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Abstract 

This study analysed data from the annual pupal survey of Bu2 alus 

jiaria L. carried out by the Forestry Connisaion, and related the 

findings to the insect's population dynamics. Data were examined for 

1+7 survey areas in Scotland, England and Wales in the period 1954-

1978. 

Bupalus populations were shown to be regulated about an equili-

brium density level: the regulation was characterised by an immediate 

density-dependent (IDD) and a delayed density-dependent (DDD) compo-

nent. Those populations showing the strongest DDD effect tended to 

go through cycles in numbers, with about a 6-year period, and the most 

extreme 'peaks' of the cycle were manifested as outbreaks. 

Population trend not attributable to density-dependent effects 

was tested against weather variables, but only a very slight correla-

tion could be detected. 

Cycles in Bupalls numbers were accompanied by characteristic 

changes in pupal weight and in abundance of some parasite species. A 

study of field populations did not reveal any one key-factor determin-

ing the cyclic change. Pyyalus cycles were compared with those of 

other periodically-fluctuating forest defoliators, where both tree 

condition and parasite-host interactions are known to be key-factors. 

Abundance of the specific larval parasite Dusona oxcanthae Boie 

showed a strong negative correlation with Js survival in several 

cyclic populations. 

A simulation model showed that the cyclic (DDD) pattern could be 

satisfactorily accounted for by parasite-host interactions, given a 

high intrinsic rate of increase by Bualus: but where the rate of 

increase was diminished (for example, by poor early-larval survival 

on some sites) the interaction could he expected to lose its cyclic 

(DDD) character, and the IDD component of density-regulation would 

predominate. 



1. IjTRODUarION 

Populations of Bupalus have been monitored by annual pupal 

surveys in most major pine areas of Britain since 1954.  Up until 

now no overall long—term analysis has been made of the results of 

these surveys. This project analyses the survey data in relation. 

to what is known of the population ecology of the species, and looks 

in greater detail at some particular aspects of the observed 

population fluctuations. 	. 	 . 	. 

Chapter 1 describes the insect and its life history, and outlines 

its significance as a forest pest. 	 . . 
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1.1 Description and Life History 

The Pine looper moth BuPalus Piniaria L. is one of the most 

abundant defoliators of Scots pine Pinus sZlvcstris over most of 

the tree's natural range. It is distributed over central and 

northern Europe, Spain, Tran.scaucasia, ,Altai and eastern Siberia 

(South 1961). In Britain it occurs 'in all parts of England, Scotland 

and Wales, and locally in Ireland. 

The looper has been known as a forest pest in central Europe 

(particularly Germany) since records began. Outbreaks have also 

occurred in Sweden, France, Czechoslovakia, Poland, the USER, and in 

recent years in Britain. The first serious outbreak here was at 

Cannock. Chase (Staffordshire) in 1953.  Another occurred in Wykeham 

Forest (North Yorkshire) in 1969.  On five other occasions large—

scale damage has been prevented by timely application of insecticides 

to infested plantations. 

Although the insect's primary host is Pinus sylvestris it is 

commonly found feeding also on Corsican pine Pinus nlgra and 

Lodgepole pine Pinus contorta of which there are extensive plantations 

in this country. High populations have been recorded at times in 

forests of each of these host species. 

General descriptions of the insect and its life history are 

given for Britain by Bevan and Brown (1978) and for Germany and 

continental Europe by: Schwenke (1978). The description below 

relates essentially to the British population. 

Adult 

Adult 'moths have a wing—span of 35_1I0 mm and a wing area large 

in relation to the size of the body. There is a strong sexual 

dimorphism in both wing pattern and structure of the antennae. 

The appearance of the male moth has earned this species the English 

name (by which it is known to collectors) of the 'Bordered White'. 

Its wings are patterned on the upper surface with approximately 

equal areas of white and dark chocolate—brown, the darker colour 



occupying. the distal half of the forewing and the coastal one-third 

of the hindwing in addition forming a narrow. border round the rest 

of the wings. The antennae of the male are strongly bipectinate 

(feathered). The female moth is similar in its wing pattern, but 

much less striking in appearance as the white colouring is replaced 

by rusty brown and the surrounding border is of a less dark brown 

than in the male. The antennae are of a simple filiform 

(threadlike) structure. Undersurfaces of the wings inboth sexes are 

light brown, speckled and barred with brown and white. In Britain 

two geographical forms of the insect exist (Ford 1955):- 

I • 	The more northern form occupying Scotland and northern 

England in which the lighter wing areas are bright white in 

the male and light reddish-brown in the female. 

2. The southern English form in which the corresponding 

areas are a creamy white in the male and richer rusty-brown 

in the female. 

The activity period of the adult moths lasts from late May to 

early August, the peak falling around the end of June and beginning 

of July. At the start of emergence male moths appear a few days 

in advance of females (pro tandry). The daily rhythm of emergence 

peaks around early to mid-morning. Female moths generally sit 

motionless during the day in the undergrowth or tree crowns. Males 

by contrast take part in vigorous flight, particularly on still, 

sunny days when they appear in mass flights around tree crowns. 

Pairing takes place generally from one day after emergence. The 

oviposition flight of the female moths occurs at night. Length 

of adult life is 1-2 weeks in field conditions. 

The total egg complement of a female moth may be as high as 

200 in specimens of British origin but is extremely variable being 

closely correlated with weight of the individual female (Bevan and 

Paramonov 1962). For most populations in the field a mean fecundity 

of 100 is likely to be a closer approximation to the norm. 
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The egg is light green in colour, snooth, oval, about 1 mm long, 

with a shallow depression in the upper surface. Rows of eggs from 

one to more than twenty in number (more usually about 3-7) are laid 
end to end along pine needles. Usually the under surface.of a 

one-year-old needle is selected and although all parts of the crown 

may bear eggs, the middle levels are proportionally more favoured. 

Healthy eggs hatch in about three weeks under normal field conditions. 

Those which have been parasitized by Chalcids such as Trichogramma 

embrZo2hagum Htg turn black. 

Egg laying commences in June and may continue as late as the 

middle of August. Hatching may be an equally long-drawn-out process, 

between late June and the end of August. 

Larva 

The larva emerges from the egg by biting a hole in one end of 

the chorion (shell). After a short period of dispersal by crawling 

it settles down to feed, biting a narrow channel in the epidermis of 

the needle and leaving a characteristic 'feeding groove' which may 

partly fill with resin. 

The larva is of typical Geometrid ('looper') pattern ic it 

has only two pairs of abdominal prolegs and moves by alternately 

looping up the body and stretching forward . to re-attach the thoraöic 

legs to the substrate. The typical development proceeds through 

five instars, though six have been recorded, and only four may be 

usual in some British populations, at least in certain years (see 

Crooke (1956) and  Sect.7.iv  of this thesis). The young larva is 

of a uniform grey-green body colour with dull brown head. from 

the third instar onwards the larva attains a distinctive pattern. 

of longitudinal stripes overlying the grey-green ground colour. A 

white central back-stripe and on each side two yellow-white stripes 

extend the full length Of the body and onto the head. The mottled 

pattern associated with these stripes is a diagnostic feature of the 

Lu2alus  head capsule, which is moulted entire and separate from the 

body-skin at each ecdysis. 



As the larva grows in size its feeding behaviour changes: it 

consumes the whole tissue of the needle, removing large and irregular-

shaped sections along its length. Needles damaged in this way turn 

brown in the vicinity of the feeding scar. 

At all stages the larva is capable of spinning a silk thread, 

on which it drops rapidly if attacked by a predator or if the 

foliage is suddenly shaken. After hanging at the end of the 

thread it later climbs back up to its original position. 

The entire larval development of 	may take as long as 

our months in the field. Pupation may occur as early as October 

or may be delayed until well into the winter, exceptionally as late 

as January. A typical time-schedule for the occurrence of the 

different instars is as follows:- 

I July-August 

II August 

III August-September 

IV September-October 

V October-November 

When full-grown the larva is about 26 mm in length. When ready 

for pupation it drops to the ground and penetrates the litter layer. 

Here it spends a pre-pupal stage, lasting anything from 2-3 days 
to a few weeks depending on weather conditions, during which the body 

becomes shorter and fatter in preparation for pupation. 

pa 

About 13 mm long; glossy brown with bright green wing-cases. 

Female pupae are notably fatter and heavier than the males. The 

cremaster (process at the tip of the abdomen) is short and minutely 

forked. Parasitized pupae lose their green colouration to become 

uniformly brown, and at least in the later stages of parasite 

development have no power of movement in the abdomen. 

The pupae.is  formed in a loosely - constructed chamber in the 



around litter at depths of up to about 15 cm. Rarely, the pupa may 

occur a little way into the mineral soil. A freely-draining spot is 

chosen for the pupation site, and a mossy ground cover is especially 

favoured. 

The pupal period lasts through the winter and spring until 

adult emergence in late May or June. 
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1 	Forest Importance 

Nature of the damaLe  

Feeding by younger 	larvae occurs preferentially on 

the older needles, but larger larvae attack current foliage also to 

some extent. Large, ragged chunks of needle tissue are removed 

from along the length of the needle, and very often the needle is 

bitten through so that the distal end simply falls to the ground 

uncaten. A partly consumed needle generally turns brown in the 

vicinity of the damaged edge, but the base remains green and in 

that case the needle may be retained on the tree, at least until 

the following autumn. By far the greatest proportion of damage is 

done by larvae nearing full.. growth, and correspondingly the earlier 

instars are of little significance for degree of defoliation. 

Schwenke (1978)  quotes the following figures for percentage of 

total larval consumption:- 

Instar 	I k% 
It 	II 8% 

13% 
it 	IV 20% 
it 	 V 56% 

Taking these figures in conjunction with the dates quoted for 

larval development in the previous Section, it can be seen that 

the main impact of BuEalus feeding on the host tree occurs very late 

in the season. The visible browning of tree-crowns, characteristic 

of severe looper.attack does not first become apparent until about 

October. 

The significance of Bu alus feeding on the host tree in years 

of 'normal' looper numbers is difficult to evaluate. Watt (1963) 

in constructing a 'dynamic programming' model to assess alternative 

strategies for the long-term control of a Bupalus population, used 

cumulative defoliation over a full 60-year period as the criterion 

of successful management. This presupposes that defoliation in 

'normal' years is detrimental to the growth of the host tree, a 

hypothesis which has not been experimentally confirmed. An informed 
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guess suggests that a normal jBu-.)alus,  population correspondixg to a 
pupal density of i per m may consume or waste about 2% of needle 

biomass in a season, and at the upper limit of normal Bujalus 

density, say 5 per m2  about 101% of needle biomass (figures derived 

by extrapolation from known 'critical' densities, see below). 

Mattson and Addy (1975)  postulated for tree defoliators in general 

that such low levels of 'grazing pressure' may actually benefit the 

tree's productivity, by speeding up the re-cyclingof nutrients. 

The obvious harmful effects which may threaten survival of the 

host trees as well as severely reducing increment (timber production) 

re associated with much higher Bupalus populations, say above 

20 per m2  though the actual 'critical threshold' is a variable 

quantity, as discussed below. As a guide to the sort of pupal densities 

to be expected following a season of severe defoliation, Bevari (1955) 
found the following ranges:- 

complete defoliation 
	

180 pupae per 

severe defoliation 
	96-180 I' 	It 

slight browning 
	48- 96 It 	It 

Obviously in the event of severe mortality setting in at or near 

the end of larval life, numbers of pupae found subsequent to 

defoliation could be relatively much lower. 

Complete or near-complete defoliation can cause tree death 

either directly, by removal of food reserves and photosynthetic 

tissue, or indirectly., by severe physiological weakening of the 

tree predisposing to attack by secondary pests such as the bark 

beetle Tomicus piniperda. Because serious damage only appears so 

late in the year (after the conclusion of the growing season), 

the physical loss of foliage may not he fatal to the tree, and 

buds have already been laid down which will enable it to flush 

again the following spring. In continental outbreaks it has often 

been found that the trees recover from a single complete defoliation 

by 	(Bevan and Brown 1978)  though a second year's stripping 

is invariably fatal (Schwenke 1978). In the British outbreak at 

12- 



Cannock Chase in 1953,  massive attack by Tomicus on the defoliated 

trees resulted in their death and the severe degradation (by 

bluestain fungi) of the subsequently-harvested timber (Bevan 19711.). 

Presumably such an occurrence is conditional on the presence of an 

already-high Tomicus population in the forest before the start of a 

Bupalus outbreak, but indications of Tomicus numbers are not 

generally available. Subsequently, when a looper outbreak stripped 

60 ha of trees at Wykeham Forest in 1969, rapid clear-felling of 
the area was employed to pre-empt any Tomicus attack. 

P 

Scale of the Bupalus problem 

The two outbreaks just mentioned were the only two in which 

trees are known to have been killed by 22palus in Britain. The 

combined area of trees lost amounted to. about 110 ha, and would 

have been substantially greater had the forests not been sprayed 

to prevent repeat defoliations in the respective following years. 

On four other occasions plantations of mature Scots pine, and on 

one occasion of young Lodgepole pine Pinus contorta, have been 

sprayed as a protective measure following high pupal counts made 

in a winter survey (Table 1.ii.1). 

In comparison, the impact of Bupalus infestations on plantations 

of Pinus sylvestris in continental. Europe has been enormous. The 

worst recorded outbreak, in Bavaria in 1892-96, resulted in the 
severe-to-complete defoliation of 40,000 ha (Escherich 1931). Since 

the late 1920's, the severity of recurring outbreaks has been reduced 
by the employment of aerial spraying of insecticides following the 

results of intensive monitoring by pupal surveys. JOimetzek (1975) 
reviewing insecticide applications in North Bavaria during 1925-1970, 
recorded a total of 1+,668 ha treated against.Bupalus. Prompt action 
to suppress epicentres of developing epidemics may have prevented 

the development of vast outbreaks comparable to that of the 1890's. 
Even so, the area sprayed in that one province was more than that 

for the whole of Britain to date. 

Central Europe, of course, has always had a relatively much 

larger area under forests than Britain, and of this a large 

proportion consisted of tree species (ic Scots pine), age of 



lorest -: Year 
Tree Area 

O) 
Aircraft 

Insecticide etc jD9C1eS 

Cannock 195+ SP, CP 1400 fixed wing 	Dliii 

Culbin 1954 SP, CP 1000 fixed wing 	P1)2 

Tentsmuir 1957 SP, CP 147 TIFA 	 Dliii 

Cannock 1963 SP, CP 556 fixed wing 	Dliii 

Wykeham 1970 SP 526 helicopter 	Tetrachlorvinphos 

Tentsmuir 1977 S?, CI' 100 helicopter 	Tetrachlorvinphos 

Achray 1979 LP 72 helicopter 	Diflubenzuron 
3101 

Table 1.11.1. Summary of Insecticidal Control ofs 

in Britain. TIFA = Todd Insecticidal Fog 

Applicator. 

SP = Scots pine Pinus sylvestris 

CI' = Corsican pine Pinus niEa 
LP = Lodgepole pine Pinus contorta 
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plantation, site type and climatic condition most susceptible to 

Buiuc attack. This question of susceptibility is central to any 

consideration of the scale of the T3unaiuc problem now or in the 

future. 	 - 

German experience suggests that crops most likely to sustain 

economic damage consist of large blocks of forest, of Scots pine of 

pole stage and older (say, 25 years and older), growing on sandy, 

nutrient-poor soils in low rainfall areas (500-600 mm). Nost of these 

conditions are matched by all but one of the outbreak sites listed 

in Table 1.ii.1. Both the CuJ.bin and Tentsmuir sites are coastal 

sand-dune areas in the rain-shadow of the Granpian Nountains, with 

annual rainfall a little over 600 mn'i. Cannock and Wykeham are in 

slightly higher rainfall areas, the first on sandy soils derived from 

the Bunter sandstone and pebble beds, the second on indurated 

calcareous grits also of poor water-holding capacity (see Sect.2.i4 
 

for further descriptions). 

The great majority of Scots pine plantations in this country 

whose characteristics are at all similar to those mentioned are 

already within the scope of the annual pupal survey organised by 

the Forestry Commission since 1954.  Among some fifty survey units 

which have beef-i examined in that time, only a very few have shown 

patterns of population fluctuation which make it seem at all probable 

that outbreaks may ever occur there (see discussion in Section k). 
Not more than 5 or 6 forests, besides those where actual outbreak,-
have 

utbreaks

have already occurred, appear to be susceptible. Moreover, most of 

these forests are now well on the way to maturity: clear-felling has 

already begun in many and in course of a few years the original 

first-rotation pine crop will be completely removed. With the 

improvement in silvicultural techniques in recent years, it has 

become a matter of policy to re-plant many of these sites with 

'more demanding, but more productive' species of trees (Bevan 197 10. 
With the movement towards cultivation on non-pine species, the 

importance of Bupalus on such forest sites is likely to diminish. 

Taking a broad view it can be said that the significance of 

as a defoliator of middle-aged Scots pine crops in Britain, 
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though quite major, is liiited to well-.defined areas, and is 

unlikely to increase in the foreseeable future. However, a very 

different conclusion may be drawn about its relationship with the 

North American Lodgepole pine Pinuc contorta, whose use for large-

scale afforestation in this country is a relatively recent 

innovations 

The outbreak of Bu2alus on Pinus contorta in part of Achray 

Forest (Central District) in 1979  represents a new dimen.sion.to  this 

insect's significance in British forestry. Not only in tree species, 

but in are of crop, site type and climate this is radically different. 

The area affected was of 11+-year-old Lodgepole pine growing on deep 

blanket peat, in an area of rather high annual rainfall - about 

1270 mm. In most respects the site corresponds with those on which 

major outbreaks of Panolis flammea have been seen to develop in 

several parts of Scotland in the past five years. Indeed, rather 

high, though not yet threatening populations ofLuc have also 

been observed in at least two other, widely separate forests in 

Lodgepole pine on deep peat. The implication may be that such crops 

are susceptible to build-up of high populations ofBun -us as well 

as Panolis, in the same way that the two species share rather similar 

ecological requirements for outbreak in Europe (KLimetzek 1979). 
Should this prove to be the case, the potential importance of this 

species in British forestry will become very much greater. Not 

only are the areas planted with such a crop very extensive in 

upland Britain, but they are still almost all of under 20 years in 

age, and a great many under 10 years. This being so (and bearing 

in mind that susceptibility to a particular insect pest may either 

increase or decrease with age) it seems that it is still too early 

to predict the potential magnitude of the threat from 

Surveillance 

Following the long-continued practice of the German state 

forests, monitoring of Bupalus populations in Britain has been 

carried out by means of a routine annual pupal survey. The 

detailed history and technique of this survey will be described in 

Sect-3.i and so will not be discussed further here. However, it 
is appropriate to make some comments about the general principles 
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behind such a survey. 

The object of the scheme is to examine regularly all major areas 

of pine plantation of susceptible age in Britain, for evidence of 

population density which will give early warning of any threat of 

major defoliation and give time for control measures to he planned. 

As a rule only large continuous blocks of forest, in areas of less 

than 1,000 mm annual rainfall have been examined - these being 

indicated as the more outbreak—susceptible on the basis of German 

experience. For the same reason plantations less than about 

25 years old are not included. 

Within survey areas roughly one compartment in four is examined 

by means of a transect of ten circular plots each 0.25 m2  in area. In 

other words, sampling intensity is approximately 2.5 m2  for every 

1+0 ha of plantation. The intensity is varied to some extent according 

to variability of the terrain— in large homogenous blocks a lower 

frequency of transects is permissible, but where crop age, species 

or quality show marked variations the relative number of transects. 

may be increased. 

Results of the pupal survey are interpreted in. terms of mean 

density of pupae, and the most useful scale on which this can be 

assessed is that of the compartment mean. The ten plot counts 

comprising one transect yield a compartment mean, thus eg if only 

one pupa is found in the ten plots, the mean is 0.1+ per m25  if a 
total of 15 pupae are found the mean is 6.0 perm 	Distribution 

of the separate plot—counts is random or moderately ag'egated, and 

variance increases with the mean in accordance with Taylor's Power 

Law (Sect.1+.i), The rather high variance generally associated with 

these counts means that the precision of the estimate represented by 

a compartment mean is quite poor. Because confidence limits increase 

as the square root of the variance, while variance increases normally 

as about the 1.3 power of the mean, precision of estimates is better 

for high-density populations than low.-density ones. But even for 

pupal densities approaching outbreak levels the low precision of 

estimates necessitates caution in interpreting the counts. The 
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relationship of variance to mean described in Soct.1 .i indicates that 

at a pupal density. of 30 per 	the expected precision of estimate 

(95% confidence limits) is only 35% of the moan. Such statistical 
considerations underlie the statement of Bevan and Brown (1978) that 

"an isolated high count is seldom significant in itself, but 
should be considered in the light of the counts found in 
neighbouring compartments." 

In practice, the discovery of one or more compartment means above 

the 'critical density' (see below) in the course of the routine 

survey is generally followed up by an 'extension survey' in which all 

compartments adjacent to those with high counts are examined. This 

may either show that the single 'isolated high count' is in fact 

atypical and may have represented a statistical fluke, or it may 

reveal that a genuinely threatening level of population exists over 

a substantial area. 

The setting of a 'critical density' of pupae, ie that level of 

population at which damaging defoliation of the trees becomes a 

significant probability, depends on several factors. Using continental 

guidelines it was once thought that a density of as few as 6 pupae 
per m2  could be critical. This figure derives from the recommendation 

of Schwerdtfeger. (191f  1) that 3 healthy female pupae per m2  should be 
taken as a warning of 50% defoliation in the coming season. This 
figure was based on experience of the crop conditions and Bupalus 

population of the Letzlinger J-Ieide,in central Germany. For the 

more atlantic climatic conditions of the north-east German lowlands, 

Ebert and Otto (1969) considered that a figure double that of 
Schwerdtfeger was appropriate. In Britain, outbreaks have occurred 

in crops of varying age and quality., and. the concept of a 'critical 

density' has had to be interpreted rather flexibly. In all cases 

subsequent to the outbreaks of 1954, egg counting has been carried 
out on foliage immediately prior to any projected insecticide 

application. This is a much more reliable guide to the need for 

treatment than pupal counts, which accordingly are now regarded 

more as a preliminary warning than as an exact criterion for 

control action. In general, though,it seems that much higher pupal 

densities can be tolerated than the German recommendations indicate: 

pupal counts of 20-30  per m2  seem to correspond to the concept of 



the'critic,-33. . density' for British pine forests. 

Egg-counting is a means of estimating the mean number of 

21~1 alus eggs per treecrown, as an indication of the degree of 

probability of serious defoliation damage by larval feeding. The 

technique as practised in this country was first described by 

Bevan (1961), Three sample branches are removed from the tree at 

the levels of the upper 	, mid - and lower-crown respectively. 

The count of eggs is divided by three and multiplied by the 

estimated total number of branches on the tree. In earlier years 

sample branches were obtained by tree-climbing, but more recently 

trees have been felled before removal of sample branches. It had 

been established by Bevan and Brown (1961) that felling of trees, 

properly carried out does not cause any major loss of eggs from 

the foliage. 

The critical number of eggs per tree-crown, obviously, varies 

in relation to the nature of the trees themselves. Age and quality 

class of the trees determine the number of feeding larvae which 

can be tolerated, and judgement must be used to estimate this 

number and relate it to the mean number of eggs actually found. For 

example, a critical number of 1,000 eggs was set for 30-year-old Scots 

pine at Tentsmuir in 1957, but a critical number as high as 3,000 was 

used for the same crop at aged 50 years in the 1977 outbreak. 

Parasitism of the eggs may be a factor to be reckoned with in these 

considerations: for example in the Bendleshain and Sherwood IV 

populations in 1959, egg parasitism was around 60% and 45% respectively, 

and so the threat of defoliation was substantially reduced (Bevan 

and Brown 1961). 

A development which gives promise for the assessment of Blus 

populations in the future is the use of attractant traps for sale 

moths, baited with pheromones or parapheromones. Traps used by 

Botterweg (1978) in experimental work on dispersal were baited 

with live virgin females, and sticky traps baited with female :uoths 

have also shown promising results in trials in Britain (Bevan 

unpublished). The synthesis of a parapheromone (the synthetic 

analogue of the naturally-occurring female sex .attractant) would 
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make poss±b:Le the lorgc.scale deployment of traps which could then 

partly or completely replace pupal sampling as a routine monitoring 
technique.' Such a use is currently being developed for 

parapheromorie traps of Panolia flammea in' Britain (Stoalcicy 1980), 
Difficulties ore encountered in relating trap catches to absolute 

population densities, but if even an approximate 'calibration' of this 

sort can be made, the use of parapheromone traps as an early warning 

system for these moth species may be feasible. 

Control 

The history of insecticidal control of 	us in Britain was 

summarised above, in Table 1.ii.1. The techniques for determining the 

extent of the threatened area by pupal surveys and, egg counts have 

also been described. The management options involved in planning 

and carrying out such control operations have still to be discussed. 

The first option to be decided on is whether or not insecticidal 

control should be employed at all. The prime consideration here is 

usually the probability of survival of the trees - unless tree death 

is a significant possibility, chemical control action cannot be 

justified. The decision may however be swayed by secondary 

considerations for example, the need to avoid detrimental effects 

of heavy larval feeding on amenity and recreation areas of a forest, 

or the undesirability of spraying an area of nature conservation 

importance. Again, where the size of the affected area is small, 

the risk of tree death may be more acceptable than where a large 

area is threatened: accordingly, insecticidal control is less likely 

to be the option chosen. 

The 'no-spray' option may also be favoured if it is possible 

to plan for rapid clear-.felling of any trees which may be killed. 

This is feasible under the following combination of circumstances:- 

1. The trees threatened are of a sufficient age to make clear-

felling an economic proposition (say, within the final 10-15 years 

of a normal rotation). 
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2. The iuntuii area likely to be affected. does not greatly 

exceed that of planned felling operations in the forest in the 

year of the outbreak. 

The combination of preemptive and subsequent fellings should moan 

that almost a full year would be available in which to carry out such 

a felling programme. 

Having decided to use insecticidal control, it is then necessary 

to set the limits of the area to be treated. These limits will be 

decided on the basis of the pupal surveys (including extension 

surveys) and egg counts, but the criterion for setting the limit 

of the spray area is not the sane as that for deciding on the need 

to spray at all. It is usually desirable to spray a wider area than 

that in the definite 'high risk' category, in other words to treat 

a buffer zone of somewhat lower populations surrounding the epicentre 

of the outbreak. On the other hand there is no justification for 

	

spraying large areas of low- or normal-density 	alus populations 

adjacent to outbreaks, and a suitable compromise has to be reached. 

	

The choice of insecticide for use against 	lus will depend 

on cost, availability, effectiveness and environmental considerations 

Methods of screening different insecticides for field use were 

detailed by &ott and Brown (1973),  who selected the organophosphorus 

insecticide Tetrachlorvinphos to replace the highly effective but 

environmentally-discredited DDT. At the present time all large-scale 

applications of insecticide against Bpalus in British forests 

require to be approved by the Pesticides Safety Precautions Scheme 

of the Ministry of Agriculture, Fisheries and Food. 

It is important for practical reasons to try to specify in 

advance the probable date on which spraying will take place. This 

enables arrangements to be made in good time with spraying 

contractors, and the press and local landowners and other interested 

parties to be notified. With all insecticides that have so far been 

used on Bupalus in this country, it has, been thought desirable to 

spray at the moment when approximately 95% of larvae have newly 
hatched from the eggs. In practice this point is generally reached 
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some time during the first half of August. To a limited extent 

the date can be prodicted by extrapolation from earlier estimates 

of percentage egg-hatch: but a straight-line extrapolation as used 

by Scott and Brown (1973)  seems unjustified in view of the signoid 

form of the egg-hatch curve. 

Practical problems encountered in the insecticide-spraying 

operation include: exclusion of the public from the area during 

spraying; provision of a system of markers to guide the pilot in 

successive spraying-runs; and the need to hold off spraying until 

the arrival of appropriate weather conditions. The last-named 

requirement can lead to long delays, as the date of insecticide 

application (mid- to late August) often corresponds with periods 

of heavy rainfall. The ground-sited 'insecticidal fog applicator' 

used at Tentsmuir in 1957 was particularly dependent oft weather 

conditions as it required the occurrence of a temperature inversion, 

a phenomenon met with only in anticyclonic conditions and generally 

only at night (Bevan 1961), 

The assessment of the impact of insecticide spraying against 

!palus on non-target organisms has never been carried out in the same 

detail as was done for the recent Panolis operations (Holden and 

Bevan 1979). The earlier sprayings with DDT were carried out before 

the first upsurge of public concern over environmental effects of 

pesticides: the later operations were mostly too small to arouse 

concern. The spraying of Wykeham Forest in 1970  was monitored by 

conservationists and their findings were reported by Parsiow, Pollard 

and Relton (1972); the application of Tetrachlorvinrhos had no 

detectable effect on birds and populations of butterflies and 

hoverflies (Syrphidae) were little changed when assessed some days 

after spraying. Some grasshoppers 2rthius spo were affected, and 

the water-flea 	!1nia was killed in a pond within the spray area. 

The success of spraying against Bunalus is checked in the first 

instance by counting the numbers of dead larvae dropping from the 

trees, and comparing these with the estimated numbers still surviving 

on the foliage. The usual technique is to lay out a series of 
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trays or basins under the trees in the area to be sprayed, to collect 

the larvae as they fall. When it is believed that deaths due to 

insecticide have ceased, the foliage above the collcct±ngtrays is 

intensively sprayed (by mistbiower, from theground) with a rapid 

knockdown insecticide to bring down any larvae still surviving at 

that time. Comparison of the two counts then enables an estimate 

to be made of the percentage kill achieved by the original spraying 

operation. A final indication of the success of spraying can only 

be obtained from the rupal counts in the winter following insecticide 

applications In control operations up to date, reductions in the 

pupal count have always been dramatic, but as pointed out by Bevan 

(197 L f) it must be borne in mind that such a reduction may be partly 

attributable to collapse of the 	us population from natural 

factors. In practice it is generally impossible to partition the 

decrease into natural' and insecticide-induced components. 
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2. REVIEW OF POPULATION DYNAMICS 

A great deal of work on the population dynamics of Bupalus has 

been done by continental research workers, particularly in Germany 

(where the species is a serious pest) and in the Netherlands (where 

it is not a pest). Because the behaviour of the populations is so 

different in these two countries, and because of the very different 

emphases of the research carried out there, the German and Dutch 

literature on Bupalus are reviewed separately. Finally a resume' is 

given of work previously done in Britain relevant to Bupalus's 

population dynamics. 	 •• 

U 
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2. Population Dnui1icc; in Germany 

Early studies 

The sequence of damaging outbreaks of 	in German forests 

throughout the nineteenth century brought it to the notice of early 

forest entomologists (such as Iatzeburg, Nitsche, Wolff, Eckstein) 

and a great many reports were published, though mostly of only a 

descriptive nature. By the early part of the twentieth century, a 

certain amount of planned research was also being done on the insect 

and the factors thought to determine its abundance. The results of 

the older reports and early research were presented in detail in the 

textbook of Escherich (1931). This lengthy account of the insect and 

its life history, feeding habits, epidemiology, natural enemies, 

forest importance and control measures, remained for a long time the 

standard reference to which all subsequent German studies looked back, 

so it may be useful to review it at some length. 

The concern of the early studies was with Bupalus as a pest of 

economic importance to forestry. For that reason the analysis of 

population dynamics was directed only at those Bupalus populations 

which gave rise to damaging outbreaks: no investigation was made of 

populations which remained sufficiently low and/or constant to cause 

no concern to foresters. Yet it was recognised that such populations 

did exist in many pine forests, and the attempt was made to identify 

the characteristics which distinguished these areas of latent 

populations ('Nichtschadgebiete') from the outbreak areas 

('Schadgebiete' or 'Hauptschadgeb±ete'). A prime determinant of 

susceptibility was believed to be climate. Escherich gave maps of 

sites of recorded looper infestations throughout Germany on which were 

superimposed isohyets for mean annual rainfall and isotherms for mean 

average annual temperature. He pointed out that Bupalus was only 

injurious in areas of low annual rainfall the great majority of 

outbreak sites falling in the range 500.-600 mm per year, with only 

a few others in the range 600-700  mm. Temperature conditions were 

evidently less clear-cut, but most outbreak sites had mean annual 

temperatures above 80C, and almost all above 70C. Even so not all 

pine forests within the given range of climatic conditions were 
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affected by Ljilus outbreaks. Particular types of site and 

particular ages of crop were especially susceptible. Poor, 

rapidlydraining soils, and trees of over 25 years old (le older 

than pole-stage) provided optimum conditions. The dryness or 

dampness of the soil was held to be of particular importance, 

and within a small area well-drained knolls were noticeably more 

heavily attacked by Bupalus than the damper hollows. 

These empirically -. discovered relationships of Bunalus 

infestation to environmental factors clearly called for 

explanations in terms of biological mechanisms. Some such 

explanations were given by Escherich, but mostly of a speculative 

nature. The inflt&nce of climate and weather was considered to be 

partly a direct effect on survival of 	us individuals (see 

Sect, 5.1) and partly mediated by conditions in the soil which 

affect BuDalus in the pupal stage. Age and 'open-ness' of the 

pine stand were believed to influence the degree of warming of the 

forest soil in spring, with more strongly-warmed soils giving 

rise to more rapid and successful development ofJ?alus pupae 

to the point of emergence. Damp poorly-drained soils were said 

to be unfavourable for survival of overwintering pupae. Escherich 

rejected the hypothesis that such environmental factors were mediated 

by nutritional status of the host tree. Instead, he stated 

"Bad nutrient status and Infestation are correlated only 
through their mutual relationship to poor soils". 

It was recognised by Escherich that the recurring outbreaks 

of the looper tended to follow a characteristic pattern. This 

pattern of progressive increase over a small number of years, 

followed by about two years of steep decline, he called a 

'gradation'. The successive phases of the gradation could be 

differentiated as follows:- 

Vorbereitungsjahr 	Preparation year 

Proth'omaljahr 	Pre-infestation year 

fruptionsjahr 	Outbreak year 

Krisis 	 Collapse of outbreak 



The whole course of a gradation was normally considered to 

last about 6 years, and each of the four stages could last either 

one or two years in any particular case. 

What determined the movement of population density in the 

course of a gradation? Eschcrich, although recognising that these 

gradations were a discrete phenomenon with a recognisable 

characteristic pattern, did not ascribe their causation to any single 

unitary mechanism. Rather, his explanation involved a complex of 

factors including weather, parasites, and pathogens, and other 

natural enemies. The effect of weather as interpreted by Escherich 

and other early writers particularly Eckstein (1923) is reviewed in 
Sect. 5.i. The role of parasites was considered to be an 

important one. Different species of Ichneumonid and Tachinid 

parasites predominated in different years and different places*.'. 

In two gradations studied the total pupal parasitism, amounted to 

63% and  7 respectively in the 'Krisis' or year of collapse of 

the outbreak. However, in view of the substantial proportion 

remaining unpa.rasitized it was considered that other explanations 

had to be found for the termination of outbreaks. Attacks of fungi 

and bacterial disease, particularly on the overwintering pupae, 

were cited as major contributors to the collapse. Insect predators,. 

birds and mammals were also recorded as taking a heavy toll in some 

instances, 

Schwerdtfeger and the theory of the 'normal Bestand'. 

The next major contribution to the German literature on palus 

came in a series of papers by Schwerdtfeger entitled 'Studies on the 

variation in abundance of some forest insects'. Schwerdtfeger 

(1935 ) compared the climatic requirements for outbreaking 

populations with those for Panolis flammea and Dendrolimus ZLni-
For all three, the most damage - susceptible areas were those with 

higher—than—average air temperatures in the period May to September, 

and with lowest annual rainfall. 	alus was less restricted by 

climate than Dendrolimus, particularly in the upper limit for 

rainfall in its outbreak areas. Schwerdtfeger (1935 ) followed 

fluctuations in population density of these three species and 
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Hcus Dinastri as revealed by pupal surveys in Prussia during 

1881-1930. He defined a 'development potential' for each species, 

which was the theoretical maximum increase of population density 

in a single generation. For 	alus the development potential was 

36, so that a total generation mortality of 97% would be required 
to stabilize population density. The long-term average or 'normal' 

density level of 	 2 aius was found to he O.025 per m , about twice 

the level of Panolis and Dendrolimus. Schwerdtfeger developed 

farther the theory of gradations with reference to the Concept of 

a 'normal 	or 'eiserne Bestand' in other words an endemic 

density level, characteristic for the species. The upper limit 

of the 'normal Bestand' for Buus was considered to be 0.1 per m 2  

Below this level the population density was considered to be in a 

stable equilibrium, but once the threshold density was exceeded 

further rapid increase could take place and a 'gradation' or 

outbreak ensued. Schwerdtfeger, like Eacherich (1931) previously, 
recognised four successive phases of the gradation. The period between 

gradations, when the population remained in the 	Bestand' was 

referred to as the 'latent period'. The latent period was 

typically shorter for Lu2ajus than for Panolis or Dendrolimus but 

the gradation itself lasted somewhat longer, so that peaks of 

gradations tended to recur at about 10.-year intervals for both 

and Panolis (though not in synchrony). 

The causative factors underlying the pattern of gradations 

were discussed by Schwerdtfeger (1941). He rejected the idea that 

single species of host-specific parasites were primarily responsible 

for population changes. Instead he emphasized that many of the 

parasites of Butalus (and the other species) had a variety of alter-

native hosts. So the whole 'biocoenosis' or community of the pine 

forest was involved in the determination of population changes. 

Schwerdtfeger examined the possibility that weather effects might 

have been responsible for the changes in population from year to 

year, but found the evidence was against this view. Likewise the 

attempt of earlier workers to relate the regularly-recurring 

outbreaks to the 11-year cycle of sunspot activity was dismissed. 

The theory of over-population was examined as an explanation for the 
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population fluctuations. According to this theory the periodic 

'crash' of the insect population following a period of steady 

build—up was the result of defoliation of the trees and destruction 

of the insect 's food resources. The operative factors then were 

reduced fertility, reduced resistance to disease, and death from 

starvation. Though such mechanisms might occasionally have come 

into play it was clear from the figures that population declines 

often occurred at levels far too low for defoliation of the trees 

to have been important. In summary, Schwerdtfegers  view was that 

the factors influencing the insect's population dynamics were so 

various and changeable that no single factor (such as would now be 

called a 'key factor') could be found to account for the changes. 

Instead he invented the concept of the 'gradocoene' ie the sum 

total of environmental factors affecting the numbers of the species, 

and supposed that the whole gradocoene was in a state of dynamic 

equilibrium. 

A useful critique of the three.papers just discussed was 

given by Varley (191+9). Varley illustrated the population changes 

ofpalus and the other species on a logarithmic scale (Fig. 2.i.1) 

and in so doing cast doubt on, Schwerdtfegêr's theory of the 'normal 

Bestand' alternating with periods of gradation. It became apparent 

that the population density of Bupalus in particular was in a 

continuous state of oscillation, and was no more 	 in the 

sense of constant, in its lower range than in the higher range where 

outbreaks were involved. Revie'ring the data in the light of the 

Nicholson—Bailey theory of parasite—host interaction, Varley concluded 

that there was at least partial agreement between the predictions of 

that theory and the observed patterns of population change of the 

pine—feeding Lepidoptera. Of the four species, Bupalus showed the 

most regular oscillations, and so the best agreement with the parasite—

host theory. Another, more analytical examination of the Schwerdtfeger 

data was made by Watt (1963).  He analysed the oscillations in 

Balus numbers in terms of a delayed density—dependent response, 

and this sort of analysis has been explored further in Section 4.v 

of this thesis. 

Schwerdtfeger (1953) studied populations of 	us (also 
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Panolis and 	oics) that remained within the so-called 'eiserne 

over a period of twelve years. The observations were 

carried out on pupae collected during winter surveys. The sex 

ratio of pupae was close to equality, but on two occasions the 

proportion of females was lower during a population decline. 

Parasitism was heavier among the male pupae 9  with Cratichneumon 
flLTitarius the principal parasite species. The weights of the 

pupae were found to be above the average in increasing and below 

it in decreasing populations (cf.this thesis Sect, 7.1±). Egg 

production however was fairly constant, with a mean of i'+o eggs per 
female. The proportion of pupae from which adult moths emerged 

varied from 66% to only 	in different seasons. The principa] 
cause of pupal mortality was fungal disease, The fluctuations in 

population density and sex ratio could not be correlated with 

weather, although warm damp conditions favoured larval feeding and 

hot dry conditions restricted it, thus affecting the weight of the 

pupae. Schwerdtfeger concluded that the population dynamics of 

Bpalus are probably influenced by the same factors in the period 

of 'eiserne Bestand' as during outbreaks - however, these 

factors could not wholly be elucidated by studies of the pupae alone. 

Biocoenotic studies of Schwenke 

Schwenke (1952) investigated the population dynamics of 
and of another looper species Serniothisa liturata in relation 

to the 'biocoenotic' classification of the pine forest, ie the 

ground flora and moisture conditions, as shown by the presence of 

certain indicator plants and the vigour of the trees. Five basic 

forest types were distinguished by the following indicator plant 

species:- 

Convallaria - cranberry type 

Moist strawberry - bilberry type 

Dry stawberry - bilberry type 

k. Moss - Bilberry type 

5. Moss - lichen type 

(The sequence I to 5 follows the order of increasing dryness). In 

each of two years Bpalus pupal numbers showed the same order of 
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abundance in the five biocoenotic categories, with the optimum 

being seen in the moist and dry strawberry-bilberry types. Pupae 

were more numerous and their distribution wa S more uniforni.jn the 

centre of the stand than at the edges: this was said to be due to 

the protection from the wind afforded to the ovipositing adults. 

The relation between density of pupae and age of the stand varied 

according to the biocoenotic type: optimal conditions were seen in 

progressively drier habitats with progressively younger age of the 

pine trees. 

Schwenke (1953)  examined the bionomics of Bucalus in some 

detail with reference to the moist and dry strawberry-bilberry 

types of habitat defined in his previous paper. The dLSY habitat 

contained a higher density of pupae than the moist (2.5 per m2  as 
against 1.55 per m2), also on average a heavier pupal weight. About 
10116 of pupae were parasitized and under 5% attacked by fungi. Female 
moths reared from the pupae laid eggs (mean 208 per female) in 

batches of I to 30 (mean 1  per batch). Most eggs were deposited on 

the first day of oviposition. The relationship of pupal weight to 

egg-production was examined. It was found to be identical in the 

two years studied, but it was suggested that the same relationship 

might not hold for outbreak populations. The detailed series of 

results in this paper on relationship of growth of the larval instars 

to temperature and humidity in controlled-environment rearings are 

reviewed in Section 5.i0 

Schwenke (1954) studied four different pine stands .near Berlin, 

selected as comparable in age and microclimate ab indicated by the 

b±ocoenotjc classification. Substantial decreases in 	us 

population (as shown by pupal surveys) occurred from 1952  to  1953 
in three sites, the fourth site producing zero counts in bath years. 

The scarcity of 	us at this fourth site was attributed to the 

less dense growth of trees in it, which afforded less shelter from 

the wind and so less favourable conditions for the ovipositing 

females. Percentage pupal parasitism averaged 123 for 1952 and 
1+0% for 1953 Commonest parasite species were Cratichneumon 

,niLritis, Barichneumon bilunulatus and Eucarcelia rutilla. In 
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1952, pupal predation and pupal mortality due to abiotic factors 
each accounted for 6% mortality on average. Mean number of eggs 

laid by females was estimated at only 50, compared with an 

estimated total fecundity of 131.  This failure of oviposition was 

attributed to the unfavourable effects of cool, damp and windy 

weather during the oviposition period. Mortality of 

adults prior to oviposition was estimated at 62% due to abiotic 
factors and 2% due to predation. Egg mortality was assessed at 

1%g Total larval mortality was 97.5%, of which 1+9% was attributed 
to abiotic factors (in particular, heavy rainfall during June and 

July), and the remainder to predators. Thus for this particular 

generation of decline within the limits of the teiserne Bestand', 

the main causes of mortality in order of importance were (a) abiotic 

factors (in particular weather), (b) predation and (c) parasitism. 

Patterns of fluctuation 

Ohnesorge (1961+) made an important contribution to the 

interpretation of pattern in the fluctuations of 2ypaluspopulation 

density. His analysis started from the premise that the operation. 

of different sorts of population—dynamical factors revealed 

themselves in particular characteristic patterns of the density—

fluctuations. Three sorts of factors were discussed:.. 

Immediate density dependent factors, whose chief effect 

was to decrease the 2m2litude of the population fluctuations 

by continually tending to return the density to a certain 

'equilibrium' value. 

Density - independent factors, the intensity of whose 

action was (by definition) a random influence from year to year. 

Their effect was seen in the absence of any regular pattern to 

the fluctuation, and in the tendency of population density to 

'drift' erratically in the course of time. 

3° Delayed density - dependent factors (this term itself was 

not used by Ohnesorge, but the meaning was clearly implied) 

such as some parasite—host interations, or periodic 



overpopulation leading to destruction of the food resource. These 

revealed their operation by inducing well—defined oscillations in 

ILEaLa density, with a characteristic periodicity (of about 7-10 
generations in the case of parasite—host oscillations). 

Using this theoretical framework, Ohnesorge compared 

population changes (as shown by pupal survey results) in three areas 

of Lower Saxony over a period of 26 years. In two areas he 

concluded that parasite—host oscillations had been at work, resulting 

in regularly—recurring peaks of BUJDa.lus density, while in the third 

such regularity could not be detected. In this third area 

immediate density - dependent factors were said to have predominated - 

the nature of these factors was believed to be biotic, perhaps 

intrapecific competition, or the 'switching' of polyphagous predators 

to attack a prey species when it is more than usually abundant. The 

role of weather in this case was interpreted as a random, disturbing 

influence (see Sect. 5.1 for the particular relationships described). 

Ohnesorge set these differences in the context of an east—west 

progression with at the eastern extremity the very wide—amplitude 

and apparently cyclic population fluctuation of the Letzlinger Heide 

(described by Schwerdtfeger, see above) and at the western end the 

rather constant, aperiodic population density of West Lower Saxony. 

The theoretical concepts used by Ohnesorge, and his use of them to 

explain geographical differences in fluctuation pattern, have a strong 

similarity to part of the general model of 2y2alus dynamics which 

will be developed in this thesis, and which will be discussed 

comprehensively in Sects. 9.1 and 9.1±. 

An example of a less theoretical and more concrete analysis• 

of fluctuation patterns is given by Ebert and Otto (1969)  for the 

area of the north—east German lowlands. In this area the outbreak—

sites were found to lie not in the low—rainfall areas as generally 

found (see above) but rather • in the highest—rainfall parts of the 

region, with annual totals up to 670 mm. The typo of site most 

affected was an intermediate one with regard to soil—moisture - 

very dry sites as well as waterlogged ones were not susceptible to 

looper outbreaks'. For three outbreak areas details were given 

of pupal counts in the course of a gradation between 1959 and 1965 - 
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the initiation of this gradation being attributed to the 

unusually warm and dry season of 1959 (which also precipitated 
outbreaks of Panolis fiammea and 1liprion 	1). The collapse 

of the gradation in 1961+/65 was explained partly by unfavourable 
weather during the moth flight period, and partly by high levels 

of parasitism (up to 601161) particularly by Anornalc)ri bittaturn 

and J$londelia jiniariae. 

Host tree condition 

In the last 25 years a number of papers have appeared 

indicating the importance of condition of the host tree for the 

determination of survival and reproduction of Bu alus.0ldiges 

(1959) compared experimentally the mortality of Balus larvae 

in pine stands in which the poor soil had been treated with nitrogen 

fertilizer with that of larvae in untreated stands. Mortality 

was considerably higher in the treated stands where the fertilizer 

had been applied as a nitrogen salt', and somewhat higher also 

in those in which the nitrogen was applied as ammonia gas. 

Mortality of Bupalus in a stand in which lime had been worked into 

the soil and ameliorative measures carried out 23 years before the 
tests was higher than in untreated stands, but there was no 

increase in stands given similar treatment only six years before the 

tests. Bau.le and Pricker (1970)  reviewed numerous exam-ples of 

similar findings on forest defoliator species including Bunalus: 

they concluded that treatment with nitrogen, better still with 

NPK and in particular with Calcium, was most effective in 

reducing infestation. 

Rudnew (1963/61+) in an extensive review drawing largely on 

Russian and Ukrainian sources discussed the importance of host-plant 

condition for the generation of outbreaks of forest insects. He 

showed that for so-called 'primary pests' such as BuDadus, as well 

as for 'secondary pests' such as bark-beetles, resistance of the 

host-plant could be modified by the action of various environmental 

factors. The nature of the resistance of trees to defoliating insects 

was shown to lie in the content of certain constituents of the 

needleresin particularly essential oils (terpenes), which cause a 
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toxic effect upon young stages of the larvae. Their content 

fluctuates in relation to the site conditions, the weather and the 

effect of forest management practices. Of the various env :i.ronmental 

factors, the one most distant from its optimum value is likely - 

to be critical for the degree of stressing of the tree and so 

of 'weakening' by reduction in the amount of the protective 

substances. Rudnew found that the most important factor in 

precipitating outbreaks of forest insects is often drought. 

Otto and Geyer (1970) examined Rucinew's hypothesis 

experimentally in relation to the resin and essential oils of 

Seats pine needles and larval feeding by Bunalus, Dendrolimus. 

and Hyloicus. They found that resin itself did not act as a 

toxin on young larvae; among the volatile needle contents, 

terpenes had a significant toxic effect and hexendl an even 

stronger one. The intensity of resin flow from feeding wounds in 

the needle surface, however, had a repellent action on the feeding 

larvae. Stronger resin exudation on nutrient—rich or fertilized 

sites could be demonstrated in young plantations but not in 

middle—aged stands. In any case, site differences might be 

masked by a large variability of the resin exudation values 

dependent on meteorological, diurnal, genetical or other factors. 

ivironmental factors influencing the water—relations of the 

tree also have effects on other components  of the needle sap, 

for instance free nitrogen content, and the concentration of 

dissolved sugars. Schwenke (1968) examined the effects of sugar 

content and found that increased sugar induced (a) an increase in 

the proportion of females reared, (b) an increase in the weight of 

pupae, and hence fecundity of the resulting moths and (c) a decrease 

in the mortality of larvae. In refractometer measurements of 

sugar content of the foliage of forest trees it was found that sugar 

content increases progressively during periods of drought, and is 

also higher in trees growing on drier sites or affected by 

mechanical damage. A survey of l3uiDalus pupae in pine stands of 

different biocoenotic types appeared to show differences in 
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pupal numbers, pupal weight and sex ratio which were consistent 

with varying levels of needle sugar concentration according to 

varying degrees of dryness of the underlying soil. Schwenko 's 

conclusion was that alterations in foliar sugar content are 

sufficient to explain the long-known association of outbreaks of 

pests such as 2yr.alus with periods of drought, and with forest 

stands located on particularly drought-susceptible site types 

Parasitism 

Gauss (1975) reported in detail the parasitism of Bus 
by 18 different species of parasites and hyperparasites as revealed 
by pupal surveys over 16 years in south-west Germany. The period 

in question (1958-73) represented an unusually long-lasting 
'latent period' for the looper, ie there were no outbreaks and the 

population remained at a low and fairly constant level. The 

recorded parasitism varied between 4.4% and 21.7%, with an 
average of ll.!-f%. By far the commonest parasite was Cratichneunion 

niaritarius Grav, followed by Dusona anFustata Thorns0 and then 

the Tachinids Eucarcelia rutilla Vill. and Blondelia piniariae 

Htg. Comparing different years, the total proportional 

parasitism was seen to be strongly inverse11 correlated with 

Bupalus density, but Gauss made no comment about the implications 

of this for the looper's population dynamics. He considered that 

the relatively low level of parasitism observed could not alone be 

responsible for maintaining such low population densities over 

so long a time. Instead he was inclined to attribute the 'latency' 

of Zmalus to climatic factors and to the changing tree-species 

composition of the south-west German forests (as discussed by 

Klimetzek (1972), see below). 

Haeselbarth (19'79) made an analysis of pupal parasitism in 
s, Panolis, and Boarmia bistortata as revealed by pupal 

surveys in pine forests of Bavaria. Cratichneumon ni2itarius 

was by far the commonest pupal parasite of 	(90% of all 

recorded parasitism). Distinctions were made between the 

behaviour of the 'idiophytic' and the 'koinophytic' species of 

parasites. Idiophytic parasites consume the host just as it is 
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when attacked, whereas koinophytic parasites develop gradually 

within the host while it is itself feeding and growing (as a 

larva). Generally it was found that Koinophytic parasites 

were host-specific and synchronized, but idiophytic parasites 

were not. 

For Bupalus it was found that the idiophytic parasite 

Cratichneumon predominated in periods of low host density. A 

review of literature, and to a limited extent the data of 

Haeselba.rth's own investigation, suggested that in periods of 

outbreak (gradations) the Koinophytic parasites increased to 

a predominating degree and were often responsible for the decline 

of outbreaks. The main species were Habronyx biguttatus and 

Hete:coelina  calcator. Koinophytic parasites were strongly 

responsive to host density because of their synchronization with 

and specificty to theilus host. The economically- 

unimportant Boarmia bistortata (the so-called 'bilberry looper') 

could act as a reservoir of parasites also attacking Bujus 

and Panolis: but these were of the idiophytic type only. 

Historical Reviews 

KLimetzek (1971) analysed the occurrence of 	us and four 
other pine feeding caterpillars in the Pheinpfalz during the period 

1810 to 1970. The method involved the use of an infestation-index 

for each year, derived from local forest records, which was 

calculated from:.. 

Observed exceptional abundance of any given species. 

Extent of the affected area. 

Severity of feeding damage. 

The sum of yearly indices for BuDalus showed that it occurred 

in equal abundance in each of two chosen study areas in the Pfalz, 

but was comparatively much less important in the Schwetzingen 

forest district to the east, which had It more continental climate. 

In fact, the annual rainfall in the Rheinpfalz study areas was 

distinctly higher than that normally associated with Bupalus 

outbreak sites, viz about 700-800 rrLn and 850-900* mm respectively. 



laimetzek explained this duscrepancy by the fact that thc. and-

stone-based soils of the Rheinpfalz are very permeable and so are 

prone to drying out even in conditions of quite high rainfall. 

Dividing the study period into three successive parts, it was 

shown that the middle period (1881-1930) contained by far the 
highest incidence of palus infestation. In spite of apparently 

favourable climatic conditions, the more recent years showed a 

marked decline in the frequency of outbreaks 

The reasons for this decline were examined in more detail 

in a. subsequent paper (flimetzek 1972). Changes in climate or 

weather influences were ruled out as an explanation, as no 

distinction could be made in weather patterns between outbreak 

years and non-outbreak years, or between 'preparation years' and 

other years. The abandonment of the management practice of 

tStreunutzungtie periodic removal of the forest litter, may have 

benefitted the nutritional status of forest trees and SC) reduced 

their suitability for the,deveiopment• of pest outbreaks - however, 

this particular mechanism could not be definitely associated with 

the decline in prevalence of Bupalus. Insecticidal control had 

been employed in the Pfalz only four times on forests - twice 

(1926, 191i-  1) against Bpalus. Moreover, the areas involved were 
so small that a major long-term effect on the insect's population 

dynamics was out of the question. The tree-species composition 

of the forests in the Rheinpfalz had changed significantly in the 

period of the study. In recent years underplanting of the pine stands 

with hardwoods, particularly beech, had been prevalent, also the 

planting of mixed stands of pine and hardwoods. ICLimetzek concluded 

that this was the prime cause of the decline of LuZalus and the 

other pine species, just as it had led to an increase in the 

deciduous-tree-feeding Dasychira pudibunda. 

laimetzek (1979)  gave a very detailed analysis along similar 

lines of BUalus and the other pest species in the three districts 

of North Bavaria during .1800-1970. Yearly infestation-indices were 

again calculated for each forest as described above. The totals 

of infestation-indices for each district show, for 	as well 

as for Panolis flammea (see Sect. 7.vii) a sequence of gradations 
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recurring periodically throughout this time, but of vary variable 

duration and intensity from one occurrence to the next (Fig 2.i.2). 

Mitteifranken showed this pattern most clearly of the three districts,. 

but Oberfra-liken and Oberpfalz showed similar gradation-sequences,, 

with generally a significant degree of synchrony between districts 

in the timing of outbxeaks. The sequence illustrated, for 

Mitteifranken, can be provisionally assigned to 22 successive 

gradations, with a mean interval between peaks of 7.2 1 0.75 years. 
Statistical tests of the sequences of infestation-indices showed that 

the observed pattern of infestation was not random. 

Klimetzek analysed the incidence of pest outbreaks in relation 

to the following characteristics of the forests concerned: altitude, 

geology, climate, and total area under pine. Unfortunately he 

did .not make distinctions between the different species in this 

analysis, but most of the conclusions should apply to Bupalus, as it 

was the most abundant species of the five. The lower part of the 

altitude range (Ic below 500 m) of the Bavarian forests was 

disproportionally favoured by the insect pests, and dry, warm areas 

had by fax the heaviest incidence of outbreaks. The few outbreaks 

occurring at higher altitudes were normally on the low precipitation 

side of mountain ranges. Underlying geology also correlated well 

with infestation - the geological formations most heavily favoured 

were the North Bavarian Sandstone (Triassic) and the Lias (so-called 

'black Jurassic'). These were characterised by soils deficient in 

nutritional components and water-holding capacity. The small 

proportion of forests located on peat soils was also 

disproportionally affected by insect outbreaks. Not surprisingly, 

comparison between different forest districts showed that those with 

the largest total area of pine also had the highest incidence of 

outbreaks. 

A comparison of the historical pattern for Bavaria with that 

previously established for the Bheinpfalz showed that the two had 

been similar up to about 1930, after which outbreaks of Buralus in 
the Pfalz became relatively much rarer. A continuation of the study 

is planned to consider the question of causes of outbreaks and their 

various developmental patterns in recent times (Klimetzek in prep.). 
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2.11 Population Dynamics in the Netherlands 

Is  long-term  -r)opul.-,i,tj.on stud.Z 

In contrast to the 	alus populations in Germany, those 

in the Netherlands have never been known to reach high enough 

densities to cause economic damage to trees, and so population 

studies there have been carried out more for their theoretical 

ecological interest than for practical reasons. These population 

studies have almost all been connected with a detailed long-term 

investigation carried out by Professor H laomp in a pinewood of the 

Dc Hoge Veluwe National Park near krnhem. This work consisted of 

measuring the density of Bupalus at different stages of the life-

cycle, over many successive generations, and trying to identify 

the different mortality factors responsible for changes in density. 

In addition to this main work, more specialised investigations have 

been made on parasitism, on predation and on a 'mutual interference' 

effect by which larval growth may be inhibited (see below). 

The main findings of the population study at Dc Hoge Veluwe are 

contained in the detailed report of Kiomp (1966). This used a life-

table covering 15 generations as the basis on which to analyse the 

causes of density fluctuations and the nature of population 

regulation. Nine successive 'fixes' were taken on population 

density during a generation: eggs, larvae at four different ages, 

'nymphs' (Kiomp's term for larvae descending from the tree crowns 

to pupate), pupae before and after the winter, and emerging adult 

moths. Differences between successive density estimates (expressed 

on a logarithmic scale) were presented in the form of k-values as 

defined by Varley and Gradwell (1960). With the inclusion of pupal 

parasitism and variations in sex ratio and mean fecundity (determined 

from a relationship with diameter of the female pupae), a total of 

12 k-values per generation were calculated. The largest and most 

variable k-values were found to be those affecting the larval stages, 

and Kiomp concluded that the fluctuations of the population density 

were primarily controlled by larval mortality changes, though with 

occasional secondary effects of egg and pupal mortality superimposed 

upon them. In order to test further the contribution of the 

different age-interval mortalities to density-fluctuations, a 
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key-factor analysis was carried out using the method first proposed. 

by Morris (1959).  This method has since been largely discredited by 

criticisms such as that of Luck (1971). In the present cases  though, 

the same conclusions are reached using the more satisfactory key-

factor analysis of Varley and Gradweli. This confirmed that larval 

mortality was the key-factor, and within that complex the so-called 

"juvenile mortality" (that occurring between hatching and the third-

instar larval stage) was predominant. It was suggested that 

variations in juvenile mortality might be largely attributable to 

the effects of weather, but it is noteworthy that neither here nor 

in an earlier detailed discussion of weather (IGomp 1962) was any 

attempt made to substantiate this by direct comparison with weather 

data. 

The question of regulation of the density of the Lulmlus 
population by density-dependent processes was also examined by 

Iaomp. He found a density-dependent effect on fecundity of 

female moths: larvae growing at higher population densities gave 

rise to smaller pupae, which produced smaller and less fecund moths. 

By arithmetical reasoning it was deduced that densitydependent 

fecundity is of only minor importance in population regulation. 

(Nevertheless the mechanism of this growth reduction effect and its 

possible significance for the population dynamics was the subject 

of much detailed subsequent research by Klomp and colleagues see 

below). Density-dependent mortality of advanced larvae was also 

detected in the life-table analysis - this density-dependence being 

thought to result from the functional response of birds, particularly 

tit species. However, arithmetical reasoning showed that this 

effect, even in conjunction with density-dependent effects on 

fecundity, was insufficient to account for the degree of regulation 

observed in the population. It was postulated that delayed density-

dependent regulation was also involved. Observed parasitism did not 

account for this. A delayed density-dependent effect on viability 

of eggs and small larvae was thought to be important, though as 

explained below this hypothesis had eventually to be rejected 

(Gruys 1971). 

Further comments on this population study after another two years 
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were given by Kiomp (1963). The main development during that 

time was that the Bualuj; population had fallen to its lowest-yet 

density level following two generations of very high parasitism 

(6%, 75%) by the Ichneumonid Poecilontictus cothurnatus. This was 

shown to be a delayed density-dependent response by the parasite to 

a period of three successive years when host density was unusually 

high. Two species of Tachinid parasites, though present in 

significant numbers, had failed to show any such response to host 

density, This paper also discussed the implications of the 

co-existence on a single species of host tree (Scots pine) of 

larvae of 10 other Lepidoptera species besides Bupalus 

apparently a case of overlapping ecological niches. It was 

suggested the species could only co-exist because food was not 

limiting, and the density of each was governed by a different 

ecological factor. Each species seemed to have a 'specific 

density level' which was relatively constant through time and 

space; for example, mean density of Bupalus was of the order of 

ten times that of Panolis flamniea in several different parts of 

Europe. This phenomenon of specific density levels supported the 

idea that population densities were regulated by density-dependent 

factors. 

Q.ornp (1973)  in the context of a general discussion of 

population dynamics and integrated control, displayed some of the 

results of a further five years of the study. Percentage parasitism 

by Poecilostictus had remained at similar high levels for a total of 

four successive years, driving the Bugalus population to a minimum 

density about one-hundredth of the previously-experienced minimum. 

Thereafter a decline of the parasite (doubtless due to a scarcity of 

hosts) had allowed the Eupalus population to climb back in three 

generations to its previous density range. Considering the full 

22 years of the population study, it was seen that the 'key factor' 

in years 1-14 had been mortality of small larvae, but in years 

1-22 the key factor had been pupal mortality due to parasitism. 

Alternatively, the mortality due to Poodilostictus could be 

thought of as the 'large-scale' key factor, setting the general 

level of mortality upon which variations were superimposed by the 

fluctuating mortality of small larvae; 



Parasitism 

In the early years of Klomp's population study quite high 

mortalities had been inflicted by the Tachinid parasite 

arcelia rutll:La. For this reason the species was subjected to 

intensive investigations of its biology and host-relations. 

Iclomp (1956) gave a comprehensive description of its morphology 

and life-history. Klornp (1958) showed that Dicarcelia is fully 

synchronized with Bupalusj  both having one generation per year. 

It is also capable of synchronizing with the bi-voltine 

development of an alternative host, Thera obeliscata. It is 

likely that the development of the parasite is activated by a 

definite stage in the metamorphosis of the host. This demonstration 

of close synchronization gave support to the Nicholsonian theory 

of parasite.-host interaction. Nevertheless the numerical changes 

in Eucarcelia did not follow the predicted Nicholsonian pattern of 

response: JGomp (1959) suggested that part of the deviations from 

expectation might be due to a shortage of sunshine during the period 

of activity of the fly. Schoonhoven (1963)  made a physiological 

study of the parasite-host synchronization, showing that diapause 

in Eucarcelia, as in Bjjalus was terminated by a period of chilling, 

and thereafter parasite development was stimulated by hormonal 

secretions (probably prothoracic gland hormone) associated with 

adult development of the host. Herrebout (1966, 1969) studied egg 

deposition on the integument of the host, and problems of host 

selection by Eucarcelia, resepctively. The fate of Eucarcelia 

larvae within the BuZalus host, particularly the risk of death 

by encapsulation, was examined  by }Clomp and Teerink, (1978). The 

above studies together give quite a complete picture of the 

biological basis of this parasite's interaction with Bupalus: 

however, as the mortality it caused was for most of the study 

period both rather low and invariable, Q.ornp (1968) concluded that 

its significance for the overall population dynamics was probably 

slight. The same was true of another Tachinid species Blondelia 

ZlEiarine- 

The Chalcid egg-parasite Trichogn2amma embryopha 

frequently destroyed a substantial proportion ofDalus eggs  in 

the Iomp population, study. Kiomp (1953)  pointed out that 
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Tric1a2mma produces 5 or 6 generations in Netherlands pinewoods 

in the course of a year. Each generation attacks a different 

group of host species, although eggs of Bualus, which are present 

over quite a long period, may be attacked by two or even three 

successive generations of the egg—parasite The reproductive 

capacity is considerable, as the parasite deposits on average 

67 eggs in each egg of Bupalus (Iclomp and Téeriak 1962). These 

facts in conjunction suggest a possible density-dependent mode 

of action of Trichogramma high egg—populations of Bgpalus 

producing relatively high numbers of the parasite, which then go on to 

infest later—laid palus eggs of the same generation. However, 

icLomp's (1966) analysis showed that egg parasitism by Trichogramma 

was only very weakly, and not significantly, density—dependent. 

The other principal parasite at De Hoge Veluwe, as already 

described, was Poecilostictus cothurnatus, an Ichneumonid which 

oviposits into fourth—or fifth—instar larvae, but only develops 

in the pupae of jy2alus. IcLomp and Teerink (1978) analyse the 
factors affecting probability of encapsulation of the parasite by 

the host's defense reaction. When a larva is attacked in the fourth—

instar but subsequently does not pupate until the end of a sixth 

instar, Poecilostictus larva are successfully encapsulated: if 

pupation takes place after only five instars the parasite larva is 

likely to survive. This indicates an interaction between the 

dynamics of this important parasite species and the variation 

between a five—instar and a six—instar larval development seen 

in field populations of Bupalus. 

Predation 

The results of a major investigation of the, predation of 

insects by birds (tit species) in pinewoods were presented by 

Tinbergen (1960). Continuous assessments were made of the 

abundance of various prey species in the habitat, and at the same 

time records were kept of the prey items brought .by adult tits 

to their nestling young in observation—neatboxes. The prey most 

usually involved were Lepidoptera and Hymenoptera larvae 

(especially Panolis flommea and the sawflies Acantholyda and 

rion spp.) but also included numbers of adult Bpalus 
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predated on the ground just after cmorf'cnce. A 'rink index' was 

calculated for each prey species, which measured the proportion of 

that species in the observed food-items as compared to its general 

abundance in the habitat. Risk index was- shown to increase strongly 

with size of the prey, but to be much decreased for large, 

conspicuous prey which are unpalatable (Dprion larvae). Risk 

index is low when a prey species first becomes available, then 

increases suddenly as .a result of a learning process, in which 

(it was postulated) searching birds develop a 'specific searching 

image' for the prey. There is a curvilinear relationship between 

abundance of a prey species and its frequency in the food. It 

may be that at low density a 'specific searching image' is not 

formed and the prey is effectively ignored by the birds. With 

increasing density a specific searching image is formed, and risk 

index increases strongly -. in this range of prey densities the 

effect of predation is density-dependent. At still higher densities 

the risk index shows a decrease again, apparently because the birds 

tend to vary their diet and avoid taking more than a certain fixed 

percentage of a given species in the food. In this range of prey 

densities the effect of predation is inversely density-dependent. 

Tinbergen and Kiomp (1960) applied the empirical findings 

of the above study to the theoretical situation described by 

the Nicholson-Bailey model of host-parasite interaction. They 

addressed themselves to the question why, in the natural situation, 

do we not see the ever-increasing oscillations of host and parasite 

numbers predicted by the model? Various additional factors were 

introduced to the model in an attempt to explain the 'damping' 

of the oscillations necessary for long-term stability. Randomly 

varying weather factors had no damping effect. Powerful density-

dependence affecting reproductive power of the host could damp the 

oscillations, but was thought unlikely to operate in nature. Limited 

fecundity of the parasite, and/or the effect of a 'handling time' 

for ea:ch act of oviposition, serve to accentuate the phenomenon of 

increasing oscillations. Bird predation, it was argued, could 

damp the oscillations due to the density-dependent action of 

predation at low-to--moderate prey densities: this was predicted 

if predation destroyed 25% or more,  of the prey in this density 
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range. However, a system regulated in this way could be disturbed to 

the point of the occurrence of an outbreak of the insect srec±es, 

given the sudden onset of favourable weather cqnditions which 

allowed the insect density to increase to at least four times its 

equilibrium value. This would shift the insect (prey) density into 

the upper range where bird-predation was inversely density-

dependent, and so allow it to 'escape' to outbreak levels. Applying 

such a model to, for instance, the population of 	in 

Netherlands pinewoods, it would appear that the weather (or perhaps 

other such extrinsic inimical, factors) never became sufficiently 

favourable for outbreaks to develop, and the insect population 

remained permanently under the combined control of delayed density-

dependent parasitism and (immediate) density-dependent bird 

predation. 

A field study of predation by Great Tits on adult 	alus 

at rest on the forest floor (in the period after emergence from 

pupae, during the early morning) was reported by Mook et al (1963). 
Their findings supported Tinbergen's original idea, that predation 

is influenced by a 'specific searching image' formed by the birds as 

a result of their initial encounters with a given prey species. 

Den Boer (1971)  studied predation on Bupalus larvae, by crab 

spiders Xysticus and Philodromus, by great tits and by wasps 

(Vespidae). His results did not indicate how major were the 

mortality factors attributable to these in nature, but he 

suggested that crab spiders might be responsible for a large part 

of the unexplained disappearance of juvenile larvae reported in 

KLomp's (1966, 1968) field study. 

Density-dependent reduction of larval growth 

The effect of larval density on larval growth and: subsequent 

adult fecundity has already been referred to: it was first 

described by 1omp (1958),  though the exact mechanism of the growth 

reduction effect was then unknown. lUomp and Gruys (1965)  reported 

a laboratory experiment in which the effect of larval crowding on 

viability of next generation's progeny was studied by breeding eggs 

and young larvae of singly - and gregariously - reared parents. 

Under certain conditions of stress, egg hatch and/or larval survival 



was significantly poorer' for progeny of gregariously-reared 

parents. However, attempts to confirm this result both by 

repeats of the laboratory experiment and by trials in the open 

pinewood were unsuccci £tLl, and so Gruys 	970,  1971) had to with- 

draw this effect as a likely explanation for density-dependent 

regulation. 

Gruys (1970) set out the results of a most detailed 

investigation into the effect of larval population density and 

other factors on larval growth. This considered both the 

mechanism of the density-dependent growth-reduction effect, and the 

probable reasons (in terms of adaptive significance) for its 

existence. A complicated relationship was found between number of 

larval instars and temperature, photoperiod, and the sex of 

individual larvae. Pupal weight was positively correlated with 

number of larval instars. The effect of larval density on pupal 

weight also operated through a reduced number of instars in 

aggregated larvae. The effect of aggregation on growth orerated 

in all larval instars subsequent to the first. The mechanism 

of the density effect involved direct bodily contacts between the 

larvae, during which regurgitated fluid gut contents were 

transferred. The number of encounters required for growth 

reduction to result was rather low, and this was in accordance 

with the findings of field studies where the major reduction in 

larval growth was observed at even quite moderate population 

densities. 

It was postulated by Gruys that high larval density, by 

inducing smaller body-size (and so reduced wing-loading) of the 

resulting adult moths, might increase the tendency of female moths 

to disperse. This increased dispersal away from highly-populated areas 

would be selectively advantageous as it might enhance the chances 

of survival of the offspring. Having rejected the earlier 

hypothesis that the growth-reduction effect is a mechanism for 

self-regulation of population density, Gruys tentatively concluded 

that:- 

"the density effect is an adaptation that avoids mortality 
due to density-related processes by exploiting the heterogeneity of 
density occurring over extensive areas". 



This hypothesis was in turn taken up by Botterweg (1978) as 

a starting point for his investigation of the dispersal behaviour 

of adult 	als. He found (a) that individual female moths 

typically flew only short distances before depositing the bulk of 

their egg complement and (b) in release-recapture experiments in 

the forest, differences in flight ranges between moths were not 

related to pupal weight. Consequently the dispersal hypothesis as 

formulated by Gruys (1970) was rejected, and the lanval density/ 

adult size relationship was concluded to have little relevance to 

the regulation of population density even within a small localized 

area. 

To sum up, the investigation of the density-dependent growth-

reduction effect as a factor of population dynamics seems to have 

been something of a blind alley. lonip 1973 (p 71), generalizing 

about Lu2alus population dynamics in the Netherlands, saw no need 

to take account of it. 
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2.iiiPopulntionirc,u in J3ritnin 

Work carried out on Bur,alus population dynamics in this 

country has not included a detailed long-term population study such 

as carried out in the Netherlands by Kiomp. Instead it has 

consisted of various shorter-term investigations of particular 

aspects: these are reviewed below under the appropriate headings. 

The 1ll.veden study plot, 1956 

In the early years of British experience of Bualus as a. 

pest, it was thought that the pine plantations of Thetford Chase 

might provide suitable conditions for outbreaks to develop, as 

they appeared to resemble the continental outbreak areas with 

their low rainfall and well-drained soils. A study plot for 

population studies was therefore set up there at Elveden (in a 

compartment of 31-year-old Gorsican pine). Attempts were made 

to produce estimates of density for successive stages in the 

life-cycle, with the object of providing a life-table analysis of 

survival (Bevan, Davies and Brown 1957). 

Pupal counts were made in spring 1956  in 50 standard 

survey quadrats. Adults emerging from pupae in the soil 

were caught in 50 traps of equal area to the quadrats. Eggs 

were counted on sample branches taken fi'om all parts of the 

crown of trees randomly chosen: a tally was kept at the same 

time of the number of current shoots on the foliage samples. 

Number of current shoots per tree was demonstrated to be a function 

of the tree girth, and via this relationship the number of eggs 

per shoot could be translated into number of eggs per tree, and 

so to number per unit area of ground. Larval numbers were 

counted on sample branches removed from the crown in cloth bags: 

these were converted to number per unit area by the same method. 

An end-of-generation estimate of pupal numbers was made again in 

winter 1956/57. 
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The density estimates and corresponding figures for mortality 

at successive stages were as follows:- 

Pupae, spring 1956 

Adults emerging June/July 

Potential egg production 

Actual eggs counted in August 

Larvae, September 

Donsi t'L—InMortaljb 
12.2 

.10' 

8. 
414 

11-5.4 

21.5 

Larvae cropping for pupation 	20.3 	 5%/ 
8 Pupae, spring 1957 	 3.0 

The largest mortalities are seen in the adult-to-egg 

transition and again in the prepupae-to-pupae (overwintering) 

period. The nature of neither of these mortalities was known for 

certain, but egg counts over a period of weeks showed that there 

was a significant loss of eggs from foliage in the first two weeks 

of August. At least part of the later losses was attributable to 

the parasite Dusona oxyacanthao, which was bred from larvae 

collected. A substantial loss was also seen between the egg and larval 

stages, attributed to mortality of first and second instar larvae. 

A crude life-table of the kind given above can begin to 

indicate where in the life-cycle of Ba1us the major mortality 

factors take their effect. If several tables can be compared, 

for different sites and/or different years, it should be possible to 

identify at which stages the 'key factors' (determining population 

change) and the regulatory factors (maintaining long-term 

equilibrium in density) operate. The work at Elveden did not yield 

such a comparison, because although similar techniques were 

employed in years subsequent to 1956, a progressive steep decline 

in LIpalus numbers made it very difficult to obtain adequate data 

for density estimates. Eventually the Elveden plot was abandoned 

(Bevan 1962) and similar studies were commenced in a plot at Cannock. 

The results from the Cannock study plot are unpublished, but some of 

them which have been kindly made available to inc are discussed in 

detail in Sect. 7.v of this thesis. 
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Relationship of fecundity to pupal weidit 

The fecundity (mean number of egg laid) of female moths 

in field populations of Bualu.s is very variable from year to 

year and from one population to another. For the understanding 

of population dynamics it is important to have a reliable measure 

of fecundity for the populations studied. An early method employed 

by continental workers was to rear adults from field-c011ected 

pupae, cage them on foliage and observe the resulting egg-production. 

This method was laborious and subject to error from sampling bias 

and variations in.rearing conditions. A simpler and more reliable 

method was to work from some previously-established relationship 

between fecundity of female moths and the weights of the pupae from 

which they originated. Simply: weighing an adequate sample of 

pupae from a population then gave a basis for estimating the mean 

fecundity. The first investigation of this relationship in a 

British population was made by Bevan and Paramonov (1957). 	- 

Pupae were collected from Glipstone Forest (= Sherwood IV of 'the 

pupal survey) in the winter of 1954-55.  A total of 88 females ranging 

in weight from 0.07 to 0.16 gins were used in cage experiments to assess 

fecundity. This was measured in three ways:- 

1. Experimental fecundity. Number of eggs actually laid. 

Probable fecundity. 	cperimental fecundity plus number 

of matureeggs in ovaries at death. 

Possible fecundity. Probable fecundity plus number of 

immature eggs in ovaries at death. 

Of these, the quantity most likely to correspond to the number of 

eggs laid in the field was believedby Bevan and. Paramonov to be 

'probable fecundity'. 

The equation relating probable fecundity (N pr to pupal weight 

in tenths of a grain (w) was given as 

N pr 
=1k6w-63 

so that, for example, the expected fecundities for the two 

extreme pupal weights quoted were 39 and 171 respectively. 
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An alternative, curvilinear expression of the relationship 

was given by the equation - 

Npr  95•3 Ii 

but. is was considered that the straight-line relationship was 

preferable for the estimation of fecundity in practice. Figures 

for 'experimental fecundity' and 'possible fecundity' were 

respectively 16 less and 12 more than the probable fecundity at 
any given weight. 

The above results were found to be comparable with those 

of earlier, continental workers, although relating to a somewhat 

lower range . of weights than had ever been investigated by those 

workers. 

In subsequent years' pupal surveys it was found that weights 

of pupae collected were frequently greater than the range studied in 

the 1955 experiment, and so Bevan and Pararnonov (1962) carried out 
an extension experiment, using laboratory-bred. females, to include 

pupae of weights ranging up to 0.26 grams. The equation obtained 
by pooling the results of both experiments was 

Npr = 133W - 42.34 

This accounted for 63% of variance in probable fecundity 
Cr = 0.795), and gave a significantly better fit than the 
curvilinear relationship. 

The results of these experiments, in conjunction with pupal 

weights recorded for the routine pupal survey and for particular 

population studies, give a valuable  insight into the degree of 

variability of mean fecundity to be expected in British populations 

of Buialus. Further references to this relationship will be made in 

Sects. 7-ii,  7-iv, 7.v, 7-vi,  8.ii and Chapter 9 of this thesis.. 

Pr-r •i-•; nm 

The routine rearing of material from the annual pupal survey 

soon revealed the normal range of pupal parasite species associated 

withjalus in this country. Crooke and Bevan (1957)  identified 
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the three commonest species found as Cratichneumon viator 

Scop. (= C. nigritarius Gray.), Heteropelma calcator Wesm. and 

Dusona oxyacanthae Bole (= Canoplcx oxyacanthae), and reported 

that preliminary studies were then being made on their biology. 

Of those three species a substantial amount of work has since 

been reported on Cratichneumon, a very small amount on Dusona 

and apparently none at all on Heteropelma. 

Cratichneumon viator is generally the commonest parasite 

found infesting Bupalus pupae in the winter survey. It is not 

host-specific but attacks a variety of other ground-pupating 

Lepidoptera. The parasite oviposits directly into pupae in the 

litter, the attack takes place in the late autumn/early winter 

period, and Bupalus infested with Cratichneumon are already 

distinguishable at the time of collection (January-March) by their 

brown colour and lack of mobility (Bevan and Brown 1978). 
Observations on the percentage parasitism by this species were 

made by Bevan (1955) for the Cannock population of 1954 and 
Bevan (1964) for the Cannock population of 1963. In both cases 

it was found that percentage parasitism was significantly lower 

in the areas of high Buralus infestation than it was in areas of 

lower host density. This inverse density-dependent pattern of 

parasitism was discussed in a general context by Hassell (1966) 
who coined the term 'sub-proportional response.' to describe it. 

A similar pattern was seen in the Tentsmuir outbreak of 1977, 
where Cratichneumon was again the predominant species of pupal 

parasite (own observations). 

A feature of particular interest in the biology of 

Cratichneumon is that it has more than one generation per 

year, and can complete two successive generations on a single 

generation of its host Bupalus. Crooke, Bevan and Davies (1961) 
reported the results of an experiment at Rendlesham in 1959  to check 

on this. Emergence traps (consisting of inverted bowls) were 

set out on the forest floor from spring to late autumn, and these 

were moved every second day to minimise the 'exclusion' effect 
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on parasites searching for fresh hosts in the litter. Three 

successive emergence periods of Cratichneurion were recorded 

I. first part of May. 

first part of July. 

beginning of September. 

During the Season, fortnightly observations on Cratichncumon male 

flight activity supported these emergence data. Laboratory—bred 

pupae were experimentally laid down in the litter at fortnightly 

intervals between 2 September and the end of October, and at each trial 

some parasitism by Cratichneumon was recorded. The conclusion was 

that probably three successive generations were involved, the second 

developing in May/June on the later—hatching pupae of Bupalus 

(earlier—hatching pupae would be developmentally too far advanced 

for successful oviposition by the parasite). The third generation 

of Cratichneumon, developing in July/August, would require the, 

presence of an alternative host species such as Panolis flamrnea 

L&S, to carry it through until Luas pupae were again available in 

late autumn. This phenomenon was investigated subsequently by Davies 

(1962) in a high—density population at Cannock. in 1960. Again a 

series of emergence traps was set out from May to November, 

inspected daily and moved every two days. In an area where pupal 

density was estimated at 52.5 per rn2, the total emergence of adult 

was only 11.8 per m2. The discrepancy was attributed to 

parasitism by Cratichneurnon - although this had only amounted to 

19.4% of pupae in the overwintering period a total of 47.9 adult 
parasites per m   were eventually caught in emergence traps. It was 

apparent that female Cratichneu.rnon, which had appeared in late 

May/early June, had succeeded in infesting a high proportion of the 

2yLalus pupae then still in the litter. Subsequent emergences of 

Cratichneumon adults followed a fairly erratic pattern, so that it 

was difficult to decide whether a discrete third generation occurred 

in the autumn months, or whether there was simply a protracted, 

irregular emergence of adults from the second generation. Laboratory 

findings on length of adult life (see below) make it seem improbable 

that female Cratichneunion which emerged in late July could have 
survived long enough to attack the next generation of Bupalus 

pupae which did not appear until October. It is more likely that 

alternative host species were used at this stage. This may have 
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constituted a 'bottleneck' in the multiplication of the 

Cratichneumon pouiation and could explain why in spite of 

earlier massive numbers of the parasite, only 10% of the following 

winter's Bupalus pupae were parasitized. 

Laboratory studios on the behaviour and development of 

Cratichneumon were reported by.Crooke, Bevan and Davies (1961). 
Female parasites survived no more than a week at low humidities, 

but at 85-95% RH adult life was lengthened to a maximum 6-8 weeks. 
Oviposition was observed, and took place very readily oven into 

already—parasitized pupae. Total 'handling time' for the act of 

oviposition was around 2 minutes. The total development time of 

Cratichneumon within a pupa was 37 days. 

Bevan, Davies and Brown (1957) described larva], collections 
at laveden in 1956  which were examined with reference to 

infestation by Dusona oxyacanthae. Of larvae bred to maturity, 

12116 were infested by this parasite. Observations on these larvae 

indicated that parasitism appeared to have an influence on the 

rate of development of the host larval instars. High proportional 

parasitism by Dusona was subsequently reported. at Sherwood IV in 

1959 (Bevan and Brown 1961) and at Wykeharn in 1970 (Bevan 1974). For 

a more detailed discussion of parasitism by this species, see Sect. 

One other parasite whose activity has been investigated in 

Britain is the Chalcid egg parasite Tricamma sp. Bevan, Davies 

and Brown (1957) observed its incidence in Bupalus egg populations 
at ]veden in 1956.  The developmental time in the field was 

approximately 10 days. This short developmental time means that 

repeated attacks on the same generation of Bupalus eggs may be 

made by two, perhaps even three successive generations. It was 

found that percentage parasitism increased significantly through 

time and with increasing numbers of BulDalus eggs. 

Brd redation 

Following the work of Tinbergen in the Netherlands (Sect. 2.ii) 

and the finding of Gibb and Betts (1963) that tits Parus spp. 

A 
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could predate significant numbers of Bupalus adults in British 

pine plantations, interest was aroused in the potential of bird 

predation as a factor in the natural regulation of Bupalu 

populations. A long-term investigation b'ased at Culbin. Forest 

was carried out in the sixties by Dr M Crooke and associates of 

Aberdeen University Department of Forestry. 

Crooke (1966) described the organization and aims of the 

project and the results after three seasons' field work. The 

object was to make concurrent assessments of the population sizes 

of Bu5alus and of coal and crested tits over a period of years: to 

manipulate the size of the tit population by provision of next-boxes: 

and to observe the effect of increased density of tits on population 

density of Bupalus. Two study plots, each about 80 ha were chosen 

in the middle of Culbin Forest, close together and well matched for 

site type and for tree size and species. One of these plots 

(plot 1) was selected for the provision of nest-boxes, of which 100 

were provided in the first season, 200 in the second and a total of 

300 in the third season. E-stimates Were made of the Bu2alws population 

by the standard technique of the winter pupal survey, and of coal 

tit breeding numbers by recording the position of singing males and 

attempting from this to plot all breeding territories on a map. 

Crested tits could not be assessed that way, because of. the absence 

of true song, but it was concluded that they were very rare in 

relation to the coal tits and they were essentially ignored in the 

later work. The idea of assessing coal tit numbers by counting 

only the nests in bird-boxes also had to be abandoned when it was 

found that the greater proportion of nests continued to be built in 

natural sites. In the early years of the study it was found that 

Apalus numbers were always closely comparable in the two plots, and 

so far as could be determined coal tit densities were also very 

similar. It was concluded that provision of nest-boxes had no 

significant effect on the size of the coal tit population. 

Crooke (1968) reported a new approach to the manipulation of 

coal tit populations. During the winter of 1967-68 tits in plot 
I were provided with food on a series of bird-tables. Numbers of 

coal tits overwintering were significantly higher in the plot with 
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bird-tables. Crooke (1969) reported that the survey of breeding 

coal tits in 1968 showed that numbers were approximately twice as 
high in plot 1 as in plot 2. This result was ascribed to the effect 

of providing food for the birds, in plot 1 only, during the 

preceding winter. The numbers of Bujçlus pupae in spring 1968 were 
again not significantly different in the two plots: however, an 

effect of increased tit predation was not yet to be expected, as 

the increased tit numbers only came about after the Bpalus larvae 

had gone to the ground for pupation. 

The experiment at this stage suffered a set-back in the 

form of a natural downward swing in Bupalus's population cycle. 

Throughout Culbin Forest population density fell strongly between 

1967 and 1970,  and by the end of this period populations were so low 

that it was not possible to obtain reliable estimates of density 

for comparison of the two plots. Crooke and Deadman (1971) 

reported the abandonment of a projected life-table analysis of 

Bupalus survival, and the diverting of the experimental effort 

to concentrate on bird populations alone. The best criterion for 

determining the effect of increased coal tit numbers remained the 

Bupalus pupal numbers assessed in spring 1969. Then, after a full 

season of much-increased coal tit populations in plot 1, the 

Bupalus densities were found to be 0.4 per m in plot 1I, and 

0.1+0 per is2  in plot 2. (Crooke 1970).  The difference between the 

two was not significant, (and in any case was in the 'wrong' 

direction). 

The conclusion from this experiment is that predation by 

coal tits (the commonest resident insectivorous bird of pinewoods) 

at least at the densities obtaining in Culbin Forest, is probably 

not sufficient to make a detectable impact on the numbers of BuDalus. 

The normal density of tits found during most of the study was 

about 20 breeding pairs per plot ie I pair per 1+ ha. The long-term 

mean density of Bpalus, around I pupa per m2  represents adult 

numbers of 1+0,000  per 4-ha territory, or perhaps +00,000 looper 

caterpillars per territory. A coal tit family consuming 100 

caterpillars per day for 100 days (the approximate length of the 



larval period) would thus consume just 22% of the jus 

population. A similar intake in time of :Low Blus 

population would of course have more effect, but as clearly 

demonstrated by Tinbergen (Lect. 2.11), s-iitching of the 

predator attention to a more abundant prey species is the 

probable outcome in such conditions. 

Investigations of outbreak Daons 

Ad hoc investigations conducted on Baalus populations at 

outbreak and near-outbreak levels have yielded a certain amount 

of information relevant to the understanding of population 

dynamics. This work has been primarily directed towards assessing 

density levels of adult, egg and larval populations with a view to 

deciding on the need for insecticidal control: information has 

been gained on the seasonal timing of various events of the life 

cycle, and on the incidence of significant mortality between 

successive stages. 

Crooke (1959)  gave a detailed account of the infestations at 

Culbin and Cannock Chase in 1954. Most of the fieldwork was done 

at Cannock. The estimated median date for emergence of adults 

was 30 June, for laying of eggs on foliage 10 July, and hatching of 

the eggs 9 August. It was intended to follow the natural 

development of the population in a high-density area deliberately 

left unsprayed, but drift of DJYI' from nearby sprayed areas caused 

the destruction of this population. Even in unsprayed areas well 

away from drift, however, the 1954/55 season saw a marked fall of 
palus numbers, for reasons that were not understood. This applied 

also in the vicinity of Culbin Forest, where the similar pine 

plantations at neighbouring Roseisle showed a sharp fall. The small 

numbers of pupae subsequently found within the sprayed areas showed 

an extremely high proportion of parasitism, mainly by Craticimeunion 

viator - 100% of 58 pupae found at Cannock, and 8% of 12 pupae 
at Culbin. 

Bevan (1961) described the Tentsmuir outbreak of 1957.  Here 
the estimated median date for adult emergence was 6 July, and for 
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egg hatch 7 August. A close correspondence was found between 

numbers of pupae per unit area and the numbers of eggs per tree 

assessed by compartments - it was supposed that this indicated there 

was very little dispersal of female moths from their place of origin. 

The adopted 'critical number' of 1,000 eggs per tree was associated 

with pupal counts of 25 per m2  and upwards. As in the two 

outbreaks of 1954,  strong reductions of Bupalus population were 

seen during the season in areas even well away from the spray 

zone: again, 2 out of the 3 pupae subsequently found within the 
spray area were parasitized. 

In spring 1959  high pupal numbers were found by the routine 

survey in Pendlesham Forest and Sherwood IV. Subsequent 

investigations revealed that the populations declined from natural 

causes, and insecticidal control was not called for on this 

occasion. At Pendlesham, despite the apparent high success rate of 

adult emergence, numbers of eggs laid on the foliage were rather 

low (Bevan and Brown (1961). Of those eggs which were found about 

60% on average were parasitized by Trichograrnma sp. Further 

losses occurred during the larval period, the dead larvae falling 

from the trees in a blackened and distorted condition. Bevan and 

Brown suggested that perhaps a bacterial disease was responsible, 

as larval parasitism was considered negligible in occurrence. Predation 

of larvae in the crowns was also postulated as a cause of the losses. 

At Sherwood IV egg numbers were much higher relative to pupal counts, 

but again many were parasitized by Trichorarnma (about 45%). Heavy 

losses again occurred during the larval stage, about half being 

attributed to unexplained deaths and half to the larval parasite 

Dusona oxyacanthae. Over the season as a whole the flendlesham 

population suffered a 400—fold decline and the Sherwood IV population 

a 7—fold decline. 

An outbreak of Bupalus at Wykeham Forest in 1969  hit an area 

of plantation not included in the annual pupal survey. Investigations 

were carried out there in 1970 as a. prelude to spraying with 

Tetrachlorvinphos (Scott and Brown 1973)e  1edian date of egg hatch 

was 3 August. As in the earlier infestations described, substantial 
reductions of population occurred in surrounding unsprayed forest areas, 
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and the few pupae later found in the sprayed areas were heavily 

parasitized by Craticirneumon. In this instance the general natural 

collapse of the Buralus population in the area was tentatively 

ascribed to parasitism by Dusona oxyacanthae (Bevan 197). 
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3. THE PUPAL SURVEY 

This chapter outlines the history of the Forestry Commission's. 

annual survey for Bupalus and gives brief descriptions of the survey 

areas. 
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3-i History of the Survey 

The practice of carrying out regular counts of overwinterin 

pupae of palus and other forest pests in the forest soil was 

current in Germany as far back as the late nineteenth century 

(Schwcrdtfeger 1935).  No such practice was followed in Britain: 

none was considered necessary, insofar as the insect had not 

proved to be an economic pest in this country. Extensive planting 

of pine forests, mainly Scots pine Pinus pylvestris and Corsican pine 

Pinus ni&Ea var. maritima by the Forestry Commission only began during 

the 19201s. Up until the war years, these plantations were thus still 

very young, in fact younger than the minimum age at which pine was 

thought to be susceptible to this insect as a pest (on the basis 

of German experience - see Sect.2.i). 

In the years following the war it was realised by workers in the 

Forestry Commission Research Branch that the possibility now existed 

for infestation of some of the Commission's forests by Bualus and 

indeed by Panolis flammea D&S or possibly Hyloicus ZLastri L. or 

other continental pest species. They started a programme of research 

into the factors governing the natural control of these insects with 

a view to gauging more accurately the possible risk to British pine 

forests (Crooke 19511).  Some initial work in the winter of 1952/53 
revealed pupal populations of the order of 0.1 per m2  at liLveden in 

Thetford Chase (East Anglia) and 4,3 per m2  at Culbin Forest on the 

Moray coast of Scotland. 

The following summer the looper came into prominence by the 

defoliation of over ko ha of pine in Cannock Chase Forest, 

Staffordshire. Detailed pupal counts were done in winter 1953/54 
at Cannock and again at Culbin where the population had increased 

substantially. Because palus had risen to threatening proportions 

at two such widely-separated places, and there was no quantitative 

information on its abundance in any of the very many other large 

areas of pine plantation (except Thetford), it was decided to 

organise a large-scale pupal survey on nearly all British pine 

areas believed to be of susceptible age. This was carried out in 

about 40 forests and private estates in the winter of 1953/54 



(Bevan 1955).  At Cannock and Culbin numbers were thought high 

enough to necessitate spraying the forests with insecticide (DDT) 

in the following season. The other areas surveyed showed a wide 

range of densities, some of the highest being in areas of North—

east Scotland quite close to Culbin, eg Roseisle and Kilcoy forests 

which each showed some counts of well over 10 per m2. The survey was 

repeated in 1954/55  when some areas of minor significance were 

excluded, but a further 8 areas were brought in. 

The technique used in these pupal surveys was to count the 

pupae in plots of I square yard ( 0.836 m2), within which the litter 

layers and upper surface of the mineral soil were carefully sifted. 

The material was slowly run through the fingers onto a sheet or 

tray and all pupae removed. The plots were defined by metal rings 
laid on the surface of the ground. Five such plots were spaced 

equidistantly along a diagonal transect of each compartment surveyed. 

Within a forest roughly one in four compartments was surveyed (though 

the intensity was somewhat greater than this in the first year 

or two of surveys). 

The survey was repeated annually with very little change until 

1961. Some further forests were brought into the survey from time 

to time, viz. Dunwich (Suffolk) in 1959, Allerston and Ampleforth 
(North Yorkshire) in 1961. In 1962 the survey technique was changed 
to one of ten plots each of 1 square yard (= 0.209 m 2  ) per transect, 
thus halving the total area to be 'turned over' in the survey but 

doubling the number of plots. (Statistical aspects of these 

alternative sampling schemes, and of the present scheme using 

- square metre plots, will be discussed in Sect.k.i). In 1964 
Swynnerton Forest was brought into the survey. 

In 1969 an area of 60 ha in Wykeham Forest (North Yorkshire) 
was completely defoliated by Baalus attack. Wykeham was not then 

included in the routine pupal survey (although it had been examined 

once before, in the original survey of 1954/55). Interestingly, the 

nearby survey unit of Allerston (just 3-miles from Wykeham) had 
only produced the unremarkable By2alus density of 2.69 per m2  in 

the 1969 survey. In the winter of 1969/70 the neighbouring forests 
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of Langdale and Cropton were also surveyed, producing highest 

compartment means of 2+.4 and 8.6 per m2  (as against 235.4  at WykchLuu). 

Accordingly, part of Langdale Forest was included in the spraying 

operation mounted at Wykeham the following season. These three 

units have been surveyed routinely each year since 1970  but they 

are not discussed further in this thesis because the series of data 

so far available are too short to allow any reliable analysis to 

be made of them. The same is true of Slaley Forest, Northumberland, 

brought into the survey in 1971. 

In 1971 another small change was made in the basic sampling 

scheme ten plots of - square metre each became the standard instead 

of ten of - square yard. The difference in sampling intensity is 

of course very slight. In 1973  some of the private estates in 

East Scotland were sampled for the last time (Altyre, Darnaway, 

Pitgaveny and part of Innes estate). In 1975 Culloden Forest was 

brought into the survey. Otherwise the survey has continued without 

further modification up to the time of writing (1980). 

After 27 years of the survey, it is clearly time that a major 

review and re—adjustment of the areas covered should be made. The 

gradual loss of compartments from the survey due to final felling 

can be seen in the numbers of transects for each unit, listed in 

Appendix 3 • Some areas have been more affected by this than others - 

for instance, the following figures give the total number of all 

transects surveyed in the 13 units of Thetford Chase. 

1960 170 

1965 167 

1970 15k 

1975 	121 

1978 	ii 

Over 30/ of the transects have been lost in this time. The 

occasional incorporation of new compartments (or whole new units) 

into the survey has failed by a long way to keep pace with the 

increased acreage of pine plantations of susceptible age. Large 

areas of Lodgepole pine Pinus contorta are now entering the 



susceptible stage (see Sect.1ii) and they too are likely to suffer 

outbreaks. It seems necessary as a matter of urgency to expand the 

survey (or to devise alternative monitoring techniques) so that these 

plantations may be safeguarded. 
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Descriptions of the 	eUnLt3. 

Of the more than fifty survey, units which have been included at 

different times in the paius pupal survey, 1+7  now have records for 

a long enough sequence of years to make analysis of the patterns o 

population fluctuation a worthwhile exercise. These comprise all 

units except those surveyed for less than 10 years in total, or those 

brought into the survey more recently than Swynnerton Forest in 1964. 
These 1+7 will he the basis of all the analyses in the rest of the 

thesis. Brief descriptions in terms of location, age, tree species, 

altitude and climate are given in Table 3-ii-I. 

The units are arranged in the Table in order of Forestry 

Commission Conservancies (administrative areas). Many of the units 

corresponded, when first set up, to particular Forests (as defined 

for administrative purposes by the Forestry Commission). Since then 

there has been a degree of re-arrangement of Forest boundaries, and 

often the amalgamation of two or more Forests into one. The current 

(1980) Forest names corresponding to each of the 1+7 units are shown in 
the Table. The survey units fall into several local groups (as seen 

in the map of Fig. 4.ii.2) the largest of which comprises the 13 units 

of Thetford in East Anglia, now organized under the four Forests 

Swaffham, Bridgham, Kings and Santon Downham. 

Age of crop in the different units has been calculated as the 

mean age (at 1951+) of all compartments covered by routine transects of 

the survey. Almost all are in the 20-30 year age range, corresponding 

to the early 'boom' in pine planting by the Forestry Commission. The 

main exceptions are areas which include acquired woodland of much 

greater age (Kilcoy, Alltcailleach) or younger plantations brought 

into the survey at a late date (Swynnerton). The unweighted mean age 

calculated over the 1+7 units is 27 years. 

Composition by tree species has also been based on all compart-

ments covered by routine transects of the pupal survey. Scots pine 

is the predominant species in all but nine or ten of the units, where 

Corsican pine was planted in preference.. The small proportion of 

'other pines' comprises Lodgepole pine and Maritime pine Pinusjinaster: 
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of the 'other species' the majority are larches Larix app. or Douglas 

fir PseudotsuCa 	The unwoighted mean species composition 

(over all units) is Scots pine 74.4%9  Côrsican pine 23.45'6, other 

pines O., other species 1.. 

Also shown in Table 3.ii.1 are approximate values of moan annual 

rainfall (Meteorological Office 1977) and of mean annual average tent-

perature (Meteorological Office 1975)  both based on the standard 

period 19+1_1970.  Unweighted mean values calculated over the 47 units 

are, for rainfall 710 mm, and for temperature 8.80c. These values are 

respectively much drier and slightly colder than overall UK averages, 

reflecting the predominantly eastern distribution of the pine areas 

within the country. 
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k ANALYSIS, OF SURVEY RESULTS 

.• 	 The accumulated data from the Bupalus pupal survey constitutes 

a bark of information from which many different types of analysis can 

be made. The present study concentrated on investigating aspects of 

the regulation of population density, and so series of annual density 

estimates were examined with respect to the mean density level and its 

variability, and those parameters of the time—series which appeared to 

measure the operation of-density-.!dependence in the various populations. 
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k.i Treatment of the data 

Calculation of comiartment means 

The three different versions of the- sampling scheme employed 

during the history of the pupal survey yield counts for the 

individual plots of the transect of one compartment, as follows:- 

5 each of I yd  0.84 rn2), for the period 1954-61. 
10 each of 0.25 yd  (0.21 m2), for the period 1962-70. 
10 each of 0.25 m2, for the period 1971 onwards. 

These plot data can be combined to produce a mean and standard error. 

As is usual in such population counts, the data are not 

distributed normally, but in a skewed distribution usually resembling 

either the Poisson or the negative binomial. The non-normality of the 

data suggests that for some purposes transformation of th'e data, to 

stabilise the variance might be desirable. Southwood (1978) discussed 
the appropriateness of the available transformations but concluded 

that for population studies there is much to commend the use of 

the arithmetic (ie untransformed) mean. In the present thesis the 

data for individual plot-counts, and the compartment means derived 

from them will not be transformed, but in comparing the forest 

means (as between different years or different forest units) a 

logarithmic transformation will usually be used (see below). 

The degree to which the data either 'fit' or depart from a 

hypothetical random distribution (Poisson) can be determined by 

studying the relationship of variance to mean for a range of 

samples (Southwood 1978). 

According to Taylor's Power Law, 
2 	-b S =ax 

Variance (s2) is proportional to some power (b) of the mean value 

(). In the case of the Poisson distribution the mean is equal to the 
Variance, so a = 1 and b = 1. 
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In order to examine this relationship for data of the l3upalus 

survey, counts from particular units were abstracted for series of 

years in which the population fluctuated over a considerable range 

in density. The three sets of counts examined, for the three 

different periods of the survey were as follows:- 

Culbin, 1954  and  1959-61 (109, 90). 
Allerston and Ampleforth, 1961* - 70 (122, 86). 
Tentsmuir 1973-77 (959  72). 

Figures in brackets refer to total numbers of counts and numbers of 

non-zero counts respectively. All transects of the regular survey 

(not extension surveys) from the specified years were considered. 

The range of non-zero counts examined represented the following ranges 

of population density. 

Culbin 0.24 - 48.3 per m2. 
Allerston/Ampleforth o.48 32.5 per m2. 
Tentsmuir 0.40 - 55.6 per m 

that is in each case a range from well below equilibrium density 

up to outbreak or near-outbreak density levels. 

The relationships found, for each of the three data sets, are 

shown in Fig.4.i.1, where both. variance and mean are shown on a 

logarithmic scale. From Taylor's  Power Law, 

log (variance) = log (a) + b.log(mean) 

Thus b may be obtained directly as the slope of the fitted line in 

Fig.1+.i.1, and a as the antilog of the intercept. The calculated 

values were:- 

Culbin 	 1.16 1.41 0.12 

Allerston/Ampleforth 1.76 1.27 0.08 
Tentsmuir 	 1.35 1.16 0.08 

*Allerstoxl and Ampleforth used sampling scheme (b)--square-yard plots 
from 1961, one year in advance of other units. 
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Fig.k.i.la. Relationship of log variance with log mean, for 
90 transect counts at Culbin, 1954  and 195-61.  The 
calculated regression (heavy line) is:- 

y,= 0.06 +1.1+lx 

45  lines show the expected relationship (and 95% 
limits) for the Poisson distribution. 
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As explained by Southwood (1978),  a is essentially a sampling 

factor and so is expected to vary with the sampling scheme employed. 

b on the other hand is said to be characteristic for a particular 

animal population, so it is surprising that the values for the 

Culbin and Tentsmuir data sets differ significantly. The 

difference seems to result from the series of very high variances 

calculated from the data for Culbin in 1951+, when the population 

was at outbreak level. On the other hand the Tentamuir series 

also contains data of an outbreak year (1977), so this cannot 

satisfactorily explain the difference. 

Fig.k.i.1 also shows, as dotted lines, the expected 95% limits 

of distribution for log(variance) based on the hypothesis of a 

random (Poisson) distribution (Southwood 1978). At lower densities 

log(variance) does not significantly exceed log(mean), i.e the 

observed distributions are not significantly different from the 

Poisson. At moderate to high densities log(variance) becomes 

progressively more in excess of log(mean), and at the highest 

densities sampled most values of log(variance) are significantly 

greater (above the dotted line). This indicates a significantly 

aggregated population, in which the data are expected to approximate 

a negative binomial distribution. 

The above variance-to-mean relationships based on simple counts, 

can be converted to estimates of the expected 95% confidence limits 

of means for the three different versions of sampling scheme for 

different densities of the pupae. These are shorn in Fig.4.i.2. 

It is apparent from the curves that:- 

all three sampling schemes yield very imprecise estimates 

(wide confidence limits relative to the mean) at lower densities 

of the insect. At endemic densities (around I per m 
2  ) the data 

of a single transect are not adequate to define a compartment 

mean reliably. 

at higher densities the confidence limits become less 

in relation to the size of the moan, until at approaching 

outbreak densities (righthand end of curves) confidence 

limits are of the order of 30%-50% of the value of the mean. 
Sampling. scheme (c) provides superior precision at all levels 

above about I per m2, while schrnie (b) yields slightly better 

precision than scheme (a) at densities above about 14. per 



The generally low precision of the estimates, particularly 

at lowalus densities reflects the fact that sampling has been 

developed to provide only a general indication of population levels 

over wide areas, and individual compartment means are seldom of 

interest in themselves except in outbreak situations. 

The analyses of the present Chapter are all concerned with 

means calculated over entire forest units, in which more confidence 

can be placed in the precision of estimates. 

Calculation of the annual mean for a surveunit 

For each survey unit, for each year it was included in the 

survey, it is possible to calculate a mean Z2palijs density. The 

annual means calculated for 1+7 units of the pupal survey are listed 

in Appendix 3 Some explanation is necessary of the procedure for 

calculating these means. 

As explained in Sect.3.i, the particular set of compartments 

sampled generally remained the same from one year to the next, but 

with the following exceptions:- 

In the first two or three years of the survey, almost 

all areas were more intensively sampled than they were 

subsequently: that is, .a larger number of compartment means 

are extant for those years than for all subsequent years of 

the survey. 

In any year when Bupalus numbers approached outbreak 

levels in a particular unit, an extension survey (ie a number 

of transects additional to the standard set) was usually carried 

out in the area of high numbers. Extensions to the normal survey 

were also done in years following control operations., as a means 

of checking on the effectiveness of control. 

3) With the passage of time many compartments were lost from 

the survey as they reached final clear felling. A smaller 

number of new transects were added in to the survey to take 

account of crops reaching the supposed age of susceptibility to 

Bus for the first time. 
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To obtain annual means which are representative, and comparable 

from year to year, it is necessary to take some account of these 

variations in the standard set of compartments surveyed. The means 

listed in Appendix 3 are based so far as possible on the standard 

set of sampling areas for each unit, Ic that which was followed 

routinely for most of the period of the survey. This means that 

'extra' information which is available for the first 2-3 years of 
survey from 'many units has usually been excluded. )ctra counts 

obtained in the course of extension surveys were also excluded 

these counts are inevitably biased in the direction of higher 

numbers and so would distort an annual mean if included. 

The gradual loss of compartments as a result of felling (and 

the occasional incorporation of new compartments) was not corrected 

for In any way in calculating the means, so these changes have 

resulted in slight variations in number of transects (shown in 

Appendix 3) from year to year. In all cases these changes were 

gradual, and fortunately do not seem to have resulted in any major 

change in the character of any particular survey unit so far. The 

variations in number of transects, shown in Appendix 31  result 

partly from these gradual losses and gains and partly from occasional 

departures from laid-down procedures on the part of the local forest 

staffs responsible. 

The compartment means of.a given unit in any one year are not 

as a rule normally distributed, so on statistical grounds it might 

be thought desirable to transform the data before calculating a mean. 

However, as in the case of the constituent plot-counts of one 

transect (see above) it was thought that other considerations made the 

use of untransformed data preferable. The calculated mean should 

correspond as closely as possible to the simple 'average' population 

density over the whole area surveyed: the use of transformed data 

would generally distort that correspondence and make interpretation 

more difficult 
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The variance between compartment means in any given case has 
two main components:- 

the real variation in jalus density between different 

parts of the same forest unite 

the error variance resulting from normal sampling 

variation. 

Although (2) can be expected to have a relatively fixed characteristic 

level (in relation to any given real population density) it is 

seen from the data that (1) varies widely both from one unit to another 

and from year to year. (The different compartment means within a unit 

may assume almost any distribution from uniform to strongly 

aggregated: though a moderately aggregated distribution seems to be 

the most usual). Because of this there is no simple way of 

estimating the relative magnitude of components (1) and (2) of the 

between - compartment variance. 

An example will illustrate this problem. In Fig.4.i.3 are 

shown the distributions of the 17 compartment means in the main block 
of Tentsmuir Forest in 1974  and in 1975.  Also shown are contour—lines 

indicating the (conjectural) true distribution of population density 

in the forest in each of those years. It appears that in 1974 the 
distribution of Bupalus density was rather uniform: in 1975 it 
was strongly aggregated. The true density of Bunalus in each 

compartment sampled can be estimated by interpolation from the 

contours shown. By comparing this 'true' density with the recorded 

compartment mean it is possible to estimate the proportion of 

variance in recorded means which is attributable to real variation 

in density, and the proportion attributable to sampling error. 

1974 	1975 
Sum of squares of deviations 

about mean 	 1.56 	90.3 
Sum of squares of deviations 

from 'real' density 	 1.32 	22.8 





a) 

-p 

p 



The proportion of variance attributable to sampling error was 

as much as 8% in 1974, but only about 25% in the 1975 season. 

This situation is in contrast to the behaviour of the individual 

plot-counts within compartments, where variance due to sampling 

error generally strongly outweighs any variance due to real gradients 

in Bualus density. So it is not feasible as in the case of a mean 

of individual plot-counts (above), to assign confidence limits for 

the overall unit mean, based on dispersion statistics of the 

separate compartment means. The standard error has been quoted in 

Appendix 3, only to give an indication of the dispersion of the 
separate compartment means not as a basis for calculating 

confidence limits. In order to calculate precise confidence limits 

it would probably have been necessary to apply a special map-based 

analysis (such as in the Tentsmuir examples above) to every one of 

the annual unit means separately. 

Com2arison 	annual unit means: the logarithmic transformation 

The annual means calculated as described above can be compared 

over a series of years for any one unit, to give an indication of 

the behaviour of Bualus population density through time. Alternatively, 

comparisons can be made between means for different units or groups 

of units in different parts of the country. 

When comparing mean densities in this way it is useful to 

transform the data to logarithms. The arguments in favour of 

logarithmic transformation for such data were given by Williamson 

(1972) as follows:- 

Relative changes in population density are most easily 

studied in logarithmic terms: eg a doubling of population 

size from 10 to 20 is seen as equivalent to an increase from 

100 to 200. 

An arithmetic measure of population density usually 

has a strongly skewed distribution: a logarithmic measure 

is more symmetrically distributed. 



3). In populations which vary widely in density, the extreme 

upper and lower density ranges can only be conveniently 

compared on the logarithmic scale. 

k). Changes expressed in logarithmic terms are more conveniently 

interpreted in the framework of the existing theory of 

population dynamics (eg the practice of expressing mortality 

factors as k—values, etc). 

Accordingly, for all purposes of comparison between units or 

between years, mean densities in this thesis have generally been 

expressed in common logarithms. 

So, for example:— 

2 0.5 per m =-0.3 
2 I per m = 0.0 
2 

2 per m = 0.3 
2 lO per m = 1.0 

The transformation of means to logarithms creates one particular 

difficulty: a zero value (no pupae found) has no meaningful 

logarithmic equivalent. A conventional way of solving this problem 

is to add 1 to the total count of individuals found in each case, 

ie if N pupae are discovered in a search of A square metres, the 

transformation is:-  

N+1 , 
log 'r 

This transformation is satisfactory for most comparative purposes, 

eg for describing the movement of population density over a number 

of years. However, where it is used, say, to calculate a mean from 

a series of data containing several 	(as in the Bujalus data 

for, eg Ringwood, Croxton - see Appendix 3) the calculated statistic 
has to be subjected to a 'back transformation' whose exact magnitude 

may be difficult to determine (because means are based on different 

total areas of search in different years). 
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For this reason a slightly different procedure has been 

followed here, of estimating density in each case of a 'zero return' 

as equal to half that density equivalent to the finding of a single 

pupa, ie if A square metres have been searched, the logarithmic 

estimate is:— 

log 2A 

The practical effect of this is very similar to the use of 

log 	but it has the advantage that all non—zero counts are 

left unaltered, and the need for awkward back—transformations is 

avoided. 

All statistics given in Sects..ii - 1+.vii below have been 

calculated using this procedure where necessary. The original zero 

values are shown as such in the listings of Appendix 3, and 
represented by open segments in the accompanying graphs. 

Finally, a note about the means of expressing population 

Ic increase or decrease of population density from one 

generation to the next. Where the annual densities are expressed as 

logarithms the trend Is conveniently expressed as the positive or 

negative change in log density:— 

Trend (n' n+1) = Log density (n+l) - Log density (n) 

A doubling of population density is expressed as a trend of + 0.3 
and a halving of density as a trend of - 0.3,  This logarithmic 
expression of trend is the one which will be generally used in the 
remainder of this thesis. 



I.11 Long-Term Means 

As an indication of the 'normal' density about which a popula-

tion fluctuates it is useful to calculate a long-term moan from the 

sequence of annual density estimates. The moctmoaningful statistic 

is likely to be the logarithmic (ie geometric) mean. The reasons for 

favouring a logarithmic rather than an arithmetic mean are discussed 

for animal populations in general by Williamson (1972) and for 
in particular by Ohnesorge (1964). The use of the arithmetic 

mean, as by Jeffers (1965) in a preliminary analysis of Bupalus sur-
vey counts, gives undue weight to occasional years of very high den-

sity. For example, the sequence 1, 109  100 has an arithmetic mean of 
37 and the sequence 5, 109  20 an arithmetic mean of 11.7. Yet on the 

logarithmic scale (which as explained in the previous Section is the 

more appropriate measure for insect population densities) both have 

the same mean of 10. This example also illustrates the fact that the 

more extreme the logarithmic fluctuation the more seriously does the 

arithmetic mean depart from the logarithmic mean. In, the extreme case 

of the fluctuations recorded by Schwerdtfeger (1935,  1941) at 
Letzlinger Heide the arithmetic mean of 60 successive counts is 

approximately ten times the logarithmic mean. 

A further statistical objection is the extreme skewness of the 

distribution of densities when presented in arithmetic form. Conver-

sion.to  logarithms largely eliminates the skewness, though the 

distribution then obtained still departs somewhat from normality in 

that it is platykurtic (flattened in the vicinity of the mean, drawn 

in at the tails). The implications of this for population analysis 

are discussed by Williamson (1972) - see next Section. 

For 1+7 units of the pupal survey a sufficiently long sequence of 
counts is available to allow the calculation of a long-term mean. 

Mean densities for each year in the period 1954-1978 were used (where 
available), ie a maximum of 25 successive counts for any one unit. 

In only three cases was there a missing count as a result of failure 

to carry out the survey - these were Bramshiil 19639  Dunwich  1974 and 
Innes 1975 - and these had accordingly to be missed out from the 
calculations of the respective means. Two other types of anomaly had 

to he allowed for in calculating means: zero counts and the effect of 

insecticide applications. 



Several units showed one or more years of 'zero returns', when 

population density could not be estimated directly. The resultant 

missing values were estimated by the formula 0.5 (area searched), 

in the density was assumed to be half that represented by the finding 

of a single pupa. This procedure is similar to the use of log (N + 1) 

to allow for zero counts, insofar as the zero count and a count of I 

are represented as differing by a factor of 2. However, it has the 

advantage that all non-zero counts are left unaltered, so allowing 

means, variances and other properties of the time series to be calcu-

lated directly. The sampling error for the density estimates is 

already very large where only a single pupa is found, so the use of 

these estimates to replace zero counts is unlikely to bias an analysis 

much. At least, that is, where the zero counts occur in no more than. 

2-3 years of the 25-year sequence. In cases where zero counts have 
been more frequent than that, the procedure for estimation of missing 

values may have significantly overestimated the minimum levels of 

density reached by the population. Almost certainly it will have 

underestimated the variability of population density at its lowest 

levels, by creating an artificial 'plateau' at the value of 0.5 + 

(area searched) see for. example the Ringwood plot in Appendix 3. 

Fortunately this effect is confined to a geographically 

restricted group of forests characterized by very low population 

densities, to the extent that they require to be considered as dis-

tinct from the main group of British Bupalus populations (see below). 

This group will generally be analysed separately from the rest, and 

all conclusions reached concerning it will be subject to the reserva-

tion that some bias may have been introduced. The two units most 

affected are Ringwood (II zero counts out of 25) and Croxton (10 out 

of 25). 

Three units - Cannock, Culbin and Tentsmuir have been sprayed 

with insecticides against Bupalus at different times during the 

25-year period. To avoid bias in calculating long term means, the 
year of spraying and one or more subsequent years were excluded in the 

case of Cannock and Culbin. For Tentsmuir no counts were excluded, 

for two reasons:- 

MCI 



The two insecticide applications, in 1957  and  1977 each 
covered only a restricted area within the forest (of the order 

of 2Y/ of the total). 

The exclusion of the years immediately subsequent to 

insecticide applications would not have resulted in any increase 

in the calculated long-term mean (because insecticide treatments 

did not depress population densities, calculated over the whole 

forest, to below the mean level). 

The effects of the application of DT to Cannock and Culbin 

Forests in 1951+ were much more drastic in terms of Bupalus population 
response, as can be seen from the graphical presentation of the den-

sity estimates in Appendix 3. Populations in both places fell to 

exceptionally low levels and did not return to their normal range for 

some years. Because of this the data for Cannock 1954-56 inclusive 
were excluded, and for Culbin for the period 1951458 (as return to the 
normal range was slower at Culbin). Cannock 1964 was also excluded 
following the second application of DDT to that forest in 1963. 

The calculated long-term means for each of the 1+7 survey units 
are shown in Table 4.ii.1. Means range from a minimum of 0.067 
(Croxton) to a maximum of 3.098 (Cannock) ie 'an approximately fifty-
fold range. However, the majority lie irithe much more restricted 

(four-fold) range from 0.4 to 1.6. The distribution of mean values, 

whether viewed on an arithmetic or a logarithmic scale (Fig. 4.ii.1), 
clearly departs strongly from normality, and there is strong evidence 

of a bi-modal distribution. The 13 units of the Thetford group show 
means mostly around 0.1/rn2  - comparable values are also shown by 

Ringwood (0.069) and Branishill (0.173).  These fifteen units comprise 

the shaded section of Fig. 4.ii.1 (b) and clearly frrn a distinct 
group of populations of very low density. The remaining 32 units 
show means scattered in a symmetrical and nearly normal distribution 

(on .the logarithmic scale) about a mean of just under 1/rn2. The mean 

of 3.098 for Cannock, which appears widely discrepant when viewed on 
the arithmetic scale, is seen on a logarithmic scale as merely the 

upper tail of the, distribution. 
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Fig.4.ii.22  Geographical distribution of long-term mean densities 
(per m ) in 1+7 survey units. 
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It is instructive to consider the geographical distribution of 

the long-term mean values (Fig. 4.ii.2). The 15 units of the low-
density group are all located in the south or south-east of England. 

Other relatively southern units - Laughton, Pembroy, the three 

Aldewood units (Rendlesham, Tunstall and Dunwich) - also have rather 

low mean densities (average about O./m2) and it is possible to 

regard them as intermediate between the low-density group and the 

main group of Bu2alus populations occupying Britain from the midlands 

northwards. It is striking that the area occupied by the low-density 

and intermediate-density populations corresponds with the distribution 

of the more southern of two geographical races of Bujalus occurring in 

Britain. The two races, distinguished by coloration of the adult 

moths, also have their dividing line in the north of the English mid-

lands (Ford 1955). 

However, on the basis of the histogram of Fig. 4.ii.1 (b), the so-
called intermediate-density group appear to be grouped more closely 

with the main, higher-density group of poulations, so it is prdbably 

best to divide the 47 units only into two - the 15 units of 'low-
density' populations and the remaining 32 units of 'normal-density' 

populations. The 'low-density' populations have means of around 

0.1/rn2  and the 'normal-density' means take an average value of about 

0.8-0.9/rn2. 

Arithmetic mean (per m ) 

9--f,.,  range 

low density 

group 	 0.103 ± 0.027 

n = 15 

normal density 

group 	 0.916 ±0.198 
n=32 

Lo arithmic mean (per rn 2) 

(9 limits) 

0.096 (0.079,  0.117) 

0.791+ (0.654, 0.963) 

The general conclusion then is that the forest units represented 

in the survey contain two populations (in the statistical sense) of 

populations (in the biological sense). The two groups correspond to 

geographical and to some extent to racial distinctions. The 



long-term mean densities of the two differ by nearly ten-fold. So it 

will be necessary, in the analyses of succeeding Sections, to take 

account of the two distinct groups and usually to examine and evaluate 

them separately. 

To place results from the pupal survey in the context of 

previously-studied European populations, I shall refer in this and 

the succeeding Sections to data summarized in the review of 

Baltensweiier (1977)  for four German and one Dutch populations. The 

comparable long-term means for these five cases are as follows:- 

Site _ Reference _(per 
Mean - 	2 m 

/ 9',o _ CL 

Hoge Veluwe, Netherlands Kiomp (1966). 0.75 0.36 9  1.57 

1950-73 and unpublished 
Letzlingen, East Germany Schwerdtfeger 0.11 0.06, 0.21 

1881 -19'+o (19359  1941) 

West Niedersachsen' Ohnesorge (1964) 0.32 0.27, 0.39 

193k-59 
West Luneburg 	West It 0.29 0.22, 0.39 

1934-59 	Germany 

East Luneburg It 0.27 0.19, 0.38 

1934-59 

In terms of long-term mean density level the Letzlingen popula-

tion corresponds to the 'low-density' group of populations in southern 

England, the Hoge Veluwe population to the 'normal density' group in 

the northern two thirds of the British mainland, and the three West 

German populations fall mid-way in between. They are thus most com-

parable with the, tentatively-distinguished, 'intermediate density' 

group found in some parts of the south but overlapping the density 

range of more northern, 'normal density' populations. 
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Lf•jjj Variability of Annual Means 

A number of methods exist for characterizing the range of densi-

ties through which a population has fluctuated, given a sequence of 

CCUS data such as that originating from the Bu alus survey. One 

way of approaching the problem is to quote maximum and minimum densi-

ties, either the absolute maximum and minimum of the series, or the 

mean of all the relative maxima and minima observed. The latter 

values were calculated for a number of Bulus populations in the 

review of Baltensweller (1977).  I believe that this approach would 

be of limited use for the present Bualus data-runs, for the follow-

ing reasons. 

Absolute maximum/minimum 

The absolute maximum value attained during the 25 years is 

of some interest from a practical point of view - it shows 

whether or not populations in the given unit ever approached or 

exceeded outbreak density. However the selection of a single, 

extreme value represents an unsatisfactory and unstable para-

meter from the statistical point of view. 

The absolute minimum value in most cases lies in the zone of 

very high sampling error inevitably associated with very low 

population density and fixed-intensity sampling. Thus the 

supposed minimum value is likely to be unreliable. In addition 

it is subject to the same statistical criticism as the absolute 

maximum, viz the instability of the most extreme values of a 

distribution. 

Relative maxima/minima 

1) A statistic of this sort is only valid where both maxima and 

minima are clearly defined. In the series discussed here (except 

in the small number of cases where well-defined cycles exist), 

true maximum and minimum points are difficult to identify except 

by applying rather arbitrary rules. 



The minimum values are nearly all liable to high sampling 

error as already pointed out. 

A small number of maxima/minima obtained from a cyclic 

series is doubtfully comparable with a larger number of maxima/1  

minima derived from a more random, short-term fluctuation 

pattern. 

1+) An extreme value occurring as either the first or last of a 

series is an anomaly - it cannot be identified with certainty as 

a maximum/minimum because we do not have both neighbouring values 

to compare with it. At the same time its exclusion may mean the 

loss of significant information relevant to the measurement of 

fluctuation range. 

An alternative approach to quantifying the range or amplitude of 

density fluctuations will be adopted here. This uses the standard 

deviation of the observed (logarithmic) distribution of annual means. 

Williamson (1972) devised the use of the statistic antilog (3SD) 

hereafter referred to as 'Williamson's Index'. Given an approximately 

normal distribution of the annual means, the range 3 x (standard 

deviation) will contain approximately 99,16 of observations. That is 

to say, the population density in about nine years out of ten will 

fall within the specified range. In the case of a platykurtic 

distribution, Williamson explains, somewhat more than 9 of observa-
tions are comprised with 3SD - perhaps only once in fifteen years will 

the population stray outside that range. Thus to a first approxima-

tion the value of antilog (30) gives the expected multiplicative 

range (minimum to maximum) of a biological population during such a 

period of years. Being derived from the standard deviation, calcu-

lated from data for all years it is not subject to the criticism made 

above about selecting particular maximum and minimum values to indi-

cate the range. 

*Strictly speaking, from the t-distribution, a range of 3.29 SD 

(mean t 1.645 SD) contains 9N, of the distribution. 



The application of this statistic to 	populations (among 

other forest insects) was made by Baltensweiler (1977). 

The three published data--sources reviewed by him gave the follow-

ing results:- 

Site Reference SD Antilog) 

Hoge Veluwe Kiomp (1966) 0.761 192 

1950-73 and unpublished 

Letzlingen Schwerdtfeger 1.117 22140 

1881-191+0 (1935, 	191+1) 

West Niedersachsen Ohnesorge (1961+) 0.201 1+ 

1931459 
West Luneburg " 0.318 9 

193k-59 
East Luneburg 11 0.371 13 

1934-59 

The extreme contrast between the immensely variable population 

density at Letzlingen and the remarkably stable density level in 

W Niedersachsen was commented on by Ohnesorge (1961+) who saw the 

former as the result of high-amplitude parasite-host oscillations, 

and the latter as the effect of powerful immediate-density-dependent 

factors. The standard deviation is in theory independent of the 

number of observations, but the Hoge Veluwe figure quoted above is 

very different from that calculated by Williamson (1972)  for the 

first 11+  years only of the same study. These yielded a SD of 0.1+1+1+ 

and Williamson's Index of 21.1+. The discrepancy is due to a period 

of extreme low density experienced by the population only during the 

latter part of the study period. 

Comparison of the three sets of data, with reference to the 

respective mean densities reviewed in the last Section, reveals some-

thing of fundamental importance to the understanding of outbreaks of 

Paradoxically, the Let zlingen population where Bupalus was 

a severe and recurrent pest had a lower mean density than any of the 

three (non-outbreaking) populations reported by Ohnesorge, or the 
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(non-outbreaking) population studied by lUomp in Holland. The occur-

rence of outbreaks in the former case was a reflection of the much 

greater variability of the population density, which swung periodi-

cally between extremely high and extremely low levels. Thus the 

measure of variability given by Williamson's Index can be very 

significant for assosalng the pest status of Bupus in any particular 

site. 

The figures for SD and antilog (3SD) are given for the 1+7  survey 

units, arranged in order of increasing mean desnity, in Table .ii.1. 

The two groups previously designated 'low density group' and 'normal 

density group' have mean SD values of 0.4 85 ± 0.01+5 and 0.1+47 ± 0.050 
respectively, not significantly different. For the low density group, 

SD is probably underestimated because of the artifact resulting from 

estimated values used to replace missing counts - this evidently 

gives a misleading impression of invariability to eg Croxton and 

Lynford, which have the lowest SDs of the group. With this in mind 

it may be suspected that variability of density tends to decrease as 

mean population density increases (see the group of several very low 

SD values near the foot of Table 4.ii.1). However, neither within nor 

between groups was any such tendency found to be significant (for the 

'normal density' group, r = -0.22, p> 0.1). 

What evidence is there for the link between high variability and 

outbreak susceptibility, suggested by the continental figures quoted 

earlier? In comparison with the Letzlingen figure, all the UK popula-

tions reported here have rather low variability, indeed they vary less 

even than the population studied by Kiomp. Only three units show 

values of Williamson's Index in excess of 100 (that is, SD>0.667) - 
Rendlesham, Roseisle and Tentsmuir. Of these Tentsmuir suffered two 

outbreaks of Bupalus during the period in question, while both 

floseisle (Bevan 1955) and Rendlesham (Bevan and Brown 1961) have at 

different times shown populations high enough to cause concern. On 

the other hand Cannock (SD 0.58, Williamson's Index 55) with two 
serious outbreaks, hasa variability only a little above average and 

Culbin (SD 0.48 , Williamson's Index 27),  the only other unit to have 

required insecticidal control, has only average variability. The 
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outbreak-susceptibility of Cannock, howeverç  can be attributed to the 

uniquely-high mean or equilibrium density about which the fluctuations 

occur (Table 4,jj,1). 

At the other end of the scale there are a number of populations 

with very low variability of density. Discarding the Croxton case as 

due to artifact, we find 10 units with a Williamson's Index less than 

10 (ie SD.(0.333).  These represent very restricted fluctuation ranges, 

and thus probably very close density-dependent regulation. To judge 

by the range of figures presented by Williamson (1972), such restricted 

fluctuations are generally more typical of vertebrate than insect 

populations. 

102 



k.iv Immediate DensityDependence 

The detection of density-dependence in series of population-

density-estimates of insects has been the subject of much discussion 

and indeed controversy. One approach, first formalized by Morris 

(1959) was to compare, by regression and/or correlation methods, the 

log density in generation n with that in generation n + 1, for all 

pairs (n, n + 1) in the series. It was argued that density-dependent 

processes were shown to be operating if the regression coefficient b 

(for regression of log 
I 
 N + i on log N) was less than unity. In the 

absence of any density-dependence, for any given value of N (density 

in generation n) there should be no reason for the value of N 	to n+1 
be specifically higher or lower (the 'random-walk' situation). There-

fore the regression coefficient b should equal 1. Any density-

dependent effect would reduce the value of b below 1, since for any 

relatively high N there would be a tendency for N + 1 to be lower, 

and for a relatively low N n 	 n+1 the value of N 	should be higher 

(because of the tendency of density-dependent processes to return the 

population density to an intermediate, 'equilibrium' level). The 

degree to which b was depressed below I could be taken as a measure 

of the degree of density-dependence operating, until with 'perfect' 

density-dependence, b = 0. Unfortunately this simple conception is 

subject to a number of criticisms both practical and theoretical - 

these are discussed by, for example, Maelzer (1970),  St Amant (1976), 

Luck. (1971),  Ito  (1972). Many of these criticisms stem from the 

fundamental objection that the two variables (log N and log N + 

are not independent of each other, on the contrary they are drawn 

from the identical series. Strictly speaking this violates the 

assumptions of a regression calculation. The sequential nature of the 

variables also tends to reduce the calculated value of b below 

expectation in at least two ways:- 

Sampling error (or. any other source of random error) tends 

to reduce the calculated value of b, ie mimics the effect of a 

density-dependent process in this respect (ICuno 1974). 

Where scatter about the calculated regression line is large 

(as in most natural populations, subject as they are to various 
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random, density-independent' mortality factors), the calculated 

b will be less than I even in the absence of density-dependent 

processes or of sampling errors (Maeizer 1979, St Amant 1970) - 

-: an effect of the 'least squares' method of calculating the slope. 

A different but related approach was that of Watt (1961), He 

calculated the log generation survival rate S such that 

S = log N 	-logN 
n 	n+1 	n 

For determining density-dependence, the regression of S 'on log N 

was calculated. Then the occurrence of density-dependent processes 

should be revealed by a negative value of b, while the no-density-

dependence, 'random-walk' situation is characterized by b close to 

zero. By an analogous process of reasoning to the Morris method, the 

size of a negative value of b (the regression coefficient, ie slope 

of the fitted line) indicates the degree of density-dependence at 

work, until with 'perfect' density-dependence, b = -1. It should be 

realized that this means of analysis is closely related to the Morris 

method, and hence subject to some of the same criticisms. Specifi-

cally, the two artifacts a) and b) above are again likely to impart a 

negative bias to the value of b, and so boost the apparent amount of 

density-dependence in the system. 

As stated above, either regression or correlation statistics may 

be used to measure density dependence in this situation, and it is 

invariably found that the two are related. The formal mathematical 

relationships of the correlation coefficient r and regression coeffi-

cient b for both Morris- and Watt-type analyses are set out in 

Appendix 1. In this Section we shall consider not the regression 

coefficient but the correlation coefficient for the relationship of 

with log N, as this gives a more easily interpreted measure of 

the proportion of variance explained. 

The application of a Watt-type method to series such as the 

Bupalus density-estimates has the following advantage. By taking the 

'trend' (ie log generation survival, S 
11 
) as dependent variable, it is 
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possible to investigate and compare the effects of both immediate and 

!ae density-dependent processes by setting log N, log N -i (and, 

if necessary log N 2' etc) as independent variables. The effect of 

both immediate and delayed density-dependent processes on trend can 

then be considered together in the form of a multiple regression. 

The present Section is concerned with the measurement of 

immediate density-dependence (hereafter abbreviated to IDD) as shown 

by the negative correlation of 
S   with log N. In view of the criti-

cisms of such methods of analysis, briefly alluded to above it is 

necessary to say a few words in justification of the use of such 

method here. One reason is that such methods have been widely used 

6y workers in insect ecology, and have been applied to Bupalus itself 
by, for instance, Ohnesorge (1964), Maelzer (1970), Hassell et al 
(1976). Thus the statistics quoted in the present thesis may be 

readily placed in the context of past ecological literatures 

Secondly, the statistics will be used almost exclusively for compara-

tive purposes, rather than to make absolute statements concerning any 

one particular population. Statements will be made of the form 

'population A shows a greater degree of immediate density-dependence 

than population B' rather than 'population C shows a complete absence 
of density-dependence' or 'population D shows perfect density-

dependence'. The latter two are likely to be invalidated by the 

theoretical objections mentioned above, while the comparative state-

ment is more justified, supposing that the same sorts of bias or 

artifact are likely to affect the figures for population A as for 

population B. Thirdly, the approach now adopted facilitates the 

treatment within the same analytical framework of both immediate and 

delayed density-dependent effects, and considerations of the contrast 

between, and interplay between these two are of crucial importance for 

the development of the argument on regulation of population density in 

Bupalus. 

For 47 units of the pupal survey the IDD coefficient (r-value for 

the correlation of S 
n 	 n with log N ) is listed in Table 4.iv.1. The 

overall mean value for IDD coefficeint is 0.555 ± 0.025 (equivalent to 
30. 	of variance explained). The so-called 'low density group' (see 

Sect. k.ii) has a mean coefficient of 0.533 ± 0.053, and the 'normal 
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Fig.4.ir.1. Ftequency distributions of IDD (upper) and DDD (lower) 
coefficients for 47  units of the pupa]. survey. 
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density group' a mean of 0.565  1 0.029, not significantly different. 
Neither is there any evidence within groups of a systematic relation-

ship of IDD coefficient with mean density level. The exceptionally 

high IDD coefficient for Croxton is almot certainly an artifact of 

the estimation procedure in the cases of 'zero returns'. That 

Cannock, with far and away the highest mean density level (Sect. 1+.ii) 

has also the lowest IDD coefficient is certainly suggestive, but it is 

impossible to draw a firm conclusion from the evidence of a single, 

obviously exceptional, population. 

The distribution of the IDD coefficients for the 1+7  units is 

shown in the histogram of Fig. 4.iv.1 (a) - it is seen to be approxi-

mately normal, with a rather narrow spread around the mean. The 

standard deviation is 0.085. Only one value of the 1+7 exceeds the 
figure of 0.71,  equivalent to 50 of variance explained. As shown in 

'Appendix I this corresponds to a slope of -1 in the density-dependent 

relationship, that is a 'perfect' or exactly-compensating density-

dependence. A higher coefficient than 0.71 could only be obtained if 
the density-dependence were over-compensating (b -1.0) and this does 

not seem to occur in any of the Bupalus populations studied. 

Because IDD coefficient measures the tendency of the population 

to return immediately to equilibrium density after any disturbance, 

it is to be expected that a high IDD coefficient will be associated 

with a population which strays rather little from its equilibrium 

density, while a low IDD coefficient will show a population which 

fluctuates more widely. This is confirmed by comparison of the IDD 

coefficients listed here with the standard deviations of population 

density reported in Sect. 1+.iii. A negative correlation is found 

between the two, and this holds good whether all 1+7  points are con-

sidered together (r = 0.1+55, O.00l<p<O.Ol)  or the 15-unit 'low-

density group' Cr = -0.737, ci.00i<p<o.oi) and the 32-unit 'normal 
density group' Cr = -0.3732  0.01(p<0.05) are analysed separately. 

Such a relationship between the strength of IDD correlation and 

the constancy of the population density was commented on by Ohnesorge 

(1961+) in his discussion of three Bualus populations of central 

Germany. For the purpose of comparison, the table below shows the 
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IDD coefficients for these and the two other populations previously 

discussed. 

Site Reference IDD coefficient Significance 

Hoge Veluwe Kiomp (1968) 0. 414 T'IS 

1951-67 

Letzlingen Schwerdtfeger 0.384 
1881194o (1935, 1941) 

West Niedersachsen Ohnesorge 0.588 

1934-59 (1964) 

West Luneburg 0.526 

193k-5.9 
East Luneburg 0.578 

193k-59 

The three populations reported by Ohnesorge show IDD coefficients 

close to the norm for British populations. The other two cases 

correspond to the lower extreme of the range established above for 

British populations : the difference in significance is mainly due to 

the very large difference in length of the series of density-estimates. 

The very low IDD coefficient for Letzlingen is to be understood as a 

feature of the very wide-amplitude fluctuations recorded at this site, 

with repeated periodic outbreaks. In this respect is is comparable 

with the low-IDD populations of Cannock and Tentsmuir which have also 

shown repeated outbreaks. The figure for Hoge Veluwe has perhaps been 

influenced by the particular sequence of years available for analysis - 

in the last years of the sequence the population declined to 

'uncharacteristically' low levels as a result of an upsurge of a host-

specific parasite. This marked deviation from the normal density 

range is reflected in the rather low value of the calculated IDD 

coefficient. 
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4.v 2eia;  zc ds-Deendece 

The term 'delayed density-dependent' appears to have been first 

used by Varley (1947) in his classic population study of the Knapweed 

Gallfiy Urophorajaeana. It was used then -to describe the mode of 

action of mortality caused by certain parasites - the mortality was 

density-dependent becuse the parasites tended to increase with 

increasing host density, and delayed because the response (increased 

percentage parasitism) was lagged by one generation behind the increase 

in host density. By generalizing from this original specific usage, 

the term has come to be applied to any mortality factor whose severity 

is proportional to density at a particular time, but whose effect is 

only expressed at some subsequent time. 

The detection of delayed denity-dependence in series of popula-

tion-density-estimates is not possible using a Morris-type analysis 

(see last Section, and the critical investigation by Luck (1971). 
Alternative graphical or correlation methods have to'be used. Either 

a specific, measured mortality factor can be tested, or else the 

entire generation mortality as revealed by the trend value (previously 

designated 5) can be tested for delayed density-dependence. If the 

size of the mortality is plotted against the initial population 

density on which it acts (both on a log scale), delayed density-

dependence is revealed by the approximation to a closed circle, spiral 

or ellipse, formed by joining points for successive generations in an ant-

clockwise direction. Such plots are known as Moran diagrams 

(Williamson 1972) after the vertebrate ecologist P A P Moran who used 

them in investigating population cycles of various Arctic mammals. 

This incidentally brings us to notice an important feature of delayed 

density-dependent mortality, viz that it tends to generate cyclic 

changes in population density. Much more will be said of this in 

relation to Bupalus populations later in this thesis. 

Using a Watt-type analysis (as defined in the last Section) 

delayed density-dependence can be measured by the negative correlation 

of S with log N ,, that is of the trend from one generation to the 

next with the density in the previous generation. Such a correlation 

was in fact demonstrated for a Bunaluspopulation (the 60-year 
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sequence reported by Schwerdtfeger (1935, 191+1)) by Watt (1963). Watt 

found in an analysis using weather data and several different exprec-
sions for population density that the most significant determinant of 

population trend S was (in N _i)2, th& square of the natural loga-

rithm of density in. generation 11 -1. Pc-analysis of the same data 

using the linear relationship with log N 	gives a correlation 

almost as good (see end of this Section) Watt drew attention to this 

phenomenon of delayed density-dependence and compared it with a 

previous finding on the population dynamics of the spruce budworm 

C1ori stoneura fumi ferana. 

The analysis of delayed density-dependence (hereafter abbreviated 

to DDD) in this Section will also use the correlation of S with log 

N 	The (negativ r-value for this correlation will be designated 
the DDD coefficient. This is exactly analogous with the way used to 

define IDD coefficient in the preceding Section. It should be 

realised that IDD and DDD effects thus defined are not additive 

because they are not independent - part of the co-variation of Sn  with 

log N may also be correlated with log N 	. Thus the only way of 

meaningfully combining the two is by means of a multiple regression. 

This has been done for all units and the multiple regression equations 

are reported and discussed in the succeeding Section (1+.vi). 

For 1+7  units of the pupal survey the DDD coefficient is listed in 

Table 4.iv.1. The overall mean value for DDD coefficient is 0.1+02 

± 0.056 (equivalent to 16.1% of variance explained). The so-called 
'low density group' has a mean coefficient of 0.31+1 ± 0.071 and the 
'normal density group' a mean of 0.1+30 ± 0.076, not significantly 
different. Comparison with the range of IDD coefficients reported in 

the previous Section shows two things:- 

a) 	The mean of all DDD coefficients is significantly lower than 

the mean IDD coefficient; in terms of variance explained the mean 

DDD effect is little more than half as strong as the mean IDD 

effect (16' as against 310%). 
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b) The scatter of the DDD coefficients is much greater than that 

of the IDD coefficients this is obvious from a comparison of the 

histograms in Fig. 11.iv.1. 

It is instructive also to compare the DDD coefficients on a unit-

by-unit basis with the statistics reported for the same units in 

Sections 4.ii4.iv. 

Mean Density. Taking all 47 units together, there is a weak (just 
significant) positive correlation of DDD coefficient with long-term 

mean density level (r = 0.303, p 0.05). The relationship is shown in 
Fig. 1+.v.1 (a), and the fitted line is 

y = 0.4495 + 0.1212x 

where y is DDD coefficient and x is long-term mean density on a log 

scale. Because this relationship is of theoretical importance for 

questions considered later in this thesis (Sect. 8.i) it was investi-
gated in more detail. It has already been shown that the 15 units of 

the 'low density group' represent in some ways 'a special case which 

should be examined separately from the others. Thirteen of these 

15 units comprise the different 'beats' of Thetford Chase, closely 

grouped geographically in the Breck district of East Anglia. Compar-

able 'clusters' of closely-grouped units are the five Sherwood units, 

and nine units of the Moray district of East Scotland. When each of 

these groups is examined in isolation (Fig. 4.v.1 (b)) there is evi-
dence of a stronger relationship of DDD with mean density level than 

seen in the large-scale 47-unit comparison: 

Thetford 	y = 0.7981 + 0i4536x (r = o.488, 0.05Cp<0.10) 
Sherwood 	y = 0.2531 + 1.2217x Cr = 0.630, p>0.10) 
Moray 	y = 0.7063 + 0.8873x Cr = 0.562, p>0.10) 

Increased value of both the correlation and regression coeeficients 

suggest that the relationships are stronger, but because of the much 

reduced number of degrees of freedom no one of these three cases is 

fully significant. This evidence is shown graphically in Fig. 4.v.1 

(b); it suggests that DDD and mean density level may be well corre-

lated at the local level, but at national level this correlation is 

largely obscured by over-riding regional differences. 
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Variability of Density. At the level of the 4.7-unit  comparison there 

is a weak (r = 0.319, p<0,05) positive correlation of DDD coefficient 
with variability of density as shown by the standard deviation of log 

population density (Sect. 4.iii). The correlation is only slightly 

improved if we consider the 'low density group' and 'normal density 

group' separately (r = 0.361, 0.364 respectively). Examining 
locally-clustered groups of units in isolation does not consistently 

improve the correlation. The conclusion is that populations whose 

fluctuations are characterized by a high DDD component have a weak 

tendency to show a more variable population density than those where 

DDD effects are less strong. 

IDD Coefficient. In comparing IDD coefficients and DDD coefficients 

on a unit-by-unit basis, no relationship could be found between the 

two, whether the correlation was tested over all 47 units or on any 
sub-groups within them. 

Nevertheless the two sets of coefficients are plotted against 

each other in Fig. 4.v.2. Two points should be made concerning this 

scatter-diagram:- 

The point for Croxton (which by its extreme position tends 

to suggest an inverse correlation between IDD and DDD coeffi-

cients) is almost certainly misplaced due to bias in calculating 

the IDD coefficient (see Sect. k.iv above). 
At the opposite extreme of the distribution (high DDD, low 

IDD) we see close together the two points for Tentsmuir and 

Cannock. These two units are the only two in the country to have 

required repeated control measures against Bupalus and are thus 

to be considered the most outbreak-susceptible of all units 

examined here. It appears from the Figure that such outbreak-

susceptible sites can be recognised by the combination of a high 

DDD coefficient with a relatively low IDD coefficient. Culbin 

with the relatively high IDD coefficient of 0.623 is a partial 
exception to this, but it should probably be regarded as much 

less outbreak-susceptible than Cannock and Tentsmuir; its single 

'outbreak' in 1954  is seen in retrospect as much less serious 

than was thought at the time (Crooke 1959). 
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DDD-coefficients have been calculated for the same five continen-

tal populations as previously discussed. They are as follows: 

Site Reference DDD-coefficient Significance 

Hoge Veluwe Kiomp (1968) 0.211 NS 

1951-67 
Letzlingen Schwerdtfeger 0.520 

1881_194o (1935 9  1941) 
West Niedersachsen Ohnesorge 0.126 NS 

1934-59 (1964) 
West Luneburg 	, 0.541 

1934-59 
East Luneburg " 0.583 

1934-59 

The coefficients for Hoge Veluwe and West Niedersachsen are low 

and not statistically significant. In the first case the low DDD 

coefficient is linked to a low IDD coefficient also (see last Section) 

and the population fluctuation has very much the nature of a 'random 

walk' which encompasses a wide, range of density levels (Sect. 4.iii). 

In the second case low DDD coefficient is combined with a fairly high 

IDD coefficient, and the population fluctuation is restricted to a 

rather narrow amplitude about its long-term mean. 

The Letzlingen and the two Luneburg populations show high DDD 

coefficients, and as pointed out by Ohnesorge (1964) these are 

characterized by greater amplitude of fluctuation, as well as more 

regular periodicity, when compared to the west Niedersachsen popula-

tion. The quite extraordinary amplitude of fluctuation shown by the 

Letzlingen case (with repeated severe outbreaks) is reflected in the 

conjunction of high DDD coefficient with low IDD coefficient. In 

this it is comparable with the British outbreak populations of Cannock 

and Tentsmuir, discussed above. 
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1+.vi Combined Density—dependence Divations 

As a means of summarising both the immediate (Sect.Li,iv) and 

delayed (Sect.k.v) density-dependent effects previously described, 

and their interaction (if any), a series of multiple regression 

equations was calculated. The logarithmic trend value (year n to 

year n+i) was regressed on two independent variables simultaneously: 

the log density in year n (to express IDD effect) and log density 

in year n—i (to express DDD effect). The multiple correlation 

coefficient then obtained expressed the combined effect of both 

types of density—dependence. 

The regressions were produced using the EMAS package MEJLTR, 

a multiple regression library developed for interactive use. 

Regressions for the 1+7 units of the pupal survey are shown in 

Table 1+.iv.i. Not all equations contain terms for both x1  and x2  

this is to be expected as not all DDD coefficients (or even all IDD 

coefficients) are significant considered separately (see preceding 

two Sections). An independent variable (either x1  or x2) has only 

been included in a regression where it has made a significant 

contribution to explained variance in the dependent variable, trend. 

Because the DDD effect is 'not significant' more often than the !DD 

effect, the x term is more often missing from the equations than 

the x1  term. In fact the x term is omitted in 23 instances, the'x1  

in only i. The occurrence of an x2  term in only 24 cases out of 

1+7 is a reflection of the fact that only about half the units 

examined showed a significant DDD effect when tested separately 

(Sect.4.v). The four cases where x is omitted are clearly 

exceptional, and include the two repeated—outbreak sites of Cannock 

and Tentsmuir. 

The 1+7 units in the Table are ranked in ascending order of 

longterm mean density, and it will be noticed that the first term 

(the constant) in the equations broadly follows the trend of mean 

density, varying from a large negative value near the 'top of the 

Table to a small positive value near the bottom. This is because 

119 



the constant term represents the predicted logarithmic trend value 

where 	alu3 density in both year n and year n-i is assumed equal 

to 1.0 (zero on the logarithmic scale). Thus a quick inspection of 

the constant term will show whether the long-term equilibrium 

density of a particular 222alus population is above or below 1.0 
per m2. 

If long-term equilibrium is below 1.0 the constant term will be 

negative (ie population density tends to decline from a given value 

of 1). If long-term equilibrium is above 1.0 the constant term 

will be positive (le population density tends to increase from a 

given value of 1). The good agreement of this prediction with the 

calculated long-term mean densities can be checked by comparison 

with the figure of Table 4.ii.1. 

The final column of Table 4.iv.1 gives the respective r-values 
and their significance levels. Note that the multiple correlation 

coefficient, calculated where both x1  and x2  terms are present, has 

a higher critical value for any given level of significance than 

the simple correlation coefficient calculated where only one 

independent variable is used. The mean of all 1+7 r-values is 
+ 0.614 - 0.030, equivalent to 38% (-+ k /) of variance explained. This 

is not very different from the figure to be expected from the means. 

of the IDD coefficients and .DDD coefficients computed separately, 

implying that there is relatively little interaction between the 

two. Mean IDD effect explains 31% of variance in trend, mean DDD 
effect explains 16% of variance, therefore the expectation from 

combining the two is:- 

31% + (0.69 x 16%) = 1+2% of variance explained. 

It is probably more realistic .to say that there may be both positive 

and negative interactions between IDD and DDD effects. For instance, 

the positive serial correlation between densities in successive years 

(the X1  and X of multiple regressions) must be manifested as a 

negative interaction when IDD and DDD are considered in combination. 

On the other hand we can, suppose that particular mortality factors 

(eg tree defoliation, build-up of parasites) might exhibit a positive 
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uation 

(y -.0.022 - O.467x1) 

y = - 0.373 - 0.397x2  0.520  

y = - 0.369 - 0.731x1 	 O.588* 

interation between their immediate and, delayed manifestations. But 

considering the results as a whole, these positive and negative 

interactions largely cancel out. 

Trend values predicted by the equations of Table 4.iv.1 were 
compared with the real trend values and for each unit a set of 

residuals was derived, ie the differences (positive or negative) 

between observed and predicted trends. Another way of expressing 

this is that the residuals represent the trend values corrected 

for the knom density-dependent effects. These corrected trends, 

or residuals, were then used in testing for possible correlations 

between weather factors and Bupalus population trend (Chapter 5). 
This procedure was essentially the same as that previously applied 

to Bupalus by Watt (1963)  for DDD effects and by Ohnesorge (1964) 
for 1DB effects. Correcting for density-dependent effects improves 

the likelihood that any real effect of weather (or other independent 

variable unrelated to density) may be revealed as significant. 

Continuing the comparison with published continental data on 

series of Bupalus population counts, I show below the combined 

density-dependence equations calculated for the four German and one 

Dutch populations already discussed. 

Site 

Hoge Veluwe 

1951-67 
Letzlingen 

1881-19'+o 
W. Niedersachsen 

193k-59 
W. Luneburg 

1934-59 
E. Luneburg 

193k-59 

Schwerdt feger 

(1935, 19k1) 
Ohnesorge (1964) 

It 	
?t 	y= - O.473 - 0.384x1  - o.449x2  0.628 

11 	y = - 0.499 - o.420x1  - 0.451x2  0.675 

Reference 

KLomp (1968) 

mean r = 0.565 (32% explained) 

The Hoge Veluwe equation is not significant, a situation paralleled in 

the UK data only by one unit, High Lodge. The Letzlingen data, again 
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resembling those for Cannock and Tentsmuir, shows no x1  terms  ie no 
separate significance of IDD effect in the context of a multiple 
regression with DDD. The general range of r—values is similar to that 

observed in the equations for the UK pupa]. survey. 
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k.vii 	Pcriodicitva  the Cycle 

In Sect.2.i it was described how in outbreak areas of Germany 

epidemics of Bunalus tend to recur at a characteristic interval of 

about 7 years on average. In Sect.k.v it was shown that the delayed 

density-dependent pattern of population fluctuation generally entails 

a similar cyclic or oscillatory pattern, with a periodicity of about 

the same number of years. In this Section we shall attempt to detect 

such cyclic patterns in sequences from the pupal survey data, and 

to identify the characteristic periodicity associated with them. 

Standard techniques for the abstraction of cyclic components 

irom data in the form of a time series are Fourier Analysis and 

similar types. of spectral analysis, designed to separate an underlying 

'signal' in the form of a sine wave of fixed amplitude and frequency 

from the random 'noise' generated by environmental disturbances. 

Such a technique is appropriate where there is reason to believe 

that the amplitude and frequency are indeed fixed. In the case of 

Bupalus cycles or 'gradations' there is every indication that neither 

of these properties is constant - peaks may recur sometimes at a 

six-year and sometimes a nine-year interval, on one occasion 

producing enormous outbreaks over a wide area and on another occasion 

producing little or no significant damage to trees (see the 

Nittelfranken example quoted in Sect.2.i). These gradations of forest 

insects (which some ecologists would deny the name of true cycles) 

are in fact of quite general occurrence and are always characterised 

by some degree of variability in the two properties mentioned (see 

Sect.7.vii for a general review). 

The result of variability in the period of the gradations is 

that observed numbers progressively get out of phase with any 

hypothetical fixed cycle which may be postulated as a model. For 

this reason the Fourier Analysis technique as a means of examining 

such data is unsatisfactory. A more promising approach is provided 

by serial correlation analysis, in which the auto-correlation of a 

set of data is calculated with a lag of 1, 21  3 ......... etc years or 

generations. Given a cycle with a periodicity of say, 6 years, we 

can expect to find a significant positive correlation at a lag of 6, 
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and perhaps also 5 and 7 years9  while a significant negative 

correlation intervenes at a lag of 3 years and again at 9 years. 

Significant positive or negative correlations may again be found at 

longer time-lags corresponding to second and third repetitions of the 

cycle, but given the tendency for the gradations to 'wander' out of 

phase with time, these higher-order correlations are less likely. 

The use of such a technique was discussed (with a hypothetical 

example of catches in a moth-trap) by Usher (1973) who illustrated the 

results by means of a 'correlogram' relating size of the correlation 

coefficient to length of the time-lag. This technique was found to 

provide at least a partial solution to the problem of measuring 

periodicity of Bupalus cycles, and I give below the results of its 

application to data from the pupal survey. 

Clearly the 'best' results (most significant time-lagged 

correlations) with such a method will be obtained where the population 

cycle is most marked and most regular. For the reason I have selected 

as illustration the 25-year sequence of data for Tentsniuir, which went 

through four quite well-defined cycles in the period 1954-78. The 

auto-correlation method produced significant positive correlations at 

lags of 1, 7, 12 and 13 years, and significant negative correlations 

at lags of 39  k, 9 and 10 years. These are shown in the correlogram 

of Fig.4.vii.11  with 95% confidence limits of the correlation 

coefficient shown for ease of interpretation (the critical value of 

r increases with increasing time-lag,. because progressively fewer 

data-pairs are available as longer time-lags are examined). 

The visual presentation of Fig.14.vii.1 suggests a way in which 

ths data can be used to calculate a rather precise estimate of 

average periodicity. An isolated 'outcrop' of positive correlations 

is seen to extend from lag 6 to lag 81  with the following r-.values:- 

lag 6 0.281 

lag 7 0.421 

lag 8 0.018 	S  
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1 	2 3. 4 5 6 7 8 9 10 11 12. 13 14 15 

Fig.4.vii.1. Correlogram for the serial correlation of 25 years' Bupalus 
density estimates from Tentamuir, for lags of I to 15 years. Critical 
values for 95% confidence—limits of r are shown (dotted lines). 
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The centre of gravity of this positive 'outcrop' can be calculated 

from the relative sizes of the r-values. In this case it is 6.63, 

so the mean periodicity of the cycles can be estimated as 6.63 years. 

In principle this method can be applied to any time series in 

which a negative auto'-correlation at a short time-lag is replaced by 

a positive auto-correlation at a slightly longer time-lag. However, 

in practice it is found that there are few cases where the progression 

is so clear-cut as in the Tentsrnuir example shown. In many examples 

there is indeed a positive correlation somewhere in the range 5 to 8 
years, but this does not reach statistical significance and so is 

difficult to interpret with confidence. Or the region of positive 

correlations is not sharply delimited by the occurrence of negative 

correlations on either side. These cases have to be discarded from 

an analysis of this sort. 

Nevertheless on examining the pupal survey records a total of 

12 cases were detected where a me -an periodicity could be calculated 

by the method just described. In other words, about half of the 

units displaying significant delayed density-dependence could be 

shown to have a characteristic periodicity in this way. (No units 

which lacked significant delayed density-dependence could be shown 

to have any periodicty). 

The 12 examples are tabulated below:- 

Period 

Kilcoy 	5.00 
Findon 	4.20 

Darnaway 7.86 

Pitgaveny 6.80 

Altyre 8.0.5  
Roseisle 5.87 
Culbin 5.83 
Speymouth 5.52 

Tentsmuir 6.63 
Swynnerton 4.59 
Sherwood III 4.77 
'Iundford 5.11 
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The range of periodicities calculated is quite large -1+.2O to 8,05. 

The mean of the 12 is 5.35 1  0.80. This is seen to be rather short 
when compared with the average periodicityof 7.2 years between peaks  

calculated for the German district of Mitteifranken (Sect.2.i). 

However, taken to the nearest number of whole years, this discrepancy 

of six as against seven years is not large. In particular it must 

be remembered that these two figures have been arrived at in very 

different ways. Perhaps the auto—correlation method described above 

contains hidden biases - perhaps the fact that it 'works' for some 

units but unexpectedly not for others (eg, why not for Cannock ?) 

means that its results can not be taken as wholly representative. 

All that can be said is that it establishes the general finding that 

cycles of the order of about six years periodicity can be detected in 

the Bupalus numbers of quite a few British forests. 

To continue the comparison with continental population studies 

of Bupalus, I applied the serial correlation method to the usual 

examples of data series from three published sources. Only one of the 

5 populations produced a significant result - that of West Luneburg in 

the period 1934-59 (Ohnesorge 1964). The calculated periodicity was 

9.14 years, longer than any listed above for the UK. The Letzlingen 

population described by Schwerdtfeger (1935, 191+1) which otherwise 

displayed many of the attributes of cyclic fluctuation (Sect.2.i) 

failed to disclose a definite periodicity by this method, probably 

because of the too great variability of period shown by the 

different gradations. 
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5. WEATH 

This chapter examines the possible interaction of weather factors 

with Bupalus 's. population dynamics, firstly by a literature review and 

secondly by a correlation analysis using data from the British pupa]. 

survey. 
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5iInfluence of weathpr onl3upa:Lu 	ouionynarnico: a review. 

Ever  since the early nineteenth century, when the German 

state forests began to record recurring BuEalus epidemics, of 

varying intensity at different times, attempts have been inac1 to 

relate the timing and severity of these outbreaks to the 

variation between years in particular weather factors. The reasons 

for expecting to find such correlations with weather are several:- 

There is a rather general belief in the importance of 

weather factors as a major determining influence in the 

population dynamics of insects - this of course is backed 

up by an extensive literature, see for example the review 

by Varley, Gradwell and Hassell (1973), Chapter 5- 

Field and laboratory observations show the important 

effects weather has on the behaviour and development of 

individuals. Much more rarely, such observations 

have proved a direct effect of adverse weather in killing 

palus individuals under field conditions. 

The often simultaneous rise or fall of Bupalus 

populations over very wide areas (particularly in Germany) 

cannot be accounted for by dispersal of individuals. This 

was fully recognised by,eg Escherich (1931). Instead it 

seems to be an expression of some common 'key factor' 

operating in an identical manner over large geographical 

areas. The first such factor to come to mind is weather. 

(By this I mean the extremes of temperature, rainfall, etc 

which tend to be manifested over large areas not the rather 

complex patterns of coincidences, sometimes quite localised, 

such as postulated by Watt (1968)  to trigger outbreaks of 

the Spruce I3udworm Choristoneura fumiferana). 

1+. In every Bupalus population whose numerical changes have 

ever been recorded, specific mortality agencies such as 

parasites, predators, emigration and starvation, have not been 

found to be sufficient in their impact to explain the mar:ed 
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variations in J3upalus survival. It is natural to attribute 

much of the unexplained variation in survival to weather 

factors, even where (as is usually the case) no definite 

action of weather has been demonstrated. A good exasple 

is seen in }aornp (1966), 

The information contained in the literature on the influence 

of weather on &rnalus falls under three categories:- 

Direct field observations on the effect of particular 

weather phenomena on Bupalus individuals. 

Direct observations on the behaviour, development and 

survival of Bualus individuals kept under controlled 

conditions in the laboratory. 

Inferred relationships based on a retrospective comparison 

of recorded meteorological variables withus 

population fluctuations over a series of years. 

Information from the first two of these sources has so far not 

proved to be much help in understanding the role of weather in 

LEa_lus  population dynamics. Most of the rest of this Section is 

devoted to a critical review of available information in the third 

category. 

Evidence from direct field observations 

A great many such observations were presented by Eckstein 

(1923) who drew mainly on the archives of the German state forests, 

going back over many years. This information is difficult to 

evaluate, as often the different reports contradict each other. For 

example, we are told at one point:— 

"Many moths were killed by rainfall during the swarming—period.t' 

but a little further on. 

"There were indeed a reat many moths beaten to the ground 
by the heavy rain, but they rose up again fairly soon." 
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and, as an example of the moths!  insensitivity to weather, 

"During the flight period there occurred three weeks of 
prolonged practically incessant rain, with very heavy 
cloudburst-like downpours. Throughout this time the moths 
remained at rest sitting in sheltered positions in the 
tree-tops, but left immediately for mating or oviposition 
whenever there was even five minutes of intervening 
sunshine." 

Further contradictions arise on the subject of the 

susceptibility of larvae to frost during the late autumn. For 

instance, 

"Only a few caterpillars were below the ground 
(30 October 1892).  Many of these perished in the recent 
cold, wet weather." 

"Similarly in Weiden Forest, the greater proportion of the 
caterpillars perished during the cold nights in the second 
half of October (1892)." 

But there are reports of great cold-hardiness:-  

"After the severe frosts at the end of October they lay in 
heaps and quite motionless beneath the trees: as soon as 
the temperature rose, however, or if one touched them with 
one's warm hand, they became active." 

and Eckstein concludes 

"Many more examples would only serve to confirm the observed 
high degree of resistance of the caterpillars (to cold)." 

The general conclusion which emerges from Eckstein's review 

is that reliably-recorded cases of weather directly killing 

looper individuals at any stage of the life-history are very few. 

On the other hand it is indisputable that weather modifies the 

behaviour and/or determines the developmental rate of Bu-palus at 

almost every stage. 

Many such effects on behaviour and development are 

described in the next paragraph, on results of controlled 

temperature and humidity experiments. One other effect deserves 

mention in the context of field observations, that of spring 

temperatures on rate of development of pupae to the point of adult 

emergence. Botterweg (197$) related the date of median adult 

emergence (in the study area at de Hoge Veluwe) to a measure of 
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accumulated temperature in the months of March-April.-May. 

Differences in emergence date of up to about three weeks cre 

attributable to this relationship. 

Laboratory studies 

Detailed reports on the development and survival of 

_Bu  us in conditions of controlled temperatut'e and humidity 
in the laboratory were given by Schwenke (1953)  and Hussey 

(1958). The main results of their investigations are 

summarised as follows:- 

Adults. Flight and oviposition behaviour is inhibited 

by low temperatures (below about 140c). On the other hand 

persistent low temperatures greatly extend the length of 

adult life, to 3.-4 weeks or more, and it is concluded that 
under field conditions, moths are well able to survive 

periods of bold weather and to proceed with copulation and 

oviposition as soon as better conditions intervene. 

Eggs. The development time of eggs was found to decrease 

with increasing temperature in the range 1O°-25°c.  Extreme 

high relative humidities increased the development time 

slightly. Mortality of eggs was only significant at low 

constant temperatures (below 140c) or at very high relative 

humidities (>95%). 

Larvae. Relationship of developmental rate to temperature 

was found to differ with different instars. Higher 

temperatures shortened the development time for the early 

instars but lengthened it considerably for the final, fifth 

instar (Schwenke). Field observations on the feeding rate 

by Hussey showed that feeding was most intense during the 

night, and was greatly favoured by warm, moist conditions. 

It was concluded that dry, anticyclonic weather could have an 

adverse effect on larvae by exaggerating the diurnal 

temperature fluctuations. An important finding by Hussey 

was that exposure of early instars to low constant 

temperatures (10°c) resulted in a very greatly extended 

132 



development time for the :Last two inctars. 

Pupae. Pupal weight was found to be greatest following the 

slowest rates of larval growth, which resulted at an 

intermediate optimum of 100c (Hussey). 

Results of both these workers revealed, however, that the 

pattern of reaction to some environmental factors varied 

significantly both from place to place and from one year to 

another in the same place. These differences were suggested by 

Hussey to be associated with expanding or declining populations, 

and to be clue to metabolic changes independent of the immediate 

physical environment. Schwenke believed that such basic switches 

in metabolism could be attributed to differences in timing of the 

adult flight period. What are perhaps similar changes in growth 

pattern resulting from variations in the phenology of earlier 

stages were discovered by Gruyc (1970).  The application of results 

such as the above to the understanding of population dynamics of 

field populations is by no means easy. The general conclusion of 

Hussey was that 

"it appears that Buualus is well adapted to the wide range of 
summer weather in the British Isles but that, on occasion, 
some of the factors may become temporarily limiting (to larval 
growth)." 

and that the chief' impact of weather 

"must be due to indirect effects of weather on other, biotic 
control factors, rather than to direct effects on Bunalus 
itself. 11  

Evidence from comnarisons with recorded weather data 

Much of the older German experience is summarised by Eckstein 

(1923) and again reviewed by Escherich (1931).  The most inmortant 

single factor according to these accounts is rainfall. This ties 

in with the findings on climate and site type (Sect. 2.i) - that 

outbreaks of Bupalus are most common in areas of low annual 

rainfall, and on sites with porous well—drained soils. The 

implication is that drought is a major predisposing factor, and 

indeed it: was also found that periods of very low rainfall often 

preceded the most damaging outbreaks (Eckstein). Annual totals of 
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rainfall appeared to be most significant, rather than those of any 

one month or season of the year. However, March and April rainfall 

seemed to correlate particularly well with the course of the out-

breaks. As regards temperature, a distinction could be drawn 

between the larval period (August to November) and the pupal period 

(December to May) of the looper. The onset of an outbreak was 

believed to coincide generally with high temperatures during the 

larval period and low temperatures in the pupal period, and the 

collapse of the outbreak to be associated with the reverse 

conditions. A broad generalisation which was made was that 'wine—

years' (ie with warm, dry conditions over much of the season) were 

most conducive to the commencement of outbreaks. Eckstein attempted 

t show that such conditions had an adverse effect on the parasites of 

Bupalus, hindering their multiplication while favouring that of the 

host. 

The validity of these old ideas on the significance of weather 

is difficult to judge. They were derived without the benefit of 

statistical tests, and in ignorance of most of modern ecological 

theory, but they do have the advantage of drawing on very long and 

thorough experience of Bupalus as a pest. For comparison I now go 

on to review six more recent papers which examine Bupalus population 

dynamics in relation to weather. 

Cramer (1962) examined outbreaks of forest defoliators in the 

Schwetzingen forest district (south-west Germany) in relation to 

weather records, over the period 1841-19.50. He found that the 

single severe outbreak of Bupplus, in 1894-95,  followed an 

exceptional sequence of three seasons (1692, '93 and 1 94) in each of 

which both May and June rainfall were below their average values, 

One earlier, period which had shown a three-year pattern of low May-

June rainfall was also followed by a (more minor) outbreak of 

Bupalus. The singular nature of the event described here makes a 

proper statistical assessment impossible - what would have been 

more desirable was a continuous record of variations in the Bupalus 

population to compare with the continuous record of meteorological 

data. In an attenrnt to validate Cramer's result in this way, I used 

his rainfall data from Karlsruhe in conjunction with the historical 
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records of Bupalus outbreaks surnriiarisccl by Klinietaek (1979) for 
the nearby area of the Pfalz (Palatinate). These records cover the 

entire period of Cramer 's weather data, and show repeated waves 

of Bupalus infestation of varying degrees of severity, throughout the 

period. As at Schwetzingen, by far the most damaging outbreak during 

the period was that arising the mid-0 's (which, in fact, 

affected much of southern Germany, as far away as North Bavaria). 

But taking, the rest of the 110-year period 181+0-1950, there was no 

evidence to confirm that May-June rainfall had any effect on the 

course of Bu2alus fluctuations. Very low cumulative rainfall totals 

around the year 1920  failed to trigger an outbreak. Conversely, high 

Nay-June rainfall in the three years to 1910  did not prevent a 

vigorous outbreak which began in that year. The conclusion is that 

May-June rainfall in itself did not significantly affect the 

dynamics of Bupalus populations in the Palatinate: the correspondence 

with the 189495  severe outbreaks was either fortuitous, or may 

perhaps have reflected the influence of a more long-term drought 

operating over many months at that time. 

Ohnesorge (1961+) discussed the interpretation of curves of 

BUalus  population density (derived from pupal counts) in three 

areas of Lower Saxony (West Germany). He found that for one area, 

West Niedersachsen, during 1938-53 the density trend quite closely 
corresponded with that predicted by immediate density-dependent 

effects (using an analytic method the same as in Sect. k.iv of this 
thesis). The deviations from the fitted regression could be 

related to weather - specifically, to the sum of the July and August 

mean temperatures. Warmer temperatures in this period corresponded 

to negative deviations of population trend, and cooler temperatures 

to positive deviations. Calculation of the correlation coefficient 

from the data of Ohnesorge's Fig. 8 shows that this relationship was 
highly significant (r = 0.63, 0.001<p<0.01). 

Ebert (1967) produced a review of the influence of climate 

and weather on Biplus population dynamics. Most of his conclusions 

are based on a 70-year sequence (1892-1961)  of pupal survey data 

from Letzlinger Hied (East Germany). The years are.cla.ssiuied 
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abcording to the customary German scheme of gradation terminology 

as: 

Latenzjahre 

Vorbereitungsjahre 

Progressions jahre 

Regressions jahre 

years of latency 

preparation years 

years of increase 

years of decrease 

His findings, based on monthly and annual figures for rainfall and 

mean temperature, are various, confused, and completely unsupported 

by any statistical tests. Of the large number of relationships 

proposed, the following appear to be the better substantiated:- 

Preparation-years. Six out of seven preparation years were 

warmer and drier than average (seventh was classed as warm-

moist). Six out of seven showed August weather that was 

warmer and drier than average (the seventh was classed as 

cool-dry). In six cases out of seven the March-April 

weather was warmer than average, and in five of these six 

years the March-April period was also drier than average. 

Increase-years. The variable most strongly correlated 

with the "Progressionsjahre" was November temperature. In 

13 out of 17 cases it was above average. 

The 'Latenzjahre" and "Regressionsjahre" showed for the most part 

little evidence of deviations from average weather patterns. 

Watt (1963)  examined the piblished 60-year data run for 

Letzlinge Heide (Schwerdtfeger 1935, 1941) in order to produce 

a dynamic-programming model to simulate effects of control 

measures on tree defoliation by Bpalus. His multiple-regression 

equation contained independent variables for mean October and 

mean November temperatures, which were the next most significant 

influences on population trend after the delayed density-dependent 

effect (as described in Sect. 4.v of this thesis). Lipalus 

survival appeared to be negatively correlated with mean October 

temperature and positively correlated with mean November 

temperature (a finding difficult to interpret in biological 
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terms, as the same life-stages late larval andpropupal - may 

probably have occurred in both these months). 

Kielczewski et al (1972) investigate'd three successive 

gradations of Bupalus and Panolis flammea in the Woziwoda forest 
O district of Poland during 1950-"o  They used six different  

multiple regression programs, each containing a different 

combination of meteorological variables, in an attempt to 

explain the variations in population density (as shown by pupal 

counts). Three programs produced significant correlations with 

Bualus numbers, the relevant variables being:- 

Mean minimum temperature in May. 

Mean air pressure in season. 

Mean amplitude of temperature in August. 

1+. 	It 	 II 	 It 	 II 	in September. 

(It is not made clear whether correlations with the above factors 

were positive or negative). 

White (1974)  presented a hypothesis to explain outbreaks 

of looper caterpillars, based on the predisposing effect of moisture 

stress on the nutritive value of host-tree foliage. He computed a 

"stress index" for each year which consisted of 

(Winter rainfall total) - (Summer rainfall total) 

both expressed in units of standard deviation from their respective 

long-term means. This index was applied to IComp's data for Bupalus 

at de Hoge Veluwe, 1950-66 (among other examples). A good agreement 

was claimed, though no statistical evidence was quoted to support 

this. Calculation of the correlation coefficient from the data of 

White's Fig. 9 does not reveal a significant relationship 

(r = 0,15, p>0.2). 

The results of the six papers reviewed above are summarised in 

Table 5.1.1. The fact that in four cases out of six the original 

authors have not employed any sort of statistical test weakens the 

case for the validity of these weather relationships. Other 

criticisms can be made on biological grounds. White's application of 

his rainfall-based "stress index" to the Hoge Veluwe population was 
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not justified by any evidence that high winter rainfall could 

stress the trees in this particular plantation - indeed the site 

description by Faomp (1966) makes it seem, unlikely that this should 

he so. The analysis of Kielczewski et al does not take, account 

of the obvious cyclic nature of the population change in the 

Woziwocla Forest. In fact it makes no allowance for the effect 

of either delayed or immediate density-dependent factors: because 

these almost certainly account for a large proportion of the 

variance in population density, they introduce a large element of 

confusion to the correlation of density with other independent 

variables such as weather. 

It can be seen from the summary table that in the six different 

papers reviewed a total of ten different meteorological variables 

have been invoked as having an influence on Bupalus population 

change. accept in the case of November mean temperature (Watt, 

Ebert*) no one particular variable has been reported as important 

in more than one of the papers. On the other hand, some of the 

different variables are certainly interrelated - for example, the 

May-June rainfall (Cramer) is clearly a component of the total 

summer rainfall, which partially determines the stress index 

calculated by White. Likewise the May-June rainfall at any given 

site may well show some degree of co-variation with the mean 

minimum temperature in May, used by Kielczewaki et al. So it is 

impossible to be certain that the diversity of weather correlations 

found indicates a real lack of any common weather influence in the 

different cases. 

However, the weak statistical basis of many of these associations, 

and sometimes a failure to take account of biological considerations, 

means that several of the claimed relationships must be seriously 

questioned. Given the very great number of different weather 

variables which may be examined, and the even greater number of possible 

combinations of these variables (or of time-lagged or accumulated 

variables) it is inevitable that many spurious correlations will be 

*Which in fact relate to the same population,  over substantially 

the same period of time. 
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thro\'m up. The statement that a given correlation is tIirnif±cant 

at the 1% probability level" is meaningless if we disregard the 

fact that perhaps 60 other possible correlations have been considered 

and discarded at the same time. It seemslikely that the 

multiplicity of different relationships claimed by both the older 

German literature and the more recent papers reviewed is due in part 

to such spurious correlations, compounded by the uncritical 

acceptance of the apparent relationships without adequate 

statistical testing. 

140 



3.ii Weather Correlations Using Survey Data 

The analysis of data from the pupal survey provides the 

opportunity to assess meteorological influences in a more complete 

and satisfactory way than many of the papers reviewed in the 

previous Section. The influence of immediate and delayed density-

dependent factors has already been evaluated in Sects.4.iv - 

and so can be properly allowed for in all comparisons. The large 

amount of quantitative information can be subjected to statistical 

tests which will give a meaningful indication of the true degree of 

'significance' of the correlations. 

Meteorological data for the comparisons are available in the 

Monthly Weather Reports of the Meteorological Office. These provide 

monthly totals of rainfall and means of maximum and minimum 

temperature and several other variables for a large number of 

recording stations throughout the UK. Monthly figures were 

thought to be most appropriate for the analysis for the following 

reasons:- easons:- 

1). It might be postulated that weather behaviour at a 

particular critical point in Buipalus's  life-cycle might be 

important, eg the peak of adult flight activity or the peak 

of larval hatching from the eggs. However, not only do such 

events tend to be spread over a period of time during any one 

season (Sect.1.i), also their timing between years can be 

very variable, depending on weather conditions affecting 

developmental rates of earlier stages (Sect.5.i). So it is 

not feasible to assign a date to any particular developmental 

stage with an accuracy greater than about 2 weeks, and so a 

monthly time-scale is appropriate. 

An alternative view of the significance of weather for 

Bupalus (and one which is partly borne out by the review in 

the previous Section) is that the concept of a particular 

'critical stadium' (susceptible to direct effects of weather) 

is probably not valid for this species. More significant are 
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likely to be certain indirect effects, involving eg 

developmental rates of Bupalus, cumulative effects on condition 

of host tree etc, and it seems that these will be best 

reflected on a monthly (or longer) time-scale. 

3). White and Lindley (1976) made a principle components 

analysis of a ten-year run of daily meteorological data with 

a view to reducing the data to a small number of ecologically 

significant variables. They concluded that analysis on a 

monthly or quarterly time-scale gave more consistent results 

than using daily or 5-daily data, and would probably be more 

suitable for assessing the response of a plant or animal 

species to weather. 

1+). More detailed figures (ie on a weekly or daily basis)would 

be impractical at least for use in a preliminary analysis, 

because of the sheer quantity of data required. 

The selection of the most appropriate weather station in 

relation to each unit of the pupal survey depended on nearness and 

on continuity of records in the period 1953.-77  inclusive. As can 

be seen from Sect.3.ii,  the 1+7 units of the pupal survey are not 

evenly scattered over the country, but fall into a number of local 

groups more or less tightly clustered. Because of this only twelve 

different weather stations needed to be chosen, in such locations 

that Bupalus data from each of the 1+7 survey units could be 

compared with meteorological data from one of them. In general no 

survey unit was more than about 25 miles from the relevant weather 

station. In some cases a suitable station with complete continuity 

of records could not be found, due to periods of missing data, changes 

in location of the stations etc. In these cases missing data were 

estimated by interpolation from the figures for nearby weather 

stations and/or regional means. 
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The twelve weather stations used and the survey units to which 

they relate are as follows:- 

Station Grid Ref Sixrvey Units 

Fortrose NH 71+9557  Kilcoy, Kessock, Findon, Mlllbuie. 

Forres NJ 01+7587 Culbin, Darnaway, Altyre, Roseisle, 

Monaughty, Pitgaveny, Lossie, Innes, 

Speymouth. 

Balmoral NO 26091+6 Alitcailleach. 

Montrose NO 707617 Montreathmont, Inglismaldie. 

Leuchars NO 1+68209 Tentsmuir 

Silpho Moor SE 95791+6 Ampleforth, Allerston. 

Lowestoft TM 51+391+7 Rendlesham, Tunstall, Dunwich. 

Marham TF 726094 Feltuell, Elveden, Mundford, Swaffham, 

King's, High Lodge, Lynford, Santon, 

Redneck, Downham, West Tofts, Croxton, 

Harling. 

Keele SJ 820446 Cannock, Delamere, Swynnerton, 

Leckford SU 393365 Bramshill, Ringwood, 

Mansfield SK 51+3619 Sherwood II, Sherwood III, Sherwood IV, 

Sherwood V, Sherwood VI, Laughton. 

Swansea SS 61+2923  Pembrey. 

The three weather variables used to compare with Bunalus 

population data were:- 

Rainfall. 

Mean maximum temperature. 

Mean minimum temperature. 

There is little a priori reason to believe that Bupalus survival 

is affected primarily by one of these variables and not by, say, 

sunshine-hours atmospheric pressure or some other variable. However, 

rainfall and temperature have been the most widely used in the past 

for comparisons with Bupalus population dynamics (see last section), 

and these variables are the ones most consistently available in the 

records of the Monthly Weather Reports. In any case, temperature 

and rainfall are in general very highly correlated with many other 
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meteorological variables. The principal components analysis of 

White and Lindley (1976) showed that 73% of variation in all their 

monthly weather data was attributable to the first two principal 

components, expressing energy (temperature) and dampness (rainfall) 

respectively. So the most important dimensions of weather variation 

are likely to be reflected in some combination of the above three 

variables. 

The method adopted in the present case for testing weather 

variables comprised the following steps:- 

For each unit, the observed values of population trend 

index (log N +1) - (log N) were compared with the predicted 

...values calculated from the combined density—dependence 

equations of Sect.k.vi. The difference between observed and 

predicted values, ie the 'residual' component of the trend 

after correcting for density—dependent effects, was extracted 

for, each year. 

Correlation coefficients were then calculated for the 

correlation of these residual trends with each of the three 

meteorological variables for each of 24 months. That is, 

the residual trend for year n to year n+1 was compared with 

weather data for each month of year n and each month of 

year n—i. Thus for each set of residual trends (representing 

one survey unit) a total of 3 x 12 x 2 = 72 correlations were 
obtained), 

The r—values were compared with critical values for the 

10%1  5% and 1% probabilitr levels, in relation to the 

appropriate number of degrees of freedom (which varied from 

unit to unit according to the form of the original density—

dependence equation, and length of the original run of data). 

). Finally, numbers of correlations found 'significant' at 

each level were compared with the number theoretically expected 

on the basis of the null hypothesis (of no relationship with 
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weather). For example, total number of correlations tested was 

72 x 1+7 = 3381+. So on the null hypothesis the number of 

expected 'significant' correlations at the 10% level was 

338. 

Tables 5.ii.1 	5.ii.3 show, for each of the 1+7 survey units, 

the correlations found significant at the 100%, 5% and 1% levels 

both for immediate relationships (weather of year n with trend of 

years n to n+i) and lagged relationships (weather of year n-i 

with trend of years n to n+1). Positive and negative correlations 

are distinguished. 

The comparison of expected and observed numbers of 'significant' 

correlations for the different variables is set out in Table 5.ii.4. 

It is seen that the number of 'significant' correlations is only 

very little in excess of that to be.expected on the null hypothesis. 

At the 10% level, 381 correlations were found 'significant' comared 

with an expectation of 338.1+. The excess of 1+2.6 represents a little 

under one correlation per survey unit investigated. At the 5% level, 

203 were found significant compared with an exception of 169.2. The 

excess of 33.8 represents somewhat less than one correlation per survey 

unit, 	 show these deviations from expectation to 

be significant at the 5% and 1% levels respectively. But the 

relative fewness. of the additional correlations found 'significant' 

suggests that weather effects (at least as detectable by the present 

analysis) were of rather small importance in most of the populations. 

At the 1% level only a very small excess number of correlations (36 

as against 33.81+) were found, and this was not significant on a chi-

squared test. 

*chisquared tests used in this context should be interpreted with 
caution because of the problem of non-independence of data-sets, 
discussed below in reition to the Thetford units. The standard 
'critical values' of X are thus likely to be not sufficiently 
rigorous, and so the true significance of the 'observed vs expected' 
comparisons will be less than the formal significance levels quoted. 
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Given that a quite small proportion of the correlations 

found statistically significant are likely to he biologically 

significant, and so of interest for the present study, the problem 

then is how to distinguish these biologically significant correlations 

from the background of spurious correlations fhrown up by chance. 

To some extent it should be possible to identify which meteorological 

variables and which groups of forests, are contributing most to 

the excess of observed significant correlations over expected, 

and so to pinpoint the real, biological effects. It would be 

expected that real weather effects would be expressed with some 

consistency in the correlations, so that eg the same variables 

would show significance in the same direction (positive or negative) 

for different survey units and different weather stations. Or it 

might be that rainfall or temperature over a series of successive 

months would show significance in the same direction, suggesting 

a cumulative effect of a weather variable over time. 

Rainfall. Table 5.ii.4 shows that the observed number of 

'significant' rainfall correlations differs very little from that 

expected on the null hypothesis. The slight excess of correlations 

at the 10% level is not significant (X2(1)  = 0.617, 0.5<p<0.6), 
and differences at the 5% and 1% levels are negligible. It has to 

be-concluded from this that there is no evidence in this analysis 

of any influence of rainfall on the population dynamics of 

The fact that positive and negative correlations are seen 

in approximately equal numbers tends to confirm this conclusion. 

Maximum TeEperature. The number of correlations with maximum 

temperature found 'significant' at the 10%  level is significantly 

in excess of expectation (X2(1) = 4.43*). At the 5% and 1% levels 

the difference falls short of significance. The difference from 

expectation is attributable to the lagged rather than the immediate 

relationships. Furthermore, there is a marked excess of negative 

over positive correlations, and this holds for both immediate and 

lagged relationships (X2(1) = 5•79* and 10.05**  respectively for 
the comparison at the 10% level). The conclusion is that there is 

some evidence for the existence of an inverse relationship of 

maximum temperatures with Bupalus population trend, over both of 

the two succeeding years. 
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Minimum Temperature. The number of correlations with minimum 

temperature found 'significant' at the 5% level is significantly 

in excess of expectation (X2(1) 	7.92**).  At the 10% and 1% levels 

the difference is not significant. Again there is a preponderance 

of negative over positive correlations, seen in both the immediate 

and lagged cases (X21) = +.13 and 1-56 NS respectively for the 
comparison at the 10% level). This suggests that the inverse 

relationship of Bupalus trend with temperature holds for minimum 

as well as maximum temperatures, but is more clearly revealed in the 

latter. 

This brief scan of the correlations for the three classes 

of weather variables indicates that there appears to be no effect 

of rainfall, but a moderately significant effect of temperature, 

best expressed by the maximum temperatures. However, on looking 

more closely at the case of the maximum temperatures (Table 5.ii.2) 
we see that the excess of significant correlations is clearly a 

feature of certain forests more than others. In particular the 

13 survey units of Thetford Chase contribute disproportionately 
to this. The Thetford units display 47 'significant' correlations 

of maximum temperature compared with an expectation of 31.2 (at 

the 10% level), an excess of 15.8. This compares with an excess 

of 21,2 taken over all survey units collectively. So the group 

of Thetford units (all relative to the same weather station, 

Marham) accounts for by far the greatest proportion of the excess 

'significant' correlations with maximum temperatures, in the whole. 

analysis. Inspection of Tables 5.ii.1 and 5-ii-3 shows that the 
Thetford units also furnish a disproportionately large number of 

the 'significant' correlations with rainfall and minimum temperature. 

There is no doubt that if these 13 units were taken out of the 
analysis, it would be impossible on the evidence of the remaining 

34 units to show any departure from the predictions of the null 
hypothesis. In other words, except for the comparison of Thetford 

T3upalus data with Marhthi weather variables, no evidence could be 

found of an influence of weather on the insect's population 

dynamics. 
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Whether the Thetford case is a genuine exception to the general 

absence of detectable weather effects is hard to assess. Because all 

13 units are situated together within a small area, and all have been 

related to. the same weather station, they cannot be considered as 

mutually independent cases. That many show significant correlations 

for the same monthly weather variables is likely to be due to the 

high degree of parallelism in 2Mal.us population change between all 

these units. This raises the possibility that a spurious correlation 

here may have been 'magnified' by a factor of several times, and 

entered the schedule of all correlations (Table 5.ii.1+) with a 
much exaggerated importance. This is true in principle of each 

of the locally-clustered groups of units, most of which showed some 

parallelism of 2upalus population changes within themselves. But it 

is suggestive that the Thetford group which is by far the biggest of 

these clusters also made by far the biggest contribution of 'significant' 

weather correlations. 

On the other hand, there are some independent, theoretical 

reasons for expecting that these Thetford populations may have been 

more influenced by weather than most other Bupalvs populations in 

the survey. The Thetford populations fluctuated about a very low 

density level (lower than any other survey unit except Ringwood), so 

low as to suggest that the density-dependent factors important in 

other populations had relatively little influence. Certainly the 

combined IDD and DDD relationships of the 13 Thetford units were 

significantly weaker than those of the other 31+  units as measured 

by multiple correlation coefficients in Sect.1+.vi (Thetfords 

O.548 0.057,  others o.640 t  0.032). The fluctuations in the 

Thetford units (see graphs in App-3)  often show the appearance of 

'random-walk' behaviour - suggesting that randomly-varying factors 

(such as weather) were of greater importance than density-dependent 

factors (immediate or delayed). 

Judging by the number and level of significance of the excess 

'significant' correlations in the Thetford units, it is calculated 

that approximately 20% of variance in residual trend, on average, 

may be justifiably attributed to the weather correlations tested. 

For the other 31+ units of the survey the proportion of variance 
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explained is negligible. The general conclusion is that the influence 

of weather onBupalus population dynamics (so far as it is revealed 

by this analysis) is (a) very slight, and (b) virtually confined 

to one localised group of low-density populations. 

U 
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6. II4EDIATE AND DJAYED DENSITY—DI.  ENDENCE. 

This chapter considers the concepts of immediate and delayed 

density—dependence (first discussed in Ch.Lf in an analytical context) 

and relates them to the operation of randomly—varying (density—

.disturbing) mortality factors which operate on the population. The 

interplay of density—dependent and, density—disturbing factors 

determines the year—to—year variability in population density, and so 

the probability of the occurrence of outbreaks. 
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6.iImmedi ate and delayed densit -dependent remilation and 'the 

r 

It was pointed out in Sect,1+.v that there is a tendency 

forthose forests where Bupalus outbreaks (and nearoutbreaks) have 

occurred to show a high degree of delayed density-dependence in their 

population fluctuations. The three survey units (below) where 

outbreaks have been severe enough to merit insecticidal control, 

have a mean DDD coefficient of 0.735 

DDD coefficient 

Culbin 	0.801+ 

Tentsmuir 0.715 mean 0.735 
Cannock 	0.686 

Wykoham Forest, which had a major outbreak in 1970  is not included 

in the analyses of this thesis because insufficient data have 

accumulated, since its first inclusion in the survey, for an analysis 

of the time-pattern to be meaningful. But the pattern of fluctuation 

over the few years of available data strongly suggests that Wykehn 

too has a strongly delayed density-dependent, cyclic population 

change. 

A second group of units can be distinguished, which have not 

produced outbreaks severe enough to require insecticidal control, 

but which have occasionally harboured populations high enough to 

cause concern. A suitable criterion would be: units which have 

recorded populations averaging more than 10 pupae per m2  over a 

substantial area (four adjacent transects or more) in any one year. 

This group contains:- 

DDD coefficient 

Innes 0.622 

Roseisle 0.541 

Kilcoy 0.529 

Rendlesham 0.1+71 	mean 0.503 

Sherwood IV 0.427 
Allerston 0.426. 
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The mean of their DDD coefficients, at 0.503 t  0.080 is significantly 
greater than the average (determined over all units) of 0.1+02 

(Sect.1+.v). 

The remaining 38 units of the pupal survey together have a mean 
DDD coefficient of 0.359. 

Although a high DDD coefficient is apparently charadteristic 

of outbreak sites, it is not always associated with outbreaking 

populations, witness the Swynnerton and Speymouth units both with 

DDD coefficients > 0.7, neither of which has produced even 

moderately threatening numbers. 

A simple verbal model can suggest in what way the cyclic, 

delayed density-dependent pattern of fluctuation can give rise to 

outbreaks. It is assumed that weather and other density-independent 

factors inflict a mortality which varies effectively at random from 

year to year. Their effect is therefore a density-disturbing one. 

This effect is counteracted by the density-dependent: factors (either 

immediate or delayed) which have a regulatory effect ie they tend to 

return the population density to some more-or-less fixed long-term 

equilibrium level. 

Suppose a sequence of years occurs in which the density-

independent mortality (due to weather etc) is repeatedly lower than 

normal. This will allow the Bupalus population to increase 

temporarily above its equilibrium density. In the case of an entirely 

DDD-regulated population the counteracting density-dependent effect 

will operate only after the second year of above-equilibrium 

populations In other words the population is allowed to increase 

unchecked during two generations of favourable conditions. This 

may well be sufficient to allow outbreak levels to be reached, say 

after two successive generations of tenfold increase 

DDD feedback 

2 	
1T 	

2 	 2 0.5 per m 	>5 per m 	50 per m- 50 per m 
(equilibrium) 	 (outbreak) 
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The'feedback' of compensatory mortality comes too late to prevent 

the occurrence of a peak ZLLajua population of damaging proportions. 

With a strongly IDD-regulated populatlon, the counteracting 

density-dependent effect operates after the first year of above-

equilibrium populations and thus an outbreak is prevented. 

IDD feedback 

2 C 2 	 2 O.5 per m. 	>5 per m 	)5 per m 

The population in year 3 is contained at sub-outbreak levels in 
spite of the persistence of favourable weather conditions etc. 

This example is necessarily an oversimplification of the 

natural situation. In particular, it implies that there is no 

'feedback' resulting from populations at equilibrium level, but that 

this suddenly comes into operation whenever the population exceeds 

equilibrium. This discontinuity is not apparent in the real 

populations examined in Sect.4.v; rather, the feedback seems to 

adjust uniformly to uniform changes in population density. To 

examine such a system in more detail the relationship has to be 

mathematically formulated. 

A model is set up in which Bupalus population density (pupae per 

m 
2 

 ) is represented by its common logarithm. The model has the 

following components, with parameters adjusted to match as far as 

possible the real populations analysed in Chapter 4. 

An equilibrium density of I per m2  (in agreement with 
many of the longterm means recorded in Sect.k.ii). In 

logarithmic terms this equilibrium density is zero: densities 

of less than I are represented by negative numbers and densities 

of more than I by positive numbers. 

A stochastic variable to represent the variation from 

year to year in mortality due to weather and other density-

independent factors. This can be introduced in the form of a 
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randomly-chosen element from a normal distribution with mean 

zero (representing tnormall or laveragel conditions for 3upaiis 

survival) and standard deviation 0.3 (chosen to match the degree 

of variability in natural populations). 

c. A density-dependent feedback, either immediate or delayed, 

which is linearly related to the logarithm of population 

density in a given year. The slope of the regression is taken 

as 0.8, which is about average for the immediate density-

dependent relationships in Sect.1+.iv. This means that  

deviation of 1.0 (tenfold) from equilibrium density will result 

in a compensatory trend of 0.8 (sixfold) either immediately 

or after a lag of one generation. 

Using this as a basis, simulation runs can be used to compare 

the behaviour of IDD-regulated and DDD-regulated systems in respect 

of the occurrence of 'outbreaks' at peaks of Bupalus density, and 

the pattern of events leading up to such outbreaks. Simulations 

were set up for an IDD-regulated population (to be called population 

a) and for a DDD-regulated population (to be called population b). 

Simulations were run for 300 generations each. Initial densities 

were set at 0.50  (ie 3.2 per in2) for population a, and at 0.50  and 
0.00 in generations I and 2 (3.2  falling to 1.0 per in2) for population 

b. 

Occurrence of outbreaks 

For the purpose of the simulation an 'outbreak' was defined 

as the occurrence of a population exceeding 15.0 per m  
(1.18 on the 

logarithmic scale). Considered as a forest average, this corresponds 

to the outbreaks experienced at Culbin in 1951+  (18.9 per in2), at 

Tentsmuir in 1957  (16.1 per in 2 , and at Cannock in 1963 (19.9 per in 
2 

The course of the population fluctuations for the two simulations 

is shown in Figs 6.i.1 - 6.i.2. Two things are immediately apparent:- 

1. The fluctuations of the IDD-regulated population(a) are of 

much lower amplitude than those of the DDregulated population 

(h). 
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Fig.6.i.1. Simulated density fluctuations over 300 generations 
in an IDD—regulated population of Bupalus. 
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Fig.6.i.2. Simulated density fluctuations over 300 generations 
in a DDD-regulated population of Bupalus. *asterisks mark 
the occurrence of 'outbreaks' (see text). 
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2. The DDD-.regulated population shows rather regularly-recurring 

cycles, with peaks every 6-7 generations, whereas the IDD-
regulated population shows no indication of such cycles. 

The amplitudes of fluctuation of the iwo populations are 

revealed by the standard deviations of the logarithms of population 

density. These were 0.322  and 0.623 for populations a and b 
respectively. As can be seen by the figures in Sect.k.iii these 

correspond quite closely to the lowermost and uppermost ranges 

of the SDs of the real populations examined (Table 11.iii.1). The 

absolute maximum population density was 0.732 (= 5.1+ per m 2  ) for 
population a and 1.51+6 (= 35.2 per m 2  ) for population b. In fact, 
using the criterion of 15 per m2, outbreak densities were reached on 

seven different occasions (marked*  on Fig.6.i.2) by population b, 

but never by population a. This comparison indicates quite strikingly 

how the same level of variability in the environmental 'input' can 

result in very different amplitudes of population fluctuation 

depending only on whether the density-dependence is immediate or 

delayed. 

It is also apparent from Pig.6.i.2 that the DDD simulation 

involved regular cycles in density: altogether k successive 'peaks' 

were present, the first in generation 7 and the last in generation 
291+. This gives a mean period of 6.52 - + 0.1+3 years (cf the mean period 
of 5.85 0.80 years calculated for 12 real populations in Sect.1+.vii.). 

Mean peak density was 0.753 0.111  ( 5.66 per m 2  ) and the mean of 
46 successive 'troughs' was 0.793 0.122 (= 0.161 per m2) This can 

be compared with the data for some real Buralus cycles analysed in 

Sect.7.i. It appears that the 'outbreak' cycles are distributed 

effectively at random among the series of 1+5  cycles observed. 

The origin of outbreaks in the DDD simulation 

If it is accepted that the DDD simulation described above 

provides a realistic (though crude) model of the behaviour of real 

population cycles, then the course of the simulation can be 

studied to provide an insight into which particular sequences of 

environmental variation (ie the stochastic input) are likely to 

generate'outbreaks'. 
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EQUILIBRIUM = 0 

To represent an 'average' six year cycle, the following diagram 

is constructed:... 

The six generations leading up to the year of peak numbers 

are labelled a, b, c, d, e, f respectively. For simplicity of the 

argument it can be assumed that the slope of the density-dependence 

relationship is unity, so that the trend in generation c is exactly 

equal to the (neative of the) population density in year 1, and so 

On. It is apparent that the height of the peak at the end of generation 

1' will be increased by a positive input of the stochastic variable in 

generation f, or equivalently by a positive input of the stochastic 

variable in generation e (because such a positive deviation is not 

'corrected' until generation g). A positive inp'it in generation d 

will be corrected in generation f, so will not contribute to the 

height of the final peak. A negative input in generation c will lower 

the depth of the 'trough' and the population size in the following 

year (k). This in turn will produce a positive reaction in both 

generations e and f, and the resulting peak will be higher. A 

negative input in generation b will likewise lower the depth of the 

trough and have a similar result. A positive or negative input in 

generation a will be corrected in generation c so will not 
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contribute to the height of the final peak. 

So according to this line of reasoning the likelihood of an 

outbreak arising at year 6 may be substantially affected by the 
values of the stochastic variable in generations b, c, e and f, the 

first of those being no less than five generations in advance of 

the outbreak. 

Analysis of simulation data shows that this is true for the 

system illustrated in Fig.6.i.2. To provide an adequate number 

of cases of 'outbreaks' for analysis, the 300 generations of the 

simulation illustrated were supplemented by a further 300.-generation 

run with the same parameters. in the two series a total of 

15 'outbreak cycles' could be recognised. These 15 cycles were 

analysed in terms of the theoretical scheme of generations presented 

in the diagram. Year 6 of the theoretical scheme was identified in 
each case with the first year that the population exceeded the 

critical level of 1.18 (this was usually but not always the 

peak year of the cycle). The preceding six generations a to f were 

examined and the value of the stochastic variable was extracted in 

each case. It is recalled that over the whole simulation the 

stochastic variable has a mean value of zero and standard deviation 

of 0.3. Over the six generations a to f, preceding the occurrence of 

outbreak numbers the means of the stochastic variable (n = i) were 

as follows:— 

GENERATION 	 a 	b 	c 	d 	e 	f 

MEAN 	 —0.083 —0.275 0.292  +0.023  +0.325  +0.341 
STANDARD DEVIATION 0.206 0.306 0.243 0.201 0.286 o.18 

As predicted from the discussion earlier, the-means for generations 

a and d do not differ significantly from zero, ie there is no 

evidence that the input in the form of the stochastic variable was 

in any way atypical in those generations. For generations b and 

c the means were significantly less than zero, ie negative (p(0.01) 

and for generations e and f the means were significantly greater than 

zero, ie positive (p<0.001).  The diminution in absolute size of the 
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mean going back through generations f, e, c, h is progressive but 

rather slight. It Can be explained partly by the less-than-unity 

value of the regression coefficient of the density-dependence 

relationship (in this case 0.8), which means that a lowering of the 

density in years 3 and k is only partly translated into increased 
upwards momentum of the population in generations e and f. Partly 

it is attributable to the generations in the simulation tending to 

get out of phase with the exact theoretical cycle. If neither of 

these factors operated we would expect generations b, c, e and f 

to be all equally important in the generation of outbreaks, and 

furthermore an 'outbreak cycle' would have a high probability of 

being followed immediately by another 'outbreak cycle', owing to the 

conservation of momentum in the population movements,. In the 

simulations reported here, any tendency for successive peaks to 

be correlated in height is so slight as to be negligible, which 

seems to accord better with the real situation in Bupalus (see 

Fig.2i.2 for illustration). 

The conclusions from this simulation, which in many respects 

mimics quite well the natural fluctuations of cyclic populations, 

may be taken as pointers to important considerations governing the 

cycles, including outbreak - cycles, of real Bupalus populations. 

It was shown that the probability of a peak's reaching outbreak level 

was enhanced by enhanced survival (or reproduction or iirnigration) 

in the two preceding generations, but also by decreased survival 

in two earlier generations of the cycle. So the occurrence of any 

given outbreak was contingent upon a rather complex pattern of 

events extending back through five generations. The net effect 

of the interaction of the four 'critical' generations was 

evidently more important than the behaviour of any one of them. 

Further, when comparing the influence of the stochastic input on 

a number of simultaneous cycles not in phase, it is apparent that 

a sequence which could drive one system to outbreak might be just 

that which would suppress the height of the peak in another 

This insight may be of value in trying to assess the possible 

role of weather in triggering Bu alus outbreaks. It could explain 
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the apparent failure of many workers to produce convincing evidence 

for the role of weather (see review in Sect.5,i). It does not 

necessarily help to explain the dearth of significant correlations 

in the weather analyses of Sect..ii, which sought to take full 

account of the densityrclationships from the start. 

A practical consideration arising out of this finding is that 

the application of insecticides in such a way as to bring a 

us population to a very low density level may be bad policy. 

Such an action could correspond to the negative input in generations 

b or cof the above discussion, and could significantly increase 

the likelihood of outbreak when next the population rises to a 

peak. (The unusually low density levels for 4 years after the 

application of DDT at Cannock in 1951+  were followed by a resurgence 

to outbreak on the immediatelyensuing cycle; though the analogy 

with the simple model is admittedly not a close one). Better practice 

would be the application of insecticides known to have more moderate 

'killing—power', and (what is now standard policy) over as, small an 

area as possible consistent with protection of the forest. 
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7. THE NATURE OF DED D1SITY-D'1DENT REGULATION IN BUPALUS 

The strongly delayed.density-dependent, cyclic type of fluctuation 

pattern shown by some Bupalus populations was chosen for further 

study, for the following reasons:- 

It was shown (Chapter i)  that such a fluctuation pattern is 

characteristic of those Bupalus.populations which produce outbreaks. 

Cyclic population phenomena (in mammals and in some other 

insects) have  been much studied by ecologists and are of great 

theoret*ical interest. 

An example of the non-cyclic type of fluctuation pattern, 

characterised more by immediate than delayed density-dependence, 

has already been very thoroughly investigated by Iaomp (1966, 
1968). 

I use the word 'cycle' in this context in the sense of the 

dictionary definition "a recurrent round or course (of successive 

events, phenomena, etc)" (Shorter Oxford Dictionary) rather than in 

the strict sense, derived from the physical sciences, of an oscillation 

with fixed period and amplitude. It seems preferable to me to use the 

term 'cycle' in its more general sense rather than to invent some 

special new term to describe the recurrent sequences of population 

increase over two or more successive years followed by progressive 

population decline. Alternatively, the word 'gradation' can be used 

(by analogy with the German) with the same meaning - the Shorter 

Oxford Dictionary gives one definition of 'gradation' as "a series of 

successive stages in a process or course". 
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7i The cycle in I3uralu; numbers - 

It has been shown in Ch,6 how a delayed density.dependcnt system 

of population regulation can give rise to cycles in numbers with a 

period of six years or a little more. in Sect.1+.viii the cycles of 

some real 	populations were examined by means of serial 

correlation analysis, and found to have periods ranging from about 

five to eight years in different survey units. The cycles can be 

characterised in a number of ways - by immediate density-dependence 

coefficient (Sect.4Giv), delayed density-dependence coefficient 

(Sectk.v) amplitude (Sect.1+.iii) and periodicity (Sect.kvii). 

None of these parameters however provides a convenient frame of 

reference against which to compare the progress of particular 

observed cycles occurring in different forests and at different 

times. To do this it is necessary to devise a system for classifying 

the different phases of the cycle. A verbal classification of this 

sort is found in the traditional German literature (eg Escherich 

1931) where the successive years of a Bupa].us gradation are labelled 

as 'Vorbereitungsjahr', 'Prodromalstadium', 'Eruptionsstadiurn' etc 

(see Sect.2,i,). 

A classification of this sort must not be too rigid, because the 

course of the cycle in nature is rather variable. Typically, the 

sequence of increasing populations lasts for three years and is 

followed by a sequence of three years of declining populations. This 

is the very simplest form of DDD-regulated pattern described in 

ch.6. In reality, however, either the increasing or the decreasing 

phase of a cycle may last anything from two to five years, perhaps 

more in exceptional cases or where the cycle is not well-defined. 

Thus, in the German scheme a gradation may in some cases contain 

a single 'Vorbereitungsjahr' (preparation-year), in other cases 

two or more successive years are classed as the 'Vorbereitungsjahre'. 

For the purpose of the present work a numerical classification of the 

successive years is proposed, in many ways analogous to the German 

one but avoiding the connotation of serious outbreak implicit in 

that terminology. Thus it is suited to describe either cycles of 

outbreak or cycles which subside without threatening population 
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V III 

J. 

levels being reached 

The starting point of the numerical classification is the 
recognition of a 'typical' six-year sequence, of three years' 

increase followed by three years' decrease. The six years of 

this sequence are labelled 1, 119 1119 IV, V, VI after which the 
next generation returns to year I With generation I taken as the 
initial trough in numbers and generation IV as the peak, the pattern 
can be shown schematically (on a logarithmic scale) as follows:... 

Iv 

Real, observed sequences of population change can be related 

to this ideal sequence by identifying troughs and peaks with generations 

I and IV respectively, and classifying the intervening years in 

accordance. This is a simple matter when the observed sequence 

contains exactly three successive years of increase and three 

successive years of decrease. In the many real cases where the 

pattern varies somewhat from this ideal, some compromise decisions 

have to be taken in order to make a classification:— 

a). two—year sequence 

ii! 

/ 

1 	

I 
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five—year sequence 

The trough and peak years are labelled I and IV as always and 

the single intervening generation is given a dual 'L/III' 

classification. 

four-.year sequence 	Iv 

'11/111 

The trough and peak years are labelled I and IV respectively. 

The year following I is labelled II and the year preceding IV is 

labelled 1110 The year between II and iL is given a dual 'Il/ill' 

classification. 

The trough and peak years are labelled I and IV respectively. 

The two years following I are both labelled II and the two years 

preceding IV are both labelled III. 

An analogous process of naming can be applied to the cases of 

decreasing sequences. 

Obviously, this is to some extent an arbitrary system, and 

other perhaps equally valid ones could be proposed. It does have 

the advantage that the peak and trough years are the most readily 

picked out and identified, and once this is done it is a straight—

forward matter to classify the intervening years. 
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A classification of this sort enables one to compare many 

different cycles, and to arrive at some general conclusions about not 

only population density but also other attributes of the population 

which may change in a systematic pattern with the different phases 

of the cycle. 

In order to make such comparisons, ten different representative 

gradations hae been selected from the sequences of forest means 

(Appendix 3). Selections were made on the following criteria:- 

Only those survey units showing a significant delayed 

density-dependent coefficient (Sect01..v) were considered. Thus 

it was possible to avoid cases where cyclic fluctuations were 

not typical for the survey unit but where a particular six-year 

sequence happened by chance to resemble the cyclic pattern. 

Ten, different survey units were chosen so as to emphasize 

the widespread occurrence of cyclic gradations geographically 

they include survey units as far apart as Kilcoy in North 

Scotland and Rendlesham in East England. 

Different periods of time are represented, although there 

is a slight tendency for cycles in different survey units to 

be synchronised for example, four of those considered occupy 

the period 1966to 1971  or '72. This may be coincidental, Qr 

it may be the result of occasional seasons of nationwide adverse 

conditions simultaneously bringing Bupalus populations to a low 

level over a very wide area. 

Cycles culminating in outbreaks which necessitated spraying, 

or which commenced at unnaturally - low population levels as the 

aftermath of spraying, were not taken into consideration. 

Apart from following these guidelines, the selection of 

particular sequences of years was made on an essentially subjective 

basis. They tend to represent the 'best specimens' of cycles 

available rather than a completely random cross-section. It can 
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be objected that this constitutes a bias in the means of selection: 

but any method of separating 'cyclic' from 'non.-cyclic,  sequences 

must be to some extent arbitary, as the two types grade continuously 

into each other. The setting of any particular formal criterion of 

a 'cycle' would in itself tend to define the results obtained. 

The course of the ten selected cycles is shown in Table 7.i.1. 

In three cases (bracketed in the Table) a zero count in a year I 

has been replaced by an estimate based on 0.5 + (area searched)9  

as described in Sect.-.ii. For each cycle the successive years 

have been classified in the series I to VI. Ten different values were 

thus obtained for each of the theoretical phases Ito VI and again 

I for the concluding trough.' In gradations with a 'typical' three 

generations increaseplusthree generations decrease there is a 

simple one-to-one correspondence of observed years of the cycle 

with the six theoretical 'phases'. In other cases the value of 

a single year's density estimate has to he assigned to two successive 

'phases', ie where there has been a li/ill or V/VI classification. 

In the sole instance of a four-year sequence (Roseisle) the value 

assigned to II is the logarithmic mean of years classified II and 

II/III, and the value assigned to III is the logarithmic mean of 

years classified il/ill and III. 

All values were converted to logarithms and means calculated 

over the ten cycles - these are shown with their 95% confidence 

limits in Table 7.i,2. The mean values are shown on a logarithmic 

scale in Fig,7.i.1.  The whole cycle is seen to lie within the 

range 0.1 per m2  to .10 per m2  with a mean or 'equilibrium' density 

of a little under 1 per m2. The years of peak numbers and 

immediately following, IV and V, are seen to be less variable than 

the other stages of 
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Survey Unit Years Bupalus Density per in2  in Successive Phases 

Kilcoy 1957-62 0.120  0.239 3.930  1.367 0.068 (0.034) 

I u/lilly V VI I 

Rendiesham 1961-66 .  0.084 0.169 1.041 3.124 1.069 0.169 

I II Iii TV v/VT I 

Innes 1966-71 0.213 0.239 1.794 2.870 1.017 0.050 

I IT III IV v/vi. I 

Cannock 1966-71 0.200 1.113 4.965  8.406  3.075  0.888 

I II III Iv v/VT i 

Spenouth 1966-72 (0.034) 0.205 0.957  4.101  2.529  0.229 0.114 

I II III 	IV V. VI 	I 

Tentsmuir 1966-72 0.151 0.277  3.424 5.816 1.259  0.126 0.063 

I II III IV V VI 	I. 

Sherwood IV 1969-75 0.693 1.654 5.250 11.339 2.870 1.217 0.200 

I II III IV V VI 	I 

Culbin 1970-76 0.324  0.365 0.529 4.255 2.315  0.473  0.267 

I II III IV V VI 	I 

Swynnerton 1971-76 0.240  0.720  3.280 2.480 1.120 0.61+0 

I Il/Ill IV V VI I 

Poseisle 1971-77 (0.014) 0.143 0.143 3.114 5,046 2.429 0.086 

I I II/Iii III IV v/VT 	i 

Table 7.i.1. The course of ten representative cycles in Bu2alus 

numbers (mean density per in2). The years of each 

cycle have been classified in asequence from I to VI 

and beginning, agaIn at I. 
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I 	II 	III 	IV 	V 	VI 

Fig-7-i-1. Mean pupal densities in succeeding generations of the 
ten representative cycles detailed in Table 7.1.1. 
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log antilogs 

I - 0.863 o.i 0.06 - 0.14 0.31 
If. 0,41t2 0.258 0.20 0.36 - 0.66 

111 + 0.099 0.317 0.61 1.26 - 2.61 
Iv + 0.667 t 0.136 3.40 4.64 - 6.35 
V + 0.280 ± 0.135 1.1+O - 1.90 - 2,60 
VI 0.19k ± 0.394 0.26 - 0.64 - 1.59 
I - 0.82 ± 0.1 0,07 0.15 - 0,32 

Table 7.1.2. Mean values for Bunalus density per m 	in 

successive phases of ten representative cycles. 

95% confidence limits are shown. 

the cycie though to some extent this may be an artefact of the 

method of classifying years, and of the poor precision of estimates 

at very low densities. The finding of lesser variability of the 

maximum density levels compared with the minima agrees with that 

of Baltensweller (1977)  who reviewed patterns of 	density 

fluctuations in Dutch and German populations. 

The rate of increase or decrease in different phases is also 

of interest. It appears from Fig-7-i-1  that three years of 

approximately equally steep increase are followed by three years 

of approximately equally steep decrease. This sudden switch from 

sharp increase to sharp decrease is a feature of the Zeiraphera 

cycle in the Engadine, as described by Baltensweiler (1968). However, 

the simple model of a delayed density-dependent system described in 

Ch06 predicts that, for both increasing and decreasing sequences, 

the middle generation will show a much steeper trend than the other 

two, thus giving an S-shaped character to both the increase and 

the decline. This S-shaped pattern is in fact frequently seen in rca-1 

sequences of Bunalus population density, and it was considered that 

this pattern had been obscured in the above analysis by the inclusion 

of several two-year sequences: 
IV 

and 

V I  
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Using the classification adopted above, the trend II III or V VI 

is effectively considered to be zero, and this biases the mean value 

for these trends as seen in Fig.7.i.1. 

To avoid this bias, the original ten cycles were re-examined 

with the exclusion of all'atypical', ie two-year or four-year, 

sequences of increase or decline. This left seven three-year 

sequences of increase and six three-year sequences of decline. The 

trend-values were then calculated using these three-year sequences 

only. The means of the sic successive trend-values in the course of 

the cycle were then found to be as shown in Table 7.1.3. 

Trend Mean (logarithmic) N 

+ 0.367 	0275 7 
II - In + 0.677 ± 0.273 7 

III - Iv + o.418 	0.254 7 
IV - V - 0.372 	0.211 6 
V - VI - 00789 	0.412 6 

VI - I - 0.367 	0.226 6 

Table 7.1.3. Mean trend values (logarithmic) for the six 

successive generations in ten representative cycles, 

calculated from 3-year sequences only. 95% confidence 
limits are shown. 

The middle trend of both increasing and decreasing sequences 

is shown to be the largest. Lumping together the absolute values of 

all 13 'middle' trends and all 26 other trends the difference is 
found to be significant. 

'middle' trends mean 0.729, 95% CLs 0.528 - 0.930 (N = 13) 
other trends 	mean 0.382, 95% CLo 0.285 - 0.479 (N = 26) 

The absolute value of the 'middle' trends is almost twice the 

absolute value of the others. This is in good accordance with the 

pattern of delayed density-dependent fluctuation shown by the simple 

model of Ch.6. 
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Another consideration worth discussing in relation to the 

pattern of a 'typical' cycle is that these figures refer to whole 

units of the pupal survey, comprising usually entire forests of 

varying degrees of compactness and homogeneity. Inevitably 

within a forest there is at least a slight amount of asynchrony 

in the trend of Bupalus populations in different parts, so that, 

for instance, not all parts of the forest reach peak density in 

the same year. The calculation of an overall annual mean for the 

forest unit may thus 'dilute' the true value of the peak density 

reached by any particular small area within the forest. Similarly 

the minimum value attained by the overall annual mean is likely 

to be less extreme than the minimum population density experienced 

at one point within the forest. The amplitude of the 'typical' 

cycle described above is 15 on the logarithmic scale, equivalent 

to a factor of 32-fold. The corresponding amplitude of population 

change measured at a single point (or in a small study plot) might 

be expected to be up to perhaps 20 (100-fold.)0 Real examples from 

British 	a1us populations are hard to find, as the routine annual 

survey is not intensive enough to define minimum density levels 

within a single compartment. 

The maximum contrast between mean trend values can be calculated, 

again using the three-year sequences only to avoid bias. The 

difference between strongest positive trend (+ 0.677) and strongest 
negative trend (- 0.789) is 1.466. That this is almost equal to the 

total amplitude of the fluctuation in density indicates an almost 

exactly-compensating level of delayed density-dependence in the 

examples chosen. The logarithmic difference of 1.66 implies the 
operation of a 96.6% mortality (k = 1.466) in the generation of 
strongest decrease (V-VI), in excess of that operating (k = 0) in, 

the generation of strongest increase (ii.iii). 
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To sum up, a typical six-year cycle in &ius population 

density is characterised by the following features:- 

A peak at around -5 per m (0.667 on a log scale) and 
a trough at around 0.1 - 0.2 per m2  (- 0.8145 on a log scale), 
thus an amplitude of about 30-fold. The amplitude may be 

somewhat greater (peaks and troughs more extreme) for the 

population of any given small area within a forest. 

A mean or equilibrium density of a little under I per 

(- 0.073 on a 1ogscale). Three years show densities below 
this level (I,, ii, vi) and three years have densities above 
it (III, IV, v). 

The increase from II to III and the decrease from V to VI.  

are the two most extreme trends, being almost twice as steep 

as the other trends on average. 
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7-11 Pupal we 	dth eccie 

For each of the ten survey units whose gradations were examined 

in Sect-7.i,  data are available on mean weights of female pupae 

collected in the survey. For some of these units, though, the 

record of pupal weights is very incomplete - in years where no pupae. 

or very few pupae were discovered, no adequate means can be calculated. 

In general those survey units including the largest number of transects 

suffer least from such gaps in the record (since for any given 

population density they return a greater number of pupae). For the 

comparison of pupal weights only five of the ten units were found 

to have records sufficiently complete to be used; these were 

Rendlesham, Sherwood IV, Cannock, Culbin and Tentsmuir. 

From inspection of the pupal weights listed in Table 7.ii.'1 

it can be seen that the range of pupal weights represented varies 

widely from unit to unit the lowest mean weight recorded from 

Rendlesham was 123 mginswhile the highest from Culbin was only 

108 mgmà. This reflects a general trend of increasing pupal weight 

in the more southern Bupalus populations, with highest weights in 

the country being. recorded from the East Anglian . forests.. To correct 

for this variation between units a. weighted mean was computed for 

each, consisting of the mean of six values representing, each of the 

six generations I to V.I. Actual values of pupal weight were then 

transformed to percentages of the.weighted mean (Table 7.ii.1). 

These percentage figures were then averaged over the five units to 

produce the results shown in Figo7.ii.1. 

The mean pupal weight is shown to reach a peak 1-2 years before 

the peak of numbers (generation Iv), then declines rapidly to a 

minimum .1-2 years after the peak in numbers. Although confidence 

limits are wide because of the small-number of data sets involved, 

significant differences from the average (100%) pupal weight can be 

demonstrated. Pupal weight in generation III is significantly 

greater than 100% at 110.2 17.0.  For generations V and VI combined 

(n = 7, because there are two instances of dual V/VI classifications), 
pupal weight is significantly less than 100% at . 90.6 1 9.2. Pupal 

184 



I 	II 	III 	IV 	V 	VI 	I 

(a) 

Rendleshajn 153(5) 163(2) 142(18) 140(65) 125(16) 125(16) 123(1+) 
Sherwood IV 105(11) 136(35)  1125(122)  121(292) 91+(68) 120(29) 1020) 

Cannock 109(16) 118(45) 138(180) 120(191)  116(78) 116(78) 112(34) 

Culbin 101(10) 99(8) 108(19) 97(128) not 72(13) 91(8) 
recorded 

Tentamuir 93(3) 101(5) 112(61) 102(110) 99(12) 89(1) 101(2) 

(b) 

Rendiesham 99 117 102 101 90 90 

Sherwood IV 89 116 107 103 80 103 
Cannock 92 98 115 100 97 97 
Culbin 102 105 115 103 - 76 

Tentamuir 97 101 112 102 99 89 

(c) 

lower 95% CL 89.3 96.6 103.2 100.2 77.9 78.1+ 

mean 95.8 107.1+ 110.2 101.8 91.5 91.0 

upper 95% CL 102.3 118.2 117.2 103.4 105.1 103.6 

Table 7-ii-1 Mean weights of female pupae in five representative gradations. 

Mean weight in mgms (Number of pupae weighed). 

Mean weight as percentage of weighted mean for gradation. 

Mean percentage (with 95% confidence limits). 

In (b) and (c) the values for generation I represent the 

mean of the two values (initial I and final I) in (a). 
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I 	 II 	 III 	 IV 	 V 	 VI 	 I 

Fig.7.ii.1. Mean weights of female pupae in five representative 
gradations. Weights are expressed as percentages of the respective 
weighted mean for each gradation (see Table 7-ii-1) 95% confidence 
limits are shown. The. upper curve is a schematic illustration 
(logarithmic scale) of the numerical cycle for the corresponding 
generations. 
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weight in-the generation of peak numbers (Iv) is evidently very 

close to the overall weighted mean value. 

It can be seen from Fig-7-ii-1  that pupal weights show a cyclic 

pattern which is timed a little more than one year in advance of the 

numerical cycle. The lag is such that the three highest values of 

pupal weight come at the end of the three generations of increase 

in numbers, and the three lowest values follow the generations of 

decreasing numbers. The inference that can be drawn from this is 

that the factor(s) which regulate generation survival also strongly 

influence the pupal weights of surviving individuals. Two possible 

explanations suggest themselves:- 

Nutritional status of the host plant determines both 

survivorship and growth rate of the feeding larvae, and this 

nutritional condition varies in a cyclical pattern according 

to the cycle of Bupalus numbers. This hypothesis was the 

basis of the experiment to compare small-larval survival to be 

described in Sect.7.vi.  Although the results of that 

experiment were negative, the hypothesis can not be excluded, 

and it is discussed further in the concluding section of this 

chapter (Sect.7.viii)0 

The course of the numerical cycle is determined by 

parasitism, and high activity levels of parasites depress 

the pupal weight either by some sort of disturbance effect on 

the larvae, or by differential parasitism selecting out the 

larger or slower-growing larvae. Evidence for higher levels 

of pupal parasitism during the declining phase of the gradation is 

given in the next section (7-iii). 
Possibly more important than pupal 

parasitism is larval parasitism by Dusona yacanthae Boie 

(Sects-7.v, 8.iii) - this was not systematically recorded in the 

five gradations discussed here. 

The variation in pupal weight, as it occurs in advance of the 

change in numbers, may be found to be useful as a predictor of 
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population trend. In all five gradations examined above, pupal weight 

decreased from generation III to generation IV, while population 

density was still increasing. Pupal weight data from several other 

gradations not included in the above analysis confirmed that 

decreasing pupal weights almost invariably characterise the peak 

year of a gradation. Conversely, when populations have reached a 

high density level but no decline in pupal weight is observed it 

may be expected that a further increase, possibly to outbreak level 

will take place in the succeeding generation. 

A related but different question is that of how far the 

direct influence of pupal weight affects the course of the 

numerical cycle. The smaller pupae found in the declining phase 

of a gradation are expected to produce female moths with lower 

fecundity than those found in the increasing phase. By contrasting 

maximum and minimum pupal weights with respect to their associated 

fecundity values (Bevan and Paraznonov 1962) we obtain an indication 

of how far generation survival may be affected by this. Maximum 

and minimum pupal weights are around 110% and 90% respectively of 

their 'average' values (Fig-7-ii-1).  This represents a range of, 

say 110 ms to 90 mns in real terms. Expected fecundities 

predicted by the equation of Bevan and Paramonov are 104 eggs 

at 110 mgms and 77 eggs at 90 xngms. Thus the maximum reduction of 

fecundity attributable to change in pupal weight during the cycle is 

proportionally quite small, viz 26%.  This contributes a k-value 

Of only 0.139  as compared with the k-value of almost 1.5 which is 

postulated to be acting in the generation of strongest decline 

(Sect-7.i). 

Effect of temperature onpipal weight 

Part of the variation in pupal weight not accounted for by the 

correlation with numerical cycle is likely to be attributable to 

differences in temperature between the larva], feeding periods in 

different years. For example Gruys (1970)  found for a field 

population in the Netherlands that spring and summer temperatures 

explained 42% of the variance in proportion of larvae undergoing 

an extra (sixth) instar, and that the six-instar larvae gave rise to 

heavier pupae than five-instar larvae. The spring temperatures 
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were considered to have an indirect effect by advancing the phonology 

of adult flight and oviposition, and so bringing forward the date 

of hatching of small larvae from the eggs. Temperature during the 

larval feeding period had a direct effect in. increasing the number 

of instars observed. 

The time-lagged relationship of pupal weight with population 

density, described above can be expressed by the negative 

correlation of pupal weight in year t with density in year t-2. 

This correlation can be calculated for a particular population only 

if sufficient numbers of pupae have been found over a period of 

years to enable adequate estimates of mean (female) pupal. weight to 

be made.. Data from the pupal survey from Culbin were available for 

nineteen years between 1958 and  1977, missing only 197k  when weights 

were not recorded. The sequences of population density and pupal 

weights for this period are shown in Fig.7.ii.2. The negative 

correlation of pupal weight in year t with density in year. t-2 is 

shown in Fig.7.ii.3.  This relationship is:- 

y = 95.o6- 10.856 x 

where y is pupal weight in milligrams in year t, and x is log 

density per m2  in year t-2. This explains 56% of variance in 
pupal weight (r = 0.75, p<0.001). 

Temperature data were obtained in .the form of mean monthly 

temperatures for the weather station at nearby Forres (Meteorological 

Office Monthly Weather Reports). For each of the nineteen cases 

represented in the above regression, mean temperatures were 

examined for the months of April to October in the year t-1 • Two 

sets of correlations were calculated, viz of each month's means with:- 
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the original values of pupal weight. 

the 'corrected' values of pupal weight, ie residuals from 

the regression on density at t-2. 

APR I MAY  I JUN I JUL I AUG ISM I OCf 

original 	O.14 0.404 0.026 0.293  0.215 0.626 0.310 
values 

'corrected' 0.049 0.348 0.068 0.383 0,296  0.688 0.320 
values 

A significant positive correlation is seen with the September 

temperatures. Moderate but not significant positive correlations 

are also obtained for May, July, August and October temperatures. 

Adding September mean temperature to the density relationship 

in a multiple regression gives a highly significant improvement 

in variance explained:- 

y=32.48 -9.276x1  +5.238x2  

where y is pupal weight in milligrams in year t, x1  is log density 

per m2  in year t-2, and x2  is September mean temperature (in °c) 
in year t-1. This relationship explains. 78% of variance in pupal 
weight (r = 0.88, p<O.O01). Combinations of September temperatures 
with those of any of the other months do not improve the fit of the 

regression further. The importance of September temperature is 

shown in Fig-7-ii-3  where pupal weights following warmer-than-

average Septembers are distinguished as closed circles (.) and 

nine out of ten of these points fall on or above the regression-line. 

This finding indicates the importance of a later period of the 

year than that found to be decisive in the Netherlands, where 

Gruys (1970) used temperatures from April to August to predict 

proportion of larvae going through six instars. This may reflect 

the more advanced phenoloey of the larval stages in the 

Netherlands, where Gruys states 'the fourth instar is generally 
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completed by the end of August'.Experience in Scottish forests 

reveals that most larvae here do not complete the third instar 

until about mid-September. Development of the early instars here 

is probably about 5-6 weeks later than it is in the Netherlands. 
Influence of the spring month& temperatures is not significant in 

the above analysis, but the weak positive correlation for Maymean 

temperature suggests that there may be a small effect of late spring 

temperatures also, 

To sum up the findings of this Section on pupal weights, it was 

found that:- 

Pupal weights show a significant tendency to be higher-

than-average-in the years preceding peak numbers (le in 

generations II-III) and lower-than-average in the years 

subsequent to peak numbers (ie in generations V-VI). Another 

way of expressing this is that pupal weights go through a 

cycle which is timed one year (sometimes two) in advance of the 

numerical cycle. 

Analysis of weather data at a particular site showed that 

mean temperatures for the month of September (the mid-larval 

growth period) accounted for about half the variance in pupal 

weight - not attributable- to the time-lagged density relationship. 
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?-iii Paal Earasitism during the cycle 

As in the case of the analysis of pupal weights (Sect.7.ji), 

levels of pupal parasitism could not be followed in all ten &the 

gradations examined in Sect-7,i because of the very small numbers of 

pupae (sometimes none at all) found by. the survey in some years in 

some sites. Once again five of the ten were selected as providing 
adequate data for the comparison, viz Rendlesham, Sherwood IV, 
Cannock, Culbin and Tentsmuir. 

Parasitism recorded by the annual pupal survey falls into two 

categories:- 

When pupae are first examined in the laboratory, some are 

seen to be obviously parasitised (these are recognised by their 

immobility and loss of the green colour seen in healthy pupae). 

These are set aside and kept separately from the apparently 

healthy pupae until the parasites emerge and can be identified. 

Pupae classed as apparently healthy at the initial 

examination include a proportion which are in fact parasitised 

but in which the contained parasite is as yet undeveloped. These 

are kept along with the healthy pupae, and emergence of 

parasities from these pupae is recorded at the same time as that 

of adult BH2alus. Pupae found to have died while being 

kept in the insectary are dissected and the contents assessed 

as 'sound' or parasitised. 

These categories of parasitism are summed to produce estimates of 
total parasitism for the purposes of the present Section. Parasites 

bred out are identified to species, but in.the case of parasitism 

determined by dissection it is seldom possible to determine the 

species of parasite. Because of this, and because of the small 

numbers involved in many cases, this analysis has been done on the 
whole complex of pupal parasites rather than on particular parasite 
species separately. The parasite species involved were a group of 

five which are found to recur commonly in rearings of Bupalu.s from 
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i 1 	ii iii IV V VI I 

 

Rend].esham 0(6) 0(6) 0(36) 1(110) 4(28) 4(28) 0(6) 
Sherwood IV 36(33) 10(77) 25(291) 25(309) 19(72) 19(54) 11(9) 
Cannock 0(18) 11(93) 11(391) 32(612) 39(245) 39(245) 14(86) 

Culbin 16(19) 19(27) 6(34) 7(288) not 23(30) 6(16) 
recorded 

Tentsmuir 0(6) 0(9) 10(124) 21(213) 37(46) 20(5) 0(3) 

 

Rendlesham 0.0 0.0 0.0 5.5 10.9 10.9 0.0 
Sherwood IV 37.1 18.8 29.8 29.7 26.2 25.5 19.5 
Cannock 0.0 19.1 19.6 34.4 38.5 38.5 21.9 

Culbin 23.4 25,5 14.0 15.3 - 28.9 14.5 

Tentsmuir 0.0 0.0 18.1 27.0 37.4 26.6 0.0 

 
lower 95% CL - - 0.17 0.83 0.94 0.88 - 
mean 0.51 0.53 0.71 1.17 1.72 1.53 0.45 

upper 95% CL 1,39 1.19 1.25 1.51 2.50 2.18 0.97 

Table 7-iii-1-  Pupal parasitism levels in five representative gradations. 

Percentage parasitised (total pupae). 

Arcsine transformation of percentage parasitism. 

Means and 95% confidence limits based on arcsine values 

standardised by sites. 
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Fig-7-iii-1- Fig.7.iii.1. Mean pupal parasitism levels in five representative 
gradations. Means are expressed as proportions of the 
respective mean level of parasitism for each gradation (based 
on arcsine transformation) - see Table 7.iii.1 95% confidence 
limits are shown. The upper curve is a schematic illustration 
(logarithmic scale) of the numerical cycle for the corresponding 
generations. 
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most British forests. In order to relative abundance, they were:— 

Cratichneumon viator Scopoli 

Hete!elma calcator Wesrnao]. 

Homotheru.s locutor Thunberg 

Eucarcelia rutilla Villiers 

Polytribaxarro gans Gravenhorat 

Hymenoptera, Ichneumonidae 

Hythenoptera, Ichneumonidae 

Hymenoptera, Ichneumonidae 

Diptera, Tachinidae 

Hymenoptera, Ichneumondiae 

(hyperparasite). 

The percentage parasitism caused by this whole complex of 

species during the five gradations is set out in Table 7-iii-1 (a). 
Clearly there are differences not only with the phases of the 

numerical cycle but also in the general level of parasitism recorded 

from the different units. Sherwood IV and Cannock have the highest 

levels of parasitism, Culbin and Tentsmuir show intermediate levels, 

and Rendlesham had a very low percentage pupal parasitism at all 

stages of the gradation. There are also differences between units in 

the pattern of change through the gradation. Sherwood IV and Culbin 

show an irregular pattern of change, whereas Cannock and Tentsmuir 

(and, to a limited extent, Rendlesham) build up progressively to reach 

a peak level of parasitism one year after the peak in numbers. 

The appropriate transformation for data in the form of 

percentages or proportions is .the arcsine or angular transformation. 

The transformation of percentage parasitism to arcsiues is shown 

in Table-7-iii-1  (b). In order to allow for the very different 
mean levels of parasitism in the different units, the.arcsine 

values have been standardised as a proportion of the weighted mean 

arcsine value for each unit. These standard ised measures of 

'proportion parasitised' were used for calculation of the means 

in Table 7-iii-1 (c). 

The pattern which emerges is of parasitism rates increasing 

progressively from low levels ( <0.5) at the start of a gradation 

(generations I—II) to reach a peak (>1.5) in the years following 

the peak in numbers (generations V—Vi). After the two peak years, 

parasitism falls off again rapidly to the initial low level. The 

95% confidence limits for particular generations are rather wide, 
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but some significant differences from the average (1.0) parasitism 

level can be demonstrated. Relative parasitism level in generation 

I is significantly less than 1.01, at o.48.1 0.391  (n = 10). For 
generations V and VI combined (n = 7, because there were two 

instances of dual V/VI classifications), parasitism is significantly 
greater than 1.09  at 1.53  t 0.1+88. 

To obtain an impression of possible significance of this 

variation in parasitism it is necessary to translate these 

standardised measures back into terms of percentages. For 

illustration, we can consider hypothetical extremes of 0.5 and 1.5. 

For a population showing the general level of parasitism seen at 

Rendlesham, these represent extremes of 0.1% and 1.4%; for a 

population showing the same general level of parasitism. as Cannock, 

they correspond to extremes of 5.4% and 1+2% parasitism. Even at 
this higher level the difference between maximum and minimum 

rates of parasitism observed makes a very small difference to 

generation survival in logarithmic terms (k = 0.2). This compares 

with a k-value of 1.5 postulated to be acting in the generation 

of strongest decline (Sect-7.i). 

As with the contribution of pupal weight and associated 

fecundity (discussed in Sect-7-ii)  it seems that pupal parasitism 

can be held responsible for only a quite small fraction of the 

delayed densitydependent mortality involved in the numerical 

cycle, The examples of Culbin and Sherwood IV did not conform 

well to pattern, and showed that pupal parasitism is by no means 

always responsive to changes in host density. 
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7. iv Life-table Data from CXclic Pulat ions 

The existence of a well-defined cycle in population density 

enables the researcher to predict the increase or decrease of his 

study populations one, two, or even more years in advance. This 

is an advantage for the planning of experimental work since it 

makes it possible to select for study particular populations in 

different, contrasted phases of the cycle. Comparison of populations 

in the strongly increasing and strongly decreasing phases may 

reveal much about the factors driving the cycle. In theory at least 

this approach is likely to be less time-consuming (certainly less 

long-term) than traditional 'key-factor' investigations which rely 

on the analysis of a single population over a large number of years. 

In two successive years (1976, 1977) life-table investigations 

were made contrasting populations in the increasing and decreasing 

phases of the cycle. As these populations had necessarily to be 

chosen from different forest units, a number of criteria had to be 

satisfied in order to ensure comparability:- 

The forest units involved should be closely similar in 

terms of climate, site type, tree species, and age of crop. 

The Bupalus populations of the different units should 

have similar histories of fluctuation type as defined by 

amplitude, long-term mean, and degree of immediate density-

dependence and delayed density-dependence shown. 

The forests studied should be known to experience 

closely similar weather during the period of study - a 

condition which can only be fully met if the forests lie 

close together in a geographically homogeneous area (such 

as a coastal plain) (Watt 1963). 

A requirement of experimental procedure was that populations 
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should be of sufficient size to enable worthwhile estimates to be 
made, so a further condition was:- 

k) Populations selected for study. should not include those 
going through (or expected to go through) an extreme 'trough' 

of the cycle as these would present great difficulties for 
adequate sampling. 

Finally, as mentioned in the above paragraph, .a high degree of 
predictability was required to select forest units which would 

show contrasting population trends, therefore:.. 

5) Populations studied should all have exhibited high 

coefficients of.d.elayed density-dependence during the history 

of the Bualus survey, or at least during the ten to twelve 

years immediately prior to the present study. 

The fulfilment of all the above conditions, as well as the 

obvious need to choose populations in contrasting phases during 

the same year, restricted very greatly the choice of study areas. 

In practice the units chosen were:- 

1976 Culbin (increasing Bualus population) vs 

Rosei&le (decreasing Bupalus population). 

1977 Culbin (increasing Bupalus population) vs 

Tentsrnuir (decreasing Bupalus population). 

The following comments indicate how far these units met 

the stated conditions:.. 

Similarity of the three units in nature of the tree crop 

can be seen from the descriptions in Sect.3.ii. All three 

lie within the climatic zone defined as 'warm, dry, lowland' 

in the classification of Birse and Dry (1970) and all three 
are on coastal sand-dune sites. 

The three units are similar in history of fluctuation 

patterns (see Secte.1+.ii - k.vii) but in the long-term 



analysis Roseisle has a somewhat lower DDD coefficient and 

relatively higher IDD coefficient than the others. However 

it is apparent from the graph for this unit (App-3) that 
Roseisle showed a more strongly cyclic, DD1regulated pattern 

in the years immediately prior to this study. Thus it was 

probably more comparable to the others than the long-term 

analysis suggests. 

3) The 1976 comparison (Culbin vs Roseisle) excludes the 
possibility of any differential effects of weather as the 

two units are only some five miles apart on the flat coastal 

Plain of the Laich of Moray. Weather conditions at the 

two sites were therefore practically identical. 

The 1977  comparison (Culbin vs Tentsmuir) can be criticised 

on the grounds of possible differences in weather: the two sites 

though in the same climatic zone are situated 90 miles apart on 

opposite sides of the Grampian mountain range. Nevertheless the 

general similarity of the weather during the period of the study 

can be seen from the following monthly means for Kinloss (adjacent 

to Culbin Forest) and Leuchars (adjacent to Tentsmuir) in 1977, 

taken from Monthly Weather Reports of the Meteorological Office. 

JUNE JULY AUG SJ OCT NOV DEC 

Rainfall (Kinloss 55 48 60 51 26 76 22 
(mm) (Leuchars 68 30 59 46 105 56 43 

Mean (Kinloss 11.3 14.3 13.9 11.5 11.1 4.9 4.9 
temp (°c) (Leuchars 11.5 111.3 13.5 11.9 10.8 5.0 5.3 

The requirement of adequate population size to allow 

accurate sampling was met at most stages, but in 1976  pupal 
density at Culbin (start of generation) and pupal density at 

Roseisle (end of generation) both proved to be too low for 

precise estimates to be practicable. 

These choices proved to be very satisfactory in terms of 

contrasting population trends, both Roseisle 176 and Tentsmuir '77 
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showing very strong decreases in population while Culbin in 

both 1976 and 177 showed increases of a moderate order. 

The fact that the Tentamuir population studied in 1977 Was 

initially at outbreak level was fortuitous as the unit had been 

selected for study before the occurrence of the outbreak became 

known. The position of the study plot within the forest, however, 

was then chosen to co-incide with the severe outbreak area, in 

order to take advantage of the opportunity for studying the 

natural development of an outbreaking population. 

Method 

This study made use of the results of the annual pupal 

survey carried out by local staff of Tentamuir and Laich-o f-Moray 

Forests. These provided a measure of population density at the 

start and finish of a generation, and intermediate stages of the 

life-cycle were sampled by:- 

egg-counting of foliage from sample trees felled in late 

July/August. 

funnel collections during August to November/December 

to determine numbers of falling head-capsules (Paramonov 1959) 

and of descending prepupae. 

In both years five successive stages of development were estimated:-

PUPA - E13G - LARVA - PREPIJPA - PUPA 

The scale and organisation of the samples were somewhat different 

in the two years, and detailed accounts are given below. 

1976 It was decided that sampling should be conducted on a rather 

extensive, forest-unit basis, (rather than in a more intensive 

'study-plot') so as to provide continuity and comparability with 

the results of the annual pupal survey. Because populations tend 

to move up or down in parallel in different parts of a forest-unit 
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it was not anticipated that heterogeneity of results from widely-

separated plots would prove to be a problem. The annual pupal 

survey at Roseisle comprised 14 transects in 197677  and at CuThIn 33 
transects. It was therefore decided to base the study on all 14 of 

these previously-defined survey, areas at Roseisle and to select on 

a representative basis 14 of the 33 survey areas at Culbin. This 
number of 14 samples was later reduced to 7 as a result of storm-
damage to study-funnels (see below). Thus all results presented 

in this study relate to 7 sample areas (each comprising one 
compartment or similar area) scattered widely through the forest-

unit and each corresponding to one transect of the annual pupal 
survey. 

Egg-sampling was carried out by the method of Bevan (1961) 

with the modification that trees were felled, not climbed for the 

removal of sample branches. it has been established (Bevan and 

Brown 1961) that felling of trees does not cause any major loss 

of eggs from the foliage and is equally satisfactory for egg-

counting as the earlier method involving climbing. A single tree 
was selected in each survey area1  by moving a randomly-determined 

distance along the transect-line determined for the 'pupal survey. 

At the point thus reached the nearest tree was chosen and felled. 

]om this tree three sample-branches were removed, one from the 

lower, one from the middle and one from the upper crown level. The 

second sample-branch was selected by a 90-degree spiral movement 

from the direction of the first, and the third by a similar rotation 

from the direction of the second, thus making allowance,  for any 

directional bias in distribution of the eggs. The eggs on the 

3-branches were counted and removed. Total number of branches on 
the tree was estimated as (total number of live whorls of foliage) 

x (mean number of branches in the three whorls sampled). The mean 

of the three egg/branch counts was multiplied by the estimated 

total number of branches on the tree, to arrive at an estimate 

of total eggs present on the tree. 

A complication which affects the estimates of egg numbers 

is that figures calculated per whole tree have to be transformed 

to an area basis by use of the appropriate factor. For the 1976 
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investigation this factor was determined separately for Culbin and 

Roseislo by reference to local forest records. These records 

showed for all study areas the age and yield-class of the trees, 

from which the expected stocking density in trees per hectare 

could be obtained from standard tables. The number of standing 

trees per hectare is converted to number of trees per m2  by a 
factor of 1O. 

The funnel method used for estimation of larval and prepupal 

number is that described by Paraxnonov (1959). At each larval 

ocdysis the head-capsule of a Bupalus larva is shed entire and 

separate from the body skin. The shed capsules fall to the ground 

and the numbers falling in a. given area can provide a measure of 

the number of larvae going through a moult at a particular time 

and place. Successive instars may be readily differentiated by 

size of the head capsule. Bupalus capsules are distinguishable 

from those of other pine-feeding Lepidoptera (Semiothisa liturata, 

Gonodontis bidentata and Thera obeliscata) by shape, surface texture 

and the characteristic 'herring-bone' pattern of mottling which 

represents the extension of the longitudinal body-stripe onto the 

head. 

It has been found (Bevan pers. comm) that this method though 

satisfactory for third and later instars is not adequate for the 

estimation of instars I and II as a significant proportion of the 

smaller head capsules fail to be recovered. It was therefore 

decided that the funnel collections should be used to estimate third-

instar and older larvae only. It was found in practice that a 

variable proportion of larvae (see under 'Results' in this Section) 

pupated at the end of fourth mater, and thus failed to shed 

fourth-mater capsules in a manner suitable for collection by this 

method. Thus the third instar was the latest stage for which head 

capsules could be assumed to represent the entire population. These 

considerations led to the selection of the third-instar head 

capsule as the sole baais for estimation of numbers of half-grown 

larvae. 

The funnels used were of I m2  collecting area and were 
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constructed from heavy black polythene sheeting. The polythene 

was cut and folded to produce an inverted pyramid whose base (ie 

the collecting aperture) was a square of side 1 metre. At the 

apex was attached a snap—on collecting pot with a musiin bottom to 

allow rain water to drain through. The entire cone was supported 

by a string framework and was suspended by strings between tree 

trunks at a height of about 1.25 metres (level of collecting 

aperture). Funnels were placed at a frequency of one per sampling 

area and located at a random distance along the previously - 

established transect line, as for the selection of sample trees. 

Funnels were visited and emptied at regular intervals through 

the larval period. It was found that large amounts of debris, 

particularly dead pine needles accumulated in the funnels, and this 

coarse debris was removed as well as the finer material from the 

collecting pots. All material was carefully sifted in the 

laboratory for head capsules, larvae and prepupae. First the 

intact larvae and prepupae were removed during a visual inspection, 

then the material was thoroughly dried. It was then gently agitated 

to ensure separation of any head capsules which might be sticking 

to needles. All fine debris resulting after this process was removed 

and thoroughly examined under the binocular microscope. Al). head 

capsules and shrivelled—up larvae were retrieved. 

The funnels were set up on 26-28 August (before the earliest 

larvae had moulted from third instar) and examined at intervals 

until 28 December (after the last prepupae had dropped). Altogether 

9 successive collections were made. During this time a large number 

of funnels sustained damage, chiefly as a result of severe gales 

which hit the Moray coast in early September and again at the 

beginning of October. Trees were blown down in both Roseisle and 

Culbin sections and in two cases branches fell directly onto 

funnels. One or two funnels suffered animal damage and one was 

'vandalised'. As a result of these losses the original scheme of 

14 funnels at Poseisle and 14 at Culbin had unfortunately to be 

much reduced, so that results from only 7 funnels at each section 

could be used for the life—table analysis. 
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In 1976  pupal numbers at both start and finish of the generation 
were determined from the results of the annual pupal survey - for 

each section 7 transects each of 10 quarter-m2  plots spaced 
approximately equidistantly. 

1977. For the following reasons it was decided to conduct the 

second year's investigation on the basis of restricted 'study-plots' 

rather than to sample from many parts of the forest unit as in 

1976:- 

It had been found that variation in numbers between 

different parts of the forest unit contributed greatly to 

the high variance and thus low precision of the estimates 

obtained in 1976. 

The relatively long distances between sampling points 

scattered widely through the forest unit had required a 

great deal of time for travelling between points. 

As stated above, populations in different parts of a 

forest generally move up or down in parallel (though there 

may be differences in absolute level) therefore a suitably-

chosen plot should be representative at least of the direction 

of population change in the forest as a whole. 

The 2 study plots selected were as follows:- 

Culbin Forest A rectangular area of 40 ha consisting of compartments 

1351 136,137 and parts of 14.6 and 147. Situated in the 'Low Wood' 

area in the centre of the forest. Crop consisted of Scots pine 

planted 1930-319  yield class 6. Four transects of the routine 

annual pupal survey were carried out within this area at the time 

of the study. 
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Tentamuir Forest A rectangular area of 10 ha comprising compartment 

35. Situated in the centre of the forest. Crop consisted of Scots 

pine planted 19249  yield .claSS*10. One transect of the pupal 

survey was carried out on this area in 19779  as an extension to the 

routine annual survey which had revealed outbreak levels of palus 

in neighbouring compartments. The lesser size of the study area 

at Ten tsmuir was dictated by the fact that many other compartments 

in the area most suited for study were scheduled to be sprayed 

with Tetrachlorvinphos in August 1977 to combat the high Tupalus 

population. Compartment 35 was deliberately excluded from spraying 

in order that the natural development of its very high population 

could be studied. 

Pupal numbers at the start of the generation were determined 

from the winter pupal survey - as described above, consisting of 

kO plots of 0.25 m2  distributed in four transects for Culbin, and 

10 plots of 0.25 m2  forming one transect in the case of Tentsmuir. 

Egg sampling was again carried out by the (modified) method 

of Bevan (1961 )9 trees being felled and three sample branches 

removed from each. Ten trees were sampled in each plot. Tree 

positions were determined by selecting random pairs of co-ordinates 

within the rectangular grid defined by the study area, eg for 

co-ordinates (199  271):- 

from one corner of the study area proceed 271  paces along 

the side of the plot then nineteen paces at right angles 

into the plot. 

The nearest tree to the point reached is then sampled. 

*'Yield Class' is a system used by forest managers to characterise 
tree growth rates in relation to potential timber production. The 
classification can only be an approximate one: where growth pattern 
departs widely from the established norm for. the tree species, as at 
Culbin (Miller and Cooper 1973)9 the apparent yield class of a crop 
may vary greatly with age. 
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In 1977  the number of trees per unit area in the study areas 

was obtained from counts in a series of plots each o m 2 in area, 
scattered over the study areas in a pattern as described by Kiomp 

(1966). One-hundred such plots in each of the study areas produced 

mean tree-counts of 6.10 for Culbin and 3.30  for Tentamuir, ie 
0.122 per m  and 0.066 per m2  respectively. 

Funnel collections for head capsules, larvae and prepupae 

were again carried out during the larval period, in this case from 

29-31 August to 27.'.28  November. Because of the unsatisfactory 
performance of the polythene funnels the' previous year it was 

decided to use metal funnels mounted between wooden fencing-stakes. 

In each study area twenty circular funnels each of 0.20 in2  

collecting area were set up. The funnels were positioned by the 

use of randomly-selected pairs of co-ordinates, as described above 

for tree sampling. Height of collecting aperture was about 

0.8 metres. At the apex of each funnel was a muslin collecting 

bag, which was changed at each inspection, at the same time all 

pine needles and other debris being removed from the main part of 

the funnel. Debris and the contents of collecting bags were 

examined in the laboratory and dried and sifted as already described. 

The funnels were inspected less frequently than in 1976,  and 
altogether k successive collections were made in the period. 

With the intention of obtaining more detailed information 

about the pattern of mortality affecting the prenupal stage it was 

decided to carry out sampling of the ground litter in mid-December 

1977, at a time when most hupalus were either prepupae in the 
litter or recently-formed pupae. In each study area 20 circular 

plots each of 0.25 M  
were examined. The plots were distributed 

within the study areas by the random co-ordinate pairs method. 

The litter was examined as for the normal pupal survey, and all 

Bualus pupae and prepupae, and the cocoons of the parasites 

Duson,a oxyacanthae Boie. and Zemiotes albiciitarsus Curt removed and 

recorded. This survey was used for the estimation of pupal numbers 

at the end of the generation in preference to the routine annual survey,  

done by forest staff the following spring (though this in fact 

produced very similar results for Bupalus)0 



Results 

1976.. The fourteen transects of the routine survey on which 

assessments were based were: 

Roseisle Cpts 91  19, 239  269  34/59  43 and 60 

Culbin Cpts 29.9  112, 1209  121, 1389  157 and 171 
Table 7-iv-1  shows for both sites:.. 

a) The basic counts (estimates per whole tree in the case 

of egg samples). 

b). Conversion factors used to convert these to 

c) estimates per square metre (95% confidence limits) 

Because of the very low numbers of pupae (start of generation) at 

Culbin it was not possible to calculate accurately the mean pupal 

weight on which to base a figure for expected fecundity. The figure 

of 125 eggs per female has therefore been taken, following the 

practice of eg KLomp (1966) 9  as an estimate of the maximum probable 

fecundity based on pupal weights of previous years and derived from 

the formula of Bevan and Paramonov (1962). For both Culbin and 

Roseisle this figure was used as the standard against which to 

compare estimated actual egg production in the field. 

The third—instar larva was chosen as the stage for assessment 

of larval populations, for reasons explained above. The separation 

of third from fourth—instar capsules was complicated in 1976 by the 

occurrence of two alternative patterns of larval growth resulting 

in a bi-modal distribution of third—instar capsule sizes and a 

partial (though small) overlap with the lower range of fourth—instar 

capsule sizes. The interpretation of this phenomenon and the 

contrast with the 1977  season's results are given in a separate 

paragraph below ('Third—instar capsule size and the pattern of 

growth'). 

A graphical representation of the density estimates (on a 

logarithmic scale) for the five stages at the two sites is given in 

Fig.7.iv.1. 
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STAGE UNIT CO1JNTS MEAN 

SOUND 025 7 17 12 9 1 3 1 7.14 
PUPAE 

EGGS tree 521 890 694 499 477 174 0 465 

LARVAE 1.0 56 66 45 26 26 7 k 32.9 
III in 2 

PRE- 1.0 7 33 2 3 53 3.71 
PUPAE M 

2 

ALL - 0.25 1 1 - 0 1 0 0 0 O.29 

PUPAE 

CONVERSION FACTORS 

SOUND PUPAE 	xO.k 

FECUNDITY 	125 

TREES PER M 	xO. 105 
LARVAE III 	x5 
PRIPIJTAE 	x5 
PUPAE 	 xk 

DENSITY ESTIMATES PER N2  (1  95% ç) 

SOUND PUPAE 2.86 2.22 

EXPECTED EGGS 179 139 
OBSERVED iris 48.8 29.1 
LARVAE III 32.9 t21.9 
PREPUPAE 3.71 1.58 
PUPAE 0.171 0.198 

Table 7,iv.1 (a) Density estimates in Roseisle section of 

Laich.of-Moray Forest, 1976 
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STAGE UNIT COUNTS MEAN 

SOUND 0.25 0 1 0 1 0 2 0 0.571 

PUPAE m2  

EGGS tree 0 0 2+8 151 25 423 103 136 

LARVAE 1.0 5 0 9 - - 8 23 23 24 13.1 
III 

PRE— 1.0 5 3 6 0 8 10 13 6.1+3 

PUPAE 

ALL * 0.25 0 2 1 0 3 1+ 3 1.86 
PUPAE 

CONVERSION FACTORS 

SOUND PUPAE 	xO.k 
FECUNDITY 	125 

TREES PER M xO,122 

LARVAE III x5 

PREPUPAE x5 
PUPAE Xk 

DENSITY ESTIMATES PER N2  (t 95% CLs) 
SOUND PUPAE 0.299 ± 0.291 
EXPECTED EGGS 14.3 18.2 

OBSERVED EGGS 16.6 17.7 
LARVAE III 13.1 9.2 
PREUPAE 6.1+3 4.03 
PUPAE 0.71+3 0.582 

Table 7.iv.i (b) Density estimates in Culbin, section of 

Laich—of—Moray Forest, 1976 
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Fig.7.iv.1. Density estimates for successive stages of the 
life-cycle in study areas, 1976:- 
Roseisle (upper) and Culbin (lower). 
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The precision of estimates of all stages is very poor, as a result 

of: 

a) the much-reduced number of samples (7 as against ii+ 
planned)e 

and b) the high variation between different areas of the 

same forest-unit. 

For this reason it is best not to attach too much significance to 

the comparison of density estimates for the 1976 season. 

1977 Differences in organization from that of the 1976 season 
are outlined above. The two 1977  sites differ in number of plots 

for assessment of pupal density (start of generation) - only 10 

plot-'counts being available for Tentsniuir and +0 for Culbin. 

Otherwise the treatment of the two sites, set out in Table 7.iv.21  

is identical. 

As before, the table shows:- 

Basic counts (estimates per whole tree in the case of egg 

samples). 

b) Conversion factors. 

c) Estimates per m2. 

Iü this season it was possible to estimate probable fecundity 

directly from mean weights of female pupae collected in or close to 

the study areas. The conversion was made according to the formula 

of Bevan and Paramonov (1962):- 1962):- 

y = 133o x - 42.34y=1330x-42.3k 

where y is expected fecundity and x is female pupal weight in grams. 

The mean pupal weights and thus the expected fecundities were quite 

closely similar for the two sites. The values obtained were 
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STAGE UNIT COTThT2S 

SOUND 0.25 14 20 9 17 4 26 15 13 21 14 15.3 
PUPAE m2  

EGGS tree 1389  1937 1283 456 6923 4737 3470  7640 21824 560 5022 

LARVAE 0.20 51 77 50 49 49 58 49 54 39 51 

III 34 30 29 24 42 52 23 20 29 42 42.6 

PR. 0.20 17 6 12 13 10 4 7 10 5 14 

PUPAE m2  18 12 13 10 12 4 7 5 10 7 9.8 

ALL 0.25 2 1 2 .0 2 3 4 2 2 2 

PUPAE m2  1 1 0 3 2 6 4 2 4 4 2.35 

CONVERSION FACTORS 

SOUND PUPAE xk 

FUNDITY 96 

TREES PER 142  xO.066 

LARVAE III x5 

PREPUPAE x5 

PUPAE xk 

DENSITY ESTIMATES PER 142  (± 95% CLSs) 

SOUND PUPAE 61.2 17.8 

EEPE(TED EGGS 2,929 852 

OBSERVED EGGS 329 302 

LARVAE III. 213 t 33 
PRUPAE 49.0 ± 9.7 
PUPAE 9.40 ± 2.80 

Table 7.iv.2 (a) Density estimates in Tentsmuir study plot, 1977 
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STAGE UNIT COUNTS MEAN 

SOUND 0.25 0 1 0 0 1 0 0 1 0 0 

PUPAE 2o 1 1 0 1 000 10 

0 2 1 0 0 0 0 0 1 1 

0 1 0 0 1 0 0 1 0 0 0.375 

EGGS tree koo 0 273  506 400 196 0 0 933 56 276.4  

LARVAE 0.20 10 15 7 3 11 11 8 7 7 7 
III 

m.
2

3 16 1 14 5 k k 0 2 1 6.8 

PRE— 0,20 95 2 + 2 031 25 

PUPAE 
M  
 1 3 1 6 2 200 00 2.4 

ALL 0.25 0   1 1 2 13123 

PUPAE M 2 0 0 2 0 000 10 1.15 

CONVERSION FACTORS 

SOUND PUPAE 	xk 

flCUNDITY 	101 

TREES PER 
14 	

xO.122 

LARVAE III . 	x5 
PREPtJPAE 	 x5 
PUPAE 	 xk 

DENSITY ESTIMATES PER M2  (1,  95% cLs) 

SOUND PUPAE 	1.50 . 0.69 

EXPECTED EGGS 	75.7 ± 34.9 
OBSERVED EGGS 	33.7 	26.0 

LARVAE III. 	34.0 	11.2 

PRUPAE 	12.0 	5.6 

PUPAE 	 4.60 2.29 

Table 7.iv.2 (b) Density estimates in Culbin study plot, 1977 
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Fig. 7.iv.2. Density estimates for successive stages of the 
life—cycle in study plots, 1977:  Tentsmuir (upper) and 
Culbin (lower). 
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inevitably somewhat lower, than the figure of 125 selected as the 

basis of the 1976 comparisons. 

Thir&.in.star capsules were again used for assessments of larva]. 

density. This season the distribution of third-instar capsule sizes 

was apparently unimodal, though it is likely that there was again a 

email overlap with the lower range of fourth-instar capsule sizes 

and this has been taken into account in arriving at a final count 

(see below). 

The pupal. survey (end of generation) carried out in December 1977 

is of interest in revealing the action of several species of parasites 

on the BHpalus population. The figures for sound and parasitized 

pupae and the cocoons of two larval parasites are set out in Table 

7-iv-3- 

Parasites bred from the Bupalus pupae were as follows:- 

Culbin 	Homotherus locutor Thunb. 1 

Heteropelma caicator Wesm. 6 

Tentemuir 	Homotherus locutor Thunb. 1+ 

Heteropelma calcator Wesm, 2 

Polytribax arrogans Gray. 3 (hrperparasite) 

These, figures are of interest only in showing the fact that the 

above species were active in the generation under study: the 

parasitism does not form a component of any of the age-interval-

mortalities calculated (below). 

Parasitism by the larval parasites did contribute to the 

mortality-factors studied, and the estimate for Tentsmuir, at 

106/153 = 69.31116', explains a large part of the total mortality in 

the late-larval stage. Subsequent rearing of the Dusona cocoons 

revealed that just over half were affected by hyperparasites, viz. 

lYusona oxyacanthae Bole. 1+6 

Mesochorus sp.. 	 144 (hyperparasite) 

Polytribax arrogans Gray. 1+ (byperparacite) 
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Parasitism as 
%of 

Total Items 

CULBIN 	Healthy pupae 	16 

Parasitized pupae 	7 	2 

Dusona oxyacanthae 	I 	4,06 
cocoons 

Total items 	24 

Parasitism as 
% of 

Total Pupae 

3C% 

TENTSMIJIR Healthy pupae 	 33 
Parasitized pupae 	12 
	

616 

Dead pupae 	 2 

Dusona oxyacanthae 	101+ 	68% 
cocoons 

	

Zemiotes albiditarsus 2 	1.3% 

cocoons 

Total items 	153 

Table 7-iv-3.  Results of the December 1977 pupal collections in 

study plots at Culbin and Tentsmuir. 
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A graphical representation of the density estimate (on a 

logarithmic scale) for the five stages at the two sites is given 

in Fig.7.iv.3.  In genexal the relative size of sampling errors has 

been much reduced from that of the 1976 estimates, though it remains 

higher than that generally considered desirable for life-table work 

(Southwood (1978) recommended confidence limits of t 10% of the mean). 

The estimates of egg density are especially unsatisfactory in relation 

to this criterion, due to a combination of low sample numbers 

(dictated by the slow laborious nature of the egg-counting technique) 

and a high variance between trees. 

Third-instar capsule size and the pattern of growth. 

The separation of early instar capsules on the basis of size 

was a straightforward matter as there proved to be little variation 

about the instar means. Capsules were measured in micrometer units 

of 0.02 mm, and first and second-instar capsules averaged 22 units 

(O.kk mm) and 36 units (0.72  mm) respectively. These correspond 

closely to the figures quoted by continental workers such as Schwenke 

(1978) for Germany and Gruys (1970)  for the Netherlands. 

With the third-instar capsules, as indicated above, a more 

complicated picture emerged. Collections from both sites in 1977 

showed a clear peak in capsule size at around 59 units (1.18 mm), 
which evidently corresponded to the mean capsule size of third-instar 

larvae in that season (Fig.7.iv.4). The corresponding histograms 

for 1976 coflections (Fig.7.iv.3) show a much wider scatter of 

capsule sizes, with what are evidently three distinct peaks at 

approximately 49, 57 and 65 units (0.98, 1.14 and 1.30 mm). The 

central one of these peaks coincides quite well with the peak of the 

1977 distribution, while the upper and lower peaks correspond to the 

extreme 'tails' of the 1977 distribution. Examination of the data 

from successive funnel collections revealed that the three peaks 

had appeared successively in time during the 1976  larva], season. 

Interpretation of these contrasting patterns is made possible 

by reference to field and laboratory studies on pattern of larval 

growth of Bupalusin the Netherlands. KJ.oinp (1966) presented 
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Fig.?-3- Part of the frequency distribution of head—capsule sizes 
irom the 1976 funnel collections. Relative size of different 
peaks is not significant as later collections were taken from 
a smaller number of funnels. Micrometer unit = 0.02 mm. 
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Fig.7.iv.4. Part of the frequency distribution of head—capsule 
sizes from the 1977  funnel collections. All collections 
taken from the standard set of 20 funnels at each site. 
Micrometer unit = 0.02 mm. 
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histograms of head-capsule size for all instars collected in his  

field study each year from 1954  to 1964. In each season his 
histograms 19  2 and 3 (respectively instars I, II and III) have 
clearly defined single peaks at around o.'+k, 0,65 and 0.94 mm 
respectively. His histogram 4 however is very variable in 
appearance between seasons, in some years showing a single well.-

defined peak and in other years being clearly bi- or tn-modal. 

It was demonstrated that this variation is a result of different 

patterns of instar development in the different seasons. In some 

seasons the majority of the larval population completed larval 

development in five instars, while in other years a six-instar 

development was the norm. The final instars of both five- and 

six-instar developments had head-capsules of quite similar size, 

forming a single peak (histogram 5) in the size-distribution. 
Histogram 4 was a complex grouping of head-capsule sizes of the 
fourth instars of both developmental types and the fifth instar 

of the six-instar developmental type. When all the population 

went through six instars in a season, histogram 4 was bi-modal, 
showing separate peaks for instars IV and V (at around 1.22 and 

1.63 mm respectively). When all the population went through only 
five instars histogram 4 was unimodal, the mode, at around 1.41 mm, 
representing instar IV only. When both types of development 

occurred commonly in the same season (notably in the year 1957)  all 
three peaks could be distinguished and histogram 4 was tn-modal. 

The results of the present study seem to present an analogous 

case. The multi-modal distribution however is not that of KLomp's 

histogram 4 but is instead that of 'histogram 3' ie the divergence 
first becomes apparent in the third and not the fourth instar. A 
probable conclusion from this is that in the populations studied 

in Scotland in 1976-77 development took place not in 5-6 instars 
as in Holland but in only 4-5 instars. 

This tentative conclusion is strongly borne out by the report 

of Gruys (1970) on a very detailed laboratory study of factors 

determining the pattern of instars in Dutchlus populations. 

Under laboratory conditions a development in only four instars 

was commonly observed, and this differed from the five-instar 
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developmental sequence in the head capsule sizes of thirdinstar and 

later larvae. The differences (Gruy's Fig-3)  between the four 

instar and the iiveinstar developmental sequence closely parallel 

the differences between the 1977 and 1976  seasons' results in the 
present study. 

GRUYS (1970) 
LARVAE COMPLEIPThG DEVELOPMENT IN FOUR INSTARS 

I 	II 	III 	IV 

O43 	0.71 	1.18 	1.85 

LARVAE C0L]1ING DEVELOPMENT IN FIVE INSARS 

I 	II 	III 	IV 	V 

0.43 	0.67 	097 	1.47 	2.19 

TENTSMIU111 1977  PEAKS:- 

0.44 	0.72 	1.18 	(1.74) 

ROSEISIE 1976  PEAKS:... 

0.44 	0.72 	0.98 	1.14 	1.30 	(1,74) 
(a].l measurements in mm). 

The tn-modal distribution observed at both Roseisle and 

Culbin in 1976 can probably be attributed to a mixture of both 
four-insta.r and five-instar developmental types in the populations. 

By contrast the 1977  populations (Culbin and Tentarnuir) showed an 

overwhelming predominance of the four-instar developmental type. 

In the light of this explanation it can be seen however that a 

small proportion of five.-instar developmental types are probably 

represented in the 1977  histograms. The two 'tails' of the 

distributions shown in Fig.7.iv.4  are too large to be consistent 

with a simple normal curve and may instead be attributed to the 

third and fourth instars of the five-instar developmental type. 

Because of this the upper 'tails' (66 units and upwards.) have 
been excluded from the enumeration of third-instar capsules for 

the purpose of life-table comparisons. 

For the causation of these differences in instar development 
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it is again necessary to look to the results of Gruys .(i97o). He 

found three influences were important:- 

Long daylength. in the early stages (I-III) favoured an 

increased number of larval instars - thus early-hatching 

larvae (long-daylength) developed more slowly and in 

more instars than later-hatching (shortdaylength) ones. 

Within a temperature range corresponding to normal 

outdoor temperatures higher temperatures during the larval 

period induced an increase in number of larval instars. 

Density effect - larvae developing at high population 

density went through fewer instars than those developing 

at low density or in single rearings. 

The determination of the ultimate number of instars for 

development was found to be largely completed in the early instars, 

though a limited amount of modification by conditions experienced 

in later larval life was observed. 

These findings may be related to my 1976-77 results as follows:- 

i) Daylength. The daylength experienced by small larvae in 

the field is determined by date of hatching of the eggs. 

The timing of egg-hatch could be assessed from figures obtained 

in the course of egg-counting. These suggest that the 50% - 
hatch point was reached around 30-31  July in the case of the 

Roseisle and Culbin populations in 1976 but not until 

9 August at Tentsmuir in 1977.  This is probably attributable 

to the much warmer July temperatures in 1976 (see Table) 
speeding up both egg-laying by the adult moths and subsequent 

embryonic development. 

jj) Temperature. Over the July-August period as a whole 

moan temperatures in the study areas were about 2°C lower 

in 1977  than in the fine summer of 1976 (see Table). This 
substantial difference in temperature is perhaps more likely 
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to explain the difference in larval instar determination than 

the relatively slight difference in daylength associated with 

a ten-day discrepancy in hatching dates. 

iii) Population density. The extreme contrast in density 

represented by the egg-counts of 1977 (Culbin 31+ per m2, 

Tentamuir 329 per m 2  ) is not reflected in any difference 

at all in the histograms (strongly unimodal) of head-

capsule sizes. A less extreme contrast between the 

populations in 1976 (Culbin 17 per rn2, Roseisle 1+9  per m2) 

also was associated with two rather similar, tn-modal, 

histograms of head-capsule size. Thus the contrast in 

pattern of development is clearly a contrast between 

different seasons (with different weather conditions) 

rather than between different levels of population density 

or phases of the numerical cycle. 

KINLOSS 1976 KINLOSS 1977 LEUCHARS 1977 

JULY 16.3 14.3 14.3 
AUGUST 15.7 13.9 13.5 

July and August mean temperatures (in °C) at Kinloss (adjacent to 

Culbin and Roseisle) and Léuchars (adjacent to Tentsmuir) in 1976 

and 1977.. 

Discussion 

The object of the life-table investigations was to try to 

identify the key factor or factors involved in maintaining the 

cyclic oscillation in numbers. Rather than examine a single site 

over a long period of years the aim was to compare and contrast only 

two sites per year, one in the increasing and one in the decreasing 

phase of their resepctive cycles. The fact that five successive 

'fixes' on the population were obtained in each generation meant 

that four successive periods in the life-cycle could be characterised 
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by the mortalities (expressed logarithmically in k.vaiues) occurring 

within them. The four k-values assessed were:- 

Aae 	 Nature of mortality  

'Ecpeoted' eggs 	All losses of pupae 

to observed eggs 	subsequent to winter assess- 

ment: all mortality and/or 

net emigration of adults: 

failure of oviposition: 

losses of eggs prior to counting. 

	

k2 	Eggs to larvae III 	Egg parasitism and predation: 

all mortality of larvae up to 

the successful completion of 

instar III. 

	

Ic3 	Larvae III to prepupae All mortality of larvae from 

the start of instar IV until 

the time of dropping from the 

crown as prepupae. 

	

k1 	Prepupae to pupae 	All mortality of prepupae in 

the litter: all mortality of 

pupae up to the date of 

assessment. 

It will be seen that some of thek-values (k1  in particular) 

contain a rather widely assorted series of component mortalities, 

and it would have been desirable to obtain more information by assessing 

an intermediate stage, such as that of the emerging adult moths. 

This procedure was considered but finally not carried out: sampling 

adult emergence is a time-consuming process and it seems to be 

established (eg Kiomp (1966),  Bevan pers. comm.) that significant 

large-scale losses between the pupal stage and adult emergence are 

a relatively infrequent occurrence. In the event, however, heavy 

losses at this stage were thought to have occurred in at least one 

of the site/years studied (Tentsmuir 1977)  and the lack of an 
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Ic3 	Ic4 	K 

Culbin 76 -0.065 0.103 0.309 0.937  1.284 

Roseisle 76 0.565 0.171 0.948 1.336 3,020 

Diff.76 0.630 0.068 0.639 0.399 1.736 

Culbin 77 0.351 -0.003 0.1+52 o.1+16 1.216 

Tentsmuir 77 0.950 0.189 0.638 0.717 2.494 

Diff.77 0.599 0.192 0.186 0.301 1.278 

$ Mean Diff. 	0.615 	0.130 0.413 0.350 1.507 

Mean k 

(of 1) 

Table 7.iv.1+. Mortality estimates from the life-table 

investigations expressed as k-values. 

Also shown is the total generation 

mortality K and differences between the 

increasing and decreasing populations 

for each particular k. The small nega-

tive values are an artifact of sampling 

error. 
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assessment of emerging adults was an unfortunate one for that reason. 

The k-values obtained are age-interval-specific mortalities and 

do not relate directly to mortality from particular agencies which 

were identified. Some such agencies, in particular parasitism at 

various stages, were recorded and the information is discussed 

below in relation to the appropriate age intervals. 

It is seen from Table 7.iv.4 that all four age-intervals studied 
appeared to contribute to differences in the overall generation 

mortality K. Because of the differences in organisation between the 

1976 and  1977  work it is not valid to compare the results of the 

two years directly. Instead the differences in k1, k2, k3  and k  

have been calculated between the two sites of each year-separately. 

In the 1977  comparison k1  contributed most to overalidifference 

in L(, followed by k4; k2  and k3  were of less importance. In 1976 
both k1  and k3  made major contributions to the overall difference in 

K, k  a moderate contribution, and k2  hardly differed at all. 

In assessing the relative importance of these k-values, three 

general points can be made:- 

Because of the poor precision of many of the density 

estimates (particularly in the 1976 season), k-values 
obtained by comparison of these estimates may incorporate 

very large errors and so should be regarded with reservations. 

No single age-interval appeared to make a decisive 

contribution to generation mortality K, ie none of the 

four k-.factors studied could be identified as the key-factor 

in determining population trend. 

The mortality of early-instar larvae (k2) which has been 

shown to be a key factor in some other studies eg Kloinp (1966), 
appeared to be relatively much less important in the present 

case. Losses both earlier (Ic1). and later in the life-cycle 

(k3 + kk) showed up as more important determinants of 
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population trend. 

A brief discussion of the probable nature of the mortality affecting 

each of the four age-intervals is given below, with notes on some 

of the specific agencies identified in the course of'the work. 

k1  Differences in this mortality made the largest single 

contribution to differences in generation mortality K. No systematic 

observations were made which could indicate the nature of the 

mortality operating, but the most likely explanations are: 'second-

generation' parasitism of Bupalus pupae by Cratichneumon viator Scop 

during May; net emigration of adult moths from study areas; failure 

of female moths to lay a full complement of eggs. 

The repeat attack by C. viator on Bupalus pupae in late 

• spring/early summer was first described by Davies (1962) for the 

Cannock Chase population in 1960.. As discussed in Sect.7.v this 

phenomenon though of great importance in that one season appeared 

not to be very significant in subsequent years at Cannock, and the 

probable reason for this was the low absolute density of 

Cratichneumon adults operating in the restricted time period between 

their own emergence and that of the Bualus. A high absolute density 

of Cratichneumon was a feature of the Tentsmuir situation in 19772 

and it seems to have been a major influence in moderating the 

severity of the outbreak which affected the forest that year. In 

the study area 5.2 parasitised pupae per in2  were revealedby the 

pupal survey in March, and the great majority of these were 

attributed to Cratichneumon.AduJt Cratichneumon were seen to be 

active in the study area in May and again in great numbers in mid-

August. The occurrence of the latter was an indication that the 

repeat attack on Bupalus pupae in May had been successful. This is 

thought to be the most likely explanation for the approximately ten-

fold reduction in observed egg densities from the level expected 

in the study plot, an event which was paralleled in all the out-

break areas of Tentamuir where egg-surveys were carried out. Quite 

high values of k1  recorded at Roseisle in 1976 and Culbin in 1977 

can not be attributed to Cratichneumon, however, as the absolute 

density of the parasites in both these cases was very low. 
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Emigration of adult moths out of study areas is a theoretical 

possibility, and conversely a net immigration could be one reason 

for the apparent negative k1  at Culbin in 1976.  In this connection 

it is useful to make the comparison with the results of Bevan (1961) 

describing the outbreak of pulus at Tentsmuir in 1957.  That 

outbreak was closely comparable with the 1977  one both in the 

density-levels reached and in size of the area affected. Detailed 

mapping of egg-counts indicated that the epicentre of high numbers 

remained very much the same as that defined by the pupal survey - it 

was concluded that dispersal by egg-laying females away from their 

area of origin had had a negligible effect. 

Failure of female moths to lay their full egg potential could 

be a result of predation. Consumption of adult Byjalus by tits in 

a British pine forest was recorded by Gibb and Betts (1963).  For 

the 1976 comparison, figures for expected fecundity were based on 

a theorectiqal maximum obtained by comparison of pupal weights of 

past years. It is likely that the actual pupal weights (and thus 

the actual fecundities) in the study areas were substantially less, 

and differences between the two populations could account for part 

of the difference in k1. 

The eggs collected in the course of sampling were kept 

until completion of hatch and a record was kept to those failing 

to hatch through parasitism or other causes. This hatching failure 

was proportionally very small in all cases. At Culbin in 1976, 

11/38 = 11% of eggs showed the blackening of the chorion indicative 

of parasitism by Trichogramma sp and 1/38 = 3% contained a dead 

shrivelled embryo. At Roseisle that year the proportions were 

2/150 = 1% parasitised and 3/150 = 	with shrivelled embryo. In 

1977 egg parasitism was not found in either of the study populations 

and deaths from other causes were only 7/112 = 6% at Culbin and 

37/1779 = 	at Tentsmuir. 
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Another component of the mortality k2  is deaths of small larvae 

(chiefly first-instars, due to failure in initiating feeding 

immediately following hatch). It was found by Jukes (1976) that 
death at this stage was the main reason for poor survival of larvae 

on Corsican pine as compared with Scots pine foliage. Ktomp (1966) 

identified small-larval mortality as the key factor in his population 

study up to that time and White (1971+) suggested that relative 

shortage of nitrogen in the food is critical for larvae of many 

foliage-feeding Lepidoptera at this stage. The low values of k2  

obtained in the present work seem to indicate that losses at this 

stage were not so important in the study populations. The 

experimental rearing of larvae, which was run in parallel with the 

fieldwork for Culbin and Tentsmuir in 1977,  likewise failed to 

demonstrate a major mortality at this stage (Sect-7-vi). 

A systematic tendency to underestimate egg numbers could have 

been an explanation for the low value of k2  observed. The date of 

sampling for eggs is inevitably a compromise between two constraints:- 

1) The egg-laying period of the population is along-drawn-

out one, and a small proportion of eggs are not laid until 

as late as August in an average season. 

ii) A gradual loss of eggs from the foliage takes place 

by 'weathering' and mechanical disturbance tending to 

dislodge them from the needles. When eggs or hatched 

egg-shells are lost in this way no record remains of that 

part of the original egg population. Clearly if egg-

sampling is delayed until well into August there is a risk 

that hatched egg-shells. (from eggs laid perhaps as early 

as June) will have been lost. 

This problem was resolved in different ways in the two seasons 

of field work - in 1976 (an early season) egg-sampling was done at 

the end of July and in 1977  not until late August. In either case 

there is a possibility that a proportion of the egg population was 

missed from the samples. Such systematic underestimation could 

explain the low absolute value of k2  obtained, but should not affect 
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the differences found between two sites in any one year. In each 

year the two sites were sampled as nearly as possible simultaneously, 

and there was no evidence for differences in timing of oviposition 

or egg—hatch between pairs of sites. Thus any systematic bias 

should affect both sites equally. In spite of this the differences 

in k2  were rather small, and taking both years together their mean 

contribution to differences in overall generation mortality K was 

less than that of either k1, k3  or kk. 

Ic3  Losses of large larvae (fourth and fifth instar) were 

important both in magnitude of the mortality and in their 

contribution to differences in overall K, which was second only 

to that of k1. It is at this stage of the life—cycle that bird 

predation becomes most intense; the smaller larvae are less 

favoured because of the relatively very small reward in relation to 

high searching effort. KLomp (1966) found that mortality at this 
stage was the most strongly, density—dependent of all mortality—

factors affecting his study population, and suggested that this 

might be a result of 'switching! by polyphagous insect—feeding 

birds as described by Tinbergen (1960). 

Parasitism by a specific larval parasite was found to be a 

major influence in at least one of the site/years studied (see 

below). Although its effect was chiefly expressed in the succeeding 

age—interval (ie as part of kk)it  is thought that high levels of 

parasitism may have enhanced k3  by exposing the larvae to increased 

predation (due to much—extended development time) and to increased 

likelihood of mortality by frost in the early winter period. 

A cytoplasmic polyhedrosis virus disease of Bupalus larvae 

was described by Smith and Rivers (1956). In both 1976 and 1977, 
material from the study areas was examined by the Unit of 

Invertebrate Virology, Oxford (by courtesy of Mr P FEntwistle). 

In 1976 larvae, prepupáe and pupae were taken from the collection 

funnels at Roseisle and Culbin in the period 7-30 November. In 1977 
samples of larvae were beaten from foliage at both Culbin and 

Tentamuir during. October. None of the samples examined proved to 

contain CPV or other viral pathogens. 
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Losses at this stage were the greatest in average, magnitude 

of all four intervals studied. However, because of their lesser 

variability they contributed less to differences in overall K than 

either k1  or k... 

Of the various mortalities thought to operate at this stage at 

least one could be directly observed and partly quantified, viz 

parasitism by the Ichneurnonid Dusona oxyacanthae Boie. As shown 

above this reached very high proportions at Tentamuir in 19771  almost 

70% as estimated by comparison of number of Dusona cocoons with 

number of Bupalus surviving to the pupa stage. The corresponding 

estimate for Culbin that year was only +%. Comparable estimates 

are not available for the 1976  populations as the pupal survey 

(end of generation) did not record Dusona cocoons systematically. 

However, some evidence can be adduced from the dissection of some 

prepupae collected at Roseisle in 1976 and presented in spirit. 

Of these 3/13 = 23% contained recognisable larvae of Dusona, which 

suggests that the parasite had a significant impact on that 

population also. 

The Braconid parasite Zemiotes albiditarsus Curt (formerly 

Meteorus deceptor Wesm.) acted in an analogous fashion to Dusona 

but was apparently of much lesser importance. It was identified only 

at Tentsmuir in 1977,  when it appeared to have killed about 1.3% 

of the .Bupalus population. 

Conclusions 

Of the four intervals in the life-cycle studied in these 

populations, no single one emerged as 'critical', and so no true 

'key factor' could be pinpointed. Because of the large errors 

of estimation at all stages, the calculated k-values can only be 

taken as very approximate. They appeared to show that differences 

in survival rates in the contrasted populations occurred to some 

extent at all stages in the life-cycle. This could be interpreted 

as showing a general deterioration in individual 'quality' or 

viability in the declining populations - this hypothesis of 

'extrinsic change' is discussed further in Sects.7.vi and 7-viii 

below. It has also to be considered that there is no way of 
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knowing that the populations studied were truly representative of 

particular phases of the numerical cycle. For example, the 

Roseicle (1976) population declined even more steeply than expected, 

perhaps because it was subjected to some major incidental mortality 

besides that which is normal for the declining phase of the cycle. 

There is no way such incidental, 'extra' mortality could be 

distinguished in an analysis such as this. 

The mortality of young larvae, which has been reported as the 

key-factor in some BE2alus populations, appeared unexpectedly to 

be rather small and invariable. 

Much larger mortalities were recorded earlier in the life cycle 

(in one case attributed to the 'repeat' attack of the parasite 

Cratichneumon viator) and also at the end of larval life when heavy 

losses were sustained through parasitism by Dusona oxyacanthae. 
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7.v The Cn.nnocktuct 

During a period of about ten years commencing in the winter of 

195960 the Entomology Section of the Forestry Commission Research 
Branch maintained a study plot forBupalus in Cannock Chase Forest. 

It had been found previously that epidemiological studies at 

m.veden in Thetford Forest were hampered by persistently very low 

populations of the insect, and Cannock with its history of outbreak 

levels in the early 'fifties' was believed to present better 

opportunities for such work (Bevan 1962). 

At the time the plot was set up some northern compartments of 

Cannock were again showing Bus numbers approaching outbreak 

density, and Compartment L59  with the highest count of all (39.7 per 
m 2  ) was selected for use as the study plot. The compartment consisted 

of a mixture of Scots (10%)  and Corsican (90%)  Pine planted in 

1930, yield class 129  with a stocking density of 1210 stems/ha 

during the period of study. 

The data to be presented here are the result of collections made 

at monthly intervals for much of the period, of Bupalus pupae and 

the major ground.-pupating parasites in the litter. The standard 

monthly collection consisted of 50 —square—yard (= 0.209 sq metre) 

circular samples (as in the routine annual survey) distributed at 

random through the compartment. Directly after collection the 

pupae were checked for obvious evidence of parasitism, sexed,, and 

the female pupae weighed. All pupae together with the cocoons of 

ground—pupating parasites were subsequently kept for insectary 

rearing and all emergences recorded. 

It is of interest that the period of this study at Cannock 

included the years before, during and after the second major 

Bupalus outbreak, which necessitated an aerial application of DDT 

on Cannock Chase in 1963- However, this outbreak did not severely 

affect the 'L' block of the forest which had comparatively moderate 

counts of Buralus in 1963 (see below). For this reason the block 
was excluded from the spraying pro'amme, and as the study plot 

*100 during the early collections to January 1961 inclusive. 
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K? 63o1 -• Ji5Th. iT 
NOV 60 20.33 *APR 63 14.64 JULY 65 0.00 

JAN 61 20.24 MAY 63 13.30 AUG 65 0.00 

*FEB 61 2086 JUNE 63 8.61 SEPT 65 0.00 

MAR 61 23.54 JULY 63 2.49 OCT 65 0.29 
*APR 61 19.71 AUG 63 1.05 NOV 65 0.86 

MAY 61 21.34 SEPT 63 0.00 DEC 65 0.48 
J1JNE 61 17.51 OCT 63 0.19 JAN 66 0.29 
JULY 61 - 	5.93 NOV 63 3.83 *FEB66 0,19 
AUG 61 2.77 DEC 63 2.01 66 0.38 
SEPT 61 1.34 JAN 64 1.63 APR 66 0.19 
OCT 61 .2.77 *FEB64 1,63 MAY 66 0,29 
NOV 61 12.06 *MAR 64 1,91 JUNE 66 0,19 
DEC 61 12.34 *APR 64 1.53 OCT66 0.19 

JAN 62 9.28 MAY 6+ 0.38 NOV 66 0.77 
62 11.96 JUNE 64 0,38 DEC 66 1.63 

*PAR 62 11.19 JULY 64 0.10 JAN 67 2.01 
*APR 62 13.20 AUG 64 0.00*FEB 67 2.1+9 

MAY 62 9.66 SEPT 64 0.00 *MAR 67 1,63 
JUNE 62 6.60 OCT 64 0.00 *APR 67 1.34 
JULY 62 4.88 NOV 64 144 MAY 67 1.44 

AUG 62 1.05 DEC 64 0,1+8 OCT 67 0.19 

SEPT 62 0.38 JAN 65 0.77 NOV 67 9.66 

OCT 62 1.05 *FEB 65 0.38 *FEB68 10.91 
NOV 62 11.77 *MAR 65 0.19 *MAR 68 9.57 
DEC 62 14.64 *AYR 65 0,38 . *APR 68 8.71 
JAN 63 11.10 MAY 65 0.38 *DEC 68 7.94 

Table 7.v.1 a 	Estimates of Bupalus pupal density in 
the Cannock L5 study plot (per m 2 ) 
*Asterisk marks the estimates used to 

compute annual means (Table 7,v,1 b). 
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Mean 	 Logmean 

1960 53.01 1.725 

1961 21.37 1.0 

1962 12.12 0.084- 
1963 

,084

1963 13.11 i.i18 
1964 1.69 0.227 
1965 0.32 - 0,491 
1966 0.25 - o.600 
1967 1.82 0.260 

1968 9.72 0.988 

1969 7.94 0.900 

Table 7.v.11 b Estimates of Bupalus pupal 

density in the Cannock L5 
study plot (per m ) 

Annual means represent the 

average of estimates for 

February, March and April, 

where available. 

237 



/ 
1 	 0 	 0 	 0 

'U .xcI 	tzap ueew Sorj 

M. 

4 
0 
H 

CO d 

CO 

U, 
Co 

C) 

1• 
(0 

4-,  

CO 

CI, cj 
(0 

P4 

co 

4-1 

(o 
4-,  

238 



was separated by some 1- miles from the nearest spray area it is 

unlikely to have been directly affected by the DI)T application. 

By the same token the findings in this plot, though of some general 

relevance to the 1963 outbreak, do not ajply directly to the outbreak 
area. 

srs 

The monthly counts, expressed as mean density per square metre, 

are set out in Table 7.v.1 a. The first three counts (May 160, 
November 1 60 and January 161) comprised 100 plots of 0.209 sq metre 

each - all later counts were of only 50 such plots. In the last three 
years of the study sampling during the summer months was discontinued, 

In order to obtain representative figures for each generation, 

certain of the winter and spring months' counts were averaged 

together. For Bupalus, the counts for February, March and April (where 

available) were averaged. Before this period (ie November—January) 

counts were often boosted by the presence of high numbers of 

prepupae, not all of which survived to the pupal stage. From May 

onwards 	numbers started to decline due presumably to 

predation and the beginning of moth emergence. The annual figure 

calculated therefore represents the total pupae (including parasitised 

ones) present during late winter/early spring. For the first and last 

generations listed in the table, only a single month's count (May '60 

and December 1 68 respectively) was available on which to base the 
annual figure. 

Ten successive annual counts are listed in Table 7.v.1 b and 

shown, transformed to log scale in Fig-7-v-1.  The population 

remained at an extremely high level (in excess of 10 per square metre) 

for the first four successive years. Thereafter it declined steeply 

for two years, stabilised for two years at a 'low' of about 0.3 per 

square metre, then increased to a now peak of a little under 10 per 

square metre in 1968. Subsequently it again decreased for two years.* 

*Although no estimate for Bpalus density in 1970  is available from the 
present study, comparison with the results of the annual pupal survey 
shows a strong decline in numbers from 1969 to 1970. 
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Logarithmic trend index varied from a minimum of 0.89 (eightfold 
decrease) in 1963-61+ to a maximum of + 0,86 (sevenfold increase) 
in 196667. 

With the exception of the first two years very high counts, 

this pattern conforms closely to the delayed density-dependent, 

cyclic pattern described in Sect.4.v. Considering only the 

sequence of years from 1962 to 1970  inclusive, we appear to have 
a cycle of period six years and amplitude approximately 50-fold 

(a range of 1.7 on the logarithmic scale). However, the fact 

that there were no fewer than four years of successive high counts, 

1960-639  indicates a major departure from the simple cyclic pattern. 
The failure of the population to collapse in the generation 1961-62 
or again in 1962-63 was contrary to expectation and presumably a 
manifestation of the same factors which produced the outbreak in 

other parts of Cannock Chase in 1963. The nature of these factors 

is unknown, but it is possible to speculate that they were in some way 

a consequence of the series of years in i4hich Bupalus populations 

remained at 'unnaturally' low levels following the spraying of 

Cannock with DDT in 1954  (see graph in App. 3). Some more specific 

indications emerge from the following sections on fluctuations in 

pupal weight and parasite populations. 

The mean weight of female pupae from the monthly collections is 

set out in Table 7.v.2. These figures relate to freshly-collected 

healthy pupae, with the exclusion of all those showing obvious evidence 

of parasitism. A proportion of the pupae weighed, although apparently 

healthy, subsequently proved to be parasitised by the late-developing 

parasites Homotherus locutor, Heteropelma calcator or Eucarcelia 

rutilla0 Although this is a potential source of bias in estimation 

of pupal weights it is not thought to be a major one because:- 

the percentage of pupae affected was always low, and 

the percentage affected was rather invariable between years- 

for details of these parasite species see later in this section. 
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ME&N N COMBINED NEAN(N) 

MAY 60 131.34 4O0 131.3+ (400) 

FM 61 105.35 74 

MAR 61 107.23 87 105.03 (236) 

APR 61 102,16 75 

FEB 62 125,20 46 

MAR 62 121.89 36 1214,40 (146) 

APR 62 125.23 64 

MAR 63 92,50 51+ 89.16 (110) 

APR 63 85.95 56 

FEB 64 96.44 9 

MAR 64 95.83 6 96.17 (18) 

APR 64 96.00 3 

FEB 65 120 1 

MAR 65 0 INSUFFICIENT DATA 

APR 65 96 1 

Fm 66 - 0 

MAR 66 95.00 2 INSUFFICIENT DATA 

APR 66 0 

FEB 67 114.44 9 

MA1 67 133.33 9 125.39 (23) 

APR 67 130.80 5 

FEB 68 128,24 46 

MAR 68 135.53 43 131.37 (13-I) 

APR 68 130.52 +2 

DEC 68 110.63 30 110.63 (30) 

Table 70v,2 Pupal weighits v  Czwiiock study plot. 

All weights in mms. Standard errors 

can not be computed for the means as 

the puPae were weighed not sin.y but 

in hatches of varying size. 
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For directness of comparison the same set of months (February, 

March and April) has been selected for calculation ofpupal weights 

as for the calculation of annual Eupalus density (above). In two 

years (1965  and  1966)  the numbers of pupae found were so low as 

to make a worthwhile estimation of mean pupal weight impossible. 

Confidence limits forthe estimated means cannot be readily computed 

because of the system by which pupae were weighed (viz not individually 

but in batches of varying numbers). However, comparison of the three 

successive means within a season confirms that where numbers are 

adequate (more than 20 per collection) closely similar estimates 

have been obtained. 

The annual means of pupal weight show a considerable range, 

from a maximum of 131 mns in 1960 and 1968 to a minimum of 89 mgms 
in 1963. This can be translated into terms of probable fecundity 

using the equation of Bevan and Paramonov (1962). This equation 

predicts probable fecundities of 132  eggs and 76 eggs respectively 
for these two extreme pupal weights. There is thus less than a 

two-fold difference in reproductive potential attributable to 

difference in pupal weights (a range of 0.24 on the logarithmic 

scale). Whether this difference was significant in determining 

population change in the field can be assessed by correlating pupal 

weight with trend index in the succeeding generation. The moderately 

high but not significant correlation coefficient Cr = 0.684, n = 7) 
suggests that other factors were of greater significance. 

A visual comparison of the changes in pupal weight with changes 

in Tyyalus density (Fig.7.v.2) nevertheless shows that the two are 

interrelated (as shown for other survey units in Sect-7-ii). Cross-

correlation of the two time-series shows a maximum correlation 

(r = 0,759 k, n = 7) at a lag of one year. In other words the peaks 
and troughs in pupal weight tend to occur about one year in advance 

of the respective peaks and troughs in Lujalus density. Again, this 

confirms the findings of Sect-7-ii for other survey units. 

It may be significant that the unexpected resurgence of the 

TUalus population in 1963 was preceded by an unexpectedly' high 
value for pupal weight in 1962. The eventual collapse of the 
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population in 1964 was preceded by a much reduced value for pupal 
weight in 1963. 

Pupal parasitism 

Although obviously-parasitized pupae were separated from healthy 

ones immediately after'collection these, did not constitute the total 

proportion of 	parasitised. This Could only be estimated by. 

subsequent rearing of all pupae, and checking the emergence of 

parasites some of which developed only late in the spring within the 

pupae and thus were not detectable immediately after collection. 

The following are the four important parasites, and one hyperparasite, 

found in the Cannock collections:- 

Cratichneurnon viator Scop 

Homotherus locutor Thun 

Het2Lo2e 	calcator Wesm 

L'ucarcelia rutilla Viii 

Polytribax arrogans Gray 

Ichneumonidae 

Ichneunion'idae 

Ichneumonidae 

Tachinidae 

Ichneumonidae (hyperparasite) 

The figures in Table 7.v.3 relate to numbers of these parasites 
bred out in each of 9 years, based again on the Bupalus pupae collected 
in the study plot in February, March and April. The apparent 

percentage parasitism for each species is calculated as a fraction 

of the total 	pupae. 

Cratichneumon. A moderately high level of parasitism of the very high 

palus population in 1960 resulted in a high absolute density that 
year of the order of 12 per m2  (Davies 1962), It was found by field 

experiments that year that this high Cratichneunion population had 

a major impact on BUalus survival, as the parasite was able to 

produce a new generation in May/early June in the not-yet-emerged 

pupae of 	Largely as a result of this, the emergence of adult 

in 1960 was reduced from an expected 42.3  per m (healthy pupae 

in May collection) to only 11,8 per m2  (adults recorded in emergence 

traps). This phenomenon of repeated parasitism of one host generation 

by two successive generations of the parasite is potentially 

important for densityregulation, as it is likely to be density-dependent 
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in effect (Higher 	us populations support higher absolute numbers 

of Cratichneumon, which duly inflict higher mortality later in the 

same 	alus generation.) However, inspection O I  records from the 
Cannock study plot indicates that second-generation parasitism of 

Bilpalus 	viator was not a major factor in the years subsequent 

to 1960. In 1961 it amounted to approximately 16% (on the basis of 
rearings from the June pupal colleption), and during 1962.-1966 (after 
which June collections ceased) was too low to be reliably estimated. 

Probable reasons for its relative unimportance are the low absolute 

density of Cratichneumon in most seasons, and failure of 

synchronisation between attacking parasites and the development of 

prior to adult emergence. 

The percentage parasitism (first-generation) by C. viator reached 

a maximum of 30% in 1965 after two generations of steep decline by 
Bupa.lus. In general it was only i-2°/ during the peak years of 

density, 19613 and 1968. Consideration of the changes in 

percentage parasitism, and of the changes in absolute density of 

Cratichneumon in relation to that of its host (Fig-7-V-3)  shows 

that this species acted as a delayed density.-dependent factor in the 

present instance, cross-correlation of the two time-series for 

EHpalus density and Cratichneumon density shows. a maximum correlation 

(r = 0.825**, n = 9) at a lag of one year, ie the Cratichneumon 
population tended to move one year behind the Bumalus. The apparent 

percentage parasitism, at no more than 30% in any one seasons  is 

clearly insufficient to explain the enormous changes in jalus 

survival in the course of its cycle. However, there is a significant 

correlation between absolute density of Craticneurnon and trend-index 

of Bupalus in the following generation (r 	0.785*, n = 8). Thus 
the density of Cratichneumon is a good predictor (62% of variance 
explained) of Bupalus generation mortality. It seems that either 

Cratichneurnon is responsible for many more Bupalus deaths than are 

revealed by the methods of this study, or that Cratichneumon 

fluctuates in parallel with some other factor(s) which are the true 

determinants of Bupalus survival. A similar situation in respect 

of the parasite Dusona oxyacanthae is reported later in this Section. 
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Homotherus, Hjee1ma and Eucarcelia. Visual inspection of 

Fig-7-V-3 suggests that the densities of these three parasites 

tended to fluctuate broadly in parallel with that of their host. 

The relative abundance of the three species changed from year to 

year, but in the long term the three were about equally abundant 

(means 0.17, 0.25 9  0.20 per square metre over 9 years). The 
percentage parasitism attributed to any one species was always low 

(usually 5% or less) and the total parasitism by this whole 
'complex' was relatively constant from year to year, of the order 

of about 10% (Table 7.v.3). 

The low level and relative constancy of parasitism by these 

species indicates that they were probably of little importance 

for the determination oBp 	population change. Unlike 

Cratichneumon they did not show a delayed numerical response to 

host density, and this is in accord with the findings of Kiomp 

(1968) on Eucarcelia rutilla in the Netherlands. 

This hyperparasite accounted for just over 3 the total 
parasitism o± 	lus pupae in 1961 when it achieved the relatively 

high absolute deisity of 2.55  per square metre. It was again quite 

common in 1962, but thereafter declined and from 1965 onwards was 

not bred from 	alus pupae at all (in the months for which data 

were examined). Small numbers continued to be bred however from 

the cocoons of Dusona ox7acanthae and from some alternative hosts. 

The abundance of this species in the early part of the study 

and almost complete absence in the later years make it difficult 

to generalise about its relationship with jL.p2jus and the primary 

parasite complex. A high degree of hyperparasitism as seen in 

1961 and 1962 must inevitably impede the successful multiplication 

of the primary parasite species. So it is possible to speculate 

that insofar as parasites were a major regulatory factor for 

this high level of hyperparasitism by Polyt-ribax could 

have contributed to the 'release' of Bualus to outbreak in 1963. 

EM 



The larval parasite Dusona o 	ntie_Bole 

The species was the only major parasite detected by this study 

which leaves the 	host before the latter pupates, and thus 

has to be counted independently of the Buualus pupae. The annual 

estimates of Dusona together with corresponding estimates of 

percentage parasitism are shown in Table 7.v,1+. 

For Thisoua, the counts for January-May inclusive were averaged 

to obtain the annual figure. Before January many Dusona were 

still contained in host prepupae. After May numbers of cocoons 

generally declined, probably due to predation and the emergence of 

some hyperparasites in late spring/early summer. For the first 

and last generations listed in the table, only a single months 

count (May 160 and December 168 respectively) was available on 
which to base the annual figure 

Comparison of the annual figures for Bupalus and the specific, 

synchronised parasite D. o2aacanthae (F1g.7.v.1+) revealed that 

the latter was behaving much as described by the Nicholson model 

of parasite-host interaction. The proportion of parasitism, 

calculated as (D-t-B), increased progressively while host numbers 

declined, then dropped off sharply before Lizzllms  numbers began 

to rise. The percentage parasitism calculated in this way is not 

nearly sufficient to explain the changes in Bupalus population. 

However, there is a very strong correlation Cr = - 0.933, 87% of 
variance explained) between Dusona density and subsequent trend 

of the Bupalus population. Dusona density is a very good predictor 

of the total generation mortality affecting Bupalus (Fig-7.v.5). 

It must be that either:- 

1. Dusona kills a large number of Bu2alus larvae not 

subsequently reflected in the figure for total Dusona 

cocoons. This would be the case if a substantial proportion 

of Dusona themselves fail to pupate successfully. 

or 	2. Some other factor(s) contributing tous mortality 
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Generation Bupalus Dusona D, o 
D + 

Bupalus 
Trend 

1960 53.01 0.77 1.1+ -0.395 
1961 21.37 0.79 3.6 -.0.246 

1962 12,12 0.45 3.6 +0.034 
1963 13.11 0.98 7.0 -.0.891 
1964 1.69 1.28 43.1 -0.718 

1965 0.32 O.45 58.5 -0.109 
1966 0.25 0.019 7.1 +0.860 

1967 1.82 0.019 1.0 +0.728 
1968 9.72 0.34 3.4 -0,088 

1969 7.94 3.06 27.8 - 

Table 7.v.4. Estimates of 	Lus and Dusona 

density, and estimated percentage 

parasitism by Dusona, in Cannock 

study plot. All density esti-

mates are per m2. Subsequent 
Bupalus population trend 

(logarithmic) is also shorn. 
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Fig-7-v-5.. Estimates of Dusoria density in nine successive years 
in the Cannock study plot, compared with Bupalus trend in 
the respective succeeding generations. 
The fitted line is:- 

y = 0.64 - 1.29x 
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varied in parallel with DUSOna from year to year. A possible 

factor of this sort would be parasitism by Cratichneumon 

viator (ace earlier in this section). 

It is unfortunate that the study was discontinued after 

December 168, when the Dusona population reached its highest-ever 

level of 3.06 per m 	It might be supposed that this density of 

Dusona would have been associated with a very high mortality in 

the subsequent generation of 	 Some indication of what did 

happen can be seen from the figures for the adjacent compartments 

L3 and L6, taken from the routine annual survey. 

SPRING 69 SPRING 70 

L3 	6.7 	0,5 
L6 	4.3 	0.5 	per square metre 

mean 	55 	0.5 

A very steep decline was observed 9  of the order of ten-fold. 

To summarise the findings of the ten years study on the 

Cannock plot: 

The T2palus population passed through a four-year period 

of persistent high numbers, followed by a six-year sequence 

conforming to. the typical 'cyclic' pattern. 

Pupal weights showed a fluctuation usually one year 

in advance of the numerical fluctuation. 

Two species of Ichneumonid parasites each showed a 

delayed response to host numbers and a good (negative) 

correlation with host survival in the succeeding generation. 

Other parasite species showed no clear response to host 

numbers and no correlation with overall (generation) 

survival of the host. 
VA 
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As in Sections 7.1 7.11± above, it was clesir that the basic 

cycle in Bupalus numbers was correlated with several other variables 

and it was difficult to distinguish which of these might be a cause 

and which an effect of the numerical cycle. The delayed numerical 

response of certain parasites is well established, but the apparent 

levels of parasitism recorded by the given method are not sufficient 

in themselves to explain the fluctuations of the host. It is 

possible that the crude figures of percentage parasitism greatly 

underestimate the impact of some parasite species on the Bualus 

population. For C. viator it was established that the 'second 

generation' attack in Nay/early June could sometimes be of major 

importance. With D. 2anthae there is no such repeat attack, 

but it may be that, for example, larvae affected by Dusona are 

exposed to much heavier predation than unparasitised ones. It 

is found that Dusona infested larvae frequently delay the 

move to pupation until well into the winter when healthy larvae 

have disappeared from the foliage up to two months earlier. 

Differential predation by birds (or differential susceptibility 

to winter frosts) could result in a much-underestimated level of 

parasitism derived from counts of pupae and cocoons. 

Variation in pupal weight is more probably an effect than a 

cause. of variation in numbers. The correlation of the pupal-weight 

cycle with the numerical cycle is such that highest pupal weights 

tend to .follow the generations of best survival (ie strongest 

increase) by BuDalus. A possible conclusion from this is that 

high pupal weights are indicative of favourable nutritional condition 

of foliage during the larval feeding season, which is also conducive 

to high survival rates of the larvae. Alternatively, if parasites 

should prove to be the main regulatory agents, it might be that 

preferential attack on larger (or more slowly-growing) larvae is 

responsible for a reduction in mean weight of survivors following 

heavy parasitisation. 
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7v Rearing, expriment 

This experiment was designed to look for two types of effect 

which might play a part in driving the numerical cycle. 

A change in the 'quality' of Bupalus individuals 

resulting in altered fecundity and/or growth-rate or 

survivorship. 

A response by the host tree resulting in altered 

palatability or nutritive value of the foliage. 

Klornp (1966)  for the Netherlands and Bevan (1974) for the United 

Kingdom stated that it was the mortality of first-instar larvae 

which acted as a key-factor in determining Bupalus population 

change. White (1974) also emphasised that the establishment of 

newly-hatched first-instar larvae on the host foliage is a 

critical stage for survival in many foliage-feeding species. For 

this reason it was decided to study the growth and survival of 

first-instar larvae in particular. Groups of larvae were reared 

from eggs obtained from an increasing (Culbin) and a decreasing 

(Tentsmuir) population and the performance of the first-instar 

larvae was compared on foliage taken from Culbin and Tentsmuir 

forests. 

Method 

The experiment was carried out in the summer of 1977. Culbin 

and Tentsmuir forests were chosen for comparison for the same 

reasons as set out in Sect-7-iv for the field study. It was rightly 

predicted that Culbin would show an increasing population that 

season and Tentsmuir a decreasing one. An additional advantage was 

that weights of female pupae from the two places were closely similar 

that season (see below) and so there would be no bias in relative 

fecundity originating from that source. 

Pupae from the two units were collected by 'random search' in 

the forests in late April/early May. Pupae were collected from Opt 35 

of Tentsmuir forest and from Opts 128, 134 and 138 in the 'Low Wood' 
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area of Culbin. About 150 pupae were originally collected in this 

way from Culbin and 200 from Tentsmuir. Parasitised pupae were 

extracted from the collections, and the remainder carefully reared 

to emergence. Healthy female pupae were weighed at about one week 

prior to emergence. The experiment was planned to be run in two 

series, staggered in time by subjecting the pupae to different 

temperature treatments. Pupae of series 1 were kept in the laboratory 

at room temperature (around 15 0 0 -20 C) and the moths to be used in 

the experiment emerged between 18th and 23rd June. Pupae of series 2 

were cold-stored at 10 until 7th June and thereafter kept at 

outside temperatures in the insectary. Moths from this series to be 

used in the experiment emerged between 6th and 12th July. 

Soon after emergence adult moths were placed in breeding cages 

in the insectary with freshly-cut foliage of Scots pine, for 

copulation and oviposition. Each cage was size 40 x 40 cms x 57 cms 
high, with plywood top and bottom and gauze 'Tygan' sides. Two male 

and two female moths were placed in each. In each of the two series, 

6 cages (= 12 pairs) of Culbin moths and 10 cages (= 20 pairs) of 
Tentsmuir moths were set up. Male moths were removed from the 

cages after 6 days, and foliage was removed for searching for eggs 

after the death of both females, usually at about lLf  days. 

All eggs were counted, both on foliage and those (about 20% 

of the total) found to have been laid on the gauze sides of the. 

cage. Needle-pairs bearing eggs were pulled off and placed in 

Petri dishes, one for each cage. Petri dishes containing eggs and 
0 

needles were temporarily cold-stored at 5 C until all replicates had 
been completed and counted, then the entire series was placed in 

the insectary to await hatching of the eggs. 

When egg hatch began the Petri dishes were inspected at daily 

intervals and all newly-hatched caterpillars removed. After 5-6 days 
the rate of egg-hatch had reached a peak, and at that stage caterpillars 

256 



were selected for the experimental rearing. Five replicates were 

set up of each of k treatments: - 

Culbin foliage +Cuibin larvae 

Culbin foliage + Tentsmuir larvae 

Tentsmuir foliage + Culbin larvae 

Tentsmuir foliage + Tentsmuir larvae 

Foliage was collected immediately prior to commencing the experiment, 

using long-handled pruning hooks, from the crowns of Scots pine trees 

(several trees chosen at random) in the same areas of Culbin and 

Tentsmuir forests where the pupae were collected earlier. 

Each replicate consisted of 50 larvae transferred, on the 

day of hatching, to foliage in a cylindrical transparent plastic 

pot of diameter 10 ems x 8.6 cms deep. A major problem was to 
avoid condensation of moisture on the sides of the pots, which is 

generally lethal to any small caterpillars that come into contact 

with it. In order to achieve.this, while at the same time avoiding 

too-rapid drying out of the cut foliage, the tops of the plastic 

pots were closed, by exactly-fitting circles of fine black 

qualitative filter-parer whose edges were sealed to the rims of the 

plastic pots by applying paraffin wax. 

Larvae in these pots were kept in the laboratory at room 

temperature (around 15 
0 0 20 C), in constant darkness. it had been 

found previously that constant darkness prevented the tendency of 

newly-hatched larvae to accumulate on the sides of the container 

and 'ignore' the provided food (T.Winter pers corm). After one 

week the pots were opened and the number and instar-composition of 

the surviving larvae recorded. 

Results 

Fecundity. The expected fecundity of female moths based on mean 

pupal we 	could be calculated from the formula of Bevan and 

Paramonov (1962):- 

Y = 1330 x - 42.34 
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where y is probable fecundity and x is weight in grams. The expected 

and observed fecundities in the two series of this experiment were 

as follows:- 

SERIES I 

mean pupal wt. (mgms) 

expected fecundity 

observed fecundity 

SERIES 2 

mean pupal wt (mgms) 

expected fecundity 

observed fecundity 

CULBIN 	 TEITTSMUIR 

IIleO 	 109.1+ 

105,3 	 103.2 
102.0 (N = 12) 	95.8 (N = 20) 

CULBIN 	 TENTSMUIR 

io6.5 	 106.6 
99.3 	 99.4 

iik. (N = 12) 	113.3 (N = 20) 

The pupal weights of the Culbin and Tentsmuir females were very 

closely matched in.both series. The numbers of eggs laid were also 

very closely similar within series. Between series however there 

was  small (not significant) discrepancy, the first series 

producing just under the expected number of eggs and the second 

series somewhat more than the expected number. The difference is 

possibly attributable to differences in weather to which egg-laying 

females were exposed - the second series was run during a spell of 

extremely hot weather in mid-July 1977. 

Survival of first-instar larvae. The assessment of first-instar 

larval survival was carried out using material of series 2 only. 

(The series 1 trial had been set up using foliage which had been 

deep-frozen and which very rapidly decayed). The results of the 

five replicates of each of four treatments are shown in Table 7.vi.1. 

After seven days it was found that a majority of larvae had 

already completed the first instar and moulted to instar II. Many 

of the others appeared to be in the process of moulting when 

examined. The percentage of second-instars shown in Table 7-vi-1 
is calculated as a proportion of the larvae surviving at the time 

of examination. 
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POT No SET UP EXAMINED I instar II instar % surviving % Us 

C IC5/8 12/8 - 	10 	- 36 92 78 

C 3C /8 12/8 12 31 86 72 

C 5C 5/8 12/8 1 46 94 98 

C 7C 5/8 12/8 1 31 70 89 

C 9C 6/8 13/8 15 34 98 69 

C 2T 5/8 12/8 6 44 100 88 

C 4T /8 12/8 2 38 80 95 

C 6T 5/8 12/8 15 32 91+ 68 

C 8T 6/8 13/8 2 48 100 96 

cicir 6/8 13/8 1 48 98 98 

T 1.0 5/8 12/8 8 42 ioo 84 

T 3C /8 12/8 18 27 90 6o 

T 	5 5/8 12/8 2 44 92 96 

T 7C 6/8 13/8 18 32 100 64 

T 9C 6/8 13/8 13 33 92 72 

T 2T 5/8 12/8 14 35 98 71 

T 4T /8 12/8 1 46 100 92 

T 6T 7/8 14/8 15 34 96 71 

T 8T 7/8 114/8 11 36 94 77 

TIOT 7/8 14/8 2 17 98 96 

C/C 42 178 88 81 

26 210 94 89 
totals 

T/C 59 178 95 75 

T/'T 45 198 97 81 

GRAND TOTAL 172 
J 	

761+ 91+ 82 

Table 7.vi.1. Results of the experimental rearing of larvae (series 2). 

All replicates were started with 50 larvae on the day of 

hatching. 

Key to labelling: C8T = pot no 8 of Culbin foliage, with 

larvae ex Tentsmuir. 
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The results of this experiment do not show consistent differences 

between treatments, either in proportionsl survival or in the rate 

of growth as measured by percentage us. The proportion surviving 

and the proportion of us were transformed to arcsines, and means and 

95% confidence limits calculated from the transformed data as 

follows:- 

Proportion surviving 	C/C 90% (76%, 98%) 
C/i 97% (86%, 10010 
T/c 97% (8%, 100%) 
T/T 98% (94%9  100%) 

Proportion of us 	c/c 83% (66%, 95%) 

91% (76%, 99%) 
T/c 77% (57%, 92%) 
T/T 83% (67%. 94%) 

The lowest survival rate is seen in the Culbin foliage/Culbin 

larvae treatment, and the highest in the Tentsmuir fo1iage/2entsmuir 

larvae combination. This is just the opposite of the relative 

survivorship of field populations in the same season. However, 

testing the results after appropriate transformation (above) shows 

that the difference is notsignificant. 

The lowest rate of development to second instar is seen in the 

Tentsmuir foliage/Culbin larvae treatment, and the highest in the 

Culbin foliage/Pentsmuir larvae treatment. Testing the data after 

an arcsine transformation shows that the difference is not a 

significant one. 

Discussion 

The experiment set out to look for intrinsic differences in 

,palus individuals affecting fecundity of female moths or the 

survival or growth rate of first instar larvae, or for intrinsic 

differences in foliage of the host tree affecting survival or 

growth-rate of first-instar larvae. No significant differences 

were found, in spite of the fact that the field populations from 

which the material was drawn showed an approximately 10.fold 

difference in survival in the same season. 



Differences in fecundity of female moths were not greatly 

to be expected when pupal weights had been taken into account. 

Several continental workers quoted by Bevan and Paramonov (1962) 

had independently found similar relationships of fecundity to pupal 

weight. The present experiment merely confirms that a mean pupal 

weight of, say 100 mgms in a generation during the increasing 

phase is likely to result in a similar egg-production to a mean 

weight of 100 mgtns during the decreasing phase of the cycle. 

The survival rate of young larvae in the experiment was 

generally high, of the order of 90% or better. This contrasts with 

the field situation where, for instance, KLomp (1966) found first 

instar survival of only about ko% or less in most seasons. It is 

possible that by subjecting the larvae to stress (eg by starvation 

as done by Klomp and Gruys (1965))  some significant differences 

between the treatments could have been obtained. it may be that 

cut foliage as used in the experiment has different properties 

as a larval foodstuff from foliage growing on the tree. However, 

Jukes (1976) successfully used cut foliage to demonstrate differences 

in survival of Bupalus larvae on Scots and Crsican pine. 

Similar comments apply to the effect of the treatments on 

larval growth rate. The proportion of second instars recorded was 

rather variable within treatments (eg 60% to 96% in treatment T/C) 

and this variability might be the result of differences between 

the progeny of different Bupalus individuals. Although care was 

taken to mix larvae from three or four different cages and so 

six to eight different female parents in each replicate, it is 

still likely that individual differences, if very strong, could 

have contributed to the within-treatments variance. 

The ten-fold difference in survival in the field populations 

implies a 90% mortality (or sum of a series of mortalities) 

afflicting the Tentsmuir population which was wholly absent from 

the Culbin population. The present experiment rules out the 

possibility that this was due to differences in intrinsic fecundity, 

and makes it appear very unlikely that an effect of this magnitude 
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resulted from differences in first—instar survival at the stage of 

first establishment on the foliage, as postulated by White (1974). 

Results in relation to developmental rate were inconclusive, and 

in any case rate of development should be examined over the entire 

larval life before meaningful conclusions can be drawn 
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7. vii Cyclic fluctuations in other Forest pidoa 

The more or less cyclic rise and fall of population density, 

resulting in recurrent outbreaks at intervals of a few years, in 

a feature of forest—defoliator species which has been often 

remarked on but seldom examined as a general phenomenon. 

Baltenaweiler (1968) could find no examples of recent papers on 
cyclic population dynamics of forest insects. The situation has 

improved somewhat since then, notably with the detailed analysis 

of Alpine Zeirahera populations by Baltensweiler himself (and 

coworkers) - but for many other species information remains 

fragmentary and scattered. The Zeiraphera work, being by far the 

most intensive study of any cyclic insect species, forms a basis 

of comparison against which information for other species can be 

evaluated. For the present review I examine six examples of cyclic 

populations - all are Lepidoptera, consisting of two species of 

Tortricidae and one each of Noctuidae, Geometridae, Lymantriidae 

and Lasiocampidae. 

Zeirnhera diniana Guenee. Grey Larch Bud Moth. 

The periodic defoliation by this species of stands of 

European Larch Larix decidua in various parts of the Alps has been 

documented since the early nineteenth century. Particularly regular 

outbreaks were observed in the. Engadine valley of Switzerland, so 

this was chosen as the place for an intensive study of population 

dynamics which began in 1949. Some work has also been done at 

lower altitudes, in the 'suboptimuzn zone' where the population 

remained latent (produced no outbreaks). 

The mean periodicity of outbreaks in the Engadine was 

determined by Baltenaweiler (1961+)9  mainly by examination of 

historical records, as 8.18 years. Inclusion in the calculation 
of the two most recent gradations increased the mean periodicity 

to 8.61+ 1 0.29 (Baltenaweiler et a]. 1977).  This is because these 
two both contained longer intervals between peaks (10, 12 years) than 

had been usual in the past. The spatial pattern of outbreaks over 

the entire Alpine region is of broadly synchronous population 
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increase but with a lag of up to 3-4 years between areas. During 
the nineteenth century it was observed that outbreaks appeared in 

the Austrian Alps first and were followed by those in the more 

western parts of the Alps. In the present century this trend 

has been reversed, with the gradation-sequence appearing to pass 

from west to east. On a more local scale within the Engadine, 

peak numbers in any one gradation appear first in certain 

characteristic spots, which tend to be the warmest places in the 

valley, with a south-west or south-east. exposure. 

The biological mechanisms that have been found to underlie 

the cyclic fluctuations of Zeiraphera are quite complex. Most 

strongly cyclic behaviour is found only in the 'optimum zone' 

where weather conditions most strongly favour population survival. 

Here population increase continues virtually unchecked until a 

density is reached which causes substantial defoliation of the 

host tree. Starvation effects then lead to smaller-than-normal 

pupae, which give rise to smaller and less fecund moths in the next 

generation. The quality of the larch foliage is affected (in the 

year following heavy defoliation) .. the needles are shorter, more 

fibrous than normal with reduced nitrogen content, and may be 

coated with an exudation of Oleoresin. Al]. these factors act to 

reduce the success of subsequent feeding by Zeiraphera larvae. 

Parasites increase in abundance at and after the peak of the èycle, 

and percentage larval parasitism typically reaches a maximum of 

7O_8Oc/ during the decline phase. Granulosis virus disease was found 
to be epizootic in the declining phase of the 1949-58  gradation, 

but played. little or no part in the two subsequent gradations studied. 

The larval population comprises two different ecotypes (colour-morphs) 

designated dark and intermediate, which are favoured by differential 

selection in alternate phases of the population cycle. 

Of this whole complex of factors the most important in 

determining the cyclic fluctuation pattern appear to bet- 

Effect of defoliation on subsequent nutritional value of 

the foliage. 

Effect of parasites. 
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These were highlighted as key-factors both by the multiple-

regression analysis of Auer (1968) and by the simulation-model 
approach of Van den Boo and Rabbinge (1976). Somewhat surprisingly, 

however, Baltensweiler et al (1977)  assunied that 

"natural enemies do not directly intervene in the feedback 
mechanisms. 11  

Acleris variana Fernald. Black-headed Budworm. 

The Black-headed Budworm is a forest pest distributed over 

most of Canada and the northern USA - western populations are 

sometimes referred to a separate species Acleris gloverana 

Walsingham. The food-plants are Balsam Fir Abies balsamea, 

spruces Picea spp and the Western Hemlock TsuEa heterophylla. 

In eastern Canada some quantitative information on dynamics of 

Black-headed Budworm was obtained in the course of studies on Spruce 

Budworm Choristoneura fumi±'erana which occupies the same habitat. 

Miller (1966) gives population counts for 19 generations, 194664 in 
the Green River area of New Brunswick, during which two cycles of 

increase and subsequent decline were seen. Peak density in 1948 
was followed by three years of sharp decline; the population then 

built up to a second peak in 1956,  after which there was a more 
gradual decline over 7 years. The period of 8 years between peaks is 
evidently shorter than the norm, as Miller gives 10 to 15 years as the 

characteristic interval between population maxima. 

Morris (1959)  analysing the earlier part of the same data 

sequence, identified larval parasitism as the key factor determining 

population change. His conclusion was criticised by Varley, Gradwell 

and Hassell (1973)  on methodological grounds, but essentially 

confirmed by the new analysis of Podoler and Rogers (1975). Miller 

(1966) found both parasitism and weather factors to be key-factors. 
The conflict between the Va.rley/Gradwell/Hassell and the Morris/Miller 

interpretations of the significance of parasitism seems to reside in 

the fact that the recorded parasitism though very closely correlated 

with overall generation mortality was not in its absolute magnitude 
sufficient to account for the differences in overall generation 
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mortality. This distinction is found to recur in other such 
cyclic populations which have been analysed in respect of 
parasitism - for example Zeiraphera (Podoler and Rogers (1975) 
pp 107-112), and the interaction of 	iis and Dusona discussed 
in the present thesis (Sects. 7.v, 8-iii). 

Western Black-headed Budworm populations have also given 
rise to periodic defoliating outbreaks, for instance in Vancouver 
Island and the Queen Charlotte Islands (Silver 1960, 1963). Here 
the periodicity is more variable (from about six to sixteen years) 
and there is evidence that weather plays an important role in the 
initiation and termination of outbreaks. 

Panolis flacimea Denis & Schiffermufler. Pine Beauty Moth. 

As already mentioned in Sect. 2.1, records of defoliating 
forest pests in Northern Bavaria and the Pfalz have been presented 
and analysed very fully (over a period going back to 1800) by 
KLimetzek (1979).  Outbreaks of Panolis on Pinus sjyvestris are 
seen to have occurred very regularly at intervals of about 8 years, 

as illustrated below (Fig. 7-vii-  1) for the district of 
}4ittelfranken. Nineteen outbreak periods can be distinguished in the 
170-year sequence analysed. The only sizeable gap during that,  time 

was for 1853.-67,and  it may be that there was a'submerged' peak 
of Panolis numbers about the year 1860, too small to have attracted 
comment in the records. Allowing for the possibility of such a 
peak the mean periodicity is calculated as 8.1 ± 0.9 years; 

alternatively, allowing only 19 gradations it is 8.5 ± 1.4 years. 
Occurrence of Panolis in the three districts of Bavaria and in the 
Pfalz was highly significantly correlated - in other words outbreaks 
tended to occur simultaneously in the four areas. Also of interest 
is the question of synchrony of peak numbers between Panolis and other 
Lepidoptera species. The sequence of Bu2alus gradations in the 
same area (see Sect. 2.i) displayed a slightly shorter periodicity - 
7.2 as against 8.1 years. Consequently the cycles of BHEalus and 
Panolis were not consistently in phase - indeed, as expected of two 
independent series of slightly different period, they moved 
progressively into and out of phase again with time. The behaviour 
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of the Nun Moth jXMntria monacha, was quite different - its 

outbreaks were less regular in period, but almost all corresponded 

well with peak numbers of Panolis - consequently there is a highly 

significant correlation between recorded occurrence of the two 

species through time. 

It seems appropriate to mention at this point that approximately 

synchronous cycles of Panolis and BuPalus have also been recorded in 

Britain (pupal survey records for eg Culbin, Tentsmuir, Rendlesham 

show definite evidence of this parallelism) and in Poland (Kielczewski 

et al.1972). The Mittelfranken example quoted above shows that such 

synchrony, observed in a limited period of years only, may be a 

fortuitous result of two independent cycles coming into phase. 

The mechanisms operating to maintain the cycle in Panolis 

numbers are reviewed in the textbook of Schwenke (1978). Climate 

and weather appear to have a predisposing role for the initiation.of 

outbreaks low rainfall areas (500-800 mm per year) are the most 

affected, and so—called 'wine years' with high temperatures and low 

rainfall coincide with the severest outbreaks. In general, though, 

abiotic factors are of less significance for Panolis population 

dynamics than biotic factors. Of these the most important are 

parasites - 85 recorded species of Ichneumonidae, 7 Braconidae and 

11 Tachinidae. The single most important parasite species is the 

Tachinid fly Ernestia rudis, which has been definitely identified as 

the chief agent in the collapse of certain gradations in the past. 

Several insect predators are named, though it is not clear that their 

action is in any way cyclic in intensity. Two species of fungal 

disease are recorded, ad in many cases have contributed significantly 

to the collapse of outbreaks. 

,orjnia autumnata Borkhaus en • Autumnal Moth. 

This Geometrid moth whose larvae feed primarily on birch 

Betula pubescens has a long history of recorded outbreaks in the 

subarctic regions of the Scandinavian mountain chain. Tenow (1972). 

compiled a historical review of outbreaks over more than a century, 

in which time twelve successive gradations were recorded. Rise and 
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fall of populations v.iere generally synchronous over a wide areas  

though different gradations behaved somewhat differently in this 
respect. Tenow classified gradations into three types:- 

Synchronous. Simultaneous outbreaks over the entire area. 

Moving. Outbreaks spreading like a wave from one end to 

the other of the mountain chain (N-S or 

Diffuse. Outbreaks rather poorly synchronised in 

different parts of the area. 

The conclusion of Tenow was that the gradation sequence could not 

truly be regarded as cyclic, because of the less than completely 

predictable length of the interval between outbreaks. The mean 

periodicity was found to be 9.4 years (N•= 6) with extremes of 
7 and 12. The question whether the sequence is or is not cyclic 
is really a semantic one •- there is no doubt that the overall 

pattern of periodic mass-outbreaks over a wide area fits the 

phenomenon already described for, eg Zeiraphera and Panolis. 

Absolute regularity of period is not an essential feature of this 

phenomenon - as already pointed out even the Engadine population 

of Zeiraphera is not quite so regular in its gradations as was once 

thought. 

The mortality sources reported to be responsible for the 

decline of outbreaks were: starvation due to destruction of foliage; 

parasitic Hymenoptera (different species being involved at different 

times and places); fungus disease; cytoplasmic polyhedrosis virus. 

Haukioja et al (19769  1977, 1978a, 1978b) produced experimental 

evidence for the existence of a response by the host tree to 

defoliation, resulting in impeded development of Oporinia larvae 

reared on the foliage. Such an effect was found both soon after 

defoliation and after a lapse of one year. However, the slight 

effect (1-2 days extension of larval life) demonstrated seems 

unlikely to be sufficient to play a major role in the gradation 

dynamics. 

An interesting feature of this situation was that outbreaks 
of 9nia were, generally paralleled by simultaneous increases of 

the related species, 22eropLtera brumata and 0. fafatal  in areas 

peripheral to the orinia outbreak zone. The nine recorded 
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gradations of 2LDorinia between 1888 and 1968 were each accompanied 
by gradations of alero2htera species. This calls to mind the 

findings of Gradwell (1974) on larval populations in an English 

oakwood. There populations of 22eroZhtera brumata, 22orinia 

dilutata and two other species rose and fell with a remarkable 

degree of parallelism over a period of ten years. (Compare also 

the parallelism between Panolis flanimea and Lymantria monacha 

recorded in Bavaria). 

Orgyia Lsta  McDunnough. Douglas-fir Tussock Moth. 

The Douglas-fir Tussock Moth feeds on Douglas-fir Pseudotsuga 

menziesii and true firs Abies spp and occurs over much of western 

USA and part of Canada.. Epidemics of the larvae cause severe 

defoliation resulting in tree death, crown dieback, or reduced 

growth (Berryman 1978). Epidemics tend to develop synchronously 

over wide areas - this in spite of the restricted powers of 

dispersal associated with winglessness of the female moths. An 

outbreak normally lasts for about 3 years, and is charactérised 
by a release, peak, and a decline phase. Factors identified as 

contributing to the population decline are:- 

shortage of food resources following defoliation. 

build-up of parasites and predators. 

polyhedrosis virus disease. 

The periodicity of outbreaks is quoted as 7-10 years, but is is not 

stated how many naturally-occurring cycles were observed to arrive 

at this figure. Berryman produced a simple time-delayed model with 

exponential decay which produced good agreement with census data from 

a real population (central Arizona 1967-71).  The model was also 

able to explain variations in both amplitude and periodicity of the 

cycle as an effect on changes in ? the net reproductive rate (cf. 

findings of Sect. 8.i of this thesis in relation to a host-parasite 

model.). The model suggested that 	populations were stable in 

certain environments (where X was low) whereas dramatic epidemics 
occurred in environments which were very favourable to the insect 

(where A was high). This corresponds with the findings of the 
Zeiraphera study, where the most marked cycling behaviour was seen 
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in the altitudinal zone of optimum physical conditions for 

ZeirUhLera survival. 

Malacosoma disstria Hubner. Forest Tent Caterpillar. 

The American literature relating to outbreaks of Malacocorna 

disstria was summarised in Varley, Gradwell and Hassell (1973) 
pp 110-1+2. This species, which feeds on the foliage of Aspen 

tremuloides is distributed over much of the USA and 

Canada. Outbreaks have occurred approximately simultaneously 

in widely-separated areas - Varley, Gradwell and Hassell illustrate 

the pattern for Massachussetts and Maine in eastern USA, Minnesota 

in central USA, and western Canada. In the period 1885-191+0  there 

were five or six recorded outbreaks in each of these areas, with 

an average interval between peaks of 812 years. 

Life-table investigations of an outbreak population found 

two major mortality factors - parasitism by the Tachinid fly 

Srcojhg, and starvation of the late larvae combined with adult 

emigration. Over 991% parasitism by Sarcophaga had also been 

recorded in some places during an earlier outbreak. Because adult 

Sarcophaga are strong fliers and had been observed several miles 

from the nearest area infested by Malacosona, it was postulated 

that parasite dispersal could account for the simultaneous 

collapse of outbreaks over large areas. 

Varley,Gradwell and Hassell state 

"we consider that it is firmly established that the forest tent 
caterpillar populations change in a way that is cyclic rather than 
random ........ it is tempting to suppose that these cycles are 
being driven by parasitism." 

However in the absence of more complete life-table information they 

did not find it possible to identify the key factor with certainty. 

Some of the key findings of these various population studies 

are summarised in Table 7-vii-1. Lepidoptera of 5 different families 

are involved, feeding on host trees of 8 different genera (both 

conifer and.broadleaved), in 3 separate areas of Europe and over 
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much of the North American subcontinent. The one common factor 

linking the six cases (with each other and with the BuPalus 

gradations) is that all seem to involve forest trees which are the 

dominant plant species of their respective ecosystems: in other 

words a very large proportion of the habitat is occupied by the 

preferred larval food plant. As regards periodicity, five out of 

six cases fit well with a mean period of 8-9 years, slightly longer 

than that established for L2alus (Sects.2.i, 1*.ii), but somewhat 

shorter than for Acleris variana. In no case is the periodicity 

entirely regular, though some approach this closer than others. 

Neither are the successive peaks always comparable in magnitude, 

and this introduces a major, difficulty into the analysis of such 

phenomena, making it sometimes a matter of judgement which are 

to be regarded as 'true' peaks of the cycle. A pro-occupation with 

the definition of 'peaks' has sometimes led to rather sterile 

discussions in the past in connection with supposed cycles in mammal 

populations (Cole 1931, 1954, 1958). Moran (195+) proposed as an 

alternative criterion of a 'cyclic' fluctuation that there should 

be at least one (significant) serial correlation, of some order, 

which is negative. The above examples of Zeiraphera and Acleris 

certainly meet this criterion; for the other four, suitable 

quantitative data are not available for such a test to be applied. 

Of the identified mortality factors reported on, the two most 

usually emphasized are host tree condition, and parasites. It is, 

in the nature of things, to be expected that population 

fluctuations which mainly call attention to themselves by large-scale 

defoliation of trees, should involve marked changes in the 

physiological condition of those trees. So it is not surprising that 

such effects have been widely reported. An increase of parasitism 

associated with the downward phase of the cycle has been even more 

consistently reported, however. The 'principle of parsimony' 

suggests that only one such factor should predominate in a satisfactory 

explanation of the dynamics of gradations, with the other factors 

playing a modifying or augmenting role. It is not possible from the 

above review to decide on one such single 'key factor', but it seems 

that, if a choice must be made, it is likely to be between host 

condition and parasitism. 
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7.viii. The causes of cyclic fluctuation 	terns in_alns: 

conclusions 

Three main types of explanations have been put forward for 

the delayed density-dependent, cyclic type of population fluctuation 

observed in Bupalus. This section briefly summarises the evidence 
for each of them. 

Intrinsic Chanae  

The theory that intrinsic changes in an animal population, 

induced by rapid changes in population density, could themselves 

lead to a subsequent counteracting change in density, has been 

current for a number of years. The intrinsic changes could be 

physiological changes in individuals, or genetic changes in 

populations brought about by natural selection or other mechanisms. 

It was suggested by Franz (1950) that genetic deterioration due to 
progressive inbreeding during outbreaks could account for the 

eventual collapse of populations of such forest pests as allalus- 

One version of the 'intrinsic-change' theory has been 

promoted in recent years by ecologists seeking to explain apparent 

cycles in numbers of small mammals, particularly voles of the genus 
}licrotus. Chitty (1960)  summarised it as follows:- 

"Increase among voles is halted by declines that recur fairly 
regularly, and can be identified by certain associated 
characteristics as belonging to a single class of events on000 

According to field evidence the individuals in a declining 
vole population are intrinsically less viable than their 
predecessors, and changes in the severity of their external 
mortality factors are insufficient to account for the increased 
probability of death ..... The hypothesis states that, under 
appropriate circumstances, indefinite increase in population 
density is prevented through a deterioration in the quality of 
the population.' 

Translating this verbal model into more specific, genetic terms, 

let us suppose that there is a 'genotype x' whose survival is 

favoured in the circumstances of high individual aggressiveness and 

depleted food resources associated with the peak of the numerical 

cycle, but which is markedly inferior in reproductive capacity to 

alternative genotypes. A population dominated by 'genotype x' thus 

declines in numbers due to its diminished reproductive rate. The 
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course of a population cycle can then be shown schematically as 

follows (Krebs 19709  discussion):.- 

poor resources 	high aggressiveness ------ selection for 
IOS 	 genotype x 

decline in density 

_ _ .1 
increase in density < 	selection against 	recovery of resource 

genotype x 

Partial support has been found for this hypothesis in genetic 

studies of field populations. Krebs (1970) studying two enzyme 

polymorphisms in North American Microtus species found systematic 

shifts in the polymorph ratios linked with the rise and fall of 

population density. However, there was no evidence of a direct 

link between these polymorphisms and population fitness. 

Such theories have been applied to defoliating Lepidoptera 

species notably in the following two instaces:- 

1. Malacosoma pluviale Dyar. Western Tent Caterpillar. 

This North American species produces defoliating outbreaks 

somewhat less regularly than the related M. diastria 

discussed in Sect. 7-vii-  Wellington (1960) described 

different types of larvae which could be distinguished 

as 'active' (vigorous and of good survival) or 'sluggish' 

(inactive, surviving poorly). Comparing infestations of 

from one to four successive years in age, he stated:— 

"As infestations aged, even active colonies decreased in size 
and activity, but the year of minimal density was accompanied 
by increases in colony size and vitality ...e Examples from 
all sources indicated declining vitality while the population 
aged, followed by sudden recovery at or near minimal abundance 
when its least viable portion had been eliminated." 

But it was clear that extrinsic density -. related factors such 
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as food-shortage, disease, predation and parasitism also played a 

part in causing the collapse of outbreaks. 

2. Zeirp'a diniana Guené. Grey Larch Bud Moth (cf. 

Section. 7-vii)  Clark, Geier, Hughes and Morris (1967) gave a 

rather speculative review of the population dynamics of 

ZeirapLera in the Engadine as understood up to that time. 

They laid great emphasis on the existence of two genetic types 

within the population, which they designated a 'strong' type 

and a 'weak' type. They stated:- 

'The available evidence suggests that the mechanism responsible 
for numerical oscillation and stabilization in the life system 
of Zeiraphera involves qualitative changes in the subject 
population, associated with increase in numbers. The'strong'  
type of individual, which is best adapted for existence at 
low population densities, is virtually eliminated by intra-. 
specific interference and by density-related outbreaks of 
virus disease. This type is replaced to an increasing extent 
by a 'weak' type which is best adapted for the crowded 
conditions of existence at high levels of population density, 
and tolerant of the granulosis virus. Although resistant to 
the disease, the 'weak' type of Zeiraohera is much more 
vulnerable than the 'strong' type to the attack of 
hymenopterous parasites which greatly reduce its numbers. 
Drastic reduction in the abundance of the 'weak' type is followed 
by production of the 'strong' type of individual in increasing 
numbers, and the cycle begins again.' 

Detailed investigations of subsequent Zeiraphera gradations 

have not borne out this interpretation - virus disease has been of 

little or no importance, and the differential susceptibility of the 

two'types' to parasite attack has not been confirmed. Baltenaweiler 

(1970) showed that there is indeed a systematic shift in the 

relative proportions of two larval colour-morphs, the so-called 

'dark' form and the 'intermediate' form in the population with 

changing phases of the numerical cycle. This seems to be analogous 

with the enzyme polymorphisms observed by Krebs (1970)  in that the 

genetic shift appears to be an effect rather than a cause of the 

numerical changes. Day and Baltensweiler (1972) demonstrated that 

larvae of the dark form were more susceptible to mortality 

resulting from food-stress: this explained the decline in 

frequency of the dark form following the peak years of the 
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numercia]. cycle. Fischlin and Baltenaweiler (1979)  proposed that 

a simulation model of the Zeiraphera gradation should be produced 

incorporating the effects of polymorphism, but only as a 'side.-

effect' of the fundamental hoot—plant/macct relationship. 

Moving on to consider the cyclic fluctuation pattern of 

Raalus itself in the light of the above comments on other species, 

four possible lines of evidence can be examined:- 

Female pupal weight varies in a systematic way through 

the course of the numerical cycle (Sect. 7.1±). 

An experiment to look for intrinsic changes in contrasting 

phases of the numerical cycle gave a negative result (Sect. 7.vi). 

Head—capsule measurements obtained in the course of field 

work indicated that phase of the cycle was not. a determinant 

of observed variations in larval, growth up as far as third. 

instar (Sect. 7.iv). 

k. A larval colour—polymorphism exists in some Bupalus 

populations, suggesting a possible analog with the 

Zeiraphera situation (see below). 

It was shown above that in a number of representative gradations 

for which data was available, pupal weight of female Bualus varied 

cyclically, approximately one year in advance of the cycle in pupal 

numbers. That is pupal weight reached its maximum value one year 

before the peak of EMalus numbers, and then declined to a lower 

value in the year of peak numbers. This is to be compared with the 

situation reported by KLomp (1966) in a non—cyclic population in the 
Netherlands. There the pupal weight showed a strong negative 

correlation with larval . density in the same generation. Such a 

simple density—correlation does not hold for the cyclic British 

populations, in which pupal weight was in fact weakly positively  

correlated with pupal density in the same generation. There was a 

strong negative correlation of pupal weight in year n with density 
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in year n-2 9 'a correlation modified by weather variations recorded 

in year n-I (ie earlier in the same generation as the pupal weights 

recorded). There was also a strong positive correlation of pupa]. 

weight in year n with the population trend from year n-I to year n, 
suggesting that the same 'key factor' as determined survival also 

modified the pupal weight of the survivors. Mechanisms suggested 

in Sect. 7-ii  were (a) starvation effects, or (b) size-differentiation 

by attacking parasites or predators. The fluctuations in pupal 

weight were expected to be associated with concomitant changes in 

fecundity of the resulting female moths. However, these were 

too small to account for more than an unimportant fraction of the 

difference in generation survival between increasing and decreasing 

phases of the cycle. That at least was the conclusion based on the 

fecundity/pupal weight relationship previously determined by Bevan 

and Paramonov (1962). 

The possibility remained that the relationship of fecundity 

to pupal weight might 'break down' in certain populations - perhaps 

with genetic deterioration or physical stress the fecundity of females 

in declining populations might be significantly less than that of 

similar-sized females in increasing populations. The rearing 

experiment reported in Sect. 7-vi  found no such discrepancy between 

two matched groups of females allowed to oviposit under insectary 

conditions. The rearing experiment also looked for possible differ-

ences in viability or growth rate of first-.instar larvae, the progeny 

of the two matched groups of females. No significant differences 

were found. Viability and growth rates of older larvae were not tested. 

Evidence of contrasting growth patterns of larvae was obtained 

incidentally in the course of life-table studies of field populations 

(Sect. 7-iv)- Once again, the evidence indicated that no differences 
could be attributed to the phase of the numerical cycle in the 

respective populations studied. Rather, the very striking contrasts 

in growth pattern (thought to reflect the contrast between a four-

instar and a five-instar larval development) were simply differences 

between the two seasons 1976 and 1977 which were strongly contrasted 

in weather. Within either season, the pattern for an expanding 
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population and for a declining one was the same. This finding, in 

conjunction with the result of the rearing expriment, suggests 

that intrinsic changes at the adult, egg or larval stages were not 

a probable explanation for. the contrasting generation-survival 

rates in the two increasing and two decreasing populations studied. 

Finally, a colour-polymorphism in caterpillars of 

was investigated in detail by den Boer (1971)  in the Netherlands. 

It involved a yellow morph, distinguishable only in the third 

and later instars, occurring at very low frequency (i.i%) in 

populations of normal green-coloured larvae. The yellow character 

behaved genetically as a simple dominant. The yellow and green 

morphs showed no differences in mating preference, copulation 

efficiency, fecundity, success of egg-hatch, influence of larval 

density on pupal weight, relationship of pupal weight and 

fecundity, or in susceptibility to abiotic mortality factors. They 

showed differences in vulnerability to three types of avian and 

insect predators, which may have played a part in maintaining the 

polymorphism in nature. Den Boer did not record the yellow morph 

from Britain. However, of many hundreds of well-grown larvae 

collected in field-work for this thesis at Tentsmuir in 1977,  not 

more than 1% were of a pale, yellowish colour comparable to the 

yellow morph described by den Boor. Those pale individuals which 

were followed to pupation appeared just as healthy and no more or 

less developmentally-advanced than individuals of normal colour. 

Briefly to conclude this discussion, with one exception no 

evidence could be found for the occurrence of intrinsic changes 

in Bupalus populations during cyclic changes in abundance. The 

exception, that of changes in pupal weight, was thought to have very 

little importance in itself as a possible driving mechanism of the 

numerical cycle. It was thought to be an effect rather than a 

cause of the numerical changes. In fact, much of the information 

presented for other species (both Lepidoptera and mé,mnals) suggests 

that the intrinsic changes are effects rather than causes of 

numerical change. A jriori it is only to be expected that marked 

cyclic fluctuations in numbers, entailing powerful selection 
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pressures on animal populations, should be capable of generating 

a variety of intrinsic change  which would be linked to successive 

phases of the cycle. The risk of confusing such secondary effects 

with the true, primary cause of the cycles is ever-present in studies 

of this type of population phenomenon. 

Host tree condition 

The fact that some factors of host tree condition affect 

survival of foliage-feeding insects such as Bualus has been widely 

recognised for several years (see the review of Rudnew (1964/65) and. 
the German work summarised in Sect. 2.1). Exactly which factors are 

usually important seems to be less well ,established. Among 

constituents of foliage which have been indicated as 'critical' for 

survival of 2MR2.us larvae are sugar (Schwenke 1968), essential oils 
(Otto and Geyer 1970)9  resin (Jukes 1976) and free nitrogen (White 

197k). 

The last of these forms the basis of a hypothesis which links 

survival of làoper caterpillars (among others) to weather and site 

conditions through the mediation of nitrogen levels in the foliage. 

It has been shown that concentrations of free (ie not structurally-

bound) nitrogen in foliage are increased as a result of 'moisture 

stress' to the tree - this can result from drought or, at the 

opposite extreme, from waterlogging of the root system. White 

suggested that increased nitrogen levels could greatly enhance 

survival of small caterpillars, conversely normal or lower-than-

normal nitrogen levels could cause high mortality, of small larvae 

in particular. Such a mechanism would explain the long-known fact 

that drought is a predisposing factor .for attacks of some defoliator 

species. It is interesting that this small-larval stage is exactly 

the one where the 'key-factor' mortality was found to operate 

in the Bus population study of laomp (1966). However, White's 

(1974) attempt to apply his meteorological index to the lomp 
data gave inconclusive results (Sect. 5.ii). 

A possible test of White's hypothesis on importance of nitrogen 

concentration comes in the form of a study by Miller et al.(1977) 

of the growth of Scots pine under nutritional and climatic stress 
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at Alltcaifleach Forest, one of the units included in the Bupalur, 

annual survey. They investigated the response to fertilizer treat-

ment of 80-year-old trees growing at Dalliefour Wood, a site with 

a gravelly free-drained soil subjecting thetrees both to drought 

stress and nitrogen deficiency. Total nitrogen concentrations in 

the foliage of (unfertilized) trees were measured in October of each 

of 9 years between 1959  and 1969. At the start of the period, 

nitrogen at 1.1% of oven-dry weight was considered to be severely 

deficient; in later years the concentration was higher, showing 

a maximum of 1.5%  of oven-dry weight in 1967. The authors found 

a positive correlation (explaining 69% of variance) between these 
naturally-occurring nitrogen levels and the May and June rainfall 

totals for the current year. 

For comparison with the results of Miller et al. I examined 

not the Bupalus counts for the whole of Alitcailleach Forest, but 

only of those 3 transects regularly assessed in Dalliefour Wood 
itself, as this site evidently had peculiar characteristics of site 

drainage, directly relevant to the question at issue. The mean 

densities over the whole 25 years of the pupal survey are shown in 

Fig.7.viii.1. Two differences were apparent between these data and 

those for the forest as a whole (analysed in Chapter 4). Firstly, 

the long-term logarithmic mean density was higher (though not 

significantly so) than that for the forest as a whole - 1.69 per Tn2  

as against 1.48 per in2. Both these figures are higher than the 
means for any other Scottish units in the survey (Sect. 4.ii). So 

it must be concluded that Alitcaifleach Forest,and Dalliefour Wood 

in particular, are favourable sites for the development of Bipus 

populations. Secondly, the Dalliefour Wood data show a more 

predominantly delayed density-dependent pattern of fluctuation than 

those for the forest as a whole. 

IDD coeff. DDD coeff. 

Dalliefour Wood (3 transects) 	0.536 	0.597' 
Alitcailleach Forest (8 transects) 	0.571 

The fact that Dalliefour Wood shows a predominantly delayed density- 
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dependent pattern (ie tendency to cycle) makes it very suitable for 

examination as a specimen of the type of fluctuation discussed in 

this Chapter, even though the successive 'cycles'.or gradations are 

not so well-defined as in:the more classic cases of eg Culbin or 

Tentsmuir. 

The nitrogen concentration figures as shown. by Miller et al. are 

reproduced in Fig-7-viii-1  superimposed on the Bupalus annual 

density figures. It is apparent that the two successive 'peaks' 

of nitrogen concentration followed with a lag of 2-3 years two 
successive peaks of Buoalus density. The cross-correlations 

between the two series are, for the 3-year lag r = 0.91***,and for 
the 2-year lag r = 0.77*. 	The dangers inherent in correlating 
just such oscillatory time series have been often stressed (see 

eg Cole (1951)  for a comparable example) so the formal significance 

levels are of little meaning. Nevertheless it is tempting to 

speculate that there is some real connection between Bupalus 

numbers in year n and foliar nitrogen levels in years n + 2 and 

n + 3. It was previously suggested (Sect.1.ii) that peaks of 

alus such as seen at Dalliefour in 1960 and 1964 could entail 
the consumption or wastage of about 10% of needle biomass from the 

trees (as against 2-3% in years of 'normal' density). It is 
possible that such an event, by accelerating the re-cycling of 

nutrients from tree foliage to the forest floor, could in fact 

increase the uptake of nitrogen by the trees at some subsequent 

time. Such a process was described by Mattson and Addy (1975)  in 
a review of phytophagous insects as regulators of forest primary 

production. Incidentally, it may be noted that the 3-year lagged 
correlation with Bupalus (84% of variance explained) is a better 
predictor of foliar nitrogen levels than the weather relationship 

proposed by the original authors! 

If it is accepted that Bupalus numbers might have influenced 

subsequent nitrogen levels, the question must then be asked whether 

the converse occurred, ie whether foliar nitrogen, as predicted by 

the White hypothesis, influenced the survival of Bupalus. The 

visual impression from Fig-7-  vii.1 suggests this may have been so 
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but the calculated cross-correlations, using either 	density 

or Bualus trend values, provide no support for such an idea. It 

has to be considered, though, that total foliar nitrogen, measured 

in October, may bear no direct relationship to concentration of 

free nitrogen in foliage at the time when Bupalus small larvae are 

feeding in August (HG Miller pers. corn.). In summary, the 

findings reported by Miller et al, in conjunction with Bupalus 

counts (unpublished), do not support the White hypothesis of 

survival dependent on foliar nitrogen levels, as measured 

from year to year. They do show: 

This undoubtedly nitrogen-deficient crop had a higher 

long-term mean Bupalus density than any unit so far surveyed 

in Scotland. 

This wood showed a more delayed density-dependent 

(Ic cyclic) pattern of fluctuation than the forest considered 

as a whole. 

Highest foliar nitrogen levels occurred 2-3 years after 

peak numbers of Bupalus. 

Other studies of direct relevance to the understanding of 

nitrogen levels in relation to insect defoliators are those of 

Fagerstrom et aL(1977, 1978). These set up a hypothesis on 

the mechanism of nitrogen uptake and distribution in Scots pine 

trees Pinus sylvestris, and explored its consequences in relation 

to the activities of a defoliator, in this case the pine shoot 

beetle Tomicus niperda. The proposed model involved two mutually 

exclusive pools of nitrogen in the foliage, viz mobile and structurally 

bound. Relative size of the mobile nitrogen pool at the time of bud 

formation determined the rate of production of new needle biomass: 

this process would decrease the pool size due to immobilization of 

mobile nitrogen. A mathematical formulation of this hypothesis 

predicted a one-year time delay between a fertilizer application and 

commencement of 'owth response, the latter reaching a maximum at. 

about 3 years but persisting for about 10 years in all. The same 
model applied to the defoliator situation predicted a maximum 
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growth reduction 2-3 years after Tomicus attack, thereafter a 

return to normal growth rate by about year 5 or later. For 

defoliation levels of 3Q%  and above, the model predicted an 

'overcompensation' in years 5-6 whereby the growth rate actually 

increased over that of undefoliated trees: this resulted from the 

progressive concentration of foliar nitrogen during the years of 

reduced growth. That an 'oscillation' of this nature could be 

generated by insect defoliation is of interest, particularly as 

its period (about 6 years) is comparable with that observed in the 

palus populations. 

The evidence of both the last two studies, however, was that 

increased defoliator activity could be followed, after a time-lag9  

by an increased concentration of foliar nitrogen. On the White 

hypothesis (increased N favouring survival of defoliators) this 

should generate a 	tive feedback in the population dynamics of 

the defoliator. So these findings do not in fact suggest a feasible 

mechanism by which population cycles could be explained. They 

only show that defoliation by heavy Bpa1us feeding may cause a 

disturbance to the nitrogen economy of the tree, which may or may 

not have some effect on the survival of Bualus larvae at some 

future time. 

Other insights into possible mechanisms of a cyclic defoliator/ 

host-tree interaction have to be drawn from work on other species,' 

some of which was reviewed in Sect.7.vii.  As already pointed out, 

insect outbreaks of sufficient severity to cause economic damage 

to trees inevitably entail marked physiological changes in those trees, 

and the disproportionate amount of research effort directed to studying 

such situations may have over-emphasised the importance of these 

effects for the population dynamics of insects. 

The best-.investigated example of such a cyclic defoliator/host-

tree interaction is that of Zeiraphera diniana and Larix decidua in 

the Swiss Alps. It has long been recognised that different factors 

of host condition are an important driving mechanism in the cycle 

of Zeiraphera (Baltensweiler 1977). It has even been possible to 
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construct a model in which the host plant relationship determines 

the entire progress of the numerical cycle (Fischlin and 

Balterisweiler 1979),  though this is at variance with the findings 

of modelling work by Van den Bos and flabbinge (1976) who reported 

that a model incorporating details of the host-plant interaction 

but omitting the effects of parasitism gave a very poor simulation 

of the observed, real gradations. 

The mechanisms by which condition of the host-tree (Larch) 

determines survival and reproduction of Zeiraphera are at least 

three-fold. Severe defoliation (le approaching 100116) causes 

the larch tree to put on a second growth of foliage in late summer, 

and the physiological disturbance is carried over into the following 

year, when timing of the initial flushing of new shoots is delayed, 

and the needles which form are shorter and more fibrous than normal. 

Incoincidence of the hatching of Zeiraphera larvae with the 

optimum stage of development of the larch shoots then causes 

substantial mortality of the small larvae. (This mechanism of 

incoincidence as a result of delayed bud-burst also accounted for 

high mortality of Operophtera brumata on oak (Gradwell 1974), 

in a population study which also showed some evidence of cyclic 

change.) The condition of the needles (as indicated by percentage 

raw-fiber content) has a decisive influence on the survival of 

Zeiraphera larvae at all stages. Larvae feeding on needles with 

high raw-fiber content are physiologically weakened and survive 

poorly. Those that complete development give rise to imagines 

smaller than normal, the females being much reduced in fecundity. 

The tendency of the tree to produce foliage high in raw-fiber 

persists for 2-3 years following severe defoliation, and so the 

downward trend of the Zeiraphera population is prolonged. It 

should be mentioned that the simulation-model of.Fischlin and 

Baltensweiler (1979) was,very sensitive to the rate of recovery 

of trees towards normal foliage production, a rate which had 

not been adequately measured in the field. 

A model of this sort for the explanation of cyclic population 

change has certain critical implications which have to be examined 

before making any possible analogy with Bupalus. In particular, 
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there is a well-defined threshold of larval numbers above which 

feeding results in severe defoliation of the tree. This was 

defined by Baltensweiler (1970) as about 630 larvae per standard 

7.5 kg branch sample. This in turn means that there is a rather 
constant upper limit to the numerical cycle of Zeiraphera; the 

lower extrema (trough) of the cycle were less constant in their 

levels. Difficulties arise in applying this model as an 

explanation for cycles which do not reach the stated critical level 

of larval density for defoliation to occur. For example, 

Baltensweiler (1970) illustrated cycles for the Triimis site which 
at no time reached 630 larvae per sample. 

In considering the possibility that such mechanisms might 

operate in Bupalus numerical cycles, it is necessary to consider the 

different types of effect separately. First, the incoincidence 

mechanism: this is unlikely to apply because feeding of the newly-

hatched Bujalus larva occurs long after bud-burst, and even after 

completion of elongation of the current year's shoots. In any case 

feeding by small larvae is largely on older (ie previous years') 

foliage. Next, the effect of needle quality as influenced by 

previous defoliation: this too seems unlikely to be important, 

because Pinus species are not deciduous like Larix, but retain their 

foliage for three or four successive seasons. So alterations in 

the quality of newly-produced foliage would have at best a very 

gradual and delayed effect on feeding larvae. 

The size of the peaks usually seen in Bupalus cycles in 

British forests is such that only rather minor defoliation is likely 

to occur. The mean peak density recorded in Sect.7.i  was 4.64 per m2, 
and it was suggested in Sect.1.ii that this could entail perhaps 

10% loss of foliage biomass from the tree.. This is very much less 

than the 50100% defoliation levels which were needed to affect 

host-tree condition in the Zeiraphera study. Another indication 

comes from the variability of peak density levels - the ten 

gradations analysed in Sect-7.i show peak densities with a standard 
deviation (logarithmic) of 0.19 - a much greater variability than 

is seen to typify the Zeiraphera gradations. Because significant 
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defoliation-effects (whatever their mechanism) might be expected to 

correlate with a rather fixed 'critical' level of Buptdus density, 

they would be expected to bring about greater constancy of peak 

density levels than is in fact seen. 

Finally, to return to the experimental evidence presented in 

Sect.7.vi, no indication could be found that foliage obtained from 

a site with declining Bupalus populations differed from foliage 

from a site with increasing Bupalus, at least in their effect on 

survival and growth-rate of first instar larvae. It must be 

admitted that this was an experiment with very limited scope, and 

investigations over the whole larval life period, or utilizing 

foliage in situ on the live tree, might have yielded a positive 

result. Such experiments conducted by Haukioja et al (1976 9  1977, 

1978a, 1978b) on Oporinia autumnata revealed significant, but very 

slight, effects (Sect- 7-vii)- 

To review the possible different types of effect of host tree 

condition on Bupalus cycles: the incoincidence mechanism and the 

effect of physical condition of the needles are both thought 

unlikely on a priori grounds. Disturbance to. the tree's nitrogen 

economy may possibly have an effect, and there is alimited amount 

of evidence for this. Some host tree influence in the generation 

of population cycles cannot be ruled out, but on the available 

evidence it seems unlikely to be the pjncippl driving factor. 

Parasitism 	. 

Direct evidence for the role of parasites in ,By2alus population 

cycles has been presented in Sects.7.ii and 7.v. The particular 

parasite Dusona oxyacanthae is discussed in greater detail in 

Sect.8.iii. Chapter 8 also examines a model of parasite-host 

interaction and shows how simulations using this model can produce 

patterns very similar to those analysed in Chapier 14• 

There is no doubt that some form of parasite-host interaction 

can explain cycles of the general form of those observed in Bupalus, 

or in the other 6 species reviewed in Sect-7-vii- Ohnesorge (1964) 



explicitly, and Varley, Gradwell and Hassell (1973) implicitly 

attributed the cyclic tendency of Bialus populations to the effect 

of parasite-host oscillations. iamination of the evidence both 

for LTalus and the other species shows 2 major discrepancies between 

the real, observed situations and the behaviour of a classical, 

Nicholson-derived parasite-host model:- 

The level of parasitism actually recorded is too low to 

account satisfactorily for the difference between increasing 

and declining population trends of the host. 

Instead of a single species of parasite d.iving the 

cycle it is often found that two or more parasites both show 

similar responses to host density: sometimes one will 

predominate in a particular gradation, sometimes another 

The observation that parasitism is strongly increased during 

the decline phase of a numerical cycle, but is nevertheless not 

high enough of itself to explain the decline, recurs time and again 

both for BuPalus,and the other species reviewed. There are a number 

of possible explanations for this:- 

1 1  The obvious one, that parasitism is of only secondary 

importance in the population dynamics of the host. For 

example, Varley, Gradwell and Hassell (1973) reviewing the 

Acleris population study, stated:- 

'The residual mortality provides a better biological 
explanation of the changes in the generation mortality K than 
does measured parasitism - its nature remains unknown." 

This line of argument depends on a rigid adherence to the concepts of 

life-table analysis and a neat mathematical partitioning of-mortality 

into successive k-values. Given the nature of the original data 

(which was not collected with life-table analysis in mind) it may 

be that this is not a very appropriate means of criticism. 

2. The level of parasitism may be systematically underestimated. 

This could happen if samples were taken before parasitism had 

taken its full effect in the field population (a special case 



of this is the repeat parasitism, by Cratichneumon viator, which 

is not detected by the routineBU,ZO—LIUS survey) or if samples 

were taken after the percentage parasitism in the population 

had begun to decline, due to differential mortality of 

parasitized individuals. An analogous situation was reported 

by Campbell (1963) who observed that certain ichneumonids 

sting and kill many more gypsy moth Lymantria disEar pupae 

than they successfully parasitize so estimates of parasite-

related mortality obtained by rearing or dissection of pupae 

were inadequate. 

3. There may be some 'associated mortality' which varies 

in parallel with recorded parasitism - this was suggested 

by Norris (1959) in analysing population changes in Acleris 

variana and the spruce sawfly 2j2jajnL hercyniae Htg. Norris 
postulated associated mortalities in these two cases of 

0.6 x (recorded parasitism) for Acleris and 2.+  and 1.2 x 

(recorded parasitism) for alternate generations of Gi]pinia, 

the nature of the associated mortalities being unspecified. 

One probable source of 'associated mortality' which occurs 

to mind is further parasitism, by different parasite species, at 

different stages of the life cycle from the one being studied or 

sampled. Nicholsonian theory predicts that more than one parasite 

species may respond in a parallel direction to alterations in host 

density, and the model of Hassell and Varley (1969) explicitly 

involves several species of parasites (acting on successive stages 

of the life-cycle) all co-existing and fluctuating in parallel. 

This was considered to be very probable for the Zeirahera population 

cycle in the assessment of Van den Bos and Rabbinge (1976) who 

considered even the maximum recorded parasitism rate of 81% was likely 

to be an underestimate of the true rate in that generation. Because 

only a single annual census was made for Zeiraphera (at the large 

larval stage) no account could be taken of parasitism affecting other 

stages in the life cycle. If this should tend to vary in parallel 

with the recorded, larval parasitism, the combined effect of all 

parasitism might be sufficient to account for almost all of the 

observed changes in Zeiraphera generation survival. 
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1+. 	There may be a significant interaction between mortality 

caused by parasitism and contemporaneous mortality due to some 

other factor(s). Norris (1965)  recognised the likelihood that 

such interactions are important in nature, and presented a 

number of examples of parasitism where interaction effects 

were indicated. In other words, a parasitized individual 

could be either more or less likely than an unparasitized one 

to succumb to the effects of some contemporaneous mortality 

factor. For example, Morris cited the case of the predator 

Podisus maculiventris attacking larvae of the fall webworm 

Hyphantria cunea where parasitized larvae were more vulnerable 

because of their reduced size and vigour. In relation to 

weather susceptibility, it was considered very unlikely that 

larvae containing well-developed parasities were so similar, 

physiologically, to healthy larvae as to be equally susceptible. 

The arithmetic formulation of interaction given by Norris 

implied that such interactions could have very major significance 

for population dynamics: though it is to be doubted whether 

this particular formulation was very realistic biologically. 

The second discrepancy between theory and the observed cycles 

is the fact that different species of parasites are involved in 

the different gradations, and sometimes simultaneously in the same 

gradation. This was the case for 22orinia, Acleris, and 

Zeiraphera reviewed in Sect.7.vii, and for Bualus Escherich (1931) 

observed that sometimes Tachinid parasites, sometimes Ichneumonids 

were dominant in the declining phase of gradations. The evidence 

presented here in Sects.7.ii and 7.v shows that at least two species, 

Dusona oxyacanthae and. Cratichneumon viator can play major roles in 

the dynamics of Bupalus cycles in Britain. As already pointed out, 

the model of lIassell and Varley (1969) indicates that more than one 

parasite species can co-.exist and fluctuate in parallel on a single 

host population. This model in a deterministic form as originally 

given, predicts that each parasite will fluctuate about its own 

characteristic equilibrium level determined by its searching capacity 

and mutual interference parameter. So different parasite species 
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would be expected to occur in a rigid heirarchy of abundance. 

However, to survive more.than transiently on a given host population, 

any parasite species must be adapted to a certain minimum level of 

searching efficiency, and where a 'guild' of different parasite 

species exists it is likely that several species have evolved broadly 

comparable searching efficiencies in the given habitat. Given 

several species approximately equally well adapted for survival at 

'normal' host densities, the question which of these gains the upper 

hand in a particular gradation may be partly determined by random 

factors, for example levels of hyperparasitism or weather factors 

at the different times of year when the different parasites are 

active. To take the two species thought to be important for Bupalus: 

it has been shown (Sect.2.ili)that Cratichneumon's survival may depend 

on the availability of an alternative host in the. late summer period 

when Bupalus pupae are not present in the habitat. Dusona has no 

such limitation, being strictly synchronised with and specific to its 

Btkpalus host. In seasons when alternative hosts are abundant, 

Cratichneumon may outstrip Dusona in its attack on the Bupalus 

population, in other seasons Dusona may predominate. In the 

rather unusual ecological conditions of a Bupalus outbreak, where 
host density is many times in excess of normal, and where it may 

be supposed that 'control' of Bu2alus numbers by the usually-

occurring parasite species has already failed, it is not unexpected 

that one of the usually-less-abundant parasite species may 

temporarily come to the fore and contribute to the decline in 

numbers of the host. 

To sum up, the occurrence of several parasite species 

commonly in the course of the Bupalus gradations, not always in the 

same order of abundance is not in conflict with theory. Indeed it 

is actually predicted by theory that two or more species of parasite 

should fluctuate in parallel, in interaction with the host 

population - given of course that they both show a delayed density-

dependent response. This in turn suggests a very likely reason why 

the significance of parasitism may have been underestimated in many 

of the field studies reviewed. More often than not these have 
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involved only a single sampling of the population at a fixed point 

in the life-cycle, so that parasitism affecting other stages of 

the life-cycle is effectively ignored. 

The above summarises the evidence, in general terms, for the 

significance of parasitism as a driving force in 	population 

cycles. A more detailed quantitative treatment, including an 

attempt to model the response of a particular parasite species, is 

contained in Chapter 8. 

293 



8. PPRASITE—HOST SYSTEMS 

Of the three possible types of mechanism for driving cyclic 

population change, discussed in Sect-7-viii,  . the strongest evidence 

was found for parasite—host interactions as the 'key factor' in the 

case of Bupalus. A great deal of work has been done in analysing and 

modelling insect parasite—host interactions mathematically (summarised 

in the monograph of Hassell, 1978). So it was thought worthwhile to,  

•apply such a mathematical model to Bupalus population. dynamics, first 

in general terms and afterwards with reference to a particular known 

parasite species. . 	 . . 
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_mirasite.4iotmod2 

In SCCt.7GV±±i  the evidence was summarised for the importance 

of host-specific parasites in the dynamics of certain 	alu 

populations showing a predominantly cyclic, delayed density-dependent 

pattern .of fluctuation, In order to go further in understanding the 

quantitative aspects of parasite.-.host interactions it is necessary 

to make use of at least a simple mathematical model to describe the 

processes involved. 

The use of introduced parasites for the control of insect posts, 

exemplified by the classic work of Howard and Fiske in the United 

States, stimulated an interest in understanding the nature of the 

relationship between parasites and hostt3 and expressing this 

understanding in the form of mathematical models. Rational use 

of the new techniques of biological control could only be achieved 

with the aid of concepts and models which adequately described the 

behaviour of real populations. The interaction of any real 

combination of parasite and host populations is of course complicated 

by the innumerable modifying factors which act on any ecological 

process. In order to minimise these complications for the purpose 

of mathematical modelling, certain simplifying assumptions about the 

interaction had to be made. The most common of these assumptns 

are as follows:-- 

I.. fscrete, non-overlapping generations of both host and parasite. 

hronisation of generations of host and parasite. 

Parasite species entirelyspecific to the given species of 

host. 

k. Parasite individuals search at random within the habitat 

of their host. 

5. Number of parasites in the succeeding generation is 

exactlr2ional to the number of hosts killed in the 

present generation. 
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searching of some parts of the habitat occurs So the effective 

area searched by parasites (the 'area covered') Is less than the 

total area searched (the 'area traversed'). Considering the effect 

of the parasite population as a whole, the 'area covered' is reduced 

by overlap in the search areas of different individual parasites. 

Following Thompson (1924) Nicholson and Bailey expressed this 

effect of random overlap by a formula derived from the Poisson 

series:— 

= I - exp (- At) 

where A c is area covered and At  is area traversed. If P is the 

density of searching parasites, then an individual area of 

discovery can be expressed as:— 

A a= t 
P 

If, in addition, the original host density is represented by N 

and the density of hosts surviving is S. then the following is 

true:— 

exp (At) = I 

• 	 1.-A P 	 C 
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The ratio - I 	is equivalent to N 
1.A 	 S 

C 

Sol 	a = .2. . lfl(N)  

P 	S 

and in (  N\  aP 
'S I  

.•. lOgN)  _• 
S 2.3 

and this expresses the logarithmic 'killing-.power', the k—value for 

parasitism: - 

k 	aP 
(par)

2.3 

From this it is possible to calculate the density of parasites 

resulting in the next generation:— 

= N - antilog (log N - aP) 

2.3 

and the density of the host in the next generation:-. 

i n+1 N 	= F[antilo (log N n  ap  n 
2-3 

=F N n 
aP 

antilog 

where F represents host reproductive rate. 

If a model based on these relationships is calculated over 

several successive generations it is found that the relationship of 

parasite and host is an unstable one. The 'steady density' 

(equilibrium situation) predicted by Nicholson and Bailey represents 
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an unstable equilibrium: any small deviation from the calculated 

'steady densities' gives rise to a series of oscillations of ever-

increasing magnitude in the numbers of host and parasite. 

Clearly such progressively increasing oscillations are not 

found in the natural situation, and the simple form of the 

Nicholson-Bailey model outlined above needs modification if it is 

to describe the more realistic situation of a long-term stable 

equilibrium. One way in which the model can be stablised is by 

the introduction of a density-dependent mortality which limits the 

increase of the host population (Nicholson 1933 c.ki). Similarly, 

the presence of an alternative host whose numbers are independently 

regulated, can stabilise the interaction and maintain the oscillations 

at a constant or progressively decreasing amplitude (Nicholson 1933 

C.42), A third class of stabilising influence, of which an example 

is to be described below, is that where density-dependent effects 

operate on the parasite population to check its power of response 

to changing host density. 

The Hassell-Varley Model 

Hassell and Varley (1969) extended Nicholson's theory by the 

introduction of a parameter to measure parasite 'mutual interference'. 

It was found in a number of experimental and field studies that the 

apparent area of discovery, a, varied in inverse proportion to the 

density of searching parasites. This relationship could generally be 

fitted to the form: 

log a =log Q - in log P 

that is, 	 a 

where in is the 'mutual interference constant' and Q. the. 'quest 

constant' represents the area of discovery when parasite density is 

unity (P = 1). 



Substituting th:Ls new expression for a the k-value for prasitiom 

becomes:- 

k 	=  
(par) . 

The reason for the interference effect was believed to lie in 

behavioural changes of the parasite individuals. A searching 

parasite coming into contact with another individual of its own 

species is likely to react by flying away and dispersing to another 

area, where intraspecific competition may be less intense. The time 

'wasted' in interacting with conspecifics and in subsequent dispersal 

reduces time available for searching and thus the total area of 

discovery. 

Because the searching capacity of the parasite is progressively 

reduced at increasing parasite densities (ie density-dependent effect 

on the parasites) the possibility arises of a much more stable form 

of parasite-host interaction than in the original Nicholson-Bailey 

model. Depending on the magnitude of the constant m, the 

oscillations of host and parasite densities may be of increasing, 

constant, or decreasing amplitude, or the movement may be 

monotonically damped so that densities approach equilibrium without 

oscillation. 

The value of this model based on 'Quest Theory' was believed by 

Hassell and Varley to be its ability to explain the continued 

co-existence of two or more successively-acting parasites on a 

single host population, a situation which was not possible on the 

original Nicholson-Bailey model. However, the model has the 

additional virtue of being probably the simplest parasite-host 

model with 'built-in' longterm stability. This makes it a useful 

tool for generalised modelling of parasite-host interactions to 

explore the consequences of changing the values of population 

parameters and of extrinsic (ie non-parasite-related) factors 

operating on the populations. 
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FO(YiNOL'E 

Much discussion by later workers (eg Beddington 1975,  Free, Beddington 
and Lawton 1977)  has involved some modification of Hassell and Varley's 
original ideas on interference. It was suggested that mutual 
interference by direct individual contact is relatively unimportant in 
field populations at near-equilibrium densities However, Free, 
Beddington and Lawton also showed that a phenomenon they call 
pseudo_interferenc e' results from the preferential concentration of 

parasites in areas of high host density, and this has a stabilizing 
effect similar to Hassel]. and Varley's 'mutual interference'. Thus 
although the underlying mechanism may he complex it was concluded 
by Hassell (1978) that the single parameter m can usefully be used 
to 'encapsulate' important stabilising features of a parasite-host 
interaction. 

Some properties of the HassellVarleLel 

Some particular properties of this model are of interest in the 

way they relate to patterns of fluctuation of the host species. 

Stability 2roEort les 

As stated above, the outcome of a Hassell-Varley model may show 

a pattern either of increasing-amplitude, constant-amplitude, or 

decreasing-amplitude oscillations, or an exponential (monotonically-

damped) approach to equilibrium. This series has the nature of a 

progression of increasing stability, from the wildly-oscillatory 

pattern given by the basic Nicholson-Bailey model, to a very stable 

pattern which rapidly approaches and then maintains equilibrium level. 

The degree and nature of the stability obtained depends on only two 

parameters - the mutual interference constant m, and the intrinsic 

rate of increase of the host population.. (It should be noted that 

stability properties are wholly independent of the parameter Q or of 

any extrinsic mortality affecting the parasite population.) Host 

reproductive rate has been represented above by the symbol F. 

However, for the present analysis this has to be modified to allow for 

various non-parasite-related mortalities (which I shall call 'host 

extrinsic mortality' ii) which act on the host population and 

restrict its power of increase. The rate of increase of the host 

population resulting from the balance of F and HEM can be represented 

byX. 

A detailed analysis of the conditions for stability in this 

model is given by Hassell and May (1973),  Fig.8.i.1 is an extension 

of their Fig.4 and shows how fluctuations generated by the model are 

stable or unstable, and oscillatory or non-oscillatory, for different 

ranges of m and X . At low values of >* ( 2) the model is stable for 
301 



S 

1 	 2 	 5 	10 	20 	 50 

Host rate of increase >. 

Fig.8.i.1. Stability properties of the Hassell-Varley model in 
relation to host rate of increase ) and parasite mutual inter-
ference constant m. (An extension of Fig.k in Hassell and May 
(1973), with boundaries calculated from the formulae of their 
Table 3). Upper dotted line indicates the conditions for most 
rapid approach to equilibrium density, lower dotted line shows 
the conditions for stable limit cycles. 
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most values of in between 0 and 1. For a given value of A (say 2) 
there is an oscillatory pattern at lower values of m (. 0.75) and a 
monotonically-damped return to equilibrium at higher values of m 

(0-75/m <,1-0). The most rapid approach to equilibrium is attained 
at the boundary between these two ranges Cm = 075). (The theoretical 

case where in >1 yields an unstable outcome, with the host population 

increasing continually.) 

Looking at the other axis of variation, for a given value of m 

the degree of oscillation increases progressively with increasing 

values of A . To take the example of in = 0.5, we see the following 
outcomes:- 

	

X< 1.2 	 Monotonically-damped (exponential) approach 

to equilibrium. 

	

X= 1.2 	 Most rapid approach to equilibrium is attained. 

	

1.2< X <5 	 Damped oscillations (ie of progressively de- 

creasing amplitude). 

= 	5 	 Stable limit cycle (ie oscillation of constant 

amplitude). 

	

X >5 	 Unstable oscillations (of progressively increasing 

amplitude). 

This illustrates the general conclusion that the degree of 

oscillation in a parasite-host system, being proportional to the rate 

of increase A , is inversely related to the magnitude of the host 
extrinsic mortality HEM. The contrast between oscillatory and non-

oscillatory (exponential) behaviour in the outcome of this model clearly 

has a parallel with the contrast of DDD-regulated (oscillatory) and 

IDD-.regulated (non-oscillatory) populations examined in earlier sections 

of this thesis. So the conclusion may be useful in attempting to 

explain the transition from ID]) to DDD-.regulated patterns in 

population sequences of 	alus. The degree to which these parasite- 

host models mimic the DDD/IDD spectrum of population fluctuation 

patterns is investigated in more detail in Sect.8.ii. 
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Equilibrium densities 

Equilibrium densities of both host and parasite populations can 

be calculated from knowledge of m (mutual interference constant), 

Q (quest constant)9  X (host rate of incrase) and any extrinsic 
mortality postulated to be acting on the parasite population. This 

last variable merely acts as a scaling factor, such that (all other 

variables being unchanged): 

N CC P (P' is parasite density following mortality) 0  q 

Equilibrium density of host is proportional to the ratio of parasite 

densities before and after mortaiity 

Similarly 9  the variable Q acts as a scaling factor, such that:—

(1 
N CC Q '1.m eq 

Equilibrium density of hosts is inversely related to Q, and is 

increasingly sensitive to changes in Q at higher values of  

The more complex relationship of host equilibrium density with 

) and m is shown in F1gs08.i.2 and 8.i.3. In general, where there is 

a stable equilibrium, the host equilibrium density increases with 

increasing values of >. . If the value of ?L increasm further, beyond 

the limit for stable equilibrium, a zone of progressively—increasing 

oscillations is reached, and in this area the size of the (unstable) 

host equilibrium density is negatively related to the value of X 

Comparison of Fig.8.i.2 with Fig.8.i.3 shows the effect of changing 

values of Q on host equilibrium density, the effect being much more 

marked at higher values of rn. 

Understanding of the ways in which host equilibrium density 

varies with the other parameters is a necessity in order to produce 

any realistic If it' of this model to the behaviour of real Bupaus 

populations. As the long—term mean population density (which can 

be assumed to approximate to the equilibrium density) is well 

defined for a wide range of real populations (Sect.k.ii) this 
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2 	 I  

Host rate, of increase X 

conditions: Q = 2.3, Parasite mortality 80% 

Fig.8.i.2,Relationship of host equilibrium density with host rate 
of increase ), and parasite mutual interference constant m. The 
right-hand decreasing sections of the curves for m = 0.50, 
rn = 0.67 represent unstable equilibria (ie with increasing 
oscillations). 
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A m=0.80 

om=0.75 
m = 0.67 

m = 0.50 
) 	 A 

3-4 

/ 	.______•_•___ - 

: 	 - - - —a--- 	- - - 
	- - - 

1'O 	20 	50 
Host rate of increase X 

Conditions: Q = 1.15, Parasite mortality 80% 

Fig-8.i.3.. Relationship of host equilibrium density with host rate 
of increase )and parasite mutual interference constant in. The 
right—hand decreasing sections of the curves for m =. 0.50, in = 0.67 
represent unstable equilibria (ie with increasing oscillations). 
Compare with Fig.,8.i.2 for a higher value of Q - note tenfold change 
of vertical scale. 
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provides a meaningful point of reference against which the performance 

of the model can be judged. The fitting of a Hassell—Varley type 

model to BuPalus population behaviours  first in relation to a 

hypothetical parasite and then to the rca]. parasite Dusona 

oxyacanthae J3oje. will be discussed in Sects.8.ii and 8011i 

respectively. 
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8.ii, The model applied to flu alus 

Using a model of the form developed in the preceding Section it 

is possible to simulate the effects of a-  hypothetical parasite on a 

series of generations of Duyjus. To produce a meaningful simulation, 

appropriate, values for the following parameters have to be chosen:.. 

Host population 	- F 	The most reproductive rate. 

HF14 Level of 'extrinsic' ie non-parasite 

related mortality affecting the host 

population. 

Parasite population - Q 	The quest constant., 

- N 	The mutual interference constant. 

PGN Level of generation mortality affecting the 

parasite population. 

The selection of values for most of these parameters is a matter 

of judgement, and is governed by the considerations set out below. 

Host Rective Rate. In the case of Bupalus this parameter at 

least is very well quantified. British populations of the insect 

show pupal weights indicative of fecundities ranging from about Go eggs 
per female to about 180 (according to the findings of Bevan and 

Parainonov (1962)). The majority of populations, including those 

studied in Sects-7-ii, 7-iv, and 7.v, lie in the lower part of this 
range, and a reasonable approximation for the fecundity of a 

representative British population in an average year would be 

100 eggs. Assuming an equal 50:50 sex ratio (the normal situation) 
this represents a rate of multiplication of 50-fold in one generation. 

In loga4thmic terms this is equivalent to an increase of + 1.7. 
Host'extrinsic'mortalJLt-. The range of non-parasite-related 

mortality in the face of which a 	population can continue to 

survive is obviously a wide one. Assuming a 50-fold reproductive 

rate, then mortality levels in excess of 98% (k = 1.7) will cause 
a population to dwindle towards extinction. This represents a 

rather. obvious maximum to the range of mortalities which it will 

be worthwhile to investigate. At the opposite extreme, low levels 

of generation mortality will permit a massive increase in the 
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population: the largest increase which has been reliably recorded 

in a British population (eg Tentsmuir 1960-61) is of the order of 

30fold, and this is also about the size of the largest increase 

recorded in German populations (Schwerdtfeger 1935).  This 

represents a logarithmic increase of about + 1.51  and so the 

postulated generation mortality is only 1.7 1.5 = 0.2. 

A range of 'extrinsic' mortality levels from 0.2 to 1.7 might 

thus usefully be investigated. 

For the production of a stochastic model it is necessary to 

set a value for variability of the mortality as well as its absolute 

level. This has been' done in one of two ways in the simulation 

programs presented in this Section:- 

The standard deviation of the mortality (en a logarithmic 

scale) is set at a fixed value 

The standard deviation is adjusted to a fixed proportion 

of the size of the (logarithmic) mortality-value. 

eg SD(k) = 0.25k or SD(k) = 0.4k 

where k is the mean k-value of the mortality and SD (k) 
 its 

standard deviation. 

With either of these examples, the simulation will occasionally 

produce a small negative value for the mortality. Although clearly 

impossible in a closed system, this situation is not incompatible 

with that found in field populations, where immigration of individuals 

into the population can sometimes produce the appearance of a 

'negative mortality'. 

Parasite Population Parameters. In the case of our hypothetical 

parasite, there 	no 'real' data to form a basis for the setting of 
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parameter values. This being so it is necessary to select values 

on a partly arbitrary basis, but ensuring that:- 

the values lie within the range'of those determined for 

known parasite species in published studies (eg examples 

listed by Hassell (1978).), 

the parameters in relation to each other and to those 

established (above) for the host population, produce an 

outcome reasonably close to the observed (host) situation 

eg j1us population should stabilise at around 0.1 to 

i per in2  and not, say 5,000 per ra 

Mortality affectinarasite population. The level of 80% 

mortality is arbitrarily chosen, as used in the calculations for 

Figs.8.i2 and 8.i.3 in the preceding Section. This means in effect 
that of the total host individuals parasitized in generation n, 

just one-fifth give rise to viable, effective parasite individuals 

of generation n+1. This reduction does not seem unrealistic 

particularly when it is remembered that part of it can be explained 

by sex ratio. Assuming an equal ratio, then only 500% of parasite 

individuals (the females) will have an impact on the succeding 

generation of hosts. Actual mortality affecting all stages of the 

parasite's life-cycle can easily reduce the proportion further to 

the level of 20% survivorship postulated for the simulation. 

Mutual Interference Constant of the parasites. A wide range of 

values for in have been found in published parasite-host studies, as 

tabulated by Hassell (1978) p91.  The mean of 24 values listed by 

Hassell was 0.52,  with most falling into the range 0.3 to 0.9.  The 

range of values of in to be investigated here by simulation runs is 
0.5 to 0.8: lower values than this have only a weak stabilizing effect, 

and higher values are probably not realistic. 

Quest constant of the parasites. As seen by comparison of Figs.8.i.2 

and 8.1.3 of the preceding Section, relatively small change in size 
of Q can make very large differences to the calculated equilibrium 
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density of the host. To obtain a realistic outcome in respect: of 

host equilibrium density (particularly where considering the higher 

values of m) it is necessary to select the higher value for Q of 

2.3 as used in the calculation of Fig.8.i.2. As explained in the 

preceding Section, Q acts merely as a scaling factor in relation to 

the resultant host equilibrium density. Its value does not affect the 

degree of stability of the host-parasite interaction. So the 

selection of this particular value should not result in any bias 

to the outcome of the simulations. 

Simulation runs 

A FORTRAN program PARI 9  to simulate a parasite-host system of 

the form outlined above is listed in Appendix 2. 

The data input for each run of the program is asfoflows:- 

N 	Number of generations for which simulation is to run. 

Q 	Quest constant. 

N 	Mutual interference constant. 

DENSEP Initial density of parasite. 

DSES Initial density of 

BUNORT Average level of extrinsic mortality (logarithmic scale) 

affecting 2u2alus. 
PANT Average level of generation mortality (logarithmic scale) 

affecting parasite population. 

and the output is in the form:- 

Generation number. 

DENSES Density of Bupalus in generation I. 

BULOG Log density of THpalus in generation I. 

DENSE2 Density of parasite in generation I. 

A stochastic element is introduced by varying the amount of 

extrinsic mortality about the mean level specified by BUNQRT, by 

means of a subroutine GAUSSY which returns a random value of a 

normally-distributed deviate. In this program the standard 

deviation of the normally-distributed deviate is set at 0.35 x the 

value of BUMcT. Similarly for the parasite generation mortality, a 
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random normally-distributed deviate with SD 035 x the value of 

PAMORT is added. In slightly different versions of the same 

simulation program, PAR2 and PJLR31  the SD of the deviate affecting 

extrinsic mortality is set at a constant value (0.3 and 0.2 

respectively) and the parasite generation mortality is assigned 

a constant value specified by PAMORT. 

For the initial densities of host and parasite populations, 

the long-term equilibrium densities of both were first calculated, 

then: - 

DENSEP the initial density of parasites was set at twice the 

equilibrium value. 

DENSES the initial density of Buus was set at its equilibrium 

value. 

This tended to impart an initial downward momentum to the 

Bupalus population (because parasite density was twice that 

required on average to exactly check the Blns population 

increase.) This gave the interaction a realistic degree of movement 

in the first generation, while avoiding any exaggerated response such 

as might be seen if the simulation were started too far from the 

equilibrium values. 

A series of short simulation - runs using PPR1 is presented 

in Figs.8.ii.1 - 8.ii.3, These simulations explore the range of 

BIThIORT = 1.1 to 1.6 with N = 0.5, 0.6, 0.7.  It is clear even from these 

short series that the change in parameters has significant effects 

on the following features of the outcome. 

Amplitude of fluctuation. 

Delayed density-dependent component. 

Equilibrium level or long-term mean. 

Amplitude of fluctuation. A visual estimate of the amplitude can be 

made from the graphs, where in each case the entire fluctuation is 

shown in comparison with limits of 3 logarithmic units (a 1000fold 

range). Some sequences (8.ii.1 a, b and 8.ii.2 a) fluctuate well 

312 



01.0 

-1.0 

-2.0 

0.0 

5W 

-2.0 

a) 
M 	=0.5 
BUM0I = 1.1 

b) 
N 	=0.5 

BTJNORT = 1.2 

I 

C) 

N 	=0.5 

0.0 
	 BUN0IT = 1.3 

------.-- --/-—--t\1\1 

Fig.8.ii.1 (part) 

-1.0 

31 



0.0 

-2.0 

d) 

M 	=0.5 
BTJNORT = 1.4 

0.0 
	 e) 

M 	=0.5 
- 	-"--- -.-i---  - 	

BTJNORT = 1.5 

-1.0 

-2.0 

0.0 

-2.0 

-3.0 

f) 

M 	=0.5 

BUMORT = 1.6 

Fig.8.ii.1 contd. 25-generation sequences of Bupalus density 
from simulated parasite-host interactions, where M=0.5 
and BUNT the host extrinsic mortality is varied from 1.1 
(92.0%) to 1.6 (97.5%). Q = 2.3. PAMORT (parasite 
generation mortality) = 0.7 (80%). 
SD (PANaRT) = 0.245. SD (BUN0RT) = BTJNORT x 0.35. 
The dotted line indicates the calculated equilibrium level 
of host density. 
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Fig.8.ii.2 contd. 25-generation sequences of Bupalus density 
from simulated parasite-host interactions, where N = 0.6 
and BUMORT the host extrinsic mortality is varied from 
1.1 (92.0%) to 1.6 (97.5%). Q = 2.3. PANORT (parasite 
generation mortality) = 0.7 (80%) 
SD (p.ANoIT) = 0.245. 	SD (BUNC2]) = BW'IORT x 0.35. 
The dotted line indicates the calculated equilibrium level 
of host density. 
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Fig.8.ii.3 contd. 25-generation sequences of Bupalus density 
from simulated parasite-host interactions, where M = 0.7 
and BUMORT the host extrinsic mortality is varied from 1.1 
(92.00/6) to 1.6 (97.5916). Q = 2.3. PAN0R (parasite generation 
mortality) = 0.7 (80%). 
SD (PANotT) = 0.245. SD (BUNORT) = BUNORT x 0.35. 
The dotted line indicates the calculated equilibrium level of 
host density. 
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beyond the 1000-fold range while others (8.ii.2 d and 8.11.3 c) 
remain wcll within it. In general the amplitude of fluctuation 

decreases with increasing values of N, as seen in the following 

frequency table. 

Amplitude of 
fluctuation 

Fl = 0.5 M = 0.6 N = 0.7 

0 1 1 <2.0 

2-3 1 2 3 
S 	3 2 2 

>4.0 2 1 0 

Amplitude of fluctuation is highest at the low values of BUNORT, 

decreases to a minimum at BUMORT = 1.3 and 1.4, then increases 

slightly again at BIJNORT = 1.5 and 1.6 (frequency table below). 

Amplitude of BUNORT 
fluctuation  

1.1 	1.2 	1.3 	1.4 	1.5 	1.6 

<2.0 1 1 

I I I I I I 

3-4 1 1 1 2 2 

>4.0 2 1 

Where both M and BUMORT are low, the simulations show the 

classic feature of fluctuations derived from the simple Nicholson-

Bailey model, viz a series of oscillations of progressively increasing 

magnitude - though it is not apparent from the short periods 

represented here whether the oscillations continue to increase 

in size indefinitely, or soon attain a characteristic amplitude 

which is then maintained. 

At slightly higher values of N and BUNT, fluctuations are 

less extreme because of the less violent response of the parasite 
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population to increases in number of hosts (increasing i) or because 

of the reduced ability of the host population to 'escape' when 

parasite numbers are low (increasing BIfl10r). 

Where BUMc1T is increased to very high levels (1.5 or 1.6) 

the average power of increase of the host population becomes 

very little (x 1.58 and x 1.26 respectively). Likewise the average 
density of parasites required to maintain an equilibrium becomes 

very low indeed. The resultant interaction tends to assume the 

character of a 'random walk', with l3uralus population apparently 

'drifting' for long periods of time either below or above 

equilibrium (Figs.8.ii.1 f, 8.ii.3 f). This occurs because the 
regulatory power of parasite action at these low densities is too 

weak to counteract the dens itydisturbing effect of strong 

variations in BUNORT, the extrinsic mortality affecting the host 

population. 

Dela ed deitydependent component. The relative importance of 

the DDD component (measured by size of DDD coefficient, see Sect.t+.v) 

is rather .difficult to judge by visual inspection of the graphs. 

The presence of a high DDD component is indicated by a strongly 

cyclic, oscillatory pattern of fluctuation. 

These oscillations are most evident at lower values of 

N (0.5, 0.6) and in the lower range of BTJN0T (1.1 - 1.3). That is 

to say, when the mutual interference function of parasite behaviour 

is relatively moderate and when the host's extrinsic mortality 

level is low. When N assumes its higher value of 0.79  a truly 

cyclic pattern is difficult to discern in any of the six 

simulations shown; instead the population tends to fluctuate 

rather erratically around its equilibrium level. 

320 



The values calculated for DDD coefficient in each of the 

18 simulation-.runs are as follows:-. 

BUMQRT 

1.1 1.2 1.3 	1 1.1+ 1,5 1.6 

0.5 0.662 0.490 0.1+61 0.309 0,1+93 0.003 
N 0.6 0.650 0.617 0,686 0.1+25 0.306 0.303 

0.7 0.389 0.1+67 0.369 0422 0.271 0.1+56 

Later in this section a more detailed examination is made of 

DDD coefficient in relation to changing levels of BUMORT, and the 

relationship of the two is worked out through a series of more 

extended simulation-runs. 

uilibrium_lelTol and long-termmean. The theoretical equilibrium 

densities (at which both host and parasite densities tend to remain 

unchanged) can be calculated from the values of the four variables 

Q, N 9  BUNORT and PANORT. Calculated equilibrium densities are shown 

by the dotted lines in Figs.8.ii.1 - 8.11.3. The equilibrium densities 

vary as indicated in the previous Section (Figs.8,i.29  8.1.3) that 

is, they decrease with increasing values of N and with increasing 

values of BUM0IT (in the range of parameter values investigated). 

What is obvious from many of the simulations shown is that 

host population density is more often below than above the 

calculated equilibrium level. The reason for this is that host 

population density is periodically driven well below the equilibrium 

level by a build-up of parasite numbers and once reduced to such 

a low level it has a limited rate of recovery (limited by the value 

of BUMORT the host extrinsic mortality); so it takes many 

generations to get back to equilibrium, only to be sharply reduced 

once again. 

The 25-generation simulation-runs described above give a 

general impression of the outcome to be expected from different 

parameter values7  but their usefulness is limited by the large 

random element which was introduced in the form of the variable 
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Fig.8.ii.6. Relationship between percentage variation explained 
by IDD (above) and DDD (below) and varying levels of BUNORT in 
300-generation simulations of a parasite-host interaction. 
Results are shown for three different ways of modelling the 
variable mortalities:- 

v—v SD(BUNORT) = 0.21  PAMRT constant 
*-0 SD(BUNORT) = 0.3, PANORT constant (as Fig.8.ii.4) 
0-0 SD(BTJNORT) = BUNT x 0.35,  SD(PANORT) = 0.245 

Conditions in = 0.75, 	= 2.3, PAN0 = 0.7 	 - 

523 



'-'5 

o2 

CS 

2 

0_I I 	 I I 

0-5 	07 	0-9 	11 	1.3 	1-5 
BUMORT 

0-5 	0-7 	0-9 	1-1 	1-3 	1-5 

Fig.8.ii.5. Relationship between percentage variation explained 
by IDD (above) and DDD (below) and varying levels of BUMORT 
in 300-generation simulations of a parasite-host interaction. 
Results are shown for three different values of m:- 

v-------, m=0.70 
--S m = 0.75 (as Fig.8.ii.+) 

o-o m = 0.80 

Conditions Q = 2.3, PANORT = 0.7 (constant), SD(BTJNQRT) = 0.3 
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mortalities. In order to investigate the particular relationship 

between the level of BUMT (host extrinsic mortality) and the 

degree of delayed and immediate density-dependence in the resulting 

sequence, a series of simulation-runs each of 300 generations was 

made, and the results subjected to an analysis for IDD and DDD 

effects. The results are shown, in the form of percentage variance 

explained by DDD and IDD effects separately, in Figs.8.ii 1+ .. 8.ii. 

The general result obtained is shown by Fig.8.ii.1+. It was 

found that at the lowest level of BUMIORT investigated (05) the 

DDD effect predominated strongly With increasing values of BUIIORT, 

the DDD effect became progressively less marked, while strength of 

the 1DD relationship changed relatively little, remaining in the 

range 22-28% for values of BUMOIRT up to 1.1. In the intermediate 

range of BUMORT (about 0.9 to 1.3)  relative importance of the 

immediate and delayed effects was reversed, with IDD effect 

explaining up to 10% more variance than the DDD effect. At the 

highest value of BIJMORT investigated (1.5)  both IDD and DDD had 

fallen to low levels (around 5%). 

This result confirms the idea that increasing levels of 

extrinsic (non-parasite-related) mortality can convert a parasite-

host interaction from a pattern strongly dominated by delayed 

density-dependence (with cyclic oscillations) to one where immediate 

density-dependence is dominant (with shorter-term, irregular 

fluctuations). This is in accordance with the theory outlined in 

the previous Section, and illustrates part of the same relationship 

shown in Fig.8.i.1. 

Not surprisingly the exact values of IDD and DDD coefficients 

obtained depend on the value chosen for N (this also is predicted 

by the relationship shown in Fig.8.i.1)2  and also to some extent 

on the level of variability given to host and parasite mortalities, 

BUMORT and PANORT. Fig.801i.5 shows the variations of results 

obtained with three different values of N (0,7, 0.75, 08) and 
Fig.8.ii06 shows the effects of incorporating different levels of 
variability in BUNORT and PAMQRT. 
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What Is the relevance of these simulation results to the 

specific question of the nature of population regulation in Buialus? 

Evidence for the role of parasites in particular  cazoo studied is 
given in Sects.2.i, 2.11, 2iii, 7.1±1, 7.v and 8.111 (below) 

in many of these cases parasites were shown to be a major mortality 

factor though not necessarily the key ±actor. To the extent that 

a given parasite's characteristics correspond to those postulated by 

the Hassefl-Varley model, the above results provide a good analogy 
to the behaviour of the real populations. 

The main interest of the simulations however is specifically 

in the relationship shown between varying host extrinsic mortality 

and varying degree of oscillation in the interaction. It was 

shown (Sect-7-iv)  that in three cyclically-varying populations 

studied, mortality of small larvae was relatively slight and 

contributed little to the contrasting sizes of total generation 

mortalities. In the non-cyclic population studied by icmp (1966), 
however, eady-larval mortality was both high and variable between 

generations, and was evidently the main component in the key 

factor (total larval mortality) determining population change. 

This high early-larval mortality is also a feature of some British 

populations (Bevan pers. comm.). It is apparent from the 

simulations that the absence or presence of such a mortality factor 

could be decisive for the cyclic or non-cyclic nature of a parasite-

host interactions The mean size of the early-insta.r mortality 

determined by ICLomp was about 65_70O/ (k = 0.5) and the resulting 
three-fold difference to the host rate of increase is fully 

sufficient to encompass the difference between strongly cyclic and 

non-cyclic in a parasite-host interaction (Fig.8.i.1). The 

contrasting patterns shown by Fig.8.ii.1 (a) and (f) and Fig.8.ii.2 

(a) and (f) result from a difference of exactly this magnitude. 

Not only contrasts between different populations can be 

attributed to this mechanism, but changes in the behaviour of a 

single population between successive periods of time. Klomp (1973) 
details the dramatic decline of his study population in the years 

1966-68 as a result of heavy parasitism by Poedilostictus 
cothurnatus. It is noteworthy that this event was only initiated 
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following three successive seasons of uncharacteristically-low 

mortality of the early larval stages. The resulting downward 

plunge of the population is analogous to the declining phase of 

a host-parasite cycle. Indeed, if the early-larval mortality had 

stayed rather low and constant in all subsequent generations, it 

would be expected that a long-term cyclic oscillation between 

Bupalus and its specific parasite Poecilostictus might have 

resulted. That this did not in fact happen was due to the return 

to a pattern of high, variable 'extrinsic' mortality affecting 

both young larvae and other stages (KLomp in litt). 

A word of explanation is necessary as to why only a single 

parasite species was assumed in the simulation model, even though 

it was suggested (Sect-7-viii)  that possibly more than one species, 

fluctuating broadly in parallel, may be important in nature. The 

single species in the model may alternatively be considered as 

repre2enting a complex of parasite species whose patterns of 

numerical response are similar. The original paper of Hassell 

and Varley (1969) in fact, postulated several such parasite species, 

attacking successive stages of the host's life-cycle, and all 

fluctuating in numbers closely in parallel. In the absence of 

detailed knowledge of the functional and numerical responses of 

particular parasite species it is probably an unjustified over-

complication to try to model more than one parasite species 

separately. Certainly there are several precedents in. recent 

population dynamics literature for modelling . several parasite 

species as one. Such a procedure was followed by Van den Bos and 

Rabbinge (1976) for Zeiphera diniana; by Ludwig et al (1978) 

for Ohoristoneura furniferana; and by McNamee (1979) for Acleris 

variana. 
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ii. Dusona oxyacanthae and its probable role in the re ulation of 

populations 

Introduction. 

The discussion of parasite-host relationships in this Chapter 

has so far been confined to consideration of a hypothetical parasite 

species interacting with the Bupalus host. It is now proposed to look 

more closely at one particular species of parasite believed to play 

an important part in Bualus population dynamics the Ichneurnonid 

Dusona oxyacanthae Boie. (formerly referred to as Elmloplex oxyacanthae). 

D. oxyacanthae is possibly the most abundant numerically of all 

parasites of Bupalus in this country. What evidence there is suggests 

that it is at least equally abundant with the other very common looper 

parasite, Cratichneumon viator Scop. Evidence from the annual pupal 

survey is unfortunately unreliable for the assessment of abundance of 

this species. Because the larva of Dusona kills its host at the pro-

pupal stage and spins its own cocoon, which is brown and inconspicuous 

(and superficially quite similar to the very abundant COCOOnS of the 

sawfly Neodprion sertifer Geoffr.) it is very often missed from the 

material returned in the pupal survey. Although workers on the 

survey are requested to record and send in all cocoon-.like objects 

as well as 	and other Lepidoptera pupae, it is found in 

practice that Thidona cocoons are frequently overlooked even whn 

common in a particular survey-unit. Thus although the recording of 

substantial numbers of Dusona in a given place can be accepted as 

evidence of its abundance, the absence of a record for a given site/ 

year is not a reliable indication of its rarity. 

Dusona has the advantages, for a model-building approach to its 

dynamics, that:- 

it is entirely specific to 	as a host, and 

it has a single annual generation which is wholly synchronised 

with that of its specific host. 

(Neither of these considerations holds good for the other major 

parasite mentioned, Cratichneumon viator0) Dusona thus fulfils two 
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of the most important requirements of a parasite acting according 

to the Nicholson-Bailey model, or the modification of that model 

by Hassell and Varley described above. 

In two previous sections of the present work Dusona has been 

considered to be implicated as a major mortality-factor acting on 

2ykalus  populations. In Sect.7.iv it was shown to have played a 
part in the sharp reduction of 2ypalus numbers at Tentamuir in 1977 

and possibly in that at Roseisle in 1976. In Sect-7.v  it was found 

to interact in an oscillatory fashion with the 	lus population 

at Cannock, showing a pattern rather similar to the classic 

Nicholsonian' cycle. 

An examination was made of existing records for evidence of the 

occurrence of high Dusona populations in the past, and of the 

subsequent performance of the Lilpalus populations in the areas 

involved. In Table 8.iii.1 are set out details of 9 known cases 

where Dusona reached relatively high densities, of the order of 

2 per m2  or mores  in iarious forests and at various times. In all 

cases a decline (and in most cases a sharp decline) was seen in 

numbers in the following generation. With reference to the 

Wykeham outbreak, sprayed in August 1970,  it is appropriate to 

quote Bevan (1974):- 

"There was a general natural collapse of the 
population for reasons not well understood. We think one 
of the few larval parasites, 	 oxyacantha, ..,. came 
into its own on this occasion and had a significant effect." 

The case of Sherwood IV is also an interesting one as it appears 

on three different occasions in the league of high Dusona numbers. 

The three generations in question are marked with a '1)' on the 

graph of 	numbers for the unit (Fig.8.iii.1). In 1959  also 

Dusona was found to be an important mortality factor, responsible 

for about half the losses of later-stage larvae (Bevan and Brown 1961). 
In most of the instances listed in Table 8.iii.11  the parasite was 

associated with a Bs population which had been high for two or 

three generations previously, but at Sherwood IV in 1968 it appeared 
in, a 	çis population which had previously stayed at below- 

equilibrium densities for no fewer than seven Generations. Thus the 
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decline of the population in 196869 cannot be described as a 

delayed density-dependent effects  but conforms instead to the 

immediate density-dependent pattern. The possibility that parasite 

action could he a cause of this particular decline illustrates the 

conclusion arrived at in the previous Section (8J.i) - that a parasite 

may regulate its host's population density in either a delayed 

density-dependent or an immediate density-dependent fashion, 

depending on the intensity of other mortality factors affecting the 

host. 

Bupalus and Thisona on selected sites, 1978-79 

An assessment was made to test the hypothesis that a close 

correlation exists between numbers of Dusona present in a particular 

site and the survival of jjpalus in that site during a given season. 

A good correlation had already teen shown for a single site (Cannock 

L5) over a number of different seasons (Sect.7.v)  and it was 

suspected that a comparison of several sites during a single season 

might also yield such a correlation. 

Clearly it was desirable to examine a number of sites widely 

separated geographically (to ensure that the measurements of Dusona 

density and 	lus trend related to distinct populations). At 

the same time the sites should be comparable in type and particularly 

in history of Zj1palus fluctuation pattern. For theoretical reasons 

it was required to select only forests with the strongly delayed 

density-dependent, cyclic type of fluctuation pattern: on the 

'parasite-host' theory of regulation outlined above, these could all 

be expected to have relatively low levels of 'extrinsic' (non-parasite-

related) mortality. Non-cyclic populations would be expected to have 

higher levels of 'extrinsic' mortality so their density-fluctuation 

would conform less well with parasite abundance. 

In practice seven sites were assessed, as follows:- 

Roseisle Whole unit 14 C-ots 

Culbin Whole unit 33 Opts 

Speymouth Main block 6 Opts 

Tentsmuir Whole unit 20 Opts 

Swynnerton Whole unit 5 Opts 

Cannock (N) Two partially-separated blocks. 6 Cpts 

Cannock (W)) within the wider Cannock unit 6 Opts 
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Two different blocks of Cannock were assessed because the forest 

was at that time at near-'outbreak Bun•lus levels (31f.8 per m2  in 

one compartment of the northern block) and on a comparable occasion 

in the past (1962-63) it had been found that different blocks showed 

very different trends 	 population, one area increasing to 

outbreak level while the other showed no increase. In the present 

instance no such divergence was observed, and so it is neither 

necessary nor justifiable (on the criterion of independence of 

measurements) to regard the two as separate sites for the purpose 

of this analysis. In all subsequent discussion they have been pooled 

and treated as a single set of measurements. 

Pooling the two Cannock sites reduces the number of sets of 

observations to six, thus reducing the degrees of freedom for 

correlation to only four. It was not feasible to include more areas 

in the assessment because of the high expenditure of time and effort 

needed to assess each site. 

Method. 

For each of the seven sites originally selected a total area 

of 10 m of litter was examined for the presence of Dusona cocoons: 

the material being sifted down to the level of the top of the mineral 

soil, as in the routine pupal survey. For each site, four transects 

of the routine survey were selected on the basis of their 

representativeness both of the general area involved and the current 

(spring 1978) year's Bunalus counts for the unit as a whole. On 

each transect five randomly-spaced positions were determined and at 

each of these a plot of 0.5 m2  was examined. 

It was decided that early August was the most appropriate time 

to carry out the assessment as this is the latest possible time 

before the commencement of emergence of the Dusona adults. (These 

appear to have a rather protracted emergence period in nature, lasting 

from late August until early October.) Thus there would be a minimum 

probability of subsequent high mortality affectiiig the Dusona cocoons 

in the litter and thus obscuring the true picture of relative numbers. 

In particular the hyperparasites PolytribLxaans Gray, and 

Mesochorus sp would already have emerged from affected Dusona COCOOnS 
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and so would not be a complicating factor in the comparison (cf the 

Cannock long-term study where Dusona densities quoted relate to the 

early spring period). 

Results 

A range of Dusona densities was observed from a maximum of 1.5 per 

m2  at Tentsmuir to a minimum of 0.0 (no cocoons found) at Roseisle. 

These are set out in Table 8.iii.2. Also shown are the densities of 

Bupalus pupae recorded by the routine survey on the corresponding areas 

in 1978 and  1979.  The logarithm of the ratio of these two densities 
gives the trend index for the generation 1978-79. In one case 

(Speymouth) a zero count in one season necessitated the use of log 

(N+1) to enable an estimate of logarithmic trend index to be made. 

The relationship of Dusona density with 2aalils trend index is 

shown in Fig.8.iii.2. A good negative correlation is shown to exist, 

which can be fitted to a straight-line equation (below) although as 

in the case of the Cannock long-term study (Sect-7.v)  there is a 

suggestion of a curvilinear relationship, with 2aLalus trend declining 

less steeply at progressively higher Dusona densities. 

The line calculated from six data sets is:- 

y= 0.027-1.257x 
where y is Balus trend (logarithmic) and x is Dusona density per m2. 

This relationship accounted for 86% of total variance (r = 0.93, 
P <0.01). 

Comparison with the calculated line for the Cannock long-.term study 

shows that although the slopes are closely similar (1.257 0.63.7 and 

1.286 1 0.433) the position of the intercept in the present study is 
much lower, reflecting the general downward movement of Bupalus 

populations during 1978-79. This downward tendency can most probably 

be attributed to a nationwide prevalence of unfavourable weather 

conditions during the 1978 season. 

Discussion 

These findings strongly confirm the hypothesis suggested by the 

Cannock long-term study, that Dusona numbers either regulate jus 

population cycles directly or are closely correlated with the true 
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UNIT 
DUSONA 

DEISi9 
(PER 	I ) 

NO • OF CPTS 
IN SURVEY 

EUPALtJS 

19782 
(PER N ) 

13UPALUS 
19792 

(PER i1 ) 

MC-TREND 

-ROSELSLE 0.0 14 o.+66 0.829 + 0.23 

SPEYNOUTH 0.2 6 0.067 0.000 0.30* 

SWYNNEPTON 0.l 5 2.880 1.200 0.38 
CULI3IN 0.5 33 2.679 0.218 - 1.09 

CANNOCK 0.55 12 9.867 3.267 -. o.48 
(combined) 

TENTSMUIR 1.5 20 2.420 ooko - 1.78 

calculated by comparison of Log(N+1) 

Calculated regression 

y = 0.027 	1,257 x 

where y is Buoaius trend (logarithmic) and x is Dusona density 
2 

per m 

Variance explained = 86.o' r = - 0.93 p <0.01 

Table 8.1±1.2. Dusona density on six selected sites, August 1978, 

compared with BuDalus trend in the succeeding generation. 
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-2.0 
0.0 	0.2 	0.4 	0.6 	0.8 	1.0  

Dusona density per In2  

Fig.8.iii.2. Estimates of Dusona density on six selected sites, 
August 19789 compared with Bupalus trend in the succeeding 
generation. The fitted line is:- 

y = 0.03 - 1.26x 

R0 Roseisle 	 • CA Cannock 
SP Speymouth 	 CU CuThin 
SW Swyimerton 	 TE Tentsmuir 
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regulating factors Once again the range of Dusona nuribers found 

(0.0 to 1,5 per 'n2) corresponded to a range of about 100-fold in 

Bulialus generation survival, a range fully sufficient to encompass 

the difference between strongly increasing and strongly decreasing 

Phases of the Cycle. 

It is necessary to stress however, that the existence of this 

correlation in no way 'proves' a.causal connection. It can be argued 

that the numerical response of the parasite to changing host density 

during its cycle might alone be sufficient to produce the correlation 

of parasite density with subsequent host trend. However it was evident 

from the Cannock study (Table 7.v.4 and Fig.7.v.5) that the numerical 

response of Dusona to host density was a partial and uncertain one, 

compared with the very close apparent numerical response of Bunalus 

to Dusona. 

For a satisfactory causal connection to be established it would be 

necessary to show either that:- 

a. Dusona in the field typically kills many more Bunalus 

larvae than are subsequently reflected in numbers of Dusdna 

cocoons found. 

r b. Manipulation of field populations of Dusona (probably by 

intensive parasite introductions) could be shown to have a 

commensurate effect on the survival of resident 	lus 

populations. 

Either of these lines of approach should have high priority in any 

future programme of research to define further the role of this 

important parasite in Bupalus population regulation. 

Parasite-host model applied to Dusona 

In the light of the infonnation on the relationship of parasite 

density with host generation mortality set out in this section (above) 

and Sect.7.v  it is now possible to adapt the Hassell-Varley model 

(previously 'fitted' to the relationship ofpa1.us and a hypothetical 
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parasite) to describe the apparent relationship with the real 

parasite Dusona. The assumption has to be made at this stage that 

the relationship shown in Figs.?-V-5  and 8,111.1 is a real one, and 

is determined by the direct effect of Dusona in killing 	a -us 

larvae and/or prepupae. The parameter values for best fit can then 

be worked out by similar processes of reasoning to those employed 

above in Sect .8.1±. 

Hostpopulation parameters 

The parameter values for the host population are essentially 

the same as previously used - the host reproductive rate (F) is set 

at 50-fold. (+ 1,7 on the logarithmic scale), and host 'extrinsic' 

mortality (i1) represents the sum of all non-parasite-related 

mortalities acting to counter the population's increase. It has been 

pointed out that the positions of the intercept in the two relationships 

previously established are very different; that is to say, the host 

rate of increase in the absence of parasite action appears much 

greater in the case of the Cannock study than in the data for selected 

sites in 1978/79.  In other words, the general level of HEN is lower 

for Cannock. The values of HEN found to give best fit to the 

observed data are:- 

Cannock 0.3 (59  mortality) 
1978/79 0.9 (9 mortality) 

The values for host rate of increase in the absence of parasites are 

thus: 

Cannock 1.7 - 0.3 =1. (25-fold) 
1978/79 1.7 - 0.9 = 0.8 ( 6-fold) 

Both of these values are very much higher than the intercept values 

calculated from straight-line regressions (0.6 and 0.03 respectively): 

this is necessary to take account of the strongly curvilinear nature 

of the response in the Hassell-Varley model, with rate of parasitism 

fallingoff very rapidly as parasite density approaches zero. 
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Quest constant 

Parameter values for the parasite can be deduced from the form 

of the relationship of parasite density with host generation mortality. 

To facilitate the comparison, the two relMionships already found have 

been re-drawn on a single graph (Fig.8.iii.3) with the vertical scales 
adjusted to correct for the differing levels of }I. According to 

the model, 

1(paras) = QIP 
7.3 

where k 	is logarithmic killing-power of parasite action, Q is 

the quest constant, P the density of parasite per m and m the mutual 

interference constant. 

Thus for P = I (that is, a parasite density of I per m2) 

kQ (paras)
2-3  

By inspection of Fig.8..iii.3 it is seen that, for P = 1, the reduction 

of the host generation survival from its maximum possible levels 

(+ 1.1+  and + 0.8 respectively) is about - 2 (100-fold), resulting in 
trends of - 0.6 and - 1.2 respectively. In other words, k 	= 2, 

(paras) 
so the appropriate value of Q can be assessed as approximately 

2x2.3=.6. 

Mutual interference constant 

The next parameter to be fitted is the parasite mutual interference 

constant m. The relationship shown by the points in Fig-8-iii-3 IS 

only very weakly curvilinear for the range of parasite densities 

covered. However it is likely that host numerical response will 

change progressively less steeply as the higher range of parasite 

density is reached, and this is confirmed by consideration of the 

figures of eg. Table 8.iii.3where less than ten-fold decreases were 

recorded for some parasite densities of well over 2 per m2. In order 

o mimic this attenuation in the rate of increase of host mortality 

with parasite density it is necessary to choose a mutual interference 

constant of quite high magnitude. The value of m = 0.7 illustrated 

by the fitted line in Fig.8.iii.3 is in good agreement with the 
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observed. values, while at the same time producing realistic results 

when extrapolated to higher parasite densities. Examination of Fig. 3. i .2 

shows that this value of rn permits a stable (though strongly 

oscillatory) interaction between host and' parasite ,even at the high 

potential rate of increase (+ i.'+) believed to be a feature of the 

Cannock nopulation. 

The model as developed so far, represented by the fitted curve 

of Fi9..80iii.3 is as follows:- 

Bupalus trend = F HEN - 2 

This model which can be made stochastic by the incorporation of a 

variable HEN, is identical in structure to those whose performance 

was investigated in Sect,8.ii. 

Parasite generation mortality 

Only one more component still requires to be assigned a value, 

ie the mortality acting on the parasite population in the course of 

a generation, Another way of expressing this is, the proportional 

reduction between number of BuDalus killed by the parasite and number 

of viable parasite cocoons giving rise to adult parasites in the 

next generation. Clearly, this reduction is a very large one; the 

only actual figures on which to base an estimate are those from 

Cannock, where it was pointed out (Sect.7.v)  that numbers of Dusoi:ia 

cocoons recorded at the end of a generation are far too low as an 

indication of percentage parasitism, to account for more than a small 

fraction of the generation mortality observed. The actual ratio 

derived from the Cannock data is a very variable one, but an average 

reduction of the order of 200-fold has to be postulated to fit the 

data to a model of the form given above. 

This improbably-large figure for mortality of parasite 

individuals highlights a major objection to the idea that Dusona 

on its own is regulating these Buralu5 populations. To some extent 

the figure may be exaggerated by the particular form of host-parasite 

model chosen; nevertheless, any theory which implies parasitism - levels 
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of the order of 	or more as a common occurrence raises the question 

of why parasite individuals are not accordingly many times commoner 

than surviving hosts at the end of the generation. It may be that 

Dusona successfully parasitizes only a very small proportion of the 

total number of Enpalus that it kills. This could be so if Dusona 

killed flupalus larvae mainly by indirect processes such as disease 

transmission (Rivers 1976)9  increased exposure to predation, or 

inability to complete development up to the prepupal stage by the 

onset of winter. Alternatively, it is possible that Dusona itself 

might not be responsible for more than a fraction of the regulatory 

mortality, but simply varied in close parallel with the factor(s) 

which did produce the mortality. In that case the degree of parallelism 

is evidently so close that the model developed above for Dusona 

could be used quite satisfactorily to mimic the action of the whole 

complex of factors of which Dusona was only a part. 
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9. DISCUSSION 

This chapter summarises the ideas developed to explain change 

in Bupalus populations through time, and differences between the 

insect's population dynamics in different areas.. These ideas are 

then applied to Bupalus considered as a problem in forest management. 

Finally I have outlined what I believe to be the most important 

topics for future research into Bupalus's population dynamics in 

Britain. 	 . 	 . 
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2L. Population c h time 

Density relations~Lzs 
The combined IDD and DDD relationships expressed by the 

multiple regressions of Sect.4,vi show a mean multiple correlation 
(for the 47 units) of r = 0.614, that is 38% of variance in trend 
is explained. This compares with mean coefficients of 0.555 

(31% explained) and 0.402 (16% explained) respectively for IDD and 

DDD separately. The proportion of variance explained by 'the 

combined relationships is slightly less than would be predicted 

from the coefficients of the separate relationships, ie:- 

I 	(1 - 0.31)(1 • o.16) = 426 

This reflects the fact that the immediate and delayed aspects of 
density-dependence ar not independent (because density in year n is 
not uncorrelated with density in year n-i). 

The two coefficients are calculated on a purely empirical 
basis, of course, and, so there is no reason to expect that they 

provide more than a crude description of the behaviour of the 

population system. Non-linear effects, density-dependence with 

more than one year's time-lag, and interactions between the 

immediate and delayed effects are all left out of consideration. 
All three of these were looked for during preliminary screening 
of the data, and were generally found to be not significant.  

Nevertheless the possibility remains that some important aspect 
of the pattern of population fluctuations has been overlooked and 
is not reflected in the predictions of the multiple regression 
equations. 

Obviously, one such possibility would be a tendency for 

BuEalus population density either to increase or decrease with 
age of the host trees. The data of the 47 survey units show 

examples of both increase and decrease with time. Nilihuic and 

Pembrey show a significant increase in the mean Balus density 

over time - Ringwood and many of the Thetford units show a 
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significant decrease. But the remaining units are mainly remarkable 

for the constancy with which the apparent equilibrium level of 

Luj,alus population density, is maintained. This being so it is 
probably better to regard the examples of longterm increase or 

decrease as special cases, attributable to unknown local causes, 

and not to incorporate such shifts in density explicitly in the 

model. In any case there is no indication that they are linked 

systematically to particular age ranges of the host trees (see 

crop data in Sect-3-ii). 

How then could the predictive value of the models based on 

immediate and delayed density-dependence-be improved? Sect.k.ii 

explored the possibility of adding in monthly weather data to the 

equations as independent variables. The results were difficult 

to interpret - improvements in the correlation with trend were 

mostly rather slight, and it was shown that most could be 

explained away as 'spurious correlations • All in all the 

predictive value of any weather relationship with palus 

population trend was surprisingly poor. Reasons for this will be 

discussed below. 

It follows that further improvements in our ability to model 

(and so predict) changes in Pypalus density are likely to come 

not from further insights into the inherent patterns of fluctuation, 

nor from the screening of ever-eater numbers of potential 

independent variables such as weather, but from a better under-

standing of the real nature of population processes in this species. 

A start was made towards understanding one important group of 

processes, those relating to parasitism, in the analyses of 

Chapters 7 and 8. 

If.it is accepted that the immediate and delayed density-dependent 

aspects of population regulation in 	ls are both explainable 

by functional and numerical responses of parasites (as argued in 

Chapter 8)9  then a parasite-host model can be substituted for the 

empirical IDD/DDD model for the prediction of population trend. 

Such a model could he fitted to any observed set of population data, 
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not by the least-squares methods of normal regression, but by the 

more complicated technique of parameter optimisation. Parameter 

optimisation is a mathematical technique for simultaneously 

optimising the values of several different model parameters to 

give the best possible 'fit' with a set of real data. Preliminary 

trials have shown that such a procedure can yield a model giving 

excellent agreement with'the observed BuEalus population data 

(R. }'Iuetzelfeldt pers comm). 

An alternative approach to studying the parasite-host 

relationship is to have a direct measure of the density of the 

parasite species, as was obtained for Dusona oxyacanthae at Cannock 

(Sect-7.v). The proportion of variance in Bupalus population trend 

'explained' by density of Dusona was as high as 87% (r = - 0.93) 
a much better correspondence than could be obtained from density-

dependence regressions. An annually-recorded, accurate assessment 

of the density of this parasite in all units of the pupal survey 

would probably much improve our ability to predict Bupalus 

population change. 

The Origin of Outbreaks 

In Chapter 6 a simulation trial using a simple DDD model of 
Bupalus population trend showed that the occurrence of an out break 

could be dependent on events influencing population change over four 

of the preceding five generations. (These events were represented 

in the simulation by a random input with zero mean). Designating the 

six generations leading up to outbreak as a to f, it was found that 

occurrence of an outbreak was favoured by negative values of the 

random input in generations b and C, and by positive values in 

generations e and f. Such an interesting result suggests testing 

of some real, observed population data to see how far the simulation 

result is borne out. Such real data on the years leading up to 

pa1us outbreaks are seldom available, in fact only three cases of 

outbreaks in the strict sense are so documented in the pupal survey. 

These are the outbreaks at Tentamuir in 1957  and 1977, and at 

Cannock in 1963. To provide even the minimum number of cases to 

enable any general conclusions to be drawn, I extracted from 

the pupal survey records five other examples where Buralus had 
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risen to high density levels (in excess of 10 per m over a 

substantial area) though these were not outbreaks in the sense that 

tree survival was threatened.. This gave a total of eight cases. 

For each, residual trends were calculate-d based on the delayed 

densitydependent prediction only (to keep the analogy with the 

analysis in Ch.6), for the five generations leading up to the year 

of 'outbreak'. These five generations were designated b to f according 

to the same convention as in Ch.6. 

Deviations from DDD Drediction 

Peak population . Generation 

b c d e f 

Sherwood IV 1959 0.11+9 - 0.555 0.355 0.780 

Sherwood IV 1972 0,080 - 0.657 0.1+77 0.323 0.355 
Tentsmuir 1957 - .- 1.073 0.302 

Tentsmuir 1977 - 0.1+03 0,255 0.019 0.051 0.683 

Rendlesharn 1959 - 0.562 0.111 0.1+19  1.010 

Cannock 1963 0.380 - 0,252 0.021+ 0.052 0.531+ 
Innes 1964. 0.227 0.013 - 0.121 0.691+ 0.592 

Aflerston 1970 0.771 0.252 . 0.180 0,016 0.706 

mean 	0.097 .. 0.027 	0.012 0.373  0,620 

SD 	0.1+77 	0.399 	0.315 0.365 0.229 

The residuals, which were taken to be analogous with the random 

inputs of the previous simulation model, differed significantly 

from zero only in generations e and f, ie the so-called 'preparation 

year' and the outbreak year itself. The outbreak years generally 

showed more strongly positive deviations than the preparation 

years, though in two cases the reverse was true. Strongly negative 

residuals in generations b and c did appear in some of the examples, 

but were counterbalanced by positive residuals in other cases. This 

seems to show that in the real situation, outbreaks arise differently 

from the pattern indicated in Ch. 6: the simple cyclic pattern 

assumed in the earlier simulation is not an adequate model of the real 

system. Outbreaks are likely to arise through positive inputs in 

two successive years as the numerical cycle reaches its peak: but 

not necessarily through negative inputs earlier in the cycle. 
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Concerning the question of outbreaks and their origins, one other 

point deserves to be stressed: that is the difference between the 

interpretation developed here and the Schwerdtfeger theory of 

gradations and the 'eiserne Bestand' described in Sect.2.i. This 

theory, proposed over 4-0 years ago, is still widely accepted by 

forest entomologists in Europe, and a version of it applied to 

RaLas  in the British context was given quite recently by Way and 

Bevan (1977).  Briefly, the theory states that population density 

of a pest such as 	is regulated for long periods at a low, 

rather constant density (the 'eisernc Bestand') but at irregular 

intervals it rises above some critical threshold, and an outbreak 

(or gradation) then ensues, with the population increasing to many 

times the density level of the 'eiserne Bestancl'. After 23 years 

of outbreak there is a population crash and density reverts to 

within the limits of the 'eiserne Bestand'. 

The validity of this theory for 	us was challenged long ago 

by Varley (191+9),  and the findings of this thesis support \Tarley's 

alternative viewpoint. That is, that the PaLus population (on 

a typical outbreak site) is in a continuous state of oscillation, 

and tends to show recurring peaks at intervals varying between 

about six and ten years. The height of the peaks is extremely 

variable, however; some rising to outbreak level while others are 

much less extreme. There is thus no need to postulate some threshold 

mechanism separating 'eiserne Bestand' from 'Gradation', the 

endemic population situation from the epidemic. Instead, the 

outbreak cycles are seen as no different in kind from the none-

outbreaking cycles; there is a continuous variation in heights of 

the successive peaks, no greater than can be accounted for by the 

normal variability of ecological processes. On moderately outbreak.-

susceptible sites, only occasional peaks reach outbreak level, and 

so the outbreaks of the pests 2Mear to be 'irregular' or 'aperiodic' 

in occurrence. On the most severely outbreak—susceptible sites 

virtually every peak reaches outbreak level (as in the records of 

Klimetzek (1979) from North Bavaria) and the regular, cyclic nature. 

of the outbreaks is more readily apparent. 
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Parasite-host model 

It was shown in Sect.8.i that the relative importance of IDD and 

DDD components in the population fluctuation of the host would be 

modified by changing the magnitude of the extrinsic mortality (HEM) 

affecting the host population. The means of IDD and DDD coefficients 

of real populations analysed in Ch.4 were 0.555 (31% explained) and 

0.402 (16% explained) respectively. Reference to Figures 8.ii.4 - 
8.ii,6 shows that the nearest approach to these relative proportions 
of IDD and DDD in simulations was generally at around a level of 

BUMORT = 1.1, that is host extrinsic mortality = 9296. This would 

allow for a net host rate of increase of 1.7 .- 	0.6, that is 
four-fold. A 75% regulatory mortality through parasitism would 
be necessary to stabilise this population. It can be objected that 

such high rates of parasitism are very seldom observed in an 

'averages British population of Bupalus. However 9  it was suggested 

(Sect.7.viii) that more than one parasite species, acting at 

different stages of the life-cycle, could be involved in population 

regulation. Two such parasites each inflicting a 50% mortality, or 

four species each causing 29% mortality, would have the same effect. 

If we take BUMORT = 1.1 as defining the average 	population, 

we can then consider the implications of variations about this 

average level of host extrinsic mortality. Suppose BUMORT is 

symmetrically distributed about its mean9  with extremes of 0.7 and 

1.5. To take the case of BUMORT = 0.7, this allows a host net rate 
of increase of 1.0 (ten-fold), 90% regulatory mortality through. 

parasitism would be necessary to stabilise the population, and a very 

strongly oscillatory fluctuation pattern would be expected. This 

would correspond to an observed population sequence such as that 

at Tentsmuir. At the other extreme, BUI4QPT = 1.5 allows a host net 

rate of increase of only 0.2 (1.6-fold), so only 37% regulatory 

mortality through parasitism, on average, would stabilise this 

population. The high level of host extrinsic mortality, if 

variable from year to year, would impart something of the nature of 

a random walk to the 2ITalus fluctuation, and regular oscillations 
would not occur. Bualus populations having once been reduced to 

very low leve:Ls would take several years to recover to their previous 
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density (five years for a ten-fold recovery). This seems to 

correspond with the obsrved population sequence in many of the low-

density populations of the Thetford units. To sum up, a parasite-

host model with varying levels of host extrinsic mortality could 

account for many of the important features of fluctuation patterns 

observed in British populations. 

One further example of the use of the parasite-host model 

will be given. The role of random input (ie year-to-year 

variation in environrnentally-induced mortality) in generating 

outbreaks of Bu plus was investigated for a simple DDD model in 

ch.61  and in relation to some real populations in the present 

Section (above). A similar analysis can be applied to series of 

hypothetical Bupalus data generated by a parasite-host simulation. 

A simulation was carried out using the parasite-host simulation 

program PAB1, listed in Appendix 2. The following parameter values 

were used. 

N 	Number of generations 	600 

Q 	Quest constant 	 2.3 
N 	Mutual interference constant 0.60 
DENSEP Initial density of parasite 	1.54 (twice equilibrium) 
DENSES Initial density of Bupalus 	0.69 (equilibrium) 
BUMORT Host extrinsic mortality 	0.8 

PARMORT Parasite generation mortality 0.8 

Mortality of the Bupalus population (ie extrinsic mortality) 

and of the parasite population were set exactly the same in 

magnitude and variability, in the absence of information concerning 

their relative variability in nature. The simulation was run for 

600 generations (ie the same as the total number of generations in 

the simulations in Ch.6). Considering an 'outbreak threshold' of 

15 per m2, a total of 8 outbreaks were seen in the 600 generations. 
The outbreak sequences were analysed in terms of deviations from 

the predictions of the empirical DDD-relationship. The results 
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for the six generations a to £ leading up to outbreaks were as 

follows:- 

GENERATION 	a 	b 	c 	d 	e 	f 

MEAN DEVIATION - 0,288 - 0.239 - 0.090  + 0269 + 0.795 + 0.997 
SD 	 O,.528 	o.625 	0.1++5 	0.296 	0.378 	0.328 

The mean of the deviations (n = 8) was significantly greater than 
zero in generations e(p<0.001) and f (p<.0.001). Here, as in the 

8 real outbreaks examined earlier, the importance of the earlier 
generations (b, c) is slight compared with the marked significance 

of generations e and f: another indication that a parasite-host 
interpretation 'fits better with the fluctuation pattern of real 

Bunalus populations than an empirically-derived delayed density-

dependent model. 

Unexplained variation in trend, withp'ticular reference to weather 

Combined IDD and DDD relationships explain on average only 38% 
of variance in trend of the 	populations (Sect.14.vi). The 

proportion of the remaining variance which could be attributed to 

weather (as expressed by monthly weather data, see Sect-5-ii)  is 
quite small. It was shown that the number of weather correlations 

apparently significant at the 10% level exceeded that expected on 

the null hypothesis (of no correlation with weather) by a little 

under one correlation, on average, per survey unit. If we assume 

exactly one 10%-significant correlation per unit, allowing for 

the appropriate number of degrees of freedom, this represents only 

about ik% of variance explained Cr = 0.37). This i'+% of the 62% 

variance left unexplained by density-dependence is equivalent to 

9% of total variance in trend. Just over half the variance in trend 
remains unaccounted for either by density-dependence or by the 

tested correlations with weather. 

The origins of this unexplained variance in trend can be partly 

understood by reference to the detailed population study of Klonip 

(1966). IGomp found the following major mortality factors varying 
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for the most part in a density-independent way:- 

mortality of eggs (mean = 0.21) 

+ k3  mortality of small larvae (mean = 0.1+9) 

k 11 	mortality of adult moths (mean = 0.28) 

k23, which was clearly the key factor during the years analysed 

was suggested by Klomp to be related to weather, but this was 

never demonstrated by any comparison with actual weather data. 

k1, chiefly determined by egg-parasitism by Tricramma, was 

evidently influenced by the availability of a number of alternate 

host species for the parasite earlier in the season (Kiomp 1953) 

so far all practical purposes. could be regarded as a 'random' 

factor with respect to pus. The important role of such 

randomly-varying mortality factors means that quite a large 

proportion of variance in trend of any particular Buiaius population 

is likely to remain unexplained unless by the most intensive local 

population studies. 

On the other hand it seems unlikely that the weather analysis 

of Sect.5.ii  has exhausted the possibilities, of finding significant 

interactions of 2aaaluE population dynamics with weather. The 

largely negative result of such a direct, empirical analysis seems 

to confirm the conclusion of Hussey (1957)  that Bupalizs is very 

well adapted to survive the whole range of weather conditions 

experienced in this country, and weather is likely to affect 

populations mainly through. indirect influences on other 

agencies of natural mortality. 

Many biotic mortality factors are influenced to a great degree 

by synchrony: for example the synchrony of egg hatch with 

availability of suitable food for small larvae (eg for Qperophtera 

brumata L. (Gradwell 1971+)), or the synchrony of parasite activity 

with the most susceptible life-stage of its host (Shaw and Askew 1976). 

It is clear from the review of Sect-5.i that weather, in 

particular temperature, modifies the activity rate and/or the 
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developmental rate of T22alus at many stages of the life—cycle. 

Adult emergence date may be altered by as much as 3 weeks by 
temperature, and effects are also seen on copulation and oviposition, 

egg development, and growth rates of the larvae. The combined 

effect of these factors on the precise timing of any particular 

stage in late—larval life must be very marked. If we postulate 

a mortality factor acting on late larval instars and strongly 

influenced by synchrony it seems that there would be no simple 

relationship of the severity of this factor with monthly weather 

variables in the earlier part of the season. A warm August, 

for example, might be likely either to increase or decrease the 

closeness of synchrony, depending on whether the earlier part 

of the season had been colder or warmer than average. Such inter—

action effects between weather at different times of the year 
might prove more useful as predictors of 2yjalus population 

trend than the simple monthly variables. But given the complexity 

of the analytical problem posed by such a hypothesis, it is 

unlikely that any such interactions could be elucidated without 

independent knowledge of the particular biological factors involved. 
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9. ii Population differences between  E.-L-aces 

Population differences between places can be considered under 

two categories - firstly, differences between widely separated 

geographical areas and secondly, local differences between forests 

in the seine geographical area. 

Geographical differences 

The very great differences in long-term mean density between 

the 47 survey units were discussed in Sect.k.ii and shown on the 
map of Fig.4.ii.2. It was apparent that mean densities of 

populations in the south and south-east of England were much lower 

than those in northern Britain, and it was suggested that this 

could be a racial difference between the two known geographical 

subspecies. There is not a smooth gradient in mean densities, but 

rather an abrupt transition in the area of the English midlands; in 

fact the highest densities in the country (Cannock, Delamere and 

some of the Sherwoods) occur just over the transition line. 

The information in Sects.k.iii - Lf.vii shows that there were 

apparently no such clear-cut geographical differences in variability 

of density, immediate or delayed density-dependence, or periodicity 

of population cycles in the 47 populations analysed.. 

Not much is known about variation in factors of population 

dynamics on a geographical scale within Britain. Pupal weights 

do show a rather smooth gradient, in the direction of heavier pupae 

in the south of the country. Thus mean female pupal weight for 

most of the Moray Firth sites in-north-east Scotland is around 

100 mgms; for the Sherwoods, in the north midlands of England, 

around 120 mgms; and for the Thetford populations in East Anglia 

150 mgms. These figures can be translated into expected fecundity 

values, using the equation of Bevan and Paramonov (1962) 9  of 102, 130 

and 174 eggs respectively. These apparent differences in reproductive 

potential show an inverse relationship with the geographical 

difference in mean population density (so running counter to the 

intuitive idea that high populations develop where reproductive 
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rate is fastest). On the other hand they can not be explained as a 

simple inverse density-dependent effect as observed for pupal 

weights by Klomp (1966), because even high-density populations in 

the south show much greater pupal weights than low-density 

populations in the north. 

Considering mortality due to parasitism, all the pupal 

parasites discussed in Sect07.iii, and also the important larval 

parasite Dusona 2nth.ae  seem to be distributed through most or 

all units of the pupal survey, both north and south. However, the 

,egg parasite Trichograrnma embrypLha,rn which sometimes causes 

substantial mortality to BUalus in parts of England (Bevan and 

grown 1961) has proved to be either absent or very scarce in all 

the Scottish populations studied so far. Similarly for continental 

Europe Schwenke (1978) pointed out that Trichogramma is absent 

from the northern part of Bpalus 's distribution range. 

Differences in long-term mean population density must, in any 

case, be explained ultimately through differences in the density-

dependent regulatory mechanisms, not in reproductive potential or 

severity of particular mortality factors. Supposing that density-

regulation operates chiefly through host-parasite interactions, it 

may be that there is some marked difference in the susceptibility to 

parasitism of the two races of 	 It appears that largely the 

same complex of parasite species is present in the two distributional 

areas: but perhaps the southern form of Bupalus is for some reason 

more susceptible to a certain parasite than the northern one, and 

so is regulated by that parasite at a lower density level. 

Local differences 

As implied above in the description of geographical differences, 

the variability of long-term mean density is much less within groups 

of units in restricted geographical areas than over the 47 units 

taken as a whole. Nevertheless, differences in mean density of 

the order of two-fold, between units of a local 'cluster', are 

common (Fig.4.ii.2). 
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The differences can not be attributed to racial or irgo-scale 

climatic differences, and must he taken as evidence of differing 

characteristics of the forests themselves which affect the level 

of equilibrium density reached by 	 Reference to the unit 

descriptions of Sect.3.ii  shows that mean density, within local 

groups of units, seems not be correlated with tree age or tree 

species (relative proportion of Scots pine to Corcican. pine). 

Within local groups there is some evidence that mean density 

level is positively correlated with strength of the DDD relation-

ship (Fig,4.v.2). This correlation can he predicted from the 

parasite-host theory discussed in Ch.8. - That theory indicates 

that:- hat:- 

1. The net rate of increase of the Bualus population is 

strongly positively correlated with the 	equilibrium 

density (Pigs.8.i.29  8.1.3), except in the range of unstable 

oscillations. 

The net rate of increase of BuPalus, being inversely 

related to the host extrinsic mortality BUMORT, is positively 

correlated with strength of the DDD relationship (Figs.8,ii.4 

8.11.6). 

Thus any consistent differences in amount of extrinsic mortality,  

between units would be reflected in parallel variations in mean 

density level and DDD coefficients. 

Going back to consider the implications of this hypothesis 

for the question of geographical differences, it seems that these 

would have to be explained by differences in model parameters 

affecting the parasite population. Shifts in the value of Q (the 

quest constant, a measure of searching capacity) or of generation 

mortality affecting the parasite population would alter the 

equilibrium density level of Bupalus (as described in Sect.8.i) 

without destroying the relationship of 	net, rate of increase 

with, n 'the one hand, the equilibrium density reached by 2aaLusl  

and on the other hand, the strength of the DDD relationship. The 
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real nature of such shifts could 130 in climatic factors influencinp; 

searching capacity of the parasite; in biotic factors (e 

hyperparasitism) affecting survival of the parasites; or even in the 

predominance of completely different species of parasites in 

different areas. 

The nature of the variations in extrinsic mortality affecting 

Bupalus is a matter of importance, since on this (and almost any 

other) theory of Bpalus epidemiology these variations make the 

difference between an outbreaking and a non—outbreaking population. 

It was pointed out in Sect.8.ii that a major component of 

extrinsic mortality, not seen in the cyclic populations but 

characteristic of such non—cyclic populations as the one studied 

by Kiomp, was mortality of the young larvae soon after hatching 

from the egg. White (1971+) attributed such high mortality of 

young larvae to shortage of mobile nitrogen in foliage: a shortage 

which was relieved only when the host tree was subjected to moisture. 

stress either through drought or waterlogging of the root system 

(in different seasons). It is unlikely that waterlogging is a 

significant factor on such sites as are discussed in the present 

thesis. Drought, however, is likely to be much more important, 

and indeed the most outbreak—susceptible sites seem to be those 

in relatively dry areas and especially those on porous sandy soils 

of poor water—holding capacity. The hypothesis of White suggests 

that Rualmus survives better on such sites because of heightened 

mobile nitrogen levels in the larval food*:  and the parasite—host 

theory demonstrates how such enhanced survival may be translated 

into more strongly cyclic, oscillatory patterns of population 

fluctuation. 

*Other causal mechanisms have been postulated: see the German 
work reviewed in Sect.2.i. 
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9..:i.Implications for wan ement 

In the present Section it is intended not to develop any one 

particular ecological topic, but to extract from all the foregoing 

material some conclusions which may be of value in devising more 

effective pest management techniques for 

Surveillance 

As explained in Sect.1.ii, routine monitoring of Bun alus 

populations may soon undergo both change in technique and expansion 

in scope. Pheromone trapping may be used as an alternative to pupal 

surveys as an early-warning-system for potential outbreaks. Either 

technique may be used in extending monitoring to the large areas 

of relatively young plantations of Lodgepole pine now possibly at 

risk. The following principles should be taken into account 

whatever the monitoring technique used. 

]trapoiation of survey findings into neighbouring, unstirveyed 

areas is shown to he extremely unwise. This had already been found 

by experience in the case of Wykeham and Allerston Forests in 1969: 

Wykeham had a defoliating outbreak when Allerston, just four miles 

away had recorded no more than 'normal' peak numbers of 2.69 per. 

(forest mean). The big differences particularly in strength of 

DDD response seen between neighbouring forests of a local group 

mean that, even though there may be a general tendency for populations 

to move up or down in synchrony, • the exact fluctuation pattern, and 

particularly the heights of the peaks, may be very different. The 

case of Roseisle and Culbin, two blocks of Laich-of-Moray Forest 

separated by only 5-6 miles, gives another clear demonstration of 

contrast in fluctuation sequences (see population curves in Appendix 3). 

Just as extrapolation in space is unjustified, so generalising 

about a Bupalus population on the basis of only one or two years' 

survey results can be very misleading. It is certainly impossible, 

as Schwenke (1951+, 1968) tried to do for some German populations, 

to contrast the 'favourability' of different pine stands on the 

basis of pupal counts in a particular year. If the different 
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stands contain discrete populations (as seems usually to be the case) 

they are quite likely to he in different phases of their respective 

fluctuations. Again taking the comparison of the Culbin and Roseisle 

units of the pupal survey, in the period' 1959?8 the ratio of 

Bs densities in different years varied between 30:1 (1973) and. 

1:27 (1964)0 The true picture regarding comparative 'iavourabllity' 

insofar as revealed by the Lon L=term mean densities, is that the 

two are closely similar. 

A corollary of this is that a finding of extreme low density of 

—u-. us in a given year on a particular site is no indication that 

the site is not suitable for the development of outbreak populations: 

perhaps the opposite. In 1971 Roseisle produced an absolute 'zero' 

return in. the Bualus survey: in 1975  and again in 1980 it yielded 

the highest counts of any unit in the survey. In 1972, 1973 aXLd 

1980 the entire main block of Tentsmuir Forest yielded zero counts; 

but the intervening peak in 1977  represented an outbreak severe 

enough to require insecticidal control. Outside of areas where 

densities are known to be persistently low (such as southern 

England) extreme low densities (0.05 per m2  or less) can often be taken 

as a warning of a cyclic—type population at the extreme minimum of its 

cycle. The non-.cyclic populations, being generally much less 

variable in density, tend not to record such extreme lows. 

Once a population has been monitored over a number of successive 

years, it becomes possible to draw conclusions about its fluctuation 

pattern, and to make a more reliable assessment of its potential 

for outbreak. Where a population has remained low and shown no 

evidence of a strongly cyclic pattern (eg the Thetford units in the 

survey to date) it can be concluded that the likelihood of outbreak 

is extremely low, and some lessening of intensity of the monitoring 

effort might be justified in these cases. On the other hand the 

indication of a cyclic pattern may be seen after just a few years' 

counts - see, for example Edensmuir Forest in East Scotland, 

surveyed for only 7 years, from 1961 to 1967 (Eig.9.iii.1). Here 

the suggestion of a cyclic, DDD pattern of fluctuation combined 

with the relatively high peak numbers seen in 19,64. marks this as a 

population 'to be watched' (Edensmuir Forest was taken out of the 
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Fig.9.iii.1. Annual density estimates from the Bupalus survey 
at Edensmuir Forest. 
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looper survey following very severe windthrow of the survey area 

in 1967:  because of the very short run of data available, it is 
not discussed elsewhere in this thesis). 

Outbreak Prediction 

The general problems of improving the predictive value of 

equations based on immediate and delayed density—dependence were 

discussed above (Sect9,i).  A more specific question arises in the 

situation where a moderately high Bualus population has been 

observed on a given site, and we wish to know whether this can be 

expected to increase further to outbreak levels, or to decrease 

the following season. 

The relationship of Bupalus population trend to density of the 

parasite Dusona oxyacanthae was examined in Sects-7.v and 8.iii. 
The apparent relationships discovered show that a Dusona density 

of around 0.5 per m2  is likely to be associated with stabilisation 
(ie no change) of 	numbers, while Dusona densities in excess 

of I per m2  are likely to foretell a strong decline in Bu-palus 

numbers. Although Dusona cocoons are not, as a rule, adequately 

sampled by the routine pupal survey, special efforts (or a separate 

ad hoc search) could be made to assess Dusona where it is suspected 

a 	outbreak may be imminent. 

Pupal weights change in a pattern which might also be valuable 

as a predictor of numerical change in the course of a gradation 

(Sect.7.iii). A decrease in mean pupal weights is usually first seen 

in the year of peak numbers, Ic one year before the decrease in 

population density. 

Neither of these indicators, of course, is completely reliable, 

and strong declines can occur even following high pupal weights and 

in the absence of Dusona (eg at Rendlesham in 1959 (Bevan and Brown 

1961)), However, taken together they provide some evidence for the 

entomologist to use in making the kind of predictions often asked 

for by forest managers. 
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Control 

Refinements to existing methods of control using insecticides can 

be made on the basis of a better understanding of the behaviour of 

delayed density-dependent population systems. It has already been 

pointed out (Sect.6.i) that9  even supposing it to be possible, to 

reduce a Bupalus population to exceptionally low densities (approaching 

extinction on the local scale) would be an unwise action. The 

delayed density-dependent system may react to this very low density 

with a much-enhanced rate of Bupalus increase at some time in the 

future, so increasing the chance of an outbreak on the next cycle. 

On the parasite-host interpretation,excessive scarcity of hosts 

(particularly if maintained for two or more generations) could lead 

to local extinction of host-specific parasite populations. 

Thereafter Bupalus could increase virtually unchecked until its 

parasite(s) re-invaded the area from adjoining forests. This is a 

reason in favour of leaving at least a pocket of unsprayed plantation 

as a 'reservoir' of natural enemies. 

Biological control of Balus by manipulation of parasite 

populations is largely a theoretical possibility for the present, 

though Ryvkin (1969)  reported an unsuccessful attempt using the 

egg-parasite Trichopxamma. embryphagum. Such procedures have been 

attempted also for another cyclic forest-defoliator, Zeiraphera 

diniana (Aeschlimann 1978). Logistic problems for this approach 

could prove to be insuperable. However, it is possible that 

'spot treatment' by localised releases of a specific parasite 

(say Dusona oxyacanthae) could prove to be of use, if done with 

careful attention to the relative densities and phases of the 

natural cycles of host and parasite. 

Finally, the prospects must be considered for 'cultural control' 

ie the lessening of the susceptibility of plantations to LUalus 

outbreaks by changes in silvicultural practice. One such change 

might be a movement away from monoculture to the growing of pines 

in mixture with other conifer species or with hardwoods. The 

latter could be particularly effective in maintaining a complex 

of natural enemies (general predators and non-specific parasites) 
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which could produce an attrition of the Bus population density. 

This beneficial attribute of mixed plantations seems to be given 

general acknowledgement in European forestry the ecological 

arguments being strongly presented by eg Voute (1946, 1964). 

In arguments against the value of such a. practice it is often 

stressed that the magnitude of the mortality inflicted by non-

specific natural enemies is unlikely to he responsive to the density 

of a pest species such as Bupalus, and so cannot of itself put a 

stop to an outbreak. ForBuZalus this is confirmed by the finding of 

Haeselbarth (1979)  that 'idiophytic' parasites (unspecialised9  non-

host-specific parasites) showed no tendency to increase their level 

of attack in response to periods of Bupa:s abundance. 

The mortality produced by non-specific natural enemies may 

nevertheless play an important role in the damping of oscillations 

of any pest species whose population is regulated in a delayed 

density-dependent way. It was shown in Sects.8.i and 8.ii that 
any systematic reduction in the net host rate of increase would 

reduce the amplitude of oscillation of host density in a host 

parasite interaction. Even quite a moderate reduction, such as 

would be entailed by the introduction of a kO°/ mortality in each 

generation (k = 0.22), could be expected to reduce substantially 

the likelihood, of outbreak densities arising at peaks of the 

cycle. 

This property is not peculiar to host-parasite systems. The 

same is true of any delayed density-dependent system, as shown by the 

generalised model of Berryman (1978 ): reductions in the intrinsic 

rate of increase lead to reductions in the amplitude of oscillations. 

Neither does the reduction in rate of increase have necessarily 

to be achieved through the agency of natural enemies. Other possible 

mechanisms include: amelioration of host tree condition (by fertilizer 

or drainage treatments) making it less favourable for BUalus 

survival; physical alteration of the habitat in such a way as to 

favour outward dispersal of the pest individuals; disruption of 

the insect's mating behaviour by a 	 technique using 
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pheromones Any one of these methods considered in isolation as a 

control technique has the disadvantage that its 'killing-power' 

is limited, and unresponsive to Bura.lus density: but once it is 

recognised that populations of 	alus behave in a strongly delayed 

density-dependent way, the great potential value of such practices 

in damping the population fluctuations and so preventing outbreaks 

becomes apparent. 
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Possibilities for further research 

Various suggestions have been made earlier in the thesis about 

the necessity for further research into aspects of 	us's popula- 

tion dynamics in this country. This section attempts to summarize 

what appear to be the most important questions. 

Host tree relat ion ship 

It was suggested (Sect. 8.ii) that favourability of host-tree 
foliage for 	larval feeding is ,a major critical factor 

determining generation mortality, and that in the long run this 

relationship could determine the degree of oscillation in the popula-

tion fluctuations and so the likelihood of outbreaks. Given the 

empirical finding that many Balus populations fluctuate in a 

delayed density-dependent pattern (and setting aside, meanwhile, the 

question of causation of that pattern) it follows logically that any 

systematic shift in a major mortality factor (such as might he seen 

in the small-larval mortality under the influence of chronic drought 

stress to the trees) will affect the amplitude of the fluctuations 

seen. But several of the links in this chain of cause-and-effect 

still require to be demonstrated in real populations. 

The difference in severity of small-larval mortality was seen in 

comparing IClomp's (1966) life-table study of a non-cyclic population 
with the field study of three different cyclic,. Di)D-.regulated popula-

tions in Scotland. It would, be worthwhile to compare small-larval 

mortality on a more direct basic, contrasting forests that are 

within the same geographical area, within the same season(s). Taking 

examples from the British populations analysed here, it would be 

possible to contrast, say, Delamere with Cannock, Monaughty with 

Culbin, Sherwood V with Sherwood II, Dunwich with Rendlesham, as 

examples of IDD-regulated and more DDD-regulated populations 

respectively. Mortality of small larvae should be measured directly 

in the contrasted populations in the same season, or preferably over 

a number of seasons with varying weather patterns. The hypothesis to 

be tested is that small-larval mortality is consistently, signifi-

cantly less in the DDD-regulated populations. 
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Supposing that such differences in small-larval mortality can 

be demonstrated the question arises of exactly what determines the 

level of mortality.. White's (1974) hypothesis should be tetod, 

that variations in level of mobile nitrogen in the foliage are 

critical for larval survival. Schwenke (1968) made a similar state-

ment concerning suger-levels in the foliage, so these too should be 

tested. In many woody plants the deposition of tannins in leaf 
tissue acts as a defence against insect feeding, as it inhibits 

digestion. A quantitative test, measuring bacterial amylase inhibi-
tion, is now available for comparing digestibility' of foliage 

samples from different sources (Varley pers. comm.). 

Finally, the particular factors of tree condition found to 

determine larval. survival should be related to site characteristics 

such as drainage, topography, soils etc. Such correlations if found 
should explain the empirically-.found association of LuZalus outbreaks 

with particular types of sites, i.e. sandy, well-drained soiis in 

relatively low-rainfall areas. The site association itself could be 

better defined by a study such as the discriminant analysis of site 

factors carried out by Williams et al. (1979) to distinguish outbreak 

sites of the Douglas Fir Tussock Moth Orgyia pudotsugata in 
California. 

Parasit& relationships 

The influence of parasites is believed to determine the course 

of EUaLus fluctuations, most notabiy the cyclic, DDD-regulated 

populations, but also to a lesser extent in non-cyclic populations. 

The most important single parasite species, judging by the present 

work, is Dusona onracanthae, with Craticimeurnon viator also playing 

an important part on some occasions. For both of these species much 

has still to be learned about biology, life history, and dynamics of 
the interaction with 
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For Dusona, as suggested in Sect. 8.iii, the supposed role in 

driving population cycles of 	is should be investigated further1  

using both:- 

Measurements of density and correlation with 	ais trend 

(as in Sect. 81Iii). 

Manipulation of parasite numbers. 

The process of measuring accurately the density of Dusona 

populations by searching forest 'litter is a laborious one: as in the 

case of the looper itself, the attendant error of estimate is high 

because of the low density of insects in relation to size of the area 

searched. A more satisfactory approach might be through the use of 

some relative measure of Dusona abundance, such as could be obtained 

by trapping adult parasites. If such a technique could be developed, 

the correlation with 	us population trend could be extended to a 

nriich greater number of sites. However close a correlation were 

established, though, the essential causal connection would not be 

proved: to do that would require a more experimental approach. 

Manipulation of the Dusona population could be achieved by 

breeding a large number (say 5,000) of Dusona cocoons from some other 

site and introducing the cocoons, just before adult emergence, to the 

litter in a forest at a suitable stage of the EMaLus cycle. A site 

should be chosen where the natural level of Dusona is low (4.1 per 

m 2  ) and thea]s population is in the increasing phase of the .ju

cycle. Dusona density in chosen plots could then be boosted to, say, 

0.5 per m2  (the number mentioned above would be sufficient to Dro-

vide k plots of 0.25 ha each). The effect of the parasites could 

then be studied by (a) collecting Bupalus larvae for evidence of 

parasitization; (b) estimating Dusona densities at the end of the 

generation; and (c) estimating the trend of Pyyalus density over the 

whole generation. These three measures would be used to compare the 

parasite-plots with the surrounding matrix of untreated pine forest - 

'control' plots being located at suitable distances to take account 

of possible outwards dispersal of the introduced parasites. 
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For Cratichneumon, information irs lacking on host-availability 

and persistence of the population in the late simmer period, when 

fresh Bu,paius pupae are not available in the habitat. Is 

Cratichneumon wholly dependent on alternative host species at this 

stage, or can individuals bred from the spring attack on Bupalus 

(and seen to emerge in peak numbers in late August) live long enough 

to attack the subsequent generation of BuPalus pupae in October? The 

genera]. significance of the spring attack of Cratichneumon for 

Bu1us population dynamics needs to be assessed: so far it has been 

demonstrated to be important only in a single instance (Davies 1962). 
The paradoxical finding that Cratichneumon can show a delayed 

density-dependent response to Eyyalui (Sect. 7.v) though it is 
neither host-specific nor synchronized, calls for investigation. 

For both these parasite species (and some others) it would be 

useful to have a detailed anatomical study of the process of paa-

sitization, and factors affecting survival of the parasite within a 

Butalus larva (or pupa) such as that given by Klomp and Teerink 

(1978) for three important Bu-palus parasites in the Netherlands. 

Problems associated with coparasitism, superparasitiam, and hyper-

parasitism could usefully be investigated by the same techniques. 

The general problem concerning parasitism as a factor of 

population dynamics.is  that the apparent, measured rates of 

parasitism are not high enough to account for observed changes in 

generation survival, although there is strong inferential evidence 

that parasitism is in fact the key factor in many instances. Further 

research should therefore aim to identify possible 'side-effects' of 

parasitism which might increase mortality indirectly (eg host-

feeding, disease transmission etc), or to look for parasite species 

affecting previously little studied periods of LupalusIs life cycle, 

such as the early larval instars. 
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To sum up, the aspects of 	aiiis'ri population dynamics needing 

further clarification resolve themselves into two broad categories: 

Differences between different types of sites which are 

believed to be mediated chiefly by factors of host tree con-

dition, 

Changes in the natural enemy complex on any particular site 

through time: especially those involving functional and numeri-

cal responses of the principal parasite species. 
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APPENDIX 1 

As stated in Section 4.iv, the two methods of quantifying 

insnediate density-dependence in series of population counts (dis-

tinguished as the 'Morris' method and the 'Watt' method) produce 

statistics which are mathematically inter-related. 	The first 

method, attributed to Morris (1959, 1963) examines the regression of 

log density in generation n + 1 on log density in generation n 

(The associated correlation coefficient is therefore the first serial 

correlation coefficient for the series). 	Morris claimed that the 

degree to which the regression coefficient b was depressed below 

the theoretical value of 1 indicated the degree of density dependence 

in the system. 	Watt (1961) again took log density in generation n 

as independent variable, but used as dependent variable the logarithmic 

trend, i.e. the difference between log denisty in generation n and log 

density in generation n+l. 	In his analysis immediate density dependence 

is shown by a negative, value of the regression coefficient b 	It is 

this second approach which has been incorporated into the analyses of this 

thesis. 	So it may be helpful to indicate the ways in which correlation 

and regression statistics for this method relate to the corresponding 

statistics for the alternative, 'Morris' method. 	For the mathematical 

basis of the argument below I am grateful to Mr. I. White of the Forestry 

Commission Research Branch. 

Definition of symbols 

We wish to consider a series of population counts (or density 

estimates) over k successive generations. 	The data are converted 

to common logarithms, so the basic form of the data series becomes 

log N1 , logN2......, log N . ..... , log Nk 

For the 'Morris' analysis we obtain the regression of each log N+1 

(this is, for n = 1 to K-i) on the corresponding log Nn  

Note there will thus be K-1 pairs of values in the regression. 

Within each pair we can designate log Nn  as X1  and log 1  as Yn  

We can then compute a regression coefficient b for the regression 

of Y on X, and a correlation coefficient ry  for the same relationship. 

Other statistics are the variance of X, a 2  ; the variance of 'Y, 0y2  

and the covariance of the two, cov(X,Y) 

M. 



For a 'Watt' analysis we identify the trend, or difference 

between log N 1  and log N0, by the symbol S 

Slog N 	log N = Y - X 
n 	 n+l 	n n n 

The regression is calculated of each S on the corresponding X 

again there will be K-i pairs of values in the regression. 	Note 

that the Xs (values of the independent variable) are identical to 

those in the. Morris' analysis. 	The regression coefficient for this 

method is designated b and the correlation coefficient is r SS 

Other statistics are the variance of X, a 2 as before; the variance 

of s, a2 	and the covariance of the two, cov(X,S)  

Our object can now be stated as that of 

establishing whether, or under what conditions, the values 

of r , b , r and b 	are mathematically related to 
y y S 	S 

each other. 

producing equations to define these relationships. 

r k-'-  b 

X I 
As shown in the diagram, there are six possible sets of relation-

ships of this sort. 

The question posed in (1) above can be approached empirically by 

plotting values of r, b, r and b 	obtained from analysis of 

particular series of population densities, either real or invented. 

When this is done it is found that more or less exact relationships 

exist between all four of these statistics. 	The relationships are 

found to be exact only under the following conditions:- 

where very long series are under consideration 

or 

in the case of relatively short series, where the density in the 

first generation is the same as the density in the last generation 

of the series 

log N1  = log N1  , 	or 	XI  = Y k 
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Bearing in mind these two alternative conditions, it is now possible 

to investigate question (2) above by algebraic methods. 

The important criterion which is satisfied, in different ways 

by each of the stated conditions is that variances of X and Y are 

equal 

G 2  

In the case of condition (b) this is self-evident, as the set of all Xs 

and the set of all Ys are identical. 	Except for the first value of 

X, X and the last value of Y, Y12 
 the same data are used to serve as 

both these variables. 	When it is further stipulated that X1  

then the two sets must be identical. 

In the case of condition (a) the series are so long that the 

particular values of X1  and Y make a proportionally very small con- 

tribution to variances of X and Y respectively. 	All other values in 

the series appear once in the set of Xs and once in the set of Ys, so 

their variances must be identical. 	Any difference in the total 

variances arising from difference between X1  and Yk  is so small as 

to be negligible. 

Regression and Correlation Coefficients 

By definition: 

Regression coefficient (Y on X) is 

b = cov(X,Y) (1)  
a 2  
x 

Regression coefficient (S on X) is 

b = ov(X,S) 	 . (2) 
S 	 2 

CF 
x 

Correlation coefficient (X,Y) is 

r 	
cov(X,Y) (3) 

Y 	/(ci2o2) 
X S 

Correlation coefficient MS) is 

r 	
cov(X,S) (4) 

S 	
/(a2a2) 

x S 

ME 



By the algebra of variance/covariance: 

cov(X,S) cov(X,Y-X) cov(X,Y) o 2  ,....(5) 

0 	 ayx=ax2+Q_2cOV(X;Y) 	s.... (6) 

By rearrangement of (3) 

cov(X,Y) 	rv'(a,2) 	..... 	(7) 

Substituting (5) into (4) 

r 	
= cov(X,Y) - x2  

S 	 7 	2 
x 0s 

Then substituting (7) and (6) 

r 	
racY, 
	CF  2 - 

ox V"(0y2 
+0y2 	

2raa) 

2 	
(rGay — 

2) 

2 0 - 2 — 	a (r 	1) 

+ 0y2 - 2r a) 

Now, taking the fundamental condition that 

Cr 2 - a2- 02 
x - Y - 

02(r - 1)2  

r 2 
S 	 2 2r 2a — Cra 

(all variance terms cancel out) 

(r — 1)2  

2(1-r) 

r) 

Alternatively, 

r
Y 
 = l-2r 2  . 

S 
..........(8) 

The other relationships can be worked out more simply: 

ME 



since a2 
= ay2  = a2  

cov(X,Y) 	cov(X,Y) 

CY 2 
	 2 

Cr 

cov(X,Y) 	cov(X,Y) 

/((j 2 a 2 ) 

.. 	= 	r 	...........(9) 

b - cov(X,S) 

- 

substituting (5) 
cov(X,Y) - 

b =  
X 

CT 2 cov(X,Y) 	X. 
b = ---r—  - 1 

= bb-.1 	.........(10) 

Equations (8), (9), (10) completely define the relationships of the 

four statistics, and the next three follow directly from them: 

r = l+b 	.....(11) 

b = -2r 2 	.....(12) 
S 	 S 

b = 1' 2r .....(13) 

Thus from equations (8) - (13) we see that each of the four statistics 

can be expressed in terms of any one of the other three. 

To clarify these relationships, all four statistics are plotted 

together in the accompanying diagram 

r 
S 

0 

_i 	 0 	 +1 

= 

- 	---------, 
-2 	 -1 390 	 0 

b 



Some of these relationships, in particular equations (9) and (10) 

emerge from the mathematical arguments contained in St Amant (1970). 

However, it does not seem to have been shown previously that in fact 

all, four of these statistics are. inter-related. 

The condition of equal variances of X and Y is of course not 

strictly met in most density sequences from real populations, such 

as most of those analysed in this thesis. 	The phenomenon of 'species- 

specific density-levels' commented on by Kiomp (1968), which is in 

itself the clearest evidence for the presence of densityreguiatioll, 

means that in the medium-to long-term, population density strays very 

little from its characteristic 'equilibrium' level. 	Thus on these 

longer time scales the condition of equal variance is met, and in the 

short-term series the departure from equal variance is in the nature 

of a random interference effect. 	Some examples from the pupal survey 

analysis, shown on the accompanying graph, illustrate how well these 

real examples fit the theoretical expectation: the twelve cases were 

selected only to show the widest available range of immediate density- 

dependence values. 

-1 

r5  

[I: 

 

-2 	 -1 	 0 
b5 

The general conclusion is that of the four different regression and 

correlation statistics examined, any one is approximately equivalent 

to any of the others as an indicator of the apparent action of immediate 

density-dependent effects. 
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APPENDIX 2 

PARA1 A FORTRAN PROGRAM TO SINUL.ATE A PARASITE-HOST INTERACTION 

REAL N 
1 FORMAT(2X,13, 2X,F7. 3, 2X,F6.3,2X,F7.3) 

READ, N, Q, N, DENSEP, DENSES , BUMORT, PAMORT 
1=1 
B!JLOG=ALOC 10 (DENS ES) 
WRITE(9, 1)I,DENSES,BULOG,DENSEP 
AMEAN=BUMORT 
SD=0.35*9,IEAN  
CALL GAUSSY(AMEAN,SD, GAUSS) 
A=EXP(GAUSS*2. 30258) 
DENSEB=DENSES*50/A 
DO 2 I=2,N 
PARK=Q*DENSEP**( 1-M)/2. 3 
B=EXP(PARK*2. 30258) 
DENSES=DENSEB/ B 
BULOC=ALOG10(DENSES) 
DENSEP=DENSEB-DENSES 
AMEAN=PAORT 
SD=O. 35*1EAN 
CALL GAUSSY(ANEAN,SD,CAUSS) 
A=EXP(GAUSS*2. 30258) 
DENSEP=DENSEP/A 
WRITE(9, 1)I,DENSES,BULOC,DENSEP 
?iNEAN=BUMORT 
SD=O. 35*tEAN 
CALLGAUS S AMEAN , SD, GAUSS ) 
A=EXP(GAUSS*2. 30258) 
DENSEB=DENSES*50/A 

2 CONTINUE 
STOP 
END 

SUBROUTINE GAUSSY RETURNS A RAND1 VALUE GAUSS WITH NEAN=AMEAN, 
STANDARD DEVIATION=SD. 
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APPENDIX 3 

() LISTING OF ANNUAL MEANS FOR 47 UNITS 

COLUMN 1 YEAR 
COLUMN 2 MEAN 
COLUMN 3 STANDARD ERROR  
COLUMN 4 -NO. OF TRANSECTS 

KILCOY 
54 13.259 4.371 7 
55 0.664 0.173 9 
56 0.718 0.276 7 
57 0.120 0.053 10 
58 0.239 0.090 7 
59 3.930 1.386 7 
60 1.367 0.361 7 
61 0.068 0.044 7 
62 0.000 0.000 7 
63 0.068 0.068 7 
64 1.845 0.410 7 
65 1.572 0.357 7 
66 0.683 0.176 7 
67 0.888 0.366 7 
68 2.312 0.379 6 
69 1.435 0.303 6 
70 0.191 0.117 5 
71 0.320 0.150 5 
72 0.480 0.080 5 
73 0.400 0.179 5 
74 0.7.20 0.265 5 
75 0.240 0.098 5 
76 0.240 0.160 5 
77 0.080 0.080 5 
78 0.240 0.098 5 

KESSOCK 
54 1.821 0.407 18 
55 0.339 0.112 12 
56 0.538 0.117 8 
57 1.136 0.289 8 
58 0.538 0.155 3 
59 1.256 0.242 8 
60 0.957 0.256 8 
61 0.538 0.117 8 
62 0.598 0.217 8 
63 1.256 0.179 8 
64 1.316 0.197 8 
55 1.136 0.383 8 
66 0.897 0.211 8 
67 1.136 0.270 8 
68 0.777 0.404 8 
69 0.120 0.078 8 
70 0.359 0.078 8 
71 0.750 0.325 8 
72 0.150 0.073 8 
73 0.400 0.076 8 
74 0.400 0.151 8 
75 0.350 0.091 8 
76 0.400 0.107 8 
77 0.250 0.168 8 
78 0.400 O107 8 
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F INDON 

54 1.367 0.316 
55 0.581 0.167 
56 0.649 0.163 
57 0.683 0.097 
58 0.683 0.169 
59 0.957 0.228 
60 1.128 0.213 
61 0.376 0.088 
62 0.205 0.097 
63 1.504 0.243 
64 2.460 0.505 
65 0.957 0.262 
66 0.888 0.321 
67 1.299 0.452 
68 0.547 0.265 
69 0.888 0.193 
70 0.683 0.142 
71 0.286 0.114 
72 0.114 0.074 
73 0.229 0.119 
74•  0.514 0.144 
75 0.514 0.258 
76 0.229 0.081 
77 0.229 0.119 
78 0.457 0.221 

H ILLBUIE 
54 1.734 0.315 4 
55 0.239 0.098 4 
56 1.076 0.409 4 
57 1.615 0.226 4 
58 0.2.39 0.151 5 
59 0.538 0.115 4 
60 0.777 0.179 4 
61 0.598 0.107 4 
62 0.359 0.229 4 
63 0.718 0.569 4 
64 1.435 0.195 4 
65 1.316 0.740 4 
66 1.555 0.659 4 
67 2.990 1.603 4 
68 1.794 0.598 4 
69 2.751 1.241 4 
70 1.914 0.937 4 
71 1.500 0.551 4 
72 1.300 0.379 4 
73 2.600 0.476 4 
74 1.067 0.353 3 
75 0.267 0.267 3 
76 0.533 0.133 3 
77 1.333 0.133 3 
78 0.933 0.481 3 

CULBIN 
54 18.906 1.821 27 
55 0.124 0.037 27 
56 0.009 0.009 27 
57 0.018 0.012 27 
58 	0.027 . 0.015 27 
59 0.124 0.035 27 
60 1.542 0.153 27 
61 3.503 0.375 28 
62 3.468 0.384 32 
63 0.301 0.068 35 
64 0.123 0.041 35 
65 0.437 0.113 35 
66 1.365 0.167 34 
67 1.590 0.175 34 
68 1.660 0.154 34 
69 0.915 0.156 34 
70 0.324 0.060 34 
71 0.365 0.064 34 
72 0.529 0.089 34 
73 4.255 0.530 33 
74 2.315 0.235 33 
75 0.473 0.094 33 
76 0.267 0.054 33 
77 1.297 0.180 33 
78 .2.679 0.399 33 

394 



DARNAW AY 
55 0.786 0.086 7 
56 0.786 0.125 7 
57 0.103 0,048 3 
58 0.478 0.128 7 
59 0.615 0.244 7 
60 1.264 0.154 7 
61 0.888 0.285 7 
62 0.273 0.097 7 
63 0.205 0.205 7 
64 0.359 0.150 8 
65 0.273 0.242 7 
66 0.419 0.168 8 
67 0.598 0.175 8 
68 1.196 0.424 8 
69 0.837 0.296 8 
70 0.359 0.197 8 
71 0.050 0.050 8 
72 0.150 0.073 8 
73 0.400 0.131 8 

ALTYRE 
55 1.914 0.239 9 
56 0.691 0.162 9 
57 0.558 0.089 9 
58 0.478 0.113 9 
59 1.223 0.180 9 
60 1.967 0.245 9 
61 1.223 0.241 9 
62 0.797 0.211 9 
63 0.372 0.174 9 
64 0.478 0.300 8 
65 0.359 0.150 8 
66 0.359 0.150 3 
67 0.538 0.141 3 
68 1.709 0.465 7 
69 1.375 0.190 8 
70 0.342 0.137 7 
71 0.571 0.171 7 
72 0.629 0.274 7 
73 1.257 0.253 7 

ROSEISLE 
54 6886 1.100 14 
55 1.264 0.286 1 
56 3.024 0.323 14 
57 1.247 0.271 14 
58 0.271 0.070 15 
59 0.765 0.146 15 
60 3.030 0.439 15 
61 2.700 0.347 14 
62 0.820 0.137 14 
63 1.504 0.212 14 
64 3.349 0.426 14 
65 0.713 0.120 24 
66 0.103 0.054 14 
67 0.205 0.109 14 
68 1.777 0.190 14 
69 4.681 0.693 14 
70 0.444 0.170 14 
71 0.000 0.000 14 
72 0.143 0.048 14 
73 0.143 0.053 14 
74. 3.114 0.438 14 
75 5.046 1.183 1.3 
76 2.429 0.546 14 
77 0.086 0.046 14 
70 0.486 0.120 14 
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N ONAUGH1Y 
55 0.457 0.109 U 
56 0.783 0.196 11 
57 0.478 0.112 U 
SS 0.217 0.114 11 
59 1.044 0.177 11 
60 1.370 0.287 11 
61 0.870 0.142 ii 
62 0.217 0.099 11 
63 0.652 0.196 11 
64 1.174 0.337 11 
65 0.304 0.117 11 
66 0.348 0.113 11 
67 1.044 0.328 11 
66 1.131 0.217 11 
69 0.478 0.171 11 
70 0.565 0.180 11 
71 0.036 0.036 11 
72 0.109 0.093 11 
73 0.400 0.076 11 
74 1.720 0.231 10 
75 0.280 0.134 10 
76 0.520 0.246 10 
77 0.680 0.169 10 
78 1.200 0.358 10 

PITCAVENY 
55 1.435 0.691 3 
56 1.037 0.080 3 
57 0.319 0.211 3 
58 0.080 0.080 3 
59 0.319 0.159 3 
60 1.674 0.365 3 
61 3.429 1.397 3 
62 1.754 0.622 3 
63 2.073 0.319 3 
64 1.914 0.478 3 
65 0.000 0.000 3 
66 0.159 0.159 3 
67 0.319 0.319 3 
68 0.957 0.000 3 
69 2.073 1.046 3 
70 0.159 0.159 3 
71 0.000 0.000 3 
72 0.000 0.000 3 
73 0.400 0.000 3 

LOSSIE 
55 0.558 0.211 3 
56 1.834 0.838 3 
57 1.674 0.731 3 
58 0.239 0.000 3 
59 0.558 0.348 3 
60 0.797 0.211 3 
61 2.233 0.422 3 
62 0.957 0.478 3 
63 2.233 1.116 3 
64 4.943 1.960 3 
65 0.000 0.000 3 
66 0.159 0.159 3 
67 1.276 0.159 3 
68 0.159 0.159 3 
69 2.392 0.829 3 
70 0.319 0.159 3 
71 0,000 0.000 3 
72 0.000 0.000 3 
73 1.467 0.481 3 
74 0.400 0.400 3 
75 1.200 0.611 3 
76 0.133 0.133 3 
77 0.267 0.133 3 
78 0.133 0.133 3 
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INNES 
55 	1.967 0.698 	9 
56 	3.874 1.920 	9 
57 	1.462 0.297 	9 
58 	0.266 0.185 	9 
59 	0904 0.238 	9 
60 	4.013 0.735 	9 
61 	4.625 1.050 	9 
62 	1.382 0.245 	9 
63 	2.445 0.361 	9 
64 	7.920 2.281 	9 
65 	1.223 0.430 	9 
66 	0.213 0.116 	9 
67 	0.239 0.181 	8 
68 	1.794 0.347 	8 
69 	2.870 0.535 	8 
70 	1.017 0.344 	8 
71 	0.050 0.0.50 	8 
72 	0.450 0.159 	3 
73 	1.050 0.365 	8 
74 	1.300 0.191 	4 
76 	1.800 0.383 	4 
77 	0.100 0.100 	4 
78 	0.100 0.100 	4 

SPEYMOUTH 
55 2.324 0.333 
56 2.631 0.650 
57 0.444 0.110 
58 0.547 0.145 
59 1.845 0.303 
60 2.050 0.383 
61 2.084 0.386 
62 0.957 0.330 
63 1.504 0.243 
64 4.511 1.109 
65 0.683 0.205 
66 0.000 0.000 
67 0.205 0.142 
68 0.957 0.233 
69 4.101 0.359 
70 2.529 1.137 
71 0.229 0.119 
72 0.114 0.074 
73 0.514 0.226 
74 2.000 0.486 
75 1.886 0.451 
75 2.286 0.190 
77 0.400 0.087 
78 0.114 0.074 

ALLTCAILLEACH 
54 5.382 1.589. 8 
55 1.375 0.274 8 
56 1.644 0.393 8 
57 0.478 0,078 8 
58 0.628 0.100 8 
59 1.734 0.259 8 
60 2.003 0.594 8 
61 1.943 0.219 8. 
62 	1.017 0.263 . 8 
63 1.076 0.335 8 
54 3.588 0.783 8 
65 1.854 0.531 8 
56 1.196 0.202 8 
67 1.316 0.252 8 
68 2.734 0.736 7 
59 2.392 0.503 8 
70 1.375 0.367 8 
71 0.600 0.165 8 
72 0.200 0.107 8 
73 0.950 0.320 8 
74 0.900 0.318 8 
752.200 0.575 8 
76 3.100 1.047 8 
77 3.600 1.042 8 
78 2.700 0.512 8 
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Ii ONTREATHtIONT 
54 2.181 0.267 15 
55 0.845 0.144 15 
56 1.005 0.155 15 
57 0.462 0.079 15 
58 0.606 0.096 15 
59 1.148 0.184 15 
60 2.551 0.457 15 
61 1.674 0.275 15 
62 0.319 0.076 15 
63 0.542 0.203 15 
64 1.212 0.228 15 
65 1.658 0.283 15 
66 0.383 0.142 15 
67 0.797 0.217 15 
68 1.914 0.268 15 
69 2.392 0.323 15 
70 4.050 0.585 15 
71 6.293 0787 15 
72 1.813 0.380 15 
73 1.093 0.243 15 
74 0.680 0.118 15 
75 1.486 0.246 14 
76 1.086 0.165 14 
77 1.486 0.270 14 
78 1.943 0.395 14 

INGLISII ALDIE 
54 1.116 0.469 6 
55 0.678 0.218 6 
56 1.116 0.336 6 
57 1.874 0.451 6 
58 0.444 0.160 7 
59 0.638 0.336 6 
60 0.478 0.175 6 
61 1.156 0.226 6 
62 0.399 0.080 6 
63 0.718 0.296 6 
64 1.276 0.294 6 
65 1.834 0.469 6 
66 2.233 0.727 6 
67 1.993 0.530 6 
68 2.153 0.296 6 
69 0.957 0.276 6 
70 1.116 0.237 6 
71 2.800 0.669 6 
72 2.600 0.339 6 
73 . 1.933 0.755 6 
74 0.733 0.378 6 
75 1.000 0.354 6 
76 0.333 0.217 6 
17 1.467 0.523 6 
78 2.400 0.637 6 

TENTSIIIJIR 
54 1.129 0.333 25 
55 0.411 0.078 25 
56 4.389 0.508 23 
57 16.113 3.126 22 
58 1.244 0.253 20 
59 0.248 0.059 26 
60 0.067 0.022 25 
61 2.201 0.346 25 
62 5.559 0.823 21 
63 4.066 0.864 22 
64 3.007 1.020 21 
65 1.410 0.270 19 
66 0.151 0.052 19 
61 0.277 0,084 19 
68 3.424 0.448 19 
69 5.816 1.810 19 
70 1.259 0.675 19 
71 0.126 0.092 19 
72 0.063 0.046 19 
73 0.105 0.060 19 
74 0.400 0.075 19 
75 2.000 0.530 19 
76 4.211 0.831 19 
77 12.232 3.846 19 
78 2,420 0.457 20 
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DELN4ERE 
54 4.133 0.385 25 
55 2.765 0.301 25 
56 3.896 0.580 21 
57 0.570 0.105 21 
58 0.478 0.107 20 
59 2.272 0.348 20 
60 5.215 0.778 20 
61 2.033 0.366 20 
62 1.794 0.306 20 
63 2.512 0.516 20 
64 1.196 0.263 20 
65 2.644 0.413 19 
66 0.504 0.153 19 
67 1.866 0.312 20 
68 3.198 0.534 19 
69 2.014 0.416 19 
70 1.360 0.184 19 
71 0.632 0.107 19 
72 1.621 0.305 19 
73 1.275 0.229 16 
74 1.178 0.256 18 
75 0.400 0.165 18 
76 0.689 0.199 18 
77 1.711 0.275 18 
78 2.022 0.302 18 

SWYNNER TON 
64 3.827 1.370 5 
65 2.105 0.670 5 
66 1.052 0.574 5 
67 1.435 0.502 5 
68 1.531 0.950 5 
69 1.340 0.352 5 
70 0.670 0.358 5 
71 0.240 0.098 5 
72 0.720 0.150 5 
73 3.280 0.784 5 
74 2.480 0.463 5 
75 1.120 0.265 5 
76 0.640 0.325 5 
77 2.160 0.325 S 
78 2.880 0.742 5 

CANNOCK 
54 41.223 10.972 31 
55 0.193 0.069 36 
56 0.342 0.074 35 
57 0.478 0.128 35 
58 0.291 0.068 37 
59 2.419 0.367 36 
60 6.159 0.776 36 
61 8.312 1.181 36 
62 8.024 0.909 44 
63 19.893 3.002 43 
64 1.368 0.240 43 
65 0.534 0.103 43 
66 0.200 0.050 43 
67 1.1.13 0.187 43 
68 4.965 0.468 45 
69 8.406 0.535 42 
70 3.075 0.366 42 
71 0.888 0.099 41 
72 4.820 0.335 40 
73 16.390 1.352 39 
74 10.722 0.631 36 
75 2.812 0.225 34 
76 3.788 0.332 34 
77 6.388 0.486 33 
78 9.576 0.934 33 
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SHERWOOD V 
54 2.892 0.603 11 
55 1.109 0.274 11 
56 2.175 0.424 11 
57 0.547 0.121 14 
58 0.413 0.097 11 
59 3.329 0.633 12 
60 4.027 0.794 12 
61 1.196 0.264 11 
62 2.831 0.690 12 
63 0.359 0.168 12 
64 1.392 0.454 11 
65 3.305 1.201 ii 
66 0.574 0.234 10 
67 1.005 0.315 10 
68 1.392 0.277 11 
69 0.478 0.223 U 
70 0.913 0.270 11 
71 0.971 0.200 14 
72 1.846 0.570 13 
73 1.015 0.133 13 
74 0.543 0.123 14 
75 0.215 0.086 13 
76 0.367 0.104 12 
77 0.836 0.147 11 
78 0.545 0.189 11 

SHERWOOD VI 
54 1.653 0.330 11 
55 0.761 0.144 11 
56 1.283 0.180 11 
57 0.386 0.084 13 
58 1.056 0.219 12 
59 3.787 0.811 12 
60 2.033 0.274 12 
61 0.805 0.215 11 
62 1.555 0.364 12 
63 1.196 0.314 12 
64 0.957 0.158 11 
65 1.595 0.266 12 
66 0.518 0.171 12 
67 0.797 0.215 12 
68 1.953 0.370 12 
69 0.638 0.223 12 
70 0.757 0.208 12 
71 0.467 0.129 12 
72 0.767 0.181 12 
73 0.667 0.193 12 
74 0.857 0.177 14 
75 0.431 0.115 13 
76 0.215 0.073 13 
77 0.338 0.100 13 
78. 0.120 0.085 10 

SHERWOOD IV 
54 5.231 0.580 23 
55 4.365 0,541 24 
56 1.617 0.240 25 
57 0.259 0.050 24 
58 0.568 0.097 24 
59 8.661 1.391 24 
60 2.382 0.340 25 
61 0.775 0.151 25 
62 0.957 0.173 24 
€3 1.136 0.197 24 
64 0.937 0.179 24 
65 1.091 0.184 25 
66 0.325 0.090 25 
67 0.877 0.162 24 
68 2.372 0.344 24 
69 0.698 0.152 24 
70 1.654 0.387 24 
71 5.250 0.865 24 
72 11.339 2.258 23 
73 2,810 0.485 23 
74 1.217 0.177 23 
75 0.200 0.050 22 
16 2.164 0,202 22 
77 1.252 0.190 23 
78 6.691 1.354 22. 
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SHERWOOD III 
54 3.149 1.163 6 
55 1.236 0.341 6 
56 1.535 0.394 6 
57 0.399 0.159 6 
58 0.797 0.331 6 
59 4.704 1.194 6 
60 3.110 0.728 6 
61 1.395 0.368 6 
62 1.340 0.352 5 
63 2.153 0.309 4 
6a 1.435 0.214 6 
65 2.233 0.364 6 
66 0.399 0.080 6, 
67 2.950 0.358 6 
68 6.060 1.914 6 
69 6.618 1.448 6 
70 1.435 0.538 6 
71 0.600 0.288 6 
72 1.867 0.400 6 
73 2.600 0.675 6 
74 1.467 0.382 6 
75 0.533 0.246 6 
76 0.400 0.273 6 
77 0.400 0.146 6 
78 1.267 0.406 6 

SHERWOOD II 
54 1.704 0.520 8 
53 0.897 0.247 8 
56 2.332 0.409 8 
57 0.419 0.185 3 
58 0.718 0.391 8 
59 2.781 1.048 8 
60 2.153 0.541 8 
61 0.927 0.253 8 
62 1.076 0.323 8 
63 1.017 0.388 8 
64 1.017 0.428 8 
65 0.658 0.126 8 
66 0.120 0.078 8 
67 0.179 0.088 8 
68 0.718 0.286 8 
69 2.990 0.847 8 
10 1.973 0.447 8 
71 1.100 0.270 8 
72 1.050 0.311 8 
73 1.750 0.466 8 
74 0.750 0.350 8 
75 0.300 0.100 3 
76 0.650 0.130 8 
77 1.150 0.277 8 
78 2.400 0.545 8 

ANPLEF.TH  
61 0.718 0.414 4 
62 0.359 0.229 4 
63 0.120 0.120 4 
64 0.957 0.677 4 
65 1.914 0.805 4 
66 0.120 0.120 4 
67 0.239 0.138 4 
68 0.718 0.414 4 
69 0.239 0.239 4 
70 9.553 2.447 4 
71 1.000 0.233 4 
72 0.100 0.100 4 
73 0.400 0.231 4 
73 0.400 0.283 4 
75 0.700 0.342 4 
75 0.700 0.300 4 
77 1.000 0.622 4 
78 2.600 0.622 4 
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ALLER STON 
61 0.538 0.168 	8 
62 1.017 0.141 	8 
63 0.837 0.252 	8 
64 0.897 0.331 	8 
65 1.495 0.582 	8 
66 0.299 0.126 	8 
67 0.478 0.157 	8 
68 1.555 0.267 	8 
69 2.691 0.557 	8 
70 11.960 3.702 	10 
71 1.000 0.123 	10 
72 0.320 0.116 	10 
73 0.800 0.246 	10 
74 1.600 0.273 	10 
75 0.400 0.158 	10 
76 1.600 0.353 	10 
77 4.760 1.425 	10 
78 5.240 0.689 	10 

LAUGHTON 
54 1.183 0.198 19 
55 0.491 0.089 19 
56 0.813 0.202 15 
57 0.319 0.092 15 
58 0.176 0.051 19 
59 1.221 0.216 19 
60 0.183 0.073 17 
61 0.164 0.052 16 
62 0.239 0.090 16 
63 0.927 0.177 16 
64 1.f96 0.344 16 
65 0.425 0.133 18 
66 0.090 0.065 16 
67 0.149 0.057 16 
68 0.598 0.193 16 
69 0.867 0.210 16 
70 0.568 0.175 16 
71 0.475 0.105 16 
72 0.819 0.173 21 
73 0.667 0.139 21 
74 0.286 0.092 21 
75 0.038 0.026 21 
76 0.286 0.068 21 
77 0.267 0,080 21 
78 0.533 0.159 21 

BRAMS HILL 
54 0.497 0.082 26 
55 0.156 0.055 26 
56 0.249 0.049 24 
57 0.169 0.044 24 
58 0.249 0.053 24 
59 0.544 0.110 22 
60 0.174 0.055 22 
61 0.120 0.054 22 
62 0.166 0.057 23 
64 0.174 0.067 22 
65 0.023 0.023 21 
66 0.227 0.076 19 
67 0.091 0.071 21 
68 0.629 0.197 19 
69 2.694 0.657 19 
70 0.675 0.174 17 
71 0.024 0.024 17. 
72 0.047 0.032 17 
73 0.350 0.120 16 
74 0.257 0.116 14 
75 0.067 0.045 12 
76 0.160 0.122 10 
77 0.040 0.040 10 
78 0.080 0.053 10 

402 



RIN(AO0D 
54 0.186 0.066 
55 0.266 0.109 
56 0.213 0.062 
57 0.133 0.070 
58 0.133 0.042 
59 0.292 0.104 
60 0.266 0.084 
61 0.053 0.035 
62. 0.000 0.000 
63 0.000 0.000 
64 0.159 0.113 
65 0.000 0.000 
66 0.000 0.000 
67 0.053 0.053 
68 0.053 0.053 
69 0.532 0.202 
70 0.585 0.208 
71 0.000 0.000 
72 0.000 0.000 
73 0.000 0.000 
74 0.000 0.000 
75 0.000 0.000 
76 0.000 0.000 
77 0.050 0.050 
78 0.000 0.000 

RENDLES HAN 
54 2.026 0.406 17 
55 1.266 0.284 17 
56 2.448 0.695 17 
57 2.082 0.464 17 
58 2.659 0.666 17 
59 14.282 3.199 17 
60 0.106 0.046 17 
61 0.084 0.035 17 
62 0.169 0.091 17 
63 1.041 0.299 17 
64 3.124 0.865 17 
65 1.069 0.283 17 
66 0.169 0.070 17 
67 0.197 0.059 17 
68 0.760 0.323 17 
69 0.985 0.241 17 
70 1.604 0.281 17 
71 0.094 0.424 17 
72 0.075 0.403 16 
73 0.050 0.050 16 
74 0.047 0.047 17 
75 0.080 0.043 15 
76 0.613 0.174 15 
77 1.893 0.301 15 
78 1.573 0.293 15 

TONS TALL 
54 0.938 0.270 13 
55 1.270 0.301 13 
56 3.588 1.169 13 
.57 2.061 0.526 13 
58 0.534 0.220 13 
59 3.662 0.929 13 
60 0,129 0.058 13 
61 0202 0.085 13 
62 0.478 0.203 13 
63 1.288 0,441 13 
64 0.718 0.267 12 
65 0.589 0.189 13 
66 0.110 0.058 13 
67 0.110 0.058 13 
68 1.104 0.331 13 
69 0.405 0.241 13 
70 0.552 0.202 13 
71 0.000 0.000 13 
72 0.031 0.031 13 
73 0.123 0.070 13 
74 0.277 0.114 13 
75 0.300 0.131 12 
76 0.954 0.173 13 
77 2.738 0.441 13 
78 2.246 0.443 13 
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DIJNW IC H 
59 1.914 0.642 5 
60 0.478 0.131 5 
61 0.478 0.262 -5 
62 0.478 0.214 5 
63 0.478 0.478 5 
64 0.861 0.861 5 
65 0.670 0.469 5 
66 0.096 0.096 5 
67 0.383 0.179 5 
68 0.670 0.244 5 
69 0.428 0.371 5 
70 0.574 0.279 5 
71 0.080 0.080 5 
72 0.320 0.196 .5 
73 0.240 0.160 5 
75 0.640 0.204 5 
76 0.080 0.080 5 
77 0.000 0.000 5 
78 0.160 0.160 5 

FELIWELL 
54 0.326 0.159 11 
55 0.457 0.184 11 
56 0.522 0.230 It 
57 1.848 1.096 11 
58 0.196 0.151 11 
59 0.174 0.057 14 
60 0.109 0.038 11 
61 0.000 0.000 11 
62 0.087 0.058 11 
63 0.174 0.073 11 
64 0.652 0.331 11 
65 0.870 0.180 11 
66 0.261 0.135 11 
67 0.174 0.073 11 
68 0.348 0.113 11 
69 0.000 0.000 11 
70 0.043 0.043 11 
71 0.073 0.049 11 
72 0.000 0.000 11 
73 0.000 0.000 11 
74 0.000 0.000 1.1 
75 0.000 0.000 10 
76 0.000 0.000 11 
77 0.080 0.053 10 
78 0.000 0.000 10 

EL)EDEN 
54 0.785 0.152 25 
55 0.469 0.080 25 
56 1.081 0.236 25 
57 1.005 0.184 25 
58 0.258 0.074 25 
59 0.660 0.126 25 
60 0.191 0.039 25 
61 0.077 0.033 25 
62 0.191 0,055 25 
73  0.536 0.159 25 
64 1.136 0.199 24 
65 0.458 0.079 24 
66 0.140 0.054 24 
67 0.279 0.081 24 
68 0.057 0.204 24 
69 0.935 0.237 22 
70 0.531 0.159 22 
71 0.091 0.037 22 
72 0.000 0.000 20 
73 0.020 0.020 20 
74 0.063 0.034 19 
75 0.024 0.024 17 
76 0.150 0.050 16 
77 0.550 0.163 16 
78 0.375 0.224 16 



11UNDFG.D 
54 0.526 0.165 15 
55 0.367 0.121 15 
56 0.447 0.149 15 
57 0.383 0.228 15 
58 0.175 0.082 15 
59 0.718 0.261 15 
60 0.064 0.028 15 
61 0.000 0.000 15 
62 0.000 0.000 15 
63 0.223 0.064 15 
64 0.447 0.109 15 
65 0.255 0.122 15 
66 0.032 0.032 15 
67 0.064 0.043 15 
68 0.032 0.032 15 
69 0.074 0.050 13 
70 0.103 0.074 14 
71 0.031 0.031 13 
72 0.000 0.000 13 
73 0.057 0.057 7 
74 0.200 0.089 6 
75 0.000 0.000 6 
76 0.000 0.000 6 
77 0.000 0.000 7 
78 0.050 0.050 8 

SWAFFRAM 
54 0.174 0.107 11 
55 0.217 0.104 11 
56 0.348 0.093 11 
57 0.304 0.112 11 
58 0.304 0.097 11 
59 0.196 0.101 11 
60 0.239 0.091 11 
61 0.022 0.022 11 
62 0.000 0.000 11 
63 0.000 0.000 11 
64 0.130 0.067 11 
65 0.304 0.117 11 
66 0.261 0.175 11 
67 0.217 0.099 11 
63 0.261 0.099 11 
69 0.048 0.048 10 
70 0.096 0.064 10 
71 0.000 0.000 10 
72 0.000 0.000 9 
73 0.000 0.000 9 
74 0.000 0.000 9 
75 0.044 0.044 9 
76 0.178 0.097 9 
77 0.044 0.044 9 
78 0.100 0.100 8 

KINGS 
54 0.694 0.197 10 
55 0.239 0.094 10 
56 0.191 0.078 10 
57 0.359. 0.199 10 
58 0.024 0.024 10 
59 0.144 0.053 10 
60 0.024 0.024 ib 
61 0.024 0.024 10 
62 0.048 0.048 10 
63 0.239 0.129 10 
64 0.191 0.106 10 
65 0.287 0,146 10 
66 0.096 0.064 10 
67 0.191 0.128 10 
68 0.431 0.207 10 
69 0.287 0.106 10 
70 0.000 0.000 10 
71 0.000 0.000 9 
72 0.000 0.000 9 
73 0.000 0.000 9 
74 0.000 0.000 9 
75 0.133 0.084 6 
76 0.000 0.000 8 
77 0.000 0.000 9 
73 0.000 0.000 8 

405 



HIGH LODGE 
54 0.199 0.056 18 
55 0.239 0.055 18 
56 0,625 0.163 18 
57 0.306 0.054 18 
58 0.093 0.034 18 
59 0.120 0.044 18 
60 0.013 0.013 18 
61 0.027 0.018 18 
62 0.080 0.043 18 
63 0.080 0.043 18 
64 0.372 0.083 18 
65 0.106 0.048 18 
66 0.053 0.036 18 
67 0.056 0.039 17 
68 0.197 0.072 17 
69 0.141 0.054 17 
70 0.060 0.041 16 
71 0.000 0.000 16 
72 0.000 0.000 16 
73 0.000 0.000 16 
74 0.050 0.034 16 
75 0.062 0.042 13 
76 0.123 0.053 13 
77 0.092 0.066 13 
78 0.000 0.000 12 

LYNFRD 
54 0.263 0.091 10 
55 0.120 0.074 10 
56 0.096 0.053 10 
57 0.096 0.064 10 
53 0.048 0.032 10 
59 0.096 0.039 10 
60 0.024 0.024 10 
61 0.000 0.000 10 
62 0.000 0.000 10 
63 0.048 0.048 10 
64 0.191 0.106 10 
65 0.239 0.129 10 
66 0.096 0.064 10 
67 0.106 0.070 9 
68 0.239 0.128 8 
69 0.239 0.128 8 
70 0.060 0.060 8 
71 0.050 0.050 8 
72 0,100 0.065 8 
73 0.000 0.000 8 
74 0.000 0.000 8 
75 0.000 0.000 8 
76 0.100 0.065 8 
77 0.000 0.000 8 
78 0.100 0.065 8 

SASTON 
54 0.310 0.066 17 
55 0.127 0.042 17 
56 0.436 0.130 17 
57 0.211 0.061 17 
58 0.127 0.042 17 
59 0.253 0.088 17 
60 0.098 0.050 17 
61 0.028 0.019 17 
62 0.056 0.039 17 
63 0.169 0.100 17 
64 0.366 0.139 17 
65 0.056 0.039 17 
66 0.060 0.041 16 
67 0.120 0.053 16 
68 0.508 0.127 16 
69 0.128 0.057 15 
70 0.064 0.043 15 
71 0.027 0.027 15 
72 0.000 0.000 15 
73 0.027 0.027 15 
74 0.000 0.000 7 
75 0.114 0.114 7 
76 0.114 0.074 7 
77 0.000 0.000 7 
78 0.050 0.050 8 

IM 



REDNECK 
54 0.325 0.108 14 
55 0.175. 0.049 15 
56 0.447 0.093 15 
57 0.431 0.144 15 
58 0.271 0.077 15 
59 0.271 0,093 15 
60 0.064 0.028 15 
61 0.016 0.016 15 
62 0.000 0.000 15 
63 0.096 0.051 15 
64 0.308 0.108 14 
65 0.000 0.000 13 
66 0.037 0.037 13 
67 0.000 0.000 13 
68 0.037 0.037 13 
69 0.110 0.058 13 
70 0.147 0.064 13 
71 0.029 0.029 14 
72 0.000 0.000 14 
73 0.029 0.029 14 
74 0.029 0.029 14 
75 0.092 0.049 13 
76 0.092 0.049 13 
77 0.185 0.097 13 
78 0.277 0.095 13 

D0WN11LM 
54 0.644 0.161 13 
55 0.166 0.050 13 
56 0.718 0.210 13 
57 0.442 0.162 13 
58 0.147 0.043 13 
59 0.166 0.050 13 
60 0.074 0.057 13 
61 0.018 0.018 13 
62 0.037 0.037 13 
63 0.258 0.128 13 
64 0.699 0.200 13 
65 0.184 0.086 13 
66 0.037 0.037 13 
67 0.037 0.037 13 
68 0.147 0.064 13 
69 0.184 0.086 13 
70 0.221 0.103 13 
71 0.000 0.000 13 
72 0.000 0.000 13 
73 0.062 0.042 13 
74 0.100 0.052 12 
75 0.000 0.000 11 
76 0.182 0.113 11 
77 0.200 0.067 10 
78 0.133 0.067 9 

WEST TOFTS 
54 0.359 0.117 10 
55 0.096 0.053 10 
56 0.311 0.101 10 
57 0.383 0.102 10 
58 0.213 0.074 9 
59 0383 0.119 10 
60 0.000 0.000 10 
61 0.000 0.000 10 
62 0.191 0.078 10 
63 0.144 0.102 10 
64 0.383 0.139 10 
65 0.096 0.064 10 
66 0.048 0.048 10 
67 0.048 0.048 10 
68 0.335 0.125 10 
69 0.191 0.078 10 
70 0.179 0.088 8 
71 0.250 0.130 8 
72 0.000 0.000 10 
73 0.044 0.044 9 
74 0.089 0.089 9 
75. 0.300 0.165 8 
76 0.057 0.057 7 
77 0.050 0.050 8 
78 0.067 0.067 6 

407 



CR OXT ON 
54 0.319 0.080 6 
55 0.080 0.050 6 
56 0.199 0.114 6 
57 0.040 0.040 6 
58 0.040 0.040 6 
59 0.120 0.053 6 
60 0.199 0.040 6 
61 0.000 0.000 6 
62 0.080 0.080 6 
63 0.000 0.000 6 
64 0.080 0.080 6 
65 0.080 0.080 6 
66 0.080 0.080 6 
67 0.080 0.080 6 
68 0.159 0.159 6 
69 0.000 0.000 6 
70 0.000 0.000 5 
71 0.000 0.000 5 
72 0.080 0.080 5 
73 0.000 0.000 5 
74 0.000 0.000 5 
75 0.000 0.000 5 
76 0.000 0.000 5 
77 0.080 0.080 5 
78 0.000 0.000 4 

HARLING 
54 0.239 0.089 9 
55 0.027 0.027 9 
56 0.053 0.035 9 
57 0.159 0.080 9 
58 0.292 0.125 9 
59 0.372 0.150 9 
60 0.106 0.042 9 
61 0.027 0.027 9 
62 0.053 0.053 9 
63 0.000 0.000 9 
64 0.638 0.195 9 
65 0.478 0.138 9 
66 0.106 0.070 9 
67 0.425 0.125 9 
68 0.213 0.1.16 9 
69 0.106 0.070 9 
70 0.053 0.053 9 
71 0.044 0.044 9 
72 0.000 0.000 9 
73 0.000 0.000 9 
74 0.050 0.050 8 
75 0.050 0.050 8 
76 0.150 0.105 8 
77 0.100 0.065 8 
78 0.000 0.000 8 

PEN BREY 
55 0.359 0.120 10 
56 0.431 0.093 10 
57 0.120 0,053 10 
58 0.024 0.024 10 
59 0.239 0.101 10 
60 0.072 0.051 10 
61 0.120 0.082 10 
62 0.383 0.199 10 
63 0.478 0.124 10 
64 0.239 0.080 10 
65 0.000 0.000 10 
66 0.000 0.000 10 
67 0.018 0.048 10 
68 0.287 0.146 10 
69 1.961 0.374 10 
70 2.248 0.566 10 
71 0.680 0.147 10 
72 0.240 0.122 10 
73 1.000 0.233 10 
74 1.240 0.289 10 
75 0.960 0.338 10 
76 1.120 0.297 10 
77 1.360 0.338 10 
78 2.000 0.321 10 
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APPENDIX 3 

(B) 	PLOIOF ANNUAL ME&S FOR 1+7  TJNITS. 
MEAN DENSITY PER N ON LOGARITHMIC SCALE. 
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