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ABSTRACT

Estimation of the host range of entomophagous biological control agents (parasitoids and
predators) is complex. It is not always possible to inoculate all test organisms with eggs or
neonates to determine “physiological suitability”. We argue that, for the host range testing of
parasitoids, it is important to initially employ test procedures that will maximize the prob-
ability that the test species will be accepted for oviposition. This is vital to ensure that our
testing methods do not generate data with a false impression of host specificity. No-choice
tests are generally thought to maximize the expression of host range. The main reason for this
may be increases in readiness to oviposit induced by host deprivation per se and/or associated
changes in egg load, which has the potential to counteract any effects of prior experience.
Sequential no-choice tests should only be used with caution as they have the potential to
produce false negative results if the period of access to the lower ranked host is insufficient to
allow time dependent changes in responsiveness of the parasitoid to become apparent, or if
insufficient controls are utilized. Choice tests including the target host have the potential to
mask the acceptability of lower ranked hosts, thereby producing false negative results. Ex-
amples where wider host ranges have been expressed in no-choice tests than in choice tests,
and vice versa are presented. Sufficient variation exists that we recommend that researchers
routinely use both assay methods for host range testing of parasitoids and predators.

INTRODUCTION

 The most common methodologies employed for host range estimation are no-choice and
choice tests (Van Driesche and Murray 2004). The way that scientists decide on the appropri-
ate laboratory-based methodologies for the accurate estimation of field host range of pro-
posed biological control agents however is an interesting issue. The accurate assessment of
field host range of parasitoids and predators is complex because of the relationships the target
and test organisms invariably have with their food plant. It is critical therefore that all poten-
tial non-target impacts are elucidated by the methodologies selected.

The assessment of host range in endoparasitoids is complicated as it is usually not pos-
sible to inoculate all test organisms with eggs or neonates to determine “suitability” (although
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exceptions do exist, Fuester et al. 2001; Morehead and Feener 2000;). Such inoculation tests
require an experimental separation between the act of oviposition and subsequent larval de-
velopment. This is commonly achievable for herbivorous insects but is generally impossible
for endoparasitoids. Thus, a testing regime to determine the host range of endoparasitoids is
usually denied a useful tool: the so-called physiological host range test.

Whether it is parasitoids or predators that are under consideration as potential biologi-
cal control agents, it is important to employ test procedures that will maximize the probabil-
ity that the test species will be accepted for feeding or oviposition (Withers and Barton Browne
2004). Unless acceptance of at least one of the offered hosts occurs, there is a danger that a
lower ranked but potential host may be left out of further experimental analysis. Without this
acceptance being revealed, a realistic risk assessment process cannot proceed. We believe some
test designs can definitely produce false negative results, and it is this we want to eliminate in
host testing. In this paper, we discuss the potential implications of choice and no-choice test
designs on maximizing the expression of host acceptance. This will focus primarily on ovipo-
sition in parasitoids, although most of the concepts are also relevant to predators.

Behavioural and physiological factors. In the chapter by Withers and Barton Browne
(2004), the potential influences of various factors on the expression of host range in parasi-
toids and predators was reviewed. In theory, factors such as the physiology of the parasitoid
and aspects of the test design such as the proportion of target to non-target species have the
potential to impact on the outcomes of host range assays by altering the probability the para-
sitoid will attack non-target species. Withers and Barton Browne (2004) concluded that prior
experience and time-dependent state of the parasitoid could alter the test outcomes, and the
impact of these factors on the test outcomes could differ with different test types. We will
briefly discuss three of these factors and then examine the test designs in more detail.

EFFECTS OF EXPERIENCE

Thanks to the high quality of the literature (e.g., Turlings et al. 1993; Vet et al. 1995), we now
have a good appreciation of the complexity of experience effects on host-related behaviour in
parasitoids (Withers and Barton Browne 2004). Significantly altered behaviour has been dem-
onstrated in relation to experience by the adult parasitoid of the host it was reared in or on
(rearing host), the complete plant-host complex and/or some of its components. This behaviour
modification can occur with or without oviposition into hosts. There is strong but indirect
evidence that any enhancement in responsiveness to a familiar host or plant-host complex is
generally greater than any enhancement in responsiveness to an unfamiliar (novel) non-target
or its plant-host complex (Fujiwara et al. 2000; Petitt et al. 1992).

It is commonly expected that an experienced parasitoid will be biased towards the host
or plant-host complex that it experienced during rearing or previous laboratory trials. What
influence this has on host range tests depends (i) upon the history of the parasitoids used in
the tests, (ii) how the target and non-targets are presented in the tests, and (iii) the magnitude
and nature of the effects of the previous experience. For example, the experience gained by a
parasitoid of the rearing host and its host plant during larval development and subsequent
adult emergence is likely to result in enhanced responsiveness to cues from this plant-host
complex. Such an effect would be reinforced by continued contact with, and possibly ovipo-
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sition experience on, the same plant-host complex, especially if the parasitoids were not re-
moved from the rearing colony before or shortly after eclosion.

There are ways that experience-induced bias towards the target species can be reduced.
The most difficult effect to avoid is any enhanced responsiveness towards the rearing host
(which is usually the target pest) as a result of experience acquired at eclosion or shortly
afterwards. For crucial tests, methods such as dissecting the parasitoid pupae out of the host
(for endoparasitoids) or removing it from the host (ectoparasitoids) and washing the exterior
of the parasitoid pupal case prior to eclosion can be used. This is probably the only method
that can be applied to reduce experience effects in oligophagous parasitoids that have no high
quality alternative host for rearing. The presentation of target and non-target species to the
parasitoid on a neutral or “inert” substrate such as artificial diet or glass is a valuable means of
avoiding a possible bias towards the parasitoid host’s plant that was used during rearing.
However, this is often impossible wherever test species are inseparable from their plants,
such as with internally placed eggs, internally feeding larvae or when test species require the
presence of the food plant for the duration of the assay. The most practical solution to mini-
mize bias as a result of prior experience is collecting the parasitoids immediately after they
have eclosed from their pupae and storing them in the absence of hosts and plant material
(unless this is also food for the parasitoid).

READINESS TO OVIPOSIT WITH HOST DEPRIVATION

Another significant influence on insect behaviour, and hence the outcome of host testing will
be the impact of time-dependent changes in responsiveness (Barton Browne and Withers
2002). This has been defined as changes in threshold in relation to elapsed time since an insect
last fed or oviposited. The behavioural threshold for the acceptance of hosts can be expected
to decrease with increasing periods of deprivation. Therefore female parasitoids that have
been deprived of oviposition will show greater responsiveness to cues associated with ovipo-
sition sites ( Barton Browne and Withers 2002; Papaj and Rausher 1983).

The most important practical result of this is that the probability of a parasitoid attack-
ing a non-target host species that induces a lower stimulation to oviposit (is “lower ranked”)
increases with the period of time since they last successfully oviposited. Increased acceptance
of lower ranked hosts by Holomelina lamae Freeman as time elapses since they eclosed may
be an example of this (Fig. 1).

Further evidence for this phenomenon in parasitoids comes from experimental work on
superparasitism, as superparasitized hosts are known to be lower ranked. Hosts already para-
sitized by conspecific females are increasingly accepted for oviposition by female parasitoids
as they become increasingly deprived (e.g., Hubbard et al. 1999; Klomp et al. 1980). Similarly
parasitoids that have recently suffered from a low encounter frequency with unparasitized
hosts (e.g., Babendreier and Hoffmeister 2002) subsequently show increased acceptance of
parasitized hosts. So in conclusion, time-dependent increases in responsiveness will act to
increase the probability that lower ranked or non-target hosts will be accepted for oviposi-
tion in test assays.
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OVIGENY CHARACTERISTICS

Life history theory predicts that stimulation to oviposit is influenced, at least in part, by egg
load (Mangel 1989). There is an abundance of empirical data that supports this prediction for
parasitoids (Withers and Barton Browne 2004). However the effect of host-deprivation on
egg load, and therefore the potential contribution of deprivation to any increased readiness to
oviposit, is totally dependent on ovarian physiology. For example, a female of a pro-ovigenic
species does not increase its egg load during host-deprivation so any increase in readiness to
oviposit in a pro-ovigenic species cannot be attributed to egg load. Conversely, females of
synovigenic species may increase their egg load, up to a point, during a period of host depri-
vation (e.g., Eliopoulos et al. 2003). The extent to which this happens is dependent on the
nutritional reserves stored within the body and/or the availability of foods during the period
of deprivation. This is particularly relevant in parasitoids that also feed on their hosts as host-
deprivation will deprive the females of both nutrients for oogenesis as well as depriving them
of the opportunity to oviposit. For example, when the host-feeding species, Aphytis melinus
DeBach is maintained on honey but deprived of hosts, there is a reduction in egg load due to
oosorption (Collier 1995). It is therefore vital that the ovarian physiology of the parasitoid is
understood prior to the selection of host testing methodology, in order to understand its
potential influence on the outcome of host tests.

No-choice tests. No-choice tests present the potential biological control agent with one
non-target test species at a time. Thus if 10 non-target species are to be tested, there will be a
series of ten cages (with replicates for each), plus appropriate controls (Van Driesche and
Murray 2004). It is not usual for all tests to be undertaken at exactly the same time, due to the
phenology and seasonality of the non-targets and availability of adult parasitoids, but this is
acceptable if tests are sufficiently replicated with appropriate target species controls.

Figure 1. Probability of acceptance of higher ranked host, Lymantria
dispar (L.) in no-choice tests, compared to the lower ranked
host, pupae of Holomelina lamae Freeman by host-deprived
Brachymeria intermedia (Nees). Adapted from Drost and Cardé
(1992).
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Potentially many factors could influence the outcome of no-choice tests. Time-dependent
changes in responsiveness are likely to be significant factors acting upon parasitoids when
subjected to tests with hosts that produce a lower stimulation to oviposit (are lower ranked).
Encounter rates are likely to be lower if the test hosts are presented on plants/substrates that
induce lower or no innate host searching preference. This, and the lower preference for the
test host may lead to low oviposition rates. As discussed above both low encounter rates and
low oviposition rates during the test have the potential to result in an increase in host-
deprivation in the parasitoid (Barton Browne and Withers 2002).

In no-choice tests, if the parasitoid has had any experience of the target or aspects of the
target’s plant-host complex, this may act to reduce the probability of acceptance of unfamiliar
hosts (non-targets). It is not known how long lasting the effects of experience are (Barton
Browne and Withers 2002). What is likely however is that time-dependent effects have the
potential to override the effects of experience if the duration of the no-choice test is long
enough. This is why there are significant benefits in undertaking behavioural observations
during host range tests. Only observation will elucidate whether temporal changes in attack
behaviour are present that would indicate time-dependent changes in responsiveness are act-
ing upon the parasitoid.

SEQUENTIAL NO-CHOICE TESTS

Although not commonly used, it is important we also consider the method of sequential no-
choice tests in which insects are given no-choice access to a sequence of two or more test
species, in which the target species is also presented at least once in the sequence. In parasitoid
host testing, sequential no-choice tests are almost invariably used to assess host acceptance
behaviours for oviposition. The sequence chosen for the presentation of target and non-tar-
get species can be varied according to the biology of the parasitoid, as can the duration of
presentation and any “rest” durations between presentations.

A theoretical analysis of the potential outcomes of some sequential no-choice experi-
mental designs in phytophagous insects has been undertaken (Barton Browne and Withers
2002). One of the most popular designs is the test sequence A - B - A (where A was the higher
ranked host, and B a lower ranked, although acceptable host). Barton Browne and Withers (
2002) concluded that the outcome of sequential no-choice tests varied according to the period
of time for which the insects were given no-choice access, particularly access to host B. If the
parasitoid oviposited during the first access to host A (which was often the aim – to ensure the
parasitoid was physiologically and behaviourally ready to oviposit), it may not accept host B
when it first entered its no-choice access to the non-target host B. Whether it does accept host
B during the test depended on whether the test was run for a sufficient length of time for
time-dependent processes to act upon the parasitoid to lower its acceptance threshold to a
level whereby host B stimulated attack behaviour. Hence the chance that the lower ranked
host was scored as unacceptable was negatively related to the duration of the period of access
to this host. To help control for time-dependent effects, a control should be run at the same
durations of presentation of the order A – A – A.

Another variation on the sequential no-choice test gives “rest” periods (deprivation)
where no hosts are available, in between the periods of access to hosts. This allows time-
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dependent effects to increase the stimulation to oviposit during the period of no access to
hosts, and in theory should increase the probability that the parasitoids will oviposit in host
B. This is, in effect, equivalent to prolonging the period of access to less preferred hosts in a
sequential no-choice test (Barton Browne and Withers 2002).

Sequential no-choice tests of the design B – A – B – A – B – A for 2 hours each with no
rest period between tests (where A is the target, and B the non-target species) were used to
test oviposition responses of Trichopoda giacomellii (Blanchard) (Tachinidae) (Coombs 2004).
This method was chosen instead of multiple choice tests where the authors were concerned
false positive results might occur due to priming (i.e. central excitatory state caused by the
presence of target species). The exposure duration was chosen “after observing oviposition
patterns of the parasitoid on its target host”. It is likely the duration was appropriate to the
biology of T. giacomellii because the non-target native species Glaucias amyoti (White) were
attacked during their 2 hour presentation time and the test results have since been supported
by post-release field studies showing G. amyoti is being parasitized at a comparable low level
in the field (1%) (Coombs 2004).

Porter and Alonso (1999) used another variation of sequential no-choice oviposition
testing. These experiments used a design of A – B and B – A, with presentation times of 60-90
mins with a variable duration of 30 mins or more between presentations to recapture flies.
This method permits the comparison of what effect prior oviposition experience on a target
(A) has on the acceptance of the non-target (B). This example is interesting in that it has the
appearance of central excitation. The only instances where both parasitic flies Pseudacteon
tricuspis Borgmeier and Pseudacteon litoralis Borgmeier attacked the non-target (B) native
fire ant Solenopsis geminata Forel were when they were first presented some time after the
no-choice test on the target A (imported fire ants). It is not known how long the effects of
central excitation last, but they are generally considered to be short lived. The duration be-
tween presentations in this case therefore probably excludes central excitation as an explana-
tion. Controls of the design A – A could also have been employed here to elucidate any
temporal patterning of oviposition.

Sequential no-choice tests of the design A – B – A were used by Gilbert and colleagues
(Porter and Gilbert 2004) with the aim being to screen the motivational status of field-caught
flies, which were the only ones available for host specificity testing at the time. Only those
individuals that successfully attacked the first presentation of the target host A (imported fire
ants, Solenopsis spp.) were used in the following B – A tests. Seldom are the effects of ovipo-
sition experience effectively understood or controlled for in these sequential tests. But this is
always the case when field-caught individual parasitoids are used in host range testing. This
level of uncertainty may be taken into account to some extent with the use of non-parametric
statistical tests appropriate to sequential, non-independent data sets.

Our conclusion on the use of sequential no-choice oviposition testing of parasitoids are
that it should be attempted with caution, and only when the physiology and behaviour of the
parasitoid is understood in terms of its temporal patterning of oviposition. This is due to the
high risk that a test of the design A – B – A, where the duration of access to the non-target B
is too short, will produce a false negative result.
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Choice tests. In choice tests, two or more host species are presented to the test insect
simultaneously and thus the response is a measure of preference for one species in the pres-
ence of another species (Van Driesche and Murray 2004). Tests that offer more than two
choices pose several challenges for experimental design as well as for statistical analysis
(Hoffmeister 2005; Mansfield and Mills 2004). In the context of non-target risk assessment
for biological control, the comparison between the target host and a single non-target host is
usually more straight forward than a multiple choice situation.

It is generally expected that host preferences will be more clearly expressed by parasi-
toids in choice tests compared to in no-choice tests. This is because the impacts of time-
dependent changes in responsiveness (that increase host acceptance of lower ranked hosts), as
discussed above, will not occur when high ranked hosts are available for oviposition (Van
Driesche and Murray 2004). For example, when a parasitoid enters a choice test containing
two species of host (one high ranked, the other low ranked in relative acceptability) and each
host is offered on its own food plant (Barton Browne and Withers 2002), we assume that the
high ranked hosts will be contacted and accepted for oviposition first due to an inherent
preference in the parasitoid for searching the food plant of the high ranked host first. There-
fore when the lower ranked hosts are eventually located in the cage, they are less likely to be
attacked, as they shouldn’t stimulate the parasitoid sufficiently to oviposit. The outcome of
choice tests therefore are expected to be a greater difference in parasitism (or attack rate,
searching time, proportion of parasitoids produced) between the target and lower ranked
host than would be expressed in a no-choice tests.

There are a number of other aspects of a choice test that have the potential to alter the
outcome of the test (e.g., ratio of host abundance, the duration of the test permitting all target
hosts to become parasitized). The effects of experience either with or without access to the
plant-host complex may increase responsiveness towards the experienced host species or de-
crease responsiveness away from the novel non-target species. Any such experience-induced
increases in responsiveness towards the target would in effect exaggerate the apparent differ-
ence between the rankings of the two hosts. This has implications for the interpretation of
results from choice tests, particularly when (as is often the case) the target species and non-
target species are presented on different host plants. In choice tests, increased contrast in
ranking between the plant-host complexes would, in itself, increase the probability that at-
tack on the non-target species will fail to be revealed.

COMPARING RESULTS OF NO-CHOICE TO CHOICE TESTS

While taking species-specific ovarian physiology into account as was discussed above, we can
see that both time-dependent increases in responsiveness as well as effects of experience, many
of which are unavoidable, are responsible for why we expect parasitoids to show a wider host
range (greater acceptance of non-target species) when tested in no-choice tests than in choice
tests that include their target host. This concept of greater acceptance in no-choice situations
has also been clearly demonstrated with parasitoids expressing host acceptance behaviour for
different developmental stages of the same host species. For instance Neveu et al. (2000) showed
that in no-choice tests the parasitoid Trybliographa rapae Westwood (Figitidae) accepted and
reproduced equally in first, second and third instars of the cabbage root fly, Delia radicum L
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(this was not explained by any superparasitism). However when all larval stages were offered
simultaneously to parasitoids in an equivalent choice test, an oviposition preference was clearly
expressed towards the third instar (Neveu et al. 2000).

If we generally expect to see a wider host range expressed by parasitoids from no-choice
tests than from choice tests, then this should be reflected in results from the literature. Some
examples that support this conclusion have been summarized in Table 1. Note the majority of
these examples are of quantitatively greater acceptance in no-choice than in choice tests.

It would be tempting to generalize that no-choice tests are the most suitable laboratory
assay for revealing the maximal physiological host range of parasitoids. It is a well accepted
notion in weed biological control that a no-choice test will seldom produce a false negative
result (Hill 1999; Marohasy 1998; Van Driesche and Murray 2004). However, as mentioned
above, parasitoids and predators bring a whole new level of complexity to laboratory assays.
There are just as many examples in the literature where both no-choice and choice tests re-
vealed extremely similar results in terms of the host acceptability (Table 2). This suggests
both methods can be equally suitable for revealing attack on non-targets. Of more concern
are examples of parasitoids where non-target attack has occurred in a choice test, which was
not revealed in a no-choice test.

We are aware of only two unambiguous examples where parasitoids attacked a non-
target species in choice tests but did not attack those same species in no-choice tests. The first
example is of the parasitoid Sphecophaga vesparum Curtis (Ichneumonidae) being investi-
gated as a biocontrol agent for Vespula germanica (F.) and V. vulgaris (L.) (Field and Darby
1991). Sphecophaga vesparum oviposited in (and then successfully developed in) two adjacent
larvae within wax cells obtained from a hive of the non-target wasp Ropalidia plebeiana
Richards. This occurred however, when the larvae had been presented in a choice test along-
side cells of the target wasp, and were not guarded by adult wasps as would occur in the field.
In the equivalent no-choice tests, no parasitism occurred on the unguarded non-target wasp
larvae (Field and Darby 1991). The authors implied that S. vesparum may have been stimu-
lated to oviposit in the nearby non-target cells because of the presence of their natural host
and/or the preferred food source which is saliva of larval Vespula spp. (the target) in the
choice test. One possible behavioural explanation for this observation may be that stimula-
tion elicited by kairomones of the target species or the ingestion of the target saliva have
generated an excitatory state in the female parasitoids central nervous system leading her to
accept non-target species (“central excitation” sensu Dethier et al. 1965). In the field these
species are unlikely to nest in such close proximity (V. germanica nests are subterranean and
R. plebeiana nests are arboreal), leading to the conclusion that the result of the no-choice test
is likely to reflect the field situation in this case.

In the second example, Aphidius rosae Haliday (Braconidae) showed complete rejection
of the non-target Macrosiphum euphorbiae (Thomas) when presented on the same host plant
(rose) as their target host Macrosiphum rosae (L.) but only when the parasitoid had prior
oviposition experience acquired after being held with M. rosae during the preceding two days
(Kitt and Keller 1998). Naïve A. rosae, in comparison, showed similar attack rates on the non-
target M. euphorbiae in no-choice tests but a direct comparison was not available (see Table 3
in Kitt and Keller 1998). One possible behavioural explanation for this outcome is that host
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acceptance behaviour in favour of the target host was only modified in parasitoids with prior
oviposition experience of the test host.

The example of attack of the non-target weevil Sitona lepidus Gyllenhal by Microctonus
aethiopoides Loan (Barratt et al. 1997a) is sometimes quoted as being an example of a greater
level of attack in choice than in no-choice tests (Van Driesche and Murray 2004). However
the apparent difference in parasitism on S. lepidus (6% in choice c.f. 1% in no-choice) may be
partially explained by a rapid host immune response. We cannot exclude the possibility, how-
ever, that a heightened excitatory state was induced in the parasitoid through being held in
the presence of both target and non-target adult weevils within the choice test cage (Barratt et
al. 1997a).

To summarize, particularly for polyphagous parasitoids, choice tests may be more suit-
able than no-choice tests for assessing the order of preference if the hosts are closely ranked
(Mansfield and Mills 2004; Van Driesche and Murray 2004). Returning to the example from
Kitt and Keller (1998), the use of naïve parasitoids (no prior oviposition experience with the
target) produced the more useful data for the estimation of non-target species at risk using
no-choice tests, whereas relying on oviposition-experienced parasitoids would have produced
a false negative result. In parasitoids, Van Driesche and Murray (2004) suspect that false nega-
tive results in a choice test also containing the target species may be less likely than in her-
bivorous insects, and that the potential for false positives may in fact increase. Barratt (2004)
similarly believes that choice tests can contribute different information but are probably less
informative for insect rather than weed biological control agents. Our conclusion is that as
the host range of parasitoids predicted by both methods differs, both methods should ideally
be used in combination. Whether a wider host range is expressed in no-choice or choice tests
depends on the species tested and on the relative strengths of any deprivation effects acting on
the one hand, and the effects of experience and/or central excitation acting on the other. In
many cases behavioural observations during both choice and no-choice tests could be instru-
mental in allowing us to make accurate interpretations of the data, and their value cannot be
underestimated.

CONCLUSIONS

No-choice tests remain the most useful method for assessing host acceptance behaviour of
parasitoids. As the duration of no-choice tests increases, the potential for time-dependent
effects to act upon the parasitoid will increase. Similarly because of time-dependent effects,
sequential no-choice tests should be attempted with caution as false negative results can occur
when the period of exposure to non-targets is too short.

In choice tests, host experience may have a significant influence on the expression of
host preference. Exposure to the host or plant-host complex at eclosion, even without actual
oviposition experience, can bias host preference towards the natal host, obscuring acceptance
of lower ranked hosts. This should be minimized by collecting the parasitoids immediately or
soon after eclosion. The presentation of the hosts during the test itself (on an inert substrate,
on the same host plant, or on different host plants) may overcome the potential effects of
experience.
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Finally, we believe that as the parasitoid host range predicted by the host range testing
methods discussed in this paper have been shown to differ, ideally both no-choice and choice
methods should be used in combination. In unusual cases where the results predicted by no-
choice and choice tests differ significantly, further research will be required. The biology of
the natural enemy involved will need to be examined and ideally the behavioural mechanism
responsible for the discrepancy should be elucidated. Undoubtedly as more research is car-
ried out on this topic, our understanding of how to interpret the results of different types of
tests will increase.
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