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Summary

Macrosiphum rosae (L.) was introduced into Australia as a result of European

settlement and can be considered the most serious insect pest of roses. Some native

predators feed on M. rosae, but an effective parasitoid guild of this aphid was missing in

Australia. The most promising control agent Aphidius rosae was introduced into South-

Eastern Australia to improve biological control of rose aphids.

To improve rearing conditions and to gain a better understanding of the

performance of A. rosae in the field, investigation of some parameters of life-history

were undertaken. V/ith increasing instar at time of parasitization, aphids became more

suitable for parasitoid growth, with an overall increase in parasitoid size and fecundity

from Ll to L4 and a decrease in developmental time. Host quality was dependent on

aphid instar at time of parasitization. Poor plant quality and hyperparasitism had a

negative effect on parasitoid growth. It can be concluded that growth of A. rosae was

greatly susceptible to changes in nutritional quality of its host. A. rosae was able to

exploit the whole range of instars and adults. The sex-ratio was male-biased in less

suitable hosts.

Life-time fecundity increased with parasitoid size. The net life-time fecundity

ranged between 144 and 790 at 18"C and increased with the size of females. The

intrinsic rate of increase of A. rosae ranged from 0.258 ¡o 0.323 females/female/day,

compared to an average intrinsic rate of 0.319 for M. rosae.

Discrete steps in the process of host selection were studied to assess the host

specificity of A. rosae. In a wind tunnel, females were strongly attracted only to roses

when given a choice between uninfested roses and other plants. In a two-choice test

females were not able to distinguish between aphid-infested rose shoots and uninfested

rose shoots when shoots were 30 cm apart but they preferred to land on infested buds
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when shoots were only 5 to l0 cm apart. Results suggest that aphid-related volatiles

involved in host location are detectable by the wasp only over a short distance. A range

of aphid species was exposed to A. rosae in choice and no-choice conditions in petri-

dishes. The only aphid species parasitized, other than M. rosae, was Macrosiphum

euphorbiae Thomas but oviposition did not result in offspring. A. rosae was considered

specific to the rose aphid under given circumstances in Australia and negative

environmental impacts were considered as almost non-existent.

Initial field observations were carried out to obtain a basic impression of the

foraging behaviour of. A. rosae in a patch. The wasps displayed significant differences in

their activities when observations in the morning were compared with observations in

the afternoon. A. rosae females showed higher attack rates in the morning compared to

individuals observed in the afternoon. Parasitoids attacked only the edges of aphid

colonies.

A. rosae established in most places released. At the release site in Adelaide,

South Australia, the spread of a small population of parasitoids was monitored monthly.

Seven months after the first release A. rosae inhabited an area of approximately 200 km2

and was found as far as 18 km away from the nearest release site. The density of

mummies decreased with increased distance from the point of release, but the spread

was not random. Parasitoids spread mainly in the direction of prevailing winds.

The release of. A. rosae was used to test the hypothesis that a threshold of about

1000 insects released at a single site and time is needed for establishment. 16, &,256

and lO24 mummies of A. rosae were released in eight cities throughout Victoria. Six

months after release, recoveries were made in three sites in where 64,256 and lO24

mummies were released. After one year, mummies were found even at a place where

only 16 mummies were released.

Over a period of two years after initial release, the changes in numbers of host

and parasitoid were monitored in a rose freld. Before the release of A. rosae, spring was
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the season when M. rosae was most abundant as have been recorded previously. After

the release, M. rosae did not reach the same high infestations levels as have been

recorded previously in spring. High rates of parasitism of nearly 8O Vo in spring

suggested that A. rosae may have been the main natural enemy in regulating aphid

numbers.

During summer M. rosae and A. rosae virtually disappeared from roses in

Adelaide. During autumn aphids reached high numbers and A. rosae did not have any

significant impact on its host. This ineffectiveness of A. rosae in autumn was also

demonstrated in an experiment using insecticide-treated exclusion cages. No signif,rcant

change in aphid numbers was found when natural enemies were excluded from roses.

Aphid infestations sampled in different rose plots varied considerably when

wider surveys were undertaken.
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Introduction to thesis

The rose aphid Macrosiphum rosae (L.) is the most serious pest of roses in South

Australia. Up to 1993, nurseries and home gardeners depended exclusively on

insecticides to control this introduced pest, since native predators did not regulate

numbers of rose aphids. In Europe, America and Eurasia, populations of M. rosae are

attacked by a number of parasitoid species. The most common species is the Aphidiinae

wasp Aphidius rosae Haliday. This thesis deals with the introduction of A. rosae as a

classical biological control agent into South-Eastem Australia.

Aims. The ultimate aim of this project was to establish A. rosae in South-Eastern

Australia to improve biological control of the target pesr. M. rosae. Appropriate host

specificity tests had to be carried out to ensure environmental safety of the control agent

and to achieve clearance for release into the field from the Australian Quarantine and

Inspection Service and the National Park and lVildlife Service. Except for host

references, little was known on the biology of A. rosae. Laboratory experiments were

carried out to gain a better understanding of the interactions between host and parasitoid

in the field. In the field, I wanted to work on some fundamental questions in biological

control regarding establishment and spread of released insects to provide a contribution

in understanding broader aspects of biological control. Furthermore, it was aimed to

monitor the performance of the control agent in the Adelaide environment for the first

two years after initial release. Finally it was planned to invent an experimental field

technique to estimate the impact of the control agent on rose aphid populations.

The framework of this study was partly outlined by financial realities. Commercial

funding bodies were not willing to invest in this project. Over a period of four years this

project was undertaken with estimated total running costs of $A 6000,-. On the other
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hand this created academic freedom without concerns about immediate control of rose

aphids.

Overview. Since this thesis deals with a wide range of topics, the relevant literature is

reviewed in the appropriate chapter to improve the continuity of the text. All theoretical

investigations of the target pest, resulting prospects for classical biological control

(CBC) and the choice of the control agent are considered in Chapter 2. All further theory

regarding the actual practical procedures of CBC (collection, rearing, host specificity

tests, release, monitoring and evaluation of impact) are dealt with in subsequent

chapters. Chapter 3 describes the collection of A. rosae and general rearing methods. In

Chapter 4 the influences of different host instars and adults of M. rosa¿ on its parasitoid

A. rosae are investigated. The additional stress of superparasitism and low host-plant

quality are also tested. Comparisons are made between the intrinsic rate of increase of

M. rosae and its parasitoid A. rosae in Chapter 5. The influence of parasitoid size on the

life{ime fecundity and intrinsic rate of increase of A. rosae is investigated. Additionally

the impact of aphid cornicle wax on parasitoids is described. Chapter 6 deals with host

specificity tests and the host selection process of A. rosae. Chapter 7 deals with

quantitative aspects of foraging. Field observations of the foraging behaviour of A.

rosae in a patch are described and results are discussed in regard to biological control of

M. rosqe. The relation of insect numbers released to success in establishment is

investigated in Chapter 8. The spread of A. rosae in Adelaide following colonisation is

described in Chapter 9. Chapter 10 is a descriptive survey of changes in numbers of M.

rosae and A. rosae in the field for the first two years following the initial release of the

control agent. Together with Chapter 9 it provides an indication of the initial

performance of A. rosae in South Australia. Chapter I 1 deals with the development of

an exclusion method to estimate the net impact of natural enemies on rose aphids in the

field. Different field techniques to assess the effectiveness of natural enemies are

introduced, and the choice of the most appropriate method is discussed. The outcome of
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the experiment is discussed in relation to the aphid infestation in the field at the time of

the experiment. An integrating general discussion is presented as the frnal Chapter 12.

This thesis was written with the intention that experimental chapters basically

could stand alone and serve as the basis of separate papers for future publications. At

time of submission of this thesis, Chapter 6, 8 and 9 were submitted to journals and

were in review.
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Chøpter 2

Preliminary consideration of Aphídius rosae as control agent of

Macrosiphum rosae

2.1 Classical biological control

Classical biological control (CBC) can be described as the attempt to regulate pest

populations (e.g. mites, insects, mammals, weed, pathogens) by natural enemies (e.g.

parasites, predators, pathogens) that are imported and released into a new environment

for this purpose (Caltagirone, 1981).

The modern history of CBC began in 1888 with the outstanding success of the

introduction of the predatory Vedalia beetle, Rodolia cardinalis (Mulsant), from

Adelaide, South Australia (S.4.), into California to control the exotic cottony cushion

scale, Icerya purchasi Maskell (Clausen, 197S). This success played a major part in

stimulating world-wide interest in CBC. The first successful introduction of a parasitic

wasp occurred in 1906 when Encarsia berlesei (Howard) of North American origin was

imported into Italy to control the mulberry scale Pseudaulacaspis pentagona Targioni-

Tozetti (Greathead, 1986). The most spectacular CBC success by an insect in Australia

was the introduction of the pyralid moth Cactoblastis cactorum (Berg) in 1925 to

control the exotic prickly pear cactus, Opuntia stricta Haw. (Wilson, 1960).

The underlying basis of CBC is that some populations can be regulated effectively

by natural enemies. Exotic pest species often escape this regulation by geographic

separation from their natural enemies (Van den Bosch & Messenger, 1973).In contrast

to these coevolved old pest/natural enemy associations, which are basically transferred

to a new geographic location, Hokkanen & Pimental (1984) advocated the use of 'New

Associations in CBC' in which exotic natural enemies of relatecl pest species are used

for control. They hypothesised that the long coexistence of a pest and natural enemy
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might lead to loss of 'virulence' and that a new natural enemy might have a greater

impact on the target pest, which might be exotic or native. However, other authors

disagree with this controversial hypothesis (see below)'

Successful CBC combines permanency, selectivity, environmental safety and

economy in pest management (DeBach, 1974) and can be considered a cornerstone in

Integrated Pest Management (IPM). Data from Huffaker et al. (1976) showed a return of

$US 30 for each Dollar spent in biological control (BC) of agricultural pests in

California. For Australia alone, the economic benefits of BC was estimated to exceed

more than A$ 1 billion (Tisdell, 1990). Despite these benefits, CBC is a minor method

in terms of usage compared to the use of pesticides. The primary reason for this relative

neglect is that CBC is widely perceived as unreliable (Beirne, 1985). Hall & Ehler

(1979) showed that the overall rate of establishment of natural enemies of insects and

arachnids worldwide was 0.34 and only 60 Vo of these have resulted in some kind of

control. Slightly more optimistic data from 'Waage (1990) suggested a rate of

establishment of 0.39 but only 44 Vo of these produced some success in reducing target

pests. Particularly disturbing is that the rate of establishment of natural enemies in CBC

is declining (Hall & Ehler, 1979). The second major reason to feel restrained in the

development of CBC is the concern of unwanted impact of the control agent on non

target species and the environment (e.g. Howarth, 1991).

Unfortunately many CBC attempts are poorly described in the literature. Only a

minority have been comprehensively documented, so it is difficult to evaluate the

characteristics that lead to either success or failure (Hughes, 1989). To overcome this

obstacle, scientists have tried to identify trends in success or failure of CBC by broad

statistical analysis of existing data (e.g. Hall & Ehler, 1979: Hall et al., 1980; Greathead,

1986; Kfir, 1993; Hopper & Roush, 1993). Many theoretical ecologists suggest that

models of population dynamics can provide guidance on how to best implement BC

since BC can be considered as an application of the principles of population ecology

(e.g. Kareiva, 1990). In contrast, many practical BC workers share the view that

theoretical approaches often have little to offer for applied entomology.
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2,2 Biology of target species in CBC, with respectto Macrosiphum rosøe

General. Gathering as much information on the pest as possible is an essential starting

point. This process begins with correct species identification. Misclassification of

California red scale, Aonidiella aurantii (Maskell), as a species of Chrysomphalus, a

genus that originated in South Africa, misdirected the collection of natural enemies

towards this continent during 1934135 (Delucchi et al., L976).It was not until correct

identification in 1937 that researchers were able to look for effective control agents in

its real area of origin, the Far East (Compere, 1969). A knowledge of basic biology and

ecology of the pest in the target area is essential to proceed further in a CBC program'

Information on target pests might be obtained by an extensive literature review and/or

by experimental approaches and field investigations.

Host plant of Macrosiphum rosae. Species of Rosa have been modified through

selection and hybridisation in cultivation in many cultures, giving rise to some 20 000

cultiva¡s (Bailey & Bailey, 1976). However, the number of species is relatively small,

probably comprising no more than 150 species (Bean, 1980). Essentially hybridisation

has brought together the genomes of diploid eastern 'Tea' roses and tetraploid western

'Cabbage' roses, resulting in modern roses which are used for display and cutting. As

hybridisation has advanced, the system of cultivar classification has become

complicated and inexact. It is now nearly impossible to classify roses accurately. Rose

aphids feed on virtually all cultiva¡s, even though suitability might varies.

Macrosiphum rosae. The rose aphid Macrosiphum rosae (L.) belongs to the tribe

Macrosiphini in the sub-family Aphidinae (Homoptera). The evolutionary radiation of

this aphid line is linked closely with that of Rosaceae (Blackman & Eastop, 1985). The

rose aphid is a rather large aphid species and sizes can vary between 1.7 and 3.6 mm for

apterae and2.2 to 3.4 mm in alatae. Colours range from dark green to pink, red brown
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or magenta. The green and brown morphs are the most prominent forms and one may

change to the other over at least two generations in the field. Pink is often the

intermediate colour during this changeover (Maelzer, L977).In the field, adults of M'

rosae are easily distinguished from other species on roses by their general appearance

combined with long and deep shiny black siphunculi and black knees'

In temperate regions the aphid displays a heteroecious holocyclic life-cycle. In

spring and autumn the rose aphid reproduces on its primary host, wild and cultivated

Rosa spp., but during summer its alternates to various species from Dipsacaceae

(Dipsacus,succisa) and Valerianaceae (Centranthus,Valerianø) (Borner & Heinze,

lg57). Occasionally the species can be found on other species of Rosaceae (Fragario,

Geum, Pyrus, Malus, Rubus) and Onagraceae (Chamaenerion, Epilobium) during

summer (Blackman & Eastop, 1935). However, this life-cycle is not obligatory and

depends upon environmental conditions (Borner & Heinze, 1957). Some parts of the

population may remain on roses throughout summer, but still produce sexuales in

autumn. In regions with mild winters, reproductio¡ of M. rosae is mainly completely

anholocyclic on roses, e.g. in S. A. (Maelzer, 1977). In these cases the aphids reproduce

parthenogenetically and viviparously all the year round on roses. Sexuals and eggs are

not produced (Maelzer,1977). The possibility of sexual reproduction by the rose aphid

in colder parts of Australia can not be completely excluded, even though no evidence

has been found so far (Mary Carver. pers. communication). By using an Australian

strain from Cooma, at the foothills of the Snowy Mountains, Wöhrmann et al. (1991)

found only very weak response of the rose aphid to form sexuals when exposed to

strong inducing stimuli.

In Australia, small numbers of M. rosae might be found on Centranthus ruber (L.)

and Scabiosa spp. but this is probably insignificant (Maelzer, 1977; rWöhrmann et al.,

1991).

Roses are the most popular garden plant in the world and rose aphids can be

considered cosmopolitan, except in Eastern Asia (Blackman & Eastop, 1985). M. rosae

is probably native to Eurasia (Borner & Heinze, 1957) and was introduced into
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Australia as a result of European colonisation (Maelzer, 1977).In S.4., M. rosae is the

most serious insect pest of roses.

M. rosae feeds mainly on the young shoots and buds of roses, up to a stage when

the sepals start to fold back (Maelzer, 1976, t977). The chemistry in the bud then

becomes unfavourable for the aphids because the balance between the antioxidant

ascorbic acid (Vitamin C) and catechin changes in the phloem sap (Miles, 1985; Miles

& peng, l99l; Miles & Oertli, 1993). The aphids can no longer sufficiently oxidise the

harmful catechin.

The growth of a colony of M. rosae on a rose bud and its potential for damage

depends upon a complex interaction between seasonal rose growth, temperature,

rainfall, predation and density-dependent dispersal (Maelzer, 1977: Tomiuk &

Wöhrmann, 1980). The population dynamic of M. rosae coincide mainly with the

growth of the host-plant (Maelzer, 1977; Tomiuk & Wöhrmann, 1980). There are two

peaks in spring and one in autumn in S.4.. Up to 1993, M. rosae had practically no

parasitoids in S.A. Very occasionally, mummies of Aphidius ervi Haliday are found on

roses in Adelaide. Aphelinus gossypü Timberlake occurs periodically on roses but in

Maelzer's study (1977) only 0.04 Vo of aphtds were parasitized. However, a number of

native species including ladybirds, syrphids and lacewings prey upon the pest and

Maelzer (1977) stated that they were able to keep numbers of aphids down in late spring

and late autumn.

2.3 The nature of the pest problem, with respect to Macrosíphum rosae

General. Lloyd (1960) contended that indirect pests (those that do not damage the

product, e.g. aphids sucking on the leaves or stems of a fruit bearing plant) are more

amenable to BC than direct pests (those that damage the product, e.g. aphids feeding on

lettuce) because the former can be tolerated at higher densities than the latter. If the

damage threshold is too low, CBC is not likely to succeed beçause even a small amount

of damage is economically not tolerable (e.g. cosmetic damage of flowers in the
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horticultural cut flower industry). As an example for the other end of the range might be

taken the damage of the alfalfa aphid, Therioaphis lriþlii f. maculata (Buckton), on

relatively poor quality lucerne in SA. On crops with such low profit margins insecticide

sprays are expensive and BC might be the only possible control (Wilson et al., 1982)'

Damage by Macrosiphum rosae. By sucking and removing sap from the vascular

system M. rosae reduces the amount of nutrients available for the bud and the plant as a

whole. Visible damage to the bud is rare and only heavily infested young shoots tend to

deform or even dry up. Maelzer (pers. communication) describes the economic damage

threshold as 50 aphids per infested bud. Above this, the plants respond with reduced

growth and inhibited shooting of new buds. However, roses which are grown for cutting

or display have a much lower damage threshold, since the presence of aphids is

disturbing to the customer for cosmetic reasons. An indirect damage caused by rose

aphids is the accumulation of excreted honeydew, favouring the growth of sooty mould

which causes not only cosmetic damage but also reduces photosynthetic activity

(Williams, 1986).

According to Blackman & Eastop (1935) the rose aphid is able to transmit at least

12 viruses, including the persistent virus strawberry mild yellow edge but not the

important rose mosaic or rose streak. However, compared to the main vectors of

transmission which are vegetative propagation with virus infected buds, pruning with

contaminated equipment, natural pollen transmission and transmission by free-living

soil inhabiting Nematodes, e.g. Xiphinema spp., the role of M. rosa¿ as vector is minor

(Horst, 1983).

Feasibility of CBC of Macrosiphum rosae. The target clientele of CBC of M. rosa¿ was

assumed to consist of commercial nurseries, coÍrmunities and home gardeners.

In 1992, the rose industry in Australia was valued at around $A 100 million per

annum (Rose Society of S.4., pers. communication). Approximately 7O Vo was

apportioned to the cut flower industry. Pot and bare root grorwers for garden supply
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shared the other 30 Vo of the market. Nurseries relied exclusively on insecticides for

aphid control. Historically, at least two applications in spring and one in autumn are

necessary to suppress M. rosae in most years.

CBC of M. rosae was assumed to be most beneficial for commercial pot and bare

root growers, since many of their plants are pruned before sale and light infestations of

aphids are tolerable during their main growth period. Many Australian councils and

citizens were assumed to benefit from CBC on roses as well, since roses are common in

urban areas. The benefit of supplanting sprays with BC agents was considered very

high, not only in terms of costs but also in reduction of environmental pollution and

maintenance of gardeners' health.

The introduction of an effective control agent of M. rosae was considered to be a

potential cornerstone in a future IPM program on roses and an invaluable investment in

the future. The use of an effective natural enemy was thought to help avoid the breeding

of insecticide-resistant strains of rose aphids, a problem alarmingly increasing in many

arthropods pests since the 1960's (e.g. DeBach, 1974; Roush & Tabashnik, 1990).

Additionally, the use of control agents for rose aphids was thought to complement the

use of predatory mites which are often essentially employed in the pest management of

mites.

In Australia, an IPM program for the now established Western flower thrips,

Frankliniella occidentalis (Peryande) is being developed. On roses, it is unlikely to

work if no complementary attention is paid towards the aphid problem as well. Only

combined applications of control agents can help to overcome the combined attack of

various pests.

Damage by aphids occurs in proportion to their abundance (Dixon, 1985).

Therefore, any decrease in numbers resulting from the introduction of a CBC agent has

to be seen as beneficial (Hughes, 1989).
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2.4 Choice of control agents in cBC, with respectto Aphidíus rosae

General. Effective control agents of the pest might not be known and preliminary

investigation of the natural enemy guild has to be undertaken in the presumed area of

origin of the pest (Van den Bosch et al., t982).

Even though advocated by Hokkanen & Pimentel (1984), the selection of 'new

peslnatural enemy associations' is considered to be less successful and therefore should

be avoided (Greathead, 1986; Hughes, 1989; V/aage, 1990). Collecting enemies under

low-density situations in the field, e.g. by exposing pests in the field, may be preferable

than to sample enemies from outbreaks since former may be better adapted to maintain

pest levels at endemic levels (Waage, 1990). Several species of control agents might be

found, identified and their impact on the pest evaluated in pre-introductory studies.

These studies are preferably done in the country of origin, or, if unavoidable, under

quarantine conditions (Hughes, 1939). Waage (1990) gave an overview of criteria that

may be applied to agent selection. Perhaps the most prominent factor in choice of

natural enemies has been ease of handling and, if necessary, the ease of rearing

(Greathead, 1986).

For many pests, the literature will be comprehensive enough to get an overview of

natural enemies without conducting extensive exploration in the field. In CBC of

aphids, the selection of potentially suitable agents is generally possible by using

available knowledge (Carver, 1989).

Often the release of more than one natural enemy is recommended (e.g. Huffaker

et al., 1976). The underlaying rationale here is that different species might exploit

different niches of the pest and that their actions complement each other. In contrast,

other authors, e.g. Turnbull and Chant (1961) have recommended the release of only

one most promising species. Their argument was based on potential negative

interactions and the resulting reduction in effectiveness of CBC agents. Ehler & Hall

(1982) analysed data from Clausen (1978) and suggested that competitive exclusion was

likely when more than one species was released. Keller (1984) reconsidered the same
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data set and did not find empirical evidence for such a conclusion. In fact, a number of

detailed case studies which would prove this theory as a regular event are still missing.

Even though competitive displacement of parasitoids in CBC of aphids was observed

(Mackauer & Kambhampati, 1986), a reduction in levels of control was not evident.

Most BC workers currently consider the risk of competitive exclusion of CBC agents as

low and prefer multiple species releases to a single species release whenever possible

(David Rosen, pers. communication, 1995).

In California, populations of the olive scale Parlatoria oleae (Colvee) were

significantly reduced by the introduction of Aphytis maculiconrls (Masi) in the 1950's

but commercial control was not achieved. This changed in 1957 with the introduction of

a second parasitoid, Coccophagoides utilis Doutt. Coexistence because of different

niche use resulted in suppression of pest density under the economic threshold (in Van

den Bosch et al., 1982).

Broad statistical analysis of existing data has revealed the likelihood of success in

pest/control agent associations. If resources are limited this can give guidelines on

which control agents to concentrate research. For example, specific parasitoids of

homopteran pests are most likely to succeed in controlling the target pest, especially

when the pest occurs in permanent, stable environments on woody plants (Kfir, 1993).

Empirical records seem to favour parasitoids over predators (Greathead, 1986). In

general, parasitoids are more host specific and the less mobile immature stages do not

need to search for food. Parasitoids are generally better adapted and synchronised in

interrelationships and have lower food requirements per individual, resulting in the

potential ability to maintain a balance with their host at a lower density (Doutt &

DeBach, 1964). However, it would be quite wrong to deprecate the value of predators

since there are many examples of outstanding control by predators (Huffaker et al.,

re76).
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Finally, if one or more species are chosen for introduction, it is crucial to decide

which strains to use.

The search for the best preadapted strain might be done by matching the climate

of the target area with the area of distribution, resulting in the introduction of a

climatically adapted strain, or by the introduction of strains from many areas of natural

occurrence with the hope that the fittest will establish and yield best results (Van den

Bosch et al., 1982). For examp\e, Aphidius sonchi Marshall was released in Australia as

a control agenf of the sow thistle aphid, Hyperomyzus lactucae (L.), and established

widely (Carver & Woolcock, 1986). An important aspect for failure or success of

establishment was apparently which strain of parasitoids was used. In most attempts a

mixture of a French and a Japanese strain was successfully released. Establishment was

also observed when only the French strain was released, but never when only the

Japanese strain was used. In a much published case, the French strain of. Trioxys

pallidus (Haliday), a parasitoid of the walnut aphid, Chromaphis iuglandicola (KaIt.),

established with limited success along the milder coastal valleys of Southern California

(Van den Bosch & Schlinger,1962). The release of a climatically better adapted Iranian

strain led to prompt establishment and total commercial control (Frazer & Van den

Bosch, 1973;Yan den Bosch et al., 1979).

Selection of Aphidius rosae.In seeking a control agent of M. rosae, it seemed most

promising to look for a parasitoid. The existing parasitoid guild for rose aphids in

Australia was negligible and native predators did not provide sufficient control. It was

hoped that a specific parasitoid would fill the missing niche of parasitic control and, if

not being effective by itself, at least would add to the impact of existing predators. In

the majority of successful introductions of parasitic control agents against aphids, the

parasitoids belonged to the group of Aphidiinae (Carver, 1989).

Attention was drawn to Aphidius rosae Haliday by D. Maelzer and M. Carver. A

second potential parasitoid, Praon volucre (Haliday), was considered to be less effective

since this wasp is not a specific parasitoid of rose aphids and it failed to establish in an
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earlier introduction into Australia (Carver & Woolcock, 1986). Alternatively,

polyphagous parasitoids like P. volucre sometimes become established more easily, and

can utilise and contribute to the control of alternative pests in the ecosystem (Stary,

te67).

There is little evidence that multiple introductions of CBC agents is detrimental.

Instead they can sometimes provide the key for success. If success in BC of M. rosae

would have been the most pressuring factor, the simultaneous introduction of both

species would have been chosen. But restricted finances and labour limited the scope of

the project. The balance between rearing and the scientific outcome of this project

would have shifted disproportionately towards rearing if two species would have been

introduced. Furthermore, it was desirable to keep the aphid-parasitoid system as simple

as possible for future field investigations. Therefore, only the more promising control

agent A. rosae was finally chosen. A. rosae was collected in Italy where the climate is

similar to South Australia (Chapter 3).

Specificity of Aphidius rosae. Aphidiinae are strictly solitary endophagous parasitoids.

The host range of these parasitoids is restricted to the Aphidoidea. A. rosae was

considered as host specific in the Australian environment. Wherever it has been

recorded, it has been recorded only from M. rosae (Stary 1966a;1976, 1987;

Raychaudhuri et a1., 1979; Pennachio, 1989; Halima-Kamel & Hamouda, 1993) or from

other species of the genus Macrosiphum which do not occur in Australia, e.g.

Macrosiphum (Sitobion) rosaeiformis (Das) (Agarwala, 1983; Agarwala &,

Raychaudhuri, 1981) andMacrosiphumfunestum (Macchiati) (Stary, 1966b; Mackauer

& Stary, 1967).

Biology of Aphidiinae.Except for some studies on the population dynamics of M. rosae

in Germany, in which the rate of parasitism by A. rosae reached 70 7o (Tomiuk &

Wöhrmann, 1980), hardly any experimental work has been done on the biology of this

parasitoid. Nevertheless, since the biology of taxa in the Aphidiinae can be considered
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as homogeneous (Stary, l97O), a general introduction to the bionomics and life histories

of these parasitoids will be sufficient to give a framework for what to expect.

Comprehensive reviews were given by Stary (1970,1988). Much of the following

is extracted from these summaries. More than 400 species in approximately 60 genera

and subgenera of Aphidiinae are known from all over the world (Stary, 1988). The

distribution of Aphidiinae follows closely that of their hosts, and most species occur in

the temperate and subtropical regions of the northern hemisphere. Because of the

limited aphid fauna in Australia, only about 15 species of Aphidiinae occur on this

continent, the majority imported as BC agents (Carver & Stary, 1914; Hughes, 1989;

Carver, 1992).

Adult Aphidiinae range from about one to several mm in size. Their colouration

range from yellowish to brown and mainly black. Colours in a species can be variable

and might depend upon abiotic factors, such as temperature during ontogenesis (Liu &

Carver, 1985).

After oviposition of the alecithal egg it takes several days until the larva emerges.

For example, A. ervi needs approximately four days to eclose to the first larval instar

and another four days to kill the aphid at20"C (Sequeira & Mackauer,I992a). Egg and

embryonic stages have hardly any distinct effects on the host. Aphidiinae are

koinobionts, and parasitized aphids continue to growth until the parasitoid reaches its

destructive feeding phase. In general, four larval instars are distinguished (Tremblay,

1964). First, second and third larval stages feed on the haemolymph of the aphid,

whereas the fourth instar is mandibulate and starts to feed on the tissues of the host.

During the initial phase of parasitism the mass gain of the parasitoid is small, but e.g.

the mass of Aphidius smithi Sharma and Subba Rao increases more than 30-fold during

the third and fourth larval instar (Mackauer, 1986).

After complete consumption of the aphid tissue, the larvae split open the empty

aphid skin on the ventral side. In the majority of species the larva spins a cocoon inside

the host's integument, e.g. the genus Aphidius, but in other species, the larva leaves the

host and pupates underneath, using the aphid exoskeleton as a kind of tent, e.g. the
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genus Praon.In those cases in which the larva remains inside the aphid, the aphid skin

becomes indurated and an enlarged shiny aphid form called a mummy appears.

Mummies containing diapausing cocoons are thicker and appear much darker than

mummies containing non-diapausing larvae. Prepupal, pupal and adult stages develop

within the mummy. About a fortnight is required for the life-cycle at 20 "C. The

emerging parasitoid bites a round emergence hole out of the mummy skin which is

easily broken off.

In general males of Aphidiinae emerge earlier than females. The newly-emerged

wasp needs a short time to mature, and mating may occur soon afterwards. Females

mate only once whereas males might mate several times. The longevity is variable,

depending mainly upon temperature and availability of food (mainly honeydew), but

can be longer than three weeks. Aphidiinae are synovigenic. The reprocluctive capacity

varies between species but can be greater than 1000 eggs. Reproduction is mostly

biparental. Fertilised (diploid) eggs result in females whereas unfertilised (haploid) eggs

produce males, The sex-ratio in the field is typically female-biased.

Oviposition is similar among different species. After encountering a host, the

female bends its abdomen forward between the legs towards the potential host (Fig.

7.2).The time required for oviposition is variable among species, and can range from

less than a second to about a minute. Host discrimination of parasitized aphids is not

perfect and superparasitism occurs both in the laboratory and in the field. Preference for

smaller host instars is typical but not fixed.

Dispersal of Aphidiinae occurs actively by the adult wasp or passively as

developmental stage inside an aphid. Mummies get distributed by human activities or

attached to leaves dispersed by wind.

The seasonal history of Aphidiinae is closely linked to the abundance of their

hosts. They occur soon after the first aphids appear and enter diapause somewhat earlier

than the host. The parasitoids never follow holocyclic aphid species in another habitat

and instead enter diapause or switch temporarily to different aphid species. The number

of generations per season is greatly dependent upon environmental factors.
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Parasitism can substantially reduce aphid populations but can not prevent spread

of aphids nor virus transmission. Parasitoid action is normally seasonally delayed

compared to aphid abundance, and therefore might not prevent damage to plants earlier

in the season.

To keep the aphid-parasitoid system as simple as possible for future field

investigations, only one natural enemy of M. rosae was introduced into Australia. The

success-rate of specific parasitoids of homopteran pests occurring in permanent, stable

environments on woody plants, made A. rosae the most promising natural enemy to be

released for BC of M. rosae in South-Eastern Australia. The parasitoids were collected

in Italy where the climate is simila¡ to South Australia.
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Chapter 3

Field collection and rearing of Aphidius rosae

3.l lntroduction

Insect rearing is a fundamental component of most biological control programs. Only

very rarely are field-collected insects released directly into a target ecosystem. Typically

the control agent is bred for a few generations in captivity because of quarantine

restrictions or to build up numbers. The collection process and subsequent rearing

influence the genetic variability of the control agent, so it is important to conduct these

activities in a manner that maintains the fitness of the laboratory culture (Mackauer,

1976a).

Collection. The main aim of the collection process is to obtain as much genetic

variability of the field population as possible. Success or failure of the whole program

may depend on the amount of genetic variation among the insects that are collected.

Typically, as many individuals as possible are collected. Mackauer (1976a) suggested

that a founder sample of 500 individuals from a sufficiently large area would yield a

level of genetic diversity adequate for most biological control programs. He also

emphasised the importance of sampling in more than one site. Alleles which may be

important in the intended area of release may be common at least somewhere in the

home range of the insect, even though they may be rare overall. Theoretically,

approximately 50 7o of existing alleles will be sampled with the collection of 100

individuals, while remaining alleles are relatively rare. Expansion of the sample size to

1000 individuals increases the efficiency only by 15 7o.Thercfore, these rare alleles are

more likely to be sampled in environments where they are important and more coÍtmon

(reviewed in Roush, 1990). Another way to increase the diversity of allele frequencies is
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to sample at different times of the year (Mackauer, 1976a). Theoretically, 20 individuals

per strain might be the minimum required to minimise inbreeding effects (Nei et al.,

re7s).

It is common practice in biological control programs to exclude hyperparasitoids

from importation (Sullivan, 1987), even though facultative hyperparasitoids may

sometimes be judged as beneficial for biological control (Ehler, 1979).

Rearing. Compared to the complexity of the field, an insectary represents a highly

uniform and artificial environment for insects (Finney & Fisher, 1964). Abiotic factors

such as temperature, day length and humidity are kept favourable and constant, food and

water are provided and natural enemies excluded. Under such circumstances, insect

populations can undergo rapid changes. These can be divided into non-permanent

conditioning and permanent changes in genetic variability through losses of alleles.

Genetic drift, selection and inbreeding are the main causes of loss of genetic

variability in rearing programs (Roush, 1990). Genetic drift in insect rearing can occur

as a consequence of an initially small sample size (Founder effect) and/or random

sampling of individuals forming the next generation. Artificial selection can be caused

by conditions that unintentionally favour some genotypes over others. Selection pressure

caused by artificial rearing conditions can result in populations that are optimally

adapted to their cage environment but not to the environment in the field. Inbreeding

depression of a population is the loss of vigour resulting from interbreeding among

relatives.

Conditioning of control agents to their rearing environment may not permanently

change the genetic structure of the population, but can effect the outcome of biological

control progrÍìms (e.g. Milne, 1986b).

Roush (1990) recommended that the mean number of progeny per parent should

be maximised to avoid genetic drift and inbreeding. For very small colonies, he

suggested pedigree records to avoid matings of closely related individuals. To minimise

laboratory selection, the separation of the population into several lines is suggested.
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Boller (1972) advised the use of stressful and varying rearing conditions (e.g. fluctuating

temperatures, no permanent supply of food or water resources) to maintain a higher

degree of adaptability and flexibility in the insect population.

The implementation of these recommendations in a rearing program depends

upon the ease with which the insect species is reared and the availability of materials,

space and labour, which are ultimately limited by available finance.

This chapter deals briefly with the collection of Aphidius rosae Haliday in Italy

and describes rearing procedures used in quarantine as well as general rearing methods

referred to in later experiments. The sex-ratio and the rate of diapausing mummies were

noted in different generations.

3.2 Methods

Collection of A. rosa¿. South and Central Italy have a Mediterranean climate that is

similar to Adelaide (Papadakis, 1975). It was assumed that parasitoids from this zone

would be preadapted to the climate that prevails in the area of initial release.

Cooperative ¿urangements were made with the Dipartimento di Entomologia eZoologia

agraria, Universita degli Studi Di Napoli, to secure a source of insects over the period of

the project.

In June 1992, A. rosae was collected by myself as mummies at two places in

Lazio and three places in Tuscany, Italy. All mummies found were collected and stored

separately. Additionally, Maria Cristina Digilio at the Dipartimento di Entomologia e

Zoologia agraria collected mummies in Naples and Potenza. These insects were the

founder of a colony which was reared for 18 generations before permission was given by

the Australian National Parks and Wildlife Service and Australian Quarantine Service to

release A. rosae into the field. To increase the genetic diversity and to counteract

possible genetic drift and inbreeding depression, a second shipment of mummies was
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obtained from Naples in June 1993. Finally, a third collection took place in Naples and

Potenza in June 1994.

Identification. Following the initial importation of A. rosae into Australia in 1992,

specimens of the Fl generation were sent to C. Digilio, Dipartimento di Entomologia e

Zoologia agraria, Naples, for identification, as well as to the Australian National Insect

Collection in Canberra. Hyperparasitoids were sent to Mary Catver, CSIRO, Canberra.

Preservation of genetic variability. In the first parental generation each female was

mated in a gelatine capsule (1 rnl volume) containing a small rose leaf. Some males had

to be used twice (Table 3.1). Each female was held separately in a cylindrical gauze cage

(see below) with approximately 50 Macrosiphum rosae (L.) of mixed age. The resulting

mummies were collected and stored separately in gelatine capsules. For the F2

generation, four randomly chosen females from each of the original female lines were

mated with unrelated males and reared together in cylindrical gauze cages.

This procedure was labour intensive and so was not continued for the F3

generation. From there on, the colony was divided in only two lines. From each of the

original 12 lines, three females were randomly collected to establish each of the two

breeding lines.

In each generation, females were collected as founders of the new generation

after approximately 24 days. At this time most non-diapausing individuals had already

emerged and virtually all females were fertilised. For each of the two lines, 30 females

were randomly collected (F4 to F18 generation). Only small or slow individuals were

eliminated. Even though fertilisation was likely to have occurred, a few males were

added to the cage as well.

Each generation produced changing numbers of diapausing mummies which

were partly stored at 18"C and partly in the refrigerator at 4"C (Polgár, 1986). They

represented an allele pool remained from earlier generations and when these individuals

emerged, they were regularly introduced into the rearing cages to maintain the genetic
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base of the culture. Up to five females that emerged from diapause or females that mated

with males emerged from diapause, were added to a line in each generation.

The individuals from the collection in 1993 were bred to increase numbers and

then combined with the existing colony for release.

As soon as sufficient numbers of mummies were available in the field, the

permanent laboratory culture was regularly mixed with field-collected individuals.

From the collection in 1994, only four females and seven males of A, rosae

emerged. These insects were crossed with wasps from the laboratory culture and the

resulting colony was kept separately and treated as already described. Around 1500

parasitoids of the F3 to F5 generation were released into the field from August to

September 1994. To avoid interference with the census at the Waite Campus (Chapter

10) they were released in a coÍtmercial rose garden in Willunga, 50 km south of the

Waite Campus.

Plant material.Initially, aphid and parasitoid cultures were maintained on potted roses,

but at that time the quarantine facilities at the Waite Campus did not provide any plant

production facilities and only limited space. Roses need high light intensities and plant

quality declined rapidly when plants were brought indoors. Furthermore, plants had to

be destroyed after use and could not be recycled in a rearing system outside the

quarantine facilities. To provide a pennanent and sufficient supply of high quality potted

plants, substantial rearing space with cool temperatures and high light intensities would

have been required, but these were not available.

The use of rose cuttings collected in the field offered a solution. Rose shoots

placed in water with cut flower fertiliser (Flower Fresh TM, Flower Fresh Products,

Glengowrie, South Australia) provided sufficient nutrition for aphids, were available all

year round, required much less space than a potted plant and costed nothing. The

disposal of this bio-hazardous waste from quarantine was minimised by the small

volume. The only effort invested was the systematic pruning of plants in the field to
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guarantee a continuous supply of rose shoots even at unfavourable times of the year, and

fastidious cleaning of the shoots to eliminate aphid predators and their eggs.

Shoots were taken from the rose variety Tea hybrid 'McGredy's sunset'

(Appendix 1). For rearing, suitable shoot buds for aphid growth from stage 1 to 5 were

used (Maelzer,1977)(Fig. 10.1). Occasionally wild shoots produced by the root-stock,

which periodically had to be removed from rose plants anyway, were used in rearing.

Aphids. M. rosae was collected in the field and cultured for several generations before

they were replaced by new insects. Many older instars and adult aphids dropped off the

plant and were easily caught in a bowl placed underneath the shoot when a person

breathed on an infested bud. During most of the year, aphids were collected around the

Waite Campus. During summer, when aphids virtually disappeared, collections were

undertaken in Hahndorf in the Adelaide Hills which has a cooler climate. Before the

release of A. rosae, field-collected aphids were used directly for rearing, whereas after

the release had taken place, only their offspring were used. This precaution became

necessary because of hyperparasitism in the field (Chapter 10).

Abiotic factors. All insects were mainly reared at 18 + 2"C,65Vo relative humidity. This

temperature was relatively low for rearing of insects, but it was close to the average

temperature in the field when aphids are abundant (15-17"C, Maelzer, 1981). The room

temperature was regulated by an air conditioner which had to be preset for cooling only

or heating only to 18'C. Temperature varied slightly because of this inflexibility. All

cages were illuminated with fluorescent True Light@ at 16L:8D. Additional day light

was allowed to enter through the windows. Especially during the hot summer (when no

experiments were carried out), day light was able to heat cages close to the window 4oC

above the room temperature.

Cages. Three types of cages were used during the project. Throughout this thesis they

are referred to as 1) cylindrical shoot cage,2) gauze shoot cage and 3) plexiglass cage.
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1) The cylindrical shoot cage was mainly used in the initial phase of rearing and

for experiments in which easy access to the insects was essential. One rose shoot was

held in a plastic cup (350 ml). The shoot was passed through a hole in the lid which was

sealed with a foam stopper (Fig. 3.1a). The cage section consisted of a plastic cylinder

(3.25 cmx27 cm [radius x height]) with a ga:uze top and three gauze strips along the

side (Fig. 3.1b). The edges between the top cylinder and the lid of the cup were sealed

with plasticine.

2) The gauze shoot cage was constructed from a short gauze sleeve (10 cm x 15

cm), open at one end and sewn together at the other (Fig. 3.1c). The open end was sealed

by a rubber band which squeezed together the gauze and an inner piece of foam. A rose

shoot was placed through the middle of the foam. Three wooden sticks inside the foam

prevented the collapse of the gauze and created space for the rose bud and insects. The

basal part of the shoot was placed in water with cut flower fertiliser. This kind of cage

occupied much less space than the previously described shoot cage since many shoots

could be held in the same cup of water. It was easy and cheap to produce this cage in

large quantities. A major disadvantage was the limited access to insects inside because

of the fragile construction. Therefore, it was mainly used in experiments where large

numbers of separated aphids had to kept for only a limited time.

3) The twin-plexiglass cage was the main cage for the maintenance of the

parasitoid culture (Fig. 3.2). Each chamber measured 52 cm x 56 cm x 45 cm (length x

width x height). The bottom and side walls were plexiglass, whereas the top consisted of

fine gauze. One door in each chamber allowed access to add or remove shoots from the

cage. An additional gauze sleeve allowed access for maintenance of cultures and

minimised the risk of insect escape. Each chamber had the capacity to hold up to 25

plastic cups with shoots.

Rearing of A. rosae. The actual set up of cages, plants, aphids and parasitoids was

specific for each experiment and is described in the appropriate chapters. Here, only the
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set up of the general breeding culture of A. rosae from the F3 to the F18 generation is

described.

Chambers of the twin-plexiglass cage normally contained 15 shoots. Declining

shoots were regularly replaced. After aphids were collected they were released onto

shoots in the plexiglass cage. They were allowed to acclimatise and settle on the plants

for one day. Approximately 500 adults and older aphid instars were released into each

chamber. The following day 30 females and a few males of A. rosae were released into

each chamber. No food was supplied since honeydew of aphids was thought to be a

sufficient resource for parasitoids (Stary, 1970).'Water was given once each day, by

spraying it with a syringe on the top gauze, or a vial of water with a cotton wick was

placed in the cage.

The first progeny emerged after 14 or 15 days, and from then on, wasps emerged

continuously until the cages were cleaned. Normally, after 24 days all parasitoids were

collected with an aspirator and kept overnight in plexiglass cages (20 cm x 15 cm x 15

cm) supplied with honey and water. Old shoots were removed and the cages were

washed with soapy water. New shoots and aphids were then set up for a new cycle of

breeding.

Old shoots, cups and the walls of the cage were searched for diapause-form

mummies. These were stored separately in the refrigerator at 4"C,75Vo r.h., or in

gelatine capsules (1 ml volume) in the rearing room.

The number of offspring, their sex-ratio and the fraction of diapause-form

mummies were noted at arbitrary times.
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Fig. 3.1 a) Rose shoot in plastic cup (350 ml), filled with water supplemented

with fertiliser. Foam was used to close the hole in the lid. This unit was used in

bigger cages or as base for b) the cylindrical shoot cage. The top and windows on

the side of these cages were gauze. The base was sealed with plasticine. c) The

gavze shoot cage was a short gauze sleeve, Sewn together at the top and open at

the bottom. The bottom was sealed by a rubber band which squeezed together the

galze and an inner piece of foam. Three wooden sticks created space inside the

cage.
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Fig. 3.2 The twin-plexiglass cage, the principle rearing unit for the culture of

Aphidius rosa.e in quarantine. For details see text (size of each chamber 52 cm x

56 cm x 45 cm [length x width x height]).

Fig. 3.3 Diapausing mummy form (dark brown, thick inner lining of aphid shell)

of Aphidius rosae parasitizing Macrosiphum rosae. For comparison with a non-

diapause form see Appendix 4.

Fig. 3.4 Aggregation of diapause mummies of. Aphidius rosae in one corner of

the rearing chamber. A short time before death by parasitism, many parasitized

aphids (Macrosiphum rosae) left the rose shoots they were reared on (see text for

explanation).
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3.3 Results and discussion

Due to heavy hyperparasitism of the field-collected material in all three collections only

21 females and.12 males emerged in !992,8 females and 8 males in 1993, and only 4

females and/ males in I994.In the latter year, an extremely hot spring had created very

unfavourable conditions for aphids in Naples and consequently parasitoids were not

abundant. Relatively few aphids and mummies were found and many of them

hyperparasitized (Table 3. 1).

The guild of hyperparasitoids consisted of Asaphes vulgaris 'Walker,

Pachyneuron aphidis (Bouché), Coruna clavata Walker, all Pteromalidae, and Allorysta

victrix (Westwood) andAltoxysta sp., both Charipidae (specimens were kindly identified

by Mary Carver).

Table 3.1 The emergence of Aphidius rosae and hyperparasitoids from field-collected
mummies from Italy. All values are numbers of individuals.

Location A. rosae,
females

A. rosae,
males

Hyper-
parasitoids

Other
dead

mummies

Tuscany, Jl;r:,'e 1992

Lazio, June 1992

Naples, Potenza, June 1992

Naples, Potenza, June 1993

Naples, Potenza, June 1994

1

8

J

8

7

5

7

9

8

4

179

118

94

165

80

4

6

2l

5

6

A key factor for the successful rearing of A. rosa¿ was the relatively low

temperature of 18"C. Roses senesce more slowly at cooler temperatures and aphids

feeding on them grow better (Maelzer, pers. communication). M. rosae wefe

significantly smaller when grown at 23 to 25oC on potted plants and cuttings. Dixon

(1985) pointed out that size in aphids is a consequence of the relative effect of food
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quality and temperature on the growth and development rates. Aphids reared at high

temperatures are smaller than those reared at lower temperatures because increasing

temperature disproportionately decreases the time to reach maturity, compared to the

increasing growth rate. The indirect effect of declining plant quality and the direct effect

of high temperatures on insects (Maelzer, 1977) were considered as possible reasons

why a first lot of seven females and three males of A. rosae died without reproducing.

Occasionally very small mummies formed that contained only dead parasitoids. This

situation changed when rearing temperatures were lowered to 18"C. Fox et al. (1967b)

showed that the mortality of Aphidius smithi Sharma and Subba Rao parasitizing

Acyrthosiphon pisum (Hanis) increased at higher temperatures '

A further advantage of lower temperature was that it lengthened the generation

time and therefore lowered the risk of genetic decay in the culture.

Table 3.2 First generation of Aphidius rosae reared on Macrosiphum rosae in the

laboratory. Parasitoids emerged from mummies collected in ltaly. Insects were reared

on rose cuttings at 18 + 2"C, 65Vo r.h., 16L:8D.

Parents

Female # (Male) Females Sex-ratio

F1

Males

1(A)
2 (B)
3 (c)
4 (D)
s (E)
6 (F)
7 (c)
8 (H)
e (r)

10 (F)
11(A)
12 (B)
13 (c)
14 (D)

0.27
0.5
0.47

11

29
39
69
5
10
43
25
0

2T
0

r54
7
20

4
4
t2
45
2
10
26
l5
0
16
0
57
1

0.21
0.t2
0.24
0.39
0.29
0.5

0.38
0.38

o.43

l8

Total 433 2t6 0.33
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From the parasitoids which were held at 18oC, two females and one male did not

reproduce. Therefore only 12 females and eight males collected in Italy contributed to

the first generation of A. rosae reared in quarantine (Table 3.2). Insects increased rapidly

in numbers. A colony size of 649 insects was already achieved in the Fl generation.

The sex-ratio in all generations was female-biased, ranging between O'29 and

0.45. Such ratios were also observed in the field (Chapter 10). Results from Chapter 4 as

well as investigation of other parasitoid species (e.g. Godfray, 1994) show that male-

biased sex-ratios can be observed on low quality hosts. Therefore, it may be assumed

that the rearing method provided good host quality.

Diapausing mummies (dark brown, with thick shell)(Fig. 3.3) were found in most

generations. The numbers increased at times when diapausing mummies would be

expected to increase in the field, i.e. at the end of spring in November and at the end of

autumn in May (Table 3.3). Facultative diapause has also been recorded in other

Aphidiinae. For example, in laboratory rearin g of Aphidius sonchi Marshall, diapausing

individuals occurred all year round in the stock culture. The proportion remained fairly

constant, being usually about 6Vo (Líu & Carver, 1986). In contrast,A. rosae showed

variation in the production of diapausing mummies. The influence of natural daylight

through the windows of the rearing room may have influenced the incidence of

diapause, despite artificial illumination.

Many of the diapausing mummies were found away from the shoots.

Accumulations were common in the darkest corner of the cage (Fig. 3.4). Parasitized

aphids often leave the plant shortly before being killed by the growing parasitoid

(Behrendt, 1968). Some parasitized aphids display a negative phototaxis and prefer a

darker rather than a lighter substrate to mummify (Brodeur & McNeil, 1990). This

enables the parasitoid to form mummies in concealed places, increases the probability of

escaping hyperparasitism, and can also result in a change of microclimatic conditions.

Such changes in aphid behaviour are more frequently observed when the aphids contain

parasitoids that will enter diapause and might be exposed to adverse climatic conditions

and hyperparasitism for prolonged periods (Brodeur & McNeil, 1989a).
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Table 3.3 The sex-ratio (proportion males) and numbers of diapause-form mummies

in separate generations of Aphidius rosae reared on Macrosiphum rosae in the

laboratory. Frequency of diapausing mummies was determined after approximately 24

days when cultures were renewed. The considerable number of parasitized, but living

aphids after 24 days, and the number of mummies still containing parasitoids but not

being the diapause-form, are not shown. Cultures were maintained at 18'C ! 2"C,

65Vo r.h.,16L:8D.

Generation Time A.
rosae,

females

A.
rosae,
males

Sex-
ratio

Diapause
-form

munurues

F3

F5

F7

F9

Fl1
F14

October 1992

Nov./Dec. 1992

January 1993

March 1993

April/lvIay 1993

June 1993

448

260

273

287

395

520

241

189

111

t4r
324

318

0.35

o.42

o.29

0.33

0.45

0.38

51

192

54

t7

243

205

The cold storage of diapausing mummies at 4"C was successful. The storage of

those mummies represented a last reserve in case the cultures would crash. Additionally,

they were used to preserve genetic diversity in the culture.

In summary, using rose-cuttings for aphid rearing turned out to be a reliable food

source for culturing M. rosae. The collection and importation procedures probably did

not result in loss of vital genetic diversity as the successful performance and survival of

A. rosqe showed in the field (Chapter 8, 9 and 10).
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Chapter 4

Influence of host quality on Aphidius rosae

4.l lntroduction

Salt (1941) reviewed the effects of hosts on their parasitoids and reported that the size of

parasitoids is greatly influenced by host size. He also listed additional effects on

morphology, sex-ratio, fecundity and rate of development of the parasitoid. Since this

classic review, host size is generally considered as an index of host quality, assuming

that large hosts contain more nutritional resources than small ones, enabling the larvae to

achieve improved growth and therefore better fitness (e.g. V/aage, 1986).

Parasitoids can be divided in two host-exploitation categories. Parasitoids which

develop in non-growing and paralysed hosts are called idiobionts. In contrast,

parasitoids in hosts which continue to grow and metamorphose during at least the initial

phase of parasitism are called koinobionts (Askew & Shaw, 1986). The fundamental

difference between these two host-exploitation strategies is that hosts of idiobionts

contain a fixed amount of resources for the parasitoid larvae, whereas hosts of

koinobionts continue to feed and gain additional nutrition. This gives koinobionts the

theoretical possibility to alter their own growth and development as well as that of their

host in order to maximise nutritional suitability for parasitoid development (Vinson &

Iwantsch, 1980). In idiobiont parasitoid-host systems it is assumed that host quality is a

linear function of size whereas for the koinobiont Aphidius ervi Haliday (Sequeira &

Mackauer, 1992b) and Venturia canescercs (Gravenhorst) (Harvey et al., 1994), host

quality was shown to be not necessarily a linear function of host size at time of

parasitization.
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Aphid instar at time of parasitization, host-plant quality and superparasitism are

considered as key determinants of host quality for koinobiont Aphidiinae. Substantial

research has been undertaken to evaluate the influence of these factors on Aphidiinae'

The following is an overview.

4.1.1 Aphid instar and morph. Also most Aphidiinae can successfully develop in all

instars of their host (Stary, 1988), the different nutritional quality of host instars can

substantially influence parasitoid ontogeny. E.g. the first and fourth instar of the pea

aphid differ in their dry weight by more than one order of magnitude (Mackauer &

Sequeira, 1993). Since aphid colonies consist of a range of different instars much

attention has been given to this aspect of host-parasitoid interaction and its consequences

for parasitoid's oviposition choices.

Size.In general, the size of Aphidiinae is considered to increase with aphid size.

This increase may or may not be linear. Male and female drymass of Ephedrus

caliþrnicus Baker increased steadily with larger host instars of Acyrthosiphon pisum

(Harris) at parasitization (L1<L2<L3<L4) (Sequeira & Mackauer, 1993). The same

pattern was observed for the adult size of Diaretiella rapae Maclntosh, parasitizing

Brevicoryne brassicae (L) (Hafez,1961) and Aphidius ervi Haliday parasitizing A.

pisum (Sequeira & Mackauer, L994).In contrast, the adult drymass of. A. ervi did not

increase linearly (LI<L2<L4<L3) with larger host size in an earlier experiment of

Sequeira & Mackauer (I992a). When the parasitoid Aphidius sonchi Marshall was

reared in the first instar of Hyperomyzus lactucae (L.), emerging wasps were smaller

than those reared from the third instar (Liu, 1985). The increase of parasitoid size,

resulting from growth in different host instars, is in general much smaller than the large

differences in aphid size at parasitization. This is indicative of the passive character of

the koinobiont parasitoid during the first days after parasitization. Liu (1985) argued that

the suitability of the aphid to the development of the parasitoid varies as the aphid

develops, but that the size of the parasitoid, irrespective of host stage at reception of the

parasite egg, is largely determined by the size of the aphid when the parasitoid is in its
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destructive feeding phase. Aphidius smithi Sharma and Subba Rao even successfully

parasitized embryos of A. pisum still inside the mother but resulting offspring were

much smaller than their counterparts reared on aphids already born (Mackauer &

Kambhampati, 1988). Qualitative differences between alatae and apterae had no

measurable effect on the outcome of male A. smithi (Mackauer, 1986) but have been

observed for D. rapae (Hafez,1961).

Sex-ratio. Much attention has been paid to the influence of aphid instars on the

sex-ratio of parasitoids (defined as the proportion of males in the progeny) since

offspring and sex allocation by parasitoids is a central problem in evolutionary models

(Godfray, 1994). The majority of parasitic wasps have a haplo-diploid sex determination

with fertilised eggs resulting in females and unfertilised eggs resulting in males. This

mechanism involves the theoretical possibility for the mother to manipulate the sex-ratio

of offspring (Charnov, 1982). Among solitary parasitoids, a significantly greater

proportion of idiobionts than koinobionts show some evidence for host size dependent

sex-ratios (85 Vo vs 42Vo) (King, 1989).

In most aphid/Aphidiinae interactions, smaller parasitized hosts tend to produce

male-biased sex-ratios of emerging wasps whereas the sex-ratio of parasitoids emerging

from larger hosts shifts towards female-biased. For example, Wellings et al. (1986)

found an emergence sex-ratio of 0.65 for both two and four days old hosts at time of

parasitization by A. ervi whereas the sex-ratio of parasitoids emerging from six days old

hosts was 0.37. Supporting results for the same species were found by Sequeira &

Mackauer (1992b) who found more females of A. ervi emerging from the fourth instar

aphid than from any of the earlier ones. The sex-ratio of Aphidius nigripes Ashmead

emerged from Ll hosts was 0.83 compared to 0.38 for parasitoids emerged from L3 and

0.40 forwasps emerged from adults (Cloutier et al., 1981). Mated females of E.

caliþrnicus fertilised nearly 50 Vo of their eggs laid in large host aphids (4. pisum ) blt

only about 20 Vo of those laid in small hosts (Cloutier et al., 1991). In contrast, the sex-

ratio of A. sonchi reared from aphids attacked in instar one and three were not

significantly different (Liu, 1 985).
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Evolutionary models of offspring and sex allocation by parasitoids predict that

females can achieve better fitness by selectively allocating male eggs to lower quality

hosts and female eggs to high quality hosts (e.g. Waage & Godfray, 1985). This

prediction is mainly based on 1) parasitoid size is a positive function of host size 2) a

wasp's reproductive success is determined by its size and 3) small size is of less

importance for fitness in males than in females. In contrast to this active decision

making role of females in sex allocation rüellings et al. (1986) interpreted the shift in

sex-ratio of A. ervi as attributable to differences in the pre-emergence survival rates of

male and female progenies. They argued that it seems unlikely that koinobionts have

involved some mechanism to evaluate future resource acquisition rates of the host, a

hypothesis which was also postulated by Waage (1982).

Development rate. Aphid instars can also have strong influence on the time a

parasitoid needs to mature. Depending upon the species and/or experimental method,

results between Aphidiinae can vary and may not necessarily display an decrease in

developmental time with larger host size at time of parasitization. Both the larval period

and prepupal period of A. smithi were longer in smaller hosts of A. pisum (Fox et al.,

1961a). The total duration of development of D. rapae was found to be slightly longer in

Ll and L2 hosts compared to older instars and adults (Hafez, 1961). Time from

oviposition to 50 Vo aduLt eclosion of A. ervi varied between host instars, with

parasitoids from L2 eclosing on average one day earlier than their counterparts in other

aphid instars (Sequeira & Mackauer, 1992a). However, in 1992b and 1994 the same

authors found that parasitoids of A. ervi that developed from L3 required one day longer

to emerge than wasps from other instars. As possible explanation for irregular patterns

of suitability they refer to disproportionate growth of aphid gonads and associated

nutritional shortcomings in the haemocoel of different instars (Sequeira & Mackauer,

1992b). Development time of E. caliþrnicus varied from oviposition to adult eclosion

with the host instar at parasitization, and was shortest in first and fourth nymphal instars

(Sequeira & Mackauer, 1993).
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In contrast, development times and survival of A. sonchi were almost identical in

the first and third instars of H. Iactuae (Liu, 1935). Additionally, no significant

differences could be seen in developmental time of A. smithi males which developed in

alatae and apterae of. A. pisum, but females of D. rapae increased developmental time by

6O Vo when larvae grew in alatae instead of apterae (Hafez, l96l).

Fecundity. On average, females of A. sonchi rearcd from the first instar hosts

contained fewer eggs than those reared from the third (Liu, 1985) and females of D.

rapae emerging from Ll andL2 had less eggs in their ovaries than females emerging

from older instars (Hafez,1961). Since Aphidiinae are synovigenic, investigations were

also undertaken to determine the influence of host instars on life+ime fecundity. Smaller

parasitoids of A. smithi displayed a smaller life-time fecundity than their larger

counterparts (Mackauer & Kambhampti, 19S8). Sequeira & Mackauer (1994) showed

that life-time fecundity of A. ervi increased over a limited range of sizes only, and

declined with further increases in size. Fecundity was not a linear function of parasitoid

size or size of aphid at time of parasitization.

Summary.In general, the instar of an aphid at time of parasitization can influence

parasitoid development. Parasitoids emerging from smaller hosts are generally smaller,

develop slower and display lower fecundity and a male-biased sex-ratio. However, some

species react very sensitively to different host instars whereas others are not affected.

4.1.2 Host plant qualit]¡. The suitability and quality of the plant available to an aphid is

important in determining its size, survival and reproductive rate (Dixon, 1985), and

therefore is assumed to have also a strong influence on parasitoid growth (Stary, I97O).

E. caliþrnicus developing in normally feeding pea aphids achieved a greater adult dry

mass and shorter developmental time than their counterparts which fed on lower food

quality, simulated by aphids starved four to six hours daily (Koumé & Mackauer, 1991).

Polyphagous aphids can be of different quality or even suitability for aphidophaga when

feeding on different plant species (e.g. Blackman, 1967). Additionally, even different

varieties of a host plant can vary significantly in food quality for aphids and influence
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the tri-trophic system (Van Emden, 1995). Aphids feed mainly on parts of the plant

which offer high-quality food, e.g. actively growing parts (Dixon, 1985)' Aphids

growing on unfavourable parts of the plant become smaller (Dixon, 1987).

Aphids themselves alter the nutritional quality of their food plants by injecting

growth-inhibiting saliva and by simply removing phloem sap (Miles, 1989a,b)' If

crowding occurs and too many aphids remove too much sap, food quality declines,

resulting in smaller aphids. Declining food quality can also lead to the production of

alate offspring, as shown e.g. for the pea aphid A. pisum (Sutherland, 1969).

4.1.3 Superparasitism. For the endoparasitic solitary Aphidiinae, only one individual per

host can develop to maturity, so the supernumeraries must be eliminated. According to

Tremblay (1966), the mechanism of competition among the various stages of Aphidiinae

inside an aphid is a combination of physiological and accidental injury, in which the

older larva normally survives. In some Aphidiinae, superparasitism due to poor

discrimination of parasitized and unparasitized aphids seems to be a common

phenomenon. It occurs without any obvious pressure from the environment, whereas in

other species of Aphidiinae it has been shown that superparasitism occures in

overpopulated patches (Stary, 1970). Superparasitism is common, especially when

parasitoid density is high and the wasps lack the opportunity to disperse, e.g. forced by

cold temperatures in the field or artificial cage conditions during rearing programs.

However, compared to the behavioural aspects of superparasitism, its effects on the

development of surviving larvae are not well documented. Since the host represents a

finite pool of nutritional resources, common opinion is, that as the number of

competitors for these resources increases, the amount of resources available to each

individual decreases (Vinson & Iwantsch, 1980). Hofsvang & Hågvar (1983) found that

larvae of E. cerascicola developed slower in superparasitized aphids than single larvae.

The same tendency was demonstrated for Praon palitans Muesebeck (Force &

Messenger, 1965). Wylie (1965) showed that superparasitism reduced survival and size,

and affected the sex-ratio of the gregarious parasitoid Nasonia vitripenms (Walk.). He
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suggested that effects were due to food shortage. Cloutier & Mackauer (1980) reported

an increased food consumption of superparasitized L2 pea aphids, compared to singly

parasitized aphids and unparasitized aphids. They concluded that the potential for

parasitoid growth will probably rise with higher food consumption of the host.

According to them, superparasitism in second instars of pea aphids might be adaptive for

A. smithi because it enables wasps to exploit small hosts more efficiently.

The influence of host quality can have profound effects on most life-history

parameters of Aphidiinae. To interpret findings and discuss life-time strategies it is

necessary to determine the interelationships of these parameters. In the field none of

these factors can be seen isolated and host quality for the parasitoid depends upon all the

interactions in its tri-trophic system, which is influenced further by environmental

conditions.

The aims of this study were to improve rearing in quarantine and to gain

information about the biology of the wasp, and thereby to enhance understanding of its

performance in the field after release. The influence of different instars and adults of

Macrosiphum rosae (L.) on its parasitoid Aphidius rosae Haliday were investigated. To

put additional realistic stress on the aphid-parasitoid system the influence of

superparasitism and low host-plant quality were examined as well.

4.2 Methods

Plant material. All plant material consisted of 30 cm long bud shoots of Rosa sp., vaÍ.

Tea hybrid 'McGredy's sunset',2nd and 3rd stage (Maelzer, 1977). During the

experiment they were kept fresh by immersion in water supplemented with fertiliser for

cut flowers (Chapter 3). Differences between 'normal' plant quality and 'poor' plant

quality were simulated by renewing shoots after four days for aphids reared on 'normal'

plant quality to compensate for shoot maturation, whereas aphids reared on 'poor' plant

quality had to feed for eight days on the same shoot.
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Insects. Apterae from uncrowded colonies of M. rosae were collected from the field and

kept for 24 h on rose shoots. Adults twere removed and their offspring were used in the

experiment. They were reared on rose shoots until they reached the desired age. Special

care was taken when handling younger instars. Aphids were transferred with a fine brush

and only handled when their rostrum was not inserted into the plant.

Parasitoids were three to five days old when used in experiments. All wasps were

females that had access to food, aphids and males throughout their lives. Every

parasitoid was used only for one oviposition.

Abiotic factors. The experiment was undertaken at 18 + 2"C, 65Vo relative humidity. All

cages were illuminated with fluorescent True Light@at 16L:8D. Before oviposition,

aphids were reared on rose shoots in a 52 x 56 x 45 cm cast acrylic cage with a gauze

top. After oviposition, they were transferred to cylindrical gavze cages (Chapter 3).

Experimental design. Five age classes of aphids were offered to A. rosae for oviposition

:Ll = 1-2 days old,L2=3-4 days old, L3 = 5-6 days old, L4=7-8 days old and adults

= 10-11 days old. Aphids used for L3, L4 and adults consisted of apterous forms only,

whereas aphids in classes Ll and L2 consisted of apterous and alate forms since

differentiation was not possible. Each class was divided in three treatments, consisting

of singly and superparasitized aphids reared on plants of 'normal' quality, and singly

parasitized aphids reared on plants of 'poor' quality. Each treatment had two replicates.

Aphids belonging to the same age class, treatment and replicate were reared on the same

shoot.

Aphids wers exposed to parasitoid females for oviposition one by one in 1.0 ml

gelatine capsules and were observed under a dissecting microscope. Oviposition was

considered to have taken place only after an obvious prolonged contact of the ovipositor

with the aphid and a following slight jerk. Previous experiments showed that these

observations were a reliable indication that oviposition had taken place. Aphids were
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excluded from the experiment in cases where oviposition was uncertain (43 Vo of all

attempts). An attempt was made to use equal numbers in each treatment but this was not

possible. Older aphids, especially adults, showed strong defensive behaviour, so a

greater number indistinct oviposition attempts was observed in older hosts.

Consequently a greater proportion of older aphids were excluded from the experiment.

Younger instars were vulnerable to injury. Any aphid that sustained an injury

was excluded. Sample sizes were not equalised among replicates due to separation of

coloured aphid morphs in the experimental set up (see below). Sometimes oviposition

occurred in the legs, antennae or heads of aphids. These aphids were disregarded, but

reared separately to see if development of the wasps would be possible.

Control aphids in each replicate were reared on the same shoot as their

experimental counterparts. This was possible because aphids in each replicate consisted

solely of the same colour morph. Control aphids had a different colour and were easy to

distinguish. In each replicate two sets of differently coloured control aphids were used.

The first set of 10 control aphids was the same instar as their experimental

counterparts. They were used to evaluate the mortality of larvae of A. rosae in

parasitized aphids by using the mortality of control aphids as a standard. For each cage,

the number of aphids that formed mummies, the number of parasitized aphids that

survived parasitism or had died, and the number of surviving control aphids were

recorded. Surviving aphids were dissected to check for developing larvae of A. rosae.

The corrected mortality of A. rosae (Mç¡ was then calculated as

M"=r- PC
APC'

where P = number of emerging parasitoids, Ap = number of parasitized aphids, C. =

number of surviving control aphids, C = number of control aphids.

The second set of control aphids always consisted of 10 second instar aphids.

Their adult body length was measured after 12 days and was used to evaluate the impact

of nutritional variation of rose shoots among treatments and replicates.
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Cages were checked for mummies approximately every 12 hours from day eight

up to day 15 after parasitization. Surviving aphids were then dissected. Only three

obviously parasitized aphids were reared further than day 15. Newly formed mummies

were removed and kept separately in gelatine capsules. Mummies were checked for

emergence of parasitoids approximately every 12 hours. Upon emergence parasitoids

were killed in the freezer and measurements were taken in the next 48 hours. The size

and form of mummy, sex and size of parasitoid, size of ovaries and number and size of

eggs, developmental time and mortality of the parasitized aphids and time to emergence

were recorded. The number of observations varied slightly for various reasons, e.g. the

number of measured ovaries varied from the number of females because some ovaries

were destroyed during dissection. In another case, the number of individuals did not

correspond to the number of observations for 'time to mummification', because a few

mummies were hidden in the cage (Chapter 3) and not found until day 15. Consequently

their age was unknown and they were not used for the parameter 'time to

mummification'.

Measurement of parasitoid size. Parameters often used to determine the relative size of

parasitoids are the length of hind tibia, length of forewing and head width. Measurement

of the body length is unreliable since the soft abdomen is subject to extension. Most

accurate measurements can be achieved by taking the dry weight of the insect, but

suitably precise scales were not available.

In a separate experiment body length (the distance from the front of the head to

the tips of the ovipositor sheaths, b) length of hind tibia, c) length of forewing (the

distance between wing base and the furthest marginal end of the wing), and d) width of

head (the furthest distance between the outer edges of the compound eyes) were

measured in 66 females of A. rosa¿. It was not known which of these would best

represent the size of the parasitoid, but it was assumed that the measurement which

exhibited the highest mean correlation coefficient with all others would represent the

best linear index of size.
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Measurement of ovary size and numbers of eggs. The ovaries of females were carefully

removed from the abdomen and placed on a slide in a drop of water before a coverslip

was placed over the specimen. A drop of methylene blue was applied to stain the ovaries

and eggs. By measuring the length and width of the ovaries the two dimensional face of

each ovary was determined and the average taken. It was assumed that the pressure of

the coverslip would equally flatten the ovaries, resulting in a constant depth. Gentle

pressure on the coverslip forced the ovary walls to burst and freed the eggs. Since

Aphidiinae are synovigenic, the contents of ovaries consisted of a mix of fully

developed eggs concentrated towards the posterior region and undeveloped eggs

concentrated towards the anterior region of the ovary. Only those eggs which had the

typical elongated, lemon-shaped form of mature Aphidius eggs were counted (Stary,

r97O).

Analyses. Most data were analysed with SAS (SAS Institute, 1985) by multiway analysis

of variance using the General Linear Models Procedure (GLM) for unbalanced data.

Normally the raw data set was used, but an arcsine transformation of Eo-mortality data

was undertaken to stabilise variances (Zar, t984).

All Pearson correlation coefficients were calculated by SAS, using the CORR

procedure. Data on the sex-ratio were analysed by Ï2-analysis.
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4.3 Results

Parameter for parasitoid size. In a correlation analysis of different parameters for

female size, Pearson correlation coefficients ranged from 0.79 to 092 (Table 4.1).

Length of forewing and hind tibia were equally suitable for use as an index of size with a

mean of 0.88, but since it was easier to measure the length of hind tibia, this was chosen

as the indicator of size for A. rosae. Data exhibited homoscedasticity when residuals

were plotted over the range of sizes.

Table 4.1 Comparison between Pearson correlation coefficients of
measurements of size of female Aphidius rosae (n = 66).

Parameter of size Head width Body lengthHind tibia
length

Forewing
length

Hind tibia length
Forewing length
Head width
Body length

0.92
0.84
0.87

0.92 0.84
0.86

0.87
0.85
0.79

0.84

0.86
0.85 0.79

0.83Mean 0.88 0.88

Size of parasitoids. In a General Linear Models Procedure (GLM) the dependence of

parasitoid size, measured by the length of the hind tibia, was tested against the influence

of aphid instar at time of parasitization, nutritional treatment, gender of parasitoid,

replicate and interactions of factors (Table 4.2).It can be concluded that the size of the

parasitoid was dependent upon interactions between the instar of the parasitized aphids

and the treatment (plant nutrition and superparasitism) and between host instar and the

gender of the parasitoid offspring. Females were larger than males in all cases (Fig. a.1).
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Table 4.2 Regression analysis at the effects of treatment, _aphid_ in-star of
rosae and wasp gender on length of parasitoid hind tibia of
. Test of hypotheses using the type tII MS for Inst x Gen x Treat as

in the SAS- GLM procedure. Treatments were singly parasitized
aphids reared on 'normal' rose quality, superparasitized aphid.s on 'normal' ,rose
qirality and singly parasitized aphids on 'poor' rose quality. Aphid instars consisted
óf fivè host claðsêf : Ll, L2,L3,I-4 and adults. Two replicates were carried out.

Source DF Type III SS Mean Square F-value Pr > F

a) complete analysis

Aphid instar (Inst)
Gender (Gen)
Treatment (Treat)
Inst x Treat
Inst x Gen
Gen x Treat
Replicate
Inst x Gen x Treat (error)

4
1

2
8
4
2
I
8

0.30431
0.20747
0.13505
o.o447l
0.01818
0.00405
0.00002
0.00628

0.07601
0.20747
0.06753
0.00559
0.00455
0.00202
0.00002
0.00079

o.07745
0.20758
0.06754
0.00460
0.00562
0.00104

96.90
264.25
86.01
7.r2
5.79
2.58
0.03
0.61

74.22
198.91
64.72
4.4
5.39
0.81

0.0001x
0.0001x
0.0001x
0.0059*
0.0173x
0.1367
0.8772
0.7723

b) reanalysis with non-significant terns omitted

Inst 4 0.30981
Gender | 0.20758
Treatment 2 0.13508
InstxGen 4 0.01838
InstxTreat 8 0.04496
Inst x Gen x Treat (error) 10 0.01044

0.0001x
0.0001x
0.0001*
0.0261*
0.008*

0.62

Corrected total DF =242*-p<0.05

The size of males increased steadily from host classes Ll to L4 with a continuous

pattern : hosts reared on 'poor' plant quality < superparasitized hosts < singly parasitized

hosts on 'normal'plant quality. Parasitoid size from hosts reared on 'poor' plant quality

increased the least (Fig. 4.1a). In contrast, size did not differ between females emerged

from hosts reared on 'poor' plant quality and females emerged from superparasitized

hosts (Fig. 4.1b). Females displayed a steady increase in size from host class Ll toL4.

Between Ll and L3, females emerged from hosts reared from'normal'plant quality were

larger than their counterparts reared from hosts from 'poor' plant quality or

superparasitized hosts, but no differences were observed between treatments in the L4
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class. Females reared in adult hosts became smaller than females reared from L4 hosts in

all three treatments. The same was observed for males emerged from hosts reared on

'normal' plant quality but males from both adults reared on 'poor' plant quality and

superparasitized adults were larger than their counterparts emerged from L4. The largest

females and males from adult hosts emerged from supe{parasitized aphids.

To give an impression of size differences of A. rosae in this experiment,Fig. 4,2

shows small and large males and females.

Time to mummification. The time to mummification depended significantly upon the

interaction between aphid instar and nutritional treatment (Table 4.3). A. rosae reared

from singly parasitized aphids on'normal'plant quality tended to reach mummification

earlier than their counterparts emerged from superparasitized aphids and hosts reared on

'poor'plant quality, except those reared in adult aphids (Fig. a.3). Parasitoids developing

in adult hosts needed longer to reach mummification than parasitoids from L2, L3, and

L4. The slowest development was observed for parasitoids developing in

superparasitized Ll hosts and parasitoids reared from the Ll class growing on'poor'

plant quality.

There \ryas a negative correlation between the time to mummification of males

and their size (n = I39, r = - 0.507, p < 0.0001) (Fig. 4.4a). Over the whole range of data,

a hind tibia length of approximately 0.5 mm appeared to be a threshold for successful

development. Smallest individuals which needed the longest for their development were

concentrated between superparasitized Ll hosts and Ll aphids reared on 'poor' plant

quality. The same pattern was detected for females (Fig. 4.4b). The threshold for

minimal size was here just under 0.6 mm hind tibia length. A negative correlation

between size and developmental time was less evident than for males, r = - 0.247, p =

0.012, n = 104.
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Table 4.3 Regression analysis at the effects of treatment, aphid_instar of
Macrosiphum roiae and wasp gender on time to mummification of Aphidius rosae.
Test of hypotheses using the type III MS for Inst x Gen x Treat as an error term in
the SAS GLM procedure. Treatments were singly parasitized aphids reared on
'normal' rose quãlity, superparasitized aphids on 'normal' rose quality and singly
parasitized aphids oñ 'poor' rôse quality. Aphid instars consisted of five host classes :

LL,L2,L3,IA and adults. Two replicates were carried out.

Source DF Type Itr SS Mean Square F-value Pr > F

a) complete analysis

Aphid instar (Inst)
Gender (Gen)
Treatment (Treat)
Inst x Treat
Inst x Gen
Gen x Treat
Replicate
Inst x Gen x Treat (error)

Inst
Treat
Inst x Treat
Inst x Gen x Treat (error)

4
1

2
8
4
2
1

8

61.5028
0.38553
34.4364
72.8554
2.31822
0.07792
2.2275r
10.1970

6r.469s
33.1297
71.692t
13.29r

15.3757
0.38553
17.2t82
9.10692
0.57955
0.03896
2.22751
r.27453

15.3674
16.s648
8.9615

0.88607

12.06
0.30
13.51
7.14
0.49
0.03
r.7s
r.t7

t7.34
18.69
10.11
0.81

0.0018*
0.5974
0.0027*
0.0058*
0.7672

0.97
0.2227
0.3156

0.0001*
0.0001*
0.0001x
0.6647

b) reanalysis with non-significant terms omitted

4
2
8
15

Corrected total DF = 243
x-p<0.05
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Time to emergence. Time to emergence would have been a more complete measurement

for pre-adult development but only 67 individuals (25 Vo) underwent a spontaneous

development in this experiment, considered as emergence in less than 24 days. The

remainder entered diapause. Because of such a small sample size, statistical analysis was

not undertaken.

Size of ovaries and eggs, and number of eggs. The size of ovaries at time of emergence

depended upon the interactions between aphid instars and nutritional treatment (Table

4.4). A positive correlation was found between the size of females and the size of their

ovaries,r=0.708,p<0.0001,n=101 (Fig.a.5).Additionally,acorrelationwas

observed between female size and the number of eggs at time of emergenco, r = 0.506, p

< 0.0001, n = 100 (Fig. a.6). The GLM procedure revealed no significant influence of

aphid instar, nutritional treatment or replicate on the number of eggs at time of

emergence (Table 4.5). Since larger females contained larger ovaries and more eggs, the

size of ovaries and number of eggs was also positively correlated, r = 0.614, p < 0.0001,

n = 101. The number of eggs in emerging females was negatively correlated with time to

mummification, r = 0.235, p = 0.0206, n = 9'7 (Fig. a.7). The mean egg size was not

significantly influenced by aphid instar or nutritional treatment (Table 4.6) and showed

no significant correlation to parasitoid size, r = 0.154, p < 0.I28, n = 99. The mean egg

size was 0.1462 + 0.0092 mm (SD) with a minimum of O.l2 mm and maximum of 0.158

mm.
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Table 4.4 Regression analysis at the effects of treatment and aphid instar of
Macrosiphum rosae on the size of ovaries at time of emergenceof Aphidius rosae.
Test of hypotheses using the type III MS for Inst x Treat as an elror term in the SAS
GLM procedure. Treatments were singly parasitized aphids reared on 'normal'rose
quality, superparasítized aphids on 'normal' rose quality and singly parasitized
aphids on 'poor' rose quality. Aphid instars consisted of five host classes : Ll,L2,
L3,IA and adults. Two replicates were ca.rried out.

Source DF Type Itr SS Mean Square F-value Pr > F

a) complete analysis

Aphid instar (Inst)
Treatment (Treat)
Replicate (Rep)
Inst x Treat (enor)

4
2
1

8

0.46603
0.127t3
0.01413
0.13377

0.1 165 I
0.06357
0.01413
0.01672

0.1499
0.03395

6.97
3.8

0.84
r.4t

0.0102*
0.0691
0.3849
0.2039

b) reanalysis with non-significant terms omitted

Aphid instar 4 0.59961
Inst x Treat (error) 10 0.33949

4.42
2.86

0.0259*
0.0041x

Corrected total DF = 100*-p<0.05

Table 4.5 Regression analysis at the effects of treatment and aphid instar of
Macrosiphum rosae on number of eggs at time of emergence of Aphidius
rosae. Test of hypotheses using the type III MS for Inst x Treat as an error
term in the SAS GLM procedure. Treatments were singly parasitized aphids
reared on 'normal' rose quality, superparasitized aphids on 'normal' rose
quality and singly parasitized aphids on 'poor'rose quality. Aphid instars
consisted of five host classes : L1, L2,L3,L4 and adults. Two replicates were
carried out.

Source DF Type III SS Mean Square F-value Pr > F

Aphid instar (Inst)
Treatment (Treat)
Replicate
Inst x Treat (enor)

4 23869.00529
2 2933.45966
1 88.59709
8 15600.76845

5967.25t32
1466.72983
88.59709

1950.09606

3.06
0.75
0.05
1.18

0.0834
0.5020
0.8178
0.3235

Corrected total DF = 99
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Table 4.6 Regression analysis at the effects of treatment and aphid instar of
Macrosiphum rosae on size of eggs of Aphidius rosae. Test of hypotheses
using the type III MS for Inst x Treat as an error term in the SAS GLM
procèdure. Tleatments were singly parasitized aphids reared on'normal'rose
(uality, superparasitized aphids on 'normal' rose quality and singly parasitized
aphids on þoõr' rose quality. Aphid instars consisted of five host classes : Ll,
L2,L3,|A and adults. Two replicates were carried out.

Source DF Type trI SS Mean Square F-value PR > F

Aphid instar (Inst)
Treatment (Treat)
Replicate
Inst x Treat (error)

4
2
I
8

0.00041
0.0001

0.00001
0.00023

0.0001
0.00005
0.00001
0.00003

3.54
1.89
0.24
o.34

0.0605
0.2130
0.635s
0.9481

Corrected total DF = 99

Sex-ratio. The sex-ratio of wasps emerging from the first instars was homogeneous

between treatments, heterogeneity X2 = 0.892, DF 5, 0.95 < p < 0.975 and was male-

biased (sex-ratio of 0.77, n = 64XFig. a.8). This ratio varied significantly from a

theoretical 1:1 ratio, X2= 18.O6, DF 1, p < 0.001. Sex-ratio data from parasitoids

emerging from second, third, fourth and adult classes were pooled since a heterogeneity

chi-square analysis indicated homogeneity, heterogeneity X2 =15.5826 , DF 21,0.75 <p

< 0.90, n = 198. Pooled data did not vary significantly from a 1:1 sex-ratio, sex-ratio =

0.54,X2 = 0.6141, DF 1, 0.25 <p< 0.5.

Pooled data from first instars were then tested in a fourfold table against all other

pooled data and differed significantly,X2 =9.992, DF 1, p < 0.005 .
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Form and size of aphid mummies. Parasitized Ll hosts did not complete development to

adulthood (Fig. a.9). Most of them were killed by the growing parasitoid as fourth

instars. 22 Vo didnot even moult to the fourth instar and died as third instars. Parasitoids

growing from second instars, also killed their host mainly as fourth instars. Only a few

moulted to adults. More than half of the aphids parasitized as third instars reached

adulthood, the rest died as fourth instars. Parasitized fourth instars moulted always to the

adult stage. The width of a mummy was correlated with the size of the emerging

parasitoid, r= 0.788, p < 0.0001,n=258 (Fig.4.10).

Mortality. At the end of the experiment, most parasitized aphids were mummified

(Table 4.7). Aphids not forming mummies were mainly individuals which had died

before the end of the experiment. The reason for death of these aphids was unknown. To

obtain an indication how many of these deaths may have been caused by parasitism, e.g.

oviposition trauma or nutritional exhaustion, a set of 10 unparasitized control aphids

were reared on each shoot.

When aphids in the classes L1 to L4 were reared without nutritional stress

factors, i.e. on 'normal' plant quality, 17 aphids from 134 parasitized aphids died (12.7

Vo) from unknown reasons, compared to nine dead aphids in 79 control aphids (II.4 Vo)

(Table 4.7). This result demonstrated that under favourable rearing conditions premature

mortality of M. rosae caused by parasitism can be neglected.

In addition to the number of aphids which died for reasons other than

mummification, the number of surviving aphids without traces of parasitoid larvae were

counted to estimate the overall mortality of A. rosae. 15 days after parasitization the 2I

remaining aphids were dissected but no larvae of A. rosae were found. No significant

differences in mortality of A. rosae were found between nutritional rearing factors but a

GLM procedure revealed significant differences in levels of mortality between aphid

instars and adults (Table 4.8). Mortality of parasitoid larvae was highest in the adult

categories.
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Table 4.7 Mortality of larvae of Aphidius rosae carused by death of the host or the parasitoid larva in different
instars and adults of its host Macrosiphum rosae. Nutritional stress factors for the parasitoid were simutated by
rearing hosts on 'normal' and on 'poor' plant quality, as well as using superparasitized aphids. The corrected
mortality rate was obtained by using control aphids as standard (see text for details). Control aphids had the same
age as parasitized aphids and were reared on the same shoot. They differed in their colour morph. Two replicates
were carried out. The number of parasitized aphids varied between treatments and replicates. Mortality was
determined l5 days after oviposition took place.
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Nuftitixalvaidirs
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lbhl Tohl
rlnrbercf nrrberof
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ehlß fcnnd
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ion analysis at t ffects of treatment and aphid instar of
on fraction of

development of

y parasitized aphids reared on 'normal''oñ 
'normal' rose quality and singly

five host
Data on
(see text

for details) and transformed to their arcsine.

Source DF Type III SS Mean Square F-value Pr > F

a) complete analysis

Aphid instar (Inst)
Treatment (Treat)
Replicate (Rep)
Inst x Treat (error)

Aphid instar
Inst x Treat (error)

4
2
1

8

2.469
0.0681
0.0605
0.71086

o.61725
0.034
0.060s
0.0889

o.61725
0.o779

6.9s
0.38
0.68
0.87

6.21
0.78

0.01*
0.6936
0.4333
0.5632

b) reanalysis with non-significant terms omitted

4 2.469
10 0.779

0.0037*
0.6449

Corrected total DF = 29
x-p<0.05

Size of control aphids. 12 days after the parasitization of experimental aphids, the body

sizes of control aphids, reared on the same shoots as parasitized aphids, were measured

and data were used as an indication of differences in plant quality (Table 4.9). A GLM

procedure revealed significant differences between nutritional treatments (Table 4.10)

but not between instars or replicates. Control aphids reared on 'normal' plant quality

were bigger than their counterparts reared on 'poor' plant quality (mean of 2.69 cm

compared to a mean of 2.32 cm). The largest aphid size was 3.05 cm.

Successful oviposition in appendages. Oviposition in head and femur of aphids was

successful. 10 mummies formed out of 16 parasitized aphids.

6L



Table 4.9. Size of control aphids. As control, l0 second instars of Macrosiphum rosae
were placed together with aphids parasitized by Aphidius rosae (different colour morph) on
shoots of Rosa,rp., var. Tea hybrid'McGredy's sunset'. Aphids from the same replicate
were reared on the same shoot. Two replicates 'were used per experimental variation. After
12 days the body length of surviving control aphids were measured. Under the assumption
that plant quality would be reflected in aphid growth, control aphids were meant to detect
inegularities in plant quality.

Aphid instar
at time of
parasitization

Nutritional va¡iations
of aphid rearing

Number of
surviving
control
aphids

Mean size
rn cm
(SD)

Size
Min./lVlax.

in cm

LT

L2

L3

TA

'normal' plant quality (N)
N but superpa¡asitized (S)

'poor' plant quality (P)

15
T4
15

13
I4
11

2.6s (0.1s)
2.66 (0.16)
2.35 (0.10)

2.7s (o.rs)
2.66 (0.10)
2.28 (0.r2)

2.70 (0.r3)
2.77 (o.rD
2.34 (0.09)

15)
10)
10)

2.46/3.05
2.29/3.00
2.22/2.51

2.49t3.OO
2.45/2.8r
2.ru2.50

2.5r/2.90
2.51/2.9r
2.1u2.56

2.56/3.00
2.64/3.00
2.r8/2.46

2.46t3.00
2.56/2.90
2.20/2.50

15
t2
t3

N
S
P

N
S

P

N
S

P

N
S
P

L3
11
t2

2.69 (0.t3)
2.68 (0.r2)
2.30 (0.13)

11
I4
T6

Adults
2.68 (0.
2.70 (0.
2.32 (0.

Table 4.10 Regression analysis at the effects of treatment and aphid instar of
Macrosiphum rosae on body size of control aphids. Test of hypotheses using the
type III MS for Inst x Treat as an enor term in the SAS GLM procedure.
Treatments were singly parasitized aphids reared on 'normal' rose quality,
superparasitized aphids on'normal'rose quality and singly parasitized aphids on
'poor' rose quality. Aphid instars consisted of five host classes :Ll,LI,L3,L4
and adults. Two replicates were carried out.

Source DF Type III SS Mean Square F-value Pr > F

a) complete analysis

Aphid instar (Inst) 4 0.069878 0.014747
Treatment (Trea$ 2 6.186955 2.062318
Replicate (Rep) 1 0.047891 0.047891
lnst x Treat (enor) 8 0.176374 0.022047

b) reanalysis with non-significant terms omitted

Treatment 2 6.198318 2.066106
Inst x Treat (enor) 12 0.232692 0.019391

0.79
93.54
2.r7
r.46

106.55
r.27

0.5619
0.0001*
0.1787
0.t73

0.0001*
0.2378

Corrected total DF = 199x=p<0.05 62



4.4 Discussion

Size, fecundity and developmental time. Experiments confirmed that host quality was

dependent on aphid instar at time of parasitization. With increasing instar at time of

parasitization, aphids became more suitable for parasitoid growth, with an overall

increase in parasitoid size and fecundity from Ll to L4 and a decrease in developmental

time. Development was also affected by nutritional stress factors after oviposition took

place. It can be concluded that growth of A. rosa¿ was susceptible to changes in

nutritional quality.

Parasitoids growing in aphids feeding on 'normal'plant quality grew larger and

faster than their counterpafts in superparasitized aphids and aphids feeding on 'poor'

quality plants. Except of in the first instar, 'poor' plant quality put more developmental

stress on to the developing parasitoid larvae than superparasitism. Two developing and

competing parasitoid larvae inside the tiny first aphid instar might over exploit the

growing host and restrict its growing capacity disproportionately compared to other

instars. However, in the field, the effects of superparasitism may be less pronounced.

E.g. in this experiment, superparasitism occurred in less than 10 minutes so both larvae

developed and could have competed for nutrition. Under field conditions

superparasitism might occur as much as 24 hours or more apart and therefore might have

little or no influence, since growth of the second larva could be greatly restricted, as

shown e.g. for A. ervi (Micha et al., 1992).

Fecundity, as indexed by ovary size and number of eggs at eclosion was positively

correlated with parasitoid size. In contrast, Sequeira & Mackauer (1994) found a steady

increase in size of A. ervi when parasitizing different instars of the pea aphid

(LI<L2<L3<L4), but this increase in size did not reflect its life-time fecundity

(L1<L3<L4<L2) or its fecundity after day three (LI<L4<L3<L2). Females of A. erti

emerging from L4 showed the lowest number of mature eggs at eclosion.
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A. rosae was able to develop in the whole range of aphid developmental stages

under different nutritional conditions, an ability which certainly increases flexibility of

host exploitation and enhances the potential of biological control in the field.

Host exploitation must be considered in light of the life-history strategy of a

species (e.g. Godfray,1994). Superparasitized first instar aphids and first instar aphids

growing on 'poor' host plants appeared to be less suitable for parasitization, presumably

because they did not provide sufficient nutrition for the growing parasitoid larvae. This

suggests that the larvae of A. rosae have some minimal nutritional requirements for

development. If the host can not provide these, development of A. rosee is inhibited,

therefore allowing the aphid to feed for a longer time and gain additional nutrition. This

seemed to overcome a threshold of minimal size. As soon as this was achieved, a trade

off from developmental time against size was not evident. A negative correlation

between size and time to mummification suggested that parasitoid larvae which grew in

hosts that provided enough resources to grow large also developed faster. This was also

supported by the corresponding negative correlation between the number of eggs at

emergence, plotted against time to mummification. The same life-history strategy was

observed for A. ervl (Sequeira & Mackauer, I992b) and E. caliþrnicus (Sequeira and

Mackauer, 1993).In both studies, the optimisation of body mass took precedence over

the minimisation of development time below a size threshold, but above this threshold,

additional nutritional host resources were used to decrease development time as well as

to increase body mass.

Developing faster is not only an advantage in terms of improved rate of

population increase (Lewontin, 1965; Mackauer, 1986)(Chapter 5), but also helps to

escape hyperparasitism. A female resting underneath a leaf, and thereby maturing her

eggs, might be safer than a counterpart displaying a strategy of prolonged larval

development in order to utilise more host nutrition while at the same time being exposed

longer to hyperparasitism or predation.

It would have been desirable to analyse additional data on the time to emergence

of A. rosae, but only 67 individuals underwent spontaneous development. The
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experiment was performed in May, towards the end of autumn, a time of the year when

a large percentage of parasitoids enters diapause in the field (Chapter 10). At this time

many individuals of the laboratory culture of A. rosae entered diapause as well (Chapter

3). The room in which the experiment was undertaken was partially illuminated by

sunlight through bright windows so the external photoperiod could have influenced the

incidence of diapause. Since the time to mummification was positively correlated with

the time to emergence (Chapter 5), time to mummification should be considered as a

reliable indicator of developmental time.

Adutt hosts. Adult size, unsettled behaviour of hosts under experimental conditions in

the gelatine capsule, and the associated strong defence and escape behaviour of the host

made it difficult to obtain sufficient numbers of parasitized adults. Therefore, the

interpretation of adult suitability is limited by the availability of data. However, there

was a higher proportion of adult aphids without any traces of larva parasitoid growth.

For parasitoids growing alone in adult aphids on 'normal' and 'poor' plant quality, it

appeared that adults were less suitable than fourth instars, as indicated by prolonged

developmental times and decreased sizes. Similarly, Mackauer & Kambhampati (1988)

found that only 4O Vo of parasitized viviparous pea aphids became mummified when

parasitized by A. smithi and parasitoids eclosed from only 60 Vo of them. These results

confirmed findings from Mackauer (1973) and Fox et al. (1967a), who showed that

reproductive pea aphids were less suitable for parasitism of A. smithi. Only six

parasitoids emerged from superparasitized adults but they developed faster and became

larger than their counterparts reared in singly parasitized adult aphids. It may be

speculated that superparasitism helps A. rosae to overcome the obviously enhanced host

defence of adults M. rosae.
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Sex-ratio. The sex-ratio of parasitoids emerging from first instar aphids was 0.77 and

differed significantly from a sex-ratio of 0.54, displayed by wasps emerging from the

other instars. These results conform to the often observed pattern for Aphidiinae

producing more males in less suitable instars. This male-biased sex-ratio was not related

to higher mortality of larvae during their development. Therefore females of A. rosae

may be able to recognise host quality and can make decisions to oviposit fertilised or

unfertilised eggs. Cloutier et al. (1991) found that differential preadult mortality of E.

caliþrnicus had no effect on the primary sex-ratio under given experimental conditions.

This experiment indicated that a growing host can represent a reliable resource that is

predictable from its initial size. Mackauer & Kamphambati (1988) supported this view

by allowing A. smithi to parasitize embryos of. A. pisum stllI inside the mother.

Assuming the females did not perceive the embryos as distinct hosts, and that the female

was able to make a choice to lay a fertilised or unfertilised egg, the sex-ratio was not

significantly different from the sex-ratio that was observed in adult viviparous aphids.

The extremely small host size would have influenced the sex-ratio strongly if any

differential pre-emergence survival rate would have operated between the sexes.

However, if females can actively determine the sex of their offspring, then the quality of

an aphid at time of parasitization may be crucial for the decision and results may vary

greatly with rearing conditions. Additionally, females with different experience or

different egg-loads might produce different sex-ratios in the same quality of hosts.

Therefore, results should be seen as qualitative only, not absolute. E.g. in a pilot

experiment, the sex-ratio of A. rosae emerging from the first instar was 0.5, whereas the

sex-ratios of parasitoids emerging from other instars were female-biased.

Form of mummies. The form of mummies can indicate the aphid life stage at time of

parasitization. 'When A. rosae parasitized younger instars, most of them did not reach

adulthood. Furthermore, the width of a mummy was correlated with the size of the

emerging parasitoid. Both measurements can be a useful tools in the field, e.g. to obtain
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data about the most commonly parasitized host instars (Cloutier et al., 1981) (Chapter

10).

This experiment revealed aspects of the nutritional interaction between parasitoid, host

and host plant. A. rosae was significantly influenced by declining host quality, as

indicated by decreasing body and ovary size, decreasing egg load and an increase in

larval developmental time. Therefore, host quality is a crucial factor in experimental

design and experimental results depend upon host quality. E.g. in experiments on A. ervi

and its host A. pisum, Sequeira & Mackauer (1986) measured mean dry weights between

238 and 369 ¡tg for A. ervi when emerging from aphids which were parasitized as Ll to

L4. The same authors, using the same species and same methods, measured in

comparable experiments mean dry weights between 154 to 2t2 ¡tg for A. ørvl (Sequeira

& Mackauer, 1994) and another time they obtained a mean dry weight range of 155 to

247 ¡tg (Sequeira & Mackauer, I992b). This variation was also reflected in the

developmental times. Detailed interpretation might be difficult if standardisation is

troublesome. Aphids, which feed on plant sap, are sensitive to variation in the quality of

the host plants. Because of these constraints, discussion of the influence of host quality

on A. rosae should be restricted to qualitative interpretation.

The use of rose shoots kept fresh in water mixed with Flower FreshrM for a

limited number of days proved to be a sufficient method for obtaining rose aphids with

sizes comparable to those in the field. The results reported in this chapter provided an

essential foundation for future experimental work with A. rosae, and also helped to

develop a practical rearing program for A. rosae used in biological control. This was

especially important for rearing insects to be released into the field. Insufficient host

quality might not necessarily result in the death of the parasitoid but can drastically

decrease individual fitness.
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Chapter 5

Fecundity and intrinsic rate of increase of Aphidius rosae and

Macrosiphum rosae

5.l lntroduction

Among other attributes, high fecundity is commonly considered an important attribute of

an effective biological control agent (e.g. Stary, l97O). High reproductive rates have

been one of the major reasons why Aphidiinae are considered to be relatively successful

as biological control agents. Aphidiinae are synovigenic (Stary, 1988) and eggs mature

in the ovaries each day. Therefore, simple dissection and counting of eggs in the ovaries

after the emergence of females may greatly underestimate their total fecundity. E.g.

females of Ephedrus caliþrnicøs Baker emerged with 250 eggs in their ovaries but

realised a life-time fecundity nearly five times higher (Cohen & Mackauer, 1987).

Considerable variation in reproductive rates have been found both among species

and within species of Aphidiinae (Table 5.1). The realised fecundity of Aphidiinae

depends very much on the experimental methods used and Cohen & Mackauer (1987)

considered low fecundities only as a consequence of unsuitable methods. E.g. Collins &

Dixon (1986) demonstrated that the oviposition rate of Monoctonus pseudoplatani

Marshall decreased rapidly over time when parasitoids were searching in only one

experimental arena but returned immediately to initial rates when they were allowed to

enter a new arena with new aphids. Additionally, Mackauer (1983a) achieved different

mean life-time fecundities between 192 and 870 eggs/female by offering different host

densities to A. smithi. In general, the life-time fecundity of Aphidiinae can range from

several hundred to more than 1000. Fecundity may vary with several factors, such as

female size (e.g. Liu, 1985)(Chapter 4), temperature (e.g. Force & Messenger,1964) and

host species (Powell & Wright, 1988).
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Table 5.1. Experimental realised life-time fecundity of Aphidiinae. Results are expressed in

gross numbers of laid eggs per female including super numerous eggs, in net numbers of laid

eggs excluding super numerous eggs, or in the number of realised offspring.

Species Life-time

fecundity

Gross/l'{et Reference

Aphidius colemani (Viereck)

Aphidius smithi Sharma & Subba

Rao

A. smithi

Aphidius nigripe s Ashmead

Eph e dru s c aI ifo rni c us B aker

316 eggs

30-60 offspring

870 eggs

100-600 offspring

1 193 eggs

Prinsloo et al.,1993

Wiackowskr,1962

Mackauer, 1983a

Cloutier et al., 1981

Cohen & Mackauer,

t987

Hågvar & Hofsvang,

1990

Force & Messenger,

1964

Force & Messenger,

1964

net

net

961 eggs

578 eggs

845 eggs

gross

gross

gross

gross

gross

net

Ephedrus cerasicola Stary

Praon exsoletumNee

(- palitans Muesebeck)

Trioxys complanaløs Quilis
(= utilis Muesebeck)

Most species of Aphidiinae reach their maximum daily fecundity in the firsts

days after emergence and then their daily reproduction rate declines rapidly (Stary,

1988;Hofsvang, 1991).

The fecundity of a biological control agent gives an indirect indication of its

potential population increase in the field. However, without additional information on

the death rate, or survival rate, and speed of development, the total life-time fecundity is

not very informative. The construction of age-specific life tables are commonly used to

estimate predictive statistics on population increase (e.9. Andrewartha & Birch, t954;
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Southwood,IgTSa). From such tables, the intrinsic rate of increase r (also called the

innate capacity for increase rm or instantaneous rate of natural increase) can be

calculated which allows comparison of potential growth rates among species'

An approximate method for the determination of the intrinsic rate of increase was

detailed by Andrewartha & Birch (1954)

r=logeR6/T

where Rg is the net reproductive rate per female (fraction of original cohort alive at day*

of pivotal age [¡ç] {, progeny produced at day* [mx] )

Ro= I lx ñx

and where T represents the mean duration of a generation.

T=Ixl*m^/Ilxmx

This formula can led to considerable error in short life cycles and Birch (1948) used an

alternative form of the exponential growth model to estimate r.

Ie-r x l¡ç m^ = 1

Using a computer, trial r values are substituted into the expression until the left hand-

side is (arbitrarily) close to one. This formula is commonly used for computing r

(Laughlin, 1965).

The intrinsic rates of increase for several aphidiine species are given in Table 5.2.

It is very unlikely that parasitoids are able to display their full reproductive

potential in the field (Gilbert & Gutierrez, 1973). Mortality of adults in the laboratory is

low but is expected to be considerably higher under field conditions. However, since

Aphidiinae lay most of their eggs during the early days of their life, death will not lower

r substantially, provided that at least some successful reproductive period takes place.

Mackauer (1983a) showed that r for A. smithi was mainly determined by fecundity in

the early days of reproductive activity. It decreased from r = 0.358 for a mean
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experimental longevity of seven days, to r = 0.355 for females with only four

reproductive days to 0.334 for females with a longevity of only three days.

Table 5.2 Intrinsic rate of increase (r) in Aphidiinae. r is expressed as

females/femalelday.

Species
¿rl "C Reference

Aphidius erviHaliday

Aphidius smithi Sharma & Subba

Rao

Ephe drus c alifornicus B aker

Ephe drus c e ras ic ola Stary

Praon exsoletumNees

(- palitans Muesebeck)

Trioxys complanatøs Quilis
(= utilis Muesebeck)

T. complanatus

0.37r 23"C

0.29 2l"c

0.12 l8"c

0.27 18'C

0.38 2l.l"c

Botto etal.,1993

Mackauer, 1983

Cohen & Mackauer,

1987

Hågvar & Hofsvang,

1990

Force & Messenger,

1964

Force & Messenger,

1964

Force & Messenger,

1964

0.316 - 0.326

0.358

19.3'C

20.5 "C

T The sex-ratio for T. complanatøs is 0.59 whereas sex-ratios in other studies are 0.5.

The experimental study of r of an aphid parasitoid can exclude most mortality

factors but it can not exclude aphid defence. Aphids can release a cornicle wax through

their siphunculi, which is both the carrier of alarm pheromones (Dixon, 1985) and a

defensive weapon (Edwards, 1966). The release of this cornicle wax is under reflex

control. Touching an aphid elicits the release of a drop of fluid that is composed of lipid

droplets dissolved in water (Strong, 1967). Drops may not simply appear on top of the

siphunculi but sometimes are ejected under pressure. These drops are very sticky and
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rapidly crystallise due to supercooling in seconds (Edwards, 1966). Parasitoids or even

small predators e.g. first instar syrphid larvae can be stuck to the plant or their

locomotion can be severely impaired. Edwards (1966) hypothesised the potential

effectiveness of this defensive mechanism. In contrast, Goff & Naut (I974) considered

aphid defence by cornicle excretion as ineffective against species of the genus Aphidius,

since oviposition in this genus takes place in less than a second. By the time the cornicle

wax appears, the oviposition attack of the wasp may already be finished. Overall, the

defensive capacity of cornicle wax has received less attention than other means of aphid

defence, such as kicking or dropping, e.g. Gross (1993).

In this chapter comparisons are made between the intrinsic rates of increase of

Macrosiphum rosae L. and its parasitoid Aphidius rosae Haliday. The influence of

parasitoid size on the life-time fecundity and r of A. rosae was investigated.

Additionally the impact of cornicle wax on parasitoids was noted.

5.2 Methods

The experiment was undertaken in the laboratory at 18 + 2"C,65 r.h., l6L:8D

5.2.1 Methods for M. rosae

Adults of M. rosae were collected from the field from Ros¿ sp., Tea hybrid

'McGredy's sunset', on which aphids were reared in the experiment. Aphids were

allowed to give birth to offspring for 12 hours before they were removed. These

offspring were reared until day 12, when all of them had moulted to adults. Freshly

moulted adults were selected for the experimental determination of age-specific survival

and fecundity on day 10 (the expected average time aphids needed to moult to

adulthood)
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Their offspring were counted and removed at 24 hr intervals. Shoots were replaced

every four days. This procedure continued until the death of the aphid.

S.Z.2Methods for A. rosae

Ten mated females of A. rosae were randomly collected from the laboratory

culture which, by this time, was already regularly supplemented with individuals from

the field (Chapter 3). The parasitoids were given access to approximately 700 first to

fourth instar hosts on rose shoots in cylindrical gauze cages for eight hours. Parasitoids

were then removed and aphids were reared for 16 days. Newly formed mummies were

collected daily from day 10 onwards, when the first mummy appeared. They were stored

in gelatine capsules (lml) until emergence which was recorded daily.

At the morning of day 18, 20 newly-emerged females were collected. As

expected from previous results (Chapter 4), the rearing method had produced a range of

female sizes. The whole range of sizes was presented in the experiment. Females were

supplied with water and honey throughout their life-time. They were observed to mate

once in gelatine capsules (Chapter 3).

To provide females with aphids, adults of M. rosae were collected from the field

and reared in cylindrical gaaze cages (Chapter 3). They were set up on a rose shoot for

24 hours and then transferred to a new cage. All offspring had a defined age of 0-24

hours when their parents were transferred. These offspring were reared until they

reached the third instar (- five days). Only third instars of M. rosae were used in the

experiment because they represented a compromise between age (parasitoids prefer

younger instars for oviposition [Chapter 10] ) and relatively easy handling (first and

second instars are impossible to handle in large quantities without causing considerable

mortality). Thfud instars were settledfot 12 hours on rose shoots before parasitoids were

released into the cylindrical gauze cages.

Parasitoids were provided with 80 hosts per day, divided into two equal groups.

40 hosts were exposed to parasitoids for 10 hours during a 'day' period and the same
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number of aphids was used during a 14 hours 'night' period. Since the laboratory

conditions provided light for 16 hours, the 'night'period included four hours light in the

evening and additional two hours light in the morning. This procedure was chosen

because Mackauer (1983a) demonstrated that less than 80 aphids / day resulted in

significant decrease of daily fecundity of E. caliþrnicus and Collins & Dixon (1986)

showed the importance of the regularly replacement of exposed hosts. After parasitoids

were removed, combined'day' and'night' aphid colonies were reared on rose shoots in

ga:uze sleeve cages (Chapter 3) for five days when first instar larvae of A. rosae werc

easily detected. Aphids were killed and stored in the freezer before dissection took place.

These procedures started at the second day of the experiment and were repeated

daily throughout the life-time of parasitoids. During the first day females were exposed

to one group of 80 aphids for 18 hours until 8 o'clock in the morning of the following

day.

Aphids were dissected under a stereo microscope. 40 randomly chosen aphids

were dissected for each parasitoid and day. Random selection was achieved with a pie-

counting grid and random number table (Cavalli-Sforza, 1980). The number of

parasitized aphids and the number of larvae were noted.

After parasitoids died, the lengths of their hind tibias were measured and the

presence of aphid comicle wax was noted.

In the experiment present, a range of sizes of A. rosa¿ was used to find any

correlation between size and life{ime fecundity and r, as indicated in the results from

Chapter 4. Since the formula for r takes average fecundity, survival rate and

developmental time into account, there seemed to be no reason why this parameter can

not be used for calculating individual r values. Rather than obtaining a distribution

around the mean a distribution around a slope was expected. In this case, the survival

rate l* can only be 1 or 0 for individuals and the formula for r can therefore be reduced.

Le-rxñx= 1
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The estimation of r was undertaken with EDPOP (Roger Laughlin, University of

Adelaide, Department of Crop Protection), a population growth program. Only the gross

reproductive rate of females was used in the statistics. For the calculation of r, the

number of eggs was adjusted to the sex-ratio observed in the fìeld and in the laboratory

(Chapter 3 and 10). Numbers of eggs were multiplied by 0.6 to obtain values for female

offspring/female/day. For a better standardised comparison of different intrinsic rates of

increase it is common practise to set the age-specific survival rate to 1.0 until individuals

reach reproductiv e age.

The size of the hind tibia of 194 females of A. rosa¿, captured at irregular

intervals from the field during 1993194, were measured and used to estimate the average

size of A. rosae in the field.

Statistical analysis. To determine the Pearson correlation coefficient (r) for data, the

SAS CORR procedure was used (SAS, 1985). An arcsine transformation of data was

undertaken in one case, where the fraction of super numerous eggs was correlated with

the total number of eggs oviposited (Zar, 1984).

The differences between the median of male and female times to emergence were

analysed with a two-sample t-test after an F-test revealed unequal variances.

5.3 Results

M. rosae. The aphid needed an average of 9.98 days + 0.79 (SD) to moult to adulthood.

20 out of 30 females, started to give birth in low numbers on the same day that they

moulted. The number of births peaked on day 3 (day 13 of the pivotal age) with an

average of 6.57 births per female, followed by a rapid decline to around four

offspring/day. For the next seven days the daily fecundity was relatively stable and then

declined steadily (Fig. 5.1a). Long-lived aphids did not reproduce during the last days of

their life. Dissections of the dead individuals revealed that no developed embryos were

present, except in two aphids that carried one each. The mean life-time fecundity of M.
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rosae was 81.59 + 19.69 (SD), the net reproductive rate (Rg) was 78.85 and the mean

duration of generation (T) was 18.48 days. Aphids lived up to 31 days (41 days of

pivotal age) at l8"C and mortality was nil until day 15 (25 days of pivotal age) (Fig.

5.lb). The intrinsic rate of increase (r) was 0.319. The generation doubling time (DT)

was calculated as DT = In2l r =2.22 days (Andrewartha & Birch, 1954).

A. rosae. Daily dissections of small proportions of parasitized aphids were undertaken

and under given rearing conditions, the larvae of A. rosae were detected for the first time

five days after oviposition took place. A. rosae needed on average ll.7 + 1.6 (SD) days

to mummify , n = 2'79.27 mummies did not display spontaneous development and were

disregarded. The individual time to emergence correlated with the time for

mummification,r=0.89formales,n=l16,andr=0.91 forfemales,n=136.Thefirst

male emerged 15 days after oviposition, whereas the first females did not emerge before

16 days (Fig.5.2). Males emerged on average after 18.1 days (variance2.97) whereas

females emerged in average after 18.6 days (variance 1.94). A two-sample t-test for

unequal variances revealed that the means were significantly different, t = 2.32, p =

0.02. Both sexes had their peak of emergence on day 18.

Aphid defence by cornicle wax complicated the experiment . Two females were

found dead after seven and 10 days. They stuck to the plant. Another female stopped

laying eggs after five days (as dissections of aphids revealed later on) but kept living up

to day 16. An examination under the stereo microscope revealed that her ovipositor

sheaths were stuck together by aphid secretions and the ovaries were filled with eggs.

Because of their relatively short reproductive period, these three females were not

considered for the correlation analysis of life-time fecundity. Interestingly, these were

the largest females.

After death, all females were checked for any impact of aphid defence by

cornicle wax. Only eight parasitoids had no sign of aphid wax on them (Table 5.3). All

together five females died directly under the influence of the waxy secretion which

glued them on to the plant or stuck over their whole body and which crippled them
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completely (Fig. 5.3.a). Two females had blocked mouthparts (Fig. 5.3.a) and three

further parasitoids had covers over their eyes or on the base of the head (Fig. 5.3.b). 10

females had wax on their antennae (Fig. 5.3.a). Three females had non functional

ovipositor sheaths, sealed by wax (Fig. 5.3.a).

The interaction with the host is a normal part of the life of female A. rosae. Most

incidents happened towards the end of the parasitoid's life-time without having

considerable impact on the results, so the mortality caused by aphid defence was

considered an unavoidable natural event (except in the three cases of early impact) and

was not taken into account in calculations.

Table 5.3 The presence of cornicle wax from Macrosiphum rosae on various body parts

of its parasitoid Aphidius rosae after death of the wasp. During their whole life-time

(average of 18.6 days after emergence t 3.2 (SD) 20 females of A. rosae were offered

daily 80 aphids for oviposition at 1 8 ! 2 "C. During their life-time the 20 females laid

7715 eggs = successful attack on aphids. Eight wasps were not affected by cornicle wax.

AnEmæ Mcldçaß Hd Wngs r €s &Tlnra Oviposiþr

Female 1

Female 2
Female 3
Female 4
Female 5
Female 6
Female 7
Female 8
Female 9
Female l0
Female 1l
Female 12

x
x
x
x
x

x
x

x
x
x

xx

XX

x
x

X

x

x
X

xx

xx

xx
x

XX

x

X
X

x

X
x

Frequency,
total n = 20

0.5 0.2 0.15 0.25 0.25 0.15

x = cornicle wax on body part, xx = body part heavily contaminated.

A. rosae displayed individual life-time fecundities between I44 and 190

eggs/female (Fig. 5.4). The individual life-time fecundity was correlated with the size of

females, r = 0.908, p = 0.001, n = 17.
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The intrinsic rate of increase ranged from r = 0.258 to 0.322 (Fig. 5.5). The

correlation between r and parasitoid size was positively correlated, r = 0.895, P = 0.001

n = 17. Only one individual showed an intrinsic rate of increase bigger than the mean r

of M. rosae.

The intrinsic rate of increase for total life-time was not much higher than intrinsic

rates of increase already achieved after three and six days (Appendix 2). Half of all eggs

were laid by most individuals during the first six days of adult life.

The doubling time for individuals ranged between 2.15 days and 2.69 days.

Since individuals displayed significant differences in their daily fecundity the

age-specific fecundity curve can not be shown as average number of eggs/femalelday

but is instead expressed as the proportion of average daily fecundity of individuals

compared to their own individual life-time fecundity (Fig. 5.6a).

No correlation was found between the size of A. rosae and longevity , r = 0.005,

p = 0.98, n = I7 (Fig. 5.7). Females of A. rosae lived up to 24 days (42 days of pivotal

age) at 18oC and mortality was nil until day 13 (31 days of pivotal ageXFig. 5.6b). The

average longevity of female parasitoids was 17.2 days + 3.4 (SDX35.2 days of pivotal

age).

Superparasitism was coûtmon and for individuals reached daily rates up to 47 Vo

of the eggs oviposited (Fig. 5.8). No or low rates of superparasitsm were only observed

when the daily number of eggs laid was low. For the first six days of the reproductive

period of females, the rate of super numerous eggs was positively correlated with

numbers of eggs laid, r =0.67, p = 0.0001, n = 118 (Fig. 5.8) (the correlation analysis

was undertaken with arcsine transformed data). Since highest numbers of eggs were laid

during the first six days , supelparasitism was only signif,rcant during this time.

The average size of the hind tibia of females, collected from the field was 0.68

mm * 0.005 (SD).
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Fig. 5.2 Time from oviposition to emergence of females and males of Aphidius rosae,

reared on mixed instars of its host Macrosiphum rosae at 18oC t 2"C, n = 252.
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Fig. 5.3 Cornicle wax of Macrosiphum rosae on various body parts of Aphidius ros'ue.

a) wax on antennae (A), on mouthparts (B), around ovipositor sheaths (C), on wings (D)

on thorax (E) and b) on forehead.
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Fig. 5.4 Correlation between length of hind tibia and gross life-time fecundity of

Aphidius rosae reared at 18 + 2"C. The parasitoid was supplied with 80 third instars of

its hosts Macrosiphum rosae daily and had access to honey and water at all times (r =

0.91,p=0.0001,n= 17).
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Fig. 5.8 Correlation between daily number of eggs laid and the rate of super numerous

eggs oviposited. In the laboratory, Aphidius rosae was supplied daily with 80 third

instars of its host Macrosiphum rosa.e settled on rose shoots at 18 + 2"C, n = 20. Graphs

show daily results up to day six (r = 0.67,p = 0.0001, n = 119). One female reproduced

only for five days.
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5.4 Discussion

M. rosae. The net reproductive rate (Ro) of M. rosae was with 78.85 around 30 Vo

higher than the Rs of 6L46 found by Maelzer (1977) but in the present study M. rosae

needed ten days to reach adulthood at 18"C compared to a calculated developmental

time of only 8.5 days in Maelzer's (1977) study. He calculated an intrinsic rate of

increase of 0.3M for M. rosae at 20.5"C, compared to 0.319 at 18'C calculated in the

present study. Differences in developmental time and life+ime fecundity in both studies

could have been a result of different experimental methods, e.g. plant quality and

temperature. The shape of the curve for the age-specific fecundity of M. rosae was

similar in both studies.

A. rosae. Earlier emerging males than females were not surprising since it was shown

for many species of Aphidiinae that male parasitoids emerge somewhat earlier than

females (Stary, 1970, 1988). Time to mummification took roughly one day longer than

results in Chapter 4 revealed. Slight variation of life-time parameters were noted

throughout the years of rearing in quarantine and again, may be attributed to the not

precise temperature regulation in the laboratory (Chapter 3).

The life-time fecundity of A. rosae ranged between 144 and 790 eggslf.emale.

This demonstrated clearly that data obtained by dissection of emerging females severely

underestimated the egg-production of the parasitoid (compare Fig. 4.5 and Fig. 5.4).

During the experiment considerable superparasitism occurred which reached

daily values for individuals of up to 47 Vo of alI eggs laid (Fig. 5.8a). Superparasitism is

commonly observed under unfavourable laboratory conditions, and for A. smithi resulted

in up to 85 Vo of. all eggs being wasted (Mackauer, 1983a). Force & Messenger (1964)

found up to 40 Vo of eggs wasted by P. exsoletum. The recognition of parasitized hosts

was shown to be imperfect in Aphidiinae (e.g. Micha et al., 1992). However, even in

cases where parasitized hosts were recognised, superparasitism occurred under

circumstances which forced the wasp to stay together with a high fraction of parasitized
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aphids. Eventually, oviposition tendencies became too strong and oviposition took place

(Hofsvang & Hågvar, 1983; Collins & Dixon, 1986). In the field, searching conditions

are entirely different from the laboratory and parasitoids are likely to disperse when

parasitoid/host rates are high (Stary, l97O). The high rates of superparasitism observed

in the present experiment were considered artefacts. Superparasitism was ignored and

gross reproductive rates were used in analysis rather than net reproductive rates.

Aphid defence by ejection of supercooling wax was shown to be an important

aspect in the interaction between M. rosae and A. rosae. 12 out of 2O tested females

were affected by wax during their life-times (Table 5.3). In five instances the contact

with the aphid wax was directly related to mortality. Wax-sealed ovipositor sheaths

effectively stopped reproduction of some females. Contamination of parts of the

antennae may have had an effect on searching efficiency. In one case the whole front of

the head of a female was so severely covered with cornicle wax that no movement of the

basal part of the antennae was possible and effective attennation was impossible (Fig.

5.3b). Sealed mouthparts stopped parasitoids from feeding and even more importantly,

intake of water or grooming. Since the antennae and head are directed towards the aphid

during the first contact with the host, it seemed logical that these body parts were most

affected. During the years of the project, the antennae of foraging females were regularly

observed to be contaminated with wax. Females reacted with panic-stricken immediate

retreat when they came in contact with the wax and wiped their antennae against the

surface of the plant. This was followed by intense grooming.

Compared to the total number of aphids attacked (7715 numbers of ovipositions)

the number of incidences was low. This reflected also observations during the rearing

process in the laboratory and in the fields, where affected wasps were regularly observed

but only in very smal numbers. However, the significance of this aphid behaviour may

not be reflected in the successful contamination of parasitoids but in the resulting careful

handling of aphids by the parasitoid. Parasitoids obviously can avoid the impact of

cornicle wax because their behaviour seemed to be adapted to the potential danger when

they forage for hosts (Chapter 7). The theoretical consequences are discussed in Chapter
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j and 10. For the results of the present experiment the quantitative impact of aphid

defence was neglected, except for the three females which suffered unusual early

mortality or loss of reproduction capacity. Most accidents happened obviously towards

the end of the parasitoids life, when the reproductive rate was slowed down and did not

contribute effectively to the life-time fecundity and especially not to r (Appendix 2)

The longevity of A. rosae was not correlated with size (Fig. 5.7). Data on the

genus Aphidius suggest that longevity in this genus is independent from size' E.g. the

longevity of A. smithi was not correlated with size (Mackauer & Kambhampati, 1988)'

The same pattern was observed for A. ervi (Sequeira & Mackauer, 1994) and A. nigripes

(Cloutier et al., 1981).

Individuals of A. rosae had intrinsic rates of increase between 0.258 and O.323.

The size of females was correlated with r (Fig. 5.5). Results from Chapter 4 revealed

that the number of eggs in emerging females was correlated with size as well. Those

eggs present in the ovaries at emergence are likely to be the main resource of eggs laid

during the first days of the reproductive period and therefore will contribute essentially

to the value of r. Hence, the number of eggs at emergence can give a good indication of

the individual intrinsic rate of increase.

A. ervi displayed intrinsic rates of increase of O.326 and 0.316

females/femalelday in two different populations from California at 18.3'C (Botto et al.,

l993XTabte 5.2). The total life-time fecundity of those individuals was only 225 and

160 eggs, respectively, but the parasitoids commenced reproduction after 15 days,

compared to 18 days in this study. Comparison of intrinsic rates of increase of other

species of Aphidiinae with A. rosae is difficult since most experiments were carried out

between 2O and 25"C. Force & Messenger (1964) showed that r depends on

temperature. From their results in which r values were plotted against temperature, it can

be estimated that T. complanatus and P. exsoleturø displayed intrinsic rates of increase

of 0.27 and 0.12, respectively, at 18"C.
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For biological control, comparison of the intrinsic rates of increase between a

pest and its control agent is an important consideration in predicting potential control

capacity (e.g. Ehler, 1990). Only one individual of A. rosae displayed a higher intrinsic

rate of increase than the cohort of M. rosae tested. Nevertheless, the intrinsic rate of

increase of larger parasitoids was very similar to that of the host (Fig. 5.5)' The average

size of females of A. rosae, collected from the field showed that their potential intrinsic

rate of increase would represent a similar r to that of the host under the tested conditions.

The tested parasitoid cohort contained a range of individual sizes to clarify the influence

of size on reproductive success whereas the cohort of the aphids did not. An unbiased

comparison of r between the species may favour slightty the aphid, but a more realistic

analysis should take into consideration that any increase in parasitoid numbers must

lower the reproductive success of the host, especially since most parasitized aphids in

the field do not reach reproductive age (Chapter 10).

The results demonstrated that A. rosae has the potential to react quickly to an

increase of aphid numbers. How much this potential is realised under field conditions

depends upon the complex influences of the environment, e.g. weather, seasonal

synchronisation with the host, inter- and intra specific competition, density-dependent

parasitism, predation and hyperparasitism. These are discussed in Chapter 10.
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Chapter 6

Host selection of Aphidius rosae with respect to assessment of host

specifTcity in biological control

6.l lntroduction

Ecological problems caused by the introduction of exotic organisms in the past have led

most countries to establish strict quarantine legislation that demands assessment of

ecological risks associated with release of biological control agents. Criteria such as the

host range of the control agent, the range of habitats it inhabits, its genetic plasticity, its

behaviour and mutualism with other species have to be considered to evaluate the

degree of risk to non-target organisms (Howarth, 1991). To minimise risks, it is

essential to conduct ecologically meaningful tests of host specificity. Official guidelines

are needed which provide clear procedures to both the experimenter and statutory

authorities (Field, 1993). However, in practise, it is very difficult for the experimenter to

assess with limited resources in the laboratory the theoretical performance of the control

agent in the open field. Divergence between predictions and performance can result

because of artificial laboratory conditions that may affect host selection behaviour, or

because all potential hosts cannot be tested (Nechols et al., 1992). Quarantine officers

may have difficulty in their efforts to ensure very high ecological safety without

overstating potential negative impacts of the control agent, which might prevent

excellent biological control opportunities with all their environmental benefits.

This chapter deals with the host selection of Aphidius rosae Haliday and the

assessment of its host specificity in the Australian environment. It discusses the use of a

wind tunnel as a meaningful tool in quarantine standards to assess environmental risks.

Host selection by parasitoids is a complex process, with its own behavioural

hierarchy (V/eseloh, 1981). For many species of parasitoids it can be divided into three
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steps : 1) habitat location, 2) host location and 3) host acceptance (Doutt, 1959), to

which 4) host suitability can be added (Vinson, 1976). Comprehensive reviews on this

topic have summarised the progress in understanding of parasitic hymenopteran

behaviour (Arthur, 1981; Van Alphen & Vet, 1986; Vinson, 1976, 1981; Vinson &

Iwantsch, 1980; Weseloh, 1981). Field collections of Aphidiinae showed that certain

species can be associated with certain habitats (Stary, I966a) but because of difficulties

in experimental design, it is largely unknown if abiotic factors such as humidity, light or

spatial pattern influence the response of parasitoids towards major habitat types

('Wharton, 1993). Chemicals appear to play the major role in the orientation of

parasitoids and plant cues are often considered to be an important source of information

to searching individuals (Vinson, 1981).

A. rosae was considered to be specific to Macrosiphum rosae (L.) in the

Australian environment. Wherever it has been recorded, it has been recorded only from

M. rosae (Pennachio , 1989; Raychaudhuri et al., 1979; Stary, I966b; 1976, 1987) or

additional from other species of the genus Macrosiphum which do not occur in

Australia, e.g. Macrosiphum (Sitobion) rosaeiþrmrs (Das) (Agarwala, 1983; Agarwala

& Raychaudhuri, 1931) and Macrosiphum funestum (Macchiati) (Stary, I966a;

Mackauer & Stary, 1967). Völkl (1994) studied A. rosae in the field, parasitizing

Sitobion fragariae (Walker). He cited Mackauer & Stary (1967) and Stary Q973) to

show that this aphid species is one of the main hosts of A. rosae. However, in neither of

these taxonomic studies S. fragariae was mentioned as host for A. rosae. Therefore this

record may be questionable and needs confirmation. In any case, ,S. fragariae does not

occur in Australia (Mary Carver, personal communication, CSIRO, Canberra).

Dependent upon the geographic location, A. rosae is considered specific to M. rosae or

considered as restricted to closely related species of the genus Macrosiphum.

To demonstrate the specificity of A. rosae in relation to the fauna of potential

hosts in Australia, I tested its attraction to hosts and host plants in a wind tunnel,

exposed host and non-host species to the wasps in choice/no-choice tests and

investigated to what extent the closely related and most likely non-target host, the potato
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aphid, Macrosiphum euphorbiae (Thomas), would be suitable for successful

development of the parasitoid. The main criterion for the selection of the other aphid

species used in tests was their abundance in the same park and garden habitat utilised by

M. rosae. M. euphorbiae and Rhodobium porosum (Sanderson) occur periodically on

roses in South Australia.

6.2. Methods

Insects. Aphids were obtained from various glasshouse cultures (M. rosae, M.

euphorbiae, Acyrthosiphon kondoi Shinji, Myzus persicae (Sulzer) and Aphis gossyppii

Glover) or collected from the field (Hyperomyzus lactucae (L.) and R. porosum). The

aphids were reared at 18 + 2"C, 65Vo r.h., 16L:8D on their host plants. A range of

different instars, apterae and alatae were used in all experiments.

Females of A. rosae were four days old when used in experiments and they

comprised (a) naive females which were kept for four days with males but without

access to aphids, and (b) experienced females which were kept for two days with males

and then transferred for two days to a glass/gauze cages (35 cm x 35 cm x 35 cm)

containing colonies of M. rosae. Experienced females used for the wind tunnel

experiments were removed from aphids 12 hours before the beginning of a test.

Parasitoids were given access to honey and water at all times.

Assøys in a wind tunnel. The test chamber of the wind tunnel was 160 cm long, 65 cm

wide and 65 cm high (for details see Keller, 1990). Laminar air flow was maintained at

18 cm/sec and 23-26'C. All plants were of the same height (30 cm) and as similar as

possible in shape. Shoots of Rosa sp., var. Tea hybrid 'McGredy's sunset', 4th stage

(Maelzer, 1917) were cut two days before they were used, and if required infested with

50large nymphs or adults of aphids. Since the adults kept reproducing during these days

the colonies comprised a natural mix of all stages at time of experiments. Other plant

species were cut just before tested. All shoots were kept fresh by immersion in water
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supplemented with fertiliser for cut flowers (Flower Fresh rM, Flower Fresh Products,

Glengowrie, South Australia) at 18"C. In between flights, the positions of plants were

swapped.

The parasitoids were released 110 cm downwind of the plant odour sources from

glass tubes (23 mm in diameter, 70 mm long) with cotton stoppers on both open ends

and the opening was directed into the air flow. Before the cotton was removed the wasps

were allowed to acclimatise for two minutes. 'Wasps which did not fly after 4 minutes

were excluded from further tests. Every wasp was used four times in most experiments

but this was not always possible since some were injured or irritated by handling; these

were not included in the analysis. The number of wasps used in experiments was eight,

2! or 24. For each individual the preference for one of the two choices was determined

and a two-tailed sign test was used to analyse the data.

To demonstrate the distribution of odour plumes in the flight chamber smoke was

produced by dripping Ethylene-diamine on to Acetic acid soaked cotton wool.

No-choice and choice tests in petri dishes. Aphids of each species were established on

young leaves of their host plant and exposed to A. rosae in 8.5 cm diameter glass petri

dishes for two hours. Each petri dish was considered as a replicate and comprised 40-50

aphids and 3 parasitoids which were released into the petri dish one hour after the

aphids. Six replicates were used per experiment. Within a dish, each female parasitoid

was observed for six periods of l0 s in which the occurence of attacking behaviour was

recorded. Only obvious attacking behaviour against aphids were recorded, i.e. when the

parasitoid started to bend its abdomen forward in preparation for oviposition in an

aphid. After three minutes, the observations were canied out on the next petri dish.

Every petri dish was observed 4 times and consequently 72 observations per petri dish

were obtained. In the first series, naive parasitoids were tested. In a second series,

experienced females were tested only against aphid species which were attacked by

naive females in the first series.
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Variances were unequal among treatments, so data were ranked and the ranks

were analysed by ANOVA and the Student-Newmann-Keuls test.

A choice test was conducted using the same techniques as in the no-choice tests.

Only the three aphid species which occur naturally on rose plants, M. rosae, M.

euphorbiae and R. porosum were used. 30 aphids of each of these species were placed

together on rose leaves and exposed to three females of A. rosae in a petri dish. In six

replicates, the attacking behaviour of female wasps on the different aphid species were

recorded using the same method as above.

Extended choice test. To reduce the unnatural conditions of the petri dishes, experienced

parasitoids were tested in a glass/ga\ze-cage (35 cmx 35 cm x 35 cm) in which they

were able to choose among (a) a rose shoot infested with M. rosae, (b) a rose shoot

infested with M. euphorbiae and M. rosae, (c) a rose shoot infested with M. euphorbiae

and (d) a potato shoot infested with M. euphorbiae. Each shoot was the same length (25

cm), was kept fresh by immersion in water and was infested with 50 aphids.

10 parasitoids were released in the middle of the cage and every five minutes

observations were made to determine their locations and behaviour. Every exposure

lasted 30 minutes and was repeated four times over a period of two hours with the same

wasps. The positions of the shoots were chosen at random and changed with every

exposure. This experiment was replicated three times.

Variances were unequal among treatments, so data were ranked and the ranks

were analysed by ANOVA and the StudenrNewmann-Keuls test.

Host-suitability of M. euphorbiae. 40 third instars each of M. rosae and M. euphorbiae

were exposed one by one to females of. A. rosae in 1.0 ml gelatine capsules, and were

observed under a dissecting microscope. Only after an obvious insertion of the

ovipositor were the aphids removed and reared on roses at 18"C. After 6 days, the

aphids were dissected to determine the frequency of parasitoid development.
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6.3. Results

Given a choice between roses and different plants in the wind tunnel, A. rosae was

strongly attracted only to roses (Table 6.1). The parasitoid was not able to distinguish

between infested and uninfested roses when the shoots were 30 cm apart. But females

were able to find and land on the infested shoot when the shoots were placed only 5 cm

apart, regardless of whether M. rosae or M. euphorbiae were used (Table 6.2). There

was no difference in the frequency of landing when wasps were presented with a choice

between shoots infested with M. rosae or M. euphorbiae.

It may be argued that learning in successive flights could have influenced the

outcome of the wind tunnel experiments (e.g. Grasswitz & Paine, 1993). However,

under the assumption that foraging parasitoids make the best possible choice between

two alternative landing sites, the clear preference in some experiments and the lack of

preference in other tests showed that the set up of choices presented to wasps were the

most important determining factor for the outcome.

In the no-choice test with naive parasitoids, only the two Macrosiphøn species

were frequently attacked (Table 6.3). Nearly seven times more attacks were counted on

M. rosae than on M. euphorbiae.

When experienced females of A. rosa¿ were presented with the same range of

hosts, the rate of attack on M. rosae did not change, but no attacks were observed on the

other species. In contrast, experienced parasitoids attacked M. euphorbiae when exposed

together with M. rosae in a choice test but not R. porosum.In the extended choice test in

a cage, A. rosae spent more time on shoots infested with M. rosae or a mix of M. rosae

and M. euphorbiae than on plants infested with only M. euphorbiae (Table 6.4). The

great majority of attacks was counted on M. rosae.
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Table 6.1 Two-choice test of Aphidius rosae in a flight tunnel between shoots of

Rosa sp. var. Tea hybrid 'McGredy's sunset' and various plant species. Eight

female wasps were used four times in each test. Plants were swapped between

flights.

Test plant Sign of preference for option Rosa,
no. of wasps for each

choice-ratio (Rosa vs test plant)

+ 0

4:0 3:l 2:2 1:3 0:4

Pyrus malus (Rosaceae)
P elar gonium sp. (Geraniaceae)
S olanum tub e ro sum (Solaniaceae)
Callistemon sp. (Myrtaceae )
M e dic a g o s ativ a (Leguminosae)

*
*
*
*
*

x indicate significant difference in choice of individual wasps for Rosa (two-tailed
signtest,p<0.01).

Table 6.2 Two-choice test of Aphidius rosae in a flight tunnel with infested and uninfested rose
shoots, Rosa sp. va¡. Tea hybrid 'McGredy's sunset', using the aphid species Macrosiphum rosa.e
and Macrosiphum euphorbiae. Female wasps were used four times in each test. Plants were
swapped between flights.

Infestations (AvsB) Distance
between
shoots

25 -30
cm

5cm
5cm
5cm

nl

2l

2l
8

24

Sign of preference for option A,
no. of wasps for each
choice-ratio (A vs B)

+ 0

4:0 3:1 2:2 1:3 0:4

M. rosae vs uninfested

M. rosae vs uninfested
M. euphorbia¿ vs uninfested
M. rosae vs M. euphorbiae

NS

t rltrk

rF

NS

T n refers to the number of wasps used in each te¡ t.
-statistical differences in the choice of individual wasps within each pair of shoots (two-tailed sign
test,
ns = not signifrcant, * = p < 0.05, *** = p < 0.001)

0
0
0
0
0

0
0
0
0
0

0
0
0
0
1

6
8
7
6
6

)
0
1

)
1

0

0
0
0

8

0
0
4

2
2
t2

9

11
1

7

31

8
5
1
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Table 6.3 Anacking behaviourby Aphidius rosae on different aphid species

established on young leaves in choice and no-choice conditions in 8.5 cm

diameter glass petri dishes.

Aphid species Number of periods in
which attacking behaviour

occurred per petri dish.
Mean f (so)

Plant

A. No-choice test with naiveT parasitoids

B. No-choice test with experiencedt parasitoids

Macrosiphum rosae
M ac ro s iphum e uphorbiae
M. euphorbiae
Rhodobium porosum
Acyrthosiphon kondoi
Myzus persicae
Aphis gossypii
Hyperomyzus lactucae

rosae
euphorbiae
euphorbiae

porosum
kondoi

M. rosae
M. euphorbiae
R. porosum

t7 .67 (6. tS)a
4.00 (0.4t)b
0.16 (0.+t¡c

rose
rose
potato
rose
lucerne
lettuce
hibiscus
sow-thistle

rose
rose
potato
rose
lucerne

rose
rose
rose

31.50
4.83
4.50
0.17
0.67

(9.72¡ax
(4.54)b

Ø.zt¡b
(0.41)c
(1.03)c
0
0
0

5.9(
0
0
0
0

528M.
M.
M.
R.
A.

6)

C. Choice test among three hosts with experiencedf parasitoids

Three wasps were tested per petri dish. Observations lasting 10 s in which the
occurence of attacking behaviour was recorded were taken on24 occasions on
each of these wasps in two hours. Six replicates with a total of 432 observations
were taken per test. No. of aphids/petri dish = 40-50 in tests A and B or 90
(3O/species) in test C.
f Mean number of periods in which attacking behaviour occurred by three
wasps per petri dish. Only obvious attacking behaviour against aphids was
recorded, i.e. when the parasitoid started to bend its abdomen forwa¡d in
preparation for oviposition in an aphid.
T Naive wasps had no contact to any aphids beforehand whereas experienced
wasps were kept for two days with the host M. rosae.
*ANOVA on ranks with Student-Newmann-Keuls test. Means followed by the
same letter are not significantly different ( p < 0.05 ).
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Table 6.4 Choice of Aphidius rosae between four combinations of different plant

shoots infested with Macrosiphum rosae and M. euphorbiae, and observed attacking

behaviour against these aphids in a cage test.

Plant
shoot

Aphid species

aphids/shoot.

No. of observations
of wasps presence

on shoot

Mean T (so)

No. of observations
of attacking behaviour

Mean T (so)

50

rose
rose

rose
potato

M. rosae
Mix of
M. rosae /
M. euphorbiae

M. euphorbiae
M. euphorbiae

34.00 (10.92)a*
37 .33 (r3.87)a

s.67 (4.sDb
7.33 (3.7Ðb

13.33 (0.58)a

r2.0o (9.s+¡a
3.00 (3.00)b
0.67 (0.s8)b
r.33 (zsDb

T Ten wasps were released in a cage for two hours and24O observations were taken

of their momentary residence and behaviour in the cage. Three replicates were

carried out. Only residence on shoots and attacking behaviour against aphids on

these shoots are shown in the table. Only obvious attacking behaviour against aphids

was recorded, i.e. when the parasitoid started to bend its abdomen forward in

preparation for oviposition in an aphid. Mean refers to the total number of

observations per cage.

TANOVA on ranks with Student-Newmann-Keuls test. Means followed by the same

letter are not significantly different (p < 0.01).

Six days after parasitoid attack 34 out of 4O M. euphorbiae aphids were alive and

no larvae of A. rosae were found when these were dissected. In comparison, 34

parasitoid larvae were found in 36 aphids of. M. rosae.
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6.4. Discussion

Host selection.In the wind tunnel females of A. rosae were strongly attracted to roses if

given the choice between a host plant and a non-host plant. They did not distinguish

between uninfested shoots and shoots infested with the host-aphid M. rosae if shoots

were 30 cm apart, but they distinguished clearly if shoots were only 5 cm apart. An

attraction towards infested shoots also occurred when the non-host M. euphorbiae was

used.

The attraction of Aphidiinae to plants or the odour of plants that normally harbour

the host aphid is well documented (Powell &.Zhi Li, 1983; Read ¿/ aI.,19'70; Schuster

& Starks, I9l4; Sheehan & Shelton, 1989; Singh & Sinha, 1982; Wickremasinghe &

van Emden, 1992). Kennedy (1977) divided the response to cues from a certain source

habitat into long range and short range attraction (within a few centimetres of the source

of the chemical cues).

The results suggest that A. rosae uses roses as a long range odour source but not

aphid kairomones or host induced synomones. When infested and uninfested shoots

were placed 30 cm apart, their odour clouds mixed 60 cm behind the source

(demonstrated with smoke). This marks the point at which a wasp must make the

decision which way to fly (Fig. 6.1). Individuals of A. rosae were obviously not able to

detect their hosts from this distance. To enable them to distinguish between uninfested

and infested buds, the shoots had to be placed closer together. Now, the wasps could

delay making a choice until they were only 10 cm from the source of odour. Hågvar &

Hofsvang (1989) observed Ephedrus cerasicola Stary examining plants by flying very

close to them and suggested that volatiles involved in host location of this aphidiine

wasp may work only over very small distances. In Y-olfactormeter tests it was shown

that Aphidius ervi Haliday, Aphidius rhophalosiphi De Stefani-Percz, Lysiphlebus

fabarum (Marsh.), Trioxys sp. and Praon sp. responded more strongly to a combination

of aphid and plant than to host plant or host alone (Wickremasinghe & van Emden,

1992). However, there is much less dilution of odours in an olfactormeter than in a wind
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tunnel and therefore a comparison between these results and the present investigations is

inappropriate. Guerrieri et aL (1993) demonstrated with no-choice tests in a wind tunnel

a greater response of A. ervi towards infested plants and host-damaged plants than to

plants or aphids alone. This suggests that A. ervi is attracted towards host-induced

synomones or host products. Since odour source and the reiease point of the wasps were

only 20 cm apart in these experiments, they can not be directly compared to the present

work either. Only in the present experiments was a method used that could show the

distance over which wasps could distinguish between attractive cuues.

Wind
Odour source

Active space - aph¡d

Active space - plant

Release

A

Fig. 6.1 The active space is the region within which an insect can detect an odour. In the

model shown here, the plumes of odour are shown in the idealised Gaussian form. In both

cases the wasp is in the active space of rose odour at the point of release but the point at

which a wasp must make the decision which way to fly lies A) outside the acrive space of

odour associated with aphids and B) inside.

I

B
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A. rosae did not show significant differences in attraction to M. rosae or M'

euphorbiae on roses during flight. But the wasp clearly distinguished between different

aphid species when contact was made with the antennae. Hosts or host by-products give

important chemical cues for Aphidiinae during antennation (Ayal, 1987; Bouchard &

Cloutier, 1984; Budenberg, 1990; Cloutier & Baudin, 1990; Gardener & Dixon, 1985)

and at this stage visual cues might be involved in host evaluation as well (Michaud &

Mackauer, 1994). From all aphid species tested only M. euphorbia¿ was attacked in

moderate numbers, but under all conditions the attack rate was much higher on M. ros*e.

A. rosae is obviously strongly attracted to roses but occasionally it will happen that some

individuals land on different plants and come into contact with non-host species. But

even under the most extreme laboratory conditions (inexperienced parasitoids with a

heavy egg-load and a strong urge to oviposit, many aphids and close confinement) hardly

any aphids other than Macrosiphønr species were attacked. These few attacks on aphids

in other genera, which do not necessarily indicate that oviposition has occurred, should be

considered as an experimental artefact. It should be expected that parasitoids in the field

would respond differently, perhaps by dispersing (Mackauer, 1983b). Host selection must

be considered only in the context of habitat selection (van Alphen & Vet, 1986). Only on

roses would host selection operate at the lowest level of foraging, when A. rosae is

actually choosing between different aphid species. In choice tests, even experienccd

females of A. rosae attacked M. euphorbiae to a certain degree, but they did not do so in

the no-choice tests. Vinson (1976) postulated that contamination of an otherwise

unacceptable host by the odour of the preferred host may result in an attack of the

unacceptable host. This occasional 'confusion' of A. rosae occurred only between the two

closely related Macrosiphurn species, but not with R. porosum.

Specificity assessment of A. rosae in Austalia. The Aphidiinae are specific to aphids

(Stary, l97O).In the past more than a dozen species of Aphidiinae were released into

Australia (for a summary see Hughes, 1989), including polyphagous species such as A.

ervi.There is no record of any of these introduced parasitoids parasitising species other
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than non-native aphids. In Australia, of 156 known aphid species, only 20 are

¡ lii\\
and the majority of the rest are exotic and mostly pestiferous (Carver, 1989). The

species of aphids which are native to Australia are found on plants quite different to roses

and live mainly in habitats which are very unlikely to attract A. rosae.It is expected that

A. rosae will rarely encounter most aphid species occurring in Australia. Only on roses

would the wasp have to distinguish between different aphid species. M. euphorbiae is the

only aphid species other than M. rosae expected to be occasionally parasitized by A.

rosae, but in this case offspring would not complete development. The long sympatric

existence of M. euphorbiae-M. rosae and A. rosae on roses in other parts of the world

indicates that no sudden change of host suitability is likely. Because of the specificity of

A. rosae, the special composition of the Australian aphid fauna and the history of

introduced aphidiine wasps into Australia, environmental risks resulting from the release

of the control agent are extremely low.

Assessment of host specificity in biological control. Most host specificity tests deal

mainly with the final steps of host selection, i.e. host acceptance and suitability, in which

an intensive list of hypothetical host species is tested (e.g. Wapshere, I9l4). I believe that

more attention should be paid towards the entire host selection process from location of

host habitats to location of hosts, host acceptance and host suitability. This will not only

help to reduce the number of species to be tested, but will also help to develop a more

realistic assessment of host specificity, in which host selection will be better understood

in its entirety. Recently, the assessment of behaviour in wind tunnels has become routine

in behavioural research (e.g. Drost et al., 1986; Keller, 1990). The results obtained can

give better predictions about the aspected theoretical performance of an insect in the field.

Thus the use of wind tunnels to assess host specificity and environmental risks should be

promoted.
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Chapter 7

Intra-patch foraging of Aphidius ro s ae

T.l Introduction

Foraging ofparasitoids is cha¡acterised by a behavioural hierarchy adapted to spatial

scales (see Chapter 6). Hassell & Southwood (1978) distinguished three levels

within the foraging parasitoid's environment, the habitat, the host, and between these

the basic unit of foraging activities, the patch. The border of a patch depends on the

parasitoid's perception of its environment. In general it may be described as a

portion of its environment, the border of which, when crossed by a parasitoid,

triggers a change in behaviour (Waage,1979). Such a patch is considered as the

smallest unit in which a parasitoid is able to display a typical series of responses

(Ayal, 1987). Because of the complexity of this topic and the vast amount of

existing literature, even on Aphidiinae alone, the reader may be referred to

comprehensive reviews, e.g. Godfray (1994).

Völkl (1994) considered a patch for Aphidius rosae Haliday as a single rose

bud and compared it to Ayal's (1987) 'elementary unit of foraging', the smallest

environmental scale in which the parasitoid can find food, hosts and shelter. A. rosae

moves between shoots by flight, but landing on a shoot triggers a typical change in

behaviour.

This chapter describes the foraging behaviour of A. rosae around single rose

buds in the field. Possible consequences for the life history of the parasitoid and its

effectiveness in biological control are discussed.
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7.2 Methods

All observations were carried out on rose bushes Rosa sp., var. Tea hybrid

'McGredy's sunset', that were located at the principle investigation site of this project

in the orchard on the Waite Campus (Chapter 10). Observations were made only on

4th stage rose buds that were moderately to heavily infested with Macrosiphum

rosae (L). In the morning (around 10 am) and late afternoon (around 5 pm) a flying

female was arbitrarily chosen. After landing on a rose shoot her behaviour was

observed until she left the shoot, or in case she did not leave for a maximum of 45

minutes. This procedure was repeated on 20 days in autumn 1994. Observations

took place only on sunny days at temperatures between 20 and 23"C.

Six categories of behaviour were distinguished a) resting - no noticeable

movements of the wasp, usually positioned on the lower side of aleaf, b) grooming -

intensive cleaning of mostly antennae and legs, c) searching - behaviour assumed to

be related with searching activities, indicated by either erected and moving antennae

when standing, or predominantly walking and drumming the substrate with the

antennae, d) flight - short distance flight, e.g. from bud to leaf, e) encounter with

host - head directed towards nearby host f) attack - abdomen with ovipositor bent

and directed towards host, thrust and sting. Only resting, grooming and searching

were quantified by timing. Flights, encounters and attacks were counted but not

timed and are included in the foraging time.

The procedure allowed observations of behaviour of A. rosae without

disturbance or interference. On the other hand, these observations had the

disadvantage that they took place under uncontrolled conditions. Among other

factors, the ages of females, their experience with hosts and the numbers of

parasitized aphids on the shoots at the start of observations were unknown. These

factors can have profound effect on patch-residence times and the behaviour of the

wasps (e.g. Godfray,1994). Statistical comparison of results obtained in the morning
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morning and results obtained in the afternoon was undertaken by SAS using the

nonp¿ìrametric NPARI \VAY procedure (Wilcoxon rank-sum test) (SAS, 1 985)

7.3 Results

Females of A. rosae landed both on the tip of the bud (24 times) and on the

first leaf following the bud (16 times). Upon landing the wasps immediately started

drumming the plant with the tips of their antennae. An encounter with a host was

often accompanied by wing fanning (Fig.7.1). In a manner typical of Aphidiinae, a

female bent its abdomen underneath the thorax with the ovipositor directed towards

a potential host when attacking it (Fig 7.2). Wasps remained in this position until the

oviposition attempt took place. This usually took a few seconds, but in some

instances wasps were observed in this position for longer than a minute. Normally,

the actual sting took less than a second.

A. rosae attacked aphids only at the edge of the colony or isolated

individuals. Females were never observed to walk through a dense colony. Attacks

on aphids in the middle of a colony were undertaken in cases where leaves or stalks

of leaves were running parallel to aphid colonies on the shoot. In these instances

wasps were able to sting aphids without entering the colony (Table 7.1).

In general, a wasp undertook a series of attacks on aphids in the colony and

then walked away, usually to the lower side of a leaf where it rested or groomed

(Fig. 7.3). This alternation between resting periods and active periods was the

typical pattern of activity of A. rosa¿ in host patches. Parasitoids were regularly

observed to take shon flights and then land on the same or a different plant structure

on the same shoot, e.g. they undertook a flight from the tip of the bud to a leaf.

Females spent more time on a single rose shoot in the afternoon (1952 s) than

they spent in the morning (1390 s)(Table 7.1). It has to be emphasised that these

means do not represent the true patch-residential time of parasitoids since

observations were stopped after a maximum of 45 minutes. Patch-times of six
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females had to be censored in the morning compared to 12 females in the afternoon.

However, the statistical analysis was undertaken on ranks and since equal data are

transferred to the same rank value all observations lasting 45 minutes or longer were

equalised in the analysis.

Females were less active in the afternoon than in the morning. They spent

most of their observed patch-residential time resting (1353 s or 69 Vo) and grooming

(433 s or 22 7o) instead of sea¡ching which occupied only 176 s of their trme (9 7o).

In contrast, females in the morning spent more time for searching (780 s or 56 Vo)

and less for resting (429 s or 3t Vo) and grooming (181 s or 13 Vo).ln the morning

parasitoids stung hosts more frequently (16.1 attacks/hour) compared to 4.9

attacks/hour in the afternoon. The mean number of attacks per rose shoot was 6 in

the moming and 3 in the afternoon. The percentage of aphids rejected for attack was

l0 Vo tn the morning and 12 7o in the afternoon.
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Fig.7.1 Female of Aphidius rosae foragingonabud of Rosasp.,vaf. TeaHybrid

'McGredy's sunset'. The parasitoid is drumming with its antennae on the bud. Aphids

on top of the bud consist mainly of second instars. An apterous adult of M. rosae is

located on the lowel left side of the bud,
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Ftg.7.2 Fernale of Aplùtlius ro,\'crc attacking a younger instal of Macrosi¡tltuttt ros'le

on a bncl of Rr,¡s¿z .ïr., var, Tca Hyblicl 'McGt'ecly's sLtnset',
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Fig. 7.3 The principle behavioural pattern of Aphidius rosae on a rose shoot

infested with its host Macrosiphum rosae (stylised in drop shape). A wasp

approaches a shoot exclusively by flight (1). It lands on the first leaf following the

bud (A), the bud itself (B) or flies away (C). After landing on bud or leaf a female

walks towards the colony of M. rosae (2+3). After encountering hosts, a series of
attacks take place (3). The number of attacks is variable. After a while, the parasitoid

usually walks away from the place of attack. A. rosae may take off (3+1) to leave

the patch or to land on another plant structure (e.g. bud+leaf. Females walk
regularly to a lower side of a leaf to rest or to groom (3+4). Resting times are

variable. After a while females staft to forage again (4+2) which may lead to

further oviposition (2+3) or to a take off (2->I). This alternation between resting

and foraging periods seems to be typical for the activity of A. rosae on a shoot.

Parasitoids do not enter dense colonies and only parasitize aphids at the edges of a
colony.
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Table 7.1 Behaviour of Aphidius rosae on shoots of Rosa,sp., var. Tea hybrid 'McGredy's

sunset'infested with Macrosiphr.tm rosae in the morning (10 am) and afternoon (5 pm).

Except for row one and two, results show means and SE of mean (n =20).

Morning Afternoon

First landing bud : leaf

Number of censored observations 1'

patch time (s) t
Activities in patch (s)

(% of patch time)

searching

resting

grooming

Number of attacks in patch

Aphids encountered but rejected

Attacks / hour

In-patch flights

Attacks on aphids from a plant

strucn¡re different to the structure

attacked aphids were feeding on.

11 :9
6

1390 + 24r

780 + 142 (56Vo)

429 + 133 (31 7o)

181 +46 (13 Vo)

6.0 + 1.0

0.7 + 0.2 (10 Vo)

t6.t !t.4
1.0 + 0.2

13 :7
T2

1952+ 224

176 + t5 (9 Vo)

1353 + 2OI (69 Vo)

433 + 79 (22 Vo)

3.0 + 0.3

0.4 + 0.1 (12 Vo)

5.0 + 0.9

0.5 + 0.2

P = 0.043

P = 0.0001

P = 0.0035

P = 0.0078

P =0.147

P = 0.0001

1.0 + 0.4 (17 Vo) 0.4 + 0.2 (l3Vo)

t Females were observed until they left the patch or observations were censored after a

maximum of 45 minutes. Hence, means do not represent the true patch-residential time of
parasitoids.

The study was ca¡ried out in the field and took place on sunny days at temperatures between 20

andZ3"C. Analysis was undertaken with Wilcoxon rank-sum test.
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7.4 Discussion

Females of A. rosae landed 24 times on the tip of the bud and 16 times on the first

leaves following the bud. This result contrasts with results of Völkl (1994) who

found that A. rosae first landed exclusively on the tip of the bud. This difference

could have resulted from considerable differences in plant morphology in rose

varieties used. Tea hybrid roses used in the present study have long exposed bud

shoots compared to dog roses with shorter bud shoots used in Völkl's study.

Females of A. rosae were never found to walk through dense colonies of M.

rosae and parasitized only aphids on the edges of colonies. This behaviour is likely

to be related to aphid defence. Koume & Mackauer (1991) demonstrated that

defensive behaviour of aphids, e.g. kicking, can help aphids to avoid attacks of

parasitoids. Also, the secretion of aphid cornicle wax can be a serious threat to

attacking A. rosae females (Chapter 5). Therefore, the careful attacking behaviour of

parasitoids may be seen as adaptation to the potential danger aphid defence

represents. The telescopic potential of the abdomen of Aphidiinae used during attack

(Stary, 1970) may reflect the importance of keeping away from the immediate

vicinity of aphids. As a result of this restricted access to a colony, aphids in the

middle of dense colonies on roses with long bud shoots like Tea hybrid 'McGredy's

sunset' are virtually out of reach of A. rosae. This may explain in part the inverse

density-dependent response of the parasitoid (Chapter 10).

However, by using leaves, and stalks of leaves running adjacent to aphid

colonies, the parasitoids were able to increase the numbers of accessible aphids. On

younger bud stages and different rose varieties with only short bud shoots this may

be an important strategy and may enable A. rosae to exploit aphid colonies more

efficiently. The structure of a plant has been shown to be an important factor in the

foraging success of aphidiine ,üasps. Völkl (1994) showed that A. rosae undertook

I7 .3 Vo of all attacks on Sitobion fragariae (Walker) from plant structures other than

those where the attacked aphid was resident. \Meisser (1994) demonstrated that
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removal of leaves from brown knapweed Centaurea jacea L. decreased the

oviposition rate of Aphidius funebris Mackauer on Uroleucon jaceae L. feeding on

the stem of the plant.

The results suggest that A. rosae shows more oviposition activity in the

morning than in the afternoon. The average rate of 16.1 attacks/hour for the morning

would, if continued over the whole day, suggest average daily fecundity rates more

than double the maximum daily oviposition rate displayed by individuals in the

laboratory (Chapter 5, Fig. 5.8). Consistent with laboratory findings, a change of

oviposition activities over the day was found, with a significantly lower afternoon

attack rate of 4.9 attacks/hour. Collins & Dixon (1986) showed under laboratory

conditions that the number of ovipositions of Monoctonus pseudoplørlni (Marshall)

decreased significantly over a time period of six hours. In contrast, Völkl (1994)

found that the oviposition rate of A. rosae did not change significantly between

earlier and later visits to colonies. However, in his experiment the time differences

between first and last visit were on average 144 minutes compared to 42O minutes in

the present study.

A significant change occurred also in the pattern of behaviour between

afternoon and morning. In the morning A. rosae spent 56 Vo of its patch-residential

time searching whereas females allocated only 9 Vo of. their patch-time searching in

the afternoon. This result corresponds to the work of Völkl (1994) who found that

females of A. rosae spent 49 Vo of their time searching in earlier patch-visits

compared to 25 Vo in later visits. Such a decrease in oviposition activity could be

explained by e.g. decreasing egg-load of females (Rosenheim & Rosen, 1991) or

females' experience (Visser et. al, 1992). Whatever caused these differences in

behaviour, the results indicate that changes in the behaviour of A. rosae can occur

over the course of the day. In future experiments time of the day will be an

important factor in assessing quantitative aspects of behaviour of A. rosae in the

field.
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Chapter I

Number released and success in establishment of Aphidius rosae in

Victoria.

S.l Introduction

Control agents establish in just 34 to 39 Vo of biological control attempts with

arthropod agents (Hall & Ehler, 1979;Waage, 1990) and only 6OVo of these provide

some degree of control (Hall et al., 1980). These low rates of success, and especially

the inability to explain failure in many cases, are one of the major criticisms against

biological control and help to create substantial scepticism. Hypotheses for the failure

of establishment range from poor selection of control agents and inadequate rearing

programs to insufficient release techniques and adverse conditions at the time of

release (e.g. DeBach, 1964 Van den Bosch & Messenger, 1973; Huffaker &

Messenger,19T6; Mackauer et al., 1990).

Among these hypotheses, the inadequate numbers of introduced organisms has

received considerable attention. Van den Bosch (1959) postulated that a minimum

'inoculation charge' is needed if a reasonable chance for parasitoid establishment is to

be expected. Beirne (t975) analysed retrospectively Canadian introductions of

parasitoids and predators for biological control and reported that nearly 80Vo of

species established when more than 30 000 individuals were released per site but

only lÙVo of species established when the totals were under 5 000. However, he

pointed out that by world standards these lower figures contain atypically few data

from control agents of homopteran species on which control agents colonise

relatively easily (Beirne, 1985). Ehler & Hall (1982) also found that the success rate

of establishment rises when higher numbers of control agents are released.
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Hopper & Roush (1993) analysed the relationship between numbers released

and successful establishment in introductions of parasitoids of lepidopteran pests.

Additionally they developed a reaction-diffusion model to test the hypothesis that

biological control introductions fail because an Allee effect drives small, introduced

populations to extinction (Allee, l93l). At low densities parasitoids become so rare

due to dispersal that females and males fail to encounter each other. The outcome of

both approaches suggested a general threshold of about 1000 released insects at a

single site and time to gain a high probability of establishment.

I tested if this hypothetical threshold would be valid for the establishment of

Aphidius rosae Haliday. A. rosae was released in different numbers at eight cities

throughout Victoria, Australia in September 1993.

8.2 Methods

Insects. The parasitoids used in this experiment were reared in six gauze cages (1.2 m

x I.2 m x 1.2 m) in the field. Rose bushes inside cages were sprayed with Pyrethrum

(CRG LTD, 25 nn insecticidel{ gtL Pyrethrins &. 16 gll- Piperonyl Butoxidel : 1 L

water) to kill any predators. One week later the plants were reinfested with M. rosae

and the aphids were allowed to increase in numbers for another week before release

of the parasitoids took place in the cages. Two days after the first mummies were

observed, the roses rüere completely pruned back to the stems and cuttings were

taken to the laboratory. Mummies were collected and stored at 8'C for 2 days until

start of releases. The remaining aphids were kept on rose shoots at 18'C and

additional mummies that formed were used in the experiment as well. A mixture of

mummies from each cage was used at each release site.

Release. Releases took place from the 9 to 11 Sept. 1993. Over the three days of

transport to the release sites, the mummies were stored in cool boxes during the day

(8 -12'C) and in refrigerators at night (4 - 7"C).Insects were released as mummies,
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most of them still attached to leaves or stems. The material was simply placed

underneath rose bushes at the sites ofrelease.

All release sites were community gardens with at least 40 rose plants.

Communities and gardeners co-operated by not spraying any insecticides in the first

year following the release. The eight chosen cities (Fig. 8.1) have similar climates

during the periods of main abundance of rose aphids (spring and autumn) and had

populations of 6600-12200 citizens (Appendix.3). Cities were separated by rural

countryside and at least 40 km apart. The number of mummies released varied from

16 to 1024 in a geometric series (Table 8.1).

Surveys. To detect the establishment of A. rosae a first survey was undertaken in

autumn, six months after release during 2I - 24 March 1994. At this time, local

populations of A. rosae had survived the suÍrmer, a period when aphids are either

absent or present in very low numbers (Maelzer, 1977). A second survey followed in

late spring, during 25 - 29 November 1994. By then, populations had also survived

the winter and would have experienced the complete range of seasonally adverse

conditions within a whole year.

Samples of the recovered mummies were reared to confirm the identity of

emerging parasitoids. The survey was not restricted to the release sites but included

rose gardens in the vicinity within each city as well. In most cases the number of

mummies recovered was too low to undertake quantitative analysis. Additionally a

high variation in aphid abundance among sites restricted this aim. However, all

mummies encountered during one hour of intensive search were counted as an index

ofthe abundance of A. rosae.
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Release sites of ,4.pftidius rosae
in South-East Australia, L993

100 km

Victor

Maryborough O Bendigo

Victoria
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Ararat
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Fig. 8.1 Map of South-East Australia, displaying the release sites of A. rosae in

Igg3. O = Cities which were used in the release experiment. O = Cities with

additional releases. t = Capital cities with release sltes. O = No mummies

were released in Bendigo but mummies of A. rosae were detected.

115



8.3 Results

There was no clear pattern in establishment versus numbers of mummies released

(Table 8.1). 14 months after initial release, mummies were found in Hamilton (16

mummies released) but the parasitoid was not detected there eight months earlier. No

recoveries of A. rosae were made in Colac (16 mummies released). In Seymour (64

mummies released) mummies were detected in both surveys, but in Stawell, where

64 mummies were also released, no recoveries of A. rosae were made. No mummies

or rose aphids were found in Ararat in the second survey, even though A. rosae was

detected in this city during the first survey. In Maryborough (IO24 mummies

released) no recoveries were made in autumn but a few mummies were found in

spring. Castlemaine (1024 released mummies) revealed the highest abundance of A.

rosae and M. rosae in the first survey as well as in the second. Mummies of. A. rosae

were also found in Bendigo (no release), 35 km away from the release site in

Castlemaine during the second survey.
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Table 3.L Numbers of mummies of Aphidius rosae released in eight cities in

Victoria, Australia, and recoveries of mummies after 6 and 14 months. Numbers of

recoveries represent all mummies counted during 60 minutes.

Town No. released in
September 1993

Recoveries in
March 1994

Recoveries in
November 1994

A. rosae Abundance A. rosae
of M. rosae

I

+

Abundance
of M. rosae

¿
+

Colac

Hamilton

Stawell

Seymour

Horsham

Ararat

Maryborough

Castlemaine

t6
t6
64

64

256

256

t024

LO24

0

0

0

105

0

23L

0

1498

medium

low

high

high

low

medium

medium

high 1

0

3

0

165

0

0

34

t71

ummedi

low

low

low

low

none

low

high

f The abundance of the host Macrosiphum rosae is estimated; high = aphids were

present on most bushes, medium - aphids were present on the minority of bushes,

low = aphids were found occasionally on bushes, none = no aphids found.
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8.4 Discussion

Six months after release, mummies of A. rosae were recovered at three sites where

64, 256 and 1024 parasitoids were released, indicating that 1000 insects were not

necessary for initial establishment. In the second survey, A. rosae was even recovered

in a site with only 16 released mummies. However, results indicate also that even

1000 released insects/site may not reliably achieve establishment.

Rainy and stormy weather occurred throughout the release area for the first two

weeks after release. It is possible that locations where low numbers were released

suffered disproportionably more from these adverse conditions since their initial low

density could easily have been lowered below a critical threshold. Better results in

establishment might have been achieved, if the weather had been more favourable.

The chosen release technique was most practicable for the experiment but did

not favour establishment. The actual number of parasitoids in the field was assumable

to be even lower than the numbers released, due to natural variation in time to

emergence and possible predation on mummies.

At Maryborough, Victoria (1024 released), no recoveries were made after six

months but mummies were found after 14 months. Since Maryborough is only 40 km

away from Castlemaine where the parasitoid established most successful, these

recoveries could have been the offspring of spreading females, especially since A.

rosae was also found at Bendigo (no release) (Fig. 8.1), 35 km away from

Castlemaine.

At Ararat (256 rcIeased) a substantial number of mummies were found in

autumn after six months but not in spring after 14. According to David Clark

(Alexander Gardens, Ararat release site) no aphids or parasitoids were found during

the whole of spring, normally the peak time for aphid abundance. This could be due

to a cold wet winter with unusually long frost periods in this area. M. rosae probably

does not produce sexual forms in Australia (Wöhrmann et al., I99l) and therefore

does not produce eggs, the stage in aphid life cycles which is best adapted to frost.
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Diapausing parasitoids in mummies are well adapted to low temperatures and

offspring from the observed population in autumn probably survived the winter. But

individuals emerging in spring might have dispersed in the absence of hosts.

At none of the sites where only 16 mummies were released were recoveries

made after the first six months, but three mummies of A. rosae were found in

Hamilton 14 months after release. It is hard to judge if these individuals were

offspring of the released parasitoids. In the first survey parasitoids may not have been

found because of low and patchy abundance, or they could have spread naturally or

by human activities from another release site. Aphidiinae can display a great

dispersive power (e.g. Stary, 1988). Distances between release sites clearly could

have restricted movements but the possibility of few far spreading individuals can not

be excluded.

However, the result of initial establishment with low numbers is suppofted by

findings from additional releases in Bordertown and Keith (Fig.8.1). These two

country towns along the Dukes Highway have a waÍner and drier climate than the

chosen cities in Victoria and therefore were not included in the experiment. In both

towns additional releases of 16 mummies were undertaken on 9 Sept. 1993. No

mummies were recovered after six months but after one year six mummies were

found in Keith and eight mummies in Bordertown. Again, it can not be excluded that

these mummies result from spreading A. rosae.

Additionally support for the finding that a released number of 1000 insects per

release was not necessary to achieve establishment of A. rosae, was obtained from

two release sites in Adelaide, South Australia (Fig. 9.1) each in which over a period

of four weeks 200 adults were released weekly into cages, resulting in establishment

and wide spread (Chapter 9). Furthermore, a single release of 300 adults without

cages at Hahndorf, South Australia (Fig. 8.1), resulted in establishment but three

releases with a total of 1200 adults in cages at Victor Harbor, South Australia (Fig.

8.1), did not result in establishment during the unfavourable suÍrmer period.
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Campbell (1976) released between 10 and 1000 individuals of Aphytis melinus

De Bach, a parasitoid of Aonidiella quaranlru (Mask.), per release site in South

Australia. Under unfavourable conditions 1000 insects were necessary to achieve

establishment, but released at the right time of the year 10 -100 adults were sufficient.

In California, Olkowski et al. (1982) achieved establishment of Triorys complanatus

(L.), a parasitoid of the linden aphid Eucallipterus tiliae L., by releasing only 160

wasps. Data from Canada and the USA (Beirne, 1985) show that the number of

accidentally introduced and established parasitoids about equals the number that have

been established in classical biological control attempts. Since accidental

introductions are not thought to involve high numbers of individuals, this might be

taken as an indication for the relative ease with which small populations of some

species are able to establish.

Aphidius sonchi Marshall was released in Australia as a control agent of the

sow thistle aphid Hyperomyzus lactucae (L.) and established widely (Carver &

Woolcock, 1986). In most releases thousands of insects were used, but in two cases

only 500 and 800 parasitoids were released. Establishment took place in these

instances as well.

Hopper & Roush (1993) conceded that low release numbers may only reflect

either a problem of or commitment to handling or rearing the control agent. This

point is also emphasised by Greathead (1986), and DeBach (1964) suggested that

success in biological control is achieved in proportion to the effort invested.

The success rate of biological control agents is highest against Homoptera

compared to pests from other taxonomic groups (Greathead, 1986; Kfir, 1993).

Homoptera tend to occur in patchy, large concentrations and Beirne (1985) saw in

this pattern the key for the relatively high colonisation rate of parasitoids of this

group. As a result of host aggregation, the parasitoids also occur in clumps and do not

have to disperse too widely to find their targets.

Rose aphids virtually disappear during certain times of the year from host

plants and aphidiine wasps have mainly adapted to this situation by entering diapause

r20



(Stary, 1970, 1988). Even if the parasitoid is well synchronised to its host, in the

beginning of seasonal aphid outbreaks, parasitoids will have to face a thin

distribution. The ability to disperse effectively and to aggregate at early, patchy aphid

outbreaks may be one of the key factors to overcome this situation. Therefore, the

ability to recolonise sites even in low numbers might be crucial for the survival and

spread of A. rosae and Aphidiine populations in general.

In most biological control programs, as many insects as possible are released

into the field, exceeding the hypothesised threshold of 1000 manyfold according to

the rule "more is better". Nevertheless, the application of low release numbers is

relevant for many programs that have limited labour and/or material capacity for

mass rearing. The question then is, would it be better to release many insects at a few

sites to increase chances for mate finding, or should limited numbers of control

agents be released in a variety of places to cover potential host and environmental

variation ? Campbell (1976) showed with the release of. A. melinøs that a tenfold

increase in number of released parasitoids only doubled the likelihood of successful

establishment. Hence, releasing more than the minimum of 100 parasitoids required,

had little effect on the outcome and was judged by him as a waste of parasitoids.

The release of A. rosae, as well as examples with other aphidiine wasps, shows

that this group of parasitoids is able to establish in numbers far below the

hypothesised threshold of 1000 insects per single release site ifthe quality ofreleased

insects and release techniques favour establishment. It appears that A. rosae can

easily be distributed to Institutions and commercial rose growers because this species

can establish when relatively small numbers are released.

The findings from the releases of A. rosae, as well as examples from the

literature indicate the limitations of broad retrospective analysis of biological control

attempts, which in this case was not sufficient to predict failure or success in

establishment under specific circumstances. Rather than using data from hundreds of

control attempts in which the outcomes are influenced by a wide range of factors,

predictions may be more precise if only few closely related case studies are analysed.
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Chapter 9

Establishment and spread oT Aphidius rosae in Adelaide.

9.l lntroduction

The ability of parasitoids to disperse is important in biological control since control

agents can not be released everywhere. Insect populations are usually clumped in

time and/or space, and the distribution of these clumps can change from season to

season. The patchy distribution of pest outbreaks may disrupt synchrony of

parasitoids with their host population in space, even if they may be in synchrony

with the host in time (Vinson, 1981). These uncertainties, combined with other

decisions of the parasitoid about host patch use (reviewed e.g. by Van Alphen &

Vet, 1986; Godfray, 1994), make dispersal a critical issue for the success of parasitic

wasps in biological control.

Most studies of insect dispersal have been undertaken on pest insects rather

than their parasitoids (for summaries see Johnson, 1969; Pedgley, 1982). Marked

insects are often used to investigate short range/duration dispersal of insects (e.g.

Bishopp & Laake, 1921; Stern et al., 1965; Messing et a1.,1994). To investigate long

range/duration dispersal this method is only useful if the insects show a pronounced

migratory behaviour and/or are relative long lived, e.g. the monarch butterfly,

Danaus plexippus (L.) (Urquhardt, l94l). Therefore most data for non-migratory

long range/duration dispersal have been obtained when biological control agents

have invaded new environments. In these instances, dispersive movements might be

more correctly called spread, since they result in a major modification of a species

geographic distribution (Smith, 1 959).

Data on long range/duration dispersal of control agents, including

Aphidiinae, usually indicate only the maximum extend of spread. E.g. one year after
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release Aphidius ervi Haliday was found as far as 300 km away from the nearest

release site (Milne, 1986), and Praon palitans Muesebeck spread from a single

release site over an area of 2000 ¡p2 (Van den Bosch et al., 1959). Lysiphlebus

testaceipes (Cresson) was released in Antibes in 1973 and t974.In the following 14

years the parasitoid became widespread over southern France, Spain, Portugal and

Italy (Stary, 1988). These data are useful in demonstrating the dispersive power of a

population, but they do not contain much information for economic entomologists

since they do not reveal local movements of a population in a specific target area

(Johnson, 1969). The dispersive movements of an established population of control

agents in a patchy environment is of special interest at the beginning of a new

season, especially in classical biological control attempts.

More detailed data on the spread of Aphidiinae are available from the release

of Aphidius eadyi Stary, Gonzales & Hall in New Zealand (Cameron et al., 1981)

and Trioxys complanaras Quilis (= utilis Muesebeck) in South Australia (Wilson,

1982), but in both releases, field samples were not designed to investigate underlying

mechanisms of spread and therefore interpretation is difficult.

However, by analysing dispersive movements of insects after their release it

should be considered that insect behaviour may not be independent of release

techniques. For example, adult insects kept in captivity show a strong tendency to fly

off and away after release (Hughes, 1989). The enormous number of control agents

used in most releases of parasitoids maximises the chance of establishment and

economic effectiveness but in like manner creates overpopulated patches with strong

migratory tendencies. Ruth et al. (1975) and Sinha & Singh (1980) found in

laboratory experiments using overpopulated patches that repeated interactions

between aphidiine wasps resulted in an increased tendency to disperse. It was

assumed that wasps under field conditions would have left the patch. Therefore, data

collected following mass releases can give important information for biological

control, but such information does not necessarily indicate patterns of natural

dispersal.
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Parasitoids of aphids spread mainly by 1) active flight, 2) passive flight as

larvae inside alatae,3) as mummies attached to litter displaced by wind and by 4)

human activities (Stary, 1970). Low densities of the aphid host and/or mutual

interference between individuals of the same parasitoid species are assumed to cause

aphidiine wasps to disperse (Van den Bosch et al., 1957; Stary, 1970, 1988).

Additionally, Höller et al. (1994) showed that abundant hyperparasitoids could cause

dispersal of aphidiine wasps.

The release of Aphidius rosae Haliday in Adelaide, South Australia,

presented an opportunity to monitor the spread of a small population of aphidiine

wasps in a new environment. Since there was no urgent need to control this pest, I

had the rare opportunity to release only small numbers of wasps and therefore to

minimise the unnatural conditions associated with mass releases. The release was

intended to simulate a small clumped population of aphid parasitoids after an initial

build up early in the season and to investigate their spread over the following year.

9.2 Methods

Release. 800 individuals of A. rosae were released in each of two rose gardens in the

metropolitan area of Adelaide (Fig.9.1). One rose plot was located at the Waite

Campus and consisted of 128 rose bushes. The second rose garden (Veale Gardens)

was situated near the City centre and comprised approximately 1000 rose bushes at

the time of release. Insects were released weekly, in groups of 200 per site (27 Aug.

to I7 Sept. 1993). At each site 100 males and 100 females were released into 2

screened cages measuring 1.2 m x L2 m x L2 m in size. The cages were placed

around rose plants two weeks before release at the release site on the V/aite Campus

. The plants were sprayed with Pyrethrum (cRG LTD, 25 mr insecticide 14 glL

Pyrethrins &. 16 gtL Piperonyl Butoxidel : I I water) to kill predators. One week

after this treatment the plants were reinfested with M. rosae and the aphids were

allowed to breed for another week before a release of parasitoids took place. The
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wasps were released in the early morning and the cages were not removed before

sunset on the second day. Parasitoids were then free to disperse.

Plants were not treated with insecticide at the public Veale Gardens. Cages

were simply placed over roses with heavy aphid infestations on the day of release.

The parasitoids were released in the morning and cages were removed after sunset of

the same day when most of the parasitoids were resting beneath leaves.

Monitoring. The monthly spread of A. rosa¿ from the release site at the V/aite

Campus was assessed by searching for mummies on rose buds. Only very

sporadically does A. ervi form comparable mummies on roses in the Adelaide

region. In the year preceding the release of A. rosae only 3 mummies were found on

roses. Therefore, mummies were only collected and reared for identification when

found in low numbers in questionable locations. Counting the mummy stage does

not interfere with the spread. Since the mummies are relatively persistent on the

plant and are easy to find, it is possible to detect the previous presence of aphidiine

wasps even at very low densities. At each site the maximum time spent searching

was 10 minutes. Sampling sites had at least 20 rose plants and consisted of

community gardens, school gardens and home gardens. They varied from month to

month, depending upon aphid infestations and the actual spread of the parasitoid.

Special attention was given to sites along three axes from the release point : towards

North-East (NE) (23"-68"), South-West (SW) (203"-248") and towards North-'West

(NV/) (293"-338'). The NE and SV/ axes run along the foothill suburbs of the

Adelaide Hills. The whole metropolitan area of Adelaide over which this survey was

undertaken can be considered to have a regularly distributed high abundance of

roses. In contrast, there are only few and patchy rose gardens to the South-East

(SEX135") of the release site, in the Adelaide Hills. The spread of A. rosae towards

SE is not documented in this paper because of this fundamental difference in the

envfonment.

125



In April 1994, eight months after the initial release, a more quantitative

assessment was carried out. As an index of the density of reproducing wasps,

mummies on 25 randomly-chosen, heavily-infested 5th stage rose buds (Maelzer,

1977) were counted at each of 104 sites. If no mummies could be found, searching

was continued for the remainder of 10 minutes. If during this time mummies could

be found, the site was still included as a site of establishment but it had no influence

on the assessment of density. From this survey, density curves of A. rosae mummies

dependent upon distance from the release point on the TVaite Campus were fitted

along three axes. Smooth curves that best fit the data were fitted using Cricket

Graph.

This chapter deals only with research on local spread of A. rosae over a range

up to 23 km. It was not attempted to detect wasps that might fly up and away from

the release point and beyond the limits of the sampling area.

Winds. The direction of prevailing winds was analysed by using data from the

Bureau of Meteorology, Kent Town, South Australia. Wind direction is given in 16

compass points. The direction of winds were measured every hour in the periods

from 28 Aug. 1993 to 15 Dec. 1993 and 15 Feb. 1994to 20 Apr. 1994 between 6 am

and 9 pm. The winds during these periods should have been the most influential on

the spread of A. rosae since hosts and adult parasitoids were not abundant during the

middle of summer and aphidiine wasps generally do not fly shorlmedium distances

at night (Stary, I97O). For each hour only the predominant wind direction was given.

Hours for each direction were summed and prevailing winds were determined by

comparison of the sums.
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9.3 Results

By 8 October, three weeks after the last release of A. rosae, the parasitoid was scarce

around the release point at the Waite Campus. Mummies were found occasionally at

only four sites not further than 500 m away from the release site. In November,

mummies were abundant near the release point and were found in a 3 km long belt

running from NE to SW (Fig. 9.1). Three mummies were found at a large rose

garden in the Pasadena Cemetery, 6 km away from the release point (Fig. 9.1). In

December aphid abundance dropped to nearly zero and it subsequently became very

difficult to find mummies. This situation lasted the entire summer. In March 1994

the over-summer survival of the parasitoid population was apparent, and also

substantial spread was observed. The occupied area was a belt spreading in the same

direction as November, up to 5 km NE of the release site and up to 3 km towards the

SW, parallel to the foothills of the Adelaide Hills (Fig. 9.2).

In April, over a period of 5 days, the survey was expanded over wide parts of

the metropolitan area, including the release-point at Veale Gardens. Although the

areas of spread of. A. rosae from both sites were merging, the distribution of patches

with higher densities indicated in both cases that the main spread was in the same

direction (Fig. 9.3). From the release point at Veale Gardens no substantial spread

towards S and S'W was observed. At this time, A. rosae covered an area of

approximately 200 km2 and was found as far as 18 km away from the nearest release

site.

When the declining density of mummies along three axes from the release

point at the V/aite Campus in April was examined (Fig. 9.4), the dispersal gradients

towards NE and NW showed typical shapes for the relationship between density and

distance of dispersing insects (V/olfenbarger, 1975). The curve towards SW

displayed a fundamental difference with the build up of high densities of mummies

around the Pasadena Cemetery.
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After the final survey in April it was impossible to conduct further

investigations without excluding considerable spread caused by human activity. At

two sites, mummies were found on roses in commercial nurseries. Furthermore, rose

cuttings bearing mummies were transported to dumping places around the city of

Adelaide at the end of autumn. Also, coverage of the release by the media led

enthusiastic home gardeners to distribute mummies to friends and family members.

By October 1994,13 months after the first release, A. rosae was found all

over the metropolitan area of Adelaide.

The analysis of data from the Bureau of Meteorology showed that prevailing

winds were from the \MS\¡/ to S (Fig. 9.3).
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direction.
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9.4 Discussion

The concentration of mummies decreased as the distance from the point of release

increased but the shape of the gradient in each of the three directions was different

(Fig. 9.a). The shape of curves imply that dispersal was not random (Taylor, 1978).

By analysing the density-distance data of various dispersing insect species, Taylor

(1978) showed that random dispersal is generally unrealistic for insects. Random

dispersal would occur only if the insects move independently without any repulsion,

attraction or other influences from their environment.

For several species of parasitoids, it has been shown that wind plays a major

part in determining the direction of dispersal (e.g. Anderson & Paschke, 1970; Keller

et al., 1985). These findings are supported by the spread of A. rosae as determined in

the April survey. From both release sites, parasitoids spread mainly in the direction

of prevailing winds, i.e. towards the NE (Fig 9.3.)

On the other hand, winds are the carrier of odour cues for searching

parasitoids. Since A. rosae is attracted to roses (Chapter 6), the high abundance of

roses to the SW of the release site at the Waite-Campus might explain why lesser but

still substantial spread occurred in a direction against the prevailing winds. On the

other hand, individuals from the population which had established at Pasadena

Cemetery soon after release at the V/aite Campus (Fig. 9.1), may have spread back to

the Waite Campus. Consequently, they may have contributed to the observed pattern

of spread against prevailing wind from the initial release site. However, at the release

site in Veale Gardens no roses are grown for about one kilometre towards SW,

presumably resulting in prevailing winds carrying few if any attracting odours. No

substantial spread of parasitoids was observed in this direction, suggesting that the

absence of roses restricted major spread against the prevailing wind direction at this

release site.
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The slope of the density gradients suggest that the majority of reproducing

females did not spread far. Densities of A. rosae declined steadily from the release

point at the'Waite Campus towards NE and N'W whereas the slope of the density

gradient towards SW was irregular (Fig. 9.a). The finding of a well established

population at Pasadena was the consequence of the arrival and multiplication of A.

rosae soon after release (Fig. 9.1). This pattern of establishment might be expected if

individuals dispersed over distances up to several kilometres. However, this pattern

of spread was isolated to this one site and this suggests that this mode of spread was

exceptional.

Overall, the findings suggest that most individuals must have moved in a

quite controlled manner in or near the insect boundary layer of their garden habitats,

exploiting abundant hosts. Taylor (1974) defined the insect boundary layer as the

space near the ground where wind flow is retarded and within which the insect's

airspeed exceeds the wind speed. Above this the insect can no longer prevent

displacement by the wind and is consequently carried with it.

Evidence from other species indicates that parasitic wasps fly predominantly

within the boundary layer and avoid flying in high winds. Decker et al. (1993)

caught more aphidiine wasps when traps were placed in between wheat tillers, rather

than above the plants, outside the insect boundary layer of the wheat plants. Keller

(1990) showed that flight by the parasitoid Cotesia rubecula (Marshall) was

inhibited by increasing wind speed. It is known that aphidiine wasps prefer to run

rather than fly under unfavourable whether conditions (Stary, I97O). This range of

behaviour effectively enables parasitoids to avoid unwanted displacement. Even

small insects are not completely transported passively by wind. The direction of

travel might depend upon the wind, but to travel in this manner the insect must

launch itself into the air and then keep itself airborne by persistent wing flapping, the

duration of which partly determines the distance travelled (Johnson, 1969; Kennedy,

t97s).
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In spite of the low release numbers, high densities of A. rosae were recorded

in a localised area around the release site (Fig. 9.3), suggesting that most parasitoids

did not spread far and tended to exploit abundant aphids in their immediate vicinity.

This behaviour would also have assisted in mate finding, a crucial aspect for

establishment in the early phases of release. Newly introduced insect species

dispersing into a new environment may become so thinly distributed that males and

females often fail to encounter each other, especially when released in low numbers

(Allee, 1931; Hopper & Roush,1993).

The population of A. rosae not only survived the most crucial hot summer

period when hosts were scarce, but also increased rapidly in numbers and spread

over a vast area one year after release.

The spread of A. rosa¿ in Adelaide has given important information for

further releases of this control agent. The chosen release technique proved to be

sufficient and mass rearing was not necessary. Like many other species, A. rosae

covered wider areas in the direction of the prevailing winds but most individuals did

not spread far. Therefore, optimum sites for first releases might be those that are

adjacent to other host infested sites which would attract dispersing individuals.

Dispersal can be costly and providing searching parasitoids the opportunity to find

new habitats near by would allow more individuals to exploit new resources, to

optimise their reproductive success and therefore to maximise the chance to establish

the species in large numbers around the release site. Perimetrical dispersion is

desirable but not likely to occur if prevailing winds are present (Hendricks, 1967).

Therefore, good knowledge of wind conditions are essential for choosing optimum

sites for release.
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Chapter 10

The changes of numbers of Macrosiphum rosae and Aphídius rosae in

the field

10.1 Introduction

The size of aphid populations can change dramatically from year to year. Therefore, the

change of their numbers should be surveyed for several years before and after the

introduction of a biological control agent to be sure that the introduction results in a real

change (Dixon, 1985; Hughes, 1989). Such periodical censes of pest populations were

judged by Legner (1969) as the only reliable method to assess the impact of a biological

control agent. Alternatively, experimental methods can be used to evaluate the impact of

natural enemies; these are discussed in Chapter 11.

Only few cases of biological control attempts showed dramatic decreases of pest

populations easy to interpret (DeBach & Rosen, 1991). In the majority of biological

control attempts, the task is difficult. Especially aphid/parasitoid systems, with

overlapping, fast reproducing generations create substantial problems in assessing the

rate of parasitism in the field and even more problems in the assessment of the impact

this parasitism is causing on the pest population. Impacts may be masked by the

influence of other factors, such as the host-plant, hyperparasitoids and weather.

Research on aphid and parasitoid population dynamics in the field ranges from

purely descriptive studies, through the application of life-tables and key-factor analysis,

to the development of advanced computer-models. However, it is not always possible to

apply the most powerful analytical method available, since the more advanced methods

involve intensive study of the target species.
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Phenology of aphids and their natural enemies. Many investigators of aphid

populations stress the independence of aphid population dynamics from the controlling

effects of predation. Wellings & Dixon (1987) emphasised the importance of

favourable weather for optimal build up of aphid populations and cited many examples

in which heavy rain greatly reduced aphid numbers. They judged weather conditions

as the major variables governing aphid populations, either through direct effects on the

aphids themselves or through effects mediated by the host plants. For example,

Maelzer (1917) recorded more than 80 Vo mortality for adults of M. rosae after heavy

rainfall. Likewise, wind was shown to a have tremendous effect on sycamore aphid

(Dixon, 1985). The role of abiotic components was also stressed by Gilbert (1980a,b).

Key-factors for population growth were mainly based on host plant - aphid interaction

or weather. Losses to natural enemies were judged as having no substantial influence.

One of the main reasons for the relative ineffectiveness of natural enemies

observed in many systems lies in their requirement for a generally higher temperature

threshold for development than that of the pest (e.g. Campbell et al., 1974; Maelzer,

1981;Lajeunesse & Johnson,1992). As a result, low temperatures at the beginning of

a season reduce the effectiveness of natural enemies and can create a transient enemy

free space lying within a temperature band in which aphid populations are able to

increase (Wellings & Dixon, 1987).

However, natural enemies control aphids in other systems. For example, some

populations of Aphis fabae Scopoli are regulated by coccinellid beetles (Dixon, 1985).

The number of successful classical biological control programs against aphids gives

further evidence of the regulating influence natural enemies can have on aphid

population (e.g. Hughes, 1989; DeBach & Rosen, 1991).

In general, aphids reproduce as quickly and efficiently as possible on time

limited favourable plant resources. They produce high numbers of dispersing alatae, to

ensure high rates of colonisation, before declining plant quality and high numbers of

voracious predators reduce the reproductive success in established colonies (Gilbert et

al., I97 6; Dixon, 1985).
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Phenology of Macrosiphum rosae.In South Australia, M. rosae breeds anholocyclicly

on roses with peaks in spring and summer. Maelzer (1917) concluded that the fate of a

colony of rose aphids is a function of temperature, rainfall, predation, the time during

which the bud remains favourable for the aphids, the density-dependent production of

alatiforms and dispersal of apterae by walking or dropping off. The population

dynamics of M. rosa¿ was also investigated by Eggers-Schuhmacher et al. (1979) and

Tomiuk & Wöhrmann (1980, 1982) in Germany. They concluded that perhaps plant

quality was the most important täctor f'or realising high reproductive rates. They also

suggested that natural enemies were mainly responsible for the decline of a population

towards the end of the season. This regulating effect of predators towards the end of

autunm was also stressed for populations of M. rosae in Adelaide (Maelzer, 1977).

Assessment of parasitism.It is difficult to analyse the phenology of a single species,

but a series of complications arise in coupled two-population aphid/parasitoid systems.

With aphidiine wasps, the effect of parasitism is delayed so parasitized aphids remain

available for census on the plant. This allows comparison between numbers of

parasitized and unparasitized aphids, but gives rise to the problem of assessing the fate

and mortality of aphids during the larval developmental time of the parasitoid. Counts

of mummies still containing parasitoids and adult aphids present on a plant provides a

quick estimation of parasitism but is not precise (Van Emden, 1963). E.g. the period of

presence of a mummy on a bud is variable when hyperparasitism and diapausing

individuals are taken into account (Rabasse, 1986). Furthermore, large numbers of

parasitized aphids are often observed to leave the plant to form mummies in litter or

soil (Behrendt, 1968) and thereby may not be included in the census. Parasitoid attacks

may disturb aphid colonies, resulting in dislodgment of large numbers of aphids which

are actually not parasitized but do suffer mortality (Tamaki et al., l97O). Sampling

adults by traps or with sweep nets gives an estimation of relative changes of parasitoid

populations over time (e.g. Boyd &. Lentz, 1994; Brodeur & McNeil, 1994), but
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reveals only very little of the true population size and nothing about the impact of

natural enemies on the host.

These difficulties have let most workers to base estimations of rate of parasitism

on dissection of alive aphids and counts of immature parasitoid stages in them. Tomiuk

& Wöhrmann (1980) used starch gel electrophoresis to detect parasitoids in rose

aphids. This procedure allowed them to distinguish between two parasitoid species,

namely A. rosae and Ephedrus sp.. The method was not able to detect eggs or first

larval instars of the parasitoids (\ü/öhrmann, pers. communication). The eggs of

parasitoids are difficult to find and therefore most methods include a rearing period to

allow the first instar larvae to hatch before the dissection of sampled aphids takes

place, Day (1994) stressed his concems about disproportionate mortality of parasitized

hosts by diseases, oviposition trauma and stresses that occur during the rearing

process. However, this sensitivity of parasitized hosts occurs more in some species

(e.g. lepidopteran hosts) but rarely in aphids when rearing conditions are favourable

(e.g. Cloutier & Mackauer,1979).

There are several methods for estimating the rate of parasitism from the number

of parasitized and unparasitized aphids. For example, Hughes et al. (1981) measured

the rate of mummy formation in fourth instar nymphs sampled, whereas Rabasse

(1986) suggested to concentrate on second and third instars. In both methods the

theoretical reproduction rate of the sample, if no parasitism would have occurred, was

compared with the actual observed reproduction rate to assess the impact.

To assess accurately the rate of parasitism and construct field life-tables, Van

Driesche (1983), Bellows et al. (1988a) and Van Driesche et al. (1991) suggested an

unbroken series of back to back sample intervals for a particular host stage which is

suitable for parasitism. In this 'recruitment' methods all host which enter this particular

stage are counted and compared to the losses of this stage to parasitism. Lopez & Van

Driesche (1988) used this method successfully in an aphid parasitoid system.

Analysis of stage-frequencies data, i.e. Southwood and Jepson's graphical

method, was shown to be subject to large and complex biases and therefore seemed to
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be only appropriate in cases were assumptions and any mortality factors other than

parasitism are small (Bellows et al., 1989b).

In this chapter, the intensive and extensive sampling methods that were

employed for monitoring the phenology of roses, M. rosae, A. rosae and associated

species is described and the results are discussed with respect to the capacity of A.

rosae to control rose aphids. Data collected before the release (Maelzer, 1977) are

compared to data collected subsequently.

10.2 Methods

Over a period of two years after initial release of A. rosa¿ the changes of

numbers of the parasitoid and its host were investigated in the field. Intensive

monitoring was performed at the rose plot of initial release at the Waite Campus. In the

second year, a more extensive survey was carried out after A. rosae had spread. During

summer time, potentially summer hosts of M. rosae were examined.

Sampling methods for rose aphids and their parasitoids are labour intensive. E.g.

the effort invested in a single sample day, including counting and collection of shoots,

identification and separation of different aphid species and instars, rearing and

dissection of aphids and preparation and cleaning of equipment was approximately 20

hours, an average of one hour per shoot. The structure of rose aphid and parasitoid

populations with high reproductive rates and overlapping generations would have

required sample intervals of four to six days during the time of aphid abundance (e.g.

Lopez & Van Driesche, 1988), which was impossible. Therefore, the aim of this study

was restricted to a descriptive survey to monitor the initial performance of A. rosae in

the field in Adelaide.
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IO.2.I Intensive monitoring

The rose plot and its maintenance.The rose plot at the'Waite Campus consisted of 128

rose bushes planted in seven rows covering 35 m x 15 m on a southern slope. Only the

five easterly rows with a total of 86 rose bushes, Rosa sp., var. Tea hybrid 'McGredy's

sunset', were used for sampling. Two additional rows consisted of 15 bushes of the

former variety and 27 bushes of Rosa sp., var. 'Indigo', which is normally used as

rootstock. These additional roses were only used for shoot supply in rearing and

experiments.

Due to major infrastructual changes on the Waite Campus, the whole rose plot

had to be relocated during winter 1993, three months before the initial release of A.

rosae. Bushes used in the sample program were25 years old when their roots were

moved to their new location.

All roses used in the sampling program were pruned back hard to about one third

of original length during their winter dormancy in the beginning of each July. Weak

shoots were removed. Otherwise, roses were only pruned occasionally if a bush was

going to grow out of shape. Before hips formed, faded blossoms were removed to

promote an optimum of new growth. Shoots produced by the rootstock were regularly

cut back.

Irrigation was provided by a dripping system and was adjusted according to

temperature and rainfall. Weeds between bushes were cut back four times per year.

Osmocote@ Controlled Release Fertiliser 'Outdoors, trees and shrubs' (Grace Sierra

Australia Pty Ltd, 89 Cevil Avenue, Castle Hill, Nsw 2154) was applied early each

spring. Additionally, a circle of mulch, approximately 50 cm in diameter, was placed

around the bases of rose bushes to inhibit weed growth in early spring and autumn. A

copper based fungicide (Copper Oxy 500, active constituent 500 g/kg Copper

oxychloride; Farmoz Chemicals PTY LTD, Il116 Cabramatta Rd, Cremorne, NSW

2090) was applied only in late winter.
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Number of favourable shoots. The number of favourable shoots was counted on 20

randomly chosen rose bushes. Plants were selected using a table of random numbers

(Cavalli-Sforza, l98l) as follows. The field was divided in rows and columns. The

starting point in the field and in the table were chosen arbitrary. To select the plants to

count, a continuous sequence of numbers was used. Two numbers characterised the

next plant to sample. The first number represented the number of bushes to move

along in the row, and the second number represented the number of bushes to move

along in a column. If the end of a column or row was reached, counting continued in

the next column or row in opposite direction.

Using Maelzer's (1977) classification of rose shoots, the number of firsflsecond,

third/fourth, fifth stage rose shoots and flowers were counted (Fig. 10.1). Shoots were

counted as infested or uninfested.

Sampling of shoots. Even a large rose garden has only a limited number of aphid

infested shoots to collect. This is a fundamental difference to most agricultural or

horticultural situations were sample units can be considered as unlimited. In situations

with unlimited resources, sampling does not interfere with the phenology of species in

the field but as soon as sample units become limited, care has to be taken not to

remove to large proportions for the census. It was decided to limit the sample size to a

maximum of 10 Vo of total rose aphid colonies in the plot at any time. This was

considered to have no substantial effect on the phenology of species in the field. The

amount was roughly estimated by sampling not more than L0 Vo of the estimated

number of infested buds in the field which were calculated by multiplying the average

number of infested buds per plant times 86, the total number of plants in the plot.

Rose shoots were sampled randomly in proportional strata. Only infested buds

were sampled. This was justifiable because it minimised the variance and because the

proportion of infested and uninfested shoots was known. The ratio of different shoot

stages sampled was proportional to the number of infested shoot stages counted. E.g. if
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the number of infested rose shoots consisted of more fifth stages, then samples were

collected from more fifth stages.

A maximum of 20 shoots was collected per sample. Shoots were taken from the

same plants that were used for counting.

A maximum of one randomly chosen shoot was cut per plant. For this pu{pose, a

frame was constructed, consisting of two wood panels, each 1.35 m, joined together at

a right angle. Each panel had ten holes all of them 13 cm apart and numbered from one

to ten. This frame was placed around a chosen bush. With the help of the randomised

number table two holes were chosen. A stick (1.30 m ) was placed in each selected

hole, fitted with a right angle pointer at the end. The pointers of both sticks crossed at a

right angle over the plant and consequently represented coordinates. Their meeting

point marked the spot where to look for a shoot. This simple construction was easy to

shift from bush to bush. Often larger numbers of coordinates did not match the smaller

size of the bush and coordinates met outside the covering area of the plant. In this

cases the next number in the table was chosen. Shoots were not always found next to

the selected position. Under these circumstances the position was thought of as lying

on a radius starting from the centre of the bush. This radius was rotated until the first

infested shoot of the desired stage was found. It was rotated clockwise if both

coordinates summed up to an even number and anticlockwise if both numbers summed

up to an odd number.

Shoots were collected in plastic bags, which were held underneath the shoot

before cutting since aphids were easily disturbed and especially larger instars and

adults tended to drop off. Shoots were cut just beneath the base of the first leave

following the bud, or, in cases where several buds were produced by the same terminal

shoot, just behind the branch. After cutting took place plastic bags were temporarily

stored in a cool box with ice until they were placed at 4"C.
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Fig. 10.1 Different growth stages of rose buds Rosø sp., variety Tea hybrid

'McGredy's sunset', favourable for development of Macrosiphum rosae (after

Maelzer, 1977). a) stage l, only leaves evident; b) stage 2, flower bud first

evident; c) stage 3, petiole of flower bud obvious; d) stage 4, flower bud well

lifted away from leaves; e) stage 5, the sepals start to separate, last favourable

growth stage.
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Counting. The numbers of firslsecond instars, third instars, apterous and alate fourth

instars, apterous and alate adults of M. rosae were counted. Additionally the numbers

of Macrosiphum euphorbiae (Thomas) and Rhodobium porosøn (Sanderson) were

determined. The younger instars of M. euphorbiae were difficult to distinguish from

younger instars of the green morph of M. rosa¿ in mixed colonies. Since aphids were

reared for five days after collection (see below), it was possible to identify these

species after this period, when the grown instars were easier to distinguish. Under the

assumption that mortality for both species was not different, the resulting proportion

between both species after rearing were applied to the originally counted numbers on

the sample day and data were corrected. However, under most circumstances the

original numbers were accurate.

Because of the generally high variances, data were log transformed (Zar, 1984).

An accuracy of 0.15 in total numbers of M. rosae per infested shoot in a sample

was selected as the goal of sampling. The degree of precision in each sample was

determined by using Southwood's (1978a) formula for required numbers of samples .

The number of units (n) in each sample was determined by

where s is the standard deviation and x is the mean. E represents the degree of

precision. It follows from that

f,- ,"li

A sample size of 20 shoots turned out to be sufficient to achieve the desired

accuracy in mean numbers of aphids/shoot. In cases were the preset lO Vo of maximum

collected population size interfered with the sample size, lower accuracy was accepted,

rather than an increase of n.

s
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n
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All egg, larval and adult stages of associated predators were counted. Mummres

were collected from the sampled shoots and reared separately to determine sex-ratio

and hyperparasitism. Empty shells from which emergence had already occurred still

revealed valuable data about the inhabitants (Kitt & Schmidt, 1993). The edge of the

emergence hole represented a more or less clean cut if A. rosae had emerged, but

appeared much more jagged when hyperparasitoids had emerged (Appendix 4). The

aphid instar in which mummification took place was noted.

Some mummies appeared to be victims of predation but this appearance could

also have been due to mechanical destruction. It was not possible to determine if it had

occurred before or after emergence of the parasitoid.

Rate of parasitism. To determine the rate of parasitism, aphids of each shoot were

reared in separate instar classes (LI|L2,L3[LA, adults) for five days on rose shoots in

galuze cages (Fig. 3.1c).

After five days the number of newly formed mummies was counted and aphids

killed in the freezer. A maximum of 40 aphids per class and shoot was dissected. If the

number of aphids per shoot exceeded this threshold, a sub sample was taken. Aphids

were emptied in a petri dish with a pie-type counting grid and selected with the help of

the random number table. In general L3/L4 instars contained the most wasp larvae

(Appendix 5) and represented an indicator of the rate of parasitism (see below). The

rate of parasitized third/fourth instar aphids per shoot (P) was then calculated as

Apo, Aru,r,

-+-Ar* Arot

where Aç61 represents the number of third/fourth aphid instars collected before rearing,

A*u- the number of mummies formed during rearing, Aru, the number of aphids alive

after rearing and Apar the number of aphids containing parasitoids (data already

transformed for cases in which sub samples were taken). This assumed that mortality

between parasitized and unparasitized aphids was the same.

p=(t_@l
\ A'ot )
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Every shoot sampled was infested with M. rosae, but in some cases no

third/fourth instars were found. For the calculation of the rate of parasitized

third/fourth instar aphids per shoot, only shoots on which those aphid stages were

found were used. As a result n for sampled infested shoots was different to n used for

calculation of parasitism in some cases (Appendix 6).

It was desirable to achieve an accuracy of 0.25 in total numbers of all larval

stages of A. rosae per infested shoot. This allows detection of at least a doubling of the

population in the field (Southwood, I978a). Pilot samples indicated that 20 shoots per

sample were sufficient to achieve this goal.

The density-dependent numerical response of A. rosae was analysed with SAS CORR

procedure (SAS, 1985). Only sample dates from autumn were used since colonies were

large during this time. Data for Vo-parasitism per shoot were transformed to their

arcsine (Zar,1984).

10.2.2 Samples before release of A. rosae

In the year before the release of A. rosae, various sampling methods were tested for

their practicality. One method was very similar to the one used following the release

and results gave virtually the same data on the phenology of aphids. The major

difference was that samples of different shoot stages were not taken proportionally to

their occurrence in the field but taken in fixed numbers per class. Ten shoots each of

lsl2nd bud stage, 3rdl4th bud stage and 5th bud stage were sampled. However, by

multiplying the means of each shoot class with the proportion of their occurrence, a

crude mean infestation on a nominal average shoot was estimated, which is

comparable to data obtained from 1993 to 1995.

The sampling method of Maelzer (data 1969) was described in the literature

(Maelzer, 1977). An important difference is that these data were log transformed by

myself from the given mean, whereas data from the census 1992-95 represent the mean
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of already log transformed data. As a consequence, data from 1969 are likely to be

slightly exaggerated, compared to data from pervious years.

I0.2.3 Extensive monitoring

At four additional rose gardens an extensive survey was undertaken to estimate the

numbers of rose aphids in spring L994 and autumn 1995. The Urrbrae rose garden is

located at the'Waite Campus and is distinguished by its selection of older heritage rose

varieties. This garden (500 m distance from main survey plot) together with the

Mercedes College Rose garden (1.5 km distance) and the Urrbrae High School Rose

garden (1 km distance) represent the closest large rose gardens in the neighbourhood of

the release plot. The fourth garden was Veale Gardens in which the second initial

release of A. rosae tookplace.

In each garden, eight rose beds were randomly chosen and in each bed ten plants

selected. On each plant the number of aphid colonies on 5 shoots were counted.

Therefore shoots were selected randomly. Like a clock, plants were divided in 12

sectors. Continuously following single numbers from the randomised number table

were compared with the hours on the clock and consequently represented a pointer.

The shoot closest to this pointer was selected for counting. Since single numbers of the

table only allowed selection among 10 pointers, for each new shoot the 12 o'clock

radius was shifted to the former l0 o'clock radius to avoid biases. If a shoot was

infested by two or more species, colonies were counted for each species.

In the summer of L994195 two surveys were undertaken to search for rose aphids on

potential summer hosts of M. rosae in the Adelaide region.
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10.3 Results

Phenology of rose plants. In the experimental rose plot in the Waite orchard, the

growth of Tea hybrid roses in 1993194 and 1994195 was characterised by peaks of

flowerbuds in spring, early summer and autumn (Fig. 10.2). In this rose garden,

favourable bud stages f.or M. rosae were available all year round except for a few

weeks in February when all plants were in summer dormancy. At this time,

temperatures were highest with mean maximum temperatures of nearly 30"C.

The ratio of different bud stages changed over time. Typically, a peak of

favourable bud stages was preceded by strong shooting of young shoots which grew

into older stages over time. Consequently, the initiation of bud flushes was

characterised by a high percentage of firslsecond bud stages whereas the end of peaks

were characterised by a majority of fifth stage buds and a following flush of flowers.

This pattern was especially clear in spring.

The spring and early summer peaks of favourable buds in 1993194 were higher

than in the following year. Both spring peaks in 1993194 appeared around one month

later than their counterparts in the following year.

Sample accuracy. The restriction of sampling only a maximum of lOVo of all colonies

in the plot at any given time sometimes interfered with the desired degree of sample

accuracy. Especially in the initial phase of aphid increases only a few colonies were in

the field and the number of sampled shoots was low. E.g. on the 8 August 1994 eight

shoots were collected, representing I0 Vo of all existing colonies in the plot at this

time. The degree of sample accuracy for aphids turned out to be 0.32. To achieve the

desired accuracy of 0.15, 35 shoots would have been needed, representing 4O 7o of all

colonies. Such interference of the census with insect numbers in the plot was judged as

more harmful than good. However, this was only important at times of low aphid

abundance. At the majority of sample dates the 10 7o threshold did not limit the sample

size severely (Appendix 6). The same principle applied for the sample accuracy of A.

150



rosae which was in general lower than that of the host. By sampling only aphid

infested shoots a preselection occurred which reduced the variance in aphid numbers.

Since larvae of A. rosae were not instantly detectable in the field this procedure did not

preselect for parasitoid numbers. However, only on three days was the sample

accuracy beyond the desired 0.25 threshold.

Phenology of aphid species in the plot. Four species of aphids were found on roses

during the survey. M. rosae was generally the predominant aphid on roses in this plot

(Fig. 10.3). However, this was not the case during August and mid September 1994

when M. euphorbiø¿ outnumbered the rose aphid. In this year, the potato aphid was

abundant on roses throughout the spring. R. porosum was frequently found on roses

during autumn and in lower numbers during spring. Occasionally a few individuals of

Aphis gossypii Glover were collected, but did not form larger colonies as observed

sporadically on other roses.

Changes of numbers of M. rosae. The phenology of M. rosae was characterised by

peaks in spring and autumn in both years. The highest densities were observed during

autumn. In summer, from December to March, the aphid virtually disappeared from

the plot but maintained small numbers during winter (not quantified here). In both

years the aphid peak in spring coincided with the first strong development of new

shoots around September. Aphids were abundant over the whole of spring but numbers

did not reach damaging levels in both years. By the time the second seasonal peak of

rose buds took place in early summer, aphid abundance had already dropped to zero. In

1993194 this event was late in the season and temperatures were already outside the

favourable zone for aphid growth in Adelaide (15-17'C, Maelzer, 198l)(Fig. 10.4), but

in 1994/95, the second peak of buds occurred while temperatures were still favourable

(Fig. 10.5).
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Fig. 10.4 Seasonal weather conditions, the phenology of Rosa sp., variety Tea hybrid

'McGredy's sunset' and the phenology of the rose aphid Macrosiphum rosae at the

Waite Campus, Adelaide, South Australia, in 1993194. Only heavy rainfall of more

than 5ml/day is shown. The optimum temperature band of 15 to 17 oC for aphid

grorwth in the Adelaide region is indicated by dotted lines. Temperatures are shown as

average mean max. and mean min. temperatures between sample dates. Phenology of

favourable shoots (stage l-5)(Maelzer, 1977) was determined by counting all shoots on

20 plants. The number of shoots collected to determine the number of aphidsiinfested

shoot was 20 except day 110, n=I4;250,n=9;256,n=17;267,n =18. Error bars show

SE of mean. From 27 August to 17 September the initial release of 800 individuals of

Aphidius rosae took place.
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Fig. 10.5 Seasonal weather conditions, the phenology of Rosa sp., variety Tea hybrid

'McGredy's sunset' and the phenology of the rose aphid Macrosiphum rosae at the

Waite Campus, Adelaide, South Australia, in 1994195. Only heavy rainfall of more

than 5ml/day is shown. The optimum temperature band of 15 to t7 oC for aphid

growth in the Adelaide region is indicated by dotted lines. Temperatures are shown as

average mean max. and min. temperatures between sample dates. Phenology of

favourable shoots (stage l-5)(Maelzer, 1977) was determined by counting all shoots on

20 plants. The number of shoots collected to determine the number of aphids/infested

shoot was 20 except day 8 n=8t24, n=10; 52,n=5;242,n=3;256, n=19. Error bars

show SE of mean.
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Heavy rainfalls took place in both springs. A period of six rainy days during

which between eight and 22 mI daily rainfall occurred took place just before the first

sample date (Fig. 10.4) in September/October 1993. The autumn of 1994 was free

from heavy rainfalls but aphids in the following autumn were exposed to seven days of

heavy rainfall.

In both years the rise of aphid numbers in autumn (March) occurred when mean

temperatures fell back into the favourable range of 15-17'C.

The relatively low number of favourable shoots in autumn, together with high

numbers of aphids led to an infestation of nearly all buds towards the end of this period

(Fig. 10.6).

The proportion of apterous adults was high at most times (Fig. 10.7). This was

not reflected in the proportion of apterous and alate third/fourth instars. A typical

phenology for density-dependent dispersal was observed in both surveyed autumns. At

the beginning of those seasonal outbreaks, nearly all offspring were apterous and

represented the major source for rapid increase in aphid numbers. With increasing

density, this ratio shifted strongly towards alatiforms. Such a clear pattern did not

appear in spring when aphid numbers were relatively small.

Alternative hosts for Macrosiphum rosae. During summertime two surveys were

carried out to investigate if M. rosae utilised other host plants. The species was not

found on any of the surveyed plants (Table 10.1). M. rosae virtually disappeared from

roses throughout Adelaide, but was still found in low numbers in the cooler Adelaide

Hills (e.g. at Hahndorf).
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Table L0.1 Survey of the abundance of Macrosiphum rosae on known potential summer host

plants in Adelaide and surroundings, South Australia, in summer 1994. M. rosae was not present

on any listed plants.

Scabiosa crinita Kotschy & Boiss.

S c ab i o s a g ramuntia Brot..

Knautia macedonia Griseb.

Patrinia scabra Bunge

Valeriana offcinalisL.

V al e r i an a s amb u c if o I i a Eichner

var. fauriei
Centhranthus ruber (L.)

S c ab i o s a atropurpur e a L.

Dipsacaceae 15.12.94, Royal Botanical Garden, Adelaide

Dipsacaceae "

Dipsacaceae "

Valerianacae rr

Valerianacae rr

Valerianacae '|r

Valerianacae

Dipsacaceae 22.12.94, road sides in Adelaide,'Willunga,

Mclaren Vale, Victor Harbor.

However, the world f,rrst record of M. rosae feeding and reproducing on river red

gum Eucalyptus camaldulensis Dehn. was made at two locations in autumn 1995

(Appendix 7)(Mary Carver, CSIRO Canberra, kindly confirmed the identity of M.

rosae). Even though colonies were able to survive for several generations in a

glasshouse on river red gum, they soon vanished in the field. This record was probably

insignificant for the field ecology of M. rosae but demonstrated a potential flexibility

in host relationships.

Rate of parasitism. The highest rate of parasitized aphids was found in third/fourth

instars on 17 out of 20 sample dates. In general the lowest rate of parasitism was found

in first/second instars (Appendix 5).

3rdl4rth instars represented the stages which accumulated parasitoid larvae of

different ages. Most aphids parasitized as first and second instars, will continue to

develop and die as third or fourth instars (Fig. a.9). Additionally, third/fourth instars
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can be parasitized as well and therefore can also contain young parasitoid larvae.

Therefore, third/fourth instar aphids were exposed to parasitism for much longer than

first/second instars and simply had a greater chance of being parasitized at time of

collection. Even though younger instars were obviously preferred for oviposition (see

below), many of those collected may not have been encountered by parasitoids because

of their short time in the field.

Because mainly younger instars were parasitized, many parasitized aphids died

before they reached adulthood. Consequently the rate of parasitism in adults was

generally lower than in third/fourth instars because relatively more unparasitized

aphids than parasitized aphids reached adulthood.

In summary, the number of parasitised third and fourth instars gave the best

indication of parasitism and was therefore taken as a representative figure for

parasitoid activity. Because of the wide age structure of parasitoid larvae in

third/fourth instar, the sample method did not reveal the true rate of parasitism (Van

Driesche et al., 1991) but represented an index of the accumulative pressure of

parasitoids on aphids during their life-time from birth to sample day.

Phenology of Aphidius rosae. The changes of numbers of larvae of A. rosa¿ were

strictly related with the changes of numbers of hosts (10.8). Peaks of parasitized aphids

occurred together with peaks of aphid abundance.

During both surveyed springs, the majority of third/fourth instar aphids was

parasitized, whereas the rate of parasitism was lower in autumn (Fig. 10.8, Appendix

5). However, in absolute numbers, more A. rosae larvae were present in the plot in

autumn because of higher aphid numbers (Fig. 10.9).

At times of heavy aphid infestations in autumn the percentage of parasitism in

third/fourth instars per shoot was inversely density-dependent with the number of

aphids per shoot (Fig. 10.10).

The sex-ratio of A. rosae emerging from field collected mummies was 0.36 in

the 199311994 season and0.42 in 1994/95 (Table 10.2).
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The majority of mummies detected on the shoots consisted of aphids that had

died as third and fourth instars (Table 10.3), indicating that parasitism must have taken

place when hosts were first or second instars (Chapter 4). First and second instars were

not the most abundant stages of M. rosae in the field (Appendix 5), so these must have

been parasitized more frequently than older aphids. In both years only 26 percent of

mummies consisted of adult forms which indicate parasitism of older instars.

The typically dark, thick diapause form of mummies was found over most of the

time of parasitoid abundance (Table 10.4). The number of diapausing mummies were

low at the beginning of a season in spring and autumn and increased steadily towards

the end.

Phenology of hyperparasitoids. The first hyperparasitoid of rose aphids was

discovered on the 21 October 1993, two months after the initial release (Table 10.5.).

This species, Phaenoglyphis villosa (Hartigxcharipidae : Cynipoidea) with a sample

total of 68 individuals was the most abundant hyperparasitoid over the period of

survey. 34 individuals of the second most common species, Pachyneuron aphidis

(BouchéXPteromalidae: Chalcidoidea) were found. Only five Dendrocerus aphidum

(Rondani)(Megaspilidae: Proctotrupoidea) emerged out of mummies from 24 April

1994. The shape of the emergence holes from mummies where wasps had already

emerged revealed a further 75 cases of hyperparasitism. Overall, hyperparasitoids or

traces of hyperparasitism were recorded from 15.4 7o of mummies. Hyperparasitoids

increased in a delayed density-dependent manner to M. rosae and.4. rosae. During

spring the percentage of hyperparasitoids that emerged from mummies never exceeded

more than l0 7o.In contrast, hyperparasitism reached peaks of 36 Vo in the autumn of

1994 and 44 Vo in the autumn of 1995.

Predators were rarely found (Table 10.6). Syrphids were the most commonly

discovered predators on buds. More individuals were found in spring than in autumn.
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Table 10.2 Sex-ratio (proportion males) of Aphidius rosae, emeÍged from field-collected

mummies of Macrosiphum rosae on Rosa sp., var. 'McGredy's sunset' in Adelaide, South

Australia.

a) October 1993 to May 1994.

Unbiased sample Total of biased and
unbiased sample

Sample date Mummies Males Females Sex-
per sample emerged emerged ratio

day
(n shoots)

Additional
mummies
collected
(biased)

(T)

Males
emerged

Females
emerged

Sex-
ratio

7 October 1993
14 October
21 October
2 November
l0 November
18 November
7 Apnl1994
13 April
24 Apnl
3 May
13 May
23May

s (20)
0 (20)
2 (20)
0 (20)
n (20)
0 (14)
3 (e)

48 (17)
78 (18)
e7 (20)
107 (20)
234 (20) JI

2

0

¡
I

16
23
T4
14
17

I

2

J

1

19
31
42
32

0.57

0.50
0.46
0.43
0.25
0.30
0.35

5
t6
l0
I
10
7
4
l6
23
t4
I4
r7

6
7
10
l8
ll
4
7
l9
31
42
32
3l

0.45
0.70
0.50
0.33
0.48
0.64
0.36
0.46
0.43
0.25
0.30
0.35

10
30
24
35
l5
27

i

0.67

0

Total

b) August 1994to June 1995

59r 9l 162 0.36 591+154 14 278 0.40

Unbiased sample Total of unbiased and
biased sample

Sample date Mummies
per

sample
day

(n shoots)

Males
emerged

Females
emerged

Sex-
ratio

Additional Males
mummies emerged
collected
(biased)

0)

Females
emerged

Sex-
ratio

8 August 1994
24 August
6 September
20 September
4 October
20 October
l2 April 1995
26 April
11May
15 June

0 (8)
0 (10)

60 (20)
s (s)

24 (20)
29 (20)
6 (le)

60 (20)
43 (20)
6s (20)

:
0.45
0.8

0.26
0.42
0.5

0.43
0.36
0.43

ig
23
22
25
29
31
t4
4

iq
l5
22
t4
24
)?
8
J

5t
26
34
48

:
24
4
5
8
3

23
I
J

29
I
t4
11

J
31
T4
4

0.45
0.39
0.5

0.36
0.45
0.43
0.36
0.32

Total 292 77 t07 0.42 292+ 145 133 177 0.43

(T) On sample dates where the sample procedure allowed encounter of only a few mummies,
an additional sample of mummies was used, collected from the same plot. Collection of
these mummies was not strictly random and therefore should be considered as biased.
Contents of mummies without emergence of A. rosae can be taken from Table 10.5. 168



Table 10.3 Aphid instar form of mummies of Aphidius rosae parasirizing the rose aphid Macrosiphum

rosae on Rosa sp., var. 'McGredy's sunset' in the freld, in Adelaide, South Australia.

a) October 1993 to May 1994.

Unbiased sample Total of unbiased and
biased sample

Sample date Mummies
per

sample
day

(n shoots)

3rd
instar
form

4rh
rnstar
form

Adult
form

Additional
mummles
collected
(biased)

(t)

3rd
rnsta¡
form

4th
instar
form

Adult
form

7 October
14 October
21 October
2 November
10 November
18 November
7 April1994
13 April
24 Aprll
3 May
13 May
23May

s (20)
0 (20)
2 (20)
0 (20)
t7 (20)
0 (14)
3 (e)

48 (t7)
78 (18)
97 (20)
ro7 (20)
234 (20)

0

6

I
T7
2r
43
30

l0
t9
22
l8
82

8
18
l0
9

22
l6
8
2l
38
3l
57
95

J

;
5

i
2I
38
31
57
9551

1

0

;
0

J
7
7
l5
5
2
2
l0
L9
22
18
82

4
5
9
1l
4
7
5
t7
2t
43
30
51

l0
30
24
35
l5
27

Total
Proportion of insta¡s

591 t70
0.29

591 + 154

Additional
mummies
collected
(biased)

(I)

JJJ
0.45

207
0.28

253 r57
0.44 0.27

192
026

Total of unbiased and
biased sample

b) August 1994to June 1995.

Unbiased sample

Sample date Mummies
per

sample
day

(n shoots)

3rd
lnstar
form

4th
insta¡
form

Adult
fonn

3rd
instar
form

4rh
lnsta¡
form

Adult
form

7
9
t6
22
9

27
l0
t7

-
32
l5
25
26
JJ
26
19
27

5t
26
34
48

;
I
6
l1
0
2t
l0
t7

iz
1

9
8

6
26
t9
)1

it
J
9
7
0
t3
12
19

2T
18
9
l0
t2
t3
t2
19

0 (8)
0 (10)

60 (20)
s (s)

24 (20)
29 (20)
6 (1e)

60 (20)
43 (20)
65 (20)

8 August 1994
24 August
6 September
20 September
4 October
20 October
12 April 1995
26 April
1l May
15 June

Total
Proportion of instars

84 r28
0.29 0,45

292 73
0.26

292+ 145 ll4 203
0.27 0.47

111
0.26

(T) On sample dates where the sample procedure allowed encounter of only a few mummies,
an additional sample of mummies was used, collected from the same plot. Collection of
these mummies was not strictly random and therefore should be considered as biased.
Some collected mummies were destroyed and did not reveal the aphid stage. Numbers can be

taken from Table 10.5.
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Table 10.4 Proportion of diapause form mummies of Aphiditß rosae parasitizing the rose

aphid Macrosiphum rosae in the field. Mummies were collected on Rosa Jp., var.

'McGredy's sunset'at the Waite Campus, Adelaide, South Australia.

a) October 1993 to iN4ay 1994.

Unbiased sample Total of unbiased and
biased sample

Sample date Mummies
per

sample
day

(n shoots)

Live Mum- Propor
mum- mies in -tion
mies dia- dia-

Additional
mummies
collected
(biased)

(I)

Live
mum-
mies

Mum- Propor
mies in -tion
dia- dia-

pause pause
form form

pause
form

pause
form

7 October
14 October
21 October
2 November
l0 November
l8 November
7 Apnlt994
l3 April
24 Apnl
3 May
13 May
23May

0
2
1

J
7
5

0
0
J
7

20
49

74

0

0

¿

0
0
3
7

20
49

J

;
10

;
45
67
74
54
72

(20)
(20)
(20)
(20)
(20)

(14)
(e)
(r7)
( l8)
(20)
(20)
(20)

5
0
2
0
t7
0

48
78
97

0

0

0.60

0
0

0.04
0.09
0.37
0.68

10
30
24
35
i5
27
13

11
23
27
28
24
l1
t3
45
67

54
72

0
0.09
0.05
0.l l
0.30
0.45

0
0

0.04
0.09
0.37
0.68

t07
234

b) August 1994to June 1995.

Unbiased sample Total of unbiased and
biased sample

Sample date Mummies
per

sample
day

(n shoots)

Mum- Propor
mies in -tion
dia- dia-

pause pause
form form

Additional
mummies
collected
(biased)

(I)

Mum- Propor
mies in -tion
dia- dia-

pause
form

Live
mum-
mies

Live
mum-
mies

pause
form

8 August 1994
24 August
6 September
20 September
4 October
20 October
12 April 1995
26 April
11May
15 June

0 (8)
0 (10)
60 (20)
s (5)

24 (20)
2e (20)
6 (1e)

60 (20)
43 (20)
6s (20)

i
,)

6
t9
0
2
8

28

:
53
38
47
42
54
58
24
39

31
26
34
4:

i
0
4
8
0
2
8

28

19

53
5

22

6
58
24
39

0.02
0

0.18
0.42

0
0.03
0.33
0.72

0.02
0.05
0.r3
0.45

0
0.03
0.33
0.72

(T) On sample dates where the sample procedure allowed encounter of only a few mummies,

an additional sample of mummies was used, collected from the same plot. Collection of
these rnum¡nies was not strictly random and therefore should be considered as biased.

Contents of mummies without emergence of A. rosae can be taken from Table 10.5.
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H{ Table 10.5 Numbe rs of Aphidius rosae and associated hyperparasitoids from field collected mummies of the rose

aphid Macrosiphum rosae at the V/aite Campus, Adelaide, South Australia. Mummies were collected on Rosc sp.,

var.'McGredy's sunset'.

a) October 1993 to May 1994

Unbiased sample Total of unbiased and biased sample

Sample date

7 October
l4 October
2l October
2 November
l0 November
l8 November
7 Apnl1994
l3 April
24 April
3 May
l3 May
23May

A. Hyper-
rosae para-

sitoids

10
l3
28
8

24

Additional A.
mummies rosae
collected
(biased)

(T)

il
23
20
26
2t
ll
ll
35
54
56
46
48

Mummies
per

sample
day

(n shoots)

Re-
mains

left
only,

A. rosae
(#)

Re-
mains

left
only,

hyper-
para-
sitoids

(#)

Mum-
mies
de-

stroyed

Hyper-
para-
sitoids

0
0
I
2
3
0
2
t0
l3
28
8

24

Re-
mains

left
only,

A.
rosae

(#)

Re-
mains

left
only,

hyper-
para-
sitoids

(#)

Mum-
mies
de-

stroyed

Propor-
tion

hyper-
para-
sitoids

s (20)
0 (20)
2 (20\
0 (20)
t7 (20)
0 (r4)
3 (e)

48 (r7)
78 (18)

0

0

;
0

3

2

;
2

35
54
56
46
48

02
9

t

I
0
0
I
2
6

0
0
0
0
I
2
l
0
0
I
2
6

0
0
0
I
0
2
I
0
6
7
6
27

4
7
5
6
7
l2
I
3

5
5

45
129

10
30
24
35
l5
27
l3

0
0

0.04
0.09
0.t0
0.08
0.20
0.2t
0.24
0.36
0.t3
o.22

9'1 (20)
to7 (2o)
234 (20\

0

0
0
6
7
6

27

6

0
3
5
5

45
129

sgr 253 86 195 46 I ITotal 591 +154 362 91 229 50 t3



b) October 1994 to June 1995.

Sample date

Unbiased sample Total of biased and unbiased sample

Mummies
per

sarnple
day

(n shoots)

rosae

53
5
t9
l9
6

54
22
7

Hyper-
para-
sitoids

Re-
mains

left
only,

A. rosae
(#)

Re-
mains

left
only,

hyper-
para-
sitoids

(#)

Mum-
mies
de-

stroyed

7

Hyper-
para-
sitoids

Re-
mains

left
only,

A.
rosae

(#)

Re-
mains

left
only,

hyper-
para-
sitoids

(#)

Mum-
mies
de-

stroyed

Propor-
tion

hyper-
para-
sitoids

A Additional A.
mummies rosae
collected
(biased)

(1)

8 August 1994
24 August
6 September
20 September
4 October
20 October
12 April 1995
26 April
1l May
l5 June

Total

0 (8)
0 (r0)
60 (20)

5 (5)
24 (2O)
2e (20)
6 (te)

60 (20)
43 (20)

65 (20) (+)

0
0
I
2
0
2
4
t0

0
0
3
0
0
4
2
8

7
0
I
5
0
0
l3
l4

0
0
0
3
0
0
2
2

53
38
44
39
53
54
22
7

37
26
34
48

0
0
I

3
0
2
4
t0

7
4
2
t3
0
0
l3
l4

53 20

0
0
0
5
0
0
2
2

0
0
3
3
I
4
2
8

0
0

0.08
0.10
0.02
0. t0
0.r5
0.44

292 185 t7 40 l9 292+ 145 310 2l 9

ts
{
N)

Numbers of wasps were obtained by counting emerging individuals, or in cases were wasps had already

emerged, by the inspection of the typical shape of emergence holes (#).

(1) On sample dates where the sample procedure allowed encounter of only a few mummies, an

additional sample of mummies was used, collected from the same plot. Collection of these mummies

was not strictly random and therefore should be considered as biased.

(f ) 24 mummies from the l5 June were still in diapause when the project stopped.



Table 10.6 Aphidophagous predators of Macrosiphum rosae, collected on Rosa sp., vat.

Tea hybrid 'McGredy's sunset' in the freld, Adelaide, South Australia. Only aphid infested

shoots were sampled.

a) October 1993 to May 1994.

Sample date Sample
srze

(shoots)

Harmonia
conformis

Micromus Syrphidae
tasmnniae

7 October 1993
14 October
21 October
2 November
10 November
18 November
7 Ãpnll994
13 April
24 Apnl
3 May
13 May
23NIay

20
20
20
20
20
T4
9
t7
18
20
20
20

)(1

i
I

i

i

?| (2)
4 (7)
1 (1)
(1)
(4)

2

Total 218

b) August 1994to June 1995

Sample date

2 3 (3) e (13)

Sample
slze

(shoots)

Harmonia
conformis

Micrornus
tasmaruae

Syrphidae

8 August 1994
24 August
6 September
20 September
4 October
20 October

12 April 1995

26 Apm
l1May
15 June

8
10

20

5

20

20

19

20

20

20

(2)
r(2)

2 1

1

1

(4)

Total162231(8)

Numbers without brackets represent la¡vae stages, number in brackets
show the number of eggs. Adults were not encountered on shoots.
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Extensive survey. A comparison of five rose gardens showed that aphid infestations

displayed no uniform pattern (Fig. 10.11). At the end of spring 1994 (Nov.), M. rosae

was not the predominant species on roses. In the Urrbrae House rose garden, R.

porosum was the most abundant species, whereas at Mercedes College and Veale

Gardens M. euphorbiae was most abundant. The only rose garden where M. rosae was

the dominant species turned out to be the rose plot in the rWaite orchard. In autumn

(April), M. rosae was the predominant species in all gardens.

The rose garden in the Waite Orchard, the Urrbrae High School rose garden and

the garden at Mercedes College had only very few or no aphids toward the end of

spring and in the beginning of autumn. In comparison, aphid colonies in Veale

Gardens and the Urrbrae House rose garden were abundant for a longer time at the end

of spring and were present earlier in autumn.
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Fig. 10.11 Comparison of aphid colonies of
Macrosiphum rosae, Macrosiphum euphorbiae

and Rhodobium porosum in five rose gardens in
Adelaide, South Australia, during four surveys

in 1994195. In each garden eight rose beds were

randomly chosen and in each bed ten plants

selected. On each plant the number of aphid

colonies on 5 shoots were counted. In cases of
mixed colonies each involved species was

counted. Error bars show SE of mean.
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Compared to data from years prior to the release of A. rosae, rose aphid numbers were

lower in spring and started to decrease earlier towards summer (Fig. 10.12). In

contrast, no reduction of aphids was apparent in autumn when aphids reached high

densities.

Aug Sept Oct Nov D€c Jan Feb Mar Apr May Jun
o
o

!
{,

!t
o
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o
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,.o
P 'o)
eO
CL
(!
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o
.cl
Ê
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---tr--

1 994/95

1 993/94

1 992/93

1 969/70

tr

trÌ tr

\..cí
tr
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Cumulative days lrom 1 August

0 30 60 300

Fig. 10.12 The abundance of Macrosiphum rosae on Rosa sp., variety Tea hybrid
'McGredy's sunset', at the Waite Campus, Adelaide, South Australia, before and after
the release of the control agent Aphidius rosae in August l9g3.In the survey in
1969/70 a ranking procedure was used (Maelzer, L977)(expected error less than l0
Vo)(Maelzer, L976). N ranged between 180 and 1080 shoots in 1969/70. During the
surveys in 1993/94 and 1994/95 the sampie sizes consisted mainly of 20 infested
shoots (Appendix 6) whereas sampie size of the survey in 1992/93 was 30 infested
shoots' Data from L969/70 were log transformed from the given means in the
literature, whereas data from the census 1992-95 represent the mean of already log
transformed data.
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10.4 Discussion

The discussion examines the role of the control agent in the seasonal dynamics of the

rose aphid. Several factors are examined, followed by a suÍrmary which combines the

interactions among them.

Phenology of roses. Maelzer (1977,1981) described the flushes of favourable rose

buds under irrigated garden conditions in South Australia. For Tea hybrid roses he

recorded peaks in early spring around September, in late spring around November and

in mid summer, in January. Peaks were slightly different during the present survey but

also concentrated in spring and early suÍlmer (Fig. 10.2). Mean numbers of favourable

shoots reached a maximum of 39 per plant in 1993 and 23 í¡ 1994, compared to 125 in

t969. These surueys were carried out on the same individual plants but the roots of

rose plants were transferred to a new location in the winter preceding the survey in

1993. It is likely that stress of the old rootstock inhibited better shooting. However,

shoot buds appeared healthy and showed no sign of stress.

Rose plants carried sufficient numbers of favourable buds to support aphid

increases under most circumstances. This was not the case at the end of both autumns.

At these times nearly all buds were infested, and represented a resource limitation for

aphid population growth. E.g. in autumn 1994, a decrease of bud numbers between the

last two sample days (Fig. 10.4) followed a rapid decrease of total aphid numbers in

the plot (Fig. 10.9), even though this was not obvious from the mean numbers of

aphids per shoot (Fig. 10.a) because aphids aggregated on the last remaining plant

resources.

The role of temperature and rainfall. Maelzer (1981) stated that peaks of aphid species

in the Adelaide region occurred when temperatures in the field were around a

favourable range of 15 to I7 "C, even though maximum rates of increase were

observed between 22 and 28"C in the laboratory. The phenology of M. rosae, observed

177



in the present study, supported those conclusions. Temperature itself may not be the

primary factor that drives the population dynamics of M. rosae, but it may be seen as

environmental indicator for complex phenological interactions in the field. In spring,

the first peaks of aphids and parasitoids were associated with flushes of favourable

growth of rose plants when mean temperatures reached around 15 to 17"C (Fig. 10.4

and 10.5). In autumn, aphid numbers increased when temperatures dropped back to the

favourable range and roses overcame their summer dormancy. Tomiuk & Wöhrmann

(1931) speculated that the most important factor for the potential increase in aphid

numbers is the physiological stage of the rose plant, which is greatly influenced by

seasonal conditions.

The time a rose shoot remains favourable for an aphid colony decreases

disproportionately faster than the generation time of M. rosae with increasing

temperature (Maelzer, 1977).Instead of supporting up to three generations per shoot in

early spring, only two may be supported towards summer. Accordingly, Maelzer

(L977) recorded smaller colonies of M. rosae with progressing season. However, this

phenomenon did not play a significant role in the late springtime of 1993194 and

1994195 since infestations of rose buds were absent already in November, despite the

presence of many favourable buds and, in 1994 continuing favourable temperatures.

Therefore, it can not explain the observed decrease in aphid numbers.

Differences between the temperature developmental threshold of aphids and their

natural enemies may effect their population dynamics. According to Maelzer (1977)

the developmental threshold for M. rosae is around 10'C whereas the threshold for

eggs and larvae of its coccinelid predator Harmonia conformis (Boisd.) is

approximately 15"C (Maelzer, t978, 1981). Differences occur between predator

species, e.g. the lacewing Micromus tasmaniae (V/alker) can be an effective predator

when temperatures are still unfavourable for H. conformls (Maelzer, 1986). The lower

developmental threshold for aphids compared to their predators or parasitoids is

commonly seen as one of the major reasons for rapid aphid increase early in the

season. However, during both survey years, the numbers of predators were low
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regardless of temperatures (Table 10.6). Additionally, adults of A. rosae were observed

next to M. rosae during the whole of winter in 1994 and 1995. Therefore, the role of

temperature as a developmental barrier for natural enemies may be relatively

unimportant in the interpretation of results. However, temperature may have had

different physiological effects on the reproductive rate of aphid and parasitoid outside

the favourable range, but this was not investigated.

During summer high temperatures caused rose plants gradually to enter

dormancy. Maximum temperatures of more than 40'C restricted the survival of any

aphids (Gilbert et al., 1976). The main problem facing aphid populations in South

Australia is survival over summer when moisture deficits and especially extreme

maximum temperatures threaten species with local extinction (Maelzer, 1981).

Accordingly, M. rosae virtually disappeared from roses in Adelaide and so did A.

rosae during summertime.

In both years aphid colonies were exposed to heavy rainfall (Fig. 10.4 and 10.5).

Maelzer (1977) showed that aphid colonies can suffer up to 8O 7o losses of older

instars and adults due to heavy rainfall. This may occur especially in older colonies on

long exposed shoots (e.g. Appendix 1), but probably to a lesser degree on smaller buds

or on rose varieties with short bud shoots.

Differences between seasonal rainfall were pronounced between the two autumn

periods of study. In autumn 1994, no heavy rainfall occurred during the whole period

of aphid infestation (Fig. 10.4), whereas seven days with heavy rainfall were recorded

in autumn 1995 (Fig. 10.5). In both seasons aphid populations thrived, regardless of

raln.

A field experiment (Chapter 11) showed that aphid numbers in autumn 1995

increased rapidly on rain sheltered plants but also on unsheltered roses, despite

occasional heavy rainfalls. 1992 was the wettest year in 100 years in Adelaide (data

not shown), but aphid colonies were able to build up high numbers (Fig. 10. I2). Data

suggest that at least in autumn 1993194 and 1994195, rainfall alone was not able to

suppress an increase in aphid numbers over longer periods, even though an impact
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over short periods can occur (Maelzer, 1977).It could be that maximum rates of

increase achieved during dry periods are quickly counterbalanced by a sensitive,

density-dependent mechanism (see below). Consequently rain may have great impact

on the expansion and dispersal of aphid outbreaks, but may influence to a lesser degree

population growth in a colonised rose garden. Tomiuk & \ilöh¡mann (1982) found that

weather conditions were not the main factors that influence the population growth of

M. rosae. Except under extreme climatic conditions, weather only modifies the

increase or decrease, but does not cause the typical pattern of development of the

population.

Density-dependent dispersal. During autumn, when the aphid density per shoot was

high, the aphid population reacted with density-dependent dispersal. Maelzer (1911)

showed that aphid numbers of more than 50 per shoot triggered an enhanced

production of alatiforms. In autumn, these numbers were reached soon after the first

appe¿uance of M. rosae.

Tomiuk & V/öhrmann (1981) found constant ratios around five to lO Vo of

winged morphs in Germany throughout the seasons in three successive years and did

not consider the production of alatae as the most significant factor for regulating

population size. Low numbers of alatae were also observed in the present study, but in

fact, they gave strong evidence for the regulation of population size by the production

of alatae. Throughout autumn most adult aphids were apterae, but at the same time

nymphs in the third and fourth instar were mostly winged morphs (Fig. 10.7).

Differential mortality between apterae and alatae on the plant was unlikely. Therefore,

the tremendous differences in ratios of alatiforms and apterous forms must be due to

the greater dispersal of alatae. Soon after fourth instars moulted to alatae, they must

have left the plot disproportionately more rapidly compared to their apterous

counterparts which had only restricted means of dispersal. These figures demonstrated

that the decline of numbers of aphids in autumn was probably due to a self-regulatory

density-dependent mechanism of M. rosae.
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The role of hyperparasitoids. It was not surprising to find hyperparasitoids in

mummies of A. rosae soon after establishment of the primary parasitoid.

Hyperparasitoids generally have a wide host range (Sullivan, 1988). 'When Trioxys

complanatøs Quilis was introduced into South Australia in 1977 (Wilson & Swincer,

1984), it was attacked by virtually the same guild of hyperparasitoids as found in

mummies of rose aphids. Hyperparasitoids of T. complanatus emerged from a total of

8.7 7o of all mummies collected during the first two years after initial release.

It is rather difficult to determine the impact of hyperparasitoids on the

effectiveness of A. rosae. Many parasitized aphids leave the plant to mummify in

concealed sites (Behrendt, 1968), thereby decreasing the likelihood of being

encountered by hyperparasitoids. This alteration of aphid behaviour is especially

coÍrmon in aphids which contain parasitoids entering diapause (Brodeur & McNeil,

1989). For this reason, the figures obtained from collections of mummies from

rosebuds may overestimate hyperparasitism, particular towards the end of a season. On

the other hand, abundant hyperparasitoids may cause primary parasitoids to leave the

patch and contribute to declining parasitism without causing direct measurable

mortality (Höller et al., 1994).

Over a period of four years, Van den Bosch et al. (1979) noted a total of 5l Vo

hyperparasitoids reared from mummies of the primary parasitoid Triorys pallidus

(Haliday) in California. Despite their abundance, the hyperparasitoids did not appear to

impair the effectiveness of the control agent on its host, the walnut aphid, Chromaphis

juglandicola (Kalt.). Schlinger (1960) reported up to 70 Vo hyperparasitism on

mummies of primary parasitoids (Aphidius nigripes Ashmed; Aphidius confusus

Ashmed; Aphidius a/iøs Muesebeck; Praon occidentalis Baker; Praon unicus Smith;

all non specific to M. rosae) of rose aphids in California in autumn. He concluded the

impact of hyperparasitoids was one of the key factors for the relative ineffectiveness of

the primary parasitoids. Similar conclusions were made by Borgemeister & Poehling

(1990) who reported nearly 100 Vo hyperparasitism in cereal aphids towards the end of

the season.
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High percentages of hyperparasitism were not observed in the rose plot in the

present survey. In spring, the peak of hyperparasitoid activity was delayed compared to

M. rosae and A. rosae, whereas hyperparasitoids had more or less the same period of

activity as primary parasitoids in autumn, a phenology commonly observed (Höller et

al., 1991). The explanation for these findings may be the high temperature

requirements of hyperparasitoids, which give them advantages during the seasonal

change from hot suÍtmer to cooler autumn, but are a disadvantage to them during the

seasonal change from cold winter to warmer spring. Even in autumn, the percentage of

hyperparasitism was initially low in the present study and never increased

dramatically. The observed numbers probably had only a minor impact on the initial

increase of parasitoid numbers. However, towards the end of autumn the increase of

hyperparasitism occurred at the same time with a decline of aphid numbers through

self-regulatory density-dependent mechanism. Additionally the number of parasitoids

entering diapause increased greatly close to the end of the season. At this time

increasing hyperparasitism may have contributed to the ineffectiveness of A. rosae in

the control of rose aphids.

The role of the Sex-ratio of A. rosae. The observed sex-ratios on different sample days

were nearly always female-biased with a mean of 0.36 in t993194 and0.42 tn 1994195.

Similar ratios were found in laboratory cultures (Chapter 3). Other aphidiine species

also have female biased sex-ratios (Mackauer, 1976b). Sex-ratios of 0.4 in Aphidius

ervi pulcher Baker, 0.4 in Aphidius smithi Sharma & Subba Rao and 0.37 in Praon

pequodorurø Viereck were found in a sample of nearly 9000 mummified aphids from

the field. In Aphidiinae, the sex-ratio favours the females, but it is influenced by

variable environmental factors (Stary, I 988).

The observed ratio does not fit into Fisher's (1930) predicted principle of equal

numbers of sexes. His principle implies that mothers gain the same fitness return for

both sons and daughters resulting in an evolutionarily stable strategy of a sex-ratio of

0.5. But in cases were males compete intensively for mates, investment into sons will
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not bring equal fitness returns. Under such circumstances, females will almost always

be mated whereas males suffer severe competition and may not pass on their genes to

the next generation. Such a situation may apply for Aphidiinae, and derivates of

Hamilton's (1967) Iocal mate competition model may be appropriate to explain female

biased sex-ratios (Godfray, 1994). Fewer sons imply less competition among males

and more daughters represent more mates for males.

Sex allocation in A. rosae is dependent on host quality, with more males

emerging from small hosts than from large ones (Chapter 4). How far this adaptive

pattern of sex allocation interacts with an evolutionarily stable strategy of female

biased progeny allocation remains unclear.

Host instar preference. Most mummies found in the field revealed that oviposition of

A. rosae must have taken place in younger instars of the host. Even though Aphidiinae

are able to lay eggs in all stages of their hosts (Stary, l988xchapter 4), various authors

have shown in laboratory experiments that host preference in aphidiine wasps is

shifted towards younger instars, mainly with second and third instars as most preferred

host (Liu et al., 1984; Kouame & Mackauer 1991; Weisser, 1994; Kirsten & Kfir,

I99l; Singh & Sinha, 1982). This pattern is partly explained by instar-specific aphid

defence, with larger instars being more capable of avoiding parasitism (Liu et al.,

1984; Koume & Mackauer, 1991)(note size differences between aùlJt M. rosae and

first/second instars compared to the parasitoid, Fig, 7 .2). Even though offspring of A.

rosae gain larger size and higher fecundity when eggs are oviposited into larger instars

(Chapter 4), oviposition in smaller hosts may have advantages which are related to

minimising the risk of larval mortality. Firstly, the older larvae normally survive

intraspecific competition in cases of hyperparasitism. Since the detection of parasitized

hosts is imperfect in Aphidiinae (e.g. Micha et al., 1992) an oviposition into a younger

host increases the chances of being first. Secondly, by ovipositing into younger instars,

the parasitoid decreases the larval developmental time of its offspring spent in larger

instars. Lager instars and adults can suffer up to 80 Vo mortality rates in rain (Maelzer,
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1977). E.g. an offspring allocated into a first instar host spent at least half of its larval

developmental time in a host which is relatively less affected by rain, whereas a larva

allocated into a fourth instar host spent all its larval developmental time in a host

which would be vulnerable to rain. It may be that a wasp has to balance her potential

gain in fitness by ovipositing in a high quality host against potential higher mortality

risks of her offspring. However, even though Aphidiinae show preference for certain

instars of their host they also display extensive relaxation of this morph preference

which enables them to react flexibly to changing situations in the field (e.g. Liu et a1.,

1984).

A. rosae parasitized younger host instars preferentially which were killed before

they reached reproductive age, a quality which certainly enhanced the biological

control capacity of the wasp.

The role of predators. The number of predators on shoots were low (Table 10.6).

Maelzer (1977) stated that predators have the potential to reduce aphid numbers, at

least in autumn, and Tomiuk & Wöhrmann (1981) concluded that predation caused the

decline of aphids on roses.

In the present study it was unlikely that the observed numbers of predators alone

had any significant impact on aphid numbers.

The rarely found larvae of the syrphid species Melangyna viridiceps (Macq.) and

Simosyrphus grandicornis (l[l4.acq.) were heavily parasitized by Diplazon laetatorious

F.. These findings on numbers of syrphids agreed with data from Ebrahim Soleyman

(pers. communication) who studied the impact of syrphids on rose aphids in Adelaide

for three successive years from 1992to 1995.

The numbers of the lacewing M. tasmaniae were low as well. This may have had

a positive effect on A. rosa¿ since chrysopid larvae were frequently observed feeding

on mummified aphids (Frazer & Van den Bosch, 1973).In the present study, the lady

beetle H. conformis was observed to feed on mummies during times of low aphid

densities. This impact of predation on mummies was minor (Table 10.5)
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The common earwig, Forficula auricularia L., was commonly found underneath

the sepals of faded flowers. It used the buds as shelter during the day. F. auricularia

can be an effective predator of aphids (Mueller et al., 1988). The impact of most

polyphagous predators such as earwigs, beetles and spiders on aphid colonies is still

unknown, but they may play an important role in aphid control, especially in situations

where aphid densities are low (Sunderland, 1988).

The role of diapause. Quiescence and diapause are strategies of aphid parasitoids to

overcome unfavourable conditions (Stary, l97O). At the end of the season large

numbers of parasitoids enter diapause somewhat earlier than their hosts, before aphids

numbers decline (Stary, 1988). Diapause in aphidiine wasps may be induced by a

combined effect of temperature and photoperiod (Brodeur & McNeil, 1994), or solely

by larval feeding in oviparous hosts (Polgar et al., 1991, 1995).

Some A. rosae entered facultative diapause throughout the year with a

progressive increase towards the end of the season. Similar observations rwere made

during the rearing of A. rosae in the laboratory (Chapter 3). Liu & Carver (1985) found

that Aphidius sonchi Marshall produced a constant rate of 6Vo of individuals entering

diapause per generation. A small percentage of individuals entering diapause at all

times may be seen as an adaptive strategy of the parasitoid to survive unpredictable

unfavourable conditions in'the field. Parasitoids can overcome sudden host declines by

escaping into time or space, but dispersal into space is costly and does not guarantee

success. Therefore, investing in diapausing individuals even at favourable times of the

year could mean that the parasitoid plays safe by spreading the risk on cost of optimal

short term reproductive capacity.

Throughout winter, individuals of A. rosa¿ were observed in the field. These

individuals reproduced on the small numbers of rose aphids that were present. In

contrast, no recoveries of adult A. rosae were made during mid summer. It is not clear

if any parasitoids emerged and simply died because of the lack of hosts, or if A. rosae

stayed in diapause until autumn. However, in 1994, the first recorded appearance of a
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female of A. rosae after summer in Adelaide was on 15 March, and in 1995 first

mummies were found on 29 March. Both incidences were recorded at the Urrbrae rose

garden.

Seasonal synchronisation with the host is a major attribute of successful parasitic

control agents. Generalist parasitoids failed to control rose aphids in California

because diapause prevented synchrony between the enemies and the pest (Schlinger,

1960).

It appears that diapause in A. rosae affected its differential performance in spring

and autumn in two ways. Firstly, A. rosae was better synchronised with its host in

spring than in autumn. Because A. rosae was active throughout winter in Adelaide,

wasps were already present in the field in early spring when conditions first favoured

aphid increase. Parasitoids normally emerge somewhat later from diapause than pests,

which favours an increase in the densities of pests. In the case of A. rosae, small

numbers of parasitoids continued to reproduce over winter and the individuals present

in the early spring may have been able to counterbalance the delay of individuals

emerging from diapause. Much depends upon the number of aphids killed during the

initial period of colonisation by alatae (Carter et al., 1980). Wellings (1986) showed

that parasitism of Aphidius ervi Halíday had little effect on caged populations of

Acyrthosiphon kondoi Shinji, except when the aphid colonies started with low

numbers. Therefore, the early impact of A. rosae on host populations could be one of

the key factors responsible for low aphid populations in spring. In contrast, the build

up of parasitoid numbers in autumn appeared to be entirely due to individuals that

emerged from diapause. Under these circumstances, synchronisation and early impact

may have been difficult.

The second effect of diapause on differential performance in spring and autumn

arose because there were fewer diapausing mummies in spring than in autumn.

Because numbers of aphids were lower in spring than in autumn, parasitoids were able

to build up higher numbers in autumn. In addition, the frequency of diapausing

mummies was low until late spring when aphid and parasitoid numbers were declining.
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In autumn a high frequency of diapause mummies was observed already at the peak of

abundance of A. rosae. Therefore, it may be assumed that much higher numbers of

parasitoids entered diapause in autumn than in spring. As a result, the initial densities

of parasitoids that emerged from diapause might have been higher at the start of spring

than in autumn, enabling A. rosae to build up faster in spring.

A similar effect was suggested to explain high densities of the black bean aphid

A. fabae in one year, followed by low densities the next year (Dixon, 1985).

Coccinellids rapidly increased when there was an outbreak of A. fabae and large

numbers of surviving predators were able to suppress aphids in the following year.

When aphid populations were small, there were fewer predators which were unable to

prevent an aphid outbreak in the alternate year. Similarly, after the introduction of the

Iranian ecotype of Trioxys paltidus (Haliday) into California, this parasitoid kept

densities of the walnut aphid low during spring time (Frazer & Van den Bosch, 1973)-

However, initially the parasitoid was not able to inhibit high aphid abundance in

autumn.

Rote of density-dependent parasitism. The spatial distribution of Vo-parasitism on

single shoots was inverse density-dependent at times of high aphid densities (Fig.

10.10).

Experimental trials with A. rosae parasitizing Sitobion fragariae Walker on rose

bushes in Germany also showed an inverse density-dependent parasitism (Völkl,

1994).In glasshouses, female Ephedrus cerasicola Stary gathered around moderately

to heavily infested plants whereas clean shoots were free from parasitoids (Hågvar &

Hofsvang, 1987). This aggregation in high density patches did not result in density-

dependent parasitism. Aphidius erviHaliday was randomly distributed in experimental

fields whereas its host Sitobion avenae (F.) showed a more clumped distribution in a

three-year field survey in the USA (Feng et al., 1993).In another example, Diadegma

sp. exhibited a clear aggregative response in the field, spending more total time on
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higher density patches of its host Plutella xylostella (L.). Despite this aggregation,

positive density-dependent parasitism was not found (Waage, 1983).

Lessells (1985) reviewed the pattern of parasitism for 45 parasitoid species. 15

species displayed direct density dependence and 17 cases showed inverse density

dependence. The remaining 13 species displayed no clear relationship between host

density and parasitism. These fundamentally different responses of parasitoids to host

density were explained by the effects of host density on the searching behaviour and

host handling time of parasitoids. 8.g., an inverse density-dependent response was

explained by increased host handling time in dense patches even though the search

time was reduced (Waage, 1983; Hassell, 1986; Murdoch, 1990)'

The size of rose aphid colonies affects the ability of A. rosae to parasitize its

host. Female A. rosae concentrate attacks on the edges of a colony (Chapter 7). A

greater proportion of aphids is protected from attacks in a large colony. Aphids in the

middle of a dense colony on roses with long bud shoots like Tea hybrid 'McGredy's

sunset' are virtually out of reach of A. rosa¿. With increasing colony size, the

proportion of inaccessible aphids in the middle increases disproportionately to the

numbers of accessible aphids at the edges. As a result, bigger colonies may help the

aphid to minimise parasitoid pressure.

However, larger aphid colonies do not suddenly appear. They need considerable

developmental time which strongly depends upon the number of foundresses (Dixon,

1935). In the initial phase of growth a small colony will not be able to achieve

significant protection against parasitoid attack. If parasitoids are abundant, the

encounter and parasitism of aphids in a small colony is likely. Nevertheless, the effect

of parasitism on population growth is also delayed in time. Therefore, the fate of a

colony may be determined by the initial reproductive success of M. rosae. As soon as

colonies reach a sufficient size, aphid numbers increase disproportionately more than

they suffer parasitism, until the bud becomes unfavourable. At times when aphids are

under control, most colonies may not reach this critical size, whereas when heavy

infestations occur most colonies may do so.
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If the size of rose aphid colonies is crucial for the avoidance of parasitism, then

there may be even further behavioural consequences. This hypothesis could partly

explain why most individuals of M. rosae do not seek shelter underneath leaves in rain,

even though they are vulnerable to rain drops. The colony may have a protective

function as a whole which outweighs the protection of leaves in rain'

Extensive monitoring. The phenology presented so far, focused on one rose variety out

of several hundred commonly grown in Adelaide. Rose varieties display a variety of

different growth patterns and different plant management can alter the abundance of

favourable bud shoots for M. rosae as well (Beales, 1992). Environmental factors, e.g.

the presence of wind breaks, or simply coincidence, may favour outbreaks of rose

aphids in one garden but not in another. This influences the seasonal phenology of

aphids and their parasitoids in a particular garden. It is not surprising then that a survey

in five different rose gardens indicated considerably different impressions on aphid

abundance on four sample dates (Fig. 10.11). During a survey in Germany, relative

numbers of three Aphidius species were dissimilar between two comparable cereal

fields (Borgemeister et al., 1991). The differences were the result mainly of initial

population size, temperature and hyperparasitism, which all acted on a local scale.

On an annual basis, peaks of abundance in spring and autumn, no aphids during

summer and only low numbers in winter can be considered the general pattern of rose

aphid occurrence on roses in the Adelaide region (Maelzer, 1981).

It is known that M. rosae occasionally alternates between roses and summer

hosts in South-eastern Australia (Maelzer, 1977, Wöhrmann, 1991). However, no

infestations of M. rosae on suspected hosts were observed in summer. This may be

attributable more to hot maximum temperatures than to non-acceptance of host plants.

The survey in the present study was only undertaken at a few locations and certainly

can not exclude the possibility that M. rosae used summer hosts, but if so, this was

probably insignificant (Maelzer, 1977).
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Summary. Before the release of A. rosae, spring time was the season of main

abundance of M. rosae. After the release, M. rosae was not able to reach high

infestations levels in the surveyed rose plot in the spring. High rates of parasitism in

spring suggested that A. rosae may have been a key factor in reducing aphid numbers.

At this time of the year the parasitoid was well synchronised with its host since

parasitoids were active in the field when aphid numbers started to build up.

Additionally, high aphid numbers in autumn resulted in high numbers of diapausing

mummies. These diapausing individuals could have increased the rate of parasitism in

the following spring. Hyperparasitoid pressure was low in spring and predation was

insignificant in spring. The effect of temperature and rainfall could not explain the

decline of rose aphid populations in spring

During summer M. rosae and A. rosae virtually disappeared from roses in

Adelaide.

In autumn, the numbers of aphids increased until the carrying capacity of rose

plants was reached. Self-regulatory density-dependent production of alate M. rosae

took place and towards the end of the season a decrease in available rose shoots

reduced the numbers of aphids. A. rosae did not affect the growth of the population of

rose aphids in autumn. Relatively low numbers of diapausing individuals that carry

over from spring to autumn and/or poor synchronisation of A. rosae with its host could

have delayed the response of A. rosaø to aphid increase in autumn. By the time

parasitoid numbers had built up, aphid colonies were already dense. Because of

avoidance of aphid defence, A. rosae parasitized aphids at the edges of the colonies

and had only little, if any impact, on population growth of M. rosae. Higher

proportions of A. rosae entered diapause throughout the autumn, compared to spring.

Towards the end of the season, increasing hyperparasitism may have contributed to the

ineffectiveness of A. rosae as well.

Aphid infestations in different rose plots varied considerable. It is not known

how well the result of the present study reflects the population dynamics of M. rosae
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and A. rosae in the Adelaide region, but the patterns were consistent with the known

phenology of M. rosae.
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Chapter 11

Experimental approach to assess the impact of Aphidius rosae in the

fïeld

11.1 Introduction

The establishment of a biological control agent does not guarantee that control of a

target pest will occur. Only M to 60Vo of established control agents provide some degree

of control (Hall et al., 1980; Waage, 1990). Even though introduced natural enemies

may become abundant and widespread, the resulting mortality of the target pest may be

compensated by density-dependent changes in natality (Hughes, 1989).

The comparison of pest densities before and after introduction can indicate the

impact of a control agent (e.g. Hughes et al., 1987) and is judged by some as the most

reliable method (Legner, 1969).In contrast, DeBach etal. (1976) argued that the clearest

and most reliable means of evaluation of natural enemies is through use of experimental

or comparative methods, which can be classified as 1) addition,2) inclusion 3) exclusion

(or subtraction), and 4) interference (DeBach & Huffaker, l97l). They emphasised the

advantages of these experimental field approaches because the paired plots furnish a

reliable measurement of the effectiveness of natural enemies.

In the addition method, comparisons are made between plots in which natural

enemies are added and others which do not receive any. Differences between pest

densities are then assumed to be caused by the natural enemy.

Inclusion experiments use selected natural enemies together with the pest in

closed cages that exclude other enemies (e.g. Wellings, 1986).

The exclusion or subtraction technique is a method in which natural enemies are

excluded from the pest, usually by cages. The experimental design must consider

significant behavioural characteristics of the species being studied and ecological
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characteristics of the crop - pest system. Target species with low dispersive power, such

as scale insects are easiest to study with this method. DeBach & Rosen (1991)

considered the use of paired open sleeve cages as the best exclusion method for

sedentary pests and active natural enemies. One of the cages is impregnated with a long-

lasting insecticide so natural enemies eventually come in contact with the insecticide in

the treated cages whereas the sedentary pest does not.

In the interference method, the effectiveness of natural enemies is greatly

reduced in one group of plots whereas in other plots natural enemies are not disturbed.

This can be achieved by regular hand removal, or by the use of an insecticide that kills

sensitive natural enemies but has little effect on the pest. If applied rigorously, this

method might serve as an exclusion method. However, this goal normally can not be

achieved so the overall impact of the enemy can only be estimated.

Periodic census and life-table analyses are tools used to reveal the impact of

natural enemies (e.g. Southwood, 1978a). However, quantitative methods, including

regression analysis and modelling techniques (e.g. Gutierrez et al., 1990) may not take

into account the impact of all interacting factors which easily can mask the true impact

of control agents (DeBach et al., 1976). DeBach & Rosen (1991) pointed out that a

major weakness of such methods is that they generally can not distinguish between

cause and effect.

Every pest/natural enemy system has its own characteristics and a method for

determination the impact of an enemy in one system might not be suitable in another.

The different techniques were examined for their practicality in assessing the impact of

A. rosae on M. rosae.

The use of a mathematical model to evaluate the impact of A. rosae was never

seriously considered, because of insufficient data on the biology of the parasitoid and the

pest. Much more emphasis on the estimation of biological parameters would have been

needed in this thesis to obtain the relevant data than was possible.
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Cages of different mesh sizes have been used to select the exclusion of natural

enemies of aphids, based on their size (e.g. Campbell, 197S). This approach is promising

when distinctive differences in size of the pest and natural enemies exist' The smaller

individuals of the lacewing Micromus tasmaniae (Walker) are the same size as large A.

rosae . Additionally rose aphids are often larger than A. rosae, and a mesh size just big

enough to exclude the parasitoid would have restricted migration of adult aphids.

Furthermore, cages may change the behaviour of insects (Luck et al., 1988). As the

mesh width becomes smaller it becomes more likely that the natural enemy will avoid

entering the cage.

Experimental methods to investigate the impact of A. rosa¿ in the field could

have been inclusion and exclusion experiments. For example, Wellings (1986)

demonstrated the impact of Aphidius ervi Haliday on blue-green aphid Acyrthosiphon

kondoi Shinji in an inclusion experiment. However, aphid populations display density-

dependent regulatory mechanisms that can be affected by cages. For example, the

development of alatiforms is increased when there are more than 50 M. rosae per bud

(Maelzer, 1977). Under natural conditions most of those alatae would disperse but

completely closed cages force them to stay on the plant. Additionally, aphids dislodged

from roses can easily return to the plant in a closed cage, whereas under field conditions

mortality of dislodged rose aphids is high (Maelzer, 1977). A reduction of the pest might

not only result from parasitism but also from disturbance of the aphid colony (Tamaki et

al.,l97O; Gowling & van Emden, 1994). This effect would not be detected in a closed

cage. Furthermore, parasitoids are likely to disperse when rates of parasitism increase.

For example, Way (1966) showed that aphid populations of Brevicoryne brassicaeL.

were quickly eliminated by the parasitoid Diaeretiella rapae Mclntosh when held

together in closed cages, whereas an oscillating host population was maintained for

more than ten months when dispersing parasitoids and aphids were removed. Ruth et al.

(1975) and Sinha & Singh (1980) found in laboratory experiments that repeated

interactions between aphidiine wasps in overpopulated patches resulted in an increased
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tendency to disperse. Therefore, the use of closed cages to evaluate the impact of natural

enemies on M. rosae was considered an inappropriate method'

Maelzer (1977) excluded enemies with completely closed cages to demonstrate

their impact on rose aphid colonies. Similar experiments were made in various other

aphid systems (e.g. Chambers et al., 1983; Hopper et al., 1995). These experiments are

meaningful when used together with population sampling (e.g. Way, 1968). But again,

using a completely closed cage creates artificial behaviour, inhibits density-dependent

self-regulatory dispersal as well as immigration, and creates artificial weather protection

resulting in microclimatic differences (Hand & Keaster,1967; Tamaki et al., 1981;

Luck, 1988).

The addition method was considered as unsuitable since most rose plots consist

of a mix of different varieties. As seen in Chapter 10, aphid infestations can vary

considerably between gardens and to achieve comparable conditions would have been

difficult. This was also a problem with the interference method.

As it would be difficult, if not impossible, to measure the net impact of A. rosae

alone, an exclusion method to measure the total impact of all natural enemies was

developed using paired open cages, one of them treated with an insecticide. This method

allows insects inside the cage to disperse and those outside to enter the control cages but

not the treated cages. Effects on the microclimate are minimised. Young aphid colonies

can be considered sedentary and therefore are unlikely to contact the insecticide. This

method has only been used with sedentary scale insects that have persistent colonies

(DeBach & Rosen, 1991), Therefore, the method had to be adjusted to the special needs

of the rose plant / M. rosae I A. rosae and predator system.

This chapter deals with the development of this cage exclusion method to estimate the

net impact of natural enemies on rose aphids in the field. The outcome of the experiment

is discussed in regard to aphid infestation in the field at the time of the experiment.
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11.2 Methods

Roses. The roses used in this experiment consisted of potted plants (pot diameter 2I cm)

Rosa sp., var. 'Spirit of peace', that had new autumn growth. Plants had between three

and five main suitable shoots. All plants were fertilised with Osmocote@ Controlled

Release Fertiliser'Outdoors, trees and shrubs' (Grace Sierra Australia Pty Ltd, 89 Cevil

Avenue, Castle Hills, NSW 2154). Ten days before the experiment, pots were sprayed

with Pyrethrum (CRG LTD, 25 ml insecticide 14 glL Pyrethrins &. 16 g/L Piperonyl

Butoxidel : 1 I water) to kill predators. Plants were then kept indoors at 18oC, 16L:8D

under fluorescent True Light@.

Insects. Six days after the application of the insecticide, apterae of M. rosae weÍe

collected from uncrowded small colonies in the field to reduce the possibility of the

production of alate offspring. These were placed on 2nd stage buds on the plants used in

the experiment. After 24 hours adults were removed. Three days later the number of

'initial aphids' on each plant were reduced to 50 and the pots were placed in the field.

This procedure had the advantage that aphids had a defined age, were not disturbed or

injured by handling, and were settled on the plant and likely to stay. Rose aphids are

easily disturbed but 3 - 4 day old second instars rarely drop from the plant, an important

consideration for the transportation to the experimental site. At this stage aphids had

undergone approximately one third of their immature development.

Cages. Field cages made of two cylinders of chicken wire were placed over the plants.

The inner cylinder prevented the plant from touching the insecticide-treated outer cage

and had a diameter of 28 cm whereas the outer cylinder measured 38 cm in diameter.

Both cylinders had a height of 45 cm (Fig. 11.la ). The outer cylinder was covered with

2 layers of green polypropylene net (type 44 R, Sarlon-Industries, 51 Moxan Rd,

Punchball, Sydney)(Fig. 11.1b). The mesh size was 0.5 cm x 0.5 cm. Even though A.

rosae could fly straight through the net, it was never observed to do so in preliminary
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tests. The parasitoid always landed on the net before it passed through. In contrast, in a

preliminary trial of a cylindrical sleeve cage with an open top, A. rosae was regularly

observed to land on the plant without touching the gauze

The cage was fitted with a clear polyethylene square roof, 106 cm x 106 cm (Fig.

11.1a). To achieve stability the plastic roof was overlayed with chicken wire. Each

corner of the chicken wire in the roof was turned down and connected to four wooden

poles. Additional stability was achieved by four guy lines from the ground to the edge of

the roof and through to the top of the outer cylinder.

Treated and untreated cages were used in the experiment. The outer cylinders of

treated cages were dipped in an insecticide solution.

Insecticide. The insecticide used in this experiment had to fulfil a range of requirements.

It had to be a persistent contact insecticide which still kills immediately after 20 days in

the field. Pyrethroid based insecticides such as Permethrin or Deltamethrin seemed

promising, but all were wlnerable to rain or dust. Since the first prototypes of cages had

no roof, the weather resistance of the insecticide was an important factor. Cages treated

with Maverick@ (Sandoz Ltd.) did not kill wasps that landed on them fast enough.

Borer, a wood protection product, (Rentokil Ltd., 554 Pacific Highway, Chatswood,

N.S.V/. 2067 , Australia) (Active constituent :100 g /L Permethrin 1251751, solvent 668

g/L liquid hydrocarbons) was selected for use in experiments because it is formulated for

dilution in diesel or oil. This combination is meant to soak into wood, but it also

produces an oily film on non-porous surfaces and lighter compounds of the diesel can

penetrate the surface of polypropylene products (P. Philp, Rentokil, pers.

communication). The treatment mixture consisted of Borer : Diesel : Mineral oil

20W140 in the ratio I : 7 : 2. This was equivalent to 10 times the recommended

concentration of insecticide. To apply the solution, cages were rolled in a flat container

filled with one litre of solution. After one day, excess fluid was shaken off and cages

stored for six days before use. This allowed the solution to penetrate the net and the

most volatile components of the diesel to evaporate.
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In the first pilot experiment, cages were constructed without roofs but only

netting on top. Most aphids inside the treated cages were dead after the first heavy rain,

presumably because insecticide from the top dripped onto the roses. However, the

performance of the Borer mixture before rain was good. Therefore, roofs that overlapped

each cage about 10 cm were added to stop insecticide dripping on to the plants.

However, most aphids inside the cages were dead after the first heavy rain, presumably

because the rain caused splashing from the sides. This failure led to the larger roofs on

the cages that were used in the experiment.

Set up. The experiment was conducted in a rose plot at the V/aite Campus, Adelaide.

The plot consisted of 101 rose bushes Rosø .rp., var. Tea Hybrid'McGredy sunset' and

27 bushes of. Rosa sp., vat. 'Indigo major' (Fig. 1 1.2Xfor details see Chapter l0). Pots

were placed into pre-dug holes in the ground, their edges levelled to the surface. This

was thought to be important in cases where aphids dropped from the plant as it allowed

movement away from the plant. Plants were surrounded by the inner cage cylinder

which was dug slightly into the ground. Finally the outer cage cylinder with roof was

placed over the inner cage and secured to the ground.
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Fig. 11.1 Insect exclusion cage. a) Two cylinders with polypropylene net were placed

around plants, height of cylinder 45 cm. The roof protected the insecticide film on the

net from rain. b) The banier consisted of insecticide-treated polypropylene net. Arrows

show deacl insects sticking to the net.
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Fig. 11.2 The experimental rose plot at the V/aite Campus, Adelaide. The plot consisted

of 101 rose bushes Rosø sp., vaÍ. Tea Hybrid 'McGredy's sunset' and 27 bushes of Rosa

sp., var. 'Indigo major'. 27 pottedroses were placed into pre-dug holes in the ground and

their edges were levelled to the surface. 18 plants were surrounded by cage cylinders, of

which nine of them had been treated with insecticide. Potted plants were set up in six

rows and were at least four meters apart,
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Pots were checked and watered daily. The weeds in a 50 cm circle around the

cages were cut back once.

The experiment was conducted in a completely randomised block design. Three

uncaged rose plants, three rose plants each surrounded by untreated control cages and

three rose plants each inside an insecticide treated cage, made up one block. Three

blocks were set up in the field between the 25 April and20 May 1995.

Conceptual model of experiment. The conceptual model of the experiment is shown in

Fig. 11.3. Throughout the text, adults per plant plus the number of mummies per plant

are referred to as 'potentially reproducing aphids'. Aphids which were initially set up on

the plants are referred to as 'initial aphids'.

Collection of data. One day after the first offspring had moulted to the fourth instar in

one of the treated cages only, the cages were taken down and aphids collected. Hence,

only the initial aphids were responsible for reproduction in the treated cages (Fig. 11.3).

Since plants without protection from insecticide were subject to aphid immigration,

offspring from early immigrants on these plants could have reached adulthood much

earlier than offspring of initial aphids. Thus the aphids on these plants could not be used

to determine an equivalent ending time for the experiment.

The samples were taken in plastic bags to the laboratory and stored in a

refrigerator at 4oC until the numbers of ll2 instar, 3/4 instar, apterae, alatae and

mummies per plant were counted. Adults only were reared for five days at 18"C,

16L:8D on rose shoots in cylindrical gauze cages (Fig. 3.1b), kept fresh by immersion in

'üater supplemented with fertiliser for cut flowers (Flower FreshrM, Flower Fresh

Products, Glengowrie, South Australia). After five days, mummies were counted and

surviving adults dissected to search for parasitoid larvae (see Chapter 10 for details).

Immature aphids were not reared since they did not contribute to reproduction and their

rate of parasitism had no influence on the number of aphids on the plant at the time of

sampling (Fig. 11.3)
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The number of parasitized aphids in the group of potentially reproducing aphids

per plant was then calculated as the sum of mummies found on the plant, the number of

mummies formed during the rearing process and the corrected number of aphids

containing larvae of A. rosa¿ which was corrected for mortality (Chapter l0). The

numbers of mummies on plants at the time of collection had to be added as well since

the time requirement of. A. rosae to form mummies is comparable to time requirements

of M. rosae to reach adulthood (Chapter 4 and 5). Hence, mummies represented aphids

which would have reached adulthood if they would not had been parasitized. This

implies also that mummies on the plant did not represent any aphids of the Fl since

under given circumstances the time from oviposition to mummification of A. rosae

would have been longer than the developmental time of oldest Fl from birth to fourth

instar (Fig. 11.3).

Outer cages were washed in soapy water to recover insects sticking on to the net.

Specimens were counted only when clearly recognisable.

Analysis. The statistical analysis of results were undertaken with the SAS ANOVA

procedure and the Student-Newman-Keuls test. Data were transformed (logrol1+x]) to

stabilise variances.

Correlation analysis of data was performed with the SAS CORR procedure.

Weather. Temperature data were obtained by taking the mean of intermittent recordings

of daily minimum and maximum temperatures in "C from the Waite meteorological

station.
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Fig. 11.3 Conceprual model of the effects of positive and negative factors that

influenced the numbers of Macrosiphum rosae in the field experiment. 50 second instars

of M. rosae were set up on a rose plant at the beginning of the experiment. 'Without

disturbance or mortality the numbers should have remained constant untii aphids would

have reached maturity and started to reproduce. From then on the population in each

cage should have grown until the sample day, just before the Ft would have reached

maturity. Therefore, the experiment is meant to measure the survival and reproductive

success of initial aphids.

During the time in the field, various factors could have affected the growth of a

colony. In this figure the width of a column is proportional to the possible impact of a

factor 
^t 

aîy particular time. The width is not meant to be related to the frequency of

occurrence of these factors. An immigrating adult aphid at the time when initial aphids

would reach maturity, would contribute as many offspring as those already established.

However, the earlier an aphid would have immigrated to the plant the greater would

have been its contribution to population growth. Compared to initial aphids it would

have produced offspring earlier. Before initial aphids would have reached maturity any

event of dispersal or dislodgment (e.g. by rain) would have resulted in an instant

decrease of reproductive females. The impact of such an event would not have changed

over time. After initial aphids would have reached maturity any loss of a reproductive

female would have been proportional to the time it would have had to reproduce. In

contrast, the effect of parasitism would have been time delayed. Only very early

parasitization would have prevented reproduction. Aphids parasitized later would have

suffered reduced reproductive success but still would have been able to contribute to an

increase in numbers. Direct impact would have been caused by parasitoids that would

have induced dislodgment of attacked aphids. Parasitization of initial aphids three or

four days before sample date would have had no effect on the number of total aphids.

The influences of predation and diseases are not shown since hardly any

predators and no deseased aphids were found during the experiment.
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11.3 Results

No statistically significant differences were found in total numbers of aphids when the

three different treatments were compared, ANOVA, F2, 22 = 2.56; P = 0.1 (Table I 1' 1

and Fig. 11.4). According to Maelzer's economic threshold of 50 aphids per shoot (pers.

communication), pots could have tolerated between 150 and 250 aphids. The

infestations in most pots exceeded this value three to six times.

Table 11.1 Influence of cage treatments on total numbers of aphids-per plant.
Treatments were plants in iñsecticide-treated cages, plants in untreated cag^es and

uncaged plants. Treatments were replicated thrèe times. Data were transformed
(logrol 1+x]) before analysis.

Source DF Anova SS Mean Square F-value Pr < F

Treatment
Block (starting date)

2
2

o.2t595
o.02726

0.10798
0.01363

2.56
0.32

0.1
0.7271

Error 22 0.9275 o.M22

The insecticide treated poly net was an effective barrier for insects. Only one

case of parasitism occurred in aphid colonies reared in nine treated cages compared to

516 parasitized adult aphids on the 18 unprotected plants. Significantly more cases of

parasitism occurred on uncaged plants than on plants in control cages, ANOVA, F2,22=

98.2,p < 0.0001 (Table ll.2XFig. 11.5).

Table 11.2 Influence of cage treatments on total numbers of parasitized adult
aphids and mummies per þlant. Treatments were plants in insecticide-treated
cãges, plants in untreated cages and uncaged plants. Treatments were replicated
three times. Data were transformed (log1o[+x]) before analysis.

Source DF Anova SS Mean Square F-value Pr < F

Treatment
Block (starting date)

2 lt.40725
0.t9269

5.70362
0.09635

98.2
t.66

0.0001
0.2133

Error 22 r.2778 0.058
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Fig. 1.1.4 Total numbers of Macrosiphum rosae per rose plant in a cage exclusion

experiment. Exclusion of natural enemies was achieved by using insecticide-treated net

cages. N for each data point = 3. No significant differences rüere found among

treatments (ANOVA, F2,22 =2.56;p = 0.1). Error bars show SD.
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Fig. 11.5 Numbers of parasitized adult Macrosiphum rosae and mummies of Aphidius

rosae in a cage exclusion experiment. Exclusion of A. rosae was achieved by using

insecticide-treated net cages. N for each data point = 3. Treatments followed by different

letters are significant different (Student-Newman-Keuls test, p < 0.05). Error bars show

SD.
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Signif,rcantly more potentially reproductive aphids were found on uncaged roses

than on roses in control cages and treated cages, in that order ANOVA, F2,22 = 11.28, P

= 0.0004 (Table ll.3) (Fig 11.6a).

Source DF Anova SS Mean Square F-value Pr < F

Treatment
Block (staning date)

2
)

1.21807
0.31406

0.60903
0.15703

lt.28
2.91

0.0004
0.o757

Error 22 1.1879 0.054

Significant differences were found in the number of alatae per plant, ANOVA, F2,22 =

9.3, p = 0.0012 (Table Il.4). On uncaged plants, more alatae rose aphids were found

than on caged plants (Fig. 11.6b).

Table 11.4 Influence of cage treatments on number of alatae per plant.
Treatments were plants in insecticide-treated cages, plants in untreated cag_es and
uncaged plants. freatments were replicated three times. Data were transformed
(logloll+xl) before analvsis.

Source DF Anova SS Mean Square F-value Pr < F

Treatment
Block (starting date)

Error 22 1.8665 0.0848

)
2

1.57834
o.32166

0.78918
0.r6083

0.0012
o.t74

3
9

9
1
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Significant differences occurred in the number of immature aphids per potentially

reproductive female, ANOVA, F2,22= 26.87, p = 0.0001 (Table 11.5). The numbers in

treated cages were significantly different from the numbers in control cages and uncaged

roses, which showed no significant differences (Fig. Il.l).In this comparison, Block 2

showed significant differences from Blocks 1 and 3 (Student-Newman-Keuls test, p <

0.0s).

Table 11.5 Influence of cage treatments on total number of immature aphids per
adult (including mummies). Treatments were plants in insecticide-treated cages,
plants in untreated cages and uncaged plants. Treatments were replicated three
times. Data were transformed (log16[1+x]) before analysis.

Source DF Anova SS Mean Square F-value Pr > F

Treatment
Block (starting date)

2
2

2.01884
0.51021

1.00942
0.25511

26.87
6.79

0.0001
0.005

Error 22 0.8264 o.o376

No correlation was found between rate of parasitism and number of aphids per plant

when treated cages were excluded from the analysis, r = 0.068, p = 0.788.

Appendix 8 shows the complete data set.

147 males and 48 females of A. rosae were recovered from the insecticide-treated

net. Also, 15 apterae and49 alatae of M. rosa¿ as well as one lacewing, M. tasmaniae,

stuck on the net. The majority of insects were Diptera. One individual of Harmonia

conformis (Boisd.) and 104 millipedes of Ommatoiulus moreletii Lucas, were found on

the ground near the treated cages.

The weather conditions varied during the exposure of plants in the field but due

to the long, overlapping experimental periods among blocks, average temperatures twere

similar (Appendix 9). Pots were exposed to an average temperature of 16.2 "C in the

first block, 15.9 "C in the second and 15.7 "C in the third block.
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Fig. 11.6 a) Numbers of adult Macrosiphum rosae and mummies of Aphidius rosae

that would have become adult per rose plant in a cage exclusion experiment. Exclusion

of A. rosae was achieved by using insecticide-treated wide meshed net cages. N for each

data point = 3. Treatments followed by different letters are significant different (Student-

Newman-Keuls test, p < 0.05). b) Numbers of alatae rose aphids on plants (Student-

Newman-Keuls test, p < 0.05). Error bars show SD.
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11.4 Discussion

Suitability of cages. The insecticide treated net proved to be an effective barrier for A.

rosae, immigrating aphids and presumably also for predators. Inside nine treated cages

only one case of parasitism occurred, compared to 516 in adult aphids on 18 potted

plants that were not in treated cages, not taking into account parasitism of younger

instars and the undetected numbers of parasitized adult aphids which might have left the

plant to mummify. It is unlikely that a single muÍrmy, found in a treated cage resulted

from a wasp crossing the barrier. If a parasitoid successfully would have crossed the net

during the experiment, more parasitism would be expected. Even though great care was

taken during the set up of the experiment, it is possible that oviposition occurred in the

short time when pots were set up in the field and lacked cage protection.

The finding of 195 A. rosae sticking to the net revealed that the parasitoids

regularly tried to cross the net. This number is expected to under-represent the real

number of landing parasitoids. Not every wasp stuck to the net. Some might have fallen

off and died on the ground as observed in one instance. Furthermore, the washing

procedure of cages did not remove all insects and many others were destroyed.

During the exposure of potted plants in the field, predator activity presumably

was very low. Only one dead lacewing of M. tasmaniae was found sticking to the net

and one individual of H. conformis was recovered on the ground. These results confirm

the findings in Chapter 10 that predator activities in the experimental plot were low. 104

dead millipedes demonstrated the effectiveness of the nets around their base.

In comparison, in an earlier pilot experiment undertaken at a different location in

spring, 34 dead individuals of H. conformis were found around nine cages after three

days.

Three times more males than females of A. rosae were found on the cages but at

the same time the sex-ratio of A. rosae was around 0.4 (Chapter 10). It is possible that

cages had a more repellent effect on females, but it is more likely that males were more
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mobile in their search for mates than females which tended to stay for prolonged periods

close to suitable colonies (Chapter 7).

The number of 64 individuals of M. rosae recovered on the net was low,

compared to the numbers of. A. rosae. However, it is difficult to interpret this figure for

the reasons mentioned above.

Cages had a negative effect on immigrating rose aphids. Consequently, more

alatae, the principal migrating morph of aphids, were found on uncaged plants than on

plants in untreated cages and on roses in treated cages, in that order (Fig. 11.6b). The

roofs of cages were on a level 45 cm above the ground whereas the average level of

rosebuds in the field was about 65 cm (Fig. 11.1a). This structural hurdle could have

restricted approaches of flying aphids to caged plants. The number of potentially

reproducing aphids was lowest on plants in treated cages followed by caged controls and

uncaged plants (Fig. 11.6a). In treated cages the number of adults never exceeded fifty,

the number of initial aphids. The adult cohorts suffered losses only (e.g. possible

emigration or losses through interaction of wind shaken shoots or leaves with the inner

cage) but had no possibility of recruitment. In untreated cages and on uncaged roses the

number of adults exceeded more often than not the initial number (Appendix 8),

showing that immigration of aphids took place. Not necessarily all the additional

potentially reproducing aphids must have been immigrants. Matured offspring of early

migrants would have been counted as well (Fig. 11.3).

Uncaged plants also carried more mummies and parasitized aphids than caged

controls, suggesting that wasps were more frequently on uncaged plants (Fig. 11.5).

They also may have been restricted by the cage structure.

Assessment of impact of A. rosae. The total number of aphids per plant was highest on

plants inside treated cages but the small sample size compared to standard deviation of

data did not allow detection of significant differences (Fig. Il.4). However, when the

number of first to fourth instar aphids were divided by the numbers of potentially

reproducing aphids, aphids in treated cages revealed the highest ratio (Fig. ll.7). These
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findings suggest that A. rosae had an impact on aphid colonies in the field, but this effect

was masked by immigrating aphids. Immigrating aphids and their offspring added to the

total number of aphids on the plants but because of the activity of A. rosae, aphids were

not able to display their fully reproductive capacity. In contrast, aphids in exclusion

cages were not parasitized and were able to produce more offspring per individual.

At time of the experiments, the rose plot was heavily infested by M. rosae with

infestation levels of around 90 aphids per infested shoot (Chapter 10, sample dates 26

April and 11 May 1995) and around 90 Vo of all buds infested. 72 - 9O Vo of fourth

instars were the apterous form and dispersing aphids were dominant. Small colonies of

rose aphids were even found on young shoots of river red gum Eucalyptus

camalduler¿s¡s Dehn. (Chapter 10). Under these circumstances, migrants to the

unprotected rose plants might have become more important for the increase in numbers

of aphids than the initial aphids (Fig. 11.3). The relatively long exposure of young initial

aphids before the start of their reproductive activities makes the experimental analysis

vulnerable to early immigration.

Under the circumstances in the field, the findings showed that the parasitoids

were not able to prevent an increase of aphid numbers to damaging levels. Nevertheless,

the results suggested also that A. rosae helped to suppress the reproductive capacity of

aphid colonies.

Method. It is most desirable to investigate the impact of natural enemies when pest

densities are low in the field, rather than when pest levels are high and the impact of

natural enemies is obviously low and hard to detect. However, because of time

limitations of the project, the main aim of this part of the study was to demonstrate an

appropriate method for assessing the impact of A. rosae and predators on M. rosae.

The proposed method produced meaningful results when used together with a

sample program for changes of numbers of pest and enemies in the surrounding rose

plot. Both approaches support each other whereas the use of only one of them gives only

limited data for interpretation. E.g., the experimental approach suggested that wasps
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were not responsible for the decline of aphid numbers in the plot observed in the sample

program. Additionally, the observed high number of dispersing aphids observed in the

sample program gave insight into the results of the cage experiment.

The density-dependent production of dispersing rose aphids is seasonally

restricted. Therefore, this factor will have no masking effect on the outcome of the

experiment under most circumstances in the field. It is assumed that the proposed

method can reveal the impact of natural enemies on M. rosae better when non-

immigratory aphids are dominant in the field.

The proposed method only measures the impact of natural enemies on one

parental generation and their reproductive success. Therefore, results are valuable only

for a short defined period in time. Consequently, the proposed method has to be applied

in regular intervals during the periods of main abundance of M. rosae in the field.

Improvemer¿fs. The cage method was not perfect and some improvements are suggested

for future trials.

Thecagecylindersshouldbewider(=60cmdiameter)sothatmechanical

interaction between plant and cage cylinder is not possible. This would allow

ellimination of inner cages, but would require an increased roof area.

The height of roofs should be better adapted to the height of rose shoots in the

surrounding plot. The plastic roof could be made of greenhouse films (e.g. Klerk's@

Greenhouse Fitms) to ensure optimal growth of the plants. Since the poly net is

protected from rain, other surface insecticide formulas could be tested, e.g. PERIGEN

500 or CISLIN from Coopex. The mixture that was used is very unpleasant to work with

and environmentally hazardous. So far it was used only at cooler temperatures up to a

maximum of 24"C. An effect on insects inside the cage could be possible on hotter days.

Washing cages to sample trapped insects turned out to be very inadequate. The

collection of insects by sub sampling with forceps straight from the net could be a better

method
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The experimental design could be improved by adding additional aphid free

plants in the field to get a better indication of net immigration. The high standard

deviation of data demands an increase of n. However, for one person it is not practical to

set up more than 18 cages per day.

The experiment was ca¡ried out at a time of high aphid and parasitoid abundance.

At times of low aphid abundance, when the impact of parasitoids would be most

interesting, parasitoids are supposed to fly more actively between bushes to search for

hosts whereas aphids do not. Therefore, the rose plot should be big enough to avoid

significant interference of deadly treated cage 'traps' with a presumably small density of

searching parasitoids in the field.
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Chapter 12

Conclusion

The main aims of this study were to establish Aphidius rosae Haliday in South-Eastern

Australia, to monitor the performance of the control agent for the first two years after

initial release and to assess its impact on the target species Macrosiphum rosae

(L.XChapter 1). Investigations on life-history parameters and searching behaviour were

undertaken to obtain a basic understanding of the interaction of these two species in the

field.

Host-specificity. A. rosae can be considered specific to M. rosae under given

circumstances in Australia and negative environmental impacts are considered as almost

non-existent (Chapter 5). Investigations on discrete steps in the process of host selection

by A. rosae suggest that the parasitoid is attracted to roses over longer distances but that

aphid-related volatiles involved in host location are detectable by the wasp only over a

short distance. These results indicate that it is very unlikely that A. rosae will encounter

most aphid species occurring in Australia. This specificity of A. rosae is desirable since

it is expected that the parasitoid concentrates its activity on the target pest and does not

waste large numbers of eggs by ovipositing in unsuitable hosts.

Suitability of host instars. A. rosae is able to exploit the whole range of instars and

adults of M. rosae but growth and rate of increase of the parasitoid is greatly susceptible

to changes in nutritional quality of its host (Chapter 4 and 5). The ability of A. rosae to

parasitize all host stages allows the parasitoid to react flexibly to changing host

situations in the field. Most mummies found in the field reveal that oviposition must

have taken place in younger instars of the host (Chapter 10). These host stages are killed
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before they reach reproductive age, a fact which enhances the biological control capacity

of the wasp.

Establishment. A. rosae ¿stablished in most places released, even though release

numbers were relatively low (Chapter 8 and 9). This may be explained in several ways.

Firstly, the pattern of distribution observed in Adelaide suggest that most individuals of

A. rosae must have moved in a quite controlled manner in their garden habitats,

exploiting abundant hosts and avoiding unwanted displacement. This is also indicated in

Chapter 7 where long patch residential-times were observed, resulting in many

ovipositions per aphid colony. The generally clumped distribution of aphids resulted in

an aggregation of parasitoids. At times of low parasitoid density this may help to

overcome the crucial aspect of mate finding. A high reproductive rate (Chapter 4 and 5)

and a female-biased sex-ratio of approximately 0.4 (Chapter 3 and 10) enables A. rosae

to increase rapidly in numbers when host colonies are encountered. The results from the

release of A. rosae as well as examples from the literature give further indication that

parasitoids of homopteran pests in general do not necessarily need to be released in high

numbers to achieve establishment (Chapter 8).

Assessment of impacf. Before the release of A. rosae, spring time was the season of

main abundance of M. rosae. After the release, M. rosae was not able to reach high

infestations levels in the intensively surveyed rose plot during spring. High rates of

parasitism in spring suggest that A. rosae may have been a key factor in reducing aphid

numbers. At this time of the year the parasitoid was well synchronised with its host

since parasitoids were active in the field when aphid numbers started to build up.

Additionally, high aphid numbers in autumn resulted in high numbers of diapausing

mummies. These diapausing individuals could have increased the rate of parasitism in

the following spring.

During summer M. rosae and A. rosae virtually disappeared from roses in

Adelaide.
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In autumn, A. rosae did not affect population growth of rose aphids (Chapter 10

and 11). The numbers of aphids increased until the carrying capacity of rose plants was

reached. Self-regulatory density-dependent mechanisms of M. rosae took place and

towards the end of the season a decrease in available rose shoots reduced the numbers

of aphids. Relatively low numbers of diapausing individuals which carried over from

spring to autumn and/or poor synchronisation of A. rosae with its host could have

delayed the response of A. rosae to aphid increase in autumn. By the time parasitoid

numbers had built up, aphid colonies were already dense. Because of avoidance of

aphid defence (Chapter 5 and 7) A. rosae pansitized aphids at the edges of the

colonies and had only low, if any impact, on M. rosae. Higher proportions of A. rosae

entered diapause throughout the autumn, compared to spring. Towards the end of the

season, increasing hyperparasitism may have contributed to the ineffectiveness of A.

rosae as well.

Aphid infestations in different rose plots varied considerable. However the

patterns of population dynamics of M. rosae and A. rosae in the Adelaide region,

observed in this study were consistent with the known phenology of M. rosae.

Since release, the wasp has displayed qualities of an effective classical biological

control agent : 1) despite small release numbers it became established easily and is

abundant in enormous numbers in wide areas around the release points. 2) It has spread

over more than 200 km2 in the Adelaide region in less than seven months. 3) It is present

as adult in late winter, a short time before the build up of host aphid populations. 4) Its

potential for increase is at least comparable with that of its host.

The initial establishment of A. rosae in South-Eastern Australia is confirmed and

chances for permanent establishment are high.
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Future investigations. The population dynamics of introduced biological control agents

and their target pests should be monitored for several years after initial release. Hence, it

would be desirable to monitor the perfonnance of A. rosae and M. rosae in future years

to see if the observed pattern of population dynamics will be consistent. It also would be

desirable to undertake a series of experiments (as demonstrated in Chapter 11) to assess

the impact of A. rosae on M. rosae at different times of the season. Since A. rosae did

not control aphid numbers in autumn, experiments should be undertaken to address the

causes, e.g. lacking synchronisation with host. It would be highly desirable to investigate

the impact of augmentative releases of A. rosae in early autuÍm. Finally, a survey in

South-Eastern Australia should be undertaken to monitor the progress in spread.

220



References

Agarwala, B.K. (1983). Parasites and predators of rose infesting aphids (Homoptera
-: Aphididae) in India. Entomon 8 : 35-39.

Agarwala, B.K. & D.N. Raychaudhuri (1981). Observatiols 9l-the population
"trends ôf ror" aphids anó their hymenopteran parasites in Kalipong, 'West Bengal
(India). Entomon 6 :2ll-214.

Allee, W.C. (1931). Animøl Aggregatior¿s. University of Chicago Press, Chicago'

Anderson, R.C. & J.D. Paschke (1970). Factors affecting the post release dispersal
of. Anaphes flavipes (Hymenoptera : Mymaridae), with notes onit! postrelease

devetoþmerit, efiiciency, and êmergence. Annals. Entomological Sociery of
America 63 :820-823.

Andrewartha, H.G. &.L.C. Birch (1954). The distribution and abundance of
animals. Chicago Press, Chicago.

Arthur, A.P. (1981). Host acceptance by parasitoids. In : D.A. Nordlund, R.L. Jones

& W. J. Lewis (eds), Semioòhemicals,-their role in pest control. Wiley-
Interscience, New York. pp. 97 -L20.

Askew, R.R. & M.R. Shaw (1986). Parasitoid communities : their seize, structure
and development. In : J.'Waage & D. Greathead (eds), Insect parasitoids.
Academic press, London. pp. 225-264.

Ayal, Y. (1937). The foraging strategy of Diaretielþ rqpae.-IrTþ9 99n-cePl of the
- 
elementary unit of foraginþ. Journal of Animal Ecology 56 : 1057-1068.

Bailey, L.H. & E.Z.Bailey (1976). Hortus Third - a consise_dic-tion_ary of plants
cuitivated in the United States and Canada. Macmillian Publ., New York.

Beales, P. (1992). Roses. Harvill, London.

Bean, V/.J. (19S0). Trees and shrubs hardy in the British Isles, ed. I : vol.4. John
Murray Publ. Ltd., London.

Beirne, B.P. (1975). Biological control attempts by introductions against pest insects
in Canada. Canadian Entomologist lO7 :225-236.

Beirne, B.P. (1985). Avoidable obstacles in colonzation in classical biological
control in insects. Canadian Journal of Zoology 63 :743-747 .

Behrendt, K. (1963). Das Abwandern parasitierter Aphiden von ihren V/irtspflanzen
und eine Methode zur ihrer Erfassung. Beitrtige zur Entomologie 18 :295-298.

Bellows, T.S.; R.G. van Driesche & J. Elkinton (1989a). Life tables and parasitism :

estimating parameters in joint host - parasitoid systems. In : L. McDowell (ed),
Estimation and analysis of insect populations. pp. 70-80.

Bellows, T.S.; R.G. van Driesche & J.S. Elkinton (1989b). Extensions to Southwood
and Jepson's graphical method of estimating a stage for calculating mortality due
to parasitism. Researches on Population Ecology 31 : 169-184.

22r



Birch, L.C. (1943). The intrinsic rate of natural increase of an insect population.
Journal of Animal EcologY 17 : 15-26.

Bishopp, F.C. & E.W. Laake (1921). Dispersion of flies by flight. Journal of
Agllcultural Re s earch 2l : 7 29 -7 66.

Blackman, R.L. (1967). The effects of different aphid foods onAdqlja-bipunctataL.
and Coccinella 7 -punctata L.. Annals of Applied Biolo gy 59 : 2O7 -2I9.

Blackman, R.L. & V.F. Eastop (1985). Aphids on the world's crops. V/iley-
Interscience, London.

Boller, E. (1972). Behavioral aspects of mass-rearing of insects. Entomophaga 17 :

9-23.

Borgemeister, C. & H.-M. Poehling (1990). Einfluss von Primåir- und
Hyperparasitoiden auf die Populationsdynamik von Getreideblattläusen -
eig:ebñisse zweijähriger Untersuchungeh im Raum 4annover. UilteilyrySgn_der
D ãut s c hen G e s e U s c hãft fiir AII g eme in1 An gw andte Ent omolo g i e 7 : 5 5 5 -5 62.

Borgemeister, C.; H. Haardt & C. Höller (1991). Fluctuations in relative numbers of
Ãphidius species (Hymenoptera, Aphidiidae) associated with cereal aphids. In :

L. Potgar; R.¡. CtrarúUers; A.F.G. Dixon & I. Hodek (eds), Behaviour and
impacl of aphidophaga. Academic Publishing 8.V., The Hague. pp23-28.

Borner, C. & K. Heinze (1957). Aphidina-Aphioidea.In : P. Sorauer, Handbuch
der Pflanzenkrankheiten, Volume 5(2). Paul Parey, Hamburg.

Botto, E.N. & D. Gonzá\ez &.T. Bellows (1988). Effect of temperature on some
biological parameters of two populations of Aphidius ervi Haliday
(Hymenoptera: Aphidiidae). Advances in Parasitic Hymenopteran
Research, 1988 : 367-377.

Bouchard, Y. & C. Cloutier (1934). Honeydew as a source of host searching
kairomones for the aphid parasitoid Aphidius nigripes (Hymenoptera:
Aphidiidae). Canadian Journal of hology 62: 1513-1520.

Boyd, M.A. & G. Lentz (1994). Seasonal incidence of aphids and the aphid

þarasitoid Diaeretiella rapae (M'IntoshXHymenoptera: Aphidiidae) on rapeseed
in Tennessee. Environmental Entomology 23 :349-353.

Brodeur, J. & J.N. McNeil (19S9a). Biotic and abiotic factors involved in diapause
induction of the parasitoid, Aphidius nigripes (Hymenoptera: Aphidiidae).
Journal of Insecî Physiology-3í :969-974

Brodeur, J. & J.N. McNeil (1989b). Seasonal microhabitat selection by an
endoparasitoid through adaptive modification of host behaviour. Science 244 '.

226-228.

Brodeur, J. & J.N. McNeil (1990). Overwintering microhabitat selection by a
diapausing endoparasitoid : induced phototactic and thigmokinetic responses in
dying hosts. Journal of Insect Behavior3:751-763.

Brodeur, J. & J.N. McNeil (1992). Host behaviour modification by the
endoparasitoid Aphidius nigripes : a strategy to reduce hyperparasitism.
Ecological Entomology 17 :97-104.

222



Brodeur, J. & J.N. McNeil (1994). Seasonal
(Hymenoptera : Aphidiidae), a parasitoid
(Hômoptera : Aphididae). Environmental

Budenberg, W.J. (1990). Honeydew as a contact kairomone for aphid parasitoids.

Efiomõlogia Experimentalis et Applicata 55 : 139-148.

Bureau of Meteorology (1988). Climatic averages Australia. Australian
Government Publishing Service, Canberra.

Caltagirone, L.E. (1981). Landmark example_s_in classical biological control'
Ainual Review of Entomology 26 :213-232.

Cameron, P.J.; G.P. V/alker & D.J. Allan (1981). Establishment and disp_ersal of the

introduced parasite Aphidius eadyi (Hymenoptera: Aphidiidae) !n the \o_fh
Island of Nèw 7ß,aland,and its iriitial éffect oh pea aphid. New Zealand Journal
of hology 8:105-112.

Campbell, A.; B.D. Frazer;N. Gilbert; A.P. Gutienez & M. Mackauer (1974).

Temperature requirements of some aphids and their parasites. Journal of Applied
Ecology lI:431-438.

Campbell, A. & M. M us smithi
(Éymenoptera : Ap f the Pea
àptria (Hómoptera: 6.

Campbell, C.A.M. (1978). Regulation of the damson-hop aphid (Phorodon humuli
(Sc¡rant)) on hops (Humulus lupulus L.) by predators. Journal of Horticultural
Science 53 :235-242.

Campbell, M.M. (1976). Colonisation of a,

Aþhelinidae) inAonidiella aurantii in
South Australia. Bulletin of Entomo

Carter, N.; I.F.G. Mclean; A.D. \Matt & A.F.G. Dixon (1980). Cereal aphids : a
case study and review. In : T.H. Coaker (ed), Advances in Applied Biology,
VoI. 5. Academic Press, London. pp.27I-348.

Carver, M. (1984). The potential host ranges in Australia of some imported aphid
parasites. Entomophaga 29 : 351-359.

Carver, M. (1939). Biological control of aphids. In : A.K. Minks & P. Hanewijn
(eds), Aphids, their biology, natural enemies and control. Volume 2C. Elsevier
Science Publishers B.V., Amsterdam. pp. 141-165.

Carver, M. (1992). Alloxystinae (Hymenoptera: Cynipoidea: Charipidae) in
Australia. Invertebraete Taxonomy 6 : 7 69-785.

Carver, M. & P. Stary (1974). A preliminary review of the Aphidiidae
(Hymenoptera : Ichneumonoidea) of Australia and New Zealand. Journal of the
Australian Ent omolo gical S o cie ty 13 : 23 5 -24O.

Carver, M. & L.T. Woolcock (1986). The introduction into Australia of biological
control agents of. Hyperomyzus lactucae (L.XHomoptera: Aphididae). Journal
of the Australian Entomological Society 25 :65-69.

223



Cavalli-Sforza,L. (19S0). Biometie, Grundzüge biologisch medizinischer Statistik.
Gustav Fischer Verlag, Stuttgart.

Chambers, R.J.; K.D. Sunderland; I.J. Wyatt & G.P. Vickermann (1983). The
effects of predator exclusion and caging on cereal aphids in winter wheat.
Journøl of Applied Ecology 20 :2O9-224.

Charnov, E.L. (19S2). The theory of sex allocation. Princeton University Press,

Princeton.

Chorney, R.J. & M. Mackauer (1979). The larval instars of Aphilius-smithi
(Hyrienoptera : Aphidiidae). Canadian Entomologist 111 : 631-634.

Clausen, C.P. (1978). Introduced parasites and predators of arthropod p-e-sts and
weeds : a world review. U.S. Department of Agriculture Handbook 480.

Cloutier, C. & M. ). The effect of par i
(Hymenoptera the food budgeiof hon

þtium (Hirmop . Canadian Jouma 11.

Cl Mackauer (1930). The effect of mby Aphidius
optera :.Aphidiidae) on the food pea ry{$
pisum (Hómoptera : Aphididae) urnal of Zoology 58

:241-2M.

cloutier, c.; J.N. 981). Fecundity,longevity and sex-ratio
of. Aphidius ni ) parasitizing differe¡t stages of its host,
Macrosiphum : Aphididae). Canadian Entomologist
113: 193-198.

Cloutier, C. & F. Baudin (1990). Searching behaviour of the aphid parasitoid
Aphidius nigripes (Hymenoptera: Aphidiidae) foraging on potato leaves.
Environmental Entomolo gy 19 : 222-228.

Cloutier, C.; C.A. Levesque; D.M. Eaves & M. Mackauer (1991). Maternal
adjustment of sex-ratiõ in response to host size in the aphid parasitoid Ephedrus
californicus. Canadian Journal of Zoology 69 : L489-1495.

Cohen, M.B. & M. Mackauer (1987). Intrinsic rate of increase and temperature
coefficients of the aphid parasite Ephedrus caliþrnicus Baker (Hymenoptera :

Aphidiidae). Canadian Entomologist lt9 : 231-237 .

Collins, M.D. & A.F.G. Dixon (1986). The effect of depletion on the foraging
behaviour of an aphid parasitoid. Journal of Applied Entomology 102 : 342-352.

Compere, H. (1969). The role of systematics in biological control : a backward look.
Israel Journal of Entomology 4: 5-10.

Day, W.H. (1994). Estimating mortality caused by parasites and diseases of insects :

Comparisons of the dissection and rearing methods. Environmental Entomology
23:543-55O.

DeBach P. (1964). Biological Control of insect pests and vveeds. Chapmann & Hall,
London.

DeBach, P. (1974). Biological control by natural enemies. Cambridge University
Press, Cambridge.

224



DeBach, P. & C.B. Huffaker (197I). Experimental techniques for evaluation of the

effeciiviness of natural enemies. tn : C.B. Huffaker (ed), Biological control'
Reinhold, New York. pp. 113-140.

DeBach, P.; C.B. Huffaker and A.V/. MacPhee (1976). Evaluation of the impact of
natural enemies. In : C.B. Huffaker & P.S. Messenger (eds), Theory and practice
of biological control. Academic Press, New York . pp. 255-285 .

DeBach, P. & D. Rosen (1991). Biological control by natural enemies. Cambridge
University Press, Cambridge.

Decker, U.M.; W. Powell & S.J. Cla¡k (1993). Sex pheromones in the cereal aphid
parasitoids Praon volucre and Aphidius rhopalosiphi. Entomologia
Experimentalis et Applicata 69 :33-39.

DeJong, R.; L. Kaiser (1992). Odour preference of a parasitic wasp depends on
ordér of learning. Experientia 48 :902-9O4.

Delucchi, V.; D.Rosen & E.I. Schlinger (1976). Relationship of systematics to
biological control. In : C.B. Huffa[er and P.S. Messenger (eds)._Theory and
practice of bíological control. Academic Press, New York. pp. 8l-92.

Dixon, A.F.G. (1985). Aphid ecology. Blackie, London.

Dixon, A.F.G. (1937). Parthenogenetic reproduction and the rate of increase in
aphids. In : A.K. Minks & P.-Harewijñ (eds), Aphils. þir bill:ogy,.natural
eiemies and control. Volume 24. Elsevier Science Publishers B.V., Amsterdam.
pp.269-288.

Doutt, R. L. (1959). The biology of the parasitic Hymenoptera. Annual Revue of
Entomology 4: t6I-I82.

Doutt, R.L. & P. De Bach (1964). Some biological control concepts and questions.
In : DeBach, P. (ed), Biological control of insect pests and weeds. Reinhold, New
York. pp. l18-144.

Drost, Y.C.;V/.J. Lewis; P.O.Zanen& M.A. Keller (1986). Beneficial arthropod
behaviour mediated by airborne semiochemicals. I. Flight behaviour and
influence of preflight handling of Microplitis croceipes (Cresson). Journal of
Chemical Ecology 12 : 1247 -1261.

Edwards, J.S. (1966). Defence by smear : supercooling in the cornicle wax of
aphids. Nature, 2lI, no. 5OM, pp. 73-7 4.

Edwards, P.J. & S.D. V/ratten (1980). Ecology of insect-plant interactions. Arnold,
London.

Eggers-Schuhmacher, H.A.; J. Tomiuk & K. rWöhrmann (1979). The estimation of
growth and size of aphid populations. Zeitschriftfür Angewandte Entomologie 88
:261-268.

Ehler, L.E. (1979). Utility of facultative secondary parasites in biological control.
Environmental Entomology 8 : 829-832.

225



Ehler, L.E. (1990). Introduction strategies in biological control. In : M. Mackauer;
L.E. Eilèr & J. Roland (eds), Critical issues in biological control.Intercept,
Andover, Hants. pp. l1L-134.

Ehler, L.E & R.W. Hall (1982). Evidence for competitive exclusion of introduced
and natural enemies in biological control. Enviionmental Entomology II : I-4-

Feng, M.C.; R.M. zeng (1993). Populations of sirobion avenae and
Ãphidius ervi o the ñorthwestern United States. Entomologia
Experimentalis 109-117.

Field, R.P. (1993). Guidelines for reviewing applications for importatio_n_ and_release

of biological control agents of weeds. In-: S. Corey; D. Dall & W. Milne, Pesr

Control & sustainable agriculrur¿. CSIRO, Canberra'

Fisher, R.A. (1930). The genetical theory of natural selection. Oxford University
Press, Oxford.

Finney, G.L. & T.W. Fisher (1964). Culture of entomophagous insects and their
hoðts. In : P. DeBach (ed), Biological contol of insect pests and weeds.
Chapmann & Hall, London. pp 328-355.

Force, D.C. & P.S. Messenger (1964). Fecundity, reproductive rates and innate
capacity for increase in three parasites of Therioaphis macular¿ (Buckton).
Ecology 45 :7O6-715.

Force, D.C. & P.S. Messenger (1965). Laboratory studies on competition among
three parasites of the spotted alfalfa aphid Therioaphis maculata (Buckton).
Ecology 46: 853-859.

Fox, P.M.; B.C. Pass & R. Thurston (1967a). Laboratory studies on the rearing of
Aphidius smithi (Hymenoptera : Braconidae) and its parasitism of Acyrthosiphon
pisum (Homoptera : Aphiclidae). Annals. Entomological Sociery of America 6O;
1083-87.

Fox, P.M.; R. Thurston & B.C. Pass (1967b). Notes onMyzus persicae as a host for
A. smithi. Annals.Entomolo gical S ociety of America 26 : 536-553.

Ftazer,B.D. (19S8). Predators. In : A.K. Minks & P. Harrewijn (eds), Aphids. Their
biology, natural enemies and control.Volume 28. Elsevier Science Publishers
B.V. Amsterdam. pp. 2I7 -230.

Frazer, B.D. & R. van den Bosch (1973). Biological control of the walnut aphid in
California : the interrelationship of the aphid and its parasite. Environmental
Entomology 2 : 561-568.

Garrett-Jones, C. (1962). The possibility of active long-distance migration by
Anopheles pharoensis. Bullettin WHO 27 :299-3O2.

Gilbert, N. (1980a). Comparative dynamics of a single-host aphid. I. The evidence.
Journal of Animal Ecology 49 :351-369.

Gilbert, N. (1980b). Comparative dynamics of a single-host aphid. U. Theoretical
consequences. Journal oJ'Animal Ecology 49 :371-38O.

Gilbert, N. & A.P. Gutierrez (1973). A plant-aphid-parasite relationship. Journal of
Animal Ecology 42 : 323-340.

226



Gilbert, N.; A.P. Gutierrez, B.D. Frazer & R.E. Jones (1976). Ecological
relationships. Freeman & Co., New York.

Godfray, H.C.J. (1994). Parasitoids : behavioural and evolutionary ecology.
Princeton University Press, Princeton, New Jersey.

Goff, A.M. & L.R. Nault (1974). Aphid cornicle secretions ineffective against attack
by parasitoid wasps. Environmental Entomology 3 : 565-566.

Gowling, G.R. & H.F. van Emden (1994). Falling aphids.enhanc,e the impact of
biolo-gical control by parasitoids on partially aphid-resistant plant varieties.
Annals of Applied Biology 125 :233-242.

Grasswitz, T.R. & T.D. Paine (1993). Influence of physiological state and

experience on the responsiviness of Lysiphlebus testac-eipes
(Ciesson)(Hymenoptèra : Aphidiidae) to aphid honeydew and to host plants.
Journal of Insect Behaviour 6 : 5l l-528.

Greathead, D.J. (1936). Parasitoids in classical biological control. In : J. Waage and
D.J. Greathead (eds), Insect pørasitoids. Academic Press, London. pp. 290-315.

Gross, P. (1993). Insect behavioural and morphological defences against parasitoids.
Annual Review of Entomology 38 :251-273.

Guerrieri, E.; F. Pennacchio & E. Trembl ry (1993). Flight behaviour of the aphid
parasitoid Aphidius ervi (Hymenoptera: Braconidae) in response to plant and host
volatiles. European Journal of Entomology 9O : 4L5-42I.

Gutierrez, A.P.; K.S. Hagen & C.K. Ellis (1990). Evaluating the impact of natural
enemies : a multitrophic perspective. In : M. Mackauer; L.E. Ehler & J. Roland
(eds), Critical issuei in bToloþical control.Intercept, Andover, Hants. pp. 81-109.

Hafez,M. (1961). Seasonal fluctuations of population density of the cabbage aphid,
Brevicoryne brassicae (L.) in the Netherlands, and the role of its parasite,
Aphidius (Diaeretiella) rapae (Curtis ). Tijdschrift voor Plantenziekten 67 : 445-
449.

Hågvar, E.B. & T. Hofsvang (1987). Foraging by the aphid parasitoid Ephedrus
cerasicola Stary (Hymenoptera : Aphidiidae) for patchily distributed hosts.
Entomologica Experimentalis et Applicata 44 : 81-88.

Hågvar, E.B. & T. Hofsvang (1989). Effect of honeydew and hosts on plant
colonization by the aphid parasitoid Ephedrus cerasicola. Entomophaga 34 :

495-501.

Hågvar, E.B. & T. Hofsvang (1990). Fecundity and intrinsic rate of increase of the
aphid parasitoid Ephedrus cerasicola Stary (Hym., Aphidiidae). Journal of
Applied Entomology I09 :262-267 .

Halima-Kamel, M.B.B. & M.H.B. Hamouda (1993). Les pucerons des cultures
protégées et leurs ennemies en Tunisie. Tropicultura 11 : 50-53.

Hall, R.W. and L.E. Ehler (1979). Rate of establishment of natural enemies in
classical biological control. Bulletin of the Entomological Society of America 25 :

280-282.

227



Hall, R.rW.; L.E.Ehler & B. Bisabri-Ershadi (1930). Rate of success in classical
biological control of arthropods. Bulletin of tlrc Entomological Society of
America 26 : lll-114.

Hamilton, W.D. (1967).Extraordinary sex-ratios. Science 156 : 477 -488.

Hand, L.F. & A.J. Keaster (1967). The environment of an insect field cage. Journal
of Economic Entomology 60: 910-915.

Harris, P. (1990). Environmental impact of introduced biological control agents. In :

M. Mackauer; L.E. Ehler & J. Roland (eds), Critical issues in biological control.
Intercept, Andover, Hants. pp. 289-3L4.

Harvey, J. A.;I.F. Harvey & D.J. Thompson (1994).Flexible_larval.growth allows
use of a range of hostiizes by a parasitoid wasp. Ecology 75 : 142O-1428.

Hassell, M.P. (1986). Parasitoids and population regulation. In : J. W
Greathead (eds), Insect parasitoids. Academic Press, London. pp.

Hassell, M.P. & T.R.S. Southwood (1973). Foraging strategies of insects. Annual
Review of Ecology and Systematics 9 :75-95.

Hendricks, D.E. (1967). Effects of wind on dispersal of. Trichogramma
semifumatum. Journal of Economic Entomology 60 : 1367-1373.

Hofsvang, T. & E.B. Hågvar (1933). Supe¡parasitism and host discrimination by
Ephedrus cerasicola(Hy..; Aphidiidae), a parasitoid of Myzus persicae (Hom.:
Aphididae) . Entomophaga 28 : 37 9-386.

Hofsvang, T. (1991). Fecundity of aphid parasitoids in the family Aphidiidae _
(Hymènoptera) (a review). In : L. Polgar; R.J. Chambers; A.F.G. Dixon & I.
Hodek (eds), Behaviour and impact of aphidophaga. Academic Publishing 8.V.,
The Hague. pp 4t-44.

Hokkanen, H. & D. Pimentel (1984). New approach for selecting biological control
agents. Canadian Entomologisl I 16 : llO9-II2I.

Hokkanen, H.& D. Pimentel (1989). New association in biological control : theory
and practice. Canadian Entomologist t2I: 829-840.

Höller, C. (1991). Movement away from the feeding site in parasitized aphids: host
suicide or an attempt of the parasitoid to escape hyperparasitism. In : L. Polgar;
R.J. Chambers; A.F.G. Dixon & I. Hodek (eds), Behaviour and impact of
aphidophagø. Academic Publishing 8.V., The Haque. pp. 45-49.

Höller, C.; P. Christiansen-Weniger; S.G.Micha;N. Siri & C. Borgemeister (1991).
Hyperparasitoid-aphid and aphid -primary pearasitoid relationships. Redia.74
Appendice: 153-161.

Höller, C.; S.G. Micha; S. Schulz; W. Francke & J.A Pickett (1994).
Enemy-induced dispersal in a parasitic wasp. Experentia 50 : 182-185.

Hopper, K.R. & R.T. Roush (1993). Mate finding, dispersal, number released, and
the success of biological control agents. Ecological Entomology 18 :321-331.

aage
201-

D.Jand
225

228



Hopper, K.R.; S.Aidara; S. Agreq J. Cabal;D. Coutinot;R. Dabire; c. Lesieux; G.

irirti S. Reicherr; F. Troncñetti & J. Vidal (1995). Natural enemy impact on the
abundance of Diuraphis noxia (Homoptera: Aphididae) in wheat in Southern
France. Environmental Entomology 24 : 402-4O8.

Horst, R.K. (1983). Compendium of rose diseases. The American Phytopathological
Society. St. Paul, Minnesota.

Howarth, F.G. (1991). Environmental impacts of classical biological control.
Annual Review of Entomology 36:485-509.

Huffaker, C.B.; F.J. Simmonds & J.E. Lai rg (1976). The theoretical and empirical
basis of biological control. In : C.B. Huffaker and P.S. Messenger (ed:), Theorl
and practice õ¡btological control. Academic Press, New York. pp. 42-80.

Huffaker, C.B. & P.S. Messenger (1976). Theory and practice of biological control
Academic Press, New York.

Hughes, R.D. (1989). Biological control in the oPen fields. In : A.K. Minks & P.

Éarrewjin (eds), Aphids,-their biology, natural enemies and control. Volume 2C.
Elseviei Science Publishers 8.V., Amsterdam. pp. 167-198.

Hughes, R.D.; R.Morton & J.A. Roberts (1981). Assessment oJthe parasitization of
ãphids. In : K. Lee (ed), Proceedings of the 3rd Australian Conference of
Grassland Invertebrate Ecology. S. A. Goverment printer, Adelaide.

Hughes, R.D.; L.T.'Woolcock; J.A. Roberts & M.A. Hughes (1987). The biological
ðontrol of the spotted alfalfa aphid, Therioaphis triþIü (Monell)l maculata, on
lucerne crops in Australia, by the introduced parasitic hymenopterun, Triorys
complanatus (Quilis). Journal of Applied Ecology 24:515-537.

Hugo, G. (1986). Atlas of the Australianpeople.Vol S.A. &Victoriø. Australian
Goverment Publishing Service, Canberra.

Johnson, C.G. (1969). Migration and dispersal of insects by flight. Methuen,
London.

Kareiva, P. (1990). Establishing a foothold for theory in biological practise : using
models to guide experimental design and release protocals. In : A.R. Liss (ed),
New directions in biological control : alternatives for suppressing agricultural
pests and diseases. pp. 65-8 1.

Keller, M.A. (1984). Reassessing evidence for competitive exclusion of introduced
natural enemies. Environmental Entomology 13: 192-195.

Keller, M.A. (1990). Responses of the parasitoid Cotesia rubecula to its host Pieris
rapae in a flight tunnel. Entomologia Experimentalis et Applicata 57 :243-249.

Keller, M.A.; W.J. Lewis & R.E. Stinner (1985). Biological and practical
significance of movementby Trichogramma species : arevíew. The
Southwestem Entomologist 8 : 138-155.

Kennedy, J.S. (1975). Insect dispersal. In : D. Pimentel (ed),Insects, science &
society. Academic Press, New York. pp. 108-119.

229



Kennedy, J.S. (1977). Olfactory responses to distant pl^ants and other odors. In: H.H.
Shoréy & J.J. McKelvey (eds), Chemical control of insect behaviour: Theory
and application. Wiley, New York,pp.67-91.

Kfir, R. (1993). Prospects for classical bio nst pests of ^ -

agricultural crops. Pro ceedings of the n .Congre^ss of the

lntomological Sociery of South Africa. iety of Southern
Africa, Pretoria. p 57.

Kng, B.H. (1989). Host-size-dependant sex-ratios among parasitoid wasps : does

host growth matter ? OecologiaTS:420-426.

Kirsten, F. & R. Kfir (1991). Rate of development, host instar preference and
progeny distribution by Pauesia sp. (Hym.: Aphidiidae), a par-asi_toid of Cinara
èronorlü (Tissot & Pepper) (Homoptera : Aphididae). Journal of the
Entomological Society of South Africa 54 : 75-80.

Kitt, J. & G.H. Schmidt (1993). Parasitism of egg-batches of the pine processionary
moth Thaumetop o e a wilkins oni Tams (Lep., Thaumetopoeidae) in the mountains
of Latrav (Israel). Journal of Applied Entomology ll5 :484-498.

Koume, K.L. & M. Mackauer (1991). Influence of aphid size, age and behaviour on
host choice by the parasitoid wasp Ephedrus caliþrnicus : a test of host-size
models. Oecologia 88 : 197 -203.

Lajeunesse, S.E. & G.D. Johnson (1992). Developmental time and host selection by
the aphid parasitoid Aphelinus sp. nr. vøripes (Foerster) (Hymenoptera :

Aphelinidae). Canadian Entomolo gist 124 : 565-57 5.

Laughlin, R. (1965). Capicity for increase : a useful population statistic. Journal of
Animal Ecology 34 :77-91.

Legner, E.F. (1969). Distribution pattern of host and parasitizationby Spalangia
drosophilae (Hymenoptera: Pteromalidae). Canadian Entomologist 101 : 551-
557.

Lessells, C.M. (1985). Parasitoid foraging: should parasitism be density dependent?
Journal of Animal Ecology 54:27-4I.

Lewontin, R.C. (1965). Selection for colonizing ability. In : H.G. Baker & G.L.
Stebbins (eds), The genetics of colonizing species. Academic Press, New York.
pp.77-91.

Liu, S.-s. (1985) . Development, adult size and fecundity of Aphidius sonchi reared
in two instars of its aphid host, Hyperomyzus lactuae. Entomologia
Experimentalis et Applicata 37 : 4l-48.

Liu, S.-s.; R. Morton & R.D. Hughes (1984). Oviposition preferences of a
hymenopterous parasite for certain instars of its aphid host. Entomologia
Experimentalis et Applicata 35 :249-254.

Liu, S.-s. & M. Carver (1985). Studies on the biology of Aphidius sonchi Marshall
(Hymenoptera : Aphidiidae), a parasite of the sowthistle aphid, Hyperomyzus
lactucae (L.) (Hemiptera : Aphididae) . Bulletin of Entomological ResearchT5 :

199-208.

230



Lloyd, D.C. (1960). The significance of the type of host plant crgPin successful
6iological control of insect pests. Nature, London, I87 : 430-431.

Lopez,E.R. & 89). Direct measurement of host and parasitoid
iecruitment losses due to parasitism in a contiuously
breeding sp d, Brevicoryne brasslcgry (L.) (Hemiptera :

Aphididãe) . Bulletin of Entomolo gical Re search 7 9 : 47 -59.

Luck, R.F.; B.M. Shepard & P.E. Kenmo : (1988). Experimental methods for
evaluating arthopôd natural enemies. Annual Review of Entomology 33 : 367-
39t.

Mackauer, M. (1973). Host selection and host suitability in Aphidius smithi
(Hymenoptera : Aphidiidae). In : A.D. Lowe (ed), Perspectives in aphid biology.
Bulletin 2, Entomological Society of New Zealand (Inc.).

Mackauer, M. (1976a): Genetic problems in the production of biological control
agents. Annual Review of Entomology 2l : 369-385.

Mackauer, M. (1976b). The sex-ratio in field populations of some aphid parasites.
Annals. Entomological Society of America 69 :453-456.

Mackauer, M. (1983a). Quantitative assessment of Aphidíus smithi (Hymenoptera:
Aphidiidae): Fecundity, intrinsic rate of increase and functional response.
Canadian Entomologisr 1 15 : 399-415.

Mackauer, M. (19S3b). Determination of parasite preference by choice tests : the
Aphidius smithi (Hymenoptera: Aphidiidae) - pea aphid (Homoptera: Aphididae)
model. Annals. Entomological Society of America 76 :256-26L.

Mackauer, M. (1986). Growth and developmental interaction in some aphids and
their hymenopterous parasites. Journal of Insect Physiology 32 : 275-28O.

Mackauer, M. & P. Stary (1967). Index of World Aphidiidae. Le Francois, Paris.

Mackauer, M. & S. Kambhampati (1986). Structural changes in the parasite guild
attacking the pea aphid in North America. In : I. Hodek (ed), Ecology of
aphidophagø. Academia, Prague. pp 347 -356.

Mackauer, M. & S. Kambhampati (1988). Parasitism of aphid embryos by Aphidius
smithi.'some effects of extremely small host size. Entomologia Experimentalis et
Applicata 49 :167-173.

M. Mackauer; L.E. Ehler & J. Roland (1990). Critical issues in biological control.
Intercept, Andover, Hants.

Mackauer, M. & R. Sequeira (1993). Patterns of development in insect parasites. In :

N.E. Beckage; S.N. Thompson & B.A. Federici (eds), Parasites and pathogens of
insects. VoI. I. Academic Press.

Maelzer, D.A. (1976). A photographic method and a ranking procedure for
estimating numbers of the rose aphid, Macrosiphum rosae (L.), on rose buds.
Australian Journal of Ecology 1 : 89-96.

Maelzer, D.A. (1977). The biology and main causes of changes in numbers of the
rose aphid, Macrosiphum rosae (L.) on cultivated roses in South Australia.
Australian Journal of Zoology 25 :269-284.

23r



Maelzer, D.A. (1978). The growth and voracity of larvae of Leis conformis (Boisd.)
(Coleoptera : Coccineltidae) fed on the rose aphid Macrosiphum rosae- (L.)
(Homoþtera : Aphididae) in the laboratory. Australian Journal of Zoology 26:
293-3M.

Maelzer, D.A. (1981). Aphids - introduced pests of man's crop. In RL. Kitching &
R.E. Jones (eds), Theècology of pests in Australia - some Australian case
historie s. Commonwealth Scientific and Industrial Resea¡ch Organization,
Canberra. pp 89-106.

Maelzer, D.A. (1936).Integrated control of insect vectors of plant virus diseases.In
G.D. Mclean, R.G. Garett & W.G. Ruesnik (eds), Plant virus epidemics :
monitoring, modelling and predicting outbrealcs. Academic Press, Sydney'

McCall, P.J.; T.C. Turlings; W.J. Lewis & J.H. Tumlinson (1993). Role of plant
volatiles in host location by the eipes
Cresson (Braconidae : Hymeno :625-639.

Messenger, P.S. (1970). Bioclamatic inputs to biological control and pest
management programs. In : R. Rabb & F.E. Gutherie (eds), Concepts of pest
managemenf. Proceedings of a conference held at North Carolina State
University, Raleigh.

Messing, R.H.; L.M. Klungness & M.F. Purcell (1994). Short-range dispersal of
mass-reared Diachasmimorpha longicaudata and D. tryoni (Hymenoptera :

Braconidae), parasitoids of tephritid fruit flies. Journal of Economical
Entomology 87 : 97 5-985.

Micha, S.G.; P.W.rWellings & R. Morton (1992). Time related rejection of
parasitised hosts in the aphid parasitoid, Aphidius ervi. Entomologia
Experimentalis et Applicata 62: 155-161.

Michaud, J.P. & M. Mackauer (1994). The use of visual cues in host evaluation by
aphidiid wasps. Entomolo gia Experimentalis et Applicata 7 0: 27 3-283.

Miles, P.W. (1985). Dynamic aspects of the chemical relation between the rose
aphid and rose b:uds. Entomologia Experimentalis et Applicata3T : 129-135.

Miles, P.W. (1989a). The responses of plants to the feeding of Aphidoidea :

principles. In : A.K. Minks & P. Harewijn (eds), Aphids. Their Biology, natural
enemies and control. Volume 2C. Elsevier Science Publishers B.V., Amsterdam.
pp.l-22.

Miles, P.V/. (1989b). Specific responses and damage caused by Aphidoidea. In :

A.K. Minks & P. Hanewijn (eds), Aphids. Their biology, natural enemies and
control. Volume 2C. Elsevier Science Publishers B.V., Amsterdam. pp.23-48.

Miles, P.W. & J.J. Oertli (1993). The significance of antioxidants in the aphid-plant
interaction : the redox hyphothesis. Entomologia Experimentalis et Applicata 67 :

275-283.

Milne, rW.M. (1986a). The release and establishment of Aphidius ervi Haliday
(Hymenoptera : Ichneumonoidea) in lucerne aphids in Eastern Australia. Journal
of the Australian Entomological Society 25 : I23-t30.

232



Milne, W.M. (1986b). The establishment s erui in bluegreen
aphid population on lucerne in New : I' Hodek (ed),
Ecology of aphidophaga. Academia,

Mueller, T.F.; L.H.M. Blommers & P.J.M. Mols (1988). Earwig (Forficula
auriculata) predation on the wolly apple aphid, Eriosoma lanigerum.
Entomologia Experimentalis et Applicata 47 : 145-152-

Murdoch, rW.M. (1990). The relevance of pest-enemy models to biological control.
In : M. Mackauer; L.E. Ehler & J. Rolañd (eds), Critical issues in biological
control. Intercept, Andover, Hants. pp. I-24.

Nechols, J. R.;W. C. Kauffmann & P. W. Schaefer (1992). Significance of host
specificity in classical biological control.In : V/.C. Kauffmann & J.E. Nechols
(èds), Seíection criteria and-ecological consequences of importing natural
enemies. Entomological Society of America, Lanham, Maryland. pp.4l-52.

Nei, M.;Maruyama, T. & R. Chakraborty (1975). The bottleneck effect and genetic
variability in populations. Evolution 29 : 1- 10.

Olkowski, W.; H. Olkowski & R. van den Bosch (1982). Linden aphid parasite
establishment. Environmental Entomology ll : lO23-1O25.

Papadakis, J. (1975). Climates of the world and their potentialities. Libro de edicion
Argentinia, Buenos Aires.

Pedgley, D.E. (1982). Windborne pests and diseases. Halsted Press, Chichester.

Peng, Z. &P.W. Miles (1991). Oxidases in the gut of an aphid, Macrosiphum rosae
(L,) and their relation to dietary phenolics. Journal of Insect Physiology 37 :779-
787.

Pennàchio, F. (1989). The Italian species of the genus Aphidius Nees (Hymenoptera,
B raconidae, Aphidiina e). B oll ettino. I-ab o rat o ri o di Ent omo I o g ia A g r ar i a
'Fillippo Silvestri' di Portici (Italy) 46 :75-1O6.

Polgiár, L. (1986). Effect of cold storage on the emergence, sex-ratio and fecundity
of Aphidius matricariae. In: I. Hodek (ed), Ecology of aphidophaga . Academia,
Prague. pp.255-262.

Polgár, L.; M.Mackauer & W. Völkl (1991). Diapause induction in two species of
aphid parasitoids : the influence of aphid morph. Journal of Insect Physiology 37
:699-7O2.

Polgár, L.; B. Darvas & W. Völkl (1995). Induction of dormancy in aphid
parasitoids : implications for enhancing their field effectiviness. Agriculture,
Ecosystems and Environments 52: 19-23.

Powell, W. & Z.Zht-Li, (1983). The reactions of two cereal aphid parasitoids,
Aphidius uzbekistanicus and A. ervi to host aphids and their food plants.
Physiolo gical Entomolo gy 8: 439-43.

Powell, W & A.F. Wright (1988). The abilities of the aphid parasitoids Aphidius
ervi Haliday and A. rhopalosiphiDe Stefani Perez (Hymenoptera : Braconidae)
to transfer between different known host species and the implication for the use
of alternative hosts in pest control strategies. Bulletin of Entomological Research
78:683-693.

233



Prinsloo, G.F.; P.H. Pewitt & M.C. van der W'esthuizen (1993). The effect of t
emperature on oviposition behaviour and success of two parasitoids 9! tþe
Ruisian wheat aphid, Diurapis noxia (Kurdjumov)(Hemiptera : Aphididae).
African Entomology I : 189-193.

Rabasse, J.M. (1986). Assessment of aphid parasite's efficiency in the field. In : I.
Hodek (ed), Ecology of aphidophaga. Academia, Prague. pp. 417-421.

Read, D.P.; P.P. Feeny & R.B. Root (1970). Habitat selection by the aphid parasite
D iae re tiella rapae (Hymenoptera: Braconidae) and hyperparasite Charip s

bras sic ae (Hymenoptera: Cynipidae). Canadian Entomolo gist 102: 1567 - 157 L

Roush, R. T. (1990). Genetic variation in natural enemies : critical issues for
colonization in biologigal control. In : M. Mackauer; L.E. Ehler & J. Roland
(eds), Critical issues in biological control.Intercept, Andover, Hants. pp.263-
288.

Roush, R.T. & B.E. Tabashnik (1990). Pesticide resistance in arthropods. Chapman
& Hall, London.

Rosenheim, J.A. & D. Rosen (1991). The parasitoidAphytis lingnanensis:
distinguishing the influen :es of egg load and experience. Journal of Animal
Ecology 60:873-893.

Ruth, V/.8.; R.W. McNew; D.W. Caves & R.D. Eikenbary (1975). Greenbugs
(Hom.: Aphididae) forced from host plants by Lysiphlebus testaceipes (Hym.:
Braconidae). Entomophaga 2O : 65-71.

Salt, G. (1941). The effects of hosts upon theh insect parasites. Biological Review 16
:239-264.

SAS Institute Inc. (1985). SAS@ (Jser's guide : statistics, version 5 edition. SAS
Institute Inc., Cary.

Schlinger, E.I. (1960). Diapause and secondary parasites nullify the effectiviness of
rose-aphid parasites in Riverside, California, 1957-1958. Journal of Economical
Entomology, 53 : 151-154.

Raychaudhuri, D.N.; S. Dutta;B.K. Agarwala; S.K. Raha & D.
(1979). Some parasites and predators of aphids in Northeast
Entomon 4: 163-166.

Schlinger, E.I. & J.C. Hall (1959). A synopsis of the biologies
parasites of the spotted alfalfa aphid, Therioaphis maculata
of Economic Entomology 52 : 154-157.

Raychaudhuri
India and Bhutan-Il

of three imported
(Buckton). Journal

Schuster, D.J. & K.J. Starks (1974). Response of Lysiphlebus testaceipes in an
olfactometer to a host and a non-host and to plants. Environmental Entomology 3
: 1034-35.

Sequeira, R. & M. Mackauer (1992a). Nutritional ecology of an insect host-
parasitoid association : the pea aphid- Aphidius erui system. Ecology 73 : I83-
189.

234



Sequeira, R. & M. Mackauer (1992b). Covariance of adult size and development
fime in the parasitoid wasp Aphidius ervi in relation to the size of its host,
Acyrthosiphon pisum. Evolutionary Ecology 6 :34-M.

Sequeira, R. & M. Mackauer (1993). The nutrional ecofogy ofa parasitoid wasp,
Ephedrus c aliþrnic us B aker (Hymenoptera : Aphidiidae). C anadian
Entomologist 125 : 423-43O.

Se ariation in selected life-history parameters of
influence of develoPmental stage.
licataTl: 15-22.

Sheehan, V/. & M. Shelton (1939). The role of experience in plant foraging by the
aphid parasitoid Diaretiella rapae (Hymenoptera: Aphidiidae). Journal of Insect
Behaviour 2 :743-759.

Singh, R. & T.B. Sinha (1982). Bionomics of Triorys (Binodorys) tyliclt_s Subba
Rao & Sharma, an aphid parasitoid of Aphis craccivora Koch. XtrI. Host
selection by the parasitoid. Zeitschriftfür Angewandte Entomology 93 64-75.

Sinha, T.B. & R. Singh (1930). Bionomics of Triorys (Binodorys) Indicus, an
aphidiid parasitoid of Aphis craccivora. III. Numerical aspects of the interaction
oithe paiasitoid and its host. Entomologia Experimentalis et Applicata 28 : 167-
176.

Slansky, F. Jr. (1986). Nutritional ecology of endoparasitic insects and their hosts :

an overview . Journal of Insect Physiology 32 :255-26I.

Smith, R.F. (1959). The spread of the spotted alfalfa aphid, Therioaphis maculata
(Buckton) in California. Hilgardia 28 : &7 -685.

Southwood, T.R.E. (1978a). Ecological methods. Chapmann & Hall, London.

Southwood, T.R.E. (1978b). Escape in space and time. In : H. Dingle (ed),
Evolution of insect migration and diapau,se. Springer, New York. pp.277-279.

Stary, P. (1964). Food specificity in the Aphidiidae (Hymenoptera). Entomophaga 9
:91-99.

Stary, P. (1966a). The Aphidüdae of ltaly (Hymenoptera: Ichneumonidea).
Bollettino. Istituto dei Entomologia Univiversita degli Studi di Bologna 28:65-
t39.

Stary, P. (1966b). Aphid parasitoids of Czecheslovakia. W. Junk. The Hague.

Stary, P. (1967). Multilateral aphid control concepts. Annales de la Societe
Entomologique de France. N.S.3 :22I-225.

Stary, P. (1970). Biology of aphid parasites. W. Junk, The Haque.

Stary, P. (1973). A review of the Aphidius species (Hymenoptera, Aphidiidae) of
Europe. Annotationes Zoologicae et Botanicae 84: 1-85.

Stary, P. (1976). Aphid parasites of the Mediterranean Area. W. Junk, The Hague.

Stary, P. (1987). Aphid parasitoids in an urban environment. Acta Entomoliga
Bohemoslovia 84 : 91-101.

235



Stary, P. (1938). Aphidiidae. In : A.K. Minks & P. Hanewijn (eds), Aphids. Their
biology, natural enemies and control. Volume 28. Elsevier Science Publishers
B.V., Amsterdam. pp 17l-I84.

Stern, V.M.; E.I. Schlinger &.W.R. Bowen (1965). Dispersal studies of
Tricho gramma semifumatum (Hymenoptera : Trichgrammatidae) tagged with
radioactive phosphophorus. Annals. Entomological Society of America 58 :234-
240.

Stoltz, D.B. (1986). Interaction between parasitoid-derived products and
host insects : an overview. Journal of Insect Physiology 32 : 347-350.

Strand, M. R. (1986). The physiological interactions of parasitoids with their hosts
and their influence on reproduvtive strategies. In : J. Waage & D. Greathead
(eds), Insect parasitoids. Academic press, London. pp.97-136.

Strand, M.R. (1988). Adaptive patterns of progeny and sex allocation in parasitic
Hymenoptera. Advances in parasitic Hymenoptera Research 1988 : 293-312.

Strasburger, E. (1983). Lehrbuch der Botanik Gustav Fischer Verlag, Stuttgart.

Strong, F.E. (1967). Observations on aphid cornicle secretions. Annals.
Entomological Society of America 60 :668-673.

Sullivan, D.J. (1987). Insect hyperparasitim. Annual Review of Entomology 32 : 49-
70.

Sullivan, D.J. (1988). Hyperparasites. In : A.K. Minks & P. Ha¡rewijn (eds),
Aphids. Their biology, natural enemies and control. Volume 28. Elsevier Science
Publishers 8.V., Amsterdam. pp 189-203.

Sunderland, K.D. (1988). Carabidae and other vertebrates. In : A.K. Minks & P.
Harrewijn (eds), Aphids. Their biology, natural enemies and control. Volume 28.
Elsevier Science Publishers 8.V., Amsterdam. pp 293-31O.

Sutherland, O.R.W. (1969). The role of the host plant in the production of winged
forms by two strains of the pea aphid, Acyrtosiphon pisum. Journal of Insect
Physiology 15 : 2179-2201.

Tamaki, G.; J.E. Halfhill & D.O. Hathaway (1970). Dispersal and reduction of
colonies of pea aphids by Aphidius smithi (Hymenoptera : Aphidiidae). Annals.
Entomological Society of America 63 : 973-980.

Tamaki, G.T.; M.A. Weiss & G.E. Long (1981). Evaluation of plant density and
temperature in predator - prey interactions in field cages. Environmental
Entomology lO : 7 16-72O.

Taylor, R.A. (1974). Insect migration, flight periodicity and the boundary layer.
Journal of Animal Ecology 43 :225-228.

Taylor, R.A. (1978). The relationship between density and distance of dispersing
insects. Ecological Entomology 3 :63-7O.

Tisdell, C.A. (1990). Economic impact of biological control of weeds and insects. In
: M. Mackauer; L.E. Ehler & J. Roland (eds), Critical issues in biological
control. Intercept, Andover, Hants. pp. 30 1-3 I 6.

236



Tomiuk, J. & K. Wöhrmann (1980). Population growth and population structure of
natural populations of Macrosiphum rosae (L.X Hemiptera, Aphididae).
Tzit s chrift für An g ew andte Entomolo gy 90 : 46447 3.

Tomiuk, J. & K. Wöhrmann (1982). Effect of temperature and humidity on natural
populations of Aphis pomiDe Geer and Macrosiphum rosae (L.) (Hemiptera :

Aphididae) . Journal of Plant Diseases and Protection 89 : 157-169.

Tremblay, E. (1964). Ricerche sugli imenotteri parassiti. I.-Studio morfo- biologico
sul Lysiphlebus fabarurø (Marshall) ( Hymenoptera : Aphidiinae ) Bollettino.
Inboratorio di Entomologia Agrariø 'Fillippo Silvesti' di Portici (Italy) 22 : I-
119.

Tremblay, E. (1966). Ricerche sugli imenotteri parassiti. trI Osservazioni sulla
competizione intraspecifica degli Aphidiinae (Hym. : Braconidae). Bollettino.
Laboratorio di Entomologia Agraria'Fillippo Silvestri' di Portici (Italy) 24 :

209-225.

Turnbull, A.L. & D.A. Chant (1961). The practise and theory of biological control
of insects in Canada. Canadian Journal of Zoology 39 :697-753.

Turlings, C.J.;F.L. Wäckers; L.E.M. Vet; W.J. Lewis & J.H. Tumlinson (1992).
Learning of host-finding cues by hymenopterous parasitoids. In : D.R. Papaj &
A.C. Lewis (eds), Insect learning. Chapman & Hall, London. pp. 51-78.

Urquhardt, F.A. (1941). A proposed method for ma¡king migrant butterflies.
Canadian Entomolo gi st 7 3 : 2l -22.

Van Alphen, J.J. &.L.8. Vet (1986). An evolutionary approach to host finding and
selection. In : J. 

'Waage 
and D. Greathead (eds), Insect parasitoids. Academic

press, London. pp. 23-63.

Van Alphen, J.J. & M.E. Visser (1990). Superparasitism as an adaptive strategy for
insect parasitoids. Annual Review of Entomology 35 : 59-79.

Van den Bosch, R. (1957). The spotted alfalfa aphid and its parasites in the
Mediterranean region, Midle East and East Africa. Journal of Economic
Entomology 5O : 352-356.

Van den Bosch, R.; E.L. Schlinger; E.J. Dietrick; K.S. Hagen & J.K. Holloway
(1959). The colonization and establishment of imported parasites of the spotted
alfalfa aphid in California. Journal of Economic Entomology 52: 136-14I.

Van den Bosch, R. & E.L. Schlinger (1962).Initial field observations in California
on Triorys pallidus (Haliday) a recently introduced parasite of the walnut apple
aphid. Joumal of Economic Entomology 55 : 857-862.

Van den Bosch, R. & P.S. Messenger (1973). Biological control.Intext Press, New
York.

Van den Bosch, R.; R. Hom P. Matteson; B.D. Frazer; P.S. Messenger & C.S.
Davis (1979). Biological control of the walnut aphid rn California : impact of the
parasite, Triorys pallidus. Hilgardia 47 : 1-13.

Van den Bosch, R.; P.S. Messenger & A.P. Gutierrez (l )82). An intoduction to
biological control. Plenum Press, New York.

237



Van Driesche, R. G. (1983). Meaning of "Percent parasitism" in studies of insect
parasitoids . Environment al Entomolo gy 12 : 16l I -1622.

Van Driesche, R. G.; T.S.Jr. Bellows; J.S. Elkinton; J.R. Gould & D.N. Ferro
(1991). The meaning of percentage parasitism revisited : solutions to the problem
of accurately estimating total losses from parasitism. Environmental Entomology
20: t-7.

Van Emden, H.F. (1963). A field technique for comparing the intensity of mortality
factors acting on the cabbage aphid, Brevicoryne brassicae (L.XHem,
Aphididae), in different areas of a crop. Entomologia experimentalis et applicata
6:53-62.

Van Emden, H.F. (1972). Aphid technology. Academic press.

Van Emden, H.F. (1995). Host plant - aphidophaga interaction. Agriculture,
Ecosystems and Environment 52 : 3-ll.

Vinson, S.B. (1976). Host selection by insect parasitoids. Annual Revue of
Entomolo gy 2t: 109 -133.

Vinson, S.B. (1981). Habitat location. In : D.A. Nordlund; R.L. Jones & W.J. Lewis
(eds), Semiochemicals, their role in pest control. Wiley-Interscience, New York.
pp.5I-77.

Vinson, S.B. & G.F. Iwantsch (1980). Host suitability for insect parasitoids. Annual
Revue of Entomology 25;397-419.

Völkl, W. (1994). The effect of ant-attendence on the foraging behaviour of the
aphid parasitoid Lysiphlebus cardui. Oikos 70 :t49-155.

Völkl, rW. (1994). Searching at different spatial pattern : the foraging behaviour of
the aphid parasitoid Aphidius rosae in rose bushes. Oecologia 100 : 177-183.

Völkl, W. & M. Mackauer, M. (1990). Age-specific pattern of host discrimination by
the aphid parasitoid Ephedrus caliþrnicus Baker (Hymenoptera : Aphidiidae).
Canadian Entomolo gist I22 : 349-361.

'Waage, J.K. (1979). Foraging of patchily-distributed hosts by the parasitoid
Nemeritis canescens. Journal of Animal Ecology 48 :353-371.

Waage, J.K. (1982). Sex-ratio and population clynamics of natural enemies - some
possible interactions. Annals of Applied Biology 101 : 159-164.

Waage, J.K. (1983). Aggregation in field parasitoid populations : foraging time
allocation by a population of Diade gma (Hymenoptera, Ichneumonidae).
Ecological Entomology 8 : 447 -453.

Waage, J.K. (1986). Family planning in parasitoids : adaptive patterns of progeny
and sex allocation. In : J.'Waage & D. Greathead (eds), Insect parasitoids.
Academic press, London. pp.63-93.

Waage, J. (1990). Ecological theory and the selection of biological control agents
In : M. Mackauer; L.E. Ehler & J. Roland (eds), Critical isiues in biologiòal
control. Intercept, Andover, Hants. pp. 1 35- 1 58.

238



Waage, J.K. & H.J.C. Godfray (1985). Reproductive strategies and population
ecology of insect parasitoids. In : Sibley, R.M. & Smith, R.H. (eds), Behavioural
ecology. Ecological consequences of adaptive behavio,ur. Blackwell Scientific,
Oxford. pp 449-470.

Wapshere, A.J. (1974). A strategy for evaluating the safety of organisms for
biological control of weeds. Annals of Applied Biology 77 : 2OI-211.

\ù/ay, M.J. (196ó). Significance of self-regulatory dispersal in control of aphids by
natural enemies. In: Ecology of aphidophagous insects, Proceedings
Sympossium Sept/Oct. I 965, Praha-Liblice, Academia, Praque. pp. I49 - l5O.

'Way, M.J. & C.J. Banks (1968). Population studies on the active stages of the black
bean aphid, Aphis fabøe Scop., on its winter host Euonymus europaeus L.
Annals of Applied Biology 62: 177-197.

Wellings, P.rW. (1986). Assessing the effectiviness of Aphidius ervi as a biological
control agent of the blue green lucerne aphid, Acyrthosiphon kondoi: a parasite
inclusion experiment. In : I. Hodek (ed), Ecology of aphidophaga. Academia,
Prague. pp. 385-390.

Wellings, P.W.;.R. Morton & P.J. Hart (19-86)..P-r-rty sex-ratio and differential
progeny survivorship in solitary haplo-diploid parasitoids. Ecolo gical
Entomology ll : 341-348.

Wellings, P.W. & A.F.G. Dixon (1987). The role of weather and natural enemies in
determining aphid outbreaks. ln: Insect outbrealcs. Academic Press. pp 313-346.

Weisser, W.rW. (1994). Age-dependent foraging behaviour and host-instar
preference of the aphid parasitoid Lysiphlebus cardui. Entomologia
Experimentalis et Applicata 70 : 1-10.

Weisser, W.V/. (1995). Within-patch foraging behaviour of the aphid parasitoid
Aphidius funebris : plant architecture, host behaviour, and individual variation.
Entomologia Experimentalis et Applicata 7 6 : 133-141.

'Weisser, V/.W.; A.I. Houston & V/. Völkl (1994). Foraging strategies in solitary
parasitoids : the trade-off between female and offspring mortality risks.
Evolutionary Ecology 8 : 587-597.

Weseloh, R. (1981). Host location by parasitoids. In : D.A. Nordlund; R.L. Jones &
W.E. Lewis (eds), Semiochemicals; their role in pest control Wiley-Interscience,
New York.pp.79-95.

Wharton, R.A. (1993). Bionomics of the Braconidae . Annual Review of Entomology
38: l2I-143.

Wiackowski, S.K. (1962). Studies on the smithi
aphid,

wickremasinghe, M.G.v. & H.F. van Emden (1992). Reactions of adult female
parasitoids, particularly Aphidius rhopalosipl¿i, to volatile chemical cues from the
host plants of their aphid prey. Physiòlogical Entomology 17 297-3o4.

239



Williams, D. (1986). Pests of roses. Agdex 280/622. Department of Agriculrure,
Victoria.

Wilson, C.G.; D.E. Swincer & K.J. \ilalden (1982). The introduction of Triorys
complanatu,s Quilis (Hymenoptera : Aphidiidae), an internal parasite of the
spotled alfalfa aphid, into South Australia. Journal of the Australian
Entomological Society 2l : 13-27.

Wilson, C.G. & D.E. Swincer (1984). Hyperparasitism of
Maculata (Homoptera : Aphididae) in South Australia.
Entomological Society 23 :47-50.

Therioaphis tiþlii F.
Journal of the Australian

Wilson, F. (1960). A review of the biological control of insects and weeds in
Australia and Australian New Guinea. Technical Comunication of the
Commonwealth Institute of Biological Control, No 1.

rWöhrmann, K.; D.F. Hales;J. Tomiuk; E.M. Schmiedt & G. Rettenmeier (1991).
Induction of sexual forms in the rose aphid Macrosiphum rosae. Entomologia
Experimentalis et Applicata 6l : l7-24.

rWolfenbarger, D.O. (1975). Factors affecting dispers ù distances of small
organisms. Exposition Press. New York.

Wylie, H.G. (1965). Effects of superparasitism on Nasonia vitripennis
(Walk.XHym.: Pteromalidae). Canadian Entomologist 97 : 326-331.

Zar,J.H. (1984). Biostastistical analysis. PrenticeHall, Englewood Cliffs.

240



Appendix I Rosa spec., Tea Hybrid'McGredy's sunset'. The bud in the front represents

a favourable bud stage for growth of a colony of Macrosiphum rose (bud stage 4,

Maelzer, 1917). The bud in the back turned just unfavourable for aphids, indicated by

the open bloom. On this bud only few aphids are left from the previously existing

colony.



Appendix 2 Individual net reproductive rates (Rs) and intrinsic rates of increase (r) of

Aphidius rosae depending upon female size, measured by hind tibia length. Wasps

parasitized Macrosiphum rosae in the laboratory at 18 + 2'C (80 third instars offered per

day, results a¡e based on gross fecundity, sex-ratio for calculation of r was 0.4).

length of

hind tibia

(mm)

Ro

3rd day

rRo
3rd day 6th day

rRor
6th day life-time life-time

0.49

0.52

0.54

0.55

0.55

0.56

0.6

0.6

0.62

o.62

0.62

0.63

0.68

0.69

0.69

0.74

0.76

0.79

0.79

0.81

56

62

116

78

76

72

98

118

98

78

134

r02

106

148

r62

160

188

rt2
180

130

0.227

0.236

0.273

0.25r

0.253

0.244

0.263

0.271

0.255

0.253

0.280

0.265

0.27t

0.282

0.292

0.289

0.300

0.274

0.298

0.276

110

138

206

r66

t42
168

222

206

240

139

256

r67

276

316

282

321

344

t74
3t2
_*

0.249

0.262

0.290

0.275

0.258

0.271

0.287

0.287

0.284

0.27r

0.299

0.276

0.298

0.307

0.307

0.309

0.3r7

0.285

0.313

_*

205

t44
320

322

306

296

402

348

426

343

524

301

652

524

536

573

790
_*

_*

_*

0.258

0.263

0.294

0.280

0.277

0.277

0.293

0.293

0.29r

0.278

0.304

0.283

0.305

0.3t2
0.313

0.313

0.323

_*

_*

_*

* Individuals were affected by cornicle wax of M. rosae and suffered early

mortality or lost ability to oviposit.



Appendix 3 Population sizes and data on the spring climate of cities used for the release of Aphidius rosae in
Victoria.

Town
(Population)

Temperature,
Max. ("C)

Temperature,
Min. ('C)

Monthly
Rainfall (mm)

Raindays

Sep oct Nov Jan Sep oct Nov Jan sep oct Nov Jan sep oct Nov Jan

Hamilton

Colac

Seymour

Stawell

Horsham

Ararat

Maryborough

Castlemaine

(10000)

(es00)

(l 1400)

(6200)

(12200)

(8200)

(7700)

(6600)

t6

16

I6

T6

I7

I4

15

I6

18

T9

2I

t9

21

18

20

20

2t

2I

24

22

24

2t

2l

23

26

26

30

28

30

26

29

28

9

9

9

9

l0

8

8

9

12

12

l3

I3

l4

t3

t3

72

83

57

6t

46

67

58

60

66

9t

55

53

44

67

58

62

5l

62

45

49

34

47

44

46

33

4l

34

36

22

42

33

40

tl
19

l0

t2

I6

I3

t4

l5

18

9

9

l0

t2

l0

ll

t2

l5

6

6

7

8

10

4

6

4

7

6

6

8

7

7

I
8

6

7

7

6

6

5

6

6

5

5

5

11

ll11

9

9

Data were obtained from Hugo (1986) and the Bureau of Meteorology (1983).



Appendix 4 The emergence holes in mummies of Macrosiphum rosa.e, cut out by a)

Aphidius rosae and b) a hyperparasitoid. A. rosae leaves always smooth more or less

circular edges whereas the edges produced by hyperparasitoids appearjagged.



Appendix 5 Total numbers of Macrosiphurn rosae and detected total parasitismby Aphidius rosae

during a field survey on Rosc sp., variety Tea hybrid,'McGredy's sunset' in Adelaide, South Australia.

a) October 1993 to lvfay 1994

Sarpbdæ Srrpb

Ghffi)

SIZE

LIIT2

irshs

of M.

ros0e

pa'à Vo

sitiæd pra
sitism

pa:è Vo

sitiæd ptrò

sitism

ptrò Vo

sitiæd ptrò

sitism

I3IIA

insfts

ofM.

rosae

Ad¡lß

ofM.

ros0c

7 October 1993

l4 October

2l October

2 November

l0 November

18 November

7 Apnl1994
l3 April
24 April

3 May

13 May

23May

16 tl.1
75 21.8

35 26.5

76 38.4

27 20.0

6 6,3

2t 8.6

75 8.5

10 3.3

r22 11.9

104 11.8

s6 11.5

t2

20

20

20

20

20

t4

9

17

18

20

20

20

t37

344

t32
198

135

95

244

884

306

to25

881

485

27

155

44

29

9

t29

272

440

1101

638

1602

6

80

30

t9

6

0

42

128

118

278

267

272

aa)

51.6

68.2

65.5

50.0

0

35.6

47.1

26.8

19.8

41.8

17.0

42

65

2t
35

26
1

tt4
to4
t28

148

143

101

00
15 23.1

7 33.3

20 57.1

'7 26.9

00
l8 15.8

20 19.2

to .r, n

26 17.6

47 32.9

19 18.E

b) August 1994to June 1995

S¿npbdæ Sarpb

Ghoß)

slzP

LIIT2

irsfts

of M.

rOSQC

ptrÞ 7o

sitid paa

sitism

ptrò Vo

sitiæd pæò

sitism

ptrè Vo

sitiæd ptrè

sitism

ßIA
inshs

of M.

rosae

Adrh

of M.

ratae

8 August 1994

24 August

6 September

20 September

4 October

20 October

29 March 1995

12 April

26 April

ll May

15 June

00
12 60.0

91 33.6

31 31.3

45 48.9

81 29.1

00
36 8.7

92 7.4

69 12.2

29 30.2

4

4

29

1l

5

54

4

103

277

262

43

8

l0
20

5

20

20

3

I9

20

20

20

42

20

271

99

92

278

12

414

1238

564

96

22

16

658

125

146

229

5

40r

1900

1663

253

0

l0
332

70

107

8l
0

44

29t
230

127

0

62.5

50.5

56.0

73.3

35.4

0

11.0

15.3

13.8

50.2

00
2 50.0

t9 65.5

2 18.2

2 40.0

9 16.7

00
11 10.7

40 14.4

21 8.0

t4 32.6



Appendix phidius rosae and, Macrosiphum rosae in a rose plotc.onsisting ata shown are discussed in'Chapter l0 and of relèvance for
the sample + SE of the mean, except of daia for favourable shoots and
infested sh

a) 1993194

Sample
date

Cumulative
days from
I August

Favourable
shoots
/plant
n =20

Infested
shoots
/plant
n=20

Sample
size of
shoots

No. of
aphids per

shoot
loglg (1+x)

Sample
accuracy
for aphids

No. of
shoots with

3rd /4th
aphid
instars

7
l0
1l
6
6
3
0
0
0
0
0
0
0
0
0
7
6
l2
18
15
t8

No. of No. of
3rdl4th parasitoid

aphid instar larvae in
per shoot 3rdl4th

loglg (1+x) aphid instar
per shoot

loglg (l+x)

Survival Sample
rate of3rd accuracy
/4th aphid for

instars after parasitoids
a 5 days
reanng
period

7 Oct
14 Oct
2l Oct
2 Nov
10 Nov
l8 Nov
29 Nov
27 Dec
17 Jan
I Feb
1l Feb
23Feb
3 Mar
9 Mar
23Ndar
7 Apr
l3 Apr
24 Apr
3 May
l3 May
23 lNf'ay

68
75
82
94
102
ll0
t2t
149
170
185
195
207
215
221
235
250
256
267
276
286
296

18.3 + 4.3
23.9 + 2.8
24.9 + 2.2
35.7 + 5.6
38.8 + 6.1
21.6 + 4.8
3.5 + 1.4

24.3 + 3.9
20.7 + 2.7
5.3 !2.2
0.2+ 0.2
1.9 + 1.3
0.810.7

20
20
20
20
20
t4
0
0
0
0
0
0
0
0
0
9
t7
18
20
20
20

0
0
0
0
0
0

0.1 + 0.1
0

6.4 + 2.1
3.2+ 1.0
4.2+ 1.4
5.4+ 1.2
7.5 + 1.8

4.8 + 2.0
6.6+ 1.3
6.3 + 1.1
4.7 + 1.2
5.1+ 1.4
1.6 + 0.7
o.2+ o.t

1.1 + 0.6
2.0 + 0.6
2.1+ 0.5
4.9 + 2.1
7.5 + 0.9
2.3 + 2.1

0.96 + 0.09
1.16 + 0.15
0.85 + 0.09
0.91 + 0.14
0.8310.09
0.53 + 0.27

0.48 + 0.1
0.84 + 0.15
0.60 + 0.09
0.57 + 0.07
0.39 + 0.09
0.48 + 0.0

0.1I + 0.07
0.60 + 0.15
0.46 + 0.09
0.45 + 0.13
0.22 + 0.11

0

0.73 + 0.07
0.91 + 0.05
0.85 + 0.07
0.91 + 0.11
1.06 + 0.08
l.l0 + 0.06

0.62+ 0.17
0.88 + 0.05
0.95 + 0.03
0.89 + 0.05
0.97 + 0.03

0.76 + 0.07
0.84 + 0.13
0.81 + 0.05
0.78 + 0.05
0.84 + 0.05
0.81 + 0.05

0.12
0.1I
0.1I
0.13
0.1

0.24

0.05
0.05
0.07
0.07
0.09
0.07

0.65
0.24
0.18
0.42
0.75

0.09
0.08
0.08
0.12
0.08
0.06

6.4 + 2.3
7.6 + 2.t
2.7 + 0.9

1.68 + 0.1
1.75 + 0.13
1.45 + 0.1 1

1.82 + 0.13
I .59 + 0.15
0.13 + 0.13

1.07 + 0.13
1.22!0.04
1.21 + o.tt
1.48 + 0.07
I .36 + 0.13
1.69 !0.t4



b) 1994t95

Sample
date

Cumulative
days from
I August

Favourable
shoots
Iplant

n =20

Infested
shoots
/plant
n=20

Sample
size of
shoots

No. of
aphids per

shoot
loglg (l+x)

Sample
accuracy
for aphids

No. of
shoots with

3rd l4th
aphid
instars

Survival
rate of 3rd
/4th aphid

instars after
a 5 days
reanng
period

Sample
accuracy

for
parasitoids

0.24
0.26
0.13
0.13
0.1

0.22
0.1 I
0. t0
0.12

No. of No. of
3rdl4th parasitoid

aphid instar larvae in
per shoot 3rdl4th

logl0 (l+x) aphid instar
per shoot

loglg (1+x)

8 Aug
24 Atrg
6 Sep
20 Sep
4 Oct
20 Oct
l6 Nov
25 Nov
8 Dec
22Dec
3 Jan
3 Feb
22Feb
12Mar
29I&4'ar
12 Apr
26 Apr
1l May
15 Jun

2
2
4
4
20
t3

;
17
t7
16
18

8
10
20
5

20,!

a
I9
20
20
20

8
24
37
52
65
82
109
118
t3l
145
157
188
207
225
242
256
270
286
319

8.1 + 1.6
7.9 + 1.4
7.9 + 1.8
10.3 + 2.0
19.2 + 2.0
9.1+ 1.4
13.4 + 1.5
23.1 + 2.3
18.2!2.6
4.6 + 1.6
5.0 + t.4

0
4.4 + 1.1
6.4 + 1.8
7.0+ 1.9
5.0 + 1.0
3.7 + 0.8
6.9 + 1.1
5.7 + l.t

0.6 + 0.2
1.2 + 0.3
4.5 + 0.7
0.6 + 0.2
6.2+ 1.2
2.7 + 0.7

0
0
0
0
0
0
0
0

0.3 + 0.1
2.2+ 0.5
2.9 + 0.7
6.1 + 0.3
5.1 + 1.0

0.65 + 0.20
0.33 + 0.20
0.60 + 0.23
I .10 + 0.16
0.87 + 0.10
1.09 + 0.15

0.84 + 0.16
1.50 + 0.10
1.94 + 0.62
1 .85 + 0.10
I .08 + 0.10

0.63 + 0.21
0.78 r 0.18
1.6 + 0.39

1.24 + O.t7
0.87 + 0.08
0.94 + 0.13

0.5 + 0.2
l.t8+0.t

1.79 + 0.12
1.65 + 0.16
0.987 + I

0
0.63 + 0.15
1.36 + 0.36
1.15 + 0. t4
0.76+ O.07
0.66 + 0.11

0.71 + 0.04
0.80 + 0.04
0.87 + 0.04
0.86 + 0.04
0.71 + 0.07

0.32
o.2t
0.12
0.33
0.14
o.t2

0.19
0.06
0.07
0.07
0.t0

0
0.4 + 0.08
1.03 + 0.1 I
1.0 r 0.09

0.76 + 0.09

0.88 + 0.13
0.65 + 0.05
0.78 + 0.04
0.75 + 0.03
0.83 + 0.04



Appendix 7 The world first record of M. rosae feeding and reproducing on river red

gum Eucalyptus camaldulensis Dehn. a) Two adults of M. rosae are colonising a

young shoot b) The same shoot five days later. Even though colonies were able to

survive for several generations in a glasshouse on river red gum, they soon vanished in

the field.





Appendix E Data from cage exclusion experiment for evaluation of impact of A. rosae on M. rosae in the field.

Block lst/
no. Znd

instar

3rdl Apterae
4th

instar

Alatae Mum-
mies

formed

Para-
sitoid

larvael
disected
aphids

Overall
A. rosae

(M. rosae
adults +

mummies)

Proportion
of

M. rosae
adults

parasitized

No. of
A. rosae

on net
male/fem.

No. of
M.rosae
on net
apt.lala.

Mum-
mies

on
plant

Untreated
Cages

Uncaged plants

Treated cages

269
62
298
155
176
234
264
516
222

792
8t
537
274
4t4
210
366
271
571

436 1040
285 314
271 505
342 365
97 335
333 52t
225 161
502 565
443 338

2t(37)
4(10)
2t(ss)
r l(50)
s2(84)
4(31)
t8(23)
36(8s)
22(s2)

t4(62)
27(44)
23(68)
58(e0)
2e(48)
50(76)
32(7s)
65(77)

6r(r00)

0(6)
0(15)
o(26)
0(36)
0(37)
0(48)
0(6)
o(27
0(20)

1.1
1.2
1.3
2.1
2.2
2.3
3.1
3.2
3.3

1.1

1.2
1.3
2.1
2.2
2.3
3.1
3.2
3.3

l9
3

46
40
39
27
8

53
3l

0
2
0
3
l0
0
0
9
1

33

371
1118
8&
412
262
392
622
616
670

158
427
245
534
424
575
315
682
317

1

4
I
4
5
2
3
8
5

l7
3
8
6

40
2
t2
24
l6

4
I
ll
2
9
0
4
t2
5

12
6
ll
9
8
4
l3
24
20

0(t2) 0.57
0.36
0.38
0.22
0.62
0. l3
0.78
0.42
0.42

l.t
1.2
1.3
2.1
2.2
2.3
3.1
3.2
3.3

53
15
56
37
27
23
60
30
47

9
8
4
5
3
12
t2
l6
17

0(5)
2(36)
3(36)
2(24)
2(2s)
1(4)

0(40)
1(23)

2(4t)
0(e)
3(3e)
1(31)
3(1 8)
3(24)
6(34)
6(t2)
4(36)

0(5)
0(r2)
0(18)
0(27)
0(28)
0(4r)
0(6)
0(23)
0(14)

0
21
8

48
18
4t
3
3l
36

0.18
0.61
0.32
0.64
0.6
0.66
0.43
0.84
0.6r

6
l3
26

27
47
6
t8
l9

0
0
0
0
0
0
0
0
0

0
0
0
0
0

0.02
0
0
0

0
0
0
0
0
I
0
0
0

7lz
3t3
l2t3
4t2
t7t7
t5t3
20t3

47n6
22t9

010
0t4
5to
u5
2t4
zt2
0t9
4n7
lt8

The column 'mummies formed' refers to the number of mummies formed during the 5 day rearing process of adult aphids. The
column 'parasitoid larvae / disected aphids' refers to the number of parasitoid larvae found ìn surviving aphids after the 5 day
reanng process.



Appendix 9 Weather data(25 April to 24ltr.day 1995) obtained from the Waite
mèteorological station. Temperatures represent the mean of intermittent recordings

Date Temperature Averages for experimental periodsDaily
Rainfall

25.4
26.4
27.4
28.4
29.4
30.4
01.5
02.5
03.5
04.5
05.5
06.5
07.5
08.5
09.5
10.5
I 1.5
12.5
13.5
14.5
15.5
r6.5
17.5
18.5
19.5
20.5
2t.5
22.5
23.5
24.5

14.4
15.5
15.2
19.0
t9.3
t4.7
16.3
15.5
15.6
15.4
14.5
15.2
15.8
15.7
16.8
16.4
17.2
16.9
17.2
16.8
16.1
15.4
14.3
14.2
14.2
15.8
14.9
t4.t
15. I
16.7

0
1.6
0
0
0

13.6
4.4
0

13.8
0.2
0.8
0
0
0
0
0
0

0.6
1.4
4.6
0.2
0.2
0
0
0

0.2
0
0
0
0

Block I

Average
temperature

t6.2"C

Total
rainfall
(MMS)

41.0

9 Raindays

I

I

I

Block 2

Average
temperature

15.9'C

Total
rainfall
(MMS)

26.4

10 Raindays

I

I

Block 3

Average
temperature

15.7'C

Total
rainfall
(MMS)

8.0

7 Raindays
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