken waarschijnliijk op de tast {paragraaf 3.2.3). Nadat zij een prool
met de zintuigen op de tarsi van het eerste potenpaar hebben ontdekt, kan
een aanval worden ingezet. Echter niet elk contact leidt tot een succesvolle
prooivangst. De succes ratio bleek af te hangen van de darmvulling van de
Predator, het ontwikkelingsstadium en het geslacht van de prooi en, in twee

Immers predator en pre
ntact plaatsvindt. De predatoren
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bijzondere gevallen, van het substraat; in het spinse] neemt de succes ratio
van Phytoseiulus persimilis sterk toe, terwijl die van Amblyseius potentil-
lae dan juist sterk afneemt (paragraaf 3.2.7, Figuur 33).

Op basis van deze gedragscomponentenanalyse werd een predatiemodel ont-
worpen met gebruikmaking van wachttijdtheorie (paragraaf 3.3). Peze theorie
wordt veel gebruikt bij de analyse van dienstverleningsprocessen, bijvoor-
beeld de behandeling van patié&nten op het spreekuur van een arts. De patién-
ten zijn nu de prooien, de arts js de predator, en de wachtkamer is de darm
van de predator. De snelheid waarmee zich nieuwe pati&nten aanmelden en in
de wachtkamer gaan zitten is equivalent met de predatiesnelheid; de tijd
die benodigd is voor de behandeling van de patiént is equivalent aan de
tijd die de predator nodig heeft om een prooi te verteren en het verteerde
voedsel in de haemolymphe op te nemen. ﬁaarmate er meer pati&nten in de
wachtkamer zitten, zal de arts de patiénten sneller behandelen en naarmate
de wachtkamer voller is, zal er een grotere kans zijn dak de nieuw-aankomen-
de patiénten van een behandeling afzien. Analoog aan dit voorbeeld neemt de
snelheid van voedselresorptie toe met toenemende darmvuylling, terwijl daar-
mee de motivatie om nog een prooi te vangen afneemt. Beide tendenzen zijn
experimenteel aangetoond.

Aangenomen dalt het aantal prooivangsten per tijdseepheid een Poisscon-
verdeling heeft bij een bepaald niveau van de darmvylling en dat de resorp-
tietiid per prooi een negatief exponentié&le verdeling heeft, kan een sto-
chastisch wachttijdmodel worden afgeleid. Dit model werd vergeleken met een
deterministisch model, een Compound-simulatiemodel en een Monte Carlo-simu-
latiemodel wvan het predatieproces (Appendix E-H). Deze vergelijking viel
uit in het voordeel van het wachttijdmodel, omdat deze minder rekentijd ver-
bruikt en spaarzaam is in het gebruik van variabelen zonder dat de essen-
ties verloren gaan (paragraaf 3.3.1). 7 .

Het wachttijdmodel werd op bruikbaarheid getest in een serie validatie-
experimenten, uitgevoerd op bespinselde en cnbespinselde substraten (para-
graaf 3.3.2 en 3.3.3). Het bleek dat de ontmoetingssnelheid per eenheid
prooidichtheid wordt verlaagd door de aanwezigheid van spinsel en dat dit
effect resulteert in een verlaagde predatiesnelheid bij Amblyseius bibens
en-Metaseiulus occidentalis. Tegenover deze daling in het zoekvermogen staat
echter de hoge prooidichtheid die in de spinselaggregaten wordt aangetroffen
(20-60 individuen per cm2 bespinseld blad), zodat de cntmoetingssnelheid
tussen predator en prooi toch nog hoog is. De overige twee onderzochte roof-
mijtenspecies bleken deze effecten ook te ondervinden, maar deze species
worden door het bespinselde substraat tevens beinvlced voor wat betreft de
kans om een prooi te vangen na tarsaal contact (succes ratio). Amblyseius
potentillae heeft een lagere succes ratio op het bespinselde blad, hetgeen
de verlaging van het zoekvermogen meer dan alleen compenseert: de predatie-

snelheid in de prooikolonie is hoger dan op onbespinselde bladeren met de-
zelfde hoeveelheid prooi.
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Systeemanalyse van de predatie bij verschillende temperaturen leerde dat
het effect van de temperatuur op de voedselconversiesnelheid bepalend is
voor de vraatsnelheid (paragraaf 3.3.4). Gedragsveranderingen ten gevolge
van de temperatuur bleken dus van veel minder belang. Vermoedelijk wordt
66k de verlaagde reproduktie bij hogere predatordichtheden veroorzaakt deor
een verlaging van de voedselconversiesnelheid en niet door veranderingen in
het zoekgedrag of door tijdverspilling bij onderling contact tussen roof-
mijten (paragraaf 3.3.6). Omdat roofmijtvrouwtjes streven naar de realisa-
tie van de potenti&le eiproduktie is de voedselconversiesnelheid evenals de
reproduktiesnelheid niet afhankelijk van de leeftijd maar van het. aantal
reeds door haar gelegde eieren (paragraaf 3.3.5). Het gebruik van voedsel
voor de eiproduktie bleek bij deze predatoren centraal te staan in de be-
paling van de predatiesnelheid, terwijl het vermogen om precien te bemach-
tigen als een substraat gebonden constante bleek te kunnen worden beschouwd.

Het wachttijdmedel werd tenslotte uitgebreid voor het geval dat meerdere
prooistadia met elk een verschillende voedselinhoud aanwezig zijn (paragraaf
3.3.7; Appendix I). De predatie van een bepaald prooistadium wordt in het
model bepaald door succes ratios, die gemeten waren in 'moncculturen' van
prooistadia. Uit deze metingen bleek dat spinteieren een makkelijker prooi

vormen dan larven, larven een makkelijker prooi vormen dan nymphen, en dat

de adulte spintvrouwtjes verreweg het moeilijkst te bemachtigen zijn. Boven-

dien bleek dat de verschillen in proocivangkansen voor de verschillende sta-
dia kleiner worden naarmate. de darmvulling van de predator lager is: de pre-

dator wordt minder kieskeurig naarmate zij meer honger heeft. Simulatie van

de predatie in een ‘'mengcultuur’ suggereerde dat de ‘monocultuur! succes

ratios ook onder deze omstandigheden de prooivangkans kunnen weergeven. Ech-

ter, er moeten nog veel meer validatie-experimenten worden uitgevoerd.

De duur van het verblijf in een prooikelonie wordt vooral bepaald door
de prooidichtheid (paragraaf 3.4.1 en 3.4.2). Dit bleek uit de vergeliiking
van de verblijfsduur van predatoren in spinsels met en zonder prooien. Ana-
lyse van het looppatreon en daarop gebaseerde simul

duur leerde, dat.het kronkelige looppad van de preda
geven voor de duur van het verblijf in de prooikolonie. De experimenteel
ikolonie kan alleen worden bereikt

Volgens de simulaties

aties van de verblijfs-
tor geen verklaring kan

vastgestelde verblijfsduur in een pIooO
indien de predator bij de rand van de kolonie omkeert.
van het loopgedrag komt de predator vaak genoed bij de kolonierané ?m snel
te kunnen reageren op verlaging van het prooiaanbod. Doordat roofmijtvrouw-
ties blijven zitten in de kolonies met hoge prooidichtheid zal de predat?r-
dichtheid ter plekke toenemen. Experimenteel werd aangetoond dat verhoging
van de predatordichtheid leidt tot een kortere verhlijfsduuf ?ndank? ee?‘
ruim aanbod van proocien {paragraaf 3.4.3). Predator- €n prooidichtheid blij=-

.in di tor
ken dus de belangrijkste factoren te zijn die het vertrek van de predato

bepalen. : .
; eko-
Doordat er onderscheid werd gemaakt tussen gekolonlseerd blad en ong
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loniseerd blad is het niet alleen nodig om de factoren te bepalen die de
verblijfsduur in de kolonie regelen, maar ook de factoren die bepalen hoe-
veel tijd een predator buiten de kolonies doorbrengt, m.a.w. hoe zoekt een
roofmijt naar nieuwe prooikeolonies? Dit is natuurlijk ook een aspect van
het gedrag op het individu-niveau, maar het zal in Deel 2 van dit rapport
worden behandeld in samenhang met de kolonisatie van de plant door de spint-
mijten. Wél is in Deel 1 reeds besproken (paragraaf 3.4 en 3.3.4) dat de
roofmijten langs de bladrand of een nerf lopen en een kolonie binnendringen
na tarsaal contact met de spinseldraden. Amblyseius potentillae vormt hier-
op een uitzondering. Deze roofmijt heeft de neiging om de bespinselde blad-
delen te mijden en zit bij wvoorkeur naast de dikke delen van de hoofdnerf
of in andere beschermde hoekjes op de plant.

De metingen op het individu-niveau kunnen aanleiding geven tot vragen
die slechts door simulatie en experimenten op populatie-niveau kunnen wor-
den opgelost. Denk bijvoorbeeld aan de metingen van het vertrek van de pre-

"dator. uit een prooikolonie bij verschillende prooi- en predatordichtheden.
Welke rol speelt dit dispersie-proces in de populatiedynamiek van predator
en prooi? Doordat de veranderingen in de aantallen en het kolonisatiepatroon
continu plaatsvinden, zou dynamische simulatie in combinatie met populatie-
experimenten een oplossing kumnen leveren. Ogk het belang van ontbrekende
experimentele gegevens op het individu-niveau kunnen worden opgespoord. Denk
bijvoorbeeld aan het feit dat de ontwikkelingsduur en de reproduktie zijn
gemeten aan individuele spintmijten bij een overmaat aan voedsel. Doordat
de spintmijten het bladparenchym leegzuigen zal de kwaliteit wvan het blad
achteruitgaan en mogelijk zullen de groei-variabelen daardcor worden bein-
vlced. Wanneer dit een rol speelt, dan zouden simulaties van de populatie-
groei van de spintmijten een grotere aantalstoename te zien geven dan popu-~
latie-experimenten in de kas. Deze voorbeelden laten zien hoe populatie-
modellen kunnen worden gebruikt om het belang van bepaalde karakteristieke
eigenschappen van prooi of predator voor de populatiedynamiek te demonstre-
ren en om nieuwe metingen op het individu-niveau te rechtvaardigen. Op deze
wijze zijn een aantal vragen geformuleerd in Hoofdstuk 4, die opgelost zou-
den kunnen worden door combinatie van simulatie en experiment op populatie-
niveau. De beantwoording van deze vragen Zal in Deel 2 plaatsvinden.
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APPENDIX A MODEL OF REPRODUCTION IN RELATION TO FOOD INTAKE

TITLE REPRODUCTION IN RELATION TC FOOD INTAKE
PITLE DETERMINISPIC SIMULATION OF THE POQD CONVERSION
PIPLE DISCRETE FEEDING SCHEDULE
INITIAL
DELX=1./DELT
*****************i*******il***************************************i*****
x%% TNPUT DATA ' ‘
##% METASEIULUS OCCIDEMTALIS
X L3
PARAM GUTC=3.3,0PTFW=2.2,DRYW=2.7,5GG=1.9
P N Y e L2 2 EX RIS ET T RIS EL SIS IS SRS LSS T L L 2L LA S LR Lk
*#+ RELATIVE RATES
* 3k . - I
RRRES =(TEMP-11.)*0.195
RREG =(TEMP-11.)*0.01
RRWLOS= (TEKP-11.)*0.04
PARAM TEMP =26.
P e T Y S S TS SR L RS S S S R E S S RIS ST RS S EE TS EE LRSS SRS LSS ES RS L L 4
*#% INITIAL CONDITIONS
**jl- .
PARAM FDEPRT=0. _
: IFRW =0P7TFW *EXP&—RRWLUS*FDEPHT;
IFCG =GUTC *EXP(-RRRES *FDEPRT
IREP =0.
DYNAMIC
********f****i**********************************i*i***i**********i******
#4% STATE VARIABLES
* % *
WEIGHT=FRESHW +DRYW +PCOU%
FRESHW=INTGRL({IFRW, RRESW-RWLOSS)
FCGUT =INTGRL(IFCG,RPI-RRES-RES)
REPRODzINTGRL%IHEP,RRESR—PUSH*EGG*DELX)
NEGG =INTGRL(C.,PUSH*DELX)
PUSH =INSW{REPRUD-EGG,0.,1.)
FOGD =INPGRL{IFCG,RFI .)
FAECES=INTGRL{O. ,REG
MTBOL =INTGRL{C. ,RRESW)
*****************************i****wl*************i*************i********
#%#% RATE VARIABLES
% ¥
RFI  =AMIN!(GUTC-FCGUT,PREY)*PULS*DHLY
RRES =RRRES *FCGUT
RRESR =INSW(FRESHW-QPTFW,0.,RRES)
RRESW =INSW(FRESUW-OPTFW,RRES,O.)
REG  =RREG *PCQUT
RWLOSS=RRWLOS*FRESHYW
**i************i******************i***i*********************************
#%% PEEDING SCHEDULE
Ex 2]
PARAW PERIOD=1,

PULS  =IMPULS(0.,PERIOD)
PARAM PREY =1,
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Y L T TR R s R I X 2 T T FYENY TR WFFRINY T8 PFEAR R P REVe (g
+4% QUTPUT STATEMENTS

LE 5

PHINT FOOD,FAECES,MTBOL,FCGUT,FRESHW,WEIGHT, REPROD, NEGG

TIMER FINTIM=50.,CUTDEL=2.,PRDEL=2.,DELT=0.05

METHOD RECT

END

370P

ENDJOB
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APPENDIX B TIME SERIES ANALYSIS

Sequential changes of walking directions may be correlated. This can be

analysed in two ways:

- Markov chain analysis with regard to the sign of the changes in walking
direction;

- Auto correlation analysis with regard to the sign and the magnitude of
changes in walking direction.

Markov chain analysis

If a sign of an element in a time series depends on the signs of preced-
ing elements, a Markov model may be adequate. The case most commonly treated
is the first order Markov model, for which only the last element in a time
series influences the choice of a new element:

Py =Prob(A =i | A, =3, A _, =k ..... ) = Prob(a =i |a

ji
for positive or negative j, i, k .....

This is called a transition probability from j to i. Four transition proba-
bilities are possible: p__, p_,  p,_and Py,-

Suppose we want to test the null hypothesis that a direction choice pro-
c¢ess has order zero (no feedback at all) against the alternative that the
order is one (an influence of only the last element). Then it is useful to
order the sequences in the following contingency tables:

For N_,, the point indi-
to + - total cates that the first ele-
from ment in a sequence can be
+ N+ N, _ N,. either + or -; the second
element must be a +. Simi-

= N_, N__ N_, larly for N,  the first
element in a seguence must
total N, N _ N be a +, the second may be

+ or -, and so on.
Under the null hypothesis, p equals N_i/N (i = + or ~). According to Ander-
gon & Goodman (1957) the following Chi-~square statistic applies:
2Ny _-(1-p)oN )2
4
i=-,+ P-N;. (1-p}-N;

2 s (Ni.'.—p'Ni_)
X] =2 .
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If this zero-order test reveals dependency, it may be asked if the pro-

cess is of order one or higher. The null hypothesis of order = 1 can be
tested against the alternative of order = 2 with the aid of the following

contingency tables:

Lo + - to + -
fr°£\\\\ froﬁ\\\
- -
N+ N ;. N__. N...
++ -
N v+ Nyio + N Nyo-

According to Anderson & Goodman, these tables may be treated as contingency
tables again. The sum of the xi statistics has the xg distribution under the

null hypothesis.

Aute correlation analysis

Correlation between successive observations in a series is called auto
chattfield, 1975). The auto correlation coefficient
k' which by ana-

correlation (see e.qg.
is calculated with the aid of the covariance coefficient c
logy with the ususal covariance formula is defined as:

n-k _ _

2-1 (A, - B) - (Ayy - A).

S

ey =
t lag k, in which s is the number of

This is called the auto covariance a
is estimated

the element in the series. The auto correlation coefficient Pr

as the gquotient of Cy and the variance ui (=ck=o):

Sk
e =5 v for kK =1, 2, «+-+., M and m << 0.
Ko
0
Suppose that A, Ay ovvns A are independent and identically distributed

random variables with an arbitrary mean, then it can be shown (Kendall &

Stuart, 1966, chapter 48) that:

-1l/n and var(rk) z 1/n,

y normally distributed. After plotting of the
an be drawn at
that fall outside

E(rk) =

and that I
I, values against k, ap
-1 .
/mt 140 - thy = 0.05)

these limits are significant

For the purpose of simulation a multiple re
account for correlation between successive ranges
A, (1 < s ¢ n). This process can be described by the au
+ xs' where z(xs) = E(As} = 0.

is asymptoticall
proximate 95% confidence limits c
= -1/n * 2/4n. Values of Iy
1y different from zero at the 5% level.

gression model is adequate to
in walking direction

to regression equation:

A =

. 4 uv.. ta_°A
s al + az As—2 m Ss-m

'As—l
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As is not regressed on independent variables but on past values of As. Hence

the term autc regression; m is the so=-called order of the auteo regressive
process. The coefficients Gyr Doy weees, O are the auto regression or par-

tial auto correlation coefficients and X, is determined by a purely random
process. To obtain a series Xs' which is freed of correlation, the auto
regression equation is rewritten as

X=A—(ul~A

+ o . + ...l o
=] 5

s=1 2 As—z m As—m)'
The parameters p, ¢, and A of the Tukey distribution may be estimated again
on this corrected series X, -
Now two related guestions remain to be answered:
- How to determine the order m of the process?
- How can we estimate the auto regression coefficients from the auto cor-
relations?
The order of the process is indicated by the range of values of r, or
Aper which are significantly different from zero (i.e. outside the range
+ 2/4n).
The relation between o and r can be obtained by multiplying the auto
regression equation with AL x and by calculating expectations:
n-k o
+ X
s=1
for E(X.) = E(A]) = 0.

1 n=-k a n-k
(Ag-Bg_y) = n—k'sil(As-l'As-k) o + E:E'SiltAs—m'

1
n-k

As—k)

For n >> k, this eguation may be simplified with the aid of the formula for
the auto covariance coefficient

C‘k=(!

If the auto covariance coefficient Cp is divided by the variance Gi (=co)f
we obtain the Yule-Walker equations:

17wy T e * “m Ck-m*

+ ..., +

T * %17 Tka “m" Fken
Because r) is equal to r_,, the m unknown aute regression coefficients can
be solved out of a set of m Yule-Walker eguations. In watrix-notation these

egquations are:

1 r, R T oy T,
r 1 r th e

1 1 Fn-2 oy I
r2 rl 1 P rm_3 oy r3
rm-l m-2 rm"3 s e a e .1 d’m ]:'m
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Note, that for a first order auto regressive process, the auto correlation
coefficients decrease exponentially with k:

rk = 0‘1.
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APPENDIX C MAXIMUM LIKELIHOOD ESTIMATION OF THE PARAMETERS OF THE TUKEY
DISTRIEBUTION

The procedure to estimate the parameters p, ¢ and A of the Tukey distri-
bution consists of a rough estimation of these parameters to obtain starting
values, and a subsequent maximization of the likelihood function to optimize
the parameter estimates (van Montfort & Otten, 1976).

Starting values

Estimate approximate values of Xp for the 10%, 30%, 70%, 90% points of
the measured cumulative frequency distribution. With these estimations, A,
can be solved from the following eguation by Newton-Raphson iteration:

- g 4 Ao L g.3tey o 0.3t - g.7hey  ou7he Cogl3he
0.1 (0.9 = 0.1ty - 0.1t~ o.gtey  p.ote - g.1te

X4y o g (0.7

Xg.9 = X

The 50% point of the cumulative frequency distribution, X, 5+ Serves as a

starting value for jp,. The starting value of o, can now be obtained from
equation:

Xy o = bo + 0o0(0.9% = 0.2Me)

Iterative optimization procedure

~ This procedure is based on Newton-Raphson iteration with the Log-Likeli-
hood function:

A A -1
B, @), e
o O’K

K+1

K = jterative step number

L = 1n{L*) (the Log-Likelihood function)
c

L* = q_iini (the Likelihood function)

=1, 2, .... , C
c = number of frequency classes
i = frequency in class i
p; = probability in class i
Zn, =N
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when 9 is defined as the class boundary, the Log-Likelihood function can

be computed as follows:

< -1 1
L=3 n;ln | £] (gi+1"") - £, (gi'“) [
i=1 o o
A
Yp = fh(p) and p = fA (Yp)

To maximize the Log-Likelihood function, L, the first and second deriva-
tives L' and L" are needed. Because of the discrete character of the L
function, these derivatives are determined numerically, according to

Abramowitz & Stegun (1975, p. 883-884}.

sL 5L% 512 512
5h BAGK sAop 5360
L= | 8L n oo | OL® sL> 512
dy SpbA Spdp Spda
8L, sL? 512 512
so Go8A dabp Soba

1t is possible that -L" has a negative eigenvalue in the beginning of the
iterative procedure. Therefore van Montfort & Otten (1977} propose a repara-

meterization to reduce this inconvenience. This is done by replacement of o

b, - ¢,

= number of freguency classes) is

=
= . = = = 0,731
by § =g Yp(K=1) for p(K=1) = 755

The jteration process can be stopped when L, = L, ; or L' or

is sufficiently small. A x__;_, test (¢
used to test the fit of the Tukey model to the measured frequency data. A
confidence interval for the parameters can be constructed on the basis of

the covariance matrix

A
cov (p) = % N

a
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APPENDIX D MODEL OF WALKING BEHAVIOUR

TITLE TQRTUOUS WALK + PREDATION
/ DIMENSION C{100,100)
FIXED U,I,J,K,X%,¥
INITIAL
DELX =1./DELT
INCON U =1
PARAL UBIT =.5
TP K B I BN I IR BT T I T M RN T I N AR N PN KN H R R

*%¥% PROPERTIBS OF PREY AND PREDATOR
#**

SPEED =0.018%60.

DIAMT =0.0%1

DIAKZ =C.013

RADIUS=0.5%(DIAMS +DIAMZ } /URLT
PARAM LABDA=-0.85,5IGMA=0.2,HU=0.
NOSORT

*EE .
e R T 2
**¥% REGULAR DISTRIBUTION OF THE PREY

*¥¥k
0 1 I=1,99
DO 1 J=1,99
c(I,d)=1.
1 CONTTINUR
DYNANIC
X

e st E 222 L bl e RS e DR AL St PRI LT T LS 2 T R Y

*5% NON-AUTOCORRELATED WALK
L2 ]
P =RNDGEN(U)
A =MU+STGHA®( P**LABDA-{1.-P)**LABDA)/LABDA
DIR  =INTGRL(O.,A*DELY)
CSDH  =C0S{DIR)
SNDE =SIN(DIR)
X1 =INTCRL(50. ,CSDR/UNIT)
Y1 =INTGRL(%0.,SNDR/UNIT)
NOSORT

L2 2]
E e T L R E LR SV SRR vy
**% REGISTRATION OF PREDATUR-PREY ENCOUNYEZRS

LT
D0 3 I=1,7
0% J=1,7
X =X1=4+1
Y =Y1-4+]
I7 (C(X,Y).Fg.0.) GO T0 3
DIST =SQRT{(X=X1)**2+{y.Y})#%2)
IF (DIST.GT.RADIUS) GO 70 3
WHITE(6,100) X,Y
100 FORKAD(1X,2{F3.0,1%))
c{X,Y)=C.
SUM  =3UM+1.
3 CONTINUE
SORT
CLOCK =DIME/SPEED

Rz 1]
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T T TRt L L Y e L L LR L S E PR DS s st T e At
2% GUTPUT SPATEMENTS
*HE
PRINT SUM,CLOCK
TIMER FINTIM=100.,PHDEL=1,,0UTDEL=0.04,DELT=0.04
HETHOD RECT
FINISH X1=0.5,X1=59.5,Yt=0.5,¥1=99,5
INTERACTIVE
QUTEUT %1(320.,70.),Y1(3C,,70.)
LABEL PHYTOSEIULUS PERSIMILIS
PAGE XYPLUY
END
STOP
ENDJOB
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APPENDIX E DETERMINISTIC MODEL OF THE PREDATION PROCESS

PITLE FUNCTIONAL RESPONSE OF A PREDATCR TO THE DENSITY OF ITS PREY
2I7LE DETERMINISTIC APPROACH

TITLE YOUNG FEMALE PREDATCR CF METASEiIULUS OCCIDENTALIS VERSUS
TITLE BGGS OF TETRANYCHUS URTICAE

********************************i-*****************i***********i*******

#%% PHYSIOLOGICAL AND BEHAVIOURAL INPUT VARIABLES
3% ¥t
PARAM GUTCON=35.7%
PARAM FCPREY=1.
INCON IFCG =2.95
PARAM TEMP =26.
RRGE =(TEMP - 11.) * 0.195
PARAM DMPREY=0.013
PARAM DMPRED=0.057
DM =DMPREY + DMPRED
PARAM VLPREY=0.
PARAM ACPREY=D.
PARAM COIN =0.42
VLPRED=AFGEN{VLFPT,FCG/GUTCON }
ACPRED=AFGEN{ ACPD,FCG/GUTCON)
SR =AFGEN(SRT ,FCG/GUTCON)
BT =AFGEN(FTT ,FCG/GUTCON)
PUNCTION VLPT=0.,0.047,1.,0.047
PUNCTION ACPT=0.,0.39,1.,0.%9
PUNCTION FIT =0.,.009,.1,.007,.2,.006,.3,.005,.4,.004,1.,.004
FUNCT1ON SRT =0.,.558,.05,.9%6,.1,.854,.2,.27%,.%,.217,.4,.152, ...
+5,.083,.6,.10%,.7,.0469,.8,.0247, .9, .007, .98,0.,1.1,0.

* %%

e R e R T L e S s T e R r o o ST Sl L
::: COMPUTATION OF THE RATE OF SUCCESSFUL ENCOUNTER

RREWW =DM *SQRT(VLPREY**2 + VLPRED**2)%*ACPREY*ACPRED

RREWR =DM * VLPRED * ACPRED * (4. - AgPREY)

RRERW =DM * VLPREY * ACPREY * (1. - ACPRED)

RSA =(RREWW + RREWR + RRERW) * DPREY * COIN * SR * 86400.

8¢ =FT + (1./AMAX1(REA,1.E-5))

RBE =1./T5C

CUMPRD=INTGRL(O.,RSE)
Rk
M e R T L L s LI LT Ty npanpmpgappegappret s T T L L L)
::: DYNAMICS OF THE FOOD CONTENT OF THE QUT
PCG =INTGRL{IFCG, RFI - RGE )
RGE =HRGE * FCG
RFI =AMIN1({3DG/DELT,RSE *FCPREY)
8Dhe =AMAX1(0.,GUTCCN - FCG)
xEH
il AL A A S A SRS LA S LLE L LS S LS LT T P v SNV T
*rW FQUCTUATION OF THE PRSY DEMSITY 1IN RELATION T0
*xx  OHE TIME INTERVAL OF PREY REPLACEMENT

k%
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DFREY =INTGRL(IDPREY,(-RSE/AREA} + (REPL * (IDPREY-DPREY)/DELT))
PARAM KPREY=125.
PARAM AREA =5.

IDPREY=NPREY/AREA

REPL =IMPULS(Q.,REPDEL)

REPDEL=0.5/24.

* 3% %
3 46 AR I KA I I I KA I I I I WA A I A I I IR BN e R

*X% QUTPUT STATEMENTS
>

PRINT CUMPRD, FCG , DFREY
TIMER FINTIM=0.25,PRDEL=0.01,DELT=0.001
METH{OD RECT

* %
ER I T TR LA LSS LSS SRS S S22 LSS SRR A RS AL RS A L R SRR L X LS

END
STOP
ENDJOB
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APPENDIX F MONTE CARLC SIMULATION OF THE PREDATION PROCESS

DITLE PUNCTI1ONAL RESPONSE OF A PREDATOR TO THE DENSITY OF ITS PREY
TITLE MONTE CARLO APPROACH

TITLE YOUNG FEMALE PREDATOR OF METASEIULUS OCCIDENTALIS VERSUS
TITLE EGGS OF TETRANYCHUS URTICAE

W 260 46 0 NN IE I B3I 3 I U 0 9 96 46 9 369 3 30 3 3 6 I 63 3 R

#*% PHYSIOLOGICAL AND BEHAVICURAL INPUT VARIABLES
* %%
PARAM GUTCON=3.3
PARAM IFCP =1,
INCON IFCG =2.95
PARAM TEMP =26.
RRF1 =1.8%60.%24.
BRCE =(TEMP - 11.) * 0.195
PARAM DEPREY=0.013
PARAM DEPRED=0.057
DM =DMPREY + DMPRED
PARAM VLPREY=0.
PARAN ACPREY=0.
PARAM COIN =0.42
VLPRED=AFGEX (VLPT,FCG/GUTCON)
AC PRED=AFGEN( ACPT,FCG/GUTCON)
SR =AFGEN(SRT ,FCG/GUTCCN)
FT  =AFGEN(FIT ,FCG/GUTCCN)
FUNCTION VLPT=0.,0.047,1.,0.047
FUNCTION ACPT=0.,0.39,1.,0.39
FUNCTION FTT =0.,.009,.1,.007,.2,.006,.%,.005,.4,.004,1.,.004
PUNCTIOK SRT =0.,.558,.05,.9%6,.1,.854,.2,.273,.5,.217, .4,.152, ...
.5,.083,.6,.103,.7,.0469,.8,.0217,.9,.007, .98,0.,1.1,0.

¥ k%
L2 S L 2 L2 S L e s XS XXt A et s SRR LSRR YL LR L LR LR E TN L S
*#%  ENGAGEMENT OF THE PREDATOR
L2 5]
FIXED HANDLE
HANDLE= 0.5 + INTGRL{0O.,{CATCH-ABAND)/DELT)
SEARCH=1. - HANDLE
HTIM =INTGRL(O.,RHTIM)
RHTIM = FT*CATCH/DELT - INSW(DELT-HTIN,1.,HTIM/DELT)
ABAND =INSW(-HTIM,C.,1.) * HANDLE
* %X
****************************i******************{************************
#*%  COMPUTATION CF THE RATE OF SUCCESSFUL ENCOUNTER
¥ %
RREWW =DM *SQRT (VLPREY**2 + VLPRED**2)}*ACPREY*ACPRED
RREWR =DM * VLPRED * ACPRED * (1, - ACPREY)
RRERW =DM * VLPREY * ACPREY * (1. - ACPRED}
RSE  =(RREWW + RREWR + KRERW) * DPREY * COIN * SR * 86400.
PRC  =1. - EXP{-RSE*DELT)
RDRAW —RNDGEV(TELLER*2OO )
CATCE =IKSW(PRC — RDRAW , O. , 1. ) * SEARCH
CUHPRD_INTGRL(O.,CATCH*INT”HV[DELT)
INTERV=INSW(TIME-ADAPT,0.,1.)
PARAK ADAPT =0.1

¥** %
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***i***************I*************I**************************************

*#* DYNAMICS OF THE FOOD CONTENT GF THE GUT
%% %
FCG  =INTGRL(IFCG, RFI - RGE )
RGE  =RRGE * FQG
RFI  =AMIN1(SDG,PCPREY )}*HANDLE*RRFI
SDG  =AMAX1(0.,GUTCON - FCG)
FCPREY=INTGRL(O.,CATCH*( IFCP_FCPREY)/DELT - RFI )
AFCG =INTGRL(O.,PCG/DELT/NUM*IMPULS{ADAPT,PERIOD))
NUM  =(FINTIM~ADAPT)}/PERIOD

PARAM PERIOCD=0.05
ey

AL T EELT S ES ST S ST TS S ST LR NS ISR AT LRSI R Y R Ry

*%%  PLUCTUATION OF THE PREY DENSITY IN RELATICON TC
**% THE TIME INTERVAL OF PREY REPLACEMENT

W
DPREY =INTGRL(IDPREY, ({-CATCE/AREA)+REPL*(IDPREY-DPREY))/DELT)
PARAM NPREY =125.
PARAM AREA =5.
IDPREY=NPREY/AREA
REPL =IMPULS{0.,REPDEL)
.\ REPDEL=0.5/24.
* %

EE RS TS TSI TS LSS LIRSS S L LSILIT S S ST LS RS RS RS SRR R R s LS gl bl s L

**x QUTPUT STATEMENTS
*#x
TIMER FINTIM=0.25,PRDEL=0.01,DELT=0.001
METHOD RECT
TERMINAL
PARAM NREP =100.
INCON MPRED=0.,MFCG=0.
INCON SPRED=0.,SFCG=0.
INCON VPRED=0.,VFCG=0.
INCON TELLER=0.
MPRED =MPRED+CUMPRD/NREP
MFCG =MPCG + AFCG /NREP
SPRED =3PRED+CUMPRD*CUMERD
SPCG =3FCG + AFCG * AFCG
TELLER=TELLER+1 .
IF (TELLER.GE.NREP) GO 7O 1
CALL RERUN
G0 TO 2
1 VPRED = SPHED-NREP*MPRED*MPREDE/(NREP-1.)
VFCG =§SFCG —NREP*MFCG*MFCG) / {RREP-1.)
WRITE(6,10C) IDPREY
100 PORKAT($1H ?Emggg§L= ,F8.0)
WRITE(6,101) R
101 FORMAé(éBH REPLACEMENT IN DAYS = ,FB8.4)
WRITE(6,102)
102 TFORMAT(25H MPRED, VPRED, MFCG, VFCG)
WRITE(6,103) MPRED,VPRED,MFCG,VFCG
103 FORMAT(2{4X,2(¥8.4,4X)))
2 COKTIKUE

*% %

2R ST T T RTINS E L L S S
END

STOP

ENDJOB

*******************************************!*******
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APPENDIX G MATRIX ALGEBRAIC SOLUTION OF THE QUEUEING EQUATIONS

Under conditicns of constant RSE_ and RGEln the gueueing equatiocns can be
solved as follows:

Let A be the matrix of the coefficients in the queueing equations

1-RSE, RGE1; 0 O ¢
RSEo l—RSEl-RGEl1 RGEl2 [+ I 0 0 °
0 RSE1 l-RSEZ-RGEl2 RGEl3 ..... 4] 0 0
A= o0 0 RSE
2
. . RGEL, , 0
: é - RSENm1 l—RSEN_l—RGEN_l RGElN
0 it -
0 RSE,_, 1-RGEL

Let p be a vector of the state probabilities, P, in the gueueing equations

py(t)

pq(t)

p,(t)
p{t) = -

Py(t)

when R stand for a square matrix of eigenvectors arranged in columns, then
a matrix Q can be cbtained with the eigenvalues of A (= qn) ranked on its
diagonal

dg ¢ ....... 0
0 Qyeveren- 0

.
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The distribution of pn(t) can now be calculated as follows

-1
r-(ef A Ryrlipio) = r-e2 " 5rLp(0)

p(t) = e* F.p(0)

The solution of this set of equations is represented by Bnn
.-eqj't

n=1, 2, 3, ...0e.. N
g is negative
Bg = equilibrium coefficients

The number of prey killed during a time span t (= CUMPRDt) can be feound by

integration of the predation equation

: N N
b L
PRED, = Lim PRED = SPilt = 3 nep (t) + I  RGEL -pp(t)
DELT-+0 at =0 n=0
N N t
CUMPRD, = £ n+p_(t) + £ (RGE1l -f p_(u)du)
t n=0 n n=0 np™™®

t

1
= o+ =
épn(u)du Bno a, a,

. g0ty . 1 .g (1-e"92"T .
ﬂnl (l-e 71 ) + 5n2 {(l-e *2 ") + ..
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APPENDIX H QUEUEING MODEL OF THE PREDATION PROCESS

TITLE FUNCTIONAL RESPONSE CF A PREDATOQR TO THE DEREITY OF ITS PREY
TITLE QUEUEING APPRCACH

TITLE YOUNG FEMALE PREDATCR COF METASEIULUS COCCIDENTALIS VERSUS
TITLE EGGS OF TETRANYCHUS URTICAZ

STORAGE PST(22),PTD(22)

FIXED NCL

INITIAL

36 I M3 T I 3396 2 396 I I I I I W U eI K I WA I I I I N RN

#%¥%  ENUMERATION OF THE FOOD CONTEN?D CLASEES OF THE GUT

¥tk 1 2 3 4 5 4uies. I eees..4902021 22 = NC
*ex 1 2 35 4 veneve N veenusiB 19 20 = NCL
#ex 0 1 2 3 terereenaasensadT 18 16 = NCLABS
* %X

NC =22

NL =NC-1

NCL=20

NCLASS =19
¥* % %

HHNEIAEEXEREREREEETEREREEFERAER XX AR XX R XL XXX RN XA XK NN XN

*%%  COMPUTATIGN OF THE FLUCTUATION OF PREY DENSITY IN RELATION 70
*%¥ THE TIME INTERVAL CF PREY REPLACEMENT
** %
PARAM AREA =5. _
PARAM NPREY =(.1,.2%,1.,2.,3.,4.,6.,8.,12.,32.,50.,75.,100.,125.,200.)
IDPREY=NPREY/AREA
DPREY =IDPREY
DELX =%./DELT
REPDEL=0.5/24.
PARAM TEMP =26.
RRGE =(TEMP-11.)*0.195
MDPREY=0.
MFCG =0.
CUMPRD=0.
DYNAMIC
REPL =IMPULS{0.,REPDEL)
NOSCRT
CALL PREDA(HRGE,DPRELY,PREL,F0OUD,FCG)
DPREY =DPREY —(PRED /AREA)+REPL*{IDPREY -DPREY )
IF {(TIKE.LT.DELT) GO 70 5
CUMNPRD=CUMPRD+ PRED
MDPREY=MDPREY+(DPREY*DELT/FIKNTIM)
- MPCG =MFCG +(FCG *DELT/PINTIM)
**********************************************ﬁ*************************
*#%  QUTPUT STATEMENTS
¥
IF (TIME.LT.FINTIM) GO TO S
WRITE{6,111) CUMPRD ,MDPREY ,MFCG
111  FORMAT(2X,3(2X,F6.3%,2X))
DO 5 IG=1,NCL
GUTCON =IG
WRITE(6,112) GUTCON,PST(IGH)),PTD(IG+1)
112 FORMAT(2X,%(2X,P8.4,2%))
5 CORTINUE

* %k ¥ *
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SORT
EIMER FINTIM=.25,PRDEL=.25,DELT=.00
*%
i E R R bR R L L L N R g g A i SISV,

END
STOP
SUBRCUTINE PREDA(RRGEMP,DS,
3 PN,FI,GT)
COMMON
C**************{**********************i************i************i***i*
g:: PHYSTOLOGICAL AND BEHAVIOURAL INPUT DATA
DIMENSION RSE(22),RS1(22)
DIMENSION SR{20) ,PT(20)
DIMENSION PT(22) ,RGE1(22)
DIMENSICN VL{20) ,AC{20)
DATA VL/20%.047/
DATA AG/20%.39/
DATA SR/.936,.936,.854,.273,.245,.217,.185,.152, .128,.10%,
$ .093%,.083,.06%,.047,.0%4,.0217,.014,.007, .0035,0./
DATA FT/2%.009,2%,007,2%.006,4%,005,10%.004/
FCP =1,
GUTC =%.3%33
EXLAKG=NCTASS/GUTC
DMPREY=0.013
DMPRED=0. 057
DM =DMPRED+DMFREY
VLPREY=0.
ACPREY=0.
COIN =0.42
C***

CHEARIE KRR RN AN R X T IH NI NI I TN TE T 0030390 03 3 X

C*%%  COMPUTATION OF THE RATE OF SUCCESSFUL ENCOUNTER AND
C#** THE INVERSE GF THE TIME NEEDED TO RESCRB AND EGEST
C#*%  GHE MASS EQUIVALENT M0 THE CLASS-SPECIFIC PART OF THE PREY
CH*%

D9 51 N=1,KCL

I=H+1

RGE1(I)=~RACEMP/ALOG((N-.99)/N)

RREWW =DM*SQRT (VL(H}*VL(N)+VLPREY*VLPREY)*AC{}¥)*ACPREY

RREWR =DM*VL(K)*AC{N)*{1.-ACPREY)
=DM*VLPREY*ACPREY*(1.-AC(N))*0.5

RRERW
RSA =(RREWW+RREWR+RRERW ) *DS*SR{N ) *COIN*86400.
30 =(FT(F))+(1./(AMAXI (RSA,1.E-5)))
RSE(I)} =1./TSC
PST(I) =0.
51  CONTINUE
RGE1 (1 )=0.
RGE1{NC)=1.
RGE1(2 }=0.
RSE(1) =0.
RSE(KL)=0.
RSE(NC)=0.
CHxx
*}*******lii******ll}*l*

C****************i**********i*******************
C*x*x COMPUTATIOK OF THE STEADY STATE DISTRIBUTION OF
C*** THE FOOD CONTENT OF THE GUT
Cxxs

PST(1) =0.

PST(:HC)=0.

PST(2) =1.

SUMST  =0.

DO 52 N=1,NCL

I=N+1
FCPREY =AMIN1 (§L-2.,FCP*ENLARG)
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I = MAXi{I-FCPREY,1.)
PST(I+1) (- PST(I1)*RSE(I1)+PST{I)*(RSE(I)+RGE1(I)))/RGE1(1+1
SUMST =SUMST+PST(I)
52 CONTINUE
DO 53 N=1,NCL
I=N+1
PST(I) =PST(I)/SUMST
53 CCNTINUE

Ca*x
L g e el

Cx#» INITIALIZATION OF THE FREQUENCY DISTRIBUTION OF
C*** TFOOD CONTENT OF THE GUT

Cx®x
PT{1 } =0.
PT{NC) =0.
DO 54 N=1,NCL
I=N+1
PT{I) =PTD(I)
IF (TIME.LE.DELT) PT(I) = PST(I)
RS1{1) =0.
54  CONTINUE
c***

CHEHEEREREERRELERLERERE R AKX EREERERAER AR AR A AR R R LA RR XX R XR R R RELRER LK

Cx%** COMPUTATION OF THE RATE OF PREDATICN AND THE FOOD INTAKE
C***  ACCOUNTING FOR PARTIAL INGESTION
Cr**
PH =0.
FI =0.
IP =FCP*ENLARG
I1 =MAXO({NCL-IP+1,2)
DO 5% N=11,NCL
I=N+1
PART =RSE(I)}*PT(I)*DELT
RS1(NL)=HS1 (NL)+PART/DELT
PN =PN+PART
FI =FI+PART*(NL-I)
55  CONTINUE
I2 =MINO(HCL,IP)}
DO 56 N=I2,NCL
I=N+1
WHCLE ~RSW£ —IP)*PT}I -IP)*DELT
RS1(I)=RSt(I)+WHOLE/DELT
PN =PN+WHOLE
FI =PI+WHOLE*IP
56 CONTINUE
[oh o o
(A S b e b et R a bt b bl Al g st a st d LT R TR TEL LR P E R PR SRR P S VSRR R g
C*** COMPUTATION OF THE FREQUENCY DISTRIBUTION OF FCGU?T
Cx*» AT TIME + DRELT

Cx*E*
SUM =0.
DO 57 N=1,NCL
I=N+1
RS1§I} =(RS1(1) +RGE1(I+1 ;*PT( +1 ) }*DELT
PTD(I) = PT{I)*(1.-{RSE(1)+RCE1 (I %%*DELT)+RS1(1)
8UM =8UM + PTH(I)

57  CONTIKUE

GT =0.
GuT =0.
DO 58 N=1,NCL
I=8+1
gTD(I) =PTD(1) /3UM
Gu?T =GUT+PTD{1}) *G/ENLARG
Go =GT +P3T{I) *G/ENLARG
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58 CONTILUE
O
CRERERRRAERERERRERR AR EEARRR AL RREE R RN AR AR AR IER R R R RAHERHA R TR REREEH R
RETURN
ERND
ENDJOB
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APPENDIX I QUEUEING MODEL OF PREDATION IN A MIXTURE OF PREY STAGES

TITLE FUNCTIONAL RESPONSE OF A PREDATOR TO
TITLE THE DENSITY OF A RIXTURE OF PREY STAGES
TITLE QUEUEING APPROACH
TITLE YOUNG FEMALE PREDATOR OF METASEIYLUS OCCIDENTALIS VERSUS
TITLE ALL PREY STAGES OF TETRANYCHUS URTICAE
TITLE BGG, LARVA,PROTO- AND DEUTCNYMPH C.Q. CHRYSALES,MALE AND FEMALE
STORAGE DSI(10},DS{1¢),P87(22),PTD({22),PH(10)
FPIXED NCL,NST
INITIAL
NCL=20
N37=9
*hw
ke d i bt A A e s L LR T LRSS EE BT T LT PR e e g SR L3

*#% COMPUTARICN OF THE PLUCTUATICK OF THE DENSITIES OF SEVERAL
*** PREY STAGES IN RELATICN TO THE TIME INTERVAL OF PREY REPLACEMENT
+ %
INCON RP=(C.,WP=0.,3P=0.
NOSORT _
DC 1 I3=1,NS7+1
DSI(IS)=0.
D3(18) =0.
PN(IS) =0.
1 CONTINUE
PARAM AREA  =5.
PARAM NPREY ={0.,2.,5.,
DSI%2) =NPREY/AREA
DSI(9) =(10.-NPREY)/AREA
DO 2 IG=1,KCL+2
PID{1G)=0.
2 CORTINUH
SORT

8.,10.)

DELX =1./DELT
REPDEL=12./24.
PARAM TEMP =25.
RRGE =(7EMP-11.)*0.16
DYNAMIC

REPL =IMPULS(0.,REPDEL)
HOSORT
CALL PRED(RRGE,R?,WP,FCG)
DO 4 1S=2,9,7

DS(IS) =DS{IS)-(PN(IS)/AREA +REPL+* -D3
xn PNEIS; =PN{IS}*DELX M ) (P81(15)-D3(18))

***********************i******

*#&* QUTPUT STATEMENTS

¥ *

**********************************i*******

IF (TIME.L?.DELT) GO TO
WRITE{6,111) PN({IS},DS(IS),FCq

111 FORMAT(2X,3(2X,P8.4,2X))

4 CONTINUE
PERC:PN(9)/(PN(2)+NOT(PN(2)))
WRITE{6,110) PERC

110 FORMAT(2X,1(2X,F8.4,2%))

* DO 5 IG=1,NCL
* GUTCON =1G
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IP (TIME.LZ.DELT) GC T0 5
WRITE(6,112) GUTCON,PST{IG+1),PTD{Ia+1)

112  FORMAT(2X,3(2X,F8.4,2%))

* 5 CONTINUE

SORT

g&gEﬁ FINTIM=.001, PRDEL=.001, DELT=. 001

PARAK AREA=50.

END

PARAM AREA=500.

END

STOP

SUBRGUTIKE PRED{RRGEMP,

s REPH,WEIGHT, GUT)

* * %

COMMON

CRELEXEEERERK LR KA AR ERE LR R FRERELEF AR EREF LR AR EERELE R EREERR

C*#*¥ PHYSTOLOGICAL AND BEHUAVIOURAL INPUT DATA

Qxxx

DIMENSION FT(22),RGE1(22)

DIMENSICOK RS{22,10),R81{22)

DIMENSIOK PY{%),SR(20,9),77{10,9)

DIMENSION DM(10),VP{20),VL(10},AC(10)

DATA PY/1.,1.3,1.1,2.3%,2.5,2.7,8.6,2.7,18./

DATA DM/.013%,2%.026,%*.034,.045,.084,.065,0.076/

DATA VL/0.,.004,0.,.007,0.,.01,.01,.02,.02,.068/

DATA VP/5%0.085,5%0.08,5%0.075,5%0.068/

DATA AC/O.,.04,0.,.04,0.,.04,.04,.04,.04,.14/

DATA SR/20%0.,

$ .774,.908, .883, .5884, .880,.880, .861, .861, .728, .728,
¥ .741,.741,.679,.679,.541,.541, .452,.307,.110,0.,
3 20*0.,
% 20*0.,

3 20*0.,

3 20*0.,

$ 20%0.,

3 20%0.,

3 .325,.%25,.302, .115,.115,.08, .08, .07, .07, .06,
5 .06,.06,.06,.06,.06,.05,.05,.04,.02,0./

D B s 6.3,5.4,5.8,5.3,5.1,6.0,4.5,2.5

8. Ty * «Oy Ja gy et gMelyTe fgonr iy

ﬁ .014,.811,.609,:oos,.oo7,.006,.oos,.oo5,.005,.005,
$ .015,.013,.011,.011,.010,.010,.009, .008, .008, .C08,
$ .01%,.013%,.011,.011,.010,.010,.00%, .008, .008, .008,
% .015,.013,.011,.011,.010,.010,.009, .008, .CC8, .008,
3 .021,.021, .020,.020,.019, .014, .010, . 009, .009, . 009,
5 .027,.02%, .023,.023,.023,.022, .020,.020, .018, .015,
3 .040..0%2,.031,.027, .026,.021,.021,.019, .019,.019/
NL=NCL+1

NC=NCL+2

MP=N3T+1

GUTC =5.2

ENLARG =(NCL-1.)/GUTC

GUTM  =21.

OPTY  =4.5

£GG =%,2

DLT =DELT

DO 50 M=1,NST

PN{NK) =O.

Rs{1,M)=0.

RS{NC,M)=0.
50  CONTINUE

DO 51 N=1,NCL

I=N+1

ps7(1) =0.

RS(I,HE)=0.
51 CONTINUE

CHe®
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R R e S e E TS e R
C*x% COMPUTATION OF THE RATE OF SUCCESSFUL ENCOUNTER ARD

C**% THE THVERSE OF THE TIME NEEDED 70 RESQRB AND EGE3T

Cx*% OHE MASS EQUIVALENT 70 THE CLASS-SPECIPIC PART OF THE PREY

Ce*x

DO 52 W=1,NCL

I=N+1
G“1(I):-RRGhMP/ALOG((N-.99)/N)
DO 52 M=1,RuT
AC2 _o S013% (TEMP~11.9)*AC(1) /0. 1094
AC1 =AC(HMP)

ENCAA %DM%MP%+DM§M)}*SQRT(VP(H)*VP(N)+§L(M)*VL(M})*AC1*ACZ

ENCAR DM(MP }+DM{ M) }*VE{N ) *ACt*(1

ENCRA =(DM({MP)}+DM({M) ) *VL{M)*AC2%({1.-AC1)*0.33
RSE =(ENCAA+ENCAR+ENCRA ) *DS{M)*SR(N,M)*86400.
78C =(PT(I1/2,4)/86400.)+{1./{AMAX1(R3E,1.E-5))}

RS{I,M}=1./78C

RS{NL,M)=0C.

RS(I,MP)=RS(I,MP)+RS{I,M)
52  CONTINUE

RGE1(1 )=C.

RGE1(HC)=1.

RGE1({2) =0.

Q*%%
e e s e e e e ey L2

C**% COMPUTATION OF THE STEADY STATE DISTRIBUTIONK OF
C=*x THE FOOD CONTENTS OF THE GUT

[ 2
SUMST =0.
PST(1) =0.
PST(2) =1.
DO 54 N=1,NCL
I=N#1
RS1(1I) =0C.

DO 53 M=1,N37T
PREY  =AMIN1(GUTM-2.,PY{M)*ENLARG)
Ij = MAX1(I-PREY,1.)
R8(1,M)=0.
RS1(1) =R81(I)+P8T(11)*RS(11,H)
RS(¥L,M}=0.
53  CONZINUE
RGE1{2) =
PST(I+1 )= (-Hb1(I)+PST(I)*{RS(I.MP}+RGE1(I)))/RGE1(I+1)
SUMST  =SUMST+PST(I)
54  CONTINUE
DO 55 N=1,NCL
I=N+1
PST(I) =PST(I)/SUMBT
55 CONTINUE
AL 2 X0
C***********************************************************************
C*ew INITTALIZATION OF THE PREQUENCY DISTRIBUTICK OF
C*** FOOD CONTENTS OF THE GUT

Ce%
PT(1 ) =0.
PT(NC) =0.
DO 56 N=1,NCL
I=N+1
P?{I) =PTD{I)
IF (TIME.LE.DLT} PT(I) = PST(I)
RS1{I) =0.
56  CONTINUE
Cexx

C********ii**i***********i*******************I****i*********************

%::: COMPUTATION OF THE RATE OF PREDATION
[

222



DO 58 N=1,NCL
T=N+1
DG 58 M=1,NST
PREY =AMIN1(GUTM-2.,PY(M)*ENLARG)
12 = MIN1{GUTM~PREY+N, ZUTH}
I1 = MAX1(I -PREY ,1.
WHOLE =RS(I1,M)*PT(I1}*DLT
PART =RS(I2,M)*PT(I2)*DLT
RS1(I) =RS1(I) +WHOLE/DLT
RS1(NL)=RS1 (NL)+PART /DLT
PN(M) =PNK(M) +PART+WHOLE
58 CONTINUE
Cxx*
Al Y Y R L B R P r e T T T Tl r T
C**x COMPUTATION OF THE FREQUENCY DISTRIBUTION OF PCGUT
C*%x AT TIME + DELT

Ox*%
RGE =0.
SUM =0,
DO 59 N=1,NCL
I=H+1
DIG =RGE1(I+1)*PT(I+1)
RGE =RGE+DIG/ERLARG
RGE1(2)=0.
PTO(I) =PT{I)}*(1.-(RS(I,MP)+RGE1(I}}*DLT)+{(RS1(I)+DIG)}*DLT
SUM =3UM +PTB(I)

59 CONTINUE
GT =0.
GuT =0,
DO 60 N=1,NCL
I=N#1
PPD(I) =PPD(I)/SUM
G =N-.
GUT =GUT+P2D(I)}*G/ENLARG
GT =GT +PST{I)*G/ENLARG
60 CONTIKNUE
Cxex

CORAA T T T IE AT TN I J NN F IR H IR R TR RN RN
C**» REPRODUCTION IN RELATION TO FOOD INTAKE
Ce*x

IF (TIME.EC.DLT) FRESHW=0PTW

WEIGHT =AMIN$ (OPTW,PRESHW)
FRESHW =FRESHW+(RGE-(TEME-11,)*{GUT*0.01+WEICHT*0.04))*DLT

PROD  =AMAX1(0.,FRESHW-OPTW)
FRESHW =FRESEW-PROD
REPR  =REPR+{PROD/EGG)

CrEn

C**********************#**************************!‘*********!’*l‘*****{-***

RETURN
END
ENDJOB
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APPENDIX J LIST OF AEBREVIATIONS USED IN COMPUTER PRGGRAMS

A = angular deviation

ABAND = abandoning the captured prey

AC- = gctivity

ADAPT = adaptation period allotted to the predator
CATCH = catching a prey item

COIN = coihcidence in space

D- = density

DIST = distance between predator and prey
DM~ = diameter

ENLARG = factor accounting for the enlargement of the gut size
FC- = food content

FDEPRT = time period of food deprivation
-FI = food intake

FINTIM = finishing time of the simulation
FT = feeding time

-G = qut

-GE = gut emptying

GUTC{ON} = gut content

H- = handling

HANDLE = handling a captured prey

I- = initial

M- = mean

N=- = number

OPT- = optimum

PART = partial ingestion (vs. WHOLE)

PN = predation rate

PRC = probability of a prey capture

PST = steady state probability

PT = pi{t)

PTD = p(t + DELT)

PY = foed content of the prey

R- = rate

RDRAW = random drawing using the random number generator
~REP = replicates

REFDEL = time delay of prey replacement
REPR = reproduction

~-RES = resorption
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sD
SEARCH
SR-
TEMP
TSC

relative

rate

rate of successful attack (excluding feeding time)

rate of successful encounter (including feeding time)

predator

sum

is resting and prey is walking

satiation deficit

gsearching for prey

success ratio

temperature

time spent per successful capture

variance
velocity
velocity
weight

complete
predator
predator

of the predator

ingestion of the prey content
ig walking and prey is resting
and prey are walking

225



References

Abramowitz, M. & I.A. Stegun, 1972. Handbock of mathematical functions.
Dover Publications, Inc., New York.

Akimov, I.A. & V.V. Barabanova, 1977. Morphological and functional charac-
teristics of the digestive system in tetranychid mites (Trombidifor-
mes, Tetranychoidea). Revue d'Entomologie de 1'URSS 56(4): 912-922.

Akimov, I.A. & l.S. Starovir, 1978. Morpho-functional adaptation of the di-
gestive system of three species of Phytoseiidae to predatoriness.
Dopovidi Akademia Nauk Ukrain SSR 7: 635-638.

Alberti, G. & V. Storch, 1974, Uber Bau und Funktion der Prosoma-Driisen von
Spinpmilben (Tetranychidae, Trombidiformes). Zeitschrift fiir Morpholo-
gie und Jkologie der Tiere 79: 133-153.

Amano, H. & D.A. Chant, 1977. Life history and reproduction of two species
of predacious mites, Phytoseiulus persimilis Athias-Henriot and Ambly-
seius andersoni Chant (Acarina: Phytoseiidae). Canadian Journal of
Zoology 55: 1978-1983.

Amano, H. & D.A. Chant, 1978. Some factors affecting reproduction and sex
ratios in two species of predacious mites, Phytoseiulus persimilis
Athias-Henriot and Amblyseius apndersoni Chant {Acarina: Phytoseijidae).
Canadian Journal of Zoology 56: 1593-1607.

Anderson, T.W. & L.A. Goodman, 1957. Statistical inference about Markov
chains. Annals of Mathematical Statistics, 28: 89-110.

Ashihara, W., N. Shinkaji & T. Hamamura, 1976. Experimental studies on the
prey consumption and ovipositional rate of Phytoseiulus persimilis
Athias-Herriot as a predator of Tetranychug kanzawai Kishida (Acarina:
Phytoseiidae). Bulletin of the Fruit Tree Research Station Series E 1:
135=144. (In Japanese, English Summary).

Ashihara, W., T. Hamamura & N. Shinkaji, 1978. Feeding, reproduction-and
development of Phytoseiulus persimilis A,-H. (Acarina: Phytoseiidae)
on various food substances. Bulletin of the Fruit Tree Research Station
Japan E 2: 91-98.

Baker, J.E. & W.A. Connell, 1963. The morphology of the mouthparts of Te-
tranychus atlanticus and observations on feeding by this mite on soy-
bean. Annals of the Entomological Society of America 56: 733-736.

Begljarow, G.A., 1967. Ergebnisse der Untersuchungen und der Anwendung von
Phytoseiulus persimilis Athias-Henriot (1957) als biologische Bekimp-
fungsmittel gegen Spinnmilben in der Sowjetunion. Nachrichtenblatt des
Pflanzenschutzdienstes 21(47): 197-200.

226



Begljarow, G.A. & R.l. Hlopceva, 1965, Entwicklung der Raubmilbe Phytosei-
ulus persimilis A.-H. bei Erndhrung mit verschiedenen Arten von Spinn-
milben. W "Issledovania po Biologiceskomu Metodu Borby s Vreditelami
Selskoge i Lesnogo Chozajstva'. Novosibirsk 2: 104-106. (In Russian)

Bekker, E.G., 1956. The food and the alimentary canal of Tetranychus urti-
cae Koch, when the mite is in an active state. Vestnik Moskovskogo
Universiteta, Seryya Fiziko-Matematiceskich i Yestetvennych Nauk 2:
103~-111.

Belzer, W.R., 1979. Abdominal stretch in the regulation of protein inges-
tion by the black blowfly Phormia regina. Physiological Entomolegy 4: 7-13.

Bengston, M., 1970, Effect of different varieties of the apple host on the
development of T. urticae Koch. Division of Plant Industry Bulletin
530: 65-113.

Berridge, M.J., 1970. In: Insect ultrastructure (A.C. Neville, ed.).
Blackwell, Oxford, p. 135-153.

Blauvelt, W.E., 1945. The internal morphology of the common red spider mite
(Tetranychus telarius L.). Cornell University Agricultural Experimen-
tal Station Memoir number 270.

Blommers, L., 1973. Five new species of phytoseiid mites (Acarina: Mesostig-
mata)} from southwest Madagascar. Bulletin Zodlogisch Museum Universiteit
Amsterdam 3(16): 109-117.

Blémmers, L., 1976. Capacities for increase and predation in Amblyseius bi-
bens. Zeitschrift flir Angewandte Entomologie 81: 225-244.

Blommers, L. & R.C.M. van Arendonk, 1979. The profit of senescence in phy-~
toseiid mites. Oecologia 44: 87-90.

Blommers, L. & R. Blommers-Schlésser, 1975. Karyotypes of eight species of
phytoseiid mites (Acarina: Mesostigmata) from Madagascar. Genetica 45:
145=148.

Blommers, L. & J. van Etten, 1975. Amblyseius bibens (Acarina: Phytoseiidae),
a predator of spider mites (Tetranychidae) in Madagascar. Entomologia
Experimentalis et Applicata 18: 329-336.

Blommers, L., P. Lobbes, P. Vink & F. Wegdam, 1977. Studies on the response
of Amblyseius bibens (Acarina: Phytoseiidae} to conditions of prey
scarcity. Entomophaga 22(3): 247-258.

Boczek, J., Z.T. Dabrowski & T. Kapaa, 1970. Studies on the hibernation of
phytoseiid mites (Acarina: Phytoseiidae) in orchards. Zeszytly Proble-
mowe Postepow Nauk Rolmiczych, 109: 43-64. (In Polish, English summary)

B&hm, H., 1966. Ein Beitrag zur biologischen Bekdmpfung von Spinnmilben in
Gewidchshiusern. Pflanzenschutzberichte XXXIV, (5/6): 65-77.

B&hm, H., 1970. Beobachtungen iiber den Einfluss verschiedener Temperaturen
auf die Entwicklungs- und Vermehrungs-Geschwindigkeit vom phytoseiulus
riegeli Dosse und Encarsia formosa. Proceedings of the Conference on
Integrated Contreol in Glasshouses. Naaldwijk, Netherlands, p. 37-42.

Boudreaux, H.B., 1958. The effect of relative humidity on egg-laying,

227



hatching, and survival in various spider mites. Journal of Insect
Fhysiology 2: 65~72.

Boudreaux, H.B., 1963. Biological aspects of some phytophagous mites.
Annual Review of Entomology 8: 137-54.

Bravenboer, L., 1959. De .chemische en biologische hestrijding van de spint-
mijt Tetranychus urticae Koch. Pudoc, Wageningen.

Bravenboer, L., 1963. Experiments with the predator Phytoseiulus riegeli
Dosse on glasshouse-cucumbers. Mitteilungen Schweizerischen Entomolo-
-gischen Gesellschaft 36: 53.

Bravenboer, L. & G. Dosse, 1962. Phytoseiulus riegeli Dosse als Prddator
einiger Schadmilben aus der Tetranychus urticae-Gruppe. Entomologia
Experimentalis et Applicata 5: 291-304.

Bund, C.F. van de & W. Helle, 1960. Investigations on the Tetranychus urticae
complex in North West Europe (Acari: Tetranychidae). Entomologia Expe-
rimentalis et Applicata 3: 142-156.

¢hant, D.A., 1961. The effect of prey density on prey consumption and ovi-
position in adults of Typhlcodromus occidentalis Nesbitt (Acarina: Phyto-
seiidae) in the laboratory. Canadian Journal of Zoology 39: 311-315:

Chant, D.A. & C.A. Fleschner, 1960. Some observations on the ecology of
phytoseiid mites (Acarina: Phytoseiidae) in California. Entomophaga
5(2): 131-139.

Chattfield, C., 1975. The analysis of time series: theory and practice.
Monographs on Applied Probability and Statistics. Chapman. and Hall,
Londoen.

Cochran, W.G., 1963. Sampling Techniques. Second Edition. John Wiley & Sons,
Inc. ' i

Cock, J.W., 1978. The assessment of preference. Journal of Animal Ecology
47: 805-816.

Cody, M.L., 1971. Finech flocks in the Mchave desert. Theoretical Population
Bioleogy 2: 142-158.

Cody, M.L., 1974. Optimization in ecology. Science, New York, 183: 1156-1164.

Cone, W.W., L.M. McDonough, J.C. Maitlen & S. Burdajewicz, 1971. Pheromone
studies of the two-spotted spider mite. 1. Evidence of a sex pheromone.
Journal of Economic Entomology 64(2): 355-358.

Cone, W.W., S. Predki & E.C. Klostermeyer, 1971. Pheromcone studies of the
two-spotted spider mite. 2. Behavioural response of males to guiescent
deutonymphs. Journal of Economic Entomology 64(2): 379-382.

Cone, W.W. & S. Pruszynski, 1972. Pheromone studies of the two-spotted
spider mite. 3. Response of males to different plant tissues, age,
searching area, sex ratios, and solvent in biocassay trials. Journal of
Economic Entomology 65(1): 74-=77.

Croft, B.A., 1971. Comparative studies on four strains of Typhlodromus occi=
dentalis (Acarina: Phytoseiidae). V. Photoperiodic induction of dia-
pause. Annals of the Entomological Society of America 64: 962-964.

228



Croft, B.A., 1972. Prey stage distribution, a factor affecting the numerical
response of Typhlodromus occidentalis to Tetranychus mcdanieli and
Tetranychus pacificus. The Great Basin Naturalist 32(2): 61-75.

Croft, B.A., 1976, Establishing insecticide-resistant phytoseiid mite pre-
dators in deciduous tree fruit orchards. Entomophaga 21(4): 383-399.

Croft, B.A. & J.A. McMurtry, 1972. Conparative studies on four straine of
Typhlodromus occidentalis Nesbitt (Acarina: Phytoseiidae} VI, Life
history studies. Acaroleogia tome XIII, fasc. 3: 460-470.

Curry, G.L. & D.W. DeMichele, 1977. Stochastic analysis for the description
and synthesis of predator-prey systems. Canadian Entomologist 109:
1167-1174.

Dabrowski, Z.T., 1976. Some new aspects of host-plant relation to behaviour
and reproduction of spider mites (Acarina: Tetranychidae). Symposia
Biologia Hungaria 16: 55-60,.

Dabrowski, Z.T. & B. Bielak, 1978. Effect of some plant chemical compounds
on the behaviour and reproduction of spider mites (Acarina: Tetrany-
chidae). Entomologia Experimentalis et Applicata 24: 117-126.

Dabrowski, Z.T. & Z. Marczak, 1972. Studies on the relationship of Tetra-
nychus urticae Koch and host plants. 1. Effect of plant species. Bul-
letin Entomologique de Pologne XLII(4): 821-855.

Davis, D.W., 1952. Influence of population density on Tetranychus multisetis,

-Journal of Economic Entomclogy 45(4): 652-654.

Davis, D.W., 1961. Biology of 7Tetranychus "multisetis”, the polychaetous
form of Tetranychus cinnabarinus (Acarina: Tetranychidae). Annals of
the Entomological Society of America 54: 30-34.

Dethier, V.G., 1976. The Hungry Fly. Harvard University Press.

Dosse, G., 1956, Uber die Entwicklung einiger Raubmilben bei verschiedenen
Nahrungstieren (Acarina: Fhytoseiidae). Pflanzenschutzberichte 16:
122-136.

Dosse, G., 1958. Uber einige neue Raubmilbenarten (Acarina: Phytoseiidae).
Pflanzenschutzberichte 21: 44-61.

Dover, M.J., B.A. Croft, §.M. Welch & R.L. Tummala, 1979. Biological control
of Panponychus ulmi (Acarina: Tetranychidae) by Amblyseius fallacis
(Acarina: Phytoseiidae) on apple: a prey-predator model. Environmental

. Entomelogy B(2): 282-292,

Dyer, J.G. & F.C. Swift, 1979. Sex ratic in field populations of phyteseiid
mites (Acarina: Phytoseiidae). Annals of the Entomoclogical Society of
America 72(1): 149-154.

Everson, P., 1979, The functional response of Phytoseiulus persimilis (Aca-

. rina: Phytoseiidae} to various densities of Tetranychus urticae (Acari-
na: Tetranychidae). Canadian Entomologist 111: 7-10C. ’

Everson, P., 1980, The relative activity and functicnal response of Phyto~

. seiulus persimilis (Acarina: Phytoseiidae) and Tetranychus urticae
(Acarina: Tetranychidae): the effect of temperature. Canadian Entomo-

logist 112(1}): 17-24.
229



Feldmann, A.M., 1981l. Life table and male mating competitiveness of wild-
type and of a chromosome mutation strain of Tetranychus urticae Koch
(Acarina: Tetranychidae) in relation to genetic control. Entomologia
Experimentalis et Applicata 29 (in press).

Feldmann, A.M. & M.W. Sabelis, 1981. Karyotype displacement in a laboratory
population of the two-spotted spider mite Tetranychus urticae Koch:
experiments and systems analysis. Genetica 55 (in press).

Fernando, M.H.J.P., 1977. Predation of the glasshouse red spider mite by
Phytoseiulus persimilis A.-H. Ph.D. Thesis, University of London.
Ferrari, Th.J., 1978. Elements of system-dynamics simulation. A textbook

with exercises. Pudoc, Wageningen.

Ferro, D.N. & R.B. Chapman, 1979. Effects of different constant humidities
and temperatures on two-spotted spider mite egg hatch. Environmental
Entomology 8: 701~-705.

Flaherty, D., 1967. The ecology and importance of spider mites on grapevine
in the southern San Joagquin Valley, with emphasis on the role of Meta-
seiulus cccidentalis Nesbitt. Ph.D. Thesis, University of California,
Berkeley.

Flaherty, D.L. & M.A. Hoy, 1971. Biological control of pacific mites and
willamette mites in San Joaquin Valley wvineyards: Part III. Role of
tydeid mites. Researches of Population Ecology XIII: 80-96.

Fleschner, C.A., M.E. Badgley, D.W. Ricker & J.C. Hall, 1956. Air drift of
spider mites. Journal of Economic Entomology 49: 624-627.

Forrester, J.W., 1961. Industrial Dynamics. MIT-Press, Boston.

Fransz, H.G., 1974. The functional response to prey density in an acarine
system. Simulation Monographs. Pudoc, Wageningen.

French, N. & F.A.B. Ludlam, 1973. Observations on winter survival and dia-
pausing behaviour of red spider mite (Tetranychus urticae) on glass-
house roses. Plant Pathology 22: 16;21.

Fritzsche, R., 195%. Morphologische, biolcgische und physiclecgische Varia-
bilitdt und ihre Bedeutung fiir die Epidemioclogie und Bekimpfung von T.
urticae Koch. Habilitationsschrift der Landwirtschaftlichen Fakultéat
der Martin-Luther-Universitit Halle-Wittenberg.

Fritzsche, R. & H. Lehmann, 1975. Mikroklimatische Bedingungen fiir das Ver-
lassen der Winterlager von Tetranychus urticae Koch als Grundlage fir

" die Wahl des Bekdmpfungsterming. Archiev fiir Phytopathologie und Pflan-
zenschutz, Berlin 11(1): 43-48,

Gasser, R., 1951. Zur Kenntnis der gemeinen Spinnmilbe Tetranychus urticae
Koch. 1. Mitteilung: Morphologie, Anatomie, Biologie und Oekologie.
Mitteilungen der Schweizerischen Entomologischen Gesellschaft, XXIV(3):
217-262. ) .

Geispits, K.F., F.D. Sapozhnikova & M.M. Taranets, 1971. Seasonal changes
in photoperiodic reactions and physiological conditions of the red
spider mite Tetranychus urticae. Entomological Review 50: 156-162.

230



Gelperin, A., 1971. Regulation of feeding. Annual Review of Entomology 16:
365-378.

Gerson, U., 1979. Silk preoduction. Recent Advances in Acarology (J.G.
Rodriguez, ed.) Vol. I: 177-189.

Gerson, U., R. Kenneth & T.I. Muttath, 1979. Hirsutella thompsonil, a fungal
pathogen of mites. II. Host-pathogen interactions. Annals of Applied
Biolegy 91(1): 29-40.

Gibbs, K.W. & F.O. Morrison, 1959. The cuticle of the two-spotted mite,
Tetranychus telarius L. (Acarina: Tetranychidae). Canadian Journal of
Zoolegy 37: 633-639.

Goudriaan, J., 1973. Dispersion in simulation models of population growth
and salt movement in the soil. Netherlands Journal of Agricultural
Science 21: 269-281.

Goudriaan, J., 1977. Crop Micrometeorclogy: a simulation study. Simulation
Monographs. Pudoc, Wageningen.

Hall, C.A.S. & J.W. Day, 1977. Ecosystem modelling in theory and practice.
Wiley-Interscience Publication, New York.

Hamamura, T., N. Shinkaji & W. Ashihara, 1976a. The relationship between
temperature and developmental period and oviposition of Phytoseiulus
persimilis A.-H. (Acarina: Phytoseiidae). Bulletin of the Fruit Tree
Research Station Japan E 1: 117-125.

Hamamura, T., N. Shinkaji & W. Ashihara, 1976b. Studies on the hibernation
of Phytoseiulus persimilis’A.-H. (Acarina: Phytoseiidae)}. Bulletin of

the Fruit Tree Research Station Japan E 1: 127-133. (In Japanese;

English summary).

Hamamura, T., N. shinkaji & W. Ashihara, 1978. Studies on the low temperature
storage of Phytoseiulus persimilis A.-H. (Acarina: Phytoseiidae). Bulle-
tin of the Fruit Tree Research Station E 2: 83-90. (In Japanese; English
summary).

Harrison, R.A. & A.G. Smith, 1961. The influence of temperature and relative
humidity on the development of egys and on the effectiveness of ovicides
against Tetranychus telarius L. (Acarina: Tetranychidae). New Zealand

Journal of Science, 4: 540-549.

Hassell, M.P., 1978. The dynamics of arthropod predator-prey systems.

Princeten University Press.
Haynes, D.L. & P. Sisojevic, 1966. Predatory behaviour of Philodromus rufus

Walckenauer (Aranea: Thomisidae). Canadian Entomeclogist 98: 113-133.
Hazan, A., U. Gerson & A.S. Tahori, 1973. Life history and 1life tables of
the carmine spider mite. Acarologia, tome XV, fasc. 3: 414-440.
Hazan, A., U. Gerson & A.S. Tahori, 1974. Spider mite webbing I. The produc-
tion of webbing under various environmental conditions. Acarologia,

tome XVI, fasc., 1: 68-84.

Hazan, A., U. Gerson & A.S. Tahori, 1975a. Quantitative evaluation of the

feeding of the carmine spider mite Tetranychus cinnabarinus Boisd.

231



{Acarina: Tetranychidae). Bulletin of Entomological Research 65:
515-521.

Hazan, A., U. Gerson & A.S. Tahori, 1975b. Spider mite webbing II. The effect
of webbing on egg hatchability. Acarclogia, tome XVII, fasc. I: 270-273.

Helle, W., 1967. Fertilization in the two-spotted spider mite, Tetranychus
urticae (Acarina: Tetranychidae). Entomologia Experimentalis et Applicata
10: 103=110. '

Helle, W., H.R. Bolland, R. van Arendonk, R. de Beer, G.G.M. Schulten &
V.M. Russell, 1978. Genetic evidence for biparental males in haplo-
diploid predator mites (Acarina: Phytoseiidae). Genetica 49: 165-171.

Helle, W., & H.R. Bolland, 1979. Genetic evidence for biparental males in
haplo-diploid predatory mites (Acarina: Phytoseiidae). Recent Advances
in Acarology Vol. II: 399-405.

Helle, W. & W.P.J. Overmeer, 1973. Variability in tetranychid mites. Annual
Review of Entomology 18: 97-120.

Helle, W, & M. van de Vrie, 1974. Problems with spider mites. Outlceck on
Agriculture, 8: 119-125,

Hislop, R.G., N. Alves & R.J. Prokopy, 1978. Spider mite substances influ-
encing searching behaviour of the mite predator Amblyseius fallacis on
apple. Fruit Notes 43(6): B8-11.

House, H.L., 1974. Nutrition. In: The physioclogy of Insecta (M. Rockstein,
ed.), Vol. V, Chapter I.

Hoy, M.A., 1979. Parahaploidy of the "arrhenotokous" predator, Metaseiulus
occidentalis (Acarina: Phytoseiidae) demonstrated by X-irradiation of
males. Entomoleocgia Experimentalis et Applicata 26: 97-104.

Hoy, M.A. & D.L. Flaherty, 1970. Photoperiodic induction of diapause in a

- predacious mite, Metaseiulus occidentalis. Annals of the Entomological
- Society of America 63: 960-963.

Hoy, M.A. & J.M. Smilanick, 19792. A sex pheroncme produced by immature and
adult females of the predatory mite, Metaseiulus occidentalis (Nesbitt}.
Entomologia Experimentalis et Applicata 26: 291-300.

Hoy, M.A. & J.M. Smilanick, 1981. Non-random prey location by the phytoseiid
bredator Netaseiulus occidentalis: Differential responses to several
spider mite species. Entomologia Experimentalis et Applicata (in press}.

Holling, C.8., 1966. The functional response of invertebrate predators to
prey density. Memoirs of the Entomological Society of Canada 48: 1-86.

Hoying, S.A. & B.A. Croft, 1977. Comparisons between populations of Pyphlo~
dromus Iongipilus Nesbitt and 7. occidentalis Nesbitt: Taxonomy, Dis-
tribution and Hybridization. Annals of the Entomological Society of
America 70(1l): 150-159, .

Hoyt, 5.C., 1970. Effect of short feeding periods by Metaseiulus occidenta-
Iis on fecundity and mortality of Tetranychus medanieli. Annals of the
Entomological Society of America 63(5): 1382-1384.

Hoyt, §.C. & L.E. Caltagirone, 1971. The developing programs of integrated

1232



control of pests of apples in Washington and peaches in California.
In: Biological control (C.B. Huffaker, ed.), Chapter 18, p. 395-421,
Plenum New York, . :

Hudson, A., 1958. The effect of flight on the taste threshold and carbohy-
drate utilization of Phormia regina Meig. Journal of Insect Physiology
1: 293-304.

Huffaker, C.B., 1958, Experimental studies on predation: dispersion factors
and predator-prey oscillations. Hilgardia 27(14): 343-383.

Huffaker, C.B. & C.E. Kennett, 1956, Experimental studies on predation:
Predation and cyclamen mite populations on strawberries in California.
Hilgardia 34(9): 305-330.

Huffaker, C.B., M. van de Vrie & J.A. McMurtry, 196%. The ecology of tetra-
nychid mites and their natural control. Annual Review of Entomology
14: 125-174.

Huffaker, C.B., M. van de Vrie & J.A. McMurtry, 1970. Ecology of tetranychid
mites and their natural enemies: a review. II. Tetranychid populations
and their possible control by predators: an evaluation. Hilgardia 40(11l):
331-458. ’

Hussey, N.W., 1972. Diapause in Tetranychus urticae Koch and its implications
in glasshouse culture. Acarclogia 13(2): 344-=350.

Hussey, N.W., W.J. Parr & C.D. Crocker, 1957. Effect of temperature on the
development of Tetranychus telarius L. Nature, London 179: 739-740.

Hussey, N.W. & N.E.A. Scopes, 1977. The introduction of natural enemies for
pest control in glasshouses: ecological considerations. In: Biological
control by augmentation of natural enemies (R.L. Ridgway & S.B. Vinson,
eds), Plenum Press, New York and London, p. 349-377.

Iglinsky, W. & C.F. Rainwater, 1954. Life history and habits of Tetranychus
desertorum and 7. bimaculatus on cotton. Journal of Economic Entomology
47: 1084-1086.

Inoue, T., 1978. A new regression method for analyzing animal movement pat-
terns. Researches of Population Ecology 20: 141-163.

Jackson, G.J., 1974. Chaetotaxy and setal morfology of the palps and the
first tarsi of Phytoseiulus persimilis A.-H. (Acarina: Phytoseiidae).
Acarologia, tome XV1 fasc.4: 583-594.

Jacksen, G.J. & J.B. Ford, 1973. The feeding behaviour of Phytoseiulus per-
similis (Acarina: Phytoseiidae}, particularly as affected by certain
pesticides. Annals of Applied Biology 75: 165-171.

Jesiotr, L.J., 1979.. The influence of the hostplants on the reproduction
potential of the two-spotted spider mite, Tetranychus urticae Koch
(Acarina: Tetranychidae). II. Responses of the field population feeding
on roses and beans. Ekologia Polska 27(2): 351-355.

Jesiotr, L.J. & Z.W. Suski, 1974. The influence of the host plant nutritional
condition on the population of the two-spotted spider mite Tetranychus
telarius L. (Acarina: Tetranychidae). Proceedings of the XIXth Inter-

233



national Horticultural Congress 1A: 212.

Jesiotr, L.J. & Z.W. Suski, 1976. The influence of the host plant on the
reproduction potential of the two-gspotted spider mite, Tetranychus
urticae Koch (Acarina: Tetranychidae). Ekologia Polska 24(3): 407-411.

Jones, R.E., 1977. Movement patterns and egg distribution in cabbage butter-
flies. Journal of Animal Ecology 46: 195-212.

Jones, R.E., 1978. Search behaviour: a study of three caterplllar species.
Behaviour 60(3-4): 237-258.

Kamath, S5.M., 1968. Studies on the feeding habits, development and repro-
duction of the predacious mite, Phytoseiulus persimilis A.-H. (Acarina:
Phytoseiidae) on some phytophagous mites in India. Commonwealth Insti-
tute of Biological Control Technical Bulletin 10: 49-56.

Kennett, C.E. & L.E. Caltagirone, 1968. Biosystematics of Phytoseiulus per-
similis Athias-Henriot (Acarina: Phytoseiidae). Acarologia, tome X,
fasc. 4: 563-577.

Kennett, C.E., D.L. Flaherty & R.W. Hoffmann, 1979. Effect of wind-borne.
pollens on the population dynamics of Amblyseius hibisci (Acarina:
Phytoseiidae). Entomophaga 24(19}: 83-98.

Kendall, M.G. & A. Stuart, 1966. The advanced theory of statistics, Volume 3.
Griffin, London.

Keulen, H. van, 1975. Evaluation of models. In: Critical evaluation of system
analysis in ecosystems research and management {(G.W. Arnold & C.T. de
Wit, eds), Simulation Mconographs. Pudoc, Wageningen.

Kitching, R., 1971. A simple simulation model of dispersal of animals among
units of discrete habitats. QOecologia 7: 95-116,

Knisley, C.B. & F.C. swift, 1971. Biological studies of Amblyseius umbraticus
{Acarina: Phytoseiidae). Annals of the Entomological Society of America
64(4): 813-822.

Kolodochka, L.A., & E.A. Lysaya, 1976. Survival of hungry predatory phyto-
seiid mites Phytoseiulus persimilis, Amblyseius andersoni and AmbIly-
seius reductus (Parasitiformes, Phytoseiidae). Vestnik Zoologii 3:
88-90. . ) : :

Kozai, T., J. Goudriaan & M. Kimura, 1978. Light transmission and photosyn-
thesis in greenhouses. Simulation Monographs. Pudec, Wageningen.
Kropczynska-Linkiewicz, D., 1971. Studies on the feeding of four species of
bhytoseiid mites (Acarina: Phytoseiidae). Proceedings of the Third In-

ternational Congress of Acarology, Prague, p. .225-227. :

Kuchlein, J.H., 1966. Mutual interference among the predacious mite Typhlo-
dromus longipilis Nesbitt (Acarina: Phytoseiidae). 1. Effects of pre-
dator density on oviposition rate and migration tendency. Mededelingen
Rijksfaculteit Landbouwwetenschappen Gent XXXI(3): 740-745.

Laing, J.E., 1968. Life history and life table of Phytoseiulus perszmllls
Athias-Henriot. Acarologia, tome X, fasc. 4: 578-588.

Laing, J.E., 1969a. Life history and life table of Metaseiulus occidentalis.

234



Annals of the Entomological Society of America 62(5}: 978-982.

Laing, J.E., 1969b. Life history and life table of Tetranychus urticae Koch.
Acarologia, tome XI, fasc. 1: 32-42.

Laing, J.E. & J.A.L. Osborn, 1974. The effect of prey density on the funct-
ienal and numerical response of three species of predatory mites. Ento-
mophaga 19(3): 267-277.

Lee, M.S. & D.W. Davis, 1968. Life history and behaviour of the predatory
mite Typhlodromus occidentalis in Utah, Annals of the Entomological
Society of America 61(2): 251-255,

Lehr, R. & F.F. Smith, 1957. The reproductive capacity of three strains of
the two-spotted spider mite complex. Journal of Economic Entomology
50(5): 634-636.

Leigh, T.F., 1963a. Considerations of distribution, abundance, and control
of acarine pests of cotton. In: Advances in Acarology vol. I. Ithaca,
N.Y., Cornell University Press, p. 14-20.

Leigh, T.F., 1963b. The influence of two systemic organophosphates on growth,
fruiting, and yield of cotton in California. Journal of Economic Ento-
mology 56: 517-522.

Liesering, R., 1960. Beitrag zum phytopathologischen Wirkungsmechanismen
von Tetranychus urticae Koch (Acarina: Tetranychidae). Zeitschrift fiir
Pflanzenkrankheiten und Pflanzenschutz 67: 524-543.

McClanahan, R.J., 1968. Influence of temperature on the reproductive poten-
tial of two mite predators of the two-spotted spider mite. Canadian
Entomologist 100: 549-556.

McEnroe, W.D., 196la. The control of water loss by the two-spotted spider
mite Petranychus telarius. Annals of the Entomcleogical Society of Ame~
rica 54: 883-887.

McEnrce, W.D., 1961b. Guanine excretion by the two~-spotted spider mite Tetra-
nychus telarius L. Annals of the Entomological Society of America 54(6):
925=-926.

McEnroe, W.D., 1963. The role of the digestive system in the water balance

of the two-spotted spider mite. In: Advances in Acarology vol. I.

Ithaca, N.Y., Cornell University Press, p. 225-231.

McEnroe, W.D. & A. Lakocy, 1969. The development of Pentac resistance in an
outcrossing swarm of the two-spotted spider mite. Journal of Economic
Entomology 62(2): 283-286.

McMurtry, J.A., 1977. Some predacious mites (Phytoseiidae) on citrus in the
mediterranean region. Entomophaga 22{(1): 19-30.

McMurtry, J.A., C.B. Huffaker & M. van de Vrie, 1970. Ecelogy of tetranychid

mites and their natural enemies: a review. I. Tetranychid enemies:

their biclogical characters and the impact of spray practices.

Hilgardia 40{(11): 331-390.
McMurtry, J.A. & H.G. Johnson, 1966. An ecological study of the spider mite

Oligonychus punicae Hirst and its natural enemies. Hilgardia 37(11):

363~402.
235



McMurtry, J.A., D.L. Mahr & H.G. Johnsen, 1976. Geographic races in the pre-
dacious mite, Amblyseius potentillae (Acarina: Phytoseiidae). Interna-
tional Journal of Acarclogy 2(1): 23-29.

McMurtry, J.A. & G.T.. Scriven, 1964. Biology of the predacious mite Typhlo-
dromus rickeri (Acarina: Phytoseiidae). Annals of the Entomological
Society of America 57: 362-367.

McMurtry, J.A. & G.T. Scriven, 1965. Life history studies of Amblyseius
limonicus, with comparative studies on Amblyseius hibisci (Acarina:
Phytoseiidae). Annals of the Entomeclogical Society of America 58: 106-
111.

McMurtry, J.A. & M. van de Vrie, 1973. Predation by Amblyseius potentillae
Garman on Panonychus ulmi Koch in simple ecosystems (Acarina: Phyto-
seijdae, Tetranychidae). Hilgardia 42(2): 17-34.

Marlé, ©., 1951. Cbservations on the dispersal of the fruit tree red spider
mite, Metatetranychus ulmi Koch. Report of the East Malling Research
Station for 1950: 155-159.

Mills, L.R., 1973. Morphology of glands and ducts in the two-spotted spider
mite, Tetranychus urticae Koch. Acaroclogia, tome XV, fasc. 2: 218-236.

Mitchell, R., 1972. The sex ratio of the spider mite Tetranychus urticae.
Entomologia Experimentalis et Applicata 15: 299-304.

Mitchell, R., 1973. Growth and population dynamics of a spider mite PTetra-
nychus urticae K. (Acarina: Tetranychidae). Ecology 54(6): 1349-1355.

Montfort, M.A.J. van & A. Otten, 1976. Quantal response analysis, enlarge-
ment of the logistic model with a kurtosis parameter. Biomedisches
Zeitschrift 18(5): 371-380. :

Mori, H., 1961. Comparative studies of thermal reaction in four species of
spider mites (Acarina: Tetranychidae). Journal of the Faculty of Agri-
culture, Hokkaido University, Sapporo, 51: 574=591,

Mori, H., 1969. The influence of prey density on the predation of Amblyseius

- longispinosus (Evans) (Acarina: Phytoseiidae). Proceedings of the 2nd
International Congress on Acarology,, Sutton-Bonnington, England (1967).
Akademia Kiaddé, Budapest, p. 149-153.

Mori, H. & D.A. Chant, 1966a. The influence of prey density, relative humi-
dity, and starvation on the predacious behaviour of Phytoseiulus persi-
milis Athias-Henriot (Acarina: Phytoseiidae). Canadian Journal of Zoo-
logy 44: 483-491.

Mori, H. & D.A. Chant, 1966b. The influence of humidity on the activity of
Phytoseiulus persimilis Athias-Henriot and its prey, Tetranychus urti-
cae Koch (Acarina: Phytoseiidae, Tetranychidae). Canadian Journal of
Zoology 44: 863-871. .

Nakamura, K., 1974. A model of the functional response of a predator to prey
density involving the hﬁnger effect. Oeceologia 16: 265-278.

Nelson, R.D., 1968. Effects of gamma radiation on the biology and population
suppression of the two-spotted spider mite Tetranychus urticae Koch.

236



(?h.D. Thesis, University of California, Davis.

Nelson, R.D. & E.M. Stafford, 1972. Effects of gamma radiation on the bio-
logy and population of the two-spotted spider mite, 7. urticae Koch.
Hilgardia 41(12): 299-342.

Nickel, J.L., 1960. Temperature and humidity relationships of Tetranychus
desertorum Banks with special reference to distribution. Hilgardia 30(2):
41=-99.

Oliver, J.H., 1977. Cytogenetics of mites and ticks. Annual Review of Ento-
mology 22: 407-429.

Overmeer, W.P.J., 1967. Genetics of resistance to Tedion in Tetranychus
urticae Koch. Archives Néerlandais du Zoologie 17(3): 295~394.

Overmeer, W.P.J., 1972. Notes on mating behaviour and sex ratio control of
Tetranychus urticae Koch (Acarina: Tetranychidae). Entomologische Be=-
richten, deel 32, 1.XI1I: 240-244.

Overmeer, W.P.J. & R.A. Harrison, 1969. Notes on the contrecl of the sex
ratio in populations of the two-spotted spider mite, Tetranychus urti-
cae Koch (Acarina: Tetranychidae). New Zealand Journal of Science 12:
920-928.

Overmeer, W.P.J. & A.Q. van Zon, 1973. Studies on hybrid sterility of
single, double and triple chromosome mutation heterozygotes of Tetra-
nychus urticae with respect to genetic contreol of spider mites. Entomo=
logia Experimentalis et Applicata 16: 389-394.

Overmeer, W.P.J., A.Q. van Zon & W. Helle, 1975. The stability of acaricide
resistance in T. urticae populations from rose houses. Entomologia Ex-
perimentalis et Applicata 18(1)}: 68-74.

Perman, D.R. & R.B. Chapman, 1980. Effect of temperature and humidity on
the locomotory activity of Tetranychus urticae (Acarina: Tetranychidae),
Typhlodromus occidentalis and Amblyseius fallacis (Acarina: Phytoseiidae)
Acta Oecologica, Serie 2 Oecologia Applicata 1(3): 259-264.

Penman, D.R. & W.W. Cone, 1972. Behaviour of male two-spotted spider mites
in response to quiescent female deutonymphs and to web. Annals of the
Entomological Society of America 65(6): 1288-1293.

Penman, D.R. & W.W. Cone, 1974. Role of web, tactile stimuli, and female
sex pheromone in attraction of male two-spotted spider mites to guies-

" gent female deutonymphs. Annals of the Entomological Society of America
67(2): 179-1B2.

Plotnikov, W.F. & W.P. Sadkowskij, 1972. Application of Phytoseiulus persi-

milis in biological control of the twe-spotted spider mite in hydropone

glasshouses. In: “Biolog. Metod Borby s vred. owoschn. Kultur®. Moskva

"Kolos": 18-25. (In Russian})
Ponti, O.M.B. de, 1977a. Resistance in Cucumis sativus L. to Tetranychus

urticae Koch. 1. The role of plant breeding in integrated control.

Euphytica 26: 633-640.
Ponti, O.M.B. de, 1977b. Resistance in Cucumis sativus L. to Tetranychus

237



urticae Koch. 2. Designing a reliable laboratory test for resistance
based on aspects of the hoét-parasite relationship. Euphytica 26:
641-654.

Ponti, ©.M.B. de, 1978. Resistance in Cucumis sativus L. to Tetranychus
urticae Koch. 4. The genuineness of the resistance. Euphytica 27:
435-439.

Potter, D.A., 1978. Functional sex ratio in the carmine spider mite. Annals
of the Entcomological Society of America 71(2): 218-222.

Potter, D.A., & D.L. Wrensch, 1978. Interrupted matings and the effectiveness
of second inseminations in the two-spotted spider mite. Annals of the
Entomolegical Society of America 71(6): 882-885.

Potter, D.A., D.L. Wrensch & D.E. Johnston, 1976. Guarding, aggressive be-
haviour, and mating success in male two-spotted spider mites. Annals
of the Entomolegical Society of America 69(4): 707-711.

Pralavorio, M. & L. Almaguel-Rojas, 1979. Influence de la temperature et de
1'hunidité relative sur le développement et la reproduction de Phyto-
seiulus persimilis. Fourth Meeting of the Working Group on Integrated
Contrel in Glasshouses, Helsinki, June 1979. 0.I.L.B./5.R.0.F.,
I.0.B.C./ W.P.R.S.

Pruszynski, S., 1977. From the researches on the predatory mite Phytoseiulus
persimilis Athias-Henriot. 1. Observations on the development and fecun-
dity of P. persimilis females. Prace Naukowe IOR 19(2): 145-166.

Pruszynski, S. & W.W. Cone, 1973. Biological observations of Typhlodromus
occidentalis (Acarina: Phytoseiidae) on Hops. Annals of the Entomolo-
gical Society of America 66(1): 47-51.

Putman, W.L., 1962. Life history and behaviour of the predacious mite Typhlo-
dromus caudiglans Schuster (Acarina: Phytoseiidae) in Ontario, with
notes on the prey of related species. Canadian Entcmologist 94{2):
163=177."

Putman, W.L. & D.C. Herne, 1966. The role of predators and other biotic
factors in regulating the population density of phytophagous mites in
Ontario peach orchards. canadian Entomologist 98: 808-820.

Fyke, G.H., 1978. Are animals efficient harvesters? Animal Behaviour 26:
241-250,

Rabbinge, R., 1976. Biological control of the fruit tree red spider mite.
Simulation Moncgraphs. Pudoc, Wageningen.

Ragusa, S., 1977. Notes on phytoseiid mites in Sicily with a description of
a new species of Typhlodromus (Acarina: Mesostigmata). Acarclogia,
tome XVIII, fasc. 3: 379-392,

Ragusa, S. & E. Swirski, 1977. Feeding habits, post-embryonic and adult sur-
vival, mating, virility and fecundity of the predacious mite Amblyseius
swirskii (Acarina: Phytoseiidae) on some coccids and mealybugs.
Entomophaga 22(4): 383-392.

Rasmy, A.H., 1972. Effect of crowding on ovipesition of Tetranychus cinna-

238



2zginus (Acarina: Tetranychidae). Applied Entomology and Zoology 7(4):

Regev, S. & W.W. Cone, 1975. Evidence of Farnesol as a male sex attractant
of the two-spotted spider mite, Tetranychus. urticae Koch (Acarina:
Tetranychidae). Environmental Entomology 4(z): 307=-311.

Regev, S. & W.W. Cone, 1976a. Analyses of pharate female two-spotted spider
mites for Nerolidol and Geraniol: Evaluation for sex attraction of
males. Environmental Entomology 5(1): 133-138.

Regev, S. & W.W. Cone, 1976b. Evidence of gonadotropic effect of farnesol
in the two-spotted spider mite, Tetranychus urticae. Environmental
Entomology 5(3): 517-519.

Rock, G.C., R.J. Monroe & D.R. Yeargan,
mone in the predacious mite Neoseiulus fallacis.

logy 5(2): 264-266.
Rock, G.C., D.R. Yeargan & R.L. Rabb, 1971. Diapause in the phytoseiid mite,

Neoseiulus (T.) fallacis. Journal of Insect Physiology 17: 1651=1659.
Rodriqguez, J.G., 1953. Detached leaf culture in mite nutrition studies.
Journal of Economic Entomology 46: 713.
Rodriguez, J.G., 1964. Nutritional studies in the A
tome 6: 324-337.
Ruardij, P., 1981. Internal Report. De
Ecology, Wageningen, The Netherlands: (Available on request}).
Saaty, T.L., 1961. Elements of queueing theory. McGraw-Hill, New York.
Saito, Y., 1977a. Study on the spinning behaviour of. the gpider mite (Aca-
rina: Tetranychidae). I. Method for the quantitative evaluation of the

mite webbing and the relationship betweel webbing and walking. Japanese
Journal of Applied Entomology and zoology 21: 27-34.

(In Japanese;
English summary)
Saito, Y., 1977b. Study on the spinning pehaviour of the spider mite (Aca-
11. The process of silk secretion and the webbing

s urticae Koch under different envi-
f Applied Entomology and Zoo=

1976. Demonstration of a sex phero-
Environmental Entomo-

carina. Acarologia,

partment of Theoretical Production

:
rina: Tetranychidae).
on the various stages of Tetranychd
Japanese Journal ©
English summary)

of spider mites. 111.
of mites to webbing residues and their preference for particular physi-
cal conditions of leaf surfaces. Japanese Journal of Applied Entomology
and Zoology 23: 82-91. {In Japanesei English surmary)

Saite, Y., 1979p. Comparative studies on life histories of three species of
Tetranychidae). Applied Entomclogy and Zoology

ronmental conditions.
logy 21: 150-157. (In Japanese:

Saito, Y., 1979a. Study on spinning behaviour Response

spider mites (Acarina:

14(1): 83-94.
Sandness, J.N. & J.A. McMurtry,

of Phytoseiidae (Acarina) to P

692-704.
1972. Prey consumption pehaviour of Ambly-

nctional response of three species

1970. Fu
n Entomology 102:

rey density. canadia

Sandness, J.N. & J.A. McMurtry,
239



seius Iargoensis in relation to hunger. Canadian Entomologist 104:
461=-470.

Sapozhnikeva, F.D., 1964. Photoperiodic response of the mite Typhlodromus
(Amblyseius) similis Koch (Acarina: Phytoseiidae). Zoologic Zhurnal
43: 1140-1144. (In Russian; English summary)

schmidt, G., 1976. Der Einfluss der von den Beutetieren hinterlassenen Spu-
ren auf Suchverhalten und Sucherfolg ven Phytoseiulus persimilis A.-H.
(Acarina: Phytoseiidae). Zeitschrift fiir Angewandte Entomologie 82:
216=-218, °

schulten, G.G.M., R.C.M. van Arendonk, V.M. Russell & F.A. Roorda, 1978.
copulation, egg production and sex ratic in Phytoseiulus persimilis
and Amblyseius bibens (Acarina: Phytoseiidae). Entomelogia Experimen-—
talis et Applicata 24: 145-153.

Schuster, R.O. & A. Pritchard, 1963. Phytoseiid mites of California. Hil-
gardia 34(7): 191-285.

Shagunina, V. (ed.), 1977. Entomopathogenic microorganisms and their use
in the contrcl of plant pests. Entomopatogennye mikroorganizym i ikh
ispel'zovanie v bor'he s wvreditelyami rastenii. Riga, USSR; Zinatne,
{(In Russian)

Shehata, K.K., 1973. Prey type and density and their effect on the predation
potential of Phytoseiulus persimilis A.-H. (Acarina: Phytoseiidae).
Biclogia 28(8): 619-626. :

shih, C.T., S.L. Poe & H.L. Cromroy,.1976. Biology, life table and intrinsic
rate of increase of Tetranychus urticae K. Annals of the Entomological
Society of America 69(2): 362-364.

simova, §.,.1976. Hibernation places of mites on plum trees. Rastitelna
Zashchita 24(3): 28-30.

Siniff, D.B. & C.R. Jessen, 1969. A simulation model of animal movement -
patterns. Advances in Ecological Research 9: 185-219.

Sircta, ¥., 1978. A preliminary simulation model of movement of larvae of
Culex pipiens molestus (Diptera: Culicidae). Researches in Population
Ecolegy 19: 170-180.

Skellam, J.G., 1958. The mathematical foundations underlying line transects
in animal ecolegy. Biometrics 14: 385-400.

Stenseth, Chr., 1965. Cold hardiness in the two-spotted spider mite Tetra-
nychus urticae Koch. Entomologia Experimentalis et Applicata 8: 33-38.

Stenseth, Chr., 1979, Effect of temperature and humidity on the development
of Phytoseiulus persimilis and its ability to regulate populations of
Tetranychus urticae (Acarina: Phytoseiidae, Tetranychidae). Entomophaga
24(3): 311-317.

Storms, J.J.H., 1969. Observations on the relaticnship between mineral nu-
trition of apple root stocks in gravel culture and the reproduction

rate of Tetranychus urticae (Acarina: Tetranychidae). Entomologia Expe-
rimentalis et Applicata 12: 297-311.

240



suski, Z.W. & T. Badowska, 1975. Effect of the host plant nutrition on the
population of the two-spotted spider mite, Tetranychus urticae Koch
(Acarina: Tetranychidae). Ekologia Polska 23(1): 185-209.

Suski, Z.W., T. Badowska & M. Olszak, 1975. The influence of fertilizers
and soil management systems on the population of tetranychid mites in
the apple orchard. Fruit Science Reports II1{1): 85=-93.

Swirski, E. & N. Dorzia, 196%. Laboratory studies on the feeding, develop-
ment and fecundity of the predacious mite Typhlodromus occidentalis
Nesbitt (Acarina: Phytoseiidae) on various kinds of food substances.
Israelian Journal of Agricultural Research 19(3}: 143-145.

Takafuji, A. & D.A. Chant, 1976. comparative studies of two species of pre-
dacious phytoseiid mites (Acarina: Phytoseiidae), with special refe-
rence to their responses to the density of their prey. Researches in
Population Ecology 17: 255-310.

Tanigoshi, L.K., §.C. Hoyt, R.W. Browne & J.A. Logan, 1975. Influence of
temperature on population increase of Metaseiulus occidentalis (Acarina:
Phytoseiidae). Annals of the Entomelogical Society of America 68(6):
979-986.

Tanigoghi, L.K., R.W. Browne,
lysis of variable temperature, regimes on life stage development and
populaticon growth of Tetranychus medanieli (Acarina: Tetranychidae).
Annals of the Entomological Society of America 69(4): 712-716.

Thurling, D.J., 1980. Metabolic rate and life stage of the mites Tetranychus

{Prostigmata) and Phytoseiulus persimilis A.-H.

g.c. Hoyt & R.F. Lagier, 1976. Empirical ana=-

cinnabarinus Boisd.
(Mesostigmata). Oecologia 46(3}: 391-397.
Taylor, R.J., 1976, Value of clumping to prey and.-the evolutionary response
of ambush predators. American Naturalist 110(971): 13-29.
Treherne, J.E., 1967. Gut absorption. annual Review of Entomolegy 12: 43-58.
Tulisale, U., 1969. Fecundity, development and longevity of the two-spotted
spider mite Tetranychus urticae Koch (Acarina: Tetranychidae) on cucum-
Annales Entemologici Fennici 35(4): 224-228.
Tulisale, U., 1970. The two-spotted spider mite retranychus urticae Koch on
greenhouse cucumber. Annales Entomologici Fennici 36(2): 110~114. .
Tulisalo, U., 1971. Free and bound amino acids of three host plant species
zer treatments affecting the fecundity of the two-

spotted spider mite, retranychus urticae Koch (Acarina: Tetranychidae).
logici ici 37: 155-163.
Annales Entomologici Fennicl 37: .
Ustchekow, A.T. & G.A. Begljarow, 1968. Effect of the temperature and humi

dity on the development of predatory mite phytoseiulus persimilis A.-H.
IIIth International Congress of Entomology, Moskva,

ber varieties.

and various fertili

Proceedings of the X
p. 198-199.

Veerman, A., 1977a. Aspects of
strain of the mote Tetranychu
23: 703-711.

ction of diapause in a laboratory

the -indu -
Journal of Insect Physioclogy

s urticae.

241



Veerman, A., 1977b. Photoperiodic termination of diapause in spider mites.
Nature, London 266(5602): 526=-527.

Vrie, M. van de, 1972. Potentials of Typhlodromus (A.) potentillae Garman
to reduce Panonychus ulmi Koch on apple with various nitrogen fertili-
zations. Entomophaga 15(3): 291-304.

Vrie, M. van de, 1973. Studies on prey-predator interactions between Pano-
nychus ulmi and Typhlodromus potentillae (Acarina: Tetranychidae,
Phytoseiidae) on apple in the Netherlands. Proceedings of the FAO-Con-
ference of Ecolegy in Relation to Plant Pest Control, Rome, p. 145-160.

Vrie, M. van de, J.A. McMurtry & C.B. Huffaker, 1972. Ecology of tetranychid
mites and their natural enemies: a review. III. Biology, ecology and
pest status and host-plant relations of tetranychids. Hilgardia 41(13):
343=-432.

Waddingten, K.D., 1979. Quantification of the movement patterns of bees: A
novel method. American Midland Naturalist 101(2): 278=285.

watson, Th.F., 1964. Influence of host plant condition on population increase
of Tetranychus telarius {Acarina: Tetranychidae). Hilgardia 35(11):
273=-322.

Wiesmann, R., 1968. Untersuchungen iiber die Verdauungsvorgidnge bei der ge-
meinen Spinnmilbe, Tetranychus urticae Koch. Zeitschrift fiir Angewandte
Entomologie 61: 457-465,

Wit, C.T. de & J. Goudriaan, 1978. Simulation of ecological processes.
Simulation Monographs. Pudoc, Wageningen.

Woets, J., 1976. Progress report of the integrated pest control in glass-
houses in Holland. Bulletin OILB-SROP 4: 34-38.

Wellkind, D.J. & J.A. Logan, 1978. Temperature-dependent predator-prey mite
ecosystem on apple tree foliage. Journal of Mathematical Biology 6: o
265-283. . .

Wrensch, D.L. & $.5.Y. Young, 1975. Effects of quality of rescurce and fer-
tilization status on some fitness traits in the two-spotted spider
mite, Tetranychus urticae Koch. Oecologia, Berlin 18: 259-267.

wWrensch, D.L. & 5.5.Y. Young, 1978. Effects of density and host quality on
rate of development, survivorship, and sex ratio in the carmine spider
mite. Environmental Entomology 7(4): 499-501.

Wysoki, M. & E. Swirski, 1968. Karyotypes and sex determination of ten species
of phytoseiid mites (Acarina: Mesostigmata). Genetica 39: 220-228.
Wysoki, M. & E. Swirski, 1971. Studies on overwintering of predacious mites
of the genera Amblyseius Berlese, Typhlodromus Scheuten and Iphiseius
Berlese (Acarina: Phytoseiidae) in Israel. Entomological Essays to Com-

memorate the Retirement of Prof. X. Yasumatsu. p. 265~292.

Yano, E., 1978. A simulation model of searching behaviour of a parasite.
Researches of Population Ecolegy 20: 105-122.

Zon, A.Q. van & W.P.J. Overmeer, 1972. Induction of chromosome mutation by
X-irradiation in Tetranychus urticae with respect to a possible method

of genetic control. Entomologia Experimentalis et Applicata 15: 195-202.
242



, *++ do orvjersaoons
- #13boy Te9a usa usbojusavep 399y SsITrwrsaad
‘d 'Tesutds 39y ul orieisaoons axsbel uss 3399y
Butpnoyasa
) mseidojord meu 10 uotrisnpoxd Eba
N+ (z13a « Npaow - 1)« (3)Nd=(r13043)d

1=S

+ {279a » (“taoy + jasy 2) - 1] ¥ (2)%d=(g73042)%d
s

iZamod v jou ‘xaput passodiadns e ST S JBU3 95TI0U

uoTjeIIRA

(ubTs shutw ® = -} *:- gg¥) -

(ubts snutw e = -) +-- Oggy -
(Mg - 1)« Tmyg 4 ()T
T » (T%awa - 1) « (3)T°%

H>us-t

N>u3>p

sapTsad

paleroI~abe
poTIed uoryTsodrac
potaed IojulM

X831 pPo3lo9IIOD

I 3I8g °sxo3epaad prissolfyd Hursn sa3Tw Iaprds

u u
+ E1da » ( 139% + SASH

*+¢ do or3easasong axsber usas 3339y ZF=0% 96T
Butpnoisa 92  ¥61
wseTdojoxd msu yo uorzonpoid Hba 1} 4 Let
I + It3a x Niaow « AuwnmnAHamn+pvzn zz
1=s
mv « (2)%d=(1750+7)% 1z
gd24 B 99T
uoTlETRIRA o¢
tttoASY™)y - 8Z~LT
or Oggy - vZ  SET

(Mowd - 1) ¢ Ymaa 4 (1T -
Youz x ("mad - ) ¢ ()TYE - ggeze

NH>UuU>»>T ST
H>us 0 21 £PT
pspIsad €T Z1IT
pasealal-abe £ 6€
potaad uoryrsodrac-3sod 9T £z
poTIadiajuta L ST
3I¥9% paquiag aurl abeg
YLvdgd

9 9LLO 0Z7 06 NASI
uabutusbem ‘oopnd
016 s1I0day yoaesssy TeINyTNoTAGY
pa31ods-oml JO TOIIUOD Teatbototd
T86T ‘STIS9qeS “M*W



