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ABSTRACT 

In the Swaziland lowlands, biological control of the citrus pest 

red scale, Aonidiella aurantii (MaskJ, has been consistently unsuccessful 

although it is successful in middle altitude regions. However, recent 

cases of resistance to organophosphate insecticides elsewhere in southern 

Africa, make it important to reconsider biological control of red scale 

in the lowlands. Should similar resistance be evolved in this region, 

the pest could be controlled only by natural means together with oils. 

This account attempts to answer questions about the natural control of a 

red scale population in the lowlands, by examining data collected between 

1972 and 1975. 

The population was continuously breeding with overlapped 

generations. It consisted of three sections, on leaves, twigs and fruit, 

having different rates of reproduction, development and mortality. These 

sections are considered separately but that on leaves, being relatively 

unimportant, is largely ignored. The generation mortality is estimated 

in the sections on twigs and fruit and related to climatic and biotic 

indices. The causes of seasonal and between-years variation in the sections 

on twigs and fruit are elucidated. The effectiveness of each kind of 

natural enemy is examined and the factors affecting natural enemy numbers 

are investigated. The question of population regulation is discussed. 

Differences in mean infestation levels in middle altitude and lowland 

regions are explained in terms of different rates of reproduction and 

mortality. 
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INTRODUCTION 

Background and history of the study 

Red scale, Aon~d~ett~ ~u~~n~~~ (Maskell), is considered to 

be the most important citrus pest in the world (Ebeling, 1959). 

It is present almost wherever citrus is grown (Burke, 1967). 

Although it damages the trees only at high infestation rates, 

the presence of even a few scales on the fruit constitutes a 

blemish which is difficult to remove and which can make the 

fruit unsuitable for marketing; especially for exporting. The 

necessity for blemish-free fruit has led to the extensive use 

of insecticides in the industry and it is difficult to achieve 

the same quality by biological control. 

__ I~~outhern Africa, red scale is regarded as the key pes t ______ __ 

on citrus because the methods used for its control dictate the 

approach which is adopted to control the whole pest complex 

(Georgala, 1963, 1964; Georgala e~ ~t., 1972). At the time 

this study was undertaken there were three basic approaches to 

citrus pest control. 

(i) Two or three preventative sprays for red scale, the first of 

which was applied at flowering in spring (August/ September) 

and the second or third at more flixible dates as required. 

Th e materials were usually parathion with either oil or d i­

methoate. One or two preventative sprays of Abate or Del­

nav were also applied a gainst citrus thrips ( Sei4~oth~ip~ 

~u4antii Faure). Various other materials were used if 
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necessary to control outbreaks of American bollworm 

(Het~oth~~ a~m~ge~a)or fruit flies. 

This was the most common approach, particularly in the warmer 

areas where scale pressure was high. It was effective but 

expensive. For example the cost per tree for materials 

alone was about Rl,OO, while the net profit (after all ex­

penses including marketing) from a Valencia orange tree in 

Swaziland might average RS-6,OO. 

(ii) A single preventative spray in spring for red scale and 

either one or two sprays for thrips. If they appeared, other 

pests. were controlled on a corrective basis. 

(iii) Biological or integrated control of red scale, with thrips 

controlled by materials (e.g. tartar emetic bait plus sugar) 

of low toxicity to natural enemies. Sporadic pests such 

as bollworm and fruit fly were treated on a corrective basis. 

Fungicides such as Dithane were used which had an acarici­

dal action. Many pests which could prove troublesome under 

a preventative approach tended to remain scarce under bio­

logical control, for example mealy bugs, and soft scales. 

However fruit blemish could still arise from low densities of 

mites or thrips. 

Materials suitable for this approach were listed by Bedford 

(1968) and Catling (19 69 ). Light mineral oils are of rela­

tively low toxicity to hymenopterous parasitoids (e .g. 

Searle,196S) and their addition to toxic materials reduces 

both the initial and residual toxicity of the mixture to 

parasitoids (Sear le,1964 ) . Oils, either alone or mixed, 

have therefore formed the basis of corrective sprays for 

red scale in biological control orchards . 
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Bedford (1968 a,b; 1969; 1971) strongly advocated the use 

of integrated pest control on citrus, particularly in the rela­

tively cool Western Transvaal where scale pressure w~s lower 

than in the warm Eastern Transvaal. Annecke (1969) also recom­

mended this approach while Catling (1971 b) listed the regions 

in southern Africa where it had been successfully applied. The 

arguments in favour of integrated control were cheapness (to 

some extent offset by the need for better orchard surveys) and 

the fact that many potential pests were not troublesome under 

this approach. However in 1971 restrictions were placed on the 

use of parathion because of the low-residue requirements of some 

export markets. Only one application could be used, sprayed no 

later than eight weeks after petal-fall. There were suggestions 

that similar restrictions might be applied to other toxic but 

effective materials used for red scale control. These factors 

added to the arguments in favour of integrated control, at that 

time. 

Between 1967 and 1970 in Swaziland, Catling (1971 a) had 

successfully applied integrated control in the cool middle alti­

tude area (c 700m; the 'middleveld') of the country. H.e found 

it difficult to apply in the warm lowlands (below 460m; the 

'lowveld') which constitute the main citrus growing region. 

The reason for this difficulty was the high infestation-rate of 

red scale in the lowveld climate (Catling, 1971 a). However Cat­

ling was unable to attempt the introduction of integrated control 

to the lowveld for longer than a year, which was considered too 

short a period to effect a successful transfer from chemical to 

biological control of red scale. By 1971 it had become apparent 

that the middleveld was unsuitable for commercial citriculture 
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because of 'greening disease' which flourishes under cool climatic 

conditions and which is transmitted by the psyllid T~~oza e~lft~eae 

(Del Guercio). Hence by 1971 there were several good reasons for 

again trying to introduce biological control of red scale to 

selected orchards in the lowveld, this time over a longer trial 

period. 

Between February 1972 and June 1975 I attempted to introduce 

biological control of red scale to an orchard at Swaziland Irri­

gation Scheme (al.ti tude e280m). This was unsuccessful. After 

four years the red scale infestation was still far above a com­

mercially acceptable level, despite the introduction of two 

exotic species of parasitoids and one species of predator. Simi­

lar unsuccessful attempts were made at Tambankulu Estate (alti­

tude e 210m) between November 1972 and October 1973, and at 

Ngonini Estate (altitude e 380m) between December 1972 and June 

1975. Detailed data were collected of the populations in all 

three orchards, the most extensive set being that collected at 

Swaziland Irrigation Scheme. 

Objectives of this study 

The attempts, described above, to achieve biological control 

of red scale in a warm region of Swaziland, were abandoned in 1975. 

Since then there have been several instances in South Africa of 

alleged resistance of red scale to organophosphate insecticides. 

In one instance, at Letaba in the Northern Transvaal, Nel et at. 

(1979) have proved that red scale is resistant to parathion, 

and also in varying degrees to a number of other organophosphates 

normally used on citrus. At Letaba,red scale has now been brought 

under control by a combination of biolog ical control and the 

judicious application of oils. However, as yet there has been no 
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case of insecticides resistance in the warm lowveld of Swazi­

land, where biological control of red scale will be more diffi­

cult to achieve than at Letaba. 

In view of the possibility that insecticides resistance 

could at some time be evolved in the lowveld, it was relevant 

to examine again the data collected in Swaziland between 1972 

and 1975. Analysis of the data might reveal those factors 

which could be better exploited to lower the mean level of infes­

tation. The questions to which answers were sought were: 

(i) What factors caused the seasonal fluctuations in red 

scale numbers? 

(ii) Was the scale population naturally regulated about a mean 

level? 

(iii) If so, which factors, or which natural enemies, seemed to 

be most effective in regulating the population? 

(iv) What factors appeared to limit the numbers of natural 

enemies? 

(v) Why was the mean level of the population so high? 

For this analysis the data from Swaziland Irrigation Scheme 

were used because these data were the most extensive, and be­

cause that orchard had been unsprayed with toxic chemicals for 

the longest period. At the other two estates the populations in 

the experimental orchards fluctuated widely and were treated with 

corrective sprays. Eventually the orchard at Tambankulu had to 

be returned to a full corrective spraying regime because the 

scale infestation began to damage the trees. 
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CHAPTER 1 

THE BIOLOGY OF RED SCALE 

1.1 Red scale affinities, life cycle and natural enemies 

The Coccoidea are divided into some twelve families of which 

the family Diaspididae, which includes red scale, is the largest 

and most specialised group (Beardsley and Gonzalez, 1975). 

Relatively few diaspids are serious pests of agricultural or 

horticultural crops. 

Polyphagy is common among diaspids. According to Smit (1964) 

some 200 hosts have been recorded in southern Africa for red scale 

where the insect has been known since 1857. It attacks all aerial 

parts of the plant. When it, and the very closely related yel­

low scale (Aon~d~etta c~t~~na Coquillet), infest the same tree, 

the latter species is restricted to leaves and fruit (Flanders 

1956) . 

In the diaspids the gut behind the stomach is discontinuous 

with the hind intestine (Berlese, 1896). Honeydew is unknown, 

but excretion from the anus does occur and the material is incor­

porated into the scale cover (Baranyovits, 1953). The mouthparts 

consist, as in all Coccoidea, of a relatively short rostrum but 

four very long thin stylets comprising the rostralis. The inner 

pair of stylets are the maxillae and form two tubes, one for 

saliva and the other for food, while the outer or supporting pair 

of stylets are the mandibles. The process of stylet penetration 

has been d escribed by several wor kers (e.g. Weber, 1930; Heriot, 

1934). At each moult the stylets are broken off at the base and 

left in the host plant (Will iams, 1970). 

The sexes of diaspids are usually indistinguishable in the 

first instar, but in the early second ins tar there are small d if-
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ferences in the distribution of the secretory pores on the pygi­

dium (Boratynski , 1953). However, in the second instar the male 

soon starts to behave differently; the amplitude of its oscilla­

tions decreases while it secretes the scale cover, and an elonga­

ted or oval scale results. The female on the other hand continues 

to turn through wide arcs of up to 270 0 making a circular scale 

but does not rotate continuously in the same direction. 

The development of diaspids is remarkable. The females are 

neotenous, maturing in the third instar and are sessile; while 

the males pass through an essentially holometabolous development 

(Bodenheimer and Harpez, 1951) of five instars to produce a winged 

adult. MacGillivray (1921) pointed out however, that the wing 

buds of the pupa are external and not internal. Both the pre­

pupa and pupa of the male are non-feeding and they lack stylets. 

In the female the exuviae of the first a~d second ins tars are in­

corporated into the scale cover (hence the name Diaspididae from 

the Latin, aspis, a shield), but in the male only the first exu­

viae are so incorporated (Fig. 1). 

The scale cover consists of wax filaments secreted from pores 

on the pygidium (also on the body in the first instar). These 

filaments are moulded into a matt with fluid from the anus by 

oscillatory movements of the pygidium (Dickson, 1951 ) and the 

exuviae are also incorporated. The composition of the cover , ac­

cording to Dickson (to e. e~t.) is 47% proteinaceous material, 

45% wax and 8% exuviae,and the only chitin is in the exuviae. 

Red scale is bisexual as are most diaspids. The males of 

this species emerge in the late afternoon, stimulated by falling 

light intensity and tr.ey survive in the laboratory a maximum of 

14 hours, with 50% dying within 6 or 7 hours (T ashiro and Bea­

vers, 1968 ) . One male is · capable of fertilising up to thirty 

females according to Tashiro and Moffitt (1 968) , but the average 
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is about twelve, under laboratory conditions. The pygidium of 

the early adult female stage, the grey adult, is extended before 

fertilisation takes place, but after fertilisation the pygidium 

is irreversibly retracted and out of reach of males. This re­

traction starts 24 hours after mating and is complete in three 

days (Tashiro and Moffitt, 1968). The , grey adult secretes a 

pheromone (Tashiro and Chambers, 1967), but is no longer attrac­

tive to males after fertilisation and retraction of the pygidium. 

The attractiveness of the grey adult decreases with age, al­

though they may remain attractive for up to 80 days if they are 

not fertilised (Tashiro and Moffitt, 1968). McLaren (1971) re­

ported that red scale overwinters mainly as the grey adult in 

the relatively cold conditions of Victoria, Australia; and that 

this delayed mating results in a greatly increased initial pro­

duction of young, due to the continued ovulation of the virgin 

grey adult. 

The stages in the life cycle of red scale have been drawn 

approximately to scale in Fig. 1. The pattern of the development 

of the female is similar through each stage. First a grey margin 

is added around the edge of the scale cover by the insect, which 

is free and not attached to its cover. When the maximum size for 

the stage is reached, then the insect enters a moult stage during 

which it becomes attached to its scale cover. The insect rea­

ches sexual maturity in its third instar; but it is convenient 

to subdivide this ins tar into a pre-fertilisation or third stage 

and a fourth post-fertilisation stage, t h e 'adult' (Fig. 1). The 

stage 3 female is free of its scale cover and adds a wide grey 

margin around the edge of this cover; hence the name 'grey adult'. 

This stage is subject to attack by ectoparasitoids of the g enus 

Aphyt~~ (Aphelinidae) as is the second stag e of both sexes. 
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But the post-fertilisation adult becomes attached to its cover, 

seals the cover down onto the plant surface and retracts its 

abdomen. It is then no longer suitable for parasitisation by 

Aphyz~~; neither is the second moult stage, nor are the male 

prepupa and pupa. 

The sealed down 'adult' stage consists of an egg-maturing 

stage (referred to hereafter as the A- stage) and a reproduc­

tive stage (the A+) which produces crawlers daily over a rela­

tively long reproductive life. Red scale is ovoviviparous but 

most diaspids lay eggs. Crawlers form the only dispersal stage 

of diaspids, and wander over the plant before settling, insert­

ing their stylets, and secreting a cover. In red scale this 

initial cover is a loose white structure, the white cap (Fig. 1). 

Willard (1972 b; 1973 a, b) has extensively studied the factors 

which stimulate red scale crawler emergence, crawler dispersal, 

and their wandering and survival times. 

Several species of endoparasitoids emerge from the adult 

female, usually from the A- stage, but occasionally from the 

late stage 3 or the A+ stage. In Swaziland these parasitoids 

were the encyrtids Hab~otep~~ ~oux~ Compere (indigenous) and 

Compe~~etta b~6a~~~aza Howard (imported) and a hyperparasitoid , 

Ma~~ezza javen~~~ (Howard) (formerly M. ex~z~a~a Compere). These 

parasitoids lay their eggs in any stage from stage 1 onwards, but 

nearly always emerge from the adult. 

In Swaziland the common ectoparasitoid, which parasitised 

stage 2 of both sexes and the stage 3 female, was Aphyt~~ a6~~canu~ 

Quednau. A. me!~nu~ was released, but did not apparently become 

established during the period of study. A third species, pos­

sible A. t~ngnanen~~6 Compere, was r arely recorded. The i denti­

fication of Aphyt~~ species has been discussed by Quednau (1964 a) 
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and is based upon the pigmentation of the ventral surface of 

the almost-mature pupa. 

Ants have long been known to associate with infestations of 

coccids. Red scale infestations are often exacerbated by ants, 

which apparently interfere with natural enemy activity (De Bach 

et ~i., 1951 a, b). In southern Africa, two genera of ant are 

commonly implicated, Pi~g'<'oiepl.L.6 (=AYlopio.e.ep'<'.6) spp. and 

Phe.<.doie meg~eeph~i~ F. (Steyn, 1954 a, b). To exclude ants 

from the canopy, fruit trees are banded either with a persistant 

insecticide or with a sticky compound. 

1.2 The citrus tree as it affects the scale 

In this section are discussed some aspects of the host plant 

as they affect red scale. So far as is known, seasonal changes 

in the nutritive value of those tissues of the host which are tap­

ped by scales, have not been studied anywhere. 

Citrus trees are evergreen. Leaf fall and replacement are 

continuous but the greatest leaf-drop occurs during the spring 

flowering and leaf flush cycles (August/September in southern 

Africa), and also at other leaf flush cycles (Scott et ~i.,1948). 

The average age of dropped leaves is 17 months but in the main 

leaf-falls all ages are included. 

Leaf areas of Valencia orange trees were measured by Tur­

rell (1961) and varied from 34m 2 at three years old to 202m 2 at 

thirty years. Since the area of the crown is much less than 

this, it follows that most leaves must be shaded by others 

(Erickson, 1968) as must most twigs, so scales on these sites 

would also tend to be shaded, at least in mature trees. 

Flowering can occur out-of-season, but the main flowering and 

fruit set is in spring. A period of drought followed by rain 
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or heavy irrigation stimulates flowering. Flowering is intense 

but only 52% of flowers set fruit, and only 5-7% reach maturity 

as ripe fruit (Reed, 1919). The initial drop (as flowers) does 

not affect scales, which migrate onto fruit as crawlers around 

November, but there is another fruit drop at this time, when 

temperatures rise in summer. This would affect the scale popu­

lation on fruit but the extent of this mortality is unknown. 

Bain (1958) divided fruit growth into three stages: (i) 

cell division, (ii) cell enlargement, (iii) maturation or ripen­

ing. Red scale immigrate onto fruit during early stage (ii), 

and the population on fruit reaches its seasonal peak in June 

when ripening takes place. It is not known how these changes 

in the fruit affect red scale population growth or decline. 

In Swaziland on the lowveld, orange trees are picked from 

June onwards; to as late as September, although gibberellic acid 

sprays may be needed if the fruit is to hang as late as Septem­

ber. Picking removes a large section of the scale population, 

not only that on fruit but also by disturbance to the leaves and 

twigs. Natural enemies are forced to concentrate upon the resi­

dual population. 

The effect of red scale upon the tree can be severe if the 

infestation is allowed to reach high levels. Leaf-yellowing and 

leaf-fall occur, the fruits drop, twigs die-back, and the pro­

duction of the tree can be retarded for a year or more after 

the infestation has been controlled. Part of this effect is 

thought to be due to the injection of saliva by the scales 

(Ebeling, 1969). 

1.3 Climate and red scale status as a pest 

Climate dictates the number of generations of red scale 
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Table 1. Some citrus growing regions of the world rated for 
warmth and rainfall and red scale status as a pest 

Red 
Country Region Rating Scale 

Statm 

Hot/ 
U.S.A. Arizona Dry Minor 

Calif . Warm; 
coast Dry Major 

Calif. Warm; Major 
inland Dry 

Mild/ 
Florida Wet Minor 

Warm; 
Texas Dry Major 

Med, & Hot/ 
NOrth Morocco Dry Major 
Africa Hot/ 

Algeria Dry Major 

Lower Hot/ 
Egypt Dry Minor 

Hot/ 
Sudan Dry Minor 

Israel warm; 
coast Dry Major 

Israel Hot/ 
inland Dry Major 

Hot/ 
Turkey Dry Major 

Mild/ 
Greece Moist Minor 

Mild/ 
Italy Moist Minor 

Mild/ 
Spain Moist Minor 

Far S. China warm; 
East Wet Minor 

Mild/ 
Malaysia Wet Minor 

India warm; 
(Ganges) Wet Minor 

Mild/ V. 
Ceylon 'tlet Minor 

warm; V. 
Japan Wet Minor 

Red 
Country Region Rating Scale 

Status 

Mild/ 
Australia Victoria Moist Minor 

Warm; 
II Western Moist Major 

New Ccol! V. 
Zealand - Wet Minor 

Warm; 
S.Arrerica Argentine Moist Major 

Mild/ 
Brazil Wet Minor 

Southern Warm; 
Africa Rhodesia Dry Major 

Mild! 
N. Tvl Dry Major 

Cecl/ 
W. Tvl Dry Major 

Mild l 
or 

E. Tvl 
warm;j" 
Dry 'Major 

Swazi. Warm; 
lowlands Dry Major 

Swazi. Cecl/ 
midlands Moist Minor 
Cape Mild! 
coast Dry Minor 

Cape Hot/ 
inland Dry Major 

Hot = Mean sumner maxima over 35°C 

Warm 

Mild 

Cecl 

Dry 

Moist 

Wet 

= 30° - 35°C 

= 25° - 30°C 

= !lEan sumner maxima below 25° 

= !lEan annual rainfall under 6 

= 600 - 1000rrrn 

= mean annual rainfall over 
1000rrrn 

C 

oOrrrn 
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which develop per year. These can vary from two in cool climates 

(coastal California; Ebeling, 1959) to as many as seven in warm 

climates (Rhodesia; Jones, 1936) but it is debatable whether or 

not generations can really be distinguished under warm climatic 

conditions. In Swaziland, breeding continued throughout the win­

ter, whereas in Victoria, Australia, McLaren (1971) states that 

a significant proportion of adult females remain unmated in 

winter. 

On the Swaziland lowveld, mean daily maximum temperatures 

vary from 32°C in summer to 26°C in winter; while mean daily 

minima vary from 22°C in summer to 7°C in winter (20 year means; 

Murdoch , 1970). Frosts are rare on the lowveld. Annual rain­

fall averages 530mm (45 year mean; Murdoch, ' 1970) . 

This climate is extremely favourable for both red scale and 

citriculture. In order to view it in the context of other citrus 

climates of the world, which are often described in the red scale 

literature in terms such as 'warm', 'dry' or 'hot', Table 1 has 

been compiled. The sources for the table were Burke (1967), 

Bodenheimer (1951) and Catling (1971 b). The first two authorities 

compared regions worldwide, while Catling compared regions within 

southern Africa. 

From this crude comparison it appears that warm dry regions 

are the most favourable for red scale. Some regions are too hot 

for the insect to be permanently present, for example Jericho 

(Bodenheimer, 1951) and in many of the areas listed as hot in 

Table 1, red scale isa minor pest. Other regions are too wet , for 

example Ceylon, where it is virtually absent (Bodenheimer , 1951). 

In southern Africa, biological control of red scale has been 

possible only in areas where the total day-degrees above 30°C are 
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less than about 200 DO per annum (Catling, 1971 b). These areas 

can all be described as mild, with two exceptions; Citrusdal and 

Clan William. These two areas are both in the Western Cape in­

terior, and although summer temperature extremes are high, the 

winters are cold. The Swaziland lowveld falls into the warm/dry 

category with more than 200 DO per annum (Catling, 1971 b). 



Table 2.1. Materials app lied to t he expe r imental orchard from 1968 onwards. 

Up to 1967 the orchard received full cover spr ays of parathion 

and oi l . All trees were banded with "FQrmex" sticky compound 

r o und the t r unk f or an t control from 197 1 onwards. 

Season . Da te Materials Remarks 

68 /69 20/ 9/68 Thiodan 5% dus t Aerial, for boll worm. 
4/12/68 Dithane Fungicide . 

31/12/68 " 
11/ 4/69 Parat hion and d i methoate Corrective for scale 

69/7 0 15/12/69 Dithane Fungicide . 
16/ 1/70 " 
4/ 3/70 Parathion a nd dimethoate Corrective for scale. 

70/71 29/ 9/7 0 Parathion and 011 Light application for bollworm. 
12/11/70 2% 011 Corrective for scale. 
10/12/70 oithane Fungicide 
5/ 1/71 2% 011 Corrective for scale. 
9/ 2/71 Dithane Fungicide 

71/72 28/ 9/71 Tartox and sU2ar } Ba i t spray for thrips . Low toxi-
2/11/71 " city to natural enemies . 
3/ 1/72 Oithane Fungicide. 

15/ 2/72 - Pooul ation samolina star d in the exoerimental block 

72/73 5/10/72 Tar tox and sugar For ~hrips. 
23/10/72 " " 
11/12/72 Dithane Fungicide 
21/12/72 Kelthane Acaricide 

73/7 4 Nothing 

74/75 15/10/74 Tartox and sugar For t hrips 
27/10/74 " " 14/11/74 " " " 
27/11/74 Di thane + ~% a ll \ Fungic ide & to d i s courage s ca l e 

9/ 1/74 " J Not o n expe rimental bloc k 
14 / 3/7 4 Dimet.hoate and oil No t o n exper i menta l bl ock 
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CHAPTER 2 

COLLECTION AND PRELIMINARY ANALYSIS OF THE POPULATION DATA 

2.1 The orchard and its history 

The experimental orchard was at Swaziland Irrigation Scheme, 

Tshaneni, 280m above sea level, in the warm lowveld region of 

the country. The orchard was about 2ha in area with 1800 trees 

divided about equally between Clanor midseasons and Valencia 

cultivars of orange. The trees were 15 years old and 4 - sm 

high, although some were wasted and dying from root-rot. The 

scale population was studied in a block of 72 Clanors in the 

orchard. 

-

x 
o 
• ,;; Clanor 

midseasons 

Rood 

Va lenc i as 

x 
Stevenson screen 

River 

Plan of the orchard showing the experimental block. 

The outline of the experimental block was altered slightly to 

exclude trees which developed root-rot symptoms during the period 

of study. 

The history of insecticides useage in the orchard is given 

in Table 2.1. The last application of very toxic material be-

fore sampling began (on ls/February/1972) was in September 1970. 

Even before that, the frequency of application of toxic mater-

ials had been reduced to one corrective spray each season in 

1968/69 and 1969/70. 
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2.2 Sampling methods 

The experimental block of 72 trees was divided into 12 

groups of 6 trees, each group being assigned a number at random 

on each sampling date. These numbers denoted the following 

regions and aspects of the tree canopy: 

High 
Middle 
Low 

(c4m) 
(c2m) 
(clm) 

N 

1 
2 
3 

E 

4 
5 
6 

S 

7 
8 
9 

w 

10 
11 
12 

One twig about 40cm long, complete with leaves and at least one 

fruit (when bearing), was removed from each tree according to 

its assigned region number. In this way at each sampling date 

a sample of 72 twigs was taken from all heights and aspects, 

without unduly altering the habitat or the population of scales. 

The twigs were placed in numbered boxes and taken to the labora-

tory. 

The size of the scale population was assessed by counting 

the numbers of live adult female scales (excluding the virgin 

adult females, which were regarded as a separate stage) on the 

main twig axis, on four leaves at random, and on one fruit, on 

each of 48 - 60 twigs. The lower number was chosen at higher 

population intensities. At the same time, twig lengths and 

diameters, leaf lengths, and fruit diameters were recorded so 

that their areas could be calculated. (Leaf area is propor-

tional to leaf length and could be read from a table prepared 

by measuring an initial sample of leaves ) . 

Parasitism, predation and mortality from undefined causes 

were assessed on the remaining 12 twigs in the sample. About 

500 s cales of all stages were examined and dissected under a 

binocular microscope, on pieces of twig , whole leaves, and .on 
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whole fruits or segments thereof. A total of about 1500 scales 

was thus examined each sampling date , and the numbers of live, 

dead, parasitised and predation-damaged scales were recorded 

according to stage (instar) and site (leaf, twig or fruit). 

The numbers of predators and of adult parasitoids were 

assessed at each sampling date with a D-Vac petrol engined 

suction machine. This had a 25cm diameter suction cone contain­

ing a fine net. Two or three groups of five trees in a row 

were sampled by walking down one side of the row and back the 

other. The net was changed for each group of five trees and 

the closed nets placed in a sweet jar containing cotton wool 

soaked with ethyl acetate to kill the insects. The trees were 

large, with the canopies meeting along the rows and sometimes 

between the rows, so that inter-tree variation in insect num­

bers was not great. The suction cone was pushed over the ends 

of the twigs and the number of twigs so sampled recorded with 

a tally counter. 

In the laboratory each net, and all its pI-ant debris, was 

brushed with a soft brush into petri dishes containing 70% 

ethyl alcohol. The dishes were examined with a X6 binocular 

microscope and all predators and parasitoids removed and coun­

ted. When parasitoids were extremely abundant, the average 

number for 4-5 microscope fields was multiplied by the number 

of fields per dish. 

Temperature and humidity in the orchard were recorded with 

a thermohygrograph, in a Stevenson screen which replaced a mis­

sing tree. The temperature was checked periodically with a 

thermometer and the hairs moistened each week with a spray. 

Rainfall was recorded lkm away from the orchard. 
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The sampling interval was 2 - 3 weeks during the first 

three seasons, but rather shorter in the final season (1974/75). 

Sampling started in February 1972 and ended in June 1975. The 

entire sampling procedure measured three parameters of the 

population complex: 

(i) The size of the scale population from counts of adult fe­

males on 48 - 60 fruits and twigs, and 192 - 240 leaves, at 

each_sampling date. 

(ii) Predation, parasitism and undefined-mortality levels in 

samples of about 500 scales on each type of site. 

(iii) Predator and adult parasitoid numbers in suction-samples 

from 2 - 3 groups of 5 trees each. 

2.3 Intensity or density measurements of insect populations 

Southwood (1978,p.2) distinguishes three ways of expressing 

insect numbers in terms of units of their habitat . 

(i) 'Density', or absolute numbers, where the estimates are ex­

pressed per unit area (m',ha) of ground over which the 

habitat extends. 

(ii) 'Intensity', where the estimates are expressed per unit of 

habitat (per leaf, per twig, per plant). 

(iii) 'Basic population estimates' where the estimates are expres­

sed per unit area of plant surface (per m' of branch or leaf 

area) . 

In the present case, live adult females were counted on 

samples of leaves, twigs and fruit, and the areas of the leaves, 

twigs and fruit were also measured. So numbers could be expres­

sed either per unit of plant (i.e. Southwood's 'intensity') or 

per unit area of plant surface (i.e. Southwood's 'basic popula­

tion estimate' ) . 
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The basic population estimate is, according to Southwood, 

a unit intermediate between intensity and density. It is a use-

ful unit for expressing insect numbers in forest or orchard habi­

tats, where it is impractical to measure the area of the entire 

plants. In this account live adult female numbers have been 

expressed per dm' (lOOcm') of leaf, twig or fruit surface. There 

were advantages in treating the three sections of the population 

separately because reproduction, growth and mortality rates dif­

fered on leaves, twigs and fruit. However these basic population 

units could also be expressed as an average number per drn' of 

tree surface if required, whereas intensities per leaf, twig or 

fruit could not be similarly averaged over the whole tree. Be­

cause 'basic population estimate' is an unwieldy label, intensity/dm' 

has been used here. 

Predator and adult parasitoid numbers in suction-samples have 

been expressed per 'twig', where the 'twig' was complete with leaves 

and fruit (when bearing), and was intact on the tree. In this account 

natural enemy intensities mean intensities per 'twig', and are inten­

sities in the strict sense of Southwood (1978). 

Southwood (1978) mentions a danger in using intensity or basic 

population units. Although intensities/dm' on, for example, leaves 

may be low, the absolute density of the population may be high 

because of the large leaf area on a plant. Therefore in February 

1975 the total leaf, twig and fruit areas of a Clanor orange tree 

were estimated and the total number of adult female scales in the 

tree was calculated. 

One large branch (base diameter 52rnrn) was removed and the 

lengths of all its leaves measured, as were the lengths and dia­

meters of all its twigs and small branches, and the diameters of 

all its fruit. The total areas from these measurements were 

multiplied by t he number of similar branches ( 51) in the tree. 
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The grand total areas for the whole tree were: 

Leaves 
Twigs 
Fruit 

100,8m' 
27,8m' 
11,4m' 

(one side of lamina only) 

(in February, when mean fruit 
diameter was 55mm). 

Leaf area was for one side of the lamina because most scales set-

tled on the upper surface. Assuming live adult female intensi-

ties/dm' of 0,5 on leaves, 2,5 on twigs and 1,8 on fruit then 

the numbers on each site in the tree were: 

Leaves 
Twigs 
Fruit 
Total 

5040 
6950 
2052 

14042 

Thus in FebruarY,the absolute number of scales on leaves would 

have been comparable to the number on twigs, despite the low in-

tensity per unit area of leaf surface. On the other hand, as 

fruit area increased during the season, so the absolute numbers 

of scale on fruit would have increased. 

The conclusion is that fluctuations in intensit~dm' cannot have 

reflected the true changes in the number of scales ' in the tree. 

Nevertheless it was the only practical method to make routine 

censuses of the population. 

2.4 Red scale population intensity plots 

Intensities/dm' of live adult female scales are plotted in Fig. 

2.1. Logarithmic plots have been used because there are many 

advantages in using this transform (Williamson, 1972): 

(i) Insect populations are often so variable that they can be 

conveniently plotted only as logarithms (or on log paper). 

(ii ) Logarithms of population size tend to modify the frequency 

distribution of numbers per sample to more closely fit the 

normal distribution. This is useful when applying statisti-

cal tests to the data. 
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(iii) Relative changes in the size of the population are more 

easily seen. For example the same change occurs in a 

logarithmic plot when the numbers double from 10 - 20 

as from 100 - 200. 

(iv) The standard deviation of the population size gives a 

convenient measure of the variation in the population. 

This statistic is independent of the population size 

and so can be used to compare the variation in popula­

tions of different species, or of the same species in 

different habitats. Since 90% of the measurements of 

population size fall within 1,5 standard deviations 

either side of the mean, then antilog three times the 

standard deviation will approximate the number of times 

the maximum size of the population exceeded the minimum. 

(v) Logarithms of population size fit in with the basic 

theory of population growth and survival rates. For this 

reason the logarithm of the survival rate has been used 

in fisheries, and insect population ecology, to express 

the effect of mortality on populations of the animals 

(Williamson,1972) . 

Some conclusions from Fig. 2.1 are: 

(i) Adult female scales first appeared on fruit at the be­

ginning of December. They must have started to colonise 

the fruitlets as crawlers from twigs during October, be­

cause growth from crawler to adult t ook about six weeks 

in summer. 

(ii) There was a marked seasonal cycle in the population on twigs. 

In 1974 this cycle was missing. Mean log intensity/dm' 
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on twigs was 0,47, equivalent to 2,9 live adult fe-

males/dm> . • 
( iii) A seasonal cycle was not SO ev.ident in the population on 

leaves and the mean log intensity/dm> was much lower, -0,38, 

equivalent to 0,4 live adult females/dm>. 

(iv) On fruit the maximum intensity reached each season was 

rather variable. The mean log intensity/dm> was 0 ,11, 

equiv.alent to 1,3 live adult females/dm>. 

2.5 Variation in the scale intensity 

Standard deviations of the log population intensities/dm> were: 

on leaves 
on twigs 
on fruit 

0,591 
0,595 
0,777.. 

Variation in the population on fruit was rather greater than it 

was on leaves or twigs. Based on this information, under low-

veld conditions the scale intensity/dm> on fruit could be expected 

to vary up to 200 times its minimum intensity, but on twigs by 

60 times. These figures were obtained from antilog three times 

the standard deviations. 

In 1974, when the population intensity/dill> on fruit was at a 

minimum, the cull of fruit for red scale blemish was 10%, which 

represented a maximum which could be tolerated in commercial 

operations. If one could reasonably expect up to 200 times that 

level of infestation, then the future of biological control of 

red scale under low veld conditions is not promising. In bad 

years it would be difficult to control such infestations with 

corrective applications of insecticides. 

In Fig . 2.1 there are three kinds of variation: 



Fig 2.2. Relationships between standard deviation and mean for untransformed numbers of 
adult female scales per twig (left) and fruit (right) . 
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(i) Seasonal, which is discussed in section 2.6; (ii) between­

years, about which it is difficult to draw conclusions because of 

the few years of data available; (iii) short-term variation, which 

is examined here, to see if it was real or if it represented sampling 

error. 

Readings in Fig. 2.1 are the means of counts on 48 - 60 twigs 

or fruits, or 192 - 240 leaves at each sampling date. Many of these 

counts were zeros, while high numbers of scales were rare. This 

indicated that the frequency distribution of scale numbers in the 

samples was skewed, which is commonly the case in insect populations 

where individuals tend to be aggregated (Southwood, 1978). In order 

to determine confidence limits the data needed to be transformed 

to approximate a normal frequency distribution. Although taking 

logarithms helps to do this, highly skewed data may require other 

transformations (Southwood, 1978; Rayner, 1969). Consequently, fre­

quency distributions were examined in the present data to determine 

the correct transformations. For this purpose, adult ~ numbers were 

expressed as intensities per twig or per fruit, rather than per dm' 

of twig or fruit surface,because this was easier. The population on 

leaves was ignored. Mean intensities and their standard deviations 

were calculated for each sample counted on leaves and fruit. 

With skewed frequency distributions, the standard devia­

tion and variance increase with the mean. Rayner (1969) has 

illustrated how the various types of skewed frequency distri­

butions can be recognised by the shape of the relationship be­

tween the standard deviation, or the variance, and the mean. 

Such relationships are shown in Fig. 2.2 for samples of scales 

counted on twigs and fruit; the distributio n in t wig samples 

seems to be lognormal, while on fruit it is either lognormal 0 

negative binomial. The correct transformation for the lognormal 

distribution is t o take logarithms (Rayner, 1969 ) but because of 

the many zeros in the present data, it was taken as log (x+l ) , where 
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x was the individual count per twig or fruit. The transformation 

for a negative binomial distribution is log(x+~k ) (Rayner,1969), 

where k is the 'dispersion parameter', an index of clumping 

(Southwood,1978). To calculate k is laborious, for example dif­

ferent methods must be used for low or high intensities (South­

wood,1978). MoreoveD values of k are often around 2 for insect 

populations (Southwood,1978), which would make the transformation 

similar to log(x+l). Consequently this latter transformation 

was used for twig and for fruit sample data. 

Fig. 2.3 shows that after transforming to log(x+l),there 

was still some dependence of the variance upon the mean at low 

intensities, but that at higher intensities the variance was 

independent of the mean. The transformation was more successful 

for counts on twigs than on fruit. 

Transformed intensities per twig, 4 leaves, or fruit are 

plotted in Fig. 2.4, with 90% confidence limits. Assuming that 

the counts are now normally distributed abcut the means, and 

therefore that many of the adjacent means are significantly dif­

ferent despite having overlapped confidence limits, then much 

of the short-term variation appears to be real. Bumps and 

troughs often coincide in the three sections of the population 

on leaves, twigs and fruit, which strengthens this conclusion. 

It is possible that heavily infested branches were selected one 

month and lightly infested ones the next, which would tend to 

make the bumps cOincide on leaves, twigs and fruit; but this 

does not seem likely when . one branch was taken from each of 

48 - 60 trees . 

Assuming that the bumps are real, the question arises as to 

what they represent. They could be generations, which start in 



Fig 2.4. Adult female scale intensity per twig, 4leaves,and fruit, transformed to mean log (x + 1). Ninety percent confidence 
limits suggest that some of the short-term fluctuations are real and not due to sampling error. 
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the spring when reproduction rates increase, and these genera­

tions would become more overlapped as the season progressed. In 

cooler climates (for example Queens land, Australia; McLaren , 

pers. comm.), female scales pass the winter mainly as virgin 

adults (stage 3), and are fertilised in spring. Adult males are 

inactive at temperature? below 15°C. In the Swaziland lowveld, 

reproduction continued through winter but much more slowly than 

in summer. 

There may be other explanations of the short-term variation. 

For example Varley, Gradwell and Hassell (1974) have discussed 

how host/parasitoid interactions can induce oscillations in the 

numbers of both host and parasitoid. May and others (1976) have 

developed population models framed in difference equations, which 

suggest that regular or irregular oscillation could be inherent 

characteristics of the dynamics of some populations. Whatever 

the cause, such oscillation would be superimposed on the seasonal 

cycling of the population. 

2.6 Seasonal and between-years variation 

To investigate the seasonal cycling of the population, adult ~ 

numbers on leaves, twigs and fruit were expressed as an average in­

tensity/dm' of tree surface. The total number of live adult fe­

males in the samples of leaves, twigs and fruit, was divided by 

the total area of plant material examined in each sample. A smooth 

curve (Fig . 2.5) was drawn by eye through the pOints. The mean log 

intensity/ dm' was 0,175 and a suggested mean level has been drawn 

at 0,20. The fairly constant upper limit of the cyc les in three 

out of four years suggests that the .population may have been regu­

lated, but this is difficult to prove . 



1,0 

"Ii 
'C 

~ 

• 
~ 0 
c 
'" o 

-I,D 

u 
o 

26 

2 

16 

Fig 2.5. Average intensity of adult females per dm' of tree surface, compared with monthly rainfall at the same time, and mean monthly temperature 
four months beforehand. (Numbers in circles at the foot of the intensity plot indicate the number of generation-times which can be fitted 

into each year, and refer to the discussion in section 5.2.2.) 
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The seasonal cycle was associated with the temperature 

about four months beforehand (Fig. 2.5). There is a danger in 

this kind of correlation, to which Bursell (1974) has drawn 

attention. Estimates of insect populat.ion size and indices of 

weather are both examples of serially correlated data, in which 

adjacent readings tend to be related. If one set of data is 

then slid relative to the other, even though for the best bio­

logical reasons, then the chances are greatly increased of get­

ting a correlation between the two sets. Nevertheless, the con­

clusion here is that temperature e four months beforehand in 

some way caused ~the seasonal cycling in scale intensity/dm>. 

In Fig. 2.5, two events appear to have prevented the 1974 

cycle from occurring. Firstly, in September 1973, something caused 

the population to descend to a very low level. Secondly, in Jan­

uary 1974, the seasonal increase was cut short and the population 

did not increase again until the following spring. In each of 

these months the rainfall was well above the long-term mean for 

that month (52 year means for Homestead, 15km away; Murdoch,1970), 

particularly in September 1973 (F ig.2.5). However the rainfall 

was also above average in February and March 1972, and February 

1975, but in neither instance was the scale population affected. 

In the lowveld, citrus is irrigated but the water applied by irri­

gation in the experimental orchard was not measured . possibly in 

1973/74 the above-average rainfall coincided with irrigation 

whereas it did not in 1972 or 1975. Certainly the high rainfall 

during 1973/74 produced changes in the quality of the fruit at 

S.I.S. and other estates, such that Clanors and other midseasons 

had to be rejected for export because of low ratios of solids to 
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juice. If the rainfall was sufficient to alter the fruit qua­

lity it may also have had some effect upon the soluble materials 

ingested by the scale insects, not only on fruit but on twigs 

and leaves. 

An alternative explanation for the failure of the seasonal 

scale increase in 1973/74 is suggested by examining Table 2.1. 

No fungicides or insecticides at all were applied to the orchard 

during the 1973/74 season. Although none of these materials was 

applied to the experimental block in other years, the increased 

reservoir of natural enemies resulting from the lack of distur­

bance to their populations in the whole orchard, may have given 

better scale regulation within the experimental block. If this 

is the explanation, then the future for biological control under 

lowveld conditions does not look promising. Low-toxicity insec­

ticides must be used against thrips and sporadic pests, while 

fungicides are always necessary to control various f~uit blemishes. 

There were insufficient data to properly examine the between­

years in the population. However regressions were calculated be­

tween the scale rate of increase each year and indices of rainfall 

and temperature during the period of increase. The variables were 

derived as follows: 

( i ) Rate of increase on twigs: Peak intensity/dm 2 (between Feb­

ruary and May; Fig. 2.1) minus minimum intensity/dm 2 (be­

tween previous September and November), divided by the 

number of days from minimum to peak. The minimum in 1971, 

before sampling started, was taken as the average of the 

minima in the other three years, and assumed to have oc­

curred in October . 



Table 2.2. 

Site and 
Year 

Twigs 

1971/72 

1972/73 

1973/74 

1974/75 

Fruit. 

1971/72 

1972/73 

1973/74 

1974/75 

Effect of rainfall and temperature on the observed rate of red scale increase 

in each season , 1971/72 - 1974/75, for the populations on twigs and fruit. 

Rate of Rainfall Temperature Regressions 
Increase index index 
(y) (Xl) (X 2 ) 

y on xl y on x 2 y on xl' x 2 

Sept-Dec Min-Peak 

0,0442 0 , 6465 0,2659 b
1 

-0,0406 b
2 

-2,3290 b1 -0,0172 

0,0361 0,4097 0,2851 r2 0,5006 r2 0,7554 b 2 -1,8565 

0,0017 1,8394 0,2903 R2 0,8138 

0,0933 0,5590 0,2616 F 2,1849 

Oct-Jan Min-Peak 

0,0766 1,4992 0,2505 b 1 -0,1388 b 2 3,6102 b1 -0,2527 

0,2034 0,6566 0,2760 r2 0,8281 r2 0,4258 b 2 -4,6064 

0,0023 2,0682 0,2429 R2 0,9641 

0,0318 1,3302 0,2715 F 13,4090 
.. - ----- -- - ------

QJ 
o 

5:,) 



27 

Rate of increase on fruit: Peak intensity (between March 

and June), divided by the number of days from 1st Decem-

ber, which was the approximate date when the first adult 

females matured on fruit. 

(ii) The rainfall index, xl' was the total rainfall over the 

period of increase, times the number of days of rain. 

This gave in one index a measure of rainfall and of the 

strength of showers (which might have washed-off the 

younger stages; Jones, 1936; Bodenheimer,1951). The 

-5 index was coded xlO . 

(iii) The temperature index, x 2 ' was the mean daily hour-degrees 

(hO) above 12°C during the period of increase. (Thermal 

summation of hO and the threshold temperature of 12°C are 

discussed in Chapter 3) . . The index was coded XIO- 3 . 

The results of simple and multiple regressions are 

given in Table 2.2. They are not significant because only four 

sets of readings were available. Nevertheless the high values 

of the coefficients of dispersion (r 2 or R2) suggest that if 

more data were available, then a high proportion of the varia-

tion in,the seasonal rate of increase might be explained by in-

dices of rainfall and temperature . In Table 2.2, the partial 

regression coefficients for the temperature indices (b;) are 

negative, which indicates that hot summers had an inhibitory 

effect upon seasonal increase. Thi~ coupled with the inhibitory 

effect of rainfall (bi), suggests that it was dry summers rather 

than hot ones, which caused high rates of increase. This con-

elusion agrees with the general conclusion from Table 1 (sec-

tion 1.3) on the status of red scale as a pest in warm, dry , climates. 



Table 2.3 Crawler migration: net loss or gain to each type of site (T,L,F = twigs, leaves, fruit). -

Dates Total crawlers Total crawlers % loss Remarks 
1975/76 deposited on settled on: ·from 

Twigs Leaves Fruit 

18/3-11/4 Twigs 214 165 47 - T 22,2 No fruit 

18/3-11/4 Leaves 218 39 159 - L 19,7 " 

18/4-12/5 Twigs 178 115 44 - T 27,7 " 
l 
+ , 

18/4-12/5 Leaves 178 28 100 - L 21,9 " 

18/4-12/5 Fruit 213 0 0 159 F 0 Fruit 80mm dia. 

2/9-20/9 Twigs 263 188 - 12 T 6,0 Fruit 25mm dip. Leaves blanked-off 

19/1- 8/2 Leaves 421 54 280 - L 16,2 No fruit 

19/1- 8/2 Twigs 603 429 56 12 T 13,7 Deposit site 20cm from fruit 

% gain to fruit ( 4 5mm d ia. ) : 2,4 
% gain to leaves : 11,3 

19 / 1- 8/2 Fruit 653 38 18 565 F 9,0 % gain to twigs : 6,1 
% gain to leaves : 2,9 
Fruit 50mm dia. 
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2.7 The relationship between the populations on twigs and fruit 

Scales on twigs constituted the residual population after 

the fruit had been picked. To some extent scales on leaves 

would also have contributed because leaves stay on the tree 

about 17 months (Scotte..ta.t., 15t48) , although the rate and du­

ration of reproduction were reduced on leaves compared to twigs 

(Chapter 4). Adult females first matured on fruit early in 

December and must therefore have started to migrate onto the 

fruitlets as crawlers in October. 

Measurements of crawler migration· between sites (Table 

2.3) suggested that the exchange of crawlers between twigs and 

leaves was about equal at 20%, but that movement from twigs to 

fruit was small (2,4 - 6,0%) and from fruit back to twigs also 

small (0 - 9%). However these experiments, performed on seed­

lings in the insectary, gave no indication of the migration 

rate onto fruit during early summer (October - December). 

This rate of immigration probably varied each year. 

Fig. 2.6 shows that each season the intensity/dm' on fruit 

followed that on twigs, except in the final year, 1975, when it 

failed to catch .up. Since the maximum intensity/am' on twigs in 

1975 was similar to the intensities reached on twigs in 1972 and 

1973, whereas the intensity/dm' on t\dgs in spring 1974 was rather 

low compared to 1973, it follows that the maximum intensit .y/dm ' rea­

ched on fruit depended upon the spring intensity/dm' on twigs rather 

than upon subsequent immigration of crawlers from twigs later in 

the season. 

Fig. 2.7 shows a close rel ationship between the maximum 

intensitY/dm' reached on fruit each season and the intensity/dm' on 

twigs the previous November. November would be about the middle 

of the period of immigration from twigs to fruit; immigration 
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having started in October and the adult females having become 

established by the end of December. After the end of December 

there was not a marked increase in scale intensity on fruit 

(Fig. 2.6). 

The conclusion is that the scale intensity on fruit largely 

depended on the rate of crawler immigration from twigs between 

October and December. Subsequent immigration does not appear to 

have been important. 

2.8 Predation, -parasitism and undefined mortality 

Predators are defined as insects which consume more t;han one in­

dividual prey insect per predator,to complete their life cycle. Para­

sitoids are predatory insects which require only one individual prey 

insect per parasitoid. Whereas predators often attack more than one 

species of prey, parasitoids are usually adapted to only one species, 

described as their host. Parasitoid larvae kill their host by feed­

ing in or on the host, which is said to be parasitised. 

Predator-damaged scales were distinguished by the ragged 

holes chewed in the edges of scale covers, or by the cover having 

been lifted and the scale body removed. Undoubtedly many indivi­

duals in this category of mortality were not recorded because the 

scale covers fell off the tree. In addition, some predators 

(Chrysopidae) sucked their prey dry and these scales would have 

been recorded as dead from undefined causes. On the other hand, 

predation-damaged scales probably remained on the tree for some 

time, and so tended to accumulate in the population. This ten­

dency would have exaggerated the level of predation and have mas­

ked fluctuations in it. Predation of female scales occurred 

in stages 1 - 3. Adult females were rarely attacked and then 

only in the region of the pygidium, where crawlers collected 

after b irth. Stages 1 and 2 of males were attacked. 



Fig 2.7. Trend of the maximum scale intensity/dm 2 reached on fruit each 
season, with the scale intensity /dm2 on twigs the previous November. 
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Aphyt~Q species parasitoids laid their eggs on the outside 

of the body of stages 2c(, 2~ and 3~, and the larvae also fed in 

this position. They are referred to as ectoparasitoids. A few 

Aphyt~Q eggs,but no larvae, were also noticed on the male prepupa. 

Aphyt~¢ parasitoids not only oviposit on scales, but probe 

scales with their ovipositors and feed on the exudates. Such 

mutilated scales are indistinguishable, except when fresh, from 

those which have died from undefined causes. According to De­

Bach (pers. corom.), host mutilation may account for three to five 

times as much mortality as from parasitism. However Quednau 

(1964b) published much lower ratios of about 1:1 for laboratory 

populations of A. t~n$nanen¢~4 Comp.; as did Abdelrahman (1974b,c) 

for A. ch~y4omphat~ (Mercet) and A. met~nu¢ DeBach. DeBach's 

(unpublished) data were based on the open/closed paired-cell 

technique described in DeBach. and Huffaker (1971) , which was 

designed primarily to show the effect of natural-enemy exclusion 

over a period of time. The accumulation of dead and of mutilated 

scales, relative to the proportion of parasitised scales, may have 

exaggerated the calculated proportion of mutilated scales. For 

this reason a 1:1 ratio of mutilation to parasitism seems more 

likely than the higher ratios suggested by DeBach. 

Eggs and larvae of two encyrtids, Hab~otep~¢ ~oux~ Compere 

and Compe~~etta b~6a¢c~ata Howard, developed inside the scale 

body. It is not known which stages were attacked but these endo­

parasitoids nearly always emerged from the adult female stage. 

Therefore this is the stage on which they are assumed to have 

acted although a few emerged from stage 3~. According to Flan­

ders (1944) and Cilliers (1971), C. b~6aQc~ata may attack 
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scales as young as stage 1 or 2, but development is delayed until 

the scales grow. However, in Swaziland endoparasitoids rarely 

emerged from male scales, which suggests either that the stages 

usually attacked were late 2~ and 3~, or that if earlier stages 

were attacked then the parasitoids could distinguish their sexes 

before morphological differentiation had taken place. Both spe-

cies of endoparasitoids were themselves attacked by a hyperparasi-

Undefined mortality took place in all stages, and there 

was always a large proportion of dead scales in the population, 

for which the cause of death was not apparent. These dead 

scales remained on the tree for an unknown time and there is 

evidence (section 5.2.7, Chapter 5) that they tended to accumu-

late. Some of these dead scales must have been killed by Aphyz~¢ 

host-mutilation, others by chrysopid feeding, but many probably 

died because of the death of the host plant cells which they 

were tapping. 

Percentage mortality at each sampling date was calculated 

in the following categories: 

( i) 
(ii) 

(iii) 
( iv) 

Predation 
Ectoparasitism 
Endoparasitism 
Undefined mortality. 

Only limited conclusions could be drawn from these data for the 

following reasons: 

(1) Evidence of predation and undefined mortality had accumu-

lated over unknown periods. This had two consequences. 

Firstly, it intrOduced a time-lag between fluctuations in 

the causal agents (e .g. predator numbers) and the evidence 
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(2) Several categories of mortality acted on each stage 

at the same time and it was not possible to say in 

which order they acted. 

(3) The population was continuously breeding so that the 

generations overlapped, and it.s numbers cycled season­

ally. 

For reasons (1) and (2) survival analysis could 

not be undertaken with these data, for example by the method 

of Varley and Gradwell (1960) because neither the number of 

survivors (S) from a given factor, nor the true number (N) 

before mortality, could be calculated. Reason (1) also made 

it impossible to infer density dependence, from the shape of 

the relationship between percentage mortality and the num­

bers of the stage on which the mortality acted (Varley, Grad­

well and Hassell, 1973). Furthermore, delayed density depen­

dence (Varley, 1947) could not have been detected because 

of the seasonal cycle of numbers. 

Because of these reservations, percentage mortality 

data were used only to assess the relative importance of 

each category of mortality in the three sections of the popu­

lation. In Fig. 2.8, each category of mortality has been 

expressed as a percentage of the total number of scales in 

the stages on which it acted. The conclusions a.re: 

(i) Predation rates were higher on twigs than on leaves 

and fruit. Most of the predators were larvae and 

twigs would have been the pathways they followed 

between the other sites. 

(ii) Ectoparasitism by Aphy~~~ was highest on fruit, lowest on 
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twigs, despite the generally higher host intensities on 

twigs. In order to include the effect of host-mutilation, 

the levels of ectoparasitism in Fi.g.- 2.8 could perhaps be 

doubled at the expense of unknown mortality. 

(iii) Endoparasitism was also usually higher on fruit and leaves 

than on twigs. Parasitoids may have tended to search to­

ward the periphery of the canopy. 

(iv) Undefined mortality tended to be highest on leaves, lowest 

on fruit. 

2.9 Notes on the predators and parasitoids 

The most common predator in the orchard was the small 

coccinellid, L~ndo~u4 tophanzae Blaisdell, followed by Chryso­

pidae (probably C h~1j4 0 pa c.a~nea Stephans) the larvae of which 

were covered with the remains of dead scales. Species ofSc.ljmnu¢ 

(Coccinellidae) and of C Ijbo c.epha.tu¢ (Nititulidae) were recorded 

between March/April and October each year. Individuals of the 

genera LOZ~4, Pha.~o¢ c.ymnu¢, C h~to C.O~U4 and Exo c.homu¢ were very 

rare, although species of the last two genera are usually con­

sidered to be among the most important red scale predators. 

Ch~toc.o~u¢ c.a.c.z~ L. was introduced at Tambankulu Estate in 

Swaziland by Catling (197Ia) and to this particular orchard during 

the present study. On both occasions it failed to become estab­

lished and it was never recorded in suction samples. 

The most common species of Aphyz~¢ recorded was the i.ndi­

genous species A. a.6~~c.a.nu¢ Quednau. The species of Aphljz~¢ 

can be distinguished by the degree of pigmentation of the ventral 

surface of the pupae (Quednau, 1964a ) . It is difficult to recognise 

the spec ies cf adults, and all the species determinations w.ere made 



Table 2.4 The incidence of Aphy:t-i..6 me..U~ pupae in 

samples of red scales examined during 1974 

and 1975. 

Month and Nos. of pupae recorded % 
year 

A. a.6iUcanu.o A. me.Unu.o A. me..U~ 

12/73 1 1 50 

1/74 6 0 0 

4/74 7 1 13 

5/74 8 19 70 

6/74 33 . 15 31 

7/74 16 6 27 

9/74 10 2 17 

10/74 6 0 0 

11/74 4 0 0 

12/74 11 0 0 

1/75 33 0 0 

2/75 84 4 5 

3/75 32 0 0 

3/75 67 3 4 

5/75 8 0 0 

6/75 18 1 5 
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from pupae found in the dissection samples (Table 2.4). 

During 1972 and 1973, A. met~nu~ DeBach was imported from 

Israel, cultured and released in Swaziland. According to Catling 

(1971a,b), the reason why biological control of red scale failed 

on the lowveld was because Aphyt~~ parasitoids were 'limited' by 

the high summer temperatures. A. met~nu~ is well adapted to hot 

dry conditions. For example DeBach et at. (1971) published maps 

showing how this species had displaced ' others, notably A.t~ngnanen~~~ 

from orchards in the hot interior of California. Although there 

was no evidence that A. met~nu~ was better adapted than A. a6~~canu~ 

to hot dry conditions, it was imported in the hope that it would 

do better. During 1974 and 1975 the incidence of A. met~nu~ was 

monitored (Table 2.4). It was fairly common in 1974 but rare in 

1975 . This species preferred to parasitise stage 3~ rather than 

stage 2 of either sex, and often super-parasitised the scales 

with 2 - 3 parasitoids per scale. A. a6~~canu~ rarely super-para­

sitised the host and preferred stage 2 of either sex. Both 

species are biparental (Quednau, 1964a). 

Hab~otep~~ ~oux~ Compo is uniparental (males are rare) 

and it is indigenous to southern Africa. There is very little 

information on its biology. Compe~~etta b~6a~c~ata How. was im­

ported to Swaziland from the Transvaal by Catling (1971a) . It 

originates from the Far East. Its distribution in Swaziland was 

assisted by releases during the present study, and it became well 

established throughout the lowveld. It is biparental and the 

sexes are easily distinguished. The female, being larger than 

the male, and larger t han H. ~oux~was a preferred host of the 

hyperparasitoid Ma~~etta javen~~~ (How.) , formerly M. ex~t~o~a 

Camp. There are two strains of C. b~6a~c~ata; the Japanese 
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strain which parasitises yellow scale (Aon~d~ell~ e~~~~n~ Coq.) 

and which is encapsulated by red scale, and the Chinese or red 

scale strain (Brewer,1971). According to Brewer there is a high 

proportion of encapsulation in red scale, even of the Chinese 

strain, which made the parasitoid ineffective for biological 

control of red scale in Australia, although it was effective on 

yellow scale. Encapsulated parasitoids become a brittle, brown­

ish materia~andthis was sometimes noticed inside adult females in 

the present study, but its incidence was not recorded. At 

Tambankulu Estate, where the experimental orchard became infested 

with red scale following treatments with insecticides,C. b~6~~e~~~~ 

was virtually the only natural enemy recorded in the orchard but 

by itself it made no impression on the scale population. 

2.10 Sex ratios in the scale population 

Sex ratios were of interest because they entered calcula­

tions (Chapter 4) to predict the reproduction rate in the orchard 

from measurements of reproduction made in an insectary. 

In red scale the sexes are distinguishable part-way through 

stage 2 when the male scale cover becomes elongated (Fig. 1). The 

early second stage, before differentiation, was called 2e to dis­

tinguish it from 2cfor 2~ or the second moulting stage of the fe­

male, 2a. The stages which were used to determine the fraction of 

the population which was female, were: 

Males: live (2ct+ prepupa) + parasitised 2~ 

Females: live (2~ + 2a) + parasitised 2~ , 

The stage durations of the sexes were approximately equal 

between 2~and prepupa, and between 2~ and 2a, but thereafter 

they differed . Later stages of each sex were therefore ignored to 

exclude bias due to the different times for wh ich each sex was 



Table 2.5 Proportion of the population which is female in each ronth, 

calculated from the dissection data (see text for procedure); 

X is the rrean, s the standard deviation and n the number of 

dissection s~les which were used. 

Leaves Twigs Fruit 

- - -M:Jnth x s n x s n x s n 

J 0,579 0,103 13 . 0,665 0,137 13 0,696 0,174 13 

F 0,419 0,093 13 0,626 0,120 13 0,619 0,145 13 

M 0,409 0,133 11 0,681 0,146 10 0,713 0,145 11 

A 0,356 0,138 15 0,677 0,129 14 0,570 0,115 15 

M 0,425 0,116 13 0,687 0,152 12 0,567 0,174 13 

J 0,445 0,092 10 0,623 0,163 10 0,561 0,140 11 

J 0,465 0,092 6 0,725 0,073 6 0,619 0,125 8 

A 0,410 0,305 4 0,703 0,278 4 0,710 0,095 3 

S 0,480 0,151 5 0,838 0,061 5 0,720 0,071 2 

0 0,446 0,187 7 0,779 0,212 7 - - -
N 0,569 0,125 7 0,759 0,136 7 1,000 0 1 

D 0,508 0,156 11 0,726 0,133 11 0,844 0,160 10 
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available in the population for sampling. Dead and predation­

damaged scales were excluded because they accumulated and would 

have obscured changes in the ratios. Aphy~~~ parasitised scales 

were included because of a tendency for these ectoparasitoids to 

attack males in preference to females, especially on leaves. 

The fraction of the population which was female each month 

was calculated from the ratio 

No. of females /No. of males + females 

and the results are given in Table 2.5. The fraction of the popu­

lation which was female altered seasonally and differed on leaves, 

twigs and fruit. Such seasonal and between-site differences 

could have been due to different mortality rates in each sex. 

However,Aphy~~~ parasitised scales were included to avoid such bias. 

Several authors have reported seasonal changes in sex ratios (Nel 

1933; Jones, 1936; Bodenheimer,1951) while Nel has also noted 

the preponderance of males on leaves. 

Hughes-Schraeder (1948) suggested that environmental fac­

tors easily over-ride the genetic mechanism for sex-determination 

in scale insects, particularly in diaspids which lack sex chromo­

somes. In diaspids,males are haploid, although in bisexual forms 

unmated females produce no progeny of either sex, wh ich rules out 

the usual mechanism of haploid parthenogenesis. Bennett and 

Brown (1958) and Brown (1965) showed that in P~eudautaea~p~~ pen-

~a90na (Targ.) and many other diaspids, the paternal chromo-

somes are eliminated at late cleavage in the male embryo. Hence 

it is possi.ble that nutr i tional factors , or seasonal temperature changes 

could influence whether or not the paternal chromosomes were 

eliminated; and so alter sex ratios on different sites in the 

tree and at different seasons . 
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2.11 Summary and conclusions 

(1) Intensities/dm2 of adult female· scales were measured 

in samples of leaves, twigs and fruit at 2 - 3 week inter­

vals over three and a half years. Mortality rates were 

recorded in four categories: predation-damaged, ectopara­

sitised, endoparasitised, and dead from undefined causes. 

Intensities per 'twig' of predators and adult paras ito ids 

were measured at the same time. 

(2) Mean scale intensities/dm2 were highest on twigs, lowest on 

leaves, but there was evidence that absolute densities on leaves 

were comparable _with those on twigs. Variation was great-

est on fruit, maximum intensities/dm' being up to 200 times 

minimum intensitie~&iThe minimum intensities/dm2 represented 

the maximum permissible level of fruit-cull from red scale 

blemish. 

(3) There was a seasonal cycle in scale intensity /dm 2 on twi.gs; a 

less clear one on leaves. This cycle was associated with the 

mean temperature about four months beforehand. In 1973/74 

the cycle was missing, which appeared to be du~ in par~ to 

above-average spring rainfall. 

(4) Seasonal rates of increase on twigs and fruit were closely 

related to indices of temperature and rainfall; dry years 

rather than hot years appeared to cause high rates of in­

crease. However the results were not statistacally signifi­

cant because only four sets of data were available. 

(5) Adult female scales first matured on fruit in December and 

must have immigrated to fruit during October. The maximum 

scale intensity /dm 2 reached e ach year on fruit wa s closely rela­

ted to the scale intensity / dm2 on twi gs the previous November. 
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There was evidence that subsequent immigration from twigs, 

after December, made little difference to the maximum level 

of infestation reached on fruit. 

(6) Short-term variation in scale intensity appeared to be real 

and could have represented the generations of scale result­

ing from the spring increase in reproduction. 

(7) For three reasons the mortality data did not lend themselves 

to either survival analysis or to the detection of density 

dependence in the population: 

(i) Certain categories of dead scales accumulated in the popu­

lation. 

(ii) 

(iii) 

( 8 ) 

Several categories of mortality acted simultaneously on 

each stage. 

The population numbers cycled seasonally. 

Sex ratios, which enter predictions of reproduction rates, 

altered seasonally and differed on leaves, twigs and fruit. 

In the next two chapters of this account, 3 and 4, the de­

velopment and reproduction of red scale are discussed in terms 

of thermal constants. In Chapter 5 the mortality of scale is ex­

amined in order to expand some of the conclusions reached here. 

In Chapter 6 relationships are sought between natural enemy num­

bers and various factors. 
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CHAPTER 3 

MEASUREMENTS OF STAGE DURATIONS AND THE CALCULATION OF THERMAL 
CONSTANTS 

A prerequisite for the analysis of insect population numbers 

is a knowledge of the durations of the various stages, or of the 

whole life cycle. This chapter describes measurements which were 

made of the stage durations of red scale, under conditions which 

were as natural as possible. 

3.1 Methods 

Measurements of stage durations were made in a gauzed insec- . 

tary having a translucent roof. The insectary was situated about 

Skm away from the experimental orchard. Temperature and humidity 

were measured with a thermohygrograph standing inside the insec-

tary. The plants on which the scales were reared were either 

Sweet Orange seedlings or Valencia saplings bearing a few fruit. 

The red scale material came originally from the experimental or-

chard. 

A reservoir of scale was maintained on pumpkins (Cueu~b~~~ pepo) 

and crawlers were transferred to leaves, twigs and fruits with 

a fine brush, and confined there with barriers or collars of 

'Prestik' putty or similar slightly sticky material. Provided 

the material was reasonably fresh and did not become coated with 

dust, crawlers did not escape over it. Groups of crawlers were 

transferred to each type of site on the same day, and the deve-

lopment of the whole group on all three sites was inspected daily 

or every other day, at about 0800h using a XIO hand lens. As a 

group approached moulting time a few individuals were turned over 

each day until all had moulted. This method gave a mean and 

range for the duration in days of each stage in a group of scales 
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on a given site, and a temperature trace was available for the 

same period. The transition from the grey (unfertilised) adult 

or stage 3 female, into the egg-maturing adult, was similarly 

monitored, as was the emergence of adult males from under their 

scale covers. The surviving adult females were surrounded with 

a ring of putty about 2cm in diameter and monitored until craw­

ler production began (Chapter 4). 

This procedure was repeated with ten successive groups on 

leaves and twigs, and eight on fruit, between November 1974 and 

November 1975. This period covered a range of conditions cor­

responding to one complete fruit-season, and the conditions in 

the insectary were fairly similar to those in the orchard except 

that rain was excluded. Attempts to make similar measurements 

in the orchard were frustrated by wind, dust, rain and the dif­

ficulty of preventing immigration to the groups from reproduction 

elsewhere on the tree. 

Stage durations so measured were shortest on fruit and longest 

on leaves. The range in duration was only a day in early stages 

during summer , but as much as four days for later stages (e.g. 

3~ and A-) in winter. The method used was destructive of indivi­

duals SO that it was impossible to tell whether slow developers 

in stage 1 were also slow in later stages. If this was in fact 

the case, then the total difference in the life cycle time, from 

fastest to slowest developers, would be rather greater than has 

been assumed by simply taking means. However among those adult 

females which survived the stage duration measurements, the 

greatest range was only nine days , between the first and the 

last of a given group on the same site to begin crawler produc­

tion. 
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3.2 Thermal constants or 'physiological time' 

In insects the development rate varies with temperature and 

so development times alter seasonally. A convenient way of ex­

pressing development times in relation to temperature which 

several people have used (e.g. Hughes, 1962, 1963; Hardman, 1976; 

Sands and Hughes, 1977), is as the product of time and temperature, 

because this product is approximately constant irrespective of 

the temperature experienced by the insect. 

One of the mathematical descriptions discussed by Wiggles­

worth (1965, p615) for the effect of temperature on development, 

is that which states that the velocity of development is propor­

tional to temperature: 

V = k(t-a), 

where k and a are constants, and t the temperature. The assump­

tion is that the relationship is linear, which is only true over 

the central (and greater) part of the temperature range. To­

wards the upper and lower extremes of the temperature range the 

relationship departs from linearity so that the who le curv e is 

actually sigmoid. However, under natural conditions the fact 

that a given insect exists in a region suggests that the upper 

and lower extremes t o which it is sensitive do not occur often, 

or that the insect in some way a vo ids them. This is perh aps 

especially true towards the centre of the insect's distribution 

range, so i t can oft en be assumed that the above r e lationship applie s. 

The constant 'a ' represents the temperature a t which the 

s t raig ht line , when extrapolated, mee ts t he t e mperatu re axis. 

This t emperatu re is the ' d e velopmental zero ' (IViggl e sworth, 19 65 ) 

a nd appr oximates to t h e ' thresho l d t emperature f or d e ve lopment ' 

(i .e . to t he tempe r a ture below wh ich develo pmen t ceases ). 
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The product of development time, measured in days or hours, 

and temperature in excess of the threshold temperature for deve­

lopment, is approximately constant. Expressed either in day­

degrees (Do) or hour-degrees (ho) it was called by Wigglesworth 

(1965) the 'thermal constant'. Each development process will 

have a characteristic thermal constant and will require a fixed 

number of DO or hO to be completed. 

The product of time and temperature above the threshold 

has also been referred to, perhaps rather loosely, as 'physiolo­

gical time' by some authors (e.g. Hughes, 1962; Hardman 1976; 

Atkinson, 1977). A criticism which can be levelled is that the 

product of time and temperature is' not time, just as kilogram­

meters is not a weight. It is incorrect, strictly speaking, to 

say that a given stage 'took' so many DO, but permissible to say 

it 'required' that many DO to complete its development.. In this 

account the following distinctions have therefore been made: 

(i) The product of time and temperature for a given stage has 

been called the 'thermal constant' for that stage. 

(ii) Although the product of time and temperature is not a 

period of time,it can be regarded as such; for example 

in defining an appropriate interval at which to measure 

the size of th~ pop"Uiation of a contim.lously breeding in­

sect. When so used, the product of time and temperature 

has been referred to as 'physiological time', or if used 

to express age, as 'physiological age'. 

(iii) The process of adding up units of time and temperature has 

been called 'thermal summation', after Nigglesworth (1965). 

3.3 Determining the threshold temperature for development 

In the insectary, stage durations were measured to the near­

est day. The temperature during development was the ambient 



Fig 3.1. Thermal constants in hO calculated above four trial threshold temperatures and plotted against the stage 1 durations in days. Data are from stage duration 
measurements described in Chapter \l and from Willard (1972a), The regression line. with .Iope. closest to zero indicate the probable true threshold for 

development, which has here been taken as 12 ·C. 
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daily temperature, recorded with a thermograph. On some days 

the temperature cycled, on others (cloudy, rainy days) it re-

mained fairly constant. In summer the entire temperature trace 

was elevated well above the threshold temperature for development, 

while in winter only the midday peaks rose above the threshold. 

In order to capture the effect of this variation,the product of 

time and temperature was expressed in hO rather than DO, even 

though the stage durations were only measured to the nearest day. 

When summing the hO for a stage the number of squares on the 

thermograph sheets were counted for each 24h and multiplied by 

two, since each square represented one degree and two hours. 

The hO above the appropriate threshold temperature for de­

velopment should be approximately constant for a given stage. 

Hence to find the threshold from stage durations at fluctuating 

temperatures, the number of hO above several trial thresholds were 

plotted against the observed durations for the stage. Then the 

regression line wibh a slope closest to zero, indicated the pro­

bable threshold. Fig. 3.1 shows the method applied to the dura­

tions measured for stage 1. Four trial thresholds were used. 

The method was also applied to data from Willard (197 2a), who 

measured stage durations of red scale at constant temperatures. 

Plots such as those in Fig. 3.1 indicated that the develop­

ment threshold was about 12°C for most stages on each type of 

site. The exceptions were stage 1 and the egg-maturing adult (A-) 

on fruit, and 2~on all sites, for which stages the indicated 

thresho l d was 10°C. Moreover Willard 's data also suggested that 

the threshold was 10°C for the 2ctand A-s tages . The durations 

of the 2ctand the A-stages are terminated respectively by the 



'l'able 3.1 . Therma l constant s in h O above l2°c fOr the stages and lif e cyc le o f red 

scale, L, T, F denote leaves, twigs and fru i t : n the number of measure-

ments ; S.D. the standard d ev i at ion s and P t he probability levels for 

the observed differences. 

Stage Hos t Mean hO above n S.D. Differences between 
material l2°C mater ia ls 

Material s hO p 

1, to mou lt L 3363,3 16 2240,S LIT 46,0 n.s. 
T ]317,3 17 251,3 T/F 261,9 0, 01 
F 3055,4 13 169,3 L/F 307,9 0,001 

2'i" to moult [, 3763 ,6 16 271,5 LIT 155,0 n. s. 
T 36 08,8 19 298,8 T/F 208,2 n . s. 
F 34 00,6 14 ]03,5 L/F 363,2 0,01 

~ first moult to L 5036 ,6 19 382,7 LIT 112,4 n.s. e mergence 
T 4924,4 16 424,0 TIF 353 ,7 0,05 
F 4570,7 13 378,7 LIF 46 6 ,1 0,01 

Prefertilisation L 2780,0 22 386,8 LIT 38,5 n. s. 
adult fema l e 

'r 2741,S 21 41],1 TIF 110,9 13'i') n . s. 
F 2630,6 13 374,9 LIF 149,4 n . S . 

Egg maturation L 4639,9 24 326,1 LIT 165,4 n. s. fema l e IA-'j' ) 
T 4674,5 27 278,3 T/F 263,6 0,05 
F 4410,9 16 425,8 L/F 429,0 0,01 

Reproducing L 14019,4 49 4250 ,8 LIT 1547,6 0,01 
female IA+'j' ) T 15567,0 42 6411,0 T/F 973,0 0,05 

F 16540,0 36 7740 ,0 L/F 252 0,6 0,001 

Life cycle L 14476,9 61 4]8,8 LIT 26],5 0,01 (c rawl er to firs t 
T 14 21] ,4 52 45 5 ,1 T/F 1071,5 0,001 reproduction) of 

female F 13141,9 46 613,3 L/F 1335 ,0 0,001 

~ 
CA 

--D 
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emergence of the adult male or the first crawlers and according 

to whether or not the emerging insects received appropriate sti-

rnuli to emerge, there may have been some variation in the ter-

rnination of these stages. Such variation may have influenced the 

setting of the slopes in the plots to determine the developmental 

thresholds. If, for example,the emerging insects tended to wait 

a day or more before emerging, then hO would have been added to 

the apparent durations of the stages that were terminated. When 

this happened, the apparent threshold would be lower to get a 

slope of zero. 

It seems unlikely that the threshold would be different in 

different stages of the insect, or in the same stage reared on 

different materials. Moreover, Willard (1972b) stated that 

the threshold for crawler emergence was 12°C, Jones (1936) cal-

culated thresholds of 12,3°C and 12,8°C respectively for scales 

grown on fruit and leaves, while McLaren (1971) showed that the 

intrinsic rate of natural increase (rm) was zero at 13°C. Hence 

the threshold has been assumed to be 12°C for all stages on all 

sites. 

Thermal constants of red scale stages 

Thermal constants in hO above 12°C are given in Table 3.1. 

The smallest constants for each stage (except the reproducing 

adult, A+) were those for scales reared on fruit and the largest 

for those on leaves . Since the duration of reproductive life 

was longest on fruit and shortest on leaves, the reverse is true 

of the thermal constants of the A+ female. J ones (1936) described 

how development was faster and fecundity greater on fruit compared 

to leaves. Such differences between the sites presumably reflect 

differences in the quality or quantity of available nutrients. 

Among the younger stages, the greatest varia t i on in thermal 
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constants (denoted in Table 3.1 by the standard deviation rela­

tive to the mean) was in stage 3 females ·. This stage was termi­

nated by fertilisation, after which the pygidium retracted and 

the scale cover became sealed-down. Hence the duration of 

stage 3 was determined by whether or not a male was attracted 

to and fertilised a female, which might explain the variable 

duration of this stage. It is possible that in the orchard there 

was less va!iability in stage 3 durations because adult males 

would have been available at all times. In the present experi­

ments,stage 3 females had to await the emergence of adult males 

in the same group, growing either on the same or another site. 

Another stage with variable duration was the reproducing 

adult female, the duration of which was terminated when repro­

duction ceased . The duration of reproductive life is as long 

again as the pre-reproductive life, so that by the time repro­

duction ceased a female would have been tapping the same area of 

plant tissue for 3 - 5 months. It is not known by how much a 

scale can vary the position of its stylets, but the stylets are 

renewed at each moult. The same stylets have to last a female 

from the second moult onwards; some 23000 hO or 2 - 4 months. 

It is therefore probable that a female stopped reproducing be­

cause her food supply failed, which might account for the vari­

able duration of the reproductive life. 

3.5 The advantages of fluctuating versus constant temperature regimes 

Development times are often determined at constant tempera­

tures , because it is easier to calculate relationships between 

the duration (or the rate) of development and temperature. How­

eve4 there are advantages in us ing fluctuating regimes. 



Fig 3.2. Diagramatic thermograph traces to suggest how, under constant temperature regimes, 
thermal summation could give misleadingly large thermal constants. 
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Wigglesworth (1965) noted that in some cases an alternation 

of temperatures seemed to stimulate development, compared to 

development at constant temperatures. For example Melanaplu~ 

eggs at a constant 32°C hatched in five days, whereas at alter­

nating temperatures of 32°C for 8h,and 12°C for 16h,they hatched 

in three days. Bursell (1974), quoting several authors, mentions 

something similar. Sometimes development seemed slower under 

fluctuating temperatures and sometimes faster, while sometimes 

there was no difference compared to constant temperatures. Bur­

sell went on to say, "A doubt must remain whether data obtained 

under laboratory conditions of constant temperature are capable 

of rigid application to populations of insects living in their 

normal environment". 

The example of Melanoplu~ appears to be a genuine case of 

development being stimulated by fluctuating temperatures, com­

pared to a constant one. Howeve~ when thermal summation is 

done, to determine thermal constants from stage durations mea­

sured at constant temperatures, it is possible that error can 

arise of a different nature. In Fig. 3.2 an attempt has been 

made to illustrate this point: 

- In condition 1, the fluctuating temperature is low and the 

duration of development is extended until sufficient hO have 

been accumulated. 

- In condition 2, the fluctuating temperature is high enough 

for the duration of development to approach its minimum time. 

- In condition 4, it can be seen that at a high constant temper­

ture, thermal summation could giv e an absurdly high thermal 

c o nstant expressed in hO. (This would not be true if the 

thermal constant were expressed in DO). 



·Table 3.2 Therm;ll constants for red scale stages, calcul atEd fran several sources. 

~II'li CClmrm TD1PEI1A1IJI1E REXiIMES 

PRESENT DATA WI.I.U\HD 1972a Tl\SIIIRJ " BFAVERS 1968 OI::U\REN 1971 WENl'ZEL 1970 
[EAVESflWIGS, . ~ LEAF DISCS mm FRUIT LIME LFAVES l:.E>Qj FRUIT 
FRUIT 

-
5r1'G: SITE MEAN h' . TEMP·C .. DAYS h' MEAN h' TEMP. DAYS MEAN h' TEMP DAYS MEAN h' TEMP DAYS MEAN h' 

1 L 3363 29 12,2 4978 25 6 2496 
T 3317 25 16,1 5023 
F 30~S 19 33,5 5626 5102,5 

15 66,4 4781 

2~ L 3764 29 11,5 4692 25 13 4056 
T 3609 25 15,1 4711 4849,8 
F 3401 19 31,6 5309 

15 65.1 4667 

PRE-FERTILl ZATI<:::N L · 2760 25 7 2184 
NlULT T 2742 

~ F 2631 -&~ 
ElX--MI\TlJRJN3 L 4640 25 15 4680 24 16 4606 ~ 
l\DULT T 4675 
IA-) F 4411 

rorl\L PRE- L 7635 29 20 , 1 8446 25 22 6864 
REPR(l.)U:TIVE T 7397 25 28,2 8796 7650 ,0 
NlULT F 7049 19 46,2 7762 

15 77,7 S594HH 

'lUI' J\L I CJWon.ER L 14477 29 44.,3 18074 25 43 13416 
'fO CRAWLER T 14213 25 59,5 18564 17599 ,5 

F 13142 19 111,3 16698 
15 209,2 15062~ 

REPHOJU:::rn::; NXJLT L 14019 30 106,4 45965 25 99 30888 24 100 26800 30 90 38880 
A+ T 15567 25 123,3 38470 31136.8 25 88 27456 

F 16540 20 153,2 29434 20 121 23232 
15 146.3 10678 

2ei' L 5037 29 12,5 5100 25 15 4680 
TO EMERGE>CE T 4924 25 15.6 4930 5282 ,5 

F 4571 19 33,5 5628 
15 76,0 5472 

HM OuraUons shortened by noving scal es to 2S·C for fertiU sation 
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- Condition 3 illustrates that under fluctuating regimes, lethal 

temperatures may act for relatively short periods. Under 

constant temperature regimes, the lethal thresholds which were 

indicated might be much lower because of the long period 

over which the temperature acted. This pOint has been made by 

Abdelrahman (1974a), who determined the lethal temperatures for 

each stage of red scale under fluctuating regimes. 

Thermal constants in hO for red scale stages were .calculated from 

several sources of data and compared with constants from the 

present data (Table 3.2). The constants calculated from stage 

durations measured at constant temperatures are often larger than 

~ ' those from the measurements described here. This is so despite 

the better host-plant materials used by the authors in the con­

stant temperature experiments. For example in Table 3.2, lemon 

leaves (Willard, 1972a) are better than orange leaves (present 

data) for culturing red scale, as are lemon fruit (Tashiro and 

Beavers, 1968) compared to oranges (present data). These better 

host-plant materials resulted in much longer reproductive lives, 

exemplified by the very large thermal constants for the repro­

ducing adults on lemon leaves and fruit · or on lime leaves (Table 

3.2). However it is difficult to accept that reproductive life 

lasted more than twice as long on lemon leaves (Willard, 1972a) 

compared to orange leaves (present data); the very large ther­

mal constants being due in part to the constant temperature re­

gimes. The fact that thermal constants increase with constant 

temperature is shown in Table 3.2 by the therma l constants for the 

A+ calculated from ~ i l l ard ( l972a ) and Wentz e l (19 70). 
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3.6 The applications of thermal summation in population analysis 

Many insect populations are continuously breeding and 

have overlapped generations. The red scale population discussed 

here was such a one. Methods for estimating mortality in these 

populations are based (Southwood, 1978) on predicting the in­

crease in numbers over a period of time, under conditions of unli­

r.,ited population growth. Since population growth depends on ~ 

generation time, which alters seasonally, there is an advantage 

in expressing the generation time as a thermal constant. 

Several authors have employed thermal constants in this 

way. Hughes (1.963) seems to have been among the first. Other 

examples are Gilbert e~ at (1976), Hardman (1976), Sands and 

Hughes (1977), Chubachi (1979). In the present case, thermal con-

stants for the generation times of scales on twigs and fruit have 

been used (Chapter 5) to select sampling dates spaced one genera­

tion apart,from data covering nearly four years. 

Gossard and Jones (1977), in developing a model for the 

reproductive performance of P~e~~~ ~apae, expressed the reproduc­

tive age of the insect in terms of time and temperature (DO). 

There were advantages in dOing this because reproduction was mea­

sured under ambient temperature conditions and one day was not 

equivalent to the next in its ageing effect. A similar procedure 

was adopted here (Chapter 4) in developing a model to predict .the 

daily rate of crawler production in the orchard from measurements 

of production in the insectary. In this case the product of time 

and temperature h~s been referred to as 'physiological age'. 

Thermal summation is sometimes employed in order to assess 
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the effect on a population of extreme temperatures (above or be­

low some lethal threshold) and the time for which they acted. 

For example Catling (1969c) used thermal summations above several 

thresholds to determine the effect of weather on the survival 

of citrus psyllids. He also (197lb) related the difficulty of 

practising biological control of red scale to the number of D· 

above 30·C, which prevailed in various citrus growing regions 

of southern Africa. 
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CHAPTER 4 

MEASUREMENTS OF THE REPRODUCTIVE RATE AND THE PREDICTION OF 
DAILY NATALITY IN THE ORCHARD 

Survival analysis of continuously breeding populations in-

volves the use of predictive mOdels (Southwood, 1978, p. 395), 

for which estimates are required of the recruitment rate from 

daily oviposition. Although daily oviposition can be measured 

in the field, the frequent sampling would be very laborious. 

In the present case daily crawler production was measured in an 

insectary. These measurements, and the development of a model 

to predict daily natality in the orchard, are described here. 

4.1 A review of the mating behaviour and post-fertilisation changes 

in the female 

In the succeeding sections of this chapter,references have 

been made to specific parts of the reproductive process. To 

make such references more easily understood, this section re-

views the mating behaviour of red scale and the changes which 

take place in the female after fertilisation. 

At the time when the male is passing through its pupal 

stage, the virgin adult female (stage 3) lays down a wide grey 

margin around the boss formed by the cover of its first and sec-

ond stages (see Fig. 1). At this stage the female emits a 

pheromone to attract the male (Tashiro and Chambers, 1967). The 

pheromone was identified by Roelofs et a!. 1978). It is contin-

uously present in the stage 3 female, which however can release 

or withhold it (Tashiro and Chambers, 1967 ) . 

Adult males emerge during the afternoon between 1500h -

2000h, reaching a peak at dusk (Tashiro and Beavers, 1968) 



51 

and they live 2 - 10h, most of them dying in about four hours. 

According to Tashiro and Moffitt (1968), males are capable of 

fertilising as many as 30 females, with an average capability 

of about 12, while females may accept up to seven matings. 

Fecundity is not increased by multiple matings (Tashiro and 

Moffitt,1968). The attractiveness of unmated females decreases 

slowly up to about six weeks. 

During mating the male extends the aedeagus beneath the 

cover of the female. The female can extend the pygidium to the 

rim of the cover, but within 24h of fertilisation the pygidium 

becomes irreversibly retracted and the female becomes kidney­

shaped and the cover is sealed down on to the plant surface 

(Fig. 1). A space remains around the pygidium where, once repro­

duction begins, a few newly hatched crawlers may collect for a 

few hours before emerging. Red scale being ovoviviparous, the 

crawlers are born directly, not as eggs. 

The period between fertilisation and the start of reproduc­

tion represents the embryonic development time of the first eggs. 

During this time the adult female has been referred to here as 

me A- stage. After reproduction commenced it has been called - the 

A+ stage. Thermal constants of thes'e stages are shown in Table 

3.1. 

According to Willard (1972b) births of crawlers may start 

before light but the peak of emergence occurs during the first two 

hours of light. The threshold temperature for emergence is about 

12°C and the higher the temperature above this,the earlier in the 

light-phase is the time or peak emergence (Willard , 1972b). Wil ­

lard had difficulty determining a threshold light intensity for 

crawler emergence but gave a figure of c. 32 Im/m 2 • Humidity is 



Table 4.1 . summary of the details of the groups of A+ females used to measure 

daily crawler production. Shown are the number of individuals in 

each group on leaves, twigs and fruit (L, T, F), and the starting 

and finishing dates of the groups. Measurements ended on 30/11/75: 

dates with queries were therefore guessed. 

Group Site No. Starting Finishing Remarks 
No. Indivi- dates (first date 

duals " last indi-
viduals) 

1 L 10 B/ 1 11/ 1 16/ 3 No fruit present 
T 6 B/ 1 10/ 1 4/ 3 

2 L 2 21/ 1 - 3/ 4 No fruit present 
T 3 19/ 1 20/ 1 1/ 3 

3 L 5 5/ 3 B/ 3 2/ 7 Fruit on different plant. Group 
T 4 5/ 3 - 10/7 on fruit,S days older than 
F 3 24/ 2 26/ 2 23/B group on leaves and twigs. 

4 L 2 15/ 4 - 9/7 Fruit on different plant. Group 
T 7 13/ 4 15/ 4 25/9 qn fruit,4 days younger than 
F 3 2/ 4 3/ 4 8/ 9 group on l eaves and twigs. 

5 L 3 7/ 5 9/ 5 30/ 8 
T 5 5/ 5 8/ 5 23/10 Same age and plant 
F 7 2/ 5 3/ 5 6/11 

6 L 11 14/ 7 20/ 7 21/ 10 
T 7 11/ 7 20/ 7 30/11 ? " . . . 
F 6 28/ 6 8/ 7 24/11 

7 L 3 19/8 20/ 8 16 / 11 
T 8 11/ 8 18/ 8 30/11? " . ,. " 
F 10 30/7 6/ 8 ? 

8 L 14 15/ 9 17/ 9 7/12 ? 
T 5 13/ 9 15/ 9 7/12 ? . " . " 
F 9 6/9 8/9 ? 

9 T 4 22 / 10 25/10 ? Group present only o n twigs 

10 L 9 9/11 12/11 ? 
T 7 8/11 10/ 11 ? Same age and plant 
F 8 4/11 5/11 ? 
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not important according to Willard (loc. c~t.). 

4.2 Methods 

Daily crawler production was measured at ambient temperature 

and humidity in a gauzed insectary. As described in section 3.1, 

in order to measure stage durations groups of scales of the same 

age were reared on the leaves, twigs and fruits of potted orange 

plants. Adult females which survived these experiments, were 

surrounded with a ring of sticky putty ('Prestik') and monitored 

until they started to produce crawlers. Once reproduction star­

ted the crawlers or newly settled white caps (Fig. 1), were 

removed daily at about 0800h, or on alternate days, from inside 

the rings using a needle and hand lens. Crawlers did not es­

cape from the rings provided the putty did not become too dusty 

(in which case it was renewed) and provided it was kept well 

pressed down. The plants were inspected periodically to see 

whether scales were growing elsewhere, which would mean that 

crawlers were escaping from one of the rings. 

Temperature and humidity were measured with a thermohygro­

graph standing inside the insectary. This was calibrated week­

ly with a thermometer and by wetting the hairs with a spray. 

4.3 Crawler production 

Crawler production was measured in ten groups of adult fe­

males on leaves and twigs and in seven groups on fruits. These 

groups were reared one after the other, so that reproduction 

was measured in succeeding groups over a period of eleven months, 

from January to November 1975. The starting and finishing dates 

of these groups and the numbers of females involved are summar­

ised in Table 4 . 1. The work ended at the end of November 1975, 

when some of the later groups had not yet finished reproduction. 
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In Fig. 4.1 the daily crawler production per female for 

each group, has been averaged over five-day intervals and 

plotted in the middle of each five-day interval . As the females 

in a group on a given site died, the crawler production of the 

remainder was expressed per surviving female rather than per 

original female. The reason for this was that the purpose of 

the analyses described here, was to develop a model to predict 

daily natality per female in the orchard; and in the orchard 

only live (i.e. surviving) adult females were counted. Fig. 

4.1 therefore shows age-specific fertility curves which in­

clude male as well as female progeny. Such curves have been 

called hereafter 'egg-curves' (after Laughlin, 1965, although 

he referred to curves of the product of age specific fertility 

and age specific mortality). 

Out of a group of females of the same age, those on fruit 

began reproducing earliest and those on leaves latest (Table 

4.1). Reproduction continued for longest on fruit (Table 4.1 

and Fig. 4.1) and the daily rate of production per female was 

also highest on fruit (Fig. 4.1), lowest on leav es. 

Both the seasonal changes in crawler production, and the 

short-term fluctuation, were associated with daily temperature 

averaged over five-day intervals (Fig. 4.1). There was also a 

good fit between the crawler production per female and the to­

tal number of hO>12°C in each five-day interval. The fit was 

slightly blurred because of differences in the exact dates over 

which daily crawler production was a v eraged and those over 

which hO were accumulated, for each five-day i nterval. 

There were two effects of temperatu re. There was a sea­

sonal effect , so that in summer the rate of crawler production 



Fig 4.2. Daily crawler production per surviving female, averaged over 10·day intervals and plotted against 
reproductive age expressed in hO > 12°C. There is a trough in production at about SOOOho, 
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was initially high but declined rapidly with reproductive age, 

whereas in winter the initial rate of production was low but 

reproductive life was extended (Fig. 4.1). Secondly, tempera­

ture changes caused short-term fluctuations in the daily rate 

of crawler production. On fruit, some groups which started re­

producing during winter, began to reproduce at a high rate if 

they lived through into spring, but normally fruit would not be 

left on the trees until spring. 

Close inspection of Fig. 4.1 suggested that despite these 

effects of temperature, after the first burst of crawler pro­

duction there appeared to be a trough before the daily rate of 

production increased again. This was most noticeable in the 

groups on fruit. Egg-curves of scales on fruit were therefore 

plotted against 'physiological age' expressed in hO>12°C (see 

section 3.2). The results are shown in Fig. 4.2 and there 

seems to be a trough in production at about 6000ho in nearly all 

seven egg-curves. 

McLaren (1971) dissected egg-maturing (A-) females reared 

at 24°C, 15 days after they had been fertilised and were al­

most ready to start reproduction. He was able to find about 

135 eggs in their abdomens, the remainder of the compliment of 

about 300 eggs being, presumably, still germ cells. In other 

females, in which crawler production was monitored, an average 

of 138 crawlers emerged during the first 16 days of reproduc­

tion; in other wo.rds all of the eggs which "lere visible in 

the females which were dissected. Hence , the eggs visible in 

the abdomen 15 days after fertilisation hatched over the next 

16 days . Converting these periods at 24°C to hO>12°C gives, 

respectively, 4320ho for embryon ic development and 4608ho to 
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hatch the first 138 crawlers. These thermal summations agree 

quite well with the thermal constants for the A- stage given in 

Table 3.2. Moreover the figure of 4608ho is of the same order 

as that of 6000hOat which there seems to be a trough in the 

egg-curves in Fig. 4.2. 

These lines of evidence, that in Fig. 4.2 and the argument 

developed from McLaren's (1971) data, are grounds for thinking 

that crawlers were matured and hatched in batches. Such bat­

ches would be more distinct at the start of reproduction than 

later in the reproductive life. Temperature changes might modi­

fy this tendency,to produce the sort of short-term fluctuations 

which are seen in the egg-curves in Fig. 4.1. 

4.4 Regression analysis of the factors affecting daily crawler production 

per female 

The factors which appeared to influence daily crawler produc­

tion per female were: 

(i) Reproductive age, 

(ii) Season, 

(iii) Short-term temperature changes. 

Relative humidity might also affect daily crawler production per 

female, although Willard (1972b), concluded that it was unimpor­

tant. (It was assumed that the light intensity in the insectary 

exceeded the possible threshold suggested by Willard (197 2b), 

even on cloudy days) . 

The effects of these factors (excluding light intensity, 

which was not measured) were investigated by multiple regression 

analysis. The independent variables were derived as follows: 

( i) Reproduct ive age: The rate of ageing '"ould have depended 

on temperature as well as time , so reproductive age was 



1'able 4.2 Data on the spems of egg curves in hO .for experimental groups in the screenhouse and the orchard, and the averalJe 

number of crawlers per female 1n each group. 

Mean Reproductive Span Average Total No. Crawl.ers 
(hOI 'j! for group 

Site Group No. Approxbnate Dates n Screenhouse Orchard Screenhouse On.::hard 

Leaves 1+2 Jan - Mar 12 13083 80,6 
A Feb - Jun 4 - 19684 - 102,5 
3 5/3 - 2/ 7 5 17919 230,0 
4 15/4 - 9/ 7 2 12920 99,0 
5 7/5 - 30/ 8 3 18020 108,7 
6 14/7 - 21/10 11 12921 103,0 
7. 19/8 - 16/11 3 10826 90,3 
8 ' 15/9 - c7/12 14 14209 105,2 

Grand lTean 14019,4 19664,3 116,7 102,5 
S 4250,6 3704,6 50,9 -
n 50 4 7 -

Twigs 1+2 Jan - Mar 9 12975 126,7 
A Feb - June 4 - 14253 - 115,5 
3 5/3 - 10/ 7 4 17701 240,5 
4 13/4 - 25/ 9 7 19371 241,6 
5 5/5 - 23/10 5 16576 140,5 
6" 11/7 , -030/11 7 14559 127,9 
7" 11/6 -030/11 6 15079 216,1 
8" 13/9 -0 7/12 5 12202 102,6 

Grand rrean 15567,0 14252,4 170,9 115,5 
S 6411 ,0 4341,0 59,5 
n 45 4 7 -

Fruit 3 24/2 - 23/ 6 3 16018 261,0 
A Feb - Jul 7 - 15332 - 214,9 
4 2/4 - 6/ 9 3 15116 200,7 
B Apr - Aug 3 - 13410 - 168,0 
5 2/5 - 6/11 7 22336 389,3 
6 26/6 - 24/11 6 20426 397,2 
7" 30/7 - ? 10 - 221,2 
6H 

6/9 - ? 9 - 244,2 

Grand nean 16207,5 14755,4 265,6 201,4 
S 11310,3 6936,0 85,9 19,0 
n 36 10 6 2 

~ Egg curves incorplete because experinent tennlnated. 

/ 

0) 
01 
_.D 



56 

expressed in hO>12°C, starting from the date that a fe-

male began to reproduce. Egg-curves plotted on this scale 

tended to be roughly the same length (Table 4.2, column 5) 

beth in the orchard and in the insectary. Gossard and 

Jones (1977) expressed the egg-curves of P~e~~~ ~QPQe L. 

on a scale of DO for groups of the insect breeding in out-

door cages. 

(ii) Season: This was presumably the effect of the average tem-

perature over a fairly long period, acting either direc-

tly on the adult female or via the physiology of the host 

plant . The period over which temperature acted on the 

host plant was unknown, so a measure of season was sought 

which might have affected the adult female itself. A 

reasonable measure seemed to be the thermal constant for 

the crawler maturation time, the mean value of which 

from Table 3.2 was 4643ho (standard deviation 155,1). 

Accordingly,the number of days required to accumulate 

4643hO was taken as the measure of season. (In Table 3.2, 

thermal constants for crawler maturation are similar ir-

respective of host plant material. Crawler, or embryo, 

maturation was therefore independent of the food supply 

although fecundity was not.) 

( iii) Short-term temperature changes: The temperature, in he> 12°C, 

on the day of emergence was taken as the measure of the tem-

perature immediately preceding emergence. 

Factors (i) - (iii) are all measures of temperature over 

different periods. 

(iv ) Maximum saturation deficit was taken as a measure o f the 

drying-power of the air on the day of emergence. 

The effects of these variables were investigated with the 

equation 



Table 4.3. Results of regression analysis to find which vari-

abIes to use in a model for daily crawler production 

per female. The equation fitted was 

.. -
Site Variable Significance Simple 

of partial r 
regression 
coeffs. 

t p 

Leaves Age x
1 

7,9 0,001 -0,54 

(n = 351) Season x 2 3,0 0,01 -0,27 

Temp. x3 2,6 0,02 0,24 

Max.Sat.Def. x 4 0,6 n.s. 0,08 

Age' x 1 
2 4,6 0,001 -0,47 

Temp. ' x3 
2 2,6 0,02 0,19 

R' = 0,397 

Twigs Age x
1 

4,5 0,001 -0,54 

(n = 373) Season x 2 1,1 n. s . -0,31 

Temp. x3 2,6 0,02 0,31 

Max.Sat.Def. x 4 1,5 n.s. 0,09 

Age' x
1 

2 1,1 n.s. -0, 50 

Temp. ' x3 2 1,1 n.s. 0,27 

R' = 0,406 

Fruit Age x
1 

5,5 0,001 -0,56 

(n = 311 ) Season x 2 1,2 n.s. -0,1 9 

Temp. x3 3,7 0,001 0,27 

Max.Sat.Def. x 4 0,8 n.s. 0,16 

Age' x
1 

2 2,3 0,05 -0,50 

Temp.2 X3 2 3,0 0 , 01 0,21 

R' = 0,410 
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where y was the daily crawler production per surviving female 

and the independent variables were as shown in Table 4.3. The 

squared terms were introduced in case the relationships con-

cerned were curvilinear. The contribution made by each vari-

able was assessed by the statistical significance of its par-

tial regression coefficient (Table 4.3). 

Maximum saturation deficit was not significant on any site 

and was dropped. The other variables were significant on one 

or more sites and were retained in order to keep the model the 

same for all three sites. Thus, the variable for season (x,) was 

highly significant on leaves but not on twigs or fruit, and was 

-retained in the final model. 

Although there were over 300 readings of crawler production 

on each site, there were onlY '46 - . 59 A+ females involved (Table 

4.1) and many of these readings came from the same individual 

females. From a statistical viewpoint it would have been better if 

there had been more females involved. Regression analysis assumes 

that each set of readings is independent of the others but here, 

readings from the same individuals would have been to some extent 

related. 

A mOdel for daily crawler production per female 

All the variables listed in Table 4.3, with the exception 

of saturation deficit, were used in a model for the daily craw-

ler production per female. Th f e purpose 0 the mOdel was to be 

able to estimate crawler production in the orchard. An exponen-

tial equation was employed because it implied proportional 

change in the dependent variable rather than incremental change, 

for eac h unit o f change in an indep e ndent variable. A term 

for the interaction of age and season was also introduced. The 



Table 4.4 Regression coefficients for the model: 

Site 

Leaves 
(n=351) 

Twigs 
(n=373) 

Fruit 
(n=311) 

log Y = a + b 1x 1 + b 2x 2 + b 3x 3 + b 4x 1 ' + b 5x 3 ' + b 6x 1x 2 

Where y is the daily crawler production per survi-

ving female. 

Variable Partial regression t p Simple 
coefficient r 

Age b
1 -0,561900 xlO- 4 7,9 0,001 -0,59 

Season b 2 -0,934550 xlO- 2 4,0 0,001 -0,30 

Temp. b 3 0,231138 xlO- 2 3,7 0,001 0,25 

Age' b 4 0,105221 xlO-8 3,1 0,01 -0,53 

Temp. • b 5 -0,493327 xlO- 5 3,6 0,002 0,21 

Age x Season b 6 0,486274 xlO-6 2,1 0,05 -0,59 

constant term a 0,5977151 

R' = 0,468 

Age b 1 -0,357251 xlO- 4 5,0 0,001 -0,63 

Season b 2 -0,860286 xlO- 2 3,7 0,001 -0,31 

Temp. b 3 0,217764 xlO-2 4,0 0,001 0 , 32 

Age' b 4 -0,703635 xlO- 10 0,3 n.s. -0,61 

Temp. • b 5 -0,348842 xlO- 5 2,9 0,01 0,27 

Age x Season b 6 0,590520 xlO- 6 2,9 0,01 -0,64 

Constant term a 0,5596254 

R' = 0,520 

Age b
1 -0,164023 xlO- 4 2,7 0,02 -0,60 

Season b 2 -0,246723 xlO-2 0,9 n.s. -0,21 

Temp. b 3 0,329278 xlO-2 5,7 0,001 0,31 

Age' b 4 -0,138080 · xlO-9 0,8 n. s . -0,58 

Temp. • b 5 -0,570241 xlO- 5 4,5 0,001 0,24 

Age x Season b 6 0,937614 xlO- 7 0,5 n. s . -0,60 

Constant term a 0,3450357 

R' = 0,489 
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model was 

log Y 

where y was the daily crawler production per surviving female 

and the independent variables were as listed in Table 4.4. The 

variable for season was significant in the case of leaves and 

twigs, as was the interaction between age and season, although 

neither season nor the interaction were significant on fruit 

(Table 4.~). This may have been because groups of females repro-

ducing in summer were not represented on fruit (see Fig. 4.1). 

The squared term for age was not significant on twigs and fruit 

but was highly significant on leaves. For simplicity in ap-

plying the model to orchard data, the non-significant terms 

in the relationships for twigs and fruit were retained, in order 

to keep the model the same for all three sites. 

The model explained about 50% of the variation in daily 

crawler production per female (R2 ; 0,468 on leaves; 0,520 on 

twigs; 0,489 on fruit). There are several possible reasons why 

no more of the variation was explained. 

(i) There was evidence to suggest that crawlers may have been 

matured and hatched in batches (section 4.3). If this 

was so there would have been unexplained variation due 

to whether or not a batch of crawlers was ready to emerge 

at a given reproductive age. 

(ii ) Crawler hatching and emergence from under the parent 

scale may involve behaviour on the part of the adult fe-

male as well as the crawlers. In this study crawlers 

tended not to emerge on cool, overcast days but many 

emerged on the first of a series of warm days leaving 

few to emerg e on succeeding equally warm days. It was 
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not clear whether they did not hatch on cool overcast 

days, or whether they hatched but did not emerge. Ac­

cording to Willard (1972b) the ratio of the hours of 

light to darkness influences the rhythm of crawler 

emergence, which suggests that the adult female may re­

spond to light. 

According to Willard (1972b) the time of peak emer­

gence was affected by temperature as well as light, be­

ing earlier in the l~ght phase the higher the temperature. 

In the present work, daily crawler counts made at 0800h 

may not always have reflected the full emergence pattern 

for each day. However, in choosing readings for the re­

gression analyses, days were excluded when crawler counts 

were done on alternate days. 

(iii) Seasonal changes in the physiology of the host plant may 

have influenced the fecundity of the scales. Thus equi­

valent temperatures in spring and summer may not have pro­

duced similar rates of crawler production. There is no 

doubt that the quality of the host plant material affec­

ted fecundity because the rate of crawler production and 

the total number of crawlers produced (Fig. 4.1 and Table 

4.2 respectively) differed on leaves, twigs and fruit. 

Evidence was reviewed by Mc Neill and Southwood (1978) 

showing that the sizes of the populations of sap-suck-

ing insects altered with the seasonal availability of nu­

trients in their host plants. 

(iv) The several rates of oogenesis, embryogenesis, hatching 

and crawler emergence could not be adequately explained 

by such crude indices of season and daily temperature as 
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were used in the regression analyses. Gossard and Jones 

(1977) accounted for 68% of the variation in the daily 

rate of egg laying of P~e~~o ~apae but their data were 

based on only 17 females in four groups, all reproducing 

in the same season, summer. with an insect such as P. ~apae 

which has a relatively short reproductive life, variation 

in host plant physiology may be unimportant. Furthermore, 

the variation inherent in embryogenesis and hatching would 

have been absent from the data. 

There are two considerations relating to the further 

refinement of this model designed for orchard application. 

Firstly, even if more of the variation could be explained , 

could the additional variables possibly be measured in 

the orchard? Secondly, is it really necessary? For example, 

although it might be possible to modify the model to ac­

count for the periodicity in crawler production, it would 

be impossible to get such detail from the orchard, and it 

would be unnecessary in an orchard population of mixed re­

productive ages. Again, the variation in crawler emergence 

as a result of the erratic response of adults (or craw­

lers) to daily temperatures , would be smoothed out over 

a few days; just as many crawlers would have emerged over 

a period of a few warm days irrespective of whether most 

of them emergea on the first warm day or whether they 

emerged in equal numbers on each day. 

4.6 Estimatina daily natality in the orchard 

The model ",as used to predict the daily crawler production 

per A+ female in the orchard: 

(i) Variables x 2 . (season ) and x, (daily effective temperature ) 



Table 4.5 

Site 

Leaves 

Twigs 

Fruit 

Midpoints of egg-curves calculated in 5-day inter-

vals and then converted into the equivalent number 

of days and hO>12°C. Average midpoints are given for 

each site, in hO(x is the mean; s.d. the standard 

deviation) • 

Group Midpoints in: Average 
No. midpoint 

(h ° ) 
Age units Days hO 

1 5,07 25,3 6835 -2 6,04 30,2 7868 x 6520 
3 9,11 45,5 9857 s.d.1631 
4 5,11 25,5 4907 n 8 
5 9,05 45,2 5699 
6 8,76 43,8 5437 
7 6,63 33,2 5692 
8 6,23 31,2 5862 

1 5,86 29,3 7700 -2 4,10 20,5 5202 x 8851 
3 10,13 50,6 10938 s.d.1965 
4 12,82 64,1 10291 n 7 
5 15,51 77,5 9658 
6 13,88 69,4 9899 
7 9,61 48,1 8268 

1 12,87 64,3 14545 -2 10,61 53,0 9865 x 11184 
3 17,73 88,7 11016 s.d.1958 
4 14,20 71,0 10750 n 5 
5 11,72 58,6 9743 
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were derived from orchard thermograph records converted 

(Tables were constructed of hO/day 

covering the period of field sampling). 

(ii) Variable xl (reproductive age) was not measured in the 

orchard population, although it is possible that it could 

have been measured from changes in the ovaries of the 

adult females. In the absence of such measurements, 

midpoints were calculated for the egg-curves shown in 

Fig. · 4.1 and converted to hO. The midpoints were calcu-

lated from the expression: 

Midpoint = i:xm / ~m . x x 

(which is simil.ar to the expression given by Birch 

(1948) but without age specific survival) where x 

was the age interval in five-day units since the start 

of reproduction, and mx the age specific fertility. 

Midpoints calculated in this way are given in Table 

4.5. The average midpoint in h O was assumed to be 

representative of the average reproductive age of A+ 

females in the orchard. 

At times of rapid recruitment to the A+ stage, the average 

reproductive age would have been younger than the values given in 

the last column of Table 4.5. At such times the rates of crawler 

production per female would have been higher than that predicted 

by the model using the average ages in the table. In December, 

there must have been rapid recruitment of A+ females on fruit and 

the mean repro~lctive age was taken as 5000ho instead of 11184ho. 

On the other hand, if A+ females had lived for longer in the orchard 

than in the insectary, their reproductive ages would have been 

rather greater than the values in Table 4 .5. However , the fe ,,, 

data available from the orchard (Table 4.2) suggested that mean 
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reproductive spans were comparable to those measured in the 

insectary, and that similar total numbers of crawlers were pro­

duced by A+ females in both environments. The rather flat 

shapes of the egg-curves (Fig. 4.1) meant that quite large er­

rors either way in the assumed average age of A+ females, would 

make little difference to the predicted daily rate of crawler 

production per" female. 

Only the female portion of the population was conside"red, 

so the daily crawler production per female, predicted by the model, 

was corrected to the proportion which was female. The appro­

priate fractions in Table 2.5 were used for this purpose. 

This procedure gave the daily production of female craw-

lers per A+ female in the orchard. The daily natality in the 

orchard was calculated by multiplying by the intensity/dm2 ofA+ fe­

males per dm2 of leaf, twig or fruit surface, as follows: 

(i) Orchard intensity/dm2 counts of adult females, which consisted 

of A- as well as A+ females, were converted to intensities/ dm 2 

of A+ females alone by multiplying by the proportion of A+ 

in the samples of scales which were dissected at the same 

time. 

(ii) Daily A+ intensities/dm2 were obtained by i~terpolating between 

the estimated A+ intensities/ dm 2 on adjacent sampling dates. 

Tables were constructed of the predicted daily natality 

of female crawlers in the orchard. These tables covered the 

period of orchard sampling between 1972 and 1975, and they have 

been used (Chapter 5) to estimate the recruitment of crawlers to 
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cohorts of adult female scales in order to check the mortality 

rates in the orchard, which were calculated by another method. 

4.7 Conclusions 

The rates of crawler production and the durations of repro­

ductive life differed greatly on leaves, twigs and fruit. Coup­

led with the different rates of deve.lopment, different sex ratios, 

and even different rates of mortality from the several categories 

of mortality which were recorded, there were strong arguments for 

treating the three sections of the population separately in anal­

ysis. 

The rate of reproduction per female was strongly dependent 

on temperature. In Chapter 2 it was concluded that the tempera-

ture four months beforehand caused the seasonal cycle in adult 

female intensity. In Chapter 3 it was shown that the life cycle 

requires about l4000ho, which in summer was about six weeks 

and in winter about four to five months. These points suggest 

that temperature, in causing the seasonal cycle, acted mainly 

upon the rate of recruitment. 

The predictive model for crawler production has been 

used in section 5.2.4 to check estimates of mortality made by 

another method. 
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CHAPTER 5 

INVESTIGATIONS OF THE MORTALITY IN THE POPULATION 

The seasonal cycle in the population was associated 

with the temperature about four months beforehand (Chapter 2). 

Furthermore, excessive rainfall in the spring of 1973/74 appeared 

to have suppressed the seasonal cycle for that year. The rate 

of daily crawler production was a function of temperature (Chap­

ter 4) and since the life-cycle time varied from 6 - 18 weeks, 

this would account for the displacement of the effective tempera­

ture relative to the population cycle. Apparently the greatest 

effect of temperature was on the rate of recruitment. 

In order to substantiate these conclusions the mortality in 

the population was investigated. The account falls into three 

parts. In part 5.1 the relative importance of the various cate­

gories of mortality is assessed; in part 5.2 the generation mor­

tality is estimated and checked; lastly, in Part 5.3 the genera­

tion mortality is related to climatic and biotic indices. 

5.1 The relative importance of the various categories of mortality 

The data for this assessment came from dissections of scales 

of all stages, on all three sites, made at each sampling date 

(section 2.2). 

5.1.1 Summary of the categories of mortality and the stages on which 

they acted 

Four kinds of mortality were recognised acting on female 

scales (section 2.8). They were: 

(i ) Predation, mainly by L~nd o ~u~ t ophantae and lacewings, 

which preyed on stages 1 - 3, rarely on the adult. 
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Predation-damaged scales accumulated in the population. 

It is likely that many of the younger stages were re­

moved entirely by predators, while larger scales may have 

fallen off the trees. Finally, scales sucked dry by chry­

sopidae would have been confused with scales which had 

died from undefined causes. 

(ii) AphytL. parasitism acted on stages 2 and 3, but parasi­

to ids also stung scales which they did not parasitise. 

Such stung scales were indistinguishable from undefined 

mortality, but a reasonable ratio of parasitised to stung 

scales seemed to be 1:1. Hence, to assess the importance 

of Aphyt~~ on the scale population the numbers of parasi­

tised scales rntgb~ be doubled, and the difference deduc­

ted from undefined mortality. Scales from which paras i­

toids had emerged were included. 

( iii) Endoparasitism by H. ~oux~ and C. b~ 6 a~c~ata emerged from 

adult female scales, rarely from stage 3, but the stages 

attacked were not known. Endoparasitism was assumed to 

have acted on the adult. Both endoparasitoids were at­

tacked by the hyperparasitoid, M. javen~~~. Hyperparasi­

tised scales, and those from which parasitoids had emer­

ged were included, because other categories of mortality 

also consisted of retrospective e vidence . 

( iv) Mortality from undefined causes acted on all stages and 

scales wh ich had died for no apparent reason were common 

in the population. They accumulated for an unknown time 

although they reached a minimum between January and March 

each year (Fig . 2.8 ) at the end of the rains . 



Fig 5 .1. Scales on twigs in each category of mortality, expressed as a fraction of the total number of dead (or dying) scales in the samples. Aphyris parasitised 
scales do not include a measure of host· stinging. 
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5.1.2 Assessment of the importance of each category of mortality 

In the scale population several categories of mortality 

acted contemporaneously on each stage. For example predation, 

Aphy~~~ parasitism, undefined mortality and possibly endoparasi­

tism all acted together on stages 2 and 3 and it was not pos­

sible to say in which order they acted. Furthermore, the evi­

dence of undefined mortality and predation accumulated in the 

population. Consequently neither the numbers surviving (S) from 

a given category of mortality, nor the initial numbers in the 

stage before mortality (N) could be known, and it was not pos­

sible to use the data from scale dissections for survival analysis. 

Instead, the data were used simply to identify the most important 

categories of mortality although there was no way to quantify 

their effect on the scale population. 

At each sampling date the number of scales in each category 

of mortality was expressed as a fraction of the total number of 

dead scales in the sample. 

sampling dates. On twigs 

was undefined mortality. 

The results were plotted against the 

(Fig. 5.1), the most important category 

Even allowing for an accumulation of 

dead scales it was1TIuch larger than the others. The second most 

important category was predation. On fruit (Fig. 5.2), the number 

of Aph~~ parasitised scales was doubled to account for host­

mutilation, and the difference deducted from the number dead from 

undefined causes. On this assumption there were two important 

categories, undefined mortality and Aphy~~~ induced mortality. 

Endoparasitism did not appear to be important on either site. 

5.1.3 Conclusions 

Undefined mortality probably included mortality from sev­

eral sources; for example, unrecognised predation damage, the 

effects of overcrowding and being forced off the surface by younger 
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individuals beneath, the weather acting either directly on scales 

or via the host-plant's physiology. It is unlikely that extremes 

of high temperature would have caused much direct mortality, be­

cause the LDSO peak temperature for the most susceptible stage of 

the female is about 47°C according to Abdelrahman (1974a). Ste­

venson screen temperatures in the orchard rarely exceeded 40°C, 

and although scales in direct sunlight may have been exposed to 

higher extremes than this, most of the scales would have been sha­

ded. The LD50 trough temperature for female scales is about 6°C 

(Abdelrahman, 1974a) and in the orchard Stevenson screen tempera­

tures fell as low as 2°C. Willard (1972a) recorded high mortality 

at a constant temperature of 15°C but this may have been due in 

part to the adverse effect on the floating lemon leaf discs he 

used as host material. Hence, low temperatures may have caused some 

direct mortality but their effect would have been mainly via the 

host plant's physiology. 

This method of identifying the most important category of 

mortality constitutes a key-factor analysis but is not quantitative. 

A key mortality factor accounts for most of the change in the size 

of a population from one generation to the next. The concept was 

first proposed by Moris (1959). The method of analysis which he 

developed has been criticised (e.g. southwood, 1967; Hassell and 

Huffaker, 1969; Luck, 1971) and the method most often used is that 

of Varley and Gradwell (1960), by survival analysis. Where there 

is difficulty identifying the key factor(s), Podoler and Rogers 

(1975 ) proposed a refinement to the Varley and Gradwell method. 

If a key-factor can be identified and quantified then it 

can be used to predict population trends. With the method used 

here, this was not possible because undefined mortality could not 

be quantified. In order to reach conclusions about the factors 

which caused the fluctuations in the size of the population, the 
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total mortality in the life cycle was estimated (section 5.2) and 

then relationships were sought between it and climatic or biotic 

indices (section 5.3). 

5.2 The estimation of generation mortality 

In survival analysis of insect populations, the logarithm 

of the survival rate from each mortality factor is called a k-value 

(Varley and Gradwell, 1960; Williamson,1972). Strictly speaking 

k ~ -log (S/N) , where S is the number of survivors and N the number 

before mortality. The advantage of taking logarithms, apart from 

the advantages mentioned in section 2.4, is that successive k-va­

lues can be added. The sum of all the k-values in the life cycle 

gives the log generation survival, K. In the present case, al­

though the various k's could not be calculated for the reasons 

given in the previous section, it was possible to estimate K. The 

procedure is described here. 

Populations of continuously breeding insects do not lend 

themselves to survival analysis by age-specific life tables (South­

wood, 1978) because it is difficult to follow the fates of distinct 

groups of individuals through their life cycles. Neither can time­

specific methods (Southwood, 1978) be used because stable age, or 

stage, distributions cannot be assumed; firstly because insects 

are usually grouped by stages which are of unequal duration , secon­

dly because temperature-changes alter the rates of development . 

Instead, for such populations, Southwood (1978) defines an 

alternative approach employing 'predictive population models'. 

These models predict the size of the population after a period 

of unlimited growth , for comparison with the actual, me asured , 

population size obtained in field samples. The difference gives 

the survival rate. According to Southwood, the v arious ap-

proaches to survival analysis are not as different as they 



Fig 5.3. From Rogers (1979): (a) Ricker and (b) Moran curves for logistic growth of a population with 
a tenfold rate of increase. The solid curves represent growtn in the absence of density independent 
mortality . Where they cross the 45° line is the point of equilibrium. The hatched area represents 
density dependent limitation. The Rogers/ Moran method assumes that YZ is a measure of density 

independent mortality acting during the interval t to t+l on a population which is at level X 
at time t . 

(b) 
1000 / 

" " 
4 

/ -+ / -Z 

o 

" 

1000 

-:. 
z 
01 2 
o 

o 4 



69 

appear and they grade into each other. 

In the present case, two methods of survival analysis were 

used, both of them based on the predictive model approach. The 

first is a method described by Rogers (1979) employing Moran 

(1950) diagrams. The second method, used to check the first, 

is based on a method suggested by Southwood et ~t (1972). 

A central problem withthe predictive model approach is the 

choice of the time interval at which the population size is to 

be measured. If the interval is too short the predicted popu­

lation numbers will be too low compared to the numbers in the 

samples, and vice versa if too long. In the present case, the 

chosen interval was one generation time, and since this interval 

varied with temperature, it was expressed as a thermal constant. 

Sampling dates were selected at intervals of one thermal con­

stant for the generation time, from the samples covering three 

and a half years. 

5.2.1 The Rogers/Moran method rationale 

Ricker (1954) adopted one of Moran's (1950) ways of plotting 

population data. The population numbers at one time (N t +1 ) are 

plotted against the numbers of the same stage at the time be-

fore (Nt) to form a scatter diagram. In data with small stan­

dard errors (e.g. laboratory populations) the dots form a line 

rather than a scatter, with a trajectory roughly as in Fig. 5.3 (a). 

Rogers (1979) pointed out that if the data are transformed to 

logarithms then, ( i) the exponentially increasing part of the 

curve is linearised,(ii) the elevation of this linear part of 

the curve abov e a 4 5° line through the origin, gives a measure 

of the log finite rate of increase of an indiv idual over the 
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time interval t-t+l. The curve, which Rogers now calls a Moran 

curve, then appears as in Fig. 5.3(b). According to Rogers, 

the pOint where the curve bends over and returns towards the 

45° line through the origin, is the point at which environmen­

tal resistance (Varley, Gradwell and Hassell, 1973) begins to 

limit the population growth. In other words, density dependent 

mortality begins to act at this pOint. Where the curve cuts 

the 45° line ~hrough the origin, is the pOint of population equi­

librium. 

If data from a field population are plotted in this manner, 

the pOints form a scatter and each point generally falls some 

way below the Moran curve. According to Rogers this is because 

density independent mortality has acted upon the population. 

Thus the reason that a population at level X in Fig. 5.3(b), only 

reaches level Z one interval of time later, and not level Y, is 

because of density independent mortality of magnitude YZ. Since 

Y and Z represent, respectively, potential and actual population 

densities expressed in logarithms ,the distance YZ gives the 

difference between two log densities and hence is a k-value. 

Rogers (1979) tested the method of analysis with a simple 

model designed to simulate a slowly breeding insect, the tsetse 

fly. He came to the following conclusions about the method: 

(i) When the density independent mortality acted on only one 

stage in the life cycle, the method estimated qualita-

tive changes in that mortality. When the density independent 

mortality acted equally on all stages, the method also es­

timated quantitative changes in that mortality. 

( ii ) Est imates of density independent mortality made within 

the range of action of density dependent mortality (i.e. 

within the hatched area in Fig. 5.3b ) , were unde r-estimated. 
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However in a relatively slowly breeding population the 

seasonal cycle depresses the population below the realm 

of operation of density dependent mortality for much of 

the year. Hence much of the density independent (weather 

induced) mortality would be estimated correctly by the 

method. 

(iii) The method cannot be applied to populations showing a gra-

dual trend over the years, either upwards or downwards, 

because the highest populations reached fix the point at 

which density dependent mortality can be detected. Den-

sity dependence can only be detected where the Moran 

curve starts to bend over. If there is a long-term trend 

then the trend must be corrected for. 

5.2.2 Rogers/Moran method: discussion 

Since the elevation of the Moran curve above a 45° line 

through the origin represents the log maximum possible finite 

rate of increase, then distances by which pOints fall below this 

curve must represent measures of the generation mortality, K, in 

cluding changes in natality (and, presumably, the effect of the 

changing rate of development upon the population growth rate). 

The finite rate of increase is sometimes labelled Ro (Southwood, 

1978) orA (May, 1976). Here, it has been called R. 

If the interval between t and t + 1 is too long then the 

expected rate of increase will be too great and mortality will 

be overestimated. On the other hand, if it is too short then 

individuals surviving from one interva l to the next will appear 

on both axes of the plot, effectively increasing the reproductive 

rate, and mortality will be underestimated (Rogers , 1979) . Fur-

thermore, if the interval is incorrect then the periods over 
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which climatic indices are averaged (or summed) will also 

be incorrect and it may be difficult to get statistically 

significant relationships with the estimated mortali t y. 

Although Rogers (1979) used the method for continuously 

breeding populations (of tsetse flies) there may be objections 

to doing so with such populations, in which generations can-

not be distinguished: 

(i ) The, data are arbitrarily divided into units, referred to 

as cohorts, which are assumed to correspond to generations. 

(However, the very act of taking samples at more or less 

extended intervals has a similar effect~ 

(ii) If there are delayed mortality effects, acting on subse-

quent generations rather than the present one and pro-

ducing cyclical changes in numbers, then the method may 

not be valid. According" to Williamson (1972), Moran 

plots only work well if the delay is of exactly one gen-

eration. In the present case, the most important delay-

ed effect would probably have been the seasonal tempera-

ture changes. Referring back to Fig . 2.5, the delay was 

about four months; while the cohort generation time aver-

aged three months (Appendix 1, column 3: see also 

the numbers in circles in Fig. 2.5, suggesting the 

number of gene rations, expressed as a thermal constant, 

which fitted end-to-end into each year. In Fig. 2.5, 

generations take 2 - 5 months. Th e thermal constan"t 

o f the generation time is d iscusse d i n the next section, 

5 . 2 . 3) . 
Henc e , for thi s red s cale populat i on t he delay was almo s t 

equivalent to a generation time a nd there seems t o be no 

re a s on why Moran p lots shou l d no t wor k well. 
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Individuals in the cohorts referred to above are assumed to have been 

born at time t and to have reporduced at time t + 1, or to have died in the 

meantime. 

Estimating the mortality in the scale population 

(a) The sampling interva l : The relation between the numbers in successive 

generat i ons of an exponentially growing popu l ation is 

Nt + = Nt e
rT 

--------------------- (1) 

where r is the intrinsic rate of increase and T the mean generation 

time. T is therefore an appropriate interval at which to measure 

the size of the population. According to Birch (1948), for a group 

of females of the same age, that is for a cohort, T may be approx­

imated by 

T = lx mx -----------------(2) 

where x is the age class, lx the proportion of the original numbers 

in the cohort surviving at the start of each age class and mx the 

fertility in each age class (the number of living female progeny per 

female). This expression gives the mean time, T, from the birth of 

the cohort to the midpoint of the cohort egg-curve, at which point 

the cohort is considered to reproduce (Birch, 1948). It is ad-

vantageous to express T as a thermal constant (section 3.6). 

In the insectary, lx was not measured in the pre-reproductive stages, 

only in the A+. Therefore thermal constants of T were calculated 

as follows for scales on twigs and fruit (the population on leaves 

being ignored in this analysis): 

(I) Thermal constants for the life cycle times, from birth to first 

reproduction, were on twigs 14213ho and on fruit 13142ho (Table 3.1). 
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(I I ) Midpoints of the cohort egg-curves were calculated from equation 

(2) above, in five-day age intervals from the start of reproduction, 

and converted to hour-degrees. 

The average thermal constants for midpoints of egg-curves on twigs 

and fru it were respectively 7630ho and 1001 3ho. 

(III) Summing termal constants for life cycle times and cohort egg-curve 

midpoints gave totals of 21843h o on twigs, and 23155h o on fruit . 

The procedure for finding 'T is summarised in the following diagram, 

where the figures refer to thermal constants on twigs: 

----- T =21843------.... 0 
I 
I 
I 
I 

ti.'---14213 ---..... t-7630-t 
Fi r st Fi rst , Midpoi nt 

hatching crawler of egg-curve 
of cohort produced 

by cohort 

(IV) The generation times of scales on twigs and fruit were therefore 

assumed to be approximately 20 OOOh o. 

(b) Moran plots: From the census data, sampling dates were chosen 

which were separated by intervals of, as nearly as 



Fig 5.4. Moran plots of adult female scale intensities/dm 2 on twigs . Plots 2 and 3 employ intensity readings intermediate between those in plot 1. Figures in the plots 
denote the dates at times t + 1. The log maximum finite rate of increase, 0,92, is set by point 27/1/75 in plot 3. The point 20/3173 is common to both plots 

2 and 3 (see Appendix 1) . 
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possible, 20000ho. For the population on twigs, three sets of 

sampling dates were selected in this manner, each set interme­

diate between the others. The principle is illustrated in Ap­

pendix 1 (column 3 ) . The mean generation time between the c hosen 

dates was 19952ho (n = 38 cohorts, standard deviation 1790,3). 

The three sets of readings of scal.e in.tensity/ dm2 were plotted 

as three Moran diagrams (Fig. 5.4). As a first approximation 

the height of the Moran curves was set by the point showing the 

greatest increase of log Nt +l over log Nt. In Fig. 5.4 this 

point is at 27 / 1/75, and corresponds to a log finite rate of in­

crease of 0,92. The Moran curves were therefore set at this 

height in all three plots. In populations of mobile insects, 

immigration may occur and some of the pOints would then corres-

pond to impossibly high rates of increase. Such pOints would 

fall above the line of the log maximum possible finite rate of 

increase. The height at which the Moran curve was set, and the 

mean level of mortality which was estimated, are discussed in 

section 5.2.4. 

On fruit, the scale population was discontinuous because 

of picking. In order to get as many pOints as possible for a 

Moran plot from the relatively short runs of data for each fruit 

season, up to five sets of readings were selected. The cohort 

i ntervals are shown in Appendix 2 (column 3). The mean genera­

tion time was 19924ho (n = 27 cohorts, standard deviation 1883,5 ) . 

Values of log Nt +l were plo tted against log Nt for the 

f r uit populat ion (F i g. 5 . 5 ) but the points were no t linked up 

i n sequ e nce because of t he c o ng es t i on . In any case t he c ycles 

were incompl e t e bec a use the fruit were picked. The l evel of 



Fig 5.5. Moran plot of adult female scale intensities/dm2 on fruit. Figures in the plot denote the dates at times t + 1. 
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the Moran curve was fixed by the pOint at 6/2/73, corresponding 

to a log maximum finite rate of increase of 1,66. The level 

of the Moran curve is further discussed in section 5.2.4. 

Values of the generation mortality estimated by this method for 

scales on twigs were labelled 1KT' to distinguish them from 

values estimated by the check methods (section 5.2.6). Values 

of 1KT are listed in Appendix 1 and plotted in Figs. 5.7 and 5.S. 

Values of the generation mortality of scales on fruit 

were not checked and were labelled KF . They are listed in Ap­

pendix 2 and plotted in Fig. 5.9. 

(c) Density dependent mortality: Referring to Fig. 5.4, the dates 

of the pOints in the Moran plots show that the population de­

creased from March or April each year, so this decrease could 

be attributed either to falling temperature or to density de­

pendent mortality. Density dependent and density independent 

mortality may be distinguished by the distances, respectively, 

above or below the curved portion of the Moran curve. This 

curved part in Fig. 5.4 was drawn by eye, so the distinction 

between density dependent and density i ndependent mortality 

was subjective. Moreover, the method assumes that density 

dependence was direct and not delay·ed , which seems unlikely if 

the parasitoids had any regulatory effect on the scale popula­

tion. For these reasons, no further attempt was made to detect 

the presence of density dependent mortality by this method. 

5.2.4 Checking the mean level of the estimated mortality 

According to Rogers (1979 ) the Moran curve-fitting method 

will identify changes in mortality but not necessarily the cor­

rect mean level about which these changes take place. This is 



'fable 5.1 

Source 

l"li llard , 
'l'able 6 

"1cLaren, 
Fig . 3 

Ne ntzel , 
Table 2. 

Values of rm for red scale from three sources in the literature , to­

gether with values of R calculated from them assuming a generation time 

of 62 days . In the experimental orchard during December and January, 

20 000 hO required about 62 days (see text and Table 5 . 2). 

Host plant Regime rm lnR R l ogH 
material per day 

·c 'RH 

1972a Floating l emon 30 humid 0,0 64 3 , 97 52 ,6 6 1,72 
- leaf dis cs 35 " 0 , 044 2,73 15 , 30 1 , 19 

20 " 0,026 1,61 5,01 0,7 0 
15 " 0 , 011 0 , 66 1 , 96 0,30 

1971 , Rangpur lime 35 75 0 - - -
leaves J2 75 0, 0 46 2,96 19,61 1,29 

29 45 0,045 2 , 79 16,28 1,21 
24 45 0 , 038 ·2,36 10,55 1,02 
16 75 0 , 019 1 , 16 3,25 0,51 
13 75 0 - - -

1970, Lemon fruit 30 60 0, 062 3,84 46 , 71 1 , 67 
25 60 0 , 049 3 , 04 20,66 1 , 32 
20 60 0 , 017 1,05 2 , 87 0,46 

Table 5.2 Total number of hO>12°C in each month from November 1971 to June 1975. Figures for the 

first three months (NOvember, December, 1971 and January, 1972 ) were not recorded 1n the 

experimental orchard , but at a station 20 km away. In e ach season the ho ttest months were 

December and January , with an average total of 19364 hO for the four fruit-seasons 1971/2 -

1974 /75 . 

Year J F M A M J J A S 0 N 0 

1971 - - - - - - - - - - 7905 9606 

1972 10793 6436 6135 7360 4167 2390 3669 456 6 6590 7517 677 9 9656 

1973 9715 6652 9927 6056 5162 3676 3600 46 41 6242 6717 7714 6416 

1974 10946 620 4 6419 5764 4758 3056 2947 4542 6035 7600 7600 9242 

1975 6761 7576 7156 5797 4556 2597 - - - - - -

~ 
.Q 
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because the position of the Moran curve is fixed, as a first 

approximation, . by pOints which are liable to errors on both 

axes of the plot. These errors, which may arise from sampling, 

migration, or in the choice of sampling interval, tend to raise 

the level of the curve. 

The main sources of error with mobile insects would be 

immigration to the population, which would exaggerate the rate 

of increase from one generation to the next; or emigration, which 

would have the reverse effect. With the scale population,emi­

gration would tend to have occurred o n twigs, and immigration 

on fruit. Other sampling errors would have been minimal. The 

mean level of the estimated mortality was checked as follows: 

(i) Values of log R were calculated from published values of 

the intrinsic rate of natural increase, 

(Table 5.1). The equation used was 

lnR . = r T m 

of red scale 

where T is the generation time when the generations com-

pletely overlap and a stable age distribution exists 

(Laughlin, 1965 ). A generation time of 62 days was 

assumed because during the hottest months , December 

and January (Table 5.2),there was an average total of 

19384ho in 62 days. 

Maximum values of log R (Table 5.1) were between 1,67 - 1,72. 

( ii ) Rogers (1979) pointed out that at population equilibrium 

the finite rate of increase, R, should be equal to the 

average rate of mortality; that is log R = mean K. For 

the populations on twigs and fruit, r egressions were cal-

culated between the obser ved rates of increase from one 



Table 5.3 

Site 

Twigs 

Fruit 

Regression equations for the finite rates of "in-

crease from one generation to the next (Nt+l/N t ), 

on the K- values estimated by the Rogers/Moran 

method. Observed values of Nt+l/Nt are tabulated 

in Appendices 1 and 2, as are the K- values esti-

mated by the method. 

- --.-

Regression equation Predicted K at 
equilibrium 

Nt+l/Nt = 5,095 - 3,397 K 1,21 

(r' = 0,72) 

Nt+l/N t = 24,430 - 14,345 K 1,63 

(r' = 0,60) 
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generation to the next, Nt+l/Nt , on the corresponding 

values lKT or KF (see Appendices 1 & 2). From the re­

gression equations (Table 5.3) mean values of lKT or KF 

were predicted when Nt+l/N t = 1 (no increase or decrease). 

(iii) Predicted equilibrium values of lKT were 1,21,and of KF , 

1,63. The value of lKT was less than the maximum values 

of log R in Table 5.1 by about 0,50 suggesting that the 

level of mortality on twigs was underestimated by this 

much. However on fruit the predicted average value of 

KF (1,63) compared well with the maximum values of log R 

(1,67 - 1,72), indicating that the estimated level of 

mortality was correct on this site. 

The underestimation on twigs may have been due to 

emigration of crawlers to fruit, or to the lower natality 

on twigs compared to fruit. 

5.2.5 Checking the fluctuations in the estimated mortality 

Fluctuations in the estimated mortality on twigs were 

checked by another method but the estimated mortality on fruit 

was not checked. The check method was based on a simple predic­

tive model proposed by Southwood e~ at. (1972) and summarised by 

Southwood (1978, p. 399). In the model, the number of adults ex­

pected on a given date is predicted from the number of eggs laid 

over some previOUS interval which is defined by the development 

time from egg to adult. The difference between the expected num­

ber on that date and the observed number in a sample, provides 

a measure of the mortality which has occurred since laying. 

The model, as described by the authors, allows for the 

effect of variable hatching and development rates to be incorporated 

into the prediction. In the present cas e , although the development 



Fig 5.6. Diagram defining the recruitment dates, 03 to 02_ relative to the sampling date, 5 , when the adult fema le stage 
was counted in orchard samples. Intermediate dates 04- 07 define immature stages on this framework . Figures 
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times were measured (section 3.1) variations in the development 

times were not, because of the destructive sampling necessary 

to determine when the scales had moulted into the next stage. 

A simpler model was devised using the average development time from 

crawler to adult. It is described in the following paragraphs. 

The object of the mOdel was to predict the intensity/dm2 of adult 

females which would have been expected on a given sampling date 

in the absence of any mortality; in other words, to predict the 

crawler recruitment of the cohort of adult females sampled on that 

date. The crawlers would have emerged between certain dates some­

time beforehand. Fig. 5.6 shows how these dates were defined by 

thermal constants for the average development time from crawler 

to adult, and for the duration of the adult female stage. 

In Fig. 5.6, the sampling date is denoted by S. The young­

est adult female which could possibly be present in the sample at 

S would have entered adulthood on the same day, S. The oldest in­

dividual which would possibly be present at S would have entered 

adulthood one 'adult duration' previouslYrat date Dl . The dates 

- between which all the adult females which are observed at S, them­

selves emerged as crawlers, are defined by the development times 

from crawler to adult, extended beckwards from dates Dl and S. 

Hence the date when the oldest adult female emerged as a crawler 

is D3 and the date when the youngest emerged is D2 . The dates 

01 - 03 and S are shown (Fig. 5.6 ) as the corners of a quadrilate­

ral for clarity because they overlap, but in fact they extend back 

in time from S as a single line. The other dates in Fig. 5.6 

(04 - D7 ) , define the intermediate stages on this framework. 

If the durations of t h e acult female stage and o f the 
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crawler - adult female developmeLt time, are expressed as ther­

mal constants then opposite sides of Fig. 5.6 become equal. Cu­

mulative durations backward from S are given in hO in Fig. 5.6 

for scales on twigs. For example the youngest adult female which 

could possibly be present at S would have emerged about 10.000ho, 

or one summer month, before S. The oldest adult female would 

have emerged 30.000ho or three summer months before S. (It should 

be emphasised at this point that the date S in this model is equi­

valent to time t+l in the Rogers/Moran method; and that time t, 

20.000ho before time t+l, would fall between dates D3 and D2 ). 

Dates Dl - D7 were defined by summing daily hO values back­

wards from each sampling date. The hO values were estimated from 

thermograph charts recorded in the orchard. There were 77 sam­

pling dates, between February 1972 and June 1975, and the daily 

summations were performed by means of a computer programme devised 

by M.G. Murdoch (South African Sugar Association Experiment Sta­

tion, Mount Edgecombe). 

The daily natality (crawlers per dm», estimated by the 

methods described in sections 4.6 and 4.7, was summed between 

the dates D3 and D2 for each sampling date. The result was the 

crawler recruitment, or the expected adult female intensity/drn' in 

the absence of mortality, at each sampling date. The log expec-

ted intensity/dm > minus the log observed intensity/dm>, gave values of 

the generation mortality (labelled 2KT) with which to check val-

ues of lKT derived from the Rogers/Moran method. 

A third check was made by calculating the generat ion mor­

tality from the average percentage mortality in each stage of the 

life cycle. Scales of all stages were dissected every sampling 
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date and the percentages of dead and parasitised scales recorded. 

These percentages were averaged between the appropriate dates 

(Fig 5.6) for the stages in a cohort. For example, percent mor-

tality in stage 1 was averaged for samples falling between dates 

D3 and D5 ; stage 2, between D4 and D7 ; stage 3, between D6 and 

S; and the adult female between Dl and S. If the average per­

cent mortality in stage 1 was, say, 50%, this gave a k-value of 

O,30·and the k-values in subsequent stages of the cohort were , -

summed to get an estimate of the generation mortality, which was 

labelled 3KT. 

The cohorts referred to in both these check methods based 

on the model of Southwood e~ at. (1972), are assumed to have been 

recruited between dates D3 and D2 and to have been sampled at 

date S. 

5.2.6 Conclusions about the estimation of ehe generation mortality 

Estimates of mortality, made by each of the three methods, 

are plotted in Fig. 5.7 and the fluctuations agree quite well. 

However, it is obvious that values of 3KT were exaggerated by 

the tendency for dead scales to accumulate (see sections 2.8 and 

5.1.1) and so the third method has not been considered any further. 

The methods used to derive lKT and 2KT were not independent 

of each other because the same scale intensity/dm 2 was used at time 

t+l, or at 5, respectively. Furthermore, the intensity/dm 2 at time 

t which was used in the Rogers/Moran method, would have fallen 

between dates D3 and D2 (Fig. 5.6) and so would have entered cal­

culations to predict the crawler recruitment in the second method . 

Nevertheless, the two methods represent two different ways of es-

timating the generation mortality from substantially the same 

data and the fact that the changes in mortality agreed in each 
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case, strengthens the belief that these changes were real. It 

is the changes in mortality, rather than the mean level, which 

are important when seeking relationships with climatic and biotic 

indices. 

The mean levels of mortality estimated by the first and 

second methods differ quite markedly (Fig. 5.7). The level of 

mortality estimated by the Rogers/Moran method appears to be ap­

proximately correct (section 5.2.4), although a factor of 0,50 

could be added to the values of lKT which would bring the levels 

of mortality slightly closer together in Fig. 5.7. It is possible 

that the rate of crawler recruitment (sections 4.6 and 4.7) was 

consistently overestimated. Alternatively, the reason why mortality 

was overestimated by the second method may lie in the different 

wa~that cohorts were defined. The predictive population model, 

as used here (Fig. 5.6), took no account of the effect of indivi­

dual variation in the rates of development. Assuming that indivi­

dual differences in the thermal constants for development, were 

normally distributed about the mean constant, then many of the 

slowest developing oldest individuals, and the fastest developing 

youngest, could not possibly have been present in the sample at S 

(see diagram opposite). Hence the expected numbers at S would 

have been somewhat exaggerated. 

There appear to be two objections to these methods for 

estimating the generation mortality. The first, which was men­

tioned in section 5.2.2, is that it is not realistic to divide 

into cohorts the data from a continuously breeding population 

and to treat such cohorts as discrete generations. (Similarly, 

it may not be realistic to use intermediate sets of cohorts in 

order to get more continuous estimates of mortalityJ Th e second 
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objection is that the intensity/dm' of adults taken in a sample 

at one time (whether time t, t+l or S) did not represent the 

total intensit.y/dm' of individuals in a cohort which survived to 

pass through the adult stage. The intensities/dm' in samples at 

t and t+l (or S) only reflected the total intensities/dm' of indi­

viduals which entered adulthood in the respective cohorts. This 

may be another reason why the second method overestimated morta­

lity. In that method, the total recruitment of female crawlers 

to a cohort was estimated, but the intensity/dm' of adult females 

in the sample at S did not represent the true intensity/dm' in 

the cohort which entered adulthood. 

5.3 Mort.ality related to climatic and biotic indices 

Relationships were sought between the estimated mortality 

(lKT and KF ) and indices of weather, and of predator or paras i­

toid abundance. The object was to infer which environmental fac­

tors caused the seasonal and year to year changes in scale inten­

sity/dm' . 

There were three reasons for seeking relationships between 

climatic factors and scale mortality, rather than intensity/dm': 

(i) Scale intensity/dm' would have depended in part on the in­

tensity/dm' of th previous generation, whereas mortality 

would have been independent of intensity/dm~ (except at 

high intensities/dm' when there would have been some den­

sity dependence). 

(ii) Weather may have determined changes i n intensity/dm' but 

not the actua 1 intensity/dm' . On the other hand, 

weather would directly have determined mortality. 

(iii) Fortuitous correlation can arise when two sets of serially 

correlated data, such as i nsect intensity and weather in­

dices , are slid relative to each other to get a good fit 

(Bursell, 1974). By using pairs of intensity/dm ' readings 
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separated by an interval of 20000ho to estimate mortality, 

and by summing or averaging the weather indices over the 

same interval, (a) the necessity for sliding one set of 

data relative to the other was obviated, (b) some of the 

serial correlation may have been removed, because the data 

were then framed in particular ways. 

S.3.1 Derivation of the indices 

Most of the indices were derived by summing or averaging 

measures of potential mortality factors (temperature, rainfall, 

predators) over the generation time, t - t+1. Some of the indi­

ces were derived by summing or averaging over the first or second 

half of the generation time. In one case (index 4, Table S.4) 

temperature was averaged over a period extending from SOOOho 

before time t to SOOOho after it, to see whether temperature acted 

mainly upon the rate of crawler recruitment. 

Threshold temperatures for thermal summation of day degrees 

were set at 12°C, lSoC, 20°C and 30°C (Tables S.4, S.6) for the 

following reasons: 

(i) The threshold temperature for development was 12°C (sec­

tion 3.3) and day-degrees below this level were summed. 

(ii) Willard (1972a) recorded greatly increased scale mortality 

at a constant temperature of lSoC, compared to 19°C,or 

higher, constant temperatures. Day-degrees below lSoC were 

summed. 

(iii) McLaren (1971) found that the intrinsic rate of natural 

increase of red scale fell sharply at constant temperatures 

abov e 30° - 32°C, and below 20° - 24° C. Day-degrees abov e 

30°C and below 20°C were summed. 

A l ogari thmic trans formation was used f o r all t h e indices 
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of thermal summation in order to linearise the resulting rela­

tionships. 

Measures of the drying-power of the air were given by 

evaporation from a Class A pan situated 15km away from the or­

chard, and by saturation deficit calculated from relative humi­

dity readings recorded in the experimental orchard. Water­

house and Amos (1968) concluded that saturation deficit was a 

better estimate of the drying power of the air than relative 

humidity. Evaporation also includes the effect of wind velocity 

and should in theory give an even better measure of the drying 

power. In the present case .it was not expected that the dryness 

of the air would affect the insect, which tapped a continuous 

source of water, but it might have influenced the host plant. 

Rainfall was recorded lkm from the orchard. Indices which 

measured excess rain, greater than the long-term mean, were cal­

culated as follows: 

(i) Murdoch (1970) published 52 year means of the monthly 

rainfall at a station 20km from the orchard. Long-term 

monthly means were converted to daily means which were 

summed between t and t+l. 

(ii) The total rainfall between t and t+l, minus the total 

for the long-term daily means, gave the excess rainfall 

(which was recorded as zero whene~er it was negative). 

Predator and parasitoid numbers were expressed as inten-

sities per 'twig' (sect ion 2.3) and averaged between times t and 

t+l, or over the first or second half of the generation time. 

Logarithmic transformations were used for the reasons discussed 

in section 2.4. 



'J'uble 5.4 Mortality on twigs: Simple correlat.ion and regression coefficients for mort­

ality on climatic or biotic indices (n = 38; n.s . = not statistically signi­

ficant). Crosses (righthand sIde) mark indices selected for multiple regres­

siun analysis (Table 5.5). 

t ·ac tur IIndex I Correlation Regression 
coefficient coefficient 

I r 100r' b Ip 
I 

'CLIMA"l'IC 

Te mpe rature (1) Mean maximum during generation time -0,569 34,7 -0,176 0,001 
(2) Mean minimum· 1·· -0,629 39,S -0,115 0,001 X 
(3) Mean min inurn in first I of generation time -0,576 33,2 -0,099 0,001 
(4) Mean min. during 5000h· either side time t -0,470 22,1 -0,076 0,01 
(5) OO>30°C during generation time (log) -0,212 4,5 -0,325 n.-s. 
(6) OO<20°C· • • (log) 0,627 39,3 . 0,725 0,001 
(7) OO<15°C· • • (logx+l) 0,610 37,2 0,339 0,001 
(8) DO<12°C· • • (logx+l) 0,582 33,9 0,329 0,001 

Evaporation (9) Mean daily during generation time -0,403 16,3 -0,197 0,01 

Saturation (10) Mean daily during generation time -0,357 12,7 -0,155 0,05 
d e ficit (11) Me an maximum daily during generation time -0,411 16,9 -0,096 0,01 X 

(12) Mean max. daily during firstl of gen. time -0,336 11,3 -0,062 0,05 ~ 
2 ~ 

nainfall I (13) Total in generation time -0,015 0,1 -0,001 n.s. S) 
(14) Total in first 1 generation time -0,175 3,1 -0,001 n.s . 

(15) 'rotal in gen. tlme>long term mean 0,372 13,8 0,003 0,02 X 
(16) Total in first 1 generation time >l.t,m. 0,017 0,1 0,002 n.s, 

2 
BIOTIC 

Predator (17) Mean during generation time (loglOOx) 0,725 52,S 1,204 \0,001 X 
inte nsity (18) Mean during first 1 generation time (10g100x) 0,411 16,9 0,980 0,001 

2 
Aplly.U. (19) Mean during gener'1.tion time (loglOx) 0,151 2,3 0,087 In.s. 
inte nsity (20) Mean during first f2 generation time (10g10x) 0,205 4,2 0,152 n.s. 

(21) Mean during last 1 generation time (10g10x) 0,113 1,3 0,076 n.s. 
2 

Endoparasitoid I (22) Mean during generation time (10g10x) 0,185 3,4 0,578 n.s. 
Intensity (23) Mean during first 1 generation time (10g10x) 0,400 16,0 0,955 0,01 X 

2 (24) Mean during last 1 generation time (10gl0x) 0,011 0 0,029 n.s. 
2 
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5.3.2 Indices related to mortality on twigs 

Simple correlation and regression coefficients are lis­

ted for 24 indices in Table 5.4. The usefulness of an index was 

assessed by its correlation coefficient, r, and by the percentage 

of the variation in mortality which it described, given by lOOr', 

provided that the relationship was statistically significant. 

The significance of the regression coefficient was tested/rather 

than that .of the correlation coefficient because, according to 

Bailey (1959), it is safer to do so. Whereas in correlation 

analysis it is assumed that the variables being compared are 

normally distributed, no such assumption need be made in regre­

ssion analysis. 

Mortality was more closely related to low temperature than 

to high temperature (Table 5.4); for example the index of tem­

perature summed above 30°C (index 5) was not significant. The 

best index of temperature was (2), mean minimum temperature, which 

remained significant in multiple regression analysis (Table 5.5). 

Indices of evaporation and saturation deficit, while they 

were significant in simple regression analysis (Table 5.4) fell 

away in multiple regression (Table 5.5). This suggested that 

these indices merely reflected the effect of maximum temperature 

on mortality, because the dryness of the air would be closely 

related to maximum temperature. 

Excess rainfall above the long term mean (15) was statis­

tically significant (Table 5.4 ) and remained so in multiple re­

gression analysis (Table 5.5). 

Mean predator intensity during the generation time 

expressed as log lOOx (index 17) was very closely re lated 

to scale mortal ity on twigs, and explained 



Tabl e 5.5 Mortality on twigs: Values of Student's t, and their probability levels, for the partial 

regression coefficients of mortality on five, four or three of the indices shown. The 

index with the lowest absolute value of t was dropped from the regression if its coeffi-

cient was not statistically significant, until all remaining coefficients were significant. 

This condition was reached with indices (2), (15) and (17) in the regression. 

(n = 38; n . S. = not significant). 

Indices Number of indices in regression 

5 4 3 

t · P t P t 

(2 ) Mean Illinium temperature during generation time -3,3 0,01 -3,2 0,01 -2,8 

(1 5) Rainfall in generat.ion time>long term mean 4,1 0,001 4,8 0,001 4,3 

(17) Mea n predator intensity during generation time (loglOOx) 4,0 0,001 5,0 0,001 4,6 

(11 ) Mea n maximum daily sat. def. during generation time 1,6 n.s. 1,8 n.s. -
(23) Mean endoparasitoid intensity during first ~ gen.time (loglOx) 0 , 8 n.s. - - -

P 

0,01 

0,001 

0,001 

-
-

~ 
(\' 

..Q 
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52% of the variation. One reason for this strong relationship 

was the high degree of correlation between predator numbers and 

temperature; the mutual correlation coefficient between indices 

(17), predator intensity, and (2), mean minimum temperature, was 

-0,621. However,in multiple regression analysis (Table 5;5), where 

the effect of each variable is assessed when the other variables are 

held at their means, index (17) was still highly significant. 

Endoparasitoid intensity, averaged over the first half 

of the generation time and expressed as log (lOx), was significant 

in simple regression analysis but not in multiple regression. 

There was no significant relationship between scale mortality on 

twigs and Aphy~~~intensity. 

Multiple regression analysis was used to assess the rela­

tive effect of the best index of each factor. In Table 5.4, all 

five indices marked with a cross were entered into the regression 

and those indices which were not significant were dropped off. 

The procedure is demonstrated in Table 5.5. Three significant 

indices remained in the final regression equation, which was 

1KT = 1,064 - 0,059t + O,872p + O,0027r 

where t is the mean minimum t "emperature (oC) during the 

generation time, 

p is the mean predator intensity during the generation 

time, expressed as log ( lOOx), 

r is the excess rainfall (rnrn) greater than the long term 

mean during the generation time. 

These three indices described 72,8% of the var iation in mortality 

on twigs. They are plotted with mortality in Fig. 5.8. Substitu­

ting index (6), DO<20°C, for index (2), mean minimum temperature, 
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Foctor 

'L' e mperature 

Evaporation 

Saturation 
defi c it. 

Ha i nfall 

Predator 
in te ns i t y 

Aphlj.t <-6 
inte n" ity 

Mortality on fruit.: Simple correlation and regression coefficients for mortality on 

c limatic or biotic indices (n - 27; n.s. - not statistically significant). Crosses 

(right hand side) mark indices selected tor multiple regression analysis (Table 5.7) 

Index 

CLIMATIC 

( a) 
( b) 
(c) 
(d) 
(e) 

Mean maximum, during generation time 
Mean minimum, 'I "1 II 

Mean maximum, ' during first 2" of generation time 
DO>30°C, during generation ~ime (log) 
DO<20°C, II II II (log) 

(f) Mean daily, during generation time 

(g) Mean daily, during generation time 
(h) Mean maximum daily, during generation time 
(i) Mean max. daily during first 1 of generation time 

2 

(j) Total in generatiop time 
(k) Total in generation time>long term mean 
(1) 'rotal in first 1 generation time>l.t.m. 

BIOTIC 

(01) Mean during 
(n) Mean during 

2 

generation time (log 100x) 
first 1 generation time (loglOOx) 

2 
(0) Mean during generation time (loglOx) 
(p) Mean during first 1 of generation time (logIOx) 

(q) Mean during last 120f generation time (log10~) 
2 

Correlation 
coefficient 

Regression 
coefficient 

r 100r' I b p 

-0,444 
-0,316 
-0,481 
-0,371 

0,333 

19,8 
10,0 
23,1 
13 ,8 
11,1 

-0,536 128,7 

-0,565 
-0,566 
-0,560 

0,101 
0,282 
0,250 

0,382 
0,310 

0,214 
0,524 

0,052 

31,9 
32,0 
31,4 

' 1,0 
7,9 
6,3 

14,6 
9,6 

4,6 
27,5 

0,3 

-0,107 ., 
-0,051 
-0,116 
-0,465 

0,325 

0,02 X 
n.s. 
0,01 
n.s. 
n. s. 

-0,20610,01 

-0,189 
-0,103 
-0,074 

0,01 
0,01 X 
0,01 

o,oooln.s. 
0,002 n.s. 
0,002 n.s. 

0,658 
0,528 

. 0 ',155 
0,374 

0,048 

0,05 X 
0.5. 

n.s. 
0,01 X 

n. s. 

Endopara s it o id 
inte ns ity 

(r) Mean during generation time (loglOx) 
(s ) Me a n during first 1 of generation time (loglOx) 

2 

0,071 
0,134 

0,5 
1 , 8 

0,001 \n.s. 
0,334 n.s. 

(t) Mean during last 1 of generation time (loglOx) 
2 

-0,260 6,7 -0,634 n.s. 

cI. 
-+-

D 



5.3.3 

88 

increased fractionally the proportion of explained variation to 73,0%. 

It was not possible to better this model by the inclusion of second 

order terms (see Appendi x 3). 

Indices related to mortality on fruit 

Simple correlation and regression coefficients are listed for 20 

indices in Table 5.6. 

In contrast to the results for scales on twigs, indices of maximum 

rather than minimum temperature were more closely related to mortality 

on fruit (Table 5.6, a - e). This was because scales were present on 

the fruit mainly during summer, although they also lived through into 

winter, and in summer the daily minimum temperatures were well above 15°C, 

often above 20 °C. The comparatively high correlation coefficient for 

mean ma ximum t emperature during the first half of the generation time 

(index c) suggests tha t the main effect of temperature was upon the rate 

of crawler recruitment. 

Indices of evaporation and saturati on deficit were more closely 

related to mortality on fruit than those of any other factor (Table 5.6, 

f - i). The negative coefficients indicate that mortality was high in 

moist air. Index (h), the mean maxi mum saturation deficit during the 

generation time, was the only statistically significant index of any kind 

to emerge from multiple regression analysis (Table 5.7). 

There were no statistically significant indices of rain­

fall or of endoparasitoid intens ity. However, indices of pre­

dator i n tens ity and Aphyt~¢ intensity were significant in simple 

regression although they fell away in multiple regression. Aphyt~¢ 

intensity was closely related to temperature and to saturation 

deficit; for example the correlation coefficient between (p), 



Table 5.7 Mortality on fruit: Values of Student's t, and their probability levels, for the partial (or 

simple) regression coefficients of mortality on four , three, two . or one of the indices shown. 

The index with the lowest absolute value of t was dropped from the regression if its coeffi­

cient was not statistically significant, until only index (8) was le ft in the regression. 

(n = 27; n.s. = not significant). 

Indices Number of indices in regression 

4 3 2 1 

t P t P t P t 

(a) Mean maximum temperature during generation time 1,0 n.s. ' .. - - - -
(h) Mean maximum sat. def. during generation time -1,4 n. s . -1,1 n.s. -2,8 0,01 -3,4 

(m) Mean predator intensity during generation time (log 100x) 1;6 n.S. 1,3 n. s . 1,2 n.s. -
(p) MeanAphy;(;~.6 intensity during first i of gen. time (loglOx) 1,4 n. s . 1,0 n.S. - - -

P 

-

0,002 

-
-

0< 
eX 
.SI 
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mean Aphlf~~~ intensity in the first half of the generation time, 

and (h), mean maximum saturation deficit during the generation 

time, was -0,763. This close mutual correlation between the in­

dices can be seen in Fig. 5.9. 

The best significant index of each factor in Table 5.6 

was selected for multiple regression analysis. It was found that 

all these indices were so mutually correlated that none of them 

was statistically significant in the presence of the others (Ta­

ble 5.7). The . best single index was (h), mean maximum saturation 

deficit during the generation time, which described 32% of the 

variation in scale mortality on fruit:-

KF = 3,173 - 0,1035 

where S was the mean maximum saturation deficit. 

5.3.4 Conclusions about the factors causing the fluctuations in the 

generation mortality 

On twigs, indices of three factors explained 73% of the 

variation in scale mortality. These were mean minimum tempera­

ture, excess rainfall,and predator intensity. The role of tem­

perature needs little discussion. It must have acted on the 

rates of reproduction and development so that in winter the fi­

nite rate of population increase fell below its maximum r ate. 

Low-temperature extremes may also have caused some direct morta­

lity, as was mentioned in section 5.1.3. There was no evidence 

that high temperatures caused scale mortality which confirms 

the supposition in 5.1.3. Not only was mean maximum tempera­

ture negatively related to scale mortality on both twi gs and 

fruit , but temperature summations above 30°C were not signifi­

cant in either case . 

The role of excess rainfall is not easy to define. It 

seems unlikely that scales were washed off the trees, as was 

suggested by Bodenheimer (1951 ) and Gentile and Summers (1958). 



0{ 

0,6 

Fig 5.8. Mortality of scales on twigs plotted against indices of temperature, rainfall and predator-intensity_ All indices were derived between times t and t + 1 
(Table 5.4.'_ All points are plotted at time t + 1. 
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For example, .an index of rainfall greater than 10mm per day of 

rain (this index is not shown in Table 5.4) was not significant; 

nor were indices of rainfall during the first half of the gen­

eration time (Table 5.4) when the small scales would have been 

more vulnerable to rain. 

The excess rainfall in 1973/74 caused low ratios of solids 

to juice in Clanors and other midseason orange cultivars, which 

made the fruit unmarketable. This suggests that the excess rain­

fall at that time may have affected the physiology of the trees. 

The excess rainfall in 1972 fell during February/March and that 

during 1975 during January/February, and in neither case was it 

associated with scale mortality on twigs (Fig. 5.8). However, 

the excess rainfall during the 1973/74 season fell mainly in 

spring and early summer (see Fig. 2.5) and it was associated 

with high rates of scale mortality on twigs (Fig. 5.8). Although 

there was no significant relationship between excess rainfall 

and scale mortality on fruit, the earliest cohorts on fruit in 

which mortality could be estimated matured in February (Fig 5.9), 

well after the excess rainfall of spring and early summer had fallen. 

Catling (1969b) described three main leaf-flush cycles 

of orange trees in Swaziland. The main one was in August/ Septem­

ber at flowering, followed by lesser ones in October/November 

and January/ February. It is common commercial practice to stress 

citrus trees in spring by withholding irrigation, and then to 

flood the trees with plenty of water to induce uniform flushing 

and flowering throughout the orchards. These facts, together 

with the arguments in the preceding paragraph, s uggest that high 

rainfall in spring could have affected the growth-cycles of the 
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Fig 5.9 . Mortality of scales on fruit plotted with indices of temperature, saturation deficit and Aphytis- intensity. All indices were derived over the 

generation time t - t + 1 (Table 5,6,) and all points are plotted at time t + ,1, 
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trees, and so influenced the availability of nutrients to the scales in 

such a way that the spring increase in scale numbers did not begin. 

McNeill and Southwood (1978) showed that the grass Hole~ mo~ L. has 

two annual flows of soluble nitrogen, one in spring and the other in 

autumn, and how the numbers of sucking insects feeding on the grass were 

associated with these flows. The authors also reviewed other data of a 

similar nature; for example how spring peaks in amino acid levels of 

sitka spruce f oliage were associated with the numbers of aphids feeding 

on the 1 ea ves. 

Predators must have responded to the seasonal changes in temperature 
-

as did the scales, and would also have responded numerically to fluctuations 

in the numbers of their host,albeit with a time lag. One might expect a 

mutual interdependence between predator numbers and temperature to be mani-

fest by an interaction term in multiple regression analysis which included 

second order terms. However, this was not the case (see Appendix 3) and 

there was no evidence for any such interaction: On thi s evidence, 

temperature effects and predation acted independantly of each other on scale 

morta 1 it¥. 

In section 5.1 .2 the most important category of mortality recorded 

on twigs was . death from undefined causes, but it is probable that a good 

deal of unrecognised predation was included in this category . Further-

more, many predator-damaged scales probably fell off the trees entirely, 

so percent predation was probably underestimated in relation to undefined 

morta 1 i ty. The evidence advanced here suggests that predation was a very 

important source of mortality on twigs. 

The scale population on fruit existed for only a short period 



92 

each year, mainly during summer. There was little seasonal varia­

tion therefore, but a large amount of year-to-year variation (sec­

tions 2.5 ,and 2.7). For these reasons the same indices I.;ould not 

be expected to explain the variation in mortality on fruit as on twigs. 

The only statistically significant factor to emerge from mul­

tiple regression analysis was saturation deficit, and the negative 

coefficients indicated that mortality was lowest in dry conditions. 

Since the maximum scale intensity each year on fruit was (apparently) 

largely a function of the rate of immigration from twigs in early 

summer (section 2.7), the conclusion reached here is that dry weather 

conditions may have favoured crawler migration on to fruit,as well 

as scale survival. 

The rate of crawler emergence was independent of saturat,ion 

deficit (section 4.4), which confirms Willard's (1972b) finding that 

relative humidity did not affect crawler emergence. Although Wil­

lard (1973b) found that crawler survival times were inversely related 

to relative humidity, he did not (1973a) examine the effect of humi­

dity on wandering times, so no further conclusions can be drawn about 

crawler migration in relation to the dryness of the air. 

Greathead (1972) noted that high humidity adversely affected 

the sugarcane scale, AutaQa~p~~ tegaten~~~. Red scale seems to as­

sume pest status in relatively dry citrus growing areas (Table 1.1 ) . 

In an examination of the year-to-year variation of the rate of 

scale increase (section 2.6) it transpired that dry years rather 

than hot years favoured high rates of increase. White (19 69 , 1974, 

1976 ) proposed the idea that moisture stress of a host plant may bene­

fit the insects feed i ng on the plant. It may be that dry air tended 

to stress the trees sl i ghtly and so reduced scale mortality , but 

this is not a convincing explanation. 



Fig 6.1. Logarithmic plots of intensities of predators and adult paarasitoids. Horizontal lines in the plots indicate mean levels. Predator counts in September/October 
are omitted because a coarse-mesh net, ahead of the collecting bag, was used to remove flower-debris and it affected predator collections. 
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CHAPTER 6 

FACTORS AFFECTING THE ABUNDANCE OF NATURAL ENEMIES IN THE ORCHARD 

6.1 Introduction 

In Swaziland, according to Catling (1971a,b), parasitoids 

were I severely limited I by high summer temperatures and for this 

reason biological control was unsuccessful in the lowveld. One 

of his criteria of the severity of the climate on parasitoids, 

was if the total number of day-degrees between November and March 

exceeded 200 0" above. 30"C . . During the present study, the 

totals for these five months in 1972/73, 1973/74, 1974/75 were 

respectively 334D", 282D" and 2300°. All these totals exceeded 

the critical values suggested by Catling, yet parasitoids 

were abundant in the orchard each year (Fig. 6.1). 

Abdelrahman (1974a) derived LD50 peak temperatures for 

the most susceptible stages of several natural enemies of red 

scale and they were: 

Aphy~~~ ch~y~omphat~ 

A. m(f.t~l1u~ 

(adult) 

Compe~~etta b~6a~c~a~a (adult female) 

L~l1do~u~ tophal1~ae (adult) 

38"C 

39"C 

44"C 

42"C 

Presumably A. a6,'t~cal1u~ is also susceptible to temperatures of 

38 - 39"C. Although temperatures of over 40"C were rare, those of 

about 38"C were not uncommon and may have caused some mortalit.y 

among parasitoids or predators, unless the adults avoided them 

by seeking more favourable microclimates. 

In order to see what effect the weather had on natural 

enemies, relationships were sought by regression analysis between 

the intens i ty per I twig I (section 2.3) of each natural enemy and 
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climatic indices. In each case, an attempt was made to account 

for the variation in natural enemy intensity due to the intensity/dm' 

of the host, and of the intensity of the previous generation of the 

natural enemy itself, by including measures of these variables in 

the regressions. 

A disadvantage of this approach to population analysis is 

that although changes in the weather may determine changes in the 

intensity of -an insect, the weather cannot determine the inten­

sity itself. For example a given change in temperature could 

cause a two-fold change in the intensity of an insect at either 

a high, oJ:: a low mean intensity. It is better, if possible, to 

determine the effect of· weather on mortality. 

The mortality of natural enemies could not be estimated 

in the same way as it was for the host. because their generation 

times were not known; except for an approximate estimate in the 

case of AphY~~4. In the literature there was no information abou~ 

the life cycle durations of either L~ndo~u4 toph~n~~e (the most 

important predator) or H~b~otep~4 ~oux~. The life cycle duration 

of Compe~~ett~ b~6~4C~~~~ varies according to the stage of the 

host (1 - 3) which is attacked (F landers, 1944; Cilliers, 1971), 

and the same may be true of H. ~oux~. It is not possible to say in 

retrospect which stage of the host was attacked. 

The intensity of each insect was transformed to logarithms 

because this implied proportional rather than incremental change 

in intensity, for each unit of change i n an index. 

6.2 AphytiJ soo. 

The intensity of Aphy~i~ parasitoids showed marked seasonal 

cycles (Fig. 6 . 1 ) , which were simila~ to ~~ose of ~he hos = (Fig. 

2.5 ) . I~ order tc fi~d the correc~ period over ~hic~ to a v erage 



Table 6.1 

Temperature 
regime: °c 

27 .. 
.. 
.. 

20 
25 
30 
20 
25 
30 

Durations of the life cycles of Aphy~~~ spp. at vari­

ous constant temperatures 

Days Species Authority 
duration 

12,0 A. c.oheYl~ Quednau (1965) 
12,25 A. mel~Ylu.6 
12,5 A. l~YlgYla.YleYl~~.6 
13,5 A. a.OIL~C.a.YlU" 

25,5 A • c.hJt.YMmpha.l~ Abdelrahman (1974b) 
15,4 " 
13,3 .. 
28,5 A. mel~Ylu .. 
16,2 .. 
13,1 .. 

Table 6.2 Aphy~~ .. spp. life cycle durations at four constant tem­

peratures (columns 1 - 2) taken from Table 6.1; together 

with the number of h O above several trial thresholds 

Temperature 
regime °c 

20 
25 
27 
30 

Mean 

(0° - 15°C) in order to determine the threshold tempera­

ture for devel.opment. The most constant series of h O
, 

denoted by the standard deviation at the foot of each 

column, indicates the threshold, which is here 12°C. 

, 

Assumed h O above thresholds of: 
days 
durat.ion 

0° 10° 12° 13° 15° 

27,0 12960 6480 5184 4536 3240 
15,8 9480 5688 4930 4550 3792 
13,5 8748 5508 4860 4536 3888 
13,2 9504 6336 5702 5386 4752 

10173 6003 5169 4752 3918 
Std. Oev. 1890,8 477 , 0 381,9 422,5 625,0 
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or sum, climatic indices, for comparison with Aphlf~~4 intensity, 

an approximate thermal constant was calculated for the generation 

time. 

6.2.1 Estimating the thermal constant for the generation time of AphY~~4 

There was no literature available which gave the durations 

at several different temperatures, of the life cycle of A.Q6~~cQnu~, 

the main species of the genus in the orchard. However, the dura­

tions of the life cycles of several other species of Aphlf~~~ 

have been measured by Quednau (1965) and Abdelrahman (1974b). 

These are listed in Table 6.1. 

From Table 6.1,four temperatures were selected (20°, 25°, 

27°, and 30°C) and tabulated with the corresponding mean duration 

of the life cycle of a species of Aphy~~~ (Table 6.2, columns 

1 and 2). In order to derive the threshold temperature for de­

velopment, thermal constants were calculated above several trial 

thresholds (Table 6.2, columns 3 - 7). The threshold temperature 

giving the series of constants with the smallest standard devia­

tion was assumed to approximate to the true threshold temperature 

for development. In Table 6.2 the threshold temperature is 12°C, 

which is slightly higher than that published by Abdelrahman 

(1974b) for A. mel~nu~ (llOC), but much higher than that which 

he gave for A. ch~lf~OmphQl~ (8 ,5°C). The threshold for develop­

ment of the host is about 12°C, SO it is reasonable to assume 

that the threshold for the parasitoid would be similar,and 12°C 

was used here. 

Abdelrahman (19 74b) published values of the intrinsic rate of 

natural increase, r m, for A. mel~nu~ ,together wi th measures of 

the numbe r of female progeny per female, Ro' at three temperatures 

(Table 6 . 3) . Using these data, and the expression 



Table 6.3 

Temperature 
regime °c 

20 
25 
30 

q ~c, 
Data from Abdelrahman (1974b): Intrinsic rate of 

natural increase (rm) at three constant temperatures 

and number of female progeny per female (R ) at the o 

same temperatures. Generation times (T) were cal-

culated from these data and converted to the equiva­

lent thermal constants in hO >12°C. 

~~~ R T T 
0 (days) (h ° ) 

0,075 42 49,8 9562 
0 , 140 55 28,6 8923 
0,180 65 23,2 10022 

Mean = 9502 
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InRo = rmT , 

values o.f T were calculated in days and were converted to thermal 

constants above 12°C (Table 6.3). The mean value of the thermal 

constants was 9502ho, and so a figure of approximately lOOOOho 

was taken as the constant for the generation time when deriving 

climatic and biotic indices. 

6.2.2 Derivation of the- indices 

The intensity of adult Aphyz~4 was measured every sampling 

date. Assuming that the sampling date was time t'+l, then time 
, 

t was found by thermal summation to a total of lOOOOho>12°C. 

Mo.st o.f the indices were derived by summing o.r averaging 

measures o.f the vario.us facto.rs between times t' and t'+l, o.r 

else in the first o.r seco.nd halves o.f this interval. Aphyz~4 

intensity in the previo.us generatio.n was simply the intensity 

at the sampling date nearest to. time t'. Rainfall in excess o.f 

the lo.ng term mean was derived in the same way as described in 

section 5.3.1. 

6.2.3 Indices related to. Aphyz~4 intensity 

Aphyz~4 intensity per 'twig' was transfo.rmed by multiplying 

by ten and taking lo.garithms. The relatio.nships between the trans-

fo.rmed intensity and 18 indices were investigated firstly by sim-

ple regressio.n and co.rrelatio.n analysis (Table 6.4). The statis-

tical significance o.f each relatio.nship was assessed o.n the re-

gressio.n co.efficient. The best significant index o.f each facto.r 

in Table 6.4 was marked with a cro.ss o.n the right hand side o.f 

the table and these (five) indices were then investigated by mul-

tiple regressio.n analysis. 

In Table 6.4, index (4 ) , mean minimum temperature during 



Table 6.4 

Factor 

'rCIlIlJ('r.ature 

saturatton 
deficit 

l(il1n[,,11 

Aph~t.i.<> Intensity 

Adult-Aph~ti6 intensity per 'twig' (logI0x): Simple correlation and regression 

coefficients for relationships with climatic or biotic indices (73 sets of read­

ings; n.s. ~ not statistically significant) . Crosses, right hand side, mark 

indices selected for multiple regression analysis (Table 6.5). 

Index Correlation Regression 
coefficient coefficient 

r 100r' b P 

CLIMATIC 

(1) Mean maximum during generation time -0,059 0,4 -0,024 n.S • 
(2) Mean minimum .. .. .. 0,178 3,2 0,042 n.s. 
(3) Mean maximum in first 1 generation time 0,058 0,3 0,022 n.s • 
( 4) Mean min imum .. .. 2 .. .. 0,350 12,2 0,084 0,01 
(5) Mean maxinurn in second 1 generation time -0,108 1,2 -0,033 n.s. 
(6 ) Mean minimum .. .. 2 .. .. 0,070 0,5 0,016 n.s. 
(7) D° > 30°C in generation time (log) -0,389 15,1 -0,631 0,002 
(8) D° > 30°C in second 1 generation time (log) -0,451 20,3 -0,751 0,001 

(9) D° > 25°C in generation time (log) -0,309 9,6 -1,750 0,01 

(10) Mean maximum daily during generation time -0,428 18,3 -0,114 0,001 
(11) .. .. .. .. Ist.l gen. time -0, 285 8,1 -0,059 0,02 
(12) .. .. .. .. 2nd. 12 

2 
.. .. -0,460 21,2 -0,112 0,001 

(13) 'l'otal in generation time 0,136 1,9 0,013 n . S. 
(14) 1'otal> long term nean in generation time 0,009 0 0,001 n.s. 

BTOnc 

(15) At tine t' (loglOx) 0,579 33,S 0,577 0,001 

lIos t illtensity jrlrn' (16) ~Ean adult ~ scale jntensity during gen. time (log) 0,538 29,0 0,714 0,001 
(17) .... .. .. 1st 1 gen. time (log) 0,462 21,3 0,604 0,001 
(18) .. .. .. .. 2nd 12 

2" 
gen. time (log) 0,606 36,7 0,772 0,001 

~ 

-D 
() 

X ~ 

X 

X 

X 
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the first half of the generation time, expresses the effect of 

the seasonal temperature changes on the immature stages of Aph!f;U . .6 

rather than on the adult. Mean minimum temperature was better 

than mean maximum temperature in this respect, as it was also 

in explaining the seasonal changes in the mortality of the host 

(section 5.3.2). ,Catling (197la,b); who based his ideas on the 

work of DeEach e;t a..t. (1955) felt that tE!llperatures above 30°C were 

critical for red scale parasitoids. This is confirmed by the 

negative relationship between the transformed Aph!f~i.6 intensity 

and index (8), total day degrees above 30°C in the second half 

of the generation time. The fact that there was a closer rela­

tion with D~30°C in the second, compared with the ' first, half 

of the generation time, suggests that the adults were more af­

fected by high temperature extremes than were the immature stages. 

This pattern of susceptibility of the stages to high temperatures 

confirms the experi~ental findinga of Abdelrahman (1974a). 

Similarly, the mean maximum saturation deficit in the sec­

ond half of the generation time (index 12) explained more varia­

tion than did the same index in the first half of the generation 

time (index 11); presumably the adults would have been more ex­

posed to desiccation than the sheltered immature stages. 

The Aph!f~i.6intensity at time t' was included as a biotic 

index in order to express the effect of the parental numbers on 

those of the progeny. This index (no. 15) was of interest only 

in multiple regression analysis where it explained some of the 

variation in the transformed intensity. 

The best measure of host intensity/dm 2 wa s index (18) , the 

mean adult female intensity/dm 2 in the second half .of the generation 



Table 6.5 Adult-Aphyt~~ intensity (loglOx): Values of Student's t, and their probability 

levels, for the partial regression coefficients of intensity on five or four of 

the indices shown, taken from Table 6.4. Index (12) was not significant (n.s.) 

and was dropped from the multiple regression. (73 sets of readings) 

Indices NO. indices in regression 

5 4 

t P t P 

( 4 ) Mean minimum temperature in first half of generation t i me 5,8 , 0,001 5,7 , 0,001 
(8 ) DO ~ 30°C in second half of generation time (log) 3,2 0,01 3,2 0,01 

(12) Mean maximum saturation deficit in second half of gen. time. 1,1 n.s. - -
(15) Aphyt~~ intensity at ti11\e t' (loglOx) 3,8 0,001 3,6 0,001 
(18) Mean adult ~ scale intensity/dm' in 2nd 1/2 of gen.time(log 3,7 0,001 3,6 0,001 

.' 

c 
......... 
.$) 
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time. This was a measure of the intensity/dm"of the hosts from which 

the adult Aphyt~¢ emerged rather than of the hosts which were at­

tacked. There was no measure available of the intensity/dID' of the 

.stage attacked because only adult female scale intensitY/dm' , was 

measure~ in sampling. 

In multiple regression analysis with these five indices, 

saturation deficit was not significant (Table 6.5), probably 

because it was closely related to both the indices of temperature. 

The remaining four indices described 66,2% of the variation in 

the transformed Aphyt~¢ intensity. The regression coefficients 

were: 

(15) Aphyfu intensity in previous generation llog lOx) 0,3565 

(18) Host adult .~ .- intensity/dml - in second half of generation time (log) 0,3952 

(4) Mean min:inum terrperature in first half of generation tine 

(8) Total D">30°C in second half of generation tine (log) 

COnstant term in the regression 

6.3 L~ndo~u¢ tophantae 

0,1026 

-0,4330 

-0,1044 

L. tophantaewas the most important predator species in the 

orchard. Although the intensities of larval stages were recorded, 

only the intensity of the adult stage was used to determine the 

effect of weather on the insect. This was because it would have 

been difficult to guess the periods over which indices should be 

averaged, or summed, in the case of the larvae. 

The intensity per ·twig· of L. tophantae was transformed 

by multiplying by 100 and taking logarit.hms. Because there was 

no information about the life cycle duration of L. tophantae, 

climatic and biotic indices were d erived by averaging or summing 

measures of each factor over periods required t o accumulate 



Table 6.6. Adult 7 UI'ldoILU<I .tophal'ltae intensity per 'twig (loglOOx): Simple correlat~on and regres­

sion coefficients for relationships with climatic or biotic indices. (69 sets of read­

ings; n.s. = not statistically significant). Crosses, right hand side, mark indices 

selected for multiple regression analysis (Table 6.7). 

Factor Index COrrelation- , Regression 
coefficient coefficient 

r 100r' b P 

CLIMATIC 

Temperat.ure (1) Mean maximJrn during generation t:i.rre -0,645 41,7 -0,196 0,001 
(2) Mean minimJrn " " " -0,569 32,4 -0,105 0,001 
(3) DO >30°C " " " (log) -0,426 18,1 -0,520 0,001 
(4) DO >25°C " " " (log) -0,348 12,1 -0,658 0,01 

Saturation (5) Mean maximJrn " " " -0,493 '24,3 -0,098 0,001 
deficit 

Rainfall (6) Total " " " -0,189 3,6 -0,002 n.s. 
(7) Total) long term !lEan in generation t:i.rre -0,072 ' 0,5 -0,001 n.s. 

BIOI'IC 

L. .to phantae (8) At 10000 hO beforehand (loglOOx) 0,655 42,9 0,755 0,001 
intensity 

Host intensity/dm' (9) Mean adult ~ scale intensit.y in generation tillE (log) 0,720 51,8 0,719 0,001 

_. 

1' .' 

x 

x 

x 

x 

x 

~ 
'V<:l 

.s:> 
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lOOOOhO. That is, the generation time was assumed to be the 

same as that estimated for Aphy~~~ I although in fact it may 

have been rather longer. The various indices which were derived 

were therefore similar to those for Aphy~~~,but because of the 

uncertainty of the generation time, relationships were not sought 

between L. taphan~ae intensity and indices for each half of the 

generation time. 

Relationships ~ere sought first by simple regression and 

correlation (Table 6.6). The best index of temperature was (1), 

the mean maximum temperature during the generation time, and the 

coefficients were negative. This might indicate that L. taphan~ae 

was adversely affected by high temperatures, but in multiple 

regression the index for high temperature extremes, DO~30°C (in­

dex 3), was not statistically significant (Table 6.7). Predator 

numbers tended to increase slowly each season, reaching their 

maximum intensity between June and September (Fig. 6.1), when 

temperatures were at their minimum. Conversely predator inten­

sities were at their minimum in summer. Abdelrahman (1974a) showed 

that L. taphan~ae adults were remarkably tolerant of high peak­

temperatures (LDSO 42°C) but he did not test the immature sta­

ges. The conclusion here is that while the insect may have 

been sensitive to high summer temperatures in the orchard, the 

negative relationship with mean maximum temperature primarily 

indicates the insect's tendency to reach a peak in numbers dur­

ing winter. This conclusion is supported by the strong neg a-

tive c orrelation with mean min imum t emperatu r e ( i ndex 2, Tabl e 

6 . 6 ) . 

There was also a strong negative correlation with the mean 

maximum saturation deficit during the life cycle (index 5) but 
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Table 6.7 Adult L. loph~nt~e intensity (loglOOx): Values of Student's t, and their pro-

bability level s , for the partial regression coefficients of intensity on five , 

four or three of the indices shown, taken from Table 6.6. Indices (3) and (5) 

were not significant (n.s.) and were dropped from the regression. (69 sets of 

readings) . 

Indices No. of indices in regression 

5 4 3 

t P t P t P 

( 1) Mean maximum temperature in generation time 5, 0 0,001 5,2 0,001 6,1. 0,001 
( 3 ) DO> 30 0 e in generation time 1,8 n.s. 1,9 n.s. - -
(5 ) Mean maximum satur a tion deficit in generation time 0,3 n.s. - - - -
( 8 ) L. lop h~ntae intensity 10000 h O beforehand (loglOOx) 3,7 0,001 3,7 0,001 4,5 0,001 
( 9 ) Mean adult ~ scale intensity/dm2 in ge n. time (log) 8,2 0,001 8,7 0,001 8,3 0,001 

._-------- L-____ L-__ __ _ _ - - -- _. 

.-C 
.-C 
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this index fell away in multiple regression analysis (Table 6.7). 

Index (8); the (transformed) intensity of L. lophan~ae 

at a time 10000ho beforehand, was of interest only in multiple 

regression analysis where it accounted for some of the variation 

due to the intensity of the parental generation. There was a 

very strong correlation between the transformed intensity of 

L. lophan~ae and index (9), the log mean adult female scale 

intensity/dm' in the generation time. This index of hcst numbers 

was the average intensity / dm' of leaf, twig and fruit sur­

face, but it was not an exact measure of the stages actually at-

tacked. -

Only three out of five of the indices selected from Table 

6.6 were statistically significant in multiple regression analy-

sis (Table 6.7), but these three described 79,9% of the variation 

in transformed intensity of L. lophan~ae. The regression coeffi-

cients were: 

(8) L.lophan~ae.:ntensity 10000ho beforehand (leglOOx) 

(9) Host adult female intensity/dm' in generation time (leg) 

(1) Mean maximum terrperature in generation time 

Constant term in regression 

0,3390 

0,5075 

-0,1157 

0,3197 

When index (8) was omitted, on the grounds that the genera-

tion time was not known and therefore the intensity at the end 

of the previous generation could not have been known, then indi-

ces (9) and (1) described 73,7% of the variation and the coeffi-

cients were: 

(9) 

(1) 

Host adult female intensity/dm' in aeneration time (loa) - - -
Mean max:im.Jm terrperature in generation time 

Constant term in regression 

0,5912 

-0,1486 

0,4094 



Table 6.8 Adult- C.b~6a~c~ata intensity per 'twig' (loglOx): Simple correlation and regression 

coefficients for relationships with climatic or biotic indices (72 sets of readings; 

n.S. = not statistically significant). Crosses, right hand side, mark indices selected 

for multiple regression analysis. 

Factor Index Correlation Regression 
coefficient coefficient 

r 100r' b P 

CLIMATIC 

Temperature (1 ) Mean maximum during generation time 0,171 2,9 0,051 n. s. 
(2 ) Mean minimum " " " 0,269 7,3 0,043 0,05 
(3 ) DO> 30°C in generation time (log) 0,198 3,9 0,240 0,05 
(4 ) DO >25°C in generation time (log) 0,056 0,3 0,231 n.s. 

Saturation deficit (5 ) Mean maximum during generation time 0,062 0,4 0,010 n.s. 

Rainfall (6 ) Total in generation time 0,124 1,5 0,010 n.s. 
(7 ) Total~long term mean in generation time 0,086 0 0 n.s. 

BIOTIC 

C. b~6a-6c~ata (8) At 10000 h O beforehand (log10x) 0,540 29,2 0,565 0,001 
intensity 

Host intensity/dm' (9 ) Adult ~ scale intensity at time t~l (log) 0,563 31,7 0,529 0,001 

M. iaven-6~-6 (10) At time t'+1 (logl0x) 0,628 39,5 0,475 0,001 
intensity 

x 
X 

X 

X 

X 

Q 
() 

.9 
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This exotic species was the most important endoparasitoid 

in the orchard. There were seasonal trends in its intensity al-

though they were not clear trends (Fig. 6.1), and the fluctuations 

in its intensity more closely followed those of the host than 

did the fluctuations in the intensity of H. ltOuu. For example 

when host intensities/dm' fell in 1973/74 (Fig.2.S), so did in­

tensities of C. b~6a4e~a~a but not those of H. ~oux~(Fig.6.l). 

The intensity of the hyperparasitoid, M. javen4~4, followed the 

intensity of G. b~6a4e~a~a more closely than that of H. ~oux~ 
(Fig. 6.1). 

The intensity per' twig' of C. b~6M~a was transformed 

by multiplying by ten and taking logarithms. The generation 

time was assumed to require 10000ho, so the indices were the 

same as those for L. .eopha~ae except for the introduction of 

index (10), the intensity of the hyperparasitoid. Five of the 

indices were statistically significant in simple regression 

analysis (Table 6.8), but only four in multiple regression 

(Table 6.9). 

In Table 6.8, the positive coefficients for index (2), 

mean minimum temperature in the generation time, suggested 

that there was some seasonal trend with temperature but this 

index fell away in multiple regression analysis (Table 6.9). 

The positive coefficients for index (3), the total DO>30°C 

in the generation time, suggested that the insect tended to 

reach its maximum intensity under hot weather c onditions, 

and that it was not sensitiv e to h igh summer temperatures. 

This conclusion a grees with the fi nd ings of Abde l rahman (1974a ) , 

who gav e the LDS O pe a.k temperature f o r the female as 43' _ 44°C, 



Table 6.9 Adult-C. b.i.6a~c.i.a.ta intensit.y (loglOOx): Values of Student's t, and their 

probability levels, for the partial regression coefficients of intensity 

on five or four of the indices shown, taken from Table 6.8. Index (2) was 

not significant (n.s.) and was dropped from the regression. 

readings) . 

{72 sets of 

Indices NO. of indices in regression 

5 4 

t P t P 

( 2 ) Me an minimum temperature in generation time 0,1 n.s. - -
(3 ) DO> 30 0e in generation time (log) 2,0 0,05 2,6 0,02 
(8 ) C. b.i.6a~c.i.ata intensity 10000 h O heforehand (loglOx) 2,1 0,05 2,1 O,OB 
(9 ) Adult ~ scale intensity/dm> at time (+1 (log) 2,9 0,01 2,9 0,01 

(lO) M. javen~.i.~ intensity (loglOx) 2,3 0,05 2,5 0,02 

C' 
J» 
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although that for the male was somewhat lower at 39°C. He did 

not test the immature stages, but the insect is apparently well 

adapted to high summer temperatures, as Messenger and van den Bosch 

(1971) concluded. 

Index (9) , the scale intensity/dm' at time t:+l" was a measure of 

the intensity/dm' of the host from which the parasitQi.ds had emerged, 

rather than the intensity/dm' which was attacked. Index (8) the index 

for parental intensity, was again only of interest in explaining 

some of the variation in multiple regression analysis. 'There was 

a strong positive correlation with host intensity/dm' (index 9) , which 

is not surprising except that the other endoparasitoid, H. ~oux~ 

showed a moderately strong negative correlation with host intensity / dm'. 

There was also a strong positive correlation (0,63) with the 

intensity of the hyperparasitoid at time ~+l. Since M. javen~~~ 

parasitised mainly female C. b~6a~e~ata,the correlation with female­

host intensity was even higher (0,74). This positive correlation 

is not surprising because the intensity of M. javen~~~ adults at 

ti.me t'+l must have reflected the numbers of M. javen.6~~ which 

emerged from C. b~6a~e~ata hosts. However common sense dictates 

that M. javen~~~ must have caused considerable mortality of its 

host; and that had it been possible to determine the mortality of 

C. b~6a~e~ata then there would have been a positive correlation 

between the mortality and M. javen~~~ intensity. The result here 

illustrates the kind of misleading correlation which can arise 

when seeking relationships between environmental indices and in­

sect numbers, rather than insect mortality. 

In multiple regression analysis, four out of the five indices 

wer e statistic ally significant (Table 6.9 ) , and they d e -



'fable 6.10 Adult-H. Itou.)(.t intensity per 'twig' (loglOx): Simple correlation and regression 

coefficients for relationships with climatic or biotic indices (72 sets of read­

ings; n.s. = not statistically significant). Crosses, right hand side, mark 

i.ndices selected for multiple regression analysis (Table 6.11) 

Factor Index Correlation Regression 
coefficient coefficient 

r 100r' b P 

CLIMATIC 

'remperature (1 ) Mean maximum during generation time -0,209 4,4 -0,052 n.s. 
( 2 ) Mean minimum " " " -0,132 1,7 -0,019 n.s. 
(3 ) D° > 30°C in generation time (log) -0,310 9,6 -0,312 0,02 
(4 ) D° > 25°C in generation time (log) -0,132 1,7 -0,455 n.s. 

Saturation deficit (5) Mean maximum in generation time -0,142 2,0 -0,023 n. s. 

Rainfall (6) Total in generation time 0,151 2,3 0,009 n.s. 
(7 ) Total> long term mean in generation time 0,210 4,4 0,116 n. s . 

BIOTIC 

H. Itou.)(.tintensity (8 ) At 10000 h O beforehand (loglOx) 0,456 20,8 0,425 0,001 

Host intensity/dm' (9 ) Adult ~ scale intensity at time t'+l (log) -0,338 11,4 -0,266 0,01 

M.jave.nJ.>.tJ.> (10) At time t'+l (loglOx) -0,141 2,0 -0,089 n.s. 
intensity 

C. b.t6 aH.ta:ta (11) At time t'+l (loglOx) -0,031 0,1 -0,026 n.s. 
intensity 

._-_. 

x ( 
~. 
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scribed 53,4% of the variation in transformed intensity of 

The regression coefficients were: 

(8) C. bi6 M UaXaintensi ty at 10000h ° beforehand (log lOx) 

(9) Host adult ferrale intensity/dm> at t.i,me t'+l(log) 

(3) Total DO~ 30°C in generation time (log) 

(10) M • . jave,ru,AA intensity at time t+l (log lOx) 

Common term in regression 

0,2239 

0,3127 

0,2768 

0,2231 

-0,4829 

When index (8) was omitted, on the grounds that the gen­

eration time was not known, the r .emaining three variables de­

scribed 50,3% of the variation, and the coefficients were: 

(9) Host adult ferrale intensity /dm> at tinE 1:'+1 (log) 0,3418 

(3) Total DO>30°C in generation tinE (log) 0,3226 

(10) M. javeru,AA intensity at tinE t'+l (log lOx) 0,2951 

Common term in regression -0,5696 

6.5 Hab~otep.i.~ ~oux.i. 

This indigenous endoparasitoid appeared to be the least 

important natural enemy of red scale in the orchard. There was 

no discernable seasonal, or year-to-year,fluctuation in its inten­

sity which corresponded to the fluctuations in the intensity/dm> of 

its host (compare Figs. 6.1 and 2.5). 

Intensities per 'twig' were transformed by multiplying 

by ten and taking logarithms. The same indices were used as 

those for L. tophan~ae and C. b.i. 6 a~Q.i.a~a. Simple correlation and 

regression coefficients were calculated, and only three indices 

were statistically significant (Table 6.10) . All three re-

mained significant in multiple regression analysis (Table 6.11 ) . 

The insect appeared to b e sensitive to h igh summer tem­

peratures because there was a negative correlat i o n with index (3 ), 



Table 6.11 

Indices 

Adult-H. ~oux~ intensity (loglOx): Values of Stu­

dent's t and their probability levels for the par­

tial regression coefficients of intensity on three 

of the indices taken from Table 6.10. (72 sets of 

readings) 

t p 

(3) D°:>30°C in generation time (log) 3,7 
3,0 
2,2 

0,001 
0,01 
0,05 

(8) H. ~oux~ intensity 10000 hO beforehand 
(9) Adult ~ scale intensitwdm2 at time ~+l(log) 
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the total day-degrees above 30°C in the generation time. How­

ever there was no statistically significant relationship with 

measures of seasonal temperature changes, such as mean maximum 

or minimum temperature during the generation time (1 and 2). 

There was a statistically significant negative relation­

ship with host intensity/drr. 2 (index 9). the negative relationship 

may have been because of competition with C. b~6~~Q~~~~ in 

searching Jor suitable stages of the host to attack, or possi­

bly because of an interaction of both primary parasitoids with 

each other and with the hyperparasitoid. However there was no 

significant relationship between the (transformed) intensity of 

H. ~o~x~ and the intensities of either C.b~6~~Q~a~~or M. j~ven~~~ 

(Table 6.10). 

In multiple regression analysis (Table 6.11) the three 

indices described only 33,7% of the variation in transformed 

intensity of H. ~o~x~. The regression coefficients were: 

(8) H .Mux.~ intensity at 10000ho beforehand (log lOx) 

(9) Host adult fenEle intensity/din2 at tim: t't-l(log) 

(3) Total DO>30°C in generation tim: (log) 

Constant term in regression 

0,3054 

-0,1909 

-0,3667 

0,3542 

When index (8) was dropped, on the grounds that the 

generation time was not known, then the remaining two variables 

described 24,9% of the variation and the coefficients were: 

(9) Host adult female intensity / drn 2 at time t'+l (log) -0,3021 

(3) Total DO>30°C in generation time (log ) 

Constant term in regression 

-0,3713 

0,3723 
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6.6 Conclusions 

The effect on natural enemy numbers, of the numbers in 

the previous (parental) generation is obvious. Because of serial 

correlation in measures of insect abundance, the inclusion of a 

measure of the parental numbers as a variable in regression 

analysis, may not be stri"ctly valid. For these reasons the 

numbers in the previous generation have not been considered in 

these final conclusions about the factors which affected natural 

enemy numbers in the orchard. 

For each natural enemy,except 

related positively to host numbers. 

H. II.OUU ,the numbers were 

In the case of the predator, 

L. lophan~ae,the best measure of host abundance was the mean intens­

ity/dm' during the generation time of the predator, but for Aphy~~6 

and c. b~6a/.)c.~a~a it was the intensity/dm' froIT! which the parasitoids " 

had emerged. No explanation can be offered for the negative re­

lationship of H. lI.oUX~ numbers with those of the host , unless it 

was a consequence of competition between the two endoparasitoid 

species for a limited resource, the host. 

The numbers of both Aphy~~/.) and L. lophan~ae were related 

to seasonal temperature changes. In the case of Aphy~~/.) sea­

sonal temperature changes appeared to affect the immature stages 

(in the first half of the generation time), and the relationship 

was positive. Hence temperature probably influenced the rate of 

development, or mortality, of the immature stages. In the case 

of L. lophan~ae the effect of temperature, measured over the 

whole generation time, was not so clear because the relationship 

was a negative one. It i s probable that the insect's numbers 

built-up relatively s lowly so that maximum numbers each season 

were reached during winter , and mini mum numbers occurred during 
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summer. It seems unlikely that high summer temperatures were 

unfavourable for the insect because the adult, at least, has 

been shown to tolerate peak temperatures of over 40·e (Abdelrah­

man, 1974a); and here the index for high temperature extremes, 

day-degrees over 30·e accumulated in the generation time, was not 

statistically significant. 

On the other hand, both Aphy~~~ spp. and H. 40ux~appeared 

to be sensitive to high summer temperatures because their inten­

sities were negatively related to indices of day-degrees above 

30 o e. In the case of Aphy~~~ the adults seemed to be less tol­

erant than the younger stages. The intensity of C. b~6a~c~a~a 

was positively related to the day-degrees above 30·e accumulated 

in the generation time and it is concluded that, within reason, 

this insect thrived under hot conditions. In this respect it 

resembled its host. 

There was a strong correlation between the intensities of 

C. b~6a~c~a~a and the hyperparasitoid, M. javen~~~. There was an 

even stronger correlation between the numbers of female C. b~6a~c~a~a 

and the numbers of the hyperparasitoid. 'Despite the pOSitive re­

lationships between the numbers of these two insects, it is con­

cluded that a good deal of mortality of C. b~6a~c~a~a was caused 

by M. javen~~~. This is a pity, because C. b~6a~c~a~a not only 

tolerated 'the climate, but it was also more resistant to pesti-

cides than the other scale parasitoids. (For example at Tamban-

kulu Estate, where the orchard was continually treated with cor­

rective applications of insecticides, C. b~ 6a~c~a~a was the only 

natural enemy to survive , and it increased to high numbers there, 

with its host) . 
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The correlation of fluctuations in insect numbers with en-

vironmental factors does not constitute formal proof of a causal 

relationship. Nevertheless, from such correlations hypotheses 

can be formed and verified by experiment (Williamson, 1972, p. 56). 

In the present case, the experiment came first. Abdelrahman 

(1974a) for example, demonstrated that Aphy~~~ spp. were less 

tolerant of high peak temperatures (LD 50 peak temperatures 38°C -

39°C) than were C. b~6a~c~a~a or L. iophan~ae (LD 50 peak tempera­

tures 44°C and 42°C respectively). He also showed that adult 

Aphy.t~¢ spp. were less tolerant than the younger stages. Both 

these conclusions are confirmed here under natural conditions. 

Abdelrahman's (1974a) conclusions could not suggest which 

natural enemies were likely to be effective or ineffective, but 

the results given here can help to do so. H. ~oux~ for example 

is very unlikely to be effective, although the negative rela­

tionship with scale intensity is not a formal proof of inverse 

density dependence. C. b~6a¢c~a.ta appears to have been severely 

limited by the hyperparasitoid, M. javen~~¢, and it was also sub­

ject to encapsulation by its host (discuss ed in section 2.9). 

Furthermore, adult females parasitised by C. b~6a¢c~a.ta had often 

begun to reproduce before dying , SO this parasitoid is unlikely to 

have been effective despite its heat tolerance. Aphy.t~~ spp. and 

L. iophan.tae numbers were closely related to the numbers of their 

host (r = 0,61 and 0,72 respectively, compared to 0,56 for C. b~6a~ ­

c~a~a ) and there is no other reason to suppose they were ineffective 

natural enemies, except the sensitivity of Aphy.t~~ (mainly A. a6~~­

canu4 ) to high summer temperatures. A. mei~nu¢ may be more tolerant 

and this should be investigated before making further attempts to 

get it well established in the lowveld. 
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CHAPTER 7 

CONCLUSIONS 

An attempt was made between 1972 and 1975 to re-intro­

duce integrated control of citrus pests to orchards in the Swazi­

land lowveld. In integrated control, the key pest, red scale, 

is naturally controlled although corrective sprays may be neces­

sary and which are usually of mineral oils. Other pests are 

scarce, reduced by fungicide applications,or are treated on a 

corrective basis. An exception is thrips which always necessi­

tates a preventative spray, of low toxicity to natural enemies. 

The advantages of this approach are (i) cheapness and (ii) low 

pesticides residues in fruit; but in the lowveld the mean level 

of red scale populations is so high that it has not yet been pos­

sible to practice this form of control. However, it has recently 

become important to re-examine the question of integrated control 

in this region because of the evolution of resistance to organo­

phosphates by red scale populations elsewhere in southern Africa. 

Should such resistance occur in the lowveld, it will be very dif­

ficult to achieve acceptable control by natural means or with the 

judicious use of oils. 

During the attempt to re-introduce integrated control, 

data were collected fr om red scale populations in three lowveld 

orchards (at Swaziland Irrigation Scheme, Tambankulu and Ngonini 

estates), but in two of these o rchards the scale i nfestat ions 

required spraying to prevent tree-damage. Th is work describes 

the analysis of the data from Swaziland Irrigation Scheme where 

the orchard did not need to be treated, and these data were also 

the most extensive . The object of the analysis has been to see 
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if the factors affecting red scale abundance in the lowveld could 

be better understood. 

questions: 

In particular, answers were sought to five 

(i) What factors caused the seasonal population fluctuation? 

(ii) Was the population under natural regulation? 

(iii) If so, which factors or natural enemies were most effec­

tive in regulating the population? 

(iv) What factors limited natural enemy numbers? 

(v) Why was the mean level of the population so high? 

The conclusions are discussed under the headings of these 

five questions. 

Stage durations and rates of reproduction, which were 

measured under almost natural conditions in an insectary, differed 

on leaves, twigs and fruit. Fruit were the most favourable type 

of site, leaves the least favourable. The proportion of females 

in each section of the population also differed, being highest 

on fruit and lowest on leaves (and increased in all three sec­

tions during spring and early summer). The various cat~gories 

of mortality differed in extent on leaves, twigs and fruit. The 

three sections of the population were analysed separately because 

of these differences. The population on leaves was largely ig­

nored because of its low intensity,although there was evidence 

that in absolute density it was equivalent to that on twigs. 

7.1 The causes of the seasonal and between-years variation in the 

population 

The residual section of the population in the tree was 

that on twigs. To some extent the population on leaves would 

have contributed to this because leaves remained on the tree for 

a year or more and there was an equal rate of exchange of crawlers 
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between leaves and twigs. However, the high proportion of males 

together with the relatively slow rates of growth and reproduc­

tion made this section of the population less important than 

that on twigs. 

(a) variation on fruit. Crawlers immigrated to fruit from Octo­

ber onwards, first maturing as adult females early in Decem­

ber. The intensity/dm' of scales on fruit was veryvari'able 

from year-to-year and largely depended on the rate of immi­

gration from twigs between October and December. Immigra­

tion after December seemed to make little difference to the 

maximum intensity /dm ' reached in a season. There vla S evidence 

that dry years rather than hot years contributed to high 

infestations on fruit and mortality on fruit was negatively 

related to the mean saturation deficit during the life cycle. 

(b) Var iation on twigs . The section of the population on twigs 

was the most important one for understanding the dynamics 

of the whole population. The mortality of scales on twigs 

was investigated in two ways in order to identify the cau­

ses of seasonal and between- years variation: (i ) by asses­

sing the relative importance of the various categories of 

mortality in percentage mortality data, (ii) by regression 

analysis of the generation mortality with climatic and bio­

tic indices. The first way indicated that death from unde ­

fined causes was the most important category of mortality. 

There were several possible causes of this mortality but 

since the method was not quantitative, on ly tentative con­

clusions can be drawn. Undefined mortality probably con­

sisted of unrecognised predation (for example by Chrysopidae) , 

the effects of overcrowding and the death of host-plant cells 

being tapped by scales . It is unlikely that high summer 
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temperatures caused much direct mortality, but low winter 

temperatures probably did. Some of the effect of seasonal 

temperature changes may have been mediated by changes in the 

host-plant's physiology. 

In the second way of identifying the causes of the popula­

tion variation, values of K, the log generation mortality, were 

estimated from Moran diagrams. The objections to this method 

~s used her~ are (i) that the data were arbitrarily divided in­

to cohorts which were assumed to correspond to generations, (ii) 

that the intensity of adult females in samples _was assumed to 

represent the total number of individuals reaching adulthood in 

each generation. When a continuously breeding population is 

sampled at more or less extended intervals, the census data are 

in discrete units anyway, and there are examples of animal ecolo­

gists and of demographers having used discrete mathematics for 

the analysis of such data. The Rogers/Moran method was a simple 

way of estimating the mortality in a population in which the gen­

erations almosn completely overlapped and in which stable stage 

distributions could rarely have occurred. In order to circumvent 

the second objection, the population would have had to be sampled 

at very short intervals so that the recruitment distribution of 

each cohort could have been integrated in some way . A possible 

third objection to the use of Moran plots for this kind of con­

tinuously breeding population, where seasonal or other delayed­

mortality effects occur, is that the delay must be of about one 

generation which !>eems to have been the case here. 

Indices of three factors were associated-with the variation in 

mortality on twigs: (i) temperature, (ii) predator numbers, 

(iii) excess rainfall. 
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The relation of mortality with predators is discussed in 7.3. 

Here, it is concluded that the seasonal temperature t hanges caused the 

cycling in scale intensity on twigs and that similar cycling in predator 

numbers may have contributed to it. [However, there was no evidence of 

any interaction between temperature and predator numbers in their re­

lationships with scale mortality (Appendix 3)J 

During 1973/74, the seasonal cycle on twigs was missing; while 

spring and early summer rainfall were well above average. The conclusion 

is that the excess rainfall in spring caused high mortality of scales on 

twigs; probably by affecting the physiology of the trees because excess 

rainfall at other times did not have this effect. Although the excess 

rainfall in 1973/74 affected the internal qual ity of the fruit, it could 

not be shown to affect scale mortal ity on fruit because the cohorts for 

which mortality was estimated occurred too late in the season. 

The demon stration of relationships between climatic indices and 

scal e mortality does not constitute rigorous proof of cause and effect 

but, as Williamson (1972) pointed out, the existence of such relationships 

can generate hypotheses for which tests could be devised. The relation-

ship between high rainfall and mortality is a tenuous one and it has been 

suggested that the effect was mediated via changes induced in the physio­

l ogy of the host-plants. There is little information about the way in 

which t ree-quality affects red scale populations, in particular on how 

fertilisation, irrigation and climate alter the quality of the tree to 

the insect. Work on this topic could be of special interest in regions 

where red scale is very troublesome. 

7.2 The question of population regulation 

It is now generally accepted that for a population to be naturally 

regulated there must be density dependent mortality acting on it. The 

existence of density dependent mortality is difficult to demonstrate, 

especially in the k-ind of population which has been examined here. 
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Density dependence can be deduced from the shape of the 

graph when either the percentage of survivors from a source of 

mortality, or the k-value of that mortality, is plotted against 

the initial density before the mortality had acted (Varley, Grad­

well and Hassell, 1973; Bellows, 1981). In the present instance 

several mortality factors acted contemporaneously and. the number 

of survivors could not be calculated. Furthermore, the evidence 

for much of the mortality accumulated so that the initial density 

was unknown. 

Although Rogers (1979) distinguished between density de­

pendent and density independent mortality in Moran plots, his 

method was subjective to apply and assumed that density dependence 

was direct. In the present case, there may have been delayed 

density dependence and this could not have been separated from 

the delayed seasonal temperature effect which acted on the popu­

lation. Delayed density dependence could have been of the Nichol­

son (1933) kind, defined by Varley (1947), in which a delay of 

one generation results from the time-lag between a change in host 

density and a numerical response by the parasitoids. Alterna­

tively, delayed density dependence may have arisen if the fecun­

dity of adult female scales was affected by their own density, 

resulting in fewer adult females one generation later. For the 

reasons advanced in this and the preceding paragraph, density 

dependence could not' be demonstrated . 

Two facts suggested that the red scale population was in 

fact regulated, albeit at an equilibrium level which was unaccep­

tably high. Firstly, the population reached similar maximum log 

intensities in three years out of four. Secondly, it returned to 

this maximum level after being r educed to a low level in 1974/75 
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(s e e Fig. 2.5). The population was presumably regulated by 

natural enemies, rat her than by its food supply, because tree-

damage was not evident. However, if scale intensity affected 

fecundity, the food supply could have been limiting. One of 

the natural enemy exclusion methods described by DeBach and Huf-

faker (1971) would have shown if natural enemies were regulating 

the population but would not have shown which species was the 

most important (the latter paint is discussed in 7.3). 

Southwood and Comins (1976) described a synoptic model 

of population growth. In the model, organisms not adapted either 

for very rapid increase (not r-sele cted ) or for maintaining a stable 

equilibrium (not K-selected), but which were intermediate between 

these extremes, were shown to have more than one possible equi-

libr ium: 

16 

I, 

4 

4 :2 '6 

At the pa i nt P , the populat i on is r egulated by natural enemi e s . 

Shou ld t h e popu lat i o n increas e for some reas on (d i f f ere n t c limate , 
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better food) above point V, then it escapes from natural enemy 

control and is limited at C by competition for food (or another 

resource). The inference seems to be that while a population 

may escape above V relatively e.asily, it would be difficult to 

get it down again to Pi or to lower the level of P, for example by 

introducing new natural enemies. 

7.3 The question of which natural enemies were the most effective 

It is assumed that natural enemies at least helped to 

regulate the population, although no evidence can be produced 

for this assumption. 

The assessments of the relative importance of each cate­

gory of mortality indicated that predators were the most effec­

tive natural enemies on twigs, and Aphy~~~ spp. on fruit. The 

assessment of mortality on fruit included an approximation of 

host-mutilation by Aphy~~~ which, if it was realistic, suggested 

that Aphy~~~-activity was almost as important as undefined mor­

tality. Endoparasitoids were the least effective natural enemies 

on both twigs and fruit. There was other evidence that endopara­

sitoids were inef·fective: 

(i) Some adult female scales which had been endoparasitised 

showed evidence that they had begun to reproduce before 

being k illed. 

(ii) A proportion of endoparasitoids, probably C. b~ 6a~e~a~a, 

were encapsulated by the host. 

(iii) A high proportion o f endoparasit ised scales were hyper­

parasitised. The e ndoparasite involved was pro bably C. b~-

6a~ e~a~a. 

(iv) The numbers of H. ~oux~ were negative ly, related to those 

o f its hos t . 



116 

The effectiveness of each kind of natural enemy could not 

be assessed by regression analysis of red scale generation mor­

tality. with indices of natural enemy numbers. This approach was 

more in the nature of a key-factor analysis and would not detect 

the fine adjustments made to the generation mortality by regula­

ting factors. Nevertheless, scale mortality on twigs was closely 

related to predator numbers measured over the generation time. 

There are three possible conclusions which can be drawn from 

this correlation of mortality with predators: 

(i) The scale variation on twigs was caused by temperature 

(and possibly rainfall) and predators merely responded 

to their host's variation. 

(ii) Predators, varying in number with temperature, helped to 

(iii) 

cause their host's variation; 

key-factor. 

that is, they acted as a 

Predators helped to cause the variation but regulated the 

population when it reached high intensity; that is, pre­

dators acted as a key and a regulating factor. 

Whatever the conclusion, predators seem to hold more pro­

mise for exploitation than do parasitoid~ in any future attempts 

at biologicaL control of red scale in the lowveld. New endopa­

rasitoids in particular, do not seem to be worth importing; for 

example P~o¢pal~ella spp. 

7.4 Factors vlhich limited the numbers of natural enemies 

With the existing data it was not possible to estimate 

the mortality of the various natural enemies. There was no cer­

tainty that Moran plots wou ld be suited to the analysis of the 

natural enemy popu lations, nor ,,,ere there any data for the gen­

eration times of the insects. A kind of key-factor analysis was 
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therefore made by regression analyses of the intensity of each 

natural enemy with indices of weather and host intensitY/dm'. 

The predator, L~ndo~u~ ioph~n~~e was probably the most 

important natural enemy. Its intensity fluctuated seasonally, 

following its host's intensity, but was negatively related to 

temperature. This relationship with temperature is attributed 

to the slow seasonal increase of the insect, which reached maxi­

mum intenSity in winter and vice versa. There was no evidence 

that the insect was sensitive to the high summer-temperatures 

which prevailed in the lowveld. 

Aphy~~~ spp., mainly A. ~6~~c~nu~, fluctuated seasonally 

in relation to temperature. It was sensitive to high summer­

temperature and there was evidence that the adults were more af­

fected than the sheltered immature stages; which agrees with 

the pattern of susceptibility to peak temperatures found by 

Abdelrahman (1974a), and with the conclusions of others (Cat­

ling; 1971a,b; DeBach e~ ~i., 1955; and DeBach e~ ~i., 1971) 

on the general susceptibility of Aphy~~~ to high temperature. 

If A. mei~nu~ is more tolerant of high temperature than A. ~6~~ ­

c~nu~, but there seems to be no evidence of this, then it would 

be worth getting the exotic species well established in the l ow­

veld. 

The exotic species of endoparasitoid, C. b ~6 a~c~~~a , also 

fluctuated seasonally and its intensity was related to that of 

its host , but it was positively related to indices of high tem­

peratures. This suggested that far from be ing limited by summer 

temperatures in the lO~Neld, it was wel l suited to them. Unfor­

tunately it was limited by the indigenous hyperparasitoid, 
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Fig 7.1. Values of the log finite rate of increase, log R, calculated from McLaren (1971) (crosses), 
Willard (1972a) (dots), and Wentzel (1970) (open circles), plotted against constant temperature . 
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M. j~ven~~~,which particularly attacked females. 

The indigenous endoparasitoid, H. 40UX~, was not only 

sensitive to high summer-temperatures but its intensity was ~­

gatively related to host intensity. Possibly this was a result 

of competition with C. b~6~~c~~t~, but in any event it suggests 

that H. 40UX~ was ineffective. Messenger and van den Bosch con­

cluded that H. 40UX~ was ineffective in California because of 

its sensitivity to high temperature while C. b~6~~c~~t~ was in­

effective despite its tolerance of high temperature. 

7.5 Why was the mean level of the scale population so high in the 

lowveld? 

The finite rate of increase, R, is the multiplicative 

growth factor of the population per generation. For red scale, 

values of R are shown in Fig. 7.1, calculated from measurements 

of age-specific mortality and fertility made at constant temper­

atures. The optimum temperature is£30°C,and R falls rapidly 

above this. In the field, the optimum maximum daily temperature 

might be higher than 30°C because the high temperature is sustained 

for only a short time (Fig. 7.2) compared to constant temperature 

regimes. 

The optimum number of hour-degrees per day for reproduc­

tion was calculated from the predictive model given in Chapter 4. 

On twigs, the optimum is 335 he/day (Table 7.1) and corresponds 

to maximum daily temperatures, under lowveld conditions, of about 

33°C (see Fig. 7.2). On fruit, the optimum for reproduction is 

300 he/day, corresponding to maximum daily temperatures of about 

30°C. (At constant temperatures of 30°C or more, the he/day ex­

ceed the optimum indicated by the model, see Table 7 .1 ) . 



Table 7.1 Daily maximum temperatures and their corresponding he/day, with the 

predicted crawler production per female in each case. Optima (underlined ) 

are 335 he/day on twigs and 300 he/day on fruit. (s = summer, w = winter) 

constant Fluctuating temperatures 
t .emperatures (see Fig. 7.2) 

Daily Max. Temp. 40 35 30 43 40 35 33 30 25(s) 25 (w) 
he/day 672 552 432 450 430 360 335 300 200 75 
crawl.ers/~/day: Twigs 1,27 2,23 3,10 3,00 3,11 3,36 3,38 3,35 2,85 1,49 

Fruit 0,59 1,63 3,07 2,86 3,09 3,74 3,87 ~ 3,48 1,87 

Table 7.2 Predicted daily crawler production per female in summer in the principal 

citrus-growing regions of Swaziland. (Tambankulu is similar to Big Bend, 

climatically) . 

Climat.ic Place Mean Max. Temp. Corresponding Crawlers/~/day 
region name Dec./Jan. he/day Twigs Fruit 

Lowveld Big Bend 31,6 (1) 320(4) 3,38 3,92 

S.I.S. 30,2 (2) 313 (2) 3,37 3,94 

Intermediate Ngonini 29 , 9(3) 304 (3) 3,36 3,94 

Middleveld Malkerns 27,1 (1) 210 (4 ) 2,93 3,57 

(1 ) Means of 9 years, 1968 - 1976 

(2 ) Measured in orchard over 4 years 

( 3 ) " " " " 2 " 
(4 ) Estimated from (1) • 

~ 
S? 
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The conditions for reproduction in the middleveld and low­

veld are compared in Table 7.2 . Malkerns is the site of most of 

the citrus grown in the middleveld and Catling (l97la,b) was able 

to introduce biological control of red scale there. However the 

tr~ are subject to greening disease in that region. Big Bend 

and Tambankulu are slightly hotter than Swaziland Irrigation 

Scheme (where the present data were collected) and all three pla­

ces constitute the bulk of Swaziland's citrus. Ngonini, a large 

citrus estate intermediate in altitude between middleveld and 

lowveld, was the third site where biological control was attem­

pted during the present study. 

In Table 7.2, the predicted rates of crawler production 

in summer on twigs are considerably higher in the lowveld (Big 

Bend and 5.1.5.) than in the middleveld (Malkerns) . Although the 

rates of crawler production on fruit are comparable in both regions, 

the level of infestation on fruit seems to depend more on the rate 

of immigration from twi gs in early summer than on any other fac­

tor. The conclusion is that wh ile conditions on the lowveld in . 

summer are very close to the optimum for reproduction , in the mid­

dleveld they are rather below optimum, especially for the all-im­

portant section of . the population on twigs. 

According to Catling (l97la ,b ), at Ngonini it should be 

easier to introduce biological control than in the lowveld. This 

was not the experience during the present attempts at biological 

control, and the Ngonini orchard required many corrective sprays 

to prevent tree-damage. The scale population never approached 

a steady- state like the one at S .I.S. (but it might have done SO 

in time) . The predicted daily rates of crawler production are as 

high at Ngonini i n summer as they are at S. I. S. (Table 7.2), 



Fig 7.3. Approximate durations of generation times (thermal constant 20 000 hO) of adult female scales maturing in the middle of each month 
under average middleveld and lowveld conditions. Crosses, connected by broken lines, denote mean minimum monthly temperatures. 

(Vertical bars in centre of each duration show time to accumulate 10000 hO) 
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indicating that conditions are just about as favourable for the 

seasonal increase as they are in the true lowveld. 

The predictive mode l for mortality on twigs is 

K = 1,064 - .0,059t + O,872p + O,0027r (see section 5 . 3.2 and Appendix 3) 

where t is the mean minimum temperature, p the mean predator in­

tensity and r the excess rainfall above the long term mean, all 

measured over the generation time. This equation is applicable 

only to the conditions under which p, predator intensity, and r, 

excess rainfall, were measured. However, the relation between K 

and mean minimum temperature, t, is 

K = 2,815 - a,115t 

which explained 39,5% of the variation in K, and which can be 

used to predict mortality from seasonal temperature differences 

in the lowveld and middleveld. Such mortality has been labelled 

k' • 

The approximate durations of the generation times of ad­

ult females maturing in the middle of each month are shown in Fig. 

7.3, for average middleveld and lowveld conditions. In Fig. 7.3, 

the mean minimum monthly temperatures are nine-year averages, 

1968 - 1976. Mean minimum daily temperatures were averaged over 

the indicated generation times and the predicted values of k' are 

plotted in Fig. 7.4. During winter and spring, the predicted 

values of k' are similar in bot.h reg ions because al though maximum 

temperatures are lower in the middleveld, minimum temperatures 

. are higher. (Dai ly h 0 values are compar able in both reg ions in 

wi.nter i see Fig. 7.2.) However for 6 - 7 months of the year, the 

predi.ct.ed mortality due to temperature differences is much higher 

in the middleveld. 



Fig 7.4. 

2,4 

'::.: 1,2 

Predicted mortality on twigs of adult females maturing in the middle of 
each month, as a resu It of the average seasonal temperature changes in the 

middleveld and lowveld . 
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Slower rates of reproduction in the middleveld wou ld ac­

count for much of the higher mortality in that region but some 

natural enemies might be relatively more numerous in the middle-

veld and might account for part of the difference in mortality. 

Although L~nda~u~ ~ophantae was not affected by high temperatures 

in the lowveld, Aphyt~~ was. Average day-degrees per month for 

the four hottest months (October - January ) were 850 0 in the low­

veld but only 20ifin the middleveld (September - December). The 

relationship between Aphyt~~ intensity per 'twig' and indices of 

temperature was: 

log (intensity xlO) = -0,298 - l,136D + O,132t 

where D is the number of day-degrees above 30 0 e and t the mean 

minimum temperature, both measured over the approximate generation 

time (thermal constant c 10.000h o
). Approximate generation times 

are shown in Fig. 7.3 (vertical bars) for Aphyt~~ adults emerging 

in the middle of each month. Values of D and t were computed 

over the indicated generation times. Predicted relative in-

tensities of Aphyt~~ are shown in Fig. 7.5, and show that the 

parasitoid would be more numerous in the middleveld relative 

to the intensity/dm' of scale. The parasitoid's total numbers 

would tend to be higher in the lowveld because of the high in­

tensity/dm' of its host, with which Aphyt~~intensity was clo­

sely related (r = 0 , 606, Table 6.4). 

7.6 Recommendations 

Lowveld . conditions in Swaziland appear to be close to 

the optimum for red scale but below optimum for at least one na­

tural enemy, Aphyt~~, which is regarded elsewhere as one of the 

most effective biological control agents. 

Suggestions for any future work on the biological or 

integrated control of red scale in this region are: 

(i) t o study the effects of cultural practices , espec i ally the 



(ii) 

(i~i) 
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frequency and amount of irrigation, on red scale abun­

dance; 

to more fully investigate, and if possible augment, the 

role of predation in the scale population. 

to get A. met~nu¢ well established in lowveld. orchards. 
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APPENDIX 3 

CHECKING FOR POLYNOMIAL EFFECTS IN THE FACTORS 

WHICH AFFECTED MORTALITY ON TWIGS 

Indices of three factors were associated with scale mortality on 

twigs (1KT). These factors were mean minimum temperature, excess rainfall, 

and predator numbers (section 5~3.2, p.86). Moreover the scale infestations 

on fruit each year depended largely on the size of the population on twigs 

in spring (section 2.7, p.28), so these three factors were fundamental ones 

which influenced the changes in the whole population in the tree. In order 

to see whether these factors interacted with each other, or acted independ­

ently, interaction terms we re investigated by multiple regression analysis. 

Quadratic terms were also introduced to see whether any of the relation­

ships were curvilinear. The procedure was similar to surface-response 

analysis, described for example by Newell (1979*). 

The results are given in the accompanying table. In the first 

step of the analysis, quadratic and interaction terms were introduced for 

all the possible interactions. None of the terms was statist ically 

s ignifi cant . In succeeding steps the interaction terms and then the 

quadratic terms were eliminated until the remaining terms became significant. 

Al though the analysis programme did not cover all the possible combinations 

of terms, the conclusions are: 

(i) the interactions were not significant indicating that mortality 

was affected independently by each factor, 

(ii) the relationship between mortality and each factor was rectilinear. 

(In the case of rainfall, the quadratic term was Significant but 

the linear term was not (steps 3 and 4) and so the former term 

was not included in the regression in the absence of the latter). 



The object of the analysis described in section 5.3.2 (p.86) 

was to identify the main factors affecting scale mortality on twigs. 

The object of the analysis described in this appendix was to see if 

these factors acted independently or if there were interactions. In 

neither. case was the object to develop a predictive model for mortal ity, 

or to define optimum zones of the environment, for the following reasons: 

(i) Although meteorological data is available for many citrus­

growing regions of the world, it would not be possible to 

define 'excess' rainfall, particularly where irrigation is 

practised. 

(ii) Measures of predator numbers would, similarly, not be available. 

Nevertheless, were a model required, it would be the simple rectilinear 

relationship: 

K = 1,064 - 0,059t + 0,872p - 0,0027r 

where K is the total mortality and t, p and r are as defined in section 

5.3.2. 

* Newell, R.C. (1979) . 8iology of intertidal animals. pp. 185-196. 

Marine Ecological Surveys Ltd., Kent, England. 



Stepwise multiple regression analysis to check for polynomial effects in the 
three environmental indices associated with scale mortality on tWigs. The 
table gives the value of Student's t and the corresponding probability level 
for the partial regression coefficient of each term in the regression 
(n.s. = not significant). No. of observations, 38. 

Step Terms in t p I Step Terms in t . P regression regression '. 

1 Temp - 0,47 n.s. 4 Temp 1 ,06 n. s. 
Pred 1 ,39 n.s. Pred 5,21 0,001 

Ra in 0,24 n. s. Ra in 1 ,20 n. s. 
Temp' 0,04 n.s . Temp' 1 ,25 . n. s. 
Pred' 1 ,71 n. s. Ra in' 2,34 0,05 

Ra in' 1 , 21 n. s. 
Temp x Pred 1 ,56 n.s. (Coeff. Detn. , R' , = 0,783) 

Temp x Rain 0,14 n.s. 5 Temp 2,82 0,01 
Pred x Rain 0,54 n.s. Pred 4,59 0,001 
Temp x Pred x Rain 0,50 n. s. Ra in . 4,34 0,002 

(Coeff. Detn., R' = 0,842) I 
8) , (Coeff. Detn. , R' , = 0,7 

2 Temp 0,40 n.s. 6 I Temp 14 ,85 0,001 
Pred 1 ,33 n.s. (Coeff. Detn. , R' , = 0,397) 
Ra i n 0,76 n.s. 

I Pred J.6,31 Temp' 0,08 n.s. 7 0,001 

Pred2 1 ,66 (Coeff. Detn. , R2, = 0,518) n.s. 
Ra in' 1 , 13 n.s. 8 IRa i n I 2,41 0,05 

Temp x pored 1 ,52 n.s. ( Coeff. Detn. , R2, = 0,137) 

Temp x Ra i n 1 ,56 n.s. 
Pred x Rain 0,33 n.s. 

(Coeff. Detn. , R' = 0,840) 

3 . Temp 1 ,09 n.s. 
Pred 0,64 n.s. 
Ra i n 1 ,21 n. s. 
Temp' 1 ,26 n.s. 
Pred' 0,81 n.s . 
Ra i n' 2,41 0,05 

(Coeff. Detn., R2 , = 0,788) 




