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ABSTRACT 
Miscanthus is a C4 perennial grass genus that is being evaluated as a sustainable 

biomass crop. It is the aim of this thesis to investigate the potential insect pests of this 

plant when grown in the UK and northern Europe. 

The threat posed to Mlscanthus by indigenous insects is addressed by studying 

the host suitability of the plant to two aphid pests. The inability of Rhopalosiphwn pads' 

to utilise Miscanthus indicates the plants ability to naturally resist this species. In 

contrast Rhopaloslphum maidis is shown to be able to reproduce on this novel host 

and is used to successfully transmit the RPV isolate of BYDV to Miscanthus. The 

reductions in yield caused by infection highlight the risk posed by such pests to 

Miscanthus and the impact that the cultivation of this susceptible host may have on 

the ecology of the virus in Europe. 

The effect of leaf loss on Miscanthus is then studied. Inoculations with the noctuid 

cutworm Noctua pronuba indicated that, even at the low larval populations, biomass 

is significantly reduced. The impact of leaf loss on the yield of Mlscanthus is further 

studied by the use of artificial defoliation techniques. The resulting relationship 

between the severity and timing of defoliation and yield indicates that Miscanthus is 

able to compensate for early season defoliations and allows the economic feasibility 

of controlling defoliating pests to be examined. 

The ecoclimatic modelling program COMEX, is used to study the potential 

establishment of exotic pests that may threaten Miscanthus in Europe Three species, 

L. issorhoptrus oryzophilus, Chilo suppressalis and Mythimna separata, are shown to 

be able to sustain economically damaging populations throughout Europe. The 

consequences of their introduction are discussed along with the methods that are 

used to study such introductions. 

Finally, the findings of this study are reviewed and discussed in relation to how the 

project was structured and how its results can be used to help formulate and 

research effective pest management strategies for the control of insect pests in 

Miscanthus. 
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CHAPTER 1 
MIscanthus: Past, Present and Future 

Miscanthus (Elephant grass) is a high yielding, C4 
, perennial 

grass genus that is being evaluated as a suitable biomass 

crop for European agriculture. The taxonomy, origin and 

distribution of the genus are discussed, along w th the recent 
development of biomass crops. This includes key reasons 

why such crops are currently being investigated, the 

suitability of Miscanthus as a biofuel crop and its cultivation 

and crop husbandry. Miscanthus is currently regarded as 

pest free : The question of potential insect pests of this newly 

domesticated crop is addressed with respect to ecological 

theory regarding the colonisation of new host plants by insect 

herbivores. The primary aims of the thesis are outlined with a 

brief introduction to the studies detailed in later chapters. 
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Mlscanthus Past, Present and Future 

I. 1 INTRODUCTION 
Miscanthus (Elephant grass), subfamily Panicoideae, is a rhizomatous perennial 

grass genus belonging to the subtribe Saccharineae, the most primitive of the tribe 

Andropogoneae (Greef & Deuter, 1993). This subfamily is predominantly tropical and 

includes several economically important cereal crops, cultivated fodder grasses, 

weeds and natural pasture species (Table 1-1). 

The genus Miscanthus originates in south-east Asia, its geographical distribution 

extending from tropical, subtropical and warm temperate parts of south-east Asia to 

the Pacific Islands (Greef & Deuter, 1993). In Japan, Taiwan and New Guinea 

members of the genus are known to form the most common perennial grassland 

communities (Ohwi, 1984; Chou & Ueng, 1992). In these regions they are commonly 
found to be dominant species in semi-natural grassland ecosystems which have been 

created by anthropogenic activities, such as burning and/or mowing (Mutoh et al., 

1985). In western Europe and North America Miscanthus has been solely regarded as 

an ornamental garden plant, being grown for its striking variegation, e. g. M sinensls 

var. Variegatus' - vertical variegation, and 'Zebrinus' - horizontal variegation (Scott, 

1995). 

Table 1-1. Economically important members of the Poaceae, subfamily Panicoideae. Source: 

Skerman & Riveros, 1984. 

Common name Scientific name Economic Distribution 
Importance 

millet Echinochloa crus-galls' 2 warm regions 

sorghum Sorghum bicolor 2,3,4 tropical & subtropical 

maize Zea mays 2,3,4 warm & tropical 

sugarcane Saccharum officinarum 3,4 tropical & subtropical 

pangola grass Digitaria eriantha 1 warm regions 

vetiver grass Vetivera zizanoides 5,6 tropical 

Key: 1- Weed, 2- Grain, 3- Fodder, 4- Oil, 5- Pasture, 6- Land stability 

Miscanthus is a C4 plant and therefore utilises an additional pathway for the 

transport of carbon dioxide in the process of photosynthesis. Such plants generally 

photosynthesise with greater net efficiency compared with C3 crop plants (Long et al., 

1989), resulting in exceptionally rapid growth and biomass accumulation. It is for this 
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Mlscanthus Past, Present and Future 

reason that significant interest has been shown in the use of Miscanthus as a biomass 

crop within northern Europe. 

1.2 BIOMASS ENERGY 
The use of specific crops and crop residues which can be converted to energy is a 

concept that has been exploited by man since his origins. Even today, such biomass 

or biofuel energy, continues to supply half the world's population with a domestic 

energy source (Hall et al., 1993). Some countries, such as Ethiopia, Nepal, and 

Tanzania, still derive some 90 per cent of their national energy requirements from 

such sources (Hall & Rosillo-Calle, 1992). 

Woodfuel has traditionally been the primary source of biomass energy, although 

this is not always the case. For example, in 1988 Brazil derived approximately 62 per 

cent of its country's vehicle fuel (i. e. 72 million barrels of oil equivalent) from the 

fermentation of sugarcane to ethanol (Goldemburg et al., 1992). The use of biomass in 

technologically advanced countries is considered by many as a method only used by 

the poorest nations. This fact is emphasised by a comparison of energy production 

sources between developed and developing countries (Figure 1-1). However, over the 

last few decades, developed nations have started to show substantial interest in the 

use of biomass energy crops to produce energy. 

Such interest has been driven by four key factors. These are now discussed along 

with the United Kingdom's biomass energy programme, a scheme that typifies the 

initiatives adopted by member states of the European Community (EC). 

Figure 1-1. Energy production sources for 1987 in developed countries, left, and developing 

countries, right. Source: Scurlock & Hall, 1989. 
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Miscanthus: Past, Present and Future 

1.2.1 Non-renewable Energy Depletion 

The dominant factor in the search for alternative energy production techniques 

has been the realisation that the 'Modern World' has come to depend on 

non-renewable sources of energy. These natural oil, gas and coal deposits are in 

danger of being depleted within the near future if world energy consumption 

continues at its current rate (Table 1-2). The true extent of these reserves is disputed 

(World Resource Institute, 1990) but the projected exhaustion of these reserves cannot 

be ignored. 

Table 1-2. Approximate world reserves of major non-renewable energy resources. Source: 

Jennings, 1989. 

Recoverable reserves' Production years 

major OPEC' members 800 100 

other Oil producers 500 45 

gas 1,500 125 

coal 5,000 centuries 

`Billion barrels of oil equivalent 'Organisation of Petroleum Exporting Countries 

Such concern has led to the development and utilisation of renewable means of 

energy production. Alternative fuel technologies, such as hydroelectric, solar, wind 

and biomass power, have begun to play an important role in national energy 

production (Figure 1-1). It appears likely that none of these systems will solely replace 

fossil fuels due to the limitation of individual processes (i. e. the need for specific 

environmental conditions for their utilisation). However, they will continue to play an 

increasing role in a global energy production system that consists of several 

production methods and increased energy conservation. 

1.2.2 Environmental Issues 

Over the past decade the influence of human activities on the environment has 

become an overwhelming factor in the development of biomass energy. Of primary 

concern has been the build up of atmospheric pollutants released by the burning of 

fossil fuels. The increase in atmospheric concentrations of gases, such as carbon 

dioxide (CO), methane (CH4) and nitrous oxide (N2O), have reduced the efficiency at 

which the earth cools and hence contributed to the Greenhouse Effect (IPCC, 1992). 
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Miscanthus- Past, Present and Future 

The Intergovernmental Panel on Climate Change (IPCC) report that this has caused 

an increase in the global mean surface temperature of about 0.3°C to 0.6°C since the 

late 19th century and will contribute to a sea level rise of 2 to 5 cm in the next 40 years 

(IPCC, 1992). 

Biomass energy production can be regarded as practical approach to 

environmental protection and the longer term issues of reducing greenhouse gas 

emissions. The burning of biomass releases the same amount of C02 as fossil fuels 

(Kristensen, 1994) but makes no net contribution to atmospheric CO2 
, since the gas is 

sequestered during the growing phase. Hence, such crops can be regarded as being 

'carbon neutral'. Additionally, the combustion of biomass produces considerably less 

sulphur than coal (Kristensen, 1994), an atmospheric pollutant that is a major 

contributor to acid rain and is responsible for the decline of some northern European 

forests (Anon., 1983). 

The cultivation methods likely to be applied to biomass crops also offer 

environmental benefits. To be successful such crops will require low inputs of 

fertilisers and pesticides (See also Section 1.3). Hence, the contamination of 

agricultural land, as a result of traditional intensive farming practices, will be 

substantially reduced (Sanchez & Benities, 1987). Perennial biomass crops will also 

help to reduce soil erosion and nutrient leaching since the soil surface is covered for 

the majority of the year (Repeto, 1988; Heath et al., 1994). 

1.2.3 Non-food Crop Production 

The substantial changes in European agricultural policies have been a decisive 

component in the adoption of biomass crops by farmers. In the 1950s Europe was a 

major importer of agricultural commodities. To reverse such trends and create a 

self-sufficient European agricultural market, the first Common Agricultural Policy 

(CAP) was introduced in 1957 (Article 39,1957 Treaty of Rome). The policy relied upon 

the existence of a guaranteed marketplace for farmers' produce. European 

authorities would set a standard price for agricultural commodities. If this was the 

best price, then farmers would sell their produce to the EC. This created intervention 

stores of commodities that could then be reintroduced into the marketplace when the 

goods' prices increased, thus providing a stable market. 
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By the 1980s, the success of CAP had seen Europe turn from a net importer to 

exporter. The self-sufficiency now demonstrated by home markets and the weakening 

market prices created an environment of production surplus and an accumulation of 

redundant intervention stores. The increasing costs of managing and disposing of 

these surplus stocks meant that there was little benefit to the farmers (Floyd, 1992). A 

series of supply-control regimes was therefore investigated by the EC to stem the 

overproduction. These involved two basic mechanisms: 

" reducing the support levels currently offered to cereal and beef producers. 

" removing a percentage of arable land from food crop production, termed 

'set-aside'. 

Provisional set-aside schemes were implemented in 1988. However, the voluntary 

nature and complexity of the scheme resulted in a poor uptake and only 100 ha was 

released in 1989 (Floyd, 1992). Therefore, the EC revised the scheme in 1992 

introducing two types of set-aside: 

" six year rotational set-aside - land that must not have been set aside at any 

time during the previous five years. 

" flexible set-aside - land that may be left in one place or moved from year to 

year as desired. Even if some of the land is rotated the flexible option must 

be applied for all of the set-aside and satisfy the basic percentage 

requirement. 

The rates of rotational and flexible set-aside were originally set at 15 and 20 per 

cent of the farmers land respectively, but are amended from year to year with the 

rates for both schemes being 10 per cent in 1996. Under current EC CAP, the 

rotational compulsory set-aside option allows this land to be used for the production 

of non-food crops, including biomass energy crops such as short rotation coppice 

(SRC) species (e. g. willow, Salix spp., and poplar, Populus spp. ) and Miscanthus. In 

1994 some 600,000 ha of land were set-side (Buckwell, 1992) and it is predicted that 

future set-aside regimes will cover approximately 30 to 40 million ha (Grassi & 

Bridgewater, 1992), releasing a substantial proportion of the farming landscape for 

the production of specific energy crops. 
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1.2.4 Economic and Social Factors 

Currently, the use of biomass fuels has been limited since they are expensive 

compared with traditional fossil fuels. This is due to their experimental nature and the 

lack of an established market. However, in the near future they will become more 

competitively priced due to the increasing taxation levels that are likely to be placed 

on non-renewable fuels. Countries such as Sweden already exert a carbon tax on the 

use of coal and oil for industrial energy production and it is likely that other European 

Community members will follow suit (Commission of the EC, 1991). 

There are also political and social advantages to the development of a biomass 

energy industry. Firstly, there is a strategic merit in reducing a nation's dependency 

on non-renewable sources of energy whose production is often controlled by another 

country and secondly, such an initiative will help to enhance the rural economy which 

is has been in decline since the Second World War (Speller, 1993). 

1.2.5 United Kingdom Biomass Strategy 
The British Government is encouraging the development of renewable energy 

sources through Non Fossil Fuel Obligation Orders (NFFO). Orders require regional 

electricity companies to derive a proportion of their power from renewable energy 

sources with the aim of enabling such technologies to achieve convergence towards 

competitive market prices. 1989 saw the publication of the third NFFO (NFFO-3) which 

explicitly included energy crops and agricultural and forestry wastes for the first time. 

These orders have set a target of 1,500 megawatts (MW) of electricity to be produced 

from renewable energy sources by the year 2000 (Anon., 1996a). 

The main candidate energy crops highlighted by the Government are short 

rotation coppice (SRC) and Miscanthus (Anon., 1991). It has been predicted that by 

the year 2025 electricity produced from such sources could be as much as ten per 

cent of the UK's electricity demand (Anon., 1994). So far three wood fired gasification 

plants totalling 19 MW have been awarded contracts under the NFFO-3 (Anon., 

1996a). The Government is making available £1.1 million annually, for 5 years (until 

1999), under the Woodland Grant Scheme to help farmers establish energy crops on 

their land. One-off planting grants of £400 on set-aside land and £600 on 

non-set-aside land are available (Anon., 1996b). 
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Miscanthus- Past, Present and Future 

Furthermore, the Government's Agriculture, Natural Resources and Environmental 

Panel and Chemicals Panel have highlighted the need to explore the development of 

agricultural raw materials for the manufacture of existing and novel products. These 

include chipboard, thatching material, cardboard and paper pulp substitutes and 

various starch based chemical products from biomass crops. 

1.3 SUITABLE BIOMASS CROPS 
A House of Lords Select Committee (Anon., 1991) identified the six essential 

criteria of an ideal fuel crop: 

"a high dry matter at harvest for efficient combustion. 

" perennial growth to maximise the growing season and avoid annual 

establishment costs. 

" an efficient conversion of solar radiation to biomass. Therefore, crops with a 

prolonged leaf canopy and the C4 photosynthetic pathway would be 

preferable (Monteith, 1977; Long et al., 1989) 

" good disease resistance, as exhibited by the Poaceae. 

" efficient utilisation of water and nitrogen, as exhibited by perennials and C4 

plants (Jones et al., 1989; Long eta]., 1989). 

" yield close to the theoretical maximum under UK conditions. For C4 plants 

the potential yield of dry matter (d. m. ) in temperate climates has been 

quoted at 55 t ha' yr' and for C3 species 33 t ha' yr-' (Anon., 1991). 

These criteria have been used by workers to evaluate the suitability of plant 

species as biomass crops. Harvey (1990) and Ingram (1990) concentrated on existing 

European crop species and found that generally such plants produce insufficient 

yields to be used specifically for biomass production (Table 1-3). Currently, the 

highest biomass yields are collected from fodder crops such as beet and maize. 

These crops are ideally suited for cattle feed, but their high water content at harvest 

renders them unsuitable for direct burning without prior drying. Speller & Harvey 

(1992) note that only three of the Committee's criteria are achieved by crops grown 

currently in the UK. 
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Table 1-3. Yields of d. m. (dry matter) and typical d. m. percentage at harvest of some current 
European crops. Source: Harvey, 1990; Ingram, 1990. 

Crop Yield (t ha-' d. m. ) d. m (%) 

winter wheat 12.00 85 

spring barley 11.00 85 
forage maize 12.00 30 
fodder beet 19.00 28 

perennial ryegrass (3 cuts) 12.10 85 

winter oilseed rape 11.00 91 

Studies therefore switched to C4 grass species. Such plants would seem ideally 

suited as biomass crops since the additional photosynthetic pathway leads to a far 

greater biomass accumulation compared with C3 plant species (Long et al., 1989). 

However, the majority of C4 plants are indigenous to warm and subtropical areas and 

their performance under a colder, less light intensive European climate may be 

affected. Of the several species investigated, Miscanthus emerged as an ideal 

candidate for a European biomass crop (Speller & Harvey, 1992). 

1.3.1 Miscanthus as a Biofuel 
Field trials involving Miscanthus have been in progress since the early eighties. 

Denmark and Germany have led this research, but recent interest from other 
European nations has seen the establishment of a European Miscanthus Network 

involving nine different countries. The aim of these field trials has been to establish 

cultivation practices, harvesting methods and expected biomass yields under varied 

soil types and climates within Europe. There are currently three varieties of 
Mlscanthus under investigation: M sinensis and M sacchariflorus are naturally 

occurring varieties, whilst M slnensls'Giganteus' is a Danish developed hybrid (Greef 

& Deuter, 1993). 

Miscanthus is established in the UK by hand planting micro-propagated plantlets 

or rhizome pieces in March or April. Currently, establishment costs remain very high 

due to the experimental nature of the source material. Imported rhizomes and 

plantlets cost approximately 50 pence each. However, it is likely that with increased 

demand and improved supply this price will fall to about ten per cent of its current 

value (Heath et al., 1994). Planting densities are around 10,000 to 40,000 plants per 
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hectare. This allows a substantial crop canopy to develop which effectively controls 

weed growth early in the season and therefore minimises the use of herbicides or 

mechanical weeding (Kilpatrick et al., 1994). New shoots emerge soon after planting, 
but growth is slow until May or June by which time average minimum daily 

temperatures are higher. These new shoots are susceptible to late frosts at this time, 

although substantial losses have not yet been recorded at any of the experimental 

sites (Heath et al., 1994). As expected, maximum crop growth is greatest during the 

summer months with lower leaves senescing as the crop matures. Little fertiliser is 

required throughout the growing period with 40 to 60 kg of nitrogen per hectare on 

average being applied annually. However, unpublished data suggests that the 

application of nutrients makes no significant difference to final yield (M. Bullard, pers. 

comm. ). Stem heights in the first year can be expected to be in the region of 2 to 2.5 

m, with canes in excess of 4m having been recorded in Germany by the third year 

(Schwarz eta]., 1994). 

Full crop senescence begins with the onset of the first autumn frosts. A period of 

drying out then occurs with the plants remaining in the ground until the following 

February. By this time dry matter content has increased significantly thus rendering it 

unnecessary to pre-dry the crop before combustion. At present only the canes are 

harvested, since the majority of the plant's leaves have dried and fallen to the ground 

during winter months. Kilpatrick et a!. (1994) note that this leaf litter is a substantial 

part of the overall plant biomass and that, if a practical means of collection could be 

developed, it would substantially increase harvested yields. 

Currently several harvesting practices are being assessed. Canes can be cut 

using modified forage choppers or reed cutters and then collected by straw balers or 

forest chippers. The use of combined harvesters and baling machinery is also being 

studied (Kristensen, 1994). To date, yields at experimental sites throughout Europe 

have been very promising. Kilpatrick et a]. (1994) report second year M 

sacchariflorusyields ranging from 11.93 to 24.36 t ha -1 at three different sites in the UK. 

In Germany yields of Miscanthus sinensls 'Giganteus' have reached more than 20 t 

ha' after the third year of establishment (Schwarz et a]., 1994), whereas the Danes 

have registered maximum total yields of up to 44 t ha' with the same variety (Sloth, 

1986). 
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Once the Miscanthus biomass has been collected, two distinct methods of energy 

production are available. Combustion is likely to be the most efficient and cost 

effective means of creating heat energy using a standard straw burning furnace or 
batch stoker (Kristensen, 1994). Additionally, the ash produced from burning could be 

recycled within the agricultural environment by using it as a fertiliser for future 

biomass crops. Bio-ethanol production is also a possible means of converting the 

biomass to a fuel based substrate. Gasification of plant material in specialised 
fermentation chambers has been investigated by the Danes, although the economics 

and efficiency of the process appears to be less favourable than combustion 
(Adamsen, 1994). 

The excellent fibre quality of Miscanthus also lends itself to the production of 

several non-fuel based products. Several of the large European wood pulp importers 

have shown that processed Mlscanthus plant fibres are an excellent substitute for 

wood pulp in the production of cardboard, paper and chipboard building panels 
(Oleson, 1994) and the use of Miscanthus canes as a replacement for traditional 

thatching reeds in Denmark has also been suggested (Kjelsden, 1994). 

1.4 POTENTIAL INSECT PESTS OF MISCANTHUS 
Research concerning Mlscanthus has primarily concentrated on the development 

of cultivation practices and expected yields of the crop when grown in Europe. Until 

now the question of potential insect pests of this exotic grass species has received 

little attention and in general Miscanthus is considered by many to be 'pest free'. The 

work presented in this study, a short communication by Christian et a]. (1994) and a 

recent paper by Nixon (1997) are the only reports of potential insect pest problems of 

Miscanthus. At present there is not a single crop grown in Europe that does not 

require a substantial pest management input and it is very important that the potential 

insect pests of this novel biomass crop are studied as well as its growth and 

husbandry. 

1.4.1 Insect Colonisation of Introduced Plant Species 

The number of insects that feed upon a plant species, i. e. the insect species 

richness, is determined by three main factors as described by Strong et aL (1984): 

" the area under cultivation in a given region of the plant (Southwood, 1960), 
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Le. widespread species, growing in more habitats and over a wider range of 

climatic zones, generally have a greater associated fauna (Williams, 1964). 

Such plants can be regarded as being more conspicuous 'targets' for 

colonists (Southwood, 1961). 

" the plant architecture, i. e. its size and growth form, and the variety of 

resources offered to herbivores by the plant (Lawton, 1978; Moran, 1980). 

" the similarity between taxonomic, phenological, biochemical and 

morphological characters of the new species and those plants present in the 

existing flora of the introduced area (Lawton & Schröder, 1977). 

The number of arthropod species colonising a newly introduced plant species 

increases asymptotically, reaching an upper limit or equilibrium (Figure 1-2), known 

as the species saturation level (Strong, 1974). The shape of this accumulation curve 

may be attributed to an exhaustion of the local species pool from which the colonists 

are drawn (Strong et al., 1984), the filling of niches related to herbivore feeding guilds 

or the avoidance of natural enemies, i. e. the 'enemy-free space' hypothesis (Lawton & 

Strong 1981; Fox & Eisenbach, 1992). 

Figure 1-2. Hypothetical recruitment curves for insects on introduced plants. After Strong et 

a].., 1984. 
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1.4.2 The Pool of Potential Colonists 

The type of phytophages that colonise new hosts have been shown to fall into 

different categories: 

" polyphagous species - the initial colonists of a new crop species will be 

polyphagous species. Such generalist insect herbivores will already feed 

upon a wide range of host plants and adopt the new species as a secondary, 

non-preferred, host (Turnipseed & Kogan, 1976; Andow & Imura, 1994). 

Within this group of insects it is the external feeding arthropods, such as 

chewing and piercing feeders, that are more likely to colonise the plant 
before endophagous species, e. g. leaf-miners and gall-formers (Strong et 

al., 1984), see Figure 1-3. 

Figure 1-3. Hypothetical recruitment curves for endophagous and external feeders: After 

Strong et al., 1984. 
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" oligophagous (stenophagous) species - the second pool of colonisers are 

those oligophagous species that feed upon plant species most related 

chemo-taxonomically to the exotic crop (Turnipseed & Kogan, 1976). 

" adapted oilgophages - these colonists are derived from oligophagous 

species within the existing fauna, that over a period of exposure to the crop 

have been able to switch their feeding from other unrelated host plant 

species to the newly introduced plant. These colonists are usually recruited 

at the slowest rate due to the inherent nature in switching between host plant 

species (Turnipseed & Kogan, 1976). 
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" exotic pest species - this is the only group of phytophages that are not 

recruited from the existing local fauna. The risk posed by such species is 

very high since the species will have already adapted to the crop 

environment and hence there is not a period of crop acclimatisation, as 

associated with those colonists derived from the existing fauna. 

1.4.3 Pests of Mlscanthus : Current and Future Trends 
The current impression of Miscanthus being 'pest free' is undoubtedly the result of 

the small area of the crop grown, e. g. less than 10 ha in the UK. As the area of the 

crop expands, with commercialisation, an increasing number of insect species will 

colonise this novel host plant. 

As detailed in Section 1.4.1 and Section 1.4.2, ecological theory predicts that the 

initial colonists will be polyphagous arthropod herbivores, primarily ectophagous 

species that feed upon taxonomically similar host plants. The relative taxonomic 

isolation of the species (Table 1-1) within northern Europe suggests that it will take a 

relatively long time, in evolutionary terms, for insects to adapt to feeding on this novel 
host plant since there is a lack of indigenous co-evolved fauna. This is compounded 

by the fact that Miscanthus is naturally geographically limited to warm regions. 
Hence, many insect species that feed upon Miscanthus in its native south-east Asia 

will not be present in Europe due to harsher climatic conditions. 

Ecological theory also suggests that plant architecture influences the insect 

species richness on a plant, with more structurally diverse plants having more feeding 

niches to exploit, and therefore commonly supporting a greater number of species. 

Miscanthus is relatively limited in this respect, since the growing season in the Europe 

is too short for flowering heads or fruiting bodies to develop. Therefore, only the leaf, 

stem and rhizome are available for attack. 

Finally, the perennial nature of the genus is also likely to influence insect 

colonisation. As noted earlier, Miscanthus plants remain in the ground for the majority 

of the year, allowing the crop to naturally dry prior to burning. Miscanthus is therefore 

prone to attack throughout the year, a factor that may increase the rate of insect 

colonisation since its exposure to arthropod herbivores is increased. 
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1.6 THESIS AIMS AND OUTLINE 
The imminent depletion of fossil fuels, their detrimental effect on the global 

ecosystem and the creation of set-aside has led the way to the development of 

biomass crops and practicable renewable energy policies. By the turn of the century 

a substantial proportion of the farming landscape and its workforce will be devoted to 

the specific production of specialised energy crops. 

Miscanthus, an Asiatic C4 grass species, has been shown to have excellent 

biomass qualities when cultivated under the European climate. However, little 

attention has been given to the future pests that are likely to be associated with this 

novel crop. 

It is the aim of this thesis to begin a comprehensive investigation, based on 

ecological theory, into the potential insect pests of Miscanthus. Such preliminary 

studies of the threat posed to Miscanthus from pests are essential. They allow pest 

management practices to be developed that can be introduced in line with future 

herbivore colonisation as opposed to formulating strategy and methodology after an 

attack. 

Having discussed the development of biomass crops and the ecological theory of 

arthropod colonisation of introduced plant species, Chapter 2 investigates the host 

suitability of Miscanthus to two economically important aphid species by studying the 

reproductive activity of Rhopalosiphum pads, the bird-cherry oat aphid, and 

Rhopalosiphum maidis, the corn leaf aphid on Miscanthus. 

The pest status of R. maidis, highlighted in Chapter 2, is then further investigated 

in Chapter 3. The ability of this species to transmit the plant virus Barley Yellow Dwarf 

Virus, BYDV, to Miscanthus is studied. The effect of infection is quantified, regarding 

symptomology and biomass yield, and the importance of the findings is reviewed 

relative to other economically important grass crops that are susceptible to the virus. 

The impact of different sized populations of an indigenous moth, the common 

yellow underwing (Noctua pronubo), on Miscanthus is then studied in Chapter 4. The 

future elevation of this species to pest status is discussed with regard to future 

Miscanthus cultivation. 
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Chapter 5 continues the study of the impact of leaf loss on the yield of Mlscanthus 

by utilising an artificial defoliation technique undertaken at different levels and times 

during the growing season. Subsequent modelling of this data allows suitable 

economic analysis of the impact of leaf feeding pests on yield and hence pest 

management decisions to be reviewed. 

Chapter 6 investigates the potential of non-indigenous pests to colonise 

Miscanthus using the ecoclimatic modelling tool, CLIMEX. Records of insect species 

attacking Miscanthus in its native south-east Asia, and the major pests of sugarcane 

and maize are investigated. The suitability of the European climate to the 

development of economically threatening populations of each of the species is 

studied. 

Finally, Chapter 7 presents a discussion of these findings in terms of future pest 

problems of Miscanthus and the management strategies that are likely to be adopted 

in northern Europe. Suggestions are then made concerning how research efforts 

would be most usefully directed to protect Miscanthus from insect pests in the future. 
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CHAPTER 2 
The Host Suitability of Miscanthus 

to Two Aphid Pests 1 

Ecological theory predicts that those polyphagous species 

feeding on plants taxonomically similar to Miscanthus are 

likely to be its initial colonists. Aphids are w dely regarded as 

the most important insect pests of cultivated cereals and 

grasses throughout the world due to their direct feeding 

damage and ability to transmit plant viruses. The 

reproductive performance of two aphid pest species, 

Rhopalosiphum padi (L. ) and Rhopalosiphum maidis (F), was 

investigated on two seedling growth stages of M. sinensis, 

rhizomatous M. sinensis Giganteus' and barley plants. R. 

padi failed to maintain a population on all Miscanthus 

treatments. R. maidis was most fecund on rhizomatous plants 

with apterae generally outperforming alatae. The inability of 

R. padi to utilise Miscanthus and the potential of R. maidis to 

develop economically damaging populations on Miscanthus 

are then discussed. 

'A summarised version of this chapter is published in: Huggett, D. A. J. (1996) Potential aphid pests of 

the biomass crop Miscanthus. Brighton Crop Protection Conference - Pests &Diseases 1: 427-429. 
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2.1 INTRODUCTION 
As mentioned in Section 1.4.2, it is those polyphagous insect species that feed on 

plants that are similar in taxonomic, biochemical and phenological nature to 
Miscanthus that are likely to be its primary colonists. Hence, it is probable that 

generalist arthropod herbivores that feed on grass and cereal crops in northern 
Europe are potential pest species. Aphids have been one of the most important insect 

pests associated with cereals and grass crops in Europe since their original 

recognition as economically important species. There are some 40 species of 
Aphididae associated with Poaceae in Europe (Müller, 1964) but only seven are 

commonly found on cultivated grasses and cereals (Table 2-1). 

Table 2-1. Major aphid pest species of cultivated cereals and grasses in northern Europe. 

Source: Blackman & Eastop, 1984. 

Scientific name Common name Distribution 

Metopolophium dirhodum 

Metopolophium festucae 

Rhopalosiphum insertum 
Rhopalosiphum pads 

cosmopolitan 
Europe & S. America 

Europe & N. America 

rose-grain aphid 
fescue/grass aphid 

apple-grass aphid 
bird-cherry aphid cosmopolitan 

Rhopalosiphum maidis corn leaf aphid cosmopolitan 
Sitobion avenae grain aphid cosmopolitan 

Sitobion fragariae blackberry-cereal aphid Europe, N. America & Australia 

Aphids damage their host plants by direct feeding, i. e. removing sap, and 

infecting them with plant viruses, such as barley yellow dwarf virus (Rochow, 1969). In 

Europe, three species commonly reach damaging population levels: Metopolophium 

dirhodum (Walker), Rhopalosiphurn padi (L. ) and Sitobion avenge (Fabricius) (Dean 

1973,1974). 

The remaining four species, M festucae (Theobald), R. Insertum (Walker), R. 

maidis (Fitch), and S. fragariae (Walker) are less commonly found and only 

occasionally reach damaging population levels. Their economic impact on the yield 

of cultivated Poaceae is generally regarded as negligible (Carter et al., 1980). 

However, with the increase in temperature caused by global warming (see Section 

1.2.2), several authors have expressed concern about the increasing pest status of 

sporadic insect pests that are currently on the limit of their geographical range in 
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northern Europe (Camrnel & Knight, 1988; EPA, 1989; Hill & Dymock, 1989). Hence, 

aphid species such as R. maidis may, in the near future, cause greater losses to 

cultivated cereals and grasses. 

2.1.1 Species Biology 
The bird cherry-oat aphid, Rhopaloslphum padi (L. ), occurs throughout northern 

Europe (Rogerson, 1947; Wiktelius, 1982), North America and New Zealand (Cottier, 

1953; Adams & Drew, 1964). It is heteroecious, i. e. host alternating, between its 

primary host, bird cherry (Prunuspadus) and members of the Poaceae (Leather et al., 

1989). 

It is primarily holocyclic, having a sexual generation in the autumn and producing 

overwintering eggs. Anholocyclic populations producing only viviparae, i. e. asexual 

live bearing females, exist in regions of the species' geographic distribution where 

winters are suitably mild and/or there are no alternative primary hosts (Lair, 1953; 

Dixon, 1971; Dewar, 1982). 

In Britain R. padi is one of the most common species of aphids (Taylor et al., 

1981). It is a serious pest of cultivated cereals and pasture grasses, damaging plants 

both by removing sap and by the transmission of plant viruses (Lowe, 1964; Kieckhefer 

& Kantack, 1980). Feeding damage alone can result in around 15 per cent loss in crop 

yield (Mallot & Davy, 1978). Secondary hosts also include members of the 

Cyperaceae, Iridaceae (especially Iris spp. ), Juncaceae, and Typhaeae (Blackman & 

Eastop, 1984). The feeding sites of the aphids on grasses depends on the growth 

stage of the host. Generally flag leaves of younger plants and stems of earing plants 

are favoured (Leather & Dixon, 1981). 

Rhopaloslphum maldis (Fitch), the corn leaf aphid, is cosmopolitan in distribution. 

It is predominantly anholocyclic, although holocyclic overwintering colonies were 

recently found in Pakistan on Prunus cornuta (Remauderie & Naumann-Etienne, 1991). 

Over-wintering in colder climates remains a mystery since these aphids have not been 

shown to be cold hardy. 

R. mai s is probably the most important pest of cereals in tropical and warm 

temperate regions where direct feeding damage and the transmission of plant 

viruses both cause substantial losses (Hassan, 1957; Muddathir, 1976; Walter, 1982). 
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Hosts include maize (Zea mays), sorghum (Sorghum bicolor), barley (Hordeum 

vulgare) and members of more than 30 other genera of Poaceae (Blackman & Eastop, 

1984). R. maids prefers protected locations on the plant, such as leaf whorls or 

unemerged heads and tassels (Halbert & Voegtlin, 1995). 

R. maids exists as a variety of karyotypes, i. e. populations with differing numbers 

of chromosomes. In the Pacific north-west USA, three karyotypes exist (Blackman et 

a], 1990). The 2n=10 karyotype prefers barley, on which it can be a serious pest, with 

the 2n=8 karyotype preferring maize. The host preferences of the 2n=9 karyotype are 

not known. 

2.1.2 Host Plant Suitability 
The polyphagous nature of many cereal aphids has led many workers to identify 

the aspects of aphid biology that adequately quantify host suitability. An aphid's 

reproductive performance is predominantly affected by two extrinsic factors, namely 

food quality (Mittler, 1958) and temperature (Dixon et al., 1982; Watson, 1983). Hence, 

if temperature is kept constant, the reproductive performance of an aphid can be 

generally accepted as the most decisive criteria of host plant suitability (Orlob, 1961). 

It is not surprising that many studies have relied on this fact to evaluate the 

susceptibilities of different economically important hosts to aphid attack (Coon, 1959; 

Hsu & Robinson, 1962,1963; Jessop, 1967; Rautapää, 1970; Leather & Dixon, 1982). 

Much of the work on host-plant preferences and the resistance of cereals and 

grasses to aphids is not consistent. The significant differences between host plant 

suitability observed in these studies are often attributable to: 

" the parent aphid's rearing history (Hill, 1971; Lowe, 1977). 

" the large range of cultivars and the variable ages of the plants under test 

(Markkula & Rouka, 1972). 

" the effect of differing clone types (Dean, 1973). 

" the differing environmental conditions under which the experiments were 

conducted (Latteur, 1971; Kolbe, 1969). 

It is also important to define the aspect of host plant resistance that is under 

investigation. Painter (1958) divided the mechanisms of host plant resistance into 
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three basic components: antixenosis, non-preference of an insect to a host; antibiosis, 

the adverse effect of the plant on the biology of the insect; and tolerance, the ability of 

the plant to support an insect population that would damage a more susceptible host. 

2.1.3 Aims and Objectives 

The aim of this study was to investigate the host suitability of two seedling growth 

stages of M sinensis, rhizomatous M sinensis'Giganteus' (a commercial hybrid) and 

barley (Hordeum vulgare) to apterate (wingless) and alate (winged) R. padi and R. 

maidis. Host suitability was evaluated by measuring the following parameters of an 

aphid's reproduction and development: 

" the weight on moulting to the adult stage. 

" the time from birth to the onset of reproduction (To). 

" the number of nymphs produced in a time equal to Td (Md). 

" the intrinsic rate of natural increase, m. 

The intrinsic rate of natural increase, r effectively summarises an aphid's life 

table (Leather & Dixon, 1984). It can be calculated using the equation: 

m= cxln(Md)/Td (1) 

where, Mä is the number of nymphs produced by an aphid over a period of time 

equal to the prereproductive period, Td (the time from birth to the onset of 

reproduction) and c is a correcting constant with the value 0.738. This equation 

simplifies the labour intensive calculations developed by Birch (1948) that involved 

age specific fecundities and survival times of aphids. Since 95 per cent of the value of 

m is contributed to by the offspring produced in time Td, Equation 1 is a suitable 

method for calculating the intrinsic rate of natural increase (Wyatt & White, 1977). 

2.2 MATERIALS AND METHODS 
The naming of the various aphid morphs follow the definitions given by Hille Ris 

Lambers (1966). The classification of the stages of development of the grass plants 

follows Zadoks et al (1974) and Tottman & Makepeace (1979). 
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2.2.1 Aphid Cultures 
Virus free aphids were kept as mixed clonal cultures at 200C and a 16 h 

photoperiod in a wooden frame (50 cm3), fine mesh covered cage. Aphids were 

reared on oat plants (Avena sativa (L. )) cv. Dula, which were sown weekly in groups of 

approximately ten plants using 15 cm diameter pots filled with John Innes No. 2 

potting soil. These were changed at nine day intervals and watered every three days. 

2.2.2 Plants 
Unvernalised Miscanthus sinensis seeds (Chiltern seeds, Ulverston, UK) were 

sown in groups of approximately ten in 5 cm diameter pots filled with John Innes No. 2 

potting soil. After germination, seedlings were thinned and planted singly in 5 cm 

plastic pots. These were held in an aphid-free greenhouse, 200C ±6 and a 16 h 

photoperiod supplied by high pressure sodium lights, until required. The same 

protocol was used for the control test plant, barley (Hordeum vulgare (L. )) cv. Swan. 

Rhizomatous M. sinensis 'Giganteus' plants (Piccoplant Nurseries, Oldenburg, 

Germany) were potted in 50 cm diameter pots using John Inns No. 2 potting soil. The 

plants were held in an aphid-free greenhouse, 200C ±6 and a 16 h photoperiod 

supplied by high pressure sodium lights, until required. The plants were watered 

weekly. 

2.2.3 Experimental Conditions 

All experiments using two and five leaf M. sinensis and barley were conducted in 

an aphid-free, controlled temperature environment at 20°C ± 1.5, and a 16 h 

photoperiod. Experiments using rhizomatous Miscanthus were undertaken in a 

greenhouse environment due to the size of test plants, as detailed in Section 2.2.2. 

All aphids were transferred between plants using a fine camel hair brush. 

Transparent polyvinyl chloride (PVC) cylinders 10 cm high covered with Terylene 

mesh tops were used to confine the aphids to the two and five leaf M. sinensis and 

barley plants. 

Clip cages were used to keep aphids on individual flag leaves of the rhizomatous 

plants since this is the preferred feeding site of both R. padi and R. maidis on other 
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secondary grass hosts (Leather & Dixon, 1981; Halbert & Voegtlin, 1995). Originally 

clip cages of a standard design were used (MacGilvray & Anderson, 1957). However, 

these proved ineffective when scaled to the dimensions needed to encompass the 

whole width of a mature Miscanthus leaf. Therefore, clip-cages were constructed 
from plastazote sheeting sandwiches, 5 cm x5 cm x1 cm (Figure 2-1). The leaf was 
inserted between the two layers and secured using hair clips. On each side of the 

sheet a ventilated 4 cm petri dish was inserted into a central core producing an 

enclosed chamber around the leaf. 

Figure 2-1. Plastazote clip cages used to confine aphids to mature Miscanthus sinensis 

'Giganteus' leaves. 

lylon mesh 

Petri dish 
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This construction proved to be light enough not to damage the leaf blade axial. 

Additionally, this design allowed the removal of individual petri dishes from the cage 

unit and so avoided unnecessary disturbance of the clip cage when removing 

nymphs. Clip cages were moved every ten days to avoid damaging the plant. 

2.2.4 Rhopaloslph um pad 
Adult apterous exules taken from the laboratory culture were placed on individual 

M. slnensls seedlings (two leaf stage; growth stage (G. S. ) 12). The offspring produced 

by the aphid were recorded every 12 h and removed from the test plant. On 

production of the fifth nymph the adult was removed and the remaining nymph was 

allowed to mature. The time taken from birth to the onset of reproduction 

(prereproductive period) and the weight of the aphid on moulting to the adult stage 

was measured. Those that developed into alate morphs were not weighed since they 
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often escaped in the process of weighing. The number of offspring produced in a time 

equal to the prereproductive period was also recorded. Nymphs were removed to 

prevent overcrowding, a factor that, in previous work, has been shown to affect the 

fecundity of adult aphids (Kay et a]., 1981). The experiment was repeated using M. 

sinensis at the five leaf growth stage (five leaf stage; G. S. 15), mature rhizomatous M 

sinensls 'Giganteus' plants (booting; G. S. 41) and barley plants cv. Swan (five leaf 

stage; G. S. 15). Table 2-2 summarises the treatments used in the experiment. 

Table 2-2. Summary of experimental design. 

Treatment Morph Host n 
1 apterate 2 leaf M. sinensis 11 

2 apterate 5 leaf M. sinensis 10 

3 apterate rhizomatous M sinensis'Giganteus 12 

4 apterate 5 leaf barley cv. Swan 10 

5 alate 2 leaf M sinensis 10 

6 alate 5 leaf M. sinensis 10 

7 alate rhizomatous M. sinensis'Giganteus' 10 

8 alate 5 leaf barley cv. Swan 10 

2.2.5 Rhopalosiphum maidis 
Prior to the experiment a separate culture of B maidis was reared on Miscanthus 

sinensis plants (G. S. 11-16). These aphids were allowed to complete at least one 

generation on the test host plant. This eliminated any possible preconditioning effects 

of a previous host plant, a factor which has been shown to affect subsequent fecundity 

of some aphid species (Kay eta]., 1981). A separate culture of aphids was also reared 

on barley cv. Swan. These aphids were used in the control plant treatments. Both 

cultures were kept in a constant temperature environment as described in Section 

2.2.1. 

The experimental protocol described in Section 2.2.4 was then used for R. maidis 

on the three Miscanthus treatments and barley plants (Table 2-2). 

2.2.6 Statistical Analysis 

The data were analysed using generalised linear modelling techniques 

(McCullagh & Neider, 1983; Aitkin et al., 1989) in the statistical package GLIM (GLIM 

3.77, Numerical Algorithms Group, Oxford, 1985). Comparisons of means between 
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treatments were compared within aphid morphs using analysis of variance (ANOVA) 

and least significant difference tests (LSD). A similar analysis was undertaken 
between the grouped results of treatments one to three and five to seven (Table 2-2) to 

compare the relative performance of alatae and apterae on Mlscanthus plants. 

2.3 RESULTS 

2.3.1 Rhopaloslphum padi 
Reproduction of R. padi on all of the growth stages of Miscanthus was wholly 

unsuccessful. In only one of the thirty replicates undertaken did an individual produce 

offspring. In this case three nymphs were produced that within 12 h had vacated the 

test plant and died. During the study test probing of Miscanthus leaves and stems was 

noted but this never resulted in prolonged feeding. 

Since the stock culture had been reared on oats for many generations it was 

thought this may have caused the apparent rejection of M. sinensis as a host, a factor 

that has been noted as causing a false impression of plant resistance (Kay et al., 
1981). The experiment was therefore repeated using newly moulted R. padi alate 

emigrants taken from a culture of Prunus padus, the primary host (Dixon, 1971). The 

nymphs produced by these individuals did not have any previous secondary host 

plant experience and therefore the previous rearing history of the aphids could be 

ignored. However, of the 18 replicates undertaken, only two individuals produced 

offspring that subsequently vacated the plant within 24 h and died. 

2.3.2 loh opaloslph um maids 

Apterae 

The weight of aphids on moulting to the adult stage differed significantly, 

F(3,39) F(339)=39.091 p<0.001, between treatments (Figure 2-2 (i)). The weights of individuals 

reared on two leaf M. sinensis and five leaf plants were not significantly different but 

were significantly lighter than those reared on rhizomatous plants and the barley. 

Apterae reared on these latter two hosts did not differ significantly from each other. 

The intrinsic rate of natural increase, r (Equation 1), was significantly different 

between treatments, F(3 
g) =18.14, p< 0.001. Aphids reared on two leaf plants were 

significantly less fecund than those reared on all other plants, i. e. treatments two to 
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four. The m for aphids reared on five leaf and rhizomatous were not significantly 
different but both had a significantly smaller m than the control test plant (Figure 2-2 

(ii)). 

Figure 2-2. The bionomics of apterous R. maidis reared on two and five leaf M. sihensis, 

rhizomatous M sinensis'Giganteus' plants and barley cv. Swan: (i) weight on moulting to the 

adult stage; (ii) intrinsic rate of natural increase, m; (iii) prereproductive period, Td, and; (iv) 

number of nymphs produced in a time equal to Td (Ma). Bars are standard errors. Columns 

within individual graphs with letters in common do not differ significantly (ANOVA and LSD 

tests p<0.05). See Table 2-2 for treatments. 
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To further investigate the differences between the m of apterae the component 

variables that are used in its calculation (see Equation 1) were analysed. The time 

from birth to onset of reproduction, Td, differed significantly between treatments, 

F(339)=16.97, p<0.001. Aphids on five leaf and rhizomatous plants and barley took 

similar times to produce their first offspring. Td for all these treatments was 
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significantly less than those individuals reared on two leaf M. sinensls (Figure 2-2 (iii)). 

The number of nymphs produced by aphids also differed significantly between 

treatments, F(3 
39) = 19.32, p<0.001 (Figure 2-2 (iv)). Aphids reared on barley plants 

produced significantly more nymphs than all other treatments. Within Mlscanthus 

treatments there was a weak trend, with the number of nymphs produced decreasing 

in latter growth stages. 

Figure 2-3. The bionomics of alate R. maidis reared on two and five leaf M. sinensis, 

rhizomatous M. sinensls 'Giganteus' plants and barley cv. Swan: (i) intrinsic rate of natural 

increase, m; (ii) prereproductive period, Td, and; (iii) number of nymphs produced in a time 

equal to Td (Ma). Bars are standard errors. Columns within individual graphs with letters in 

common do not differ significantly (ANOVA and LSD tests p<0.05). See Table 2-2 for 

treatments. 
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Alatae 

The natural rate of increase of winged aphids did not differ significantly between 

treatments, F(3,36)=2.79, n. s.. However, LSD tests did indicate a slight difference 

between Miscanthus and barley treatments (Figure 2-3 (i)). Analysis of the 

prereproductive period, Td, between treatments showed that aphids took a similar 

amount of time from birth to the production of their first nymphs in all treatments, F(3 

26)=0.432, n. s. (Figure 2-3 (ii)). However, the number of nymphs produced, Mä, did 

differ between treatments, F(3.36) = 9.00, p<0.001, with aphids on barley plants 

producing significantly more than aphids reared on Miscanthus (Figure 2-3 (iii)). 

Figure 2-4. A comparison of the bionomics of apterous and alate R. maidls reared on 

Miscanthus : (i) intrinsic rate of natural increase, rn; (ii) prereproductive period, Td, and; (iii) 

number of nymphs produced in a time equal to Td (Md). Bars are standard errors. Columns 

within individual graphs with letters in common do not differ significantly (ANOVA and LSD 

tests p<0.05). 
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Apterae vs. Älatae 

A comparison of the natural rate of increase, m, between the pooled results of 

apterate and alate aphids reared on Miscanthus plants show that apterae were 

significantly more fecund than alatae, 10.95, p<0.002 (Figure 2-4 (i)). This can 
be explained by the fact that apterae on Mlscanthus took the same time from birth to 

the onset of reproduction as alatae, F(,, 
61) =1.20, n. s. (Figure 2-4 (ii)), but produced 

significantly more nymphs in a time equal to the prereproductive period than alatae, 
F(1,51)=14.60, p<0.0003 (Figure 2-4 (iii)). 

2.4 DISCUSSION 
This study has clearly shown the unsuitability of Miscanthus as a secondary host 

plant for R padi. This may have been a result of the length of time that the stock 

culture had been reared on cereals, i. e. aphids may have been artificially selected to 

feed only on oat plants. However, since alate emigrant offspring, with no previous host 

plant experience, also failed to accept Miscanthus as a secondary host, it is unlikely 

that prior culture history was responsible. 

The antibiotic resistance of Miscanthus to R. padi highlighted in this study is likely 

to be a result of the physiological and anatomical characteristics of this novel host 

plant. Weibull (1990) investigated the influence of leaf anatomy and plant storage 

carbohydrates on the acceptance of C. and C4 plants to R. padi. Referring to old host 

plant records he found there to be a specific pattern in the host plant discrimination of 

the aphid. In general the Panicoideae, a C4 plant subfamily of which Misccrnthus is a 

member (Section 1.1; Table 1-1), were found to be inferior hosts compared with plants 

utilising the C3 photosynthetic pathway. C4 plants are characterised by thicker bundle 

sheaths surrounding their vascular tissue, thicker epidermises, higher cellulose and 

lignin cell contents (which lower tissue digestibility in ruminants (Caswell et al., 1973)), 

and lower cell nitrogen contents compared with C3 plants. Weibull concluded that it 

was the inability of R. padi to penetrate the phloem tubes, necessary for the aphids to 

extract vital nutrients, that rendered C4 plants unsuitable hosts. Minimal stylet probing 

by R. pad on Miscanthus plants was noted in this study and would clearly support this 

hypothesis. However, this does not exclude the possibility that Mlscanthus is 

nutritionally insufficient for aphids (Weibull, 1988). 
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R. pad originates in the palaeartic (Blackman & Eastop, 1984), of principal 
distribution in temperate regions, and is generally classified as a pest in the northern 
hemisphere (Vickerman & Wratten, 1979). Since most C4 grasses are indigenous to 

warmer regions (Table 1-1), as opposed to the native temperate distribution of R 

padi, it seems likely that this aphid is not adapted to feeding on C4 grasses. 

Hand and Carillo (1982) studied the cereal aphids of maize, a C4 member of the 

Panicoideae, in southern England. They found R. pad and M dirhodum at densities 

that exceeded those found on small-grain cereals and grasses at the same time of 

year. The geographical distribution of maize cultivation has, until relatively recently, 
been confined to the warm and tropical regions of the world, where R. maidis is 

regarded as a major pest (Chiang, 1978). It is likely that the increasing area and 

range of maize cultivation in temperate regions has led to R. pads adapting to feed on 

a normally non-host C4 plant. This would suggest that the species could also utilise 

other members of the Panicoideae, e. g. Miscanthus. Further study is therefore 

suggested to clarify the suitability of Miscanthus to R. pads taken from maize fields 

and the true nature of the antibiotic resistance demonstrated by Miscanthus in this 

experiment. 

In contrast, the results of this study indicate the suitability of Miscanthus as a host 

for the corn leaf aphid, R. maidis. Antibiosis was measured by several components of 

aphid reproductive activity, namely: weight of aphids on moulting to the adult stage; 

length of the prereproductive period; the number of nymphs produced in a time equal 

to the prereproductive period; and the intrinsic rate of natural increase. Results show, 

that in general, within Miscanthus treatments, aphids reared on the later growth 

stages are heavier and have a higher intrinsic rate of natural increase than those 

reared on seedling stages. However, aphids reared on a preferred host, barley, were 

heavier and more fecund than aphids reared on all Miscanthus treatments. The 

reduced fecundity of alatae compared with apterae also noted complements other 

studies that have highlighted the differences in reproductive activity of these different 

morphs in R. maidis and other aphid species (Noda, 1960; Fisher, 1982; Thornback, 

1983). 

It is likely that the differences in aphid weight and reproductive activity between 

late and early growth stages of Miscanthus arise due to the higher levels of 
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antifeedant chemicals that are commonly found in young grasses. These secondary 

plant metabolites, such as 6-methoxybenzoxazolinone found in maize (Bernays & 

Chapman, 1976), have been shown to interfere with the development of aphids and 

other insects. They are thought to protect seedling stages of plants that are less able 
to compensate for grazing damage compared with more mature plants (Culvenor, 

1970). Bernays and Chapman (1976) found that apterous adult R. maidis feeding on 

nine to thirteen day old maize seedlings were less fecund than those aphids feeding 

on plants that were nine to eleven weeks older. Similar results were also found in a 

study by Hirano & Ito (1964) of R maidis reared on wheat. Research into the 

physiology of Miscanthus would allow the identification of key antifeedant chemicals. 
Furthermore, this would allow the development of varietal resistance screening of 
different Miscanthus cultivars, a practice that has been commonly used in other grass 

and cereal crops as a method of reducing the susceptibility of the plants to insect 

attack. 

As noted earlier, R. maids is only a sporadic pest of cereals and grasses with 

outbreaks normally occurring in the warmer south-west regions of the country 
(Blackman & Eastop, 1984). These regions have been suggested as areas of optimum 
Miscanthus growth in the UK (Rutherford & Heath, 1992). The effect of global warming 

will dramatically alter the pest complexes found in northern Europe and this will lead 

to the promotion of species such as R maids into areas previously too cold for their 

development. 

Although the area of Miscanthus cultivation in the UK will be small compared with 

cereal crops, it is possible that it will act as an important alternative host for cereal 

aphids. Miscanthus is harvested late in the season and remains in the ground for the 

whole year (Heath et al., 1994). It may therefore act as an intermediate host for B 

maidis, a species capable of overwintering asexually on Poaceae, from the time they 

leave ripening wheat and barley crops in July and August until they colonise newly 

sown winter cereals and grasses in October and November. 

This study has highlighted the relative potential of two aphid species as insect 

pests of Miscanthus. The manipulative experiments undertaken indicate the likelihood 

of B maldls becoming a significant aphid pest of Mlscanthus within Europe and the 

antibiotic resistance of this novel plant genus to the bird-cherry oat aphid, R. pads. 
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Orlob and Medler (1961) point out that such laboratory based experimentation does 

not necessarily prove a similar host plant acceptance in the field. There have not 

been any field reports of aphid species on Mlscanthus since preliminary 

investigations for its use as a biofuel began in the early eighties. The small area of 

Miscanthus currently grown within the EC is unlikely to reflect the potential insect 

pests of Miscanthus (see Chapter 1: Section 1.4.3). It is suggested that further work 

should be carried out on the pest status of aphids on Miscanthus and on the role that 

this biomass crop may play in the ecology of such pests in the future. 
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CHAPTER 3 
The Effect of Barley Yellow Dwarf 

Virus on Miscanthus' 

The primary means by which aphids damage their host 

plants is not by their direct feeding activity, but by their ability 

to act as vectors of plant viruses. Barley yellow dwarf virus 
(BYDTO is one of the most widespread and economically 

important viruses of grasses and cereals. This study 

investigates the ability of the corn leaf aphid, Rhopalosiphum 

maidis, to transmit the RPV isolate of BYDV to M. sinensis 

seedlings. Following successful transmission, host plant 

symptomology and the effect of infection on the yield of 

Miscanthus were investigated Total above soil biomass was 

reduced by around 23 per cent following infection. The 

consequences of the susceptibility of Miscanthus to BYDV are 

discussed, along with its subsequent effect on the ecology of 

the virus with respect to other economically important crops. 

'A summarised version of this chapter is published in: Huggett, D. A. J. (1996) Potential aphid pests of 

the biomass crop Miscanthus. Brighton Crop Protection Conference - Pests &Diseases 1: 427-429. 
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3.1 INTRODUCTION 
The primary means by which aphids damage their hosts is not by their direct 

feeding activity, but by their ability to act as vectors of plant viruses. Within Europe 

there has been little research into the susceptibility of Miscanthus to viruses and 
diseases. This is probably due to its very recent domestication as a biomass crop. 
Christian and co-workers reported the first identification of barley yellow dwarf virus 
(BYDV) in field grown M. sinensis 'Giganteus' and M. sacchariflorus (Christian et a]., 
1994). The source of this infection was not identified and the brief manipulative study 
that they undertook did not suitably indicate vector species or quantify the effect of 
infection upon the growth and yield of Miscanthus. Similarly there is scant information 

concerning diseases of Miscanthus in south-east Asia where the genus is regarded 

as a native pasture grass of little economic importance. The few reports of diseases 

include resistance to Culicolus smut, Ustilago scetaminea, and downy mildew, 
Peronosclerospora sacchari, in Taiwan (Chen & Lo, 1988). A geminivirus has also 
been identified from M. sacchariflorus in Japan, but the insect vector remains 

unknown (Yamashita et al., 1985). 

3.1.1 Barley Yellow Dwarf Virus 
Barley yellow dwarf virus (BYDV) is the most economically important and 

widespread of aphid borne viral diseases. Losses due to the disease in small grain 

cereals vary, ranging from one to three per cent annually, although in some years 

and locations, losses may be as high as 20 to 30 per cent (Bruehl, 1961). The viral 

nature of BYDV was formally identified in Europe, in the Netherlands, by Oswald and 
Houston (1951) and later confirmed in the UK by Watson and Mulligan (1957). Since 

then the disease has been identified wherever small grain cereals are grown in 

Europe (Borgmeister & Poehling, 1991). 

The BYD virus belongs to the luteoviruses, a viral group formally identified by 

Shepherd (Shepherd et a]., 1976). It is composed of a group of closely related viruses, 

"the yellow viruses", which includes other economically important members, such as 

beet western yellows virus (BWYV). The luteoviruses can be identified by their small 

isometric icosahedral particles, typically 22 to 25 nm in size, containing a single 

stranded RNA genome (Rochow & Duffus, 1981). 
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On the basis of serological relationships, cytopathology and nucleic acid 

sequences, research has shown that BYDV is not a single virus, but a complex of 

viruses composed of several unique isolates or strains' (Gill, 1969; Rochow, 1969). 

These were initially based on vector specificity and, although this is not an absolute 

means of identification (see Halbert et al., 1992), it remains a relatively consistent 
basis for the biological classification of these viruses. Originally five strains of BYDV 

were identified in North America and are known by the acronyms MAV, PAV, RPV, 

RMV and SGV, although other strains have been numbered or named with locale 

(Rochow & Müller, 1974; Rochow, 1984). For example, the original Rochow isolates 

can be identified by the acronym PAV-New York (PAV-NY). One or more of the strains 
has been identified from every continent (Hewings, 1996), with their occurrence and 

economic impact being closely related to the abundance of the specific aphid vectors 

and the virulence of the isolate in question (Table 3-1). 

3.1.2 Aphid Vectors 
BYDV is persistently transmitted by aphids, i. e. once an aphid vector has acquired 

the virus it will transmit it for life. The virus is not known to multiply in the insects, 

although it does multiply in the host plant's phloem, with new-born nymphs being virus 
free and only acquiring BYDV by feeding on infected plants. The mechanism of BYDV 

transmission was first hypothesised by Rochow (1958) and Watson and Mulligan 

(1960) although, even today, several specific aspects of the process remain unclear. 

Aphids acquire the virus by feeding on viruliferous plants. During feeding, viral 

particles present in the plant's phloem, are drawn up the food canal of the aphid's 

stylets and into the alimentary canal. When they reach the hindgut they are actively 

transported across the gut epithelium into the aphid's haemocel (Rochow & Pang, 

1961). The virus then passes to the accessory salivary gland where it becomes 

concentrated (Gildow & Rochow, 1980). Hence, uninfected plants acquire the virus 

when they are fed on by previously infected aphids. 

At least twenty five aphid species have been reported as vectors of BYDV, 

although many other species are probably capable of transmission, but have not 

been investigated (Halbert & Voegtlin, 1995). Within Europe the main vectors are 

Sitobion avenae (Fabricius), Rhopalosiphum pa (L. ), Metopolophium dirhodum 

2 the terms 'isolate' and 'strain' are used synonymously throughout this chapter. 
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(Walker), Metopolophium festucae (Theobald) and Rhopalosiphum maids (Fitch). 

As mentioned earlier, the virus can be divided into several different strains 

according to the aphid vector. MAV, PAV and RPV like strains have been identified in 

the UK (Table 3-1) and, although RMV and SGV strains have been found, their rarity 

renders them of negligible economic interest (Moriones & Garcia-Arenal, 1991). 

Table 3-1. Vector transmission of BYDVs identified in the UK and the relative virulence of 

each strain when used to infect oats. Source: Plumb, 1995; Martin & D'Arcy, 1995. 

Vector (% transmission) 

Strain R. padi S. avenae M dirhodum R. maidis M festucae Effect on oats 
PAV 72 20 28 16 0 strongly virulent 
MAV 9 65 38 2 20 moderately virulent 

RPV 66 0 21 13 0 weakly virulent 

BYDV is transmitted to either spring or autumn sown cereal crops by aphids 

migrating from viruliferous reservoirs of other cereals and grasses (Plumb, 1977; 

Holmes, 1985). The initial infection of a crop, the primary phase, is often followed by a 

within crop spread by the original migrants. This leads to a secondary phase of virus 

transmission. Infection is commonly found to be most severe in young plants, with 

older hosts being more capable of compensating for overall yield loss (Panaytou, 

1978). 

3.1.3 Effect on Host Plant and Symptomology 

Once within a plant's phloem the subsequent multiplication of the virus causes 

several anatomical, cytological and physiological effects upon the host (Esau, 1957; 

Panaytou, 1978). Most notably there is an associated disruption of phloem 

transportation that leads to reduced translocation. This results in an accumulation of 

carbohydrates, that causes an indirect decrease in photosynthesis, and a 

corresponding reduction in the overall chlorophyll content of the plant's 

photosynthesising tissues (Jensen, 1968). 

The symptoms of BYDV vary according to the host species and cultivar, the age 

and physiological condition of the plant, the virus strain, and environmental 

conditions (Burnett, 1984). Many non-cultivated host plants, such as field brome, 
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Bromus arvenis, do not develop obvious visible signs of infection (Beuve & Lapierre, 

1992). However, the majority of cultivated Poaceae acquire distinctive foliar symptoms 

soon after infection. The most common of these symptoms are reduced growth, due to 

reduced internode elongation, and chlorosis, reflecting loss of chlorophyll in the 

leaves. This chlorosis is most commonly observed as a reddening of the leaves in 

most oat, barley and wheat cultivars (Burnett, 1984), a yellowing of ryegrass leaves 

(Holmes, 1985), and maize leaves turning red, purple and yellow (Stoner, 1976). The 

diagnosis of BYDV infection by symptomology alone is risky due to the similarity of its 

symptoms with other biotic factors, e. g. phosphorous deficiency (Rochow & Duffus, 

1981). 

3.1.4 Diagnostic Procedures 
Host plants of BYDV have been identified by workers screening different cereals 

and grasses for infection using various vector species. Such procedures are normally 

of two types: 

" the testing of field collected material (see Panaytou, 1977). 

" the inoculation of virus-free plants in the field or, more commonly, in the 

laboratory using specific aphid vectors for each strain (see Guy et al., 1987). 

In each case, the presence of BYDV is noted by the expression of symptoms by the 

plant and/or the use of an enzyme linked immunoabsorbent assay (ELISA). As 

mentioned, symptom expression is frequently an unreliable source of virus presence 

since a large number of plants do not express any visible signs of infection. 

Detection of BYDV by ELISA was developed by Rochow and co-workers in the mid 

1960s, and is regarded as the most sensitive means of detecting, diagnosing and 

assaying the various isolates of BYDV (Lister & Rochow, 1979). The technique involves 

the purification of the virus isolates from the phloem of Poaceae leaf extracts. 

Microtitre plates are then coated with diluted antibodies to the virus isolates which 

trap the virions or proteins present in the leaf sap. The antigen is then detected with 

another antibody coupled to an enzyme (usually alkaline phosphatase), which 

provides an amplified signal of infection by the conversion of a chromosome 

substrate. Virus presence can be detected by measuring the optical density of this 

antigen/antibody precipitation against healthy control samples. 
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The development of labelled antibody techniques, such as ELISA, has 

revolutionised the serological detection of viruses. It provides an extremely sensitive, 

economic, quantitative and semi-automatable means of screening large numbers of 

samples. This has allowed lists of host plants susceptible to BYDV to be made and 
helped to further the understanding of the ecology of the virus in the field, e. g. 
Fargette et a]., 1982; Catharall & Parry, 1987. 

3.1.5 Aims and Objectives 
The aim of this study was to investigate the susceptibility of Miscanthus sinensis 

seedlings to the RPV isolate of BYDV using the aphid vector Rhopalosiphum makils. 
This vector species was selected because an earlier study had shown that this aphid 

could successfully utilise Miscanthus as an alternative secondary host plant (Chapter 

1). The symptoms of the infection were recorded at weekly intervals. Additionally, the 

effect of BYDV infection upon the yield of M slnensls was recorded. Yield of both 

viruliferous and aviruliferous (control) plants was measured as total above soil plant 
biomass and further divided into stem and leaf components. The results highlight the 

importance of this virus upon future Miscanthus cultivation and the possible role that 

its susceptibility may have to the ecology of BYDV in the UK. 

3.2 MATERIALS AND METHODS 

3.2.1 Aphid Cultures 
Virus free Rhopalosiphum maidis were kept as mixed clonal cultures at 20°C ± 3.5 

and a 16: 8 h photoperiod, in a wooden frame (50 cm3), fine mesh covered cage. 

Aphids were reared on oat plants, Avena sativa cv. Dula, which were sown weekly in 

groups of approximately ten plants, using 15 cm diameter pots filled with John Innes 

No. 2 potting soil. These were changed at nine day intervals and watered every three 

days. Every fourth plant removed from the culture was sprayed with a selective 

aphicide (Aphox, a. i. pirimicarb (0.5 g a. i. 1-')) and allowed to grow for a further six 

weeks in an aphid free greenhouse, 200C ±6 and a 16: 8 h photoperiod. To ensure 

that the stock culture remained virus free, plants were then tested for the PAV, MAV 

and RPV strains of BYDV using an ELISA (Section 3.2.5). 
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3.2.2 Plants 

Unvernalised Miscanthus sinensis seeds (Chiltern Seeds, Ulverston, UK) were 

sown in groups of approximately ten in 5 cm diameter pots filled with John Innes No. 2 

potting soil. After germination, seedlings were thinned and planted singly in 5 cm 

plastic pots. These were held in an aphid-free greenhouse, 200C ±6 and a 16 h 

photoperiod supplied by high pressure sodium lights, until required. 

3.2.3 Transmission Tests 
Virus free Rhopaloslphum maidis, taken from the stock culture, were placed on 

positively tested RPV infected oats (cv. Dula) for a 72 h virus acquisition feed. Five, 4th 

instar, viruliferous apterous aphids were then transferred to each of twenty M 

sinensis seedlings (G. S. 15). Twenty additional plants were individually infested with 
five aviruliferous, 4th instar, apterous aphids to act as the healthy non-infected 

control. All aphids were transferred using a fine camel hair brush. Transparent 

polyvinyl chloride (PVC) cylinders 10 cm high, covered with Terylene mesh tops, were 

used to confine the aphids to the plants. Three days later the seedlings were sprayed 

with a selective aphicide (Aphox) to remove all aphids. These plants were then held, 

in an aphid-free greenhouse, 20°C ±6 and a 16 h photoperiod, for a further seven 

weeks to allow the infected plants to fully express any acquired BYDV symptoms 

(Rochow, 1969). Plants were watered weekly and symptom expression was noted 

periodically. An ELISA using randomly chosen leaves was then undertaken to detect 

the presence of BYDV (Section 3.2.5). The protocol for this experiment is outlined in 

Figure 3-1. 

3.2.4 Effect on Growth and Yield 

A similar protocol was followed as detailed in Section 3.2.3. However, the yield of 

infected plants was under investigation and the removal of material from Miscanthus 

plants, necessary for ELISA, would have rendered subsequent biomass analysis 

unfeasible. Therefore, after holding Miscanthus plants for six weeks after initial aphid 

infestation, a further five aviruliferous apterous aphids were placed on the plants for 

72 h. Aphids were then transferred to uninfected oat seedlings, cv. Dula (G. S. 6), for a 

further 72 h when they were then removed with a selective aphicide (Aphox). Above 

plant biomass was collected from the Miscanthus plants only, divided into leaf and 
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stem components, dried in an oven at 80°C for 48 h and weighed. Oat plants were 

allowed to mature for seven weeks in an aphid free greenhouse, 20°C ±6 and a 16 

h photoperiod, watered weekly, and then tested for BYDV using an ELISA (Section 

3.2.5). Hence, virus recovery from oat plants shown to be infected with BYDV indicated 

which Mlscanthus plants were originally infected. This avoided having to perform an 
ELISA on the original Miscanthus plants. The protocol for this experiment is outlined 
in Figure 3-1. 

Figure 3-1. Schematic diagram of the experimental protocol used to infect M. sinensis with 
BYDV for transmission (Section 3.2.3) and biomass experiments (Section 3.2.4). 

Uninfected Viruliferous 
M. sinensis R. maidis 

72 h Aphids 

removed 

  Steps common to both expt. 

Transmission expt. 

Biomass expt. 

3.2.5 ELISA Protocol 

7 weeks ELISA 
00 

I :ý N5 \72h/ 
72 h 

Aviruliferous Aphids transferred 
aphids to uninfected 

oats 

An enzyme linked immunoabsorbent assay (ELISA) was adopted using the 

buffers and general procedures of Clark and Adams (1977). Ninety-six well 

polystyrene microtitre plates (Nunc-Immuno Maxisorp Ltd) were coated with a mixture 

of three polyclonal BYDV antisera. The three antisera were Rochow-PAV, 

Rochow-MAV and Rochow-RPV. These had been diluted at a rate of 1/1000 with 

coating carbonate buffer. 100 pl of this solution was added to each well. The plates 

were covered and incubated at 33°C for 3 h. Samples of 1g of fresh leaf material, 

were ground in thick polythene bags, containing 2.5 ml of grinding buffer, with a 

wooden wallpaper roller to extract the sap. 

The plates were washed three times with PBSt, leaving them to soak for three 

minutes after the second and third washes. They were then labelled and 100 pi of 

Page 49 
(LONDI 

. UMIV, 
I 



Effect of BYDV on Miscanthus 

plant material added to each well. To each plate healthy controls and positive 

controls of known BYDV strains were added, supplied by Dr. I. Barker (CSL, Hatching 

Green). The plates were then covered and incubated at 4°C overnight. 

The following day the plates were washed four times with PBSt, being left to soak 
for three minutes between each wash. The strain specific monoclonal antibodies: 
MAC 91 (PAV specific), MAC 92 (RPV specific) and MAFF 2 (MAV specific) were 
diluted 1/500 using PBSt with 0.2% Bovine Serum Albumin (BSA) (Torrance et al., 1986; 

Pead & Torrance, 1988). These antibodies detect the PAV, RPV and MAV isolates of 
BYDV respectively. 5, ul of MAC 91 was added to columns 1,2,7 and 8,5 pl of MAC 92 

to columns 3,4,9 and 10, and 5 pl to columns 5,6,11 and 12 of the plate, (Figure 3-2). 

The plates were then covered and incubated at 33°C for 2 h. 

Figure 3-2. Microtitre plate layout for ELISA. 

MAC 91 MAC 92 MAFF 2 MAC 91 MAC 92 MAFF 2 

1 2 3 4 5 6 7 8 9 10 11 12 
A Buffer control 
B Healthy control P_sitive MAGI 

C 
D Pc. 'sitive PAV ntr l 

E 
F RPV 

_ ant ý1 

G 

H 

The plates were washed four times with PBSt. Anti-rat immnuo-globulin (whole 

molecule) alkaline phosphatase (Sigma Chemical Co. Ltd) was diluted 1/1000 with 

PBSt and 0.2% BSA. 100 pl was added to each cell. The plates were covered and 

incubated for a further 2h at 33°C. 

P-nitrophenyl phosphate in diethanolamine buffer was added (100 p1 per well) and 

left to incubate for 1h at room temperature. The plates were then read on a Titretec 

multiscan reader at 405 nm wavelength, blanking against air. 
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3.2.6 Statistical Analysis 
In the testing of the oat and Miscanthus plants, threshold values of two times the 

healthy control means were calculated from all plates. Sample means greater than 

the threshold were taken as positive reactions G. Barker, pers. comm. ). 

In the analysis of leaf and stem biomass of infected and uninfected Miscanthus 

plants data were analysed using generalised linear modelling techniques 

(McCullagh & Nelder, 1983; Aitkin et al., 1989) in the statistical package GLIM (GLIM 

3.77, Numerical Algorithms Group, Oxford, 1985) and natural log transformed to 

improve the normality of the error distribution (Crawley, 1993). Comparisons of means 
between treatments were done using analysis of variance (ANOVA) and least 

significant difference test (LSD). Plots of residuals against response variables showed 

no obvious pattern, indicating that the error distribution was indeed normal. 

3.3 RESULTS 

3.3.1 Transmission Tests 
Table 3-2 shows the ELISA absorbance values at 405 nm of the infection of M. 

sinensis with the RPV isolate of BYDV, as transmitted by R. maidis. No plants were 

shown to have been successfully infected with either the PAV or MAV isolates of BYDV. 

Of the twenty plants originally infected, eight gave positive reactions, an overall 

transmission rate of 40 per cent, to the MAC 92 monoclonal antibody indicating the 

presence of the RPV isolate of BYDV. 

Of these eight plants, five showed visible symptoms of infection. Approximately 

two weeks after feeding viruliferous R. maidis on the seedlings, a dark-red to purple 

coloration, with an irregular margin, developed on the tips of the plumule and the 

oldest leaves. The area of chlorosis developed either as an interveinal striping or as a 

broad transverse margin across the veins progressing towards the base of the 

infected leaves. 

After a further two weeks, similar symptoms appeared in the next higher alternate 

younger leaves, with the original colouration on the older lower leaves intensifying. By 

six weeks, all leaves on the plants were expressing the same colouration with the 

area affected generally covering approximately two thirds of each total leaf area. At 
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this time the oldest leaves, that originally had expressed symptoms, began to pucker 

and fold and by the time of ELISA, seven weeks after the inoculation, they had begun 

to dry and senesce. Symptoms were never noted in the young, central growth of the 

plants which continued to grow in a normal healthy manner. A small degree of overall 

stunting was observed in the infected Miscanthus compared with uninfected control 

plants. 

Table 3-2. Mean values of ELISA absorbance at 405 nm using specific monoclonal 

antibodies MAC 91, MAC 92 and MAFF 2 on Miscanthus sinensis. Red, underlined values 
indicate absorbance values twice the healthy control, i. e. positive ELISA reactions with 

specific antibodies. 

Antibody Antibody 

Plant MAC 91 MAC 92 MAFF 2 Plant MAC 91 MAC 92 MAFF 2 

1 0.087 0.105 0.080 11 0.085 0.091 0.087 
2 0.084 0.093 0.103 12 0.107 0.247 0.084 
3 0.084 0.091 0.086 13 0.085 0.101 0.079 

4 0.098 0.201 0.088 14 0.089 0.089 0.085 

5 0.087 0.089 0.089 15 0.086 0.336 0.107 
6 0.092 0.236 0.085 16 0.082 0.079 0.105 

7 0.086 0.214 0.088 17 0.111 0.199 0.105 

8 0.079 0.088 0.084 18 0.091 0.213 0.085 

9 0.095 0.078 0.085 19 0.091 0.252 0.084 

10 0.087 0.086 0.089 20 0.088 0.087 0.088 

Positive controls 

MAV serotype 0.083 0.087 0.495 

PAV serotpye 0.440 0.098 0.076 

RPV serotpye 0.088 0.422 0.088 

Threshold 

2x healthy control 0.181 0.174 0.183 

3.3.2 Effect on Growth and Yield 
Ten of the twenty oat plants, that were infested with aphids taken from previously 

infected Mlscanthus plants, reacted positively to the MAC 92 isolate of BYDV in ELISA 

(Table 3-3). This indicated those Miscanthus plants that had been initially infected 

with the RPV isolate of BYDV following the prior viruliferous aphid infestation. 

The above soil dry matter of these ten Miscanthus plants and twenty control plants 

was separated into leaf and stem material. Comparison of the biomass of uninfected 
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and infected plants therefore indicated the effects of BYDV on the yield of Miscanthus. 

Initial plant height had no significant effect on final harvested biomass and was 

subsequently left out of further analysis. Although natural logarithmic transformation 

of biomass data was performed, it did not alter the significance of the analyses and 

so untransformed data are presented. 

Table 3-3. Mean values of ELISA absorbance at 405 nm using specific monoclonal 

antibodies MAC 91, MAC 92 and MAFF 2 on oats that were infested with R. maidis reared on 

Miscanthus sinensis previously infested with viruliferous aphids. Red, underlined values 

indicate absorbance values twice the healthy control, i. e. positive ELISA reactions with 

specific antibodies. 

Plant MAC 91 

Antibody 

MAC 92 MAFF 2 Plant MAC 91 

Antibody 

MAC 92 MAFF 2 

1 0.079 0.087 0.098 11 0.086 0.297 0.088 

2 0.081 0.084 0.085 12 0.880 0.283 0.084 

3 0.081 0.269 0.085 13 0.087 0.259 0.082 

4 0.085 0.253 0.088 14 0.091 0.089 0.087 

5 0.079 0.079 0.093 15 0.084 0.297 0.091 

6 0.080 0.243 0.084 16 0.082 0.273 0.086 

7 0.089 0.278 0.087 17 0.790 0.074 0.091 

8 0.084 0.088 0.091 18 0.087 0.284 0.084 

9 0.086 0.086 0.092 19 0.090 0.076 0.085 

10 0.087 0.088 0.088 20 0.084 0.087 0.091 

Positive controls 

MAV serotype 0.079 0.087 0.467 

PAV serotpye 0.463 0.089 0.081 

RPV serotpye 0.088 0.417 0.092 

Threshold 

2x healthy control 0.172 0.187 0.183 

The effect of RPV infection upon the yield of M sinensls is shown in Figure 3-3. 

Infected plants produced significantly less total above ground biomass than 

uninfected control plants, F(12, )=187.08, P<0.05 (Figure 3-3 (i)). A substantial 

proportion of differences in overall plant biomass is explained by infection status (87 

per cent). 

Further analysis of the stem and leaf components of above plant biomass was 

also undertaken. Stem biomass was significantly lower in infected plants than control 
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treatments, F=9.68, , p<0.05 (Figure 3-3 (iii)), although leaf biomass did not differ 

significantly between treatments, F=3.70, n. s. (Figure 3-3 (ii)). 

Figure 3-3. Comparison of the: (i) total above soil biomass; (ii) biomass of leaves and; (iii) 

biomass of stems of M. sinensis plants infected with the RPV isolate of BYDV and uninfected 

control test plants. Bars are standard errors. Columns with letters in common do not differ 

significantly at the p<0.05 level (ANOVA and LSD). 
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3.4 DISCUSSION 
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This study has clearly indicated the ability of Rhopalosiphum maids to transmit 

the RPV isolate of BYDV to Miscanthus sihensis and the typical symptoms that are 

expressed by infected plants under controlled environment conditions. Furthermore, it 

has highlighted the susceptibility of M sihensis to the virus. Above soil biomass of 

infected plants was decreased by around 23 per cent compared with uninfected 

control test plants. The biomass of leaves did not differ significantly between infected 
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and uninfected plants, but stems of infected plants were on average 21 per cent 
lighter than uninfected plants. 

The symptoms and effect of BYDV infection in Miscanthus are similar to those 

observed in other members of the Poaceae, especially members of the Panicoideae, 

such as maize. Typical symptoms included chlorosis and reddening of lower leaves 

as well as visible stem stunting. Of the eight plants that reacted positively to the 

ELISA, indicating BYDV infection, only five plants expressed symptoms. This suggests 
that Miscanthus can be both a symptom and symptomless carrier of the virus and that 

visual observation of BYDV in this genus should be regarded with caution and always 

confirmed with further ELISA diagnosis. 

Panaytou (1977) observed reductions of 25 to 50 per cent in plant size, crude 

protein, fibre and ear size and number following infection of maize cultivars using the 

RPV isolate of BYDV and the vector Rhopalosiphum pads. Transmission rates were 
found to be within the range of 12 to 46 per cent, but may have been increased if a 

more maize selective vector, such as R. maidis, had been used. In this study a 

transmission rate of 40 per cent was recorded using B mai&s. Chapter 2 recorded 

the reduced aphid reproductive performance of R. maidis on seedling stages of 

Miscanthus compared with rhizomatous plants and a control test plant (barley). 

Hence, if later growth stages of Miscanthus had been used in this study, transmission 

rates may have risen with the increased suitability of the host. 

If populations of viruliferous R mal dis are allowed to develop on this new 

secondary host plant (as demonstrated in Chapter 2), the ability of the species to 

transmit BYDV to the crop poses a threat to the future cultivation of Miscanthus in the 

United Kingdom and continental Europe. Biomass reduction was found to be most 

severe in the stems, with the biomass of leaves not being significantly affected by 

BYDV infection. 

Currently the most common harvesting practice for Miscanthus is to allow the crop 

to dry from its senescence, in October/November, to the period just before new shoot 

emergence in March/April (Kilpatrick et al., 1994). This allows the plant material to 

naturally dry out enabling immediate combustion. However, by this time, leaves from 

the crop have normally fallen from the plants and are often left in the field. These 

results suggest that collecting the leaves as well as the canes could minimise the 
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overall impact of biomass reduction caused by BYDV infection. 

Aphid pests of Miscanthus have yet to be confirmed in the field. Christian and 

colleagues (Christian et al., 1994) found all three isolates of BYDV, i. e. PAV, MAV and 
RPV, in field planted M sinensis 'Giganteus' and M sacchariflorus in the UK. This 

suggests that transmission of the virus by aphid vectors had previously occurred. 
Although the vector/vectors of these natural field infections were never identified, this 

present study indicates that the RPV infection could have been due to viruliferous R. 

maidis feeding on the crop. This species is also capable of transmitting the PAV 

isolate and, to a lesser extent, the MAV isolate of BYDV (Plumb, 1995). Hence, R. 

maidis may have been similarly responsible for their presence in the field. 

Guy, Johnstone and Morris (1987), in their study of BYDV in field collected grasses 

and cereals in Tasmania, concluded that members of the Panicoideae and 

Arundinoideae were predominantly infected with the RPV isolate of BYDV. This was 

noted particularly in light of the fact that the samples had been taken from woodland 

adjacent to a field of predominantly PAV infected barley. Furthermore, they also 

suggest that C4 plants may be more susceptible to the RPV isolate than C. plants, but 

extra further work is necessary to confirm this hypothesis. These facts suggest that 

although Miscanthus, a member of the Panicoideae, may be susceptible to all three 

BYDV isolates, as shown by Christian's study (Christian et al., 1994), in a field 

environment the RPV isolate will be the most important. 

Further research is needed to investigate the effects and symptoms of BYDV 

infection in later growth stages of Miscanthus. Of prime importance is the 

investigation of the dynamics of BYDV infection in rhizomatous plants. Seed 

propagated M slnensis were used in this experiment since the size of rhizomatous 

plants renders them difficult to study in a controlled temperature environment. 

However, Miscanthus plant stocks are currently derived by micropropagation or 

rhizome cuttings (Hansen, 1994). There is a strong possibility that, if parent stock 

plants are infected with the virus, offspring produced by traditional propagation 

methods will also be infected. This is a factor that could severely jeopardise the 

practicality of future Miscanthus propagation techniques. 

The susceptibility of Miscanthus to BYDV does not only pose a threat to 

Mlscanthus cultivation. The potential area of this and other biomass crops that could 
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be grown on set-aside in the UK is approximately 700,000 ha (Buckwell, 1992), with a 

predicted area of 30 to 40 million ha in the whole of Europe (Grassi & Bridgewater, 

1992). The susceptibility of the crop to BYDV and its almost year long presence in the 

field could provide a substantial reservoir of the virus that would be transferred to 

other susceptible cereal and grass crops by polyphagous aphid vectors. Currently, 

locally native perennial grasses are the principal source of BYDV in areas of northern 

and north-western Europe (Plumb, 1977). In Britain natural grasslands provide the 

main source of BYDV found in cultivated grass species in spring or autumn, with 
interactions between weather and vector biology determining which virus isolate 

predominates (Plumb, 1983). 

In the United States, although natural grasses are found to be infected with BYDV, 

the predominant virus isolates involved often differ substantially from those found in 

local cereal crops (Rochow & Müller, 1976; Fargette et al., 1982). In such situations the 

BYDV reservoir is predominantly derived from local maize crops or more distant 

gramineous crops that are cultivated in parallel with cereals (Clement et al., 1986). It 

is highly likely that the introduction of a BYDV susceptible crop, such as Miscanthus, 

into European agriculture will change the predominance of BYDV in other susceptible 

crop species. This trend is already apparent in France where the principal reservoir 

of BYDV is maize. This is probably caused by the increasing cultivation of maize as a 

fodder crop in European agriculture (Leclercq-Le Quillec & Dedryver, 1991). 

It would be most useful to utilise trapping and marking techniques of aphid 

vectors to study the migration of these species from Miscanthus to other susceptible 

host plants. This would enable further investigation of the potential impact of 

Miscanthus cultivation upon other economically important grasses and cereal crops 

highlighted in this study. 
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CHAPTER 4 
The Feeding Impact of Noctuapronubaon 

Miscanthus slnensis 'Giganteus' 

The potential impact of the cutworm Noctua pronuba on the 

future cultivation of Miscanthus was investigated following a 

natural infestation. Artificial inoculations indicated that, even 

at tow larval populations, biomass was significantly reduced 

compared with uninfested control plants. However, the timing 

of attack did not significantly affect the yield of plants infested 

at 30 and 60 days after planting. Studies also indicated that 

larvae exhibited no significant preference for different aged 

leaves when feeding. The potential of this minor, although 

widespread insect, to become a pest of Miscanthus and the 

need for research into suitable methods for its control are 

discussed. 
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4.1 INTRODUCTION 
As mentioned in Section 1.4.2 and demonstrated in Chapter 2, it is those 

polyphagous insect species that feed on plants that are similar in taxonomic, 

biochemical and phenological nature to Miscanthus that are likely to be its primary 

colonists. Furthermore, it is the external feeding sapsuckers and leaf feeders that 

pose the greatest threat to newly introduced plant species (Strong et a1., 1984). This 

threat has been recently illustrated by Nixon (1997) who noted feeding damage by the 

stemboring moth Mesapamea secalis (L. ) to young Miscanthus sinensls 'Giganteus' 

plants at ADAS Arthur Rickwood, Cambridge. The levels of infestation found were not 

considered to be of economic importance, but the study highlighted the susceptibility 

of this novel crop to polyphagous defoliating insects and the need for further research 

into such pest species. 

In June 1996 it was noted that a number of young, potted M slnensis 'Giganteus' 

plants were being consumed by lepidopteran larvae. The causal insect was identified 

as the widespread noctuid cutworm, Noctua pronuba (L. ), the large yellow underwing. 

To study the feeding impact of this moth on Miscanthus, a greenhouse experiment 

was conducted, using laboratory reared larvae, to infest plants at different pest 

densities and times. 

4.1.1 Cutworms 

Cutworms are agriculturally important larvae of various members of the 

Noctuidae (Lepidoptera), mostly belonging to the genera Agrocis and Euxoa. They are 

typically large, quite stout-bodied caterpillars, with four pairs of abdominal prolegs 

(excluding terminal claspers) that are usually drab in colour so as to blend in with the 

soil (Hill, 1987). 

Cutworms are primarily pests due to their widespread and gregarious nature and 

their highly polyphagous diet which includes many important crops. Host plants 

range from vegetables, such as lettuce and cabbage, to wild grasses and cultivated 

cereals. In the United Kingdom the most harmful cutworm species are the turnip 

moth, Agrotis segeturn (Dennis & Schiffermüller), the large yellow underwing, Noctua 

pronuba (L. ), the garden dart moth, Euxoa nigricans (L. ), and the white-line dart moth, 

Euxoa tri cl (L. ) (Emmett, 1984). Cutworms are world-wide in distribution, although 
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most are found in temperate rather than tropical regions (Heath & Maitland Emmet, 

1979). 

The larvae are nocturnal in behaviour, spending the day inactive in the leaf litter 

or soil and coming to the surface at night to feed on foliage. Their most serious 
damage is that done to seedlings by eating through the young plant stems, a 
behaviour to which they owe their vernacular name. Hence, to crops that have just 
been planted or thinned, cutworm damage can be very serious. Crops such as 
tobacco, field tomatoes, brassicas and sugar beet are particularly susceptible to 

attack (Hill, 1987). 

Subterranean species, such as £ segetum, remain in the ground feeding on 
below soil plant parts. Typical damage to a root crop is a wide shallow hole similar to 

slug damage. The most common symptom of cutworm attack by this species is the 

wilting of plants, with damage to the below soil plant not evident until harvest. In light 

sandy soils such crops are particularly vulnerable to attack, since larvae can more 

easily burrow between plants. 

Although cutworms are one of the most common insect pests of a number of 

crops, literature pertaining their impact and control is scarce. This is partly due to the 

difficulty in controlling and identifying the pests. First instar larvae usually develop on 
local weed species, progressing during later instars to emerging or newly planted 

crops. Crop cleansing is therefore recommended as a means of cultural control, but 

is often not possible in a field situation. The use of chemical control is also impractical 

since damage is often not noticed until the caterpillars are large. This greatly hinders 

the effectiveness of chemicals used at their recommended dosage rates (Hill, 1987). 

Of the control methods suggested, deep ploughing of infested fields during the closed 

season is the most practical. This increases the predation rates by natural enemies, 

such as birds, by exposing the soil dwelling pupae (Emmett, 1984). 

4.1.2 Noctua prop uba 
Noctua pronuba (L. ), the large yellow underwing, is one of the most common 

noctuid moths in northern Europe. It belongs to the subfamily Noctuidae and is a 

small genus with five other species found in Britain. It occurs throughout the British 

Isles, including the Channel Islands and outlying islands. Its range also includes north 
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Africa and the whole of western Europe to Iceland, central Scandinavia and Finland. 

Though most common in lowland habitats, it is also frequently found in moorland 
habitats. The species has also been recently recorded in Canada and Newfoundland 

(Morris, 1987; Neron & Legault, 1992). 

In northern Europe adults are univoltine, whilst in milder, more southerly regions 

such as Italy, two generations have been recorded (Sannino et al., 1990). There is a 

prolonged period of emergence of the adults from June to September, with pest 

outbreaks typically occurring in late August. The adult moths are the most common 

visitors to Valerian, Buddleia and other flowers during the summer months. During the 

day adults rest on the ground. When disturbed they fly off, erratically displaying their 

bright orange and black bordered hindwings, to which they owe their common name. 
Adults typically reach a wingspan of 50 to 60 mm and are sexually dimorphic, a fact 

that has until recently been ignored (Heath et al., 1979). The size and general shape 

of the two sexes is extremely similar, with both sexes being polymorphic. 

The pale, creamy eggs, laid in June to October, are globular, ribbed and 

reticulate. More than 1,000 eggs are laid in large, compact masses on the underside 

of leaves of the host plant or in grass inflorescences. There is an obligate 

preoviposition period that lasts a month (Singh & Kevan, 1956), with eggs hatching 

approximately one month after being laid (Scorer, 1913). 

Larvae, when fully fed, reach approximately 50 mm long, being slightly tapered 

anteriorly and of cutworm form and habit. They are commonly brown, ochreous or 

even bright pea green with a series of black dashes on the upper abdominal 

segments. They are highly polyphagous on herbaceous plants including grasses and 

cereals, but are most damaging to vegetables, especially brassicas and lettuce 

(Emmett 1984). Larvae are found over the period of July/August to the following May 

with feeding continuing throughout the winter on mild days. 

The pupae are 25 mm long, chestnut brown, smooth and glossy with a very 

characteristic cremaster. Pupation takes place in the soil in late spring with adults 

emerging over a prolonged period from June to September. 

As with other cutworm species, the damage caused and control techniques of N. 

pronubcr are poorly studied. The protected feeding position and size of larvae often 

renders chemical control useless (Ippolito & Parenzan, 1985). There have been some 
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attempts to investigate the use of pathogens as a means of control, most notably 

specific N. pronuba cytoplasmic polyhedrosis virus (Sherlock, 1985) and cutworm 
baculoviruses (Allaway & Payne, 1984). Unfortunately, the virus isolates so far 

investigated have been of low pathogenicity rendering them unsuitable as a control 

measure (Sherlock, 1985). 

4.1.3 Aims and Objectives 
This study investigated the potential yield losses to be expected from the 

defoliating noctuid moth Noctua pronuba (L. ) to Miscanthus slnensis 'Giganteus'. 

Plants were inoculated with four different larval populations (0,1,5,8 per plant) at two 

different crop stages (four and eight weeks after plant establishment). Hence, the 

relationship between the size of pest population and timing of the attack on plant yield 

could be investigated in an effort to establish economic thresholds (See also Chapter 

5: Section 5.1.2). The feeding preferences of individual larvae were also studied to 

investigate the possibility of increasing the efficiency pesticide application by the 

better targeting of larvae. 

4.2 MATERIALS AND METHODS 

4.2.1 Plants and Experimental Conditions 

Micro-propagated M. sinensls 'Giganteus' clones were obtained from Piccoplant 

Nurseries, Oldenburg, Germany. Each was contained in a6 cm3 peat block and 

measured approximately 30 cm in height with two or three stems. After ten days 

acclimatisation in an unheated greenhouse, the plants were transplanted into 

individual 36 cm diameter pots using John Innes No. 2 potting compost. Transplants 

were positioned so that the top of the peat block was 1 cm below soil level, the 

surrounding soil being consolidated by hand. All experiments were undertaken in a 

heated greenhouse at 200C -5 and a 16 h photoperiod supplied by high pressure 

sodium lamps. Relative humidity was not controlled. Plants were watered every five 

days, each pot being filled to the brim at each watering. Ten days before the start of 

treatments the number of stems and leaves of each plant was counted. The 

greenhouse was fumigated with nicotine burning flakes prior to the experiment to 

prevent natural infestations. 
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4.2.2 Insect Collection and Rearing 

Adult N. pronuba were collected using a light trap placed in a field at Silwood 

Park, Ascot. The trap was operated from 1800 h to 1000 h every day from the 22nd to 

27th of July and from the 8th to 17th September 1996. A total of 87 adult N. pronuba 

were collected throughout the 16 day trapping period. Moths were transferred to one 

of two mesh cages (50 x 50 x 50 cm), held in a controlled temperature environment, 
20°C ±3 and a 16 h photoperiod supplied by high pressure sodium lights. A 

reservoir of honey solution and five corrugated wax paper sheets (10 cm x 10 cm), to 

act as an oviposition substrate, were placed in the bottom of each cage. The sheets 

were checked daily and any eggs that had been laid were removed and placed in 

batches of 5 to 15 in individual, ventilated plastic cartons. These were then kept in the 

same controlled environment. On hatching, first instar larvae were removed from the 

rearing cartons and placed in 5 ml clear glass vials ready to be used in plant 

inoculations. 

4.2.3 Impact on Yield 
Individual Miscanthus sinensls 'Giganteus' plants were inoculated with either 

zero, one, five or eight first instar larvae. To inoculate a plant, the number of larvae 

needed for each treatment was removed from the laboratory colony and placed in 5 

ml glass vials and then gently shaken out randomly over the plant. The treatments 

were applied to plants at two growth stages, i. e. 30 and 60 days after planting. The 

experiment was conducted using a randomised complete block design with ten 

replicates of each treatment. A 15 cm high transparent polyvinyl chloride (PVC) 

cylinder, with a5 cm wide Fluon strip painted around the top, was placed around the 

perimeter of each pot to prevent larvae from escaping. 

All plants were harvested 200 days after planting. At harvest, all above soil plant 

material was collected by cutting the stems at soil level. This material was then dried 

in an oven at 80°C for 48 h and subsequently weighed. 

4.2.4 Feeding Site Preference 

Sixty days after planting, twelve M. sinensis 'Giganteus' plants were each infested 

with a single first instar N. pronuba larva. Each larva was taken from the laboratory 

stock and placed at the base of one stem of the plant. To prevent the larva from 
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moving to stems other than the experimental one, a plastic cone was placed at soil 

level at the base of each plant. Before infestation and during the experiment, each 

leaf was consecutively numbered from youngest to oldest with a marker pen. After 12 

weeks the area of foliage consumed on each leaf was measured by converting each 

leaf to a bitmap image using a digital scanner and the area of the image measured 

using a Borland Delphi utility programme (P. Mueller, pers. comm. ). The total area of 

each leaf without damage was calculated by measuring the length of the midrib of 

each leaf which was left intact despite larval feeding activity. The total leaf area 

without larval feeding could then be calculated using the regression data of total leaf 

area against length of midrib obtained in Chapter 5 (Section 5.2.2). Hence, the 

amount of plant material eaten on each leaf could be calculated and analysed to 

investigate whether there is a preference by larvae for leaves of different ages. 

4.2.5 Statistical Analysis 
The data were analysed using generalised linear modelling techniques 

(McCullagh & Neider, 1983; Aitkin et al., 1989) in the statistical package GLIM (GLIM 

3.77, Numerical Algorithms Group, Oxford, 1985). Significance was assessed by 

stepwise deletion from the maximal model and by subsequent calculation of F-values 

for the associated change in deviance and degrees of freedom. Comparisons of 

means between treatments were done using analysis of variance (ANOVA) and least 

significant difference test (LSD). 

Biomass data were transformed to natural logarithms to improve the normality of 

the error distribution (Crawley, 1993). Plots of residuals against response variables 

showed no obvious pattern and the ranked residuals against standard normal 

deviates produced a straight line indicating that the error distribution was normal. 

4.3 RESULTS 

4.3.1 Impact on Yield 

Results are presented for untransformed data. Although logarithmic 

transformations were done, they did not alter the significance of the results. The 

covariates, initial number of stems and initial number of leaves, did not affect final 

harvested biomass, F(564)=2.11, n. s and F(1553) 0.54, n. s. respectively, and were 

therefore not used in further analyses. Comparing means of treatments by ANOVA, 
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the number of inoculated larvae had a significant effect on final harvested biomass, 

F(3,55)=206.98, p<0.001, with biomass decreasing as the number of inoculated larvae 

increased (Fig 4-1(i)). However, the time of inoculation had no significant effect on 
biomass, F(168)=3.96, n. s. (Fig. 4-1 (ii)). 

Figure 4-1. Mean final harvested biomass of M. sinensls'Giganteus' when (i) inoculated with 
four different populations of N. pronuba larvae (0,1,5,8) and (ii) at two different times (30 

and 60 days after plant establishment). Bars are standard errors. Columns within individual 

graphs with letters in common do not differ significantly at the p<0.05 level (ANOVA and 
LSD). 
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Figure 4-2 shows the results of regression analyses between the final harvested 

biomass and the number of inoculated larvae for both infestation times. There were 

highly significant linear relationships between larval number and biomass, 

1,33) = 250.9 7, p<0.001 and F(1,33) = 324.47, p<0.001 for inoculations undertaken at 30 FR33): "::::::: 

and 60 days after planting respectively. This indicated that increasing larval numbers 

on a plant was correlated with a decrease in the biomass of plants when harvested. 

There was no significant difference between the slopes of these regressions of 

biomass against larval numbers for both inoculation times (comparison of slopes: 

F(1,63)=3.96, n. s. ) confirming the lack of a relationship between the time of larval 

infestation and yield. 
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Figure 4-2. Regressions of final harvested biomass of M. sinensis 'Giganteus' against 

number of N. pronuba larvae when inoculated at a) 30 days and b) 60 days after planting. 
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4.3.2 Feeding Site Preference 

Figure 4-3 shows the relationship between the total area and midrib length of M. 

sinensis 'Giganteus' leaves as collected in Chapter 5 (Section 5.2.2). The high 

correlation between these two variables (F(129)= 209.89, p<0.001) illustrates the 

accuracy in quantifying the total area of a leaf from its midrib length. 

Figure 4-3. The relationship between the total leaf area and the midrib length of M slnensis 

'Giganteus' leaves. 

8000 

N 

6 
6000 

a) 

(D 4000 
0 H 

2000 

Leaf length, mm 

Page 66 

02468 

68 10 12 14 16 18 20 



Feeding Impact of N. r :: 

Hence, the total intact area of leaves fed on by N. pronuba could be calculated by 

using the regression equation of the line illustrated, i. e. y= -2261.36 + 487.65x, and 
the subsequent per cent leaf area consumed could be calculated. 

Results from the feeding site preference experiment are illustrated in Figure 4-4. 

There were no significant differences between the age of leaf and the per cent area of 
leaf consumed, F(17) = 1.38, n. s., indicating that there was no preference shown by 

larvae for leaves of different ages. 

Figure 4-4. Mean per cent of leaf consumed by a single N. pronuba larva reared on a single 
M sinensis'Giganteus' stem for six weeks. Bars are standard errors. 
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4.4 DISCUSSION 
The results of this greenhouse experiment have demonstrated that if populations 

of N. pronuba were allowed to feed on Miscanthus, yield losses would result. All larval 

populations used to infest plants, i. e. one, five and eight individuals, were shown to 

significantly reduce plant yield, by 15,40 and 82 per cent respectively, compared with 

the control treatment. Furthermore, plants inoculated with larvae 30 and 60 days after 

planting showed no significant difference in the final harvested biomass of plants, 

suggesting that the time of infestation within the first 60 days after planting does not 

alter the feeding impact of larvae. 
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These results can be used to calculate the percentage biomass loss of 
Miscanthus to be expected from different sized larval populations. This is particularly 

useful for the establishment of economic thresholds (Chapter 5; Section 5.1.2). Figure 

4-5 illustrates the expected yield losses per plant for different sized larval infestations 

using the relationship demonstrated in this study. 

Figure 4-5. Mean per cent biomass losses (d. m. ) expected in relation to larval populations of 
the large yellow under-wing, N. pronuba, on M. sinensis'Giganteus' in the first 60 days after 

planting. The regression line is described by the equation y=-3.78+9.59x, R2=0.93. A 95% 

confidence level for the relationship is also shown (dotted line). 
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Chapter 5 studies the effect of artificial defoliation on the yield of Miscanthus and 

concludes that, due to plant compensation and the inherently low value of crop, only 
high levels of defoliation and yield loss (90 to 100 per cent) would warrant control 

action. From Figure 4-5 it can be seen that larval populations in excess of nine or 

more individuals per plant would be needed to pose an economic threat to 

Miscanthus using these yield loss values. However, the time of infestation of N. 

pronuba had no effect on final plant yield in this experiment. This contrasts with the 

significant effect of time and per cent leaf loss on yield shown in Chapter 5. The lack 

of a relationship between time of infestation and loss in yield in this study is probably 

due to there only being two, relatively close, times of infestation because of the 

confines of time and the number of available larvae. Therefore, further inoculations of 

N. oronuba, taking place at regular intervals throughout the Miscanthus growing 
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season, should be conducted to clarify the influence of time of infestation on final 

plant yield. 

However, the results clearly indicate the significant impact that N. pronuba could 
have on future Miscanthus yields and the need for suitable control measures. As 

already mentioned, the use of pesticides in controlling cutworms is difficult. Pesticide 

application is further complicated by the planting densities and crop height of 
Mlscanthus and the difficulty in targeting the pest organism when applying the 

insecticide (illustrated by the indiscriminate leaf feeding preference shown in this 

study). 

A traditional method of cutworm control relies on the deep ploughing of the soil 

prior to sowing. This increases the predation of exposed larvae by natural enemies, 

such as birds, and prevents the build up of a pest population (Gratwick, 1992). 

Unfortunately, this type of control is not possible in Mlscanthus fields as the crop is 

perennial and ploughing between rows would undoubtedly damage the root system 

of the crop. Furthermore, the lack of soil disturbance associated with Miscanthus 

cultivation increases the chances of pest populations developing from year to year. 

It seems likely that the most promising means of control would be to improve the 

natural host plant resistance of Miscanthus to insect attack. Breeding programmes 

have been used with other crop species to enhance the levels of specific secondary 

plant metabolites, which are commonly responsible for a plant's pest resistance. 

Higher levels of hydroxamic acids, such as DIMBOA, have been bred or introduced 

by genetic engineering, into various C4 crops. Examples include resistance towards 

the European corn borer, Ostrlnia nubilalis (Gromacher et al., 1989; Guthrie & Jarvis, 

1990), Western corn rootworm, Diabrotica virgifera (Assabagau et al, 1995) and the 

lophophid sugarcane plant hopper Pyralla perpusilla (Kumarasinghe & Wratten, 

1993). 

Host plant physiology also plays an important role in host plant resistance (as 

demonstrated in Chapter 2). Increases in the lignin and cellulose content of plant 

cells during the growing season have been shown to resulting in a corresponding rise 

in leaf toughness and pest resistance (Bergvinson et al., 1994). This experiment 

indicated that there was no effect of plant age on insect attack since losses for 

infestations undertaken 30 and 60 days after planting did not differ. This may have 
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been because the time difference between the two periods was not sufficient for plant 

morphology changed significantly. 

Fundamental to the breeding of host plant resistance is a diverse source of 

genetic material. Currently, the genetic diversity of Miscanthus is severely restricted 

as commercial plants are produced by micro-propagation and rhizome cuttings 

(Hansen, 1994). If the host plant resistance of Miscanthus is to be successfully utilised 

in the future, further investment is required in the development of breeding lines from 

plant material indigenous to south-east Asia and the Pacific Islands. 

This study has highlighted the susceptibility of Miscanthus to one of most common 

and widespread noctuid moth species found in Europe. The need for effective pest 

management strategies is fundamental to the control of any insect pest, but the life 

history and behaviour of N. pronuba and the cultivation of Miscanthus render 

traditional means of controlling this pest useless. Further study into the presence, 

effectiveness and enhancement of host plant resistance to such pests is vital in order 

to reduce the impact of this pest on future Miscanthus cultivation. 
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CHAPTER 5 
The Effect of Timing and Severity of 
Artificial Defoliations Upon the Yield of 
Misccrnthus sinensis'Giganteus' 1 

The majority of research concerning Miscanthus has 

concentrated on the cultivation practices, husbandry and 

expected yields of the crop under European climatic 

conditions. At present Miscanthus appears pest free; but as 

the area grown increases to a commercial scale, an 

economically damaging insect pest complex is likely to 

develop. A series of artificial defoliations, differing in severity 

and timing, was undertaken to quantify the effect of leaf loss 

on the yield of Miscanthus sinensis 'Giganteus : The resulting 

relationship indicates that the productivity of the plant is 

reduced by defoliation. The implications of such losses are 

discussed with reference to the economics and feasibility of 

pest management strategies that may be adopted for this 

novel crop in the future. 

This chapter is published in: Huggett, D. A. J. (1997) The effect of timing and severity of artificial 

defoliations on the growth and yield of Miscanthus sinensis'Giganteus'. Aspects of Applied Biology - 

Biomass and Energy Crops 49: 129-136. 
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5.1 INTRODUCTION 
The promising yields being obtained from experimental plantings of Miscanthus 

(Kilpatrick et al., 1994, Schwarz et al., 1994) indicate that it could play a significant 

role in future agriculturally based European energy programmes. The majority of 

research has concentrated on the expected yields, physiology and cultivation 

practices of this newly domesticated plant genus, e. g. Bullard et al. (1995). Several 

workers have indicated the susceptibility of the crop to virus infection, as transferred 

by aphid vectors (Christian et al., 1994; Huggett, 1996), but little attention has been 

given to the insect pest complex that is likely to develop on Miscanthus. 

Miscanthus is currently regarded as 'pest free'. This is undoubtedly the result of 

the small area of the crop currently grown within Europe (Chapter 1: Section 1.4.3). 

Ecological theory predicts that the rate of herbivore colonisation of a new crop 

species is directly related to the area under cultivation (Strong et al., 1977). The 

commercialisation of Miscanthus will increase the area grown and therefore result in 

a corresponding rise in its insect pests. Studies investigating the potential pests of this 

novel crop have relied heavily on the screening of likely arthropod herbivores 

independent of their occurrence in the field (Christian et al., 1994; Huggett, 1996). 

However, techniques that assess the impact of insect pests on the yield of Miscanthus 

independently from the pest species will undoubtedly play an important 

complementary role in such studies. 

5.1.1 Insect Damage and Crop Loss 

An understanding of the relationship between the effect of feeding damage 

caused by insect pests and the growth and yield of crops is an essential component of 

pest management actions and decisions (Coggin & Dively, 1980). Bardner and 

Fletcher (1974) note three key objectives that can be met by the use of damage-yield 

loss relationships: 

" the selection of the measurements of infestation or injury most closely 

correlated with yield, for use in pest management assessment studies. 

" the prediction of the likely effects of changes in any factor affecting the 

relationship between infestation/damage and yield. 
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" the determination of the most suitable methods and tactics of control. 

Furthermore, information gained from yield loss studies is of significant value to 

governments and aid donors. Such information frequently forms the basis of 

objectives that are used in the allocation of resources in pest management (Dent, 

1994). 

In the majority of cases, the relationship between the intensity of insect infestation, 

or insect damage, and its effect on crop yield conforms to a generalised response 

curve (Tammes, 1961). When yield is plotted on the y-axis and the number of insects, 

or degree of damage2, on the x-axis, a curve with an upper and lower plateau joined 

by a sigmoid curve typically results (Figure 5-1 (i)). The upper plateau is referred to as 

the threshold level, where plant compensation and tolerance to insect damage have 

no effect on overall plant yield. As plant compensation or tolerance becomes less 

effective, with increased insect damage, yield decreases in a sigmoid fashion. This is 

known as the compensation and linear response. This often tails off at very high injury 

levels (the lower level) as individual insects or injuries have progressively less effect 

on yield as a result of interspecific competition between the pests. 

The generalised response curve described above represents the typical 

circumstance, but no damage-yield relationship exhibits all of its features (Horn, 

1988). The effect of differing levels of infestation, duration of attack and plant growth 

stage result in a relationship that normally incorporates only components of this 

general case. Poston et al. (1983) describe three generalised patterns of a plant's 

response to insect damage. The tolerant response is typical of insects damaging the 

plant foliage or roots where a certain level of damage can be tolerated before yield is 

affected, e. g. Hussey & Parr (1963), as illustrated by Tammes' generalised response 

curve (Figure 5-1 (i)). The susceptive response (Figure 5-1 (ii)) is typical of insects such 

as seed borers, that cause yield decrease that is directly proportional to the number 

of insects present. It is also seen with those plants that do not exhibit compensation or 

tolerance, e. g. Buckley & Burkhardt (1962), and pests that are disease vectors (Norton 

& Mumford, 1993). Finally, the over-compensatory response, Figure 5-1 (iii), is seen 

with those plants that react to herbivore damage in such a way that the yield 

number of insects and degree of damage can both be used in the context of yield loss response 

curves and are used synonymously in this chapter. 
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increases above that which would have been achieved in the absence of the pest 
(Banks & Macaulay, 1967). Such a response is rare in the field and is usually limited to 

early infestations and low levels of damage (Capinera et al., 1986). 

Figure 5-1. Hypothetical damage-yield response curves: (i) the generalised or tolerant 

response curve; (ii) the susceptive response curve; (iii) the over-compensatory response 

curve. After Bardner & Fletcher, 1974; Poston et al., 1983. 
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The presence of an insect infestation that creates sufficient damage to cause yield 

loss will affect the value of the crop and hence the income of the farmer. By 

incorporating biological knowledge from pest-damage functions and economic 

information, such as crop value and the cost of pest management operations, action 

thresholds can be developed. Action thresholds can be defined as the pest density or 

damage to the plant or crop that warrants the initiation of a control measure or 

measures. Stern and co-workers first proposed the incorporation of action thresholds 
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into yield loss relationships in 1959 (Stern et al., 1959). Since then the concept of 

economic injury levels has come to be regarded as an essential component of pest 

management programmes (Mumford & Norton, 1984). Action thresholds can be 

further divided into: 

" economic injury level (EIL) - the lowest population density or number of 

injuries that will cause economic damage (Figure 5-2). 

" the economic threshold (L7) - the level of pest infestation or injury at which 

control measures should be implemented to prevent an increasing pest 

population from reaching the EIL (Figure 5-2). 

The length of time between the ET and EIL will be dependent on the speed at 

which the control measure works and can be implemented or the rate of the pest 

population development (Walker, 1983). For example, where the delay between the 

application of a pesticide and its subsequent effect is very short the economic 

threshold also defines the economic injury level (Barnard et al., 1986). 

Figure 5-2. Diagram illustrating the relationship between the timing of the economic 

threshold (ET) and the economic injury level (EIL) and the level of attack associated with the 

crop. 
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The economic threshold was originally envisaged as a constant, but in reality it 

varies according to the crop cultivar, pest species, age, weather, plant density and 

fertiliser levels among many other factors (Gutierrez, 1987). Hence, the estimation of 
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the action threshold is extremely difficult and its determination by many workers has 

proved to be one of the weakest components in pest management programmes 
(Poston et al., 1983). 

5.1.3 Measuring Damage Yield Loss Relationships 
Determining yield loss relationships for natural insect populations is difficult when 

infestations are sporadic or where population numbers are not high enough to cause 

economic damage (Hammond & Pedigo, 1982). Workers have attempted to create 
different-sized populations for studying yield loss relationships by applying 

insecticides (Jones et al. , 1955). Results from this approach may be questionable 
because of the modification of insect feeding and physiological changes in the plants 

caused by the insecticides (Higgins et al., 1984). To circumvent this problem, other 

workers have infested plants artificially by caging insects on them. However, this often 

proves ineffective in producing true yield relationships because of various extraneous 
factors, such as cage influence, on plant growth (Trang & Giddens, 1980). 

An alternative, and more widely used, approach to establish yield loss 

relationships, especially with occasional or potential pests, has been the simulation of 

insect damage. Such studies have included the effects of artificial defoliation upon 

yield of sugar beet (Jones et a]., 1955), hail damage simulation on soybean (Weber, 

1955) and the excision of leaflets and pods to simulate Heliothis damage to soybean 

(Thomas eta]., 1976). 

Baldwin (1990) cited several inadequacies in the use of artificial defoliation to 

assess the impact of herbivory on plants, for example, damage simulations do not 

truly mimic herbivore damage. This criticism is acknowledged and may be true for 

the present study, but the experimental nature of Miscanthus and the current lack of 

insect pests make this form of damage simulation a valuable tool in understanding 

the possible effects of potential leaf feeding insect herbivores. 

5.1.4 Aims and Objectives 

This study investigates the potential yield losses to be expected from insect 

defoliators of Miscanthus sinensis 'Giganteus' by the use of artificial defoliation at 

different levels (0,25,50 and 75%), undertaken at three different times during the 

growing season (early, middle and late). The results highlight the importance of the 
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timing and extent of defoliation on the estimated crop yield following simulated insect 

attack. Such an investigation is of importance in the development of future pest 

management strategies of Miscanthus insect pests. 

5.2 MATERIALS AND METHODS 

5.2.1 Plants and Experimental Conditions 
Micro-propagated M sinensis 'Giganteus' clones were obtained from Piccoplant 

Nurseries, Oldenburg, Germany. Each was contained in a6 cm3 peat block and 

measured approximately 30 cm in height with two or three stems. After ten days 

acclimatisation in an unheated greenhouse, the plants were transplanted into 

individual 36 cm diameter pots using John Innes No. 2 potting compost. Transplants 

were positioned so that the top of the peat block was 1 cm below soil level, the 

surrounding soil being consolidated by hand. All experiments were undertaken in a 

heated greenhouse at 200C -5 and a 16 h photoperiod supplied by high pressure 

sodium lamps. Relative humidity was not controlled. Plants were watered every five 

days, each pot being filled to the brim at each watering. Ten days before the start of 

treatments the number of stems of each plant was measured. 

5.2.2 Preliminary Investigation 
Thirty five days after plant establishment, 15 plants were selected at random to 

quantify the relationship between the length of individual leaves and their 

corresponding leaf area. This allows the correct area of each leaf to be correctly 

removed in the experiment by using a simple measure of leaf length. From each 

specimen two randomly chosen leaves were removed, cutting from the axial base of 

the leaf joining the main stem. The length of the midrib was measured and the leaf cut 

into eight equal length sections. Each section was then converted to a bitmap image 

using a digital scanner and the area of the image measured using a Borland Delphi 

utility programme (P. Mueller, pers. comm. ). The relative number of midrib eighths 

(starting from the tip of the leaf) subtending an area equal to 25,50 and 75% of the 

total leaf area was then calculated. Hence, by dividing a leaf's midrib into eight equal 

length pieces one can remove the number of sections, starting from the leaf tip, 

corresponding to the desired per cent area defoliation. 

Page 77 



Effect of Artificial Defoliations on Yield 

5.2.3 Treatments 
Fifty-five days after plant establishment six plants were selected at random. The 

midrib of each leaf was measured and the length corresponding to 25 per cent of the 

total leaf area was removed by cutting with scissors perpendicular to the leaf edge. 
This was then repeated defoliating at the 50 and 75 per cent levels. Fifty five and 110 

days later the procedure was repeated on previously uncut plants. Twelve plants 

were not defoliated to act as a control. All plants were harvested 55 days after the last 

defoliation, i. e. 220 days after plant establishment. The experiment therefore 

consisted of ten treatments arranged in a randomised complete block design. At 

harvest all above soil plant material was collected by cutting the stems at soil level. 

This material was then dried for 48 h at 80°C and weighed. 

5.2.4 Statistical Analysis 
The data were analysed using generalised linear modelling techniques 

(McCullagh & Neider, 1983; Aitkin et a]., 1989) in the statistical package GUM (GLIM 

3.77, Numerical Algorithms Group, Oxford, 1985). Significance was assessed by 

stepwise deletion from the maximal model and by subsequent calculation of F-values 

for the associated change in deviance and degrees of freedom. Biomass data were 

transformed to natural logarithms to improve the normality of the error distribution 

(Crawley, 1993). Plots of residuals against response variables showed no obvious 

pattern and the ranked residuals against standard normal deviates produced a 

straight line indicating that the error distribution was indeed normal. 

5.3 RESULTS 

5.3.1 Preliminary Investigation 

Regressions showed that there was a highly significant correlation between 25,50 

75% of the total leaf area and the cumulative area of leaf sections one to three, one to 

five and one to six respectively, F(129) =27.12, F(129)=28.27 and F(12, )=3863.32 

respectively (Figures 5-1 (i)-(iii)). Hence, when the length of the midrib of leaves is 

measured 25,50 and 75 per cent defoliations of the leaf can be simulated by 

removing 3/8,5/8 and 6/8 of the total midrib length respectively, starting from the leaf 

tip. 
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Figure 5-3. The relationship between: (i) 25 per cent of the total leaf area and the cumulative 

area of sections 1-3; (ii) 50 per cent of the total leaf area and the cumulative area of sections 
1-5; (iii) 75 per cent of the total leaf area and the cumulative area of sections 1-6. 
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5.3.2 Effect of Timing and Severity of Defoliation on Yield 
Results are presented for untransformed data since natural logarithmic 

transformations did not alter the significance of the results. The initial number of 

stems of each plant did not affect final biomass, F(4,61)=0.20, 
n. s., and was therefore 

not used as a covariate in further analyses. The level of defoliation had a significant 

effect on final biomass, F(3 
)=61.26, p<0.001. As percentage defoliation increased the 

biomass declined by 17,22 and 27 per cent for the 25,50 and 75 per cent defoliations 

respectively, compared with the control treatment (Figure 5-4 (i)). Biomass also 
declined significantly for progressively later defoliations, F(254)=70.83, p<0.001 (Figure 

5-4 (ii)). Both independent variables of percentage defoliation and time of defoliation 

accounted for some 42% and 46% of the variability in the yield response respectively. 

The interaction of the two variables was also found to be significantly correlated 

with biomass, F(6,54)=6.84, p<0.001, and accounted for a further 12% of overall 

variance. When all three variables, i. e. per cent defoliation, time and the interaction 

between these two independent variables, were included, the full model accounted 

for 89% of the total variability in biomass between treatments. A three dimensional 

yield response model was calculated (Figure 5-5) which is described by the equation: 

Figure 5-4. Mean final harvested biomass of M. srnensis'Giganteus' when (i) defoliated at 0, 

25,50 and 75 per cent levels and (ii) at three different times during the season (55,110 and 

165 days after planting). Bars are standard errors. Columns within individual graphs with 

1) 

n) 

letters in common do not differ significantly at the p<0.05 level. 
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b= 41.75 + 0.0028 *d-1.722 * (t/55) - 0.065 *d* (t/55) (1) 

where b is the final biomass, t is the time of the defoliation and d is the 

percentage defoliation loss of each leaf. Equation 1 can be used to predict the final 

biomass of Miscanthus plants for any level of defoliation at any number of days from 

planting. 

Figure 5-5. Three dimensional graph of the final harvested biomass, b, of M srnensrs 

'Giganteus' as a function of the per cent level of defoliation, d, and the number of days from 

planting, t. The surface is given by Equation 1 (see text). 
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5.4 DISCUSSION 

ýý 

This study has highlighted the potential effects of leaf feeding herbivores on the 

biomass crop Miscanthus by simulating leaf loss due to insect attack using artificial 

defoliation techniques. Early defoliations of varying severity have a lesser effect on 

final harvested biomass yield compared with later defoliations (Figure 5-5). This 

indicates the relative ability of the crop to compensate for early season defoliations, 

which is probably due to the development of new shoots throughout the early to 

middle period of the growing season. When defoliation takes place later in the 

season, more of the final number of harvested stems are affected by leaf loss and 

there is therefore a greater decrease in overall yield. This implies that early to middle 

season insect attacks, if controlled, would not result in significantly reduced overall 

plant yield compared with unattacked plants. The use of such response curves is 
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especially advantageous where, in the case of Miscanthus, the threat posed by 

defoliators is not yet apparent due to the experimental nature of this recently 

domesticated plant genus. 

Figure 5-6 illustrates the expected crop loss (£ per ha) in relation to the 

percentage level of defoliation and time (the number of days from planting). The value 

of the crop is based upon the elementary economic assessment of Miscanthus grown 

in the UK reported by Heath eta]. (1994). The crop value is 30 £ d. m. per ha, based on 

a direct comparison with current crude oil prices and the equivalent energy contents 

of Miscanthus, and a planting density of 10,000 plants per ha. By using Equation 1 

(Section 5.3.2) the amount of crop loss can be calculated at different defoliation levels 

during the growing season and hence, the value of the expected yield loss can be 

calculated. 

Figure 5-6. Contour plot of the relationship between yield loss (£ per ha) and the time and 

level of defoliation of M sinensis'Giganteus'. 
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The different bands in the graph represents the value of the crop loss in 5£ per ha 

increments. Hence, any control measure adopted to control insect defoliators at these 

levels and timings would have to fall within these economic limits i. e. the economic 

injury level (EIL). The economic threshold (ET) levels will fall somewhere below the EIL 

depending upon the effectiveness of the control measure (See Section 5.. 2 for an 
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explanation of EILs and ETs). Moreover, the low value of Miscanthus warrants control 

measures, such as pesticide application, that are substantially less expensive than 

those available. At present a single application of a broad spectrum insecticide to a 

cereal crop, such as aldicarb, costs approximately 35 to 40 £ per ha (Nix, 1986). This 

is higher than the expected value of crop loss caused by the most severe defoliations 

to Miscanthus. It is clear that at present the control of potential insect defoliators of 

Miscanthus is economically unfeasible unless the price of the crop increases or the 

cost of insect control decreases. Both of these factors are unlikely to alter favourably 

in the near future since: 

" the price of biomass crops is likely to decrease to remain competitively 

priced with respect to other energy sources, such as oil and gas. 

" the cost of implementing pesticide applications or other control methods has 

not been suitably investigated regarding commercial Miscanthus plantings. 

The majority of crops grown commercially require substantial pest management 

input to reduce overall yield or quality losses due to herbivore damage. It is highly 

likely that leaf feeding insects will cause economic damage to Miscanthus in the near 

future and the use of damage-yield response curves, as presented in this study, will 

be an important tool in their control. The use of artificial defoliation techniques in this 

chapter has allowed the effect of the timing and severity of leaf loss on Miscanthus 

yield to be investigated. Additionally, although a specific pest species was not used, 

the results have highlighted several important factors that will influence the adoption 

of pest management strategies in Miscanthus. Notably the effectiveness of the control 

will be limited by: 

" the relatively low value of the crop due to the non-food nature of the biomass 

for fuel production. 

" the morphological characteristics and cultivation practices of Miscanthus, 

e. g. crop height exceeding 2.25 m (Kilpatrick et al., 1994) and planting 

densities of 10,000 plants per hectare (Bullard et a]., 1995), that may hinder 

current pesticide application techniques. 

" the less intensive farming practices likely to be adopted for set-aside crops. 

It is at this early stage of crop domestication that both the feasibility and 
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economics of pest management in novel crops should be approached. This study has 

demonstrated that even without a recognised pest complex such issues can be 

sensibly addressed. 
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CHAPTER 6 
The Potential Establishment of 
Exotic Insect Pests 

of Miscanthus in Europe 

The majority of insects that colonise introduced plant species 

are derived from the pool of indigenous arthropods. However, 

some of the major insect pests in the world are exotic species 

that have been introduced from the host plant's native habitat. 

The abundance and distribution of insects is primarily 

governed by climatic factors. Using the ecoclimatic modelling 

program CLIMDC the potential establishment in Europe of 

insect species associated with Miscanthus in its native 

south-east Asia and the major pests of maize and sugarcane 

were investigated. Three species, L. oryzophilus, C. 

suppressalis and M. separata, were shown to be able to 

sustain economically damaging populations throughout 

Europe. The consequences of their introduction to Miscanthus 

cultivation are discussed along with the processes involved in 

the use of such methods for studying exotic insect pests. 
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6.1 INTRODUCTION 
The majority of insects colonising newly introduced plant species will be derived 

from the pool of arthropods associated with the indigenous flora that the introduced 

species has replaced (Kogan, 1981). However, a small number of insects will 

eventually be recruited from those exotic species that have themselves been 

introduced into the plant's new geographic habitat. The probability of recruitment by 

such insects is smaller than that of the indigenous fauna, but the risk posed by exotic 

species to the new crop constitutes a far more dangerous pest scenario since they 

are already adapted to feeding on the host plant. Sailer (1978) notes that, although 

only 1.3% of the recorded insect species of the USA are exotics, some of the most 

economically damaging species found there are derived from this small number of 

immigrant species. This clearly highlights the threat posed by the introduction of 

exotic pest species to established crop environments. Therefore, any study of the 

potential insect pests of a newly introduced plant species must address the threat 

posed to the crop by exotic, as well as indigenous, insect pest species. 

6.1.1 Ecoclimatic Modelling 
It is generally accepted that the two main factors determining the distribution and 

relative abundance of insects are the availability of suitable hosts and favourable 

climatic conditions (Andrewartha & Birch, 1954; Messenger, 1959). Hence, to 

ecological and applied entomologists, the ability to understand and interpret the 

relationship between climatic factors, such as temperature, humidity and rainfall, and 

the distribution of insect species is of fundamental importance. Such studies have 

received considerable attention in the prediction of insect outbreaks and the potential 

establishment of exotic species into previously uninhabited areas (Sutherst et a]., 

1991). 

Until recently the methodology involved in the prediction of the distribution and 

abundance of insects with respect to climate had changed little since the earliest 

attempts. In one of the first such investigations, Cook (1924) studied the relationship 

between meteorological conditions and the damage distribution of the pale western 

cutworm, Agrostls orthogona, in the Central Plains of the USA. By the construction of 

climatographs (a graph of mean temperatures against mean relative humidity joined 

by a line in order of the months (Uvarov, 1931)), for each study area he discovered 
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that temperature and rainfall acted as the main climatic factors influencing the pest's 

economic importance. By comparison of climatographs from areas of the highest pest 

outbreaks he was able to predict the likely risk posed by the insect to each area. 
Although further studies (e. g. Greenbank, 1970; Weltzien, 1972) increased the 

understanding and accuracy of such predictive methods, they still relied on the 

processing of complex and intensive meteorological data sets by hand and 
consequently progress and overall confidence in such studies was limited. 

The efficiency and understanding of simulation models designed to correlate 
climate and insect distribution relies on the time consuming ability to process large 

quantities of meteorological data and known insect distributions. It is therefore not 
surprising that significant progress in their adoption and accuracy was not made until 
the development and widespread availability of computers. 

6.1.2 CLIMEX 
COMEX is a computer based ecoclimatic modelling program developed in 1985 

by two Australian veterinary entomologists, Sutherst and Maywald. Fundamentally the 

software allows the suitability of over 2700 climatic regimes, taken from world wide 

meteorological stations, to be compared with the climatic requirements of an insect 

or animal species. Since its development it has been successfully used in the 

prediction of the risk posed by the potential establishment of several economically 
important insect pests into new geographic regions, such as: the Old World 

screw-worm fly, Chrysonva bezziana (Sutherst et a]., 1989); Mediterranean fruit fly, 

Ceratltis capitata and the Colarado potato beetle, Leptintotarsa decemlineata 

(Worner, 1988). The program enables the prediction of an animal's potential relative 
distribution around the world, using biological data and observations on 

geographical distribution. 

Sutherst and Maywald (1985) assume that in the majority of areas there is a 
favourable season that will enable the growth of a species' population and a 

concurrent unfavourable season that will dictate whether the population produced 
during the favourable season will persist. The information generated by COMEX is 

primarily an Ecoclimatic Index (EI). This describes the response of a species of plant 

or animal to the climate of a particular geographic location on a scale of zero to one 
hundred. The EI is the product of the estimated population growth during the 
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favourable season and four annual stress indices (Figure 6-1). The weekly potential 

for population growth during the favourable season is estimated from the product of 

its response to temperature, moisture and light and is termed the Growth Index (GI). 

These weekly values are then averaged for the year to give a value of the intrinsic rate 

of population increase of the species for the given locality. To take into account the 

effect of the unfavourable season upon the GI, four stress indices are used that 

summarise the hot, cold, wet and dry extremes of the species. The resulting product 

of these annual stress indices and the GI produces a value of the EI (Figure 6-1). 

Therefore, values of GI and EI indicate the extent to which the location has the 

potential to support economically damaging populations. The GI can be regarded as 

the potential damage caused by the species if it was to migrate or be transported into 

the proposed area each year. The EI indicates the magnitude of the annual threat of a 

species that is capable of persisting in this new area once it has been introduced. 

Figure 6-1. Diagram illustrating the component climatic factors used in the derivation of the 

Ecoclimatic Index (EI) and the Growth Index (GI) produced by CLIMEX. After Sutherst & 

Maywald, 1985 

Low Temperature High 
Limiting Optimal Limiting 

Cold Stress ki GROWTH INDEX Iý HotHSSress 
S 

ECOCJJMATIC INDEX 
Dry Stress Wet Stress 

DS WS 

Low Moisture High 

Limiting Optimal Limiting 

The insect climatic response parameters (Table 6-1) required for the target 

species when using CLIMEX may be determined from two main sources (Sutherst & 

Maywald, 1985). Either the pest's temperature and moisture requirements or field 

observations of the geographical distribution and seasonal abundance of the species 

may be used. Such data cannot be used directly to derive parameter values since: 
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" parameters must reflect the response of the animal to environmental 

conditions which laboratory derived information does not provide. 

" the observed distributions may be of a limited climatic range themselves or 
be predominantly governed by non-climatic influences, e. g. local 

topography. 

Hence, these initial parameters need only to be approximate since a decision as 

to the final value of each parameter is made by a process of iteration. Following each 

parameter adjustment, the climatic response of the insect indicated by COMEX is 

compared with the known responses of the species at several localities. The insect's 

parameters can then be used to compare the response of the insect with the climatic 

ranges in other geographic localities. 

Table 6-1. Growth and stress parameters used in the calculation of the Ecoclimatic and 

Growth indices in CLIMEX. After Sutherst & Maywald, 1985. 

Temperature Soil Moisture Description 

DVO SMO 

DV1 sm i 

DV2 SM2 

DV3 SM3 

Cold Hot Wet Dry 

TCS THS SMWS SMDS 

HCS HHS HWS HDS 

Lower threshold for development 

Lower level of optimum range 
Upper level of optimum range 

Maximum threshold for development 

Level at which stress begins 

Rate at which stress takes effect 

6.1.3 The Pool of Potential Exotic Pests 
The potential non-indigenous insect pests of Miscanthus in this study are derived 

from two main sources. Firstly, there are those insect species that have been noted as 

feeding on Miscanthus. Since Miscanthus is not a cultivated crop species within its 

native geographic range of south-east Asia, and is of little economic importance 

there, the importance of insect herbivores has received little attention. Most studies 

have merely noted the occurrence of insect pests of other economically important 

host plants upon Miscanthus. 

Secondly, it is likely that those non-indigenous arthropod herbivores associated 

with plants that are taxonomically, phenologically and anatomically similar to 

Miscanthus will also pose a threat to the crop (Strong et al., 1984). Hence, the insect 
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pests of maize, Zea mays, and sugarcane, Saccharum officlnarum, (Chapter 1; Table 

1-1) are also studied. 

6.1.4 Aims and Objectives 

The aims of this study are to: 

" define the arthropod community of Miscanthus in its native geographic area. 

" highlight those insect species that currently reach pest status on maize and 

sugarcane or are regarded as pest species in other geographic localities 

(particularly Europe). 

" investigate, with the use of the ecoclimatic modelling program COMEX, the 

potential distribution and economic risk that these insects pose to 

Miscanthus. 

It is hoped that such a study will highlight those exotic insect pests that pose the 

greatest threat to Miscanthus cultivation and allow the targeting of further research 

into their potential pest status upon this novel biomass crop. 

6.2 MATERIALS AND METHODS 
As noted earlier, the two categories of insect species investigated in this study are 

those exotic insects that have been found on Miscanthus and those that have reached 

pest status on maize and sugarcane (Table 6-2). For practical reasons the lists do not 

include every single insect species that has been associated with each of these three 

host plants. The lists have been condensed to include the major insect pests. Insect 

species that primarily feed and damage fruiting bodies, such as Heliothis armigera 

and H. zea on maize, have also been disregarded, since Miscanthus does not flower 

or produce fruit under European climatic conditions. 

Additionally, a preliminary investigation using CLIMEX indicated that it was 

unlikely that species confined to regions below 200 latitude north, such as the noctuid 

maize stem borer, Sesarnia calamistis, and the pyralid stem borer of sugarcane, 

Eldana saccharina, would survive the relatively harsh climatic conditions of 

continental Europe. Therefore, only species that are non-indigenous to the UK, but, 

present in areas above this degree of latitude have been considered. 
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For each species the temperature and moisture related parameters of the 

CLIMEX model were estimated by iteration, using the distribution of the organism in a 

known location (Distribution Maps of Pests, Commonwealth Institute of Entomology: 

Anon., 1989) and additional biological data where available. When the parameter 

values gave a close visual match between the observed and predicted distributions, 

they were fixed and used to make further projections of the insect's distribution and 

abundance in UK and the rest of Europe. 

Table 6-2. Exotic insect pests of Mlscanthus, maize and sugarcane used in this study. 

Host Scientific name Common name Distribution Damage 

1 Lissorhoptrus oryzophilus rice water weevil S. E. Asia, USA larvae bore stems 
1,2 Atherigona shibuyai sugarcane stem S. E. Asia larvae bore stems 

maggot 
1,3 Ceratovacuna lanigera sugarcane woolly China, Taiwan, sap-sucker 

aphid India 

1,2,3 Sesamia inferens purple stalk borer India, Pakistan, larvae defoliate 
S. E. Asia 

1,2 Chilo suppressalis striped rice borer Spain, S. E. Asia, larvae bore stems 
Australia 

2,3 Mythimna separata rice ear-cutting India, S. E. Asia, larvae defoliate 

caterpillar Australia 

3 Saccharicoccus sacchari sugarcane mealybug India, E. Africa, infest stems 
Central & S. 

America 

3 Diatrea saccharalls sugarcane borer N. & S. America larvae bore stems 

Key: 1- Miscanthus 2- maize 3- sugarcane 

Ecoclimatic Indices were plotted for each species, indicating the ability of a 

species to survive throughout favourable and unfavourable periods within the new 

locality. The EIs can be further categorised according to Hopper & Campbell (1989) 

where: 

" EI=O, pest cannot survive. 

" EI=1 to 5, pest never causes significant losses. 

" EI=6 to 20, pest species sometimes cause economic losses. 

" EI> 20, pest species always causes economic losses. 

This is only an indication of the potential damage that each species may cause, as 

each injury type has a specific economic threshold depending on the type and 
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amount of damage caused by the pest (Sutherst, 1991). GIs were also plotted for each 

pest and area to indicate the relative potential of that species to cause economic 

losses during the favourable seasons, even though it may not be able to sustain a 

population during unfavourable climatic periods. This demonstrates the risk posed to 

the crop if the species was introduced during a favourable climatic period and can be 

similarly categorised as the II shown above. 

6.3 RESULTS 

6.3.1 Exotic Pest Species of Miscanthus 

Lissorhoptrus orzyophilus: Curcullonldae 

The rice water weevil, Lissorhoptrus oryzophilus (Kusch), is a serious pest of rice 

crops in the eastern and southern states of the USA, California, Alberta and Canada. 

The species has also recently become established in southern Japan (Matsui, 1987) 

and poses a very serious problem to the rice growing areas of south-east Asia. 

Although the main host of the insect is rice, various grasses and sedges act as 

secondary hosts. These are usually non-cultivated indigenous weeds and therefore 

the economic damage caused to such plant species has not been thoroughly 

assessed. 

Katayama and Suzuki (1986) collected overwintering adult L. oryzophllus from 

grass weed banks in Tochigi, Japan. Further laboratory studies indicated the ability of 

the weevils to feed and sexually mature on several resident grass bank weed species, 

including Miscanthus sinensis. Populations of the adults severely declined following 

migration to rice fields at the beginning of May demonstrating the preference for this 

primary host plant species. 

Host plants are vulnerable to attack by both the adult, which feeds on the leaves, 

and the larval stages which, due to their root feeding activity, frequently cause 

substantial stunting, delayed crop maturity and reduced grain yield. As expected with 

a rice pest, soil moisture plays an important role in the life cycle of this insect. Eggs 

are generally laid under water, with an optimum temperature for development being 

somewhere in the region of 30 to 35°C (Raksarart & Tugwell, 1975). This factor is 

reflected in the values for soil moisture and moisture stress indices that have been 

used in fitting CLIMEX parameters and is clearly shown by the distribution of the 
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insect within areas of relatively high rainfall. CLIMEX values were systematically 

altered to give the best fit of L. oryzophllus in North America. Figure 6-2 illustrates the 

predicted distribution using COMEX and the observed distributions (CIE map no. 
270). Once this good fit was achieved, further predictions were made to assess the 

potential of the species to persist in Europe (Figure 6-2). As expected, due to the 

similarity in latitude of the pest's native habitat, the climate of Europe seems very 
favourable. Predicted EIs reach the highest levels in warmer and wetter localities, e. g. 
Naples and Milan (Table 6-3). However, the dryness of central Spain and the lower 

maximum temperatures encountered in the more eastern European locations clearly 

reduce the potential of the weevil to establish populations in these areas. 

Although the potential for L. oryzophilus to become established in Europe appears 
high, a major main factor that would influence this species' success would be the lack 

its primary host plant rice. However, the recent increase in rice cultivation in the 

warmer parts of Europe, such as Italy (G. Matthews pers. comm. ), may provide a 

suitable primary host and therefore increase the risk of this pest's establishment in 

such areas. 

Table 6-3. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Lissorhoptrus 

oryzophllus in N. America and Europe. 

Location EI GI Location EI GI Location EI GI 

Lexington (USA) 36 38 Southampton (UK) 28 28 Seville (Spain) 19 65 

Richmond (USA) 33 33 Plymouth (UK) 29 29 Naples (Italy) 34 38 

Pensacola (USA) 45 45 Calais (France) 29 29 Milan (Italy) 35 35 

Aberdeen (UK) 8 12 Paris (France) 17 17 Munich (Germany) 29 31 

Cambridge (UK) 20 20 Nice (France) 38 40 Berlin (Germany) 18 19 

Cardiff (UK) 30 30 Madrid (Spain) 6 10 Hamburg (Germany) 29 29 

Atherig-ona shibuyai: Muscidae 

The sugarcane stem maggot, Atherigona shibuyai (Pont), is a newly identified 

species of the Atherigona spp. pest complex collected from native M sinensis in 

Okinawa and Kagoshima, Japan (Shibuyai & Tanaka, 1969). Atherigona species make 

up some of the most serious pests of rice, sorghum and sugarcane in south-east Asia. 

Little work has been conducted on the taxonomy, distribution and biology of this 

species and it is therefore assumed to have a similar distribution to its commonly 

misidentified relative, the rice stem fly, A. oryzae found in India, Bangladesh, Sri 
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Lanka, China and Japan. Using the observed distribution of the species (CIE map no. 

411) COMEX parameters were estimated and eventually fixed to give a good visual 

correlation with predicted distribution in south-east Asia (Figure 6-3). The clear 

influence of low mean temperatures upon the development of this species is shown in 

the predicted distribution within Europe (Figure 6-3). Cold stress indices reduced EIs 

to zero for the majority of European locations (Table 6-4), this reflects the species' 

need for temperatures above a threshold of 11°C for successful egg development 

(Delobel, 1983). Therefore, the. unfavourable climatic conditions in much of Europe 

render A. oryzae incapable of development this far north. 

Table 6-4. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Atherigona 

shibuyai in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Tak (Thailand) 78 78 Southampton (UK) 0 4 Seville (Spain) 11 13 

Zamboanga 53 53 Plymouth (UK) 0 7 Naples (Italy) 14 16 
(Philippines) 

Pyinmana (Burma) 53 53 Calais (France) 0 5 Milan (Italy) 0 18 

Aberdeen (UK) 0 1 Paris (France) 0 7 Munich (Germany) 0 7 

Cambridge (UK) 0 6 Nice (France) 0 13 Berlin (Germany) 0 7 

Cardiff (UK) 0 5 Madrid (Spain) 0 4 Hamburg (Germany) 0 5 

Ceratovacuna lanigera: Pem nhigidae 

The sugarcane woolly aphid, Ceratovacuna lanigera (Mall. ), is one of the few 

insect species that has been noted as causing damage to naturally occurring 

Miscanthus plants, although the degree of yield loss has never been quantified (Aoki 

et al., 1984). The aphid is a major pest of sugarcane in China, Taiwan, the Philippines 

and Java and has caused up to 20 per cent loss of yield in some instances (Rueda & 

Calilung, 1974). However, economic damage is rare and is only associated with very 

high infestations, when excessive honeydew production causes a decrease in the net 

photosynthetic rate of the host. Control by natural enemies often keeps this pest below 

threshold levels and pest management is not often required. 

Alate sexual morphs of the species are usually produced after damaging 

populations of apterae have formed upon sugarcane in mid November. Migration 

and subsequent hibernation then occurs to surrounding wild grasses, with 
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Miscanthus species being a preferred host. It is quite likely that Miscanthus was the 

aphid's original native host plant, along with other wild grasses, before extensive 

cultivation saw C larügera develop as a major pest of sugarcane. The species is 

noted as having predacious nymphs by Aoki et a]. (1984), in a study that was 

undertaken on populations feeding on natural M sinensis pastures in Japan. 

Parameter values of the aphid were estimated from distribution maps of the 

pest (CIE map no. 247). Figure 6-4 illustrates that the predicted distributions for Asia 

extend further north than the observed distributions of the pest, although EIs in these 

outlying areas are substantially lower than those within the observed range. After 

fixing the parameter values, extrapolations were then made for Europe. It can be 

seen that the risk posed by this pest, if introduced into Europe, is very low (Figure 6-4). 

None of the European meteorological stations used in the CLIMEX database register 
GI values above 10 (Table 6-5). This clearly indicates that even during the favourable 

season, climatic conditions within Europe are unsuitable for the propagation of this 

species. Further investigation involved the mapping of the stress component values 

calculated by COMEX. This demonstrated that the main influence affecting the 

pattern of the predicted European distribution is the low temperatures experienced in 

Europe compared with the warmer climates of south-east Asian countries. 

Table 6-5. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Ceratovacuna 

lanigera in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Kuala Lumpur 78 78 Southampton (UK) 1 2 Seville (Spain) 5 5 
(Malaysia) 

Wedi Birit 53 53 Plymouth (UK) 2 2 Naples (Italy) 5 6 
(Indonesia) 

Bangkok (Thailand) 53 53 Calais (France) 1 2 Milan (Italy) 5 7 

Aberdeen (UK) 0 0 Paris (France) 1 2 Munich (Germany) 1 3 

Cambridge (UK) 1 2 Nice (France) 5 6 Berlin (Germany) 1 2 

Cardiff (UK) 2 3 Madrid (Spain) 1 1 Hamburg (Germany) 1 2 

Sesamla inferens: Noctu dae 

The purple stem borer, Sesamia inferens (Wlk. ), is one of the major pests of 

rice and sugar cane in Pakistan, India, Bangladesh, south-east Asia, China, Japan 

and Korea (Hill, 1983). The larvae bore the stems of host plants causing significant 
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yield losses. Zhou and Chen (1985) studied the bionomics and hibernation of S. 

inferens in the northern part of Hainan Island. Native Miscanthus slnensls was found 

to be one of the preferred hosts of S. inferens for oviposition and in hilly areas this 

species accounted for some 98 per cent of insect species found on the grass. 

The optimum temperature range for development of the egg, larva, pupa and 

adult is estimated at between 19.8°C and 26.4°C in China (Jing, 1985) and therefore 

DV I and DV2 parameters were set between these two levels. Further iteration of the 

COMEX parameter gave a good fit between the observed distribution and predicted 
distribution calculated using CLIMEX (Figure 6-5). The parameters were then used to 

investigate the potential distribution within Europe (Figure 6-5). The lower mean 

temperatures experienced in Europe severely effected the predicted development of 

this species (Table 6-6). 

Table 6-6. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Sesamid 

inferens in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Khon Kaen 62 62 Southampton (UK) 07 Seville (Spain) 0 13 
(Thailand) 

Mede (Indonesia) 87 87 Plymouth (UK) 04 Naples (Italy) 0 15 

Shantou (China) 56 56 Calais (France) 05 Milan (Italy) 0 18 

Aberdeen (UK) 01 Paris (France) 07 Munich (Germany) 06 

Cambridge (UK) 06 Nice (France) 0 15 Berlin (Germany) 07 

Cardiff (UK) 05 Madrid (Spain) 04 Hamburg (Germany) 05 

In its native habitat of China, S. inferens does not experience temperatures below 

about 15°C all year, a scenario that is rare in most of mainland Europe. Development 

during the favourable season resulted in GIs of 10 to 20 for warmer parts of Europe 

and therefore the species may be able to survive in these areas if introduced. 

However, persistence of the Noctuid even in these areas is highly unlikely, since the 

EIs for all the sites investigated in Europe are reduced to zero due to the influence of 

sublethal temperatures occurring throughout the year. 

Chilo suppressalis: Pyralidae 

The striped rice borer, Chilo suppressalls (Wlk. ), is regarded as one of the 

most economically important insect pests of rice in south-east Asia, China, Korea, 
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Japan and India (CIE map no. A254). Complete crop loss has been recorded in many 

instances and even with substantial chemical control losses can still reach levels of 
five to ten per cent due to the resistance of local populations to specific pesticides 
(Hill, 1983). 

This species has reached significant population levels in southern Europe, 

especially Spain, and its potential to spread to other parts of Europe is clearly 
indicated in this study. CLIMEX parameters were estimated and finally fixed using the 

species distribution in India, China and Thailand (Figure 6-6). A good visual match of 
the observed distribution was achieved and further extrapolation to Europe was then 

undertaken (Figure 6-6). The high EIs and GIs predicted for many European locations 

(Table 6-7) exemplify the wide range of climatic conditions that C. suppressalis is able 

to tolerate. The warmer, drier locations such as Seville and Nice appear to provide 

excellent climatic conditions that could lead to the development of substantial and 

persistent populations. However, cooler and wetter regions appear to limit 

abundance, as shown by the EIs for Aberdeen. 

Table 6-7. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Chilo 

suppressalis in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Calcutta (India) 59 62 Southampton (UK) 19 19 Seville (Spain) 26 26 

Shanghai (China) 48 48 Plymouth (UK) 17 17 Naples (Italy) 3 31 

Pasuran 69 70 Calais (France) 13 13 Milan (Italy) 30 31 
(Indonesia) 

Aberdeen (UK) 9 9 Paris (France) 16 17 Munich (Germany) 14 16 

Cambridge (UK) 16 16 Nice (France) 31 31 Berlin (Germany) 15 17 

Cardiff (UK) 17 17 Madrid (Spain) 10 11 Hamburg (Germany) 15 16 

The threat presented by C. suppressalis to Miscanthus in Europe is further 

increased since the species feeds not only on rice as a main host plant, but also on 

maize. Studies on the native host plants of C. suppressalis and C christophi have 

been conducted at the agricultural station of Hokkaido, Japan (Hachiya, 1981). 

Specimens were collected using light traps situated in cultivated rice fields and wild 

grass and reed areas. Further investigation studied the development of these two 

species upon rice and two native grasses, Phragin tes communes and Miscanthus 

slnensis. Development was slowest on the two native grass species indicating that 
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these plant types are not its true hosts. The threat posed to Mlscanthus by this pest 

may therefore not be as severe as that seen in rice. 
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Figure 6-2. Predicted distribution of Llssorhoptrus oryzophilus in its native N. America, yellow 

circles, and the observed distribution of the insect, area within the red dotted line (top left). 

Values of the indices are derived from the species climatic response parameters (top right). 

Potential European distribution of L. oryzophllus based on values of EIs (bottom left) and GIs 

(bottom right) produced by CLIMEX. The value of the indices are proportional to the size of 

the circles (centre). 
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Figure 6-3. Predicted distribution of Atherigona shibuyai in its native S. E. Asia, yellow circles, 

and the observed distribution of the insect, area within the red dotted line (top left). Values of 

the indices are derived from the species climatic response parameters (top right). Potential 

European distribution of A. shibuyal based on values of EIs (bottom left) and GIs (bottom 

right) produced by CLIMEX. The value of the indices are proportional to the size of the circles 

(centre). 
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Figure 6-4. Predicted distribution of Ceratovacuna lanlgera in its native S. E. Asia, yellow 

circles, and the observed distribution of the insect, area within the red dotted line (top left). 

Values of the indices are derived from the species climatic response parameters (top right). 

Potential European distribution of C. lanigera based on values of EIs (bottom left) and GIs 

(bottom right) produced by CLIMEX. The value of the indices are proportional to the size of 

the circles (centre). 
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Figure 6-5. Predicted distribution of Sesamla inferens in its native S. E. Asia, yellow circles, 

and the observed distribution of the insect, area within the red dotted line (top left). Values of 

the indices are derived from the species climatic response parameters (top right). Potential 

European distribution of S. inferens based on values of EIs (bottom left) and GIs (bottom right) 

produced by CLIMEX. The value of the indices are proportional to the size of the circles 

(centre). 
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Figure 6-6. Predicted distribution of Chilo suppressalls in its native S. E. Asia, yellow circles, 

and the observed distribution of the insect, area within the red dotted line (top left). Values of 

the indices are derived from the species climatic response parameters (top right). Potential 

European distribution of C suppressalls based on values of EIs (bottom left) and GIs (bottom 

right) produced by CLIMEX. The value of the indices are proportional to the size of the circles 

(centre). 
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6.3.2 Exotic Insect Pests of Maize and Sugarcane 

Mythimna separata: Noctuidae 

The rice ear-cutting caterpillar (paddy armyworm), Mythiinna separata (Wlk. ), is a 

serious defoliating pest of rice in south-east Asia with its distribution also 

encompassing Pakistan, India, New Zealand and Australia (CIE map no. 230). It is 

also a major pest of C4 sugarcane and maize grown in these areas, with up to five 

generations occurring each year (Hill, 1983). Studies in China indicated that the 

optimum temperatures for development fall between 26 and 32°C (Anon, 1976), 

however Hirai (1975) reported lower optimum developmental temperatures of 20 to 
25°C. In this study it was found that the aforementioned higher developmental 

temperature ranges, shown by the values of DV1 and DV2, gave a better correlation 
between predicted and observed distributions (Figure 6-7). When these were run for 

European meteorological stations, GIs and EIs were generally high for warmer areas, 

e. g. Milan, Nice and Naples, with values for EI ranging between 28 and 29 (Table 6-8). 

For more northern European sites these values decreased with increasing cold stress 

as a result of decreased weekly minimum average temperatures. Although pest 

establishment is possible in these regions, the lack of its preferred host plant, 

cultivated rice, means that economically damaging levels of the pest are unlikely to 

build up except in the rice growing regions of northern Italy. 

Table 6-8. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Mythimna 

separates in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Madras (India) 59 62 Southampton (UK) 15 15 Seville (Spain) 23 23 

Beihai (China) 48 48 Plymouth (UK) 13 13 Naples (Italy) 28 28 

Pusan (N. Korea) 69 70 Calais (France) 12 12 Milan (Italy) 19 19 
Aberdeen (UK) 6 6 Paris (France) 15 15 Munich (Germany) 13 14 

Cambridge (UK) 13 13 Nice (France) 28 28 Berlin (Germany) 14 15 

Cardiff (UK) 13 13 Madrid (Spain) 9 9 Hamburg (Germany) 13 13 

Saccharlcoccus sacchari: Pseococcidae 

Saccharicoccus sacchari (Ckll. ) is the most important mealybug pest of 

sugarcane in India, South and Central America and west Africa (CIE map no. A102). 

Alternative hosts include sorghum, rice and various wild and cultivated grass species. 
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Heavy infestations occur under the leaf sheaths of sugar-cane and the large amount 

of honey-dew excreted by individuals leads to the growth of sooty moulds on plant 
leaves and reduces photosynthesis and overall crop yield. 

Although prevalent in the tropics, the pest's distribution has not extended to 

south-east Asia, an important sugarcane and rice producing region. Climatically this 

appears to be due to the high temperature requirements of the species with 

temperate cold stress indices for the insect being set relatively high at 13°C (Figure 

6-9). Hence, further spread of this insect to parts of Europe seem unlikely with most 
locations registering values of GIs of 3 to 8 (Table 6-8). Subsequent calculation of EIs, 

taking into account stress interactions, produced values of zero. Establishment of this 

species in mainland Europe is therefore highly unlikely, even during favourable 

seasons (Figure 6-9). 

Table 6-9. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Saccharicoccus 

sacchari in S. E. Asia and Europe. 

Location EI GI Location EI GI Location EI GI 

Qui Nhon 38 40 Southampton (UK) 1 4 Seville (Spain) 6 8 
(Vietnam) 

Trincomalee (Sri 43 44 Plymouth (UK) 2 4 Naples (Italy) 7 8 
Lanka) 

Cuttack (India) 31 32 Calais (France) 1 5 Milan (Italy) 5 9 

Aberdeen (UK) 0 2 Paris (France) 1 3 Munich (Germany) 0 3 

Cambridge (UK) 0 3 Nice (France) 6 8 Berlin (Germany) 0 5 

Cardiff (UK) 0 5 Madrid (Spain) 1 2 Hamburg (Germany) 1 4 

Diatrea saccharalis: Pyralidae 

There are several Diatrea species that cause severe economic losses to 

sugarcane in southern USA, W. Indies and Central and South America (CIE map no. 

A5), but Datrea saccharalls (F. ) is the most important. Other host plants include 

maize and several grass species, demonstrating the polyphagous nature of this 

species for C4 host plants. CLIMEX parameters for the species were estimated from 

the known distribution within Central America (Figure 6-9). Although the species has 

been observed in Mexico, its distribution seems limited by its high developmental 

temperatures, and values of DVO to DV3 reflect this (Figure 6-9). The predicted 

distribution and abundance of this species within Europe (Figure 6-9) is therefore 
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limited to the warmer climates, such as Italy and southern France, with GIs of around 

10 to 15 (Table 6-9). However, the much lower temperatures experienced in mainland 
Europe reduce the EI values to well below anything regarded as potentially 

threatening, indicating the unlikely establishment of this species in such areas. 

Table 6-10. Selected mean weekly Ecoclimatic and Growth indices (EI; GI) for Diatrea 

saccharalis in Central America and Europe. 

Location EI GI Location EI GI Location EI GI 

Havana (Cuba) 87 87 Southampton (UK) 0 9 Seville (Spain) 6 14 
Veracruz (Mexico) 58 62 Plymouth (UK) 0 7 Naples (Italy) 6 16 

Santa Elena 50 20 Calais (France) 0 7 Milan (Italy) 0 18 
(Guatamala) 

Aberdeen (UK) 0 2 Paris (France) 0 7 Munich (Germany) 0 9 

Cambridge (UK) 0 6 Nice (France) 1 16 Berlin (Germany) 0 7 

Cardiff (UK) 0 7 Madrid (Spain) 0 3 Hamburg (Germany) 0 7 
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Figure 6-7. Predicted distribution of Mythimna separata in its native S. E. Asia, yellow circles, 

and the observed distribution of the insect, area within the red dotted line (top left). Values of 

the indices are derived from the species climatic response parameters (top right). Potential 

European distribution of M. separata based on values of EIs (bottom left) and GIs (bottom 

right) produced by CLIMEX. The value of the indices are proportional to the size of the circles 

(centre). 
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Figure 6-8. Predicted distribution of Saccharlcoccus saccharl in its native S. E. Asia, yellow 

circles, and the observed distribution of the insect, area within the red dotted line (top left). 

Values of the indices are derived from the species climatic response parameters (top right). 

Potential European distribution of S. saccharl based on values of EIs (bottom left) and GIs 

(bottom right) produced by CLIMEX. The value of the indices are proportional to the size of 

the circles (centre). 
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Figure 6-9. Predicted distribution of Diatrea saccharalls in its native North and Central 

America, yellow circles, and the observed distribution of the insect, area within the red dotted 

line (top left). Values of the indices are derived from the species climatic response 

parameters (top right). Potential European distribution of D. saccharalls based on values of 

EIs (bottom left) and GIs (bottom right) produced by CLIMEX. The value of the indices are 

proportional to the size of the circles (centre). 
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6.4 DISCUSSION 
Any assessment of potential insect pests of plant species should not only consider 

the indigenous arthropod species that will colonise the crop but also the importance 

of non-native insect herbivores. Although Miscanthus is currently only grown for 

experimental purposes, future adoption of the crop is likely to take place throughout 

Europe leading to an increase in the area and geographical distribution of this 

biomass crop. 

This study has highlighted three insect species that are not indigenous to Europe 

that could, on introduction, threaten the cultivation of Miscanthus. Lissorhoptrus 

oryzophilus and Chilo suppressalis have been noted as feeding upon Miscanthus in 

south-east Asia and the use of CLIMEX has indicated that the climates of most 

European locations are favourable for the establishment of these two species. 

Similarly, the meteorological conditions of Europe have been shown to be suited to 

the establishment of the maize pest, Mythimna separata. 

Both the predicted Ecoclimatic Indices, pertaining to long term establishment of 

insect populations, and Growth Indices, relating to the ability of the pest to survive 

only during favourable seasons, were studied. In the majority of European locations 

studied EIs and GIs for these species were suitably high, i. e. above 20. This indicates 

that, if introduced, the climatic conditions would allow the establishment of a pest 

population. Generally, the potential establishment of these species became limited at 

more northern latitudes due to the colder average daily temperatures. However, 

results suggest that the climatic requirements of Miscanthus will also limit its 

cultivation to sites that offer relatively frost free conditions (Schwarz et al., 1994) and 

therefore it is unlikely to be grown in such locations. 

A key factor in the establishment of these pests is the lack of suitable alternative 

hosts. In a typical cropping cycle pest species are forced to seek and utilise 

alternative host plants during the closed season of the crop species. Both C. 

suppressalis and M. separata are noted as feeding on maize, a crop that is becoming 

increasingly prevalent in European agriculture and would therefore serve as a 

suitable alternative host to Miscanthus. However, L. oryzophilus is primarily a pest of 

rice and in most of Europe this crop is not grown, although its cultivation is increasing 

Page 110 



Potential Exotic Pests 

in warmer regions of the continent, such as northern Italy. 

The lack of a suitable alternative host for such pests may be of little importance, 

since the cultivation of Miscanthus requires the crop to remain in the ground for most 

of the year. Hence, if a suitable area of the crop is grown, the lack of alternative hosts 

for oligophagous pest species will be not be limiting, as migration between 

Miscanthus fields could occur. 

The introduction of Miscanthus into European agriculture will create not only a 
distinctive plant species environment, but also the development of a unique arthropod 

community. C4 feeding insect species are rare in Europe due to the colder temperate 

climate and the lack of suitable host plants. Miscanthus will mark the introduction of a 

new C4 cropping system and hence, insect species that were once disregarded as 

potential pests will now threaten European agricultural systems. The establishment of 

such species may be encouraged by the influence of global warming which will 

undoubtedly see warmer climate based species spread further north. 

The use of COMEX in this study has emphasised the importance of ecoclimatic 

modelling in the assessment of insect pests and the relative threat that they pose if 

introduced into new regions. Nevertheless, certain factors used in the processes of 

such programs should be considered. Primarily, ecoclimatic modelling programs, 

such as CLIMEX, assume that the overriding factor governing an animal's distribution 

is climate. Geographic factors, the range of suitable host plants and the influence of 

human intervention can often outweigh meteorological influences on insect 

distribution and must be considered when using such modelling techniques. 

However, the close matches between the observed and predicted species 

distributions in this study suggest that climate is one of the main factors governing the 

distribution of the species studied. 

The process of parameter estimation in CLIMEX can also cause errors due to its 

inherent iterative nature. Parameter estimation for each species often involves 

estimating the influence of climate on an insect's distribution using a limited amount 

of reliable data. However, this method is often the only approach and as Sutherst and 

Maywald (1985) point out CLIMEX response parameters are not overly sensitive and 

small changes in parameter values do not change results appreciably'. This is 

especially useful in this study, where there were few reliable laboratory studies for the 
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majority of species under investigation on temperature and moisture requirements. 

As new information on the relative abundance of species in specific locations and 

increased biological knowledge becomes available, CLIMEX predictions can be 

further refined. However, as this study has demonstrated, programs such as CLIMEX 

remain extremely valuable tools for the study of potential insect pests, especially 

where the crop itself is newly introduced, as with Mlscanthus. 
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CHAPTER 7 
General Discussion 

This chapter reviews the work presented in this study. The 

need for biomass crops, such as Miscanthus, and the reasons 

why a study of this type was needed are explained. The 

research approach and specific objectives are then set out, 

together with how these were met in the study. Next, the 

individual findings of the experimental and modelling 

chapters of the study are reviewed, including the main results 

and conclusions that were made. The general problems 

facing Miscanthus pest management, highlighted in these 

chapters, are then discussed, together with those areas of 

research that should be targeted in order to protect this 

promising crop from future insect attack. Finally, it is noted 

that the approach used in this study is valuable and generally 

applicable to a wide range of other novel crops. 

Page 113 



General Discussion 

7.1 INTRODUCTION 
There has been a renewed interest in the use of specific crops grown for energy 

purposes in northern Europe. The main reasons for this stem from the realisation that 

the developed world has come to depend on non-renewable, environmentally 
detrimental sources of energy and the creation of set-aside as a means of stemming 

agricultural production. These concerns have led to the search for the ideal fuel crop 

and the development of practicable means of cultivating, utilising and integrating 

such crops into current agricultural and energy production systems. It seems highly 

likely that, by the beginning of the next century, a substantial proportion of the farming 

landscape and its associated workforce will be devoted to the production of such 

crops in northern Europe. 

Fundamental to any biomass energy programme is the cultivation of a high 

yielding plant species. Miscanthus, an Asiatic C4 grass genus, has been shown to 

have excellent biomass qualities (Speller & Harvey, 1992), with the production of more 

biomass per unit area than any other plant species grown in northern Europe (Sloth, 

1986). Research has been conducted regarding its cultivation (Schwarz et a]., 1994), 

husbandry (Heath et a]., 1994) and utilisation (Kristensen, 1994; Adamsen, 1994). The 

majority of plants grown by man require a substantial degree of time, effort and 

money to be spent on them to control insect pests. However, this important aspect of 

crop management has received little attention with regards to Miscanthus. It was the 

aim of this study, therefore, to investigate the potential insect pests of this novel 

biomass crop. 

7.2 RESEARCH APPROACH AND OBJECTIVES 
Since Miscanthus is not only an exotic species to Europe, but has also never been 

grown as a domestic crop anywhere else in the world, information and research 

regarding its potential insect pests is extremely limited. Therefore, it was decided, 

that in order to address the question of potential insect pests successfully, it would be 

most useful to target certain key pest species. This would not only provide crucial 

information relating to their specific threat to Mlscanthus, but also demonstrate the 

more general problems that face pest management in Miscanthus. 

It became apparent, at the beginning of this study, that there was no fundamental 
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methodology and approach suitable for addressing the potential insect pests of a 

novel crop. Studies have looked at the threat posed to an established crop by a new 

pest species, e. g. the Russian wheat aphid, Diuraphls noxia, to cereals in the USA 

(Webster et al., 1987) and the threat of an established pest to the cultivation of a plant 
in a new region, e. g. leatherjackets, Tipula spp., on linseed in the UK (Jones & Jones, 

1984). However, neither of these scenarios applied to Miscanthus and it was therefore 

necessary to develop a completely new approach. 

Fundamental to this study was an understanding of the ecological basis of the 

colonisation of newly introduced plants by insects. This allowed the trends and 

patterns of herbivore recruitment to be applied to Miscanthus and assisted in 

developing core research objectives and goals. It became obvious that the greatest 

threat posed to Miscanthus would be from indigenous, polyphagous insect pests and 

exotic arthropod herbivores. Hence, these species were studied using a series of 

manipulative experiments and ecoclimatic modelling techniques to meet the primary 

objective of this thesis, that is to identify the potential insect pests of Miscanthus. 

7.3 RESEARCH SUMMARY 
Within the polyphagous insects that will colonise Miscanthus, it is the sapsuckers 

and defoliators that pose the greatest threat. Therefore, Chapters 2,3, and 4 were 

concerned with the pest status of such insects on Miscanthus. 

Aphids are one of the most important polyphagous, sap-sucking insect pests of 

grasses and cereals in the world. Chapter 2 investigated the suitability of Miscanthus 

slnensis as a host to two major grass and cereal aphid pests, namely, Rhopaloslphum 

padi (the bird-cherry oat aphid) and Rhopalosiphum maidis (the corn leaf aphid). The 

study clearly demonstrated the antibiotic resistance of Miscanthus to R. padi, with the 

species being unable to sustain a population on this novel host plant. In contrast, 

results showed the ability of R. maidis to utilise Miscanthus as a host. Aphid fecundity 

increased on the later plant growth stages tested. This may have been a result of the 

presence of antifeedant chemicals that are found in a number of grass and cereal 

seedlings (Culvenor, 1970; Bernays & Chapman, 1976). Apart from highlighting the 

potential pest status of R. maidis on Miscanthus, the study also demonstrated the 

inability of insects such as R. path to feed on this novel C4 host. This complements the 

work of Weibull, who concluded that R. padi is unable to successfully penetrate the 
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phloem tubes of C4 plants in order to feed (Weibull, 1990). Hence, Miscanthus 

appears to be more susceptible to aphid species that feed on C4 plants, such as R. 

maidis, and is afforded a degree of intrinsic anatomical resistance to the C3 plant 
feeding species more typically found in northern Europe. Further study of other C3 and 
C4 feeding species on Miscanthus would be valuable in assessing whether this 

natural host plant resistance could be exploited as a means of pest control in future 

Miscanthus plantings. 

Having demonstrated the suitability of Miscanthus as a host to R. maidis, the effect 

of this species on the cultivation of the crop was then investigated. Aphids are 

primarily pests of grass and cereal crops because of their role as vectors of certain 

plant viruses. In Chapter 3, the RPV isolate of the plant virus Barley Yellow Dwarf 

(BYDV) was successfully transmitted to seedling Miscanthus sinensis by R. maidis. 

Infection resulted in a significant decrease in above soil plant material and it is 

concluded that further study into the effect of BYDV on rhizomatous plant yield and its 

ability to be transmitted during propagation techniques is of prime importance. 

Attention is also drawn to the possible effect of Miscanthus acting as a perennial 

reservoir to BYDV and subsequently altering the ecology and occurrence of the virus 

in other economically important grasses and cereals. 

The second type of indigenous polyphages that are likely to become pest species 

of Miscanthus are leaf feeders. Chapter 4 studies the feeding impact of the common 

yellow underwing, Noctua pronuba. Using field trapped adult N pronuba and 

laboratory reared offspring, a greenhouse experiment was conducted to investigate 

the effect of different sized larval populations on plant yield at two plant growth 

stages. The feeding site preference of the pest was also investigated using 

measurements of per cent leaf consumption by individual larvae. Results show that, if 

populations of N. pronuba are allowed to feed and develop on Miscanthus, plant yield 

is significantly reduced, although the relative timing of the attack does not appear to 

be important. 

The influence of leaf loss on yield was further investigated in Chapter 5 using 

artificial defoliation techniques. This simulation study proved to be valuable in the 

understanding of expected yield losses and economic thresholds in the absence of a 

defined pest complex. Results from the relationship between the severity and timing of 
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defoliation and yield indicate that early defoliations, even at high per cent leaf loss, 

have less effect on biomass yield than later defoliations. This demonstrates the 

relative ability of the crop to compensate for early season defoliations, probably as a 

result of new shoots developing throughout the early to middle period of the growing 

season. Using the relationship between the timing and severity of defoliations and 

yield, it was possible to investigate provisional economic thresholds based on 

speculative crop and pest control costs. This demonstrated that the current low value 

of Mlscanthus makes it uneconomical to take action to control defoliating pests, even 

those that would cause near total leaf loss. 

Finally, the risks posed to the cultivation of Miscanthus by exotic insect pests are 

studied in Chapter 6 using the ecoclimatic modelling tool CLIMEX. The climatic 

suitability, of selected European locations, to insect species associated with 
Miscanthus in its native south east Asia and to the major pests of sugarcane and 

maize were investigated. In general the harsher winter conditions and lower mean 

average daily temperatures of northern Europe were wholly unsuitable for the 

establishment of most species. However, the study did highlight three insect pests that 

could threaten Miscanthus cultivation, namely: Lissorhoptrus oryzophilus (the rice 

water weevil), Chilo suppressalis (the striped rice borer) and Mythirnna separata (rice 

ear-cutting caterpillar). In addition, more southerly European locations were 

identified as being at greater risk from these species due to the higher average daily 

temperatures and the presence of alternate host plants. The risk posed to Miscanthus 

and other temperate C4 crops by exotic insects may seem negligible at present, but, 

as mentioned in Chapter 3, the relative pest status of these pests may increase in the 

future due to the effects of global warming. Therefore further consideration and study 

of such species is very important. 

7.4 POTENTIAL PROBLEMS AND FUTURE RESEARCH 
This thesis is the first study to investigate the potential insect pests of Miscanthus. 

As mentioned earlier, one of the aims of this thesis was to highlight key elements of 

pest management that will be required to control insect pests in this crop. Such 

findings are now discussed, together with the areas where future research into the 

pest management of Miscanthus should be focused. 

Many of the traditional pest sampling regimes and control techniques used in 
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current European agriculture will prove to be unworkable when applied to 

Miscanthus. The majority of these difficulties arise from the unique taxonomy, growth 

pattern, cropping cycle and cultivation of this novel plant species compared with 

other temperate crops. For example, it is not practical to apply pesticides or sample a 

crop that grows to four metres in height and has a planting density of 10,000 ha'. 

Hence, further research into the development of suitable pest control techniques and 

sampling protocols will be needed prior to full scale crop commercialisation. 

A promising area of research is the application or adaptation of pest 

management techniques employed in non European crops, such as the sugarcane or 

agroforestry industry, to Miscanthus. This has already been successfully 
demonstrated with machinery used in the forestry industry being used for cutting, 
baling and chipping Miscanthus at harvest (Kristensen, 1994). 

The results of this study strongly suggest that the natural host plant resistance of 
Miscanthus should be further investigated. Chapters 2 and 5 indicate that Miscanthus 

has a promising ability to resist insect attack by anatomical and biochemical 

antibiosis and to compensate for leaf loss following defoliation. Such studies will rely 

on the availability of a wide range of genetically diverse material. The abundance of 

the genus in it native south-east Asia could provide such material. However, at 

present Miscanthus plantlets are produced by only a few nurseries that rely on a 

narrow range of genotypes which are vegetatively propagated. Hence, individual 

plants lack significant genetic differences. This not only limits the study of natural host 

plant resistance and cultivar development, but also poses a significant threat to 

current Miscanthus cultivation. The mass monoculture of genetically similar plants 

renders the whole crop susceptible to a similar pest or pests. Such practices are 

avoided in the cultivation of other crops where the availability of different varieties 

and breeds allows areas of known pest presence to be targeted and planted with 

resistant varieties. 

Essential to the investigation of natural host plant resistance is the ability to 

correctly identify different genotypes. Until recently the taxonomy of the genus 

Miscanthus and its members has been confused. However, recent research has 

increased the understanding of this subject (Greef et al., 1997; Hodkinson et al., 1997) 

and already authors are suggesting the breeding of specific genotypes to increase 

Page 118 



General Discussion 

crop productivity and viability in unfavourable environments (Nechiporenko et al, 

1997). Clearly this practice should be extended to include the screening of cultivars 

for insect resistance. 

7.5 SUMMARY 
The majority of crops grown commercially require a substantial pest management 

input to reduce overall yield or quality losses due to insect pests. It is highly likely that 

Miscanthus, although currently regarded as 'pest free', will develop an important 

insect pest community. 

The chapters in this thesis have provided information on key insect pests, study 

areas and information gaps that will prove immensely valuable in the future 

development of pest management strategies for this promising European biomass 

crop. This study also highlights the methodology and approaches that should be 

adopted when assessing potential insect pests of future novel crops. 

It is at this early stage of crop domestication that future pests and pest 

management techniques should be assessed and evaluated. Such preliminary 

investigations of the dynamics of the threat posed to Mlsccrnthus from pests are 

essential to the development of pest management strategies which can then be 

introduced in line with future herbivore colonisation, as opposed to formulating 

strategies after attack. 
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