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Abstract 

Fallopia japonica is a damaging invasive weed that is difficult to control in the UK. In 

2010, Aphalara itadori (Hemiptera), an insect herbivore native to Japan, was 

released in the UK as a biocontrol agent. Classical biocontrol of weeds has a long 

history across the world but this is an unprecedented type of release for the 

European Union. This provided the opportunity to investigate the conditions for 

establishment and the potential impacts of A. itadori under semi-natural conditions 

awaiting the potential establishment of large field populations in the UK. 

A meta-analysis, using global data, was carried out to see if classical biocontrol is an 

effective method of weed management. Field cage trials were then used to assess 

some life-history traits of A. itadori, including fecundity and longevity. Factors 

influencing establishment, including rainfall, competition and the role of generalist 

predators were investigated. The ability to cause damage to F. japonica is essential 

for a successful programme and this was tested, both directly and indirectly 

considering the performance of native plant species grown with F. japonica with and 

without biocontrol. Finally, the integration of biocontrol with existing control methods 

and preliminarily with another biocontrol agent, Mycosphaerella polygoni-cuspidati, a 

leaf-spot pathogen was investigated.  

Aphalara itadori showed the potential to be an effective biocontrol agent with the 

capacity to successfully reproduce outside, with potentially two generations per year 

in some areas of the UK. There were demonstrable impacts of A. itadori herbivory on 

F. japonica within a single growing season. Nonetheless, there was a discrepancy 

between the predicted performance from this study and what has been observed at 

the open field release sites. This is possibly a result of the effect of predation on A. 

itadori survival so recommendations, such as the use of protective cages, are 

suggested to inform the release strategy. 
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Chapter 1 - Introduction 

 

1.1 Invasion ecology 

The redistribution of species around the globe through human activities, intentional 

or otherwise, is a major concern. Species that are introduced to a non-native range 

can become invasive if they are able to establish and spread. Biological invasions 

are currently occurring on an unprecedented scale (Ricciardi 2007) and can often 

have considerable negative impacts. Mostly the detrimental impacts on their exotic 

environment can include the alteration of biotic interactions (Carvalheiro et al. 2010) 

or ecosystem function (Ehrenfeld 2003), displacement of native species (Vila et al. 

2011), loss of genetic diversity through hybridisation (Lei et al. 2010), direct physical 

damage (Williams et al. 2010) or public health concerns (Derraik 2007). Invasive 

species have been considered the second largest threat to biodiversity after habitat 

loss (Vitousek et al. 1997). However, there can also be social impacts, for example, 

the vigorous growth of Arundo donax L. across wetland areas of the southern states 

of the USA makes policing the country borders more difficult due to reduced visibility 

(Seawright 2009). Many of the detrimental impacts are attributable to the regular 

observation that plants can grow larger and become stronger competitors in a non-

native range (Hinz & Schwarzlaender 2004). The spread of non-native species into 

new geographic areas presents a huge challenge to the management and 

conservation of global natural resources. The economic costs of invasive non-native 

species are considerable with an estimated loss of US$1.4 trillion to the global 

economy annually (Pimentel et al. 2001) and this does not include the cost of less 

tangible detrimental impacts on the environment and society. A recent estimate puts 

the economic cost to Great Britain of £1.7 billion annually (Williams et al. 2010). 

Not all non-native species have a negative impact in new areas and some may even 

have benefits (Ewel & Putz 2004). Global agriculture relies on the success of non-

native species, such as corn (Zea mays L.) or rice (Oryza sativa L.) and many other 

non-native species that establish have limited negative impacts. With the increasing 

scale of international commerce and the intentional import of non-native species e.g. 

the demand for ornamental plant species, many species are able to establish, 

spread, and have negative impacts. It is estimated that Great Britain has the highest 
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number of naturalised non-native species in Europe at 3254 with 1834 being 

terrestrial plants (DAISIE 2013). Plant invaders are among the most numerous and 

prominent in invasion ecology (Callaway & Maron 2006), partly due to long-term 

viability and difficulty in the detection of propagules.  Williamson (1996) suggested 

the idea of the ‘tens rule’, that c.10% of introduced species will establish. Of these 

c.10% will spread and 10% of those will cause damage. Although this clear cut value 

is contested (Jeschke & Strayer 2005; Jaric & Cvijanovic 2012) it does illustrate the 

process of filtering that species pass through outside of their native range. Only a 

small proportion of potential invaders will succeed due to a range of factors including 

adaptation, climate, founder group size, available resources and competitors. The 

probability of a particular species invading a new area (or a particular area being 

invaded) varies from place to place, among species and over time. 

With any invasion where there are unwanted impacts, it is important to consider what 

is causing the undesired effect. A non-native species, invading an area may be 

actively displacing native species and driving ecosystem change, or alternatively, the 

presence of the non-native species may be a response to another underlying driver 

that facilitates the invasion by improving the suitability of the area. This is outlined by 

the ‘driver vs. passenger’ models (MacDougall & Turkington 2005). This will greatly 

affect any management or mitigation decisions as the removal of a ‘passenger’ 

species would not change the other underlying factors so there would be no 

recovery. Whereas, if the removed species was a ‘driver’, then there is a better 

chance that management efforts would be beneficial, although some impacts of 

invasive species can continue beyond their removal, for example, persistent changes 

to soil chemistry (Ehrenfeld 2003). The management required to see any benefits 

would then depend on what the threshold is for negative impacts to occur, some 

invasive species can have a large impact even at low population densities (Thomas 

& Reid 2007). MacDougall & Turkington (2005) provide support for the ‘passenger’ 

model with their work on invasive grasses in an oak savannah. The traits of the 

dominant invasive species were better suited to a frequently disturbed system and 

were able to become abundant relative to the native community. Competition alone 

from the invasive species wasn’t structuring the community and 36 out of 79 species 

studies did not respond to the removal of invasive species. This will vary between 
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systems and it has been shown that invasive species can directly drive the loss of 

biodiversity (Hulme & Bremner 2006). 

Understanding the mechanisms of invasion and why some species become 

successful invaders and others don’t, has long been a challenge in invasion ecology. 

Some authors focussed on the traits of the invaders themselves (Duncan & Williams 

2002; Sutherland 2004) to predict which species may become invasive. Some traits, 

such as high growth rate (van Kleunen et al. 2010) or reproductive output 

(Richardson & Pysek 2006), are more often associated with invasive species. 

Considering traits alone inevitably lacks enough complexity to be useful for 

prediction as the introduction of a species with a high potential to become invasive 

will still be influenced by a wide range of external factors, such as climate or 

disturbance. Other approaches look at the invasibility of different areas or the 

variation in biotic resistance (Levine et al. 2004). 

There is a whole suite of mechanisms posited to explain invasions. These include 

the Novel Weapons hypothesis (Callaway & Ridenour 2004) whereby native species 

in the recipient area are not adapted to the chemical exudates of invading species so 

are at a competitive disadvantage. Alternatively, the Evolution of Increased 

Competitive Ability hypothesis (Blossey & Notzgold 1995; Joshi & Vrieling 2005) 

states that invasive species will be able to reallocate resources away from actions 

such as defence and into adapting competitive ability in the introduced range. It is 

seemingly clear that no one mechanism can explain a wide range of invasions, plus 

many mechanisms are not mutually exclusive and often related (Blumenthal 2005). A 

more holistic approach is now being considered to explain invasion success 

incorporating multiple mechanisms (Catford et al. 2009; Gurevitch et al. 2011). 

One popular mechanism in the plant invasion literature is the Enemy Release 

Hypothesis (ERH), which suggests that the increased performance of invasive 

species is a result of the absence of specialist natural enemies in the introduced 

range (Keane & Crawley 2002). For this to be true, some assumptions need to be 

met. Firstly, natural enemies must be able to significantly regulate plant populations, 

generalist natural enemies would exert a greater impact on native species than 

invasive species and plants would need to respond to the release by increased 
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investment in growth or reproduction.  Across multiple systems there is evidence 

both for and against the role of ERH in plant invasions (Colautti et al. 2004).  

Evans (2008) takes the idea of enemy release further by considering the role of 

fungal endophytes, which form asymptomatic associations with plants. The range of 

these associations is from harmful pathogen to co-evolved beneficial symbiont, 

which may confer defence against pests and disease. Invasive plants that maintain 

their beneficial endophytes or acquire new associations in the introduced range 

could gain an advantage over competitors and also remain resistant to natural 

enemies. Those species arriving without their endophytes can also gain an 

advantage through reallocation of resources otherwise consumed but would be more 

susceptible to attack if the association with natural enemies were re-established. 

Evans (2008) suggested that the associations with endophytes in the introduced 

range may explain some of the variation seen in the success of classical biological 

control (biocontrol).   

1.2 Classical biological control of weeds 

Once an invasive weed is widely established in a new region, eradication is often 

prohibitively expensive and unfeasible to carry out. Conventional management 

practise relies on the frequent application of chemical herbicides and/or physical 

removal. This approach can often have detrimental environmental impacts, including 

non-target damage and unintended dispersal of weed propagules. Ongoing 

management also requires a sustained economic investment, otherwise, problem 

species can re-emerge or spread in the absence of control efforts. Biocontrol is an 

alternative to physical or chemical control, often advocated as a preferred option, or 

can form part of a larger integrated pest management (IPM) programme. 

An accepted definition of biocontrol is “the actions of parasites, predators, and 

pathogens in maintaining another organism’s density at a lower average than would 

occur in their absence” (DeBach 1964). There are three main approaches; 

 

- Classical – The importation and release of coevolved natural enemies as 

biocontrol agents for the permanent suppression, not eradication, of a target 

species with the expectation control will be self-perpetuating and the 
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biocontrol agents, which may be invertebrates, pathogens or microorganisms 

will become naturalised. 

- Inundative – Regular releases that temporarily increase the population size of 

biocontrol agents. This can refer to the use of mycoherbicides and 

invertebrate or vertebrates herbivores. 

- Conservation – The protection or manipulation of existing populations of 

biocontrol agents (native or non-native) to promote an additional control 

pressure. This is generally not used for weed control. 

 

Since invasive weeds often cover large areas, the introduction of specialist natural 

enemies from their native range using the classical approach is the most commonly 

used and there is a long history, dating back to the 19th Century,  with many 

introductions worldwide (Julien & Griffiths 1998; MacFadyen 1998). If successful, 

there are multiple benefits to using classical biocontrol. If established, a classical 

biocontrol agent population would be self-sustaining and self-dispersing and the 

chemical input is reduced which is economically and environmentally beneficial.  

 

The use of classical biocontrol does make the assumption that damage from 

coevolved natural enemies of the weed has the potential to regulate the population 

density of the target weed. The ability of biocontrol agents to control target weeds 

does vary depending on the target but there are many examples of classical 

biocontrol being used successfully against invasive weeds. One of the earliest and 

most cited examples of successful weed biocontrol is the control of Opuntia stricta 

Haw., a cactus native to the Americas, in Australia from the late 1920’s. A moth, 

Cactoblastis cactorum (Berg), was released and effectively cleared millions of 

hectares of infested land (Dodd 1959). Though, the resources invested in the control 

programme were atypically high with over 200 workers producing billions of C. 

cactorum eggs for release, contrasting with more recent programmes with releases 

typically in the thousands (Raghu & Walton 2007). Currently well over 1000 releases 

have been made worldwide against over 133 target weeds (Julien & Griffiths 1998), 

many with considerable success (Fowler et al. 2000). However, classical weed 

biocontrol remains rare in Europe (Sheppard et al. 2006). Although there are cases 

of classical biocontrol agents present in Europe that have been accidentally 

introduced. For example, Ophraella communa LeSage (Coleoptera: Chrysomelidae), 
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a biocontrol agent of the North American Ambrosia artemisiifolia L. (Asteraceae) in 

China, has been found in over 130 sites in Switzerland and Italy since 2013 (Müller-

Schärer et al. 2014). Damage to A. artemisiifolia is up to 100% with complete 

defoliation at some sites but it is unclear whether the arrival of O. communa will have 

significant impacts on non-target plants as it is possible for O. communa to complete 

development on sunflower, Helianthus annuus L., though this is not a preferred host 

under choice conditions (Zhou et al. 2011) 

 

The processes of carrying out a weed biocontrol programme have been well 

reviewed (MacFadyen 1998) and outlined (e.g. De Clerck-Floate et al. 2006). There 

are extensive pre-release studies to ensure the suitability of the target and the host 

specificity of the candidate agents (Briese 2005). These include the identification of 

the native range of the target weed as accurately as possible and carry out surveys 

to collect natural enemies. Typically, specificity to the target is the principle 

requirement when prioritising candidate biocontrol agents (rather than potential to 

cause damage). Specificity is determined through various laboratory studies 

including feeding trials under choice and no choice conditions, oviposition trials and 

development trials. Test plant lists constructed for host range studies largely use the 

centrifugal phylogenetic method of assessment (Wapshere 1974; Schaffner 2001) 

under the assumption that the more closely a plant is related to the target weed, the 

more likely it is at risk of attack. At which level non-target plant use is acceptable, 

depends on the particular programme, for example, it may still be suitable to release 

a biocontrol which oviposited on a non-target species under no choice conditions if 

the eggs couldn’t develop. Although pre-release studies are critical to ensure a 

greater chance of success and reduce the risks of non-target impacts, relatively little 

work is carried out post-release (Blossey & Skinner 2000).  

 

Success rates for weed biocontrol inherently vary, for example because many 

biocontrol agents simply fail to establish (Julien and Griffiths 1998) or a lack of 

desired impacts on the target or to the benefit of the recipient environment. It has 

been suggested that success rates may have changed over time with higher 

establishment rates pre-1980 (Crawley 1990), but it is not clear whether this is the 

result of a shift in release strategies or that target species more suited to control from 

biological agents were selected earlier. Moreover, the reporting of success rates is 
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inconsistent as it varies from system to system and depends on the specific aims of 

a programme (van Klinken & Raghu 2006). Success is not simply the reduction in 

the density of the target weed, but may also include a decline in the rate a weed is 

spreading or an economic saving from reduced investment in conventional 

management that exceeds the amount invested in the biocontrol programme.  The 

outcome of a programme can take several years to become evident and will be 

influenced by a wide range of factors including climatic mismatch (Byrne et al. 2004), 

predator interference (Crider et al. 2011) or release strategy (Grevstad 1999). 

 

There have been concerns over the intentional release of non-native organisms for 

use in biocontrol. Rare cases where there has been non-target damage, for 

example, feeding on Cirsium thistles native to the USA by the introduced Rhinocyllus 

conicus Froel. (Coleoptera: Curculionidae) have been used to illustrate the risks of 

biocontrol (Simberloff & Stiling 1996; Louda et al. 2003). In addition, many negative 

public perceptions of biocontrol have been founded on experiences of the outcomes 

of poorly regulated releases of inappropriate species, for example the introduction of 

the cane toad, Rhinella marina L., into Australia in 1935 which has gone on to have 

considerable ecological impacts (Shine 2010) . Aside from this, genuine concerns 

over the risk of non-target impacts need to be addressed. Host specificity is largely 

considered the most important trait of a biocontrol agent to reduce the risk of non-

target damage. On the whole, weed biocontrol has a good safety record, Paynter et 

al. 2004 surveyed 20 biocontrol agents in New Zealand for evidence of non-target 

attack. Two species demonstrated rare and minor non-target attack which was 

predicted from pre-release testing, although two more species also demonstrated 

some non-target attack but it was highlighted that the pre-release studies were 

inadequate.   

 

Questions on the indirect effects of biocontrol releases are more difficult to answer. 

Releases of specific biocontrol agents may still have indirect effects on non-target 

species. Indirect interactions between species can be mediated via shared 

predators, a form of apparent competition (Holt & Lawton 1994), particularly when a 

predator has a positive numeric response to a sudden increase in one species, 

which then alters the top-down pressure on another species. Willis & Memmott 

(2005) highlight the potential risk of introducing novel species and the consequential 
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perturbation of food web structure. Using the release of Mesoclanis polana Munro 

(Diptera: Tephritidae) to control Chrysanthemoides monilifera ssp. rotundata (DC.) T. 

Norl (Asteraceae) in Australia as an example, they demonstrated that native 

parasitoids that were able to attack M. polana were more abundant than those 

parasitoids unable to utilise M. polana as a host. The unexpected consequences of 

biocontrol agent releases can also include conflicts of interest between groups. An 

interesting example is the control of Tamarisk in the USA. Invasions of Tamarix sp. 

have drastically altered riparian areas in the Western USA. A biocontrol programme 

was carried out and resulted in the release of Diorhabda sp. Weise leaf beetles. 

Dramatic defoliation of trees was recorded over large areas in the first few years. In 

some areas where native vegetation had been displaced, an endangered bird, 

Empidonax traillii ssp. extimus A.R Phillips (Passeriformes: Tyrannidae), was known 

to nest in tamarisk. There were concerns over the breeding success of E. traillii 

extimus and the biocontrol programme received much negative attention and had the 

release permits withdrawn. Legal actions were started even though an integrated 

restoration approach, including biocontrol, would have likely improved the chance of 

survival of this bird species in the longer term (Dudley & Bean 2012). This example 

demonstrates the potential scale of conflict and that biocontrol practitioners should 

consider concerns of other parties, regardless of their validity. Conflicts of interest 

may also commonly arise through a commercial or amenity value to the target weed 

or the differing values of bordering nations or regions. 

  

1.3 Japanese knotweed 

Fallopia japonica var. japonica (Houtt.) Ronse Decraene (hereafter referred to as F. 

japonica or Japanese knotweed) is widely considered to be among the worst 

invasive species in the UK and is included in the IUCN top 100 World’s worst 

invaders (Lowe et al. 2000). Now found throughout the country, F. japonica has been 

present in the UK for over 150 years and has subsequently invaded many disturbed 

and riparian areas. There is a relatively large amount of information on this species 

in the literature and this section outlines the ecology and traditional management of 

F. japonica. 
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Taxonomy and nomenclature 

Fallopia is a member of the Polygonaceae, other genera in the family from the UK 

include Polygonum (knotgrasses), Rumex (docks and sorrels), Rheum (rhubarb), 

Fagopyrum (buckwheats) and Persicaria (smartweeds). 

Fallopia japonica was first described by Houttuyn in 1777 as Reynoutria japonica. 

This work was published in Dutch and subsequently F. japonica was independently 

described by Siebold & Zuccarini in 1846 as Polygonum cuspidatum how it became 

more widely known (Bailey & Conolly 2000). There are a range of synonyms for F. 

japonica (Table 1.1) and P. cuspidatum remains widely used in some literature. 

There are several invasive Fallopia species and hybrids in the UK, though, F. 

japonica var. japonica is the most problematic.  A dwarf Japanese knotweed, F. var. 

compacta (Houtt.) Bailey, was also introduced but has not become as widespread. 

Other knotweeds of concern include the giant knotweed, F. sachilinensis (F. Schmidt 

ex Maxim.) Ronse Decraene, and its hybrid with Japanese knotweed, Bohemian 

knotweed, F. x bohemica (Chrtek & Chrtková) Bailey. Fallopia sachilinensis can be 

readily identified from its larger size (4-5m tall) and the leaves have a distinct heart-

shaped base. Fallopia x bohemica is usually closer to F. japonica in height but 

otherwise the phenotype and chromosome number are an intermediate of the 

parents (Child & Wade 2000). Russian vine, F. baldschuanica (Regal) Holub., and its 

rare hybrid with Japanese knotweed, F. x conollyana Bailey, are also present in the 

UK. Black bindweed (F. convolvulus) and copse bindweed (F. dumetorum) are the 

only native species of Fallopia in the UK.  

Table 1.1 Common synonyms of F. japonica. Information taken from CABI Invasive Species 

Compendium (CABI 2014; www.cabi.org/isc) and Bailey & Conolly (2000).  

 

Synonym Authority 
Fallopia japonica (Houtt.) Ronse Decraene 

Pleuropterus cuspidatus (Sieb. & Zucc.) Mildenke 

Pleuropterus zuccarinii   (Small) Small 

Polygonum cuspidatum Sieb. & Zucc. 1846 

Polygonum reynoutria Makino 1901 

Polygonum seiboldii de Vriese 1846 

Polygonum zaccharini Small 

Reynoutria japonica Houtt. 1777 
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Biology 

Fallopia japonica is a rhizomatous perennial that produces annual hollow stems 

reaching an excess of 3m, forming dense stands and can be concentrated into semi-

woody crowns. Stems and leaves are often red at first spring emergence before 

turning green, but some purple flecking can remain on the stems. New growth in 

spring can be very rapid (Beerling et al. 1994). The unfurled leaves are 

approximately 10-18cm long and heart-shaped with a flattened base, growing 

alternate on the stems. At the base of the petioles extra-floral nectaries are often 

produced.  The rhizomes are dark brown, nodal and fleshy with a bright orange 

interior. The rhizome network can be very extensive spreading up to 7m laterally 

from the parent plant and to a depth of 2m (Child & Wade 2000).  Cream /white 

flowers are produced in clusters usually around late summer. Aboveground material 

dies back in autumn leave standing dead canes which become brittle. 

There are no male-fertile F. japonica plants in the UK and it has not been shown to 

have any genetic diversity (Beerling et al. 1994; Hollingsworth & Bailey 2000; Bailey 

et al. 2007). Other invasive Fallopia taxa have been shown to have both male and 

female-fertile plants in the UK which set viable seed and have higher levels of 

genetic diversity (Hollingsworth & Bailey 2000), as does F. japonica in other 

introduced ranges (Grimsby et al. 2007; Krebs et al. 2010). In the UK, F. japonica 

disperses and reproduces solely through vegetative means. New material can grow 

from fragments of rhizome and stem (including internode sections), though 

regeneration from rhizome is more successful with a fragment as little as 0.7g 

capable of producing a new plant (Child & Wade 2000).  

The description above contrasts with F. japonica found in its native range of Asia. In 

Japan, F. japonica typically grows to a maximum of 1.5m and is often a pioneer 

species on volcanic soils (Beerling et al. 1994). Both sexual and asexual 

reproduction is observed together in Japan (Tanaka 1966; Maruta 1976). 

Additionally, monocultures of F. japonica on Mt. Fuji naturally show a central die-

back where shoot density is reduced in the middle of the stand. This forms part of 

the natural succession and facilitates other species’ establishment in the bare 

patches (Adachi et al. 1996). 
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Habitat and climate range 

Fallopia japonica can be found growing on a large range of habitat types in its 

introduced range but particularly nutrient rich, riparian habitats and areas of high 

human disturbance but can also be found growing along woodland edges. The plant 

can grow on a range of substrates including, clay, alluvial soil, peat, shingle and 

tolerate a wide pH range from 3.7 to 7.0 (Beerling et al. 1994) and areas of high salt 

concentrations (Rouifed et al. 2012). Generally in the UK F. japonica is restricted to 

lowland areas, rarely found more than 200m ASL, although on the continent it is 

regularly recorded up to 800m ASL in Switzerland and in its native range the 

altitudinal limits are around 2400m ASL in Japan and 3800m ASL in Taiwan. In 

Europe, F. japonica seems to prefer areas with an oceanic climate but is 

nonetheless widespread north-south from Norway to Portugal and into Russia at its 

eastern limit and can tolerate mean annual temperatures of 5-17 ºC and mean 

annual rainfalls of above 500mm. Its native range includes Japan, Taiwan, Korea 

and China where it can be found on exposed upland areas and road sides (Beerling 

et al. 1994). 

History and spread 

A detailed history of Japanese knotweed in the UK has been published (Bailey & 

Conolly 2000). The F. japonica clone that is now invasive in Europe was first 

introduced to the UK by Phillipe von Siebold as an ornamental. It was first available 

commercially in 1848 and was highly prized as a shelter plant with edible young 

leaves and stems. Japanese knotweed subsequently became very popular and was 

distributed by a number of nurseries across the country. After a lag phase common 

to many plant invasions (Crooks 2005), F. japonica has rapidly spread throughout 

the UK (Fig. 1.1). Traits linked with invasiveness often include high reproductive 

output (Richardson & Pysek 2006). Though, F. japonica does not produce any viable 

seed in the UK, dispersal has primarily been through human movements of 

contaminated soil and vegetative propagules spread through river systems (Bailey & 

Conolly 2000). As such, it would have been extremely difficult to predict the spread 

of F. japonica but explains why urban and waste areas are particularly affected. 

Some legislative measures have been taken to limit the rate of spread and F. 

japonica is listed under Schedule 9 of the 1981 Wildlife and Countryside Act which 
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makes it illegal to cause it to grow in the wild. There are also official guidance 

documents produced detailing management options (Environment Agency 2007). 
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Crown copyright and database rights 2011 Ordnance Survey [100017955].  

Figure 1.1. The development of the distribution of F. japonica in the British Isles over time 

(NBN Gateway 2013; data providers -  

https://data.nbn.org.uk/Taxa/NHMSYS0000458716/Grid_Map) 
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Impacts 

Invasions of F. japonica drive ecological change. Native plant communities in direct 

competition with F. japonica are often altered (Aguilera et al. 2010) and the resulting 

monoculture stands support a depauperate invertebrate fauna (Bimova et al. 2004; 

Gerber et al. 2008). Although there is a large amount of leaf litter at the end of each 

season, detritivores didn’t perform as well in F. japonica stands compared with 

surrounding vegetation (Gerber et al. 2008). Other evidence suggests that other 

detritivore groups are not affected and there is a shift towards a detritus-based food 

web (Kappes et al. 2007). This can have cascade effects on species at higher 

trophic levels (Maerz et al. 2005).  Aside from the direct biotic disruptions, F. 

japonica invasions can alter soil nutrient properties (Dassonville et al. 2007; Aguilera 

et al. 2010) as well as the soil microbiota (Tanner & Gange 2013). 

Fallopia japonica is also responsible for causing physical damage to infrastructure 

accounting for an estimated annual cost of £166m to Great Britain’s economy 

(Williams et al. 2010). New shoots have a rapid growth rate which is able to damage 

tarmac and paved areas (Child & Wade 2000) and are particularly disruptive to the 

construction industry. Additionally, where large stands occur in riparian areas, there 

is an increased risk of flooding in winter as the aboveground vegetation dies back 

(Child & Wade 2000). More recently, increased public awareness to the impacts of F. 

japonica has affected the property market, reducing house prices where F. japonica 

is present. 

Management 

Once established, stands of F. japonica are difficult to remove and eradication can 

take several years at considerable cost (Child & Wade 2000). There is also a 

growing public perception regarding the difficulty of F. japonica control which has 

received considerable media attention. Conventional methods rely on physical 

removal, with care not to exacerbate the problem, due to the regenerative capacity of 

plant fragments (Child & Wade 2000), or chemical control (Environment Agency 

2007). Bashtanova et al. (2009) discuss ways of improving chemical control and 

there are weed barriers than can be effective (Environment Agency 2007) but in the 

long term, the effectiveness and sustainability of conventional management is 

unclear (Kabat et al. 2006). It has been estimated in basic terms that a UK wide 
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eradication of F. japonica would cost £1.56bn (Defra 2003). This estimate does not 

include the indirect costs associated with such a large project or the need for repeat 

treatments, therefore, eradication is not a viable option.  

Classical biocontrol of Japanese knotweed 

Research began in 2000 to find a suitable classical biocontrol agent for F. japonica. 

Natural enemy surveys in Japan identified 186 species of arthropod and over 40 

species of fungi to be associated (Shaw et al. 2011). After host range testing (Shaw 

et al. 2009), Aphalara itadori Shinji (Hemiptera: Psyllidae) was selected as the first 

candidate for release (Shaw et al. 2009). A second candidate, a leaf-spot pathogen 

Mycosphaerella polygoni-cuspidati Hara, is also under consideration (see Chapter 

7). The licensing and regulation of the biocontrol agent release was complex and 

required parallel applications to government to allow both the release of an organism 

from quarantine restrictions and the open release into the environment, which are 

covered under different legislation. This project carried out a modified European and 

Mediterranean Plant Protection Organisation Pest Risk Assessment, an application 

to the Advisory Committee on Releases to the Environment and underwent 

independent review and public consultation (Shaw et al. 2011). Permission was 

granted in 2010 for the release of A. itadori and psyllids were released at eight sites 

across England and Wales since. Each release site was paired with a similar control 

site and a 5-year monitoring plan is being carried out which records the impacts on 

F. japonica and the associated plant and invertebrate communities four times a year.  

 

At the time of writing A. itadori had not established self-sustaining populations at any 

of the release sites. Therefore, questions on the release strategy, efficacy or 

interactions of A. itadori remain unanswered and are difficult or impossible to answer 

in a quarantine environment and require investigation under more realistic 

conditions. 

 

1.4 Aims and objectives 

The aim of this research was to investigate the potential effectiveness of using A. 

itadori as a classical biocontrol agent for F. japonica by considering factors 

associated with the establishment and impacts of the psyllid. Primarily, field cage 
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and mesocosm studies were conducted as an interim method in the absence of 

established field populations. 

The specific objectives of this thesis were to: 

1) Quantitatively review the recent literature on the effectiveness of classical 

biocontrol of invasive plants and the response of non-target species. 

2) Investigate generation time and fecundity of A. itadori under more natural 

conditions than pre-release studies.  

3) Investigate factors that can influence the likelihood of establishment. In 

particular, the effect of rainfall and plant stress of psyllid reproductive 

performance and to test the hypothesis that protection from generalist natural 

enemies will increase psyllid survival. 

4) Test the hypothesis that A. itadori can cause adequate damage to F. japonica 

to reduce plant performance and whether native plants perform better when 

grown with F. japonica under attack from psyllids. 

5) Investigate the combined impacts of conventional and biological control 

methods on F. japonica to determine any synergistic impacts. To test the 

hypothesis that two commonly used herbicides may reduce survival of various 

life stages of A. itadori and the effect of herbicide application on A. itadori 

oviposition preference. 

6) To test the effects of another candidate biocontrol agent for F. japonica, the 

leaf spot pathogen M. polygoni-cuspidati on oviposition preference of A. 

itadori. 
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Chapter 2 – General materials and methods 

2.1 Plants 

All F. japonica plants used were propagated from rhizome fragments collected in 

Surrey, UK from an established stand with no known history of control. Rhizomes 

were dug by hand and washed with tap water to remove excess soil which may 

harbour unwanted arthropods. Fragments were then placed in a plastic tray filled 

with tap water and covered with either another plastic tray or plastic bag until there 

was new growth at the nodes. If rhizome fragments were measured prior to planting, 

dial callipers were used for measuring length and diameter and a digital balance was 

used for fresh weight.  

A controlled environment glasshouse unit maintained at c.25°C at Silwood Park 

(Ascot, UK) was used for initial propagation. All waste material contaminated with F. 

japonica was disposed of using a licensed waste disposal contractor (Grundon, 

Wallingford, UK) and taken for incineration. 

Unless stated otherwise, the potting media used for experiments detailed in Chapter 

4.2.1 and Chapter 6.1.1 was a 2:1 mixture of Westland multipurpose compost 

(Westland Horticulture Limited, Dungannon) and John Innes no. 2 (John Innes 

Manufacturers Association, Reading). For all other experiments only Westland 

multipurpose compost was used. In experiments where potted plants were placed in 

grow bags, 38L Westland grow bags (Westland Horticulture Limited, Dungannon) 

were used. 

All leaf area measurements (mm2) for F. japonica were estimated using the 

following; area = (length x width) x 0.669 + 44.28, where the leaf was measured at 

the widest part (Dray 2010). 

 

2.2 Insects 

The A. itadori culture was established at CABI from individuals collected in 

Kumamoto prefecture, Kyushu, Japan in 2004 (Shaw et al. 2009). Psyllids were 

reared on F. japonica plants in 0.4x0.4x0.5m ventilated Perspex cages under a 

controlled conditions (22±1.5°C, 60-85% RH, 13:11 L:D). Psyllids used in 
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experiments detailed in Chapter 5.1.2 and Chapter 7 were reared under the same 

controlled conditions but on plants placed on plastic trays and covered in a mesh 

sleeve. New cohorts were regularly set up and the plants were watered as required 

by filling plastic trays lined with capillary matting. Psyllids were transferred from 

rearing cages to experiments using a pooter and 30ml tubes. Nymphs were 

transferred using a fine paintbrush.  

 

 

2.3 Study sites 

CABI garden 

The grounds at CABI (Egham, UK) were used to house all experiments using field 

cages and some open or sleeved plant experiments. The area used was c.0.15ha of 

mostly mixed grassland with patches of Urtica dioica L. and Rubus fructicosus L. and 

bordered by mixed deciduous trees. The field cages used (unless otherwise 

mentioned) were 2x2x2m in size with a mesh size of 0.2x0.8mm. Internal frames 

supporting the cages were constructed from steel tubes. All sleeve material used 

was nylon with a mesh size of 0.2x0.6mm. 

Field sites 

The following release sites were used in the predator exclusion experiment in 

Chapter 5.3.2 (precise locations are not given as the details of release sites are not 

public knowledge). 

- Cornwall – A 1200m2 stand of F. japonica interspersed with Impatiens 

glandulifera Royle located within a 0.5ha paddock with light grazing. 

Bordered by mature deciduous trees. On the edge of an urban 

environment. 

- Surrey – A 150m2 stand of F. japonica set at the back of a 0.4ha field 

bordered by mixed deciduous trees in a suburban environment. 

- Sussex – A 50m2 stand of F. japonica on the edge of amenity grassland 

adjacent to a mixed deciduous tree border in a semi-rural area. 
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- West Glamorgan – A 75m2 stand of F. japonica set amongst parkland and 

woodland on the edge of an urban area. The stand is immediately 

surrounded by mixed deciduous trees and large patches of U. dioica. 

- Norfolk – A 130m2 stand of F. japonica amongst an area of scrubland on 

the edge of an urban environment.  

 

2.4 Statistical analyses  

Specific details are outlined in each chapter but following general practise was 

followed throughout the thesis. Linear models were used on data which conformed to 

the assumptions of these models, or did so after transformation. Linear regression 

was used when both the response and explanatory variables were continuous. 

ANOVA models were used where the explanatory various was categorical and 

ANCOVA models with a combination of categorical and continuous explanatory 

variables. Count data were analysed using generalised linear models (GLM) with a 

Poisson error distribution. If the model residual deviance was larger than the residual 

degrees of freedom then this indicates overdispersion. In these cases a quasi-

Poisson error distribution was used. Proportion data were analysed as per count 

data but with a binomial error distribution and a quasi-binomial distribution is the data 

was overdispersed. If a significant main treatment effect was found for a model with 

a categorical response variable then differences between means were determined 

using Tukey’s Honestly Significant Difference (HSD) test for linear models and by 

manual contrasts using the t values for GLMs. If multiple explanatory variables were 

included in a model then firstly a maximal model was fitted with all interactions 

followed by a stepwise deletion of non-significant terms until only a minimum 

adequate model remained (Crawley 2007). 

All analyses were carried out using R v. 3.0.2 (R Core Team 2013) and RStudio v. 

0.97.551. 
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Chapter 3 – The effectiveness of classical biological control of 

invasive plants 

 

The work presented in this chapter formed the basis of the following paper: 

Clewley, G. D., Eschen, R., Shaw, R. H., & Wright, D. J. (2012). The effectiveness of 

classical biological control of invasive plants. Journal of Applied Ecology, 49, 1287-1295. 

 

3.1 Introduction 

One criticism of classical biocontrol has been the lack of quantitative assessment of 

effectiveness, especially post-release (McEvoy & Coombs 1999). Many classical 

biocontrol programmes have been concerned with the identification, safety-testing 

and release of control agents, but less with the control success once the agent was 

released (McEvoy & Coombs 1999) where often little information is available (Julien 

& Griffiths 1998). However, without thorough assessment of the effectiveness of 

control efforts it is difficult to understand why these programmes worked (or not) and 

how to prioritise potential target species, potential control agents and resources. 

Detailed monitoring is also required to understand non-target impacts, such as the 

floral community changes after the creation of free space (Barton et al. 2007). In 

order to objectively assess the effectiveness of biocontrol, standardised measures of 

success are needed. However, most studies have used subjective or imprecise 

descriptions of success, such as classifying the degree of control as ‘slight’ or 

‘marked’ (Crawley 1989), or focused entirely on impact on the target species 

(Hoffmann 1995; Fowler et al. 2000).  

Ultimately, the measure of success should be whether specific aims, defined at the 

start of a biocontrol programme, are met (van Klinken & Raghu 2006). Aims and 

objectives will vary depending on context, such as the impact on the target species 

and costs and benefits of biocontrol relative to conventional control measures. For 

example, success in an agricultural setting may depend on the reduction in the cost 

of conventional control methods or increased crop yields as a result of effective 

biocontrol of the invasive plant. In a natural environment, by contrast, the invasive 
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species may not be managed and its economic cost may be unknown. Here, an 

increase in the abundance of native species after biocontrol of the invasive plant, or 

the establishment of a community similar to the original community that was 

displaced by the invasive species may indicate success. If the aims of a control 

programme are to mitigate or reverse the detrimental environmental impacts of an 

invasive plant, only monitoring the reduction in abundance of the target species may 

not be sufficient when the negative impacts include the loss of native species. In this 

case, the impact on native species and communities and their functioning should 

also be recorded. However, few control programmes have been quantitatively 

assessed regarding the community composition and the results of such assessments 

have rarely been reported. Recently, the importance of studying post-control 

changes in the plant and invertebrate community have been discussed and 

components of effective study designs, such as control sites where no biological 

control agents are released, have been suggested (Blossey & Skinner 2000; Carson 

et al. 2008;  Morin et al. 2009), but no analysis of the combined results has occurred. 

Furthermore, setting specific goals based on the impacts of the target species prior 

to release, for example setting an acceptable target density, against which the 

effectiveness of control can be measured, can be beneficial (Paterson et al. 2011). 

This will help to distinguish between success and impact since a successful 

biocontrol project need not necessarily demonstrate changes in all possibly 

measures of impact, for example, if the goal was solely to reduce seed production 

(Norambuena & Piper 2000). 

Meta-analysis provides an excellent tool to combine data from multiple studies to 

identify broad patterns (Gurevitch & Hedges 1993; Harrison 2011). There have been 

two previous meta-analyses on the effectiveness of biocontrol agents on invasive 

plants. Stiling and Cornelissen (2005) considered the impact of weed biocontrol 

agents as part of a broader analysis of biocontrol. They reported significant declines 

in plant performance but only impacts on individual plants were considered. 

However, depending on the target plant biology and ecology, the impact on 

individual plants may not relate to population scale impacts and therefore the results 

of such studies may have limited value. Thomas and Reid (2007) addressed this 

problem in their analysis of biocontrol agents in Australia by including measures of 

target plant density and indirect non-target plant response as a result of target 
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removal. Whether or not the non-target species were native or not was not clear. 

They found significant reductions in plant performance and target density but no firm 

conclusions could be drawn for the impact on abundance of non-target plants due to 

a sample size of two studies, highlighting the scarcity of available and detailed post-

release monitoring data. 

The aim of this chapter was to quantitatively assess the effectiveness of classical 

biocontrol of invasive plants, not only at the level of individual plants, but also at the 

level of the plant population and, ultimately, to assess changes in the associated 

plant community using post release data. In the present study, only results published 

after 2000 were included to provide a reflection of modern biocontrol practise and to 

assess the effectiveness of classical biocontrol over relatively short time scales. 

 

3.2 Materials and methods 

3.2.1 Literature search 

Data were primarily gathered through a literature search using both ISI Web of 

Knowledge (http://apps.webofknowledge.com) and CAB Direct (www.cabdirect.org). 

The search was restricted to publications from the years 2000 to 2011 and to the key 

words “weed biological control” and “invasive plant biological control”. The search 

included sub-searches for “community impact” and “population impact”. Also, a 

systematic search through the journals Biological Control (vol. 17–56) and 

BioControl (vol. 45–56) and through the Proceedings of the XI and XII International 

Symposia on the Biological Control of Weeds was carried out. Any appropriate 

studies found in the references of those papers found as above were also included.  

Studies were included if they met the following criteria. The biocontrol agent must be 

non-native to the region where it has been intentionally introduced and the study 

must be carried out after the release of the biocontrol agent. Pre-release and native 

range studies which only reflect potential impacts were not included. There had to be 

an appropriate design with control and treatment groups. Studies with biocontrol 

agent absence/presence comparisons from control and release sites and pre- and 

post-release comparisons from the same sites were pooled together only if the 

nature of response variables measured (magnitude and direction) were not 
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significantly different from each other using heterogeneity analysis (see below). If 

significant differences were found then only control and release site comparisons 

were included in the analysis. 

3.2.2 Data extraction  

Of the total 151 studies identified, 61 studies were included in the final analyses that 

covered the period 1992–2008 in which the studies were carried out. These 

produced 173 independent comparisons which represent 49 different biocontrol 

agents used against 28 target invasive plants from across the world (Appendix S1 in 

Supporting Information). Studies were most often rejected due to being carried out in 

the native range, with unintentionally released biocontrol agents or poor reporting of 

variance and sample sizes. 

If multiple samples were taken over time or various agent densities tested, then only 

the most recent sample and highest density treatments were used in the analyses. If 

multiple measurements were taken from the same plants that could be included in 

the same analysis (e.g. above and belowground biomass), then they were combined 

to avoid pseudoreplication. Additionally, if multiple studies reported data on a target 

plant species with the same biocontrol agent, response variable and geographical 

region they were combined to produce an average effect size for that species. 

Classical biocontrol programmes from any country were included and data used was 

collected predominantly under field conditions (64% of studies: Appendix 1). Field 

cage and laboratory studies were only included if they demonstrated the efficacy of 

biocontrol agents already released into the field. These studies were excluded if the 

effect sizes differed significantly from those under field conditions determined using 

heterogeneity analysis. The response variables related to the target plants were 

plant size (height or diameter), plant mass, flower production, seed production 

(number produced) and target density. Response variables for the associated plant 

community were the abundance and diversity of non-target plant species. If the data 

were available, changes in the abundance or diversity of only native non-target plant 

species were analysed separately. 

The means from control and experimental treatments and their respective standard 

deviations (calculated from the standard error if necessary) and sample sizes were 
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extracted from Tables and Figures in each study. Data were extracted from graphs 

using UTHSCSA Image Tool software (University of Texas, USA).  

The extracted data were converted to a common effect size, Hedges’ d (Gurevitch & 

Hedges 1993) for each comparison, which is based on a standardised mean 

difference between treatments (equation 1). Hedges’ d can be negative or positive 

indicating the general direction of the effect and when d = 0 there was no difference 

between treatments.  

� = ������� ������
	
 ���
��

 �                                                     (Eqn. 1) 

Where x̄ E is the mean of the experimental treatment (with control agents) and x̄ C 

the mean of the control treatment (without control agents). The SD Pooled indicates the 

pooled standard deviation of both treatments, which was calculated as per Equation 

2. The term J weights studies based on their sample size (Equation 3). 

  �� ������ =  ��������	
�����������	
���
�� � ����                                 (Eqn. 2) 

Where SDE and SDC are the standard deviations for the experimental and control 

groups respectively and nE and nC are the sample sizes of those groups. 

� = 1 −  "
#���� �������                           (Eqn. 3) 

Various characteristics of the studies were recorded and used as additional 

explanatory factors in the analyses. These were the invasive (study) region, the 

native region (continental scale), growth form (defined using the United States 

Department of Agriculture (USDA) growth habit codes: forb, shrub, tree or vine, plus 

the additional ‘aquatic’) and longevity (annual, biennial or perennial) of the target 

weed, the feeding guild (miner or borer, sap-feeder, root-feeder, folivore, gall-former, 

seed-feeder, flower-feeder, pathogen or a mixture of strategies) and taxonomic 

group (Order and Family) of the biocontrol agent, and the study duration or period in 

years between the earliest and latest sampling dates (Appendix 1). 

The majority of studies were carried out on plant species invasive in North America 

(66%), followed by Oceania (18%). Most target plant species were native to Europe 

(56%) or Central and South America (28%). Arthropods represented the 
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predominant control agents, used in 93% of studies and 10% using fungal 

pathogens. Three percent of studies used both arthropods and pathogens. Over half 

of the studies used coleopteran biocontrol agents (57%), with the Curculionidae 

(38%) and Chrysomelidae (17%) as the most common families. One third of all 

studies used folivores (31%), followed by internal aboveground feeders (15%). There 

has been a strong emphasis to target perennial species (82%) and around half were 

forbs (54%). 

3.2.3 Statistical analysis 

The change in the annual number of publications available for analysis from 2000–

2011 was analysed using linear regression. The influence of the biocontrol agent on 

the target plants and on the associated plant communities were analysed in separate 

meta-analyses. 

The uniformity of effect size across the studies in the analysis of each response 

variable was assessed using the Q test of homogeneity (Gurevitch & Hedges 1993). 

A significant Qtotal statistic indicates more variation across the effect sizes than 

expected by sampling error alone, i.e. a significant heterogeneity between the 

biocontrol agent and the control treatment. This variation can be explained by the 

magnitude of the effect sizes or the direction, identified by the respective number of 

studies that showed an increase or decrease in the response.  

Analyses were carried out using random-effects models, as the results were from 

studies that represent a larger population of possible effect sizes of interest. Fixed-

effects models are only appropriate for a set of studies with no heterogeneity in 

effect size and when the inference of results is limited to the observed studies only 

(Hedges & Vevea 1998). To study the variation between studies, the additional 

explanatory factors were included as fixed factors in a mixed-effects model. For this 

the Qbetween statistic was calculated (Gurevitch and Hedges 1993). A sensitivity 

analysis was carried out to identify any extraneous studies if any significant 

heterogeneity was found. This approach reiterates the analysis n times, omitting 

each study in turn. Excluding studies through the sensitivity analysis did not change 

any of the observed results, which justified the inclusion of all studies. 
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Many studies are likely not to be published, especially if they demonstrate non-

significant effects or represent failed biocontrol attempts, an issue known as the ‘file-

drawer problem’ (Rosenthal 1979). To account for this publication bias, fail-safe 

numbers were calculated for each analysis. The fail-safe number indicates how 

many additional, non-significant unpublished studies would have to be included in 

the analysis to change the result from a significant one to a non-significant one. If the 

fail-safe number is larger than 5n + 10, where n is the number of comparisons, then 

the analysis is considered robust (Rosenberg 2005). 

All analyses were carried out using R version 2.12.1(R Development Core Team 

2010) and the ‘metafor’ package (Viechtbauer 2010). 

3.3 Results 

Over the past decade there has been a significant, linear increase in the number of 

publications reporting quantitative assessments of the impact of biocontrol and which 

met our criteria for inclusion in the meta-analyses, (n = 11, R2 = 0.49, P < 0.05; Fig. 

3.1). There was significant heterogeneity in the effect sizes within each analysis 

(Table 3.1), indicating variation in the magnitude, and direction for some analyses, of 

the responses to biocontrol.  

 

 

 

 

 

 

 

 

Figure 3.1. The annual number of publications over the past eleven years that met the 

criteria for inclusion in the analysis. The line indicates a significant linear relationship (y = 

2.82 + 0.53 x, P < 0.05). 
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Table 3.1. Heterogeneity (Qtotal) for each variable of observed effect sizes from studies of the 

impact of biocontrol on invasive plants. Nincrease and Ndecrease refer to the number of studies 

with an effect size in a particular direction between the treatment group relative to the 

control. Native species data was a subset of non-target species. 

 

Variable 
 

Qtotal Nincrease Ndecrease P 

Plant size 93.3 1 31 <0.001 

Plant mass 88.3 2 36 <0.001 

Seed production 84.8 3 23 <0.001 

Flower production  104.0 4 18 <0.001 

Target density 169.3 2 29 <0.001 

Non-target abundance 66.1 12 3 <0.001 

Non-target diversity 35.2 10 0 <0.001 

Native species abundance 54.9 4 2 <0.001 

Native species diversity 5.3 4 1 ns 

 

 

 

Overall, the results revealed the impact of biocontrol on the target species: all 

measures of individual plant performance decreased significantly (Fig. 3.2). The 

observed reduction in plant size was 28 ± 4% (mean ± 1 S.E.), plant mass 37 ± 4%, 

flower production 35 ± 13% and seed production 42 ± 9%. There were also 

significant reductions in the target plant density with mean declines of 56 ± 7%, 

demonstrating impacts at the population level.  All target level analyses were robust, 

as all the fail-safe numbers were high. 

There was an increase in non-target plant species diversity (88 ± 31%) as a result of 

the release of classical biocontrol agents (Fig. 3.3). Non-target abundance also 

increased markedly by 227 ± 125%, but the low fail-safe number indicates that this 

result should be interpreted with care. A subset of the non-target data including only 

plants native to the study region (using the studies where this information was 

available) was analysed. There was a significant increase in the diversity of native 

non target species (342 ± 268%), but with a high variance and a very low fail-safe 

number. No significant effect on the abundance of native plant species was found 

(Fig. 3.3). 
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Figure 3.2. Mean effect size (± 95% Confidence Interval) for the use of biocontrol agents 

against invasive plants. The response variables are detailed on the left followed by the 

number of independent comparisons in each analysis (n) and fail-safe numbers on the right. 

The effect is considered significant if the 95% Confidence Interval does not overlap with 

zero. Analyses are considered robust if the fail-safe numbers are larger than 5n +10. 

Significant and robust results are indicated with an asterisk. 

 

 

 

 

 

 

 

 

 

Figure 3.3. Mean effect size (± 95% Confidence Interval) for the change in non-target plant 

diversity and abundance following the introduction of biocontrol agents against invasive 

plants. The number of independent comparisons in each analysis (n) and fail-safe numbers 

are on the right. Fail-safe numbers are considered robust if they are larger than 5n +10. The 

effect is considered significant if the 95% Confidence Interval does not overlap with zero. For 

the analyses of native plant responses a subset of all the non-target data was used. Details 

on the native status of the non-target plants were not available for all the studies. Significant 

and robust results are indicated with an asterisk. 
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Some of the observed heterogeneity within the analyses of the effect of biocontrol 

was explained by the additional explanatory factors (Table 3.2). Classical biocontrol 

caused significant declines in the size of invasive plants native to Oceania, Europe 

or South America (-94% n=1, -34 ± 5% n=13 and -24 ± 4% n=15 respectively), but 

not of those native to Asia or Africa (Fig. 3.4). There was also a significant difference 

in plant size responses as a result of agent families (Fig. 3.5): agents from the 

Chrysomelidae, Curculionidae, Psyllidae and Tingidae caused significant declines (-

37 ± 6%, -24 ± 4%, -94% and -40% respectively. All P < 0.05, except Curculionidae: 

P = 0.054). There was a significant difference between agent families in their impacts 

on flower production. An agent from the Agromyzidae caused a significant decrease 

(98%) in flower number (Hedges’ d (95% CI) = -2.96 (-5.24,-0.69) n = 1). No 

significant effects of agents belonging to any other family were observed.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4. Mean effect size (± 95% Confidence Interval) for the change in plant size after 

the introduction of biocontrol agents against invasive plants. The studies are grouped by the 

native region of the target plant. The number of independent comparisons in each analysis 

(n) is displayed on the right. The effect is considered significant if the 95% Confidence 

Interval does not overlap with zero. Significant results are indicated with an asterisk. 
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Figure 3.5. Mean effect size (± 95% Confidence Interval) for the change in plant size 

following the introduction of biocontrol agents grouped according to taxonomic Family. The 

number of independent comparisons in each analysis (n) is on the right. The effect is 

considered significant if the 95% Confidence Interval does not overlap with zero. Significant 

results are indicated with an asterisk. 

 

 

There were significant effects of study duration on non-target diversity and 

abundance. The longest studies (seven years) showed increases in non-target 

diversity, but not the shorter studies (Fig. 3.6). Only one study of intermediate length 

(five years) showed a significant increase in non-target abundance (Hedges’ d (95% 

CI) = 11.64 (7.15,16.14) n = 1), but no such effects were observed in longer or 

shorter studies. 
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Table 3.2. Heterogeneity (Qbetween) between different study characteristics considered to explain variation in each meta-analysis of the impact of 

biocontrol of invasive plants. Characteristics are invasive region (continental scale), native region (continental scale), feeding guild or attack 

mode and taxa of the biocontrol agent and the growth form (defined using the USDA growth habit definitions), longevity (annual, biennial or 

perennial) of the target plant and the study duration. Significant results are in boldface. 

    Study characteristic 
 

Variable Invasive region 
 

 Native region  Agent guild  Agent order 

 Q 
 

d.f. P  Q d.f. P  Q d.f. P  Q d.f. P 

Plant size 1.63 3 ns  12.79 4 <0.05  8.79 7 ns  6.17 6 ns 
Plant mass 5.42 3 ns  4.01 4 ns  9.61 6 ns  7.58 9 ns 
Seed production 2.44 3 ns  2.83 4 ns  8.72 8 ns  5.02 6 ns 
Flower production 7.62 3 ns  0.36 3 ns  0.88 5 ns  1.01 3 ns 
Target density 2.19 2 ns  0.93 3 ns  12.33 8 ns  7.05 6 ns 
Non-target abundance 0.50 1 ns  1.56 2 ns  3.30 4 ns  0.83 2 ns 
Non-target diversity 0.50 1 ns  0.50 1 ns  4.75 3 ns  0.50 1 Ns 

 

 Agent family 
 

 Target growth form  Target longevity  Study duration 

 Q 
 

d.f. P  Q d.f. P  Q d.f. P  Q d.f. P 

Plant size 27.10 12 <0.05  7.75 5 ns  0.03 1 ns  9.34 7 ns 
Plant mass 6.67 15 Ns  1.41 5 ns  5.66 2 ns  12.19 6 ns 
Seed production 8.98 9 Ns  3.56 4 ns  0.09 2 ns  2.81 4 ns 
Flower production 24.30 6 <0.05  6.06 3 ns  2.17 2 ns  3.84 4 ns 
Target density 8.02 9 ns  6.08 4 ns  0.80 1 ns  5.93 9 ns 
Non-target abundance 5.76 3 ns  0.94 1 ns  0.41 1 ns  48.28 7 <0.001 
Non-target diversity 4.72 2 ns  0.50 1 ns  0.13 1 ns  11.31 3 <0.05 
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Figure 3.6. Mean effect size (± 95% Confidence Interval) for the change in non-target plant 

diversity following the introduction of biocontrol agents against invasive plants. The 

comparisons are grouped by the duration in years that the studies were carried out. The 

number of independent comparisons in each analysis (n) is on the right. The effect is 

considered significant if the 95% Confidence Interval does not overlap with zero. Significant 

results are indicated with an asterisk. 

 

3.4 Discussion 

This analysis demonstrates the effectiveness of classical biocontrol in invasive plant 

management. There were significant reductions in all individual plant measures 

considered, which confirms the results of a previous study (Stiling & Cornelissen 

2005). However, the present analysis had more stringent selection criteria and 

considered broader measures of impact from a larger number and variety of 

biocontrol programmes. Unlike the previous study, results collected from the native 

region were excluded here as they do not represent the effectiveness of biocontrol. 

This analysis also revealed significant declines in target abundance as a result of 

classical biocontrol, but using data from a larger range of study systems than those 

included in a previous analysis of biocontrol programmes in Australia (Thomas & 

Reid 2007).  

In 94% of the comparisons that considered the impact on the target plant, the 

response was a decline in performance or abundance (Table 3.1), which indicates 

the generality of these results. The overall reduction of performance at the level of 

individual plants may help mitigate the impact of the target plant, either through 

reduced growth or seed production. Crawley (1989) stated in a descriptive review of 
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biocontrol programmes that the Coleoptera were the most widely used and the most 

successful agents. In the present, quantitative study the Coleoptera were still the 

most prevalent agents, but there was no clear evidence that they are more effective 

than agents of other Orders. However, agents of two of the coleopteran families that 

were considered had a negative impact on plant size and we conclude that 

Coleoptera are the most effective agents for reducing plant size. The evidence for 

impact of families in other Orders was not as consistent and robust. For example, in 

the Hemiptera only significant reductions were found for the Psyllidae and Tingidae 

due to individual studies. Significant heterogeneity was also found in the effect of 

agent families on flower production. This was due to the result of a single study, 

where the leaf miner, Ophiomyia camarae Spencer (Diptera: Agromyzidae), was 

released against Lantana camara L. in South Africa and the flower number of the 

target was reduced by 97.5% (Simelane & Phenye 2005). For all other response 

variables, only overall impacts of biocontrol were found (Fig. 3.2). Hence, the studies 

considered in this analysis provide broad and fairly consistent evidence for the 

effectiveness of classical biocontrol of invasive plants, but the most effective agents 

at reducing plant size were beetles in the Chrysomelidae and Curculionidae families 

and we recommend these be prioritised in cases where potential agents of different 

taxa have been identified. 

We calculated the fail-safe N value to assess the robustness of each main response 

variable (Rosenberg 2005). The analyses of the overall effects of biocontrol on 

individual plants and non-target plant diversity were robust, but the analyses of 

characteristics of the studies were less robust. The significant variation between the 

impacts of different agent families was a result of a small number of studies, studies 

with large effect sizes, or comparisons of groups with very unbalanced sample sizes 

and the results of these comparisons should be interpreted with care. For example, 

there were far more studies to control invasive plants with European or South 

American than Asian origins and 85% of studies that reported non-target responses 

were carried out in North America. Similarly, the significant reductions in target plant 

size by some of the agent families only represent the results of single studies 

(Agromyzidae, Psyllidae and Tingidae). All the data in the present analyses were 

from published sources. It is likely that biocontrol programmes that are successful 

have a better chance of being published (Rosenthal 1979). However, data from more 
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studies and especially where the target plant was not controlled could provide 

valuable insights into which factors are associated with effective biocontrol efforts. 

As such, sources that provide information on both successful and unsuccessful 

control efforts will continue to be particularly useful (Klein 2011). 

A key impact of invasive plants is the loss of local plant diversity (Vilà et al.  2011). 

The reduction in size of plants of the target species following the release of control 

agents is likely to reduce the competitive strength of the target species and enable 

other plants to become established. On a longer timescale, a reduction in seed 

production may reduce the spread or regeneration of the target species. Prior to this 

analysis, there has been no quantitative demonstration of the response of the non-

target plant community to a broad range of biocontrol efforts. Our analysis revealed 

that the number of plant species increases following the release of biocontrol agents, 

but it is unclear whether this was due to an increase in native species, or secondary 

invasion by other non-native species. The increase in non-target plant abundance is 

also encouraging, although there were insufficient data for a robust comparison. 

Many of the studies included were designed before the publication of current post-

release monitoring advice (Blossey & Skinner 2000; Carson et al. 2008) or may not 

have been running long enough to for such impacts to occur. The opportunity for 

large-scale ecological study in biocontrol systems has long been recognised 

(Crawley 1989) and much of the work is focused on post-release research. It is likely 

that in the coming years more data, collected over longer periods, will become 

available regarding the impact of biocontrol which may allow separation of long and 

short term patterns. Especially long-term patterns could not be evaluated with great 

certainty in this study as a result of the paucity of long-term studies. However, slower 

ecosystem responses, such as re-establishment of native vegetation and 

invertebrates, would be the best measure of biocontrol success. 

The number of studies that met our selection criteria with respect to reporting of data 

increased consistently in recent years (Fig. 3.1). This is probably a result of the 

increasingly common scientific evaluation of biocontrol programmes, demanded by 

funding agencies, and of the development of biocontrol as an ecological science 

through the higher involvement of academic researchers. However, despite recent 

improvements in the reporting of the effect of biocontrol on the diversity and 

abundance of non-target species, it was often unclear which species were occupying 
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the free space created as a result of biocontrol. Only around one third of studies 

detailed the recovery of native species and in the other studies the identity of the 

non-target species was either not clear or a combination of native and invasive. If the 

information was available and only native species were considered, the positive non-

target diversity response was still significant, but no longer robust due to the small 

sample size. The increase in abundance and diversity of non-native non-target 

species may indicate secondary invasions (Symstad 2004), i.e. that free space 

created by the removal of one invasive species made possible the establishment of 

another. This would severely undermine the overall success of a control programme, 

even one that was ‘successful’ at removing the target plant, as the original impacts 

may not be alleviated. Clearly, greater detail regarding the identity of non-target 

plants is needed in future studies. The control of Ageratina riparia (Regel) R. King 

and H. Robinson in New Zealand (Barton et al. 2007) is a good example, as this 

study demonstrated a 30% increase in the diversity of non-target vegetation. More 

importantly, data from paired control and release sites that were monitored over 

several years were presented and the establishing native and non-native plant 

species were identified, revealing that secondary invasion did not happen. 

Nonetheless, classical biocontrol resulted in a reduction in the target plant and 

increases in diversity in invaded areas, which is likely to impact other trophic levels 

due to the provision of additional niches (Florens et al. 2010). These impacts 

occurred in the absence of additional control and restoration efforts, such as 

seeding. It is possible that the impact of biocontrol on non-target plant species can 

be enhanced by an integrated approach (Paynter 2003) or by active restoration by 

land managers (Seabloom et al. 2003). Reid et al. (2009) considered the impact of 

invasive plant management using a combination of control methods on ecosystem 

restoration in Australia through a literature review and land manager surveys. The 

authors identified similar problems with information provided in the scientific literature 

as the present study: only 20% of the studies they included considered non-target 

impacts and many reported only qualitative data. However, the land manager 

surveys provided more detail. In 52% of cases there was an increase in both native 

and invasive plants and 33% of cases reported increases in native plants only. 

Although these results are still mostly based on qualitative assessments and confirm 

the lack of this information in the literature. 
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In conclusion, the results present here show that classical biocontrol of invasive 

plants significantly reduces the size and the reproductive output of individual plants 

and the abundance of target species. Thus, these results illustrate that classical 

biocontrol of plants is a valuable management tool. They also reveal the enhanced 

establishment of other, non-target plant species. Many of these impacts were 

recorded within several years of the initial release of the agents, which is 

encouraging, but long term monitoring is essential to improve understanding of the 

effectiveness of classical biocontrol. The outcome of control efforts are not always 

the same due to the highly variable nature of plant invasions (Shea et al. 2010), and 

reliable predictors of successful programmes are still lacking. However, the results 

presented here provide indications for selection of the most promising control 

agents, as some coleopteran agents were more effective at reducing plant size than 

other taxa. We therefore recommend that Coleoptera be prioritised when selecting 

potential agents for future biocontrol projects. Studies presenting a lack of control or 

recovery are still relatively few (e.g. Butler & Wacker 2010). Yet, reporting the 

outcome of unsuccessful projects, which has long been advocated (Crawley 1989), 

will be invaluable to inform future control efforts and we recommend that post-

release monitoring not be restricted to the biocontrol agent and its target and that 

they include a range of non-target species (Denslow & D'Antonio 2005; Carson et al. 

2008). Especially as some key functional groups, such as predators, pollinators and 

decomposers, may respond quicker to target control than non-target plant species 

(Fiedler et al. 2011). 
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Chapter 4 – Life history 

 

The work on psyllid overwintering presented in this chapter forms the basis of the following 

paper: 

Clewley, G.D. & Wright, D.J. (2014). Winter hosts of Aphalara itadori (Hemiptera: Psyllidae), 

a classical biological control agent of Fallopia japonica (Polygonaceae), in the United 

Kingdom. Biocontrol Science and Technology. DOI: 10.1080/09583157.2014.923378 

 

4.1 Introduction 

Psyllids (Hemiptera: Psyllidae) are more widely known and studied as plant pests 

than as beneficial organisms (Sagar & Balikai 2013), as is often the case with 

herbivorous insects. Worldwide, c.3000 species have been described that occur in a 

wide range of climatic and vegetation types. There are detailed reviews on the 

biology and life-histories of psyllids generally (Hodkinson 1974; Hodkinson 2009).  At 

least 77 species have been recorded in the UK including five species in the genus 

Aphalara (Hodkinson & White 1979). 

Aphalara itadori is a species native to Japan where it can be widely found across the 

country (Sasaki 1954) and up to 2150m ASL (Shaw et al. 2009). Aphalara itadori has 

a typical psyllid life-cycle as it passes from egg through five nymphal instars to a 

sexually reproducing adult stage. It is this adult stage that overwinters on shelter 

plants once the host dies back at the end of autumn. Adults are dark brown in colour 

with mottled wings and are around 2mm long (Fig. 4.1), see Burckhardt & Lauterer 

(1997) for further details on the Aphalara genus.    

As part of the agent selection process, detailed life-cycle and host range data for A. 

itadori, which form the basis of predicting establishment potential (Byrne et al. 2004), 

were collected under quarantine conditions prior to its release in 2010 (Shaw 2007; 

Shaw et al. 2009; Grevstad et al. 2013) which are briefly summarised here. 
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Figure 4.1. Diagrams of each life stage (Egg, N1-5 and adult) of A. itadori. From Shaw et al. 

(2009). 

 

Aphalara itadori was shown to have a high reproductive potential, from 11 pairs 

tested, the mean ± SE eggs laid per female was 637 ± 122. Since the nymphs of A. 

itadori do not move between plants that are not touching, adult oviposition 

preference is a key trait in host selection. Multiple-choice oviposition studies were 

carried out in which three F. japonica plants were placed alongside three plants each 

of two other species. Thirty adult psyllids were placed on the plants for one week to 

oviposit. In total 90 plant species were tested this way and the position of 146 000 

eggs were recorded. Eight species received eggs that did not belong to the genus 

Fallopia. The egg densities were much lower for this non-target group, ranging from 

a mean ± SE of 0.1 ± 0.1 - 17.3 ± 7 eggs per plant, compared to a mean ± SE of 

433.7 ± 28.2 eggs per plant for F. japonica. Furthermore, none of the nymphs 

hatched from eggs laid on the non-target group were able to develop beyond the 

third larval instar. Oviposition was recorded on the native F. dumetorum and F. 

convolvulus and the non-native F. baldshuanica, both in the presence and absence 

of F. japonica. There was no significant difference in the number of eggs laid on the 

non-target Fallopia whether F. japonica was present or not. Nymphs that had 

hatched on their preferred host were also transferred onto the non-target species 

that received eggs during the oviposition study. Only one species not in the Fallopia 

genus, Muehlenbeckia complexa (A. Cunn.) Meisn., was found to be suitable for 

development to adulthood but only in four cases out of 60 nymphs. Incidental use of 
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M. complexa as a host is unlikely and considered low risk as it is a non-native 

species in Europe.  Even though adults are mobile and could potentially use a wider 

range of hosts, adult survival was shown to be considerably reduced when psyllids 

were restricted to any host which was not F. japonica. Based on the evidence it was 

concluded that A. itadori is host specific. 

Successful establishment of an insect in a novel area can, among other factors, 

depend on temperature. There must be periods above a lower temperature threshold 

for development to occur (van Lenteren et al. 2006) as well as a certain number of 

accumulated degree days (dd) (Pilkington & Hoddle 2006). Aphalara itadori 

development was recorded under laboratory conditions at various constant 

temperatures (Table 4.1) for both an imported population in the UK and a wild 

collected population in Japan (Birkin 2008; Shaw et al. 2009; Myint et al. 2012). Data 

from Birkin (2008) and Myint et al. (2012) both report that the predicted lower 

development threshold for A. itadori is 5.8°C although development to adult was not 

observed below 12°C (Table 3.1). The predicted degree day requirements for 

development from egg to adult from these two studies were 575dd and 607.4dd 

respectively, both higher than previously predicted 462.5dd (CABI 2007).  

 

Table 4.1 Mean ± SE duration (days) development for different life stages of A. itadori at 

various constant temperatures in °C ( - indicates no development occurred). Values 

presented from Myint et al. (2012) are for females only. N1-5 refers to nymphal instars. 

Temp. Egg N1 N2 N3 N4 N5 Total Reference 
8 - - - - - - - Birkin (2008) 

10 37 ± 1 - - - - - - Birkin (2008) 

12 22.0 ± 

0.8 

13.2 ± 

0.5 

9.3 ± 

0.3 

15.0 ± 

1.3 

14.3 ± 

1.3 

13.0 ± 

2.7 

86.8 ± 

3.5 

Birkin (2008) 

15 15.8 ± 

0.7 

6.8 ± 

0.8 

7.6 ± 

1.5 

7.8 ± 

0.6 

7.6 ± 

1.4 

16.4 ± 

1.5 

62.0 ± 

4.3 

Birkin (2008) 

15 18.6 ± 

0.2 

8.8 ± 

0.2 

6.6 ± 

0.2 

7.6 ± 

0.2 

9.6 ± 

0.2 

16.3 ± 

0.3 

67.5 ± 

0.5 

Myint et al. (2012) 

20 11.5 ± 

0.1 

5.5 ± 

0.1 

4.7 ± 

0.2 

5.1 ± 

0.1 

5.9 

±0.2 

10.2 ± 

0.2 

42.8 ± 

0.3 

Myint et al. (2012) 

22 9.2 ± 

0.1 

4.8 ± 

0.2 

3.3 ± 

0.2 

3.9 ± 

0.3 

4.5 ± 

0.1 

7.1 ± 

0.3 

32.9 ± 

0.8 

Shaw et al. (2009) 

25 7.9 ± 

0.2 

3.8 ± 

0.1 

3.7 ± 

0.1 

3.3 ± 

0.1 

5.2 ± 

0.1 

8.8 ± 

0.2 

32.7 ± 

0.3 

Myint et al. (2012) 

30 8.1 ± 

0.3 

8.8 ± 

0.6 

5.7 ± 

0.5 

5.1 ± 

0.5 

5.9 ± 

0.4 

14.2 ± 

0.9 

47.8 ± 

1.5 

Myint et al. (2012) 
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Insects in temperate regions must be adapted to survive low winter temperatures in 

order to establish and persist. Like other insect groups (Musolin & Saulich 1999), 

psyllids have evolved a wide range of physiological mechanisms to improve winter 

survival (Hodkinson 2009). Generally, these mechanisms allow insects to avoid 

freezing through the accumulation of compounds such as glycerol and the reduction 

of water content in their cells. Other mechanisms may allow freeze tolerance by 

controlling the process to prevent lethal damage (Bale 2002). Poor adaptation to 

winter conditions in the introduced range may preclude establishment altogether, or 

reduce the effectiveness of an agent. For example, Diaz et al. (2011) reports that 

Gratiana boliviana (Coleoptera: Chrysomelidae) was not as successful in Northern 

Florida in controlling Tropical soda apple (Solanum viarum Dunal) despite success 

further south (Medal & Cuda 2010).  Poor overwintering survival was considered to 

be the limiting factor. 

For A. itadori to overwinter successfully in the UK the climatic conditions must fall 

within the fundamental tolerances of the species and there must be suitable 

overwintering sites available. There will be a natural variation in the cold-hardiness of 

any species depending on the conditions of the native region (Zhou et al. 2010). This 

can influence the selection of a particular population, not just the species identity, of 

a classical biocontrol agent to ensure the best match between the native and 

introduced regions. The A. itadori population released in the UK was originally 

collected from Kyushu, Japan. Climate comparisons between single sites in the 

native and introduced regions (Myint et al. 2012) do indicate a discrepancy with a 

wider range of temperatures experience in the native range. Nonetheless, Myint et 

al. (2012) reported that temperatures in Southeast England can be above the lower 

development threshold for A. itadori throughout the year and generally the summer 

months would be suitable for full development.  

Different population biotypes may be required if releases are planned over a wider 

climatic region, as has often been necessary in North America (e.g. Grevstad et al. 

2013). Birkin (2008) reports that adult psyllids had a high tolerance for low 

temperatures, taking 4h for mortality to exceed 50% at -10oC. It was considered 

unlikely that the lowest extremes of temperature experienced in the UK will be a 

limiting factor to establishment. As their host plants dieback in late autumn, many 

psyllids overwinter in temperate regions as adults on shelter plants, often conifers 
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(Hodkinson 2009). The question whether there is a lack of suitable overwintering 

sites for A. itadori remains unanswered.  It is reported that Pinus densiflora Sieb. & 

Zucc. and Cryptomeria japonica (Thun. ex L. f.) D. Don are reported to be the 

principle winter hosts of A. itadori in their native range (Baba & Miyatake 1982; 

Miyatake 1973; Miyatake 2001). Both these species have a sparse, low density 

distribution in the UK, but it is possible that close relatives, such as Scot’s pine, 

Pinus sylvestris L., which is common, may serve as suitable overwintering hosts. 

Information from the literature and previous quarantine studies provide a baseline of 

what can be expected from the insect once released, but there is often a discrepancy 

between performance between laboratory and field conditions (Koricheva et al. 

1998). The aim of this study was to gain a more accurate understanding of 

development requirements, fecundity and longevity of A. itadori under more natural 

conditions than the quarantine conditions of the previous studies with the population 

that was released in the UK, to refine expectations of performance at the release 

sites and to assess overwintering potential on an analogue to its native winter host 

as well as non-conifer hosts. The hypotheses tested were 1) conditions are suitable 

outside in Southeast England for A. itadori to complete its development; 2) fecundity 

and longevity differ under caged conditions to that in quarantine; 3) A. itadori will be 

able to overwinter on commonly found shelter plants, such as P. sylvestris.  

4.2 Materials and methods 

See General methods section (Chapter 2) for origins and culturing of A. itadori and 

plant material. All statistical analysis was carried out using R v3.0.2 (R Core Team 

2013). 

4.2.1 Development and thermal requirements 

Rhizomes were collected in March 2011 and planted in 6L pots. Plants were grown 

in a glasshouse for three weeks before being transferred to 12L pots and placed 

outside. 

Seven field cages (1.5x1.5x2m tall with 0.2x0.8mm mesh) were set up and three 

similarly sized F. japonica plants were placed in each. Potted plants were placed in 

grow bags and the floor of the cage up to a few inches below the rim of the pots was 

covered in a layer of sawdust to reduce water loss. Plants were left for one week to 
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acclimatise and were watered as necessary. A single data logger (DS1921G-F5 

thermochron, HomeChip) was placed in each cage and recorded temperature at 

three hour intervals for the duration of the study. Plants were individually sleeved 

and either 20, 100 or 200 adult psyllids were introduced to plants at random in each 

cage. Psyllids were allowed to oviposit for one week and then both the adults and 

the sleeves were removed. Removing the sleeve removed its effect on the 

microclimate (i.e. the data loggers recorded the temperature experienced by the 

psyllids) but in the nymph stage psyllids do not move between plants. The number of 

eggs on each plant was counted using a stereomicroscope. At weekly intervals, the 

numbers of nymphs were counted in situ using a 10x magnifying hand lens and the 

life stages present at each sampling was recorded. Once a fifth instar nymph was 

identified on a plant it was re-sleeved. Newly emerged adults were collected and 

removed from the plant to quantify survival to adulthood. Degree days were 

calculated (Eqn 4.1) as the accumulated average of the daily maximum and 

minimum temperature (Tmax and Tmin) above a lower developmental threshold of 

10oC (Tbase). 

$%&'�$%(�
� −  )*+,-        (Eqn. 4.1) 

  

4.2.2 Fecundity and longevity 

In order to estimate fecundity under semi-natural conditions, mated pairs were 

removed from culture on, or just, after the day of emergence prior to any oviposition. 

Mated pairs were transferred to F. japonica plants between 10-20cm tall in 3L pots. 

Plants were individually sleeved before being placed outside. The number of eggs 

laid was counted weekly and fresh plants were provided for each pair, if the female 

was still alive. Oviposition was recorded for 27 pairs of A. itadori and plants were 

kept outside until both adults had died. This took place in Egham, UK, between May 

and October 2012 and temperature was recorded inside the sleeves using data 

loggers (DS1921G-F5 thermochron, HomeChip). 

 

 



56 

 

4.2.3 Overwintering  

No choice 

This study was carried out between October 2012 and March 2013 in Egham, UK. 

Prior to use, adult psyllids were taken from culture and placed on fresh F. japonica 

plants outside in a field cage during September 2012. Any psyllids that began to 

show a darkening in colour, indicating the transition to an overwintering morph 

(Hodkinson 2009), were used. Four potential winter hosts were tested; F. japonica 

plants (c. 40cm tall in 3L pots), trunk sections of Quercus robur L. and P. sylvestris 

(c. 30cm tall and 20cm diam.) and two year old living P. sylvestris saplings (c. 150cm 

tall in 7.5L pots; watered as necessary). Each host was sleeved to prevent dispersal 

and 100 psyllids were placed in each sleeve. There were 10 replicates for each 

potential host housed in field cages for protection. Temperatures inside the sleeves 

were recorded every three hours using data loggers (DS1921G-F5 thermochron, 

HomeChip) placed in two sleeves from each treatment. 

Choice 

Choice arenas were set up in field cages to assess the overwintering capability of A. 

itadori on two different stages of P. sylvestris. 100 adult psyllids were placed on a 

single F. japonica plant in the centre of the cage with a potted pine (7.5L, 24cm 

diameter pot) between 100-150cm tall and a section of Scots pine trunk (30-40cm 

tall, 25-30cm diameter) positioned randomly in two opposing corners. There were 

twelve replicates. The psyllids used were taken from culture and placed outside on 

large F. japonica plants for 4-6 weeks at the start of September 2011 to acclimatise 

to outdoor conditions. When transferred to the choice cages all adults used exhibited 

black colouration indicative of an overwintering morph (Hodkinson 2009). The plants 

were watered if necessary but otherwise the cages were not disturbed until March 

2012 when the two pine overwintering sites were sleeved to capture emerging 

psyllids. The dead stems from the central F. Japonica plant and the cage substrate 

were also placed in mesh bags to check for any emerging psyllids. 
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4.3 Results 

4.3.1 Development and thermal requirements 

The total generation time from egg to adult ranged from 63 – 98 days. There was 

overlap in the instar stages recorded at each sampling period (Fig. 4.2) with up to 

four different stages recorded in a single week. A minimum of 439dd was required 

for complete development from egg to adult and the mean ± SE across all plants 

was 503 ± 12 dd. A minimum of 153dd was required for egg development before the 

first nymph was observed. The mean temperature in the cages across this 

development period was 16.2oC.  

 

 

 

 

 

 

 

 

 

 

Figure 4.2. Range of A. itadori life stages present (egg to adult through five nymphal instars) 

in each week. The experiment began 26th April 2011 and a mean ± SE of 503 ± 12 degree 

days above a base of 10oC were accumulated before first adult emergence. 

 

4.3.2 Fecundity and longevity 

There was considerable variation in the total fecundity and longevity of A. itadori 

(Table 4.2) with a difference of 400 eggs per female between the highest and lowest 

fecundity recorded. There was no significant difference in longevity between males 

and females (F1,52 = 0.49, P = 0.49, ANOVA). The number of eggs laid in each week 
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was significantly positively correlated with the mean temperature over the previous 7 

days (Fig. 4.3).  

Table 4.2. Fecundity and longevity of A. itadori placed outside between May and October 

2012 (n=26). Mated pairs were placed on individually sleeved F. Japonica plants. Eggs were 

counted and plants were replaced weekly. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.3. Relationship between the mean number of eggs laid and the mean temperature 

over a seven day period. Data was averaged across all A. itadori females (N = 26 in total) 

active during each period. y= -4.29 + 2.25x, r 2 =0.34, P<0.01).  

 

4.3.3 Overwintering  

No choice 

The number of live adults found in spring (Fig. 4.4) did differ significantly between 

hosts (F3,36 = 8.77, P<0.001, GLM quasibinomial) with A. itadori found to have 

successfully overwintered on all potential hosts except the P. sylvestris saplings. The 

 Eggs (per pair) ± 1SE Longevity (days) ± 1SE 

 Total Per week Male Female 
Mean 156.2 ± 22.2 29.6 ± 2.5 34.6 ± 4.9 39.4 ± 4.6 

Range 18-418 9-60 10-111 10-96 
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temperatures inside the sleeves (Fig. 4.5) were comparable to ambient conditions 

but the experimental set up would have modified the microclimate to some extent. In 

this case this was not an issue as the aim of this investigation was not to quantify 

survival rates or physiological tolerances. 

 

 

 

 

 

 

 

 

 

Figure 4.4. Mean number of adult psyllids found successfully overwintered in spring (March 

2013) on four potential hosts. N=10 for each host and each was placed in a sleeve to 

prevent psyllids escaping. 100 psyllids were added to each sleeve in Oct 2012. Error bars 

are ±1 SE and bars with different letters above are significantly different from each other. 

 

 

 

 

 

 

 

 

 

Figure 4.5. Mean weekly temperatures recorded inside the overwintering sleeves using 

eight dataloggers (DS1921G-F5 thermochron, HomeChip). Recordings were taken every 3 

hours. Upper and lower dashed lines represent the maximum and minimum temperature 

recorded in that weekly period. 
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Choice 

Psyllids were only found in spring on sections of pine logs with a mean ± 1 S.E. of 

1.58 ± 0.31 and zero found on the saplings. 

 

4.4 Discussion 

Calculating insect development rates can be complicated by non-linear responses to 

temperature and the difference in response to a constant or fluctuating temperature 

(Beck 1983; Garcia-Ruiz et al. 2011). In this present study, individual development 

rates were not recorded, as no individuals were followed but rather a cohort at 

weekly intervals. Nonetheless, these data serve to corroborate some of the previous 

laboratory based development work. Birkin (2008) tested the closest temperature to 

the overall mean recorded during this study at 15oC. The mean duration from egg to 

adult at this temperature was 62 days (Table 4.1), this is very close to the minimum 

duration of 63 days recorded from A. itadori reared outside. Psyllids reared outside 

demonstrated a much wider range in development times. The consequence of this is 

that the offspring of some individuals may be sexually mature with sufficient time in 

the season to produce another generation whereas as other individuals may not. It is 

likely that there will be overlapping generations under natural conditions and possibly 

variation in voltinism.   

Development rates will vary temporally and spatially, so accumulated dd is a useful 

tool for predicting insect development (Pilkington & Hoddle 2006; Mangan & Baars 

2013). The results here are closer to the lower predictions of dd requirements (CABI 

2007) rather than the higher predictions of Birkin (2008) and Myint et al. (2012). 

Despite this, all studies agree that thermal requirements should not be a barrier to 

the development of A. itadori in the south of the UK. Though, other areas of the UK, 

where fewer dd accumulate across the year, would be unlikely to see multiple 

generations of the psyllid. Additionally, multiple complete generations may not be 

realised in every year. For example, dd data for recent years 

(http://www.degreedays.net/, accessed May 2014) indicate that only 840dd above a 

base of 10oC were accumulated between March and September 2012 in Ascot, 

southeast England. Since the minimum expected is 880dd for a complete second 
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generation only a partial second generation may have developed in that year. 

Although this would inevitably affect population growth, the impacts on F. japonica 

would not necessarily be considerably affected as it is the nymphs which cause 

damage to the plant and immature psyllids would still be present even if unable to 

complete development. 

Other traits are also likely to be effected by fluctuating temperatures. The psyllids in 

this study were living approximately 25 fewer days than those at a constant 

temperature with a comparable mean from the work by Myint et al. (2012), though 

caution should be taken when comparing these groups as different populations of A. 

itadori were used.  Female fecundity was also lower outside, with the total eggs per 

female around 25% of that reported in Shaw et al. (2009). It was expected that there 

would be a discrepancy in performance between artificial and semi-natural 

conditions. Similarly, a small discrepancy is expected between the caged 

performance and open field performance because of the slightly raised temperature 

in the cages. This study carried out under semi-natural conditions does serve to 

estimate the expectations of psyllid performance at the open release sites. There will 

be a quarter of the eggs taking twice as long to develop compared with insects 

reared at a constant 22oC, which will revise the upper limit of potential expected 

density.   

If A. itadori was restricted to P. densiflora and C. japonica for overwintering, then this 

would be a considerable barrier to successful establishment. Understanding the 

fundamental range of A. itadori winter hosts is vital in predicting its overwintering 

success, especially as it appears to be physiologically suited to cope with winter 

conditions in the UK (Birkin 2008). Hatherly et al. (2005) used the lethal time needed 

to kill 50% of a population at 5oC as a reliable predictor of winter survival, this 

remains something to be tested for A. itadori. 

Most live psyllids were recovered from trunk sections of P. sylvestris or Q. robur (Fig. 

4.4) suggesting that winter hosts need not be living. The saplings had suitable 

overwintering sites among the needles but the bark was relatively smooth. Although 

mature bark seems favourable, some psyllids overwintered when left on F. japonica. 

Since they had access to dead canes, leaf litter and soil it is unclear precisely where 

they overwintered, but nonetheless suitable sites are not limited to tree trunks. 
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Forced overwintering on alternative sites, such as leaf litter, has been reported for 

other psyllid species (Hodkinson 2009). However, based on the (non-significantly) 

higher number of live adults recovered from tree trunks, we hypothesise that the 

microhabitat of mature tree trunks, with cracks and crevices, was an important factor 

of a suitable overwintering site. 

That A. itadori is able to successfully overwinter on non-living hosts may also have 

wider implications since one concern over the release of A. itadori was the chance of 

creating a new pathway of disease transmission to a winter host. Some psyllids, 

such as Diaphorina citri Kuwayama, are known to act as vectors in their respective 

systems (Hall et al. 2013). If A. itadori can overwinter successfully on non-living 

hosts then this suggests that winter host feeding is not essential and further supports 

that the risk of disease vectoring from this release is very low (Shaw et al. 2009).  

This study shows that A. itadori will not be restricted to just a few rare conifers in the 

UK and has a larger overwintering host range. Although further research is required 

on the extent of this host range and winter survival, this can be achieved fairly easily 

in the field (Hodkinson 2009) and could reveal the order of preference for winter 

hosts too (Kristoffersen & Anderbrant 2007). For such studies to be carried out in the 

field, it would require much larger natural populations than currently occur.  

Establishment rates for weed biocontrol agents vary considerably (Julien & Griffiths 

1998) and failures are often accredited to poor life-history adaptations in the new 

range (McClay 1996). Field cage trials using the introduced population can provide a 

quick and cheap means of assessing the suitability of biocontrol agents without 

having to wait for field populations to establish, if similar work has not already been 

carried out prior to release. These results demonstrate that A. itadori is able to 

develop through all life stages in the outdoor environment of the UK where it has 

been released and some predicted life-history traits have been revised. Furthermore, 

winter survival is not likely to be a limiting factor in terms of thermal tolerance or 

available sites. This latter result is supported by the observation that A. itadori has 

successfully overwintered at some of the release sites in the UK, albeit in low 

numbers (Eschen & Brook, Unpublished report to Fera). 
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Chapter 5 – Establishment 

5.1 Introduction 

It is difficult to predict whether a biocontrol agent will establish a self-sustaining 

population (Simberloff 1989). As discussed in Chapter 4, one of the key factors 

involved in establishment are the climatic tolerances of the species and 

incompatibility has been reported as the reason for failure in a number of biocontrol 

introductions (McEvoy & Coombs 2001). Apart from this, there are a whole suite of 

other factors that can determine establishment success, including other abiotic 

factors, biotic interference, regulatory restraints, biocontrol agent genetic variation 

and release strategy (Fowler et al. 2010). Reported establishment rates for weed 

biocontrol agents vary greatly (Julien et al. 1984; MacFadyen 1998; Syrett et al. 

2000; McEvoy & Coombs 2001; Denoth et al. 2002). This will also change over time, 

in New Zealand overall establishment rates were reported at a low of 44% (Cameron 

et al. 1993) but this increases to 95% if only recent programmes are included (Hayes 

2000). It is worth remembering that the chance of establishment of an agent is not 

synonymous to success rates (MacFadyen 2000). Success often means that the 

release of biocontrol agents partially or wholly negates the need for other control 

measures, but may also refer to the meeting of any specific aims of a programme. 

Control programmes could have variable establishment rates for particular biocontrol 

agents themselves but ultimately still achieve a high rate of target control. For 

example, Fowler et al. (2000) report 83% of programmes to have at least partial 

success. In the early stages of a release programme, biocontrol practitioners are 

essentially managing small populations of a rare species and face many of the same 

challenges as conservationists (Fauvergue et al. 2012), such as stochastic events at 

release sites (Norris et al 2002) and Allee effects, the reduced population growth at 

low densities (Dennis 1989), which have been suggested as a factor in biocontrol 

before (Hopper & Roush 1993). It is prudent to ensure that the selected agent(s) 

have the best chance of success and the release efforts are optimised during the 

early stage of a biocontrol programme. In this chapter, several factors that could 

influence the way in which A. itadori is released are studied through a series of 

separate experiments in order to inform the strategy for future releases of A. itadori. 
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5.1.1 Release conditions 

Release size 

The resources of a biocontrol programme are finite so it is desirable to use what is 

available in the most effective way. Releasing a certain number of biocontrol agents 

could be divided into a large number of individuals at few sites or fewer individuals at 

many sites. Grevstad (1999) used a simulation approach to consider this issue. It 

was concluded that demographic stochasticity alone was not likely to influence the 

chance of establishment but environmental stochasticity and the Allee effect were 

crucial and could affect optimal release strategy. The Allee effect is the reduction in 

growth rate while the population is at low densities brought about by difficulty in mate 

finding for example (Dennis 1989). In a population likely to experience the Allee 

effect, being released into a relatively stable environment, fewer larger releases are 

preferred, whereas, many small releases would improve the chance of establishment 

in a variable environment. The effect of environmental stochastic events were 

apparent in the release of A. itadori in 2010, a late frost killed off early F. japonica 

growth and prevented any insect establishment in that year (R. Shaw, personal 

communication). In a more recent review of the release and establishment of 74 

species in the USA, it was found that release size did not affect the establishment 

rate but in general, biocontrol programmes were making too few releases to optimise 

the chance of establishment (Grevstad et al. 2011). Experimental releases at 

different densities in the field are ideal for working out the release strategy for a 

particular biocontrol agent. Memmott et al. (2005) did this for Arytainilla spartiophila 

Förster, a psyllid agent released to control Cytisus scoparius (L.) Link in New 

Zealand. Releases of 2-270 individuals were made and followed for 6 years. There 

was some evidence of a positive correlation between release size and establishment 

likelihood, but only in the first year. If the psyllid survived the first year and an initial 

lag phase then the chance of establishment increased to 96%. Interestingly, even 

some of the smallest releases possible with a chance of establishment, two 

individuals, were present five years later. Even though large scale manipulative field 

releases are not possible for A. itadori in the UK as the number of release sites are 

limited it would be beneficial to know whether release density influences the chance 

of establishment of A. itadori. The hypothesis that larger releases of A. itadori will be 

more likely to produce more offspring and increase the likelihood of a growing 
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population was tested with an experiment to study the reproductive success of A. 

itadori released at three different densities in a mesocosm environment.  

 

Rainfall 

It is not only the number of releases made but the timing that must be considered. 

Although rarely quantified, the direct effect of adverse weather soon after a release 

of a biocontrol agent is thought to reduce the chance of establishment (Freckleton 

2000).  Norris et al. (2002) demonstrated that simulated rainfall can significantly 

increase post-release mortality in Sericothrips staphylinus Haliday (Thysanoptera: 

Thripidae), a species shown to have a reduced chance of establishment at lower 

densities (Memmott et al. 1998). Aphalara itadori nymphs are dorsoventrally 

flattened which may improve adhesion to the plant during periods of rainfall, 

nonetheless, the numbers of another flattened phloem feeder, Dactylopius opuntiae 

Cockerell, remaining on the host plant was negatively correlated with the duration of 

rainfall (Moran & Hoffman 1987). Unlike A. itadori however, D. opuntiae is native to 

arid regions of the Americas so may well not be adapted to avoid dislodgement in 

periods of heavy rain. If a direct effect of rainfall is identified for a release then it is 

important to take it into account, relatively little effort may be needed to delay or 

carry out a sequential release yet the probability of establishment could increase. An 

experiment was carried out to assess the impacts of simulated rainfall on the 

adhesion of A. itadori eggs and nymphs to their host plant to test the hypothesis that 

extended period of rainfall will decrease the number of eggs and nymphs present on 

the host plant. 

Plant stress 

There is a large body of literature on how host plant quality and water-stress can 

affect the performance of herbivorous insects (e.g. Awmack & Leather 2002; Coley 

et al. 2006) with support for both the Plant Stress (White 1969) and Plant Vigour 

(Price 1991) hypotheses. Respectively, these hypotheses suggest that herbivores 

may perform better on either stressed plants, which may have higher levels of 

accessible nutrients, or on unstressed plants. Huberty & Denno (2004) demonstrate 

that different feeding guilds differ in their response to water-stressed plants. Under 

continuous stress, phloem-feeders had, despite the increased levels of nitrogen, 
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reduced performance due to reduced accessibility. The responses of chewing 

insects were more varied. Contrasting with observations of phloem-feeders 

performing better on stressed plants this is explained by Huberty & Denno (2004) 

with the Pulsed Stressed Hypothesis. Plants that undergo prolonged water-stress but 

with short periods of hydration may provide sufficient turgor to facilitate feeding. 

Since the nymphs of A. itadori do not move large distances, it is up to adults to 

assess plant quality and choose to oviposit. There may then be a fitness cost if 

adults are released at sites which are likely to experience periods of water-stress. 

The aim of this experiment was to assess oviposition preference on F. japonica 

plants experiencing different levels of water-stress under semi-natural conditions, 

thereby testing the hypothesis that adults will prefer unstressed plants. 

 

5.1.2 Species interactions 

Since A. itadori is not being released into a closed system and the aim is for 

permanent establishment, there will inevitably be interactions with the existing fauna. 

It is possible that interspecific competition or top-down pressure from predators could 

preclude establishment or ultimately reduce the impact on the target. Through 

mesocosm studies, and even more so with quarantine trials, it is extremely difficult to 

predict the likelihood of that certain interactions will occur in the field but the outcome 

of manipulated systems can be informative. 

Competition 

Fallopia japonica supports a poor invertebrate assemblage (Gerber et al. 2008) so it 

would be unlikely that A. itadori would encounter strong competition from other 

herbivores once established on a patch. Nevertheless, some sporadic herbivory 

does occur on F. japonica from a small range of insects so there is a potential for 

localised competition. This is more of a problem for programmes that release 

multiple insect control agents as the more species utilising a host plant. In particular 

if they directly share resources, the higher the likelihood of antagonistic interactions 

(McEvoy & Coombs 1999) as in the case of Lythrum salicaria L. control in North 

America (Denoth et al. 2002). Even in the case of F. japonica where only a single 

insect agent is being released, understanding its competitive ability can be useful if it 
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is possible that other herbivores sharing the same resource will be encountered. In 

this study, the performance of A. itadori was studied in the presence of an 

interspecific competitor with similar feeding requirements, Myzus persicae Sulzer 

(Hemiptera: Aphidae), to test the hypothesis that psyllid performance will be lower in 

a competitive environment. 

Predator exclusion 

There have been concerns over the release of non-native insect herbivores for the 

control of weeds (Pearson & Callaway 2003; EPPO 2010; Seymour & Veldtman 

2010), because there is the potential for food web disruption and indirect non-target 

impacts mediated through shared natural enemies, i.e. apparent competition, even 

with the release of host specific biocontrol agents (Carvalheiro et al. 2008; Pearson 

& Callaway 2008). In order for these impacts to occur, the biocontrol agent must be 

palatable to the predator in question and should be preferred compared with native 

prey. The predator population should be able to increase in response to additional 

resources and regulate alternative prey populations. A specific set of circumstances 

are required for adverse impacts through apparent competition. Tipping et al. (2013) 

detailed the release of Oxyops vitiosa Pascoe (Coleoptera: Curculionidae) where it 

has become an abundant biocontrol agent of Melaleuca quinquenervia (Cav.) Blake 

in Florida, USA. There has been no evidence that the introduction of a novel 

herbivore, with an increasing population, led to any indirect effects or predator spill 

over despite an estimated predation rate of O. vitiosa larvae of 8.4%. Aphalara 

itadori is a relatively unprotected species and psyllids are often being preyed upon 

by a wide variety of generalist predators, often members of the aphidophagous guild 

(Hodek & Honek 2009; Sigsgaard 2010). In laboratory trials, A. itadori has been 

shown to be palatable to three coccinellid species, but of a lower nutritional quality 

compared with an aphid alternative, resulting in a longer development period and 

lower body mass (Broom 2009). This is unsurprising as many coccinellids can have 

a wide ranging diet (Lucas et al. 2007) and their foraging strategy tends to use tactile 

cues and be opportunistic (Ferran & Dixon 1993). Hence they are unlikely to show 

strong preferences for single species. There are also fitness costs to feeding on sub-

optimal prey as body weight is correlated with fecundity (Kajita & Evans 2010). 
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The key concern about predation for a biocontrol practitioner is that predation could 

cause local extinction of the biocontrol agent while it is still present at low densities at 

the early stages of release or reduce the effectiveness of the biocontrol agent (Crider 

2011). Paynter et al. (2010) demonstrated that higher parasitoid attack rates on 

biocontrol agents are linked with failure to control the target weed. The likelihood of 

such failure to establish not only depends on the severity of the top-down pressure 

but also the release strategy used. Protecting the biocontrol agents from predators, 

either physically or temporally, could increase the chance of establishment. Often, a 

simple mesh cage enclosing the biocontrol agents can increase survival rates 

(Manrique et al. 2011). 

It was hypothesised that A. itadori will have a higher survival rate when predator 

density is lower, aiding establishment likelihood. To test this hypothesis an 

experiment was carried out to assess the effectiveness of partial predator exclusion 

to the establishment of A. itadori nymphs as they are the most vulnerable stage. 

Molecular detection of predation 

Detecting predation of biocontrol agents in the field can be difficult, requiring long 

periods of observation and complicated by the nocturnal feeding habits or short 

periods of activity of many generalist predators (King et al. 2008). Quantifying the 

predation pressure without manipulative experiments needs even more investment 

of resources. A common approach in agricultural systems and food web studies is 

the molecular analysis of predator gut contents to detect consumed prey. This 

method is well reviewed (Symondson 2002; King et al. 2008) and allows the 

identification of a prey species or group of interest by the amplification of small 

residual amounts of DNA using specific primers and polymerase chain reaction 

(PCR). In its simplest application, a presence/absence of a prey species is 

determined for a sample of predators with only a fairly crude quantification 

(Hoogendoorn & Heimpel 2001) but using real-time PCR, information on the amount 

of DNA present can be collected (Pompanon et al. 2012). Considerations must be 

made with this method, as detection rates of DNA will differ across different 

predators and feeding methods as will the degradation rate of the prey DNA 

(Greenstone et al. 2010). Care must also be taken when collecting predator samples 

that they are not contaminated with contact with the prey of interest of regurgitation 
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onto other predators (King et al. 2008). Although work is underway at Landcare 

Research in New Zealand, there are no published examples of predator gut content 

trails being used in weed biocontrol but would be a useful tool to help quantify if 

generalist arthropod predators are having a considerable impact on population size 

of biocontrol agent releases. The Food & Environment Research Agency (Fera) have 

been developing a primer to detect A. itadori and distinguish it from other psyllid 

species in the UK (N. Boonham, personal communication). The available primer was 

specific to the Aphalara genus but due to a lack of Aphalara specimens other than A. 

itadori it is unknown whether it is effective at species-specific identification. This 

problem is currently being addressed (J. Hodgetts, personal communication.). The 

aim of this preliminary work was to identify if the existing primer available would be 

suitable for use in gut content analysis and whether it was a tool worth pursuing for 

this system in order to better assess the relative importance of predation of A. itadori 

in the field. 

5.2 Materials and methods 

See General methods section (Chapter 2) for origins and culturing of A. itadori and 

plant material. All statistical analysis was carried out using R v3.0.2 (R Core Team 

2013). 

5.2.1 Release conditions 

Release size 

See Chapter 4.2.1 

Rainfall 

A rainfall simulator was used to evaluate the effect of rainfall duration on psyllid 

numbers and constructed around a 2x2x2m steel field cage frame. Plastic sheeting 

covered all vertical sides of the frame and was attached to additional upright wooden 

supports to a height of 4m. A hollow cone nozzle (Raindrop Hollow Cone raindrop, 

¼”, Delavan, Widnes, UK) with a 1 bar constant flow valve (Birchmeier, Stetton, 

Switzerland) was fitted at a height of 3m in the centre of the cage. The simulator was 

supplied and powered by an outside tap. The output of a hollow cone nozzle is not 

uniform across the spray area, with the least amount of flow directly below the 
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nozzle. Plastic pots (13cm) were placed at multiple spots within the spray area and 

water ran for 5 minutes to calibrate the quantity of water received. The eight most 

similar areas in terms of volume collected were marked and subsequently used to 

place experimental plants. See Aldridge (2012) for additional details. 

Experimental plants of 6-10 weeks old were caged with 60 adult A. itadori each and 

were allowed to oviposit for 10 days before being removed. Plants were exposed to 

30, 60 or 90min of continuous simulated rainfall on dry still days with control plants 

for each duration (n=8 for each). The number of eggs were counted before and after 

(allowing 1h for plants to dry off) using a binocular microscope on three leaves 

selected before the treatment was applied and marked with cotton tied to the base of 

the leaves. The recorded response was the proportion of eggs or nymphs displaced 

from the marked leaves after the trial. 

Plant stress 

Rhizome fragments were planted in pots (13cm diam.) filled with J. Arthur Bower’s 

Multi-Purpose Compost with added John Innes (Lincoln, UK). Four different plant 

stress conditions were established using different watering regimes and defined by 

the volumetric soil moisture content. These were 1) Soaked (>45%); 2) Medium (25-

40%); 3) Pulse stressed (rapid change from <20% to >45%) and 4) Drought (<20%). 

Moisture levels were regularly recorded using a soil probe (ThetaProbe Soil Moisture 

Sensor ML2x, Delta-T Devices, Cambridge, UK). All pots were covered in plastic 

bags to help maintain the correct moisture range, holes were placed in the bags for 

the saturated plants. Choice arenas (n=15) were set up by placing a single plant 

from each treatment in a randomised position on a plastic tray and covered with a 

large sleeve. Plants were selected to be as similar as possible in size and quality. 

Thirty adult psyllids were released in the centre of the tray and allowed to oviposit for 

16 days, after which the number eggs laid were counted under a dissection 

microscope. 

5.2.2 Species interactions 

Competition 

Myzus persicae were taken from existing cultures reared on Chinese cabbage 

(Brassica rapa L. ssp. chinensis) at Silwood Park (Ascot, UK) and placed on 10-
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25cm F. japonica plants in wooden framed Perspex and gauze cages (54x29x44cm). 

Insects were left to reproduce on F. japonica for a minimum of two months before 

use in a controlled environment room (20oC, 70% RH, 16:8 light:dark regime). Fresh 

plant material was added and watering carried out as required. Myzus persicae was 

selected to be the competitor as it is one of a very few insects found transiently 

feeding on F. japonica in a similar way to A. itadori in the field (R. Eschen, personal 

communication). 

To assess the effect of interspecific competition on A. itadori performance an 

experiment was carried out in a 3x3x2m tall cage between April and August 2010 in 

Egham, Surrey. There were twelve replicates (36 plants) in the cage, each sleeved 

individually and placed in grow bags and covered to halfway up the pot in sawdust to 

reduce water loss. Plants were watered as necessary.  Each plant was randomly 

assigned one herbivore treatment; Psyllid (50 A. itadori adults), Aphid (15 apterous 

M. persicae adults) or both (50 psyllids and 15 aphids). Insect numbers were 

recorded every two weeks in a separate inspection cage using a 10x magnification 

hand lens. Psyllid adults were recorded at every sampling, nymphal instars present 

were recorded but number only for the final sampling and eggs only at the first 

sampling. This was to minimise disturbance to the plant and insects escaping. Adult 

aphids (apterous) and alates were counted precisely and nymphs were estimated. 

After 14 weeks all plants were destructively sampled and insect numbers counted. 

Predator exclusion 

Two concurrent predator exclusion trials were carried out between May and July 

2013, one using potted F. japonica plants carried out in the CABI garden, Egham 

and the other using sleeved natural stems at five of the psyllid release sites 

(Cornwall, Surrey, Norfolk, Sussex and West Glamorgan). The plants used for the 

garden study were planted from rhizome fragments (15-20g) originally in spring 2012 

so had already developed a small rhizome network in 12L pots facilitating growth of 

multiple stems 90-160cm tall in 2013. Plants were placed on plastic trays to act as a 

barrier to the ground and arranged inside 2x10m wire fence (50mm mesh). The 

experiment was set up adjacent to a natural stand on U. dioica (c. 4x5m) to act as a 

source of predators. Four treatments were used (n=10 for each treatment);1) 

Unsleeved – plants and insects exposed to open conditions throughout; 2) Sleeved – 
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170cm tall sleeve placed over plant to exclude the majority of predators and pots 

covered in a trapping adhesive (Oecotak A5, Oecos, Kimpton, UK); 3) Temporarily 

sleeved – sleeve placed over plants as before to prevent psyllid dispersal for 21d 

then removed; 4) Predator addition – as per sleeved treatment but with the addition 

of two field caught individuals of Anthocoris nemorum L. (Hemiptera: Anthocoridae) 

after 21d. Anthocoris nemorum was selected as it is a common and widespread 

generalist predator that can be found on a variety of vegetation, occasionally 

including F. japonica, and has been observed predating on A. itadori (Personal 

observation). Each plant was randomly assigned a treatment and 100 adult psyllids 

taken from culture were introduced to each plant. After 21 days the number eggs laid 

were counted and after 7 weeks the number of nymphs were counted. Any evidence 

of predation was noted during watering and sampling visits.  

The same treatments as the garden study were set up at the field release sites with 

the exception that no Oecotak was used. Twelve stems were selected (n=3 for each 

treatment) at each site that were on the periphery of the stand and concealed as 

possible from the public. Stems with a diameter of 1-1.5cm were used so the full 

grown plant could be comfortably sleeved (secured with string and insulating tape to 

main stem c. 15cm aboveground level). Each stem was randomly assigned a 

treatment and 100 adult psyllids were introduced. After 19d, sleeves were removed 

and predators were added to the respective plants and eggs were counted for all 

stems. After 8 weeks, all nymphs were counted in situ. Four data loggers were 

placed in shaded locations at each site and recorded temperature every four hours. 

Molecular detection of predation 

Specimens of A. nemorum were collected from Silwood Park (Ascot, UK) using a 

beating tray and were immediately placed into individual 1.5ml tubes. The predators 

were starved for 24h prior to use. Predators were placed in 3cm Petri dishes 

separately with two fifth instar A. itadori nymphs and allowed to feed for 30min. Any 

individual which was not observed feeding was not used and excluded from the 

study. Once fed, predators were placed in 1.5ml tubes and killed by freezing at -18°C 

within 1h. Control predators were also starved for 24h but were killed without any 

contact with A. itadori. DNA was extracted from predators according to the 

manufacturer’s instructions for two extraction kits; DNeasy Blood & Tissue Kit 
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(Qiagen) and Purelink Genomic DNA Kit (Invitrogen). Extractions were then sent to 

Fera (York, UK) to screen for A. itadori DNA using real-time PCR with TaqMan and 

minor-groove binding (MGB) probes (Applied Biosystems, Paisley, UK). The 

response of real-time PCR is the Ct (cycle threshold) value. This is the number of 

cycles required for the amplifications to cross a background level, as such the value 

is inversely proportional to the amount of target DNA. Assays run for 40 cycles and a 

Ct value of <38 indicates positive detection. Two replicates of individual predators 

with and without A. itadori present in their gut were sent for each extraction method 

as well as one replicate containing four individuals per sample extracted using the 

Qiagen kit.  

5.2.3 Predicting establishment rates 

Grevstad et al. (2011) states that the overall probability (Pall) of a biocontrol agent 

establishing is the same as it not failing at all release sites. This is dependent on an 

underlying establishment rate (P1) for the biocontrol agent and the number of 

releases made (N); Pall = 1 – (1 – P1)N. Using this equation and the results from field 

releases (hard release) or manipulated releases into sleeves or cages, predicted 

establishment rates for A. itadori can be calculated. A release was considered 

successful if the number of individuals in the F1 generation was the same or higher 

than the founder number 

 

5.3 Results 

5.3.1 Release conditions 

Release size 

The high release density yielded significantly more eggs than the medium (t= 2.87, 

d.f. = 2, 18, P<0.05) or low (t2,18 =-6.21, P< 0.01) releases (Fig. 5.1). The absolute 

total number of adult psyllids in the low release treatment was significantly lower 

than both medium (t2,18 = 2.51, P<0.05) and high (t2,18 =-2.71, P<0.05) density 

releases but the difference between the medium and large was not significant (Fig. 

5.1). The proportion of the eggs laid that survived to adulthood did not differ 

significantly between treatments (low = 0.15, medium = 0.18, high = 0.14, F2,18 
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=0.01, P= 0.98).  Only in one release in the low and high treatments and three for the 

medium did the number of adults produced in the F1 generation exceed the number 

of adults initially introduced. The chance of an increased population did not differ 

significantly between treatments (Fisher’s Exact test, P= 0.55). 

 

 

 

 

 

Figure 5.1. Total number of eggs laid after seven days at three release densities (low – 20; 

medium – 100; high – 200) of adult A. itadori (left) and the total number of adults emerged 

from each release density (right). Bars with a different letter above are significantly different. 

N = 7. 

 

Rainfall 

Significantly more eggs were displaced from the leaf when exposed to simulated rain 

compared with controls (t2,45 = 2.86, P<0.05; Fig. 5.2) but the duration of the rainfall 

had no effect (t2,45 = 1.7, P=0.09).  
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There were no significant effects of the addition of simulated rainfall (t2,42 = 1.29, 

P=0.2) or the duration (t2,42 =0.16, P=0.86) on numbers of first instar nymphs (Fig. 

5.2). 

 

Figure 5.2. Total number of eggs (left) and nymphs (right) displaced from marked leaves 

after the addition of simulated rainfall (combined data from exposure of 30,60 and 90min). 

Bars with a different letter above are significantly different.  N = 24. 

Plant stress 

 

Aphalara itadori showed a significant oviposition preference between plant 

treatments (Fig. 5.3). Soaked plants were preferred over pulse stressed (t3,56 = 3.4, 

P<0.01) or medium (t3,56 = 3.18, P<0.01) as well as for drought stressed plants over 

pulse stressed (t3,56 = 4.21, P<0.01) and medium (t3,56 = 3.42, P<0.01). There were 

no significant differences between soaked and drought stressed (t3,56 = 0.28, P= 

0.78) or pulse stressed and medium (t3,56 = 1.1, P= 0.27). The total number of eggs 

laid in each trial ranged from 22-369.  
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Figure 5.3. Proportion of eggs laid by 30 A. itadori adults in a choice arena outside in field 

cages.  The watering regime maintained soil moisture content; Soaked (>45%); Medium (25-

40%); Pulse stressed (rapid change from <20% to >45%) and Drought (<20%). Bars with a 

different letter above are significantly different. N = 15. 

 

5.3.2 Species interactions 

Competition 

Under direct interspecific competition (psyllid + aphid treatment), the number of 

adults and nymphs of A. itadori present at the end of the study were reduced 

significantly compared with the psyllid only treatment (adult; t1,22 = 42.9, P<0.001. 

Nymph; t1,22 = 2.4, P<0.05, GLM, quasi-Poisson; Fig. 5.4). The competitor M. 

persicae was unable to persist in a single replicate. 

 

Predator exclusion 

In the garden study, two plants were damaged and excluded from the analysis. The 

number of eggs laid after 21d were significantly lower in the unsleeved treatment 

compared with the others which were not significantly different from each other (t3,33 

= 10.91, P<0.001, GLM quasi-Poisson; Fig. 5.5). At the final counts, there were 

significantly more nymphs present in the sleeved treatment compared with the other 

treatments (t3,33 = 2.31, P <0.05, GLM quasi-Poisson; Fig. 5.5). A variety of 
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generalist predators were commonly seen on the plants throughout the study with 

some evidence of predation and reproduction (Table 5.1). 

 

 

 

 

 

 

 

 

Figure 5.4. Mean number of insects collected from 36 F. japonica plants (12 per treatment) 

after 14 weeks in field cages. M. persicae numbers are a combination of adults, alates and 

nymphs whereas A. itadori adults and nymphs were counted separately. 

 

 

Figure 5.5. Total number of eggs laid after three weeks (left) and surviving nymphs after 

eight weeks (right) of A. itadori under four predator manipulation treatments carried out 

outside in a garden environment. 100 adults were released on unprotected (control) plants, 

protected for the entire study (sleeved), protected only oviposition period (temp. sleeved) or 

protected for the entire study with the addition of two A. nemorum predators (pred +). Bars 

with a different letter above are significantly different. N = 10 except for control and sleeved 

treatments where 1 plant was excluded from each. 
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Table 5.1. Observations of generalist predators occurring on F. japonica plants with A. 

itadori under the unprotected control treatment outside in a garden environment between 

May and July 2013. 

Species Taxon Life stage present Direct predation 
of A. itadori 
observed 

Anthocoris nemorum Anthocoridae Egg, Nymph, Adult Yes 

Harmonia axyridis Coccinellidae Egg, Larvae, Pupa, Adult Yes 

Propylea quatuordecimpunctata Coccinellidae Larvae, Adult Yes 

Predatory mite sp. Acari Adult Yes 

Chrysoperla carnea Coccinellidae Egg, Adult No 

Coccinella septumpunctata Coccinellidae Adult No 

Helophilus pendulus Syrphidae Egg, Larvae, Pupa, Adult No 

Lasius niger Formicidae Adult No 

Various spiders Araneae Adult No 

 

There were problems with data collection for the field experiment. Half of all stems 

had died back at the time of final sampling and 13 more showed signs of heavy 

damage. This was particularly a problem at the West Glamorgan and Cornwall sites 

where eight and nine stems out of twelve were excluded respectively. Counts of 

eggs laid after 19d was possible for all plants and showed that the exposed control 

plants had significantly fewer eggs than the other treatments (F3,22 = 9.96, P<0.001, 

LME; Fig. 5.6). Of the living stems at the end of the trial, there were no significant 

differences between treatments in the number of nymphs found (F3,22 = 1.11, P = 

0.37, LME; Fig. 5.6). Likely establishment was only recorded for one stem; one of the 

sleeved plants at the Norfolk site had a count of 324 nymphs and the majority were 

in the fourth or fifth instar. The average, minimum and maximum temperatures 

recorded over the whole period were similar across sites (Table 5.2). 
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Figure 5.6. Total number of eggs laid after 19 days (left) and surviving nymphs after eight 

weeks (right) of A. itadori under four predator manipulation treatments carried out at five 

open release sites across the UK. 100 adults were released on unprotected (control) plants, 

protected for the entire study (sleeved), protected only oviposition period (temp. sleeved) or 

protected for the entire study with the addition of two A. nemorum predators (pred +). Bars 

with a different letter above are significantly different. Many plants died and were excluded 

from the analysis, N = 7, 9, 8, 6 respectively. 

 

Table 5.2. Mean, minimum and maximum temperatures (°C) recorded using four DS1921G-

F5 thermochron dataloggers at each of the release sites over an 8 week period between 

May and July 2013. 

 Site 
Temp (°C) Cornwall Surrey Sussex West Glamorgan Norfolk 
Mean 14.1 ± 0.11 15.4 ± 0.13 14.3 ± 0.1 13.5 ± 0.1 14.3 ± 0.1 

Min 5.5 8 8 3 2.1 

Max. 26 29 26.5 25 35.1 

Molecular detection of predation 

All predator samples that had fed on A. itadori were positive for the presence of 

target DNA whereas control specimens were not (Table 5.3). This was the case for 

both extraction methods and for groups and individual predators. 
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Table 5.3. CT values (mean of two runs from each sample) from preliminary assays to detect 

A. itadori DNA from the contents of a generalist predator, A. nemorum, either fed or not fed 

psyllid under control conditions. Two extraction methods, PCR probes and predator number 

were trialled. A cut-off of CT < 38 was marked positive and are indicated in bold.  

Treatment No. of predators Extraction TaqMan probe MGB probe 
A. itadori present 1 Qiagen 33.9 33.3 
A. itadori present 1 Qiagen NA 32.9 
Control 1 Qiagen 40 40 

Control 1 Qiagen 40 40 

A. itadori present 1 Invitrogen 34.3 33.3 
A. itadori present 1 Invitrogen 33.2 33.4 
Control 1 Invitrogen 40 40 

Control 1 Invitrogen 40 40 

A. itadori present 4 Qiagen 31.9 31.3 
Control 4 Qiagen 39.6 40 

 

 

5.3.3 Predicting establishment rates 

Only once out of 24 releases (8 sites from 2011-13) has A. itadori shown good signs 

of establishment, producing large numbers of eggs and nymphs, but ultimately still 

hasn’t established in the field (R. Shaw, personal communication). The protected 

releases used for the insect development study (Chapter 4) were considered 

successful for four out of 21 plants. Finally, there was one successful release out of 

the 23 surviving plants in the field predator exclusion study (combining all treatments 

that used protective sleeves at some point). Using these data as a baseline, the 

expected probability of establishment and the relationship with the number of 

releases is shown in Fig. 5.7. 
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Figure 5.7. The predicted probability that at least one release of A. itadori will establish as a 

function of the total number of independent releases. Different curves were calculated using 

data from the garden and field predator exclusion study (Chapter 5.3.2) and from the CABI 

programme of open field releases. 

 

5.4 Discussion 

5.4.1 Release conditions 

Release size 

Insects will likely need a minimum density of founder individuals to establish 

successfully (Lockwood et al. 2005), but above this threshold, additional individuals 

may not proportionately increase the chance of success. In the present study, there 

was no difference in adult numbers produced between the larger two release sizes 

(Fig. 5.1) though the scale of this study is coarse with only three release densities. 

Given that practitioners are unlikely to know the effect of release density or the 

likelihood of establishment for a particular biocontrol agent, it is advised that a mixed 

release in terms of size and number is carried out in the early stages in order to 

inform future efforts (Shea & Possingham 2000). In the example of A. spartiophila 

releases in New Zealand (Memmott et al. 2005), the insect had a very high chance 

of establishment with some populations which had just two founding individuals 
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surviving. Though, in the Memmott et al. (2005) study, a total of 55 releases were 

made and after six years, 22 had psyllids. Localised extinction occurred at over half 

the sites. Yet, although release size may have an effect on establishment success, 

the effect of the number of releases appears to be stronger (Grevstad et al. 2011). 

The A. itadori releases in the UK have been limited to a maximum of eight sites 

around the country, albeit with large numbers of individuals released (c. 1000-10000 

in a given year), with more than 24 releases made in total. It is possible that this 

shortage of release sites has been a major limiting factor in the establishment of this 

biocontrol agent. However, it may also be a case that A. itadori is not as effective at 

colonising new environments compared to other psyllid biocontrol agents in which 

case, additional efforts may be required to encourage population growth in the UK. 

Rainfall  

The favourability of the environment at the time of release is expected to influence 

establishment (Fowler et al. 2009). A small, but statistically significant, effect was 

observed in this study with the addition of rainfall. The number of eggs found on the 

plant decreased from 98% in the control to 92%. Although a small reduction, it is not 

one to be ignored and would likely change under natural conditions. Artificial 

experiments such as this provide a quick assessment but are no substitute for field 

data. Norris et al. (2002) discusses how field data is underutilised and the benefit of 

recording climatic data immediately after release alongside establishment in post-

release studies. Through the routine collection of climatic data, paired with the 

establishment success of a biocontrol agent, then gaps may be filled in, helping to 

understand the causes of failed establishment attempts. This could help inform 

future releases and potentially the different susceptibilities of different life-stages or 

taxa. Further experimental work would be useful to determine the benefit of 

sheltering releases if they must be made during periods of poor weather, but would 

unlikely be as beneficial as protecting from predators although these need not be 

mutually exclusive. 

Plant stress 

Insect herbivory can be affected by plant quality and is often mediated through 

climatic conditions (Shure et al. 1998). Releasing onto suitable stands of F. japonica 

could then be important for A. itadori establishment since unfavourable plant quality 
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could result in adult dispersal or poor development of immature stages. In the 

present study, A. itadori preferred to oviposit on the extremes of plant quality 

presented (Fig. 5.3), possibly as a response to the accessibility of plant nutrients. 

Riparian areas are often favoured by F. japonica (Beerling et al. 1994) and could 

provide an abundance of preferable hosts less likely to suffer from pulse stress.. 

However, due to conditions laid down by the regulator for the release of A. itadori, no 

sites near any watercourse were selected in case the use of pesticides was required. 

Nonetheless, psyllids also demonstrated a preference for drought stressed plants, 

therefore it is unlikely that reduced oviposition will likely lower performance at sites 

where F. japonica may have a poor water supply. 

 

5.4.2 Species interactions 

Competition 

Although psyllid numbers were significantly lower in presence of strong competition 

from M. persicae (Fig. 5.4) it seems clear that A. itadori is the stronger competitor on 

F. japonica and able to persist. This study did show the extremely unlikely event of a 

no choice interaction as F. japonica is a sub-optimal host for M. persicae under 

natural conditions and will often move off the plant after an initial period of growth, as 

suggested here with the production of alates and it is likely that the two species 

would spatially segregate. Denoth et al. (2002) reports that the establishment rate of 

biocontrol control agents is not influenced by the number of agents released, but 

there is a higher chance of successful control with additional agents. There are no 

planned releases of an additional insect agent for the control of F. japonica in the 

UK, therefore, competition between A. itadori and another specialist will not be a 

limiting factor to its establishment. Short term interference from transient herbivores, 

such as M. persicae, may cause localised limitation of population size in the worst 

case but would not preclude the establishment of A. itadori. Not tested directly here, 

but there is also the potential for indirect competition between herbivores mediated 

through changes in plant quality induced by herbivore attack (Denno et al 2000). The 

key recommendation from this would be to ensure psyllid releases do not occur 

directly with other herbivores present but there is no need to drastically alter release 

strategy as any other herbivore present are unlikely to persist for long. 
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Predation 

It is likely that a top-down pressure is having a considerable impact on A. itadori as a 

variety of predators (Table 5.1) were found to utilise A. itadori as a resource in a 

short space of time, although they occurred at much lower densities than on 

surrounding vegetation (G.D.C personal observation). The increase in nymph 

survival when the majority of predators were excluded is not likely an effect of 

sleeving the plants as nymph populations were also reduced in the predator addition 

treatment. The results of this study indicate that protecting the early, vulnerable life-

stages of A. itadori may improve the chances of survival. Once the psyllids reach a 

larger population size, then the effects of predation may become less important. So 

long as A. itadori does not become a principal prey item for a particular species, it is 

unlikely that there would be a numerical response from the predator (Symondson 

2002). Food web interactions are complex and it is not only prey switching that need 

be considered. Intraguild predation is extremely common among generalist predators 

and increases at higher predator densities which may establish a shift in predator 

assemblage rather than increase in population size (Lucas 2005) 

Protecting the psyllids with a physical barrier after release also has the benefit that it 

prevents the adults from dispersing. In the open field releases and the unsleeved 

treatment in this study, adult numbers quickly declined and either through host 

preference or release methods the cue to oviposit on the release plants was missing 

(G.D.C, personal observation). If the adults are physically contained then there was 

no problem with oviposition, this then ensures a population of immature individuals 

on the plant. It is still unclear in the field whether declining adult numbers are a result 

of dispersal or mortality and this question would be best answered through 

manipulative field experiments. 

Molecular detection of predation 

The work carried out here is preliminary but nonetheless shows proof of concept that 

the molecular detection of predation can be used in this system with existing 

resources. More work is needed to get this method functional. Prey DNA degrades 

over time once ingested (King et al 2008), the rate at which the DNA degrades will 

vary according to predator type and conditions predation occurred (Greenstone et al. 
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2007). Laboratory feeding assays to determine detection curves are essential in 

order to calibrate samples collected in the field (Greenstone et al. 2010). One 

downside of this approach is the care required when field collecting predators to 

ensure there is no cross-contamination (Greenstone et al. 2011), this usually 

involves sampling each predator individually. This can make it difficult to either 

standardise sampling methods, or collect sufficient predators. There has been some 

progress recently with steps to optimise the PCR process (Sint et al. 2011) and 

methods to allow the removal of contaminating DNA and open up the use of vacuum 

or mass sampling (Chapman et al. 2010; Greenstone et al. 2012). This approach is 

the ideal way to combine biocontrol and ecological research as quantifying the 

predation pressure on biocontrol agents will not only inform control efforts of the 

target but could reveal shifts in food webs and provide systems for predator-prey 

interaction studies (Sheppard & Harwood 2005). 

It is unsurprising that a combination of factors discussed here and in Chapter 4 all 

contribute to the establishment of A. itadori. These factors will interact with one 

another (Masters et al. 1998; Gurevitch et al. 2000) and the relative importance of 

each can vary from site to site and over time. None of the investigated establishment 

factors suggested a complete crash of the psyllid population but each had some 

detrimental effect. It would be worth carrying out changes to release strategy that are 

relatively simple, such as timing, to reduce the cumulative result of limiting factors. 

For those factors that are more difficult to manipulate over larger areas, such 

predator interference, it would be prudent to monitor releases with and without 

protected or exclusion areas to look for difference in performance. Alternatively, 

releasing multiple life stages of the biocontrol agent may be beneficial as the 

introduction of immature stages removes adult choice as a variable in whether the 

target host is accepted, for example, Center et al. (2006) report successful 

establishment of Boreioglycaspis melaleucae Moore (Hemiptera: Psyllidae) on an 

invasive tree, Melaleuca quinquenervia (Cav.) Blake, in Florida at a site where only 

nymphs were released.  Many of the limiting factors could be negated by the use of 

more releases (Grevstad et al. 2011) and this may ultimately have the largest impact 

on establishment. Using the current release strategy at 30 separate sites, to spread 

the risk of local extinction, it is predicted that there would be a 72% chance of at 

least one population establishing (compared with the 30% at eight sites). However, 
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when the number of release sites are limited, then release strategy can be modified 

to improve the likelihood of establishment. Multiple factors that could influence 

establishment were considered in this chapter and their relative average effect will 

differ (Table 5.4). From the field cage data, it is recommended that the release 

strategy for A. itadori should aim to release as many adults as possible in the 

absence of competition, but also provide some level of predator exclusion to improve 

survival rate. Providing protection for the biocontrol agent from predators has been 

effective in Australia in the control of Asparagus asparagoides (L.) W.Wight. Reilly et 

al. (2004) detailed the results of a field experiment where the number of larvae and 

pupae of Crioceris sp. (Coleoptera: Chrysomelidae), a biocontrol agent released 

against A. asparagoides, were significantly higher when adults were released into 

exclusion cages compared to plots without cages. Predicting establishment from 

artificial releases however, is likely to overestimate the probability of success, as 

there was a difference of 53% between using field and cage data. This 

overestimation is most probably a result of the over simplification of artificial releases 

and under field conditions factors such as predator density, climatic conditions and 

dispersal can all vary and have cumulative negative effect on a small population of a 

biocontrol agent.  The likelihood of success of a biocontrol programme is 

proportionate to the amount of resources invested (Fowler et al. 2000). In order for 

the current and future biocontrol programmes in the UK to be effective, it is essential 

for regulators and funding bodies to be aware of what investment is required for a 

reasonable chance of success. This does include the availability of more release 

sites but also the research required to optimise release strategy so that biocontrol 

efforts are not simply a lottery of releasing as many agents as possible in as many 

places as possible. 
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Table 5.4. Summary of the percentage difference of the number of A. itadori between some 

of the different conditions of the establishment factors investigated.   

Factor Condition  Numerical increase 

   Egg Nymph 
 

Adult 

Predators Excluded  80% 96% - 
 Control    
      
Release size 200 adults  70% - 19% 
 100 adults    
      
Competitors Absent  - 36% 58% 
 Present    
      
Plant quality Preferred  21% - - 
 Not preferred    
      
Rainfall Absent  5% 18% - 
 Present    
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Chapter 6 – Impacts 

6.1 Introduction 

 

6.1.1 Direct target impacts 

 

Classical biocontrol of invasive weeds can be an effective alternative to conventional 

management (Culliney 2005) and some of the traits of F. japonica, such as asexual 

reproduction, make it a suitable target for biocontrol (Paynter et al. 2012). 

Additionally, the presence of only a single genetic clone present in the UK 

(Hollingsworth & Bailey 2000) should reduce the variation in susceptibility to 

herbivory. Finding the most suitable biocontrol agent is essential and regulatory 

concerns are typically focussed on the host specificity of an agent, to minimise the 

risk of non-target impacts (EPPO 2010, Pearson & Callaway 2003). Although 

understanding the host range is crucial, agent efficacy requires more attention as 

there is little benefit to releasing ineffective agents. Raghu et al (2006) argue that 

efficacy testing should be considered with higher priority than host range testing 

when candidate biocontrol agents are being selected and that only agents with 

demonstrable desired impacts on the target weed should be considered for host 

range testing. This is in agreement with the ‘Code of Best Practices for Classical 

Biological Control of Weeds’ (Balciunas 2000). Despite this, there is yet to be an 

emphasis on efficacy testing as a requirement in applications for release of 

biocontrol agents, in Europe at least, and other requirements vary hugely between 

countries (Bale 2011).  

Psyllids have not been commonly used as biocontrol agents but there are some 

successful examples (Memmott et al. 2005; Center et al. 2011). Furthermore, 

phloem feeding insects have the potential to reduce plant performance more than 

defoliators for some plant groups (Zvereva et al. 2010). Grevstad et al. (2013) 

describe a laboratory efficacy assessment for A. itadori as part of a pre-release 

assessment in North America. Individuals from the same source population of A. 

itadori that have been released in the UK, as well as psyllids from another population 

collected from Hokkaido in northern Japan were used.  It was demonstrated that A. 

itadori can significantly reduce the growth of F. x bohemica and F. sachalinensis 

over a period of 50 days. There were also some differences in performance between 
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the two populations of A. itadori depending on the Fallopia host. Psyllids originally 

collected from Kyushu (now in the UK) produced significantly more adults in the F1 

generation while on F. x bohemica compared with those collected from Hokkaido.  

Since A. itadori is already licensed for open field releases in the UK, it is possible to 

test the impacts of the psyllid on F. japonica at a larger scale and under more natural 

conditions, using field cages, than previously under quarantine conditions. An early 

post-release impact assessment can bridge the gap between small scale impacts 

observed in quarantine (White 2007) and those in the field which may take years to 

become apparent. To test the hypothesis that A. itadori can cause damage to F. 

japonica, an experiment was carried out to quantify the impacts of this species on 

large potted plants in field cages. 

 

6.1.2 Indirect impacts 

 

A minority of plant species in their non-native range can become invasive 

(Williamson 1996), disrupting ecosystems, displacing native species and causing 

considerable economic damage (Pimentel et al. 2005), although, there is a wide 

range of potential mechanisms that facilitate these invasions (Catford et al. 2009). 

The Novel Weapons Hypothesis (Callaway & Ridenour 2004) outlines the role of 

allelopathy in conferring a competitive advantage to the invader. Allelopathy is the 

chemically mediated interaction between plant species whereby secondary 

compounds produced by one species can negatively affect the performance of other 

species (Inderjit & Callaway 2003). These interactions can be important in structuring 

communities and have previously been implied in plant invasions (Callaway & 

Aschehoug 2000).  

All of the invasive knotweeds are known to contain secondary compounds (Inoue et 

al. 1992, Vrchotova et al. 2007, Fan et al. 2010). Some of these have been shown to 

have inhibitory effects on other plants in growth assays (Vrchotova & Sera 2008, 

Moravcova et al. 2011), which may explain part of Fallopia dominance. Several, 

more ecologically realistic, studies have been carried out using F. x bohemica to 

investigate the importance of allelopathic in knotweed invasions. Murrell et al. (2008) 

identified a significant role of allelopathy in the inhibition of the growth of native 
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species using potted communities. Although not identified as the primary mechanism 

of dominance, allelopathy has also been indicated as an additional factor affecting 

native species in a F. x bohemica stand under manipulated field conditions (Siemens 

& Blossey 2007). These types of impacts can also be indirect or persistent. Parepa 

et al. (2012) demonstrated that the allelopathic effects of F. x bohemica does not 

necessarily require the presence of live knotweed as some effects were detected just 

from the presence of leaf litter or trained soil.    

Allelopathic interactions between species are complex and can be modified by biotic 

(Glinwood et al. 2011) or abiotic factors (Chen et al. 2012). The strength of 

allelopathic effects can be affected by insect herbivory but there is a wide range in 

plant responses. Thelen et al. (2005) demonstrated an increase in the negative 

allelopathic effect of the invasive Centaurea maculosa Lam. against native plant 

species as a result of herbivory. Other studies show insect herbivory to have either 

no effect (Norton et al. 2008) or a decrease (Kong et al. 2002) in the production of 

allelochemicals and their impact on other plant species. Furthermore, plant 

responses can vary depending on the type of herbivory, for example, feeding by 

either chewing or sap-feeding insects can activate different chemical signal 

pathways and illicit different plant responses (Walling 2000).  Such variations may 

alter the outcome of control efforts using specialist insect biocontrol agents unless 

the importance of allelopathy and its response to herbivory is taken into account 

within management programmes. If one of the aims of a biocontrol programme is to 

reduce the competitive ability of the target species to facilitate recovery from native 

species, but if this does not occur, despite a biocontrol agent successfully damaging 

the target, the ultimate success of the effort could be questioned. Ideally, native plant 

species would benefit indirectly from the presence of A. itadori as a result of any 

damage this species causes to F. japonica. 

The aims of this study were i) to demonstrate whether an allelopathic mechanism is 

involved in the negative impacts on native European plant species by F. japonica  

and ii) determine whether these impacts are modified by the presence of a specialist 

herbivore and biocontrol agent of F. japonica. 

 

 



91 

 

 

6.2 Materials and methods 

 

6.2.1 Direct target impacts 

 

See Chapter 2 for general methods 

Fallopia japonica was grown in a glasshouse in 3L pots for three weeks before being 

placed outside and transferred to 10L pots and allowed to settle for a further week 

before use. It was expected that plants would have the space to be able to grow 

unrestricted over the period of the study. Before planting rhizomes were measured 

(length and diameter) and weighed. 

The experiment was carried out in a 3x3x2m tall cage between April and August 

2011. There were twelve replicates (24 plants), each individually sleeved and placed 

in grow bags and covered to halfway up the pot in sawdust to reduce water loss. 

Plants were watered as necessary. The presence or absence of A. itadori (at a 

density of 50 adults per plant) was randomly assigned. Before introducing the 

insects, initial measures of plant performance were recorded. These were: stem 

height, stem diameter (measured 1cm above soil), leaf number and total leaf area. 

Plant height and adult psyllid numbers were recorded every two weeks. The number 

of eggs laid was recorded only once, 14 days after the adults were introduced, and 

the number of nymphs on each plant was only recorded at the final sampling date. 

This was to minimise disturbance to the plant and the chance of insects escaping. 

After 14 weeks all insects were removed and final measures of plant performance 

were recorded. In addition to the initial measures, all leaves were scored using a 

devised damage rating, scoring leaves as: 1) Healthy; no visible damage 2) Slight 

damage; some minor discolouration 3) Moderate damage; heavily discoloured, leaf 

curling 4) Heavy damage; extensive discolouration, browning, leaf curled 5) Dead 

(Fig. 6.1). The aboveground and rhizome dry weights were also recorded. Plants 

were destructively sampled and placed in a drying oven (75-80oC for 72h) then 

weighed. Only rhizome material was weighed for the belowground measure, all roots 

were removed to allow for removal of all soil.  



92 

 

 

 

 

 

 

 

Figure 6.1. Illustration of the damage rating scores 1-5 for F. japonica plants exposed to A. 

itadori for 14 weeks in field cages outside. From left to right; 1) Healthy; no visible damage 2) 

Slight damage; some minor discolouration 3) Moderate damage; heavily discoloured, leaf 

curling 4) Heavy damage; extensive discolouration, browning, leaf curled 5) Dead. 

 

The total changes in the stem diameter and total leaf area were analysed using 

linear models. Above and belowground dry weights were also analysed using linear 

models with initial rhizome weight used as a covariable in the belowground analysis. 

Response variables were log-transformed to normalise the data and meet the 

assumptions of linear models. Change in leaf number and the proportion of damaged 

leaves were analysed with generalised linear models, using quasi-Poisson and 

quasibinomial error distributions respectively. Plant height, measured repeatedly 

over the study, was analysed using a mixed-effects model specifying week of 

measurement and individual plant as random factors. All analyses were carried out 

using R v3.0.2 (R Core Team 2013). 

Sleeve impact 

To assess the impact of sleeves on the growth of F. japonica, an additional cage was 

set up as above with 24 plants randomly assigned a sleeve or no-sleeve treatment. 

Plants were allowed to grow unrestricted for the duration of the above experiment 

and the same measures of plant performance were recorded as above.  

 

6.2.2 Indirect impacts 

Four herbaceous plants (Geranium robertianum L., Lamium album L., Silene dioica 

(L.) Clairv. & Urtica dioica L.) and one grass (Poa trivialis L.) were selected to 

represent a native community. All seeds were obtained from the following seed 
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suppliers in the UK; Emorsgate Seeds (King’s Lynn), Naturescape (Langar) and 

Nicky’s Nursery (Broadstairs). All of these species regularly co-occur with F. japonica 

in the UK and share some habitat requirements (Beerling et al 1994; personal 

observation). 

To test for any inhibitory allelopathic effects of F. japonica and the impact of the 

psyllid on these inhibitory effects, if present, four main treatments were set up. These 

were: F. japonica only, native species only, F. japonica + natives and F. japonica + 

natives + psyllids. Each of these treatments were tested with and without the addition 

of activated carbon (activated charcoal puriss. p.a. powder, Sigma-Aldrich) at a 

concentration of 20ml/L mixed through the substrate. Activated carbon is a 

commonly used material in allelopathy studies that can absorb chemical compounds 

in the soil (Callaway & Aschehoug 2000). There were 15 replicates for each 

combination totalling 120 pots. The total nitrogen (1100 mg/Kg) and phosphorous 

(100 mg/Kg) content of the activated carbon was determined using a modified 

Kjeldahl method (Kjeldahl 1883), modified using a selenium catalyst (Ashton 1936).  

Depending on the treatment, a single rhizome fragment (containing one node and 

weighed before planting) was buried at a depth of 5cm and 25 seeds of each native 

species were sown just below the surface in 7.5L plastic pots. The pots were placed 

in grow bags within field cages in a random order and individually sleeved to prevent 

psyllids from escaping and to maintain a comparable environment for all plants. 

Psyllids were placed on the F. japonica at a density of 50 adults when the plants 

were c. 10cm tall. All plants were watered equally as required. After 14 weeks all 

plants were harvested for determination of dry aboveground biomass for F. japonica, 

herbs and grass separately. Plant material was dried at 70-80oC for 72h prior to 

weighing. Any F. japonica rhizome that did not sprout was excluded from the 

analysis. 

ANOVA models were used to analyse the native species aboveground biomass 

response with the presence of F. japonica, A. itadori and activated carbon each fitted 

as factors with two levels along with their interactions.  The growth of F. japonica 

itself was analysed separately with the presence of native plants, A. itadori and 

activated carbon included as factors. All data included in these models were log-

transformed prior to analysis. The relationship between total biomass of the natives 
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and F. japonica, plus F. japonica and the initial rhizome biomass were analysed 

using linear regression models. All analyses were carried out using R v.3.0.2 (R 

Core Team 2013). 

 

6.3 Results 

 

6.3.1 Direct target impacts 

 

The introduction of A. itadori significantly reduced the growth of F. japonica 

compared to control plants (Table. 6.1; Fig. 6.2), with a 50% reduction in plant height 

gain, from a mean ± SE start height of 52.4 ± 1.01cm and 49.7 ± 0.96cm 

respectively. The final rhizome dry weight was also reduced by c.50% and a 40% 

decrease in total leaf area gain by psyllid herbivory. Plant height for both groups 

increased quite rapidly for the first six weeks, by which time there was a significant 

difference between groups (F1,22 =10.6, P<0.01, ANOVA).  

Although there was no change in the number of leaves produced, the amount of 

visible leaf damage was significantly higher in the psyllid treatment (Table. 6.1). Only 

0.5% of the leaves in the control group were given a damage score of 3 or higher 

compared with 41% from the psyllid group (Fig. 6.2). This damage was typically a 

yellowing or browning of the leaf along with curling at the edges. 

 

Table 6.1. Table summarising the analyses of plant growth measurements of F. japonica 

exposed to an initial density of 50 adult A. itadori per plant. Insects were left to develop 

unhindered for 14 weeks before sampling. All plants were housed outside in field cages 

under near-normal environmental conditions. 

 

Plant measure 
 

Test statistic d.f. P 

Plant height F= 22.29 (LME) 1,22 <0.001 
Change in diameter F= 1.13 (ANOVA) 1,22 0.299 
Change in leaf area F= 42.13 (ANOVA) 1,22 <0.001 
Change in leaf number t= -0.62 (GLM, quasi-Poisson) 1,22 0.539 
Aboveground dry weight F= 0.67 (ANOVA) 1,22 0.421 
Rhizome dry weight F= 28.17 (ANCOVA) 1,21 <0.001 
Proportion on leaves damaged t= 4.89 (GLM, quasibinomial) 1,22 <0.001 
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Figure 6.2. Plant growth measures of F. japonica exposed to A. itadori (50 adults) in field 
cages for 14 weeks. Error bars are ±1 S.E. N = 12. 

 

Sleeve impact 

Except for change in plant height, all other measures of plant growth were 

significantly reduced as a result of being sleeved (Fig 6.3. and Table 6.2.). 

 

 

 

 

Measure Test statistic d.f. P 
Change in height F = 1.67 (ANOVA) 1, 22 NS 
Change in diameter F = 12.42 (ANOVA) 1, 22 <0.05 
Change in leaf area F = 11.81 (ANOVA) 1, 22 <0.01 
Change in leaf number t = 53.21 (GLM, quasi-Poisson) 1, 22 <0.01 
Aboveground dry weight F = 11.58 (ANOVA) 1, 22 <0.01 
Rhizome dry weight F= 22.4 (ANCOVA) 1, 21 <0.001 
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Table 6.2. Impact of sleeves on performance of F. japonica grown in a field cage for 14 

weeks. 
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6.3.2 Indirect impacts 

 

The growth of F. japonica was not significantly different in the presence of the native 

competitors or the addition of activated carbon compared with the controls, but 

biomass was significantly reduced by 20% as a result of A. itadori  herbivory (F5,60 = 

2.94, P<0.05). 

     d)                   e)               f) 

Figure 6.3. Impact of sleeves on growth of F. japonica a-f) in the absence of herbivory. 

Plants were grown concurrently with the herbivory impact experiment and destructively 

sampled at the same time. 

a)                b)              c) 
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The final biomass of the native plant species was significantly reduced by 40% when 

grown in the presence of F. japonica compared with controls (Fig. 6.4). This effect 

was not significantly altered by either the addition of activated carbon or A. itadori 

herbivory and was found for both herb and grass species and their combined total 

biomass (Table 6.3). There was a significant negative relationship between the 

biomass of the native species and the biomass of F. japonica (y= 23.58 + -0.23x, r 2 

=0.18, n=45, P<0.05; Fig. 6.5). The initial size of the F. japonica rhizomes did not 

significantly differ between treatments (F2,63 = 0.11, P = 0.90).  

 

 

 

 

 

 

 

 

 

 

Figure 6.4. The dry biomass of aboveground material of artificial native communities (G. 

robertianum, L. album, P. trivialis, S. dioica & U. dioica) grown in the presence or absence of 

F. japonica (both with and without A. itadori herbivory) and with and without the addition of 

activated carbon (AC).  Experimental pots were grown outside in field cages for 14 weeks 

before harvest. Error bars represent ± 1 S.E. 
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Figure 6.5. Relationship between total dry biomass of aboveground material of artificial 
native communities (G. robertianum, L. album, P. trivialis, S. dioica & U. dioica) grown in the 
presence of F. japonica and the total dry biomass of F. japonica. The line indicates a 
significant negative relationship; y= 23.58 + -0.23x, r 2 =0.18, n=45, P<0.05). 
 
 
 

6.4 Discussion 

 

6.4.1 Direct target impacts 

 

Aphalara itadori not only satisfies the host specificity requirements (Shaw et al. 

2009) but has the capacity to significantly reduce the growth of F. japonica under 

semi-field conditions and in relatively short time periods. These impacts do 

correspond to the desired impacts to alleviate some of the problems caused by F. 

japonica. In particular, the reduction in rhizome growth as the belowground rhizome 

network is important in facilitating extensive regrowth (Beerling et al. 1994). These 

results build on previously reported impacts of A. itadori on Fallopia species 

(Grevstad et al. 2013), where similar effect sizes were found. 

In the literature on control agent selection, it is now well established that ineffective 

control agents should not be released over concerns of indirect non-target impacts 

on arthropods that can be mediated through shared natural enemies (Holt & Lawton 

1994) and food web disruptions (McClay & Balciunas 2005, Pearson & Callaway 

2005, Raghu et al. 2006). Though, since species differ in their defences and 

palatability, not all potential control agents would influence food webs equally. Poorly 

defended species that are more likely to act as a prey subsidy for generalist 

predators (Tipping et al. 2011) and if they are also ineffective then could pose the 
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highest risk of indirect effects. As such, demonstrating the efficacy of relatively poorly 

defended species (such as non-lerp forming psyllids) is very relevant. Despite the 

potential risks in classical biocontrol indirect non-target impacts (Seymour & 

Veldtman 2010), it is important to consider that the presence of a new, abundant, 

prey species may not necessarily influence the population levels of a generalist 

predator and these interactions will likely be further complicated through intraguild 

predation (Tipping et al. 2011).  

Broader control agent selection criteria, including the reporting of impact studies will 

likely improve the chance of releasing successful control agents. Groenteman et al. 

(2011) discuss the potentially missed opportunities of previously released agents 

that would not have been released under the current assessment structure despite 

proving successful at controlling the target weed without any adverse non-target 

effects. This highlights the potential disparity between the fundamental host range 

identified pre-release and the realised host range in the field and how specificity 

shouldn’t be the only consideration in agent selection. 

These results will also help manage the expectations of any stakeholders regarding 

field impacts. Here, demonstrable impacts were observed within just one growing 

season, principally as a reduction in the growing potential and size of the rhizome. 

These impacts could affect regrowth, and gradually weaken the plant over several 

years if the herbivory pressure is sufficient.  It is likely then, that in the field, 

biocontrol would limit the spread of F. japonica at a local scale if A. itadori becomes 

established and abundant.  

Given the habitat range of the target and the impact potential of the control agent it is 

likely that biocontrol will form a component of a larger integrated approach. This is 

particularly relevant in urban areas or development sites where complete target 

removal is often the aim and there are rigid timescales. Integrative weed 

management can give a better chance of combating the impacts of the target weed 

(Ainsworth 2003) if the different control methods can be suitably combined (e.g. 

Moran & Hoffman 2012).  
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Table 6.3. Summary of the ANOVA model results of the native plant species aboveground biomass response to planting of F. japonica (Fj) with 

and without herbivory by A. itadori (psyllid) and the addition of activated carbon (AC). The presence of A. itadori is not included as a main effect 

as psyllids were not placed with native plants without F. japonica. Total biomass is the herb and grass data pooled together. 

    

  Total biomass 
 

Herb biomass Grass biomass 

 d.f MS 
 

F P MS F P MS F P 

Fj 1 9.65 16.6 <0.001 10.41 14.5 <0.001 5.97 6.1 <0.05 
AC 1 0.18 0.3 0.583 0.37 0.5 0.477 0.13 0.1 0.717 
Fj x psyllid 1 0.02 0.0 0.951 0.04 0.1 0.820 0.55 0.6 0.460 
Fj x AC 1 0.91 1.6 0.215 1.12 1.6 0.208 0.41 0.4 0.521 
Fj x psyllid x AC 1 0.04 0.1 0.799 0.06 0.1 0.777 0.19 0.2 0.666 
Residuals 59 0.58   0.72   0.99   
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When considering the level of impacts on a target weed from any control method, the 

magnitude of the impacts of that target to the environment must also be considered. 

Under a cost:benefit framework, even a small reduction of a highly damaging weed 

can give greater returns of investment than greatly reducing a relatively less 

damaging weed (Page & Lacey 2006). 

This study supports that A. itadori is a suitable classical biocontrol agent and 

demonstrates that it has the potential to be effective and damaging to F. japonica. If 

A. itadori does become established in sufficient density then it may be expected that 

the psyllid will limit the new growth of F. japonica significantly. 

 

 

6.4.2 Indirect impacts 

 

There is no evidence for allelopathy in this study, despite the significantly reduced 

growth of the native plants when grown with F. japonica (Fig. 6.5). In this case, it is 

likely that other mechanisms, such as direct resource competition or shading effects, 

contributed to the strong competitive ability of F. japonica. Furthermore, the growth 

response of the native species was not altered by the presence of A. itadori even 

though the psyllid did significantly reduce the biomass of F. japonica. It is possible 

that these results are a product of the spatial and temporal scale of the experiment. 

These constructed communities were only together for a relatively short time and 

since F. japonica was grown from small rhizome fragments the duration of the study 

may not have been sufficient for any allelochemicals to have an impact. Since this 

study is comparable in scale to that carried out using F. x bohemica (Murrell et al. 

2008), then this explanation would only be valid if F. japonica demonstrates weaker 

allelopathy than F. x bohemica. 

As for the lack of response of the native species in the presence of A. itadori 

observed in the present study, this is likely to be down to the time frame. It is 

desirable for a biocontrol agent to have indirect beneficial impacts on native plants 

as simply the reduction of a target weed is rarely sufficient to meet the aims of a 

control programme. It is the late instar nymphs of A. itadori that principally damage 

the plant (R. Eschen; unpublished data). Late instar nymphs had only developed for 
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a short time when the study was ended, so communities would need to be followed 

for longer to see if A. itadori herbivory alleviates the negative impacts of F. japonica 

to native plants species, by whichever mechanism this takes place. This was not 

done in the present study as the principal aim was to identify the role of F. japonica 

allelopathy. 

Though widely used, there are potential complications in detecting allelopathy using 

activated carbon. Through the addition of activated carbon, it is possible that plant 

performance can be influenced positively, by the addition of nutrients (Lau et al. 

2008), or negatively through disruption of signalling with belowground symbionts 

(Wurst et al. 2010). As such, studies using activated carbon only go so far in 

explaining how allelopathy can structure plant communities and would ideally be 

carried out alongside other methods (Inderjit & Callaway 2003, Lau et al. 2008).   

It is not necessarily expected that congeneric species will have equal allelopathic 

effects. For example, C. maculosa, an invasive species in North America, is known 

for inhibiting native species through exuding the allelochemical (-)-catechin (Bais et 

al. 2003). Though, C. solstitialis, a closely related congener, appears not to inhibit 

the performance of other plants through allelopathy (Qin et al. 2007). There is 

evidence that F. japonica has a lower inhibitory effect on germination of other plant 

species under laboratory conditions (Moravcova et al. 2011), though allelopathy can 

act differently on the processes of germination and plant growth (Parepa et al. 2012). 

In the present study, F. japonica allelopathy was not an important factor in inhibiting 

the growth of nearby plants. 

Plant invasions can have complex and lasting effects on the invaded area. 

Successful invaders can not only demonstrate increased allelopathic impacts in 

invaded ranges compared with native ranges (Inderjit et al. 2008) but can also 

disrupt plant-soil feedbacks. Tanner & Gange (2013) discuss the knock-on effects of 

F. japonica invasions. As a species weakly dependent on arbuscular mycorrhizal 

fungi, sustained monocultures of F. japonica could lead to a depletion of the fungal 

network in the soil. This then has implications for the recovery and establishment of 

any native species which may be heavily dependent on arbuscular mycorrhizal fungi. 

Tanner & Gange (2013) also suggest that disturbance of the soil at invaded sites 

may lead to further disruption of the soil fungi community, whereas Murrell et al. 
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(2008) recommend frequent cutting of F. x bohemica to alleviate the allelopathic 

impacts. This highlights the need for management that is tailored to the particular 

target and environment as it is not safe to assume that closely related species will 

share traits and respond to management in the same way. 

It is likely that multiple mechanisms are involved in the competitive advantages of 

invasive plants (Urgenson et al. 2012). Fallopia japonica is able to negatively affect 

the growth of native plants both directly, as shown in this study, and indirectly by 

Tanner & Gange (2013). However, there is no evidence that allelopathy plays a 

considerable role in this, unlike its congener F. x bohemica. To further understand 

the mechanisms involved in knotweed invasions, ecologically realistic studies should 

be carried out not only using F. japonica and F. x bohemica but F. sachalinensis as 

well.  
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Chapter 7 – Integration of management methods 

7.1 Introduction 

7.1.1 Conventional management 

Depending on the particular aims of a control programme (van Klinken & Raghu 

2006), a single method of management may be insufficient to have the desired 

results. This is particularly the case with an invasive species that occupies a variety 

of habitats, such as F. japonica, where considerations about which method to use 

can vary in each instance (Lym 2005). For example, F. japonica occupying land to 

be developed often needs to be removed according to a particular deadline, often 

using mechanical methods. Physically removing F. japonica fragments the plant 

material and there is an increased risk of unintentionally spreading the plant, so 

mechanical removal may not be suitable along river banks. Classical biocontrol 

certainly is not always successful (Julien & Griffiths 1998) and conventional methods 

including physical removal, herbicide application or burning have limitations and are 

often only effective at a local scale at considerable expense (Kettenring & Adams 

2011). An integrated weed management approach has the potential to deliver 

greater control over the target species than the use of a single method alone 

(Messersmith & Adkins 1995). This has been demonstrated in multiple systems (Lym 

2005; Esler et al. 2010; Herrera-Reddy et al. 2012) despite some expectations that 

biological and chemical control would be incompatible (Harris 1991). Classical 

biocontrol often forms an essential component of an integrated programme, Moran & 

Hoffman (2012) reviewed the use of biocontrol for the management of invasive tree 

species in the fynbos areas of South Africa. Ten invasive tree species were targeted, 

often with the use of seed feeding insects, in the region with several of them showing 

considerable declines (Wood & Morris 2007; Impson et al 2011). 

A variety of methods are available for the conventional management of F. japonica. 

On sites where F. japonica needs to be eradicated over relatively short time periods, 

then stands can be physically dug out with the contaminated soil either buried on site 

with use of a weed membrane (to a minimum depth of 2m) or disposed offsite at a 

licensed landfill site (Environment Agency 2007). Most often, particularly in more 

environmentally sensitive areas, herbicides and manual cutting are used. Four 

herbicides are permitted for use against F. japonica in the UK (glyphosate, 2, 4-D 
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amine, Triclopyr & Picloram). Only glyphosate and 2, 4-D amine are approved for 

use in or near water with the former being most commonly used. Although herbicides 

and cutting are very destructive to the aboveground F. japonica material, due to the 

persistency and regeneration of the rhizome is can take at least 2-5 years to control 

a stand (Child & Wade 2000). The preferred timing of glyphosate application is mid 

to late in the growing season when the rhizome is acting as a sink for nutrients and 

when the herbicide can disrupt protein synthesis (Bashtanova et al. 2009).  

Given the prevalence of conventional control of F. japonica and if A. itadori achieves 

widespread establishment, there will be cases where control methods are likely to be 

combined, whether intentionally or not. Understanding how a biocontrol agent is 

affected by conventional methods is important in determining the compatibility of 

methods as well as the combined impacts on the target plant. In some cases, the 

biocontrol agent performance is not directly affected by the application of herbicides 

(Lindgren et al. 1999; Lym 2005) but nonetheless, herbicides can reduce 

performance of biocontrol agents by direct toxicity or through loss of resources or 

altered feeding and oviposition preferences (Ainsworth 1999). The effectiveness of 

biocontrol can also be reduced following the use of alternative methods. For 

example, Larson et al. (2007) reported that populations of a biocontrol agent for 

Euphorbia esula L. in the USA were lower in plots previously treated with herbicides 

compared with those which were untreated. This disruption was only short term and 

in the space of three years E. esula density had recovered, as had the insect 

numbers. 

It is also possible that a sub-lethal application of herbicides can have a positive effect 

on herbivore performance. The biocontrol agents Neochetina sp. (Coleoptera: 

Curculionidae), were present at lower densities in areas invaded by Water hyacinth, 

Eichhornia crassipes (Mart.) Solms, in the USA which were treated regularly with 

herbicides compared to those sites which were not. Despite this, Center et al. (1999) 

report that treated plants were of a higher nutritional value and as result the 

biocontrol agents had higher reproductive performance. Though, Katembo et al. 

(2013) investigated whether herbicide application improved the nutritional quality of 

the plant and increased the insect feeding rate, again with water hyacinth and 

Neochetina sp., in South Africa, but concluded there were no significant effects. 
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Much like the use of herbicides, physical control can affect biocontrol agent 

performance (Hatcher & Melander 2003). Aside from the direct removal of resources, 

regrowth plant material is often of a different nutritional quality and depending on the 

herbivore or pathogen present, this change in quality could be to their benefit or 

detriment. For example, O. vitiosa (Coleoptera: Curculionidae), a biocontrol agent of 

M. quinquenervia, is limited to feeding on regrowth plant material which has a higher 

nitrogen content, so cutting may increase the amount of suitable resources (Wheeler 

2001). Conversely, regrowth foliage may be less palatable for herbivores due to a 

reduction of available nutrients (Mattson 1980). There may also be a higher 

resistance to pathogens in regrowth material (Green & Bailey 2000). Hatcher & 

Melander (2003) distinguished between plant regrowth and plant wounding and their 

effects on biocontrol agents. Wounded foliage is unlikely to yield nutritional benefits 

for herbivores but may increase infection by a pathogen. If best practise is followed 

during physical control efforts of F. japonica then wounded plant material should not 

be encountered but regrowth will be very common. It is important to consider the 

consequences of combining multiple control measures, particularly in terms of 

potential detrimental impacts on a biocontrol agent and their combined efficacy. 

Experiments both in a controlled environment and outside in field cages were carried 

out to test the hypotheses that A. itadori is susceptible to herbicides and would have 

a higher mortality after exposure and lower oviposition preference. The hypothesis 

that combining cutting, herbicide application and biocontrol of F. japonica would yield 

a greater degree of control than individual methods alone was also tested. 

 

7.1.2 Multiple biocontrol agents 

Many weed biocontrol programmes release multiple biocontrol agents against the 

target (Julien & Griffiths 1998). There has been debate whether multiple releases 

improve the likelihood of success compared to single agent releases (Denoth et al. 

2002) and whether multiple releases follow a Lottery model (Myers 1995). The idea 

of a lottery is that the more biocontrol agents released, the higher the chance that 

one will be effective but not necessarily with the expectation that the combination of 

biocontrol agents will be more effective. In many cases of releasing multiple species, 

most of the control is attributable to a single biocontrol agent (Myers 1995). As with 

combining conventional and biological control, multiple species sharing the same 
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resource will interact with the potential for beneficial or detrimental outcomes. Since 

a plant can provide multiple niches and those species targeted by classical 

biocontrol are usually very abundant it was thought that multiple biocontrol agents 

used against weeds are less likely to interfere with each other, especially compared 

to those used against insect pests (Denoth et al. 2002). However, Denno et al. 

(1995) reports competitive interactions among insects in over 90% of 45 weed 

biocontrol studies considered. There are examples of cases where multiple releases 

may have had antagonistic (Story et al. 1991), independent (Stephens & Myers 

2014) or synergistic (Hoffman & Moran 1998) effects. Interactions among biocontrol 

agents can also be indirect. Herbivore induced changes in plant quality can have 

effects on other herbivores (Karban & Myers 1989) and plant damage or infection by 

a pathogen can alter insect fitness (Kuess 2002).  

Mycosphaerella polygoni-cuspidati Hara, a leaf-spot pathogen, has been shortlisted 

as a candidate biocontrol agent for release against F. japonica in the UK, pending 

completion of host range studies. In the native range, M. polygoni-cuspidati is known 

to be damaging to F. japonica (Kurose et al. 2009). Symptoms include dark lesions 

on the leaf surface and leaf necrosis and distortion can occur at high infection rates. 

The life cycle of M. polygoni-cuspidati is complex (Fig. 7.1) and it has not been 

possible to complete all phases under quarantine conditions (M. Seier, personal 

communication).  Plants may be inoculated using the spermogonia, which are 

present in the leaf spots. Though, suitable vectors, such as insects, are required in 

order to cross-fertilise spermogonia, to allow the development of the ascomata, the 

fruiting body of the pathogen which will contain multiple ascospores.  If released, 

there is the potential for both biocontrol agents to have an additive impact on F. 

japonica as the periods of highest damage will likely occur at different times but also 

there is the potential that the presence of one could inhibit the other. In this 

experiment, the oviposition preferences of A. itadori were investigated when offered 

both a healthy plant and one with a light infection of M. polygoni-cuspidati.  
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Figure 7.1. Overview of broad timings of potential life cycles of A. itadori (inside circle) and 

M. polygoni-cuspidati (outside circle) over the year. Information for M. polygoni-cuspidati 

adapted from Kurose et al. (2009). 

 

7.2 Materials and methods 

7.2.1 Conventional management 

Toxicity trials 

The survival of adults, nymphs and eggs were tested separately with two herbicides 

that differ in identity and concentration of active ingredient (a.i.), glyphosate 

(Roundup GC 120g/L a.i.; Monsanto UK, Cambridge, UK) and 2, 4-D amine (Depitox 

500g/L a.i.; Nufarm, Bradford, UK). The concentrations used followed the 

manufacturer’s advice and were 1:33.3 glyphosate: water (3.6g/L a.i.) and 1:35 2, 4-

D amine: water (14.3g/L a.i.). All experiments were carried out in a controlled 

environment room (22 ± 1°C, 50-85% r.h. and 14:10 light:dark cycle). 
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For the adult survival experiment, 20 adult psyllids were placed in a tube and each 

randomly selected to be sprayed with three pumps from a handheld mist sprayer 

(4ml volume) of either tap water, glyphosate or 2, 4-D amine (n= 10 for each). Cotton 

wool was placed at the bottom of each tube to prevent psyllids being submerged. 

Each tube was then put at the base of a fresh F. japonica plant 15-25cm tall under 

individual perforated plastic cloches. Survival of psyllids was recorded for 21 days. 

For the nymph survival experiment 12 first or second instar nymphs were taken from 

culture and placed in a 9cm Petri dish lined with filter paper and a F. japonica leaf. 

Each dish was sprayed with either tap water, glyphosate or 2, 4-D amine as above 

(n= 10 for each) then the nymphs were transferred to fresh F. japonica plants c.10cm 

tall under individual perforated plastic bag cloches 50cm tall. Due to space 

requirements, these nymphs were not followed through to adulthood but survival 

recorded for six days. All plants in the adult and nymph experiments were placed in 

plastic trays and watered as required. 

Data were analysed using parametric survival models to test for differences in 

censored survivorship, indicating that some individuals survived beyond the end of 

the experiment. Models used Weibull errors which assume a non-constant hazard 

over time (Crawley 2007).   

For the egg hatch experiment, 12 F. japonica plants c.20cm tall were placed under 

individual cloches with 20 adult psyllids taken from culture which were allowed to 

oviposit for seven days. Three leaves were selected from each plant and placed in 

9cm Petri dishes lined with moistened filter paper. Each Petri dish was randomly 

assigned to be sprayed with water or either of the herbicides as above (n= 12 for 

each). The number of eggs on each leaf was counted using a dissecting microscope 

just before the treatments were applied and the subsequent numbers of first instar 

nymphs were recorded daily for 21 days. Nymphs were removed each day to 

prevent double counting.   

Oviposition preference 

Limitations on space and materials meant that psyllid oviposition preference could 

only be tested for one herbicide (glyphosate) and was carried out in field cages in the 

CABI garden. 
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Two F. japonica plants each in ten replicates were randomly positioned at the 

corners of a plastic tray and covered with a gauze sleeve. One plant was a control 

and sprayed with water and the other was sprayed with glyphosate (at 2.4g/L a.i.) for 

15s from a 1.25L Hozelock Spraymist pressure sprayer (45ml total volume applied). 

Plants sprayed with glyphosate were left for seven days before use and total leaf 

areas recorded. Thirty A. itadori adults were taken from culture and placed in the 

centre of the tray and allowed to oviposit for five days, after which all adults were 

removed and eggs were counted using a dissection microscope.  

Impact trial 

A study on the combined impact of different control measures on F. japonica was 

carried out using field cages at the CABI site in Egham. Rhizome fragments 

containing one node, weighing between 8-18g, were planted in 3L pots at a depth of 

5cm in a heated greenhouse unit for 3 weeks and watered as required. Plants were 

then re-potted into 6L containers and arranged outside in field cages and left for a 

further week. The plant height, stem diameter (1cm above soil level), leaf number 

and total leaf area was recorded. Each plant was randomly assigned one of three 

management treatments and all factorial combinations or a control (n= 10 for each). 

The treatments were as follows; 

• Control – no manipulation 

• Cutting – all aboveground material removed down to soil level at the 

beginning of the trial 

• Spraying – plants sprayed with glyphosate  

• Biocontrol – 50 A. itadori adults were released on the plants and left 

throughout. 

• Cutting + Spraying  

• Cutting + Biocontrol – two weeks were allowed for F. japonica to start to 

regrow before psyllids were released.  

• Spraying + Biocontrol 

• Cutting + Spraying + Biocontrol 

 

In the spraying treatments, the same concentration of glyphosate was used as that 

used in the toxicity trials. Plants were taken to a designated area and sprayed for 
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15s from a 1.25L Hozelock Spraymist pressure sprayer (45ml total volume applied) 

and left for 30min before being returned to the field cages. The herbicide was applied 

11 weeks after the start of the trial so that any differences between plants either in 

the presence or absence of A. itadori may be detected. All plants were covered 

individually in mesh sleeves to prevent psyllids escaping and provide a uniform 

environment for all treatments. All plants were harvested after 14 weeks and 

aboveground dried biomass and dried rhizome biomass recorded for each in addition 

to the plant measurements taken at the start of the experiment. Plant material was 

dried at 75-80oC for 72h. 

 

7.2.2 Multiple biocontrol agents 

 

Leaf spot culture 

Cultures were initiated from isolates collected from Mt. Hiko, Japan. Plugs from 

actively growing agar cultures were mixed with 0.2ml of sterile water and dropped 

into 250ml of potato dextrose broth.  Flasks containing the broth were sealed with 

foam bungs and placed on a rotary shaker at 18°C and 170rpm for eight days. The 

broth was then blended for two seconds to create a more even suspension of 

mycelium and transferred to 30ml tubes for storage at -18°C (K. Pollard, personal 

communication). Frozen inoculate could be removed from storage as necessary, 

allowed to defrost and applied to the surface of F. japonica leaves using a 

paintbrush. Plants were then incubated in a dew chamber (Mercia Scientific, 

Birmingham, UK) for 48h at 22°C (four at a time and one agar plate to check 

viability). Inside the chamber a heat sink ensures the plants are maintained below 

the dew point of air, water vapour is produced from a water tray at the base. Dew 

then forms on the plants under high humidity and facilitates inoculation of the plants. 

Plants were left for 21 days before use in the experiment to allow symptoms to 

develop. 

 

Oviposition preference 

 

Oviposition choice tests were carried out in 45x45x45cm ventilated Perspex cages in 

a controlled environment room (24±1°C). Each replicate (n= 10) consisted of two 
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randomly positioned F. japonica plants, one control and one infected with M. 

polygoni-cuspidati. Plants were the same age and paired to be similar in size. The 

number of leaves and total leaf areas were recorded at the start of each trial. Thirty 

A. itadori adults were taken from culture and put in a 30ml tube. These tubes were 

then placed in the centre of the cage and the psyllids allowed onto the plants. After 

five days all adults were removed from the cage and the number of eggs on each 

plant counted. 

 

 

7.3 Results 

7.3.1 Conventional management 

Toxicity trials 

The application of herbicide significantly reduced the survivorship of both adults (χ2= 

242.21, d.f. = 2,598, P<0.001) and nymphs (χ2= 78.38, d.f. = 2,358, P<0.001) of A. 

itadori compared with the application of tap water. Glyphosate was more toxic to the 

psyllids compared with 2, 4-D amine (Figs. 7.2 & 7.3). The proportion of eggs that 

hatched after being treated with herbicide was significantly lower than the control 

group (t = 2.23, d.f. = 2,33, P<0.05, GLM Quasibinomial). The application of 

glyphosate or 2, 4-D amine reduced hatching by 24% and 21% respectively (Fig. 

7.4). 
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Figure 7.2. Kaplan-Meier survivorship curve for A. itadori adults sprayed with either a tap 

water control (dotted line), 2, 4D amine (solid line) or glyphosate (dashed line). Ten 

replicates of 20 psyllids were sprayed in glass tubes then released onto individual F. 

japonica plants for 21 days. + indicates that some individuals were still alive at the end of the 

experiment.  

 

 

 

 

 

 

 

 

 

 

Figure 7.3. Kaplan-Meier survivorship curve for A. itadori nymphs sprayed with either a tap 

water control (dotted line), 2, 4D amine (solid line) or glyphosate (dashed line). Ten 

replicates of 12 first or second instar psyllids were sprayed in 9cm Petri dishes then 

transferred onto individual F. japonica plants for six days. + indicates that some individuals 

were still alive at the end of the experiment.  
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Figure 7.4. Mean ± 1 S.E. proportion of A. itadori eggs that hatched after spray application 

of either a tap water control, 2, 4D amine or glyphosate (n = 12 each). Eggs were initially 

oviposited onto fresh F. japonica plants then individual leaves were placed in 9cm Petri 

dishes before being assigned to each treatment. The emergence of new first instar nymphs 

was recorded daily for 21days. Different letter indicate significant differences (P<0.05). 

 

Oviposition preference 

The proportion of eggs laid on F. japonica treated with glyphosate was significantly 

lower compared with untreated plants (t = 14.14, d.f. = 1,19, P<0.001, GLM 

Quasibinomial) under choice conditions (Fig. 7.5) with a 42% reduction. 

 

 

 

 

 

 

 

 

Figure 7.5. Mean ± 1 S.E. proportion of eggs laid on either control or herbicide treated F. 

japonica plants by thirty adult A. itadori psyllids allowed to oviposit for five days (n = 10). The 

experiment was carried out outside in field cages. Different letters indicate significant 

differences (P<0.05). 
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Impact trial 

There were no differences between management methods for change in stem height 

or diameter but there were significant differences between management methods for 

change in leaf number, area and final above and belowground dry mass (Table 7.1). 

All combinations of management including cutting or spraying reduced the final leaf 

number and area compared to control plants and those attacked by psyllids (Fig. 

7.6). The addition of psyllids alone did not significantly change the dry mass of 

aboveground material compared to control plants, but all other management 

combinations did (Fig. 7.7). Psyllids did however significantly reduce the dry mass of 

the rhizome compared to control plants, as did all other management combinations 

apart from spraying only (Fig. 7.7). There was no indication that any combination of 

control measures had any synergistic impacts beyond that of one of the constituent 

methods alone. 

 

 

 

Table 7.1. Response of various plant measures of F. japonica to at least one method of 

control including cutting, spraying, biocontrol using A. itadori and all their combinations.  

Plant measure F d.f. P 

Change in height 1.62 7,71 0.15 
Change in diameter 2.13 7,71 0.052 
Change in leaf number 46.46 7,71 <0.001 
Change in leaf area 30.23 7,71 <0.001 
Aboveground dry mass 31.66 7,71 <0.001 
Rhizome dry mass 34.93 7,70 <0.001 
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Figure 7.6. The change in leaf number (a) and total leaf area (b) response of F. japonica to 

different combinations of control methods (cutting at base, spraying with glyphosate or 

addition of 50 adult A. itadori). Plants were outside in field cages for 14 weeks over the 

summer before sampling. Boxes with different letters above are significantly different. n = 10. 
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Figure 7.7. The rhizome dry mass (a) and aboveground material dry mass (b) of F. japonica 

under different combinations of control (cutting at base, spraying with glyphosate or addition 

of 50 adult A. itadori). Plants were outside in field cages for 14 weeks over the summer 

before sampling. Boxes with different letters above are significantly different. n = 10. 

 

7.3.2 Multiple biocontrol agents 

The proportion of eggs laid on F. japonica infected with M. Polygoni-cuspidati was 

significantly lower compared with uninfected plants (t = 2.44, d.f. = 1,19, P<0.05, 

GLM quasibinomial) under choice conditions (Fig. 7.8). 
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Figure 7.8. Mean ± 1 S.E. proportion of eggs laid on F. japonica plants infected or not with 

the leaf spot pathogen, M. polygoni-cuspidati. Thirty adult A. itadori were left to oviposit in a 

Perspex container with one healthy and one infected plant for five days (n = 10). Different 

letters indicate significant differences (P<0.05). 

 

7.4 Discussion 

7.4.1 Conventional management 

The results of this study suggest a low compatibility between the use of A. itadori for 

biocontrol and conventional methods when directly combined, since the use of 

herbicides had a detrimental impact on survival at all life stages (Figs. 7.2 – 7.4). 

Furthermore, there appears to be no additive or synergistic impacts on F. japonica 

from combining control measures (Fig. 7.6). While at first this result appears 

problematic, it does not preclude the use of an integrated approach for the 

management of F. japonica. The impacts of herbicides to A. itadori reported here, 

collected under laboratory conditions, are likely to overestimate the impacts under 

field conditions. Additionally, integrated management can segregate the use of 

different control methods both spatially and across the year to minimise interference 

(Hatcher & Melander 2003). Timing the application of conventional methods around 

the life cycle of a biocontrol agent to minimise impacts can be effective. For example, 

Paynter (2003) demonstrates the effect of herbicide application timing on 

Neurostrota gunniella Busck (Lepidoptera: Gracillariidae), a biocontrol agent of 

Mimosa pigra L. in Australia. Three herbicides were applied at different times, post 

N. gunniella oviposition. The proportion of larvae surviving to adulthood on plants 
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treated nine days after oviposition was reduced from 0.5 in the control group to less 

than 0.1 in the herbicide treatments. However, if herbicide application was delayed 

until 23 days post oviposition then there were no differences between treatments. In 

this case, a small change in management practise avoided a considerable impact on 

the biocontrol agent. In the case of F. japonica, although some spraying regimes 

apply multiple herbicides throughout the growing season, autumn applications are 

most common. This should be emphasised where the psyllids are present as a late 

season use of herbicides would likely have minimal impact on immature stages of A. 

itadori compared with a spring application as they are less likely to be present. 

Additionally, spring applications of herbicides to F. japonica should be discouraged 

where A. itadori is likely to be present as it would reduce the number of suitable 

plants for nymph development. The two herbicides differed in their toxicity to adults 

and nymphs of A. itadori with glyphosate being more toxic. This should be 

considered when selecting herbicides along with other factors such as susceptibly 

nearby vegetation and the persistency of the herbicide in the environment.  

Timing physical control, such as cutting, to minimise the effects on the biocontrol 

agents, or potentially to increase their impact if for example regrowth plant material is 

preferred is also important. Tipping (1991) considered the combination of cutting with 

a seed-feeding biocontrol agent, R. conicus to control Carduus thoermeri Weinm. 

(syn. Carduus nutans L.) in the USA . Cutting at the early stages of the plant 

development resulted in high mortality of the biocontrol agent, whereas there was no 

difference in number of insects present between control and treatment groups when 

cutting was delayed until senescence. Furthermore, this delay facilitated R. conicus 

to significantly reduce the number of seeds produced earlier in the season. At F. 

japonica sites where an integrated approach can be used, the sequential use of 

different methods may well be the most effective. A spring cut of aboveground 

material will limit the development of the rhizome (Fig. 7.7), but leaving a small area 

uncut will provide a refugia for A. itadori until the regrowth is suitable for oviposition. 

A population of psyllids throughout the growing season, if undisturbed, should 

continue to restrict the rhizome growth (Fig. 7.7) which could be followed by an 

autumn application of herbicides, which at this time should have the smallest effect 

on A. itadori. Although in this study, cutting had the largest effect on F. japonica, it is 

the most labour intensive method discussed here and also the most likely to 
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unintentionally spread F. japonica through disposal of the waste material. Therefore, 

cutting may not be recommended for many sites and is not feasible as a control 

method over large areas. 

The aims of land managers with a F. japonica invasion in an environmentally 

sensitive area, such as a riparian habitat in a protected area, compared with an 

urban development site will differ. The former will likely be ultimately looking to 

restore a desirable vegetation assemblage, similar to that in non-invaded areas, 

whereas eradication of F. japonica from a site would be sufficient for a developer. It 

depends on where the F. japonica invasion occurs, and the management aims, that 

the potential benefits of classical biocontrol differ. It is in the environmental areas, 

where fewer resources are available for F. japonica removal that biocontrol has the 

largest potential benefit in reducing F. japonica impacts on native communities and it 

would be more important to minimise the disruption of biocontrol from conventional 

methods. Furthermore, a common aim of biocontrol programmes is that the long 

term impacts of the biocontrol agent will reduce the costs from other management 

methods. This would benefit landowners regardless of which habitat has been 

invaded.  

Integrated management can also utilise plant competition to enhance control 

(Manrique et al. 2009). This can be especially useful when the goal of invasive 

species management is the recovery of a more desired community as the removal of 

an invasive species alone may be insufficient (Reid et al. 2009) and active 

restoration efforts may be needed. Cutting & Hough-Goldstein (2013) demonstrated 

that the combined use of the herbivore, Rhinoncomimus latipes Korotyaev 

(Coleoptera: Curculionidae), and sowing a native seed mixture had an additive 

impact on the performance of Persicaria perfoliata (L.) H. Gross, an invasive weed in 

the USA. The seeded treatments also had the widest diversity of establishing native 

plants, including species not planted. This combination of control and restoration can 

help to prevent secondary invasions from other non-native species, which can be a 

problem once free space is created following the removal of an invasive weed 

(Symstad 2004; Butler & Wacker 2010). 

This study suffers from the same limitations as many investigating the effectiveness 

of invasive plant control, small scale and a relatively short time period (Kettenring & 
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Adams 2011). It would be useful to extend the herbicide toxicity trials to investigate 

susceptibility of nymphs at different instars and follow their development through to 

adulthood. Particularly as insect population development is likely to be restricted if 

exposed to herbicides. Further work is also needed to quantify the impacts of other 

control methods on A. itadori performance, such as explicitly testing the nutritional 

quality of F. japonica regrowth for A. itadori.  Also, herbicides are not exclusively 

applied as a spray, stem injection treatment is also commonly used (Child & Wade 

2000). If used when A. itadori is present then some of the direct impacts could be 

avoided but there may be an increase in indirect impacts, such as oviposition 

avoidance as seen as a response to foliar spraying in this study (Fig. 7.5), or 

reduced longevity. 

 

7.4.2 Multiple biocontrol agents 

In this study, infection by M. polygoni-cuspidati had a negative impact on A. itadori 

through reduced oviposition (Fig. 7.8). If both agents were to co-occur under field 

conditions, the extent that A. itadori would be effected is unknown but should be 

considered. Since the symptoms of M, polygoni-cuspidati appear late in the season 

(Kurose et al. 2009), it is possible that psyllid oviposition preference in spring would 

not be an important factor in determining how well these two biocontrol agents could 

be integrated, but rather how well A. itadori nymphs perform on infected plants. For 

example, combined use of the leaf beetle Cassida rubiginosa Muller and pathogen 

Phoma destructive (Plowr.), two natural enemies of C. arvense , would likely have 

antagonistic effect as insects reared on infected plants had longer development 

times, lower larval weight and higher pupal mortality compared to insects reared on 

uninfected plants (Kruess 2002). 

There is always a risk of detrimental non-target effects, however small, from 

releasing a biocontrol agent. As such, unnecessary releases should not be made 

(Denoth et al. 2002), especially into systems where adequate control is already likely 

to be achieved or where the new biocontrol agent is likely to have a considerable 

impact on an existing one. However, the release of a biocontrol agent shouldn’t 

preclude releases of additional species if there is reasonable support that they can 

be effectively integrated. For example, it may be possible for small but persistent 
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amounts of damage to an invasive weed caused by one biocontrol agent to trigger 

induced resistance and reduce the effectiveness of other biocontrol agents (Zidack 

1999). As with any release, the damage potential of the leaf-spot, both alone and in 

combination with the psyllid should also be considered as there may be potential for 

an additive effect (Buccellato et al. 2012). It is unlikely that M. polygoni-cuspidati 

would drastically inhibit A. itadori populations even where they co-occur but this 

study has highlighted the potential for a negative interaction. Further investigation 

will be needed to determine how soon after F. japonica is infected before psyllids 

may be affected and also the infection rates on plants where A. itadori is already 

present. Caesar (2003) advocates the inclusion of studies on insect – pathogen 

interactions, especially the likelihood of synergisms, into the selection criteria of 

biocontrol agents. 
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Chapter 8 – General discussion 

8.1 Key findings 

Chapter 3 

- Increasing amounts of quantitative data were available from post-release 

monitoring programmes in the general literature. Meta-analyses indicate that 

recently published classical biocontrol programmes caused significant 

declines in target weed performance. 

- Sufficient data were also available to test for the recovery of non-target plant 

species at release sites. After biocontrol, plant species diversity increased 

significantly compared with control sites. There is still not enough data 

available to assess non-plant taxa. 

Chapter 4 

- Aphalara itadori were reared in cages outside and developed fully over a 

period of 9-14 weeks. A mean ± SE of 503 ± 12 dd above a base of 10oC was 

required for development. It is likely that there could be two generations in 

South East England. 

- Fecundity of females maintained outside was lower than that under laboratory 

conditions. A mean ± SE of 156.2 ± 22.2 eggs per female was recorded. 

- Adult A. itadori were able to overwinter on senesced potted F. japonica as 

well as cut trunk sections of Q. robur and P. sylvestris under no choice 

conditions. 

Chapter 5 

- Periods of rainfall may reduce the abundance of A. itadori as significantly 

more eggs were displaced from leaves exposed to simulated rainfall 

compared with control plants. 

- Aphalara itadori showed significant oviposition preferences for plants under 

different watering regimes. Plants at the extremes were preferred with more 

eggs laid on either drought stressed or saturated plants compared with those 

with an intermediate soil moisture content. 
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- Excluding the majority of generalist predators increased the number of A. 

itadori nymphs surviving on F. japonica plants in a garden environment. 

Chapter 6 

- Aphalara itadori has the potential to cause significant declines in F. japonica 

size and growth within one season. Plants with psyllids present were 

significantly shorter, had a smaller leaf area and had a lower rhizome dry 

weight compared with plants without herbivory. 

- Fallopia japonica significantly reduced the performance of several native plant 

species when grown together. Allelopathic interactions were not detected as 

the mechanism of this negative impact. 

- The performance of native species grown with F. japonica was not 

significantly different with or without the presence of A. itadori, which did 

significantly reduce the performance of F. japonica. 

Chapter 7 

- Herbicide applications significantly reduced the survivorship of A. itadori at all 

life stages. Glyphosate was more toxic to psyllids than 2, 4-D amine. 

- Aphalara itadori showed a higher oviposition preference under choice 

conditions for control plants compared with those that had been treated with 

glyphosate. The psyllids also preferred not to oviposit on plants which were 

infected with another biocontrol candidate, the leaf spot pathogen M. 

Polygoni-cuspidati.  

- Combinations of conventional and biological management of F. japonica were 

tested. Individually, cutting, herbicide application or psyllid herbivory all 

reduced some measures of plant performance. There was no evidence for 

any synergistic or additive impacts in the short term by combining more than 

one treatment methods. Only psyllid herbivory and cutting reduced the weight 

of the rhizome.  
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8.2 Discussion  

Invasive species remain one of the most considerable environmental and economic 

threats many countries face (Vitousek et al 1997; Pimentel et al. 2001). In the UK, F. 

japonica is among the most damaging invaders (Williams et al. 2010). The decision 

to release A. itadori represents a significant step in the management of invasive 

plants in the EU (Sheppard et al. 2006). The findings in this thesis expand on the 

work carried out prior to the release of A. itadori regarding efficacy of the biocontrol 

agent and factors which may affect it. Many of the experiments in this thesis used a 

mesocosm of large potted plants in a garden or field cage environment. This 

approach does have the benefit of being relatively cheap and straightforward to carry 

out and allows for data to be collected in a short space of time. Experiments at this 

middle scale provide a good interim between laboratory studies carried out pre-

release and having to wait potentially many years before sufficient data can be 

collected from field release sites.  

However, the extent to which various outcomes of weed biocontrol projects in the 

field can be predicted, based on data collected under controlled conditions is 

extremely important. As discussed throughout this thesis, it has been host range 

testing predominantly considered pre-release, part of the screening for safe agents. 

It is unsurprising then than it is for host specificity that there appears to be the 

greatest degree of success, highlighted by Fowler et al (2000). In recent decades, 

however, there has been an increase in the number of questions being asked using 

data collected under controlled conditions and how these relate to the outcomes of 

weed biocontrol efforts in the field. Broadly, these include predicting suitable climatic 

envelopes, estimating the likely damage caused to the target species and impacts on 

the agent from external pressures such as predation or weather.  

The successful prediction of post-release efficacy using small scale controlled trials 

has been quoted as the “holy grail” of weed biocontrol (McFadyen 1998). This is due 

to the fact that there are many examples where agents have become established 

and abundant but failed to have any effective control of the target species (Julien & 

Griffiths 1998). Subsequently, it was advocated that efficacy testing becomes a 

much more integral part of the agent selection process (Raghu et al 2006). This is in 

part where this thesis filled a gap in the Fallopia japonica control programme with the 
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impacts results in Chapter 6. McClay & Balciunas (2005) suggest one reason why 

practictioners may be reluctant to carry out impact assessments is the concern of 

false negatives, that an agent will be rejected but may have still been effective if 

released. This is possible given some of the limitations of evaluating impact under 

artificial conditions. For example, Hough-Goldstein et al. (2008) demonstrated that R. 

latipes, a curculionid biocontrol agent of P. perfoliata, had only relatively minor 

impacts on seed production over one growing season in field cage trials when used 

alone, but subsequent trials combining herbivory with plant competition resulted in 

up to 75% target mortality. It is conceivable that in this case, R. latipes may have 

been rejected if considered in isolation only. Undoubtedly, experiments carried out 

under controlled conditions fail to capture the complexity of natural systems and 

there may well be both false negatives and false positives in agent selection. 

Nonetheless, I would suggest that some level of efficacy screening be included in all 

weed biocontrol programmes as a minimum to provide some baseline data in which 

field performance could be compared. Additionally, the use of data collected under 

controlled conditions can help calibrate expectations of performance, be it impact to 

the host or survival etc. by comparing changes in response between different 

increments each more resembling natural conditions (e.g. Manrique et al. 2011). 

Since the goal of a biocontrol programme will include the control of the target 

species at the field scale, a biocontrol agent that is effective only in an artificial 

environment would not be deemed successful, though, field cage studies can be 

very useful for predicting expected outcomes and informing best practise. It is also 

worth remembering that even relatively minor impacts on F. japonica cause by A. 

itadori in the field could be considered successful if considered under a cost benefit 

framework as the disruption caused by F. japonica is considerable. 

Aphalara itadori, as a biocontrol agent of F. japonica, has thus far failed to establish 

a persistent population or cause noticeable damage to its host in the field (R. Shaw, 

personal communication). This is despite the successful reproduction and impacts 

on F. japonica demonstrated in this thesis, that suggest that A. itadori has the 

potential to establish in the south of England and be a successful biocontrol agent. 

Competition, predation and plant quality were all shown to reduce the performance 

of A. itadori but it is unclear whether it is any of these factors, individually or in 

combination, alongside abiotic conditions that explain the failure thus far for A. itadori 
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to establish in the field. These are important considerations as the outcome of the 

classical biocontrol efforts of F. japonica may have some considerable 

consequences for weed biocontrol in Europe more generally. As discussed in this 

thesis the regulation and release of A. itadori in the UK represents a step-change in 

European invasive weed management as it widens the available tools which can be 

used, in line with many other countries outside Europe. It is perhaps both surprising 

and unsurprising that Europe seems so far behind the rest of the world as a recipient 

of weed biocontrol, on the one hand, there has been a long history of releasing 

biocontrol agents against arthropod pests in European countries (Greathead & 

Greathead 1992). This widespread use of biocontrol for arthropod pests is in contrast 

to the lack of clear legislation and general public unease regarding releases against 

plant targets. Perhaps the risks for arthropod control have been perceived to be 

lower given its prevalence in protected cropping or horticultural settings, nonetheless 

there appears to have been a political and public blind-spot to plant pathogens and 

herbivores as beneficial species. On the other side, unlike some of the other 

countries which had led the way for weed biocontrol, Europe is an intensively 

managed, fragmented area with a dense population. This may have limited the 

scope for relatively few invasive weeds from occupying vast areas of land and 

having a very visible impact on the landscape, coupled with the strong horticultural 

heritage in many European countries and the UK in particular, it is perhaps 

unsurprising there has been some degree of stagnation to manage invasive plants at 

a landscape scale. Nevertheless, the detrimental impacts of invasive weeds have 

been more widely recognised in recent decades and irrespective of the previous 

impetus for weed biocontrol, there will most likely be a need to integrate every 

available method, including classical biocontrol, for effective weed management in 

the future. 

By setting a precedent, the F. japonica biocontrol programme should be able to open 

the way for similar biocontrol efforts against other candidate weeds in Europe, which 

are not few or trivial (Sheppard et al. 2006). The release of A. itadori does 

demonstrate that it is possible to carry out classical weed biocontrol under the 

current legislative framework in the UK, but also serves to highlight that while 

possible, the regulatory process is far from straight forward.  Shaw et al. (2011) 

outlined some of the lessons to be learnt from the F. japonica programme for a pre-
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release phase, such as more tailored legislation. Streamlining the regulation, 

perhaps by following the model of countries such as New Zealand, is certainly one 

way to help facilitate the uptake and will be especially important if the use of plant 

pathogens as biocontrol agents is to move forward. However, it will also be important 

to set in place the necessary support for complete biocontrol programmes, beyond 

just the identification and release of agents. This has been a common theme 

throughout this thesis that delivering and understanding effecting weed control relies 

of investment during the post-release phase. It has previously been suggested it is 

up to biocontrol practitioners to communicate the importance of post-release work 

(Morin et al. 2009) and this is still largely true. Not only must the science behind a 

control programme be sound, but considerable effort must be placed into how the 

work is communicated and implemented as rarely are the challenges purely 

ecological. 

Several years after the initial release, it is still very unclear whether A. itadori will 

prove to be a persistent and effect biocontrol agent. While there have been no 

observed non-target effects in the field, which should serve to give confidence in the 

host-range testing to those unfamiliar with biocontrol, there has also been no 

demonstrable impacts in the field to F. japonica. It is now well established that 

ineffective biocontrol agents should not be released wherever possible (McClay & 

Balciunas 2005) and though this thesis does serve to establish that A. itadori can 

fundamentally be an effective agent, ultimately there is still the missing information 

collected at the open field scale. Given the results of this thesis, it is unlikely that A. 

itadori would establish large self-sustaining natural populations if continued to be 

released in the existing way. Ideally, a more, bigger, better approach to release 

would be possible by releasing an adequate number of individuals (which is likely 

true for the current programme) but over more sites and providing some initial 

protection against natural enemies. We do know that A. itadori can reproduce in the 

UK, restrict the growth of F. japonica, overwinter successfully but until a more 

thorough release effort can be permitted and supported I would not suggest ruling 

out A. itadori as an effective biocontrol agent. There are still some fundamental 

aspects of the biology of A. itadori which are still unknown and would warrant further 

investigation, especially if self-sustaining field populations are identified. In particular, 

the dispersal capability of the psyllid could have a considerable effect on its 
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effectiveness as a control agent and how quickly new patches of F. japonica could 

be colonised and whether movement may be in the region of a few kilometres a 

year, similar to other psyllid agents (Center et al. 2006) or otherwise. 

Psyllids are palatable to a wide range of predators (Hodek & Honek 2009) so it is 

likely that the top-down predation pressure could be severely inhibiting 

establishment, particularly when psyllid populations are only present at low densities. 

Field studies manipulating predator presence or density, similar to that detailed in 

Chapter 6 but at a larger scale, would quickly reveal whether generalist predation is 

a barrier to establishment. Additionally, a treatment that initially contains psyllids on a 

patch before allowing dispersal and predators to immigrate would assess the 

effectiveness of a soft release for A. itadori should be considered as part of the 

strategy for future releases. Further investigation into how A. itadori interacts with 

predators in its released range would be very interesting, not only in terms of the 

efficacy of control but also ecologically. Fallopia japonica possesses extrafloral 

nectaries, structures which serve to attract natural enemies when the plant is 

suffering from a high herbivore load, which has been demonstrated in the native 

range (Kawano et al. 1999). It is unclear how these interactions may be structured in 

the UK if A. itadori becomes established, but the potential is there for extrafloral 

nectaries to become attractants to natural enemies. In particular, as a common ant 

species, L. niger, was frequently seen investigating new patches of knotweed 

(personal observation) and may interact with A. itadori which would be of interest 

more generally to understand any potential food web effects. 

Despite the benefits of carrying out small-scale experiments immediately post-

release, such as those included in this thesis, there are limitations. Particularly with 

F. japonica, plants grown for field cage studies can suffer from pot effects if used for 

more than one season. This makes it difficult to attribute changes in plant 

performance to an experimental treatment and therefore, impacts from psyllid 

herbivory were not determined for cumulative years. Consequently, there is little 

substitute for well designed, manipulative field studies. Invasion biology generally 

has suffered from a lack of manipulative studies (Kareiva 1996) so it is difficult to 

make predictions on how well different species will perform. The same is also true of 

classical biocontrol releases, which are essentially intentional and, initially managed, 

biological invasions.  
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How various factors affect the survival and performance of A. itadori are presented 

here, yet each importance of each of these factors can be modified by complex 

interactions under natural conditions and are an important consideration. For 

example, Jamieson et al. (2012) recently carried out an experimental study 

alongside impact monitoring using the Linaria dalmatica (L.) P. Mill. (Plantaginaceae) 

biocontrol system. Levels of nitrogen availability and interspecific plant competition 

were manipulated to determine their effects on herbivore damage by Mecinus 

janthinus Germar (Coleoptera: Curculionidae). It was determined that M. janthinus 

has the potential to cause significant damage to its host if present in sufficient 

density, however, L. dalmatica showed a marked positive response to the addition of 

nitrogen and top-down control of this species may well be reduced in high nutrient 

areas. 

Understanding the outcome of potential interactions between factors such as 

predation, plant quality, competition and so on, may have implications for how 

biocontrol is implemented and also perceived. Data collected under controlled or 

partially controlled conditions (field cage), as it was for the majority of work in this 

thesis, undoubtedly does have a role to play in identifying which factors are most 

likely to be important or some fundamental aspect of the study system and can be 

gathered relatively quickly and cheaply. However, the artificial nature of these types 

of study means there will always be more uncertainly about interactions compared 

with factorial field experiments. Ideally, releases would be made as part of a large 

scale manipulative field experiment, incorporating additional factors of likely 

importance and in the case of A. itadori the role of natural enemies and alternative 

control methods have been identified. It may be the case that owing to how different 

factors interact at different scales that effective control in one place may not predict 

effective control elsewhere, even for the same biocontrol agents and target 

combinations. This may lead to context dependent control, for example Shea et al. 

(2005) suggested that population level variation in plant life history traits may explain 

the mixed control success of Nodding thistle, but other cases where different 

predator assemblages, nutrient levels, management practises etc. and their 

combinations could equally determine the outcome of biocontrol. 

Looking forward from this thesis. For the biocontrol programme of F. japonica in the 

UK, it seems prudent to persist with attempts to establish A. itadori at least until 
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every effort to aid establishment has been taken considering the problem of few 

release sites and top-down natural enemy pressures. Perhaps if there is still no 

establishment after these additional efforts, only then would diverting resources into 

an alternative agent, M. polygoni-cuspidati, or even other targets. The results from 

this thesis have served to inform several important aspects of the control and release 

strategy but also highlighted the limitations of solely relying on data collected under 

control conditions and not paired with factorial experiments under natural conditions, 

without which it is extremely difficult to understand the system with confidence. The 

lack of evident control in the first few years of the F. japonica control programme 

may have been a setback to propelling the use of weed biocontrol in Europe but 

regardless, this project has been extremely successful in increasing public and 

political awareness of the costs of invasive species and how they can be better 

controlled. It is hoped that weed biocontrol in general, will continue on an upward 

trajectory in Europe following on from the release of A. itadori and take note of the 

lessons to be learnt regarding the improvement of regulation and scale of research 

to assess and improve effectiveness. There is an opportunity in Europe not only to 

catch up with the rest of the world but move ahead. For this to happen there needs 

to be continued (and expanded) collaboration between the relatively few deliverers of 

classical weed biocontrol in Europe and academic institutions and additionally, 

utilisation of the expertise of North American and Australasian organisations whom 

have centres in Europe as part of their ‘native’ range work. 

Integrating biocontrol systems and experimental ecology is certainly not a new idea 

and has been advocated by Crawley (1989) and again more recently by Fowler et al. 

(2012) but is still underutilised. The potential for collaborations are not restricted to 

applied biologists either. There has been a vast amount of data collected for 

exploratory surveys and host range testing about the host specificity of insect faunas 

associated with particular plants. This bank of information regarding the numbers of 

specific species recorded for different hosts, as well as the response of 

monophagous species once released into a new environment could be more widely 

utilised by evolutionary ecologists interested in feeding specialisation. This would 

increase the value of data collected routinely as part of a biocontrol programme 

(Schaffner 2001). 
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As discussed above, the work carried out in this thesis was conducted as part of a 

collaborative effort to the benefit of all parties involved, including academic partners, 

biocontrol practitioners, the funding bodies of the F. japonica biocontrol programme 

in the UK as well as other interested stakeholders. Evidence supporting the use of 

classical biocontrol of weeds, as an effective management method, was presented in 

Chapter 3. Also, by expanding on the work carried out prior to the release of A. 

itadori, this thesis contributes to the applied field of weed biocontrol and is useful for 

informing the biocontrol programme’s release strategy. In particular, the fundamental 

development and impact data support that A. itadori could be an effective biocontrol 

agent of F. japonica in the UK and changes to the release strategy are advocated, 

such as the use of predator exclusion measures, which may increase the likelihood 

of establishment success. In addition, this work provides the basis for future 

research, relevant to both applied and pure ecology. 
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Appendices 

 

Appendix 1. Summary of the studies included in the meta-analyses (Chapter 3), 

including the characteristics used to explain heterogeneity in effect sizes. ‘Multiple’ in 

the agent guild column refers to either the presence of multiple control agents (where 

relative impact was not assessed separately) or when a single agent has different 

attack strategies during different life stages. Target growth forms follow those 

defined by the United States Department of Agriculture with the addition of ‘Aquatic’ 

as a classification. Global regions are based on a continental scale but only Australia 

and New Zealand are represented under ‘Oceania’. For studies included in the non-

target recovery analysis, whether the non-target species were native (N) or invasive 

(I) is detailed in the response variable column. If blank then this information was not 

available. 
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Author Target Target 
growth 

form 

Agent Agent 
guild 

Invasive 
region 

Native 
Region 

Duration 
(years) 

Study 
conditions 

Response 
variable 

Biocontrol agent presence/absence comparisons 
Abu-dieyeh and 
Watson (2007) 
  
 

Taraxacum 
officinale 
 

Forb, 
perennial 
 
 

Sclerotinia minor 
(Helotiales: 
Sclerotiniaceae) 

Pathogen 
 
 

 
N. America 
 
 

 
Europe 
 
 

 
1 
 

 
Field 

 
Plants/m2, % 
Cover 

Ajuonu et al. 
(2009)  
 
 

 

 

 

 

 

 
Eichhornia 
crassipes 
 
 

Aquatic, 
perennial 
 
 
 
 
 
 
 

Eccritotarsus 
catarinensis 
(Hemiptera: 
Miridae) 
 
Neochetina 
eichhorniae 
(Coleoptera: 
Curculionidae) 
 

Sap 
feeder, 
Folivore 
 
 
 
 
 
 

Africa 
 
 
 
 
 
 
 
 

S. 
America 
 
 
 
 
 
 
 

 
1 
 
 
 
 

 
Lab 

 
Leaf length, 
Total biomass 

Barton (2004)  
 
 
 

 

 

 

 

 

Ageratina 
riparia 
 

Forb, 
perennial 
 
 
 
 
 
 
 

Entyloma 
ageratinae 
(Entylomatales: 
Entylomataceae),  
 
Procecidochares 
alani  
(Diptera: Tephritid) 
 

Pathogen
, Gall 
former 
 
 
 
 
 
 

Oceania 
 
 
 
 
 
 
 
 

S. 
America 
 
 
 
 
 
 
 

1 
 
 

Field Species no. (N) 

Barton et al. (2007) 
 
 
 
 

 

 

 

 

Ageratina 
riparia 
 

Forb, 
perennial 
 
 
 
 
 
 
 

Entyloma 
ageratinae 
(Entylomatales: 
Entylomataceae) 
 
Procecidochares 
alani  
(Diptera: Tephritid) 
 

Pathogen
, Gall 
former 
 
 
 
 
 
 

Oceania 
 
 
 
 
 
 
 
 

C. 
America 
 
 
 
 
 
 
 

6 
 
 

Field Species 
richness (N) 

Bownes et al. 
(2010)  
 
 
 

Eichhornia 
crassipes 
 

Aquatic, 
perennial 
 
 
 

Cornops 
aquaticum 
(Orthoptera: 
Acrididae) 
 

Folivore 
 
 
 

Africa 
 
 
 

S. 
America 
 
 

 
1 

 
Lab 

 
Total biomass 

Boydston and 
Williams (2004) 
 

 

Convolvulu
s arvensis 
 

Vine, 
perennial 
 
 

Aceria malherbae 
(Acari: 
Eriophyidae) 
 

Gall 
former 
 
 

N. America 
 
 

Europe 
 
 

1 Lab Plant height, 
Shoot mass 

Butler and Wacker 
(2010)  
 

 

Euphorbia 
esula 
 

Forb, 
perennial 
 
 

Aphthona spp 
(Coleoptera: 
Chrysomelidae) 

Folivore 
 
 

N. America 
 
 

Europe 
 
 

6 Field % Cover (N,I) 

Coetzee et al. 
(2007) 
 

 

 

Eichhornia 
crassipes 
 

Aquatic, 
perennial 
 
 
 

Eccritotarsus 
catarinensis 
(Hemiptera: 
Miridae) 
 

Sap 
feeder 
 
 
 

Africa 
 
 
 

S. 
America 
 
 
 

1 Field Petiole length, 
Total biomass, 
Seedling no., 
Flower no. 

Collier et al. (2008)  
 

 

Cirsium 
arvense 
 

Forb, 
perennial 
 
 

Ceutorhynchus 
litura 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 
 

N. America 
 
 

Europe 
 
 

1 Lab  Total biomass 

Corn et al. (2006)  
 

 

 
 C. 
maculosa* 
 

Forb, 
perennial 
 
 
 

Cyphocleonus 
achates 
(Coleoptera: 
Curculionidae) 
 

Root 
feeder 
 
 
 

N. America 
 
 
 

Europe 
 
 
 

3 Field Stem length, 
Total biomass, 
Seed head no. 

Davies et al. 
(2005)  
 

 

Ulex 
europaeus 
 

Shrub, 
perennial 
 
 
 

Sericothrips 
staphylinus 
(Thysanoptera: 
Thripidae) 

Folivore 
 
 
 

Oceania 
 
 
 

Europe 
 
 
 

1 Lab Total biomass 

De Clerck-Floate 
and Wikeem 
(2009)  
 

 

Cynoglossu
m officinale 
 

Forb, annual 
 
 
 

Mogulones 
cruciger 
(Coleoptera: 
Curculionidae) 
 

Root 
feeder 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

2 Field Plants/1.25m2 

 

Dhileepan (2001) 
 
 

 

 
 

Parthenium 
hysterophor
us 
 

Forb, annual 
 
 
 
 
 

Multiple Multiple 
 
 
 
 
 

Oceania 
 
 
 
 
 

S. 
America 
 
 
 
 

3 Field Plant height, 
Seed no., 
Flower no., 
Plants/m2 

 

Dhileepan (2003)  
 

 

 

 

 

Parthenium 
hysterophor
us 
 

Forb, annual 
 
 
 
 

Zygogramma 
bicolorata 
(Coleoptera: 
Chrysomelidae) 
 
Epiblema 

Folivore, 
Gall 
former 
 
 
 

Oceania 
 
 
 
 
 

S. 
America 
 
 
 
 

4 Field Plant height, 
Total biomass, 
Seed no., 
Plants/m2 
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strenuana 
(Lepidoptera: 
Tortricidae) 

Dhileepan et al. 
(2000)  
 

 

 

Parthenium 
hysterophor
us 
 

Forb, annual 
 
 
 
 

Zygogramma 
bicolorata 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 
 
 

Oceania 
 
 
 
 

S. 
America 
 
 
 

1 Cage Height, Total 
biomass, Seed 
bank, Flower 
no. 

Doyle et al. (2002)  
 
 

 

 

Hydrilla 
verticillata 
 

Aquatic, 
perennial 
 
 
 

Hydrellia 
pakistanae 
(Diptera: 
Ephydridae) 
 

Miner/bor
er 
 
 
 

N. America 
 
 
 
 

Asia 
 
 
 
 

1 Lab Tuber mass, 
Flower no. 

Doyle et al. (2007)  
 
 

 

 

Hydrilla 
verticillata 
 

Aquatic, 
perennial 
 
 
 

Hydrellia 
pakistanae 
(Diptera: 
Ephydridae) 
 

Miner/bor
er 
 
 
 

N. America 
 
 
 
 

Asia 
 
 
 
 

2 Lab Total biomass 

Franks et al. 
(2006) 
 

 

  

Melaleuca 
quinquener
via 
 

Tree, 
perennial 
 
 
 

Boreioglycaspis 
melaleucae 
(Hemiptera: 
Psyllidae) 
 

Sap 
feeder 
 
 
 

N. America 
 
 
 
 

Oceania 
 
 
 
 

1 Cage Plant height, 
Total biomass 

Garren and 
Strauss (2009)  

 

 

 

 

 

 

 

 

Centaurea 
solstitialis 
 

Forb, 
perennial 
 
 
 
 
 
 
 
 

Eustenopus 
villosus 
(Coleoptera: 
Curculionidae) 
 
Chaetorellia 
succinea 
(Diptera: 
Tephritidae) 
 

Seed 
feeder 
 
 
 
 
 
 
 
 

N. America 
 
 
 
 
 
 
 
 
 

Europe 
 
 
 
 
 
 
 
 
 

2 Field Seed no., 
Plants/m2 

Gopalakrishnan et 
al. (2011) 
 

 
 

Eichhornia 
crassipes 
 

Aquatic, 
perennial 
 
 
 

Neochetina spp 
(Coleoptera: 
Curculionidae) 
 

Folivore 
 
 
 
 

Asia 
 
 
 
 

S. 
America 
 
 
 

 
2 

Cage Leaf no., Total 
biomass, 
Flower no., 
Plant no. 

Grevstad (2006)  
 
 

 

 

Lythrum 
salicaria 
 

Forb, 
perennial 
 
 
 

Galerucella pusilla,  
G. calmariensis 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

 
11 

Field Stem height, 
Stand area 

Grevstad et al. 
(2003)  
 

 

Spartina 
alterniflora 
 

Grass, 
perennial 
 
 

Prokelisia 
marginata 
(Hemiptera: 
Delphacidae) 

Sap 
feeder 
 
 

N. America 
 
 

S. 
America 
 
 

3 Cage Plant height, 
Total biomass 

 
Guo et al. (2010)  
 

 
 
 

 
Persicaria 
perfoliata 
 

Vine, annual 
 
 
 
 

 
Rhinoncomimus 
latipes 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 
 
 

N. America 
 
 
 
 

Asia 
 
 
 
 

 
1 
 

 

 
Cage 

 
Plant height, 
Total biomass, 
Seed no., 
Inflorescence 
no. 

Heard and 
Winterton (2000) 
 
 

 

Eichhornia 
crassipes 
 

Aquatic, 
perennial 
 
 
 

Neochetina bruchi, 
N. eichhorni 
(Coleoptera: 
Curculionidae) 
 

Folivore 
 
 
 
 

Africa 
 
 
 
 

S. 
America 
 
 
 

1 Lab Petiole length, 
Total biomass 

Hoffman et al. 
(2002)  
 

 

Acacia 
pycnantha 
 

Tree, 
perennial 
 
 

Trichilogaster sp. 
(Hymenoptera: 
Pteromalidae) 
 

Gall 
former 
 
 

Africa 
 
 

Oceania 
 
 

2 Field Seedpod no. 

Hough-Goldstein 
et al. (2008)  
 
 
 

Persicaria 
perfoliata 

Vine, annual 
 
 
 
 

Rhinoncomimus 
latipes 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 
 
 

N. America 
 
 
 
 

Asia 
 
 
 
 

1 Cage Stem 
circumference, 
Total biomass, 
Achene size 

Hough-Goldstein 
et al. (2009)  
 

 

 

Persicaria 
perfoliata 

Vine, annual 
 
 
 
 

Rhinoncomimus 
latipes 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 
 
 

N. America 
 
 
 
 

Asia 
 
 
 
 

4 Field % Cover 

Hudgeons et al. 
(2008)  
 
 

 

Tamarix sp. Tree, 
perennial 
 
 
 

Diorhabda 
elongata 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

2 Cage Regrowth 
(mass) 

Hunt-Joshi et al. 
(2004)  
 
 
 

 

 

 

 

Lythrum 
salicaria 
 

Forb, 
perennial 
 
 
 
 
 
 
 

Galerucella 
calmariensis 
Coleoptera: 
Chrysomelidae) 
 
Hylobius 
transversovittatus 
(Coleoptera: 
Curculionidae) 

Folivore, 
Root 
feeder 
 
 
 
 
 
 

N. America 
 
 
 
 
 
 
 
 

Europe 
 
 
 
 
 
 
 
 

4 Cage Stem height, 
Flower no., 
Species 
richness 
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Jacobs et al. 
(2006) 
 

. 

 

Centaurea 
stoebe 
 

Forb, 
biennial 
 
 
 

Cyphocleonus 
achates 
(Coleoptera: 
Curculionidae) 
 

Folivore 
and root 
feeder 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

8 Field Stem length, 
Total biomass, 
Flower no. 

Knochel et al. 
(2010)  
 
 

 

 

Centaurea 
stoebe 
 

Forb, 
biennial 
 
 
 
 

Cyphocleonus 
achates, 
Larinus minutus 
(Coleoptera: 
Curculionidae) 
 

Flower, 
root and 
seed 
feeders 
 
 

N. America 
 
 
 
 
 

Europe 
 
 
 
 
 

2 Field Total biomass, 
Flower no. 

Landis et al. (2003) 
 
 
 
 

Lythrum 
salicaria 
 

Forb, 
perennial 
 
 
 

Galerucella pusilla,  
G. calmariensis 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

7 Field Stem height, 
Species 
richness 

Lesica and Hanna 
(2004)  
 

 

 

 

Euphorbia 
esula 
 

Forb, 
perennial 
 
 
 
 

Aphthona  
nigriscutis 
(Coleoptera: 
Chrysomelidae) 

Folivore 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

6 Field Total biomass, 
Flower no., 
Plant/m2, 

Species no. 
(N,I) 

Martin et al. (2010)  
 
 
 

 

 

 

 

 

Melaleuca 
quinquener
via 
 

Tree, 
perennial 
 
 
 
 
 
 
 

Oxyops vitiosa 
(Col.: 
Curculionidae) 
 
Boreioglycaspis 
melaleucae 
(Hemiptera: 
Psyllidae) 
 

Folivore, 
Sap 
feeder 
 
 
 
 
 
 

N. America 
 
 
 
 
 
 
 

Oceania 
 
 
 
 
 
 
 

3 Field Total biomass 

McAvoy et al. 
(2002)  
 

 

Lythrum 
salicaria 
 

Forb, 
perennial 
 
 

Hylobius 
transversovittatus 
(Coleoptera: 
Curculionidae) 

Root 
feeder 
 
 

N. America 
 
 

Europe 
 
 

5 Field Root biomass 

          
Medal and Cuda 
(2010) 

 
 

Solanum 
viarum 
 

Shrub, 
perennial 
 
 

Gratiana boliviana 
(Coleoptera: 
Chrysomelidae) 

Folivore 
 
 

N. America 
 
 

S. 
America 
 
 

3 Field Plant height, % 
Cover (N,I) 

Mejri et al. (2010)  
 
 
 
 

 

 

Bromus 
diandrus 
 

Grass, 
annual 
 
 
 
 
 

Pseudomons 
trivialis 
(Pseudomonadale
s: 
Pseudomonadalec
eae) 
 

Pathogen 
 
 
 
 
 

Africa 
 
 
 
 
 

Europe 
 
 
 
 
 

1 Lab Total biomass 

Milbrath and 
Nechols (2004)  
 
 
 
 

 

Carduus 
nutans 
 

Forb, 
biennial 
 
 
 
 
 

Rhinocyllus 
conicus, 
Trichosirocalus 
horridus 
(Coleoptera: 
Curculionidae) 
 

Seed 
feeder, 
Folivore 
 
 
 
 

N. America 
 
 
 
 
 
 

Europe 
 
 
 
 
 
 

1 Cage Flower no. 

Myers et al. (2009)  
 

 

 

Centaurea 
diffusa 

Forb, 
perennial 
 
 

Larinus minutus 
(Coleoptera: 
Curculionidae) 

Flower 
and seed 
feeders 
 

N. America 
 
 

Europe 
 
 

1 
 

Field Seed head no., 
Plants/0.25m2 

Norambuena and 
Piper (2000)  
 

 

Ulex 
europaeus 
 

Shrub, 
perennial 
 
 

Apion ulicis 
(Coleoptera: 
Apionidae) 
 

Seed 
feeder 
 

S. America 
 
 

Europe 
 
 

 
2 

Field Seed no. 

O'Brien et al. 
(2010)  
 

 

 

Centaurea 
solstitialis 
 

Forb, annual 
 
 
 
 

Puccinia jaceae 
var. solstitialis 
(Basidiomycota: 
Uredinales) 
 

Pathogen 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

2 Field Seed no. 

Overholt et al.  
(2010) 
 

Solanum 
viarum 
 

Shrub, 
perennial 
 

Gratiana boliviana 
(Coleoptera: 
Chrysomelidae) 

Folivore 
 

N. America 
 

S. 
America 
 

 
4 

Field Plants/4m2 

          

Paynter (2005)  

 

Mimosa 
pigra 
 

Shrub, 
perennial 
 

Carmenta mimosa 
(Lepidoptera: 
Sesiidae) 

Miner/bor
er 
 

Oceania 
 

S. 
America 
 

 
4 

Field Seed no., 
Plants/m2 

          
Paynter et al.  
(2006) 
 
 

 

 

 

 

Clematis 
vitalba 
 

Vine, 
perennial 
 
 
 
 
 
 

Phoma clematidina 
(Pleosporaceae: 
Dothideales) 
 
Phytomyza 
vitalbae 
(Diptera: 
Agromyzidae) 

Pathogen
, 
Miner/bor
er 
 
 
 

Oceania 
 
 
 
 
 
 

Europe 
 
 
 
 
 
 

 
2 

 
Field 

 
% Cover 
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Pratt et al. (2005)  
 

 

Melaleuca 
quinquener
via 
 

Tree, 
perennial 
 
 

Oxyops vitiosa 
(Coleoptera: 
Curculionidae) 

Folivore 
 
 

N. America 
 
 

Oceania 
 
 

1 Field Inflorescence 
no. 

Ripley et al. (2006)  
 
 

 

 

Eichhornia 
crassipes 
 

Aquatic, 
perennial 
 
 
 

Eccritotarsus 
catarinensis 
(Hemiptera: 
Miridae) 
 

Sap 
feeder 
 
 
 

Africa 
 
 
 
 

S. 
America 
 
 
 

1 Lab Total biomass 

Roche et al. (2001) 
 
  
 

 

Centaurea 
solstitialis 
 

Forb, annual 
 
 
 
 

Eustenopus 
villosus 
(Coleoptera: 
Curculionidae) 
 

Seed 
feeder 
 
 

N. America 
 
 
 

Europe 
 
 
 

1 Lab Achene no. 

Seastedt et al. 
(2008)  
 

 

Centaurea 
diffusa, 
C. stoebe 

Forb, 
biennial & 
perennial 
 

Urophora sp. 
(Diptera: 
Tephritidae) 

Seed 
feeder 
 
 

N. America 
 
 

Europe 
 
 

10 Field Seed no. 

 
Sheppard et al. 
(2001)  
 

 

 
Echium 
plantagineu
m 
 

Forb, annual 
 
 

 
Mogulones 
larvatus  
(Coleoptera: 
Curculionidae) 

Root 
feeder 
 
 

Oceania 
 
 

Europe 
 
 

 
2 

 
Cage 

 
Total biomass, 
Seed no., 
Flower no. 

 
Simelane and 
Phenye (2005) 
 
 
 
 

 
 
 
 

 
Lantana 
camara 
 

 
Shrub, 
perennial 

 
Teleonemia 
scrupulosa 
(Hemiptera: 
Tingidae) 
 
Ophiomyia 
camarae 
(Diptera: 
Agromyzidae) 
 

 
Sap 
feeder, 
Miner/bor
er 

 
Africa 

 
S. 
America 

 
2 

 
Field 

 
Stem height, 
Total biomass, 
Flower no. 

Tipping et al. 
(2008)  
 
 
 

 

 

 

 

Melaleuca 
quinquener
via 
 

Tree, 
perennial 
 
 
 
 
 
 
 

Oxyops vitiosa 
(Coleoptera: 
Curculionidae) 
 
Boreioglycaspis 
melaleucae 
(Hemiptera: 
Psyllidae) 
 

Sap 
feeder 
 
 
 
 
 
 
 

N. America 
 
 
 
 
 
 
 
 

Oceania 
 
 
 
 
 
 
 
 

3 Field Total biomass, 
Seed no. 

Tipping et al. 
(2009)  
 

 

 

Melaleuca 
quinquener
via 

Tree, 
perennial 
 
 
 

Boreioglycaspis 
melaleucae 
(Hemiptera: 
Psyllidae) 
 

Sap 
feeder 
 
 
 

N. America 
 
 
 
 

Oceania 
 
 
 
 

4 Field % Cover (N) 

Turner et al. (2010)  
 
 
 
 

 

 

 

 

Asparagus 
asparagoid
es 

Vine, 
perennial 
 
 
 
 
 
 
 

Puccinia 
myrsiphylli 
(Basidiomycota: 
Uredinales) 
 
Zygina sp 
(Hemiptera: 
Cicadellidae) 
 

Pathogen
, Sap 
feeder 
 
 
 
 
 
 

Oceania 
 
 
 
 
 
 
 
 

Africa 
 
 
 
 
 
 
 
 

1 Lab Tuber length, 
Total biomass 

Van Hezewijk et al. 
(2010)  

 

 

Linaria 
dalmatica 

Forb, 
perennial 
 
 

Mecinus janthinus 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 
 

N. America 
 
 
 

Europe 
 
 
 

9 Field Stem length 

Wirf (2006)  
 

 

 

Mimosa 
pigra 

Shrub, 
perennial 
 
 

Macaria pallidata 
(Lepidoptera: 
Geometridae) 

Folivore 
 
 
 

Oceania 
 
 
 

C. 
America 
 
 

1 Field Plant height, 
Aboveground 
biomass 

Pre and post-release comparisons  
Albright et al. 
(2004)  

 

 

Lythrum 
salicaria 
 

Forb, 
perennial 
 
 

Galerucella spp. 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 

N. America 
 
 

Europe 
 
 

4 Field % cover 

Cline et al. (2008)  
 

 

 

Euphorbia 
esula 
 

Forb, 
perennial 
 
 

Aphthona spp. 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 

N. America 
 
 

Europe 
 
 

5 Field % emergence 
(N, I) 

Lindgren (2003)  

 

 

 

 

Lythrum 
salicaria 

Forb, 
perennial 
 
 
 

Galerucella 
calmariensis 
(Coleoptera: 
Chrysomelidae) 
 

Folivore 
 
 
 
 

N. America 
 
 
 
 

Europe 
 
 
 
 

5 Field Plants/m2 

Sing et al. (2008)  
 
 

Linaria 
dalmatica 

Forb, 
perennial 
 

Mecinus janthinus 
(Coleoptera: 
Curculionidae) 

Miner/bor
er 
 

N. America 
 
 

Europe 
 
 

14 Field % Cover 
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Forb, 
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Field 
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