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crawler to right itself by their independent movements, is 

discussed, and the suggestion put forward that they might 

further be concerned in keeping the crawler air-borne during 

dispersal by wind. 

8. Experiments designed to determine whether crawlers respond 

to the forc e of gravity, are described, The experiments 

show that no tendency to congregate at either the upper or 

low~~ edge of a vertical surface exists. 

9. The influence of light on crawlers is next dealt with. 

The lack of success with small choice chambers is described, 

together with the development of a satisfactory apparatus. 

Experiments are described which show that crawlers exhibit 

a photopositive response. 

10. An attempt to find the threshold of the response to light 

is described. This is found to vary widely in individual 

crawlers. However, the range of intensities over which a 

0-100 per cent response occurs, is found. 

ll. The mechanism of the response to light is then investigated. 

Experiments show the r esponse very probably to be either a 

klino- or a tropotaxis. The difficulty encountered in 

attempting to distinguish experimentally between these is 

mentioned. However, reasons are given for the belief that 

the latter r esponse is the one operating in crawlers of 

L, beckii, 
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lz. These experiments are discussed in the light of previous 

work, some of which couflicts with the above conclusions. 

Experiments show that the smell of the host plant does 

not appear to be responsible for the lack of response to 

light reported by one worker experimenting with crawlers 

on oranges. Further possible causes are discussed. 

1.3. Experiments are then described which show that the failure 

of the small choice chambers is due probably to the action 

of the interior angles as releasers of settling behaviour. 

14. The next sections contain observations on the settling 

of crawlers. 

15. Apparatus which makes possible continuous observction of 

a crawler, walking naturally on a leaf, is described. 

The settling behaviour pattern is described. 

16. Factors influencing settling are then investigated. The 

first of these is surface dust, which is found to hasten 

settling. 

17. A series of experiments is described which first points 

to the conclusion that a crawler is stimulated to settle 

sooner by the presence of other crawlers, but later shows 

this to be untrue. 

18. The high variability of the walking time is discussed, and 

experiments described which show that storage of the 
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infested material after collection in the field, and the 

time of day at which the experiments are carried out, 

are not causes of the variability. 

19. Experiments then show that crawlers settle sooner on lemon 

leaves than on orange. No difference in settling, however, 

is detected between crawlers released on navel orange and 

valencia orange l eaves . 

20. Further experiments concerning the effects of such factors 

as light intensity, temperature, leaf maturity, and the 

age of the tree, are described. All of these have no 

great effect on walking time; but the possibility e:xists, 

hO'vrever, that a real difference , too small to show signif­

icance in any bu.t very large samples, might occur. 

21. Conclusion. 
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I. General Introduction 

The citrus industry is subject to a number of serious i nsect 

pests. Of these, the most important is a sedentary group knmin as the 

;Armoured Scale Insects (Diaspididae). Ebeling (1950) states ·that. they 

are of greater economic importance to the industry than all the other 

pests put together. 

A great deal has been published on various aspects of the 

biology, ecology and control of the Diaspididae, much of the work 

a~pearing in the books of Quayle (1938), Ebeling (1950) and Bodenheimer 

(1951). It is very noticeable, however, that the study of the active 

l arvae , or 11 crawlers", of these insects has been relatively neglected. 

This lack of work on crawlers is surprising, since they are 

the only disu~ibutive stage in the life cycle of the species. The 

adult male is also free-living duri~g its brief life span, but takes 

no part in the actual distribution of the species. It is the ~osition 

of the female Scale Insect which is important in determini ng the f urther 

spread of the species, since this is the point from which subsequent 

crawlers will start out on their wanderings. The stage in the life 

cycle responsible for the position of the female is, of course, the 

crawler. The crawler is also responsible for the parallel dis·t.1·ibution 

of the male Scales, so that the female can be fertilised• The r~e 

of the adult male is confined to the maintenance of the gene flou. 

From an economic point of viaw it seems desirable that a 

com1llete study be made of the biology of this distributive stage of 

these important pests. I~ormation on factors influencing the 

hatching (or birth of ovoviviparous species), and emergence from 

beneath the scale-covering of the female, would be useful. This 



information might enable forecasts of population increases to be r;u de• 

T:!e expected age composition of the population could also be calct'.lated 

and appropriate control measures instituted. A lmowledge of t he effects 

of temperature, relative humidity, light intensity, gravity anC:. vrind 

force on emerged crawlers might open up new possibilities in the control 

o: these insects. 

Most exist ing knm . .rledge of crawlers is limited to experiments 

o~ t hose of the Citrus Red Scale , Aonidiella aurantii(Mask.), t he Citrus 

:ht~sel Scale , Le~ido§aphe s beckii (Newm.) and the San Jose Scale, 

~tp~i~~spidiotus per~ciosus Comst. The latter is a very mL1or pest 

of citrus although important in other sections of the fruit i no.ust:·y. 

So~e details of the behaviour of crawlers of the San Jose Scale al'e 

~ven by Mathys (1953) anC:. Gentile and Sumners (1958). 

This previous work ha s been concerned with such matters a s 

vh e rates of locomotion of crawlers on different substrates a t various 

t e:-rpcr atures, the duration of tho wandering period, and responses to 

l i &1t, gravity and the smell of citrus, 

The crawl0r is, then, the free-living larva of an essent i ally 

sessile animal. Adaptations for ensuring an efficient distribution 

of the species, a nd for increasing the probability of survival ctu~ng 

t h is critical period, might be expected. It wa s hoped that the )re sent 

s t.udy might show how the cra1...rler is adapte d to take fu+l advanta:;;e of 

·~. is free-living period, while a l a t er comparison with the beheviour of 

a Soft Scale Insect, which retains t he ability to change position t~1rough 

sev0r al instars, would be interesting. 

It was decided to begin t he study with crawlers of~. ~~ckii, 

which is the most plentiful Scale Insect of citrus near Grahamstmm9 
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Since many avenues opened up for study, however, work was confined to 

t~1is one Scale Insect. 

The mature f emal e Mussel Scal o lays her eggs under the sce~e­

covering. The body of the i nsect shrinks as the eggs are l aiC. , 

leaving behind it an egg-filled cavity (Quayle, 1938). The numb8r of 

eggs l aid by a female Mussel Scale in California varies from 40 to 80, 

according to Quayle (1938) and Ebeling (1950)~ Bodenheimer (1951), in 

Israel, obtained an average of 172 eggs per fe~lo . 

the number may exceed 100 (Stofberg, 1937). 

In South A.f:.·ica , 

The posterior-most egga are the first to h~tch. Tho cr c.vrlers 

may rGma.in under the foraale scale-covering for some time, as several are 

often exposed when the scale-covering is lifted. Crawlers eRc::c· _;e at the 

~:>osterior end of the scale-cov~;;ring, ·Jhore ther e is a gap due to the 

slight upward curl of its margin. The crawler then wanders on ~Ghe 

host plant for a variable period, after which it settles. 

The crawler of L, beckii (Figure 1) i~ of a pale yellovli:3:1 

colour, an~ is strongly dorso-ventrally flattenedo It has t'w very 

lo;.1g, fine anal fil aments. Except for an illustration by Skaife (1953), 

only the thicker proxiw~l part of the anal filament appe~rs to hnve 

be ... m figured ~:-oviOllsly. The l engths of five crawlers which •~ere 

measured varied from 0.39 to 0.47 mm., '"itb a mean value of 0.43 mm. 

This includes tha anal filaments. The mean length of the body al one 

vras 0.28 rom. This measureoont was ID3.de in mid-January, 1960. The 

length of the crawler, as recorded by VJrious workers, is very variable: 

0.7G m:.1 . in California (Quayle , 1912); 0.35 mm. in Israel (Boc~enheimer, 

1951); and in South Africa 0.29 - 0.32 ~n. (Carnegie, 1955). Another 

mco.suremont f'ro:m South Africa (judged from a figured crawler) is o.65 mm. 
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Figure 1. A crawler of .b..._beckii. 
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(S·~ofberg, 1937). 

Further neasurements of crawlers are needed. If this large 

size variation does exist, a study of its cause might prove interesting. 

Socsonal or environmentally induced effects such as temperature or 

nutritional status, might provide the answer. The lighting conditions 

under which the neasurements wer e made, and thus the proportion of anal 

filament included in the measured value, might also account for some of 

this variability. 

An investigation of the biology and behaviour of the cra1·1lers 

of 1,. bockii faJ.l s conveniently into three parts, hatching, the 1-.rc.n.dering 

·-.)l"iod, and settling, 

tmder these heads. 

The followin5 investigation will be descri0ed 

The crawlers used in the investigation were obtained from scale-

ini'ostod navel orange leaves collected from a farm situated in tho Bolnont 

Valley, near Grahamstown. 

The infested l eaves wore stored in polythene bags. Loe.ves 

stored in this -..Jay lasted for up to a weak. Crawlers were obtaiD.cd by 

overturning the fenale Scale Insect with a mounted needle. Only crawlers 

showing activity were used. All crawl ers used in experiments -..rel1 e thus 

fresl1ly removed from under the female, except where otherwise stated. 

CrA.wl e rs were transferred from the l eaf by means of a small paintbrush 

wi1ic:1 hPd been trilrl.med down to a few bristles. 
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II • Hatching 

The first stage to be considered in the activities of a 

crc.~·Jler is its hatching. Son~ experiments were carried out to 

c~etermine the factors influencing this occurrence. Three obvious 

f :::ctors ar c light, relative htmidity and temperature. It is unlikely, 

hovrever, that humidity in a sheltered enclosure on a lea f surf2.cc 

wotud vary to any extent. The experiments were thus confined to testing 

the effects of temperature and light. 

Tho following method was used. Females, together \.J'i·ch their 

o; ~s, were transferred to petri dishes. This \-las necessary in order 

tl1at actual hatching, and not emergence from under the intact fetuQe 

Scale Insect, could be observed. All or most of the eggs re~~inod in 

the scal e- covering and could be transferred to the c.ishes in this ray. 

CTnly femal0s with at l eftst 20 eggs were taken. Fifty females uel~c 

, laced in eRch dish. The insects were placed in the dishes in rotation 

a s they were reMoved from the leaves, in order to obtain simil o.l' samples 

in all the dishes. They were then overturned as a furthe r precaui:.ion 

against measuring e1:1ergence from beneath the f er.ale, as crawlers might 

h2.ve waited under the scale-coverings in the dish. The Scale Insect ::.. 

uero obtained fro .1 freshly collected infested le~'.ves. 

Each petri dish (Figure 2) was floored \-lith black paper (C), 

uhich was s ealed to the gl a ss ~ound the perimeter by means of a s·i:.rip 

of ~)araffin wax (B). The paper acted as a suitable background again~t 

vr:uch to see the white eggs and light-coloured crawlers, while the 

uax serve d to prevent the crawlers from walking on to the underside of 

tl1c paper • The petri dish (D) wa s covered by a larger petri dish (A)., 

In the first experinent, three pairs of covered dishes were 



5a 
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Figure 2. Container used in experiments on hatching. 

A, lid; B, paraffin wax; C, black paper 

floor ; D, petri dish. 
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used. One pair of dishes was placed in the· laboratory, just belovT 

a 1.-1indow, where external light and temperature changes would best be 

experienced . Tvro pairs of dishes were plr:lCed in a constant teMper~ture 

roon. One pair was 3xposed to continuo~s light from a 100 Watt 

electric light bulb, 100 em. above, and one pair was exposed duri ng 

the day only, being covered Rt night with a black-lined box. The 

celshcs in the laboratory werJ also covered at night , since artificial 

:'..ig..rr~ing was in U89 during th0 evenings. When the light wo.s s1d"Gched 

oi~, the covering baoc was removed. The boxes were, in both cases, 

pl~ced over the dishes at 6 p.m. The box covering the dishes in the 

constant temperature room was r emoved at 6 a.m. 

Thus two dishes were kept at constant temperature in continuous 

light, two at constant temperatuxe with alternating 12-hour pel'iods of 

li~1t and darkness, while the l ast two dishes were kept in the laboratory 

uho:;:e temperJture and light varied with external conditions, except thn t, 

at dusk, sudden darkness occurred when the box was placed over the dishes. 

The eggs were left for 48 hr. to become acclimatised to the 

v~rious conditions , All ht>.tched cra,,Tlers were removed at midnight follow-

i n::: the 48-hour period, and readings of the numbers of crawlers hc.tched 

uere then nade ev-:Jry 3 hr. for the next 48 hr. Temper ature readings were 

ta::on at the same tine. ThJ dishes in the constant temperature room 

uei'G kept under large bell j a rs, except when the one P2.ir was under the 

box. The tenpcraturo rerilained at 26°C. Tho tenperature next to the 

m.s:1es in the l aboratory showed minima of 17 ~5°C. and 17.2°C. at. 6 a.m. 

on the two days of r eadings an c. me. xi rna of 20.2°C. and 21.1°C . e:t i l0011 -

3 p.n. and noon. 

The count of crawlers was made under a binocular microscope, 
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each crawl er bei ng renoved as it was counted , The method was standar d­

iscG as follows:- the dish was moved back and forth under the rrlcroscope 

so th". t a new strip of the bottom of th0 dish was sear ched at each sweep. 

Nc::-t, the per ineter was seerched by revol ving the dish once. Tho dish 

vT2.s chen shaken to move the females, and any previously hidden cre.vrler s 

conrrted. The major ity of crawl er s wer e stopp~d by the v.ax and deflec ted 

back into the dish or ar ound t he per imeter. Cr awler s on t he wa."'{ ':Tore 

not easil y visible and di fficult to r emove as they of'ten becane stuck,. 

For this r eason no cr awler s on the wax wer e counted. Any cr avrlc:.·3 

v!:17.ch vmr e noving f r eel y on the wax were, however , r emoved, so ·C.hat they 

cotud not later f ind their way back int o the dish. 

The results are shown in Figure 3. The value for any 3....:1our 

period represents the number of crawl ers counted at t he end of tho.t 

pc:dod. Each value is the mean for two dishes for two 24-holrr )O~iods . 

It can be. seen th.<:l.t eggs kept at constant tenperature Hi th 

lig!Tli and dark periocs (B ) and at r egularly varying temperature u i th 

light and dark peri ads (A ) , appear to show peaks of hatching • Eggs 

kept at constant temperature in continuous light (C ) , appear to ShO\·~ a 

stc~dy r ate of hatching. The l ow values in (A) compared with (B/ and (C ) 

.:-.:.:o due to the fact th:1t the te11pera t ure in the l abom tory was 10\-rer then 

ti1.:::0 in the constant ter.1perature room. 

A. Chi2 test was carried out on the thr ee sets of r esults4 

Tho (C ) results did not show a significant depar ture f:rom homogeneity 

(p greater than 0.1 ). The (A ) and (B ) r esults , however, shoued a 

si:;nificant depar t ure f'ron honogeneity (p Jaas than 0 . 001 in both oases). 

Thus the peaks in (A ) and (B ) are r eflections of a r eal outburs·::. of 



.i :··:·. :. · : · · · ·! 
··········- . 

• 0 

::· 32L__ 
I~ c. 24t ----

' 16 

! L IGH T -===-
3 0 

' r--

25 

r-

20 

NUMBER 

HATCHEO 

r-

! 
I 
I . . 6 6 

.. .... .. . .. . .. . ... ..... . .......... ·-·· ............. . . . 

f 
L--------~' · 

8 c 
r--

1-- -
r-

r-
r-- r-- I-

1- I- I-
.--

I-

6 12 •• uj 
TIM£ 

Figure J, Ra t es of hatching of eggs of L, beckii 

?a 

under the conditions of l ight and temper-

ature shown above j .n t he small graphs . 



8. 

hatching during the 11morning11 • It will be noticed that, in (B), the 

peak begins during the period before the light was switched on. This 

may be due to stimulation by the microscope light when the previous 

r eadings were taken, but implies some 11 r eadiness 11 on the part of this 

group of eggs to respond to a light at this time r ather than any other. 

A second experiment was conducted to f ind whether fluctuations 

in t emper ature alone , i n continuous light, were sufficient stimulus tn 

bring about the hatching rhythm. Two dishes were used; one was kept 

in a constant temperature room at J1°C. and in continuous light, and 

the other was kept, also i n continuous l ight, i n a second room, but at 

r egularly varying t emperature . The t emperature was held at 31 °C . from 

6 a .m. until 6 p.m. and at 25°C . for the balance of the day. 

The r esults of this experiment are shown in Figure 4. Here 

each value is the mean for two 24-hour periods for one dish. The 

r egularl y fluctuating temperature produced a significant peak (p l ess 

than 0.025 ) of hatching (A). The low values in (B), kept at constant 

temperature in continuous l ight, wer3 due to a breakdown in the temp­

erature control unit. The temper ature dUl·ing the initial 48-hour 

acclimatisati on period rose to 330C. and most crawlers had hatched 

before r eadings commenced. 

hatching. 

Ther e appeared, however, to be no peak of 

I t can be seen fr om Figures 3 and 4 that the peak appears to 

be mor e pronounced when light and temperature are acting together. 

Whether this peak was, i n fact, more pronounced than those produced 

by either light or-temperature acting alone, was tested stati stically. 

It was f ound that the two f actors working together produced a statis­

tically greater peak than either working alone (p less than 0.01 in 
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either case). The effect of temperature might, however, be due only 

to a speeding up of the metabolism of the eggs, and not to a response 

to it as a specific stimulus. It seems likely, however, that a simple 

increase in the rate of metabolism on temperature increase, would 

result in a sustained higher hatching rate, and not in the peruc and sub­

sequent decline which actually occurs (Figure 4A). 

An attempt was made to clarify this point, using a technique 

similar to that employed by Ewer and Ewer (1942) in an li1vestigation of 

the effect of relative humidity on hatching in ftinus ~Y£ Boie. 

L. beckii eggs were kept at a low temperature for a lon~ period, and 

then transferred to a higher temperature. If the temperature increase 

is the stimulus for actual ecJosion, but metabolism proceeds fairly fa~t, 

a sudden hatching of all the eggs would be expected. 

Fifty females and their eggs were kept in a petri dish at 14°0. 

in continuous light. This temperature is well above the lowest, 

7.8-8.8°0., at 1t1hich Bodenheimer (1951) found development to occur. A 

control dish was kept at 26°0. in continuous light. After a 48-hour equi-

librat!."oo period, the number of crawlers hatched in each dish was 

counted daily at 9 a.m. and 9 p.m. for a week (Table I). After four 

weeks at 14°0. the experimental eggs were transferred to 26°0. and the 

rate of hatching recorded as before for a further week (Table II). 

There can be seen to be no sudden outburst of hatching, and 

the rate of hatching follm..rs a similar pattern to that of the eggs 

oPiginally kept at the higher temperature. Unfortunately, this negative 

result cannot be regarded as evidence that temperature increases do 

not act as specific stimuli, and that it is increased metabolic rate 

which is responsible for the hatching peruc. It is -possible that 
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Table_b.. Nwnbers of crawlers hatching per day at 14°0. 

i Day 1 2 3 4 5 6 7 Total ; 
( 

f-

i 1400. 1 1 1 1 2 2 2 10 
·--- . .. ·- -- ·-· --- -- ·- ---··-··--- - - --~ -· · ·--· -

~26°0. 

I -----
3 5 6 13 .12 7 9 55 

Table II~ Numbers of crawlers hatching per day at 26°0. 

after four weeks at 14 °0 • 

Day 1 2 3 4 5 6 7 Total 

,- -- --t 
I 

! Number 1 4 6 7 8 9 11 46 

-----------L-
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four weeks was not l ong enou&h for complete development of all the 

eggs to occur at 14°0. The possi bility r emains thet a positive r esult 

woulci be obtained if the eggs were kept fol~ a l onger pe:ci od. 

Light, like temperature increase, is not essential to 

hatching. This was shown by keeping 100 eggs in total darkness at a 

constant temperature of 26°C . At the end of this period, every egg 

was found to hove hatched. 
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III. The wandering~riod 

Once the cra\.fl:)r has onerged fror11 under the scale-cove::..·L1g of 

t 'v fenale , it my uano.er over the surface of the host plant for a 

w .riablc pe1·iod. According to Quayle (1938), crawlers may wando:!.' for 

t.'.~) to three days , but the majority set.tl a \olithin one c1ay . C"-rnegie 

(1955), however, state s that crawlers seldom wmd.ered for more than a few 

hou:cs . Some wer e r el eased on or ange leaves in an attempt to obtain 

fur-t,h ::;r infor~tion about the wanC.ering period. 

Sixty c r awl ers wer e r eL.:ased on dusty orange leaves and "'atched 

u.:.'1til they settled anc~ produced wax t hr eac.s. The average time S)ont 

before settling a t 2SOC. was 63.8± 3.9 min. The mean wandering ~oriod 

on leaves cleaned by means of a soft cloth was 91.0! 8.8 min. It. was 

obso:cved thc:.t. crawlers which walked for periods of over 2 - 3 ~-c ,. often 

died wi thout settling. Heavily infested l eaves very often bea~ an 

OJ~onsive growth of lichen with much adhering dust, and often oven 

uni~1fested l eaves have dust adhering to the surf ace . It is thus probable 

·Gi1at the lower value obtained is a better refl ecti on of the noi'rnal \Ve.lking 

t ir.n in field conditions . 

During this period of wandering, the crawler will be O~)osed 

to various sti~uli from its environment, and to other factor s s uch as 

gravity. Of the se, the fac tors most likely to influence the crav.1ler in 

its wandering, ~rewind, gravity, light, t emperature , and smell of the 

host plant . 

Wind 
,.,......_..~--

The long anal filamnts of the crawlers of L, beckii :1ave 

already bean mentioned. The surprising length of the filaments, o. third 
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of the total length, suggested some experi:nents in which an attenpt was 

r.JC.C:G to cl.eter l!li.na whether they mi ght have sone anchoring functi on. It 

vl.:'.S noticed th ~t a crewl er 1.-1alked with difficulty on gl 2ss . Jl.l·:i~-:o'.'.gb 

th8 t~rsi appear to be unabl e to gain suffici ent purchase on the Sl:!Ooth 

surf~ce , the difficulty is in fact largely due to the filar~nts anchoring 

·ch::: a ni.rn..ctl by ad.'llering t o the gl ass. This can be shown by cu·c-t.i~1g off 

t.:1c filanents, for thGn the crawl er is able to walk a great deal more 

easily on the gla3s surface . On paper, which gave aG.equate ptll'Ci1ase for 

the tar si of the crawlers, th--- effect, if any, i s not noticeable,. 

E::pe:dments were desi gned to deter mine: whether this anchor ing action of 

t:1s filaments ni g..1-J.t keep the crawlers, walking on the host plant, from 

bei::.:.::; blown awa:· by uind. 

The general procedure of an experiment was as follows . The 

a11al fila~mets of several crawlers were cut as short as possi ble; those 

cl~a,rlers were then :;::laced on a l e<:!f together \.fith an equal m1moel' of 

intact crawl ers. They were then subj octed to air blasts until about 

half of the~ had blown away. The r enaining crawl ers were inspec~ed to 

deternine the nw~bers of oper ated ano int~ct crawlers remaining. 

The cutting of the anal filar;mets was accomplished ~s follmo~s . 

A section of r azor blade mounted on ~ C3tchstick was used. The 

a::1putati on was carried out under a binocub.r :-ll.croscope by drC'\.fing the 

blac1e across tho longitudinal axi s of the crawler as it walkec~, o..llowing 

tho '.JlaG.e to pass just behi nd tho tip of tlD abdor:1en. It is not possible 

·co keep the cra\der still without dar:lllging i t . With the exce·.Jtion of 

a fe1-1 instances whGr'-' the tip cf the abdomen was cut off, t he above method 

Hc-s satisfactory. It we. s possibl e to cut off all the trailL1g )Ortion 

of -::.he filaments, leaving only the downwar d- directed stumps, \vhicll just 



made contact vrith t he substrate. The extent of the amputation was 

then checked by inspection under the compound microscope. If the 

amputation was not satisfactory, the process was repeated. An eqt1.8.1 

number of crawlers was then subjected to the same process, except t,hat 

the operation was not perfor med. The crawlers were then transfeTred to 

the ar ena . At first this was a small piece of black paper. Later, 

cleaned or scale-infested orange leaves were used. Any mature female 

Scales were removed, so that emerging crawlers would not gi ve rise to 
' 

nisleading r esults. 

A jet of compressed air was then played over the arena surface, 

until about half of the crawlers had been dislodged. The remaining 

cravrlers were examined under the compound microscope and the nilljlber of 

i~1tact and operat ed crawlers counted. The results of the experiments 

2: G given in Table III. 

It appears thet the presence or absence of the anal filaments 

hc: s no effect on the ability of crawlers to withstand sharp air moveroont. 

During this experiment it was found that crawlers were able 

to Hi thstand a very powerful j et of air if it was of constant force and 

direction. A steady jet of air that moved a full matchbox to a distance 

of one yard along the bench did not dislodge any crawlers. A much 

lmvor pre ~sure ioTas effective if the jet was played back and forth across 

the :::.rena. 

During the course of observJtions on crawlers walking on 

lee.ves, a possibl~ function of the anal filaments was noted. On a 

c:.~~s-cy l eaf, it wa s seen that a crawler sometimes lost its footi::1c; a.."ld 

overturned. Dusty leaves occur commonly in the field. Very often 

~1e filaments would be caught under the animal. The body of the crawler 



Table III Numbers of operated and. intact cra'l-Tlers 

re.rnainL"lg on a.:rena a fter air blast. 

----...---
Total number Nwnber remaininr, 

Arena transferred r-- .,---~ 

I Operated I Intac ·C. 
~ 

Paper 40 7 10 

--:-·--

Clean 
leaf 30 7 7 

Infested . 
leaf 20 3 2 

I 
f-- -

Total 9G 17 19 

13o. 

I - I 

' 
~ 



'\·Tould then lift spasmodically on its posterior tip and quite often 

fa:l over on to its ventral side again. Tbis lifting of the body 

could have been due only to upward bending of the tip of the abdomen 

wi·th the filament bases held rigidly or to i ndependent movement on the 

part of the filament s . It seems unlikely that the tip of th8 abdomen 

Hould be capable of bending f ar enough to lift the body to the vei'tical 

without some independent movement on the part of the bases of t ho fila­

ment s . 

How much overturning occurs i n the field is another lll2.ttor. 

If i t does occur, the action of the anal filam0n~s might have co2si cer able 

su.:cvi val value, for the flattened crawler he.s lit tle chance of rij.Y~ing 

itself by mean s of l eg movements alone . 

Another possi bl e function of the anal filaments mi ght bo that 

of ..! parachute . I t is gener ally stated thnt crawl e rs a r e carried by air 

r:10vement from tree to t r ee (Stofberg, 1937; El- ling, 1950; Bodenheimer, 

1951). The long anal filamvnts may assi st in keeping the crawler air-

borne in the same manner as is sai d to occur in cert ain newly hatclwd 

spic~rs (Grass~, 1949). 

Another factor ·which might be expecte d. to influence tho 

,,re.:.1deri ne, of cra,.Jl cr s is the forca of gro.vity. Some experiments 'Tere 

ca:.'l~ied out to investige.te this possibility. Crc..vrlers were r el eased on 

r. vertical surface and their movements observed. 

The first appar etus to be used is shown in Figure 5(1). 

Tho vertical surface consisted of a 20 em. long rod with diameter 6 mm. (C). 

This was painted with blo.ck poster paint so that the crawlers vroulcl be 

visible. A long ontornological pin (E) was inserted into the roc~. at 



5 em. 

Figure 5. 

l4a 

'~---o 

<2> 

E 

Apparatus used in testing for response to 

gravity, A, wooden support; B, retort 

stand. clamp; o, wooden rod in (1) and 

piece of black paper in (2); D, release 

area; E, pin. 
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efuther end and fastened to an upright (A), which was held in a ret ort 

stand clamp (B) . The pins gave a small area of contact with ti1e rod 

and r educed the possibjlity of the escape of crawlers via the S~?~ort. 

An exactly similc.r, but horizontally clamped control, wa s used. 

A modifica tion, shown in Figure 5(2), wa s l at er used. I n 

t ni s ccsc the vertical surface was a s t rip of paper (C), 10 em. lo~g and 

1.5 em. wide. It was thought that crawler s might move more freely on 

tho papor t han on the paint. The paper 1.o1a s supported by a sin;:;lc pin 

(E), to whi ch i t was at tached by a drop of paraffin wax. 

The crawlers wer e r eleased on a central band (D ), 2 c~ wide 

i n (1 ) and 1.5 em. wi de in (2). Crawlers were not regarded e.s l1rrving 

mov::Jd up or down until they had l eft this band. 

The first experiments were carri Jd out at 19°C. For the 

next experiments the te~perature was i ncreased to 25°0. in order to 

~·oduce great er activity among the crawlers. Experiments were ca1~~ed 

out in both light and dar kness . The light originated from a 60 vlatt 

electric light bulb on a level with the central band and 50 em. auay. 

The r esults of experiments using appara tus (1) are given in 

Tabl e DT and those of apparatus (2) in Table V. In both experin1c~lts 

tho crawl ers were found to be scattered over the vertical surface, no 

concentrations being formed at either high or low points. The results 

given in Tables DT and V support this observation. I t would c;;pcar 

t llc:t there is no tendency on the part of 6 beckii cr awlers to move 

ei·mer upwards or downwards in response to the force of gravity_ 

Light is an environment al factor which plays a very important 

part in the lives of many animals . This wa s the next factor whoso effect 



In light 
..,.......- "'T 

. Experiment 3 
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i Time (hours) 6 18 
.....__ 
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I A 9 6 
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c 3 2 
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B 5 4 
-- - -

L 7 5 
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c 3 2 
rod 
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Numbers of crawlers on different zones of 

vertical piece of paper nt interval s . 

A, C, etc . as in Tabl e IV. 

In darkne ss ---1 

Experiment 
! 
' ' --------

Time (hours) 

A 

c 

B 

In light 
- ·----· 

Experiment 2 I 

Time (hours) 14 
...._ -1--

A 6 

c 2 

B 0 
.....l.--

1 

5 
I 
I 

-; 

2 

3 

7 

3 
--· 

4 

4 

2 

5 

I 

l 

15b. 
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on the wanderinb of crawlers was investigated. 

Some difficulty wa s experi enced in finding a technique sUitable 

fo:c use with such a small ani mal, The first attempt tq study tho light 

resyonse of crawlers was made with a small choice chamber. 

desi:ned to oi fer a choice between a l i ght and a dark half. 

This vras 

This chamber is illustrated in Figure 6(1 ). It con sis·t.od of 

a ~cl{elite ring (C), of internal diameter 1.5 em., cemented to a Lucro­

scopical slide (D) . In order to keep the crawlers from the SlJJ£'.11 gaps 

bc·i:.-vTa3n ring and slide, c. floor (E ) 'I.Jas devised. Thi s was fol"mod by 

pushing a slightly oversi ze circular piece of paper i nto the rL1g und 

do'm t o th:) surface of the slide. The lid (.A), c onsisted of a cover­

slip mounted in a shallow cylinder of black paper (B), It was intended 

to cb.rken one side by bl ackening one half of the coverslip. Obse:cva-

t~ons were made by means of a bi nocular microscope , In trial ru.:.r1s, 

hmwver , t his apparatus proved unsati sfnctor y . Some crawlers escaped 

from the chamber by wal king out between the coverslip and the upper r im 

of tho ring. A second sn :g was th~ lack of continued movement. by the 

Cl"2.':Tlers. Crawl ers soon f l attened, or began to walk slowl y with a 

g::.'cc-.t deal of stopping and turning. Flattening and slow walking 

co~~only occurre d at the angle of walls and floor. 

To avoid such a junction, a · cup- shaped glass chamber of 

i11ternal diameter 1 em. was obtained (Figure 6(2 ), B). The 'I·Tnlls of 

tho chamber 'I..Jer e sloped outwards: to f acilitate observation. On 

vertical walls the slightest i nequality s ervos to hide a crawler. 

Tl1o chamber was roofed by means of a coverslip (A), the t op rim of 

the chamber having been ground to give a flush fit with the coverslip. 

It was necessary to paint the inner surface black for two rea ~ons, 



(I) 

I ctn. 

Figure 6. 
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Miniature choice chamber • (1) A, cover 

slip; B, black paper cylinder; c, whale 

mount ring; D, microscopical slide; 

E, bl,-ck paper flo or. 
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The first WGS to avoid internal reflections and the second to provide 

craHlers with a surface upon wbich they could walk easily. The 

w..suitability of glass as substrate for a walking crawler has already 

been described. 

Once again it was found that the crawlers escaped from the 

chamber, but f e.r more importa nt than this was that there was again a 

le.ck of sustained activity. Tha average duro. tion of walking of 22 

crmrlers before ~ stop of at least 1 min. was 16 min. This dic1 not 

incli.lde the slowing down and turning which occurred also in this chamber, 

c_nd is reflected in the low rate of locomotion, 4.9 mm./min., C.e·Gel'lilined 

a·~ 30°C. using ten crawl ers. Quayle (1912) had obtained an avcr2..ge 

~:e.1ue of 23.2 mm./min. at 31.7°C. for crawlers walking on a shee·0 of 

pape~·. Neither duration or speed of w;:;lking e.re S8.t.~ sfact.orJr for a 

choice chamber experiment . The low r ate of locomotion, compered. l-li th 

that obtained by Q~qyle,indicJted th8t something about the enclosed 

spece might be producing this eff ect . 

To check this, four crawlers were r eleased individually on 

a large sheet of bla ck pJpe~. It wa s found th~t only one crawle~ could 

be r el eased ct r. time, since, even against the black br ckground, finding 

the crawlers was difficult unless the progress cf an individual >laS 

followed closely. Two of the crawlers wer~ wa tched for 2 hr. and two 

for 1 hr. All had been walking continuously, a nd were still wal:2ng 

.:::t t J.1e end of this period. These observations confirmed the SugGestions 

pu·c forward above thet the behaviour of crawlers in a confinec~ s:Jo.ce 

is 11::1bnormal11 and th~:.. miniature choice chambers w:er e abandoned as 

unsuitable. All further experiments were conducted on open al'onas. 

It was decided to r ecord the r e sponse of each crawler by 
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plotting its tra ck on graph paper. It was necessary t o have some 

so1"t of refer ence crid, which should not, however, have had any effect 

0:1 the crawler. 

A grid drawn in pencil on the ar ena did not show up, especially 

c.t l ower light i ntensities . Crawl ers wer e then r el eased on a shoot o£ 

:oly thene, on the underside of which a grid had bJen dr~wn . A background 

of black paper under the polythene sheet enabl ed the observer to dis­

tinguish the cr3.vllcr . This system wa s disca rded due to the slo\·1 progTess 

of t h .; crawl ·.rrs o~ the smooth polythene surface . The average speed of 

1 2 crawlers at 25-280C . we s only 9 mm./min. The speed was found by 

mc~strrement of th~ tracks with an opisometer . 

An app~rc.tus which mrde it possible for the crawler to Halk on 

an untreat ed sheot of block p:>.per is shown in Figure 7. A grid uas 

c~~wn on a large sheet of glass (B), which wa s supported above the arena 

(G) on blockg (A), covered with blnck papar. · The gla ss ha d the 

su~sidiary function of shielding the a r ena from the air draught caused 

by the fan of t he constant temperature unit . 1-. screen (D), 20 em. 

hibh, and consisting of black paper mounted on a wooden framework, 

surTounded t he arena . It er.luded extraneous light and also shielded 

the areDa from the air dr aught. 

For studyinb the r esponse to directi onal light, a light source 

(C), consisting of a 60 Watt electric light bulb, was placed e.t one end 

of 'Gl1o a r ena. Tnis provided oblique directional light , striki11g the 

:;.~oloase point e.t 30° from the horizontal. A museum jar (E), ..:'ull of 

He:~or, serve d as a heat filter and ws pl ac ed between the light and the 

c-."-'ona. . The light intensity, with this source, and measured e.t t;le 

centre of t he ar ena, vari ed between 800 and 1400 m.c. ~s the mai~s vol tage 
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Figure 7. 
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lea 

,c 

Apparatus which was used to investigate 

the response to light. A, support for 

glass grid; B, glass grid; C, light 

source; D, black paper screen; E, heat 

filter 0f museum jar full of water; F , 
replaceable arena; G, main arena of 

blr.ck paper; H, wooden board o 
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vaxied. 

In the earliest experiments the temperature was kept fairly 

cohstant between 25° and 28°C . by means of a "Sunvic11 r elay. Late::..• , 

constant temper atul' o rooms became available. The temperaturG vras ·chen 

Two thermomet ers, one a t eithdr end of the are1m, 

sl1oHed that no temper a ture gradient existed. 

On the pap0r ar ena tho ~verage speed of 11 crawlers was 18 mm./ 

Crawl ers observed on a small piece o.f bla ck paper under 

a 0inocular microscope appe:1red to bG walking ivithout difficulty* The 

blcc~: paper arena thus appear ed t o be sui table for testing th0 r os"'onses 

of crawl ers . 

Some experiments were also conducted with a l ight sou:·ce 

dli~cctly abo'lO the crawler. The same a rrangement was used except for 

th0 light source . This was a 100 '.Jatt argenta el ectric light bulb, 

hc ··.sed i n a light-tight box, which was open bel ow. The box was supported 

80 em. above the ar Gna on four l egs which rested on t he glass grid. 

Both box and supports wer e ro.inted with fl ~t black pai nt . 

could be move~ so th~t i t was always above the crawl er . 

l;ij_ Nat_yre of the.J:~M~· 

The light 

Th~ tracks of crawl ers were plotted under various conditions. 

Fo:' clarity, the ;aore invol ved tracks ar e on a l ar gEJr sca l e tha:1 tha 

others (Figures 14 and 16). 

The handling of crawlers does not appear to change their 

rOS)OnS0 to light. Two experiments were conducted using crawlers '-'Tl1ich 

,,rc::-o not handled. This i<las done by waiting for a crawler to emerge 

from under a female , then cutting away the l oa f on all sides. Th0 

a~L1 remaining section of l Gaf wa s gentl y placed on the ar ena and t he 

I. 
I 

I 

:I 
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crawler all owed to find its own way off. These crawlers shm..rec1 the 

sana response a s crc:.wler s tr:msferred by means of a brush. 

A definite response is shown when th~ l i6ht source is placed 

on onG side, as i llustrated in Figure 7. Typical tracks are slloHn in 

Figures 8 and 9. In Figures 10 and 11 the tracks after the fi:;.'s·0 10 min. 

(solid circles) were also obtained in this way. In some cases tho t r ack 

uas fairly convoluted, or at a consi<.lerabl o angl o to the light so·_:..,ce, 

bv.:G in almost every case there was a displacement towards the som'co. 

I n a gr oup of 16 of tho total of 45 experiments Cal~riod out, tho light 

so~rc~ was placed at tho oth~r end of the ar ona. Tho f act that the 

response still occurr ed shows th: t it was the light source ancl not some 

otl1or faaturo of the appar;.tus to which the crawlers were responCling. 

Two param; t crs may be used in measuring a response . Th:l first 

to be descr ibed provices a me.::. su.~o of th: accuracy of the orient::>.tion 

vThile the second allo1-1S the directness of tho tr~ ck to be measured. 

The accur a cy of oricnt~ti on can be arrive d at by meast~i~g the 

anclJ ~de by the track with the straight line joining the r el ease poi nt 

nnd a point vartically below thG light source . The numbers of animal s 

vTaJ.king at given angles to l eft ancl right of this straight line (talcen 

o.s zero) may be plotted in tho f or m of a histogram. I f tho majori t y 

of animal s walk towards tho light with a f air degree of accurac~·, a peak 

uould be expected about 0°. The hei ght of this peak gives an idea of 

tho accuracy with which thu group of animals have orientated. 

With crawlers of L, beckii the accuracy of orientation is not 

vo:.'~- great (Figure 12). However, tho size of the source shoulc~ be taken 

i11to considor2tion, especially e..s tho r 3sponse may have been to tho 

1-ii:lol c brightly illumina t ed museum j ar full of water . The r el ease point 
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Figures 8 and 9. 
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Tracks of crawlers responding to oblique 

light from a single source (8 = start, 

filled circles represent minute intervals). 

Light source on the left. 
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Figure 10. 

20b 

Position at minute intervals (represented 

by open circles , s start) of a crawler 

walking in uerkness, followed by the track 

r e sulting when oblique light was switched 

on (minute intervals represented by filled 

circles)o Light source on the l eft. 
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Figure 11. 
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Position at minute inter vals (represented 

by open circles, s ~ start) of a cr awler 

walking in subthreshol oblique light, 

followed by the track resulting when the 

intensity of the source was raised above 

threshold (filled circles). The lieht 

source we s on the lefte 
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Figure 12. The accuracy of orient~tion of crawlers to 

a si ngle light source, i. e. the angle 

formed by the source, and the position of 

each crawler after 5 min., with the re-

lease point. 
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made an angle of 40° witn the linas joining it to the two sides of 

t h:J jar. However, it can be se·3n th:-·.t 45% of the tracks were within 

~0° of the 0° line , an& only 5~ at angles greater than 90° • 
• 

A measure of the directness of the track is given by 

---------------; the directness ratio• 
10ngth of straight line joining ends of track 

A straight path would thus give a value of 1.0. Figure 13 shovrs the 

distribution of tho values calculated from the tracks obtained above. 

~bst of the crawlers can be seen to have followed a fairly direct course. 

Control experi ments were carried out with the light sol~Ce 
' '+ 

directly above the crawler. Figure.~shows a track obtained tmdor 

those conditions. The tracks a~pear very much more convoluted and 

limited than is the case in oblique light. This is borne out by the 

high values of the directness ration cal culated for tracks made in 

vertical light. The angle of orientation appears, a s would be expected, 

to be random. Both sets of values are shown in Table VI. 

The r esponse Gc light of crawlers freshly removed from bennath 

the female Scale may be summarised as follows. Crawlers in non-

directional (from above) l ight walked in such a way that the actual dis-

placement from the release point was small. In directional (from the 

side) light there was a definite displacement towards the source. The 

actual path followed, however, was sometimes convoluted and at an angle 

t o the light source. 

lii) J'hteshold of th51 re sponse 

An attcnpt was made to find the threshold of the response to 

licht, using the tracking technique described above. A tungsten filament 

electric light bulb was used as light source, together with a voltage 

regulating system. A variable r esistance , together with a voltmeter, 
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Values of directness r atio and angle of 

orientetion of cra1-1lers in veJ.'t i cal light. 

- -.:i.~·· -- -- · 
Cr~n.J'ler Directness 

Angles of orientation 
r atio in degr ees 

to left to right ___ ... __ 
l .3.9 54 

2 6.0 19 

3 6.3 81 

4 3.5 30 

5 .3 . 6 118 

6 7.8 168 

7 9.4 171 
. . _____ ..__.__ 

Ta.ble VII . Percentage of craHl er s r esponding to light 

~e-
1 
. Fresh leaves .39 

Total i 
Num~ 

I 

! 
13 ! 

1o response 

1-----------------·-·--- ____ j 
i 
' 
. Stored l eaves 29 14 I 

I I 
·---'--- --·-' 
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Figure 13. Directness of orientation of crawlers to· 

a single light source; t''f:\lculr; .. tod by 

ratio J;&ngth of trac!Lafter 15 min. 
straight line joini.1g ends of track 
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Figure 14. 

2lc 

A track of a crawler walking i n vertical 

light. s = start, filled circles r epres­

ent minute intervals. 
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po:;.~znitted controlled va riations in voltage (and thus i n light i n"i:,onsity ) 

to be made. 

The light intensities corresponding to the voltages sot by 

moans of the variable resistance wore moe.sured. An attempt to do this 

by using a phototransistor coupled with a sensitive ammeter was t~~success­

ful Hi t h t he low intensity, unfocussed light used for these experiments. 

Tho light intensity was finally measured by means of a waxblock photo­

motor together wi~h a Tungsten standard la~p. 

An el ectric torch wa s used for plotting th-3 tracks at low 

intensiti es ~s the crawlers were not visibla under these conditions. 

In order to standardise r esults the torch was used e. t h i gher ilYccnsities 

as 1:!ell, even though i t was not necessary in the upper r ange. The 

trucks obtained, then, consisted only of the plotted series of positions 

occupied by the crawler at the end of each minute interval. 

Two criteria were used in analysing these tracks. The first 

vlaG to judge by the appear ance of tho track whether the animal vm.s 

responding to the light, or doing the r e stricted wandering charac-Gm."istic 

of locomotion in non-directional light. Tho second criterion wcs as 

follows : if, at any time during th0 first 15 min. the crawler uo.s found 

o:.:.tside a circle of radius 5 cm9 "1.-Ti th centre the release poin·~, it uas 

considered to have r esponded to the light. 

The r esults, analysed by the two methods described, arc s~10wn 

in Figure 15. Tho numbers of obscrv:--.tions were not sufficient for any 

definite c onclusion to be drawn, as c an be seen from the vertical lines, 

1.rhich represent one S . E. on ei thor side of thG mean. The percentage 

responding at 2.6 m.c. (using th.:.. :mec.sured results) did not differ 

sigi.1ificantly fr om the value at zero intensity, i.e. in darkness. The 
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difference between the 2.6 m.c . readings and the summed readings far 

13 and 22 m.c . was, however, significant (p less than 0.05). It can 

be seen from Figure 15 that the same qualitative conclusions apply to 

the results judged by appearance . 

It is clear that an increasing number of crawlers respond as 

the light intensity is increased from zero to approximately 42 m.c ., 

when a lOofo response i s obtained . The track of a crawler which was 

r eleased at an i ntensity below 2.6 m.c. for 10 min., after which the 

intensity was increased to 70 m.c. (both oblique light), is shown in 

Figure 11. The r esponse following the increase in light intensity is 

very clear. 

It was thought that the l ack of a sharply defined threshold 

might be due to the storage of the infested leaves in polythene bags. 

This period ·of stor age might have affected the light r esponse of the 

crawlers , causing a variation and thus obscuring the sharpness of the 

threshold effect. It was possible to test whether this had in fact 

occurred. 

The numbers of crawlers responding to a 13 m. c . light source 

among 13 crawlers from freshly collected leaves and 14 from l eaves 

stored for at least 48 hr. were compared. Tho r esults, analysed by 

measurement as described above, arv shown i n Table VII. Storage of in­

fested leaves obviously has no ef fect ~n the light responses of t he 

ensuing crawlers . Either the threshold is not sharp, or is affected 

by some other factor • 

.(iii) M3chaJ;lj.Sm of the r esRQMQ 

There are a number of different mechanisms by means of which 

an animal may respond to a stimulus (Fraenkel and Gunn, 1940). These 

fall into two groups. In the first the animal responds only to changes 
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of int.ensi ty of stimulus; these are known as kineses. In the second 

GTOU~ the response is to the direction of the stimulus and these are 

lG!own as taxes. 

Aniiilals which respond to intensity changes do so in tuo 

different ways; tho ·first consists of a lowering in e ither tho rate of 

locomotion or the activity l evel as the pr eferred or eccritic intensity 

for the particular animal is approached. This is knmm as ortholdnesis 

o.:K~ lee.ds to an aggrege. tion of ani mals in the eccri tic r egion. T~1is 

aggregation is not static, however, but due to an accumulation of animals 

i2.1 the r egion of slowest movement or lm·rest activity. The sccoad type 

of response is due to changes in the r ate of change of direction (~.c.de) 

of th3 an:imal . Tho r.c.C.. may be described as the sum, in degrees1 of 

all the turns to either side made by the animal in unit time. f._ ::d..l:Jal s 

Fay aggregate in the eccritic region sinply by an increase in r.c.c. in 

that region; this is known as klinokinesis without adaptation CE\·Ter and 

Burscll, 1950). Klinokinesis may also op~...rate in a second I:le.:tn10l~. Here, 

-Gh.:; e 1sential factor is adaptation occurring after an increase in l~.c .d. 

T:lis may best be explained by considering a hypothetical animal u:1ich, 

i11 constant conditions, makes a 180° turn at regule.r intervals. tfuen 

the animal walks away from tho eccritic region, the r.c.d. increases and 

a 180° turn soon occurs. The animal then walks back toward th~ occritic 

region. By this tina, however, adaptation has occurred and, as a result, 

the r.c.d. has decreased so that this section of path towar c.s tho cccritic 

regi on i s longer than thc.t leading away from it. A turn \vill, of course, 

eventually occur, and the animal will again walk away from the eccri tic 

reGion. The whole process then occurs again. Since all those sections 

of the path lee.cln£ to~~rds the eccritic r egion are longer than t~ose 

le2.c:ing away f:ron: it, there is an overall displacement towards t:10 

eccritic region, A siinilar but far more complicated argument shmTS 

.I 
I 
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that the SaLle is true of an animal turning a t variable angles. TJ.1is 

is lmown as klinokinesis with adaptation (Ullyott, 1936). 

AnirJals which respond to the direction of the stimulus r.uy 

do so in several differ ent ways, three of which are r el evant. 

The first involves regular deviations from side to sic.e of 

th2t part of the ania~l bearing the receptor. During each deviation 

tl1o intensity of stimulus is compared with that during the previous 

devi ,_ ti on . A balance cnn thus be struck, and the animal is able to 

r~ve towards or away from the source of stimulation. This is knovm 

~s klinot~xis, ~nd, i n common with the two r eactions already described, 

cQn be effected with only one receptor. 

The second type is known as tropotaxis. In this ce.se a 

belu~ce is also struck; now, howev0r, of stimuli received by one 

:·oce)tor in two successive positions, but of stimuli received sinuJ.tan-

eonsly by two rece':ltors • 

response cannot occur. 

If one of these i s put out of action, the 

The remaining taxis, telotaxis, is a response which 0.oes not 

depe:1d on the be,lancing of stinuli. In this case it is the 1::o.rticular 

portion of the receptor stinulated which determines the direction of 

locomotion. Inhibition of information r eceived from other som·ces of 

stimulation i s essential if telota.xis is to operate successfully 

i ,, any but the simplest conditions • 

The above account is over-simplified to sone extent , as both 

Y~.ino- and tropotaxis· can occur when there is no directional quality 

in the stirlulus. This ca n only be the case, however, in a very s·~oep 

A nw;1bor of tests exist which enable one to determine vr:1ich 

I.leCi.!nnism.s are operating in an animal• 
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Animals which show a kinetic response are able to move U? (or 

do~rn) a non-directional gradient of (say) light intensity. This is not 

true of animals which show a tactic response, except when, as stated 

c:.bo\"e, the gradient is very steep. The tracks produced in a pho-to!dnesis 

are r andom in direction, while in a phototaxis they are directed tm•ards 

or r way from the light source. 

an{ a wavy path may result. 

Considerable error may occur, houever, 

An anirno.l orientating by orthokinesis moves at different speeds 

at different intensities of light. In klinokinesis, an animal experienc-

ing a sudden change in light intensity will show a change in r.c.d. 

"'~:ich may or mny not r eturn to the previous value, depending u~')o:1 u:1ether 

a(aptation occurs or not . 

Animals responding kline- or tropotactically to two l ights will 

take the path between the tvm, and more nearly in line with thu s-t::..·onger. 

Ani:~~s responding telotacticly will respond to only one light at a time, 

ustw.lly finally orientating to one. 

Kline- and tropotax:is may be distinguished by the fac·c that 

cL~cus movements occur only in the latter, Circus movements al'C ·!;he 

circling movements made by tropotacticly behaving animals when w1ilaterally 

blinded. 

Some of these tests have been applied to investigate the 

mechanism of the photopositive response of crawlers of L, bec~i. 

,llii.al_Kinetic re~:gonses 

The orientation could be accomplished, in part at l eaGt, by a n 

or:tboldnesis. A scrutiny of the tracks made by crawlers in oblique light 

shoVJs that in most cases the r esponse is too direct t o be brou.gh·c :J.bout 

by an orthokine sis acting alone. Nevertheless, an orthokinetic cle .. 1ent 
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might be present, and to test this possibility, observations weTe ~de 

u~o~ the rate of locomotion at different light intensities. No specific 

study was made upon activity as there had been no inGication tl1at an 

activity orthokinesis could be involved, since the crawlers are almost 

invariably active until they finally settle, The usual tracking 

technique, and the apparatus shown in Figure 7, was used. 

Observations were made at two different light intensities. 

E.::ch crawler was released and left for 5 min. and then its track -vras 

plotted for 10 min. The tracks were measured with an opisometer a;1d 

the speeds of the crawlers calculated. 

In the first experiment, the two intensities used were 45 m.c. 

ancl 1500 m.c. Six crawlers were released. at each intensity. Ta~e VIII 

s:1o~·TS the results obtained. There appears to be no marked difference 

in speed at the two light intensities. 

In the second experiment, some modifications were mace. The 

intensities were more widely spaced so that any difference not brot~ht 

out Ln the fir st experiment would be shown. It can further be seen from 

Table VIII thet the results are very variable. For this r eason paired 

11 0 :- clings were taken in the second experiment. The crawler was allowed 

5 min. in darkness before being exposed to the second intcnsi ty.,. Four 

crm.rlers were used. Two were released at the low intensity first, and 

two at the high intensity first, t o avm.d bias due to the animals tiring. 

The intensities used were 45 m.c. and approximetely 4000 m.c. The 

:·esul ts are shown in Table IX. 

It can be seen that it is unlikely that any difference in 

speed exists at different light intensities. There is certainly no 

difference of sufficient magnitude to suggest that any orthokinetio 

ole~nt is involved in the response to light. 
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Table VIII. Speeds of crawlers at two different light 

intensitie s 

Speed in mm./min. 
at 45 m.c. 

I Speed in rom./min. 
! at 1500 m.c. 

12.0 

22.0 

16.6 

16.4 

17.0 

14.8 

1 Mean 
+---

16.5 

~ 
I 
I 

i 
I 

-.; 
I 

I 

16.0 

10.4 

11.4 

17.4 

16.0 

10.0 

13.5 

~ble IX. Speeds of crawlers at two different light 

I Crawler 

1 

2 

intensities. 

Speed in mm./min. 
at 45 m.c. 

20.6 

14.6 

14.0 

16.2 

.,__Speed-in m ./min. 1

1 at 4000 m.c. 

20.0 

16.2 

15.4 

•j 
I 
i 
! 
i 
I 
! 
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Another possibility is that klinokinesis is responsible for 

the photopositive response. This method of orientation is unlikely in 

view of the directness in many cases of the crawlersf response (Figures 

8 and 9). However, a more quantitative test is required than this. 

This is done by an analysis of the tracks for changes of r.c.d. Any 

change may be expected to show if the animal is allowed to make a track 

for a period during which it is subjected to a change of light intensity. 

If the change in intensity is to or from darkness, the change 

in r.c.d. is likely to be more pronounced. The smallness of the crawler 

leads to difficulty. Attempts to get the crawlers to leave a track on 

a sooty surface failed, because the crawler soon became coated in soot 

particles. Crawlers show a response to a Philips noon bulb. This 

excludes the possibility of using this source for observations in light 

imperceptible to the cravTler. It is, however, possible to obtain a map 

of the crawlerts progress, using an electric torch in the manner described 

for low light intensity observations. Such a track is shown in Figure 

16. Another is shown in Figure 10 (circles), where a crawler was exposed 

to oblique light after 10 min. of tracki::J.g in darkness. From these 

tracks all that can be concluded is that they are very similar to those 

produced in non-directional light. Crawlers left uninterrupted in 

darkness for the same period showed a similar displacement at the end of 

that time, so that it is unlikely that the short flashes of torchlight 

had any effect on the behaviour of the crawler. 

It was possible, however, to measure the r.c.d. of crawlers at 

two different light intensities, In a photopositive animal, klinokinesis 

with adaptation would depend on an increase in r.c.d. with a decrease in 

light intensity, while klinokinesis without adaptation would require a 
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Figure 16. Positions at Dinute intervals (represent-

ed by open circles) of a crawler walking 

in darkness for 10 min. and positions after 

15 and 20 min. S = start. 
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decrease in r .c .d. Both possibilities were investigated by measuring 

the r.c.d. of tracks of crawlers before and after a decrease in intensity 

of non-directional light. 

The apparatus already described for obtaining tracks in 

vertical light wa.s again used (See (i) ). A variac transforme1~ vm.s 

used t.o control the volt age across the el ectric light bulb and so alter 

the light intonsi ty to which the crawler was exposed. The 100 Ha"t,t bulb 

Has first used e.t normal voltage (250 volts) and then at 150 volts. 

T~1o latter voltage gave just enough illumination for the crawler to be 

visible. The crawler wa s allowed to walk for 8 min. at the hi~1or 

intensity, after which the intensity was decreased anG the crawler allowed 

to \talk for a further 8 rain. The tracks plotted during these periods 

1..re:;.·c then analysed and the. r .c .d. calculated for the two parts of the 

track. These values arc given i n Table X. 

There appears to be no difference in r.c .d. at t he t\.;o light 

intensities . It therefore ap~ears that thoro is no klinokinetio clement 

in t he response. 

(iii.bl__Tactic_~~onse~ 

The above experiments exclude the possibility that thol'e is a 

k~1ctic el ement in the r e sponse. The three possible remaining mechanism~ 

by means of which the response rrlght work are the taxes already described. 

A two light experiment was carried out to distinguish between 

tolotaxis and the other t wo taxes which depend on balance of stimuli .. 

T1:l0 lights of equal intensity were set up to make an angle of 90° with 

t.'l1o release point. .A. circular hole, 5 em. in diameter, was cut lm.r 

dmm on either side of the screen (D), so that nearly horizontal light 

could be obtained. Each lamp was scr eened and light could reac~ the 
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Table X. Values of r.c.d, at two different light 

intensities (degrees/min.). 

Crawler Bright light Dim light 

1 115.1 104.0 

2 175.1 208.6 

3 412.8 370.8 

4 191.8 288.4 

-
M3an 223.7 I 243.0 I 

I .... _L._ 

Percentage of crawlers responding to light. 

; Analysed by: Treatment 1~ 
Total ___, 

response N b ~ 
I 1 

urn er 

' 
I 

1 Measurement Smell 42 19 

Untreated 50 22 

i Appearance i Smell 67 21 

! Untreated i 65 20 L i . ..L I 
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arena only through the two holes, A small museum jar full of Hater 

was placed at each hole. Each served both as a heat filter and to 

keep any draught from blowing through the holes. The glass grid was 

raised so that light would not be reflected fro~ its undersurface. 

The experimental procedure was the same as in the experiments 

in (i ), where a single light was used, The tracks of 44 crawlers were 

plotted. These wer G analysed, as in (i), for accuracy of orient.at.ion. 

In t:1is case , however, the line passing midway between the two lights 

l.J"aS taken as 0° , 

If kline- or tropota:xis occurred, the results would be 

expected to have the same distribution about tho 0° line as is the case 

,.n. th one light (Figure 12), i.e. the crawlers walk between the lights, 

Figure 17 shows tho results of this experiment compered with those obtain-

ed using one light .• The angles of devi~tion to right and l eft of ~~e 0° 

line were in each case lumped. The results from the experjmont in which 

a single light was usee~ may l egitimately be treated in this way si~1ce 

no bias to l eft or right occurred, as can be seen from Figure 12. This 

is true also of the r esults obt ained in the two l ight experimen-t, , where 

21 crawlers went to the left of the 0° line and 23 to the right. 

A Chi2 test for homogeneity was appliad to these lumped results. Tnis 

showed that there was no significant difference between the t1o~o dist ribu­

tions shown in Figure 17 (p greater than 0,1). 

It can be seen that either kline- or tropotaxis docs i~ fact 

occUl~, as many crawlers walk between the lights , Some tracks \vhich were 

obtained are illustrated in Figure 18; tracks 1, 2, 3 and 5 s~10'11T how 

the crawler orientates between the two lights. The curving of tracks 

into one or other of the two lights in two light experiments has been 
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Figure 17. Comparison of accuracy of orientation of 

crawlers to oblique light fron one source 

and from two equal sources Il".aking an angle 

of 45° with the release point. The one 

light results were derived from the data 

shown in Figu:re 12 by summing the ti-TO 

sides. In the two-light experiment, si~ 

ilar figures were obtained by ta"king the 

line passing midway between the two lig~ts 
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axplained by Fraenkel and Gunn (1940). When the animal is nea1·l:r 

bet\..reen the two lights, any accidental error of orientation will bring 

the animal nearer to one of the two lights, with the result that. the 

effect on the eyes of this light is increased. This cumulative effect 

results in a path curving in towards one of the lights. 

A certain number of crawlers, however, orientate to one light 

or t.:1e other fairly directly. This can be seen in tracks 4 and 6 in 

Fi~ure 18, and is reflected in the small peak in the 40-60° region in 

This might be regarded as evidence for the occurrence 

undel' certain conditions of telota:xis .• Nevertheless, it is felt -~hat 

these are more likely to be irregularities such as might be ex;?Beted 

1.·d:t,~, a not very efficient klino- or tropotaxis. 

Cra1.-rlers can be seen f rom Figure 12 to be f airly bad at 

orientation, oven to ~ single light, A crawler which, due to poor 

initial orientation, walks in the general direction of one of the lights 

instead of between them, would tend to go directly towards that light, 

T:1is would only be counteracted if the pO\·rer to initiate turning of the 

rear part of the eye wa s relatively greater than that of· the front part. 

The eyes of a Diaspid crawler consist, according to Essig (1942), of a 

··Ja.i:i..' of simple, single l ens ocell anae. My personal observations suggest 

that this is true of L, beckii crawlers. This sirnplici ty makes it 

improbable that any diffe.centiation occurs in the eye, and could explain 

tho inaccuracy of orientation, The lateral position of the eyes is 

probably of no great importance, since the animal is fairly transparent , 

It a~:>pears from comparison of the histograms in Figure 17 that "0I1c peak 

in tho 40 - 60° r egion for the two light experiment might be due to the '· 

11 tl · " b th 1· ht f l alki t l t +han 60°. ca 1erlng y e lg s, o · craw ors w ng a ang es grea er v 

Further support for this idea may be found in the tracks of 
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the crawlers (Fic:ure 18). Tracks 3 and 5 show that a crawler may 

orientate first to one light, and then between the two lights. The 

appearance of the track suggests that a further error in orientation 

gave the crawler a new start, so that it then orientated successfully 

between the t-vro lights. Track 2, which goes between the two lights, 

was produced by a crawler which had been returned to the release point 

after walking almost directly towards one of the lights (Track 6). 

It seems unlikely that such a changeover to telotactic behaviour would 

occur for no apparent reason. It is moreover improbable that, with 

the simple type of eye present in crawlern, telotaxis could occur, 

These results, then, can be explained simply in terms of a 

klinctactic or a tropotactic response. 

It was not possible to find out whether the response was 

klinotactic or tropotactic. With an animal as small as a crawler, 

unilateral blinding is awkward and doubtful, if not i mpossible. The 

f act that there are two receptors, and the direct nature of the tracks, 

suggests, however, that the mechanism which is responsible for the 

orientation is tropotaxis, 

Jjv) Discussion 

The above results are in general agreement with those of 

Bodenheimer (1951) but cmflict with those of Carnegie. (1955, 1957) and 

Ebeling (1950). 

Bodenheimer carried out experiments using some type of light/ 

dark boundary apparatus: which, however, he does not describe. A signifi­

cantly higher proportion of crawlers was found on the light side, which 

was lit by 11 dispersed" light. 

Carnegie observed the distribution of crawlers settling on two 

oranges, in contact, but under different conditions of illumination. 
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In essence, his results are as follows: crawlers do not migrate from 

a b:i:'ightly illuminated fruit to a fruit in contact with it, but in 

dal,kness. Crawlers also do not migrate from a fruit in darkness t.o an 

acLjacent brightly illuminated fruit. Thus it was concluded that 

cra1,rlers are indifferent to light. An explanation of this re s·JJ.t 

nrlght be that some factor over-rides the response to light. This 

cotud be the smell of the host pl ant, in the presence of which the 

light response did not occur. 

It was decided to test this possibility by noting the effect 

on t .. he light response of impregnating the substrate with the s:mGll 

of the host pJ.s.nt. The technique and appar atus were the same as those 

used for the investigation of the threshold of the light r esponse. The 

only modification was the use of a 20 em. square sheet of black paper 

(F, Figure 7) as a renewable starting point. This pg.per was laicl. at 

tho centre of the arena. When the crawler reached the edge of this 

paper, the experiment was terminated. It was found that the paper was 

of su£ficient size for a track to be made which could be analysed. 

A circle was drawn with centre the middle of each of these 

sheets of paper • These circular areas, of diameter 5 em. were in some 

cases treated with the smell of orange and in others left unt~catcd 

· as controls. Orange smell was applied as follows&- the peel of an 

orange wa s abraded and this abraded part rubbed on the circular area. 

Nc::::t, a deep cut was made in the orange and the juice rubbed on to the 

arena. During this treatment the rest of the piece of paper 1·Tas protect-

ed by a mask with a circular hole. Th~ treated area was then allowed 

to dry. Applied in this way, the smell of orange was easily detectable 

on the paper by myself. 



After each experiment, the brush used to transfer tho crawl er 

1..re.s l~insed in absolute alcohol and left to dry. This was to avoid ~ny 

contamination of tho cl ean circular areas by the ~ush while the cra1.J'ler 

uas being transferred. 

The light intensity chosen was 13 m.c. being one at 1..rl1ic:1 not 

all crawl ers respond to the light source. It was thought the.t a!lJr 

inhibiting effect of smell on the light response would be most lilroly 

to show under these conditions . The two criteria already described 

vrcre used in deciding whether a crawler h::td r esponded or not. T:~e 

temperature was kept constant at 25.5°C. An electric torch was ~2.sed 

as before to observe and plot the positions of the cr awlers. 

Tracks were plotted of the paths of 41 crawlers. These were, 

a s bofore, only maps of the successive positions of crawlers e.t minute 

i::t.orvals . Of these crawlers, 19 were r el eased on the treated paper 

2.nc~ the remainder on tho untreated paper. The results obtainoc1 o..l'e 

sum.inarised in Table XI. all those which wer\... found to have ros)o;:1d1d 

to the light by either criterion were found also to have shown a cis­

~Jlc.cement towards it. 

There is no statistical di fference bet1..reen the num.bo1'S 

~osponding in the experimental and contr ol groups (Chi2 l ess than 1). 

ThUs it appears that the smell does not prevent the r esponse to li~~t. 

Tl1e smell of tho host plant was thus unlikely to have been the cauGo 

of tha l ack of r esponse to light observed by Carnegie. 

Another nossible reason for these differing results might be 

that a change in response to light occurs as the crawl er grows older. 

The experiments described above were carried out with crawlers freshly 

rerooved from beneath the female Scale, while the results of Car~zgie may 
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depend largely on the response of crm.Jlers at the end of the wandoxing 

period. 

The conclusions of Carnegie, however, appear to depen~ on 

c series of neg~tive results. P~s controls, consisting of two 

oranges both illuminated, also showed th~t no migration had occUl·red. 

An occasional crawler reached the second orange, but this anirn&l uas 

the exception. It appears that these results show not that ermvlers 

3.2.'0 indifferent to light, but that crawlers do not migrate from one 

Ol'a:.'1:se to anotLer • Some reo son for this lack of migration mirl1~:. be 

It seems likely that the difference in illumination of the 

tHo oranges would breaK: dmm at the point of contact. A cravrler 

,.r:1ic~1 had r eachec: this point woulc show no special tendency to move on 

to the second orange, because the only part of it visible woul{ be under 

the same conditions of illumination as the first. 1-f..oreover, ti.1e point 

ot. contact of the two oranges might actually serve as a trap fo::..· crawlers 1 

'..rl1ic~1 tend to settle in any i nequality or irregularity of the substrate 

(See Part rJ). 

No explanation can be offered for Ebelingls statement since no 

ccsc::..~ption of his nmthod is given. 

~J.1e ...§......~ choice chamber 

The slow and hesitating movement anc rapid settling of crawlers 

in small choice chambers (see 11Light11 ) suggested some experiments to 

investigate why this occurred. This behaviour does not occur as soon 

on e.~1 open arena of the type used in the light experiments. 

It was thought that the accumulated smell of an animal confined 

to a relatively small area of substrate might possibly be the cause. 

Some experiments were carried out to test whether this was so. 
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Scale insects were scraped off some leaves and left ovei..·:ught 

tmder a watchglass on some black paper . The Scale insects were Jc.hen 

brushed off anc~ a crawler relensed in the centre of the treated al'ca. 

Five experiments Here cerried out, together with five controls on 

'L1..:1trG3.ted pc.per. It was found that there was no t eu :!ency for craulers 

to ::..'8IIlGin or settle on the trented areas . Both experimental and control 

c1·aulers walked i mmedi 2tely towards the light used for the observa tions. 

T1~o further experiments were carried out wher e crawlers were co~fined 

overnight on tho p~per. These produced similar r esults to the first 

cxpol'iments . Next, crawler s anc Scale Insects wer e crushed on tho 

su:;.'face of tho paper. In three experiments , no tendency was sJ.1oHn by 

c~~wlers to walk slowly on the treated area or r emain within i t. 

The se r esults and. tho observation tha t the first cre,vle:' in 

a nm.J'ly made choice chaE1ber starts walking sl owl y almost immeclie:~oly, 

i.e. before a ny smell can have accumulated, make it seem unlikoJ.y that 

Sii'lcD. i s the f actor concer ned, 

Changes in temperature an~ relative humidity due to ~~c heating 

effect of the microscope l ight used, might have been r esponsi ble for the 

sl m.r walking anc r apid settling. However, when the light 1.res ;:x~.sscd 

tJu·ongh a hea t filter , consi sting of a small j ar full of water, those 

e~fects still per sisted, and so could not be ascribec to these causes, 

Nor is tho ~feet due to the vertical light , as the average speed of 

move . .1ent of four cravll ers walking i n a n open arec in vertical light was 

19!Ilf!l./min. £>.t 25.5°C. which a gree s closel y with the value s for cl~a· rlers 

i n directional light. 

Air movement is a f actor present on a l a r ge open ar ena 1·r:'dch 

i s not present in a sm.all closed choice chamber, It was decide(~ to 
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investigate whether lack of air movement might be the cause of the 

unusual behaviour shown in the small choice chambers. 

Crawl ers were released on two ar enas on a sheet of black 

paper, one covered by a watch glass, and one open to the air • The 

axcnas consistec". of t\-IO circular areas surrounded by paraffin viax., The 

uax stli>pped or delayed the escape of cr awlers. Observations were made 

under a binocular rrlcroscope. 

noted at lD-minute intervals. 

Here returned to the arena. 

Tho numbers of crawlers flattened 'vere 

After each obse~ation, straying crawlers 

Flattened crawlers were not disturbed• 

In four experiments a total of 84 crawlers was used. These 

were obtained f'rom under the female Scales in the usual way. As they 

uerc removed from the leaves , t he crcwlers were placed al ternat.ely in 

the two arenas, so as to ensure th?..t simil ar samples were obtai::1cc1. 

T~is took about 10 min. No special draught was pl ayed on the arena; 

tho only air movement vTas due to air circulation in the room. f._ window 

vro.s l eft open to ensure that some air movement did occur • 

The t enperature varied between lSOC. and 26°C., but a variation 

of 2,5°C. was the greatest to occur during any single experiment .. 

The results of the experiments are shown in Figure 19. It can 

be seen that the general appearance of the graphs indica tes that ~~o 

pro::_Jortion flattened may be higher in crawlers in the cnclosec~ al'Oi1a• An 

analysis of variance was carried out on the values for the first t1.-ro 

hotr..'S f'rom all four experiments. 

The analysis showed that the difference is significent (~ less 

than 0,001). Thus a crawler is more likely to flatten in a closed 

arena than in an open one • The magnituce of this effect, however, does 

not appea#· to be great enough to account for the very decided slmmess 





ru1Q stopping which occurs in the small choice chambers. It is 

conceivable that it might be greater in the choice chamber, wh~c:1 ha.d a 

clieJ;10ter of 1 em. than under a watchglass of diameter 6.4 em. 

is felt, would however still be an unsatisfactory explanation. 

T!liS' it 

If a crawler is put into a small choice chamber and -vm:lic~1ed 

tmder a binocular microscope, a clue to the possible reason for tl1e 

es.rly slow waJ.king anc: flattening is obtained. A crawler we~king a.J."'ound 

the perimeter of the floor keeps coming into contact with the \TaJJ.,. 

E;:ch time this occurs, the crawler hesitates anC' may stop anC', butt the 

uo.ll in an appf'rent attempt to go underne2. th it. These stops r;ny be 

:monentary or 12. st for several r.rlnute s. The sam occurs if the craH·ler 

is ualking on the wall anC. cor:1es into contact with either floor or 

coverslip. Mechanical int erruption of locomotion causes probing in 

{'lphi~_fabae Seep. (Ibbotson anC' Kennedy, 1959). A simile..r phenomenon 

may occur in the crawlers of h_Qec~ii, as interference \·lith locomotion 

causes more rapici settling (sec Part TIT (ii)). The failure of tho 

choice chambers may thus be due tc their action as releasers of the 

sc·i.itling behaviour pattern. Some experiments were carried out to test 

t:1is hypothesis. 

The first a::_:>para tus tried was a small glass bulb; t:1is :1ad 

nc:;.1e of the engles of the small cholbce chamber, yet still provicled 

an enclosed space • If the above hypothesis werE. true, crawlers \-TOU~d 

be expected to ¥Talk for long periods in the bulb without slowing or 

stopping. Crawl ers with anal filanents anputated 1.rzre used, so that 

they would be able to walk more easily on the glass. It was founc11 

hm-1ever, that the speed of these crawlers was still low, about 4__ lilr.l./min,, 

anc: that they \-Talked with some difficulty in S? ite of the absence of the 



anal filaments. A crawler walking on a smooth surface, which i~Tt.or­

fc::.·cd with locomotion, would be expected both to walk slowly and, 

becav.se of the interference, to stop sooner • This appeared to be so, 

bu-~ the difficulty in distinguishing between normal slow \.fallcing and 

slovT walking due to the smooth surf ace, made n1easurerents of the time 

until the cormencemont of the farner inpossible. 

An open arena which supplied some angles was next tried. 

FoJ.ded black paper was considered, but the folding caused a "wooliness" 

of the surface \.J'aich obstructed the crawler. The next arena tried was 

e. thi:2, fla t 5 em. square piece of wood with small grooves in tho surface. 

':1:':1is was prepar ed as fohlows. Two pi eces of wood were smoothe.d on both 

surfaces with fine omory cloth. One was used as co~trol, while grooves 

appl~oxirntely 1 rnm. deep anc 1 0.'11. wide, and 4 mn. apart Here filed in 

bo~~ sides of tho secane. A second set of grooves was then filed at 

right-angles to the first. The grooves were then smoothed wit:: fine 

eLlo:i.:'y cloth • 

Crc.wlers were released anC. watched on the two pieces of vTOod. 

Tl~e time until the first slow walking (Stage II behaviour of Part TV) 

of ~t least 5 min. durction, was noted. Experiments were terrai:i12.:ted 

after 30 rain. Tho results are given in Table XII. 

It can be seun that the grooves cause slow vralking i11 some 

cases, yet fail to do so in others. TJ is failure t~y bo due to tho 

fact that the grooves were unavoidably rounced in cross section, an~ not 

sq·_~Q.l~a. The obstruction caused to locoP.lotion by a r ounded groove is 

loss than that caused by one with vertical wall s : nd horizontal floor. 

Tho condition in the choice chamber apnroximates the latter. 

decided to appr oach the probl em from another angle. 

It. uas 
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Time in minutes from release until a 5-min. 

long period of Stage II behaviour 

Released on wooden plat­
form with grooves 

13 

9 

30 + 

3 

30 + 

Released on smooth 
wooden platform 

30 + 

30 + 

30 + 

Time in minutes from release until a 5-min. 

long period of Stage II behaviour 
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Further experimen·(.s were carried out using the origin<-'1]. 

balwli te ring choice chamber, but without the roof • This gave an open 

a::cna without loss of the floor to wall angle. The complete choice. 

c~1al~!oer was used for control experiments. The time until at leas·(; 5 

~iG!• of slow walking was noted, as before. Crawlers which reached the 

ri2 of the open char..ber were replaced on the floor • 

shmm in Table XIII. 

The results are 

It can be soon that slm-1 walking occurs even in tho open choice 

chamber; it thus appears that its probable cause is the action of the 

angle between walls and r oof ~nd floor, as a r eleaser of settling 

behaviour. There is, however, the remaining possibility that t?e 

brucelite s~face itself, or the paint surface in the glass choice chamber, 

·Has ·t...'1e cause of the slow walking. 

T~:is was t ested with an open choice chamber made entirely of 

bJ..<:-,ck paper. This chanber consisted of a shallow cylinder of black 

papcl"' with a circular black paper floor forced into it. Seven 

c:L~a\vlers were watched individually in this chamber. The resul·ts are 

g~ven in Table XIV. 

In this caso also the slow walking soon occurred. I·t a;_Jpears, 

ti1e~efore, thet the factor responsible for the failure of the snk~ 

choice charr:bers must be the action by the angle between walls, and floor 

ru1d roof, as a releaser of settling behaviour. 
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Table XIV'. Time in minutes from release until a 5-min. 

+ong period of Stage II behaviour in all-paper 

chamber. 

30 + 

20 

6 

16 

18 

9 

3 
:.._ __ _ 
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IV. Settling 

The final stage in the life of a crawler, as such, is 

settling. This section contains observations on the actual settling 

process, and also on factors which affect the time at which settling 

occurs. Experiments on the behaviour of the crawler during the 

wandering period were complicated by lack of knowledge of its normal 

duration, and the factors influencing the readiness with which 

settling occurs, and so it was desirable to know more about the 

factors affecting settling. 

In order to observe the settling of crawlers under con­

ditions as natural as possible, orange leaves were used as arenas. 

The apparatus illustrated in Figure 20 was used. This consisted of 

a device enabling any part of the leaf surface to be brought into 

the field of view of the microscope. A crawler could thus be 

observed continuously without the need for any artificial barriers 

to interrupt its normal behaviour. 

An orange leaf (G) was mounted in a perspex cradle (E), 

consisting of a base and movable calipers. The callpers were 

adjustable to the size of the leaf being used. Tne l;;~f was held 

in the cradle by means of four blobs of paraffin wax, each attaching 

the leaf edge to the adjacent part of the cradle. A short length 

of glass tubing was attached to the base. This jus t fitted over 

a glass rod attached to the movable element (c). The rod-in-tube 

articulation allowed the leaf to be revolved on its longitudinal 

axis when the crawler walked on to the underside of the leaf • The 

movable element consisted of a museum jar, which slid freely in a 

film of petroleum jelly on a flat glass base. Thus a "damped" 

movement of the leaf under the microscope was possible • This 
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Figure 20. Tho a?paratus used in the investigation of 

f actors influencing sct~ling of crawlers. 

A, ~1 Edneyn paper hyg::-onctcr; B, \'lOt a..!d. . 

dry bulb thernoneters; C, noving element; 

D' Po-l_ythcne n glover1 ,· E· '"'er S""ex cr ... ,:]0 e · - ' }" .i.J u.\..1 - ' 

f, nir~or; G, arena l eaf; H, heat filter 

of museum jar full of water; I, ~ooden 
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fine control and the lack of vibration permitted the observation of 

naturally walking crawlers at magnifications of up to lOOX. 

The apparatus was enclosed in a wooden box (I) from which 

the lid had been removed. It was lined inside with black paper. 

The box was covered by a sheet of polythene (not shown) which pre­

served a stable environment inside the box and also kept the observer's 

breathing from the crawlers, A hole was cut in the polythene, and 

the cut edge tied around the objective of the microscope. A hole 

was cut in the side of the box so that the movable element could be 

manipulated, A glove (D) consisting of .a polythene bag into which 

the observer's hand could be inserted, was fastened over the hole. 

This made it possible to move the leaf without disturbing the condi­

tions in the box. 

Light from a Watson microscope lamp (after being filtered 

through water in a museum jar (H))entered the box through a hole cut 

in its side . The jar also closed up the hole. The horizontal beam 

of light was reflected downwards on to the surface of the l eaf by 

means of a small mirror (F), made from a microscopical slide. The 

light obtained in thi s way fell on the leaf at 15° from the vertical. 

This was done to avoid the possibility of the crawlers responding to 

a lateral light source. The mirror was held in a retort clamp just 

below the binocular microscope (not shown). 

Two small holes in the box permitted the introduction of the 

bulbs of wet and dry bulb thermometers (B). These were used period­

icaLly to re-calibrate an ttEdney' paper hygrometer used for measuring 

rel8.tive humidity, The relative humidity was kept at 70 - 80fo by 

means of a tray full of water under the fan of the temperature control 
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unit. The experiments were carried out in a constant temperature 

room. The temperature during the experiments 'Varied from 28°0 at 

at first to 30°0., when the weather became warmer. 

The arena leaves were all obtained from a garden in 

Grahamstowr., and fresh leaves could thus be used. Here, two lemon 

trees, one navel and one valencia orange tree were growing in close 

proximity. Leaves were collected once or twice a day and stored in 

a polythene bag until use. 

The settling process and factors affecting it~urrence 

(i) ,!he behaviour pattern 

Crawlers on orange l eaves were watched until they settled. 

The usual sequence of events is as follows. At first, for a variable 

period, the crawler walks fast, with little turning. At the edge of 

a l eaf, the crawler may turn back, walk over on to the lower side or 

along the edge . The speed of walking wa s roughly ascertained by 

timing a crawler across the field of the microscope, a mean speed 

being calculated from three crossings. 

of 10, 10, 15 and 18 mm./min. at 20°0. 

called Stage 1. 

Four crawlers gave speeds 

This f ast walking may be 

The next st age of behaviour i s characterised by a sudden 

decrease in speed and/or increase in the amount of turning_ Here 

very little di splacement occurs. This was called Stage II. 

Usually after only a short period of Stage II behaviour, 

the crawler begins to walk in a characteristic manner (Stage III), 

the tarsi being replaced i n almost the same position from which they 

wer e lifted. M.lch turning and r evolving without progre ss in aJJ.Y 
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direction, occtU's. 

After a short period of such behaviour the crawler often 

comes to a complete halt, making only slight pawing movements 

(Stage IV). It is thought that penetration of the substrate by 

the rostrum begins at this time. Stage Vis the final one: the 

antennae are folded back against the body and at the same time the 

crawler flattens against the surface of the leaf. Then the legs 

are withdrawn under the body, and the crawler r emains motionless, 

having settled. The insertion of the beak progresses rapidly, as 

crawlers removed after 20 min. often have th~ beak quite deeply in-

serted. Within 50 ~~. to 3 hr. the characteristic wax threads 

begin to appear, short at first, but lengthening quito rapidly. 

Very few crawlers were watched for longer than this, but the scale­

covering in some cases was seen to be partly formed within 24 hr. 

This sequence of behaviour pattern is not only shown by 

crawlers artificially removed from the parent Scale, but ha s twice 

been observed in individuals which emerged naturally from beneath a 

female: there is therefore good reason to believe that this represents 

the natural sequence of events, and that it is not affected by 

removing the crawlers f.rom their parents for the purpose of experiment. 

The sequence of events described above is the most usual 

one, but in many cases it may be broken at some point, with reversion 

to an earlier stage. Stage II especially may occur a number of 

times, with reversion to Stage I between. It was found, however, 

that the folding back of the antennae was a reliable indication that 

settling would occur: in only a very few cases was there a reversion 
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once this had occurred. Even after flattening, however, the crawler 

was sometimes seen to move off again. Hero the reversion was usually 

to Stage III, with a new flattening following soon, in almost the 

same place. A reversion to f ast walking was seen to occur, even at 

this stage. Crawlers were also seen behaving in a manner which 

suggested strongly that the beak could be retracted, in the first 

stage of insertion at least. A strained attitude was adopted by 

such a crawler, with legs pawing actively until, with a sudden jerk, 

just as if the beak had suddenly pulled free, the animal moved off. 

The great majority of crawlers do not move after the first flattening. 

Crawlers settle mainly along the midrib, t he next most 

frequent pl ace being the hollow under the edge of the leaf. This 

appears to be due to the fact that Stage II behaviour is often elicit­

ed by an obstruction such as the midrib or the edee of the leaf. It 

was further noticed that patches of dust were especially effective 

for producing this behaviour, as also were other scale insects. 

(ii) lhe effect of dust 

Some experiments were carried out to test whether dust did, 

in fact, cause crawlers to settle sooner. The apparatus shown in 

Figure 20 W8S used. Crawlers were released on cleaned or dusty 

valencia orange l eaves . The clean leaves had been wiped with a soft 

cloth. Dust was aprlied to the other leaves as follows. The leaf 

was first cleaned with a soft cloth, and then soil from a 5alllple 

collected at the start of the experiments was poured over the leaf. 

Excess dust was then blown off, leaving only that which adhered firmly 

to the leaf. 



Crc.Hlers were obtained from under the female scale-covering 

in the usual manner. Only one crawler was taken from a l eaf, since 

a leaf might have been subjected to conditions producing abnormal 

behaviour i n the ensuing crawlers~ Each crawler was watched either 

until the time i t first flattened, or until it finally flattened and 

produced threads. These tvrc intervals will be referred to below as 

first flattening and final settling times, The production of wax 

threads was regarded as a sign that final settling had occurred, 

since no crawler was ever seen t o move off once this had begun. All 

readings of over 200 min. were discarded (see (iv)). Sixty crawlers 

settled successfully on dusty leaves and thirteen on clean l eaves. 

The mean values for the final settling were 63.8 ~ 3.9 min. 

on dusty leaves and 91 .0 ~ 8.8 min . on clean l eaves , The corres­

ponding means for the first flattening were 57,0 ! 3.5 min , and 

81.0:!: 7.9 min. 

These means are both significantly different (p lens than 

0.01 in both cases). Thus the effect of dust is to cause the 

crawler to settle sooner, in agreement with the subjective impression 

already mentioned, that crawl ers were stimulated to pass to Stage II 

of the settling behaviour pattern by patches of dust , Ibbotson and 

Kennedy (1959) found that any obstruction that interrupted locomotion 

in Aphis fabae Scop, caused pr obing to occur, It is not surpri sing 

that a somewhat similar state of affairs is found in a crawler of a 

Coccid, 

(iii) l.he effect of nunibors 

(iiia) lni t;i~ experiment .§ 

Ibbotson end Kennedy (1959) further found that visual 
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stimulation provided by other aphids or models ,.muJ.d cause a walking 

aphid to stop and probe. Some experiments were carried out to test 

whether there might be a similar effect in crawlers of L, beckii. 

Crawlers would be expected to settle sooner in groups than when 

isolated. These experiments were carried out in the same manner as 

those described above, except that groups of eight crawlers were 

released on a l eaf at once . Controls were conducted with isolated 

crawlers. Dusty orange leaves were used so that the experiment 

would occupy less time. In the group experiments it was necessary 

to remove each crawler as soon as it flattened with antennae back, 

in order to prevent any that might start walking again from confusing 

results. The control crawlers also, were timed to the first flatten-

ing.. Each group of crawlers was timed from the :mment when half of 

the crawlers had been transferred to the leaf. 

and 2.4 of the isolated ones flattened. 

2.8 of the grouped 

The mean time of walking of the grouped crawlers until 

flattening was 34.1 ~ 341 min. and that for the isolated crawlers 

46.0 ! 4.3 min. All r eadings of over 90 min. were discarded (soc 

iv). Since there were only two readings over 90 min. in this case, 

both fron isolated crawlers, tho effect of excluding them was to 

lessen the gap between the means. In spite of this, the difference 

between the means was just significant (p loss thr~1 0.05), It thus 

appeared that groups of crawlers settled mor e rapidly than isolated 

crawlers. 

This effect my be expressed in another way. A graph, 

Figure 21, was drawn t o show the time at which flattening occurred 
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in all the grouped experiments which had been carried out (76), and 

in 6o experiments with isolated crawlers. It can be seen that the 

results fro~ individuals and groups differ considerably. (A) shows 

the distribution of the individual results and (B) the distribution 

of the group results. Both sets of values are those for the first 

flattening. It was found, however, that the results of the isolated 

experiments taken until the final settling, had the same type of 

distribution as the isolated first flattening results. 

It can be seen from Figure 21 that, while the distribution 

of the results from isolated crawlers ~as normaJ.1 1 that from grouped 

crawlers was decidedly skew, It was thought that this skew distri­

bution might be due t~ some mutual stimulation causing numbers of 

crawlers to settle sooner than they would have done if isolated. 

As a result, the mean of the group results is not a good reflection 

of the mode (mean, 44.2 ± 4.2 min.) This skewness results, however, 

in a reduction of the difference between the means of the grouped and 

the isolated results and will therefore not invalidate the· conclusion 

reached that there is a statistically significant difference between 

the flattening times of the isolated and grouped individuals. 

· (iiib) ~riments to ;live stigate mechanism of the group ef~ct 

To study the mechanism of this suspected mutual stimulation, 

groups of crawlers were left undisturbed on clean leaves for 1 hr. 

when the numbers which had flattened were noted. Each leaf was 

impaled on a long pin, which in turn was supported by a base con­

sisting of a piece of cork. This precaution was necessary because 

crawlers walked off a leaf unless it was suspended above the substratumo 
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The advantage of this nethod is that it permits experiments to 

be carried out in darkness, since continuous observation is not 

necessary. If stirr~ation were visual, the group effect would be 

expected to disappear in darkness. Experimm.ts with sand grains 

and dead crawlers as substitutes were envisaged for further investig­

ation. 

~rinent 1 

Sixty crawlers were released in the light, and ninety-six 

in darkness. At the end of the one-hour period, 23% had settled in 

the light, and 33% in darkness, indicating that the group effect was 

not visual. At this point, however, it was noticed that control 

experinents with isolated crawlers were yielding ano.ma.lous results. 

Fifty-five isolated crawlers had been r eleased in the light and 

thirty in darkness. At the end of 1 hr . 27/o had flattened in the 

light, and 37% in darkness. Thus a comparison of the grouped 

results from light and darkness was meaningless, since in this case 

settling times for each were no shorter than those of the corres­

ponding isolated crawlers. 

&,perinent 2, 

The experinents were then repeated on dusty leaves since 

the original experiments had given positive results on dusty leaves. 

The group effect was again not demonstrable. In the light 52% of 

47 isolated crawlers, and 45% of 20 grouped crawlers had flattened, 

while in darkness 54% of 24 isolated crawlers and 45% of 20 grouped 

crawlers had fla ttened, Thus thG r..bsence of dust on the leaves in 

the previous experinents was not the reason for the failure to 
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Figure 21. 
Tho distribution of first :flatt.Gning -~i •.:Jos 

of crnwlers released (A) individuaJ.ly, and 

(B) in ~~oups, on dusty orange leavesD 



demonstrate a group effect. 

(iiic) li§ru;mraisal of group effect 

Experiment 1 

50. 

It was decided to test again for the group effect, using 

the new technique. A possibility existed that the one-hour period 

was unsuitable. The cumulative curves of the percentage of crawlers 

flattened at intervals in groups and alone might be expected from 

Figure 21 to be approximately sigmoid. The period during which the 

curves are widely separated might therefore be small and the choice 

of the period after which inspection occurs would then be critical. 

Some experiments were carried out in an attempt to establish 

whether a favourable period existed. Isolated crawlers and groups of 

eight crawlers were released on dusty leaves as before, except that 

the number flattened was counted every 10 min. for 2 hr. Each leaf 

was cut in half, and as far as possible, a single individual and a 

group were released on the halves of each leaf. Ten experiments 

were carried out in this way, and then a further 16 individUal experi­

ments. It was hoped that these paired experiments would reduce 

any possible effects resulting from characteristics of individual 

leaves. The numbers of crawlers dwindled during the experiments 

from 80 and ?6 to 50 and 24, due to crawlers falling from the leaves 

on to the cork and the bench surface. The percentage flattened was 

calculated from the actual total number of crawlers present on the 

leaf at the given time. The temperature varied from 21°0 . to 25°0, 

while the relative humidity was held at 50-t:D'fo by means of an atomiser. 

The results are shown in Figure 22. It can be seen that 

the curves are not widely separated at any point, and that the 
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differenc o is not at any time large enough for the type of exper iment 

attempted above. The mean walking times calculated from these 

results were 45 min. for groups and 48 Iilin. for individual crawler s. 

This differences does not approach that observed in the initial 

experiments. No gr oup effect was thus demonstr ated, 

It was considered possible that the lower teoperature 

and relative hunidity, and possibly also some chemo-receptive effect 

r esulting froiil the cut leaves, might have been responsible f or the 

absence of the group effect in these experiments. In order to in-

vestigate this, the previous exper iment was repeated under the sane 

conditions as the initial experi ments which had given t he positive 

result . The relative humidity was held at 70-8ofo and the temperature 

at 28°0. Intact leaves were used. In these experiments, pieces of 

black paper were pushed on to the pins below the leaves . Many 

cr awlers vThich fell off the leaves wer e then visible against t he 

black background and could be replaced on the l eaves. NUiilbers 

fell from 27 and 61 for isolated and grouped cr awlers respectively t o 

26 and 56, during the 2 hr . of the experinent. 

The CUiilulative frequency curves were again very cl ose 

together and similar to those in Figure 22. The mean walking times 

calculated from these results were 50 min . for grouped crawlers and 

53 min. for isolated crawlers. Thus a group effect is again absent; 

neither teiilperature, relative hUiilidit y, nor leaf smell having been 

responsible for its absence. 
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~xperirnnU.,. 

A further possibility was that so@e factor such as mutual 

interference night counteract the group effect once a critical nw~ber 

of crawlers per group is exceeded. Experi@ents were thus carried 

out with 2, 4 and 8 crawlers per group. A pair and a group of 4 or 

8 crawlers were released on the halves of each leaf. Numbers fell 

from 64 and 124, for groups of 4 and 8 respectively, to 56 ami 102 

after 2 hr. No crawler of the 60 released two on a leaf was lost. 

The results are shown in Figure 23. There appears to be 

no difference comparable with that noted in the initial experiments. 

The mean walking times for groups of 2, 4 and 8 crawlers were 51 min., 

49 min. and 54 min. respectively. It can further be seen (Figures 

22 and 23) that the distributions do not differ, as was the case in 

the initial experirents (Figure 21). All these latter distributions 

plotted in the same manner as Figure 21, are approximately normal. 

It appears therefore, that the group effect noted in the 

initial experimnts might have been an artifact. There is also the 

possibDity of an effect so small that very large nUMbers of 

experiments would be required to demonstrate it. 

(ivl_yariability of sett~ing time 

Another point which emerges froTI a scrutiny of Figure 21 is 

that in both cases a small number of crawlers walked for much longer 

than the rest. It was for this reason that it was decided to dis-

card all results over 90 nin. In the earlier experiments comparing 

dusty and clean leaves, a li1~t of 200 min. has been used. This 

figure was arrived at fr.:;m a scrutiny of results of experiments 
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designed to check whether storage of the infested leaves in polythene 

bags had any effect on the behaviour of the crawlers. 

The results of 55 experiments on dusty valencia orange 

leaves were divided into groups according to the time the infested 

leaves had been stored. The results for final settling, analysed in 

this way, are given in Table XV. 

The above results plotted in graphical form are shown in 

Figure 24. It can be seen that throe values are nuch greater than 

the rest. These high values nay be excluded by a limit set at 200 

r.Jin. After these atypically high values are excluded illie results nay 

be tested for any effect of storage time upon the behaviour of the 

crawlers. The correlation coefficient was calculated using both 

means and individual values. In each case, the value of the 

correlation coefficient corresponded to a probability of just more 

than 0,1, indicating that, at least in this particular series of 

experiments, storage had no effect on the behaviour of the crawlors. 

It may be that the atypical values arise from damage to 

crawlers in transferring them to the arena. While such a point is 

open to an experimental check, it would be laborious and since it is 

the typical behaviour of crawlers which is primarily of interest, the 

question was not f ollowed, Nevertheless, even after the exclusion 

of atypically high results, the r esults are very highly variaDle. 

Since storage cannot be a factor responsibl e for this high varia­

bility, it was decided to test whether the ti~e of day at which the 

experiment was carried out, might have any effect on results. 

The results obtained were divided into four groups, according 
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!able X:V. Final settling times in minutes of crawlers 

after various periods of storage of source 

leaves. 

Day 

- · 
1 2. 3 4 5 6 7 8 

I ---- ~-----+----i 
I i 
! I 

I 

70 33 107 2.3 76 86 82 41 

40 70 68 58 67 82 (2.12) . 80 I 

37 71 45 58 66 86 68 

45 (205) 31 25 89 

32 40 77 44 

75 44 : (287) 113 . 
51 64 50 

133 134 

21 18 

17 101 

58 68 



53b 

10 

FREQUENCY 5 

0 20 .. 0 60 1 0 100 120 140 t60 ••o :aoo 

TIWI. ..... 

Figure 24. Distribution of f inal settling times of 

crawl ers released indi vidually on dusty 

orange leaves., 

L 



54. 

to the time of day at which an experiment was carried out; morning, 

10 a.m. until 1 p.m.;· early afternoon, 1 p.m. until 4 p.m.; late 

afternoon, 4 p.m. until 7 p.m. and night from 7 p.m. until midnight. 

Where overlap occurred, the reading was placed in the category in 

which the greater part of the walking had taken place. The readings 

from 58 experiments were treated in this way. The results are given 

in Table XVI, Both first and last flattenings are given in each 

category, This table also gives an idea of how many crawlers move 

off again after a flattening, Eight out of the 58 can be seen to 

have done so. 

An analysis of variance showed that no significant differ­

ence occurs between the results from the four periods (p greater than 

0.05 in both cases). It is possible that a small effect might. not 

be detected by doing a statistical test on a small sample such as 

that above. This, however, is of no importance in the present case, 

as such a small difference could not give rise to such great varia­

bility as that found in these experiments. 

Thus the reason f or the great variability remains obscure. 

(v) The effect of the host plant 

The next experiments concerned the effect of different 

varieties of citrus on the r eadiness with which the crawler settles. 

Navel and valencia oranges and l emon were those t ested. 

The same technique was employed, Single crawlers were 

released on the three types of leaves and the times from release 

until first and last flattenings noted. 

Eight experiments were conducted on navel orange leaves 
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Tab4:_e XVI. First flattening, and last settli~g times in 

minutes of crawl ers during different periods 

o; the day. 

.,... -------------------.------· 
' Period 1 Period 3 Period 4 ! Period 2. 
' ' ' ! -----H-;----- j------r------ - - ··-
. First ; Last i First i Last First Last First Last 
J._ ----

2.3 2.3 58 58 58 58 51 51 

70 70 40 40 37 37 70 70 

107 107 33 33 68 68 82. 82. 

. 45 45 45 45 71 71 31 31 

64 64 61 61 32. 32 77 77 

67 67 33 33 75 75 2.5 25 

33 33 66 66 142 142 44 44 

19 19 4l 41 23 89 113 113 

44 44 20 162 2.1 2.1 12.2. 133 

64 64 59 59 17 17 40 40 
t_,... C.n BO 80 69 136 
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and 52 on valencia. The mean times to the first flattening were 

+ + 60.9 13.0 min .. and 56 .. 4 3 .. 6 min. on navel and valencia leaves - -
respectively. The corresponding times for the final settling were 

76.8 ~ 15,1 min. and 61.8 ~ 3.9 min. Statistical tests failed to 

establish that the difference was significant, However, with the 

prevailing high variability of results only very large differenoD.s 

would be shown up by such a small sample of navel leaves. 

For this reason, more experiments were carried out, using 

groups of crawlers. Thirty crawlers were released on navel and 95 

on valencia leaves. The means (first flattening only) were 

32.7 ~ 3.1 min. for navel and 34.0 ± 1.9 min. for valencia leaves. 

There was, as might be expected from the closeness of the means, no 

statistical difference. 

The results from single crawlers for navel and valencia 

o~nge leaves were summed and compared with 14 results from single 

crawlers walking on lemon leaves. The first flattening mean tilre 

for orange leaves was 57,0 ± 3.5 min. and for lemon 33.4: 3.5 min. 

The corresponding means for the last settling were 63.8! 3.6 min. 

and 36.6 ± 4. 6 min. The difference between the means is significant 

(p less than 0.001 for both). 

It appears from these results that crawlers of ~~kii_ 

flatten sooner on lemon leaves than on orange. If this is taken to 

indicate that lemon leaves are ••preferred11 , the results are in 

conflict with field observations, which show that L, beckii infest-

ations are less extensive on lemon than on orange or grapefruit 

trees (Carnegie, 1955). However, as already seen, chemoreception 
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may play little part in the readiness with which a crawler settles 

(Part III, Light, (iv)). The explanation of this apparent confljict 

may be that no respcn se to the leaf, as such, occurs, but that the 

crawler responds merely to the' nature of the actual surface upon 

which it is walking. The importance of the surface has already been 

seen in the experiments on the effect of dust on a leaf (ii). The 

surface of a lemon leaf is rougher than that of an orange leaf. It 

is possible that the more rapid settling of crawlers on lemon leaves 

than orange may be due to this factor, 

(vi) Other experiments 

Other experiments which were carried out early in the series 

were aimed at discovering the effects of factors such as light 

intensity, temperature, relative ~dity and age of the arena leaf 

on the walking time. Unfortunately, all these experiments were 

later discovered to be inconclusive due to the small size of the 

samples. The negative results obtained in these experiments might 

thus reflect a lack of difference between the means concerned, or 

simply that the variability was too high for any but a large differ­

ence to be shown statistically in such samples .. 

It was possible to estimate roughly the number of experi­

ments which would be required so that the observed differences would 

become statistically significant. These were found to be large, i.e. 

the second part of (a), over 100 more group results, and (b), over 20 

more individual experiments. It was decided to leave the experiments 

as they were since too much time would be required to produce con­

clusive results. On the other hand, however, the results do show 



that no large difference in walking time occurs, such as that caused 

by dust on the leaf, of lemon and orange leaves. The experiments are 

thus described below. 

(a) Light Intensity. 

Early experiments were conducted with the microscope lamp 

kept at low intensity. Seven experiments were then conducted with 

the lamp at maximum intensity and the results compared with the 

original 53 experiments. 

The first flat tening mean times were 56.9 ± 3.9 min. and 

57.4 ':!: 4.2 min. for low and high intensities respectively, while the 

final settling mean times were 63.2 ~ 4.2 min. and 68.3 ± 8.8 min. 

It seems very probable that further experiments would fail to establish 

a significant difference between the neans. 

Another series was designed to test the effect of light 

conditions prior to the energence of the crawler. It is not known 

how much light reaches crawlers under the scale-covering. The 

rear edge of the covering curls up, hol£<ver, and light probably enters 

here. These experiments were carried out by the group method. Some 

· infested leaves were stored in continuous light for 48 hr. at JQOo, 

The readiness with which crawlers from these leaves flattened was 

compared with that of crawlers from freshly collected leaves. The 

freshly collected leaves had been exposed to normal light and dark 

periods, and also to lower and nore variable temperatures. 

The mean walking time of 10 crawlers from continuously 

illuminated leaves was 48.5 ± 14.2 min. and that of 14 crawlers 

from fresh leaves 43.4 ! 9.3 min. 
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(b) Age of leaf 

In this series, dark green mature leaves and light green 

young lGaves were used. 

The mean times for 10 crawlers on mature leaves and 14 

on young leaves were, for the first flattening, 51.6± 8.6 min. and 

64.4 :t 7.3 min. respectively. The final settling mean times were 

51.6 ± 8.6 mn., no crawlers moving off after flattening, and 

65.1 ~ 7.8 min. for mature and young leaves respectively. 

These differences are large, and more experiments ~ight 

show that the difference is significant. This would be in agree­

ment with the field observations of Bodenheimer (1951) that 11 beCkii 

is not found on new growth of citrus trees. 

(c) Temperature 

A series of experiaents was conducted to test the effect of 

temperature on the readiness of crawlers to settle. Prior to the 

experiments, all crawlers had been kept in a constant temperature 

room at 30°0. Experiments were conductGd at 30°0. and 34°0. using 

the group method. Another series was carried out to test whether the 

temperature at which the crawler had been kept before the experiment 

exerted any effect on readiness to settlG. Some infested leaves 

were kept at 25°0. and others at J0°0. for 48 hr. 

It can be seen that each series of experiments has one 

treatment in common, i.e. the crawlers kept at 30°0. and released 

at the same temperature. Under these conditions the mean walking 

time was 43.4 ~ 9.3 mr for 14 crawlers. 
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The mean walking time for the seven crawlers kept at 30°C. 

and walking at 34 °C. was 56.7 ± 13.3 min. With a larger mm.ber of 

experiments it seems that ter.1peraturc Day be found to affect directly 

the time for which the crawler walks. 

However, the teoperature at which the crawler was kept 

before the experiment did not appear to affect the walking time, since 

the mean walking time of seven crawlers released at J0°C. but previously 

kept at 250C. was 43~8! 10.9 min. 

(d) Age of tree 

During the experiments on the effect of the variety of 

citrus leaf on the walking tine of crawlers, the lemon leaves were 

obtained from two different trees. The one was snail, about six 

years old, and the other an old tree of at least 20 years. The 

results obtained were divided into two groups in order to test whether 

the age of the tree pad any effect on the readiness with which a 

crawler settled on its leaves. 

Seven crawlers were released on leaves fron each tree. 

The first flattening nean tines for leaves from the old and young 

trees respectively were 36.1 ~ 5~0 Qin. and 30.7 ! 5,2 Din. The 

corresponding values for the final settling were 36.1 ~ 5.0 min. and 

37.1 :t 8.3 Din. 

It is unlikely that any difference does exist. This con­

cludes the experiments on factors affecting settling in crawlers of 

l=t• beckiL 
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V, Conclusion 

It is now possible to survey the foregoing laboratory 

experiments and to make an attenpt to correlate the results with 

field observations anc. the mode of life of .L.....Qeckii 

Light and temperature increase were found to stimulate 

hatching. The result, .Jf the combined action of these two factors 

is that crawlers emerge during the early warmth of morning, presumably 

when conditions are raost favourable for survival. A sir:rl.lar si tua­

tion, with regard to light, appears to exist in the Bite, 

l:fetatetranvchus y,lmi Koch (Hueck, 1951) which is another srnall arth-

ropod living on foliage. It is not unexpected that hatching or 

emergence during the norning are fairly widespread, if this is the 

most f avourable period. The dungfly, Scopeu~ stercoraria (L. ), 

emerges from pupation during the morning, and according to Lewis and 

Blatchley (1943), light is at least a contributory factor in the onset 

of energence. !2rosophila has a persistent 11 clock11 which is set 

during the larval stages by the coming of dawn (Brett, 1955). The 

flies later emerge at dawn when pupation is completed. A somewhat 

sinilar state of affairs appears also to occur in Dacus tryoni 

(Bateman, according to Andrewartha and Birch, 1954), although the 

tine of emergence is more scattered, with peak about 2 p.m. 

Jj!,phestia kuhniella Zell. also has a persistent rhythn of emrgence, 

but here the peak occurs during the evening (Scott, 1936). 

However, this is to be expected, siroe E. !£u,bniella is nocturnal. 

Crawlers of ~beckii respond during the wandering period 

to light, but not to the force of gravity. The lack of response 
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to gravity may be readily conprehended. A crawler has Very limited 

powers of locomotion in relation to the size of an orange tree, and 

even in relation to the size of a s~:-:-~.e branch, With this limitation, 

any attempt to move up or down on an irregular object such as a leafy 

twig would be restricted by the numerous dead-ends into which the 

crawler would be led by the response itself. 

The photopositive r esponse is, for the sane reason, unlikely 

to affect the distribution of the insect on the tree as a whole. 

b~eckii, according to several authors (Quayle, 1938; Ebeling1 1950; 

Carnegie, 1955; De Bach, 1958) occurs mainly on the lower branches 

of the shady side of the tree and on the inside foliage (Bo,.,.:mheimer, 

1951; MUna, 1955). Personal observations are in agreement with this, 

although it should be emphasised that scatterBd infested leaves are to 

be found all over the exterior of the tree, An explanation given by 

Carnegie (1955) of this phenomenon is that it is due to the action of 

parasites and pr edators on the Scale Insects on the other, sunny parts 

of the tree, However, the lli~forn distribution on all sides of the 

tree (Ebeling, 1947; Bodenheimer, 1951) of the Red Scale, ~diel1a 

aurantii Mlsk., a species far nore heavily preyed on and parasi tised 

than 1. becki!, nakes this appear unlikely. 

It is possible that the distribution of 1, beckii on the 

tree nay be deterr.rl.ned by its inability to survive in unfavourable 

conditions, rather than by migration of the crawl~~s. Some prelimin­

ary observations indicate that r elative humidity in the interior of 

an orange tree on the shady side is considerably higher than that in 

the interior on the sunny side. Air teopera ture appeared to show 
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little variation through the tree. However, the body temperature 

of Red Scales on leaves exposed to sunlight has been shown to be con­

siderably higher than that of the air (MUng3r, 1948). It is possible 

that inability to survive prolonged exposure to these high tempera­

tcires, or to low humidity, may be responsible for the absence of 

h beckii on the sunny side of the tree. Indeed, it is lmown that 

~ beckii cannot be cultured successfully either at low hunidities 

(Lindgren and Dickson, 1941; De Bach, 1958) or at high tenperatures 

(De Bach, 1958). Further conclusions nust await work on the survival 

of various stages of L, beckii under various conditions of temperature, 

humidit~ and possibly J:rl.ght. 

The observations of Stofberg (1937) and Carnegie (1955) 

that Mussel Scale occurs mainly on the upper surfaces of leaves may, 

however, be accounted for by the photopositive response. 

Another point of possi hle iraportance is that an anirral respond­

ing by loco::ntion to a directional stirulus will very probably spend 

more tine on the edges and tips of leaves than one which did not. 

It is possible that dislodgenent and subsequent dispersal by wind 

would be more ~Likely to occur under these conditions . 

Unfortunately, for purposes of conparison, the position 

is not clear in other Arnoured Scale Insects. Experiments appear to 

have been carried out using crawlers moving on fruits, and thus other 

factors such as orange saell c.nd asymetries such as the preseroe of the 

calyx were not excluded. Flanders (1951) found A, aurantu to be 

weakly photopositive and geonegative? while CarDin and Scheinken (1934) 

concluded that crawlers did not disperse in such a way as to suggest 



a response to light, Bodenheimer (1951) suggests that the factor 

to which crawlers of this species respond, may be heat rather than 

light. Mbre critical experimentation is needed before any comparative 

studies can be made. The Soft Brown Scale, Coccushenperidjum L., 

is, however, also dispersed by wind and its crawlers are photopositive 

(Dingler, 1923; BoC.enheimr, 1951) and geonegative (Bodenheimer, 1951) 

Distribution on the tree is thu3 probably not attributable 

to any direct action on the part of the cr.awler. However, it is 

necessary to consider the factors actually concerned in the settling 

of the crawler. The final settling of a crawler may be regarded as 

having two require~mnts. The crawler must carry out the settling 

behaviour pattern, and once flattened, should remain without wandering 

away again. The initiation of the settling behaviour appears to b::i 

largely independent of all but mechanical factors. It has been seen 

that dust on a l eaf produces settling sooner, and th~t the rough 

surface of a lemon leaf might be responsible for a similar effect. 

This is thought to be due to the interference with locomotion of dust 

or the rough surface. Further, flattening is not restricted to the 

leaves of citrus trees. A crawler released on a Sonchus leaf 

flattened in 36 min. and remained for over 3 hr. It eventually moved 

off when the leaf was already badly wilted. This walking time was 

well within the limits already observed on host l eaves. Six crawlers 

released on a leaf of ..Q.u~.§ also settled. The crawlers were not 

watched continuously, but five had SB~tled vli thin 120 min. and 30 min. 

later the l ast had settled. This time th0 leaf was kept f'resh by 

dipping the petiole into a specimen tube full of water. No crawler 



moved off again in this case. Crawler s released on black paper 

also flattened, but walked for longer before doing so. Nine 

crawlers were released on black paper. Four were flat within 90 

min. and t,w more within 130 min . ; the remaining three were still 

walking after periods of 130 min . 

Thus cr awlers will flatten on foreign surfaces, in some 

cases at least, before any 11 fatigue0 is likely to have occurred. 

The evidence indicates that the length of the wandering period is 

determined only, or mainly, by mechanical factors which probably act 

by interfering with locomotion. The presence of other crawlers has 

no effect on the wandering period. Tha fact that cr awlers will 

settle on black paper Qakes it unlikely that chemoreception plays 

any major part in eliciting settling behaviour . 

Whether the crawler rer.Ja.ins or not, may also depend on 

such mechanical properties, i.e. the substance being penetrated by 

the rostrum. 

Crawlers on orange leaves sometimes desert the first­

chosen flattening site, only to settle again in almost the same 

place . It is suggested that this might be due to the penetration 

of the rostrum into one of the numurous oil glands in citrus leaves. 

This may be a chemoreceptive r esponse. Crawlers released on 

guercus, as already stated, showed no tendency to move off once 

flattened. If a chemoreceptive response is concerned in "accept­

ance" after rostrum penetration, it nust thn.s be of the most 

general type. 

This general chemoreceptive factor, possibly acting in 
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both flattening and remaining, once flat tened, may be either relative 

humidity above the substrate or its moisture content. An indication 

of this was obtained in some experiments where crawle~ were released 

on black paper at lOoafo R.H. and 60fo R.H. Crawlers on black paper 

at saturation were found after 12 hr. to have their rostra deeply 

inserted, while those at 60fo R.H., although motionless, had not insert-

ed their rostra. Black paper normally lacks the necessary qualities 

to restrain a crawler from moving off, or from another viewpoint, has 

qualities which repel the crawler. Paper at saturation appears to be 

accepted, after long periods at least, and it seems likely that either 

the moi sture in the paper, detected by the rostrum, or the saturated 

conditions above the surface, may be responsible. A h:i.gh relative 

hurnidi ty, due to transpiration, appears to occur on the surfaces of 

leaves (Ramsay, Butler and Sang, 1938) so the latter hypothesis is 

physically possible. 

Another factor, not investigated, but possible affecting 

the time of walking, is air movement. An animal such as h_Qeckii 

must strike a balance between repopulation of the host and dispersal 

to new host s. A method by which this could be accomplished would 

be to have a short walking period in high winds, and a long one in 

gentle breezes. In this way Gpread to new hosts would be maintained 

during calmer weather, while in very windy weather the future of the 

host population Hould be safeguarded by prevention of the loss of 

all the emerging crawlers. 

The lack of spJcificity in host choice is not at all 

surprising if the biology of the animal is considered from a 
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1~leonomic (Pittenbrigh, 1958) point of view. Many crawlers may 

reach non-host plants during airborne dispersal, but the chance of 

such a crawler getting b~ck to a host plant by its own efforts is 

small. It thus makes little difference whether the new plant is 

accepted or not. Instead, large number of crawlers are produced 

per female, to ensure safe arrival of at l east some crawlers on a 

host plant. 

The similarity ~dth respect to factors interrupting loco­

motion, of 1~ beckit and Aphis fabae has already been mentioned. 

Some preliminary experiments showed that crawlers aged for 12 hr. 

settled much faster than fresh ones, This, if shown not to be due 

to soLle factor such as dchydration,would be evidence for a r eflex 

type of antagonism between locomotor and settling r esponses, similar 

t o that postulated for A. fabae by Kennedy (1956). Further experi­

ments would, however, be necessary to establish this fact. 

The foregoing experiments were undertaken to elucidate 

some of the behaviour patterns shown by the young crawlers of L. beckii. 

They show that the crawlers display a marked photopositive response 

and that their tendency to settle is increased when l eaves are dusty. 

These results correlate with field observ~tions of the distribution 

of the more mature stages of L. beckii. They do not, however, tell 

the whole story, for the broad distribution of ~eckii on citrus 

trees points to some further factor or factors being at work. 

Whether the distribution is simply a matter of a failure of L~ beckii 

to survive in certain conditions or is due to behaviour patterns 

which, by preventing them from settling, offer the crawlers "another 



chance11 can only be resolved by further studies both of the movement 

of crawlers in the field and of their survival and behaviour in 

l aboratory conditions, 

--
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