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Abstract 

Samples taken from Sitka and Norway spruce revealed that the most abundant 

natural enemies oiElatohium abietinum found in plantation forests in the UK 

were the aphid-specific predators, coccinellids and hemerobiids, of which the 

coccinellids were present in the highest numbers. The abundance of these 

predators in the samples was not affected by site type (upland, lowland or 

foothills) or tree growth stage (pre-thicket, mid-rotation or mature), but was 

influenced in many cases by sample date, aphid abundance and elevation. A 

comparison of sampling techniques revealed differences between methods in the 

species represented and in their relative abundances. 

The larch ladybird, Aphidecta obliterata was the predominant coccinellid species 

found. Its consumption of E. abietinum was not affected by being presented with 

the prey on cut sections of Sitka spruce, rather than on the surface of a Petri dish, 

but an increase in temperature fi-om 15 °C to 20 °C significantly increased the 

number of aphids consumed. Temperature was also important in determining egg 

hatch time, larval development rates and pupal duration. Comparisons with the 

generalist coccinellid, Adalia bipunctata showed that both species were able to 

complete larval development on as few as 3 aphids per day, but that percentage 

mortality increased and development rates decreased as prey became more 

limited. 

Oviposition of A. obliterata was affected by prior contamination of the 

environment by conspecific larvae but not generally by heterospecific larvae. 

This effect persisted for between 3 and 5 days after the contamination event. 

Oviposition substrate was also important; A. obliterata females selecting sections 

of Sitka spruce over filter papers, while the opposite was seen in^. bipunctata. 

Aphidecta obliterata also showed a positive response to Sitka spruce in an 

olfactometer, while bipunctata did not. 

The potential impacts of climate change are discussed in relation to the relevant 

findings. 
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Chapter 1 

Introduction and Literature Review 

1.1 Introduction 

The green spruce aphid, Elatobium abietinum (Walker) is a serious pest problem 

in areas with mild oceanic climates where susceptible species such as Sitka 

spruce, (Picea sitchensis), are grown (Carter & Halldorsson, 1998). In Britain, it 

is the main defoliating agent of P. sitchensis, (Straw et ah, 1998b), a productive 

source of softwood and the most predominantly grown commercial species 

(Carter, 1990; Forestry Commission, 2003). 

An increase in global temperatures in the coming years due to global warming, 

will undoubtedly impact on the dynamics of this pest species. Predictions for the 

period 1990-2050 are that temperate forest regions will experience a rise in 

winter and summer temperatures of between 1 and 2 °C. Changes in rainfall 

patterns are also expected (Kirschbaum et al., 1996). Records fi-om various 

meteorological networks suggest that warming at the surface has already 

occurred and has become more noticeable over the recent decades (Planton, 

1999). It is predicted that by the end of the century, temperatures are likely to 

have increased by between 2 and 4.5 °C (Broadmeadow, 2002). 

Due to the number of other variables involved, it is difficult to predict with any 

certainty, the overall affect that climate change would have on the future status of 

E. abietinum. Interactions between the host, pest, natural enemies and other 

associated flora and fauna may be significantly altered, especially if the 

dynamics of individual groups are differentially affected by any such 

environmental changes. However, a rise in temperature such as that predicted, is 

likely to increase the frequency and severity of attacks by this pest (Straw, 1995; 

Zhou etal., 1996). 



The use of chemicals for control is not viable due to the quantities involved, nor 

would it be environmentally sound. It is therefore increasingly important that we 

better understand the possible and likely consequences for the way in which 

populations of this pest are limited in nature. In order to do this effectively, an 

expansion of our knowledge base will be advantageous, even vital. 

1.2 The Pest species: Elatobium abietinum 

1.2.1 Description 

Elatobium abietinum is a small, dark green aphid up to 1.7mm in length (Zondag, 

1983) (Plate 1). It is naturally monoecious on spruce (Picea sp.) although 

colonies have occasionally been found persisting for short periods on other 

conifer host plants (Carter & Halldorsson, 1998). The original host of this aphid 

is thought to be Norway spruce {Picea abies (L.) Karst.), which can support large 

populations with very little damage incurred (Bejer-Peterson, 1962). Elatobium 

abietinum has been classed as a light intolerant species by Laidlaw, (1952) and 

tends to be found feeding on the underside of needles on the lower crown, where 

it is more shaded (Hussey, 1952; Zondag, 1983). 

Elatobium abietinum has been previously known by several different synonyms, 

including Aphis abietina (Walker, 1849), Myzaphis abietina (Van der Goot, 

1913), Neomyzaphis abietinum (Theobald, 1926), and Liosomaphis abietina 

(Bomer & Schilder, 1932) (Carter & Halldorsson, 1998). 

1.2.2 Distribution 

Elatobium abietinum is found in America, where it is most common in coastal 

areas, Canada, New Zealand, Tasmania and Europe (Carter & Halldorsson, 1998; 

Lewis et ah, 1999). It is proposed that the aphid originated from the Norway 

spruce forests of central Europe (Halldorsson et ai, 2004). It is an introduced 



species in other areas of Europe where spruce is not native, such as the UK, 

where it was first recorded on spruce in the mid 1800s. Since then, further 

descriptions of this pest and associated damage have been made in many areas of 

Europe. By the end of the first quarter of the 20^ Century, it was apparently well 

established throughout the UK. It is now known to occur in many European 

countries, such as France, Denmark, Holland, Switzerland, Germany, Austria, 

Latvia, Poland, Finland, Norway, Sweden, Portugal and the UK (Bejer-Peterson, 

1962; Ilharco, 1996; Carter & Halldorsson, 1998). The escalation in the pest 

status of this aphid in Europe is primarily as a consequence of the increase in 

plantation forestry involving afforestation with productive but E. abietinum 

susceptible host tree species (Carter & Halldorsson, 1998). 

1.2.3 Life Cycle 

Elatobium abietinum is holocyclic with anholocyclic clones (Carter & 

Halldorsson, 1998) (Fig 1.1). Sexuales and their overwintering eggs only occur 

in significant numbers in areas with relatively harsh winter conditions. This has 

been reported in Germany, for example (Bejer-Peterson, 1962). In areas with 

milder winters, such as the UK, the life cycle is almost exclusively anholocyclic, 

with sexuales being rare (vonScheller, 1963; Carter & Halldorsson, 1998). In 

these cases, feeding and parthenogenetic reproduction have been found to 

continue throughout the winter months as and when conditions allow (Bejer-

Peterson, 1962; Carter, 1990), as shown in Fig. 1.1. 

The lack of sexual reproduction, the geographic isolation and the fact that the 

species is not indigenous to the UK would lead one to expect a relatively low 

degree of genetic diversity among populations in Britain. This would have 

advantages for certain control methods, since the aphid would have less potential 

for overcoming the strategy. It is the case in New Zealand, where there was 

found to be no variation between populations sampled as far as 1200 km apart. 

Studies of UK populations, however, found a high degree of genotypic diversity. 

This was thought to be as a result of multiple introductions, the longer 

establishment time and/or sexual reproduction (Nicol et al., 1998). A more recent 



study has also shown that the genetic diversity of E. abietinum throughout north-

west Europe in general, is very high and the results implied that this is as a 

consequence of migrations (Halldorsson et al, 2004). 
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Fig. 1.1 The Life Cycle oiElatobium abietinum 

This diagram has been taken directly from The Forestry Commission Technical Paper 

24, (Carter and Halldorsson, 1998). 

1.2.4 Host Species 

The green spruce aphid can develop on most Picea species but some species are 

more susceptible than others. Sitka spruce {P. sitchensis). White spruce (P. 

glauca (Moench) Voss)), Blue spruce (P. pungens (Engelm.)) and Engelmaim 

spruce {P. engelmanni ((Parry) Engelm.)) are the most severely affected, the 

Eurasian species appearing to be less vulnerable (Nichols, 1987; Harding et al., 

2003). 



The introduction of the susceptible host, P. sitchensis, which originated from 

North America (Day & Leather, 1997), and the subsequent increase in plantation 

forestry using this tree species, has resulted in this pest becoming economically 

important in the UK. The reason for the widespread use of this tree species can 

be attributed to the fact that it can be grown successfully on a wide range of site 

types and it is a fast growing and highly productive species in the oceanic 

climates of north-west Europe (Hart, 2002; Harding et al., 2003). Prior to the 

1940s, a smaller area of land was newly planted with conifers during each decade 

in the UK, than was planted with broadleaves. Since then, however, conifer 

plantations have increased dramatically and the area planted with these species 

has been many times greater than that planted with broadleaves in every decade 

recorded (1941 to 1999). Land devoted to woodland has increased during the 

past century by over 50%, and is currently approximately 2.5 million hectares, of 

which just over 50% now consists of conifers. Of these, P. sitchensis is 

overwhelmingly predominant, accounting for 55% of all conifers in the High 

Forest. The next most abundant species are Lodgepole pine {Pinus contorta 

(Dougl. ex Loud.)) and Scots pine {Pinus sylvestris (L.)), but these represent only 

12% and 11% respectively. The only other species apart from P. sitchensis which 

can support E. abietinum and is present in significant numbers, is its original 

host, P. abies. This species makes up approximately 5% of all High Forest 

conifers (Forestry Commission, 2003). 

Woodlands contribute to the economic and social health of the UK, as a source 

of timber products and for recreational use. They also provide employment; a 

survey carried out during 1998/1999 showed that the equivalent of 29, 532 full-

time workers were employed in forestry and primary wood processing industries 

nationwide. The wood obtained from conifer plantations is softwood and is sold 

for a variety of uses including sawn timber, paper production, woodbased panel 

products (oriented strand board (OSB), chipboard, particleboard, medium density 

fibreboard (MDF) and other types of fibreboard), fuelwood, poles, woodwool 

and fencing products. Picea abies is also grown for sale as Christmas trees. 

(Forestry Commission, 2002). On a worldwide scale, plantation forestry is 

expected to provide half of all wood fibre within the next 20 years (Evans & 

Tumbull, 2004). 



1.2.5 Damage 

Outbreaks of this pest have occurred at various times in many areas of the world. 

For example, heavy infestations of P. sitchensis have been reported in coastal 

areas of Norway (Orlund & Austara, 1996), in Iceland (Halldorsson et al., 2003), 

the UK (Parry, 1974b), Poland (Bartkowski, 1998), America, Germany, Holland 

& Denmark (Bejer-Peterson, 1962). E. abietinum is unusual in that it feeds 

preferentially on the previous years growth and so trees are rarely killed (Parry, 

1976). The classic sign of damage by this aphid is that Picea loses its older 

needles but retains the current year's growth (Plates 2 & 3). 

It has, however, recently invaded the high-elevation forests of southwestern 

America where the combined effects of defoliation by this aphid and the 

infection of trees by mistletoe, have resulted in significant mortality of P. 

engelmanni and P. pungens of up to 70% (Lynch, 2004). This is an exceptional 

case; mortality is usually uncommon, almost certainly due to the fact that the 

current year's needles possess resistance to the aphid for a period following 

budburst. This defence is conferred by secondary compounds present in the leaf 

wax, which are toxic to the aphid, so current year needles are not generally 

colonised until late September at the earliest (Jackson & Dixon, 1996). Although 

tree mortality due to this pest is uncommon, the removal of sap and other 

consequential damage may cause significant sub-lethal affects. 

At higher densities, individual aphids have a lower relative impact (Day & 

McClean, 1991), however, this aphid can still cause significant premature needle 

loss, which is an unusual characteristic of a conifer aphid (Straw et al., 1998a). 

Such needle loss would have the capacity to compromise the photosynthetic 

potential of the host tree. The Forestry Commission have produced a model 

known as GROMIT (GROwth Model for Individual Trees), which allows 

predictions to be made concerning the cumulative effect of defoliation on Sitka 

spruce. Results suggest that regular (every 6 years) light defoliations (25%) have 

few long-term consequences for growth but that heavy defoliation can lead to 

serious losses (Randle & Ludlow, 1998). 



A field study by Seaby and Mowat (1993), of Sitka spruce which had suffered a 

severe attack, revealed that the reduction in growth was highly correlated with 

defoliation and that previously infested trees were more likely to be colonised 

during attacks in subsequent years. The latter fact suggests that either certain 

trees are inherently more susceptible to attack or that the infestation event itself 

makes a tree more vulnerable in the future. It was observed that trees which 

possessed shorter, darker needles appeared to retain their needles better than 

neighbouring trees which did not. Comparisons between susceptible and resistant 

Sitka trees showed that the main reason for higher aphid numbers on susceptible 

trees was that the overwintering success was greater. This was due to differences 

in supercooling points of the needles (Parry & Powell, 1977). Such a mechanism 

could explain the repeated attacks on certain trees seen by Seaby and Mowat 

(1983). 

Empirical studies show that following an outbreak, height increments are not 

only reduced by the end of that season but can also continue to be reduced over 

the following 1-3 years. In addition, growth in the stem diameter is reduced but 

the effects are generally delayed and are more noticeable in the following year(s) 

(Straw et al., 1998b). So, even without tree mortality, serious losses in yield can 

still result. Artificial defoliation of spruce transplants to simulate that produced 

by an infestation of E. abietinum has also been shown to significantly inhibit root 

growth (Day & Cameron, 1997). Such a response would compromise future 

nutrient uptake and thus overall growth of the tree. This may be one of the means 

by which growth is slowed when these aphids defoliate spruce in nature. 

A comprehensive field study of the effects of infestation by E. abietinum and 

root aphids (Pachypappa and Pachypappella spp.) on 3-year old P. sitchensis at 

Hafi-en Forest, Wales, by Straw et al. (1998a; 2000; 2002), has further 

highlighted the importance of long-term studies in order to gain a full picture of 

the true extent of damage that can result firom infestation by E. abietinum. This 

study involved producing 5 treatments with different aphid densities on selected 

plots of trees. Three treatments were produced in 1992 using insecticides with 

minimal phytotoxic properties to independently eliminate either E. abietinum. 



root aphids or both. The fourth treatment consisted of natural populations of both 

aphid types. The final treatment was added later to produce higher densities of E. 

abietinum on the experimental trees. This was achieved by artificial inoculation 

of trees with additional E. abietinum during April 1994. The natural populations 

of these aphids remained low during 1992-1995 but the inoculated trees achieved 

densities which were equivalent to that of a moderate to severe outbreak during 

1994. Initial results showed that infestation hy E. abietinum led to a defoliation 

of older needles of 38.5%, accompanied by a reduction in leader growth and thus 

tree height of 22.4% in the that year, 11.5% the following year (1995) and 

approximately 6% in 1996. This result is in agreement with Day & McClean 

(1991), who suggested that feeding hy E. abietinum inhibits incremental growth 

and that this response may be delayed for up to two field seasons. The study also 

revealed that the aphid populations and associated defoliations were focussed at 

the tops of the trees (Straw et al, 1998a; Straw et al., 2000). 

Not only were the mean lengths of new shoots produced in 1994 and 1995 

significantly .shorter in the upper canopy of infested trees, but the properties of 

the constituent needles themselves were modified too. The size and dry weight of 

new needles produced in 1994 on the Whorl-93 position were significantly 

smaller on the high E. abietinum density trees, a similar response occurring the 

following year on Whorl-94. It appeared that the reduction in average weight was 

due in part to less dense tissues being produced by infested trees. The total dry 

weight of current year needles was generally lower on high aphid population 

trees, although this difference was only significantly in 1995, when shoot length 

on the upper branches was also shorter, relatively. The stem volume increment 

was found to be related to the total dry weight of the current year needles and 

thus the reduction in dry weight of these needles was accompanied by a relative 

reduction in volume increment. This response was delayed, with no significant 

differences measured in 1994, the year of the outbreak and only becoming 

evident in 1995, where a reduction of 12.2% in stem diameter increment and 

23.8% in volume increment was seen (Straw et al., 2000; 2002). The results of 

this study demonstrated that infestation by E. abietinum can lead to measurable 

reductions in many growth parameters, not all of which may manifest in the 

short-term. 
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A study by Halldorsson et al. (2003), monitoring a stand of P. sitchensis at 

Hallormsstadur Forest, Iceland between 1987 and 2000 further stresses the need 

for long-term studies. Outbreaks ofE. abietinum occurred in this forest during 

1987 and 1991. Trees were selected in 1992 and were assigned to one of three 

classes: unaffected trees (0-10% defoliation), lightly affected trees (15-30% 

defoliation) and moderately affected trees (40-70% defoliation). The height that 

each tree would have attained in 1986 was calculated in 1992 and the 1986 

diameter calculated using core samples at the end of the 1999 season. No 

significant differences were found in these parameters between the three classes 

in 1986. After the outbreaks, however, there were highly significant differences 

in both of these parameters, with negative relationships existing between 

defoliation rates and height and radial growth increments. The effects of 

defoliation were prolonged, being apparent for many years after the outbreak 

event and increasingly negative effects being seen for several years after the 

outbreak. Although the recovery of lightly affected trees was far more rapid than 

that of the moderately affected trees, the annual increments in height still did not 

reach those levels seen prior to the outbreaks by the end of the study in 2000 and 

the annual radial increments were also just less than those seen in 1986. This 

study provides additional insight into the long-term effects of defoliation caused 

hy E. abietinum and concurs with the work of Straw et al. (1998a; 2000; 2002) 

and Day & McClean (1991), in that it emphasizes the continued effects of this 

pest in the years following an outbreak. Lynch (2004) also stated that defoliation 

and mistletoe infection induced mortality of P. engelmanii and P. pungens 

continued to occur for at least 3 years after the outbreak of E. abietinum. 

Together, these studies provide strong evidence that defoUation by E. abietinum 

can have long-term consequences for growth. 

1.2.6 Population Dynamics 

In the UK, populations of E. abietinum build up during the spring, and reach a 

peak in May or June (earlier in the milder, southern parts of the country than the 



cooler northern parts) (Carter and Cole, 1977; Day, 1984b; Crute & Day, 1990). 

This is followed by a crash in numbers, which is associated with a decrease in the 

nutrient quality of the sap at budburst. Parry, (1974b) found that the levels of 

nitrogen and most amino acids (including several essential ones) in Sitka needles 

fell from May to August. This decline in sap quality leads to a reduction in the 

fecundity of the aphids and increased mortality. The population crashes by July, 

leaving small numbers surviving over the summer, which show reduced 

developmental and reproductive rates (Parry, 1974b). Even though the needles do 

not provide adequate nutrition at this time, summer populations do not enter a 

period of aestivation. It is thought that the population persists due to the ability of 

some individuals to survive by utilising fat reserves or by feeding on marginally 

more nutritious foliage (Parry, 1974b; Parry, 1979). 

The amplitude of the peak is mainly dependent on overwintering success. The 

most important controlling factor during the winter months is temperature, 

natural enemies being absent during this time, except for birds. Therefore, 

outbreaks occur following mild winters. Where successive winters are mild, 

especially severe outbreaks have been reported (Carter & Halldorsson, 1998). 

The rate of the spring build up varies between populations but has been found to 

be inversely related to the initial density, rather than differences in aphid 

fecundity between trees. Trees with a low aphid density and trees that are 

isolated (more apparent) also tend to accumulate higher numbers of alates (Day, 

1986). 

Alates are produced during May/June, with the peak rate of production occurring 

at the time of highest amino acid content (Fisher & Dixon, 1986). Photoperiod 

has been reported to be the main controlling factor of alate production, with 

nutrient content and crowding being modifiers to this response (Fisher & Dixon, 

1986). In anholocyclic populations, a single flight period occurs. Carter and 

Cole, (1977) determined a flight threshold temperature of 12-13 °C by the use of 

trap catches within the forest and reported that the median flight date was related 

to accumulated day degrees and not photoperiod. Data from suction trap 

sampling in the UK over a 27-year period also point toward temperature as the 

most important factor influencing the migration phenologies of several aphid 
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species, including E. abietinum (Zhou et ai, 1995). A slightly different dynamic 

has been reported in the plantations of north-eastern Scotland, where two flight 

periods have been observed. The first occurred between June and August and the 

second during September to October (Parry, 1973). The existence of this second 

period of alate production in the colder areas of the UK but not in the warmer, 

more southerly areas suggests that these later alatae may be males. Emigration by 

alatae is of course another factor, which adds to the population decline. However, 

this is not thought to play a significant role in the population crash (Hussey, 

1952; Parry, 1977). 

The survival of nymphs and adult E. abietinum during the winter is mainly 

dependent on temperature. Starvation may however, also be a factor. When 

defoliation of the older needles occurs, the aphids can move onto the current 

year's needles during the winter. If this supply becomes exhausted, however, the 

aphids will die firom starvation. The movement of aphids back along the branch 

and onto a higher whorl that may contain a fi-esh food supply has not been 

reported (Hussey, 1952). That food is a limiting factor in the survival of winter 

populations is also implied by the fact that colonies which have a high population 

density in the autumn suffer greater mortality over the winter when compared to 

those with lower densities (Hussey, 1952). However, it is possible that a less 

direct mechanism is at work. Since aphid mortality in winter is partly dependent 

on the supercooling point of the sap, it could be that the feeding aphids lower the 

supercooling point of the host sap with higher densities having a greater affect. 

Elatobium abietinum has been classed as moderately chill tolerant (Bale, 1993), 

being able to continue reproduction at temperatures below zero °C (Hussey, 

1952), although the developmental threshold has been reported as being 4 °C 

(Crute & Day, 1990). This aphid has been shown to survive temperatures as low 

as -8 °C, which may be due to the fact that its surface wax acts to prevent 

wetting of the aphid. It appears that this may also prevent contact between the 

body of the aphid and ice crystals, which could otherwise serve to cause 

inoculative fi-eezing of the aphid (Bevan & Carter, 1980). Neonates are able to 

survive temperatures of as low as —19 or 20 °C (Carter, 1972; Powell, 1974). 

This supercooling ability is, however, markedly decreased once the nymphs 
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imbibe plant sap (Powell, 1974). Temperatures o f -7 °C or below or extended 

periods where the maximum temperature does not exceed +6 "C increase 

mortality of the overwintering aphid significantly (Powell & Parry, 1976). The 

highest mortality has been found to occur in the upper crown, where Powell & 

Parry (1976) observed only 1̂ ' instars surviving in this region of the tree. Aphids 

in the lower crown will tend to be more sheltered and this has been shown to be 

the warmest part of the tree during the winter (Powell & Parry, 1976). 

Outbreaks in Denmark have occurred mainly in coastal areas, following winters 

where no monthly mean temperature fell below zero during November to March. 

The temperature sum over the winter was found to be less important because 

many non-outbreak years had higher winter temperature sums than some 

outbreak years. However, the non-outbreak years included either at least one 

month where the mean was less than zero or an unusually low March 

temperature mean. This shows that low temperatures kill the aphids and do not 

just reduce growth and reproductive rates. So outbreaks are favoured by winters 

that are mild all through, with warm March temperatures (Bejer-Peterson, 1962). 

The fact that outbreaks have occurred simultaneously over large areas which 

have experienced similarly mild winter conditions (Bejer-Peterson, 1962), again 

supports that this is the most important factor in determining summer 

populations. Outbreaks in the UK occur approximately every 7 years, depending 

on the region, with more frequent outbreaks likely in the milder areas and it is 

thought that these population dynamics are related to both climatic variables and 

overcompensating density dependence (Carter, 1995; Day & Kidd, 1998). 

In addition to peak in the spring/summer, autumn peaks occasionally occur in the 

UK, but are the exception rather than the rule. The main exception to the 

spring/summer primary peak dynamic is seen in Iceland. Iq this country 

populations of B. abietinum consistently produce a maximum peak in the autumn 

rather than in the spring/summer. It is thought that this is as a consequence of the 

absence of key natural enemies in this area (Austara et al., 1997). 
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1.3 Control prospects and natural enemies 

There are various possible methods which have the potential to limit or even 

control E. abietinum. These fall into three broad categories: chemical control, 

cultural control and biological control. 

1.3.1 Chemical control 

Utilising conventional pesticides such as pirimicarb is feasible and is often 

practised at the nursery stage and by growers of Christmas trees (Straw et al., 

1996; Day et al., 1998). Tests using representatives from the organophosphate, 

carbamate and pyrethroid groups have shown that such chemicals do not impart 

significant phytotoxic effects (Straw et al., 1996). Control by pyrethroid 

insecticides was also initially recommended for use on ornamental spruces in 

gardens and parks in Poland, where this aphid was causing serious defoliation 

(Bartkowski, 1998). Such methods are not, however, appropriate on present day 

plantation scales due to economic and environmental concerns. 

Less toxic alternatives such as fatty acids, soaps and neem extract have also been 

tested (Parry & Rose, 1983; Musau & Parry, 1988; Straw et al., 1996; Partridge 

& Borden, 1997). Some success was achieved with the soaps although they were 

less effective than organophosphate pesticides and there were limitations of some 

soaps and fatty acids, partly due to formulation problems. A further problem was 

that the soaps were found to be toxic to natural enemies, A. obliterata larvae 

being particularly susceptible. Certain soaps also produced phytotoxic effects on 

P. sitchensis, especially on the current year's needles (Parry & Rose, 1983; 

Musau & Parry, 1988; Straw et al., 1996). 

Foliar application of neem seed extract resulted in significant reductions in aphid 

populations on an experimental basis with potted spruce trees in a greenhouse 

environment. (Partridge & Borden, 1997). Such a method maybe viable for 

providing protection for seedlings in a nursery but would require a very high 
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energy input due to the quantity required and application problems, once the 

trees were planted out in the forest site. There is also evidence that neem seed oil 

interferes with the eclosion process in several important aphidophagous natural 

enemies. Emergence of adults of the coccinellid Coccinella undecimpuncatata 

(L.) from the pupae was completely prevented by a 0.5% concentration of the oil, 

while the adult eclosions of the syrphid Eupeodes fumipennis (Thompson) and 

the parasitoid Diaeretiella rapae (Mcintosh) were reduced after exposure to 

concentrations of 1 % and above (Lowery & Isman, 1995). 

1.3.2 Resistant clones 

Another way to negate the impact of this aphid pest, is by the use of resistant 

clones of the host. It has been found that there is a genetic basis for the resistance 

possessed by certain trees to attack by this aphid (Harding et al., 2003). The 

variation in resistance between and within families is considerable, with some 

individuals experiencing high rates of defoliation, while other members of the 

same family were unaffected, suggesting that resistance occurs at an individual 

level (Jensen et al., 1997). Therefore, the use of clonal material to propagate 

resistance lines should be possible although tree breeding programmes for this 

species have focussed on other characteristics such as timber quality and yield 

(Harding et al., 1998). 

An early study on resistant and susceptible Sitka trees suggested that resistance 

was conferred due to differences in the supercooling points of the needles. 

Resistant trees were found to have a higher needle supercooling point. The 

differences in supercooling abilities between trees was not found to be linked to 

provenance and varied greatly between individual trees. It was thought that 

resistance may be related to sap quality, which in turn may be affected by the 

characteristics of the site and it was feared that resistance maybe lost at certain 

sites (Parry & Powell, 1977). Day et al. (1999) do not concur with this theory 

and propose is that differences in susceptibility between provenances of Sitka 

spruce are not related to the nutrient status of the plant, but could be due to a 
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mechanism which utihses secondary metabolites to provide surface defence 

similar to that occurring in the young needles. 

Whatever the mechanism, the result is that resistant trees are less prone to attack 

and are therefore more likely to achieve greater rates of growth, since it appears 

that there is no loss in growth accompanying increased resistance (Harding et al., 

2003). The use of resistant clones in order to limit the damage caused by this pest 

may therefore be extremely appropriate in the future of forestry. This method 

also has potential for being used in combination with other methods, such as 

biological control by natural enemies and such a combination could provide 

greater levels of protection than either method alone. 

In addition to the genetic component, the build-up of E. abietinum on P. 

sitchensis can be mediated by environmental and climatic variables (Straw et al., 

1998b). This is possible through direct effects, host-mediated effects, for 

example via changes in changes the host chemistry or via natural enemy-

mediated effects. Wainhouse et al. (1998) found that the concentrations of 

quantitative defence in 2 year-old P. sitchensis were affected by the levels of 

nitrogen and light provided in the treatments. The highest levels of polyphenols 

in current and old needles were found in a high light and low nitrogen treatment. 

Elatobium abietinum is known to respond to certain phytochemicals present in 

the cuticular wax of needles with avoidance behaviour (Jackson & Dixon, 1996). 

Differences in polyphenols and resins did not, however, appear to be important in 

determining the performance ofE. abietinum on the host, although the levels of 

nitrogen in the host was highly influential, with fecundity being positively 

associated with the nitrogen levels provided in the treatment (Wainhouse et al., 

1998). A previous study in a field situation had revealed that the application of 

nitrogen fertilizer did not affect the severity of attack by E. abietinum between 

trees, but did serve to accelerate the recovery of the host after defoliation 

(Thomas & Miller, 1994). Although no advantage was conferred in relation to 

susceptibility to attack, such amelioration of the symptoms of infestation could 

still have important consequences by improving the eventual timber yield. The 

importance of climatic and environmental components related to climate change 

will be discussed later in this chapter. 
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1.3.3 S ilvicultural control 

Plants may be afforded some protection from herbivores by volatiles, which are 

released into the atmosphere. It has been demonstrated that plants which are 

under attack from herbivorous pests, can attract natural enemies via chemical 

signals discharged from the plant, which appear to be specific to the pest in some 

cases although more general in others (van der Meijen & Klinkhamer, 2000; De 

Moraes et ah, 1998). It is not yet certain as to whether plants have evolved to 

produce these volatiles for the specific purpose of attracting beneficial insects to 

limit or prevent damage by pest insects or whether they are merely released when 

plant cells are damaged, without any active participation by the plant host (van 

der Meijen & Klinkhamer, 2000). The findings of De Moraes et al. (1998), that 

chemicals which were highly specific to the pest species in question, allowed 

females of the parasitic wasp, Cardiochiles nigriceps (Vierick) to distinguish 

between tobacco plants which were attacked by its host, Helicoverpa virescens 

(Fabricius), undamaged plants and those attacked by H. zea (Boddie), suggested 

that at least some plants have evolved to actively synthesise and release certain 

volatiles for the specific purpose of attracting beneficial insects. It is possible, 

however, that such chemicals were originally produced by the plant for direct 

defence against the specific herbivore and that the attraction of natural enemies 

to these chemicals is secondary (Turlings et al., 1990) 

Not only can plants gain protection by producing chemicals themselves but they 

can also benefit from proximity with neighbouring plants, which are unsuitable 

for the pest species. This has been demonstrated for birch, which suffered lower 

attack rates from hares and voles when mixed with the less palatable tree, alder 

(Hjalten et al., 1993, ) and for the willow, Salix lasiolepis (Benth.), which was 

less likely to be attacked by the stem galler, Euura lasiolepis (Smith), when 

mixed with less acceptable clones of the same species (Hjalten & Price, 1997). It 

has been suggested that herbivorous pests are not only more likely to locate a 

plant host in a monoculture, rather than a polyculture, but that they are also more 

likely to reproduce in a monoculture system (Russell, 1989). 
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1.3.4 Biological control 

The role of natural enemies in the regulation of abietinum still needs further 

investigation. Studies thus far suggest that aphidophagous predators regulate the 

magnitude of the summer population peak and are important in preventing a 

second peak in the autumn (Crate & Day, 1990). This is interesting because in 

Iceland, which is poor in natural enemy fauna, the main peak occurs in the 

autumn, whereas in other areas where the aphid is anholocyclic, autumn peaks 

are usually secondary and rare (Austara et al., 1998). 

The general consensus is that the most important predators of E. abietinum are 

coccinellids, hemerobiids and syrphids (Hussey, 1952; Bejer-Peterson, 1962; 

Crate & Day, 1990; Leather & Owuor, 1996). The specific natural enemy groups 

that have been reported as being the most predominant vary between studies. 

Parry (1992) and Leather & Owuor, (1996) both found that coccinellids appeared 

to be the main predators of E. abietinum on Picea spp. but Crate & Day (1990), 

revealed that hemerobiids and syrphids were the most abundant predators on P. 

sitchensis. The results of modelling using these two predators, suggested that 

they were likely to decrease the size of the summer peak slightly, but their main 

impact would be to prevent a second peak in the autumn, which would otherwise 

be greater than that seen in the summer and have the potential to cause 

significant growth loses (Crate & Day, 1990). Further modelling by Day et al. 

(unpublished) suggests that hemerobiids, coccinellids and cantharids are all 

important in moderating the population peak and facilitate a more rapid decline 

in aphid numbers after the peak. Many other natural enemies have also been 

identified in association with this aphid, including carabids, elaterids and 

araneida and opiliones (Austara et al., 1998). In addition there are several species 

of hymenopterous parasitoids and pathogenic fungi, which attack E. abietinum 

(Austara et al., 1998; Nielsen et al., 2001). It is uncertain as to how important 

many of the generalist predators, parasitoids or fungi are as yet. There are fewer 

reports of these natural enemies and those that exist are not always consistent. 
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It had been suggested in the past that natural enemies play a vital role in the 

summer population crash (Hussey, 1952). Hussey, (1952), carried out sleeving 

experiments, which served to exclude natural enemies from the sleeved shoots. 

He found that during April to August, populations which were sleeved increased 

while those which were unsleeved declined to virtually nothing. He suggested 

that this gave some measure of the control provided by natural enemies, which 

consisted of spiders during the early summer and the coccinellids Propylea 

quatuordecempunctata (L.), Aphidecta obliterata (L.) and Coccinella 

heiroglyphica (L.), along with several species of syrphid larvae, later in the 

season. However, it is now generally thought that the underlying population 

dynamics are as a result of winter temperatures (producing between year 

differences) and nutritional factors, with natural enemies acting to affect the size 

of the summer peak and its rate of decline, rather than being the factor to cause 

the crash (Austara et al, 1998; Day & Kidd, 1998). 

Birds also eat aphids and can reduce a colony of E. abietinum significantly. For 

example, a golden crested wren was once observed by Hussey (1952), to 

consume 25 aphids out of a colony of 40. In addition, they are the only active 

predators reported during the winter (Bejer-Peterson, 1962). However, aphids 

that are parasitised will be more conspicuous and it is theorised that birds will 

select a higher percentage of parasitised aphids than is present in the population, 

thus negating control by parasitoids (Hussey, 1952). In general, birds are not 

thought to contribute significantly to the control of this aphid (Bejer-Peterson, 

1962). 

In Denmark, the most common predators are coccinellids, which show a 

numerical response to aphid density by gathering in large numbers on heavily 

infested trees. Coccinellids have also been mentioned in association with Picea 

spp. by several other authors (e.g. Hodek, 1973; Parry, 1992; Leather & Owuor, 

1996; Austara et al., 1998) and are therefore likely to be one of the most 

important predators of E. abietinum. Coccinellids overwinter in diapause as 

adults, thus enabling them to feed on this aphid earlier in the season than some of 

the other natural enemies, such as the syrphids. Syrphids overwinter as fully 

grown larvae and thus adults appear later (Bejer-Peterson, 1962). 

18 



The idea of using natural enemies for the biological control of insect pests was 

accepted by the second half of the 1800s. Early endeavours produced varying 

degrees of success. The first highly memorable attempt occurred inl889, where 

the coccidophagous coccinellid, Rodolia cardinalis (Muslant) was introduced 

into Califorma against the scale insect, Icerya purchasi (Maskell) (Hemiptera: 

Margarodidae), with tremendous success (Dixon, 2000). Since then, other 

coccinellid species have also been introduced to various parts of the world, but 

with a highly variable track record, control of coccids generally proving more 

successful than that of aphids (Dixon et ah, 1997). There has also been concern 

about the impact of introducing non-native species on indigenous natural enemy 

populations (Dixon, 2000). 

Biological control in forestry against a range of pests has been endeavoured with 

a variety of predators and parasitoids. In some cases, the control obtained has 

been substantial or even complete (Kidd & Jervis, 1997). Control of conifer 

aphids, using natural enemies has been attempted on several occasions by the 

introduction of the coccinellid, obliterata. During 1941 and 1951 to 1957, 

multiple introductions were made into Eastern Canada in an effort to control the 

Balsam Woolly aphid, Adelges picea (Ratz.) (Homoptera: Adelgidae). Although 

adults released early in the summer completed a generation in that year, no 

individuals were ever found during the year after release. It is thought that this 

coccinellid was unable to become established in Eastern Canada due to its 

inability to survive the harsh winter conditions (Brown & Clark, 1959). 

A later attempt, in a more favourable climate was far more promising. A. 

obliterata was successfully introduced into North Carolina during the 1960s as a 

predator of A. picea, which had been accidentally introduced to North America at 

the start of the century and was attacking sp. (Amman, 1966; Hodek, 

1973). Elatohium abietinum is generally only a serious pest in the relatively 

warm oceanic climates, and this suggests that the introduction of^ . obliterata 

into any such area where this aphid had also been introduced would also be 

successful. This is confirmed by the fact that A. obliterata is now found 

throughout Western Europe (Wylie, 1958). In spite of the presence of this natural 
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enemy, however, E. abietinum remains a serious pest in areas such as the UK. It 

is therefore important that we better understand the relationships between E. 

abietinum and its natural enemies to discover what factors may compromise 

biological control of this pest and thus any mechanisms by which control by 

natural enemies could be enhanced. 

The aforementioned groups of natural enemies which are suspected of being 

most important in regulation of this aphid pest will now be discussed in more 

detail: 

1.3.4.1 Coccinellids (Coleoptera: Coccinellidae) 

Coccinellids are among the most well known consumers of aphids (Hodek, 

1973). The adults of aphidophagous species seek out and oviposit in aphid 

colonies, some species being more specific than others about which host plants 

or habitat types that they will use (Majerus & Keams, 1989). Unlike some of the 

other aphidophagous predators, both the adults and all larval stages can be 

voracious consumers of aphids. 

The most important coccinellid predators of & abietinum are likely to be those 

species which show little habitat preference, and thus are able to exploit E. 

abietinum in forest plantations when the aphid is present in significant numbers, 

using alternative food sources when it is not, or else those which exhibit a strong 

preference for conifer woodland. Various coccinellid species are generally 

associated with conifers. Among these are the Larch ladybird (A. obliterata), the 

Cream streaked ladybird, {Harmonia quadripunctata (Pontoppidan)), the Eyed 

ladybird, {Anatis ocellata (L.)) the Pine ladybird, (Exochomus quadripustulatus 

(L.)) and the Striped ladybird {Myzia oblonguttata (L.)) (Majerus & Keams, 

1989). 

Samples obtained from pitfall traps used in Eastern Germany by Klausnitzer and 

Bellman (1969), in a 110 year old stand of spruce contained the larvae of many 
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of these coccinellid species. Anatis ocellata was the most abundant, comprising 

55% of all coccinellid larvae but also represented Adalia conglomerata (L.) 

(23%), M. oblonguttata (Neomysia oblonguttata) (13%), A. obliterata (5.5 %) 

wAE. quadripustulatus (3%) (Hodek, 1973). With the exception of^ . 

conglomeratta, all of these species along with several others were found 

associated with E. abietinum in a survey of natural enemies carried out in north-

west Europe in 1993-1995 (Austara et ai, 1998). This survey revealed nine 

coccinellid species in the UK, in conjunction with this aphid. These included 

both conifer specialists and generalists and were A. ocellata, A. obliterata, E. 

quadripustulatus, Scymnus abietis fPaykul), Adalia bipunctata (L.), Adalia. 

decempunctata (L.), Calvia quatuordecimpunctata (L), Coccinella 

septempunctata (L.) and Propylea quatuordecimpunctata (L.). 

The distribution and abundance of coccinellids within a crop is obviously 

important and can be affected by a variety of factors. The density of the stand, 

aphid density and landscape types have all been named as potential modifiers of 

adult populations (Honek, 1982). Percentage of ground cover is also mentioned 

by Leather et al, (1999), as being commonly correlated to the distribution of 

coccinellids. Alternative habitats within or adjacent to the crop may also have 

some effect, especially if they provide some benefit such as being a good 

overwintering site. 

On a smaller scale, the host plant itself can then affect the efficiency of the 

coccinellid as a natural enemy. For example, C. septempunctata larvae were 

found to be more effective predators of aphids on bean plants when compared to 

pea plants. This was due to the fact that the larvae tended to fall off the smoother 

leaves of the pea plant with a higher frequency than those of the bean plant 

(Carter et al., 1984). Aspects of plant structure, such as needle density can also 

affect the time allocation spent on various parts of the plant (Vohland, 1996). 

Therefore, searching efficiency and hence attack rate of natural enemies can be 

modified by the choice of host. This is an aspect of interest when considering the 

green spruce aphid, which is found on a range of Picea species, which have 

slightly different architectures. 
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The two coccinelhd species which were most common at the field site (A. 

obliterata) and Silwood Park {Adalia hipunctatd) are discussed below in more 

detail. 

1.3.4.1.1 Aphidecta obliterata (Plates 9, 10 & 12) 

This coccinellid is found throughout Western Europe and predates conifer aphids 

(Wylie, 1958). It is commonly known as the Larch ladybird. Elytra colour can be 

pale brown, orange or mid brown, usually with no spots, hence the name 

'obliterata'. However, forms with up to six spots have been found in the UK 

(Majerus & Keams, 1989). The adults lay eggs in small groups on infested 

needles or bark and the emerging larvae complete four instars before pupation 

(Wylie, 1958). 

This coccinellid has been reported to be one of the main predators of E. 

abietinum on Sitka spruce and has been observed on Sitka right up to mid-

October (Parry, 1992). Two other coccinellids, C. septempunctata and A. 

decempunctata, were also mentioned by Parry, (1992) as feeding on the green 

spruce aphid on Sitka spruce. However, these two species were lost from the tree 

following the population crash. This suggests that all three predator species may 

moderate the summer peak and its rate of decline but that only ̂ 4. obliterata is 

likely to be important in preventing an autumn peak. Another characteristic 

which enhances the effectiveness of A. obliterata as a control agent ofE. 

abietinum is that overwintering adults remain within the forest, sheltering in bark 

crevices and under bark scales (Hodek, 1973; Parry, 1980). This facilitates early 

access to the aphids after winter hibernation, which is important in regulating the 

spring build-up and resultant population peak. 

IJiAA.! Adalia bipunctata (Plates 11 & 12) 

Commonly known as the two spot ladybird. Adults are about 5.5 millimetres 

long, most are predominantly red with black spots but there is considerable 

chromatic variability. This species is common in the UK and is a generalist 
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which is can occur on herbaceous plants but is mainly found on trees (Ferran & 

Dixon, 1993). Adults overwinter in sheltered places, including bark crevices and 

buildings, often in groups. Eggs are laid on the underside of foliage in spring and 

summer. The emerging larvae complete four instars before pupation. The larvae 

have an adaptation to arboreal life in the form of an adhesive organ on the 10^ 

abdominal segment (Hodek, 1973). 

This was found to be the most aphid common predator by far in a study carried 

out at Silwood Park in Berkshire. Its functional response to E. abietinum (the 

response in consumption rates to increasing prey density) was not found to be 

density-dependent but it did show a good numerical response, in that it 

responded to higher prey densities by immigration of adults and an increase in 

reproductive rates (Leather & Owuor, 1996). 

1.3.4.2 Hemerobiids (Neuroptera: Hemerobiidae) 

Neuropteran larvae are well known aphid predators (Rillington, 1936). Several 

species of the genus Hemerobiidae have been associated with E. abietinum. Few 

have received close attention apart from the brown lacewings, Hemerobius 

micans (Olivier), which was found in Ireland by Crute and Day (1990) and 

Hemerobius stigma (Stephens), which features in modelling by Kidd et al. (in 

prep). However, several other species that were recorded as possible predators in 

Norway (H. atrifons (McLachlan), H. pini (Stephens), H. pereglans (Stephens) 

andH. simulans (Walker) (Austara et al, 1998)) are also found in the UK 

(Killington, 1937), so are of potential importance here. 

1.3.4.3 Syrphids (Diptera: Syrphidae) 

Hoverflies are well known beneficial insects because the adults are important 

flower pollinators and many species have aphidophagous larvae. These larvae are 

often nocturnal, spending the daylight hours hidden inside curled leaves or other 
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sheltered places. This stage is maggot-like and often prefers moist shaded 

environments (Stuhbs & Falk, 1983). As a result, there are potential implications 

for the success of this predator in the event that climate change is accompanied 

by altered humidity levels, hicreases in humidity may be expected to favour the 

larval stage as it would provide increased protection from dehydration but a fall 

in relative humidity may prove detrimental. 

Syrphid larvae have been found feeding on E. abietinum (Hussey, 1952; Bejer-

Peterson, 1962) and are thought to be important predators. Three species which 

have been reported to be associated with the green spruce aphid in the UK are 

Melanostoma scalare (Fabricius), Syrphus ribesii (L.) and Episyrphus balteatus 

(DeGeer) (Austara et ah, 1998). All three are considered common in Britain and 

are found in a variety of habitats (Stubbs & Falk, 1983). 

1.4 Enhancing natural enemies 

With current concerns about the environmental impacts of pesticides, biological 

control may be seen as an ideal method by which to combat insect pests. The 

infroduction of a new species into a country such as the UK, for confrol of the 

green spruce aphid would not be appropriate, since the main natural enemy 

groups are already established (Austara et ah, 1998). In addition to the 

infroduction of foreign predators or parasitoids, biological confrol can be enabled 

or enhanced by augmentation of indigenous or established agents. Many 

indigenous natural enemies are now widely available for purchase by growers. 

These include arthropods such as coccinellids, hemipterans, hymenopterous 

parasitoids, neuropterans and acarids, all of which can be easily obtained in the 

UK. At present, they are mainly for use in covered crops (Flint & Dreistadt, 

1998).This environment is more stable than that of the field, and thus the results 

of an infroduction are likely to be far more predictable. The enclosed space of a 

glasshouse or polytunnel also gives much protection against the emigration of 

purchased bioconfrol agents away from the crop. It would seem unlikely that the 

purchase of coccinellids or other natural enemies for augmentation of established 
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natural populations in a forest situation would ever be economically viable. 

There are, however, mechanisms by which the natural populations of insect 

predators in an environment can be enhanced and it has been reported that over 

400 species of insects have been completely or partially controlled worldwide by 

the conservation and enhancement of beneficial insects (Flint & Dreistadt, 1998). 

There are various possibilities for enhancing the control of this aphid by its 

natural enemies. One of these would be to improve the environment for certain 

natural enemies. It has been suggested by several authors, that natural enemies 

are better able to control phytophagous pests in more diverse systems. This is 

known as the 'enemies hypothesis' (Root, 1973; Russell, 1989). The reasons put 

forward for this theory by Root (1973), are that the natural enemies are favoured 

by diverse systems due to a greater diversity of prey being available, which can 

better support predators and parasitoids than a single species, a greater 

availability of alternative microhabitats offering such a variety of prey and 

refugia, and a greater availability of alternative resources, such as nectar and 

pollen. 

It is well known that certain biocontrol agents rely on a source of pollen or 

nectar. Adult syrphids feed on both pollen and nectar and require the amino acids 

which are found in pollen, in order to reach reproductive maturity (Cowgill et al., 

1993a). It has been shown that flowering plants can enhance syrphid numbers in 

the vicinity and increase the number of eggs laid and that it is also possible to 

alter the distribution and abundance of syrphids within and between an 

agricultural crop by management of the composition of floral patches (Cowgill et 

al., 1993b; Lovei et al., 1998; Salveter, 1998). Adult parasitoids can also be 

found feeding on plant inflorescenses (Maingay et al., 1991; Jervis et al., 1993) 

and even coccinellids consume nectar on occasion, although it is thought that in 

this case the nectar provides an alternative energy source, but is not likely to be 

nutritionally complete enough to support egg or fat production (Hagen, 1962; 

Maingay era/., 1991). 

In general, forestry plantations have little to offer in the way of diversity 

compared with mature mixed species forest and woodlands. In the UK, stands 
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generally consist of planted blocks of single or mixed conifer species, much of 

which must be one species, P. sitchensis, since this has been the most commonly 

planted conifer species since the 1950s and accounted for 61% of all conifers 

planted during 1991-1999 (Forestry Commission, 2003). Observation of the 

forest floor in stands of P. sitchensis has revealed that they are usually absent of 

any other plant species, although self-seeded broadleaved species may be found 

in a small numbers, especially at the forest edges. The only consistent resource 

for alternative plant species is usually seen in the rides, where heather and/or 

other shrubs and trees can be present throughout the forest (Pers. obs.). 

The behaviour of natural enemies can also be dependent on other characteristics 

of a site. For example, the dispersal of the New Zealand hover fly, Melanostoma 

fasciatum (Macquart) was found to be affected by the architecture of the land 

over which they would have to travel. These hoverflies tended to avoid crossing 

bare ground, and barriers such as tall hedges were avoided by the females. Other 

habitats appeared to attract this species, with adults being found in higher 

densities in the sheltered side of hedges (Lovei Qt ai, 1998). Therefore, it maybe 

possible to design the layout in a more beneficial way before planting. 

Provision of alternative shelter or hibernation facilities in the proximity of the 

crop has been shown to enhance coccinellid numbers and produce an earlier 

occurrence in several crop situations (Hodek, 1973). Hibernation boxes have also 

been trialled for Chrysoperla carnea (Stephens) in an agricultural system. Boxes 

placed out in the field were found to be contain an average of 117 adults per box 

at a winter barley site, 209 in a fallow field and 224 in sugarbeet field. The 

mortality rates in these boxes over the winter were extremely low, ranging firom 

0.7 to 1.8%. Lacewings released from these boxes were also found to enter the 

fields two weeks earlier, resulting in eggs being observed four weeks earlier 

compared with non-release plots (Sengonca & Henze, 1992). This route may 

well be effective in a forest situation. 

The way in which the crop is harvested may also affect the predator-prey 

dynamics within a plantation. Clear-felling and replanting is cost effective 

compared with the alternatives produces uniform regeneration (Evans & 
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Tumbull, 2004). However, this method significantly affects the forest 

microclimate because it alters the radiation-energy balance (Kimmins, 1996). 

Removal of large areas at once would also be expected to reduce the chances that 

natural enemies present within the harvested blocks would successfully emigrate 

into new areas containing infested conifers. A similar effect has already been 

demonstrated for the coccinellid, Coleomegilla maculata (Pallas), which was 

unable to track aphid populations in clover when the patches were fragmented 

(With et ah, 2002). As previously discussed, the M. fasciatum also 

avoids flying over barren land (Lovei et al., 1998). Therefore, large harvested 

sections would be likely to interfere with dispersal within or into the forest crop. 

Smaller scale removal of trees may thus favour natural enemy populations but 

may be more expensive, so negating any advantage. Harvesting technique can 

also affect the microclimate within a forest. A study by Proe et al. (2001) 

illustrated this, revealing that whole tree harvesting, where the foliage and 

branches are removed fi-om the forest as well as the trunks, can lead to an 

increase in mean wind speeds and alteration of the temperatures of the soil and 

the shoots of newly planted spruce, compared with harvesting where branches 

and foliage are not all cleared. 

1.5 Sampling Natural Enemies and K abietinum. 

Sampling within a complex structure such as the forest canopy can give rise to a 

huge number of questions about what methods to utilise, how to select sites and 

what the sampling unit should be. One might consider a commercial forest to be 

relatively homogeneous when compared with natural woodland but there will 

always be heterogeneity due to stand makeup, growth stages, management 

practices, edge effects, site characteristics and so on. When attempting to sample 

over a series of elevations in a forest, it can be difficult to select similar plots at 

each elevation because the lower stands are likely to be close to the forest 

boundary, which will be a confounding factor. This makes directly comparable 

experimental work difficult. 
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In addition to the complexity of the forest as a research arena, its scale means 

that decisions about how to carry out a sampling regime need to be based on 

what is viable with the time and funds available as well as what is the best 

science. Researchers in this field have often been faced with difficulties in 

accessing sites or sections of the canopy itself (Barker & Pinard, 2001). In 

solving the problem with gaining access to a particular sample point, one may 

give rise to another problem, such as the interference or destruction of 

neighbouring foliage. 

The method of choice also depends on what it is exactly that you want to know. 

The use of more than one sampling method may be important or even vital in 

order to gain a full picture. Thermal fogging of the canopy gives a good 

instantaneous picture of what is present in the tree at the time of treatment. It can, 

however, only be done under fairly still, cool conditions, which generally means 

early morning or during the evening. Therefore, anything which is not present at 

those times will not be sampled. It may also be difficult to find days with suitable 

conditions, especially early or late in the season. The samples gained also give no 

information about the spatial distribution of the arthropods found, other than that 

they were within or just above/below the canopy. For these reasons, additional 

sampling methods such as yellow sticky traps may be a useful. 

Sticky traps have been used on many occasions in the past, for the purpose of 

sampling insect fauna. They were used by Bowie et al. (1999) in cereal fields for 

the study of cereal aphid natural enemies, in cabbage to sample predators of 

Pieris rapae (L.) (Lepidoptera: Pieridae) (Schmaedick & Shelton, 2000) and in 

the rainforests of Borneo to sample chalcids (Compton et al., 2000). It appears 

that both the colour and placement of such traps affect the catch. Mensah (1997) 

reported that when various coloured traps were used to monitor numbers of the 

coccinellids, Coccinella transversalis (Fabricius) and A. bipunctata in cotton 

fields, traps that were yellow caught more of these coccinellids than other 

coloured traps. Additionally, traps placed at 25-50 cm caught more of both 

species than those at 75-100 cm above ground. Similarly, yellow sticky traps 

placed in com attracted more coccinellids and braconid wasps than red, green or 
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white traps (Udayagiri et al., 1997). However, in this case a third predator 

species, the green lacewing, C carnea showed no such preference, being equally 

abundant on all coloured traps. Therefore, when utilising this method, one must 

take into consideration that the relative abundance of each species may well not 

accurately reflect that actually present in the field. 

Sampling along a vertical gradient in the forest habitat was also shown to be of 

importance by Su and Woods, (2001). Flight intercept traps set at different 

heights above the ground in clearcut, shelterwood and selection stands, found 

that there were significant differences in the distribution of insects in the vertical 

plane, between the types of forest stand. So, in order to gain results that will be 

comparable with other research work, consideration of sample height can be 

vital. 

1.6 The impact of climate change 

Climate change has been a matter for much debate since the latter part of the 20^ 

century. It is uncertain as to exactly what variables are likely to change and by 

what amount. The general consensus is that increases in greenhouse gases, such 

as carbon dioxide, nitrogen oxides, sulphur dioxide, ozone and 

chlorofluorocarbons (CFCs) will be accompanied by a rise in temperatures and 

changes in rainfall patterns (Kirschbaum et al., 1996; Broadmeadow, 2002). The 

frequency of extreme meteorological events may also increase (Bale et ah, 

2002). Such modifications to our climate will impact on all the living organisms 

of this planet and could result in alterations in the life histories of many. It is 

difficult to predict with any certainty, exactly what the likely outcomes will be in 

any biological system, due to the complexity and number of factors involved. 

Many studies have already been carried out which focus on one or more of the 

variables mentioned and these give us at least some insight into what we might 

expect. 

Forests act as carbon sinks and are important moderators of CO2. Closed forests 

cover approximately 20% of the land surface of the earth and are estimated to 
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contain over 200 times as much carbon as is released annually from fossil fuels 

(Kimmins, 1996). The importance of forest ecosystems should not be 

underestimated and it is important that continued research into the future of 

forestry is undertaken, with particular reference to the implications of climate 

change. Temperature itself effects forest ecosystems by altering decomposition 

rates and thus nutrient cycling and also by acting on the physiology of the plant 

(Kimmins, 1996). This is, however, only one of the variables which must be 

considered. 

Changes in the concentrations of various gases present in the atmosphere can 

have also significant impacts on plants and their quality as food for herbivores. It 

is generally accepted that elevated CO2 levels lead to an increase in the 

photosynthetic rate of plants, although there is some evidence that in the long-

term, the rate may begin to fall again, after the initial rise (Coviella & Trumble, 

1999). The chemistry of a plant can also be modified by the environment. Light 

availability and CO2 concentrations have been shown to affect nitrogen, water 

and starch levels as well as the concentrations of secondary compounds such as 

tarmins, in three deciduous tree species (Agrell et ah, 2000). In general, the 

carbon to nitrogen ratio increases, making the plant of lower quality for 

phytophagous pests (Coviella & Trumble, 1999). This can then lead to vast 

increases in the amount of foliage which a herbivore will consume, such as was 

illustrated by Lincoln et al. (1984), who studied the feeding behaviour of the 

larvae of a noctuid moth. This may be due not only to a reduction in nitrogen 

availability in the host but also as a consequence of a reduction in the ability of 

the herbivore to digest food produced under conditions of elevated CO2 (Marks 

& Lincoln, 1996). 

The implications of climate change for forestry in the UK are numerous due to 

the extensive number of factors involved. The main predictions, however, are 

that increased temperatures will result in a lengthening of the growing season, an 

advancement in flushing dates and in higher elevational sites becoming more 

suitable for planting. Changes in rainfall patterns and soil moisture content are 

expected to increase the likelihood of winter waterlogging and summer droughts 

and higher CO2 levels to increase the productivity of plantation crops 
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(Broadmeadow, 2002). It is difficult, however, to determine what the overall 

effects of these changes will be because combined effects cannot always be 

predicted from the results of single factor studies (Whittaker, 2001). There are 

also many other considerations to consider. The final yield obtained from 

forestry plantations depends not only on the responses of the trees to climate 

change but also to that of their herbivorous pests and the natural enemies of such 

pests. 

Studies of the effects of elevated CO2 on the growth rates of Picea spp. and E. 

abietinum have produced varying results. The growth rates of seedling P. 

sitchensis were found to increase by up to 10% as a result of exposure to CO2 

levels of 600 ppm (Townend, 1993). Watt et al. (1998) reported only on the 

aphid pest, finding that enhancing CO2 to 700 ppm (which approximates to twice 

that of current levels) produced no significant changes in the growth rates of E. 

abietinum on P. sitchensis ox P. abies. Warrington & Whittaker (1990) give 

information on both the pest and the host tree. This study revealed that while the 

growth of 2 -year old potted P. sitchensis was not greatly affected by elevated 

levels of CO2 over a period of 2 months, E. abietinum appeared to be favoured by 

the presence of this gas. In this study aphid populations built up to 2-3 times the 

numbers of those found on unfreated frees, with the greatest increases occurring 

on well watered frees. This suggests that increased concenfrations of this 

pollutant up to at least that tested (25 nl/lifre) would result in an increase in the 

pest status of this aphid and that the problem would be exacerbated further if it 

was accompanied by an increase in rainfall. An earlier study, however, which 

considered the effects of water sfress alone on E. abietinum, found that 

intermittent water sfress could actually increase population levels (Major, 1990). 

Results of a field-validated model of the coniferous aphid, Cinara pinea 

(Mordvilko) (Aphididae: Lachnidae), also suggest that exposure to acidifying 

pollutants are likely to lead to increased populations of this aphid (Kidd, 1991). 

This concurs with earlier studies by Port & Thompson (1980), who found that 

some herbivores appeared to be favoured by pollution from motorways and 

Heliovaara & Vaisanen (1990) who found that populations of aphids and other 

herbivores on pine were greater in polluted areas, although the insects collected 
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from polluted sites were generally smaller. Similarly, the mean relative growth 

rate oiE. abietinum can be increased by exposure to SO2 (McNeill & Whittaker, 

1990) and if NO2 is also added, this response is dramatically enhanced, 

substantially over that which would be expected from the results of studying the 

effects of either of these gases on their own (Whittaker, 2001). Such results 

imply that multiple factors must to be taken into account simultaneously, in order 

to obtain a true picture of the likely consequences of climate change. 

Changes in concentrations of other atmospheric pollutants must also be 

considered. A three-year study by Eamus et al. (1990) demonstrated that 

exposure to ozone at a rate of 54 ng per m^ for 8 hours a day during 3 

consecutive summers, led to increases in CO2 assimilation rates and chlorophyll 

content of P. abies, as measured 205 days after the end of the exposure period. 

Stomatal conductance was also just significantly greater in the treated frees and 

daily franspiration rates were increased. Moreover, the wettability of needles on 

freated frees was greater even though exposure to ozone did not produce any 

apparent differences in the amount of wax present on the surface (Barnes et al., 

1990). Unlike other aphid species, E. abietinum does not tend to be washed off 

host plant foliage by rain and can be found in high numbers in the wetter areas of 

the UK (Hussey, 1952; Sfraw, 1995). It is thought that this is as a result of the 

relatively small surface area of the needles, which do not allow rapid run-off by 

water. Changes in the properties of needles may therefore have important 

repercussions for the survival of this aphid during periods of rainfall. These 

findings demonstrate the complex nature of plant responses to changes in the 

atmosphere and that the changes induced can still be apparent months after the 

environment surrounding the plant is returned to normal. 

Temperature is also highly influential in determining the success of herbivorous 

insects. It has been suggested that it will be the most significant variable in 

influencing changes in developmental, growth and survival rates, range and 

abundance of phytophagous insects in the coming years. It is expected that a rise 

in temperature will be accompanied by increases in the ranges of these insects, 

and at any given latitude, an increase in their diversity and the severity and 

frequency of attacks (Bale et al., 2002). 
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An increase in temperature is of particular concern when considering the likely 

impacts of abietinum, the main defoliating pest of plantation forestry in the 

UK. Straw (1995) concludes that outbreaks of this aphid are likely to become 

more frequent and severe with rising temperatures. Warmer weather will increase 

the accumulated day degrees of the aphids, resulting in faster recruitment rates 

and increased population growth rates (Day & Crute, 1990). This is confirmed by 

experimental evidence put forward by Hussey (1952). He reported that the 

developmental rates oiE. abietinum were shorter in the warmer conditions of the 

summer compared with those of the colder winter period and found that E. 

abietinum was capable of increasing at rates of above 40% per day at 15.5 °C, 

both in laboratory conditions and in the field, with little difference between the 

two. A rise in temperatures would therefore be expected to have a positive 

influence on E. abietinum populations throughout the year. An increase in winter 

temperatures is likely to have the most significant impact on this aphid in the 

UK, since it is able to continue to feed and reproduce all year around when 

temperatures allow, its overwintering success is highly dependent on winter 

temperatures and outbreak events have been linked with mild winters. An 

increase in average temperatures would therefore lead to a combination of 

greater numbers surviving into the following year and populations building up 

earlier in the year and more rapidly. The problems caused by E. abietinum would 

thus be intensified and have detrimental consequences for the forestry industry. 

An increase in temperature is also likely to result in an advancement of the 

migration phenology. This has been found to be true for aphids, including E. 

abietinum, even for a temperature change as small as 1 °C (Zhou et al, 1995). A 

previous study by Parry (1977), found that the peak number of alate E. abietinum 

produced on trees in north-eastern Scotland was related to aphid population 

density, which in itself would be related to temperature. An advancement of the 

timing of alate production could result in the ability of this aphid to colonise 

previously uninfested trees earlier in the year. This has important potential 

implications for forestry because it has been found that early infestations of E. 

abietinum have far greater consequences for growth in P. sitchensis than if they 

occur later in the season. Straw & Green (unpublished, cited in Straw et al., 

1998b) inoculated potted P. sitchensis and found that plants inoculated in mid 
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April suffered from a reduction in leader length of 25% compared with the 

control plants, whereas those inoculated a matter of weeks later, in late April and 

early May showed reductions of only 14% and 2% respectively. The timing of 

infestation had an even more noticeable effect on the dry weights achieved by the 

roots and shoots of these plants. 

Any increase in the abundances of phytophagous insects or changes in their 

seasonality can potentially be mediated by a similar response from their natural 

enemies. There may also be factors which reduce the fitness of certain insect 

pests. For example, Awmack et al. (1997) reported that the potato aphid, 

Aulacorthum solani (Kalt.) became less responsive to alarm pheromone when 

reared under conditions of elevated CO2 at levels predicted for the end of this 

century (700 p.p.m.). It also appeared that aphids reared in elevated CO2 did not 

produce alarm pheromone that was effective to elicit a normal rate of response in 

aphids reared under ambient or elevated CO2 levels. This may have been due 

either due to a reduction in the quantity being released or to some modification in 

the activity of the pheromone itself. 

Since temperature has been cited as being the expected major driving force 

behind changes in the diversity and abundance of herbivorous insects and the 

resultant damage caused at a given latitude, it is important that we consider the 

effects of this variable on beneficial insects. An increase in temperature would be 

expected to lead to lower rates of mortality over winter and also to increase the 

developmental rates, which has the potential to alter the voltanism of a 

beneficial. Skirvin et al., (1997) used a simulation model to predict changes in 

the population dynamics of the cereal aphid, Sitobion avenae (Fabricius) and the 

aphidophagous coccinellid C. septempunctata under three different temperature 

regimes. This was done using temperatures representative of typical British 

summers and two fiuther runs where the base temperature was increased by 1 °C 

or 2 °C, which is representative of predicted changes for temperate forest areas 

(Kirschbaum, 1996). The results indicated that the presence of coccinellids leads 

to a reduction in aphid numbers and an advancement in the date at which the 

aphid populations peak. It was found that these predators would be most 
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effective at limiting aphid populations in the hottest of the tested temperature 

regimes. The aphids were favoured most by the intermediate temperature regime. 

Unlike a rise in CO2 levels, temperature does not appear to affect the production 

of aphid alarm pheromone or the response to it. The pea aphid, Acyrthosiphon 

pisum (Harris), did not show any changes in its escape behaviour in the presence 

of coccinellid predators or in its ability to avoid attack by parasitoids, with 

changes in temperature. Infection rates by a fungal pathogen, however, were 

influenced by temperature, with increased resistance exhibited at 28 °C compared 

with 18 °C (Stacey & Fellowes, 2002). The success of fungal organisms is 

determined not only by temperature but also relative humidity and this factor 

would therefore need to be considered in combination with temperature, in order 

to gain a true picture of the likely consequences of climate change on insect-

pathogen relationships, hi general, a fall in relative humidity would accompany 

an increase in temperature. With the predicted changes in rainfall patterns, 

however, it cannot be certain that this relationship will hold true in all areas. 

Temperature will also influence the overwintering success of natural enemy 

species and the length of the season in which they are active. It has been put 

forward that in mild temperate climes, some species of lacewing overwintering 

as larvae may be able to feed during the winter despite low temperatures. Species 

of Hemerobius and Wesmaelius are mentioned as possible candidates (Canard, 

1997). Both of these are known to occur in association with the green spruce 

aphid (Austara et al, 1998), so it is possible that they could become more 

important in certain areas if winter temperatures rose and led to an extension of 

their active season. 

Aphidecta obliterata has been classed as 'freezing susceptible' (Parry, 1980). hi 

other words, it does not survive freezing and therefore must avoid this by 

supercooling if it is to successfully overwinter in areas where freezing 

temperatures occur. Adults collected from P. sitchensis in Eastern Scotland, were 

found to possess the ability to supercool to temperatures between -7.5 and -16.8 

°C (Parry, 1980). It is possible that populations existing in the warmer regions of 

the UK (i.e. more southerly areas) are not able to supercool to this extent because 
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studies have shown that the thermal requirements of coccinellids appear to differ 

depending on where they are collected (Honek & Kocourek, 1988). Any rise in 

winter temperatures is likely to improve the chances of A. obliterata adults 

successfully surviving into the following year, thus increasing the population 

which emerges to feed on spring populations of E. abietinum. 

The overwintering mortality and strategies of other potentially important 

predators may also be affected. The syrphids S. ribesii and E. balteatus are 

common in the UK and have both been found in association with E. abietinum. 

The two species adopt similar strategies for overwintering in that large numbers 

of adults of both species are known to emigrate south to warmer climates at the 

end of the summer and a small number of each are thought to remain in the UK 

over the winter. The difference between the two is that Episyrphus balteatus does 

this as adults and S. ribesii as larvae (Hart & Bale, 1997a; b). The mean 

supercooling point of S. ribesii larvae collected from leaf litter in a sycamore 

wood in Nottinghamshire during early January was -6.9 °C, with a range of-3.8 

to -14.5 °C and the mean supercooling point of acclimated E. balteatus in a 

laboratory study was -7.4 °C for males and -8.1 °C for females, with ranges of -

4.7 to -13.3 °C and -4.2 to -14.9 °C respectively. These results suggest that milder 

UK winters would favour the overwintering success of both of these syrphids in 

the UK. This could lead to an increase in the proportion of individuals remaining 

in the UK and could impact on the date at which they were first active in UK 

forestry plantations, improving their effectiveness as control agents for E. 

abietinum. 

In addition to enhancements in natural enemy populations due to decreases in 

winter mortalities and changes in overwintering behaviours, predator efficiency 

may also be improved by warmer summer temperatures through changes in 

developmental rates and mobility. The important groups of natural enemies 

associated with E. abietinum are the coccinellids, syrphids and hemerobiids, as 

mentioned earlier in the chapter. All of these have certain thermal requirements 

for development and completion of a generation. The threshold temperatures for 

development vary between species and the stages within a species. They have 

also been reported to differ within a species, depending on the area from which 
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individuals were obtained. In general, threshold temperatures that allow the 

development of all of the growth stages of these predators have been found to 

range jfrom approximately 6 tol3 °C (Honek & Kocourek, 1988; Hart et al, 

1997). An increase in temperatures would lead to faster growth rates, an increase 

in the number of days per year that are above threshold and an increase in the 

average number of day degrees accumulated per day on such days. It has been 

shown that the time required to complete development from egg to adult for the 

syrphid, E. balteatus drops from just over 80 days at 10 °C, to just under 30 days 

at 15 °C, to approximately 25 days at 17 °C and approximately 17 days at 22 °C 

(Hart et al., 1997). The number of available day degrees can thus increase the 

number of generations which can be produced in a year. This could have a 

significant impact on the way in which E. abietinum is controlled. It is difficult to 

predict whether such changes would be of benefit or of detriment to natural 

control of this aphid because although it could lead to larger enemy populations 

being present at the time of the peak and more consistent enemy populations 

throughout the year until the autumn, if natural enemy populations became less 

synchronised and were present in high numbers during the time after the aphid 

population crash, this could lead to significant summer mortality of these 

beneficial insects and much reduced populations surviving to the following 

spring. 

Climate change induced by greenhouse gases is not the only driving force behind 

changes to our ecosystems. It has already become apparent that the base of cloud 

layers in several parts of the world, such as north-eastern America and Costa 

Rica have been rising during the past 30 years and data from airports in the north 

Appalachians suggest that has been occurring at a rate of 6 metres per year since 

1973. It was originally thought that this was as a consequence of global warming 

which had led to an increase in sea temperatures. However, it has more recently 

been suggested that deforestation is the culprit, having resulted in the air rising 

up from the lowlands to become warmer and drier. Whatever the mechanism, the 

underlying causes are still linked to changes in climatic variables, with the result 

that the ecology of the cloud forest ecosystems have experienced significant 

changes, with serious declines in the numbers of frogs and toads found in these 

forests (Ananthaswamy, 2003). 
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This finding further stresses the importance of research into the responses to 

climate change. High quality single species studies are crucial and provide a 

good basis for further work but it is vital that the interactions between levels are 

also considered. There is still much uncertainty as to the effect of climate change 

on the phenological synchrony between plant hosts and their pests (Dixon, 2003) 

and on the synchrony between natural enemies and their prey. 

1.7 Project Aims 

The purpose of this research is to gain a better understanding of the natural 

enemy complex associated with the spruce aphid in a plantation site. The main 

aims are to establish the composition of the natural enemy complex present in the 

UK, to investigate the population dynamics of these natural enemies and to 

discover how these relate to the aphid, the host tree species and to environmental 

factors, with particular reference to climate change. This information may be of 

practical use in the future control of this aphid pest in allowing more informed 

decision making regarding the future of plantation forestry, and how best to deal 

with the predicted increase in the severity of the E. abietinum pest problem as a 

consequence of climate change. 

In order to gain information which is representative nationwide, analysis of 

canopy samples taken by the Forestry Commission from spruce over a wide 

geographical area in the UK will initially be carried out. A comprehensive 

sampling regime at Radnor Forest, a field site in Wales (SO 193661) will then be 

implemented to obtain a higher level of detail. 

The sampling at Radnor Forest aims to cover two main remits. The first is to look 

at through-the-season relationships and the second is to investigate the impact of 

elevation. The potential for effective control by a natural enemy depends in part 

how well the population dynamics of the natural enemy and the prey are 

synchronised. The control agent can respond to changes in prey abundance in 
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two ways; it can emigrate from low prey density areas and immigrate into high 

prey density areas and/or it can respond with a reproductive rate that is sensitive 

to prey abundance. Through the season field sampling will be implemented to 

provide information on how well the natural enemies present were in synchrony 

with their prey, E. abietinum. 

The aim of the elevational study is to gain insight into the way in which this 

factor affects the natural enemy-prey relationship in a forestry plantation site and 

as a link with climatic changes, which are seen over altitudinal gradients. 

More detailed studies of the most abundant natural enemy found at the field site, 

the coccinellid A. obliterata, will be carried out in the laboratory in order to gain 

a more in depth appreciation of its potential as a control agent and to consider the 

effects of prey species and abundance, temperature and interactions with host 

plant species. Comparisons will also be made between this conifer specialist and 

the generalist coccinellid, A. bipunctata, which has been shown to be the most 

abundant predator of E. abietinum on Norway spruce at Silwood Park, Ascot 

(Leather & Owuor, 1996). The purpose of this work is to provide insight into 

what makes A. obliterata a conifer specialist, which will allow a clearer picture 

of its relationships with E. abietinum and the host plant to be obtained. 
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Chapter 2 

How do site aspects and prey density affect the natural enemy fauna 
found in association with the green spruce aphid, E. abietinum 

(Walker) (Homoptera: Aphididae)? 

2.1 Introduction 

Sitka spruce, (Picea sitchensis (Bong.) Carr) is the most commonly planted 

commercial tree species in the UK (Carter, 1990; Forestry Commission, 2003) 

and as such is of great importance to the country's forestry industry. Losses in 

timber yield and quality can result from environmental factors such as wind-blow 

(Mochan, 2003) and ecological factors such as damage caused by herbivores 

(e.g. Hussey, 1952; Bejer-Peterson, 1962; Nichols, 1987; Carter & Nichols, 

1988; Day & Leather, 1997). Insect pests associated with Picea spp. in the UK 

include aphids, sawflies, moths, weevils and bark beetles (Bevan, 1987). Of the 

defoliators, the green spruce aphid, Elatobium abietinum is a particular threat to 

susceptible species such as P. sitchensis, when grown in the mild oceanic climate 

of the UK (Carter & Halldorsson, 1998; Straw et al, 1998b). Attacks by this pest 

can result in serious needle loss and reduced growth (Hussey, 1952; Seaby and 

Mowat, 1983; Straw et al., 1998b). It is predicted that outbreaks of this aphid 

will become increasingly severe in the future as a result of climate change 

(Straw, 1995; Zhou etal., 1996). 

Control of this pest by conventional chemical methods would not be 

economically or environmentally viable. It is therefore essential to understand 

how E. abietinum populations are limited by natural enemies in nature and to 

investigate factors which may affect the natural enemy-prey relationships. 

Previous studies suggest that the most important enemies of this pest are aphid 

specific predators such as coccinellids, neuropterans and syrphids (Hussey, 1952; 

Bejer-Peterson, 1962; Crute and Day, 1990; Parry, 1992; Leather & Owuor, 

1996). Araneidae and hymenopteran parasitoids have also been found in 

association with & abietinum (Hussey, 1952; Bejer-Peterson, 1962; Austarae^ 

al., 1998) but reports of these agents are less frequent. More recent 
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comprehensive sampling carried out in Britain and Norway has also revealed a 

wider range of possible control agents including other Coleopera and Hemiptera 

(Austara e/a/., 1998). 

The specific natural enemies present and their relative abundances vary widely 

between studies. This could be due to differences in a variety of factors, such as 

sample location, host tree, sample method and timing and prey density. In order 

to gain a clearer picture of the natural enemy fauna associated with E. abietinum 

in the UK, it is important, therefore, to measure the relative abundances of this 

pest and its predators and parasitoids from a wide range of conditions. This study 

investigated the aphid and natural enemy fauna found on Norway spruce, P. 

abies, which is thought to be the original host of E. abietinum (Bejer-Peterson, 

1962) and P. sitchensis, from various sites around the country, and from a range 

of stand growth stages. 

This was made possible by the fact that the Forestry Commission had previously 

taken samples from a range of tree species and sites as part of their Biodiversity 

Research Programme (BRP). The BRP was set up and run by the Forestry 

Commission over several years in order to provide information concerning the 

biodiversity of managed plantations, with particular reference to coniferous 

forests (Jukes et al, 2001; 2002). Samples which had been taken from the two 

hosts of E. abietinum, and had not been sorted or analysed except for the removal 

and identification of adult Coleoptera, were kindly loaned by the Forestry 

Commission. This provided an opportunity to study the relationships between E. 

abietinum and its natural enemies in a much broader context than would have 

otherwise been possible. 

2.2 Materials and methods 

2.2.1 General methods 

Samples taken from P. sitchensis and P. abies during August, in 1995 and 1997, 
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were selected for investigation as part of this project since these species are 

known hosts for E. abietinum. Six different sample sites were involved, which 

are described further in Table 2.1. All samples were taken by thermal fogging of 

the canopy using a knock-down insecticide (Pybuthrin 33 ®, containing 0.38% 

pyrethrins, Aventis Environmental Science Ltd.). Arthropods which fell from the 

frees were collected in 25 nylon funnels that were suspended beneath the sample 

frees prior to fogging, and which were left in place for 2 hours afterward fogging. 

The funnels were of 113 cm in diameter, with a circular opening of 

approximately 5cm at the bottom. Screw-on plastic pots were attached to this 

opening, to act as collecting vessels (Plate 6). The arthropods collected from each 

set of 25 funnels were amalgamated into one sample for each 

Adult Coleoptera had previously been removed from the samples by the Forestry 

Commission, leaving some tree debris and all other arthropods caught. For this 

project, the work involved removing all remaining plant debris, and sorting the 

insects and arachnids into groups using morphologically distinguishable 

characteristics. Those groups which were known or possible bioconfrol agents 

for E. abietinum were then counted and identified to family, genera or species as 

time and expertise allowed. 

fri order to discover whether there was any correlation between numbers of 

particular predator groups and aphid abundance, all aphids were also counted. 

The number of aphids present in these samples ranged from 95 to tens of 

thousands, therefore counting every individual aphid was not always realistic. In 

such cases, samples were split into sub-samples and were put into alcohol on a 

clear perspex fray, underneath which was placed a white grid with 2 x 2 cm 

squares marked on it. The aphids were spread evenly and counted in ten of the 

4cm^ sections. The results were then multiplied up to give an estimate of the 

entire sample. This method was checked several times by comparing estimates 

with hand-counting individuals with samples containing several thousand aphids 

and was found to produce acceptable estimates. 
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2.2.2 Data Analysis 

Complete analysis of this data, to take the effects of all factors (site, site type, 

host species and tree growth stage) into account simultaneously was not carried 

out due to the fact that there was no replication at each site. However, each site 

type (upland, lowland and foothills) was represented by two sites, so these were 

designated as replicates, allowing a more general analysis to be carried out. The 

upland and foothills samples, however, were taken from stands of P. sitchensis 

only and the lowland samples from P. abies only, so analysis of the samples from 

each of the tree species was carried out separately 

The analysis was carried out using the statistical package S-Plus (Version 6.0.2, 

hisightful Corp.) as an ANOVA for the aphid analyses with categorical 

explanatory variables of site type and stand growth stage, and ANCOVA for the 

natural enemy analyses with the site type and stand growth stage as categorical 

explanatory variables and aphid number as a continuous variable. Overdispersion 

of data was dealt with by using a log fransformation. 

Table 2.1 Sample sites included in this study (adapted from Jukes et al., 2001). 

Site name Grid reference Site Type Tree species 

Knapdale, Argyll tOl 814907 Upland P. sitchensis 

Clunes, Highland NN 257938 Upland P. sitchensis 

Kielder, Northumberland NY 715860 Foothills P. sitchensis 

Glentress, Borders NN 257938 Foothills P. sitchensis 

Forest of Dean, Gloucs. SO 608130 Lowland P. abies 

Fineshade, Northants. SP 982978 Lowland P. abies 

2.3 Results 

2.3.1 Arthropod fauna 

The samples contained a wide range of arthropods including Acari, Arachnida, 
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Coleoptera, Collembolla, Diptera, Heteroptera, Homoptera, Hymenoptera, 

Lepidoptera, Mecoptera, Neuroptera and Psocoptera. The Homoptera was the 

most abundant order present, being represented mainly by E. abietinum, which 

ranged in abundance from 95 to an estimated 93,000 per sample. There were also 

a small number of Cinara sp. (Homoptera: Lachnidae) present. The only other 

order which was represented in numbers exceeding thousands, and in comparable 

numbers to the aphids in some samples, was the Psocoptera. 

Potential natural enemies of E. abietinum found were coleopterans, neuropterans, 

arachnids, syrphids, heteropterans and hymenopterans. Of these, the coleopterans 

were the most abundant, followed by the neuropterans and arachnids. Syrphids 

(Diptera: Syrphidae) were present in small numbers in some of the samples. 

Heteropteran predators, represented mainly by Anthocoridae, were rare in the 

samples, as were potential parasitoids of this aphid. A small number of Aphidius 

spp. (Hymenoptera: Braconidae) were, however, present in a few samples. 

2.3.1.1 Coleoptera 

All adult beetles previously been removed from the samples had been identified 

by the Forestry Commission, who kindly provided the following information. 

Predaceous groups present were in order of abundance; cantharids (41%), 

coccinellids (32%), staphyHnids (21%), carabids (3%) and elaterids (3%). Each 

family tended to be dominated by one or a few species: 

Cantharidae: 58% Malthodes fuscus (Waltl.), 30% Rhagonycha lignosa 

(Miiller), 12% others. 

Coccinellidae: 86% Aphidecta obliterata (L.), 14% others. 

Staphylinidae: 96% Leptusa ruficollis (Erichson), 4% others. 

Carabidae: 66% Dromius agilis (Fabricius), 34% others. 

Elateridae: 60% Dalopius marginatus (L.), 20% Agriotes pallidulus 

(Uliger), 20% others. 

The coleopteran larvae, which remained in the samples, were virtually 100% 

coccinellid. These were present in significant numbers (210 ± 38.5 per sample) 
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and identification of sub-samples, using the keys by Hodek (1973) and Majeras 

& Keams (1989), revealed that they were predominantly those of A. obliterata. 

Other beetle larvae were rare in the samples. No coleopteran pupae were present 

in any samples. 

2.3.1.2 Neuroptera 

Lacewing adults were present in small numbers (1-5) in five of the twenty two 

samples. All were Hemerobiidae and included Hemerobius and Wesmaelius 

species. Larvae were present in much higher numbers (133 ± 29.5 per sample) 

and were found in all of the samples. Identification of sub-samples, using the 

keys by Killington (1936, 1937), revealed that all were Hemerobiidae. No 

neuropteran pupae were present in any of the samples. 

2.3.1.3 Syrphids 

Small numbers of syrphid larvae (1-4) and adults (1-6) but no pupae were found 

in some of the samples. Adults were identified using the key by Stubbs & Falk 

(1983) as: Episyrphus balteatus (De Geer), Melanostoma scalare (Fabricius), 

Syrphus vitripennis (Meigen), Platycheirus albimanus (Fabricius), Parasyrphus 

punctulatus (Verrall), Meliscaeva auricollis (Meigen) SindXylota segnis (L.). 

Identification of the larvae was not carried out due to the difficulties associated 

with this, especially since much of the colour had been lost during preservation. 

2.3.1.4 Arachnida 

Spiders (Araneae) and harvestmen (Opiliones) were represented in virtually all 

samples but were generally found in much lower numbers than the aphid specific 

predators, the coccinellids and hemerobiids (Figs. 2.1-2.3). Identification of the 

Araneae was done to family only, using the key by Jones-Walters (1989). The 

families represented included Linyphiidae (money spiders), Lycosidae (wolf 

spiders), Theridiidae (comb-footed spiders) and Thomisidae (crab spiders). As 

with the coccinellid and neuropteran larvae, identification was restricted to sub-
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samples was done, due to the large numbers involved. It is possible, therefore, 

that other families were present but if so, these would have been in relatively 

small numbers. 

2.3.2 Analysis 

There were three natural enemy groups which were represented in high enough 

numbers to permit analysis, hi order of abundance, these were coccinellid adults 

and larvae (210 ± 38.5 larvae and 28 ± 5.5 adults per sample), neuropteran larvae 

(133 ± 29.5 per sample) and arachnids (59 ±10.1 per sample). 

There was a positive correlation between the abundances of all of the predator 

groups and the prey species, E. abietinum (Fig. 2.1). These were best described 

by a logarithmic function in the case of the coccinellid and neuropteran larvae 

and by a linear relationship for the coccinellid adults and the arachnids (Fig. 2.1). 

Aphid density was a significant factor in determining the abundance of 

coccinellid larvae (F = 11.04, df = 1, 9, p = 0.005) found in the samples, but did 

not affect the densities of the other natural enemies (F = 2.50, df = 1, 4, p = 0.13 

(coccinellid adults), F = 0.17, df = 1, 9, p - 0.69 (neuropteran larvae), 0.43, df= 

1, 9, p = 0.52 (arachnids)). 

There was variation in the numbers of natural enemies and E. abietinum between 

the tree stand growth stages (Fig. 2.2) but this was not significant in any case (F 

= 0.30, df = 2,9, p = 0.75ns). Site type was borderline significant for aphid 

abundance (F = 3.60, df = 2, 9, p = 0.053), with more aphids being found in 

upland and lowland sites than in foothill sites (Fig. 2.3). Site type was also a 

highly significant factor in determining arachnid abundance (F = 9.92, df = 2, 9, 

p = 0.002), with the highest numbers being found at lowland sites and the lowest 

numbers at upland sites (Fig. 2.3). The lowland P. abies sites contained 

significantly higher numbers of arachnids than either of the other site types 

which contained P. sitchensis (t = 4.69, df = 10, p = 0.001 (lowland versus 

upland) and (t = 2.54, df = 10, p = 0.01 (lowland versus foothills)). 

Unfortunately, it was not possible to separate out the effects of site type and host 
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tree in these cases. However, there was also a significant difference in arachnid 

abundance between the two P. sitchensis site types, with the foothills site 

samples containing greater numbers of arachnids (t = 2.04, df = 10, p = 0.04). 

The numbers of coccineUids and neuropterans found in the samples did not differ 

significantly between site types (coccinellid adults: F == 2.43, df = 2,9, p = 

0.14ns; coccinellid larvae: F = 0.86, df = 2,9, p = 0.49; neuropteran larvae: F = 

1.01, df= 2,9, p = 0.38). 

For clarification, it should be noted that Figs. 2.1-2.3 were designed to provide a 

clear visual representation of different factors but that analysis of the data was 

carried out to include site type (for the P. sitchensis samples), aphid density and 

stand growth stage simultaneously. 
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2.4 Discussion 

In agreement with other studies (e.g. Hussey, 1952; Bejer-Peterson, 1962; Crute 

& Day, 1990, Austara et al., 1998), the analysis of the BRP samples taken from 

Picea sites, showed that the most abundant natural enemies associated with E. 

abietinum were the aphid specific predators, the coccinellids and neuropterans. 

Of the coccinellids, the larch ladybird, A. obliterata was overwhelmingly 

predominant. This coccinellid is a conifer specialist (Wylie, 1958) and has been 

reported to be the main or one of the main coccinellids feeding on E. abietinum 

in other studies (Hussey, 1952; Parry, 1992). The neuropterans were represented 

by the family Hemerobiidae. This family contains many species which are 

known to be associated with conifers (Plant, 1997). No other neuropteran 

families were represented in the samples, which concurs with the findings of 

Austara et al. (1998). Syrphids, which have been linked to E. abietinum in the 

past (Hussey, 1952; Crute & Day, 1990), and are thought to have an impact on 

numbers (Austara et al., 1998), were present in small numbers and not in every 

sample. They were therefore unlikely to be key predators during August, when 

these samples were taken. 

Arachnids (Araneae and Opiliones) were found in relatively high numbers, but 

were only half as abundant as the neuropteran larvae and third to a quarter as 

abundant as the coccinellid larvae. Spiders have previously been mentioned as 

being present in the early summer by Hussey (1952) and were also found in 

samples taken from P. sitchensis and P. abies in Britain during June to August 

1993-1995 (Austara et al., 1998). The findings of these samples suggest that 

arachnids may play a role in limiting E. abietinum numbers, but are less 

important than the coccinellids and neuropterans. 

The positive relationships between numbers of all of the main predator groups 

present and aphid abundance implies that these predators are exhibiting at least 

partial synchrony with the prey, E. abietinum. They may therefore all be 

potentially important in limiting populations of this pest but the fact that this 

relationship was only significant for the coccinellids, suggests that there were 
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other factors which had more influence on the abundances of the other groups. 

This was also illustrated by the regressions in Figure 2.1, where a relationship 

with aphid number accounted for only a small percentage of the variation in 

predator numbers, especially in the cases of the arachnida, neuropteran larvae 

and the coccinellid adults. These samples, however, represent only a snapshot in 

time at one point in the season, and it is possible that the lack of significance of 

the prey density was a result of a lag in the predator populations behind that of 

the prey. 

A second possibility is that alternative prey may be being consumed by these 

groups. This is likely to be the case for generalist predators, such as the 

Arachnida. The web-spinning species of Araneae in particular (i.e. some species 

of Theridiidae and Linyphiidae) would only be likely to catch alate E. abietinum, 

suggesting that they must be feeding on other prey during most of the year, since 

alates are only produced during the early summer in anholocyclic populations 

(Carter & Cole, 1977). It is well known that arachnids utilise a range of prey 

(Helyer et al., 2003). Serological studies of opiliones have shown that these 

arachnids consume soft-bodied prey fi^om many different orders, including 

Diptera, Collembolla, Psocoptera, Araneae and Homoptera. The species studied 

were found to have consumed mainly Diptera, followed by Oligochaeta and 

Collembolla. Homopterans constituted a smaller percentage of the diet, below 

that of Araneae (Adams, 1984). This suggests that these predators are less likely 

to contribute significantly to the control of E. abietinum. It has been suggested 

that the proportion of a pest insect in the diet of arachnids within a coniferous 

forest may depend on the abundance of alternative prey (Docherty & Leather, 

1997). The samples obtained in this study often contained high numbers of 

Psocoptera and smaller numbers of Collembolla, and it is likely therefore, that 

the Opiliones and Araneae were utilising these orders as prey, in addition to E. 

abietinum. In contrast, a study carried out as part of this research, suggests that 

the conifer specialist, A. obliterata is unlikely to consume either Psocoptera or 

Collembolla, even in the absence of aphids (Chapter 7). 

Another factor which must be considered is that the samples were all taken 
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during August. Coccinellids appear as adults in the spring, producing larvae 

which would need to complete development whilst aphid populations were dense 

enough to support their growth, hi the UK, populations of E. abietinum build up 

in the spring, reaching a peak in May or June (Carter & Cole, 1977; Day, 1984b; 

Crute & Day, 1990), after which they exhibit a sudden crash in numbers, leaving 

small numbers surviving the summer (Parry, 1974b). Any natural enemies which 

do not have an alternative food source, must therefore exploit this prey prior to 

the population crash. It is possible therefore, that many of the surviving predatory 

larvae which fed on this aphid had reached the pupal stage by the time the BRP 

samples were taken. Coccinellids attach the tips of their abdomens to the host 

tree in order to pupate, so are immovable and thus highly unlikely to be 

represented in samples collected by fogging. Neuropterans pupate inside a silken 

cocoon and members of the family Hemerbobiidae tend to spin theirs in sheltered 

locations both on and off the host tree (Killington, 1936). Therefore, it is also 

unlikely that these would be revealed by fogging samples, and none were found 

in this study. 

The fact that the two most abundant predators, the coccinellid and neuropteran 

larvae, were best related to aphid numbers by a logarithmic fiinction, suggests 

that at higher prey densities, factors other than aphid numbers per individual 

predator act to limit predator abundance. As the density of the predators increase, 

there is likely to be increasing interference between individuals, even if prey is 

sufficiently available, especially if the prey tends to be clumped, rather than 

evenly distributed throughout the foliage. This would lead to a decrease in the 

efficiency of individual predators as has been illustrated in laboratory studies 

(e.g. Evans, 1991). 

It is also possible that population satiation was occurring at the higher aphid 

densities. The ability of a predator population to respond numerically to high 

aphid densities may be limited by its relative growth and reproductive rates. A. 

obliterata, which was one of the most abundant predators found in this study, 

appeared to be univoltine in the UK and Eastern France (Wylie, 1958; Hagen, 

1962), suggesting that it is not able to increase rapidly through the reproduction 
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of multiple generations in such climates. It would be pertinent, therefore, to carry 

out relevant laboratory studies with the dominant natural enemy species 

discussed in this study. Oviposition rates are also likely to decrease at sites where 

predators are already present, due to the oviposition deterring chemicals found in 

the tracks of both coccinellid and neuropteran larvae (Doumbia et al, 1998; 

Ruzicka, 1998; Hemptinne et al., 2000d). 

The analysis of the P. sitchensis samples suggested that in general, there was 

little variation in the abundance of coccinellid or lacewing larvae between quite 

different geographical areas of the UK. hi this case, greater confidence can be 

placed on drawing general conclusions about this particular aphid/natural enemy 

complex using data from a smaller geographical area. This would have obvious 

advantages when planning fieldwork. However, the upland P. sitchensis sites 

contained significantly lower arachnid numbers than the foothills sites, 

suggesting that an upland habitat is less suitable for these predators. When 

considering a wider range of natural enemies, variables such as site location must 

therefore be taken into account. The lowland sites also revealed significantly 

higher numbers of arachnids than either of the other two site types. Due to the 

fact that the lowland site samples were taken from P. abies only, it was not 

possible to determine whether these differences were as a result of site aspects, 

host species or a combination of the two. These results highlight the importance 

of accounting for such factors when investigating the relationships between 

natural enemy and prey species. 

The lack of significant differences in aphid and predator numbers between the 

stand growth stages suggests that this factor is not important in determining the 

distribution and abundance of these insects. This implies that both the aphid and 

its natural enemies are able to locate and utilise a wide range of tree growth 

stages without compromising their efficiency. As Picea frees grow, their lower 

branches tend to die off within the stand but not at the edges of the stand (pers. 

obs.), due to a shortage of light. This means that once a certain stage is reached, 

there is little difference in the total volume of foliage possessed by a Picea tree, 

because the losses are balanced by the new growth (Straw, 2001). As the frees 
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move from the pre-thicket stage to the thicket stage, there may also be little 

difference between total foliar volumes since an increase due to outward growth 

would also tend to cause death of the lowest branches. Therefore, an increase in 

foliage, which would support higher numbers of insects, and possession of older 

foliage, which would have had longer to gain herbivorous insects, may not 

accompany tree age in Picea forests, providing an explanation for the similarities 

between growth stages seen here. 

The overall conclusions from the analysis of these sample data is that in the UK, 

coccinellids, in particular^, obliterata, appeared to be the most important 

potential control agents of E. abietinum, being the most abundant predators and 

the only natural enemies to exhibit a significant positive relationship with prey 

density. Hemerobiidae were also present in high enough numbers to suggest that 

they too play an important role in the control of this aphid pest. Syrphids and 

other natural enemies appeared to be less likely to contribute significantly to the 

confrol of this pest but may play minor parts, although it is also possible that 

even those present in relatively small numbers might be important at other times 

of the year or at different localities, so none should be ruled out completely 

without fiirther investigation. 

This study has provided useful information regarding the natural enemy spectrum 

associated with E. abietinum in the UK, covering a range of sites and stand 

growth stages. There were, however, certain shortcomings which could be 

improved in future work. These include the low replication rates for site type and 

lack of replication for site locality, the confounding factors of site type and tree 

host species for the P. abies samples and the snapshot in time nature of the 

sampling. The circumstances of this study were very much opportunistic, taking 

advantage of highly relevant sample material collected prior to the start of this 

project. It was not possible, therefore, to have influenced the sampling protocol 

on this occasion. 

The sample method used revealed several potentially important natural enemy 

groups but required specific weather conditions (dry, cool and low wind-speed) 
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and several hours of preparation work per site prior to sampling. This limits the 

number of samples which can realistically be taken. It would be worth 

investigating further, the natural enemy and prey distributions, with these 

problems in mind. The best solution may be to compliment this sampling 

technique with other methods which require less input and can be used over 

longer periods of time to cover a greater proportion of the season. Ideally, the 

time leading up to and including the May/June aphid peak should be sampled 

along with the autumn, since these are key times when E. abietinum populations 

are changing rapidly (Hussey, 1952; Bejer-Peterson, 1962; Straw etal, 1998b). 
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Chapter 3 

Techniques used to investigate the natural enemy fauna associated 

with the forest pest, Elatobium abietinum (Walker): The importance 

of sample method selection and trap placement. 

3.1 Introduction 

Spruce {Picea) species are grown in the UK mainly as timber crops (Savill et al, 

1997). The most commonly planted spruce is an exotic species, Sitka spruce {P. 

sitchensis), which is grown extensively due to its high yield compared with other 

species (Forestry Commission, 2003). Losses due to herbivory by insect pests are 

of obvious concern. The most serious defoliating pest of spruce in Britain is the 

green spruce aphid, Elatobium abietinum, which feeds on the underside of 

needles causing yellowing and needle loss (Parry, 1974a; Day & Leather, 1997). 

Outbreaks of this aphid are intermittent, occurring every 3-6 years (Carter, 1977) 

and are classed as such when the aphid density exceeds 0.5 aphids per needle 

(Day & Kidd, 1998). Outbreaks can result in severe to complete defoliation, with 

subsequent reductions in the year's growth that may reach 50% in some cases 

(Carter, 1977, Carter & Nichols, 1988; Straw et al., 1998). 

Prospects for control are now focussed on the impact of natural enemies and the 

use of genetically resistant strains, since the use of chemical pesticides is 

unlikely to be environmentally acceptable or economically viable in plantation 

situations, and enhancement of host vigour has limited use in reducing the pest 

problem (Day et ah, 1998). Our knowledge of the natural enemy fauna 

associated with E. abietinum in Britain is currently limited, and although recently 

improved through a three year survey carried out at various plantations sites 

(Austara et al., 1998), no comprehensive sampling of a plantation site through 

the season, has yet been published. 

hi order to address this shortcoming and to better understand the interactions 

between E. abietinum and its natural enemies, sampling for insects and other 
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invertebrates in the canopy of P. sitchensis was carried out at Radnor Forest, 

Wales (Grid Ref. SO 193661) during the field seasons of 2001-2003. Radnor 

Forest is typical of the commercial plantation forests in the west of the UK. It 

covers 1390 ha and is planted primarily with P. sitchensis in pure and mixed 

stands, and covers a range of elevations from 300m to 600m above sea level. 

In order to gain a full and representative picture of the natural enemy and pest 

fauna found in association with P. sitchensis, it was necessary to develop a 

sampling regime which would reveal the complete range of predators and 

parasitoids, as well as the aphid itself, over a range of elevations and dates. 

Different sampling techniques can produce varying estimates of pest and natural 

enemy populations (Schotzko & O'Keeffe, 1989). Trap placement is also of great 

importance (Su & Woods, 2001). Sampling in a forest environment is also 

accompanied by difficulties related to access, which can lead to inadequate 

replication and compromises in the desired sampling regime (Barker & Pinard, 

2001). Further problems can arise from the fact that arboreal samples can contain 

large numbers of insects, which because laboratory processing rates are limited, 

may require an inordinate amount of time to sort and identify. 

For this study a combination of methods was employed, allowing a broad range 

of sites to be sampled over the field seasons, in order to gain a more 

comprehensive picture of the insect assemblage associated with E. abietinum. 

The technique used during the first year of sampling was canopy fogging. During 

the final two years, other methods were also employed in order to increase the 

replication of sampling and the range of samples taken. These were; beating of 

branches, flight interception traps and yellow sticky traps. Litter trap data from 

the same stands sampled with other methods was provided by Forest Research 

(FR). The aim of this study was not only to gain information concerning the 

insect fauna, but also to compare different sampling methods and to determine 

the benefits and constraints of each. A variety of sampling techniques are 

employed in insect sampling in the field, and it is well known that the method 

used can influence the catches obtained (Southwood & Henderson, 2000). This 

chapter discusses differences between sample techniques, and the effect of trap 

placement. Information concerning absolute numbers of arthropods found in the 
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samples, and the effects of collection date and elevation are discussed in detail in 

Chapters 4 and 5. 

3.2 Materials and methods 

3.2.1 Canopy fogging 

Knockdown sampling by thermal fogging of the canopy using a pyrethroid 

insecticide was carried out at various sites, with two repUcates at each. The 

insecticide used was Pybuthrin 33 ®, containing 0.38% pyrethrins (Avensis 

Environmental Science Ltd.), which was applied with a Swingfog SN 50 (Motan 

GmbH, Germany). Plots were prepared prior to the sampling by removal of the 

lower branches in order to allow access into the plot and to reduce any risk of 

injury while carrying out the fogging. Each plot consisted of a central group of 

12 trees which had all of their lower (dead) branches removed, encircled by an 

access pathway beneath adjacent trees which had only their lower facing 

branches removed. In order to avoid problems associated with edge effects, all 

plots were positioned approximately 10-12 trees (20-25m) into the stand, with a 

pathway cut through from the stand edge to facilitate access. 

Arthropod fauna was collected by means of nylon fimnels hung from the 

remaining lower branches of the P. sitchensis sample trees prior to 

commencement of fogging (Plate 6). Each funnel had a diameter of 113 cm, 

giving a collection area of 1 m .̂ The bottom opening was circular, with a 

diameter of approximately 5 cm, to which a plastic pot was screwed. Twelve 

fiinnels were used per plot (1 per tree) for all samples except for those taken in 

July 2003 (a mixed versus pure plot comparison, see below), where only ten 

funnels per plot were used in order to allow all samples to be taken on the same 

morning (limited number of funnels available). 

All canopy fogging commenced during the early morning, once there was 

enough light under the canopy to work safely. This was typically around 06:00 -

07:00 h. Each plot was fogged with insecticide for several minutes to allow the 

fog to rise up to the top of the canopy. The funnels were then left for a minimum 
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of 1 /i hours to collect insects and other arthropods falling from the canopy. 

After this period, the inside surface of each funnel was sprayed with water or 

70% industrial methylated spirits (IMS), from a house plant sprayer, in order to 

wash all collected fauna into the plastic pots, hiitially IMS was used but due to 

the large quantities involved and associated health and safety issues, water was 

subsequently chosen for spraying. In this case, samples were drained, rinsed with 

70% IMS and then stored in 70% IMS straight after collection. 

Three sets of fogged samples were taken over the three year period. Set 1 

covered the entire range of elevations available (Table 3.1). Set 2 samples were 

taken from a reduced range of elevations in order to increase the seasonal 

representation (Table 3.2). All samples from Sets 1 and 2 were taken from stands 

of pure P. sitchensis which had been planted between 1977 and 1981 and 

included two replicates at each elevation. During the final field season of 2003, a 

third set of fogging samples was taken in July, from pure P. sitchensis stands 

planted in 1978 and from mixed stands containing 50% P. sitchensis with 50% 

Grand Fir {Abies grandis) planted in 1979. All plots were at an elevation of 

approximately 400m and each stand type was represented by four replicates. 

Table 3.1 Set 1 fogging samples - elevational sampling 

Year Month Elevation of plots (metres) 

2001 
July 320, 400, 460, 525, 600 

2001 
November 320, 400, 460, 525, 600 

20M September 320,400,460,525,600 

Table 3.2 Set fogging 2 samples - seasonal/elevational samples 

Year Month Elevation of plots (metres) 

2002 

April 425,550 

2002 July 425,550 2002 

September 425, 550 

2003 

March 425, 550 

2003 May 425,550 2003 

August 425,550 
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3.2.2 Trapping Methods used in the Forest Research plots 

Each of the other trapping methods (htter, flight interception and yellow sticky 

traps) was carried out in plots set up by FR prior to this study. Each of these plots 

was a fenced area of 0.05 — 0.08 ha, with a central scaffold tower, which allowed 

access to the upper canopy. All trees within the plot had had their lower branches 

removed. None of these branches possessed any live foliage. There was a total of 

12 of these research plots, two at each elevation (Table 3.3). One plot at each 

elevation was a control (untreated) plot and the other a fogged plot (treated with 

pyrethroid insecticide approximately twice per year). For this study, data from 

the control plots only, are included. 

Table 3,3 Attributes of the Forest Research experimental plots at Radnor Forest, 

Wales. 

Site Elevation 

(m) 

Plot Area 

(ha) 

Total trees/species Year 

planted 

1 320 Control 0.066 103 SS,23 DF 1979 

Fogged 0.074 109 SS, 61 DF 1979 

2 400 Control 0.058 112 SS 1981 

Fogged 0.050 106 SS 1981 

3 510 Control 0.046 118 SS 1977 

Fogged 0.071 120 SS 1977 

4 550 Control 0.051 120 SS 1977 

Fogged 0X#3 129 SS 1977 

5 600 Control 0.079 115 SS 1977 

Fogged 0.077 123 SS 1977 

6 460 Control 0.062 110 SS 1978 

Fogged 0.054 108 SS, 3 DF, 2 HL 1978 

SS - Sitka spruce DF = Douglas fir HL = Hybrid larch 
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3.2.2.1 Litter Traps 

Litter traps were set up by FR in their plots as part of their ongoing research into 

the impact of E. abietinum on spruce plantations. They were originally set up for 

sampling litter (needles) falling from P. sitchensis, to study the influence of 

infestation levels of E. abietinum on defoliation, but the samples also contained 

arthropod fauna. The samples used for this study were taken from the control 

plots at six elevations (320, 400, 460, 510, 550 and 600 metres). Each plot 

contained five traps, the characteristics of which are outlined in the Fig. 3.1. The 

legs were made from wood and the funnel section from dark green fibre glass. A 

collecting bag made from white nylon netting was attached to the bottom of the 

fiinnel using a tight rubber ring (Plate 7). 

65 cm 
A • 

56 

10 cm 
120 cm 

Fig. 3.1 The design of litter fraps used by Forest Research at Radnor Forest, 

Wales (collecting bag not shown). 

The collecting bags were emptied every month and their contents sorted by staff 

at FR's Shobdon field station. The fauna from all five funnels was combined into 

a single sample for each site. 
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3.2.2.2 Yellow Sticky Trap Sampling 

3.2.2.2.1 The importance of trap placement 

Yellow sticky traps ('Bio' sticky traps from pbi Home and Garden Ltd., 

Middlesex) measuring 24.0 x 10.5 cm, with a sticky surface of 21.0 x 10.5 cm, 

were hung at two heights within the canopy from the branches of P. sitchensis in 

the confrol plots at sites 1-6 (Table 3.3). This was achieved by using any frees 

which could be reached from the scaffolding towers, apart from those which had 

previously been designated part of the FR sampling. This generally left two 

available trees at each of the six plots. Two traps were placed in the upper third 

of the canopy and two in the lower third at each plot. Tree heights varied from 

between 10 and 20 metres above ground, depending on the site/age of the frees, 

so it is not possible to give actual figures here. Traps at the same canopy height 

were hung from separate frees. A second set of 11 fraps was placed in the upper 

half of the canopy of a stand of younger P. sitchensis planted out in 1997. All 

fraps were attached to separate frees. Traps at all sites were put out during 

August 2001 and were left in place for a period of 10 days. 

3.2.2.2.2 Seasonal and elevational sampling 

During 2002 and 2003, yellow sticky traps were placed in the top third of the 

canopy only, of P. sitchensis adjacent to the FR scaffolding towers (Plate 8). 

However, the sampling regime expanded to cover a wider range of dates. In 

order to allow this without increasing costs above what was reasonable, the fraps 

were cut into two before use. Thus, the sticky area of each trap was 10.5 x 10.5 

cm. Sampling was carried out at six elevations during 2002 (315m, 400m, 460m, 

510m, 550m and 600m) from 19^ March to 7th October, with two replicates per 

sample date/elevation. The use of yellow sticky fraps was repeated at four of 

these elevations from 4th June to 6th August during 2003 (400m, 51 Om, 550m 

and 600m), with four replicates per sample date/elevation. All fraps used during 

2002-2003 were left out for a period of 14 days. 
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3.2.2,3 Flight Interception Trap Samples 

3.2.2.3.1 Trap design 

Flight interception traps were produced based on a design devised by FR (M. 

Jukes, pers. comm.). Larger traps of this design had been successfully used by 

FR to sample Coleoptera, although not in a forest environment (M. Jukes, 

unpublished data). Fig. 3.2 shows one of the traps used in this study, hanging 

from the canopy of P. sitchensis at Radnor Forest. The interception surface for 

each trap was made from two pieces of 2 mm styrene sheet, measuring 29.8 x 

16.0 cm. The 'roof was a 30.0 cm diameter circle of 1mm styrene, riveted to 

produce a cone. A plastic funnel and screw-top pot were attached to the bottom 

in order to collect insects. 

Fig. 3.2 A flight interception trap hanging in P. sitchensis canopy at Radnor 

Forest, Wales 

3.2.2.3.2 Seasonal and elevational sampling 

Two traps were hung in the top third of the canopy of available trees adjacent to 

the scaffolding towers in the control plots at sites 1-6 (Table 3.3). Each trap was 

always hung from a separate tree. The collecting pots were 1/3 filled with 70% 

IMS in order to preserve fauna over the collection period. The traps were put in 

place on 19"" March 2002 and samples collected at 14 day intervals until 1^ 

October 2002. 
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3.2.2.3.3 The effect of IMS on samples obtained 

During late September 2002, once further traps had been made, two additional 

interception traps containing water instead of IMS, were also placed out in each 

plot, and were left in place for 2 weeks. Four traps were therefore present, in 

each plot during this period. 

3.2.3 Beating Samples 

Beating samples were taken by beating the branches of P. sitchensis. over a 

white plastic tray measuring 42.5 x 32.5 cm. The beating implement was a piece 

of wood with a diameter of 3.5 cm and a length of 70 cm. Each sample consisted 

of fauna which collected on the tray after beating a branch three times with the 

stick. Sampling by this method was restricted to branches which could be 

reached from the ride edges and was initially carried out at 5 elevations (400, 

450, 500, 550 and 600 metres) elevations in July and September of 2002. A more 

comprehensive regime was put in place during 2003, with beating samples being 

taken at the same five elevations every 4-6 weeks from February until August. 

Ten replicates were taken at each elevation during 2002 and this was expanded to 

twelve replicates taken at each elevation during 2003. Replicates were always 

obtained from branches which were a minimum of 5 trees apart 

This method of sampling was also used as a component of the comparison ofE. 

abietinum and natural enemy fauna in mixed versus pure P. sitchensis stands 

during July 2003. For this study, fifteen replicates were taken from a stand of 

pure P. sitchensis and fifteen replicates from P. sitchensis which was planted in a 

50% mixture with grandis. 

3.3 Results 

3.3.1 Sampling Technique 

Each sampling technique used during this study required different inputs in terms 

of time to prepare sites for sampling, and for the collection and analysis of the 
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Sampling 
method 

Time required to obtain 
samples 

Time required to sort 
and identify material 

Area 
sampled 

Other considerations / 
limitations 

Canopy 
fogging 

3 - 5 h/plot 
(Includes site preparation, 
fogging procedure and sample 
collection) 

2 - 5 days* 
Time dependent on level 
of extraneous material in 
sample. 

1.00 m^ X no. 
funnels used. 

Sampling is weather 
dependent. 
High cost of equipment, 
chemicals and other 
consumables. 

Litter traps 
30 min/plot 
(includes time to and from ride 
and sample collection) 

1 - 2 h to remove and sort 
needles, plus 30 mins to 
sort and identify 
arthropods. 

1.66 m^ 

Passive method. Only 
catches arthropods which fall 
from the canopy by natural 
means. 

Sticky traps 

15-20 min/ plot 
(includes time between ride and 
tower, plus putting up and 
collecting trap) 

2 - 1 0 min* 

220 cm^ 
during 2001. 

110 cm2 
during 2002. 

Only catches flying insects, 
or those which crawl on to 
the frap. 
Can suffer loss from fraps 
due to weather, and possibly 
birds. 
Storage requires freezing. 

Interception 
traps 

15-20 min/trap when two traps 
per scaffold tower. 
10-15 min/trap when four 
traps per scaffold tower. 
(Includes time to replenish IMS) 

10 min - 1 day* 986 cm^ 

Only catches flying insects, 
or those which crawl into the 
frap. 
IMS evaporates over time 
and can become diluted by 
rain. 

Beating 2 - 3 min/sample 2 - 5 min* 1380 cm^ 
Requires dry conditions. Can 
only be done at ride edges. 
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3.3.2 Insects and other arthropods collected 

The aphids present in the samples were mainly apterous E. abietinum and these 

were not revealed by every sample method (Table 3.5). The natural enemy 

groups found consisted of coccinellids, neuropterans, syrphids, staphylinids, 

heteropterans, cantharids, hymenopterans, araneids, opiliones and millipedes. 

The groups present in high enough numbers to permit more detailed analysis 

were the coccinellids, neuropterans and syrphids. The presence/absence of each 

group and the relative abundance of the main natural enemy groups varied with 

the sampling method employed (Tables 3.5 & 3.6). 

Table 3.5 Aphid and natural enemies represented by catches from five different 

sampling methods used at Radnor Forest, Wales during 2001-2003. 
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Detected 

by 

sampling 

Litter Traps Y Y Y Y Y Y Y Y Y Y Y Y Y Y 
Detected 

by 

sampling Sticky Traps 
alates 

only 
Y N Y N Y N N N Y Y N N N 

method? 

Y = yes 

N = no 

alates 

only 
method? 

Y = yes 

N = no 

hiterception 

Traps 

alates 

only 
Y N Y N Y N Y N N N N N N 

Beating Y Y Y Y Y N Y Y Y Y Y Y Y Y 
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Table 3.6 A comparison of the relative proportions of the main natural enemy 

groups obtained by five different sampling methods at Radnor Forest, 

Wales during 2001-2003. 

Average percentage per sample 

Sampling method Coccinellid Neuropteran Syrphid 

adults larvae adults larvae adults larvae 

Fogging 29 33 j 4 32 1 0.5 

Litter Traps 17 46.5 4 5.5 14 13 

Sticky Traps 9.5 0 12.5 0 78 0 

Interception Traps 4.5 0 91 0 4.5 0 

Beating 11 34 9 27 0 19 

3.3.3 Trap Placement 

Syrphids were the only natural enemy caught in high enough numbers to allow 

analysis of the influence of trap height in the canopy on trap catch, and of these, 

only the non-predatory adult stage was obtained by this method. Coccinellids and 

neuropterans were occasionally caught, but in much lower numbers. Trap 

placement was a highly significant factor in determining the number of adult 

syrphids caught per trap (F = 93.72, df = 2,32, p<0.0001). The high traps caught 

significantly higher numbers of syrphids than the low traps (t = 9.82, df = 21, p < 

0.0001) or the young tree traps (t = 4.21, df = 20, p = 0.0002), and the young tree 

traps caught significantly more syrphids than the low traps on the older trees (t = 

3.14, df = 20, p = 0.005) (Fig. 3.3). 
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Fig. 3.3 Effect of trap placement on syrphid catches at Radnor Forest, Wales 

during August 2001. (Error bars show +/- Ise) 

3.3.4 The effect of IMS on samples obtained 

During the period where flight interception traps were employed containing 

either IMS or water in the collecting bottles, no natural enemies were found. 

3.4 Discussion 

This part of the project highlighted several differences in the arthropod fauna 

collected when using different sampling methods. The sampHng regime at 

Radnor Forest carried out during 2001-2003, demonstrated that the full range of 

known potential natural enemies was revealed only in the fogging and litter trap 

samples, suggesting that these are better techniques for sampling E. abietinum 

and its associated predators. However, natural enemies collected in the litter traps 

may have been more representative of the sub-populations of unhealthy/dying 

individuals, which were more likely to fall from the trees, than the healthy 

individuals feeding on E. abietinum in the canopy during the sample period. 

Nevertheless, these samples were useful indicators of what insects and arachnids 
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were present in the canopy. They also appeared to represent syrphids better than 

the fogged samples but neuropteran larvae less well. 

Knockdown sampling by canopy fogging with a pyrethroid insecticide has been 

used previously with a variety of tree species, and has been found to produce 

samples which are comparable to the known arboreal arthropods from faunal lists 

(Southwood et al., 1982). The samples obtained in this study were therefore 

likely to have accurately represented the prey and natural enemy groups which 

were present at Radnor Forest. However, this method does have some 

drawbacks. Compared with the other techniques used in this study, it required 

relatively expensive equipment and consumable materials, critical weather 

conditions, and it had a negative impact on the environment due to the use of 

pesticide, although the chemical used did have a very short persistence time. It 

was also not the most practical method of looking at populations over time 

because all of the fauna in the canopy were likely to have been killed in the 

process, thus requiring new plots to be used on each sampling occasion. This 

substantially increased the person hours required (Table 3.4), and introduced 

additional variation into the process. It was therefore desirable to adequately 

replicate samples. However, with limitations on resources, the distance to the 

field site, and the sometimes unpredictable weather, it was difficult to replicate 

sufficiently and obtain a good set of samples through the season using the canopy 

fogging method. 

The other trapping methods used in this study provided alternative ways to gain a 

series of insect samples over the entire season. Although the natural enemies 

caught by the sticky and flight interception traps were killed in the process, the 

catches rarely exceeded two individuals of any insect group per trap (Chapters 4 

& 5), even though the sample duration was two weeks. It appears likely, 

therefore, that the proportions of individuals removed from the system by these 

methods were not high enough to have had a significant detrimental effect on the 

population as a whole. These trapping methods also required a lower input in 

terms of person-hours per sample and cost of equipment, when compared with 

canopy fogging, although the within canopy sample locations used were only 

made possible by the presence of FR scaffold towers already in place for other 

work. The main disadvantage of the traps was that the catches were almost 
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exclusively flying insects, and of those, not all of the natural enemy groups were 

represented in the samples. Another limitations was that no information could be 

obtained concerning the apterous prey, since only alate aphids were caught. 

The flight interception traps were originally produced in order to sample adult 

coleopterans. Although this proved unsuccessful, these traps did appear to be 

effective for sampling adult hemerobiids. It is possible that the IMS used in the 

collecting bottles had an attractant/repellent property, depending on the insect 

species considered. From the samples obtained, it appeared that the EMS may 

have been an attractant for the neuropteran adults. During the latter part of the 

season, an attempt was made to clarify this by comparing traps containing IMS 

with traps containing water in their collecting bottles. Unfortunately, during the 

period in which this was done, no neuropterans were caught in any of the traps, 

and a comparison could not be made. 

Sticky traps are often used for sampling insect faunas (e.g. Heinz et al, 1992; 

ColungaGarcia et al., 1997; Mensah, 1997; Udayagiri et ah, 1997; Hoelmer et 

al., 1998; Bowie et al., 1999; Schmaedick & Shelton, 2000; Compton et al., 

2000). The colour of the traps can influence the catches obtained. Mensah (1997) 

reported that when various coloured traps were used to monitor numbers of 

coccinellids in cotton fields, traps that were yellow caught more than any of the 

other coloured traps. Similarly, yellow sticky traps placed in com attracted more 

coccinellids and braconid wasps than red, green or white traps (Udayagiri et al., 

1997). However, in this case a third predator species, the green lacewing, 

Chrysoperla carnea showed no such preference, being equally abundant on all 

coloured traps. Therefore, when using coloured sticky traps, one must take into 

consideration that the relative abundance of each species may not accurately 

reflect that actually present in the field. 

The samples obtained from yellow sticky traps during this study contained the 

adults of all three of the main predator groups of E. abietinum which were found 

at Radnor Forest, but appeared to favour catches of syrphids over the other 

predators. This suggests that these traps did not passively sample all of the 

natural enemy groups but were attracting certain insects due to their colour, as 
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occurred in the studies of Mensah (1997) and Udayagiri (1997). The comparison 

of the five techniques used, showed that sampling method was influential in 

determining not only the arthropod species present but also the relative 

abundance of insect groups obtained in samples. This finding suggests that 

certain methods misrepresented the true relative abundance of some of the 

natural enemy groups. This is a phenomenon which has been previously 

demonstrated for other insect species when comparing different sample methods. 

Palumbo et al. (1995) showed that yellow sticky traps produced different 

estimates of whitefly populations in commercial cantaloupes fields when 

compared with Handvac or visual sampling. Schotzko & O'Keeffe (1989) also 

found differences in the estimates of aphid and predator densities, depending on 

the technique used (sweep net, D-Vac or absolute sampling). 

In terms of cost, time required for sampling and environmental impact, the most 

efficient and least invasive method by far was beating. No materials other than a 

white surface for catching the arthropods on and a stick were needed. The 

sampled fauna could also be returned to the host tree after one or two minutes, 

generally uninjured, unless identification to species was needed. Beating could 

be done in any dry weather conditions, although these samples were taken at 

approximately the same time of day, in order to reduce variation caused by 

environmental conditions. This technique therefore offered an extremely viable 

method of taking well replicated samples over the season. All of the natural 

enemy groups were found in the samples except for syrphid adults. This may be 

because they were disturbed by the pre-sample preparations (putting the 

collecting tray in place) and flew away prior to the beating. When collecting 

syrphid adults, it is recommended that slow smooth movements are made (Stubbs 

& Falk, 1983), which was not possible when beating. A more important 

drawback of beating was that sampling was only possible in the rides, where 

branches were low enough to reach. The samples obtained may therefore not 

accurately reflect the arthropod fauna found in the main canopy within the 

stands. 

In addition to sampling method and trap colour, the vertical location fi'om which 

a sample is taken must be considered. The importance of trap location has been 
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emphasized by several previous studies. Mensah (1997) found that sticky traps 

in cotton fields placed at 25-50 cm above the ground caught more coccinellid 

adults compared with those at 75-100 cm above ground. Work by Compton et al. 

(2000) and Su & Woods (2001) also showed that insect distributions within a 

forest environment can vary significantly with height above the ground. 

Syrphid catches at Radnor were also significantly influenced by the vertical 

placement of traps, these insects appearing to favour traps in the top third of the 

canopy over the lower third. This may be due to the sunnier conditions higher in 

the canopy, because syrphid adults are often found in higher numbers in sunny 

locations than dull ones (Stubbs & Falk, 1983). There were also differences 

between the abundances of syrphid adults found in a young stand compared with 

those in the upper and lower canopy of older trees. Higher numbers were found 

in the young stand than the lower canopy of the older stand, but lower numbers 

than the upper canopy of the older trees. Stand growth stage was not found to 

significantly affect the abundance of coccinellids, neuropteran larvae, araneida or 

E. abietinum in fogging samples collected as part of the Forestry Commission's 

Biodiversity Research Project (Chapter 2) although it was not possible to 

determine whether this applied to syrphids as these were rare in these samples. 

Data from the sticky traps in this study showed that there was a difference in 

syrphid abundance between the spruce growth stages at Radnor, but further 

sampling would be needed to determine whether this was as a result of stand 

growth stage per se or some other aspect of the younger tree stand. Syrphid 

density can also be influenced by the proximity of a site to pollen and nectar 

sources and to physical characteristics of the landscape (Lovei et al., 1998). 

Overall, it appeared that samples taken by fogging produced the best 'snapshot' 

pictures of insects present in the canopy, but that in order to gain a more 

complete representation of the natural enemy fauna associated with E. abietinum 

over the season, and with better replication, it was desirable to combine a variety 

of sampling methods. Fogging also required a substantially higher input in terms 

of time than the other methods. Beating allowed higher numbers of replicates to 

be carried out, generated monthly seasonal data and was a quick, easy and cost 

effective method, but it could only be carried out at ride edges. The litter traps 
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also produced monthly seasonal samples within the stands but sample analysis 

was time consuming and the samples may have contained a disproportionate 

number of dead or dying individuals. The flight interception and yellow sticky 

traps could be employed within the canopy but only where scaffolding towers 

were already erected, thus limiting the choice of sample location. These two 

methods also only sampled flying insects, and appeared to favour certain natural 

enemy groups over others, so care must be taken when interpreting such data. 

The yellow sticky trap samples also showed that trap placement was another very 

important factor which must be considered when carrying out any sampling 

regime. 

72 



Chapter 4 

Seasonal population dynamics of Elatobium abietinum Walker 

(Homoptera: Aphididae) and its natural enemies. 

4.1 Introduction 

The green spruce aphid, Elatobium abietinum (Walker) is the most important 

defoliating pest of Sitka spruce {Picea sitchensis (Bong.) Carr.)) in the UK 

(Straw et al, 1998a,b). In the mild oceanic climates experienced in this country, 

it is almost exclusively anholocyclic and can continue to feed and reproduce 

throughout the winter when conditions allow (Bejer-Peterson, 1962; Carter, 

1990). Populations build up in the spring, reaching a peak in May/June (Carter 

and Cole, 1977; Parry, 1977; Day, 1984a,b; Crute & Day, 1990) before crashing 

by July (Bejer-Peterson, 1962; Parry, 1974b; Day, 1984b; Day & Kidd, 1998). 

Densities remain low during the remainder of the summer (Parry, 1979) but can 

build up again in September (Straw, 1995) and produce a second peak during the 

autumn (Hussey, 1952; Bejer-Peterson, 1962). 

Hussey (1952) suggested that natural enemies play a vital role in the summer 

population crash. However, it has since been proposed that the underlying 

population dynamics are more dependent on winter temperatures, which produce 

between year differences (Bejer-Peterson, 1962; Day, 1984b; Carter & 

Halldorsson, 1998) and a decUne in the nutritional value of the needles following 

budburst, which produces the summer crash (Parry, 1974b; Day, 1984b). Natural 

enemies are now thought to affect the size of the summer peak and its rate of 

decline, rather than producing the crash per se (Crute & Day, 1990; Day & Kidd, 

1998). They may also be important in preventing an autumn peak, such as occurs 

in Iceland, which has poor natural enemy fauna (Crute & Day, 1990; Austara et 

oA, 1998). 

73 



Modelling of the cumulative effect of defoliation by E. abietinum carried out by 

Randle & Ludlow (1998), suggests that Sitka spruce can tolerate and recover 

from regular light infestations but that severe attacks can markedly reduce the 

yield. Therefore, the size of the main peak is of great importance and a reduction 

in its magnitude by beneficial insects could have a positive impact on the final 

yield achieved. 

The most important natural enemies of E. abietinum appear to be aphid-specific 

predators such as coccinellids, hemerobiids and syrphids, which have all been 

found to associate with this aphid (Hussey, 1952; Bejer-Peterson, 1962; Crute 

and Day, 1990; Leather & Owuor, 1996; Austara etal., 1998). Many other 

potential predators have also been identified, including carabids, elaterids, 

araneida and opiliones (Austara et al., 1998). In addition there are several species 

of hymenopterous parasitoids and entomopathogenic fiingi, which attack E. 

abietinum (Austara et al., 1998). The impact of generalist predators, parasitoids 

or fungi is less clear. Reports of these are less common and often inconsistent. 

The aim of this study was to identify potential natural enemies associated with 

the E. abietinum, and to investigate the natural enemy-prey population dynamics 

occurring in the UK. To this end, extensive sampling was carried out in a typical 

forestry plantation in Wales. 

4.2 Materials and methods 

Elatobium abietinum and its natural enemies were sampled throughout the field 

seasons of 2001-2003 fi-om stands of 22-26 year old pure Sitka spruce. The site 

used was Radnor Forest in Wales (SO 193661), a commercial plantation site 

containing predominantly P. sitchensis and covering elevations of 300-600 

metres above sea level. 
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Canopy sampling by fogging commenced in July 2001, after access to the field 

site was re-established following the foot and mouth epidemic. Further samples 

were taken by this method at intervals through the field seasons, when conditions 

were suitable. Although fogging appeared to give a good snapshot picture of the 

insect fauna in the canopy, other methods were employed during the field 

seasons of 2002 and 2003, to give a broader picture and to provide a more 

reliable and constant sampling regime. These included yellow sticky ('Bio' traps, 

pbi Home & Garden Ltd) and flight interception traps set up in the top third of 

the canopy, sampling of branches along the rides by beating, and collection of 

any fauna which fell firom the canopy by funnel traps set up on the forest floor. 

Further descriptions of the sampling protocols can be found in Chapter 3. 

Monthly counts of E. abietinum taken by hand, on 3 cm sections of P. sitchensis 

by Forest Research are also presented. These were taken in 3 places from 1 

branch on each whorl; from the main apical shoot, a side-apical shoot and a side-

side shoot. These positions are shown diagrammatically by Straw et al., (1998). 

Sampling was carried out over a range of elevations in the forest and all analyses 

were done using the statistical package S-Plus (Version 6.0.2, Insightful Corp.), 

using the data set as a whole, taking elevation and date into account. Fogging and 

beating data were analysed using ANCOVA (categorical variables were date and 

elevation and the continuous variable was aphid numbers) and the trap data using 

ANOVA (categorical variables of date and elevation only). Overdispersion was 

dealt with using a scale factor where possible or else by log transformation. 

For the purposes of this chapter, only the seasonal aspects of the data are 

discussed. Fogging samples were not taken at all of the same elevations every 

year, so only those taken between 400 and 425m, are presented in the Figures, 

due to the fact that this is a mid-range elevation where sampling was carried out 

in all years. This provides a clearer pictographic representation of the seasonal 

variations to the reader, without involving bias due to differences in sample site 

elevation. Elevational aspects are discussed in detail in Chapter 5, and elevation 

terms are only presented in this chapter when occurring in a significant 

interaction with a seasonal factor (e.g. month or year). 

75 



Identification of coccinelKds was carried out using the key given by Majerus & 

Keams (1989), neuropteran adults were identified using Plant's (1997) key of 

British lacewings and their allies, and syrphid adults were identified using the 

key given by Stubbs & Faulk (1983). 

4,3 Results 

4.3.1 Aphid population dynamics 

Counts of E. abietinum taken by Forestry Research, in Radnor Forest, Wales 

displayed the typical population dynamics seen in the UK, with an obvious peak 

in the spring. There also appeared to be very minor secondary peaks around 

September. The magnitude and timing of the major peaks varied between years 

(Fig. 4.1). 

Sep- Nov- Jan- Apr- Jun- Sep- Nov- Feb- Apr- Jul-02 Sep- Deo- Feb- May- Jul-03 

Fig. 4.1 Seasonal population dynamics of Elatobium abietinum at Radnor 

Forest, Wales. Error bars show ± 1 s.e. (Data provided by Forest Research, 

Alice Holt Lodge, Famham, Surrey) 
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4.3.2 Seasonal variation in temperature 

At 510 metres, which was the intermediate of the three elevations where weather 

data was recorded at Radnor Forest, the air temperature at the top of the canopy 

varied from a mean minimum of -0.62 °C in January, building up to a mean 

maximum of 17.25 °C in July of 2001, before falling throughout the remainder of 

the year to a minimum of -0.21 °C in mid November (Fig 4.2). 
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Fig. 4.2 Seasonal air temperature variations during 2001, at the top of a P. 

sitchensis canopy in Radnor Forest, Wales, at an elevation of 510 

metres. 

(Data provided by Forest Research, Alice Holt Lodge, Famham, Surrey) 
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4.3.3 Natural enemies 

The natural enemies found in association with the green spruce aphid in samples 

taken from Radnor Forest in Wales during 2000-2003 included, coccinellids 

(Coleoptera; Coccinellidae), neuroptera (Neuroptera; Hemerobiidae & 

Chrysopidae), syrphids (Diptera: Syrphidae), parasitic hymenoptera {Aphidius 

sp.) (Hymenoptera: Braconidae), cantharids (Coleoptera: Cantharidae), 

staphylinids (Coleoptera; Staphylinidae), millipedes (Diplopoda: Julidae), 

anthocorids (mainly Anthocoris nemorum (L.)) (Heteroptera: Anthocoridae), 

spiders (Arachnida: Araneidae), harvestmen (Arachnida: Opilionidae), predatory 

mites (Acari) and aphid midges (Aphidoletes sp.) (Diptera; Cecidomyiidae). 

The groups which were present in high enough numbers to allow detailed 

analysis were the coccinellids, neuropterans and syrphids. Arachnids were also 

present in reasonably high numbers in March and April (mainly Araneae), with a 

new generation of juveniles appearing in late September but were found in 

relatively low densities compared with the aphid-specific predators during the 

rest of the season, when the aphid densities were at their highest. There were also 

large numbers of Psocoptera and some Collembolla in the samples, both of 

which are known to be alternative, even preferred prey for arachnids (Adams, 

1984) but do not appear to constitute prey for aphid specific predators such as 

coccinellids (Chapter 7). The arachnids were therefore less likely to have 

contributed significantly to the control of E. abietinum, and so only the aphid-

specific predators are discussed in detail. 

4.3.3.1 Coccinellids 

A single species, the larch ladybird, Aphidecta obliterata (L.), was 

overwhelmingly predominant in the samples taken, the adults making up more 

than 98% of those present. Other species found occasionally were the 10-spot 

ladybird, Adalia decempunctata (L.), the eyed ladybird, Anatis ocellata (L.), and 

the 14-spot ladybird, Propylea quatuordecimpunctata (L.). 
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4.3.3.1.1 Fogging samples 

Adult coccinellids were present in the forest canopy in small numbers from 

March onwards (Fig. 4.3). They were found in every sample throughout the year 

but the sex ratio differed between the early and late season samples. Samples 

taken in March, April and May contained an average of 78% females and 22% 

males, whereas those taken in September were made up of a 50:50 ratio. A 

binomial sign test revealed that the sex ratio in the early season samples was 

significantly different fi"om a 50:50 ratio (n = 65, p < 0.001), whereas that in the 

latter part of the season was not (n = 66, p = 0.90ns). The larvae first appeared in 

May, with samples taken in 2003 containing high numbers (41.5 +/-14.5). 

Population levels of these predatory larvae appeared to remain high through to 

July, although there was a wide variation between years, before falling in 

August. By September, very few coccinellid larvae were caught (Fig 4.3). 

Analysis revealed that in 2001, the abundance of adult coccinellids in the 

samples were significantly influenced by an interaction between date and 

elevation, while the number of larvae caught were affected by the sample date 

and prey density (Table 4.1). In 2002, the larvae were also influenced by date but 

no other measured factors appeared to be important in determining the numbers 

of larvae or adults found (Table 4.2). During the final field season, the number of 

larvae collected was affected by date, prey density and interactions between date 

and elevation and between date and prey density (Table 4.3). 
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Fig. 4.3 The abundance of E. abietinum and coccinellids in fogged samples 

taken from P. sitchensis at Radnor Forest, Wales (2001; n = 20,2002: n = 

22, 2003: n = 12) (error bars denote ± 1 s.e.). 

Table 4.1 A summary of the analysis of the number of coccinellids found in 
fogged samples taken from Radnor Forest, Wales during 2001. 

2001 
Adults Larvae 

2001 
F df P F df P 

date 2.84 1 0.12ns 25.33 1 <0.001 

aphids 0.79 1 0.39ns 5.73 1 <0.001 

date;elevation 18.86 1 <0.001 0.03 1 0.85ns 

dateraphids 1.02 1 0.33ns 0.83 1 0.38ns 

date;aphids:elevation 1.17 1 0.30ns 0.04 1 0.84ns 
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Table 4.2 A summary of the analysis of the number of coccinellids found in 
fogged samples taken from Radnor Forest, Wales during 2002. 

2 0 0 2 
Adults Larvae 

2 0 0 2 
F df P F df P 

date 2.50 2 0.15ns 99.45 2 <0.001 

aphids 337 1 0.10ns 0.16 1 0.70ns 

date: elevation 2 4 3 2 0.18ns 0.02 2 0.98ns 

dateraphids 6.54 2 0.08ns 2 0.10ns 

date: aphids :elevation 2 ^ 2 2 0.16ns 0.10 2 0.78ns 

Table 4.3 A summary of the analysis of the number of coccinellids found in 
fogged samples taken from Radnor Forest, Wales during 2003. 

2 0 0 3 
Coccinellid adults Coccinellid larvae 

2 0 0 3 
F df P F df P 

date 1.52 2 0.28ns 504.86 2 <0.001 

aphids 1.95 I 0.20ns 1447.00 1 <0.001 

date:elevation 0.92 2 0.52ns 186.61 2 <0 .001 

date:aphids 0.20 2 0.82ns 34.39 2 0.009 

date:aphids:elevation 2.67 2 0.14ns 0.02 2 0.99ns 

4.3.3.1.2 Beating samples 

This method of sampling revealed that coccinellid adults were first present in the 

forest sometime between mid-March and early May. The 2003 samples showed 

that the larval populations built up rapidly during May and appeared to follow 

the dynamics of the prey population with a lag of between 1 and 2 months (Fig. 

4.4). By September, all of the larvae had disappeared, leaving adult ̂ 4. obliterata 

as the sole remaining aphid-specific predator in the autumn (Figs 4.4 & 4.7). The 

2003 samples also revealed that aphid numbers were highly dependant on the 

sample date (F = 154.5, df = 4, 252, p<0.001) and were affected by an interaction 

between date and elevation (F = 48.8, df = 16, 252, p<0.001). Further analysis 

showed that the number of coccinellid adults collected by beating was 

significantly influenced by a three-way interaction between date, prey density 
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and elevation in 2002 only. The number of larvae found were determined by date 

in both of the sample years and also by a date:prey density interaction and a 

date:prey density:elevation interaction during 2003 (Table 4.4). 
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Fig. 4.4 The abundance ofE. abietinum and coccinellids in beating samples 

taken from P. sitchensis at Radnor Forest, Wales (2002: n = 100, 2002; n 

= 360) (error bars denote ± 1 s.e.). 

Table 4.4 A summary of the analysis of the number of coccinellids found in 
beating samples taken from Radnor Forest, Wales during 2002 & 
2003. 

2002 2003 

Coccinellid adults Coccinellid larvae Coccinellid adults Coccinellid larvae 

F df P F df P F df P F df P 

date 2 . 3 6 1 0.13ns 1 3 . 2 5 1 < 0 . 0 0 1 0.87 4 0.48ns 6 . 1 4 4 < 0 . 0 0 1 

aphids 0.77 1 0.38ns 1.43 1 0.23ns 0.0001 2 0.99ns 0.55 2 0.45ns 

daterelevation 0.73 4 0.58ns 0.87 4 0.48ns 1.57 16 0.08ns 1.31 16 0.19ns 

dateraphids 1.40 1 0.24ns 0.0005 1 0.98ns 0.56 4 0.69ns 3 . 0 8 4 0 . 0 1 7 

date;aphids:elevation 1 1 . 9 2 2 < 0 . 0 0 1 0.30 2 0.74ns 0.25 14 0.99ns 2 . 2 1 1 4 0 . 0 0 8 
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