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Abstract of a thesis submitted in partial fulfilment of the 

requirements for the Degree of Ph.D. 

Population ecology of the red admiral butterfly (Bassaris gonerilla) and the 

effects of non-target parasitism by Pteromalus puparum 

by M.e. Barron 

There is anecdotal evidence that populations ofthe New Zealand endemic red 

admiral butterfly Bassaris gonerilla (F.) have declined since the early 1900s. This 

decline has been associated with the introduction of the generalist pupal parasitoids 

Pteromalus puparum (L.) and Echthromorpha intricatoria (F.). The former was 

deliberately introduced for the biological control of the cabbage white butterfly 

(Pieris rapae (L.)); the latter is an adventitious arrival from Australia. The objective 

of this thesis was to quantify, using population models, the effect that P. puparum is 

having on B. gonerilla abundance. 

Population monitoring and a phenology model (based on temperature-related 

development rates) indicated that B. gonerilla has two full generations and one 

partial generation per summer in the Banks Peninsula region of New Zealand. B. 

gonerilla abundance was greatly reduced in drought summers, which was probably 

due to the negative effects of drought on the quality and quantity of the larval host 

plant Urtica ferox Forst.. 

A life table study showed that egg parasitism by the unidentified scelionid 

Telenomus sp. was the largest mortality factor for the pre-imaginal stages of B. 

gonerilla, followed by "disappearance" mortality (predation and dispersal) in the 

larval stages. Pupal mortality due to P. puparum was lower compared with that 

caused by E. intricatoria, with 1-19% and 20-30% of pupae being parasitised by P. 

puparum and E. intricatoria, respectively. Collection of B. gonerilla pupae from the 

Christchurch, Dunedin and Wellington areas confirmed higher rates of percentage 

parasitism by E. intricatoria. B. gonerilla collected from the Banks Peninsula had a 
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50: 5 0 sex ratio and lifetime fecundity was estimated in the laboratory as 312 eggs 

per female. 

There was no evidence of density-dependent parasitism of B. gonerilla pupae by P. 

puparum in the field, although there was a significant positive relationship between 

life table estimates of E. intricatoria parasitism and B. gonerilla pupal abundance. 

Larval dispersal from the host plant showed a positive relationship with larval instar 

but no relationship with larval density. Rates of change in B. gonerilla adult 

abundance between generations within a year showed evidence of density 

dependence, and this negative feedback was stronger in a drought year. 

A discrete-time model for B. gonerilla population dynamics was constructed which 

had two summer generations per year and a partial overwintering generation. The 

model showed that the presence of this overwintering generation provides a temporal 

refuge from high levels of E. intricatoria parasitism. Removal of parasitoid 

mortality from the model suggested that P. puparum was suppressing B. gonerilla 

populations on the Banks Peninsula by 5% and E. intricatoria by 30%. An 

important assumption ofthe model was that parasitism rates were independent of B. 

gonerilla density. This assumption appears valid for P. puparum parasitism, but 

may not be valid for E. intricatoria; therefore the estimated suppression levels due to 

this adventive parasitoid should be viewed with some caution. 

It is too soon to generalise on what determines the magnitude of non-target effects by 

arthropod biocontrol agents, this being only the second study to quantify effects at a 

population level. However, in this case retrospective analysis has shown that the 

impact of non-target parasitism by P. puparum on B. gonerilla abundance has been 

small. 

Keywords: B. gonerilla, non-target effects, biological control, P. puparum, E. 

intricatoria, host, parasitoid, population models, life tables, phenology. 
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Preface 

It was told me by a bushman, bald and bent, and very old, 

Upon the road to Poolyerleg; and here's the tale he told. 

'Twould seem absurd to doubt his word, so honest he appeared -

And, as he spoke, the sou' -west wind toyed gently with his beard. 

"First it was the Grimble Grubs, 

Which they et his taters; 

an' all we buried in the end 

Was Martin's boots and gaiters." 

With this cryptic observation he began his anecdote; 

And, when I sought particulars, he smiled and cleared his throat; 

Then sat him down, and with his brown, rough hands about his knees 

He told it all. And, as he spoke, his beard waved in the breeze. 

"First it was the Grimble Grubs -

As I sez at startin' -

Which they et his tater crops, 

Which it troubled Martin. 

"Now, this Martin was a fanner with a scientific mind"-

(It was thus the bushman started, as his beard blew out behind) -

"He fanned the land and, understand, his luck was all tip-top, 

Till them there little Grimble Grubs got in his tater crop. 

"P'raps you have heard of Grimble Grubs; more likely p'raps you've not; 

When once they taste your taters you can look to lose the lot. 

An' poor Martin, he was worried till he met a feller who 

Had read a book about the Swook, the which lives in Peru. 
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"Now the Swook it is a beetle that inhabits Wuzzle Shrubs, 

An' it makes a steady diet ofthe little Grimble Grubs; 

So Martin he imported some, at very great expense, 

An' turned 'em loose to play the dooce and teach the Grimbles sense. 

"First it was the Grimble Grubs, 

Which they et his taters, 

Then it was the Wuzzle Swooks -

Plague of cultivators -

Then it was the Guffer Birds, 

Native of Mauritius, 

Then it was the Warty Swunks, 

Beady-eyed an' vicious, 

Then it was the Boggle Dogs, 

With their snarls and snortin' , 

Till the bad voracious Gnad 

Finished his importin' . 

An' all because the Grimble Grubs 

They got into his taters, 

We never found a stitch of him 

But blucher boots and gaiters." 

Excerpts from the Grimbles and the Gnadby CJ Dennis 1876 - 1938. 
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Chapter 1. Introduction 

There is concern that red admiral butterfly Bassaris gonerilla gonerilla (F.) 

(Lepidoptera: Nymphalidae) numbers are declining due to non-target parasitism by 

the introduced parasitoid Pteromalus puparum (L.) (Hymenoptera: Pteromalidae) 

(Gibbs, 1980; Barratt et al., 2000b; Lynch & Thomas, 2000). The objective ofthis 

thesis was to quantify the impact that P. puparum is having on B. gonerilla 

populations. This introduction begins by summarising the ecology of B. gonerilla 

and its parasitoids, the types and prevalence of non-target effects are then reviewed, 

and finally different modelling approaches to quantify non-target effects are 

examined. 

1.1 The life cycle of the red admiral butterfly 

The red admiral butterfly is an endemic species which is widespread throughout the 

main and near offshore islands of New Zealand (Gibbs, 1980). It is easily 

recognised by the red patches on its upper wing surface, hence the Maori name 

kahukura meaning "red garment". The preferred larval food plant is Urtica ferox 

(Forst.), the large native tree nettle (ongaonga). The larvae also feed on the native 

herbaceous nettles U incisa (Poir.) (Gibbs, 1980) and U aspera (Petrie) (Patrick, 

1989) and the introduced nettles U urens (L.) and U dioica (L.) (Chudleigh, 1999). 

Larvae of the Chatham Island subspecies of red admiral, B. gonerilla ida (AItken), 

feed on Urtica australis (Hook), an Urtica species which has a very limited 

distribution on the mainland of New Zealand. 

Oviposition begins in spring, when the eggs are laid, mostly singly, on nettle leaves 

and stems, hatching after eight to nine days. The larvae develop through five instars 

over the four to six weeks of the larval stage, constructing "tents", presumably for 

protection from predation, by bending over the tip of the nettle leaf and securing it 

by silken threads. The larvae feed from within these tents, probably also venturing 
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out at night to feed (Gibbs, 1980). Pupation typically occurs within these tents, with 

the pupal stage lasting approximately two to three weeks (Gibbs, 1980). The adult 

butterflies feed on nectar from a wide range of native and exotic plants and are often 

seen feeding on the fermenting sap of Nothofagus spp. trees (Gibbs, 1980). They are 

strong fliers but unlike the northern hemisphere red admiral Vanessa atalanta L. 

(Nymphalidae) in the UK and Europe and the closely related yellow admiral 

(Bassaris ilea (F.)) in Australia, they do not appear to migrate (Gibbs, 1980). The 

New Zealand red admiral is multivoltine, although the total number of generations 

per year is unrecorded and probably varies with climate. Adults eclosing in late 

autumn are long-lived; they spend the winter in a quiescent state, sheltering in dry 

foliage, flying only on warm winter days to bask in the sun and collect nectar. 

1.2 Is B. gonerilla in decline? 

Populations ofthe New Zealand red admiral are thought to have declined since the 

early 1900s. Hudson (1928) described it as being "very common"; but in the later 

part of the twentieth century there was anecdotal evidence suggesting that its 

numbers had declined (Miller, 1971; Gibbs, 1980). However, there are no historical 

records of red admiral abundance to determine any changes in populations. It is 

therefore difficult to assess the current relative status of B. gonerilla populations. 

The establishment of two exotic pupal parasitoids in New Zealand has been linked to 

the suspected decline of B. gonerilla. The parasitoid P. puparum was deliberately 

introduced to New Zealand in the summer of 1932/33 for the biological control of 

the small cabbage white butterfly Pieris (Artogeia) rapae (L.) (Muggeridge, 1933). 

No host-range testing was conducted, although it was acknowledged that P. puparum 

had a wide host range (Muggeridge, 1933). It proved to be a partially successful 

control agent of the target species (Ferguson, 1989), but also attacked non-target 

species such as B. gonerilla and the yellow admiral B. itea. The rate of parasitism of 

B. gonerilla by P. puparum had never been quantified before the current work. A 

study on B. itea found parasitism rates of7-65%, with the highest rates at sites near 

cultivated crucifers which were a source of P. rapae hosts (Hickman, 1997). In 

Finland, P. puparum has been found to attack populations of the endangered 
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Glanville fritillary butterfly Melitaea cinxia (L.) with an estimated parasitism rate of 

less than13% (Lei et al. 1997). 

The other exotic arrival was Echthromorpha intricatoria (F.) (Hymenoptera: 

Ichneumonidae), which was first recorded in New Zealand in 1900 and is believed to 

be self-introduced from Australia (Parrott, 1952). Very high parasitism rates have 

been recorded: in 1937 over 66% of 50 B. gonerilla pupae collected were parasitised 

by E. intricatoria (Hudson, 1950), and in 1977,94% of 194 pupae collected in the 

Orongorongo Valley (near Wellington) were parasitised (Gibbs, 1980). 

1.3 Biology of P. puparum and E. intricatoria 

The chalcid P. puparum is a common European species which has been introduced 

to many other countries including New Zealand and North America for the 

biological control of Pieris spp. It has a very wide host range but its main hosts are 

members of the Papilionidae, Pieridae, and Nymphalidae families (Noyes & 

Valentine, 1989). ill New Zealand its hosts are P. rapae, B. gonerilla, B. itea and the 

monarch butterfly Danaus plexippus (L) (Gibbs, 1980). P. puparum is a gregarious 

endoparasitoid, each female laying several eggs in its host pupa, with the number of 

eggs laid being positively correlated with host size (Takagi & Hamilton, 1986). 

Hickman, (1997) found up to 326 P. puparum emerging per yellow admiral (B. itea) 

pupa. The wasps take three to four weeks to develop to maturity within the host 

pupa and they emerge through a small circular hole chewed through the pupal case 

(Fig. 1.1a). ill New Zealand, P. puparum can complete five generations per year and 

overwinters as diapausing larvae within diapausing P. rapae pupae (Gibbs, 1980). 

The ichneumonid E. intricatoria is also a generalist, parasitising a wide range of 

Lepidopteran families in both its native Australian and naturalised New Zealand 

range. For example, in New Zealand it has been reared from Lepidopteran pupae in 

the Arctiidae, Hyspidae, Nymphalidae, Psychidae, Pyraustidae, Saturnidae and 

Tortricidae families (Valentine, 1967). E. intricatoria is a large and distinctive wasp 

with bright red legs and a white-spotted black abdomen (Fig. 1.1 b). The females are 

easily distinguished from males by their short stout ovipositor and are reportedly 
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attracted only to newly moulted (rather than old and hardened) pupae (Gibbs, 1980). 

It is a solitary pupal endoparasitoid, laying a single egg per host pupa. Their 

development time is approximately four weeks, with the adults emerging from a 

large hole in the anterior end of the host pupa (Gibbs, 1980). Adult E. intricatoria 

have been recorded on the wing from October to July but how they overwinter is 

unknown. 

a) b) 

Figure 1.1 Pupal parasitoids of B. gonerilla. Panel a) shows P. puparum emerging 
from host pupa, panel b) shows E. intricatoria ovipositing in host pupa. 
(Photographs by Brian Chudleigh.) 

1.4 Negative effects of biological control 

Biological control is often perceived as a non-polluting and environmentally safe 

method of pest control. This idealistic view was challenged by Howarth (1983) who 

gave examples where biological control agents had potentially reduced, or caused the 

extinction of native non-target populations. He argued that because of the 

irreversibility of biological control releases and the possibility of habitat or host 

range expansion, biological control poses a real risk of permanently and adversely 

disrupting native ecosystems, and further, that current biological control programmes 

do not adequately address these risks. Biological control proponents admit that past 

biological control introductions, particularly of generalist predators, have had a 

negative impact on non-target species, but argue that current protocols would prevent 

such mistakes and that an exotic pest left uncontrolled would cause more 

environmental damage than would a carefully selected biological control agent 
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(Funasaki et al., 1988; Lai, 1988; Carruthers & Onsager, 1993; Hoddle, 2004a). 

Debate about the size and frequency of non-target effects and whether current 

safeguards are sufficient to prevent them is ongoing (Gonzalez & Gilstrap, 1992; 

Carruthers & Onsager, 1993; Center et al., 1995; Simberloff & Stiling, 1996a; Frank, 

1998; Simberloff & Stiling, 1998; Thomas & Willis, 1998; Howarth, 2000; Stiling & 

Simberloff, 2000; Henneman & Memmott, 2001; Lynch et al., 2001; Hoddle, 2004b, 

a; Louda & Stiling, 2004). 

1.5 Types of non-target effects 

Non-target effects are defined as "any measurable effect on a non-target species 

resulting from the introduction of an exotic organism" (Barratt et al., 1999) and are 

usually interpreted to be harmful/negative effects. These effects can be divided into 

two categories: 

1. Direct effects, when a biocontrol agent directly predates/parasitises/grazes on 

a non-target species. An example ofthis is the case study presented here, the 

parasitism of the native nymphalid butterflies B. itea and B. gonerilla by the 

introduced parasitoid P. puparum (Gibbs, 1980). Another example is the 

introduced weed biocontrol agent (Rhinocyllus conicus Froel.) feeding on the 

North American-native Platte thistle (Cirsium canescens Nutt), when its 

intended host was the weedy thistle Carduus nutans L .. Three years after the 

weevil was first recorded feeding on Platte thistle flower heads, viable seed 

production had declined by 86% which was then followed by a step decline 

in seedling recruitment and population density (Louda et al., 2003a). Direct 

effects are the easiest non-target effects to identify because they involve only 

the interaction between two species (e.g., predator and prey); however 

quantifying them is still difficult. This thesis is mainly concerned with direct 

non-target effects, so when the phrase "non-target effects" is used in the 

following chapters it is intended to mean direct non-target effects. 

2. Indirect effects, when the effect of the biological control agent on the non

target species is mediated through another species and so involves three or 

more species. Because of their complexity, indirect effects are more difficult 

to identify and quantify than are direct effects. Indirect interactions can take 
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many fonns such as interspecific resource competition, shared predation, 

intraguild predation (predation of species at the same trophic level) or tri

trophic interactions (e.g., the influence of plants on the interaction between 

insect herbivores and natural enemies). Competitive displacement of a non

target species can occur when the introduced natural enemy competes with a 

resident natural enemy for prey/food resources. A possible example of 

competitive displacement is the mass release of the European lady beetle 

(Coccinella septempunctata L.) in North America for the control of Russian 

wheat aphid (Diuraphis noxia (Kurdj.)). C. septempunctata is thought to have 

displaced native coccinellid species in agricultural crops because the annual 

abundance of two native coccinellids was much reduced following the 

invasion of c.septempunctata, yet total coccinellid abundance was 

unchanged (Elliott et al., 1996). 

The indirect effects of shared predation (one natural enemy attacking two or 

more prey/hosts) are likely to be common in biological control systems. 

"Apparent competition" can occur when a shared predator or parasitoid 

mediates the reduction (or exclusion) of one prey/host species by another. 

For example if a biocontrol agent popUlation is predominately sustained by 

the target species then the population abundance and dynamics of the target 

species will influence the magnitude of the attack on the non-target species. 

This is likely to be the case for some species of saturniid moths in North 

America which, despite their much reduced abundance, experience very high 

rates of parasitism by the generalist parasitoid fly Compsilura concinnata 

(Meigen) which was introduced to control gypsy moth (Lymantria dispar L.) 

and other Lepidopteran pests (Boettner et al., 2000). 

When interactions such as predation and competition are extended to include 

all species in an ecological community, the potential for community and 

ecosystem effects is realised. Henneman & Memmott (2001) constructed 

quantitative food webs which demonstrated the potential for community wide 

effects of introduced parasitoids on native Hawaiian plant-moth-parasitoid 

communities. An example of a community level non-target effect is the 

subsidisation of deer mice (Peromyscus maniculatus Wagner) populations by 
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the tephritid flies Urophora affinis Frfld. and U quadrifaciata (Meigen) 

which were introduced to control spotted knapweed (Centaurea maculosa 

Lam.) in Montana. The flies failed to control the knapweed but provided an 

abundant food source for deer mice leading to an increase in deer mice 

populations (Pearson et al., 2000). Deer mice are generalist predators of 

seeds and insects, and their increased abundance is predicted to lead to 

altered plant, herbivore and predator communities due to the effects of their 

seed predation on plant recruitment and through trophic links with their 

competitors and predators. Disease dynamics may also be affected because 

deer mice are the primary vectors of the Sin Nombre hantavirus (pearson et 

al., 2000; Pearson & Callaway, 2003). Given their complexity, it seems that 

community and ecosystem effects would be impossible to predict. However, 

Simberloff & Stiling (1996b) suggested that community-wide non-target 

impacts are predictable if keystone species (such as the deer mice) are 

attacked or affected by the introduction of a biocontrol agent. 

1.6 Evaluation of non-target effects 

Evaluation of non-target effects is hampered by a lack of data. A recent study found 

data relating to non-target effects in only 1.5% of all documented classical biological 

control introductions (Lynch et al., 2001). However, the absence of data does not 

mean that there are no impacts (Simberloff & Stiling, 1996b, a; Howarth, 2000). In 

many cases, non-target impacts have simply not been sought due to poor post-release 

monitoring. Alternatively, if population reductions of non-target species were 

recorded, it was difficult to prove that biological control agents were the cause, 

particularly ifthere were confounding factors such as habitat loss and accidental 

introductions of natural enemies (Lynch & Thomas, 2000). Furthermore, it is not 

sufficient to demonstrate that non-target effects occur; they must also be quantified. 

For example, a parasitoid may attack a non-target species, but this may occur so 

infrequently or at such low levels that there is no significant effect on long-term host 

abundance. There are few quantitative studies available to assess the magnitude of 

non-target effects; of the ten case studies reviewed by Louda et al. (2003b), only one 

(R. conicus feeding on C. canescens), had an estimate of a population reduction. 
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Lynch et al. (2001) found that 14 out of 80 non-target effects recorded in association 

with classical biocontrol programmes showed evidence of a population level effect. 

However, most of the data were from simple rearing records or estimates of 

proportional mortality, where it was assumed that a mortality rate of greater than 

40% would result in a significant population level impact. This figure was based on 

the Hawkins et al. (1993) analysis of the success of biological control programmes, 

which found that control agent-induced mortality greater than 36% was required for 

significant suppression ofthe target popUlation. Notwithstanding the errors involved 

in measuring percent parasitism (van Driesche, 1983) there remains the problem of 

translating percent mortality into population level impacts. The effect of additional 

mortality on a non-target popUlation will depend on host density dependence (intra

specific competition) and other potentially regulatory mechanisms, so it is difficult to 

predict the effect without an understanding of the underlying host population 

dynamics. Therefore, non-target impacts must be considered in a population 

dynamics context, taking into account the phenologies, densities, distributions, 

fecundities, mortalities and encounter rates of the agent and host(s) involved 

(Thomas & Willis, 1998). Population modelling can be a useful method for 

examining these interactions by identifying the key processes, quantifying the 

impacts, and predicting future outcomes (Barlow, 1999; Lynch & Ives, 1999; Holt & 

Hochberg, 2001). 

1.7 Theoretical models of non-target effects 

Theoretically, non-target effects could be modelled by applying existing multi

species host-parasitoid or predator-prey models (e.g., Comins & Hassell, 1976; Holt, 

1977; Holt & Lawton, 1993), with the characteristic that the non-target species has a 

much lower abundance than the target species. Lynch et al. (2002) used a three

species Nicholson-Bailey model to investigate the transient dynamics of a parasitoid, 

target host and non-target host system. The model had host density-dependence and 

assumed lower searching efficiency on the non-target (NT) relative to the target (T) 

host (aT> aNT) and that non-target densities in the absence of parasitism were much 

lower than target densities (KT » KNT)' This meant that the parasitoid could not 

persist on the non-target species alone. The model simulated a large initial peak in 
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parasitoid density after release in response to high target densities, causing a collapse 

of the target population and subsequent high "spill-over" parasitism of the non-target 

populations, behaviour which has been observed in the field in weed biocontrol 

systems (Harris, 1988). The model was used to estimate Nmin, the lowest transient 

density to which the parasitoid will suppress the non-target population, i.e., the 

worst-case scenario. Nmin estimated by the model was similar to that approximated 

by the simple formula Nmin = KNTexp(-aNT KT) which suggests that a higher initial 

target density and a high searching efficiency on the non-target species will lead to 

the greatest suppression of non-target densities. Variations in the model that 

promoted stability, such as including parasitoid mutual interference (which 

conceptually could also describe parasitoid aggregation or a host refuge), reduced the 

non-target impact in terms ofthe minimum density experienced. These stable 

models provide some insight into what determines the magnitude of long-term non

target impacts. Specifically, Lynch et al. (2002) found that in models which included 

parasitoid interference, a higher searching efficiency on the non-targets relative to 

the targets led to an increased non-target impact. 

Holt and Hochberg (2001) used a variety of theoretical predator-prey models to 

characterize mainly long-term non-target impacts, although some transient dynamics 

were also presented. The models were mostly of the Lotka-Volterra type although 

the actual models were not presented, only the results were given, so it is unclear in 

some cases what model they were using. They proposed that non-target impacts be 

modelled as "shared predation" models where a predator attacks two or more species 

of prey, in this case a target and non-target prey species, and the dynamics of the 

target-predator interaction determines the magnitude ofthe impact on the non-target 

species. In the Lotka-Volterra type models, non-target populations were not 

included and the risk to non-targets was assumed to be proportional to predator (and 

therefore prey) densities. The simplest model predicted that at intermediate levels of 

control there was the maximum number of target prey, producing more predators and 

therefore a greater non-target impact. However predator production is not always 

linearly related to the number of prey. If predator satiation or predator density

dependence functions were included in the model, the greatest number of predators 

was produced and the greatest non-target impact occurred at intermediate prey 

densities (Holt & Hochberg, 2001). In another model where the same authors 
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assumed that the predator could persist on either the target or non-target prey 

species, they found that a higher attack rate on, or a lower intrinsic growth rate in the 

non-target (rT > rNT) could lead to non-target exclusion. They suggested that the 

non-target's capacity to recover from losses via their intrinsic rate of increase may be 

an important moderator of non-target effects, a similar result to that found by Lynch 

et al. (2002) for transient effects. 

An alanning prediction ofthese theoretical models is that non-target effects can be 

independent of non-target density so that local extinction of the non-target species is 

possible due to continued high attack rates even when non-target abundance is low. 

1.8 Applied models of non-target effects 

Although progress has been made with theoretical models there has been little 

application of them to specific non-target systems and currently there is only one 

model to quantify past non-target impacts of arthropod biocontrol agents (Barlow et 

al.,2004). This is probably due in part to the few data-sets available on non-target 

host population dynamics, particularly compared with the target-biocontrol agent 

systems which are relatively well studied both pre- and post-release. Often the non

target species will be only studied post-release, once a biocontrol agent is suspected 

or seen to be impacting negatively on the non-target population. As previously 

mentioned, simple measures of proportional mortality do not directly translate into 

population-level impacts, so more population parameters (such as the growth rate of 

the non-target host population) need to be estimated. However, the level of detail 

required to model a non-target impact is an important consideration because data 

collection to estimate model parameters is costly. At one end ofthe spectrum, 

simple models ofhost-parasitoid or predator-prey systems with few parameters are 

useful at providing general theory on system dynamics and the relative importance of 

different parameters but they are often based on abstract parameters (such as the 

parasitoid's area of discovery or searching efficiency 'a': Nicholson & Bailey, 1935) 

which are difficult to measure in the field and as such do not give quantitative 

predictions ofthe changes in population abundance. At the other end ofthe 

spectrum, very detailed models, explicitly modelling each interaction, and with many 
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parameters, provide predictive power but at the expense of time, money and 

interpretability. Consequently, several authors (e.g., Godfray & Waage, 1991; 

Barlow & Wratten, 1996; Barlow, 1999) have championed models of "intermediate 

complexity" for modelling specific biocontrol systems. These models are detailed 

enough to include potentially important life history traits but assume generalized 

functions where actual interactions are not known or cannot be measured. In 

essence, they are a trade-off between biological realistm and analytical convenience. 

To a large extent, the type and complexity ofthe model used will depend on the life

history of the non-target species. For example, a univoltine host and parasitoid 

species with non-overlapping generations will lend themselves to a difference 

equation model, or, invulnerability of certain host stages to predation or parasitism 

implies some sort of stage structure is necessary. 

The overall aim of this thesis was to develop a model to quantify the impact of P. 

puparum on B. gonerilla popUlations and thus provide data for future analyses of the 

magnitude of non-target impacts. The lack of published data on B. gonerilla 

popUlation dynamics or parasitism by P. puparum, meant that much fieldwork effort 

was required to obtain a basic understanding of B. gonerilla population ecology, 

which precluded the use of a detailed simulation model. Therefore a model of 

intermediate complexity was used. 

1.9 Modelling the non-target impact of P. puparum on B. 

gonerilia 

The modelling approach used in this work follows the approach used by Barlow et 

al. (2004), who quantified the level of suppression of New Zealand native weevils by 

the introduced biocontrol agent Microctonus aethiopoides Loan using simple Ricker

type models. To quantify the impact of P. puparum on B. gonerilla, the level of 

suppression by the control agent on the non-target species, p, will be estimated as p 

= I - N*IK, where K is the non-target carrying capacity (non-target abundance in the 

absence of non-target parasitism) and N* is the non-target abundance once the 

biocontrol agent has established. Relative host abundance q = N*IK is often used as 
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a measure of success in the biocontrolliterature, so the level of suppression p is 

equivalent to l-q. Because there are no data available on the abundance of B. 

gonerilla prior to the introduction of P. pupaurm and no known areas where the 

parasitoid has not established, pre-release abundance must be estimated. The 

approach taken here was to: 

1. Measure non-target abundance in the field, post biocontrol agent 

establishment, to give an estimate of N* . 

2. Construct a population model of the non-target species based on population 

parameters in the presence of non-target parasitism. 

3. Remove the mortality due to non-target parasitism to give an estimate of non-

target abundance in the absence of control (K). 

A major assumption of this removal approach is that other mortality factors acting on 

the population will remain the same in the absence of non-target parasitism and 

(potentially) higher host densities. There is a possibility that non-target parasitism 

has reduced the non-target host population to below a threshold where it would 

normally experience bottom-up or top-down regulation so the importance ofthese 

regulatory factors may be missed or underestimated in the presence of non-target 

parasitism, leading to an overestimate of the non-target effect. A related assumption 

is the timing of predation or parasitism by the biocontrol agent in relation to the 

timing of any density-dependent mortality factors acting on the non-target 

population. If predation or parasitism by the biocontrol agent occurs after the action 

of host or other density dependent mortality factors then the non-target impact is 

likely to be greater because the non-target host population has no opportunity to 

compensate for increased mortality (May et al., 1981; Barlow et al., 2004). 

Vorley and Wratten (1985) used a similar removal approach to assess the impact of 

parasitoids on grain aphid Sitobion avenae (F.) populations by running a simulation 

model with and without parasitism. They did consider the possibility of density 

dependence in "residual" (non-parasitoid) mortality but, because evidence for 

density dependence was only found late in the season, ignored this in their 

simulations. Similarly, Zhou et al. (2001) ran a ratio-dependent host-parasitoid 

interaction model with parasitism removed to estimate the impact of the introduced 

biocontrol agent Cotesia jlavipes Cameron on stemborer population dynamics. They 

included some temporal density dependence in their model so predicted stemborer 
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populations increased linearly in the absence of parasitism. In both of these models, 

parasitism was modelled as a constant proportional mortality, which is the technique 

adopted here. This approach is justified when the attack rate by the control agent on 

the non-target host is independent of the non-target density because the non-target 

contribution to the agent dynamics is minimal compared to that of the target host 

which characteristically has a higher abundance and is a more preferred and 

productive host for the control agent (Holt & Hochberg, 2001; Lynch et at., 2002). 

Therefore, assuming that the control agent and target host abundance are in long

term equilibrium, the parasitoid attack rate on the non-target will be some constant 

reflecting this long-term average. 

1.10 Thesis outline 

The second chapter of this thesis investigates the phenology of B. gonerilla by 

examination of time series of egg, larval and adult abundance and through the use of 

a simple phenology model parameterised from laboratory estimates of development 

rates. In Chapter 3, demographic data for B. gonerilla popUlations are presented 

including mortality, fecundity and sex ratio estimates; aspects of parasitoid (P. 

puparum and E. intricatoria) ecology are also included where relevant. The fourth 

chapter presents analyses and experiments to identify regulatory (density-dependent) 

mechanisms in B. gonerilla populations. This is a requirement for the population 

model because without density dependence the modelled red admiral populations 

would (unrealistically) increase or decline exponentially. Chapter 5 details a 

population model for B. gonerilla which is parameterised from the data in the 

preceding chapters and is used to quantifY the impact of P. puparum on B. gonerilla 

abundance and the importance of a temporal refuge from pupal parasitism. Chapter 

6 discusses the impact of P. puparum on B. gonerilla populations in light of the 

ecology of B. gonerilla and gives recommendations for future research. 
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Chapter 2. Phenology of Bassaris gonerilla 

2.1 Introduction 

Despite a long history of popular fascination with the red admiral in New Zealand 

(Hudson, 1883; Fountaine, 1921; Hudson, 1950; Cook, 1976; Chudleigh, 1999), 

there has been no research done on its population dynamics. The most thorough 

review of B. gonerilla natural history is given by Gibbs (1980), who described it as 

widespread throughout New Zealand but not very common. This is similar to the 

"sparse" distribution of the northern hemisphere red admiral V. atalanta, which is 

widely distributed with a low abundance throughout Britain (Pollard & Greatorex

Davies, 1998). B. gonerilla is an Urtica specialist with a preference for U ferox, 

which probably accounts for its wide distribution, as U ferox is found in most 

ecological regions of New Zealand (Landcare, 2003). Urtica ferox is a relatively 

common shrub on the Banks Peninsula where the current study was conducted, and 

because it is an early- to mid-successional plant, it is found mainly at disturbed sites 

such as the edges of walking tracks and forest/pasture margins. 

There is anecdotal evidence that B. gonerilla populations have declined since the 

early 1900s (Hudson, 1934; Miller, 1971; Gibbs, 1980). However, it is difficult to 

assess the current status of B. gonerilla when there are no 'baseline' records of red 

admiral abundance to determine any changes in populations. Mark-recapture 

methods can provide estimates of absolute abundance but a preliminary trial showed 

it was not possible to use mark-recapture methods for this study because the low 

abundance of B. gonerilla resulted in low numbers of marked individuals and low 

frequency of recaptures. Instead, transect counts were used to provide estimates of 

abundance of B. gonerilla, for comparison between sites and years and also to 

determine its phenology. Transect counts measure relative abundance only, but they 

accurately estimate absolute abundance for some butterfly species (Pollard & Yates, 

1993). 
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Bassaris gonerilla is a multivoltine species, on the wing from October to May 

(Gibbs, 1980), but the timing and number of generations was previously unknown. 

A common method to determine phenology is to calculate the physiological 

development time (in degree-days) and apply this to ambient field temperatures. In 

this study, the relationship between B. gonerilla development rate and temperature 

was measured in the laboratory. These data were then used in a simple degree-day 

model to predict phenology and compare this with that observed in the field. 

The aims of this part of the study were: 

1. To measure the abundance and phenology of the egg, larval, pupal and adult 

stages of B. gonerilla on Banks Peninsula. 

2. To estimate temperature-dependent development rates to parameterise a 

phenological model, and to compare these model predictions with the 

phenology of B. gonerilla observed in the field. 

2.2 Methods 

2.2.1 Study sites 

B. gonerilla populations were studied at six sites on Banks Peninsula, near 

Christchurch, New Zealand (43°35'19"S, 172°44' 18"E to 43°46'08"S, 

172°42'38"E) (Fig. 2.1). The six sites were: Orton Bradley Park (OB), Buckleys 

Bay (BB), Jollies Bush Reserve (JB), Prices Valley Reserve (PV), Kaituna

Packhorse track (KP) and Ahuriri Valley (A V). The vegetation at the sites varied 

from modified native bush (JB & BB) to a mixture of pasture and modified native 

bush (PV, AV & KP) or a mixture of pasture and mostly exotic forest (OB). Most 

U. ferox plants within these sites were located on the edges of walking tracks, 

streams and roads or at the interface of pasture and native vegetation patches. Given 

the close proximity of some ofthe sites (e.g., KP and PV are in adjacent valleys, Fig. 

2.1) and that B. gonerilla is a strong flier, there was likely to be some dispersal of 

adults between sites. 
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Figure 2.1 Location of study sites on Banks Peninsula, New Zealand. 

2.2.2 Estimates of egg, larval, pupal and adult density 
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Sites were visited mostly weekly, but on a few occasions at two-week intervals, from 

9 Oct 2000 to 5 June 2001 and from 12 Oct 2001 to 31 May 2002. To estimate the 

density of the pre-imaginal stages, at least five U ferox plants were selected 

randomly in October and repeatedly sampled at each site. Egg densities were 

estimated (in summer 2001/02 only) by randomly sampling 30 stems from each 

sample plant on each sampling occasion and searching all the leaves on that stem for 

eggs. Any eggs that were not obviously newly laid, e.g., if they were shrivelled or 

dark in colour, were not included in the counts. This was to ensure that egg counts 

represented the current week's ovipositional effort and were not unduly influenced 

by the prolonged duration of eggs due to slow development at low temperatures or 

because they had been parasitised. Larval and pupal densities were estimated by 

counting all the larvae and pupae on the sample plants, except on the very large 

plants (> 2m diameter) where only those individuals within reach of the observer 

were counted. The area of the sample plants was determined by measuring and 

plotting the plant canopy cover on graph paper; these plots were then digitally 

scanned and their area calculated using image analysis software (UTHSCSA Image 
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Tool v3.0). The larval and pupal counts were divided by the area of the plant 

searched to give an estimate of larvae or pupae per m2 of nettle cover. 

Adult abundance was estimated on the same days as the pre-imaginal counts were 

made in 2000101 and 2001/02 (i.e., approximately weekly). In the summer of 

2002/03 adult counts were made twice monthly from October 2002 to April 2003. 

Relative adult density was estimated at each field site using a modified Pollard-Yates 

transect walk (Pollard & Yates, 1993). Before the walk, cloud cover, wind direction, 

ambient temperature and time of day were recorded. The observer then walked 

slowly along a fixed route, counting all B. gonerilla adults within the bounds of the 

route (approximately 5-10 m) and approximately 5 m ahead of her. Transect counts 

were generally conducted between 10:00 and 15:30 NZ Daylight Time and were 

only done ifthe ambient temperature was greater than 15°C and it was not raining. 

However, in April and May the mean daily temperature is less than 15°C (Appendix 

1.), so the 15°C rule was relaxed and counts were made, regardless of temperature, 

so long as it was sunny for the entire period ofthe transect walk. The transects 

ranged from 0.44 to 1.15 km in length and the number of adults counted was divided 

by the transect length to give an estimate of adults per km. Adult counts were 

corrected for the effects of temperature on activity by regressing each transect count 

for a summer against the temperature recorded at the start of the transect walk and 

using the slope of this relationship in the following formula: 

corrected count = actual count - (slope * (temp - mean temp) eqn 1 

where temp is the temperature caC) taken at the start of the transect and mean temp is 

the mean of all these temperatures over the summer. Adult counts were averaged 

over all six sites due to the large number of zero counts. 

2.2.3 Winter records of all life stages 

Occasional visits were made to the field sites over winter 2001 and 2002 (June

September) to check for the presence of eggs or larvae. On 1 August 2002 three 

female butterflies were collected from the Sign of the Kiwi and on 5 September 

2002, a further eight females were collected from the same place and from Orton 

Bradley Park. These butterflies were dissected to check for the presence of mature 

eggs in the ovarioles (mature eggs have a chorion or egg shell). 
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2.2.4 Temperature-dependent development rates 

The development rate of B. gonerilla from egg hatch to adult eclosion was measured 

at six constant temperatures: lOoC, l3°C, 15°C, 20°C, 25°C and 30°C. Larvae were 

reared in a controlled-temperature (ConthermTM) cabinet at a constant photoperiod of 

LD 16:8 hr and 60% RH. Twenty larvae were monitored for each temperature 

treatment. Larvae were kept in 10 cm high plastic containers with a mesh insert in 

the lid for ventilation (Fig. 2.2). They were fed on U. ferox cuttings which were kept 

fresh by inserting the cut end of the stem into wet florist's foam. The cuttings, 

containers and florist's foam were changed every 2 days and the instar of the larvae 

was recorded. When larvae were close to pupating, or pupae were close to eclosing, 

they were checked daily. Pupae were weighed within two days of pupation and were 

reattached by sticking the silken pad at the posterior end of the pupae to the lid of the 

container with adhesive tape. A piece of damp filter paper was placed in the bottom 

of each container to prevent desiccation of the pupae. 

Mesh insert in lid 

/--- Plastic container 

10cm 
-+--+-- Urtica ferox cutting 

=---+- Florist's foam saturated 
with water 

Figure 2.2 Diagram of containers used for rearing B. gonerilla larvae for the 
development-rate experiment. 

The development rate of B. gonerilla eggs was also measured at five temperatures: 

10°C, 15°C, 20°C, 25°C and 30°C. The eggs used in the experiments were laid by 

captive females on potted U ferox plants and at least 20 eggs were used for each 

temperature treatment. The eggs were transferred using a fine paintbrush from the 
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U. ferox leaves to a petrie dish lined with damp filter paper. The petrie dishes were 

sealed with laboratory sealing film (parafilm™) and placed in a controlled

temperature cabinet at a constant photoperiod ofLD 16:8 hr and 60% RH. Eggs 

were checked daily until they hatched. 

A linear regression function was used for relating median development rates 

(=lImedian development time) to temperature because the relationship appeared 

linear within the range of temperatures B. gonerilla experiences in the field over a 

summer. Regressions were fitted on median development rates weighted by sample 

size (n-weighted) to account for the small sample sizes at the temperature extremes. 

The lower developmental threshold for the egg, larval and pupal stages was 

calculated as the x-intercept (= - intercept/slope) ofthe regression of development 

rate against temperature. The total degree-day requirement for each stage was 

calculated as the reciprocal ofthe slope ofthe regression. Standard errors for the 

developmental threshold temperatures and degree-day requirements were calculated 

using the method of Campbell et al. (1974). 

2.2.5 Phenological model for B. gonerilla 

A simple model was used to compare the phenology predicted by the temperature

related development rates with the phenology observed in the field. Egg and larva to 

adult development was assumed to follow the linear degree-day accumulation model: 

1; = (1'; - a)/ b eqn 2 

where fi is the proportion of total development time completed day i (day-I), Ti is the 

daily temperature (OC), a is the threshold temperature (OC) and b is the degree-days 

required for development of the egg, larval and pupal stages as estimated in the 

experiments outlined above. Because temperatures, and hence development rates, 

fluctuate diurnally, the development rates were averaged over the course of the day 

using the trapezium method (Barlow & Dixon, Equation 5), which assumes a 

sinusoidal fluctuation in temperature throughout the day. Thus the overall 

proportion of development achieved per day if) was: 

f = (fmax + fmin + (2 * fmean ))/ 4 eqn3 

where fmax, fmin and fmean are the proportions of development achieved per day at the 

maximum, minimum and mean daily temperatures respectively, using equation 1 

19 



(Barlow & Dixon, 1980). Temperatures for the development rate functions were 

taken from the Broadfields weather station (H32642) located at Boundary Road 

Lincoln 43°38'8, 172°28'E. The model was run over 15 summer seasons using the 

temperatures from 1988 to 2003, with the first eggs assumed to be laid on 1 

September each season. For each new generation of adults produced, there was a 

pre-reproductive delay of 12 days before oviposition occurred (see section 3.3.4 for 

the rationale for this delay). The model was also run with temperatures recorded 

from other locations in New Zealand to compare the phenology of B. gonerilla on 

Banks Peninsula with that predicted for Auckland, Wellington and Dunedin. 

2.3 Results 

2.3.1 Egg phenology 

Peak oviposition occurred in late December 2001, with a third smaller peak in late 

March/early April 2002 (Fig. 2.3). The earliest date that eggs were found in the field 

was on 19 August 2000. These eggs hatched when moved to laboratory conditions, 

but the absence of first instar larvae in the field until late September suggests that 

ambient temperatures were too low for egg hatch in the field during August. 
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Figure 2.3 Density of B. gonerilla eggs at six field sites on the Banks Peninsula, 12 
Oct 2001 - 31 May 2002 (mean of six field sites ± S.E.). 

20 



The first oviposition peak in October was lower than the subsequent peaks in late 

December and late March. It is unknown if this was a real phenomenon or an 

artefact of expressing egg density relative to 100 stems, as stem density was 

noticeably higher in spring compared with summer. 

None of the female butterflies collected on 1 August 2002 had chorionated eggs in 

their ovarioles, although all three contained immature eggs. All eight of the female 

butterflies collected on 5 September 2002 had chorionated eggs in their ovarioles 

with a mean egg load of93.9 (± 15.4 SE) eggs per female. 

2.3.2 Larval phenology 

There were peaks in larval density in November and January/early February in both 

seasons monitored, but there was no third peak in May 2001 as there was in May 

2002 (Fig. 2.4). Early (first to third) instar larvae were the most abundant stages, 

thus the patterns in Figure 2.4 are mainly a result of fluctuations in the numbers of 

early instar larvae particularly for the BB site, at which no larvae survived beyond 

the fourth instar stage on the U. ferox plants sampled. Larval densities were higher 

at all sites in summer 2001102 compared with the 2000/01 season. 
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Figure 2.4 Density of B. gonerilla larvae (instars 1-5 combined) at six field sites on 
the Banks Peninsula, 9 Oct 2000 - 5 June 2001 and 12 Oct 2001 - 31 May 2002. 
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Some third instar larvae were found during winter 2002 in sheltered places at the A V 

and OB field sites but no larvae were found during winter 2001. Late instar larvae 

(fourth and fifth instar) were also found in early October 2000 and 2002 (but not in 

2001), and because they are unlikely to have developed from the egg to late instar 

larvae in one month they had probably overwintered in the larval stage. 

2.3.3 Adult phenology 

There was a weak positive relationship between adult abundance and ambient 

temperature recorded at the start of the transect walk (linear regression: y = -1.86 + 

0.199x, d.f. = 363, r2 = 8%, P < 0.001), giving a threshold for adult observations of 

9°C. Adult numbers were higher in the 2001/02 season compared with 2000/01 and 

2002/03 seasons (Fig. 2.5). There was a peak in mean adult sightings in October of 

all three seasons monitored and in the 2000/01 and 2002/03 seasons this was the 

highest peak recorded over the whole season. ill the 2000/01 and 2002/03 seasons 

there were second peaks in late December/January and a third peak in March/early 

April (Figs. 2.5a and 2.5c) which corresponded with peaks in recruitment to the 

larval stage (Fig. 2.4). ill the 2001/02 season there was also a second peak in late 

December, a third peak in late February then a fourth in early April (Fig. 2.5b). The 

third peak in late February 2002 does not correlate with any apparent peaks in egg or 

larval abundance, whereas the other peaks show some agreement with a 

developmental timeline. 
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Figure 2.5 Relative density of B. gonerilla adults· at six field sites on the Banks 
Peninsula (mean of six field sites ± SE, corrected for temperature), a) 9 Oct 2000 - 5 
June 2001, b) 12 Oct 2001 - 31 May 2002, and c) 9 October 2002 - 30 April 2003. 
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2.3.4 Temperature-dependent development rates 

Egg development showed a linear relationship with temperature for the 15,20,25 

and 30°C temperature treatments (Fig. 2.6a: n-weighted linear regression: y = 

0.0109x- 0.0780, d.f. = 2, r2 = 98%, P = 0.008). None ofthe eggs in the 10°C 

treatment hatched (Fig. 2.6d), indicating a threshold which is higher than the 7.2°e 

(± 2.6 SE) threshold predicted from the regression equation. Egg survival at the 

other temperatures tested (IS-30°C) was high at 89-100% (Fig. 2.6d). The 

physiological development time taken for B. gonerilla eggs to hatch was 92 degree

days (± 8 SE). 

Mean development rates for B. gonerilla from egg hatch to pupation for the 13, 15, 

20 and 25°C temperature treatments are shown in Fig. 2.6b (n-weighted linear 

regression: y = 0.0031x - 0.0231, d.f. = 2, r2 = 99%, P = 0.002). The mortality plots 

show a typical V-shaped curve predicting optimum survival at a constant 

temperature of IS-20°C (Fig. 2.6e). Larvae in the 30°C treatment all died before 

reaching the third instar (Fig. 2.6e), although there was excessive condensation 

within the rearing containers at this temperature. Larvae in the 10°C treatment all 

died at the first or second instar stage (Fig. 2.6e), indicating that this temperature is 

close to the threshold for B. gonerilla development. This is higher than the 7.4°e (± 

0.6 SE) threshold predicted from the regression equation. The physiological 

development time for B. gonerilla from egg hatch to pupation was 322 degree-days 

(± 14 SE). 
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Figure 2.6 Development and survival rates of B. gonerilla at constant temperatures in the laboratory. Panels a-c show mean development rates, 
panels d-f show proportionate mortality, the numbers above the data points refer to the sample size in each temperature treatment. 
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Pupal development rates showed the greatest amount of unexplained variation with 

temperature (Fig 2.6c; n-weighted linear regression: y = 0.0080x - 0.0757, d.f. = 2,? 

= 88%, P = 0.043). This could have been due sampling error, as the individuals 

monitored for the estimation of pupal development rates were those larvae that 

survived the same constant temperature to reach the pupal stage and they were thus 

few at the temperature extremes. The physiological development time for B. 

gonerilla pupation was 125 degree-days (± 27 SE), with a relatively high 

development threshold of9.4°C (± 2.5 SE). Like the egg and larval stages, pupal 

mortality was lowest at the intermediate temperatures of 15-20°C (Fig. 2.6f). Pupal 

weights were significantly different between constant rearing temperatures 

(ANOVA: F= 9.95, d.f. = 3,32, P < 0.001), and this difference was mainly due to 

the lower pupal weights observed in the 20°C compared with the 13°C and 15°C 

treatments (Fig. 2.7; Tukey's test for 20°C vs 15°C: q = 7.04, d.f. = 32, P < 0.001; 

Tukey's test for 20°C vs 13°C: q = 5.48, d.f. = 32, P < 0.005). 
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Figure 2.7 Mean weights of B. gonerilla pupae reared at different constant 
temperatures, error bars show 95% confidence intervals based on pooled standard 
deviation. Means with the same letter are not significantly different as identified by 
Tukey's pairwise comparisons. 

For the larval and pupal stages combined, a development threshold of 8.2°C (± 1.2 

SE) and a thermal requirement of 465 degree-days (± 49 SE) was predicted (n

weighted linear regression: y = 0.0022x - 0.0181, d.f. = 2, r2 = 97%, P = 0.012). 

27 



2.3.5 Predicted phenology of B. gOllerilla 

The simple degree-day model using the above thresholds and day-degree 

requirements predicted a similar phenology to that inferred from the peaks in egg, 

larval and adult abundance. If oviposition began on I September, then the adults of 

thi s first generation emerged between 28 November - 8 January (depending on the 

yearly temperature set used) and the second between 31 January - 29 April, with two 

full and 1 partial generation being produced each summer. The peaks in larval 

abundance over the 2000101 and 2001 /02 seasons show a good correspondence with 

the timing predicted by the model (Fig. 2.8). 
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Figure 2.8 Predicted phenology of B. gonerilla on Banks Peninsula (bar chart) 
versus actual changes in larval abundance (mean of six sites: line chart) for the 
seasons of a) 2000101 and b) 2001 /02. E = egg stage, L = larval stage, P = pupal 
stage and A = adult stage. 

Jun-02 

28 



Comparison of the phenology of B. gO/lerilla on Banks Peninsula (Christchurch 

region) with its phenology in other parts of New Zealand, shows that at lower 

latitudes B. gonerilla is predicted to complete a third generation each season, whilst 

at higher latitudes the second generation is only just completed before the onset of 

winter (Fig. 2.9). However this simple phenological model djd not take into accollnt 

changes in host plant quality, for exanlple the loss of leaves due to drought or frost, 

or the flushes of growth following spring or autumn rains, which may vary between 

regions or years. It was assumed that development ceases in June/August due to the 

detrimental effects of frost on the host plant and on larval survival. It is possible that 

in the Auckland region, where frosts are infrequent, that u.Jerox retains its leaves 

and larval development continues through winter. Also, it was assumed that egg

laying began on a common date (1 September) in all regions, but oviposition could 

start later in Dunedin and earlier in Auckland regions due to the effects of 

temperature on egg-laying. 

a) Auckland 
37·S 

b) Wellington 
41 · S 

c) Christchurch 
43·S 

d) Dunedin 
46·S 

Sep.<J2 No\f-02 Jan.<J3 Mar.<J3 May.<J3 

Figure 2.9 Preilicted phenology of B. gonerilla at four locations in New Zealand 
over the summer season of2002/03 . White bars = egg stage, light grey bars = larval 
stage, dark grey bars = pupal stage and black bars = adult stage. 
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2.4 Discussion 

2.4.1 Bassaris gonerilla phenology 

The timing of peaks in the egg, larval and adult stages suggests that B. gonerilla 

produces two generations per summer in the Banks Peninsula region of New 

Zealand, with the adults ofthe first generation emerging around late 

December/} anuary and the second in March. The degree-day model confirmed this 

interpretation, predicting the emergence of the two generations on similar dates. The 

model considered a discrete generation starting on 1 September each year based on 

the observation of mature eggs in adult female butterflies captured at this time. In 

reality the timing of reproduction varies within and between sites and between years, 

producing overlapping generations, hence the spread around the peaks in abundance 

observed in the field. 

The degree-day model also predicts a third partial generation beginning around 

April. The beginning of a third generation was observed in the field in April 2002 

and the presence of third instar larvae in the middle ofthe winter and late instar 

larvae the following spring suggests that some survived the winter in the larval stage. 

Until now, B. gonerilla was not known to overwinter as larvae, the adult being the 

usual overwintering stage, although overwintering has been documented in V 

atalanta larvae in the UK (Tucker, 1996). As well as temperature, larval 

overwintering will be limited by the availability and nutritional quality of the host 

plant U. ferox. Because U. ferox has a low frost tolerance and retains its leaves 

throughout winter only in sites sheltered from frosts, most of the larvae of this third 

generation perished with the onset of winter due to low temperatures and lack of 

food. A third generation was not evident in 2001, probably because a severe drought 

in late summer caused death or premature leaf loss in many U. ferox plants, limiting 

larval food resources. A lack of recruitment to a third generation and a cold winter 

could explain the absence oflarvae in winter 2001. The phenology model suggested 

that at lower latitudes B. gonerilla could complete a third generation each season 

and, depending on the availability of host plants, larval overwintering might be a 

common phenomenon. The low larval densities at the onset of winter and the low 

densities oflate instar larvae observed the following spring suggest that the number 

of overwintering larvae at the Banks Peninsula study sites is small and thus the 
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contribution of this overwintering larval generation to the following summer's 

population dynamics is likely to be minimal. 

At some sites there was a peak in the number of adults observed in spring (October) 

and often this was equivalent to or greater than the generation peaks over the 

following summer. This phenomenon was observed by Hudson as early as 1883. 

This spring peak is unlikely to be an absolute increase in adult abundance due to a 

new generation emerging, because not enough thermal time had passed since the 

start of oviposition in late September/early October for a generation to be completed. 

It also unlikely that the development of overwintering larvae could cause this peak 

because their (estimated) numbers were so few. The number of butterflies counted 

on transect counts is a function of both abundance and apparency, and apparency can 

be influenced by weather conditions, time of day, surrounding habitat and seasonal 

influences (Pollard & Yates, 1993). Although temperature did have an influence on 

the number of butterflies counted during transect-walks, correcting these counts did 

not remove the large spring peaks. Habitat along the transect counts and the time of 

day that transects were done did not change significantly throughout the sampling 

period, so should not have influenced apparency. The study sites were chosen in 

spring 2000 on the basis of where butterflies could be observed, so perhaps this 

introduced a bias towards sites favoured in spring. Often the high adult counts were 

large numbers of males exhibiting territorial behaviour (Bitzer & Shaw, 1979) so the 

spring peaks are likely to be due to the butterflies concentrating in areas favourable 

for courtship and mating following the termination of the winter reproductive 

diapause. A similar spring peak in transect counts was found for the brimstone 

butterfly (Gonepteryx rhamni (L.)) in the UK, which Pollard and Yates (1993) 

speculated could be due to differences in behaviour between spring and summer. 

This particular peak in spring adult counts highlights the problem of relying on only 

relative methods for estimating abundance. Also, transect counts were very variable 

from one week to the next despite similar weather conditions. Even within sampling 

days, a situation could occur whereby no butterflies might be counted during a 

transect walk, yet on walking back over the route ten minutes later many butterflies 

could be seen. Greater replication within sites and days would probably reduce this 

large variation. The approach taken here was to take the mean of the counts over the 
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six study sites, which was satisfactory for broad phenological observations despite 

the (generally small) differences between some sites in the timing of generations. 

2.4.2 Bassaris gonerilla development rates 

Comparison of B. gonerilla development rates with those of the northern hemisphere 

red admiral V. atalanta, shows they are remarkably similar. Bryant et al. (1997) 

calculated the relationship between V. atalanta development rate from egg hatch to 

adult eclosion and temperature as y = 0.00242x - 0.0176, compared to y = 0.00220x 

- 0.0176 estimated here for B. gonerilla. The slightly higher development rate for V. 

atalanta means that the degree day requirements and threshold temperatures for 

development are lower: 413 degree days above 7.3°C for V. atalanta versus 455 

degree days above goC for B. gonerilla. It is possible that the development rates 

may have been even more similar were it not for the slow pupal development of B. 

gonerilla in the 20°C treatment. The mean development rate for this temperature fell 

below the estimated trendline and mean pupal weights were lower than expected (it 

was anticipated they would be intermediate between the 15°C and 25°C means), 

which might indicate latent/sub-clinical disease. 

Bryant et al. (1997) predicted that 32°C would be the optimum temperature for rapid 

development of V. atalanta, but the current study found that 30°C was the upper 

lethal limit for B. gonerilla, although it was unclear if this was due to the high 

temperatures per se or the high humidity produced at this temperature. The degree 

day requirements of V. atalanta suggested that it should be able to maintain resident 

populations in the U.K. and have a more northerly distribution, similar to that of 

another nettle-feeding nymphalid Inachis io L.. Bryant et al. (1997) speculated that 

the failure of V. atalanta to overwinter in the U.K. was because the winters there are 

too wet rather than too cold. Like V. atalanta, the overwintering biology of B. 

gonerilla is poorly known and whilst B. gonerilla does not appear to migrate to 

warmer climes in winter like V. atalanta does, it is likely that dispersal does occur 

between reproductive and overwintering sites. 

32 



2.4.3 Bassaris gonerilla overwintering 

Reproductive diapause is delayed reproductive development in the adult stage and is 

a physiological adaptation to overcome adverse reproductive conditions such as 

absence of food plants or temperatures unfavourable for development (Mansingh, 

1971; Leather et al., 1993). Gibbs (1980) and Hudson (1928) refer to B. gonerilla 

adults overwintering in a dormant state; however it is not known whether they 

overwinter in a state of true reproductive diapause with the requisite induction, 

maintenance and termination phases or in a less regulated state such as quiescence 

(short-term retardation of reproductive development) or oligopause (an intermediate 

state with a longer period of growth retardation than quiesecence but with a shorter 

termination phase than diapause). B. gonerilla does not lay eggs from late May to 

late August and the few females collected in late winter did not have chorionated 

eggs present. These observations suggest a period of reproductive diapause or 

oligopause. However the winter-collected females did show some reproductive 

development such as the presence of immature oocytes and signs of mating 

(spermatophores present) so the reproductive status of B. gonerilla overwintering 

warrants further investigation. 

The reproductive status of the closely-related northern hemisphere red admiral V. 

atalanta over winter is unknown, probably because it is absent from most of its 

northern range during winter, having migrated south to the Mediterranean region in 

autumn. A recent study of V. atalanta in north-east Spain found that migrants 

commenced reproductive activities (hill-topping behaviour and oviposition) upon 

arrival in autumn and this new generation developed slowly over the cooler winter 

months, emerging in spring (Stefanescu, 2001). However, the reproductive status 

before and after migration was not investigated so it is not known whether they were 

already reproductively active before migration or had entered reproductive diapause 

which was terminated upon arrival to the overwintering ranges. The ability of V. 

atalanta to produce another generation over winter in Mediterranean habitats is 

likely to depend largely on the availability ofthe larval host plant Urtica dioica L.. 

In north-east Spain, U. dioica is of the highest quality (most vigorously growing and 

attains the highest density) in the autumn and winter months (Stefanescu, 2001). In 

contrast in its northernmost ranges (where V. atalanta does not overwinter), U. 
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dioica is typically donnant in winter with its main growth flush in spring (Davis, 

1983). This is more similar to the life cycle of the NZ nettles U ferox and U incisa. 

Reproductive diapause in other nymphalid butterflies is induced in the larval stage 

by environmental cues such as decreasing daylength, fluctuating andlor low 

temperatures and declining host-plant quality (Pullin, 1986a; Nylin, 1989; Pieloor & 

Seymour, 2001; Goehring & Oberhauser, 2002). It is clear that at least some ofthe 

second generation adults produced in late March-early April 2002 were 

reproductively mature because there was a peak of eggs and early instar larvae at 

around the same time. However, the females collected in late winter 2002, 

presumably also from this second generation, had no chorionated eggs in their 

ovarioles. Thus it appears that the second generation of adults emerging comprises a 

mixture of reproductive and non-reproductive adults and, given that a single 

generation will experience a similar photoperiod, local effects such as host plant 

quality and microclimate may be important in detennining the proportion in each 

reproductive state. 

2.4.4 Year- to- year variation in abundance 

Average larval and adult abundance was higher in the summer of 2001/02 compared 

with 2000101. This was probably a result of higher larval survival in the summer of 

2001/02 (Chapter 3), although the proximal cause of this enhanced survival is 

unknown. Larval abundance and survival rates were not monitored in 2002/03, but 

average adult abundance was lower over this summer compared with 2001/02 and 

was at a similar level to the summer of 2000101. Like the summer of 2000101 , the 

summer of 2002/03 was characterised by a severe drought, suggesting a negative 

association of B. gonerilla abundance with the occurrence of drought. Further, the 

year to year changes in B. gonerilla abundance were synchronous over all sites, 

which implicates climate as the likely cause ofthese fluctuations. The negative 

effects of drought on butterfly populations were demonstrated dramatically in the 

UK in 1976, when a severe drought resulted in the widespread and synchronous 

reduction in the numbers of many native butterfly species (pollard & Yates, 1993). 

At the species level, Pollard et al. (1997) found a strong positive correlation between 

summer rainfall and the population size ofthe autumn generation of the nettle-
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feeding nymphalid Aglais urticae L.. It is hypothesised that very dry summers have 

a negative effect on B. gonerilla abundance on the Banks Peninsula, although a 

much longer time series will be needed to test for this association. 

The most obvious mechanism for the negative effect of droughts is larval starvation 

due to host plant desiccation. Many U. ferox plants lost their leaves in late summer 

2001 and 2003 leaving no food for the larvae. However more subtle effects are also 

possible; Pullin (1986b) showed that reduced nitrogen and water levels, typical of 

drought-stressed plants, result in longer development times in the nettle-feeding 

nymphalid, I io. Prolonged development times could result in larvae being exposed 

to predation for a longer period of time thus increasing mortality indirectly (Feeny, 

1976). The slow-growth-high-mortality theory has some empirical support (e.g., 

Benrey & Denno, 1997), though there may be trade-offs with other plant-mediated 

effects on natural enemy mortality. For example, Damman (1987) found that larvae 

of the pyralid moth Omphalocera munroei Martin developed faster on young leaves 

of its host plant, but when given the choice, they selected older leaves. These older 

leaves were more suitable for constructing protective shelters and they suffered less 

mortality from invertebrate predators from within these shelters. However, both the 

quality and quantity of U. ferox leaves are depleted when the plant is water-stressed, 

as typified by plants at the BB site which had smaller leaves and were the first to 

shed their leaves in mid-summer. Thus it is possible that B. gonerilla larvae on 

water-stressed U. ferox plants are both exposed to predators for a longer period due 

to slow development and are also more exposed to predators due to the lack of large 

leaves for constructing protective "tents". 
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Chapter 3. Demography of Bassaris gonerilla 

populations 

3.1 Introduction 

The previous chapter analysed changes in B. gonerilla abundance within and 

between years, but to understand the causes ofthese changes requires knowledge of 

the demographic processes operating on the population. Hence this chapter looks at 

fecundity and survivorship schedules for B. gonerilla. In particular, the mortality 

caused by P. puparum was quantified to determine its non-target impact on B. 

gonerilla populations. 

To summarise the stage-specific mortalities, partial life tables were constructed for 

B. gonerilla populations on Banks Peninsula. The main mortality factors of interest 

were pupal parasitism by P. puparum and E. intricatoria. It has long been known 

that B. gonerilla is a non-target host for P. puparum but no measures of parasitism 

have been recorded. Estimates of percent parasitism of B. itea by P. puparum in the 

Auckland region have ranged from 7 to 65% (Hickman, 1997). Parasitism rates of 

B. gonerilla by E. intricatoria have been recorded occasionally and have typically 

been very high (>50%) (Gourlay, 1926; Hudson, 1950; Gibbs, 1980). However, it is 

difficult to assess the importance of this additional mortality if there are other 

mortality factors acting contemporaneously on the same stage (Bellows & Van 

Driesche, 1999). If mortality factors do not act sequentially then the proportion of 

animals affected by a mortality factor will be greater than that estimated by the 

apparent mortality rate (= number killed by mortality factor/ number entering stage). 

For example, some eggs that were parasitised might subsequently have been 

predated, so the observed (apparent) mortality due to parasitism would have been an 

underestimate of total parasitism. In these situations, marginal attack rates are 

typically calculated since these estimate the level of mortality from an agent that 

would have occurred if the agent had acted alone (Bellows et at., 1992). Marginal 
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attack rates calculated from the B. gonerilla life tables were converted to k-values to 

determine the contribution of pupal parasitoid mortality to overall generational 

mortality (Varley & Gradwell, 1960; Bellows & Van Driesche, 1999). 

The degree of synchrony between the host and parasitoid generations, and the 

number of parasitoid generations per host generation can greatly influence the 

overall mortality caused by parasitism (Barlow, 1999). For example, a period where 

parasitoid and host generations do not overlap could provide a temporal refuge from 

parasitism for the host population. To investigate this, emergence times and 

development rates of P. puparum and E. intricatoria were compared with those of B. 

gonerilla. Estimates of pupal parasitism mortality were also calculated by collecting 

and rearing large numbers of B. gonerilla pupae in late February 2001,2002 and 

2003. These data were used to compare percent parasitism by P. puparum and E. 

intricatoria between regions and years, and as a comparison with the life table 

estimate of parasitoid mortality. 

The aims of this part of the study were: 

1. To measure mortality rates of B. gonerilla pre-imaginal (juvenile) stages, 

particularly pupal mortality caused by the exotic parasitoids P. puparum and 

E. intricatoria. 

2. To determine the ratio and synchrony of P. puparum and E. intricatoria 

generations to B. gonerilla generations. 

3. To document other demographic parameters for B. gonerilla such as 

fecundity, longevity and sex ratio. 

3.2 Methods 

3.2.1 Life table study 

Pre-imaginal mortality was assessed from 2 October 2000 to 12 March 2001 and 

from 17 October 2001 to 22 February 2002 at the six field sites, using the same 

randomly selected U.ferox plants sampled for the density estimates (section 2.2.2). 

On these plants, individual eggs, larvae and pupae were identified by tagging the 
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stems or leaves they occupied, using numbered twist-ties. On smaller nettle plants 

all individuals on the plants were tagged but on very large plants only those within 

reach of the observer were tagged. Sites were usually visited weekly (but on a few 

occasions after a two-week gap) and the state of the previously-labelled egg, larva or 

pupae was recorded, i.e., whether it was parasitised, dead, missing, or had progressed 

to the next life stage. This method worked well for early instars which are relatively 

sedentary, eat little, and remain on or close to the initial tagged stem. However, 

fourth and fifth instar larvae feed more and move more frequently, so finding these 

instars on subsequent visits was more difficult. Enclosing late instar larvae in a 

mesh bag was not an option because this would have interfered with their normal 

selection of feeding and pupation sites, displaced other larvae on the bush, and 

altered their exposure to different mortality agents. Instead, the highly mobile late 

instar larvae were traced as well as possible by following evidence of their feeding, 

i.e., the "tents" they constructed from the nettle leaves. 

Mortality was partitioned into different mortality factors for each stage. Parasitised 

eggs were identified by their failure to hatch and their dark colour (parasitoid 

emergence was also confirmed by rearing sub-samples of black parasitised eggs). 

Inviable eggs changed from green to milky and/or brown and failed to hatch. Larvae 

that "disappeared" between sampling days were probably predated or had migrated. 

When a cadaver was found, mortality was attributed to an "unknown cause" which 

was probably disease or predation by native soldier bugs Cermatulus nasalis 

(Westw.) (Pentatomidae), which pierce the larva with their proboscis and suck out 

the body contents leaving a shrivelled cadaver. "Interference by stock or humans" 

occurred when livestock ate/destroyed some of the sample plants, including larvae, 

or when the observer accidentally knocked a larva off the host plant. Pupae 

parasitised by P. puparum were hard, gold-brown, with 1-3 small exit holes in their 

side (Fig. 3.1). Pupae parasitised by E. intricatoria were hard, dark brown/black 

with a single large emergence hole at the anterior end ofthe pupa (Fig. 3.1). A pupa 

was assumed to be predated if it disappeared between sampling days or if a partly

eaten pupa was found. "Other mortality" sources for pupae included unexplained 

death of pupae or destruction interference by stock or humans. 
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Figure 3.1 B. gonerilla pupae, clockwise from top left: healthy pupae, cuticle from 
which butterfly has emerged, parasitised pupae from which E. intricatoria has 
emerged, parasitised pupae from which P. puparum has emerged. Arrows indicate 
emergence holes of parasitoids. 

Partial life tables were constructed from the juvenile mortality data. They are 

essentially cohort life tables, in that the fates of individuals on the sample plants 

were followed over time, but there was also continual "recruitment" of juveniles and 

not always to the first (egg) stage. This was partly because it was very difficult and 

time-consuming to count all eggs on the larger sample plants, so new "recruits" were 

mostly added to the sample in the first or second instar stage. Also, there was some 

turnover of sample plants due to them being damaged by stock or people and new 

plants being sampled to replace them. Immigration of late instar larvae to the sample 

plants also accounted for some of the new " recruitment" to the later instar stages. 

Survival rates were estimated by dividing the number that moulted to the following 

stage (x+l) by the number observed in that stage (x). Apparent mortality (qx) is the 

proportion of individuals which died from a particular mortality factor in that stage. 

Marginal attack rates (mx) were calculated because there were several mortality 

agents acting simultaneously on each stage. The marginal attack rate was calculated 

using equation 9 of Elkinton et af. (1992), this being the most appropriate when there 

are multiple contemporaneous mortality factors and there is no knowledge of the 
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results of competition between natural enemies or discriminating behaviour of the 

natural enemies: 

eqn 1 

where mi = marginal probability of attack from the ith cause, qi = apparent mortality 

from the ith cause and q = stage mortality rate from all causes combined. The k

values were then calculated as (Bellows & Van Driesche, 1999): 

k; = -loglo(1- m;) eqn 2 

The previous chapter showed that B. gonerilla has two generations per summer on 

Banks Peninsula. Therefore life tables were also calculated for each generation so 

that the survival rates between the generations could be compared. The first 

generation was assumed to include all pre-imaginal stages recruited to the sample 

population before the third week of December each year and the second generation 

was assumed to be those recruited after the third week of December until the end of 

the February when the monitoring of the cohorts ceased. Stage survival rates were 

compared between generations using a two-sample binomial test. 

3.2.2 Pupal parasitism survey 

A survey of pupal parasitism was conducted at thirteen sites throughout New 

Zealand in February and March 2001. B. gonerilla pupae were collected from U 

ferox plants as follows: from five sites in the Wellington region on 9-14 February (n 

= 92); four sites on Banks Peninsula on 28 February - 2 March (n = 77); and four 

sites in the Dunedin region on 15-17 March (n = 92). In 2002 and 2003 pupae were 

collected from Banks Peninsula only, from five sites on 1 March - 6 March (n = 

112) and from five sites on 26 February - 3 March (n = 59). Limited early (3 - 6 

December, n = 18) and mid season (29 - 30 January, n = 34) collections were also 

made from Banks Peninsula in the summer of2001/2002. The pupae were kept in a 

controlled-environment room until emergence at 18°C with a 5°C range, 55% RH 

with a 20% range and at a constant photoperiod ofLD 16:8 hr. 
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3.2.3 Parasitoid development and phenology 

P. puparum and E. intricatoria cultures were started from pupae parasitised and 

collected in the field. Parasitoids were kept in ventilated plastic containers in a 

controlled environment room as above. They were fed a 10% honey solution every 

two to three days. Laboratory-reared B. gonerilla that had pupated within the last 48 

h were placed in the P. puparum or E. intricatoria containers, left for 24 h, and then 

removed to separate rearing containers. Parasitoid development times were 

estimated by counting the number of days from exposure to parasitism until adult 

parasitoid emergence. On 9 October 2000, 21 pupae, assumed to be parasitized by 

E. intricatoria (dark brown, hardened cuticle) were tagged on an U ferox bush at the 

DB site and monitored for the following two months. In August 2002, six 

parasitised pupae, known to have pupated before mid April 2002, were collected 

from the same site and moved to the controlled-environment room. Emergence 

times of P. puparum and E. intricatoria adults from B. gonerilla pupae in the field 

were monitored as part ofthe life table study. 

3.2.4 Bassaris gonerilla fecundity 

Female B. gonerilla adults (n = 28) were captured in the field over the summers of 

2001102 and 2002/03 and dissected in the laboratory to count the number of mature 

eggs in their ovaries (mature eggs have a chorion/egg shell). Wing wear at the time 

of capture was noted and rated according to the scale of Watt et al. (1977): 

1. Very fresh - recently emerged, wings still soft and shining. 

2. Fresh - wings dry and hard but no visible wear. 

3. Slightly worn - noticeable wear of scales from wings or body. 

4. Worn - wings with frayed edges or some tearing. 

5. Very worn - wings with extensive scale wear, fraying and tearing. 

Wing wear is often used as a surrogate variable for butterfly age because wings 

become progressively worn over a butterfly's lifetime (Watt et al., 1977). The 

relationship between egg load and age (wing wear) was assessed using linear 

regression. 

Ten pairs of B. gonerilla adults were kept in a naturally ventilated insectary within 

0.5m3 mesh cages from 31 January 2002 to 19 July 2002. The adults were reared in 
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a controlled-environment room as above, from eggs laid by other captive butterflies 

or from early instar larvae collected in the field. The adults were exposed to natural 

light and temperature fluctuations in the insectary but additional lighting and heating 

was supplied from 15 February 2002 to keep daylength above 15 h per day and the 

daytime temperature above 10DC. The adults were fed a 10% honey water solution 

every two days. A small potted U ferox plant was placed in each cage for the 

females to oviposit on. 

For six ofthe captive females, lifetime fecundity was recorded by counting the 

number of eggs they laid every two days until death of the female or failure to lay 

eggs for more than five consecutive days. For the other four captive females, a 

temperature logger (Tinytalk™) was placed in the cage to record the maximum and 

mean daily temperatures. The number of eggs these females laid was counted daily 

until death or termination of oviposition. Linear regression was used to test for a 

relationship between daily oviposition rate and temperature. For both sets of 

females, their mature egg load on death was determined by dissection. 

3.2.5 Bassaris gonerilla sex ratio 

During the summers of 2000101 , 2001102 and 2002/03, late instar larvae were 

collected in the field and reared in the laboratory until adult eclosion (n = 242). The 

sex ratio of these laboratory-reared B. gonerilla was calculated as the number of 

males emerged divided by the total number of adults emerged. The sex ratio was 

also calculated from adults collected in the field over the three summers of 

monitoring (n = 94). 

3.3 Results 

3.3.1 Life table study 

The B. gonerilla survivorship curves (Fig. 3.2) show a large decline in survival over 

the egg stage, followed by a less steep but still decreasing survival rate over the 

larval and pupal stages. Overall proportional mortality from egg to adult was 

extremely high, particularly in 2000101 when it ranged over four orders of 
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magnitude. Hatching rates of eggs were very low (5-10%), mainly due to high 

parasitism rates (57-66%) by the unidentified Telenomus spp. (Tables 3.1 & 3.2), 

which was present at all six sites. The high k-values for this factor (0.75 and 0.76) 

indicate it is the major source of mortality for B. gonerilla eggs (Tables 3.1 & 3.2). 
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Figure 3.2 Stage-specific survival rates for B. gonerilla pre-imaginal stages. E = 

egg; L 1 = first instar; L2 = second instar; L3 = third instar; L4 = fourth instar; L5 = 
fifth instar; A = adult. 

Disappearance was the major mortality factor for the larval stages, with the 

percentage of larvae "disappearing" increasing with larval age. Disappearance 

increased from 37% for the first instar to 70% for the fifth instar and 35% to 61 % for 

the 2000101 and 2001102 seasons respectively (Tables 3.1 & 3.2). The k-values of 

the disappearance factors summed over all five larval stages were 1.85 in 2000101 

and 1.34 in 2001102, which was 40-47% of the total generational mortalities (10, 

making it the major mortality factor for B. gonerilla pre-imaginal stages. There was 

no significant difference in the disappearance rates of fourth and fifth instars 

(combined) on bushes where the whole bush was surveyed compared with plants 

where only part of the plant was surveyed (t-test on arcsine transformed data: t = 

0.54, d.f. = 36, P = 0.592 for 2000101 data and t = 0.21, d.f. = 31, P = 0.839 for 

2001102 data). 
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Parasitism of pupae by P. puparum totalled over all sites and dates was 19% (0-32% 

range) in 2000/01 (Table 3.1) but was much lower in 2001/02 at 1 % (0-3% range) 

(Table 3.2). Also, this parasitoid was not detected at some ofthe study sites (JB and 

KP in 2000/01 and JB, KP and PV in 2001/02), even though there were pupae 

present on the sample bushes at these sites. Parasitism rates by E. intricatoria were 

similar to those ofP. puparum in 2000/01 at 20% (10-25% range) (Table 3.1) and 

considerably higher in 2001/02 at 30% (14-34% range) (Table 2.2) and E. 

intricatoria was present at all five sites where pupae were found. The k-values (0.16 

and 0.32) indicate E. intricatoria is the second largest source of mortality for the 

pupal stage, after predation, which was particularly high in 2001/02 when 51 % of 

pupae were predated (Table 3.2). 

Comparison of the stage survival rates between the first and second generations each 

year revealed only two significant differences in overall survival for the pre-imaginal 

stages. Fourth instar survival was lower in the second generation compared with the 

first (37% vs 20%) in the summer of 2000/0 1 (two-sample binomial test: Z=2.99, 

P=0.003). Pupal survival was significantly lower in the second generation compared 

with the first (25% vs 2%) in 2001/02 (two-sample binomial test: Z=3.61, P<O.OOl). 

This was largely due to predation being higher in the second generation compared 

with the first. 
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Table 3.1 A 2artiallife table for B. gonerilla at six Christchurch field sites combined for 2 October 2000 -12 March 2001. 
Stage Mortality factor Standardised no. Actual no. observed Actual no. dying Apparent Marginal attack k-value 

entering stage (Ix) in stage during stage mortality rate (qx) rate (mx) 
Egg Parasitised by Telenomus spp. 10000 374 212 0.57 0.83 0.76 

Inviable 48 0.13 0.33 0.17 
Disappeared 79 0.21 0.48 0.28 
Leaf eaten/destroyed 15 0.04 0.12 0.05 

1 st Instar Disappeared 535 404 148 0.37 0.38 0.20 
Unknown cause 15 0.04 0.05 0.02 
Interference by stock or humans 3 0.01 0.01 0.00 

2nd Instar Disappeared 315 489 230 0.47 0.48 0.28 
Unknown cause 7 0.01 0.02 0.01 
Interference by stock or humans 8 0.02 0.02 0.01 

3Td Instar Disappeared 157 407 222 0.55 0.56 0.36 
Unknown cause 8 0.02 0.03 0.01 
Interference b~ stock or humans 13 0.03 0.05 0.02 

4th Instar Disappeared 63 252 156 0.62 0.65 0.45 
Unknown cause 3 0.01 0.02 0.01 
Interference by stock or humans 14 0.06 0.09 0.04 

5th Instar Disappeared 20 142 100 0.70 0.73 0.56 
Unknown cause 2 0.01 0.03 0.01 
Interference by stock or humans 4 0.03 0.05 0.02 

Pupa Predation 5 69 18 0.26 0.38 0.21 
Parasitised by E. intricatoria 14 0.20 0.31 0.16 
Parasitised by P. puparum 13 0.19 0.30 0.15 
Other mortalities 7 0.10 0.17 0.08 

1(=3.91 
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Table 3.2 A ]2artiallife table for B. gonerilla at six Christchurch field sites combined for 17 October 2001 -22 February 2002. 
Stage Mortality factor Standardised no. Actual no. observed Actual no. dying Apparent Marginal attack k-value 

entering stage {Ix) in stage during stage mortality rate (qx) rate {mx) 
Egg Parasitised by Telenomus spp. 10000 660 438 0.66 0.82 0.75 

Inviable 46 0.07 0.17 0.08 
Disappeared 89 0.13 0.30 0.15 
Leaf eaten/destroyed 24 0.04 0.09 0.04 

1st Instar Disappeared 955 1185 410 0.35 0.35 0.19 
Unknown cause 22 0.02 0.02 0.01 
Interference by stock or humans 6 0.01 0.01 0.00 

2nd Instar Disappeared 602 1251 345 0.28 0.28 0.14 
Unknown cause 27 0.02 0.03 0.01 
Interference by stock or humans 1 0.00 0.00 0.00 

3rd Instar Disappeared 422 1040 435 0.42 0.42 0.24 
Unknown cause 12 0.01 0.02 0.01 
Interference by stock or humans 5 0.00 0.01 0.00 

4th Instar Disappeared 239 599 327 0.55 0.56 0.35 
Unknown cause 10 0.02 0.02 0.01 
Interference by stock or humans 7 0.01 0.02 0.01 

5th Instar Disappeared 102 241 147 0.61 0.62 0.42 
Unknown cause 3 0.01 0.02 0.01 
Interference by stock or humans 2 0.01 0.01 0.01 

Pupa Predation 38 134 69 0.51 0.72 0.55 
Parasitised by E. intricatoria 40 0.30 0.52 0.32 
Parasitised by P. puparum 2 0.01 0.04 0.02 
Other mortalities 8 0.06 0.14 0.06 

1(=3.38 
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3.3.2 Pupal parasitism survey 

Parasitism by E. intricatoria was high in all three regions surveyed (64-71 %, Table 

3.3). There was a significant difference in the proportion of each species emerging 

from B. gonerilla pupae collected from different regions (chi-squared test: i = 

21.29, d.f. = 6, P = 0.002). This difference appeared to be mainly due to the lack of 

P. puparum reared from the Dunedin samples. However, empty pupal cases with 

small exit holes, typical of P. puparum, were also collected from Dunedin, indicating 

P. puparum had been present earlier. 

Table 3.3 Species reared from, and percentage parasitism of B. gonerilla pupae 
collected from Wellington, Banks Peninsula & Dunedin areas, 9 February - 17 
March 2001. 

B. gonerilla E. intricatoria P.puparum Failed to emerge 
Wellington 8.7 64.1 8.7 18.5 
Christchurch 3.9 67.5 16.9 11.7 
Dunedin 14.1 70.7 0.0 15.2 
Total 9.2 67.4 8.0 15.3 

n 
92 
77 
92 
261 

On Banks Peninsula, pupal parasitism by E. intricatoria was high in all three years 

ranging from 61.0 to 82.1 %. Parasitism by P. puparum was lower and more variable 

ranging from 3.6 to 27.1 % (Table 3.4). 

Table 3.4 Species reared from, and percentage parasitism of B. gonerilla pupae 
collected from Banks Peninsula, 28 February - 2 March 2001, 1 March - 6 March 
2002 and 26 February - 3 March 2003. 

2001 
2002 
2003 
Total 

B. gonerilla E. intricatoria 
3.9 67.5 
1.8 82.1 
8.5 61.0 
4.0 72.6 

p.puparum 
16.9 
3.6 
27.1 
13.3 

Failed to emerge n 
11.7 77 
12.5 112 
3.4 59 
10.1 248 
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There was a significant difference in the proportion of each species emerging from 

B. gonerilla pupae over different parts of the summer (chi-squared test: i = 75.79, 

d.f. = 6, P < 0.001). This difference was driven largely by a higher than expected 

proportion of healthy B. gonerilla emerging in early summer (Table 3.5). 

Conversely, parasitism was higher in mid and late summer (Table 3.5). 

Table 3.5 Species reared from, and percentage parasitism of B. gonerilla pupae 
collected from Christchurch area in early, mid and late summer 2001102. Early = 3 
December - 6 December 2001, Mid = 29 January - 30 January 2002, and Late = 1 
March - 6 March 2002. 

B. gonerilla E. intricatoria P.puparum Failed to emerge n 
Early 
Mid 
Late 
Total 

44.4 
0.0 
1.8 
6.1 

44.4 
47.1 
82.1 
70.7 

11.1 
23.5 
3.6 
8.5. 

3.3.3 Parasitoid development and overwintering 

0.0 18 
29.4 34 
12.5 112 
14.6 164 

The mean development time of P. puparum at 18°C was 23 days (SE = 0.6, n = 20) 

whilst E. intricatoria developed in 27 days (SE = 0.3, n = 20) at 18°C. As a 

comparison, B. gonerilla takes 54 days from egg hatch to adult ec1osion at a constant 

temperature of 18°C, with the pupal stage lasting 14 days. The emergence times of 

P. puparum and E. intricatoria in the field were similar to that of B. gonerilla, all 

peaking in December and March each year (Fig. 3.3). However, B. gonerilla 

emerging early in November appeared to escape parasitism. 

48 



25 B.gonerilla 

20 

15 

10 

5 

0 

Ol 25 P.puparum c:: 
e> 20 
Q) 

E 15 
Q) 
L.. 10 Q) 

..0 
E 5 
:::J 
Z 0 

25 E. intricatoria 
20 

15 

10 

5 

0 
Oct Nov Dec Jan Feb Mar Apr May 

Month of emergence 

Figure 3.3 Number of B. gonerilla, P. puparum and E. intricatoria adults emerging 
from B. gonerilla pupae, pooled data from six sites and two seasons (2000/01 and 
2001/02). 

Ofthe 21 pupae tagged at the OB field site in early October 2000, six yielded E. 

intricatoria which emerged during December 2000 whilst the other 15 disappeared 

(probably predated). Of the six parasitised pupae collected from OB in August 2002, 

three were dissected to reveal E. intricatoria pupae. The other three pupae had E. 

intricatoria emerge from them within two weeks of collection. These observations 

show that E. intricatoria is capable of over-wintering as pupae within B. gonerilla 

pupae. 
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3.3.4 Fecundity and longevity 

The mean lifetime fecundity for captive females was 312.4 eggs (SE = 60.0, n = 10) 

over a mean lifespan of 53.6 days (SE = 5.1, n = 10). Females did not oviposit over 

their entire lifetime; there was a mean delay of 12.3 days (SE = 2.0, n = 10) between 

pairing and oviposition and the mean ovipositional lifetime was 32.1 days (SE = 4.6, 

n = 10). There was no relationship between lifetime fecundity and pupal weight 

(linear regression: d.f. = 8, r2 = 2%, P = 0.727). However these estimates of 

fecundity in caged adults were thought to underestimate oviposition rates in the field 

for two reasons. Firstly, casual observations of females ovipositing in the field 

indicated a mean egg-laying rate of 47.3 eggs per 10 min (SE=4.3, n = 6). Secondly, 

captive females had higher egg loads (mean=135.6, SE =13.6, n =10) and larger fat 

reserves when dissected upon death than egg loads of females of varying (but 

unknown) ages collected from the field (mean=90.43, SE =6.82, n =28), indicating 

captive females had ample reserves to lay eggs should they be stimulated to do so. 

There was no relationship between egg load and wing wear (as a surrogate for age) 

for female butterflies collected in the field over summer (Fig. 3.4, linear regression: 

d.f. = 26, r2 = 0%, P = 0.362). Similarly there was no relationship between egg load 

at death and age at death for captive females (linear regression: d.f. = 8, ? = 0%, P = 

0.563). 
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Figure 3.4 Egg loads of field-caught B. gonerilla females plotted against wing wear 
(see methods section 3.2.4 for explanation of wing wear ratings). 
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Mean daily oviposition rate of captive females showed a significant relationship with 

maximum daily temperature (Fig. 3.5, linear regression: y = 1.2619x - 16.582, d.f. = 

13,? = 49%, P = 0.004), although significance levels may be overestimated because 

the y-variables were not independent (each data point was the mean of the same four 

individuals). The regression equation for this relationship predicts a 13°C threshold 

for oviposition to occur. 
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Figure 3.5 Daily egg laying rate of B. gonerilla females at various maximum daily 
temperatures (mean of four individuals presented). 

3.3.5 B. gonerilia sex ratio 

B. gonerilla appears to have an even sex ratio; 50% (n = 242) oflaboratory-reared 

adults were males and 53% (n = 94) offield-collected adults were males. 

51 



3.4 Discussion 

3.4.1 Mortality rates from the life table study 

This study is a first attempt to quantify mortality caused by the introduced parasitoid 

P. puparum in the context of other mortalities for the New Zealand red admiral 

butterfly. Larval disappearance was the major mortality factor for B. gonerilla pre

imaginal stages, accounting for nearly half ofthe total pre-imaginal mortality (I{,). 

Larval disappearance was particularly high in the summer of 2000/01 during a 

drought. This enhanced mortality could have been due to starvation or increased 

predation during a drought summer, as discussed in the previous chapter. However, 

it is likely that larval disappearance mortality was overestimated in both summers 

because some of the larvae that disappeared may have dispersed and survived. The 

very high overall calculated mortality (0.9999) suggests that disappearance rates 

were overestimated; this level of mortality would mean a female butterfly would 

have to lay tens of thousands of eggs to replace itself, yet fecundity measures 

indicate that the reproductive capacity of females is in the order of hundreds. 

Unexpectedly high egg mortality was caused by an unidentified Telenomus sp. 

(Hymenoptera: Scelionidae) which was present at all six study sites. The life table 

analysis suggests it is the major identifiable mortality factor, both within the egg 

stage and over all pre-imaginal stages. The scelionid could not be identified to a 

species level despite examination by two Hymenoptera taxonomists (J. Berry of 

HortResearch, NZ and N. Johnson of Ohio State University, USA). It is not known, 

therefore, whether this parasitoid is introduced or native, generalist or specialist. 

Quail (1901) described a hymenopteran parasitoid that emerged from B. gonerilla 

eggs which he tentatively named Mymar crinisacri Quail (Hymenoptera: 

Mymaridae). It is possible that this egg parasitoid was mistakenly identified by 

Quail and that it was the same as the Telenomus sp. reared in the present study but 

there is no voucher specimen. 

Pupal parasitism by P. puparum was generally low, ranging from 1-19% over the 

two years monitored and the k-values suggest it is not a major mortality factor for B. 

gonerilla. Although no parasitism by P. puparum was detected at three ofthe six 
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Christchurch field sites, no pupae were found at one of these sites and the other two 

sites had low numbers of pupae, suggesting a lack of detection ofthe parasitoid 

rather than a total absence from the area. The absence of P. puparum from some 

sites is difficult to explain as transect walk observations showed that the PV site, 

where no P. puparum were recovered in 2001102, had high densities of P. rapae 

adults (Appendix 2) and thus were a potential source of P. puparum. Parasitism by 

E. intricatoria was high in the second year of the life table study (30%), and its k

value indicates that it is a major mortality factor for the pupal stage of B. gonerilla 

although not as sizeable a mortality as that from pupal predation. 

Both P. puparum and E. intricatoria appear to be well synchronised with the B. 

gonerilla generations and able to parasitize the first and all subsequent B. gonerilla 

generations produced over summer. For E. intricatoria this was because it 

overwinters in B. gonerilla pupae emerging in December at the time that larvae of 

the first generation are pupating. The parasitoid pupae appear to overwinter in a 

quiescent state rather than true diapause since they emerged within two weeks of 

being placed in a favourable environment. It is unlikely that P. puparum can 

overwinter in B. gonerilla pupae, but it emerges from overwintering P. rapae pupae 

in late November so is also present to attack the first generation of B. gonerilla. 

Because the generation times of P. puparum and E. intricatoria are approximately 

half that of B. gonerilla it is possible that they could complete an additional 

generation for everyone of B. gonerilla, although these generation times do not take 

into account searching time for mates and hosts. There was some evidence of a 

temporal refuge for B. gonerilla from parasitism; butterflies were recorded emerging 

in November but the earliest date that parasitoids emerged was in December. 

3.4.2 Pupal parasitism survey 

The pupal parasitism survey suggested higher parasitism rates than did the life table 

study although they showed the same trends. In particular, estimates of percent 

parasitism by E. intricatoria in the summers of2000101 and 2001/02 on Banks 

Peninsula were much higher in the pupal parasitism survey (68-82%) than those 

estimated from the life table study (20-30%). There are several possible 

explanations for this difference. One explanation is that parasitism by E. intricatoria 
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was higher in late season generations of B. gonerilla when the survey was 

conducted, whereas the life table study measures pooled parasitism rates over all 

generations. Another explanation for the higher parasitism estimate in the pupal 

survey is that many of the pupae were collected from U ferox bushes with very 

visible (to human observers), high densities of pupae on them and it is possible that 

parasitoids aggregated at these high-density populations. Also, the difference in 

emergence times between parasitoids and adult B. gonerilla may cause an 

overestimate in percent parasitism (van Driesche, 1983). E. intricatoria and P. 

puparum take one to two weeks longer to develop compared with the two weeks an 

unparasitised healthy B. gonerilla spends in the pupal stage, so a sample of pupae 

collected after the healthy B. gonerilla have emerged will tend to overestimate the 

proportion parasitised. Therefore the high parasitism rates from the pupal survey 

must be viewed with caution as they represent an instantaneous measure of non

target parasitism rather than total parasitoid impact on B. gonerilla over the whole 

summer. The life table study measured all recruitment to the pupal stage on sample 

Uferox plants throughout the summer, so is a better estimate of pupal parasitism 

rates. 

Estimates of percent parasitism by P. puparum varied widely between the three years 

surveyed, highlighting the importance oflonger-term studies for assessing parasitoid 

impacts. If the only field season measured was 2002 then it would have been 

concluded that non-target use of B. gonerilla by P. puparum was minimal, with only 

I % of pupae being parasitized, but the high level of parasitism detected in 2003 

(27%) showed that P. puparum may be a significant source of mortality in some 

years. The causes of this variation in parasitism rates are unknown but might be 

linked to variation in the abundance of its (common) target host P. rapae. Also, 

Muggeridge (1943) noted that parasitism rates of P. rapae by P. puparum were 

higher in dry compared with damp conditions, so the warm dry summers of 2000/0 I 

and 2002/03 might account for higher parasitism rates in these years. Alternatively, 

the wide variation in percent parasitism by P. puparum between years may reflect 

sampling error, particularly as sample sizes were lower in drought years. 
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3.4.3 Fecundity and longevity of B. gonerilla adults 

Lifetime fecundity of captive B. gonerilla was approximately 312 eggs per female 

over an average lifespan of 54 days. However, observations of females in the field 

suggest actual fecundity may be much higher. It is not known why captive females 

should lay fewer eggs per day than free-living females. The higher egg load of 

captive compared with wild-caught females suggests it was not the production of 

eggs that was limiting, so perhaps some external cue was inhibiting oviposition. 

Maybe females avoid ovipositing in the same area twice, so the size of the potted U. 

ferox plants placed in the cages was limiting oviposition. It is also possible that eggs 

were laid elsewhere in the cages rather than on the host plant but no eggs were found 

on the mesh sides or metal tray of the cage during occasional checks. Also, the 

lifespan measured in the laboratory may have been an under-estimate of field 

longevity because captive butterflies tended to wear their wings down rapidly when 

kept in mesh cages. On the other hand, an unlimited food supply and protection 

from weather and predators in the laboratory probably enhanced longevity relative to 

that experienced in the field. 

B. gonerilla appears to produce eggs continually throughout its life because there 

was no significant negative relationship between egg load and wing wear (as a 

surrogate variable for age) offield-caught butterflies and no significant relationship 

between egg load and age at death of captive butterflies. With ample mature eggs 

left in their ovaries at death and an egg-laying rate that was fairly constant with age it 

appears that longevity rather than potential egg production limits realised fecundity. 

In addition, daily egg-laying rate varied with the maximum daily temperature and 

appeared to be higher on sunny days, so weather conditions may also limit realised 

fecundity as has been found in other temperate butterfly species such as Colias 

alexandra Edwards (Hayes, 1981) and Leptidea sinapis (L.) (Warren et al., 1986). 

3.4.4 Non-target effects 

It is unlikely that P. puparum would be released as a biocontrol agent in New 

Zealand under current regulations because of its known broad host range. At the 

time of its introduction in 1932 it was known that it attacked nymphalid butterflies in 

the Vanessa genus, in whichB. gonerilla was then classified, so non-target 
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parasitism of New Zealand admiral butterflies could have been predicted. This study 

has confirmed that P. puparum has enhanced mortality of B. gonerilla but life table 

analysis has shown that this mortality contributes little to overall pre-imaginal 

mortality. 

Retrospective analyses on non-target impacts are few (Lynch et ai., 2001; Louda et 

ai., 2003b) and the analysis presented here represents one of only a few in the 

literature which quantify the additional mortality caused by an introduced biocontrol 

agent with respect to already existing mortality. Duan et ai. (1998) used the 

recruitment method to quantify mortality by the introduced larval fruit fly parasitoid 

Diachasmimorpha tryoni (Cameron) on the lantana gall fly Eutreta xanthochaeta 

Aldrich. They found that mortality from D. tryoni parasitism varied significantly 

with ecological habitat but was small relative to other losses. Similarly, a life table 

analysis of mortality factors acting on the koa bug Coieotichus biackburniae White 

found that mortality by introduced biocontrol agents was minimal compared with 

other mortality factors, partiCUlarly predation (Johnson cited in Louda et ai., 2003b). 

The level of non-target parasitism of B. gonerilla identified in this study «40%) 

would receive a severity rating of2 based on the non-target impact severity index of 

Lynch et ai. (2001). This rating represents only minor utilization of a non-target 

host and no population effects (the index ranges from 0 to 9 with 9 being large-scale 

extinction). However, by the authors' own admission, this index is a somewhat 

arbitrary method to compare data collected from a large literature review. In reality 

the link between percent parasitism and population suppression depends on the 

host's rate of population increase and the timing of density-dependent mortality 

factors in relation to the control agent-induced mortality (May et ai., 1981), an issue 

which is explored in the following chapters. 
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Chapter 4. Regulation of Bassaris gonerilla 

populations 

4.1 Introduction 

The importance of density-dependent factors in the regulation of population 

abundance has been much debated over the last century (Andrewartha & Birch, 

1954; Nicholson & Bailey, 1935; Nicholson, 1954). However, most ofthis debate 

appears to have been over semantics, and there is now a general consensus that 

density-dependent processes are a necessary (but not sufficient) requirement for 

population regulation (Turchin, 1995). To summarize, density dependence is the 

dependence of per capita population growth rate on present and/or past population 

densities (Murdoch & Walde, 1989). A negative effect of density on population 

growth rate is called direct density dependence and this generates a return tendency 

in population abundance so that below a certain density, populations will grow and 

above this density they will decline, where the equilibrium density is that at which 

average population growth is zero. For a direct density-dependent factor to regulate 

a population it must be of sufficient strength to overcome any density independent or 

inversely density-dependent factors, and must act relatively quickly since a long lag

time may lead to diverging oscillations. A regulated population is characterised by a 

long-term stationary probability distribution of population densities (Turchin, 1995). 

There has been a long history of research into regulation mechanisms of Lepidoptera 

populations, mainly because of their potential to be forestry or agricultural pests 

(e.g., winter moth Operophtera brumata (L.) (Vadey & Gradwell, 1968), spruce 

budworm Choristoneurafumiferana Clemens (Morris, 1963), gypsymothL. dispar 

(Elliott & Liebhold, 1990», but also with a view to conserving rare species such as 

the heath fritillary Mellicta athalia Rott. (Warren, 1987), the West Virginia white 

butterfly Pieris virginiensis Edwards (Cappuccino & Kareiva, 1985), and the wood 

white butterfly Leptidea sinapis L. (Warren et ai., 1986). Dempster (1983) reviewed 
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twenty four case studies of Lepidoptera populations and found evidence for density 

dependence in sixteen ofthese studies. In most ofthese (thirteen out of sixteen), the 

density dependence was due to intraspecific competition for resources; in the other 

three it was due to natural enemy mortality. He concluded that the theory of density

dependent regulation about an equilibrium was not supported by this data and 

instead argued that population growth is retarded by intraspecific competition for 

resources only at very high densities when a "ceiling" or upper limit is exceeded, 

with this limit being determined by the carrying capacity ofthe habitat. He reasoned 

that at intermediate densities there will be no competition and therefore no density 

dependence occurring, although there will be a lower limit or "floor" below which 

the population will go extinct (Dempster, 1983). Very similar conclusions were 

drawn by Stiling (1988) in his meta-analysis of 63 studies of insect population 

dynamics. He found a density-dependent relationship in 53% of the studies, mostly 

caused by intraspecific competition for resources, and concluded that populations 

were more likely to oscillate between widely separated "floor and ceiling limits" 

than be tightly regulated about an equilibrium. However as pointed out by Turchin 

(1995), the limitation by "floors and ceilings" hypothesis espoused by Milne (1957), 

Dempster (1983), and Stiling (1988) is really just a special case of density-dependent 

regulation where the relationship between population growth rate and density is non

linear rather than linear. 

Recent time-series analyses of very large moth and aphid population data sets found 

evidence for density-dependent regulation in 29-56% (depending on the statistical 

test used) of the moth time-series (Woiwod & Hanski, 1992). The incidence of 

density dependence increased to 67-88% when only long time-series (>20 years) 

were used, suggesting that the failure to detect density dependence in earlier studies 

was due to inadequate sample sizes i.e., the time-series were too short in length. A 

similar positive relationship between the frequency of density dependence and the 

length of time-series has been found in other studies (Hassell et al., 1989; Holyoak, 

1993; Wolda & Dennis, 1993). Unfortunately time-series analysis does not reveal 

the cause of any negative feedback mechanisms so the question of whether bottom

up (resource) or top-down (natural enemy) regulation is more prevalent remains 

unresolved (Hairston et al., 1960; Murdoch, 1966; Root, 1973; Hunter & Price, 

1992). 
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The aim of this chapter was to detect any density-dependent processes occurring in 

red admiral butterfly populations, not so much to contribute to ecological theory, but 

for pragmatic reasons: the intention was to construct a model for B. gonerilla 

popUlations on Banks Peninsula and the inclusion of density dependence is essential 

in any deterministic, non-spatial population model, otherwise the modelled 

population would quickly go extinct or increase to infinity. It was also important to 

determine the timing of density dependence in relation to pupal parasitism by P. 

puparum and E. intricatoria because density-dependent compensation after 

parasitism would lessen the impact of parasitoid mortality. The short time frame of 

this study (2-3 years) precluded the use oftime-series analysis to detect density 

dependence, so a variety of other methods were used. The three approaches used 

were (sensu Silby & Hone, 2002): (a) a demographic and density approach, by 

plotting k-values of different mortality agents against the density ofthe stage they act 

on; (b) a mechanistic approach, by manipulating densities of red admiral larvae or 

pupae and recording the proportion dispersing or dying; and (c) a density approach, 

by determining the relationship between population growth rate and population 

density. 

The aims of this part ofthe study were: 

1. To test for relationships between pre-imaginal mortality factors and B. 

gonerilla density. 

2. To investigate the response of P. puparum and E. intricatoria to B. gonerilla 

pupal density in the field using sentinel pupae. 

3. To determine if larval density or larval instar affects rates of larval dispersal 

off the host plant. 

4. To determine if B. gonerilla population growth rates are density-dependent. 
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4.2 Methods 

4.2.1 Density relationships of pre-imaginal mortality factors 

The monitoring work presented in Chapter 2 showed that there were two main 

generation peaks each summer in Banks Peninsula. Strictly speaking, k-values 

should be calculated only for univoltine insects with non-overlapping generations, 

with a separate life table constructed for each generation (Southwood, 1978). An 

attempt was made to construct a life table for each of the two B. gonerilla 

generations per site and per year from the life table data presented in Chapter 2. 

However many of these life tables could not be completed due to "extinctions" in the 

older stages i.e., all of the fifth instar larvae or pupae disappeared from the sample 

bushes. This apparent 100% mortality was mainly an artefact ofthe low numbers of 

individuals involved when splitting the life tables to this level of resolution, except at 

the BB site, where there were no fifth instar larvae or pupae present on the sample 

bushes. Pooling across both generations solved this problem but there was concern 

that the pooling might obscure important between-generation dynamics. ill 

particular, pupal predation rates appeared to be much higher in the second generation 

in the summer of200l/02. To investigate this, the k-values from the single site, 

single generation life tables, that did have sufficient numbers of individuals to be 

completed, were compared with the k-values from the single site, pooled generations 

life tables to see if interpretation of the density-dependent factors was different if the 

generations were separated out. Potential density-dependent factors were identified 

by regressing k-values on the log density of the stage they acted on; density

dependent mortality factors are those which have a significant positive relationship 

with density (Southwood, 1978). The density of the stage a mortality factor acts on 

was estimated by averaging the density ofthat stage over the generation period of 

interest, i.e., for the pooled generation analyses this was the mean density over 

weeks 1-20 of monitoring and for the single generation analyses they were the mean 

densities over weeks 1-10 and 11-20 for the first and second generations 

respectively. 
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4.2.2 Pupal parasitoid response to host density 

An experiment was designed to test if parasitoid attack on B. gonerilla pupae was 

density-dependent. B. gonerilla larvae were reared on a natural diet (u. ferox leaves) 

in a controlled-environment room until pupation (at 18°C with a 5°C range, 55% RH 

with a 20% range and at a constant photoperiod ofLD 16:8 hr). Only individuals 

that had pupated within two days of the start of each trial were used because it is 

thought that E. intricatoria avoids ovipositing in older pupae (Gibbs, 1980). The 

highest density of pupae observed in the field was 12 per 50 shoot tips (at OB on 

12/2/02), so a maximum experimental density of 15 pupae per 50 shoot tips was 

chosen to be slightly higher than this to invoke a clear response to density but not so 

high as to be unnatural. Pupae were set out in the field at three different densities: 1, 

5 and 15 pupae per 50 U. ferox shoot tips. The three U. ferox plants used for each 

replicate were selected to be similar in overall plant size, shoot tip density, leaf size, 

amount of shading and aspect. The plants were 50-100 m apart and were 

standardised by pruning until they consisted of 50 shoot tips. The pupae were 

randomly assigned to a shoot tip and attached by gluing the cremaster to the leaf 

midrib and enclosed in a 'tent' which was formed for the pupa by rolling and 

stapling the leaf tip back to its base. Pupae were placed out in the field on 5, 12, 19 

and 26 March 2002. They were recovered after one week, then housed in individual 

containers in a controlled-environment room until emergence. Different U. ferox 

plants were used for each replicate. The four replicates were done in time rather than 

space due to difficulties getting sufficient numbers of larvae to pupate on the same 

day. No further replicates could be done due to disease liquidating the laboratory 

cultures of B. gonerilla. The data were analysed using a log-linear model where the 

response variate was the count of each species emerging in each treatment 

combination and the explanatory variables in the GLM model were the three 

categorical variables (density, replicate and species emerged), the interaction 

between species emerged and density, and the interaction between density and 

replicate (=number pupae set out). 
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4.2.3 Larval dispersal at different instars and densities 

The life table study presented in Chapter 3 showed large numbers of larvae 

disappearing from the sample plants which was assumed to be a consequence of 

predation and dispersal. Dispersal away from the original host plant was 

hypothesised to be affected by two factors. (I) Age of the larvae, because later instar 

larvae consume more food and thus have to move more frequently to find sufficient 

food, and because pre-pupae larvae may move off the host plant to pupate. (2) 

Density oflarvae on the host plant, because this will affect the amount of suitable 

food available i.e., intraspecific competition for resources may result in movement 

away from depleted plants. Therefore, the two treatments selected for this 

experiment were larval age and larval density. Because observations in the field 

showed that first and second instar larvae tend to remain on the same shoot they 

hatched on, three levels oflarval age were used: third, fourth and fifth instar. Two 

levels oflarval density were used: six larvae per 20 shoot tips, this being the highest 

combined density of third, fourth and fifth instar larvae observed in the field, and one 

larva per 20 shoot tips, being the minimum possible. There were three replicates for 

each third instar x density combination and four replicates for each fourth- and fifth 

instar x density combination. The experiment was conducted in controlled

enviromnent rooms to remove the confounding effects of predators and weather 

(light, temperature, wind, rain) on larval movement. Urtica ferox plants were raised 

in standard potting mix in 15L plastic pots in a shade house. They were watered 

approximately twice a week and kept free of herbivores (thus limiting any wound

induced defences) by sporadic spraying of insecticides, mainly pyrethrum-based, up 

to three weeks before the start of the experiment. The plants used in the experiment 

were all 60 - 70cm high and had approximately 20 shoot tips; larger plants could not 

be used due to space limitations in the controlled-enviromnent rooms. They were 

standardised to 20 shoot tips each by pruning superfluous branches. 
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Figure 4.1 Diagram of experimental apparatus used to investigate the effect of 
larval instar and density on dispersal away from host plant. 

For the experiments, the potted plants were shifted to controlled-environment rooms 

(18°C with a 5°C range, 55% RH with a 20% range and at a constant photoperiod 

ofLD 16:8 hr) and placed in large plastic tubs in approximately 5 cm deep water 

(Fig. 4.1). Preliminary trials had shown that this "moat" was able to trap larvae 

moving offthe plant. Larvae were placed on randomly selected shoot tips and 

enclosed in lOx 15 cm mesh bags for I hr prior to the start of the experiment to 

allow them time to recover from handling. The bags were then carefully removed 

and the larvae were left for 24 hr, after which time the number that had moved off 

the plant was noted. Larvae and plants were not reused for any further trials. A 

logistic regression model was used to compare the proportion moving at each density 

and instar, where replicate, instar, density, and instar x density were the explanatory 

variables in the full GLM model. 

4.2.4 Population growth rate vs density 

The population-level impact of any density-dependent factors will be manifested in 

the population growth rate which encompasses the vital rates acting on all stages of 

an organism'S life cycle. Direct density dependence is a decrease in the per capita 

population growth rate with increasing population density. A regression test based 
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on the Ricker (1954) equation was used to test for density dependence, whereby the 

rate of natural increase (r) was regressed on population density to see if there was a 

significant negative relationship (Woiwod & Hanski, 1992). Population growth rates 

between generations and years was detennined using the temperature-corrected 

estimates of adult abundance obtained over three summers from the transect walks 

described in Chapter 2. The two summer peaks in abundance at each site were used 

as the estimates of popUlation abundance in generations one and two and, for most of 

the sites, these were the January and March counts. The mean abundance of adults 

in October was used as an estimate ofthe overwintered generation, however, as 

discussed in Chapter 2, these are thought to be an overestimate of true abundance. 

Therefore the results of analyses including October abundance must be treated with 

some caution due to the probable large measurement errors. The abundance of 

adults averaged over the whole summer (November to April) was also estimated to 

quantify changes in mean abundance from year to year. The relationship between 

abundance from one generation or year to the next was identified by regressing Nt+ 1 

on Nt. The relationship between population growth rate between generations or 

years and population density was estimated by calculating r = In(Nt+lINt) and 

regressing r on Nt. Because years one and three ofthis study (summers of 2000101 

and 2002/03) were characterised by droughts, dummy variables for these years were 

included in a mUltiple regression to test if the slope or intercept of any density 

relationships differed between drought and non-drought years (Draper & Smith, 

1998). For example, a dummy intercept variable of 1 was assigned to data 

corresponding to drought years and 0 for non-drought years. The variable would not 

be selected in stepwise multiple regression if there was no significant difference in 

intercepts, but if there was, the coefficient of the dummy represents an addition to the 

intercept for that set of data, namely drought years. Dummy slope variables were the 

dummy intercept (0 or 1) multiplied by Nt; if significant, they represent an addition to 

the slope for the appropriate data set. Zero data points were excluded from the 

analyses because they can lead to spurious detection of density dependence (Rothery, 

1998). Omission of zeros resulted in the loss of only one data point out of twelve in 

the generation two data set, but meant the loss of four out of twelve in the 

overwintering (October) data set which further limits the interpretability ofthe 

analyses containing October counts. Because the data were both spatial (six sites) 

and temporal (two generations x three years), statistical problems due to serial 
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correlation in the data were partly avoided and standard F-values were used to test 

the significance ofthe regressions. The significance level for these tests were taken 

as 0.009 rather than the usual 0.05, as a result of the Bonferroni correction for the 

multiple (six) relationships tested. 

4.3 Results 

4.3.1 Density relationships of pre-imaginal mortality factors 

For the single site, pooled generation data set, no component mortality factors of egg 

or larval loss were density-dependent (Table 4.1). However, egg densities were only 

measured in 2001/02, resulting in low power to detect any differences in egg 

mortalities with varying density. Pupal predation appeared to show density 

dependence in 2000/01 (Fig 4.2b), but for both years combined the relationship was 

not significant (Table 4.1). The k-values for parasitism by P. puparum were 

generally low (including five zero points) and showed no relationship with density 

(Table 4.1). Parasitism of pupae by E. intricatoria did show evidence of density 

dependence (Fig. 4.2a), although the low regression coefficient suggests that any 

density dependence was relatively weak (Table 4.1). These conclusions were 

unchanged if k-values from single site, single generation life tables were used in the 

same analysis, that is, egg and larval mortalities were not density-dependent, pupal 

predation showed some relationship with density in 2001/02 but not when both years 

were combined (k for pupal predation = 0.609 + 0.37610g(pupal density), d.f. = 10, 

r2 = 0.08, P = 0.190), and pupal parasitism by E. intricatoria appeared to be density

dependent (k for parasitism by E. intricatoria = 0.423 + 0.295 log(pupal density), d.f. 

= 10, ? = 0.43, P = 0.012). 
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Table 4.1 Regression relationships for k-values of various mortality agents vs stage abundance for six B. gonerilla populations on Banks 
Peninsula over two summers (2000101 and 2001102). -
Relationship_ Intercept Regression coefficient 
k-parasitism by Telenomus sp. vs log egg density 0.661 0.180 
k-egg predation vs log egg density 0.071 0.137 
k-lst instar disappearance vs log 1st instar density 0.187 -0.088 
k-2nd instar disappearance vs log 2nd instar density 0.149 -0.227 
k-3rd instar disappearance vs log 3rd instar density 0.205 -0.216 
k-4th instar disappearance vs log 4th instar density 0.283 -0.228 
k-5th instar disappearance vs log 5th instar density 0.395 -0.133 
k-parasitism by P. puparum vs log pupal density 0.083 0.012 
k-parasitism by E. intricatoria vs log pupal density 0.488 0.317 
k-pupal predation vs log pupal density 0.786 0.462 
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Figure 4.2 Mortality of B. gonerilla pupae due to (a) predation and (b) E. intricatoria parasitism, plotted against mean pupal density for two 
years and five sites on Banks Peninsula (solid triangle = 2000101, open circle = 2001/02). See Table 4.1 for significance and fit of regression 
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4.3.2 Pupal parasitoid response to host density 

There was only one instance of P. puparum parasitism of the sentinel pupae, so no 

conclusions could be drawn on its response to host density. Parasitism rates by E. 

intricatoria were independent of B. gonerilla pupal density (log-linear model: X = 

1.02, d.f. = 8, P = 0.418; Fig. 4.3), i.e., no density-dependent response of E. 

intricatoria to host density was detected. 
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Figure 4.3 Proportion of B. gonerilla pupae parasitised by E. intricatoria at 
different pupal densities. 
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4.3.3 Larval dispersal at different instars and densities 

The proportion of larvae dispersing did not differ between replicates (logistic 

regression model: X = 0.43, d.f. = 3, P = 0.735) so this term was dropped from the 

full modeL ill the reduced model, there was no effect of larval density on the 

proportion of larvae moving off the host plant (logistic regression: X = 0.20, d.f. = 1, 

P = 0.652). Neither was the interaction between density and larval age a significant 

predictor (logistic regression: X = 0.39, d.f. = 2, P = 0.677). There was a significant 

positive effect oflarval age on the proportion oflarvae moving off the host plant 

(logistic regression model: X = 4.45, d.f. = 2, P = 0.012; Fig. 4.4). The relationship 

between the proportion moving and larval age was linear (logit (probability of 

moving) = -8.26+ 1.448*larval instar; X = 7.75, d.f. = 1, P = 0.005), and described 

87% of the deviance explained by larval instar in the reduced GLM modeL 
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Figure 4.4 Proportion of B. gonerilla larvae moving off U ferox (host plant) at 
different larval instars. 
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4.3.4 Population growth rate (r) vs density 

There was no relationship between first generation abundance and spring abundance 

at the 0.009 significance level (Fig. 4.5a, Table 4.2). The relationship between 

second and first generation abundance was positive in a non-drought year but only 

weakly so in drought years (Fig. 4.5b, Table 4.2). A negative relationship between 

the spring to first generation growth rate (r) and spring abundance was identified in a 

drought year by the stepwise selection of the drought year dummy slope variable, but 

spring abundance in a non-drought year was not selected as a significant predictor of 

spring to first generation growth rate in a non-drought year (Fig. 4.5c, Table 4.2). 

The relationship between the first to second generation growth rate and first 

generation abundance was more negative in a drought year than in a non-drought 

year as identified by the stepwise selection of different slope variables for drought 

and non-drought years (Fig. 4.5d, Table 4.2). 

Table 4.2 Regression relationships for changes in adult B. gonerilla abundance 
between generations within a summer. 
Relationship d.f. rZ P-value 
Gen I = 1.82 + 0.53 Spr - 0.48 DSSpr 11 0.44 0.016 
Gen 2 = 1.46 + 0.91 Gen 1- 0.79 DsGenl 14 0.71 
In(Gen lISpr) = 0.34 - 0.24 DSSpr 12 0.42 
In(Gen2/Gen1)= 1.23-0.18Genl-0.47DSGenl 14 0.59 

<0.001 * 
0.007 * 
0.001 * 

Spr = spring abundance, Gen 1 = first generation abundance, Gen 2 = second 
generation abundance, DS = dummy slope for drought years (= 0 in non-drought 
years). 
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Between years, there was no relationship between adult abundance at the end ofthe 

summer (second generation) and the abundance of adults the following spring (Fig. 

4.6a, Table 4.3). The relationship between the first or second generation or mean 

summer abundance from one year to the next was generally linear and positive 

between years one and two, whilst for years two to three the slope was close to zero 

(Figs. 4.6b, c, d; the different slopes for different years were identified by stepwise 

regression). However these regressions were not significant (Table 4.3). 

The relationship between yearly population growth rate and abundance was 

significantly negative in the analysis using mean yearly adult abundance (Table 4.3; 

Fig. 4.6 h) and those using first or second generation abundance (Table 4.3; Figs. 4.6 

f, g, h), indicating density dependence in population growth rates between years. 

However, this relationship was only apparent between years 2-3, as indicated by the 

stepwise selection of the dummy slope variable only as a significant predictor of 

population change (Table 4.3). No relationship was detected between years 1-2, 

probably because there was not much variation in initial abundance in year 1 (they 

were all low) so correspondingly there was not much spread in the response variable 

(r). 

Table 4.3 Regression relationships for changes in adult B. gonerilla abundance 
between years. 
Relationship d.f. ? P-value 
Sprt+l = 3.83 - 0.24 Gen 2t 8 0.01 0.333 
Gen It+l = 2.00 + 1.92 Gen It - 1.83 DSGeni t 9 0.13 0.214 
Gen 2t+l = 0.80 + 2.58 Gen 2t - 2.49 DSGen2t 8 0.57 0.014 
Nt+l = 0.84 + 2.17 Nt - 2.01 DSNt 9 0.28 0.092 
In(Sprt+l/Gen 2t) = 0.76 - 0.26 Gen2t 8 0.54 0.010 
In(Gen It+l/Gen It) = 1.04 - 0.29 DSGeni t 10 0.50 0.006 * 
In(Gen 2t+l/Gen 2t) = 0.60 - 0.28 DSGen2t 9 0.73 <0.001 * 
In{Nt+llNt) = 0.84 - 0.486 DSNt 10 0.63 0.001 * 
Spr = spring abundance, Gen 1 = peak first generation abundance, Gen 2 = peak 
second generation abundance, N = average abundance from November to April, DS = 
dummy slope for abundance in year 2 (= 0 in year 1) 
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4.4 Discussion 

4.4.1 Density relationships of pre-imaginal mortality factors 

Potential regulatory mechanisms were not found in the egg or larval stages of B. 

ganerilla populations. Although larval disappearance was the main source of 

variation in total mortality for the pre-imaginal stages (i.e. it was the key factor) it 

did not act in a density-dependent manner. However larval disappearance consisted 

of mortality due to both predators and dispersal offthe original host plant. The 

dispersal experiment suggested that this movement is not density-dependent and 

instead is a function of larval age, with the late instar larvae moving more frequently. 

The stimulus for this larval movement is unknown but could be a response to 

declining host plant quality or quantity, avoidance of other larvae or, in the case of 

fifth instar larvae, migration to a suitable pupation site. Because disappearance (= 

predation and dispersal) showed no relationship with density, and dispersal appears 

to be density-independent, it is assumed that mortality due to predation is also 

independent of density because the addition of a constant mortality due to dispersal 

won't change the slope of any density relationship, just the intercept. The lack of 

density-dependent mortality in the larval stages is unsurprising, because larvae are 

rarely at high enough densities in the field to defoliate the plant (although the plant 

quality is unknown) and disease was infrequently encountered. However, in the 

laboratory, where larvae were kept at high densities, disease (probably a nuclear 

polyhedrosis virus, A. Barrington pers. comm.) frequently caused high mortality 

rates. 

Evidence for density-dependent parasitism of B. ganerilla pupae by E. intricataria 

was found in the plot of k-values against pupal density. However, an experiment 

designed to test this response failed to detect any difference in percent parasitism at 

different pupal densities. The different levels of resolution in space and time 

probably explain the conflicting results. The experiment was conducted within a 

site, over a short time period (one week) and no density dependence in E. 

intricataria attack rate (functional response) was detected. mstead density 

dependence appears to occur spatially with more productive sites experiencing 

higher parasitism rates. Theoretically, aggregation of parasitoid attack to high host 
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densities has been shown to be capable of regulating host populations (e.g., Hassell 

& May, 1974), however these models assume that the parasitoids can distribute 

themselves freely throughout the host population. At the much larger spatial scale 

in the current study, parasitoids would be largely confined to the host population in 

which they were produced, therefore the spatial density dependence detected was 

probably due to local population dynamics i.e., a numerical response to host density 

rather than any functional response (Walde & Murdoch, 1988). It is unknown 

whether spatial density dependence in parasitism rates at the large scale measured in 

this study is capable of population regulation (Walde & Murdoch, 1988). If the 

response is purely numerical then density dependence will be delayed by one 

generation, analogous to the original Nicholson-Bailey model, which produces 

unstable dynamics within local populations, i.e., no regulation. However this 

ignores other potentially stabilising mechanisms such as host dispersal and, in the 

case of a generalist parasitoid, the influence of alternative host density on its 

functional and numerical response. Gould et al.(1990) found strong spatially density

dependent parasitism of gypsy moth populations by the parasitoid Compsilura 

concinnata at the scale of one hectare, which they speculated could contribute to the 

regulation of gypsy moth populations. But because C. concinnata is a generalist 

parasitoid, dependent on alternative hosts for some of its generations each year, the 

authors thought that a decoupling of host and parasitoid densities due to low 

alternative host density in some years combined with the non-linearity of the density 

dependence could occasionally lead to gypsy moth outbreaks. Despite E. 

intricatoria being a generalist parasitoid it is thought that there could be a strong 

numerical response of E. intricatoria to B. gonerilla abundance because B. gonerilla 

is one of its more commonly used hosts and it is well synchronized with, and can 

complete all of its generations per year in, B. gonerilla hosts, including its 

overwintering stage. The multivoltine life history of B. gonerilla and E. intricatoria 

could potentially enhance the numerical response to host density (Walde & 

Murdoch, 1988). Emergence conditioning i.e., preferential parasitism of host species 

that the parasitoid ec10sed from (Powell & Poppy, 2001), could also strengthen this 

relationship. 

There was evidence of spatial density dependence in pupal predation in year one but 

this relationship was not evident in year two. The main predators were assumed to 
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be birds and rodents as indicated by the types of holes made and damage done to 

attacked pupae. These predators are highly unlikely to show a numerical response to 

B. gonerilla host density, but in some years and at some sites there could be a 

functional response to high host densities depending on the availability of alternative 

prey (prey switching). 

4.4.2 Density dependence in population growth rates 

There was evidence of density dependence in the growth rates between the first and 

second generations and possibly between the spring (overwintered) generation and 

the first generation of adults within a year. Also, the slope ofthe relationship 

between r and abundance was steeper in years 1 and 3, suggesting density 

dependence was more intense in drought than non-drought years and a lower 

carrying capacity K in drought years (where K = x-intercept = rmax / slope). This 

negative feedback could have been caused by density dependent pupal parasitism 

although this is unlikely since the strength of the density dependence in pupal 

parasitism did not appear to differ between drought and non-drought years like the 

population growth rates did. Density dependence was also suggested in the year to 

year population growth rates, presumably due to similar processes driving the 

between generation growth rates. However, the assumption of a closed population at 

each site was clearly violated. Immigration obviously had a large role in 

determining population abundance at the BB site, which did not produce any adults 

in situ from the sample host plants, yet still had adults present throughout most of the 

summer. In addition, some sites gained adults over winter which could not have 

been through reproduction so must have been through immigration. 

The importance of immigration at some sites and the lack of density dependence 

detected in the pre-imaginal stages suggests that the density-dependent patterns 

observed in adult abundance could have been due to adult dispersaL Moreover, this 

dispersal does not have to be density-dependent to produce the observed patterns. If 

a fixed proportion from a low density population emigrates to a high density 

population it will have a minimal effect on the high density population whilst if a 

fixed proportion of a high density population emigrates to a low density population it 

will have a large effect because the absolute number immigrating is large relative to 
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the recipient population size, creating a large net gain. If dispersal was more 

frequent in the drought summers, perhaps in response to limited oviposition sites due 

to U. ferox losing its leaves, this could produce the density-dependent relationships 

observed in those years. Pollard and Yates (1993) suggested that butterflies may 

disperse more frequently in hot, dry summers because conditions are more 

favourable for flight and because local conditions may be inhospitable due to 

drought. Drought has been shown to influence butterfly dispersal in populations of 

Euphydras editha, which dispersed greater distances in dry years due to a scarcity of 

oviposition plants and adult nectar resources (White & Levin, 1981), although 

dispersal of E. edith a was also high in an "outbreak" (high density) year when host 

plant densities were decreased due to larval defoliation (Murphy & White, 1984). 

Unfortunately, dispersal of B. gonerilla could not be measured directly in this study 

because it was found that the butterfly was at too Iowa density to mark and recapture 

a sufficient number for analysis. 

4.4.3 Source-sink dynamics 

The importance of immigration for B. gonerilla persistence at the BB site is 

suggestive of source-sink dynamics at the landscape scale (Pulliam, 1988). A sink 

population is one in which deaths (D) outnumber births (B) and immigration (1) 

exceeds emigration (E) so that if immigration ceased the population would go extinct 

(Pulliam,1988). A source population is one where population growth rate (at low 

densities) is positive (B>D) and emigration exceeds immigration (1<E) (Pulliam, 

1988). The BB site in this study can therefore be defined as a sink because there was 

no apparent recruitment to the adult stage from the local population (B<D, and E=O), 

yet there was a continual supply of adults which must have dispersed there from 

other sites (I>E). IfBB was a sink site or a net consumer of B. gonerilla there must 

be another site within dispersal range that was a net producer of B. gonerilla 

providing a source of dispersing adults. Poor habitat quality is likely to be the main 

reason why the BB site was a population sink. The site is on a steep, rocky, exposed 

slope and the U. ferox host plants there had noticeably smaller leaves than those at 

the other sites and were the first to lose their leaves in times of drought. The water 

or nutrient concentrations in these leaves were presumably not high enough to ensure 

larval development past the fifth instar. Differences in water table depth were found 
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to create source and sink habitats for the lycaenid butterfly Cyaniris semiargus 

(Rott.) through its effects on the flowering phenology of its larval host plant Armeria 

veiutina Welw. (Rodriguez et ai., 1994). Host plants in hygrophytic (source) areas 

bloomed later than those in xerophytic (sink) areas and this later flowering was more 

synchronous with the ovipositional period of C. semiargus, resulting in higher larval 

survival for the inflorescence-feeding larvae (Rodriguez et ai., 1994). 

The extent to which differences in habitat patch quality affect overall population 

dynamics is influenced strongly by the mobility of the butterfly in relation to the 

patch size and spacing (Harrison & Taylor, 1997; Thomas & Kunin, 1999; 

Boughton, 2000). In a very mobile species such as B. gonerilla, where adults are 

often seen tens of kilometres away from potential (reproductive) habitat, this could 

lead to an "averaging-out" of popUlation growth over the range of habitats of varying 

quality, in effect creating one large "patchy" popUlation (Harrison, 1991). High rates 

of B. gonerilla dispersal could explain why local population (within-site) dynamics 

were often intractable in this study. Local populations were not determined solely by 

in-situ births and deaths; rather, immigration also played a large part, so that local 

populations were part of a much larger population (Dempster, 1989; Harrison, 1991). 

The relative importance oflocal (B+D) versus regional (HE) recruitment on 

population persistence will probably vary with habitat patch size, quality and 

isolation (Thomas & Kunin, 1999). However, it is worth noting that despite the 

stabilising effect that landscape heterogeneity has on overall population persistence 

(e.g., McLaughlin et ai., 2002), some density dependence in local popUlations is 

required for a metapopulation to persist in the long-term (Han ski et ai., 1996; Kean 

& Barlow, 2000). 

4.4.4 Unclear regulatory mechanisms in B. gonerilla populations 

Like other studies oftemperate butterflies (e.g., Hayes, 1981; Ehrlich, 1984; Warren 

et ai., 1986; Dobkin et ai., 1987; Pollard & Yates, 1993), the current study found that 

weather was the major cause of changes in population abundance and of between 

population synchrony, but the mechanisms of local population regulation were 

unclear. There was evidence of density-dependent mortality caused by E. 

intricatoria but presumably there were some other negative feedback mechanisms in 
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B. gonerilla populations, before the arrival ofthis parasitoid, which were not 

detected in the current study. It is possible that E. intricatoria is keeping B. 

gonerilla abundance below the level where its "natural" sources of regulation would 

take effect. Other explanations for the failure to detect density dependence include 

measuring the processes at the wrong spatial or temporal scale (Hassell, 1986; 

Rothery, 1998) or measuring the wrong processes (adult mortality and dispersal were 

not measured in this study). However, the main problem was probably the short 

time period ofthe study which meant that more robust statistics to test for density 

dependence in time series (e.g., Dennis & Taper, 1994) could not be used. 

Furthermore, delayed density dependence could not be tested for, and it is unknown 

if the spatial density dependence detected resulted in temporal density dependence. It 

is tentatively concluded that any density dependence in local B. gonerilla 

populations occurs in the pupal or adult stage, although more data are needed to 

confirm this. 
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Chapter 5. Population model for Bassaris gonerilla 

5.1 Introduction 

As concern over non-target impacts mounts, there have been increasing calls for 

studies that quantify the impact of introduced arthropod biological control agents on 

non-target species (Thomas & Willis, 1998; Lynch & Thomas, 2000; Hopper, 2001; 

Louda et al., 2003). Whilst some progress has been made (e.g., Duan et aI., 1998; 

Barratt et al., 2000a; Boettner et al., 2000; Babendreier et al., 2003b; Barron et al., 

2003; Benson et al., 2003), these studies only estimate the level of mortality caused 

by the biocontrol agent; they do not indicate if the agent has caused a permanent 

reduction in the non-target species' abundance. A notable exception is Barlow et al. 

(2004), who used population models to quantify the impact ofthe parasitoid M. 

aethiopoides (introduced to New Zealand to control Sitona discoideus Gyllenhal) on 

the abundance of the native weevils Irenimus spp. and Nicaeana spp. 

(Curculionidae: Entiminae) in the Otago region. In one location an 8% reduction in 

native weevil populations was estimated and in another, higher altitude location 

. where the parasitoid was not yet present, a 35% reduction in native weevil 

abundance was predicted should M. aethiopoides establish there. 

Some ecological theories predict that an introduced parasitoid can suppress a host 

population to a new low and stable equilibrium (Beddington et al., 1978). This 

theory is mainly derived from Nicholson-Bailey -type models where it is assumed 

that the parasitoid specialises on the host, since the parasitoid rate of increase is 

determined by the host population abundance, which in tum determines the level of 

attack on the host population in the following generation. However, in the case of 

non-target impacts, the interaction between the parasitoid and the non-target host 

may not be so tightly linked, given that the non-target host is generally much less 

abundant than the target host and is often a less preferred and less productive host 

(Holt & Hochberg, 2001; Lynch et al., 2002). Under these circumstances, non-target 

parasitism is more likely to be determined by the long-term equilibrium abundance 
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of the ofthe target host and parasitoid populations rather than by non-target density 

(Barlow; 1999; Barlow et al., 2004). Non-target parasitism was modelled as a 

constant (density-independent mortality) in the current study because it was assumed 

that P. puparum dynamics and ensuing attack rates on B. gonerilla are determined 

primarily by the abundance of its target host P. rapae. Pieris rapae is an abundant 

species which is an economic pest of horticultural and occasionally forage crops 

(Ferguson, 1989), but there are no data available to demonstrate that P. rapae 

populations are larger than those of the B. gonerilla. However, transect walks from 

the current study have shown that even in non-Po rapae habitat (due to the lack of 

larval host plants), their abundance is still on average 1.74 times that of B. gonerilla 

(Appendix 2). It is highly probable that P. rapae is even more abundant in 

horticultural, agricultural and urban areas where its cruciferous host plants are more 

abundant. Pieris rapae is also likely to have a greater influence on P. puparum 

dynamics compared with B. gonerilla because P. puparum completes its winter 

diapause in the target, but not the non-target host. This means that the spring

emerging generation of P. puparum is a function of the number of P. rapae 

parasitised the previous autumn, not that of B. gonerilla. Further, estimates of 

percent parasitism of P. rapae by P. puparum are generally much higher (33-100%: 

Todd, 1959; Ashby & Pottinger, 1974) than those estimated for B. gonerilla (1-

19%), suggesting that attack rates by P. puparum are higher on P. rapae than B. 

gonerilla and/or P. puparum is more abundant in P. rapae populations. The effects 

of parasitism by E. intricatoria on B. gonerilla abundance were investigated with the 

same population model to provide a comparison with the effects of P. puparum. 

Because it is highly polyphagous, E. intricatoria dynamics were assumed to be only 

weakly linked with those of B. gonerilla, and E. intricatoria parasitism was also 

modelled as a constant, density-independent mortality. 

Even with a constant parasitoid mortality, there is potential for variation in the 

impact of this mortality on non-target host abundance. For example, the synchrony 

ofthe host and parasitoid generations will influence the overall mortality the 

parasitoid can inflict; if the host can complete a generation before the emergence of 

the parasitoid, this represents a temporal refuge from parasitism for the host. 

Pteromalus puparum overwintering in diapausing P. rapae pupa do not emerge until 

late November when the first spring generation of P. rapae is pupating, so early-
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pupating B. gonerilla might escape parasitism by P. puparum. Similarly, E. 

intricatoria overwintering in B. gonerilla pupae on Banks Peninsula emerged in 

December, so it is possible that B. gonerilla pupating before December escape attack 

by E. intricatoria. Also, the order of reproduction and host density dependence in 

relation to the timing of parasitism can affect the level of host suppression (May et 

al.,1981). For example, Barlow et al. (1996) surmised that one reason for the failure 

of Sphecophaga vesparum vesparum (Curtis) to control wasp (Vespula vulgaris (L.) 

and Vespula germanica (F.)) populations in New Zealand is that parasitism acts 

before host density dependence (queen combat and nest usurpation in spring) so that 

wasp populations can compensate for losses due to parasitism. Analyses in Chapter 

4 indicated that density dependence in B. gonerilla populations could be occurring in 

the pupal or adult stages, suggesting the potential for compensation of pupal 

parasitoid mortality in this system. 

The original intention of this chapter was to build a detailed, stage-structured, 

simulation model for B. gonerilla based on the developmental, stage survival and 

fecundity rates estimated in the previous chapters. However, due to probable errors 

in the survival and fecundity estimates (see Chapter 3), this was not possible and a 

more "strategic" approach was taken to investigate how a temporal refuge from 

parasitism might influence any non-target impact. The two generations of B. 

gonerilla per year (the second generation also incorporating overwintering 

dynamics) were represented by simple Ricker-type models, with the lifecycle 

partitioned by the timing of parasitism and host density dependence rather than by 

individual life stages. This simple model was then run with parasitism from either P. 

puparum or E. intricatoria removed to estimate B. gonerilla abundance in their 

absence and hence the level of host suppression they cause. By running model 

simulations with and without spring parasitism, the effect of a temporal refuge from 

pupal parasitism on the level of host suppression could be quantified. 

81 



The aims ofthis part ofthe study were: 

1. To construct a reasonable population model for B. gonerilla on Banks 

Peninsula. 

2. To use this model to quantify the effect of non-target parasitism by P. 

puparum on B. gonerilla abundance and compare this with the estimated 

effects of E. intricatoria parasitism. 

3. To investigate the effect that a temporal refuge from parasitism has on the 

estimated levels of suppression due to pupal parasitism. 

5.2 Methods 

5.2.1 Model structure 

The modelled B. gonerilla populations had two generations per year: the first 

generation adults emerged in early summer GI t , the second in late summer G2t (Fig. 

5.1). Since B. gonerilla normally overwinters in the adult stage, most of the first 

generation of adults produced each summer G I to are a product of the number of 

adults ofthe previous generation G2t-1 going into diapause, their survival over 

winter, their realized fecundity in spring, and the subsequent survival ofthese eggs 

through the pre-imaginal stages to adult emergence in early summer. Hence the 

number of first generation adults produced from overwintered adults is: 

at = G2/-l x pd x 0a X A x S eqn 1 

where pd is the proportion of second generation adults G2t-l going into reproductive 

diapause, Ou is the survival rate of diapausing adults overwinter, Ais the finite rate of 

increase and s is the proportion of hosts surviving parasitism. 

However, if some adults of G2 t-l laid eggs in autumn and these eggs hatched and 

developed slowly over winter, this overwintering generation could also contribute a 

number of adults (j) to the first generation of adults produced each summer, giving: 

it =G2t-\x(1-pd)xAxoj eqn2 

where OJ is the survival rate ofthe larval stages over winter. It was assumed that 

overwintering larvae suffered additional mortality due to prolonged cold 

temperatures and freezing, hence the scaling ofAby OJ. Note that the overwintering 
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generation does not suffer mortality from parasitism because the field data showed 

that those individuals pupating before the end of October escaped parasitism by both 

E. in/rica/aria and P. puparum, presumably because pupation takes place before the 

parasitoids emerge from their winter diapause. 

Dec Jan 

Nov Feb 

Oct Mar 

Sep Apr 

Aug May 

Jul Jun 

Figure 5.1 Schematic of B. ganerilla annual cycle. 

The non-diapausing second generation adults which produce tlus overwintering 

larval generation are assumed not to survive the winter. In the monarch butterfly the 

ability of the adults to survive for many months over winter is associated with the 

suppression of juvenile hom10ne synthesis and consequent arrested reproductive 

development (Herman & Tatar, 2001). Conversely, those butterflies that are exposed 

to juvenile hormone are reproductively active and have a much reduced lifespan. A 

similar regulation of longevity was assumed for B. ganerilla, so that only adults that 

entered reproductive diapause survived winter. 
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Host density dependence was assumed to occur after, or at the same time as, pupal 

parasitism because there was no evidence of density dependent mortality in the egg 

or larval stages (Chapter 4). Therefore the number of first generation adults 

surviving to reproduce, G 1 tis: 

eqn3 

where b is the density-dependent coefficient representing the strength ofthe density

dependent mortality, and at andit are the number of first generation adults produced 

from overwintered adults and overwintered larvae respectively. 

It was assumed that the overwintering pre-imaginal generation contributed to the 

pool of adults in the first generation produced each summer rather than the pool of 

adults breaking diapause and reproducing in spring. This was because larvae 

overwintering in the field were at the fourth instar stage in early/mid October and 

they eclosed in late November/early December. Hence adult eclosion was only 

approximately a month earlier than the main cohort of first generation adults whom 

developed from eggs laid in spring and emerged in late December. Also, despite the 

early start that this overwintered pre-imaginal generation had in producing first 

generation adults, it was assumed that they still only produced two generations of 

adults per summer. This was because the phenology model predicted that in most of 

the summers simulated (twelve out of fifteen), a third generation of adults was not 

produced if the model was initialised with fourth instar larvae at the start of October. 

This meant thatthe number of second generation adults G2t produced per summer 

could be calculated directly from G 1 t as: 

G 2t = (G It x A x s ).exp[ -b( G It x A x s)] eqn 4 

where the notation is the same as before but now all members of this generation 

suffer from parasitism. 

5.2.2 Model parameters 

Finite rate of increase, A 

Estimation of the finite rate of increase per generation was problematic because 

estimates of survival from egg to adult from the life table study were extremely low, 

particularly in a drought year, and using the average fecundity measured in the 

laboratory, predicted A<l, giving population decline. However, during the first 
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generation at the PV site during 2001102, a maximum survival rate from the egg to 

adult stage of 0.00677 was recorded. Pupal parasitoid mortality was deducted by 

multiplying the overall survival by one minus the parasitoid marginal attack rate 

giving a maximum survival rate in the absence of parasitism of 0.00984. Using the 

maximum fecundity measured in the laboratory (654 eggs) and assuming an even sex 

ratio enabled calculation of the finite rate of increase as: "A= 0.00984 x 654'" 2 = 

3.22. 

Another way to estimate the finite rate of increase is from regressions of population 

growth rate against population density, as presented in Chapter 4. The intercept of 

these regressions provides an estimate of r m, the intrinsic rate of increase, and the 

finite rate of increase can be approximated as"A= exp(rm). However, if there is 

immigration occurring between the populations measured, which is likely to be the 

case with B. gonerilla on Banks Peninsula, then this method will produce an 

overestimate ofrm (LeLe et al., 1998) and therefore an overestimate of"A Using the 

data on the change in adult abundance from the first to second generation within a 

summer (Table 4.2), the value of "A calculated was exp(1.23) = 3.42, which, as 

expected, is higher than the value of"A= 3.22 calculated above from a single 

population. In the winter of 2002 many overwintering larvae were observed, so 

changes in adult abundance from the first generation in summer 2001102 to the first 

generation in 2002/03 would have reflected both summer and overwinter 

recruitment. Regressing these rates of change on first generation abundance in 

2001/02 gave an intercept of r m = 1.23 (linear regression: y = 1.23 - 0.319x, d.f. = 4, 

,; = 0.83, P = 0.008), which suggests that the annual intrinsic rate of increase in the 

presence of an overwintering larval generation is very similar to the r m calculated for 

a single summer generation. Whilst the values of r m calculated from adult counts 

were not used in the model because they are likely to be inflated due to the effects of 

immigration, the fact that the annual intrinsic rate of increase was very similar to the 

r m calculated for a single summer generation was used to estimate the unknown 

overwintering survival rates (see section 5.2.2: overwintering survival of adults and 

larvae). 
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Density dependence coefficient, b 

In this model, the value of strength of the density dependence does not affect the host 

dynamics, it only contributes to the size ofthe host equilibrium i.e., the estimated 

level of suppression caused by the parasitoids will be independent ofthe value of b. 

Therefore b was estimated by simply adjusting its value until equilibrium densities in 

the presence of parasitism were similar to those observed, suggesting b = 0.058. 

Proportion ofsecond generation adnlts entering reproductive diapause, pd 

Assuming that all first generation adults were reproductively active and that there 

was an even sex ratio, the number of eggs per adult at the third generation egg peak 

in March 2002 divided by the number of eggs per adult at the second generation egg 

peak in December 2001 estimates the proportion of second generation adults 

becoming reproductively active. The proportion of second generation adults 

reproducing was estimated as 0.56, so the proportion entering diapause was 

estimated as pd = 0.44. 

Survival from parasitism, s 

Survival from parasitism was based on the measures of percent parasitism presented 

in the life tables in Chapter 3. However, for the 2000/01 season when overwintering 

larvae contributed noticeably to the first summer generation, B. gonerilla pupating 

before November (n = 13) were removed from the life table calculations giving a 

slightly higher parasitism rate for the true summer generations. Potential differences 

in percent parasitism ofthe first and second generations were investigated but no 

significant differences were found between E. intricatoria parasitism rates in either 

season (two-sample binomial test, P>0.05) so the pooled percentage parasitism 

values were used for both summer generations. However in 2000/01 parasitism by P. 

puparum was significantly higher in the first generation at 28% compared with the 

second generation when it was only 8%. Therefore different parasitism rates were 

used for the first and second generation parasitism by P. puparum in the model. 

Survival from parasitism, s, was calculated as one minus the average percent 

parasitism (Table 5.1). 
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Table 5.1 Estimates of percent parasitism and survival from parasitism (s) used in 
the default model. 

P.puparum 
E. intricatoria 

% parasitism, from 
2000/011ife table* 
0.281,0.082 

0.25 

% parasitism, from 
2001102 life table 
0.021

, 0.01 2 

0.30 

Value of s used in 
model 
.851,0.962 

0.73 
• = slightly different values to Table 3.1 because early-pupating B. gonerilla removed from 
calculations. 
I = 1st generation, 2 = second generation. 

Overwintering survival of adults and larvae, Oa and OJ 

The survival rates of larvae or adults over winter were unknown because B. gonerilla 

populations were not monitored over winter. It was not possible to calculate adult 

overwintering survival from changes in adult abundance from the second generation 

peak in one season to the peak in the following spring because in many cases 

abundance appeared to increase dramatically over winter. This apparent increase is 

thought to be both a reflection of immigration and the increased apparency ofthe 

butterflies in spring. Instead, overwintering survival rates were estimated indirectly 

by firstly estimating the proportional contribution (c) of the overwintering larval 

generation to the first generation of adults. This proportional contribution was 

calculated as the number of B. gonerilla pupating before November divided by the 

total number of B. gonerilla pupae contributing to the first generation (this 

estimation assumes that non-parasitoid pupal mortality is the same for both the 

overwintering and first generation). For the first generation ofthe 2000/01 season 

following a winter when many overwintering larvae were observed this contribution 

was relatively high at c = 0.232, whilst in the 2001102 season after a winter when 

very few overwintering larvae were observed this contribution was low at c = 0.038. 

From equations 1 and 2 the proportional contribution of the overwintering larval 

generation is: 

(1- pd)x OJ 
c = ---------=:.---

((1- pd) x 0) + (pd x 0 a) 
eqn5 

Solving for the ratio oa/Oj gives: 

:; =G-+e~~dJ eqn6 

For a season following a winter in which larvae overwintered: c = 0.232 and pd = 

0.44, which gives oalOj = 4.21. Trialling various values of Oa in the model which 

satisfied the ratio Oa/Oj = 4.21 and which also resulted in the maximum annual rate of 

87 



increase being similar to the maximum generational rate of increase (A= 3.22) led to 

the solution of Oa = 0.55 and therefore OJ = 0.131 in a mild winter. It was assumed 

that adult survival over winter is fairly constant from year to year since they are 

capable of behavioural thermoregulation and appear to be resilient to short periods of 

freezing. Therefore, substituting Oa= 0.55 and c = 0.038 into equation 6 gives a 

larval survival rate over a harsh winter of OJ = 0.017 (Table 5.2). 

Table 5.2 Default values used in B. gonerilla model 

Symbol Description 

A Finite rate of increase per generation 

b Density dependence coefficient 

s Survival from parasitism per generation 

pd Proportion of second generation adults 
entering diapause 

Oa Adult overwintering survival 

OJ Larval overwintering survival 

P(high OJ) Probability of high larval survival over 
winter 

1 = 1st generation, 2 = second generation 

Value 

3.22 

-0.058 

0.85 1,0.962 P. puparum 
0.73 E. intricatoria 

0.44 

0.55 

0.131 high 
0.017 low 

0.667 

5.2.3 Model simulations: estimation of the level of suppression, p 

The proportional suppression of B. gonerilla abundance due to each parasitoid was 

calculated as: 

p=I-N*/K eqn 7 

where N* is the equilibrium abundance ofthe second summer generation in the 

presence of parasitism and K is the equilibrium abundance of the second summer 

generation in the absence of parasitism. Note that the use of the word "suppression" 

in this chapter simply means that host population abundance is being limited by 

parasitism, it is not intended to imply regulation of the host population by the 

parasitoids as this would require a density-dependent mechanism. 

This was calculated for both OJ = 0.13 and OJ = 0.017 which gives a range of 

suppression levels for B. gonerilla popUlations in the presence and near absence of 

an overwintering generation respectively. However, these are equilibrium solutions 
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for either overwintering scenario; in reality B. gonerilla populations will experience 

a mixture of years in which there is larval overwintering and years in which there 

isn't. It is not known what determines a good or a poor year for larval 

overwintering, but frost frequency is likely to be important since both larvae and U. 

ferox leaves cannot survive prolonged freezing conditions. Post-hoc scrutiny of the 

incidence of overwintering larvae versus variation in frost frequency failed to find a 

clear relationship. In winter 2000 when many overwintering larvae were observed 

there were fewer than average screen frosts recorded (25 vs long-term mean of37 

per year) and in winter 2001 there were more screen frosts than usual (48 vs 37 per 

year) and few overwintering larvae, yet contrarily the winter of 2002 had many 

overwintering larvae but a higher than average frequency of frosts (41 vs 37 per 

year). The lack of data on larval overwintering and the short time frame of this study 

meant that characterisation of the relationship between overwintering survival and 

climate was not possible, but a crude attempt to incorporate some variation was 

made by making larval overwintering survival OJ follow a discrete probability density 

function based on the frequency of larval overwintering observed in the field over 

the three winters of this study. Thus the probability of low overwintering survival 

was set to 1/3 and the probability of high overwintering survival was set to 2/3 (i.e. 

P(oJ=0.17) = 0.667). This was implemented in the model by drawing a random 

number each winter (0 ';;::rand ~I) and applying high overwintering survival if the 

random variable drawn was greater than 0.33 (ifrand>0.33 then OJ = 0.17). Mean 

abundance of the second summer generation was calculated by running each 

simulation for 1000 years and averaging G2, over the last 900 years of the 

simulation. This mean abundance was then averaged over the results of 100 

independent simulations using the same parameter combinations. The proportional 

suppression level,p, was calculated as in equation 7, using the mean abundance in 

place of the equilibrium abundance. 

A sensitivity analysis was performed by running the model with the values of s, A, 

pd, Oa and OJ changed to plus or minus 10% and 20% of their default values. 

Different probability density functions for the incidence of high overwintering 

survival were also tested; these were P(oJ=0.17) = 0.75 andP(orO.17) = 0.50. 
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5.3 Results 

The model suggested that the non-target impact of P. puparum on B. gonerilla 

populations has been small, with the default parameters predicting that a 5% 

suppression of B. gonerilla abundance occurred with the introduction of P. puparum 

(Table 5.3; Fig. 5.2a). In contrast, the model suggested that B. gonerilla abundance 

has been reduced by a substantial 30% since the introduction of E. intricatoria 

(Table 5.3; Fig. 5.2b). The level of suppression p, is modified by the survival of the 

overwintering generation OJ: if there is frequently or always low overwintering 

survival then the predicted impact is much higher (Table 5.3), since the annual 

capacity for population increase is lower if there is no overwintering generation. 

Predicted levels of suppression are higher if the overwintering generation gets 

parasitised, illustrating that the presence of a temporal refuge from parasitism does 

reduce the overall impact (Table 5.3). Not surprisingly, this difference in 

suppression levels is most pronounced when overwintering survival is high (Table 

5.3), since there are more individuals protected in the refuge in this case. 

Table 5.3 Estimated proportional suppression (P) of B. gonerilla populations due to 
parasitism by P. puparum and E. intricatoria. Values of p without brackets indicate 
level of suppression when the overwintering generation does not get parasitised; 
values of p in brackets indicate level of suppression if overwintering generation did 
get parasitised. 

Equilibrium results Stochastic simulation results 

high 0')·1 low 0 2 j P(high OJ) = P(high OJ) = P(high OJ) = 
0.667 0.75 0.5 

P.puparum 0.03 (0.04) 0.08 (0.09) 0.05 (0.06) 0.04 (0.05) 0.06 (0.06) 

E. intricatoria 0.24 (0.30) 0.46 (0.48) 0.30 (0.35) 0.28 (0.34) 0.34 (0.38) 

1 OJ = 0.131, 2 OJ = 0.017 
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Figure 5.2 Results from two stochastic simulations (using default values in Table 
5.3) showing change in relative abundance of B. gonerilla (N/K) following the 
introduction of a) P. puparum and b) E. intricatoria. 

Sensitivity analysis showed that the estimated level of suppression p, was most 

sensitive to the finite rate of increase parameter, A(Fig. 5.3). Restating equations 1-4 

(and ignoring density dependence), illustrates the importance of A in determining the 

change in abundance from one generation to the next: 

Git = 2[((1- pd)x 0j)+ (pd x 0a X s)] 
G2t_1 

G2t = 2 x s 
Git 

eqn 8 

eqn9 

i.e., the larger the reproductive capacity relative to parasitism, the less effect a given 

parasitism rate will have on the rate of population change. Figure 5.4 illustrates the 

relationship between the level of suppression and percent parasitism at different rates 

of increase. At low rates of increase, low rates of parasitism can cause high levels of 

host suppression but at high rates of increase populations can sustain high rates of 
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parasitism without much host suppression. Sensitivity to the level of parasitism (1 -

s) depended on the original value assumed. So for E. intricatoria parasitism, which 

was generally high, the model was sensitive to proportional increases in this value 

(Fig. 5.3b), but not so for P. puparum parasitism which had a relatively low default 

value (Fig. 5.3a). Figures 5.3 and 5.4 show that, even taking into account some 

uncertainty in the parameter values, the proportional suppression of B. gonerilla 

populations by P. puparum is unlikely to exceed 10%. 
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Figure 5.3 Sensitivity analysis of estimated proportional suppression (P) of B. 
gonerilla abundance to changes in default parameter values. Light grey shading = 

10% change in value, dark grey = 20% change in value, symbol at top of bar 
indicates direction of per centage change in value (all other parameters were held at 
their default value). Panel a) shows proportional suppression due to P. puparum 
parasitism, panel b) that due to E. intricatoria parasitism. 
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Figure 5.4 Mean proportional suppression (P) under varying percent parasitism (= 
I-survival from parasitism) and finite rates of increase (A) per summer generation. 
Filled circle = prediction for P. puparum, open circle = prediction for E. intricatoria. 

The mean level of suppression was also sensitive to changes in the adult 

overwintering survival Oa (Fig. 5.3), which again relates to the overall capacity for 

increase, since if the proportion of adults surviving over winter is higher, the spring 

reproductive population is higher. An increase in the proportion of second 

generation adults entering reproductive diapause (Pd), has a similar effect to 

increasing adult survival over winter (oa), in that it results in a higher spring 

reproductive population and lower suppression levels. However the effect of a 

proportional increase in pd is not as large as the same proportional increase in Oa 

because the increase in reproductive adults in spring is discounted by having a 

smaller overwintering generation, since the proportion of second generation adults 

reproducing (l-pd) is decreased (Eqns. 8 & 9). 

The default model assumed that host density dependence acted after parasitism but a 

variation ofthe model was tested where parasitism acted before host density 

dependence. This model predicted much higher levels of host population 

suppression of 48% and 10% due to E. intricatoria and P. puparum respectively (c.f. 

30% and 5% from the default model). The predicted impacts of parasitism were 

greater because the host population does not have a chance to compensate for 

parasitoid mortality like it does in the default model. 
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5.4 Discussion 

5.4.1 Quantification of a non-target impact 

The model presented here quantifies the effect of an introduced arthropod biocontrol 

agent on non-target host abundance and is only the second attempt to do so in the 

literature, the first being that of Barlow et al. (2004). For the current case study, the 

effect of non-target parasitism by P. puparum was estimated to be minimal causing 

less than 5% suppression of B. gonerilla abundance. The effect ofthe adventive 

parasitoid E. intricatoria was much greater, suppressing B. gonerilla abundance by 

an estimated 30%. These predictions are based on data collected from the Banks 

Peninsula region of New Zealand and as such are applicable only to that location. B. 

gonerilla is widespread throughout New Zealand and it is likely that impacts vary 

with differences in average parasitism rates and host reproductive potential 

throughout the country. The predicted impacts are clearly sensitive to variation in 

the estimated parameter values, which is discussed in the following sections. 

With only two case studies available it is somewhat premature to generalise about 

what determines the magnitude of a non-target effect. In both case studies the non

target impact was estimated to be small «10%), but obviously these do not represent 

an adequate and random sample of non-target effects and in both cases uncommon 

circumstances led to them being investigated in the first place. B. gonerilla is a 

large, showy, widespread insect which meant that many people noticed when their 

numbers seemed to decline. In this case, the decline can be attributed to parasitism 

by E. intricatoria rather than any non-target effect, but what of non-target insects 

which are small and inconspicuous or have a limited distribution? Non-target attack, 

let alone a reduction in abundance, may never be noticed in these species. In the 

case of Entiminae weevils parasitized by M aethiopoides, these weevils were being 

studied as part of another research proj ect (B. Barratt pers. comm .. ) so the 

observations of non-target attack were somewhat fortuitous. Also, many of these 

weevil species remain undescribed so potentially some species could have been lost 

without ever being described. Both B. gonerilla and Entiminae weevil populations 

are still persisting so it was possible to measure levels of non-target mortality in 
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relation to their potential rate of increase, but if a non-target population goes extinct 

obviously the level of suppression is 100%, although it is difficult to prove post-hoc 

that non-target mortality was the cause even though correlations may prove 

compelling (Simberloff & S tiling, 1996b) . Nevertheless for existing populations 

where a non-target effect is suspected, the retrospective modelling approach taken by 

Barlow et al. (2004) and adopted here, provides a practical, quantitative method to 

estimate non-target effects. 

5.4.2 Does an overwintering B. gonerilla generation provide a 

temporal refuge from parasitism? 

If none ofthe generation initiated by reproductive second generation adults survive 

over winter then this represents a complete loss of these adults' reproductive 

potential since it was assumed that reproductive adults do not survive the winter. If 

some of this generation does survive over winter then this effectively increases the 

population's annual rate of increase and thereby increases its ability to withstand 

extraneous mortality. But it is not just the increased reproductive capacity that the 

overwintering generation confers to the host population, it also provides a temporal 

refuge from parasitism since this generation generally pupates before the parasitoids 

emerge from their winter diapause. Phenological asynchrony between a host and its 

parasitoid has been shown to create a temporal refuge from parasitism which has a 

stabilising effect on the host-parasitoid dynamics (Munster-Swendsen & Nachman, 

1978; Godfray et al., 1994). But as for most forms of heterogeneity in the risk of 

parasitism, this increased stability came at a "cost" of increased equilibrium host 

abundance, with increasing density dependence in the parasitoid attack rate also 

increasing host abundance (Godfray et al., 1994). Interpretation ofthe model 

presented here is simpler since the parasitoid dynamics were not included, so the 

effect ofthe temporal refuge on host density depends solely on the size of the refuge, 

in this case the number oflarvae surviving over winter. 

Like Godfray et al. (1994), it was found that an increase in the size ofthe temporal 

refuge resulted in higher host abundance (and thus a reduction in the level of 

suppression). Overall, the effect of the temporal refuge on suppression levels was 

not great because larval overwintering survival rates were low (OJ = 0.017 to 0.131). 
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Thus for P. puparum, which attacked B. gonerilla at relatively low levels, the 

predicted difference in suppression levels, with versus without early-spring 

parasitism, was only 1 %. However, a temporal refuge from the high rates of 

parasitism by E. intricatoria, did give a 5% difference in suppression compared with 

no refuge, suggesting that a temporal refuge does mitigate the negative effects of this 

parasitoid. Long-term field monitoring and laboratory manipulations are necessary 

to determine what factors determine larval survival over winter and hence the size of 

the temporal refuge from parasitism. Ifwinter climate affects overwintering success, 

then meteorological records show that the winters of2000, 2001 and 2002 were not 

atypical with respect to the frequency of frosts or temperature ranges experienced, 

suggesting the estimated values of OJ were probably within their normal range. 

However, it is likely that larval survival rates over winter are more variable in space 

than in time, since local microclimates will determine if a host plant is subject to 

frost or not, thus introducing another source of heterogeneity into the risk of 

parasitism. 

5.4.3 Sensitivity of suppression levels to variation in the finite rate of 

increase 

The predicted suppression of the host population was most sensitive to changes in 

the host rate of increase parameter A This is not surprising since a larger capacity 

for increase means that a host population can better compensate for parasitoid 

mortality. Lynch et al. (2002) also found that a higher non-target host rate of 

increase lessened the impact on non-target density even though their models were 

investigating transient non-target impacts (less than ten generations post

introduction) compared with the long-term impacts presented here. This was 

because the biocontrol agent population still took multiple generations to build up to 

peak densities so a non-target population with a higher rate of increase would have a 

higher density when this peak occurred having been able to compensate better for 

parasitism in the proceeding generations. At high host rates of increase ("A> 4) and 

low rates of parasitism (l-s < 0.15), host populations could actually increase in the 

presence of parasitism. This was because it was assumed host density dependence 

acted after parasitism, so that parasitism reduced host populations to a level where 

density dependent mortality was not as strong (May et al., 1981). 
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Given the sensitivity of p to A, the estimation of A could be criticised because it was 

estimated from just one study site (PV) and over just one generation. However, 

estimation of A using a different method and data set (plotting the change in adult 

abundance per generation against initial abundance), gave a very similar estimate to 

that estimated from the single life table, suggesting the default value of A used in the 

model was credible. 

More problematic is the influence of drought years on rates of increase, effects 

which were ignored in the default model where rates of increase were estimated from 

a favourable, non-drought year. In drought years, survival of second generation 

larvae is very low due to premature leaf drop in the host plant and the resulting adult 

generation is about half that of a non-drought year (Chapter 2). Strangely though, 

following a drought summer when second generation adult abundance was about 

half that of a non-drought year, spring adult abundance was at a similar level to that 

in the spring following a non-drought year (Fig. 2.5). This suggests that there was 

some compensation for the reduced population growth in the previous summer. The 

abundance of spring adults is determined by the number of adults entering diapause 

in autumn (G2t x pd), multiplied by the adult overwintering survival 0 0 , so either pd 

or 0 0 must have increased to compensate for the low G2t• It is hypothesised that the 

proportion of second generation adults entering diapause is higher in a drought year 

due to reduced host plant quality. Studies on other Lepidoptera have shown that 

larvae fed on a poor quality host plant are more likely to enter reproductive diapause 

(e.g., Hunter & McNeil, 1997; Weddell et al., 1997; Goehring & Oberhauser, 2002), 

so the proposed mechanism is feasible. Of course it is also possible that adult 

survival was higher over the winter of2001 following a drought summer, perhaps 

due to density dependent compensation via lessened competition for resources. 

However it is more likely that adult survival over winter following a drought 

summer was actually lower, since a poor larval diet, such as that experienced on 

drought-stressed plants, can lead to lower pupal weights and associated lower lipid 

reserves which negatively affect adult survival over winter (Pullin, 1987a). 

Unfortunately due to errors in the estimation of survival rates and the absence of data 

on egg densities, A and pd for a drought year could not be estimated, so the stochastic 

effects of drought were not included in the model presented here. However the 
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potentially large effects of drought on A and pd (and possibly on parasitism by P. 

puparum [section 3.3.3]), indicate that the dynamics of B. gonerilla are much more 

complex than those modelled here and that a good start to umavelling these 

dynamics would be to determine what regulates reproductive diapause in B. 

gonerilla. 

5.4.4 Effects of density dependence on host suppression 

One of the major assumptions of the model was that non-target parasitism was 

constant with respect to B. gonerilla density. Given that there was no evidence for 

density dependent parasitism by P. puparum and, that the purpose of the model was 

to predict the non-target impact of P. puparum, then this seems a reasonable first 

assumption. However, in the case of the adventive parasitoid E. intricatoria there 

was some evidence of (spatial) density dependence in parasitism rates (Chapter 4). 

In terms of the impact of E. intricatoria on B. gonerilla populations, this could prove 

to be beneficial since it means that small populations may not be driven extinct by 

constant, high rates of parasitism. It also leads to the possibility that E. intricatoria 

could regulate B. gonerilla populations, although much more data on the shape 

(Type I, II or III) and form (functional or numerical) of parasitism responses to host 

density and experimental manipulations would be needed before this could be 

proved. 

Because the default model had host density dependence acting after parasitism, there 

was potential for within-generation compensation of parasitoid mortality, leading to 

lower levels of suppression than those predicted if parasitism followed host density 

dependence. Lynch et al. (2002) found a similar result with their transient models 

although, like May et al. (1981), they suggested that density dependence following 

parasitism would occur only if parasitoids attacked egg or early instar stages since 

these stages have no or little feeding respectively, and thus do not greatly change the 

availability of resources and influence intra-specific competition for them. However 

if parasitism and host density dependence act on stages with different resource 

requirements, such as the pupal and adult stages, density dependence acting after 

parasitism is also possible, since parasitised pupae cannot alter resources such as 

nectar availability, mates or oviposition sites that are likely to affect adult 
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reproductive success. Further work is needed to clarify that density dependence in 

B. gonerilla populations does occur in the adult stage and thus that the assumptions 

of the model are correct. Ifhost density dependence does occur before or at the 

same time as pupal parasitism, then non-target impact of P. puparum is twice as 

large as that predicted by the default model (10% vs. 5% suppression). Even at the 

higher suppression level of 10% this is unlikely to be considered a significant non

target impact (e. g. , Lynch et al., 2001), although what level of suppression is 

"significant" will depend on what value is placed on maintaining native species' 

abundance at particular levels. 

99 



Chapter 6. Summary and general discussion 

6.1 Phenology of B. gonerilla 

• Population monitoring and a phenology model suggested that B. gonerilla has 

two full generations plus one partial generation per summer in the Banks 

Peninsula region of New Zealand. 

• The absence of chorionated eggs in females over winter and the absence of eggs 

laid in the field during that time indicates that B. gonerilla goes into 

reproductive diapause over winter. 

• Despite a period of non-reproduction (winter), spring abundance of B. gonerilla, 

as measured by transect walks, was often higher compared with summer 

counts. This spring peak is thought to be due to changes in behaviour rather 

than to a true increase in abundance. 

• B. gonerilla abundance is much reduced in drought summers, which is probably 

due to the negative effects of drought on host-plant quality and quantity. 

The curious phenomenon of spring peaks in B. gonerilla abundance, observed by 

Hudson as early as 1883 (Hudson, 1883), highlights the disadvantages of using a 

relative sampling method for sampling the adult stages. However it would be 

difficult to use any other method for this species, e.g. mark-recapture, as they are at 

such a low abundance. Estimates of the egg and larval stages were not subj ect to this 

problem, since the absolute density per unit of host plant resource was measured and 

estimates from foliage sampling are generally considered to be the most logical and 

precise sampling unit for assessing populations of defoliating Lepidoptera larvae 

(e.g., Raimondo et ai., 2004). Estimates of the egg and larval stages corroborated the 

timing and number of the summer generation peaks observed in the adult stages. 

The timing of these summer generations was largely predictable using a simple 

temperature-dependent development rate model. However, this model was not used 

to try to predict development over winter, since development rates were measured 

only at constant and moderate temperatures, giving the developmental response over 

just the linear part of its range. To build a geographically robust phenology model 

(sensu Gray, 2004), transferable to different locations and suitable for predicting the 
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development oflarvae over winter, would require measurement of the non-linear 

temperature-dependent response in development near the upper and lower thermal 

limits. Also required is an understanding of the mechanisms inducing, maintaining 

and terminating reproductive diapause. This knowledge would not only be useful for 

the prediction of B. gonerilla phenology but also useful in understanding 

B. gonerilla population dynamics, since this will influence the number of generations 

produced each year and hence the potential annual rate of increase (Roff, 1983). 

6.2 "Demography of B. gonerilla populations 

• Egg parasitism by the unidentified scelionid Telenomus sp. was the single, 

largest identifiable mortality factor for the pre-imaginal stages of B. gonerilla 

on Banks Peninsula. 

• "Disappearance" mortality, due to predation and dispersal, was the largest 

mortality factor for the larval stages, although it is likely that mortality was 

overestimated because larvae moving offthe host plant were counted as dead 

even though some may have survived. 

• Both the pupal parasitism survey and the life tables showed that parasitism by 

E. intricatoria was consistently high and that this parasitoid was present at all 

sites where B. gonerilla pupae were found. Parasitism by P. puparum was 

lower and more variable and was detected at only some of the study sites. 

• B. gonerilla collected and reared from the Banks Peninsula had a 50:50 sex 

ratio and lifetime fecundity was estimated in the laboratory as 312 (± 60 SE) 

eggs per female, although this figure may be an underestimate due to cage 

effects. 

As for most Lepidopteran life tables, the pre-imaginal mortality of B. gonerilla could 

be monitored in-situ on the host plant but, since the adult stage is dispersive, lifetime 

fecundity had to be measured using a different method. In this case lifetime 

fecunsity was estimated from captive females. Unfortunately this difference in 

sampling methods for the pre-imaginal and imago stages meant that only a partial 

life table could be completed and it is unknown what oviposition and survival rates 
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females experience in the field and what variation there is in these rates. In 

particular, the females' choice of oviposition site could profoundly influence the 

success of resulting larvae, as has been found in other Lepidoptera (e.g., Thompson, 

1988; Bergman, 2000; Catta-Preta & Zucoloto, 2003). The suspected lower 

oviposition rates measured in the laboratory compared with field observations could 

be a result of such discriminatory behaviour, since females may have avoided 

ovipositing on host plants that already had eggs on them. Future work could 

investigate female oviposition preferences with reference to the density of 

conspecific eggs and larvae on the host plant, host plant quality (leaf nitrogen and 

water content) and microclimate around the host plant. It was also unknown ifthe 

life span measured in the laboratory was indicative of longevity in the field. As 

Carey (2001) noted, this is a common flaw in entomological life tables: 

" .. .information on life table traits of adults for most species, particularly their 

mortality and longevity, are anecdotal, derived from small numbers, or non-existent" 

(p. 81 Carey, 2001). Data on B. gonerilla survival in the field could potentially be 

collected by the release and recapture of marked, different aged cohorts in the field 

(Carey, 2001), although this would require a large-scale culturing effort. 

An unexpected result from this work was the discovery of very high rates of egg 

parasitism by Telenomus sp. which, despite examination by two Hymenopteran 

specialists, could not be identified. Even with this taxonomic uncertainty, future 

work could investigate its host specificity, developmental rates and responses to host 

egg density, to better understand the ecology of this parasitoid and its importance for 

B. gonerilla populations. Disappearance mortality pooled over the five larval instars, 

appeared to be the key factor driving variation in overall mortality in the pre

imaginal stages, but the very high overall mortality rates and the propensity of late 

instar larvae to move off the host plant (Chapter 4) suggests that this mortality factor 

was overestimated. However even after applying a generous correction factor for 

dispersing larvae, the life tables still required an unrealistically high fecundity 

(>2000 eggs per female) to give a positive rate of population increase. Three 

possible explanations corne to mind for this disparity. Firstly, the sampling scheme 

may have meant that the maj ority of population was not well represented by the 

sampling units chosen. Study sites were selected non-randomly, on the basis of an 

accessible, abundant supply of U ferox plants, and within these sites U ferox plants 

102 



were chosen randomly along a linear feature such as walking track. This method of 

selection could have led to a bias in the estimation of mortality rates. There was 

certainly some site to site variation in mortality rates, with the BB site in particular 

having very low late instar survival rates, although in that case the difference was 

hypothesised to be due to the effects of host plant quality. A more rigorous sampling 

scheme may have shed some light on this matter, here egg, larval and pupal 

abundance was only measured per unit of host plant but ideally host plant density per 

site, host plant isolation and host plant quality should have also been measured. A 

second explanation could be that the majority of fifth instar larvae moving offthe 

host plant were doing so to pupate and that these individuals pupating off the host 

plant experienced a much higher survival rate than those pupating on the host plant. 

Despite extensive searches, no pupae were ever found pupating off the host plant in 

this study, although this does not mean that they did not because the pupae are 

cryptically coloured and are difficult to detect. Mortality rates of pupae pupating off 

the host plant could be measured experimentally by setting out sentinel pupae in the 

field, but quantifying the proportion of pupae pupating off the host plant would be 

very difficult as it would require tracking the fate of individual dispersing larvae. 

Another explanation for the very high mortality rates could be that they were simply 

measured incorrectly. Correcting for observer error would be difficult because it 

would likely be influenced by host plant size, larval density and larval instar, 

however comparison ofthe number oflarvae recovered by destructive sampling of 

the host plant compared with the number estimated by a prior visual inspection could 

be used to quantify this error. 

A clear trend emerging from the field work was the lower larval survival and 

subsequent lower densities of B. gonerilla in drought compared with non-drought 

years. Thus weather was capable of inducing a synchronous reduction in abundance 

over all six study sites. The U ferox plants clearly suffered in drought years, having 

smaller leaves and prematurely losing their leaves under drought conditions which 

led to the premise that reduced host plant quality was the cause of this lower 

survival. The negative effects of poor host plant quality on larval survival are well 

documented in Lepidoptera (e.g., Scriber & Slansky, 1981; Pullin, 1987b), although 

experiments measuring development and survival rates on Uferox leaves of known 

quality (water and soluble nitrogen content) would be necessary to confirm this was 
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the case in B. gonerilla. As discussed in Chapter 2, the effects of host plant quality 

on survival are not necessarily direct (through starvation) as there is evidence that 

longer development times on poor quality host plants also leads to higher natural 

enemy mortality (Feeny, 1976). 

6.3 Regulation of B. gonerilla populations 

• There was no evidence of density dependence in egg or larval mortality rates 

but there was a significant positive relationship between E. intricatoria 

parasitism and B. gonerilla pupal abundance over six sites and two years of 

monitoring. 

• An experiment using sentinel pupae set out in the field for one week failed to 

detect any difference in E. intricatoria parasitism rates with varying density, 

suggesting that the density response detected at the site level was due to a 

numerical rather than a functional response. 

• Larval movement off the host plant showed no relationship with larval density; 

rather probability of dispersal was a positive function of larval instar. 

• Changes in B. gonerilla abundance between generations within a year were 

negatively correlated with initial abundance, which is indicative of density 

dependence in population growth rates. Further, this relationship was more 

negative in drought years suggesting stronger negative feedback in these years. 

Linear regression of per capita rates of change against initial density is not the best 

test for density dependence, since measurement errors may introduce a bias in the 

estimated slope and the relationship may be non-linear or delayed (dependent on Nt-2 

rather than Nt-I) (Turchin, 1995). However, problems of serial dependence in the x

variables were mostly avoided by the use of spatial replicates, so standard 

significance tests were able to be used. fucreased replication in time and/or space 

would give increased confidence in the relationship detected, but assuming the 

relationship is truly negative, this implies some sort of regulation of B. gonerilla 

populations is occurring (Turchin, 1995). The mechanisms of this possible 

regulation are unknown. The density dependence in E. intricatoria parasitism rates 
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was discarded as a possible mechanism, since this relationship did not appear to 

differ in strength between drought and non-drought years like the changes in adult 

abundance did. Studies on other temperate butterflies (e.g., White & Levin, 1981; 

Murphy & White, 1984) suggest that the availability of suitable oviposition sites 

and/or adult dispersal are likely to change both with butterfly density and with 

drought. The low density and high dispersal of B. gonerilla means that normal 

mark-recapture methods do not work with this species so quantifying the level of 

dispersal will be difficult. Wilson and Thomas (2002) list mass release (and 

recapture) of individuals and recording colonisation of empty habitats as alternative 

methods for quantifying short- and long-distance dispersal respectively, which 

would be worth trying for B. gonerilla. It is anticipated that these studies would 

show that dispersal is relatively important compared with local processes for B. 

gonerilla population dynamics at the sitelhabitat patch scale and such a result would 

indicate B. gonerilla has a "patchy" population structure (Harrison & Taylor, 1997). 

However, Thomas & Kunin (1999) advocate moving away from category-based 

terminology such as "patchy" and "metapopulation", and instead use a process-based 

framework to characterise regional population dynamics. In their scheme, local 

populations are plotted on two continuous axes: the compensation axis describes 

whether the population is a source or sink, the mobility axis the extent to which local 

dynamics are influenced by local (births and deaths) versus regional (immigration 

and emigration) processes. Whilst having merit, data for many more local 

populations would have to be gathered before this framework could be applied to B. 

gonerilla. 

A serious constraint to the manipulative experiments attempted in this chapter was 

recurrent disease decimating the laboratory cultures of B. gonerilla. This is not a 

novel problem involved with culturing B. gonerilla (Max Overton pers. comm.), but 

one that could probably have been circumvented had an artificial diet been available 

for this species, becuase the host plant is often the source of disease. Initially the U. 

ferox cuttings were sterilised before feeding to the larvae but this proved too time 

consuming to do for the frequency required. Attempts were also made to adapt 

general purpose Lepidopteran diets (Appendix 3) by the inclusion of sterilised, dried 

and ground nettle into the diet but the larvae did not feed or moult normally whilst 

on these diets. Given the importance of manipulative experiments for identifying 
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mechanisms of population regulation (Silby & Hone, 2002), the development of an 

artificial diet for B. gonerilla should be a high priority for any future work since 

replicated designs require large numbers of even aged larvae or pupae. 

6.4 Modelling of B. gonerilla populations 

• A discrete-time model for B. gonerilla population dynamics was constructed 

which had two summer generations per year and a partial overwintering 

generation. 

• Removal of the constant parasitoid mortality from this model suggested that P. 

puparum was suppressing B. gonerilla populations on the Banks Peninsula by 

5% and E. intricatoria by 30%. 

• The model also highlighted that the presence of a small overwintering 

generation provides a temporal refuge from E. intricatoria parasitism. 

To improve the B. gonerilla model, long-term monitoring is required to get better 

estimates of population growth rates and also any variation in these rates in response 

to the previous generation's density or due to the stochastic effects of drought. 

Long-term monitoring will also enable better estimates of the mean and variance of 

parasitism rates. As mentioned previously, determining what induces reproductive 

diapause is important to understand B. gonerilla dynamics because it directly 

influences voltinism and hence the annual rate of population increase (Roff, 1983) 

and will also affect phenological synchrony with its parasitoids which in turn may 

have population dynamic consequences for the host (Godfray et at., 1994; Lalonde, 

2004). To test the hypothesis generated from the model that more adults go into 

reproductive diapause following a drought summer also requires an understanding of 

diapause induction. Mechanisms of diapause induction could be investigated in 

future studies by rearing larvae on diets of varying quality and at different 

temperature and photoperiod regimes. 

An important assumption of the model was that parasitism rates were independent of 

B. gonerilla density. The model was intended to predict the non-target impact of P. 

puparum on B. gonerilla populations and for this parasitoid the assumption appears 
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justified, given that P. puparum dynamics are thought to be primarily driven by the 

target host P. rapae and that no evidence was found for density dependent parasitism 

of B. gonerilla by P. puparum. However, in the case of the adventive parasitoid E. 

intricatoria there was some evidence of (spatial) density dependence in parasitism 

rates (Chapter 4) and this parasitoid is also capable of overwintering as pupa within 

B. gonerilla pupae suggesting the potential for an inter-generational/numerical 

response to B. gonerilla density. To further investigate the potentially strong 

interaction between the E. intricatoria and B. gonerilla, the model should be 

expanded to include population dynamics ofthis parasitoid. This would require 

estimation of the total (= numerical + functional) response of E. intricatoria to 

different host densities. Estimation of parasitoid functional responses is relatively 

easy in the laboratory but it is questionable whether they accurately reflect the field 

situation given differences in scale and habitat complexity (McCallum, 2000). It 

may therefore be more meaningful to conduct such experiments in the field, in which 

case priority should be given to finding a good method for estimating E. intricatoria 

abundance. Yellow pan traps were trialled in the current study but did not capture 

any E. intricatoria. The adult parasitoids are very visible so perhaps timed counts 

within a defined habitat unit could be used instead. Also, interactions may not 

simply be a function of the primary host and parasitoid abundance. For example, E. 

intricatoria is a generalist so its functional response will depend on the abundance 

and profitability of alternative hosts. The relative abundance of alternative hosts for 

E. intricatoria could be manipulated in the field by using sentinel pupae. Host 

choice could also be influence by emergence conditioning (Powell & Poppy, 2001). 

This could be investigated in the laboratory by measuring host preferences of E. 

intricatoria females reared from different host species. 

6.5 Quantification and prediction of non-target impacts 

ill their paper describing a methodology for quantifying the environmental risk of 

biocontrol introductions, van Lenteren et al. (2003) assess the level of risk as the 

product ofthe likelihood of a non-target effect and the magnitude of a non-target 

effect. Whilst host-range testing can provide a sound basis for evaluating the 

likelihood of a non-target effect (Van Driesche & Hoddle, 1997; Barratt et al., 
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2000b; van Lenteren et al., 2003), predictors of the magnitude ofthese effects are 

largely unknown. Theory predicts that a biocontrol agent that establishes but 

provides only partial control of the target pest should have a larger impact on the 

non-target species since both the agent and target densities will remain relatively 

high resulting in high spill-over non-target parasitism (Holt & Hochberg, 2001). A 

high agent searching efficiency on the non-target exacerbates this spill-over 

parasitism (Lynch et al., 2002). However, in a semi-quantitative analysis Lynch et 

al. (2001) found no evidence that partial control leads to larger non-target impacts, 

and in fact severe non-target impacts (>40% mortality and/or population-level 

impacts) were over-represented in the successful biocontrol categories (albeit with a 

very small sample size of 14 cases). Ehler (2000) suggests that characteristics of a 

successful biocontrol agent, such as a strong colonizing ability and the ability to use 

alternative hosts, also makes them more likely to have non-target impacts which 

could explain the patterns observed by Lynch et al. (2001). But a recent analysis by 

Kimberling (2004) appears to refute Ehler's hypothesis; she found that some life 

history traits such as monophagy and multi-voltinism were positively correlated with 

biocontrol success but were negatively correlated with non-target effects, although 

the magnitude of non-target effects was not measured, just their presence or absence. 

With this data set, the relationship between the probability ofbiocontrol success and 

the probability of a non-target impact could also be directly tested. Kimberling 

(2004) also found that biocontrol agents with a moderate (rather than weak or strong) 

dispersal ability had the lowest proportions of non-target effects, but dispersal ability 

was not a predictor ofbiocontrol success. The widespread dispersal of M 

aethiopoides and subsequent non-target parasitism ofNZ native weevils outside of 

the target host habitat suggests that it might be worth including target host dispersal 

ability as a variable in future analyses of this type, since it is thought that dispersal of 

the parasitoid was largely through the movement of the parasitised target host S. 

discoideus (Barratt et al., 2000b). 

Louda et al. (2003b) list habitat, phenology, and altitude as critical predictors of 

realised host range and use of native hosts by introduced biocontrol agents. 

Phenology has been shown to be important for non-target parasitism ofNZ native 

weevils by M aethiopoides because temporal asynchrony between the parasitoid and 

the non-target hosts appears to limit the level of parasitism they experience. In 
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species or at sites where there is only a small summer weevil generation there is 

minimal overlap with the late summer/early autumn activity of M. aethiopoides and 

parasitism levels are generally low, but at some sites Nicaeana spp. have a large late 

summer generation and consequently suffer higher parasitism (Barlow et al., 2004). 

Phenological synchrony also appears to explain why the European thistle weevil 

Larinus planus prefers the native North American thistle Cirsium unudulatum var. 

tracyi over its intended host, the Canada thistle C. arvense, even though laboratory 

testing showed the opposite. At high elevations the native thistle flowers earlier than 

the Canada thistle and this early flowering period is more synchronous with the 

weevil's oviposition period (Louda et al., 2003b). Since phenology has proven to 

very important in these retrospective analyses of non-target effects it is suggested 

that it be used more for prediction of non-target effects. In particular, developmental 

responses of the potential biocontrol agent to temperature can be measured in the 

laboratory so a prediction of the likely overlap between the occurrence of searching 

adult parasitoids and vulnerable non-target host stages can be made pre-release. In 

the case of B. gonerilla, the exotic parasitoids E. intricatoria and P. puparum appear 

to be well synchronised with the summer generations ofthe butterfly, with both 

parasitoids emerging in late November when the first generation of B. gonerilla is 

starting to pupate. However an (albeit small) overwintering larval generation of B. 

gonerilla may escape parasitism since the larvae develop very slowly over winter 

and pupate in late October before the spring emergence of the parasitoids. This 

overwintering generation was not thought to be of any importance at the time the 

field data was collected but subsequent modelling has shown it may provide an 

important temporal refuge from the high levels of E. intricatoria parasitism. This 

refuge is possible because the parasitoids overwinter in a diapause state. Bale and 

Walters (Bale & Walters, 2001) have shown how consideration ofan arthropod's 

overwintering biology can be used to assess the risk of it establishing outside of its 

non-native range. Similarly knowledge of the overwintering behaviour of potential 

biocontrol agents may be used to predict non-target impacts (Babendreier et al., 

2003a). For example, a parasitoid may attack a non-target host during the summer 

but may have an obligate diapause within the target host thus providing a temporal 

and potentially a spatial shift (ifthe target and non-target occupy different habitats) 

in parasi tism from the non-target to target hosts which could limit the build up of 

parasitoid populations on non-target host populations. For P. puparum in New 
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Zealand this may well be the case since it overwinters as diapausing larvae within 

diapausing P. rapae pupae. The three non-target hosts B. gonerilla, B. itea, and D. 

plexippus all overwinter as adults so even if P. puparum did find some non-target 

host pupae to parasitize in autumn, the diapausing parasitoid larvae would be unable 

to resume development in spring because the host pupae would have died over 

winter. However this shift in hosts may not provide much of a refuge for B. 

gonerilla because despite the target and non-target host occupying different habitats, 

P. puparum appears to be an excellent disperser, reputedly travelling 129 km in 

under 18 months (Muggeridge, 1943), so recolonisation of B. gonerilla habitat in 

spring is also likely to be rapid. 

A growing literature of retrospective analyses of non-target effects has proved useful 

for identifying potential predictors of non-target utilisation as discussed above, and 

the work of Barlow et al. (2004) and the current study have shown that it also 

possible to quantify long-term non-target effects. However, the short-term effects of 

past biocontrol releases remain incalculable. The models of Lynch et al. (2002) have 

shown that high "spill-over" parasitism in the short-term following a biocontrol 

reduction can lead to very high suppression and even extinction of local non-target 

populations. Whether elevated parasitism of B. gonerilla occurred following the 

introduction of P. puparum is unknown. Certainly there was a rapid build up of 

parasitoids on the very abundant target host (Muggeridge, 1943), but non-target 

parasitism levels were not noted. Whilst transient effects are unlikely to cause long

term reductions in abundance by themselves, in combination with other stressors 

such as habitat loss they could lead to long-term decline ofthe overall population. 

Metapopulation theory has shown that as the number of suitable habitat patches in a 

metapopulation declines, the metapopulation becomes increasingly vulnerable to 

global extinction from stochastic fluctuations in colonisations and local extinctions 

(Lande et al., 1998). It is unknown how the habitat of B. gonerilla has changed 

since the early 1900s because there are no records available on the distribution or 

abundance of the larval host plant U ferox. On the one hand, urban development has 

likely eradicated large habitat patches but on the other hand bush clearance and track 

cutting for recreational and farming use may have led to an increase in U ferox 

abundance since it favours disturbed, "edge" habitats and is very common in these 

situations. It is also unknown what indirect non-target effects have occurred with the 
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introduction of P. puparum. Pearson and Callaway (2003) argue that biocontrol 

agents that fail to control their target pest are more likely to cause indirect non-target 

effects because maintenance of high numbers ofthe target host and the biocontrol 

agent leads to altered resource levels and competitive interactions throughout their 

associated food-webs. P. puparum has provided only partial control of P. rapae on 

forage crops (but not horticultural crops), with outbreaks of the pest still occurring 

every 4-6 years on forage crops (Ferguson, 1989). It is possible that indirect effects 

have occurred with the establishment of P. puparum and E. intricatoria, in particular 

the absence of any native larval or pupal parasitoids of B. gonerilla leads to 

speculation that competitive displacement of native natural enemies may have 

occurred. 

6.6 General conclusion 

Retrospective analyses of non-target effects have been identified as an important 

research area to help determine if significant non-target impacts have occurred and to 

explore the mechanisms involved (Hopper, 2001). The retrospective study presented 

here attempted to quantify the long-term effect of non-target parasitism on New 

Zealand endemic red admiral butterfly populations. In this case, life table analysis 

and subsequent population modelling has shown that non-target parasitism by the 

introduced biocontrol agent P. puparum has probably had a minimal impact on B. 

gonerilla abundance. Whilst the modelling approach used was simple and flexible, 

requiring only a few basic parameters for the non-target host's population dynamics 

to be quantified, it was difficult to obtain robust estimates ofthese parameters over 

the short duration ofthe study, given that there were no background data available. 

This is likely to be a common problem in evaluating non-target impacts because non

target species are often native, non-economic species which are less well studied 

than their pest counterparts. However, demonstrating the safety of proposed 

biocontrol agent introductions will become increasingly important for future natural 

enemy releases and ifhost specificity testing indicates that native species are 

potential hosts, then population modelling offers a quantitative method to predict 

non-target effects. 
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Appendices 

Appendix 1: Long-term mean monthly climate data for Christchurch (source: 

NIWA). 

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Minimum 12.2 12.1 10.6 7.7 4.5 2.1 1.9 2.9 5.1 7.2 8.9 10.9 
temperature 
Mean 17.4 17.1 15.5 12.8 9.6 6.9 6.6 7.7 10.0 12.3 14.0 16.0 
temperature 
Maximum 22.5 22.2 20.4 17.8 14.6 11.7 11.3 12.4 14.9 17.4 19.2 21.2 
temperature 
Number of 0 0 0 2 9 16 16 15 9 3 1 0 
ground frosts 
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Appendix 2: Mean number of B. gonerilla and P. rapae counted on transect 

walks over three summer seasons, mean of November to April counts presented. 

Site Year" No. of No. of 
B. gonerilla P. rapae 
perkm perkm 

JB 1 0.58 0.00 
BB 1 0.89 0.00 
DB 1 0.69 1.93 
AV 1 1.46 1.38 
PV 1 0.59 6.96 
KP 1 1.30 1.95 
JB 2 1.00 0.00 
BB 2 1.62 0.00 
DB 2 3.97 3.30 
AV 2 3.71 3.54 
PV 2 2.92 6.17 
KP 2 6.02 4.07 
JB 3 1.73 0.00 
BB 3 0.63 0.21 
DB 3 2.66 2.14 
AV 3 1.42 2.21 
PV 3 1.12 6.92 
KP 3 1.24 0.95 
.. Year 1 = 2000101, year 2 = 2001/02, year 3 = 2002/03 
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Appendix 3: Details of artificial diets evaluated for B. gonerilla development. 

**These diets were unsuccessful for rearing B. gonerilla; none survived past the 

third instar. 

1. A "general purpose Lepidoptera diet" was sourced from Anne Barrington of 

HortResearch and trialled with and without the addition of dried, ground U. ferox 

leaves (5% by volume). 

Contact details: 

Anne Barrington 

. Insect Production Manager 

HortResearch 

Mt. Albert Research Centre 

Private Bag 92169 

Auckland 

New Zealand 

2. The artificial diet of Morton, 1974 (cited in Singh, 1985, p 27) was also trialled; 

this contains 1.5% dried host plant material. 

Reference: 

Singh, P. (1985). Multiple-species rearing diets. In: Handbook of insect rearing Vol. 

I (eds P. Singh & R.F. Moore), pp. 19-44. Elsevier Science Publishers B.V., 

Amsterdam, The Netherlands. 
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