












































































































































UK beetles in this study oviposited on it suggesting this species possesses some attributes 

such that it should be included in the host range of B. villosus. The New Zealand beetles, 

that have been exposed to Ch. prolifer in the field in New Zealand for 15 generations and 

gained experience on this plant, appear to fmd it more acceptable than UK beetles do 

(Table 8.2 and 8.5 compared with 8.4 and 8.6). 

There are several possible explanations for the New Zealand beetles having a 

higher preference for Ch. prolifer than the UK beetles tested here. If a change in 

preference is evolving, it needs to be determined if the variation in oviposition preference 

exhibited is under genetic control (Tabashnik et al. 1981). Individual variation in 

oviposition preference has been demonstrated in the cowpea weevil 

Callosobruchus maculatus by Fox (1993), and genetic variation in oviposition preference 

has been found within populations (Wasserman and Futuyma 1981, Wasserman 1986). 

Ng (1988) showed that a single population of insects may consist of both generalist and 

specialist genotypes. Schneider and Roush (1986) investigated the genetics of host 

preference by using genetic crosses on two populations of Heliothis virescens (F.) that 

varied in their preference for two plant species. Hybrid offspring were produced that 

showed intermediary oviposition preferences. 

If intermediary oviposition preferences are the case, then to avoid 

misrepresentative results it is necessary to establish whether selective forces are 

responsible for maintaining this level of variation within the population and if so what are 

these forces. Such a selective force could be a temporal change in host quality or 

phenology (Tabashnik et al. 1981). Chamaecytisus pro lifer flowers earlier than 

C. scoparius in spring and is the first available pollen source (Fowler et al. 2000) for the 

first B. villosus emerging from their overwintering period in New Zealand. When beetles 

emerge from overwintering they feed on pollen from flowers of a number of different 

species before C. scoparius flowers appear (M. Haines, personal observation). 

If C. scoparius and Ch. prolifer are equally suitable as larval rearing host plants 

for B. villosus which is supported by fmdings in other experimental work (Chapter 5 and 

9, but not supported in Chapter 4) then this may explain why the variation in acceptability 

of Ch. prolifer in the B. villosus population in New Zealand has been maintained and is 

possibly increasing. There may be no strong selection which favours preference for either 

plant if reproductive performance on both is equivalent (Tabashnik et al. 1981). Lack of 

selection pressure may also explain the more neutral preference shown by the 
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New Zealand beetles later in the experiment (Table 8.5). Perhaps there is little or no 

selective pressure to discriminate between the two hosts. 

Beetles may have been attracted to C. scoparius the ancestral host initially, as a 

result of a short-term bias toward the plant to which the beetles were most recently 

exposed. Both populations of beetles were collected from C. scoparius (assumed to be 

the larval rearing host) and were exposed to flowers and pollen from this species prior to 

the experiment. This exposure to C. scoparius as part of larval experience 

(Courtneyet al. 1989, Courtney and Kibota 1990), may result in induced preference 

(Szentesi and Jermy 1990), food imprinting (Jermy 1987) or conditioning (Firempong and 

Zalucki 1991) via Hopkin's host selection principle (Jermy et al. 1968). 

Adult conditioning (Jaenike 1982, 1983) or learning (papaj and Prokopy 1989) did 

not appear to have any long-term effect on consequent oviposition, as no overall bias was 

shown toward C. scoparius in this investigation or in other experimental work that 

examined the effect oflarval rearing host and food type (section 5.5.2). That is not to say 

however, that in the short-term the exposure to C. scoparius did not influence the initial 

responses of the beetles, and that they were attracted to the chemically and 

physiologically familiar C. scoparius before recognising Ch. prolifer as also suitable for 

oviposition. Most beetles in the population may retain a preference for their ancestral 

host (c. scoparius) while a minority of individuals that accept Ch. prolifer do well on this 

'new association' so that, over time, a 'strain' may evolve that uses Ch. prolifer 

preferentially. Clearly there is risk involved in ignoring a low average oviposition level 

that may reflect a few individuals accepting the alternative host as readily as their 

'normal' host. 

8.6.4 Implications for host testing methodology 

8.6.4.1 Sample size 

The small sample size of UK beetles reduced the power of the statistical methods used in 

this study (section 8.5.4). A higher level of replication would have improved the level of 

precision of the estimates measured in the choice experiments. Despite the small sample 

size the data suggest that for the UK beetles C. scoparius is the preferred host. Using the 

number of females that did not lay eggs on that species in the combined tests as an 

exploratory estimate the chance of selecting ten female UK B. villosus that would lay no 

eggs on Ch. prolifer was estimated at 11 %. However, using the estimated probability 
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from the negative binomial distribution it was much lower at 0.02%. In combining the 

data it was assumed that there was little change in beetle behaviour over the 17 years 

between 1985 and 2002. There is good reason to believe this is the case, as the beetles 

were collected from the same location and from the same plants and the handling 

procedures were replicated as closely as possible. 

Ifthe number of females had been doubled from ten to 20 in the 1985 tests, and 

using the higher probability of non-egg laying, (0.8) then based on the binomial 

distribution function, the probability of selecting ten non-layers on Ch. prolifer would 

drop from 0.11 (about one in ten samples) to 0.002 (2 in 1000 samples). Furthermore, the 

probability of selecting 20 non-layers in a sample of20 would be 0.012. Using the lower 

probability of non-egg laying estimated from the negative binomial distribution (0.43) the 

probability of selecting 20 non-egg layers in a sample of 20 is extremely small (4.67 x 

10-8
). Clearly even a modest increase in sample size makes a false negative result much 

more unlikely. The examples here highlight the risk of using small sample sizes and that 

researchers in the field of host specificity testing should consult standard equations 

(Karandinos 1976, Sedcole 1977) and statistical distribution tables or equations that are 

commonly available to determine adequate sample sizes. 

In the host specificity tests conducted in 1985 the fact that ten B. villosus used in the host 

specificity tests did not lay eggs on Ch. prolifer (section 1.7.2.1) appeared to have 

occurred by chance. The decision to release B. villosus into New Zealand was based on 

the results ofthese tests. No eggs were laid on Ch. prolifer or any other test plant in the 

investigation apart from the known host C. scoparius. If a larger sample size had been 

used, the relative preference of some B. villosus for Ch. prolifer in a choice test might 

have been revealed Chamaecytisus prolifer is now recognised as a host in New Zealand 

and the initial choice tests failed to predict that it would be, constituting a false negative 

result. 

Marohasy (1998) states that choice tests are prone to producing false negative 

results as they often only indicate a strong preference for the target plant. This study 

confirms that choice tests with inadequate sample sizes could fail to predict the 

acceptability of less preferred hosts, particularly because of high inter-female variability. 

No-choice tests are considered less likely to produce false negatives (Cullen 1990, Heard 

1997). However, no-choice tests are known to overestimate field host range due to the 

effects of deprivation and experience, so choice tests are often used to reveal what are 
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believed to be more realistic host plant preferences (Marohasy 1998, Withers and Barton 

Browne 1998, Edwards 1999, Withers et al. 2000). 

It may be beneficial in host specificity testing to concentrate on higher levels of 

replication on fewer test plant species, rather than low levels of replication on a large 

number, in order to gain more accurate results from the available resources. In order for 

this to be implemented however, regulatory authorities need to recognise that it is not 

necessary to test very large numbers of plants to determine host range, and that it can in 

fact be counterproductive. 

The duration of host specificity testing is clearly also very important in the 

outcome of tests. In choice tests, a test duration of four days would have resulted in very 

few eggs having been laid on the non-target host. For the UK beetles nine eggs were laid 

by one individual (Table 8.4) and could possibly have been discounted as a random or 

unusual occurrence resulting in an inaccurate conclusion about host range. Only when 

monitored for longer periods of time is a degree of confidence in the result obtained. This 

is particularly so when oviposition preferences are significantly different between two 

plants. 

8.7 Conclusion 

In conclusion, had a larger sample size (Ruxton and Colegrave 2003) in the choice tests, 

been used in 1985, the acceptability of Ch. prolifer for oviposition may well have been 

revealed. The false negative result was therefore a combination of the small sample sizes 

of the beetles used in the original host specificity tests, exacerbated by high inter-beetle 

variation in oviposition preference. No-choice tests may have also revealed the relative 

acceptability of Ch. prolifer (Chapter 2 and 4). However, at the time this testing was 

done, choice tests were favoured (as they were considered to simulate more natural 

conditions than no-choice tests) (Harley 1969), and were often the only type of test used 

(Winder et al. 1984). 

This study shows clearly that UK beetles will accept Ch. prolifer as an oviposition 

host despite that this species does not occur in its native range. There are indications that 

New Zealand beetles show higher levels of acceptance of Ch. prolifer than UK beetles 

suggesting that New Zealand beetles may have changed their host preference in the 15 

generations since their introduction. 
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Linking page: Chapter 9 

Significant variation in individual oviposition behaviour was found in Chapter 8 and in 

previous chapters. The probability that the ten beetles used in the original tests would be 

non~layers on Chamaecytisus prolifer was estimated as 11 %, indicating that inadequate 

sample size is a plausible explanation for the false negative result. Observations in the 

field showed that beetles reared from Ch. prolifer display phenotypic plasticity (Chapter 

3). So an investigation comparing the fitness characteristics of Bruchidius villosus reared 

from Ch. pro lifer and Cytisus scoparius was undertaken. The hypothesis for Chapter 9 

was that the phenotypic plasticity is an indicator of improved fitness, which could be a 

precursor for host race formation, in beetles reared from Ch. prolifer. 



Chapter 9: A sibling experiment to 

investigate the potential for host race 

development in Bruchidius villosus. 

9.1 Abstract 

Phenotypic plasticity in insects is widespread and can sometimes indicate selection 

toward host race formation. In this investigation the larval rearing host effects of two 

pod-bearing plant species (Chamaecytisus prolifer and Cytisus scoparius) on the 

seed feeding beetle, Bruchidius villosus were examined. Using two-choice oviposition 

tests, preferences and fitness parameters of B. villosus reared from the two hosts were 

measured in order to determine whether a host race could form. Whilst B. villosus reared 

from both hosts preferred to oviposit on C. scoparius, there was a significant difference in 

the strength of the preference shown toward C. scoparius depending on larval rearing 

host. There was some evidence that maternal effects may influence body size and 

oviposition preference in B. villosus. Adult B. villosus reared on Ch. prolifer were larger, 

more fecund and showed higher overwintering survival than those reared on C. scoparius 

but development time from egg to adult was longer on this host. Longevity of B. villosus 

reared from both hosts was similar. In conclusion, the phenotypic plasticity observed 

between B. villosus reared from C. scoparius and Ch. prolifer may be indicative of 

differences in fitness. Bruchidius villosus reared from Ch. prolifer were fitter than those 

from C. scoparius so an increase in the use of Ch. prolifer in the field may be a 

consequence of this. 

9.2 Introduction 

Phenotypic plasticity (sometimes referred to as phenotypic variation (Fox 1997)), or 

polyphenism (Diehl and Bush 1984) can be considered as an adaptation by species to 

cope with a variable environment (Gotthard and Nylin 1995). Phenotypic plasticity is 

when a single genotype can produce alternative phenotypes, depending on the 

environment, during ontogeny (Nylin and Gotthard 1998). Phenotypic plasticity may 

allow members of an insect population to move from an existing host and adapt to an 

alternative host. If the relationship between the insect species and the alternative host is 
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maintained over time, gradually the adaptation can result in specialisation on this host, at 

which point the insect may be unable to utilise the original host. This process may result 

in the formation of a new host race (Rausher 1988) and in expansion of the host range of 

this species. 

A host race is defined by Diehl and Bush (1984) "as a population of a species that 

is partially reproductively isolated from other conspecific populations as a direct 

consequence of adaptation to a specific host". Marohasy (1996) states that populations 

must fulfil the following criteria to be considered distinct host races: 1) be 

non-interbreeding and sympatric, 2) differ in biological characteristics but not (or only 

marginally) in morphology, and finally 3) be prevented from interbreeding as a result 

either of preference for different host plant species, or as a consequence of physiological 

adaptation to different host plant species. 

Variation in biological performance can expose critical features of insect-plant 

relationships such as the evolution of host shifts (Nylin et al. 1996). Through the 

examination of life-history traits that are biological characteristics and determinants of 

fitness of any species it is possible to evaluate the likelihood that a host race will evolve. 

The major life history traits of insects that are determinants of fitness are age and size at 

maturity (body size), reproductive investment (fecundity), reproductive lifespan (survival) 

and aging (which affects survival and fecundity) (Stearns 2000). 

Body size has been reported in many studies as a key component of an organism's 

ecological and physiological properties (Clutton-Brock 1988, Klingenberg and Spence 

1997, Nylin and Gotthard 1998, Fox and Czesak 2000) and is often influenced by diet. In 

particular for phytophagous insects plant host quality (Price 1997, Nilsson et al. 2002) as 

well as quantity (Mitchell 1975, McClure et al. 1998, Mousseau and Fox 1998, 

Koo et al. 2003) have been reported to be influential factors in the determination of body 

size. For example, larval diet alters hom length-body size allometry in the beetles 

Onthophagus acuminatus (Emlen 1994), and body weight of the seed-feeding bruchid, 

Stator limbatus is affected by the size of the seed from which individuals emerge, where 

larger seeds produce larger beetles than smaller ones (Fox 1997). Host size can affect 

offspring survival and body size, particularly in species that oviposit on discrete hosts, 

such as parasitoids, seed beetles and leafminers (Mousseau and Fox 1998). Host size is 

especially important in species that oviposit on discrete hosts within which their offspring 

must complete development, because the quantity of food available influences offspring 
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survival and determines offspring body size (Mitchell 1975, McClure et al. 1998, 

Koo et al. 2003). 

Many studies have shown a strong, positive relationship between female body size 

and fecundity (Varley et al. 1973, Credland et al. 1986, Clutton-Brock 1988, 

Garcia-Barros 2000, Smith et al. 2002, Tammaru et al. 2002). Furthermore body size has 

been shown to account for much of the variation in potential and realised fecundity in 

insects. Because fecundity generally increases with increased body size (Honek 1993, 

Sopowand Quiring 1998) it is considered an indicator of fitness (Clutton-Brock 1988, 

Nylin and Gotthard 1998). 

Body size (mass) and longevity (life-span or survival) are also well correlated in 

some insects (M0ller et al. 1989, Tatar and Carey 1995, Messina and Fry 2003). However 

Leather (1994) found no relationship between weight and longevity in P anolis flammea 

Denis & Schiffermillier. Larger individuals may also survive better during overwintering 

when food sources are limited (Hokkanen 1993, Ohgushi 1996), as body size is often 

correlated with the presence of good nutrient reserves (Palmer 1985, Nylin and Gotthard 

1998). 

As stated above, Marohasy (1996) suggests preference for different host plant 

species within a population of insects can be a critical step in the development of a host 

race. Many different factors can influence host choice by ovipositing females (Courtney 

and Kibota 1990). For example, adult experience (Tabashnik et al. 1981, Jaenike 1982, 

Papaj and Rausher 1983, Diehl and Bush 1984, Futuyma and Peterson 1985, 

Prokopy et al. 1988, Via 1991) and genetic variation may affect oviposition preference 

(Tabashnik et al. 1981, Rausher 1983a, Futuyma and Peterson 1985, Jaenike 1988, 

Singer et al. 1988, Via 1990, Jallow and Zalucki 1996b). 

Field observations (M. Haines, unpublished data, Wittenberg and Thomann 2001) 

suggest phenotypic variation in body size and colour of Bruchidius villosus (a 

seed-feeder) depends on the host plants in which they develop. Female B. villosus lay 

eggs on the outside of immature green pods and larvae subsequently bore through the pod 

wall and develop inside a single seed. Adults emerging from seeds of 

Chamaecytisus prolifer (the alternative host) appeared larger with a browner colouration 

compared to those emerging from the usual host Cytisus scoparius, which were smaller 
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and blacker in colour. It is unknown whether this phenotypic plasticity is correlated to 

differences in performance or suitability of genotypes according to host plant. 

To ascertain this, the influence of two larval rearing host species, C. scoparius and 

Ch. prolifer was determined by measuring their effect on the body size, lifetime fecundity, 

longevity and oviposition preference of siblings, from a limited number of female 

B. villosus collected from C. scoparius in the field. The study was specifically designed 

to determine whether the development of different biological characteristics (body 

weight, overwintering survival, longevity, fecundity and host preference) in response to 

different larval rearing hosts could be a precursor for host race formation. 

9.3 Methods 

Critical to this experiment was the requirement to minimise genetic variation on life 

history responses of the insects, so experiments were conducted with beetles that were 

siblings. A controlled rearing procedure was used to obtain the experimental individuals. 

In October 2001, fifteen female B. villosus were caught from the field and placed in 

individual vials with bee pollen only, thus depriving them of oviposition sites for 24 

hours. Fifteen branches each of Ch. prolifer and C. scoparius bearing fertilised flowers 

and immature pods were sleeved in the field, to ensure there was no contamination by the 

natural field population of B. villosus. Two weeks later the sleeves were checked to 

ensure no eggs had been laid on the pods. Following this, each female was secured in one 

of each of the 15 sleeve cages on C. scoparius and left to oviposit for seven days. On the 

eighth day the females were removed from C. scoparius and deprived of oviposition sites 

for a further 24 hours before being secured in the sleeve cages on Ch. prolifer for a 

further seven days. Each sleeve cage was clearly labelled to ensure individual females 

could be identified. After the beetles were removed from the sleeve cages they were 

resealed to prevent contamination from other B. villosus beetles. 

When the pods matured (but prior to dehiscence) they were harvested and stored 

in individual plastic containers, and once again were clearly labelled to avoid 

cross-contamination. When sufficient numbers of adult B. villosus had emerged, the six 

containers containing the highest number of adults were kept for use in the experiment. 
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9.3.1 Sibling weight - body size 

As each adult beetle emerged it was weighed and its sex was recorded before it was 

placed in one of 12 Perspex® cages (500 x 500 x 500 mm) with sponge doors (365 x 360 

x 50 mm), according to its mother (3 levels) individual larval rearing host plant (2 levels) 

and sex (2 levels). 

9.3.2 Sibling overwintering survival 

The beetles held in the laboratory cages were supplied with cotton rolls soaked in honey 

water and bee pollen and maintained for 10-13 weeks at 22-16°C day-night temperatures 

with a 14:10 h L:D regime. The temperature was gradually lowered to 8-3°C day-night 

with a 10:14 h L:D regime for 20 weeks to replicate the seasonal changes in the field. 

The beetles were gradually exposed to rising temperatures representative of spring 

temperatures and were then maintained at 22-16°C day-night temperatures with a 14:10 h 

L:D regime. The beetles were given access to C. scoparius flowers for six weeks before 

further experimentation resumed. Humidity levels were kept at approximately 70% 

throughout. Numbers of adult beetles alive and dead at the conclusion of this period was 

recorded. 

9.3.3 Sibling longevity, fecundity and preference 

In September 2002, a subsample of seven female siblings was chosen at random from 

each container and were mated for two weeks with 14 male siblings from the same host 

plant and same mother. The beetles were supplied with pollen and cotton rolls soaked in 

honey water. After two weeks the six most active-looking females (those which were 

moving around the cage most quickly) were placed individually into Perspex® cages, 

along with a pair of males (selected using the same criteria) to ensure that mating had 

occurred. Within each cage beetles were given continual access to cut shoots of 

C. scoparius and Ch. prolifer (identical to the design in Chapter 8) each bearing five pods 

at the same phenological stage, in order for oviposition preference to be measured. 

Beetles were also given access to pollen and cotton rolls soaked in honey water. 

In total there were 36 cages for siblings from three mothers and two host plants 

replicated 6 times. Every ten days the cut shoots were replaced with fresh ones and the 

number of eggs laid on each were recorded to measure fecundity. Every day individual 

beetle survival or mortality was recorded in order to calculate longevity. The experiment 
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continued until each female died, or 90 days whichever was shortest. In this way lifetime 

fecundity could be measured. 

9.3.4 Analysis 

The data set was tested for normality using the Kolmogorov-Smimov test and 

homogeneity of variances using Levene's test before hypothesis testing. To determine the 

effect of larval rearing host plant on sibling weight (body size) the data was analysed 

using REML (residual maximum likelihood) variance components analysis. The Wald 

statistic was used to assess the contributions of individual terms in the fixed model 

(GenStat 2002). The effect oflarval rearing host on overwintering survival was analysed 

using binomial GLM (generalised linear model) and a nested design. 

The effect of larval rearing host and mother on longevity and fecundity was 

analysed usingANOVA. A repeated measures ANOVA (GenStat 2002) was used to 

compare mean number of eggs laid per female on test plants over each ten day period. 

To determine the effect of larval rearing host and mother on oviposition 

preference of B. villosus a 'coefficient of preference' (Heard 1995a, Withers 1999) 

(previously used in Chapter 5 and 8) for oviposition on C. scoparius over Ch. prolifer was 

calculated. Significant main effects were identified using ANOVA (GenStat 2002). 

Means for weight, fecundity and preference were compared using Fishers LSD. 

9.4 Results 

9.4.1 Examination of factors 

The effect of larval rearing host, mother and sex and their interactions on B. villosus body 

weight (Table 9.1) and overwintering survival were examined (Table 9.2). The effect of 

larval rearing host and mother and the interaction between these factors on female 

longevity (Table 9.3) and oviposition host preference were also examined (Table 9.5). 

9.4.1.1 Sibling weight - body size 

Larval rearing host and sex had a significant effect on sibling body weight (Table 9.1). 

Mean weights of B. villosus reared from C. scoparius and Ch. prolifer were 2.0 mg ± 

0.03 SEM and 2.5 mg ± 0.03 SEM respectively. Offspring reared from Ch. prolifer were 

significantly heavier than those from C. scoparius and females were significantly heavier 
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than males in every case (significance was tested using an approximate 5% LSD, 0.2) 

(Figure 9.1). 

The interactions between larval rearing host and mother, larval rearing host and 

sex, mother and sex and larval rearing host, mother and sex were also significant factors 

(Table 9.1). The last three significant interaction terms reflect that only female siblings 

reared from Ch. prolifer showed a significant difference according to mother (Figure 9.1). 

Table 9.1: Significance of factors (larval rearing host, mother and sex and their interactions) 
contributing to nruchidius villosus body weight. 

Factors W df P 

Larval rearing host 491.7 1 <0.001 

Mother 9.28 2 0.010 

Sex 196.9 2 <0.001 

Larval rearing host x mother 9.4 2 0.009 

Larval rearing host x sex 31.9 1 <0.001 

Mother x sex 12.1 2 0.002 

Larval rearing host x mother x sex 11.7 2 0.003 
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Figure 9.1: Mean weights (mg) of newly emergent female (A) and male (B) Bruchidius villosus 
offspring reared from two different hosts (Cytisus scoparius and Chamaecytisus prolifer) and three 
mothers. Means with the same letter are not significantly different. 

9.4.1.2 Sibling overwintering survival 

A highly significant difference in overwintering survival as a result of larval rearing host 

plant (C. scoparius and Ch. prolifer) was observed (Table 9.2). The overwintering 

survival of beetles was highest for those reared from Ch. prolifer regardless of mother and 

sex. Mother had no significant effect on the overwintering survival of offspring (Table 

9.2). Male overwintering survival was significantly higher than that of female beetles 

(Figure 9.2). The interaction between host and sex was not significant (Table 9.2). 
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Table 9.2: Significance of factors (larval rearing host, mother and sex and their interactions) 
contributing to Bruchidius villosus overwintering survival. 

Factors 
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Larval rearing host 
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Larval rearing host x sex 
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Figure 9.2: Percentage survival of overwintered females (A) and males (B) Bruchidius villosus 
offspring reared on Cytisus scoparius and Chamaecytisus proLifer from three mothers (Mothers 1, 2 
and 3). 

9.4.1.3 Sibling longevity 

The host on which beetles were reared had a significant effect on mean longevity of 

B. villosus (Table 9.3). Beetles reared on Ch. prolifer had significantly greater mean 

longevity than those reared on C. scoparius. Mean longevity was 43.4 days for beetles 
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reared from C. scoparius and 58.8 days for those reared from Ch. prolifer (5% LSD, 

13.9). There were no significant maternal effects on mean longevity nor a significant 

interaction between mother and host (Table 9.3). 

Table 9.3: Significance of factors (larval rearing host, mother and sex and their interactions) 
contributing to female Bruchidius villosus longevity. 

Factors 

Larval rearing host 

Mother 

Larval rearing host x mother 

F 

5.2 

1.2 

0.05 

df 

2 

p 

0.03 

0.32 

0.95 

The survival of B. villosus reared from both hosts after overwintering was similar 

for the first 30 days of the choice trial. After 30 days mortality rate increased more 

rapidly for B. villosus reared on C. scoparius than Ch. prolifer. The biggest difference in 

survival was observed on day 60, when 72% of B. villosus from Ch. prolifer were alive 

but only 33% from C. scoparius remained (Figure 9.3). 
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Figure 9.3: Survival of Bruchidius villosus offspring reared from two different hosts Cytisus scoparius 
( ) and Chamaecytisus prolifer (e) in a two-choice cut shoot test containing C. scoparius and 
Ch. prolifer. Data are averages of 18 female B. villosus reared from each host. 

Beetles reared from Ch. prolifer lived longer than those reared on C. scoparius by 

an average of 15.4 days. Offspring of Mother 1 lived for the shortest time when reared 

from either C. scoparius (mean 34.7 days) or Ch. prolifer (mean 52.8 days) (Figure 9.4 A, 

D), while offspring of Mother 2 lived longest independent of which host that they were 
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reared from C. scoparius (mean 48.0 days) or Ch. prolifer (mean 63.3 days) (Figure 9.4 

B, E) but these differences were not significant (5% LSD, 24.0). 

At the conclusion of the experiment after 90 days, only three B. villosus (all reared 

from Ch. prolifer) were still alive (Figure 9.4 E & F). The longest lived individual reared 

from C. scoparius survived for 77 days (Figure 9.4 C). 

See section 9.5.3 for further information on the results in this section. 
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9.4.1.4 Sibling fecundity 

Offspring of Mother 1,2 and 3 laid 1593,2377 and 2032 eggs respectively 

(Figure 9.5). Two B. villosus females laid no eggs throughout the trial (one from each of 

the larval rearing hosts), although upon dissection both were found to be reproductively 

mature (Figure 9.4 A & D). 

1600 l o Mother 1 
1400 Mother 2 

:2 1200 o Mother 3 

..! 1000 en 
C) 
C) 800 CD 

'to-
0 600 
0 
z 400 

200 

0 
C. scoparius Ch. prolifer 

Larval rearing host 

Figure 9.5: Total number (No.) of eggs laid by Bruchidius villosus offspring grouped by mother 
(Mothers 1,2, and 3) and larval rearing host (Cytisus scoparius and Chamaecytisus prolifer) in a 
two-choice cut shoot test containing C. scoparius and Ch. prolifer. 

Larval rearing host had a significant effect on the number of eggs laid (F = 4.0, df= 1, 

P < 0.05). Bruchidius villosus reared from C. scoparius laid an average of 143 eggs each 

over the duration of the experiment while those reared from Ch. prolifer laid 190.5 (Table 

9.5, Figure 9.6). 

Cumulative average number of eggs laid was approximately linear over time until 

becoming asymptotic on approximately day 40 for B. villosus reared from C. scoparius, 

and day 60 for B. villosus reared from Ch. prolifer (Figure 9.6). 

143 



200 .... 
0 
U) 180 
C) 
C) 160 Cl) ... 
Cl) 140 .lJ 
E "C 120 ~ 
c .! 
c U) 100 as C) 
Cl) C) 

E Cl) 80 
Cl) 

> 60 .. 
as 
~ 40 
E 
~ 20 
(J 

0 
0 10 20 30 40 50 

Days 
60 

c. scoparius 

-+ Ch. prolifer 

70 80 90 100 

Figure 9.6: Cumulative mean number of eggs laid on Cytisus scoparius and Chamaecytisus profifer by 
Bruchidius vilfosus female offspring reared on two hosts (c. scoparius and Ch. profifer) over time. 
Each mean was calculated from the oviposition data of 18 female B. villosus. 

9.4.1.5 Sibling preference 

Larval rearing host significantly affected oviposition preference of female 

B. villosus (Table 9.4). There was no significant difference in the mean number of eggs 

laid on C. scoparius by beetles reared from either host. However beetles reared from 

Ch. prolifer laid significantly more eggs on this host over the duration of the experiment 

than their counterparts reared from C. scoparius (Table 9.5). Overall 75% of total eggs 

were laid on C. scoparius (Table 9.5). 

Table 9.4: Significance of factors (larval rearing host, mother and sex and their interactions) 
contributing to Bruchidius vilfosus host preference. 

Factors 

Larval rearing host 

Mother 

Larval rearing host x mother 

F 

6.0 

3.3 

1.52 

df 

2 

2 

p 

0.02 

0.05 

0.24 
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Table 9.5: Mean number (no.) and percentage of eggs laid by Bruchidius villosus offspring on 
Cytisus scoparius and Chamaecytisus prolifer according to larval rearing host (c. scoparius and 
Ch. proli(er) in a two-choice cut shoot test 
Larval rearing host Mean no. eggs laid on 

C. scoparius 
Mean no. eggs laid on 
Ch. prolifer 

Mean no. eggs laid 
on both hosts 
combined 

C. scoparius 128.4 (89.8%) a 14.6 (10.2%) a 143.0 a 
Ch. prolifer 121.9 (64.0%) a 68.6 (36.0%) b 190.5 b 
Hosts combined 125.2 (75.1%) 41.6 (24.9%) 166.8 
Values with the same letter and within the same column are not significantly different (5% LSD, 23.8). 

Overall mean coefficients of preference for B. villosus reared on C. scoparius and 

Ch. prolifer were 0.68 (outlier included) and 0.32 respectively, showing that offspring 

reared on C. scoparius had a significantly stronger preference for this host than those 

reared on Ch. prolifer (5% LSD, 0.3) (Table 9.6) 

Table 9.6: Mean coefficient of preference for oviposition (+1 = Preference for Cytisus scoparius and 
-1 = Preference for Chamaecytisus prolifer) by Bruchidius villosus offspring reared from three 
mothers and two hosts (c. scoparius and Ch. prolifer). 

Mother Larval rearing host Mean preference Mean preference (with 
outlier excluded} 

1 C. scoparius 0.77 a 0.77 a 
Ch. prolifer 0.70 a 0.70 a 

2 C. scoparius 0.43 ab 0.71 a 
Ch. prolifer 0.12 b 0.12b 

3 C. scoparius 0.83 a 0.83 a 
Ch. prolifer 0.14 b 0.14 b 

Values with the same letter (within columns) are not significantly different (5% LSD, 0.52). 

Mother did not significantly affect offspring oviposition preference (Table 9.5) but a 

tendency toward variation in preference between offspring of different mothers was 

shown where offspring of Mother I from Ch. prolifer showed a stronger preference 

toward c. scoparius (0.70) (Table 9.6) than siblings from other mothers reared on this 

host. 

By excluding one outlier (one offspring of Mother 2 which was reared on 

C. scoparius and oviposited solely on Ch. prolifer) and repeating the analysis on a subset 

of the data, th~ overall results changed. This made the effect of larval rearing host on 

offspring oviposition preference more significant (P < 0.001) and the effect of mother less 

significant (P > 0.05). 

All offspring of Mother 1 reared on either C. scoparius or Ch. prolifer strongly 

preferred C. scoparius over Ch. prolifer for oviposition except two individuals (one 

reared from each host) which had an equal preference for both hosts (Figure 9.7 A). 
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Five of the six offspring of Mother 2 reared from C. scoparius preferred 

C. scoparius for oviposition while one individual strongly preferred Ch. prolifer and laid 

all eggs on this host. One offspring reared from Ch. prolifer strongly preferred 

C. scoparius while all others showed an equal preference for both hosts or a slight 

preference for Ch. prolifer (Figure 9.7 B). 

All offspring of Mother 3 reared on C. scoparius preferred C. scoparius for 

oviposition. Four ofthe six offspring reared on Ch. prolifer had a preference for 

C. scoparius while two showed a slight preference for Ch. prolifer (Figure 9.7 C). 

No significant interaction between larval rearing host and mother was found 

(Table 9.5). Overall, all siblings regardless oflarval rearing host and mother exhibited a 

preference for C. scoparius indicated by the positive preference indices in all cases. 

Mothers reared on Ch. prolifer showed a more variable mean coefficient of preference for 

oviposition. 

The mean number of eggs laid per pod on C. scoparius was 4.6 (95% CI: 4.2, 5.0) 

while mean seeds available for oviposition was 9.4 (95% CI: 9.2, 9.6). Mean number of 

eggs laid per pod on Ch. prolifer was 1.5 (95% CI: 1.3, 1.7) while the mean seeds 

available for oviposition was 6.6 (95% CI: 6.4, 6.7). 

146 



A. Mother 1 

1.00 • D D 0 0 • 0 
Q) 0.75 (.) 
c • Q) 0.50 L. 

~ 
Q) 0.25 L. 
c. 

'to- 0.00 0 -c -0.25 Q) 
(.) (0) C scoparius 
!E -0.50 ( ) Chprolifer 
Q) 

0 -0.75 0 

-1 .00 

0 1 2 3 4 5 6 

B. Mother 2 

1.00 0 D 
Q) 0.75 D 
(.) 
c D Q) 0.50 L. 

~ D Q) 0.25 L. 
c. 

'to- 0.00 • 
0 -c -0.25 • Q) 
(.) 

!E -0.50 
Q) 

0 
0 -0.75 

-1.00 @ 

0 2 3 4 5 6 

c. Mother 3 

1.00 l D D 
0 

D 
Q) 0.75 D 
(.) 
c 
Q) 0.50 • L. 

~ D Q) 0.25 • L. • C. 
'to- 0.00 0 -c -0.25 Q) 
(.) 

!E -0.50 Q) 

0 
0 -0.75 

-1.00 

0 2 3 4 5 6 
Replicate 

Figure 9.7: A, Band C: The effect of Mother (1, 2, and 3) and larval rearing host (Cytisus scoparius 
(0) and Chamaecytisus prolifer (. ) on the coefficient of preference (+1 = preference for C. scoparius 
and -1 = preference for Ch. prolifer) for oviposition of Bruchidius villosus offspring (36) in a 
two-choice cut shoot test containing C. scoparius and Ch. prolifer. 
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9.5 Discussion 

9.5.1 Sibling weight - body size 

Bruchidius villosus females determine the fitness of offspring by selecting the host plant 

on which their progeny must develop. Oviposition choice by maternal females is 

important as B. villosus larvae are relatively immobile and therefore must burrow into the 

pod upon which they are laid. 

In this investigation B. villosus reared from Ch. prolifer were significantly heavier 

than those reared from C. scoparius (Figure 9.1). This finding supports other studies that 

have shown that host size is a major determinant of body size (weight) in species that 

oviposit on discrete resources such as seeds, within which offspring must complete 

development. Host size is a limiting factor for such insects, because the amount of food 

available for development is the contents of a single host seed (Mitchell 1975, 

McClure et al. 1998). Stator limbatus beetles are affected by the size of the seed from 

which they emerge (larger seeds produce larger beetles than smaller ones) (Fox 1997). 

Similarly, larvae and newly emerged adults of the weevil Mechoris ursulus Roelofs were 

heavier when reared from larger acorns (Koo et al. 2003). This trend has been observed 

for B. villosus in this study (M. Haines, personal observation). 

Mother and sex (and their interaction) significantly affected offspring body size 

(Table 9.1). It is unknown whether this was genetically inherited or via a maternal effect. 

Maternal effects are non-genetic influences of maternal phenotype or environment on 

progeny phenotype. This means that the progeny in a new generation are affected by the 

environment experienced by their mother in the previous generation (Mousseau and 

Dingle 1991, Fox 2000). They can also be considered as non-mendelian parental effects, 

which can include both maternal and paternal contributions (Lacey 1998, Hunter 2002). 

Maternal size generally affects egg size and/or composition, which in turn can affect 

progeny growth and development (Mousseau and Dingle 1991). Females in this study 

were significantly heavier than males which appears to be the trend in most insects (Nylin 

and Gotthard 1998). 

9.5.2 Sibling overwintering survival 

Both female and male adult B. villosus reared from Ch. prolifer had a higher 

overwintering survival than those reared on C. scoparius (Figure 9.2). Females and males 
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reared from Ch. prolifer also had larger body sizes which may have contributed to the 

increased rate of survival. Large adult insects are thought to store more lipid or glycogen 

reserves than small ones (Ohgushi 1996), improving overwintering success. Of note 

however, is that ifbody size was the only factor affecting overwintering survival, females 

would be expected to live longer than males because they are significantly heavier 

(Figure 9.1). However male overwintering survival was significantly greater than that of 

females in this investigation. This suggests that body size is not the only factor governing 

overwintering survival. 

Large females of the beetle Labidomera clivicollis Kirby had significantly higher 

overwintering survival than small females and large males in the population had 

significantly lower overwintering survival than small males (palmer 1985). Large adults 

of the herbivorous ladybird, Epilachna niponica (Lewis), showed higher rates of survival 

during hibernation than their smaller counterparts (Ohgushi 1996). The main factor 

explaining variation in overwintering survival of Meligethes aeneus (F.) was body weight, 

only the heaviest beetles survived (Hokkanen 1993). So it is unclear why the lightweight 

males in this study lived longer than their heavier female counterparts. 

9.5.3 Sibling longevity 

Bruchidius villosus reared on Ch. prolifer lived significantly longer than those reared on 

C. scoparius by 15.4 days (Figure 9.3). However, this result could be confounded by the 

methodology, because the beetles reared from Ch. prolifer were younger than those from 

C. scoparius (by two-three weeks) when the experiment commenced. This occurred 

firstly because the beetles were sleeved on Ch. prolifer one week after C. scoparius (due 

to differences in plant phenology), and secondly because beetles on Ch. prolifer take 

approximately two weeks longer to develop to maturity on Ch. prolifer (Table 4.2). 

For the purposes of this investigation longevity was measured as the period of 

time from adult emergence to death, not from egg to adult as is usual, and is considered to 

be equal between B. villosus reared from both hosts. However, if it is argued that the 

increased time spent as a larvae or pupae was a trade-off against time as an adult then 

greater longevity exhibited by offspring reared on Ch. prolifer may well be described as a 

host effect. 

In a study by O'Donnell and Manfield (1986) the B. villosus oviposition period 

lasted 68 days from the start of oviposition, whereas on average beetles in this 
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investigation died between 43.4 and 58.8 days after commencing oviposition (section 

9.4.1.2). This suggests that the laboratory conditions provided may not have been ideal 

throughout the oviposition period. 

Cumulative mean egg laying rate for beetles reared on C. scoparius began to level 

off after 40 days and at this point 13 out of the initial 18 females were still alive. In the 

case of beetles reared on Ch. prolifer, 13 beetles also were still alive at 60 days when the 

egg laying rate began to level off (Figure 9.4). 

Longevity often shows a positive correlation with fecundity in insects (Cheng 

1972, Leather 1984, M0ller et al. 1989, Messina and Slade 1999, Messina and Fry 2003). 

However, Martin and Hosken (2004) showed that longevity is negatively affected by egg 

laying and other authors suggest a trade-off between the two, as females deprived of 

seeds and mates laid fewer eggs and lived longer (M0ller et al. 1989, Tatar et al. 1993). 

Messina and Slade (1999) and Tatar and Carey (1995) reported the weakness of body 

mass as a predictor oflongevity (life span). 

9.5.4 Sibling fecundity 

Lifetime fecundity in this study was estimated from the total number of eggs laid. Beetles 

were dissected after death in order to determine potential fecundity from unlaid eggs, but 

no unlaid eggs were found. Bruchidius villosus reared from Ch. prolifer were bigger 

(Figure 9.1) and laid more eggs than those reared from C. scoparius (Figure 9.5). 

Cumulative mean number of eggs laid by B. villosus in this investigation ranged from 143 

(larval rearing host C. scoparius) to 191 eggs (larval rearing host C. prolifer) (Figure 9.6). 

This is lower than estimates of mean fecundity made by Parnell (1966) who predicted an 

average range of between 185-235 eggs per female in the field. 

Lifetime fecundity shows a strong positive relationship to female body-size (Nylin 

and Gotthard 1998, Sopowand Quiring 1998, Garcia-Barros 2000, Smith et al. 2002) and 

oviposition rate in many insects (Smith et al. 2002). Kawecki (1994) also found that 

fecundity increased with body size in Callosobruchus maculatus, another seed feeding 

beetle. Fox and Czesak (2000) state in their extensive review on progeny size that larger 

individuals generally lay both more and larger eggs. 

Male genotype can affect all aspects of female reproduction, through its effects on 

female longevity, total offspring production, reproductive rate, mating rate and fertility 

(Nilsson et al. 2002). Clearly knowledge of paternal influence(s) (referred to as paternal 
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effects (Mousseau and Fox 1998)) may account for some of the unknown variation 

among siblings. Many females throughout various taxa are known to copulate multiply 

with more than one mate (multiple mating) or repeatedly with the same mate (repeated 

mating) (Page 1986, Eady 1995, Choe 1997, Birkhead and M0ller 1998, Yasui 1998, 

Arnqvist and Nilsson 2000, Jennions and Petrie 2000). After completing this 

investigation it was discovered that it is likely that B. villosus females mate multiple times 

with different males, as this is common in other bruchids (Eady 1995). The mothers in 

this investigation were collected pre-mated from the field so it is not known if all 

offspring from each mother were fathered by the same male, or whether siblings are full 

or half. 

Mean daily oviposition rate in B. villosus correlated well with survival, declining 

as mortality increased (Figure 9.3 and Figure 9.6). Variability in the number of eggs laid 

over the 90 day duration of the experiment was as expected: the mean numbers of eggs 

laid were low at the beginning and end of the investigation, with higher numbers laid in 

between. This data supports the pattern observed for egg laying in the field (M. Haines, 

unpublished data). 

9.5.5 Sibling preference 

Larval rearing host had a small but significant effect on oviposition preference (Table 9.5, 

Table 9.6 and Figure 9.7) which may suggest there is some type of conditioning occurring 

between larvae and host which affects adult behaviour (Hopkin's selection principle) 

(Thorpe 1939, Jermy et al. 1968). No effect oflarval rearing host was found on 

oviposition in Chapter 4 where groups of insects were tested. Many studies have shown 

host experience often influences oviposition preference of female insects (Rausher 1983a, 

b, Papaj and Prokopy 1988, Szentesi and Jermy 1990, Bernays 1995) and if host 

experience also influences larvae on these hosts it could lead to rapid speciation 

particularly in systems where maternal oviposition choices and offspring performance 

determine fitness (Mousseau and Fox 1998). However, there is little evidence that adult 

behaviour is affected by larval experience (Tabashnik et al. 1981, Jaenike 1982, Papaj and 

Rausher 1983, Diehl and Bush 1984, Futuyma and Peterson 1985, Prokopy et al. 1988, 

Via 1991). 

The influence of larval experience has now been largely discounted in favour of 

early adult experience, which may in fact be of the larval rearing host (Courtney and 
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Kibota 1990 and references therein). Prokopy et al (1988) propose that fidelity to a 

certain host as a result of larval or adult experience may give rise to and assist in 

maintaining host races. 

All offspring in this investigation preferred C. scoparius but there were varying 

degrees of preference (Table 9.6). Two replicates reared from Ch. prolifer had a 

significantly lower preference for C. scoparius and found their larval rearing host to be 

almost equally suitable for oviposition as C. scoparius, whereas the third replicate found 

C. scoparius as acceptable as those which were reared from it. On the other hand, while 

two replicates reared on C. scoparius significantly preferred their larval rearing host the 

third replicate (without the outlier excluded) displayed a preference that was not 

significantly different from either group and fitted in between the strong and weak 

preference for C. scoparius (Figure 9.7). Maternal, paternal and genetic effects may be 

useful tools in explaining the variation in preferences. As with many other traits, there 

would be a selective advantage in having a small frequency of individuals that display a 

wider host range within a population, that would act as insurance against the 

disappearance of the normal host. 

Mother did not significantly affect host preference, but the low P-value indicates 

(Table 9.4) that there is a tendency for offspring of different mothers to behave 

differently. Mousseau and Fox (1998) suggest that if maternal or paternal larval rearing 

host is predictive of local or future host availability it is advantageous for parents to 

produce offspring that are acclimated to that host, and if this could be demonstrated for 

any insect, it would have profound implications for the understanding of host-race 

formation. 

However, the result obtained here could be a sampling related effect because only 

three mothers were used which may not be representative of the population as a whole. 

For statistical purposes one outlying value (an offspring which was reared on 

C. scoparius and laid all her eggs on Ch. prolifer) was removed from the data set (Table 

9.6) and it significantly altered the overall preference. Care must be taken when 

interpreting outliers, they should not be discarded for statistical convenience as they can 

be important in a biological capacity (Barnett and Lewis 1994). It is uncertain as to how 

this beetle should best have been treated. 
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Substantial larval rearing host effects have been reported in S. limbatus by 

Fox et al. (1995). Their study showed that progeny performed best with regard to size, 

survival and development time on the host from which their mother was reared. This is a 

good example of a host plant mediated maternal effect (Fox 2000). 

It is possible that offspring may be able to condition to hosts from which they are 

reared via non-genetic maternal effects. Researchers have begun to recognise that 

maternal effects can affect offspring phenotypes and patterns of host suitability (Via 1991, 

Rossiter 1996). However, Via (1991) demonstrated that maternal host species had no 

effect on the relative performance of clones of aphids reared on two different hosts. 

Maternal larval rearing host may have major effects on offspring phenotype 

(Fox et aL 1995). It is also possible that the preference patterns exhibited are under 

genetic control (section 8.6.3). 

Oviposition preference was not influenced by resource limitation in this study. 

Mean number of eggs laid per C. scoparius pod was 4.6 (95% CI: 4.2, 5.0) while mean 

seeds available for oviposition was 9.4 (95% CI: 9.2,9.6) (section 9.4.4). Over the 

duration of the experiment pod material available was variable in quality, particularly at 

the end of the season when green pods on both species became rare. However, every 

attempt was made to ensure pods at an equivalent stage of development were presented 

together, in order to minimise pod quality as a source of error. 

9.5.6 Host race development 

The criteria that populations must fulfil to be considered distinct host races (Marohasy 

1996) have been discussed in the introduction to this Chapter. 

The contributions of Criteria 1 and 3 toward host race development have been 

discussed in Chapter 7 and there was no indication that populations reared from 

C. scoparius and Ch. prolifer fulfilled these criteria. There was no evidence from 

experimental work at that time to suggest that beetles from the two hosts were not 

interbreeding or that a preference was developing for Ch. prolifer. In this investigation 

biological characteristics of beetles reared from both host species were examined to 

answer the question of the final criterion (2). All relevant fmdings in relation to host race 

development are summarised in Table 9.7. 
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Table 9.7: Is there selective pressure for a host race to develop in New Zealand? 

Criteria for host race development Answer 
Can an extra generation per year be completed on Possibly (M. Haines, unpublished data) 

Chamaecytisus prolifer? 

Are beetles reared on Ch. prolifer bigger than those 

reared on Cytisus scoparius? 

Are offspring reared on Ch. prolifer more fecund than 

those reared on C. scoparius? 

Is overwintering survival greater on Ch. prolifer? 

Is the total number of offspring which survive higher 

on Ch. prolifer than C. scoparius? 

Are the adults reared from Ch. prolifer longer lived? 

Is developmental time faster on Ch. prolifer? 

Do beetles reared on Ch. prolifer host show a 

preference for this host? 

Yes (section 9.4.1.1) 

Yes (section 9.4.1.4) 

Yes (section 9.4.1.2) 

No (Chapter 4) 

No - assumed equal, possibly shorter (section 

9.4.1.3 and 9.5.3) 

No - constrained by host (Chapter 4) 

Not completely - possibly some influence of 

larval rearing host (section 9.4.1.5) 

With respect to most criteria tested in this investigation B. villosus appear to do 

better on Ch. prolifer. There is significant variation depending on mother (Table 9.1 and 

a tendency towards it in 9.4 and section 9.4.1.5) which indicates that fitness and survival 

are influenced by genetics and the environment (host). Body-size, overwintering survival 

and fecundity were greater when larvae were reared on Ch. prolifer (section 9.4.1.1, 

9.4.1.2 and 9.4.1.4) but C. scoparius supported higher survival and shorter development 

time (section 4.5.2.2). Longevity was greater on Ch. prolifer but this result is not 

conclusive (section 9.4.1.3). It is possible that in some seasons B. villosus may be able to 

complete a second generation (M. Haines, unpublished data). Overall preference in all 

experiments to date support C. scoparius remaining as the most preferred host (section 

9.4.1.5 and Chapter 2,4,5,6, 7 and 8). However, some individuals showed almost equal 

preferences for both hosts or a preference for Ch prolifer (Figure 9.7 A and 9. 7B and 

section 8.5.3). The existence of populations that have shifted onto a new host but still 

show preference for the ancestral host is not unique (Futuyma et al. 1984, Robert 1985, 

Prokopy et al. 1988). 

Host preference is an obvious precursor for host-race formation. Induction of 

preference for an alternative host and physiological adaptation thereafter may result in 

higher performance on this host, which may contribute to the early stages of host race 

formation. Despite the fact that beetles reared on Ch. prolif~r Wk~ lQng~r to. 4ey~lqp ~A<;l 

that survival on this host during development is not as high as on C. scoparius (section 
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4.5.2.2 and Figure 4.4), those surviving the larval stage show better overwintering 

survival (Figure 9.2) and they are more fecund (Figure 9.5) which may counteract this. 

Persistence of environmental variation across generations has been reported in 

another bruchid, C. maculatus (Fox 2000). Maternal effects influence responses to 

natural selection and can respond to natural selection, providing an important mechanism 

for adaptation to a variable environment or variation among hosts in suitability (Fox 

2000). 

The results in this study are in accordance with those ofProkopy et al (1988) who 

compared host acceptance behaviour of Rhagoletis pomonella (Walsh) from populations 

reared on the native host, Crataegus oxyacantha L. (hawthorn) and from the introduced 

host, Malus domestica Borkh. (apple). Generally, hawthorn fruit were accepted for 

oviposition nearly equally by hawthorn and apple origin females, whereas apples were 

accepted more frequently by apple origin females compared with hawthorn origin 

females. Irrespective of origin, females always responded more positively to hawthorn 

than apples. Larval survival was higher in hawthorn than apples. However, Prokopy et al 

(1988) found no effect of preimaginal conditioning as a result of larval rearing host, and 

they concluded that the phenotypic differences in host acceptance behaviour was possibly 

genetic. 

What factors caused B. villosus to include Ch. prolifer in its host range? Perhaps 

emigration to Ch. prolifer by a few individuals was generated by pods of C. scoparius 

becoming overloaded with eggs. Approximately 90% of seed at the study site is being 

destroyed by B. villosus (M. Haines unpublished data). However, B. villosus is known to 

heavily superparasitise pods and deposit many more eggs on the surface of a pod than 

seeds available within it when resources are limited. Despite the high density of eggs 

being laid in the field some pods still have no eggs deposited on them, so this may not be 

an adequate explanation for the colonisation of Ch. prolifer by B. villosus. 

Variation in preference among individuals within the B. villosus population has 

been demonstrated (Figure 8.1 and 8.2), but the factors responsible for this variation have 

not yet been examined. There is a possibility that there is a genetic basis for the 

differences in oviposition preference shown by individuals, which may allow them to 

accept some hosts more readily than others. Genetic differences in host plant preferences 
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between conspecific populations may contribute to host race maintenance or formation 

(Prokopy et al. 1988). 

Both C. scoparius and Ch. prolifer are in the tribe Genisteae, and the two genera 

are so closely related that some authorities place them in the same genus, so it is likely 

that they share some similar chemical and morphological attributes which may stimulate 

an oviposition response in some members of the beetle population. Pods of Ch. prolifer 

contain bigger seeds (Table 4.3) and produce larger (Figure 9.1), more fecund adults 

(Figure 9.5) which may constitute a selective advantage despite lower survival and longer 

development time, especially if a second generation per season can be produced on this 

host. It is possible that host race formation and maintenance can be affected by 

differences among hosts in factors that may affect survival (prokopy et al. 1988). 

When C. scoparius ceases flowering at the end of the season, B. villosus have 

been observed feeding on pollen of other flowering plants (M. Haines, personal 

observation). If individuals migrated to Ch. prolifer (which generally exhibits a longer 

flowering period than C. scoparius) at the end of the season to feed on pollen, they may 

overwinter and resume feeding on this plant when it flowers earlier than C. scoparius in 

the following spring. Sometimes Ch. prolifer is already bearing its first green pods as 

flowering commences in C. scoparius, so that mating on Ch. prolifer may have already 

occurred and oviposition on this species will proceed in the absence of C. scoparius pods. 

Hence, differences in phenology between the two plant species may contribute to host 

race formation. This idea is supported by Prokopy et al (1988) who refer to the potential 

influence of temporal differences in host race formation and maintenance. 

Adaptation to Ch. prolifer (the alternative host) may lead to the evolution of 

reproductive isolation among populations if it produces assortative mating (non-random 

mating in which individuals mate preferentially according to phenotype) (Bush and Diehl 

1982). This may be further exemplified if preferences for larval rearing host are apparent 

in males. Further exploration of mating behaviour is necessary before any further 

inferences can be made. 

If an insect can recognise and survive on a new host plant then the host range will 

expand to include the new host. If mutation and selection which would improve fitness 

on the new host do not occur, it is unlikely that the population will diverge greatly. 

However, if they do occur, host-race formation could evolve (Bush and Diehl 1982). 
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Host race formation has occurred in Jadera haematoloma (Herrich-Schaeffer), where 

large differences in beak size have occurred as a result of host fruit size. This adaptation 

has occurred over a period of 20-50 years which equates to 40-150 generations (Carroll 

and Boyd 1992). Bruchidius villosus has only been present in New Zealand for 17 years, 

so it may be that it is currently in a transition phase toward host race formation. If more 

than one generation per year can be produced on Ch. prolifer evolution may proceed 

faster as a result of the longer flowering period of this plant. 

Further experimentation is required to validate these fmdings before any 

conclusion can be made about the likelihood that a host race is forming. Firstly a larger 

sample size is necessary to provide a more representative sample of the field population. 

In future investigations, knowledge of paternity and paternal influences would be useful, 

as would data on egg size and effects of age. The examination of offspring reared from 

females originating from both hosts is critical if the influence of maternal effects is to be 

determined. Quantitative genetic analyses will be necessary to measure genetic based 

components and estimate heritability. 

9.6 Conclusion 

To date interbreeding is assumed to occur between the two potential populations and both 

of these populations prefer the same host, C. scoparius, meaning that two of the three host 

race criteria proposed by Marohasy (1996) are not yet fulfilled. This investigation was 

designed to establish whether the remaining criterion is met, ie. whether the beetles reared 

from different hosts differ in biology and not (or marginally) in morphology. Beetles do 

differ marginally in morphology: they exhibit phenotypic plasticity as a result of larval 

rearing host. Biologically, those reared from C. scoparius develop faster and show higher 

levels of survival than those reared on Ch. prolifer. However, Bruchidius villosus reared 

from Ch. prolifer are bigger, more fecund and show greater overwintering survival than 

their counterparts reared on C. scoparius. There is a possibility that a second generation 

of beetles may be produced in some seasons from Ch. prolifer due to flowering 

phenology and that preference may be influenced by larval rearing host. Hence it appears 

that the second criterion is adequately fulfilled. That this criterion is fulfilled indicates 

that B. villosus may be in the early stages of host-race formation on Ch. prolifer, but 

further investigations on ovil'osition preference are necessarr. This mar be monitored br 
observing the phenotypic response to the host over time, for example at 3-5 year intervals. 
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Because B. villosus is highly mobile and both hosts are commonly available in New 

Zealand complete separation of populations reared from each host is unlikely. 

9.6.1 Future work 

To test if the differences in body size and preference observed in this investigation are 

maternally inherited, performing reciprocal crosses between the two B. villosus 

populations may be useful. This was done by Savalli et al. (2000) with C. maculatus. 

Four types of crosses could be set up: two sets of intra-population crosses (female 

C. scoparius (Cs) x male Cs and female Ch. prolifer (Chp) x male Chp) and two sets of 

inter-population crosses (female Cs x male Chp and female Chp x male Cs). If 

inheritance was autosomal, the interpopulation crosses would resemble each other and be 

intermediate between the two intra population crosses. If inheritance was maternal (either 

because of sex-linkage or maternal effects), the offspring of the interpopulation crosses 

would be expected to most closely resemble their respective maternal population. 
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Linking page: Chapter 10 

Bruchidius villosus reared from seeds of Chamaecytisus prolifer were significantly 

heavier, more fecund and had higher overwintering survival than those from 

Cytisus scoparius. Longevity was similar between beetles reared from the two species. 

The implications ofthe findings of the whole thesis are presented in Chapter 10. 



Chapter 10: General Conclusions 

10.1 Summary 

The objective of this thesis was to determine why host specificity tests failed to predict 

that Chamaecytisus pro lifer would be a suitable host for Bruchidius villosus, a biological 

control agent introduced into New Zealand to control the spread of Cytisus scoparius. 

Based on results from field tests, the hypothesis that host specificity of B. villosus, 

measured as adult oviposition preference and development, had changed significantly 

between the pre-release study and the occurrence of post release non-target effects was 

rejected (Chapter 2). The possibility that the entity known as B. villosus was in fact a 

group of sibling species was eliminated by genetic analysis (Chapter 3). The importance 

of phenological synchrony in predicting host range was highlighted in Chapter 2, where 

known European hosts of B. villosus were not oviposited on in sleeved no-choice tests or 

the field trial probably because the oviposition period of the insect and the appropriate 

phenological stage of the plant species did not overlap. 

None of the following factors were found to be the cause of the failure of the tests 

to predict that Ch. prolifer was a suitable host for B. villosus: seed size and stage of 

development (Chapter 4), larval rearing host or adult food type (Chapter 5), lack of 

overwintering, cage size, orientation of food resource, or amount of oviposition resource 

(Chapter 6). On the other hand, low replication (small sample size) in the original tests 

(Chapter 7), coupled with high levels of individual variation in oviposition behaviour 

among B. villosus (Chapter 8) were shown to be the most likely factors accounting for the 

discrepancy between the original test results and the new findings from the field in New 

Zealand. 

Findings in Chapter 9 suggest that the potential exists for adaptation for improved 

performance on the non-target host. Further research is needed to determine whether a 

host race is developing. There is phenotypic plasticity involving differences in size and 

colour between beetles from the two hosts and several measures of fitness including 

weight, fecundity and overwintering survival are higher in beetles reared from 

Ch. prolifer. In all experiments conducted in this study no New Zealand native 

pod-bearin~ spryiys 'Yl(ff( f\WWlce4 by B. Vil!(J:f1% llt~l9~tlflf ~~t thr~f( r\~~~ wHl r~w~jtl 
safe. The implications from this work highlight the importance of the sample size (level 
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of replication) used in host specificity tests to account for potential individual variation 

within populations, the potential for adaptation and increased utilisation of 'new 

association' non-target hosts, and the type of host specificity test selected (choice versus 

no-choice). 

10.2 Host range and identity of Bruchidius villosus 

Because of confusion in early literature over the nomenclature of Bruchidius villosus 

(Hoffmann 1945, Bridwell 1946, Zacher 1952a, Southgate 1963, Aldridge and Pope 

1986) at the time of its release in New Zealand some apparent host records were not 

recognised and others were regarded as suspect (p. Syrett, personal communication). 

Apart from the identity problems, it was unclear whether some host records were rearing 

or perching records (Zacher 1952a, 1952b). 

Chapter 2 aimed to clarify the field host range of B. villosus in New Zealand and 

investigate the possibility that it might be different from the field host range in Europe (its 

area of origin). If the host ranges differed between the two areas, it would have suggested 

that B. villosus had changed since pre-release testing. Results showed that the potential 

field host range of B. villosus is likely to be the same in New Zealand as in Europe. 

Fundamentally B. villosus can utilise a wide range of pod-bearing plant species, mainly 

from the tribe Genisteae, but the realised range it exhibits is dependent on the abundance 

and phenology of the host plant species available. 

Chapter 3 aimed to determine whether the species known as B. villosus around the 

world is genetically one species with a broad host range or a group of distinct genetic sub 

groups with narrower host ranges. If it was found that B. villosus comprised distinct 

genetic sub groups this could explain the inconsistencies in the field and rearing records 

as compared with the specificity testing. A mitochrondrial DNA (COl) analysis of beetles 

from selected sites in the Northern and Southern Hemispheres found there was no 

significant variation in this gene, strongly suggesting that B. villosus is a single species 

and not a group of distinct genetic entities. It is concluded from a re-interpretation of 

early host records (Chapter 1) and from recently published work on its host range 

(Hosking 1992, Syrett and Emberson 1997, Wittenberg and Thomann 2001, Delobel and 

Delobel2003, Jermyand Szentesi 2003, Haines et al. 2004, Kergoat et al. 2004) that 

Br. villos~s h~ q lmmc;ler naruml host r~gf thfm 'Ym; tJW\lght at t\W Hnw ~f its 
• " • - " • , - c.' ~ £. -'., ,. .... •• ~ '. • • '. ~. ... I.', ~ " . \ \ . ' , 

introduction into New Zealand. 
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10.3 Examination of Testing Protocols 

10.3.1 Effect of seed size and developmental stage 

Chapter 4 investigated the effect seed size and pod developmental stage had on B. villosus 

oviposition and on larval survival and development. The developmental stage of certain 

plant parts is known to affect oviposition preferences in insects (Straw 1989, Hoddle 

1991, Lalonde and Roitberg 1992, Bingaman and Hart 1993, Kouki 1993, 

Smyth et al. 2003a) and larval performance (Smyth et al. 2003b). 

The effects of seed size and developmental stage on oviposition were examined to 

determine if the Chamaecytius prolifer pods provided in the host specificity tests 

conducted in 1985 were at the appropriate phenological stage for oviposition and 

subsequent development. If it was concluded that pods of Ch. prolifer at the right stage 

and size were not presented in the 1985 tests, this may explain why they received no eggs 

and therefore why the host specificity tests failed. Bruchidius villosus laid eggs on green 

pods of both C. scoparius and Ch. prolifer, which were of a similar size and at the same 

stage of development as those used in the original tests. It was therefore concluded that 

the use of inappropriate plant material was not to blame for the failure of the original 

tests. 

10.3.2 Effect of larval rearing host, adult feeding and no 

overwintering period 

Chapter 5 examined the effect that previous adult feeding experience, larval rearing host, 

and no overwintering period had on B. villosus oviposition. Firstly larval rearing host and 

adult feeding were investigated. Adult nutrition in insects has been shown to affect 

reproductive ability (Good 1933, Geering and Coaker 1961, Gilbert 1972, Romeis and 

Wackers 2002). Hopkin's Selection Principle describes the conditioning that can occur 

between larvae and host which affects subsequent adult behaviour (Thorpe 1939, 

Jermy et al. 1968). 

Bruchidius villosus was thought to become reproductively mature only after 

feeding on C. scoparius pollen (parnell 1966, Waloff 1968, Harman 1999). If adult food 

type or larval rearing host affects subsequent naive oviposition decisions in B. villosus the 

faot beetles were reared from C. scoparius Md e~PQs,~d tQ 9· ~C;9l?W(Hs :npw~rs ~~fQfe fh~ 
choice tests in 1985 may have preconditioned them toward laying only on this host. 
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Beetles in this investigation were reared from C. scoparius and Ch. prolifer, overwintered 

and then presented flowers of either C. scoparius, Ch. prolifer, G monspessulana or bee 

pollen. If C. scoparius was the only pollen source which could induce oviposition in 

B. villosus, eggs would only be laid in treatments where beetles had been presented 

C. scoparius flowers. Eggs were laid in all treatments, so it was concluded that all pollen 

types could induce oviposition. If the beetles imported in 1985 were conditioned to 

C. scoparius, beetles in this investigation reared from C. scoparius and fed C. scoparius 

would be expected to only oviposit on this host. Beetles which were reared from 

C. scoparius, overwintered and fed pollen from C. scoparius flowers, laid eggs on 

Ch. prolifer. Larval rearing host and adult feeding were ruled out as the cause for the 

failure of the original tests. 

Secondly the effect of no overwintering period was investigated. Insects are often 

transported to countries with reverse seasonality for host specificity testing, and as a 

consequence are used in tests without overwintering (Syrett and O'Donnell 1987). The 

beetles used in the 1985 host specificity tests were imported to New Zealand shortly after 

emerging from field collected pods of C. scoparius in the UK. On arrival in New Zealand 

quarantine they were fed bee pollen and were presented with broom flowers for five 

weeks before being exposed to small green pods of C. scoparius. After two weeks 

exposure to green pods testing began. The beetles were not overwintered as they were 

collected at the end of summer in the UK, which coincides with the beginning of spring in 

New Zealand, the time of year when test plant species are flowering and beginning to 

bear pods. If no overwintering period affects oviposition decisions this may have affected 

the outcome of the original tests. 

To test this hypothesis, beetles which emerged from C. scoparius pods collected 

from the field in New Zealand were treated, as far as possible, identically to the beetles 

imported in 1985, with no overwintering period. These beetles laid eggs on Ch. prolifer. 

Lack of overwintering was therefore ruled out as a possible cause for the failure of the 

1985 host specificity tests. 

10.3.3 Effect of quantity of oviposition resource, cage size and 

orientation of plant material 

Ch~pt~r 6 itWtsH~ated ~y ~~~ct th~t ~~ritr ~f PJip.~.~~~1ef1. resp\lf9y, ca~e S,i;lr- ~~ 
orientation of test plant material had on B. villosus oviposition. Cage size is sometimes 
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known to disrupt insect behaviour (OIckers et al. 1995, Marohasy 1998, Sands and Van 

Driesche 2000). Orientation of plant material in host specificity tests has not been widely 

studied. The rationale for studying it in this investigation was that shoots were presented 

to B. villosus in the original tests lying horizontally on the base of the cage. Presenting 

the shoots vertically, as was done in this investigation was thought to be more 

representative of the pods orientation in a natural field situation. Host specificity tests 

which combine the advantages of choice and no-choice tests are under development. One 

suggested method is to reduce the amount of control oviposition resource available in 

choice tests, so that when oviposition sites become overloaded on the control the pressure 

to lay on the more abundant test plant is increased (Heard 1997). The original tests were 

conducted in small cages, and cut shoots of the test plant and control bearing equal 

amounts of pod material were placed horizontally on the base of the cage. 

If B. villosus needed a large space (bigger cage), vertical orientation of plant 

material (possibly more natural) or increased resource pressure (control plant resource 

halved) to oviposit on alternative or less preferred hosts, this may explain why 

Ch. prolifer received no eggs. All combinations of the factors listed above were tested. 

Chamaecytisus prolifer was laid on by B. villosus in at least some, and in some cases all, 

replicates of all the combinations of treatments. There was no difference in numbers of 

eggs laid in large and small cages and on horizontally or vertically orientated shoots. 

Halving the ratio of the control oviposition resource compared to the test plant in some 

replicates resulted in more eggs being laid on the test plant in two cases (one 

significantly), compared to replicates where equal amounts of control and test plant 

resource were provided. However beetles laid on Ch. pro lifer in treatments where 

amounts of test plant and control resource were equal. Because eggs were laid on 

Ch. prolifer in at least some replicates of all treatments (including one treatment which 

replicated the same experimental design as in 1985) the effect of cage size, orientation of 

plant material and quantity of resource provided were ruled out as factors contributing to 

the false negative result produced in tests conducted in 1985. 

10.3.4 Sample size and individual variation 

Chapter 7 investigated the effect of sample size on oviposition preference of groups of 

B. villosus beetles. In the cut shoot choice oviposition tests conducted in 1985 the 

treatment containing Ch. prolifer was replicated only twice (atotal often female beetles). 
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Beetles were imported into New Zealand from the UK in 2002 and the original tests were 

repeated as closely as possible, apart from the level of replication, which was increased to 

ten replicates (50 female beetles). The hypothesis was if UK beetles still refused to 

accept Ch. prolifer for oviposition, while their New Zealand progeny now accepted it, 

then a host range expansion would be the most likely explanation. The sample size was 

increased and B. villosus laid eggs on Ch. prolifer in some replicates, indicating that the 

beetles released in 1986 had not undergone a host shift in the intervening 16 generations 

since their release, and that the sample size in the earlier choice test was insufficient to 

reveal the acceptability of the alternative host. 

In order to fmd out how likely it was that the low level of replication failed to identify 

Ch. prolifer as a host, Chapter 8 determined oviposition preferences of individual 

B. villosus beetles. All previous testing in this study, as well as all other host specificity 

testing with this insect, had been done in groups, potentially masking individual 

behaviour. In the group testing conducted in Chapter 7 some replicates of beetles laid no 

eggs on Ch. prolifer. If there was individual variation in oviposition behaviour within the 

B. villosus population, by using a small number of female beetles, as was done in the 

original tests, the likelihood of not getting a representative sample is reasonably high. 

Significant individual variation in oviposition behaviour was found, sufficient to 

account for the discrepancy between results from the two tests carried out in 1985 and 

2002. Some beetles laid on C. scoparius only, others laid on both C. scoparius and 

Ch. prolifer and a few laid only on Ch. prolifer or neither plant species. According to 

Ruxton and Colegrave (2003) "Replication is a way of dealing with the between 

individual variation due to the random variation that will be present in any life science 

experiment. The more replicates we have, the greater the confidence we have that any 

factors we see between our experimental groups is due to factors that we are interested in 

and not due to chance". If a larger sample size had been used in the original tests, the 

acceptability of Ch. prolifer for oviposition by B. villosus may have been revealed. 

10.3.5 Host race formation 

Host range expansion was ruled out as the possible cause of the unpredicted colonisation 

of C. prolifer in New Zealand in Chapter 7, but this idea was examined further in Chapter 

9. The likelihood that host race formation had occurred or was likely to occur in New 

Zealand, following the release of the beetles was investigated, by comparing the fitness of 
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B. villosus reared from C. scoparius and Ch prolifer. For a host range expansion to occur 

a host race must ftrst develop (Marohasy 1996). Phenotypic plasticity involving size and 

colour was observed between beetles reared from the two hosts, but it was not clear 

whether this was indicative of differences in fttness, which may indicate host race 

formation. 

Bruchidius villosus reared from Ch prolifor were larger, more fecund and 

survived overwintering better than their counterparts reared from C. scoparius. However, 

they took longer to develop from egg to adult and their longevity was not signiftcantly 

different from those reared from C. scoparius. An alternative hypothesis for the size 

differences is that they are related to seed size and not related to fttness. In another seed 

feeding beetle, Stator limbatus, larger seeds produce larger beetles than smaller ones (Fox 

1997). It is possible however, that this may result in increased fecundity, as many studies 

on insects have shown strong correlations between body size and fecundity 

(Varley et al. 1973, Credland et al. 1986, Clution-Brock 1988, Garcia-Barros 2000, 

Smith et al. 2002, Tammaro et al. 2002). There was some evidence that maternal effects 

could affect some life history traits in B. villosus, ie. body size and also oviposition 

preference (section 9.5.1 and 9.5.5). If some individuals that accept Ch prolifer perform 

well on this 'new association' over time, a 'strain' of B. villosus may evolve that uses 

Ch prolifer preferentially (Hokkanen and Pimentel 1989). Further work would be 

necessary to assess this and the heritability of fttness variables. 

10.4 Implications for weed biological control 

10.4.1 The role of choice and no-choice tests 

The original choice tests conducted in 1985 failed to predict that B. villosus would fmd 

Ch prolifer an acceptable host in the fteld in New Zealand. This is described in the 

biological control literature as a false negative (Type II error) result. Choice tests are 

prone to producing false negative results as they often indicate only a strong preference 

for the target plant, but have been preferred because they are considered to simulate more 

natural conditions than no-choice tests (Harley 1969). If no-choice tests had been 

conducted in 1985 it is possible that the acceptability of Ch prolifer would have been 

recognised. No-choice tests are considered less likely to produce false negative results 

(Cullen 1990, Heaid·1997). Paynter et al. (2004) reconUnend that they be used especially 
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when there is asynchrony in phenology between target and non-target plant. However, 

because no-choice tests are known to overestimate field host range, choice tests are often 

preferred to reveal the relative levels of preference (Marohasy 1998, Edwards 1999). 

From the results presented here, and from other work, it is clear that for improved 

prediction of the host range of introduced biological control agents for weeds more 

sophisticated testing methods will be required than have commonly been employed by 

practitioners. Choice tests will play an important role in future host specificity testing 

protocols, although choice tests in which the target weed is eliminated have been shown 

to have particular merit (Marohasy 1998). 

Marohasy (1998) suggests three steps for assessing the host specificity of agents: 

1) determine if any test plant species are susceptible to attack, 2) determine the rank order 

of susceptible species (because the extent of oviposition in a field situation will depend on 

the acceptability of the plant species relative to other plants and the target weed) and 3) 

quantify the length of the discrimination phase of potential biological control agents (to 

help predict under which field conditions attack on a lower ranked host may occur). Test 

plants (without the target plant) are tested individually or in groups for durations suitable 

to the biology of the insect. Cages containing the target weed are set up as controls, and 

run concurrently with those containing test plants to ensure agents are in a physiological 

state such that oviposition will readily occur on the host plant. By continually removing 

the most highly ranked plant from a group of test plants and replacing it with the next 

most highly ranked species (not already present in the assay) until no oviposition occurs, 

rank order can be established among test plants. The discrimination phase of the insect 

can be calculated by measuring the length of time taken between hosts for the insect to 

oviposit. 

In an extensive review by Edwards (1999) the use of choice tests in host 

specificity testing of insects is explored and a testing design from a culmination of tests 

employed by host specificity practitioners is proposed. A choice test with the target weed 

present, combined with a concurrent no-choice test on the target weed is recommended. 

After a certain time period (dependent on the biology of the agent), the target plant is 

removed from the choice test, and if no oviposition occurs on the remaining test plants 

they are excluded from further testing. If oviposition does occur on any test plants, those 

species can be removed and host ranking can be calculated. The timin.g ()f ~lw te,st ~n~p 
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the control is removed is crucial, so the results are not biased by the insects' physiological 

condition. 

10.4.2 Improving existing protocols 

Learning from past mistakes will be crucial in improving host specificity testing protocols 

and in this way retrospective analyses are an important way to increase future safety of 

weed biocontrol (Louda et al. 2003a). It is important to continue to improve safety 

testing methods through appropriate application of theory and experience 

(Withers et al. 1999). Agents such as B. villosus that use discrete, seasonal resources 

present particular challenges both in design of host range tests, and in interpreting data 

from the field in the native range. 

An important consequence of the work described in this thesis is the significance 

of individual variation. It is recommended that this is measured, so in crucial tests at 

least, individuals should be tested rather than groups. A similar high level of variation in 

oviposition preference as that shown here between C. scoparius and Ch. prolifer by 

B. villosus was found between C. scoparius and Sophora microphylla by the weevil 

Pirapion immune Kirby in which only a few females laid on So. microphylla, but some 

laid a large number of eggs (Syrett et al. 1995). 

Louda et al (2003a) suggest that host specificity testing needs to be expanded so 

that the impact of potential agents can be predicted. In their review on case studies of 

non-target impacts, they found that host specificity testing was highly informative on 

fundamental host range, if the tests included potential hosts. However, choice preference 

tests did not predict actual host impact in many cases, so they recommend the 

incorporation of information on realised (ecological) range (Arnett and Louda 2002). Van 

Klinken and Edwards (2002) agree that the fundamental host range of a test population is 

generally easily determined experimentally by host specificity testing: by excluding 

environmental factors that might limit its expression, such as prior experience and time 

dependent effects, through use of naive insects and long duration no-choice tests. 

In a review on host specificity testing Sheppard (1999) presents a flow chart 

generalising the decisions involved in selection of an initial host specificity testing 

procedure for a biological control agent. Sheppard (1999) recommends the collection of 

H~~4 ~vi4enc~ ~4 b~ip SprC3~'WU,t in t4~ n~~~y~ rM~e., fqH9w.~4 b)'. ~~~~~Hle~t 9f tQ~ 
biology of the insect to determine appropriate testing. If the testing fails to elucidate 
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adequate specificity, the agent can either be rejected or subject to a second round of 

testing which is more stringent or natural. It is likely that incorporating these suggestions 

into current practical host testing procedures will substantially increase the cost, and 

reduce the viability of some projects. Increasingly however, regulatory authorities are 

demanding demonstration of positive benefit/risk ratios (ERMA 1998) so reliable 

measures of potential agent impact are likely to become more important to balance 

against the costs of the weed problem. 

Because of non-target effects in which only a small proportion of insects within a 

population utilise the non-target host, it is not adequate to test a large number of potential 

host plants with only low levels of replication. In order to detect a 1 % rate of utilisation 

(with 95% confidence), at least 300 individuals should be tested (300 females in 

oviposition tests) (Sedcole 1977) (section 2.5.2). This means that, especially in no-choice 

tests, follow up testing is likely to be required for a large number of plant species, and at 

this stage it is recommended that testing be conducted with individual insects to gain a 

real understanding of individual variation. It is concluded from the current study that 

no-choice tests are necessary to gain a measure of the fundamental host range of a 

potential biocontrol agent, even though they may over estimate the realised host range. 

10.4.3 Host shifts 

The greatest perceived risk to non-target plants through weed biological control is from 

changes in the pattern of use of hosts identified through host specificity testing as being 

within the fundamental host range of the agent. It is necessary to be able to predict 

whether increased use of a non-target species is likely to evolve, and whether those 

changes are likely to result in non-target impact reaching unacceptable levels. 

Physiological and behavioural factors that result in differential performance on target and 

non-target hosts can usually be identified and quantified through host specificity testing. 

However, to broaden the scope of prediction, a full assessment of the genetic variation 

present, likely gene flow, and selection pressure within an ecological context (eg. relative 

distribution and abundance) is likely to be necessary (van Klinken and Edwards 2002). 

There has been considerable concern that weed biological control may be unsafe if 

rapid evolution in host use results in improved performance on non-target host species 

(van Klinken and Edwards 20Q4). Chrysoiil1(J q«a4riSf~,!,i,,(J S'!)ffriM, a c4rr&pP1-yli4 
~ , , \ 

beetle, was released in California to control Hypericum perforatum L. Almost 30 years 
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after its release it was found attacking a closely related non-target native plant, 

H calycinum L. which was already within its fundamental host range. Larval survival in 

populations collected from H calycinum was higher than in populations collected from 

the target weed, suggesting that ecological specialisation had occurred in the population 

on H calycinum (Andres 1986). However at the time the field attack was observed, the 

abundance of the non-target host was increasing (Andres 1986), so this observation may 

reflect a change in relative host availability (Andres 1986, Marohasy 1996). 

Nevertheless, the level of impact in situations such as this may be substantially greater 

than initially predicted. Results obtained here suggest that B. villosus is making greater 

use of Ch. prolifer than is likely to have been predicted by host specificity testing, even if 

they had been conducted according to current protocols. 

10.5 Overall conclusions 

Host specificity testing of potential agents for weed biocontrol can never provide 

complete certainty and guarantee no adverse outcomes. It does, however, provide the 

information required for a process of risk assessment to be undertaken (Blossey 1995, 

McClay 1996, McFadyen 1998). Presumably we have to live with a certain level of 

uncertainty and that even with the best methodology there is a slight risk of an 

unpredicted outcome. Biological control is one of the few cost effective and 

environmentally accepted means of dealing with large scale weed problems - it may be 

'risky but necessary' (Thomas and Willis 1998). Nevertheless, classical biological control 

has recently come under greater scrutiny than ever before: Louda and Stiling (2004) ask 

'whether the outcomes can be predicted precisely enough a priori to know with some 

certainty that the benefits will outweigh the environmental costs'. In order to address the 

criticism it is certain that more stringent testing, and more careful interpretation of both 

laboratory and field test results will be necessary. This study has emphasised the 

importance of individual variation in host acceptance. Even if only a very small number 

of individuals from a population are able to use a non-target host, releasing them in the 

field may lead to a highly significant impact. It is both challenging and expensive to 

design experiments sufficiently powerful to detect such small effects, but it will be crucial 

to do so in order to dispel the concerns regarding environmental risks posed by introduced 

biological control agents. 
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Ruling out a host-range expansion as the 
cause of the nnpredicted non-target attack 

on tagasaste (Chamaecytisus proliferus) 
by Bruchidius villosus 

Melanie L. Haines, 1 Pauline Syrett,2 Rowan M. Emberson,l 

Toni M. Withers,3 Simon V. Fowler2 and Sue P. Wornerl 

Summary 

Scotch broom (Cytislis scoparius) is a woody shrub of Europe all origin that is an invasive weed in New 
Zealand. Brllchidius vilioslis was released in New Zealand in 1986 as a biological control agent of 
Scotch broom, after tests indicated that it was specific to this species. However, in 1999, B. villoslis 
was discovered developing in the seeds of an unpredicted host, tagasaste or tree lucerne (Chamae­
cytisus proliferlls). Although the original choice tests carried out in quarantine failed to predict accept­
ance of C. proiiferlls by ovipositing females, the current population in New Zealand clearly finds this 
species an acceptable host. An investigation of the original host-testing procedures revealed a number 
of possible limitations in the tests conducted in the 1980s. Concerns that a host-range expansion might 
have occurred in a weed biological control agent led to this study in which beetles from the original 
population (Silwood Park, United Kingdom) were reimported and the original handling and host choice 
tests were replicated. Despite showing a strong preference for Scotch broom, the beetles tested in this 
study accepted C. proiiferlls for oviposition. These results allow us to rule out the possibility that a host­
range expansion has occurred. 

Keywords: Bruchidius villosus, Chamaecytisus proiije!rlls, Cytisus scoparius, host-range 
expansion, host-specificity testing. 

Introduction 

Scotch broom, Cytisus scoparius (L.), Link is a woody 
shrub of European origin that is an invasive weed in 
many countries, including New Zealand, Australia and 
North America. The broom seed beetle Bruchidius 
villosus (F.) (previously referred to as B. ater 
(Marsham» was identified as a potential biological 
control agent for New Zealand's Scotch broom weed 
problem because it was thought to attack only Cytisus 
species. Host-specificity testing began in the Inted 
Kingdom (UK) in 1985 and consisted of no-choice 

1 Ecology and Entomology Group, Soil, Plant and Ecological Sciences 
Division, PO Box 84, Lincoln University, Canterbury, New Zealand. 

2 Landcare Research, PO Box 69, Lincoln, New Zealand. 
3 Forest Research, PB 3020, Rotorua, New Zealand. 

Corresponding author: M. Haines <hainesm2@lincoln.ac.nz>. 

oviposition tests 'with adults being confmed to either 
whole potted plants or to single branches of larger 
plants inside cotton mesh sleeve cages (Syrett & 
O'Donnell 1987). All hosts were required to be bearing 
young green pods (the stage of pod on which the broom 
seed beetle oviposits) at the time of testing. Thirteen 
species of non-target plants were tested, also seven 
species of potted non-target plants were tested together 
with C. scoparius in a choice test within a field cage in 
the UK (Syrett & O'Donnell 1987). In all these assays, 
eggs were only laid on Cytisus species (c. scoparius 
and C. praecox cv. Allgold). The insect was released as 
a biological control agent in New Zealand in 1986. 

In 1985, B. villosus was imported into quarantine in 
New Zealand as newly emerged beetles from the UK 
C. scoparius pods. Normally in the UK, such beetles 
would overwinter for about six months, feeding on 
flowers in the following spring, pbefore becoming 
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reproductively mature. However, because New 
Zealand is in the Southern Hemisphere, the beetles 
were fed on arrival with bee pollen, honey water and! 
or fresh flowers for approximately eight weeks 
(without overwintering), bringing them into reproduc­
tive maturity for the oviposition tests. The results of 
the choice tests with nine species of pod-bearing plants 
(six New Zealand natives and three exotics), indicated 
that B. villosus would be host-specific to C. scoparius 
in New Zealand (Syrett & O'Donnell 1987). One of the 
exotic species was tagasaste, Chamaecytisus proliferus 
(L. f.) Link (known as C. paimensis (Christ) Bisby & 
K. Nicholls in New Zealand). 

In spring 1994, adults of B. villosus reared from C. 
scoparius from New Zealand were imported into quar­
antine in Australia. The results of choice tests on 18 
native Australian species and 10 exotic species 
supported the New Zealand results, also indicating that 
B. villosus was host-specific to Cytisus species (A. 
Sheppard, unpublished data). 

In 1999, however, B. villosus was found emerging 
from C. proliferus seeds in New Zealand, and further 
studies showed that this plant was a suitable and 
commonly utilized alternative host (Syrett 1999). At 
the time C. proliferus had only been tested in choice 
tests with C. scoparius as a control, in quarantine in 
both New Zealand and Australia. It was not included in 
the UK no-choice and choice tests because it does not 
produce pods in the colder climate of the UK. C. prol(f­
enls is native to the Canary Islands, which have a 
significantly warmer climate than the UK, and is grown 
abundantly in New Zealand where it has naturalized 
extensively. It is regarded as weedy in some places in 
New Zealand (Williams & Timmins 1990), but also has 
benefits including use as fodder in high country farms 
when there is drought (Douglas et al. 1996), as a pollen 
source for beekeepers (Dann & Trimmer 1986), and as 
a supplementary food source for the threatened native 
pigeon in New Zealand (McEwan 1978). 

Although it has now been shown .that choice tests 
including the target species are not the most robust 
method for observing acceptance of lower ranked alter­
native host plants (Marohasy 1998, Edwards 1999, Hill 
1999, Heard 2000, Purcell et al. 2000, Barton Browne & 
Withers 2002), we are nevertheless surprised that the 
original choice tests in New Zealand did not reveal the 
relative acceptability of C. proliferus. It seemed plau­
sible that a host-range expansion (Dennill et al. 1993), 
otherwise referred to as a host shift (Howarth 1991), had 
occurred in the popUlation of established beetles in New 
Zealand some time in the 14 years since its introduction 
(Syrett 1999). Many purported host-range expansions, 
defmed by Marohasy 1996 as "feeding by biological 
control agents on plant species other than those on which 
they were known to feed prior to their release", have 
been reported in weed biological control. Marohasy 
(1996) argued that these were caused by other 
phenomena, such as preadaptation (established behav-

ioural concepts), threshold change as a result of host 
deprivation, or effects of experience (learning). This 
study investigates the possibility that a host-range expan­
sion may have occurred in B. villosus. Oviposition 
acceptance behaviour ofthe current New Zealand popu­
lation of B. villoslls was compared with beetles collected 
from Silwood Park, the same field site where the original 
beetles had been collected for shipment to New Zealand 
in the 1980s. Our hypothesis was that, if British beetles 
still refused to accept C. proliferlls for oviposition, while 
their New Zealand progeny now accepted it, then a host­
range expansion would indeed be the most likely expla­
nation. 

Materials and methods 

In June 2002, adult B. villosus were beaten from C. 
scoparius at Silwood Park, UK. These beetles were 
placed into 1 m diameter by 2 m long, I mm mesh 
sleeve cages on branches of C. scoparius bearing young 
pods. In July, infested pods were picked from the 
sleeves and held in a glasshouse in mesh bags until 

. emergence. The emerged adult beetles were reimported 
into quarantine in New Zealand in August 2002. 
Repeating the same procedure as carried out in 1985, 
150 adults were maintained in Perspex cages with 
ample bee pollen and honey water, followed by C. 
scoparius flowers, under a 22: 16°C (day:night) temper­
ature regime with a day length of 14:10 L:D. Relative 
humidity was approximately 70%. 

Host-specificity tests undertaken in the original 
study in 1985 were replicated as far as possible in 2002 
using UK beetles, and in 2001 using New Zealand 
beetles (field collected from C. scoparius). The proce­
dures recorded in the original quarantine laboratory 
books were followed as closely as possible, however 
minor differences were required with regard to timing 
and experimental design. 

Perspex boxes (220 x 130 x 100 mrn), with flexible 
push-on lids and four, 25-mm diameter gauze-covered 
holes for ventilation, were used as test cages. Mois­
tened blotting paper was placed at the bottom of the 
cage, and several pieces of tissue paper were included 
to absorb excreta. Cytisus scoparius twigs, approxi­
mately 200 mm long, bearing young green pods, were 
placed in vials of water in each test cage. A disc of pi as­
tizote, 6 mm thick, with the twigs pushed through its 
centre, acted as a stopper for the vial, which was 
supported at an angle to ensure the shoot remained in 
the water. Twigs of each test plant were selected such 
that they had approximately equal amounts of pod 
material and pods judged to be at an equivalent devel­
opmental stage to the C. scoparius pods. Test material 
of the different plant species, prepared in the same way 
as the C. scoparius, was placed in each cage with an 
equivalent amount of C. scoparius, to constitute paired 
choice tests comprising C. scoparius and a test plant 
(Syrett & O'Donnell 1987). 
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Unpredicted attack on a non-target plant 

Test-plant material was collected from at least three 
different plants for each species. Beetles were held in 
each test cage for 6 days during the tests. Beetles were 
fed pollen and provided with cotton dental rolls soaked 
in a honey-water solution. After the beetles were 
removed, all plant material and cages were carefully 
examined for eggs. The numbers of eggs found on the 
pods of C. scoparius and each ofthe test species were 
recorded. Each phase of the experiment was conducted 
when each of the test-plant species had pods available 
at the appropriate stage of development (Table 1). Not 
all plant species were tested at the same time, therefore. 
Every attempt was made to ensure laboratory condi­
tions, cage type used, number and sex ratio of beetles, 
bee pollen source, twig size, approximate number of 
pods presented, the presentation of pod material, dura­
tion of assays, and approximate timing of presentation 
of various host plants, were the same as in the 1985 
experiments (Table 1). 

In the original choice tests conducted in 1985, One or 
two replicates were used for each test plant species, 
whereas 4 replicates for each test plant were used in 

2001 and 10 in 2002. Each replicate contained five 
male and five female beetles. 

Results 

In 1985 female B. villosus laid a mean of between 4.2 
and 18.4 eggs each on C. scoparius and 0 eggs on the 
test plants (Table 2). In 2002 tests, B. villosus laid a 
mean of between 3.0 and 12.3 eggs each on C. 
scoparius, and 0.7 eggs on the test plant C. proliferus. 
The range of eggs laid on C. proliferus in 2002 was 
between 0 and 2.6 eggs per female and only 4 out of 10 
replicates had eggs laid on them at all. In the 2001 tests 
using beetles field caught from C. scoparius in New 
Zealand, female beetles laid a mean of between 18.1 
and 25.5 eggs On C. scoparius and a mean of 1.0 egg 
each on the test plant C. prolifents. The range on C. 
proliferus was between 0.2 and 2.6 eggs per female and 
in each of the 4 replicates at least 1 egg had been laid. 

In the four replicates of the 2001 tests with New 
Zealand field-collected beetles, a total of 20 eggs was 
laid on C. proliferus by a maximum of 12 females. In 

Table 1. Timing of two-choice tests with material presented to Bruchidius villosus from various origins. The tests 
included the target weed Cytisus scoparius and the following plant species: Carmichaelia australis G. Simpson, 
Carmichaelia petriei T. Kirk, Carmichaelia stevensonii (Cheeseman) Heenan, Carmichaelia williamsii T. Kirk, 
Chamaecytisus prolijerus, Clianthus puniceus (G. Don.) Sol., Cytisus multiflorus (L'Her) Sweet., Genista 
monspessulana (L.) L.A.S. Johnson, Laburnum anagyroides Medikus., Sophora microphyl/a Aiton, and 
Sophora prostrata J. Buchanan. 

Weeks 

1-5. (2nd week Sept-
3rd week Oct) 

6. (4th week Oct) 

7. (l st week Nov) 

8. (2nd week Nov) 

9. (3rd week Nov) 

10. (4th week Nov) 

1 I. (1st week Dec) 

12. (2nd week Dec) 

13. (3'd week Dec) 

14. (4th week Dec) 

IS. (1st week Jan) 

16. (2nd week Jan) 

17. (3rd week Jan) 

1985 UK import 

(1 or2 reps) 

C. scoparius flowers and bee 
pollen 

C. scoparius flowers, green pods 
and bee pollen 

C. scoparius flowers, green pods 
and bee pollen 
First eggs laid 

C. scoparius vs C. prolijerus 

C. scoparius vs S. lIlicrophy/la 

2001 NZ origin 

(4 reps) 

2002 UK import 

(10 reps) 

C. scoparius + C. pIVlijerus 
flowers and bee pollen 

Beetles collected continuously off C. scoparius vs C. pIVliferus 
C. scoparius No eggs laid 

C. scoparius vs C. pIVliferus C. scoparius vs C. pIVliferus 
First eggs laid No eggs laid 

C. scoparius vs S. microphylla 

C. scoparius vs S. pIVstrata 

C. scoparius vs C. multiflorus 

C. scoparius vs C. pIVliferus 
First eggs laid 

C. scoparius vs 
S. microphy/la 

C. scoparius vs C. australis C. scoparius vs G. monspessu-

C. scoparius vs C. australis 

C. scoparius vs C. petriei 
lana 

C. scoparius vs C. petriei, C. scoparius 'Is L. anagyIVides 
C. williamsii, G. lIlonspessulana, 
C. puniceus & C. lIlultijlorus 

Repeated C. scoparius vs 
C. multif/oms 

C. scoparius vs C. stevensonii 

C. scoparius vs C. williamsii 

C. scopOlius vs C. pwiicells 

C. scoparius vs C. multijlorus 

C. scoparius vs G. monspessu­
lana 

C. scoparius vs C. stevensonii 

C. scoparius vs L. anagyIVides 

Note: in Syrett and O'Donnell (1987), c. pm/ifel"lts was referred to as C. po/mel/siS (Christ) Bisby & Nicholls, C. auslralis as C. ovalo G.Simpson, 
and C. stevellsoll;; as C/lOrdospartiuIII slevellsol/ii. 
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the 10 replicates in 2002 with UK imported beetles, a 
total of33 eggs was laid by a maximum of 19 females 
in only 4 of the replicates. There was no significant 
difference in the overall mean number of eggs laid per 
female per replicate on C. scoparius between the 
sequential choice tests conducted in 1985 and 2002 
with beetles imported from the UK (t-test, P= 0.5, df= 
12). The overall mean number of eggs per female per 
replicate was 9.1 and 7.9, for beetles in 1985 and 2002, 
respectively (excluding Laburnum anagyroides which 
was an extra plant in the 2002 sequence). The overall 
mean number of eggs laid per female per replicate in 
the 2001 tests on New Zealand field-collected beetles 
was 22.3, which is more than double the mean in the 
other tests. 

Discussion 

For an expansion in fundamental host range to occur in 
phytophagous insects, so that an insect can move from 
one host plant to another, a "host race" must first 
develop. To be classified as a host race (defined in 
Marohasy 1996) popUlations must first fulfil the 
following criteria: (1) be non-interbreeding and 
sympatric; (2) differ in biological characteristics, but 
not (or only marginally) in morphology; and finally (3) 
be prevented from interbreeding as a result either of 
preference for different host-plant species, or as a 
consequence of physiological adaptation to different 
host-plant species. 

So which of the above criteria have either been 
fulfilled or have the potential to be fulfilled in New 
Zealand with B. villosus? Firstly, it seems that B. 
villosus adults emerging from both C. scoparius and C. 
proliferus are interbreeding. Beetles emerging from 
each species of pods at similar times have been 
observed mating (M. Haines, personal observation). 
Furthermore, both plant species frequently grow in the 
same area, and within the same habitats in New Zealand 
(no geographical isolation). Brllchidius villosus shows 
high mobility, and therefore it appears the insects 
continue to interbreed after emerging from different 
host pods. Seasonal asynchrony is, however, a possible 
mechanism that could also lead to sympatric speciation. 
Certainly C. proliferus flowers earlier than C. 
scoparius in spring and is the first available pollen 
source to B. villosus when it emerges from its overwin­
tering period (Fowler et al. 2000). However, C. proIif­
erus flowers for a longer period and simultaneously 
with C. scoparius over summer, suggesting seasonal 
asynchrony in New Zealand may be insufficient to lead 
to sympatric speciation or to prevent interbreeding. 

Secondly, the possibility that B. villosus has begun 
to develop different biological characteristics on the 
two host plants has also started to be investigated. Field 
observations and initial data gathering in 1999 (M. 
Haines, unpublished results) and in 2000 (Wittenberg 
& Thomann 2001) have suggested there is phenotypic 

plasticity in body size and colour of B. villosus 
depending on the host-plant seed in which they have 
developed. Adults emerging from seeds of C. proliferus 
are generally larger and sometimes browner in colour 
than those emerging from the usual host C. scoparius, 
which are smaller and blacker in colour. Whether this 
phenotypic plasticity is suggestive of different perform­
ance or suitability of genotypes according to host plant 
has yet to be ascertained, but the development of 
different biological characteristics cannot be ruled out. 
Laboratory studies will be used to investigate whether 
or not lines of B.villosus reared from different host­
plant pods retain oviposition preferences for the species 
of pod in which they spent their larval development. 

Thirdly, we need to establish that B. villosus is in the 
process of being prevented from interbreeding as a 
result of a preference developing for the new host-plant 
species. Cytisus scoparius remains the preferred host 
over C. proliferus in all choice tests to date (M. Haines, 
unpublished results), suggesting that no preference has 
yet developed for C. proliferus. The 2001 test results 
confirm this (Table 2), as beetles randomly collected 
from the field laid on average 25 times as many eggs on 
C. scoparius as on C. proliferus. 

So it appears that the criteria that would indicate that 
a host race has developed, or is in the early stages of 
developing in B. villosus, are not met. The fact that 
reimported UK beetles accepted C. proliferus suggests 
that a host-range expansion has not occurred in New 
Zealand, but that for some reason the 1985 tests failed 
to elicit oviposition on C. proliferus. 

There are at least two possible explanations for the 
discrepancy in laboratory testing results between 1985 
(no eggs were laid on C. proliferus) and 2002 (some 
eggs were laid on C. proliferus). There were differences 
in the number ofB. villosus tested (smaller sample sizes 
in 1985), and beetles may have been treated subtly 
differently between tests despite best attempts to repli­
cate conditions (Table 1). For example, the 1985 
beetles were held for two weeks before testing with 
very small pods and flowers of C. scoparius, which 
may have caused an unusual degree of excitation 
towards C. scoparius in 1985. In 2002, beetles were 
held before testing with pods of both C. scoparius and 
C. proliferus at the same time, to check for onset of 
oviposition. In both cases, all beetles imported from the 
UK had never experienced C. proliferus pods before 
being imported into New Zealand quarantine. All 
testing was conducted sequentially, but in both 1985 
and 2002, the same groups of beetles were reused for 
each test plant, whereas in 2001, independent groups of 
beetles were used for each test plant in the sequence. 

Having ruled out a host-range expansion, why did 
the original choice tests not indicate some acceptability 
of C. proliferus pods? The hierarchy-threshold model 
of host selection (Courtney et al. 1989) hypothesizes 
that insects rank hosts in a hierarchical fashion and that 
selection of diet by individual insects is determined by 
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Table 2. Mean number of eggs laid per Bruchidius villosus female per replicate in paired cut-shoot choice tests run 
sequentially over time. The tests included the host plant Cytisus scoparius and the following test-plant species: 
Carmichaelia australis G.Simpson, Carmichaelia petriei T. Kirk, Carmichaelia stevensonii (Cheeseman) 
Heenan, Carmichaelia williamsii T. Kirk, Chamaecytisus proliferus, Clianthus puniceus (G. Don.) Sol., Cytisus 
multiflorus (L'Her) Sweet., Genista monspessulana (L.) L.A.S. Johnson, Laburnum anagyroides Medikus., 
Sophora micl'Ophyl/a Aiton, and Sophora prostrata J. Buchanan. 

Plant material 1985 UK import 

test plant C. scoparius 

Chamaecytisus proliferus 0 18.4 

Sophora micl'Ophylla 0 6.2 

Carmichaelia australis 0 12.2 

Carmichaelia petriei 0 7 

Carmichaelia williamsii 0 4.2 

Genista monspessu/ana 0 10 
Clianthus puniceus 0 7.6 
Cytisus lIIultij/orus 0 12.2 

Curmichaelia stevensonii 0 4.2 
Sophora prostrata 
Laburnllm ullagyroides 

the host's "acceptability". One prediction of the model 
is that female oviposition behaviour is influenced by 
female egg load, such that when egg load is high, so is 
the tendency for a wider range of hosts to become 
acceptable (Courtney et aZ. 1989). The overall mean 
number of eggs laid per female was significantly higher 
in the New Zealand field-collected beetles tested in 
2001 (more than twice that of both 1985 and 2002 UK 
imported beetles), suggesting these beetles had a higher 
egg-load than their imported counterparts. So could 
egg-load explain why the original host tests were not 
indicative of field host range? The number of eggs laid 
per female in the 2002 imported beetles was almost 
three-fold less than that of the 2001 New Zealand field­
collected popUlation. Yet, the lower-ranking host C. 
proZiferus was still accepted for oviposition at an equiv­
alent rate despite the reduced egg-laying. In both exper­
iments, the minimum number of eggs laid per female on 
C. proZiferlis was 1.7, and more eggs were laid on C. 
proliferus by beetles with a comparatively low egg­
load in an equal number of replicates. So, it appears 
unlikely that egg-load is responsible for the discrep­
ancy in test results. 

We conclude that a host-range expansion has not 
occurred, but that the 1985 host testing failed to detect 
the non-target impact of B. villoslis on C. proliferus. 
From the 2001 and 2002 test results indicating that B. 
villosus laid 18-26 times as many eggs on C. scoparius 
as on C. proZiferlis (Table 2), we might have predicted 
that its non-target impact in the field would be minor, 
but the level of seed attack by the beetle in New 
Zealand is in fact substantial (M. Haines, unpublished 
data). The implication for biological control releases is 
that we cannot assume non-target impacts will be insig­
nificant on the grounds that results of choice tests indi­
cate a strong preference for the target plant. On a more 

2001 New Zealand field 2002 UK import 

test plant 

o 

o 

o 

o 
o 

C. scoparius 

25.5 

19.3 

18.1 

21.7 

25.2 
24.8 

test plant C. scoparius 

0.7 12.3 

0 4.8 

0 7.4 

0 9.2 

0 8.5 

0 9.5 
0 4.3 
0 9.0 

0 5.3 

0 3.0 

positive note, despite the non-target attack on the exotic 
plant C. proliferlls, B. villosus remains a useful agent 
against C. scoparius in New Zealand as all the test 
results consistently predict that no native Fabaceae are 
under any risk of attack (M. Haines, unpublished data). 
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