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THE ECOLOGY OF ORNITHODOROS GURNEYI

Summary

This study is an attempt to elucidate some of the behavioural
and physiological mechanisms which enable the kangaroo tick,

Ornithodoros (Pavlovskyella) gurneyi (Warburton), to persist in some

of Australia's most inhospitable country, In nature, when the tick
is not feeding, it lies buried in the soil at the base of trees

where its host, the red kangaroo, Megaleia rufa (Desmarest), is wont

to lie in the shade during the heat of a summer's day. The

kangaroo scrapes out a "wallow" in which it lies, and because of the
kangaroo's movements, the soil in a wallow is usually soft and friable.
Into this soil the tick can burrow easily.

The life-cycle stages are eggs, larvae, between three and five
nymphal instars and adults. All stages except the egg feed, and
females may feed and oviposit as many as six times. Moulting,
mating and oviposition all take place in the soil.

Adults and late-instar nymphs remain attached to their host
for 20 mins, to 2 hrs before detaching engorged, In contrast,
early~instar nymphs may remain attached for several days, and larvae
for up to twelve days before engorging and detaching. The timing
of detachment in such ticks is regulated by a circadian rhythm within
the tick, the phase of which can be set before or during attachment.

This rhythm ensures that the engorged ticks detach during the middle



of the photo-phase. Because kangaroos are nocturnal and range

widely, feeding at night but resting under shady trees by day,

there is a high probability that the engorged ticks will detach while
the kangaroo is resting and so will be in a place where the probability
of finding another meal is relatively high, Because kangaroos are
semi-nomadic, the prolonged period of attachment serves as a dispersal
mechanism, possibly the only one.

Morphogenesis begins at temperatures between 15 and 20°C,
depending on the instar. The earlier instars have lower developmental
thresholds. The temperature thresholds for moulting are several
degrees above the developmental threshold for each instar. High
temperatures (40°C) inhibit morphogenesis; several days at 45°C is
lethal. Observations on the rate of development in the field showed
that laboratory data, in conjunction with meteorological records,
could be used to predict the amount of development that would occur
in the field during a particular period. The amount of development
which could occur during each month of an average year was calculated,
Most development occurs during the summer months and very little occurs
during winter., If food were abundant, then the mean duration of the
life-cycle in the field would be between four and ten months, depending
on the season of the year. However in nature food is so scarce that

the rate of development rarely, if ever, limits the rate of growth of



the populatien. Humidlity had only a slight effect on the rate of
morphogenesis,

An examination of the susceptibility to desiccation of the
different developmental stages showed that solitary larvae died after
only a few days' exposure to high saturation deficit, whereas nymphs
and adults were very resistant and could survive at least several months
of similar conditions. The longevity of larvae was enhanced when the
eggs and subsequent larvae were "brooded" by their mother, but they
were still very vulnerable. Larvae can rehydrate, but this ability
did not increase their chance of survival. Nymphs and adults, on the
other hand are very tolerant of dry conditions. They dehydrate very
slowly, can tolerate the loss of a relatively high proportion of their
body weight and they can rehydrate by extracting water from
unsaturated air, These abilities enable the tick, when occasionally
rehydrated, to survive several years without feeding.

Examination of the climatological data for the inland areas
studied suggest that if ticks do not find a meal, the larvae will die
from desiccation, as will a proportion of the early-instar nymphs ,
while the late-instar nymphs and adults are so resistant that very few
perish in this way. The ticks which survive desiccation may die from
starvation over a period of several years.

Most eggs are laid in spring and early summer and few at other

times of the year. This was shown to be due to the occurrence of a



diapause in the adult during which oogenesis did not occur, There is
a seasonal cycle in the incidence of imaginal disease in which most
females are in diapause between mid-summer (December) and mid-winter
(July). High temperatures during early summer induce diapause in the
late-instar nymphs and in a proportion of the imagos. The factors
inducing diapause in the rest of the adult female population are
enigmatic, Diapause development occurs at temperatures between 10
and 20°C and in nature, occurs during autumn and winter.

Kangaroos do not begin to spend most of the day in wallows
until late spring, and so during early spring ticks are unlikely to
find a meal. However, even if a female engorged in early spring,
the amount of effective temperature is so small that little
oogenesis occurs, In late spring and early summer (before diapause
becomes manifest) kangaroos visit wallows more frequently, and
temperatures are relatively high. This results in a flush »f larvae
at those times. Kangaroos continue to visit wallows until early
autumn and so the larvae give rise to a flush of first instar nymphs
from January to March; these may give rise to second instar nymphs
from February to April.

January and February are the hottest and dryest months of the
year, Reproductive diapause halts egg production at a time when eggs
and larvae are most likely to perish from desiccation and so is of

obvious adaptive value.



The density of kangaroos in the area that was studied appears
to bo about 4 to 8 per sq., mile (1.5 to 3 per square kilometre).
During summer kangaroos do not, as a rule, lie under trees which
provide sparse shade; those trees providing denser shade were visited,
on the average, about once a month during summer.

Whether a population persists in an area will depend on the
balance between the ability of the tick to survive protracted periods
without feeding and the frequency with which kangaroos visit wallows.
The way in which the density of kangaroos and the density of shade-
trees affects the probability of survival of a local population is

discussed,
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CHAPTER 1

Introduction

The kangaroo tick, Ornithodoros (Pavlovskyella) gurneyi

(Warburton), has been recorded throughout much of the inland arid
areas of the Australian mainland. The tick was first described
from two specimens found by Gurney in 1922 in an old shed at
Tibboburra, New South Wales. They were sent to Warburton at the
British Museum who, in 1926, published their description but nothing
about their biology. Twelve years later some notes were published on
the distribution of the tick, its habitat and its hosts, and the
reaction of men to its bite (Henry, 1938), Then, for 20 years, the
tick went virtually unnoticed, except by stockmen and their dogs!

In the mid-1950's further papers were published on its taxonomy
(Pospelova-Shtrom, 1950, 1969; Clifford et al., 1964; Hoogstraal
et al., 1968; Oliver, 1966) and its biology (Lavoipierre and Riek,
1955; Pope and Carley, 1956; Wilkinson, 1958; Browning, 1962).

In addition the tick has been briefly referred to in manuals about
parasites (Roberts, 1952; Fielding, 1926) and in a general article
on the tick fauna of Australian caves (Kemp, unpublished).

The species of Ornithodoros about which most is known occur

in Africa (Q, moubata, O. savignyi, O. erraticus), America (Q. hermsi,

O. turicata), Asia (Q. tholozani) and Russia (Q. lahorensis). These
species, however, have been studied chiefly because of, and with

reference to, their medical and veterinary importance. These studies



2.

have centered about the ability of the ticks to act as vectors of
rickettsial, viral, bacterial, protozoan and spirochaet diseases of man
and other mammals. They have given rise to an extensive literature on
morphology, taxonomy, geographical distribution, ecology and biology

of Ornithodoros species. Much of this literature has been reviewed

by Hoogstraal (1956) and Arthur (1962).

Many of these studies were utilitarian and directed towards
solving problems about the epidemiology of disease. Because the
information which was necessary to solve these problems was pragmatic,
it was not the kind which could, of itself, significantly alter the
theories of ecology which had been emerging over the last thirty
years. Thus distribution and abundance were often measured but
their explanation was only guessed at. The need to measure the
microclimate in which the animals lived was seldom recognised and so
few experiments were carried out to test the effects of changes in
various components of the environment on the individual or the
population., For example, O, moubata was said '"$o occur commonly
in the dust of earth floors of thatched houses ... of African
natives." (Hoogstraal,_1956). Geigy and Mooser (1955) measured the
micro-environment of O. moubata but did not test whether the
parameters measured were of significance to the tick. In short most
of the work is natural history rather than ecoclogy.

The studies of the sheep tick Ixodes ricinus by Lees (1946)

et seq.) and Milne (1950 et seq.) heralded a new approach to tick

population dynamics. The experimental physiology of Lees
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complemented Milue's ecological data and the integration of their resultis
produced for the first time an overall picture of many of the factors
which influence the ecology of a tick population under natural
conditions, Their description of a tick population was readily
incorporated into at least one system of ecological classification
(Andrewartha and Birch, 19543 Browning, 1963). Their approach differs
from that of earlier workers in that, as well as measuring abundance and
distribution, various specific aspects of the behaviour and physiology
of the tick, its hosts and its predators were examined experimentally
in the laboratory and in the field, and the influence of these factors
on the chances of the tick surviving, reproducing and dispersing was
estimated,

Because this approach seemed to be particularly useful for the
study of population dynamics of other animals too, I used it when
studying O. gurneyi to try to understand the mechanisms which allow this
parasite to persist in some of Australia's most inhospitable country.
Furthermore it is possible that this study may contribute to an under-
standing of the general problems of population ecology in arid regions,

From the literature and from hearsay it appeared that
0. gurneyi was a relatively scarce desert-dwelling argasid tick whose
principal host was a nomadic, nocturnal kangaroo. The tick appeared
to be restricted to caves frequented by euros and wallabies and to
the soil underneath shady trees in desert areas where trees are

sparse and there is a resident, though possibly small, population of
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the red kangaroo (Megaelis rufa). There have been no reports of

parasites or predators on O, gurneyi. Hence prima facie there were
four questions to be answered if we were to understand the ecology
of this tick. They were:-

(i) How do ticks locate a host after each moult?

(ii) How do ticks survive the period between meals

in the xerotic desert climate?
(iii) How do ticks disperse?

(iv)  How are breeding and development regulated?

My first task, then, was to choose a study area where both
ticks and kangaroos were present, and then to develop a laboratory
culture of the tick. In October 1968, after much searching, I
discovered a suitable study area on Moralana Station, 260 miles North
of Adelaide. It had a large tick population and, because professional
kangaroo-shooting was not permitted, there was a relatively stable
population of kangaroos., This area was studied over the next three
Yyears, At intervals of about two months I ventured into the field
where, in addition to sampling the tick population, I attempted to
measure the influence of different components of the tick's environment
on its chances of survival and reproduction. The seasonal and daily
behaviour of the kangaroo was also studied. Later in the thesis an
attempt is made to build a probabilistic model of the relationship

between the survival of the ticks where they occur and their chances
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of finding a host.

In the laboratory, four specific aspects of the biology of
the tick were examined in detail, and where possible, field
experiments were carried out,

The four aspects were:-

(i) The factors determining the time when the engorged

tick detaches from the host.
(ii) The factors affecting larval and nymphal development.
(iii) The factors determining longevity.

(iv) The factors regulating imaginal diapause.

Distribution, Hosts and Taxonomy

0. gurneyi was said to occur in the soil underneath bushes,
trees, etc., in "kangaroo camps'" and in ''wallaby caves", throughout
inland New South Wales and Queensland (Henry, 1938). Browning (1962)
noted that the tick was found under shade trees in open plains but not
in adjacent woodlands, even though the red kangaroo was present in
both areas; and he suggested a behavioural explanation for this
distribution. The species has also been taken from rabbit burrows
near Malki, near Rockhampton, Quesnsland (Wilkinson, 1958) and from

an echidna (Tachyglossus aceulatus) on Mileura sheep station, Western

Australia (Kaiser, personal communication). Browning (1962) and
D.C. Swan (Waite Tick collection) have collected the tick from many
inland areas of South Australia. I have found it in caves in hills

in the Northern Territory.
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The tick can feed on man, horses, cattle, dogs, laboratory
rats and mice, and has even been taken from the bearded dragon,

Amphibolurus barbatus (Smyth, personal communication), but its

principal hosts in nature are the red kangaroo, Megaleia rufa (Henry,

1938; Browning, 1962) and the euro, Macropus robustus. Browning

(1962) maintained and fed the tick in the laboratory and states that
"when fed on rats' blood, adults and nymphs feed fairly rapidly,
many completing their feed within two hours, but larvae require three
days, on average, to complete their meal," I have shown that man,
dogs, rats, rabbits and kangaroos are suitable hosts,

Lavoipierre and Riek (1955) divided the species of

Ornithodoros into three groups according to the rate of feeding and

the macroscopic and microscopic lesions which they produced in the
skin. 0. gurneyi was placed in the 0. moubata group. The
characteristics of individuals of this group are (i) they are slower
to attach themselves to their hosts than are those of the O. erraticus
group and they usually require up to 1% hours to engorge completely
(cf. 20-30 mins for the Q. erraticus group); (ii) they produce a
considerable superficial haemorrhage which infiltrates the dermal
tissue. The degree of haemorrhage is intermediate between the
vicious bite of members of the Q. erraticus group, and the mild effect

of the third group, the O. savignyi group.

The effect of the bite of 9; gurneyi on man is difficult to
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assess, for, although it usually induces only 1 persistent localized
irritation, there are cases of the bite inducing vomiting, temporary
blindness or "blackout! from which most recipients recover one or
two hours after having been bitten (Henry, 1938), although some have
been confined to bed for several days. The usual rapid recovery and
the observation that the sensitivity to the bite increases with each
attack suggests that the bite may induce a severe allergic
response - anaphylactic shock.

Pope and Carley (1956) mentioned O. gurneyi as a possible
vector of the spirochaete Borrelia in native rodents, and Roberts

(1962) stated that the tick could transmit Q-fever (Coxiella burnetti)

between laboratory rats.
Pospelova-Shtrom (1950) revised the systematics of the genus

Ornithodoros and placed O, gurneyi in the subgenus Pavlovskyella

whose type species is O. tholozani. There is, however, little in
common between this grouping of species and that produced by
Lavoipierre and Riek (1955), Subsequent taxonomists (Clifford

et al., 1964) have generally confirmed the classification of
Pospelova-Shtrom, Oliver (1966) studied the cystogenetics of two
Australian argasids, O. gurneyi and 0. macmillani and found them to
have chromosome numbers of twelve and sixteen respectively, twelve
being the lowest number reported for any tick. This discovery puts

O. gurneyi in a special position in the subgenus Pavlovskyella, for
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all but one other of the species in this subgenus which have been
studied have had a chromosome number of sixteen; the other had a
number of 32 and may have been tetraploid. Kohls (Oliver, 1966)
believes that 0. gurneyi differs markedly in appearance from the other
members of the subgenus. Binnington (personal communication) has
found rudimentary "eyes" in 0. gurneyi, which had previously been
considered eyeless. Thus the taxonomic status of 0. gurneyi, at the
subgeneric level, is somewhat uncertain. Hoogstraal (1968) has
published a key to %he Australian argasid fauna, including 0. gurneyi.
There are few argasid species native to Australia and

Q. gurneyi and O. macmillani are the only two known Ornithodoros

species that are restricted to the Australian mainland.
O. macmillani was described in 1966 by Hoogstraal and Kohls but to

date little is known of its biology.

The Study Area

The study area lies in a 50 square mile paddock on Moralana
station (30 miles north of Hawker, South Australia) which is part of
a belt of land, about 30 miles wide, known as the "sandy country".
This land lies between the Flinders Ranges to the east, and Lake
Torrens (a dry salt pan) to the west (Figure 1.1). The sandy country ‘
is known as some of the most harsh grazing country in Australia because,
although in good seasons grazing is plentiful, in harsh dry seasons the

combined pressure of scorching sun, strong winds and continued grazing



Pigure 1.1 The mid-north of South Australia showing the

areas in which the field work was carried out.
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%
causes the country to degenerate rapidly into a series of drifting
sand~.dunes., In fact, during a severe sand storm in January 1969,
parts of Moralana were pointed out to me through the window of the
Hawker Public House.

The sand-dunes run east-west between the mountains and the
lake and are moderately stable close to the mountains, becoming more
unstable towards the lake until they peter-out about 4 miles from its
edge. The study area lay about half-way between the mountains and
the lake and consisted of about one square mile between two relatively
permanent sand-dunes, the peaks of which ran parallel about 1% miles
apart,

The sand-dunes were covered with small shrubs (Chenopods and
Acacias) and there were frequent patches of black oaks (Casuarina)
on top of the dunes. The slopes of the dunes were scattered with

shrubs and bullock bushes {Heterodenirum) anl c<n the plains

between the dunes were scattered bullock bushes, mulgas (Acacia
aneura), a species of Hakea, various Acacia bushes and assorted shrubs
and grasses. Another feature was occasional dry mud-flats which
were found in the lowest areas between the dumes. These were

invariably covered with prickly Acacia, Acacia victuriae. Wallows

were found under most trees but those under large trees with dense

canopies appeared to be preferred by the kangaroos.
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There was no known source of permanent water for ten miles
in any direction and yet on every sampling trip I saw kangaroos on

or near the study area.
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CHAPTER 2

2.1 The Life History of the Tick

The stages of the life-cycle of the tick comnsist of eggs,
larvae, between three and five nymphal stages, and the adult males
and females. Mating and oviposition take place in the sand, and
all stages live there, except when feeding. Larvae and nymphs usually
engorge once before moulting to the next stage. Usually each stage
attaches only once, but if ticks are disturbed while feeding and
detach, they will reattach and continue feeding until fully engorged.

The duration of the life_cycle will have a profound effect
on the biology of the tick in nature because, with fecundity, it
determines the rate of increase of the species, The factors
determining the duration of the life-cycle of an Argaria, such as
O. gurneyi, are:-

(1)  The period spent attached to the host.

(ii)  The number of developmental stages.

(iii) The time required to complete each developmental
stage and be ready to feed again.

(iv)  The interval between being ready to feed and
feeding.

The first two factors are largely determined by the nature of
the tick, but (iii) and (iv) are functions of the environment of the

tick as well. Factor (iv) is a function of the behaviour of the
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host, while (iii) is affected significantly by many factors
principal amongst which are likely to be temperature, humidity,
quality of food, and possibly photoperiod. However, before
examining the reaction of the tick to these factors, I shall discuss

some aspects of the feeding and breeding of the tick in the lzboratory.

2.2 Laboratory Breeding and Feeding Methods

The animals used in the laboratory as hosts to the tick were
virgin female white rats and 'New Zealand White' rabbits. Each
animal was used only two or three times because on each successive
occasion the proportion of ticks that attached and sagorgs” decreased;
this was thought to be a form of immunity. This type of interaction
has been noted when other species of tick have fed on laboratory hosts
(Traeger, 1939; Arthur and Snow, 1966). Larvae and the first and
second instar nymphs were fed on rats and all other stages were fed on
rabbits.

The rats were confined in cages which were placed over trays
into which the engorged ticks fell when they detached. These cages,
made of brass rods and perspex (see Figure 2.1), allowed the ticks to
drop from their hosts while restraining the rats and preventing them
biting or scratching themselves. Very few ticks survived to detach
when the rats were not so constrained because the rats removed most by
preening, The rats were fed and watered during the night. When ticks

were to be fed, the rats were confined in their cages, allowed to calm



Figure 2.1 Cages in which Hosts were Confined

while ticks fed.
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down for an hour or so, and then the larvae or nymphs were poured
onto the backs of the rats. Most of those that were to attach had
done so within 20 mins.

The rabbits were confined in wooden cages (Figure 2.1) with
a guillotine arrangement so that the head protruded. Ticks were
placed in bags made of paper towelling which were placed over the ear
and secured with sticky-tape. When the ticks had engorged, usually
only two to three hours later, the towelling bags were removed and
the rabbit released.

Engorged juvenile ticks were sorted, placed in petri dishes
6 cm in diameter and 1 cm deep and covered with fine dry sand. These
dishes were then placed in constant temperature cabinets. Engorged
females were placed in tubes with males, covered with sand and placed
in constant temperature cabinets, the relative humidity of which
fluctuated between 10 and 30%. They were examined at intervals and

the day of moulting and the day when oviposition began were noted.

2.3 Feeding

i) The Readiness of Ticks to Feed

Usually O. gurneyi will not attach and feed until a few days
after moulting.

The interval of fasting between emergence and feeding in

three-host ixodid ticks has been referred to as "hardening-off"
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(Greegson, 1966). Loomis (1961) reported that for the cuticle of

Amblyomma americanum to harden after moulting, 4-7 days was required

by larvae, 4-6 days by nymphs and 3-6 days by adults. Gladney

et al. (1970) confirmed this, but they found that the imagos needed
7-8 days for hardening. These parameters have been estimated for
four other ixodid species (Gladney et al., 1970). The period is
characterized by hardening and darkening of the cuticle and possibly
the mouthparts, preparatory to feeding, and by excretion of waste

material. To my knowledge, Ornithodoros grangeri is the only Argasid

in which this process has been reported: 2-3% days were required for
hardening.

An experiment on the rate of development (Chapter 4) also

provided data which allowed me to assess the readiness of O. gurneyi
to feed at different intervals after moulting. A group of third
instar nymphs was fed and placed at 30°C (40-50% R.H.) where they
began to moult to fourth instar nymphs or adults ten days later.
The ticks were examined every two days and those which had moulted
during each interval were separated into nymphs and adults and kept
under the same conditions. Nineteen days after moulting all the
ticks which had moulted were given an opportunity to feed. The
proportion in each group which engorged is shown in Table 2.1.

It is clear that most newly-moulted fourth instar nymphs and

adults do not attach and engorge for at least the first three days



Table 2.1

The proportion of O. gurneyi that fed at different

intervals after moulting

Days after Females Fourth nymphs
:gulgéﬁg Perc?nt Sa@ple Percgnt Sa@ple
feeding size feeding size
<1 0 10 0 2k
1, 2 8 12 19 L3
3, 4 92 12 77 Ly
5, 6 83 12 79 67
7, 8 73 15 79 134
9-12 70 27 62 135

13-16 90 52 79 124
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after moulting. Similar observations have been made on the first
and second instar nymphs and larvae of O. gurneyi and this hardening
period, at BOOC, is about four days.

It is also noteworthy that in no instance did all the ticks
of a sample feed. Even amongst those ticks which were given several
opportunities to feed, there remained a proportion (usually at least
10%) which did not feed. The explanation of this may lie in the
nature of the tick (i.e. it cannot feed at that time) or in the
interaction between the tick and the host (some form of immunity).

This phenomenon has been reported for Dermacentor variabilis

(Sonenshine and Atwood, 1967) where 80-90% usually fed, and for

Amblylomma americanum (Gladney et al., 1970) where 60-90% usually fed.

ii) Duration of Attachment and Feeding Periods
The larvae of Argasids usually require longer periods on the
host than do the corresponding nymphs and adults. Thus the larvae

of Argas persicus and A. replexus feed for 5-10 days, A. brumpti for

6-15 days, A. boutei for 16-25 days (Arthur, 1962), A. brevipes for

6-11 days (Clifford and Kohls, 1963), Ornithodorcs grangeri for 1-2

days (Heisch and Harvey, 1953), 0. kellyi for 9-20 days and

0. delanoiacinus for 7-14 days (Soneshine and Anaston, 1960). Nymphs

and adults of all these ticks, except Argas brumpti, engorge and

detach within 6 and 60 mins of attaching to their host. An exception

is the nymphs and adults of A. brumpti which take 90 and 18-21 days
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respectively before detaching, engorged.

Laboratory studies indicate that, in nature, 0. gurneyi
detaches only during the day (Chapter 3). Larvae remain attached
for between 3 and 12 days (mean, 5.4) before engorging and detaching,
whereas nymphs and adults remain attached for a much shorter period
(see Table 2.2). In this O. gurneyi is similar to other species of

Ornithodoros which have been studied. The amount of 'blood!

ingested by nymphal and adult soft ticks is usually three or four

times their weight before feeding, whereas in ixodid ticks this

factor may vary from 23 times to as much as 150 times (Arthur, 1962).
This difference is due to the different processes which occur during
attachment, In ixodids there is a synthesis of new cuticle during
attachment while in Argasids the cuticle of nymphs and adults is formed
before attachment and when feeding begins the body merely distends
passively (stretches) (Lees, 1952). On the other hand the way in which
larval Argasids feed is apparently similar to that of ixodids. Lees

(1952) has demonstrated that in the larvae of Ornithodoros delanoi

acinus there is an increase in the dry weight of the cuticle from 0.04
to 0.20 mg (a factor of five) and in live weight from 0.24 to 4.9 mg

(a factor of 20). Thus it appears that the magnitude of the increase
in live weight during feeding is an indication of whether or not new
cuticle is being synthesized. Observations on A. brumpti suggest

that this gradual process of cuticle formation during feeding may occur

in all developmental stages.



Table 2.2

Percentage of total detaching during each day
after attachment

A , t
Days after Larvae Stage of developmen

attachment 1NN ONN ZNN 4NN SNN

0 47,5 50.2 91.3 100 100
0 41,2  46.0 8.7
4.2 8.5 3.8
20.8 2.7
35.5
24,3
7.6
2.8
2.0
1.4
1.1
12 0.1

O 00O 3 O\l & W v

a0
- O

Sample size 830 1080 2ko 1170 500 Lo

Adults

100

500

* Throughout this thesis the abbreviations NN tc 5NN will

be used for the first to the fifth nymphal instar,
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Although I have not estimated the changes in weight of the
cuticle of different stages of O. gurneyi during feeding, I have noted
the change in live weight (Table 2.3). The weight of larvae increases
thirteen fold during feeding whereas the weight of nymphs and adults
increases only three to five times, This suggests that new cuticle
is being synthesized during larval feeding but that when the nymphs
and adults feed, the cuticle merely stretches. The possibility
that cuticle was synthesized by those first and second instar nymphs
which did not detach on day one (see Table 2.2) was checked by
comparing the average engorged weight of ticks that detached on day
one with those detaching on subsequent days. There was no significant
difference (see Table 2.3).

It is noteworthy that those larvae or nymphs which are to
detach on a particular day do not begin the final rapid feeding until
the morning of that day; those that are not going to drop off on that
day remain attached but only slightly engorged. This behaviour is
similar to that found in ixodids. Ixodids feed and grow during the
whole period of attachment, although the rate of engorgement increases

dramatically on the last day (Wharton and Uteck, 1970).

2.4 Hatching and Moulting

Under laboratory conditions 90-95% of all eggs laid were fertile
and hatched if stored in favourable conditions (Chapter 5). Many of

the resulting hexapod larvae fed when given the opportunity. When



Table 203

The mean weight (mg) of different stages of Q. gurneyi:

S.D. in brackets

Stage Unengorged Engorged Ratio 5%%%2%%225
Eggs 1.22
Larvae 0.89 11.7(1.3) 13 ¢ 1
1NN Day 1 8.28(2.12) 4L, 8(3.2) S.h oz 1
Days 2 & 3 42.1(3.5) 5.1 : 1
2NN Day 1 21.74(5.95)  115.8(5.1) 5.3 : 1
Days 2 & 3 119.9(4.9) 5.5 : 1
Females 752.2(216,2) 2276,1(26.6) 31

Males 213.9(53,8) 676.2(9.1) 21
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the engorged tick detached it searched until it found soft soil,
into which it burrowed, or litter, under which it hid. It remained
in this situation, unless disturbed, until it moulted. Engorged
nymphs behaved similarly.

Except in extreme circumstances, there is very little
mortality during hatching and moulting; most of the eggs laid hatched
into larvae and most engorged juveniles moulted into the next stage.
There were three main causes of mortality in the laboratory:-

(i) death before feeding,

(ii)  failure to feed when offered a host and subsequent

starvation, and
(iii) failure to engorge when attached to a host.
These factors are discussed later in Chapter U4,

Ticks moult by splitting the exocuticle in a line around the
margin of the body. The split begins at the anterior end of the tick
and continues around the margin of the body but leaving the dorsal and
ventral cuticle joined only at the posterior end. Once the split is
complete the tick is able to walk out of the exuvia. At BOOC the
moulting process takes about one day from the first split to freedom.

A1l larval and nymphal stages of O, gurneyi must feed before
they can moult. This pattern is consistent with other Argasid species,

e.g. Argas persicus, but other patterns also occur. For example,

0. moubata and O. savignyi both have a non-feeding larval stage
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(Hoogstraal, 1956) whereas O. kellyi and at least six other
ornithodorid species have a first nymphal instar which does not feed
but moults directly into the second nymphal instar. Other Argasids

may sometimes feed several times before moulting, e.g. Argas persicus

(Roberts, 1952), O. savignyi (Nevill, personal communication).

In 0. gurneyi, as in other Argasids, there is a variable number
of nymphal instars. Table 2.4 illustrates the proportion of nymphs,
males and females, which esch instar gives rise to. There can be
three, four or five nymphal instars and there is a definite tendency
for males to mature earlier.

Similar behaviour has been observed in other Argasids. For
example, O, kellyi has two, three or four nymphal instars. The
second instar gives rise to males and nymphs, the third to males,
females and nymphs, and the fourth instar gives rise to females alone
(Sonenshine and Anastos, 1960). Similar, but not identical behaviour

has been reported for Argas brevipes (Clifford and Kohls, 1963).

The ratio of males to females in this sample of kangarco ticks was

L:6,

2.5 Mating and Oviposition

Mating may occur before or after the female has engorged and
females may mate many times. Although one mating has been shown to
provide sufficient sperm to fertilize at least three egg batches it was

usual for females in the laboratory culture to mate several times.



Table 2.4

The proportions of nymphs and adults arising after

the moult of each nymphal instar

(sample size = 3,200 ticks)

Nymphal instar Nymphs

Engorged second instar nymphs moult to 100% zxN
1" third ¥ " " i 70% 4NN
" fourth 1 ' 11 1] 1[_\\'% 5“N

" fifth " i " " o%

Males Females

23% 7%
2% 63%
0% 100%
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The number of times that mating had occurred was assessed by dissecting
the females and counting the number of sperm capsules in each branch
of the uterus. During each mating there are two capsules deposited,
one in each branch of the uterus; similar processes have been found
in other Ornithodorid species (Arthur, 1962).

Males were capable of mating soon after moulting and before
they had fed.

Females have not been observed to oviposit without feeding
as has been reported for other Argasid ticks, e.g. O. moubata

(Hoogstraal, 1956) and Otobius megnini (Cooley and Kohls, 1944).

However, parthenogenesis has been reported in several species of tick, e.g
0. gurneyi females must be fertilized before they will oviposit. This
was tested by taking engorged virgin females and placing some with males
and leaving others isolated. A1l those females placed with males laid
eggs but none without males had laid eggs within 90 days after feeding.
They were dissected and oogenesis had not begun. Hence parthenogenesis
is unlikely to occur in the kangaroo tick.

When an engorged female detaches from the host she searches for
soft sanid into which she burrows. If she has mated and is not in
diapause (see Chapter 6) she should lay a batch of eggs within the next
40 days. Oviposition involves extruding an egg from the vulva,
seizing it in the mouthparts and covering it with a waxy secretion from

Gene's organ before depositing it onto the egg batch below the female.
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Frequently the female 'broods' the egg mass and the subsequent larvae
for many days. Often larvae remain in a tangled mass beneath

their dam [Mother (usu. of beast*), Concise Oxford, 1946] until she is
disturbed and even then they cling to her, hiding in the crevices of
her wrinkled body. The implications of this as a survival mechanism
are discussed later, in Chapter 5.

The factors influencing the rate of oogenesis and egg
development are treated in Chapter 4, and the reproductive diapause is
discussed in Chapter 6.

This chapter has examined the life history of the tick and has
briefly discussed the feeding and moulting behaviour. The next two
chapters examine the latter two topics in greater detail. Chapter 3
examines the effect of photoperiod on the feeding and detaching
behaviour of larvae and nymphs, while Chapter 4 examines the effect
of temperature (and other variables) on the moulting behaviour of

engorged ticks.

*  beast: fearsome creature common to fairy tales.
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CHAPTER 3

A Circadian Rhythm of Feeding and Detaching

3.1 Introduction

The feeding behaviour of many Arthropods is regulated by
circadian rhythms, the phase of which is set by the incident
photoperiod, e.g. the biting cycle of many species of blood-sucking
flies (Corbet, 1960). Similar phenomena have been observed in several
species of tick.

The feeding process of ticks can be divided into two distinct
stages; during the first stage the tick feeds only slightly, during
the second stage it engorges fully before detaching. The first stage
may take many days but the second stage takes a maximum of a few hours
(Arthur, 1962, p. 136; Wharton and Uteck, 1970). In ticks the
circadian rhythm is manifest in the second stage, i.e. as a rhythm of
detachment of engorged ticks preceded by a period of rapid feeding.
This behaviour contrasts with other plovd-sucking rthropods (e.ge
flies) in which the circadian rhythm is manifest as host-searching
behaviour.

Balgshov (1954) demonstrated daily feeding and detachment cycles

in the tick, Ixodes persulcatus, when it was feeding on cattle.

Hitchcock (1955) demonstrates similar hehaviour in Boophilus microplus.

Similarly Arthur (1962) stated that females, nymphs and larvae of

Ixodes hexagonus drop off during daylight in the nests of hedgehogs.

George (1964, 1965) studied the feeding behaviour of the rabbit tick,
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Haemaphysalis laporipulustris. He found that the timing of detachment

was regulated by two main factors. One was a response to a
circadian rhythm within the host rabbit. The phase of this rhythm
was set by the time at which the rabbit was fed and the incident
photoperiod. The other factor was a circadian rhythm within the tick
the phase of which was set by the incident photoperiod.
The feeding behaviour of the different developmental stages
of 0. gurneyi has already been discussed (Table 2.2). Usually adults
and late-instar nymphs stay attached to the host for less than three
hours, whereas other stages may take considerably longer. Most of the
second instar nymphs drop off, engorged, within four hours of attaching
to the host; there are some, however, which do not drop off until the
afternoon of the following day. Similarly, about 50% of the first
instar nymphs drop off, engorged, on the afternoon of the first day
while the remainder drop off during the afternoons of the following
two or three days. Engorged larvae, however, drop from their host
during the afternoons of the third to the twelfth day after attachment.
In a preliminary experiment, the feeding and detaching behaviour
of larvae was examined. A group of 200 larvae was placed on the backs
of two caged rats on the laboratory bench. The laboratory temperature
fluctuated between 24 and BOOC and there wae no artificial lighting.
Seventy five percent of the larvae were recovered engorged and nearly

all fell off around midday of the third, fourth and fifth days after the
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larvae attached to their host; very few fell off during the night.

The most likely factors controliing this periodic behaviour

are:
() a direct response to light,
(1i) a direct response to temperature fluctuations,
(iii) a circadian rhythm within the tick, or
(iv) a circadian rhythm within the rat to which the
tick responds,
3.2 Materials and Methods

Larvae and nymphs were bred in the laboratory from eggs laid
by females captured in the field. The breeding females were kept at
BOOC at 75% R.H. in continuous light. The resulting larvae experienced
identical conditions until the expoeriments began.

The hosts were all virgin female white rats about three months
old. The running activity of individual rats was determined by
placing the rat in a light-tight cabinet with internal lighting and
containing a running wheel connected to an activity recorder
(Figure 3.1H), The frequency of use of the activity wheel was recorded
on a chart; the timing of every cycle of the wheel was noted.

Rats are nocturnal and so their period of activity occurs during

the dark phase (scotophase) of the photoperiodic cycle. Thus the
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trace is flat during the photophase and jagged during the scotophase.
It is assumed that any rhythm within the rat to which the tick may be
responding would bear, in a normal situation, a constant relation to
the phase of the activity rhythm, The phase of the running activity
of the rat was therefore taken as an indication of the phase of the
physiological rhythm(s) within the rat, Thus the running activity
of the rat was taken as the indicator of the effect of changing the
components of the environment on the circadian rhythm(s) within the
rat.

When a fresh rat is put into a cabinet in which the
photoperiodic regime is set 12 hours out of phase with that regime
to which the rat has been accustomed, the rat will run spasmodically
throughout the light and the dark phases for the first few cycles.
Shortly, however, it will adapt to the new light regime and, within
seven or eight days, will again be running only during the scotophase.
Thus the phase of the circalian rhythm(s) within the rat can be set
at will,

Previous experiments had indicated that feeding by the ticks
may make the rats poor hosts by inducing some form of immunity, and so
new rats were used in each experiment.

During the following experiments the rats were confined in
cages of such dimensions that the rats could revolve but could not

scratch or lick themselves. Each cage consisted of twenty rods of
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inch brass, six inches long, threaded through two 4x4 inch ends of

+1- oo

inch perspex (Figure 2.1). When the rats were not confined in this
way, they would scratch and bite, killing most of the ticks placed on
them.

To begin an experiment each rat (whose rhythm had been set and
checked in an activity cage) was confined in a feeding cage and, when
the rat had become calm, the ticks were placed on its back. Most
ticks would search for a short time (less than 10 mins) and then burrow
into the fur to the skin and vanish from sight. Usually, within half
an hour, very few ticks were visible on the fur of the rat. The
confined rat, with ticks attached, was then placed in a *ray cut of
which engorged ticks could not crawl, and the rat and tray were then
placed in a cabinet at BOOC (+ O.SOC) with a regulated photoperiod.
The rats were provided with food and water. The light regime
inside the cabinet was set using a Venner time switch.

Thus the variables which may influence the dropping rhythm of
the ticks can be regulated. The temperature was kept constant at
20 + O.EOC and the photoperiod experienced by ticks and rats could be

regulated.

3.3 The Rhythm of Detachment of Engorged Larvae

Experiment 32.31 NORMAL and INVERTED photoperiodic regimes

Larval ticks were hatched and stored in constant light at 3000,
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75% R.H. It was presumed that these larvae were arythmic. Two rats
from the same litter were kept for ten days prior to the experiment,
one in each of two activity cages. The 1ight regime in Cage A was

12 hours out of phase with that in Cage B, and each day consisted of
16 hours light and 8 hours of darkness (L16 D8).

Cage A. Noon + 8 hours light - NORMAL (N)

Cage B. Mid-night + 4 hours light - INVERTED (1)

After ten days both rats were running in the scotophase of their
respectite incident photoperiods. Two constant temperature cabinets
were set at :OOC with L16 D8, each cabinet 12 hours out of phase with
the other.

At 4 p.m. on the tenth day after the rats had been placed in
the activity cabinets, they were removed, confined, and 300 larvae were
placed on the back of each, When the larvae had disappeared into the
fur of their hosts, each rat was placed in the constant temperature
cabinet in which the photoperiodic regime was in phase with that which
it had experienced during the previous ten days. The trays, in which
the caged rats stood, were searched at intervals and the engorged ticks,
which had dropped from the host, were counted, removed and stored in
soft sand.

The data was expressed as a rate of "drop-off' per hour and
were plotted as a histogram (Figure 3.1ﬁ0. The data for each day were

pooled within each treatment and the treatments were compared.



Figure 3.1B The Pattern of Drop-off of Engorged
Larvae of the Plains Variety in NORMAL and IKVERTED

light regimes.
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From Table 3.7 and Figure 3.1Bit is clear that ticks on both
NORMAL and INVERTED regimes detached during the photophase. Furthermore
there was a pronounced peak rate of detachment in the centre of the
photophase. Since the drop off responses occur during the photophase
and the responses are of equal proportions in each treatment, we can
conclude that it is extremely unlikely that any influence from
outside the cabinets was determining the time when the engorged ticks
would leave their host.

The following experiment was designed to determine whether this
drop-off behaviour was merely a direct response to light or whether it
was controlled by a circadian rhythm. It was also designed to separate
the effect of the rhythm within the tick from a response by the tick to

a physiological rhythm within the host rat, if either rhythm existed.

Experiment 3.32 Drop-off in continuous darkness

Two groups of larvae from eggs lai@, stored and hatched in
continuous light, were subjected to L16 D8, one group 12 hours out of
phase with the other. The light periods were centred arocund noon (N1)
and midnight (MN). The ticks were kept in glass tubes in this regime
at BOOC and 75% R.H. for ten days, after which they were placed on the
rats at 4 p.m. (day O0). The host rats had also been subjected to
either a NORMAL or INVERTED LD regime for the previous ten days. Thus

there were both NORMAL and INVERTED rats and ticks, Each group of ticks



Table 3.1

Detachment behaviour in NORMAL and INVERTED light regimes

Treatments , A B
16L 8D 16L 8D
i Noon + 8 hrs light Noon + 4 hrs darkness
E NORMAL INVERTED
Rats | NORMAL INVERTED
Ticks j Arhythmic Arhythmic
i
|
No. of ticks on : 200 300
Total off engorged | 254 238

period

|

% recovery i 85 80
1 .
* Between : Between | Between i Between
E 1000 & 1600;1600 & 10002200 & OLOO!OLOO & 2200
| 6 hours 18 hours | 6 hours ' 18 hours
| !

No. ticks off L2212 228 10

% off in each ! 95 ? 5 } 96 L
| L) ]
i | !
] i
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was divided in half, one half being put onto a NORMAL rat and the
other half onto an INVERTED rat. When the larvae had attached to
their host, the confined rats were placed on individual trays, with a
supply of food and water, and all four were put into one constant
temperature cabinet set at 3000. The lights inside the cabinet were

then turned off.

Experimental Design

Treatment 1 2 3 b
No. rats 1 1 1 1
No. ticks ON 40O Loo 400 Loo

Photoperiod history

Rats N N I I
Ticks N I N I
WHERE
I = Inverted = MN + 8 hours light
N = Normal = N' + 8 hours light

After two days the trays were examined regularly for engorged
larvae., To do this, the room containing the cabinets was completely

darkened; the cabinet was then opened and the trays on which the caged
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rats stood were removed with the engorged ticks in them, and replaced
with fresh trays. Since Arthropods, generally, are insensitive to
red light (Danilevskii, 1965), a torch emitting red light was used
while the trays were being changed. The cabinet was then closed and
the ticks counted and stored.

From the previous experiment it appears that the significant
periods during which ticks would be likely to drop off their host (if
a rhythm was responsible) would be between 10 a.m. and 4 p.m. and
between 10 p.m. and 4 a.m. To reduce the risk of even a red light
interfering with the reactions of ticks and hosts, it was decided to
sample only at 10 a.m. and 4 p.m. daily. This divided the day into
two comparable periods, one 6 hours (10 a.m. to 4 p.m.), the other
18 hours (4 p.m. to 10 a.m.), but each containing one of the critical
6 hour periods (Table 3.2). Engorged ticks began falling off after

10 a.m. of the second day and had stopped by day seven (Figure 3.2).

Discussion

In treatments 1 and 4 the circadian rhythms of the rats and the
ticks, if present, would be in phase, and thus their effect would be
cumulative. In both cases it is evident that about 90% of the ticks
detaching, dropped off during that period predicted if the ticks were
detaching in response to a circadian rhythm, Therefore it is clear
that the drop-off of the engorged ticks is regulated by a circadian

rhythm and not by a direct response to light.



Table 3.2

Drop-o0if behaviour in continuous darkness

Treatment 1 2 3 b
Rats RN RN RI RI
Ticks TN TI TN TI
Duration 6 18 6 18 6 18 6 18
Period g
Interval 1000-1600 1620-22C0(1000-1600 1600~2200 |1000-1600 1600-2200 {1000-1600 1600-2200
Percent 87 13 oL 76 54 ) 7 93
Recouvery
160 258 2L

Total Recovery
(No. of Ticks)

267




Figure 3.2  The Pattern of Drop-off of Engorged

Larvae in Continuous Darkness.
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In treatments 2 and 3 the rhythms of the ticks and the rats
are twelve hours out of phase with each other and it is clear that both
rhythms have contributed to determining when the ticks detached from
Itheir hosts, The proportion which detached during each of these two
periods should give the effect of each rhythm relative to the other.
A comparison of the 'drop-off response' during each of these two
periods suggests that the rhythm within the tick controlled the
detachment of about twice as many ticks as did the rhythm within the
host. Thus the rhythm within the tick was more influential than that
in the host, in determining when the engorged larvae detach in total

darkness.

Experiment 3.33 Circadian rhythms within photoperiodic regimes

Circadian rhythms can determine when ticks detach in continuous
darkness. This is not to say, however, that the larval drop-off is
timed by these rhythms when the larvae feed in an LD regime because
larval detachment may still be triggered by the lights-ON or -OFF signal.

Since circadian rhythms are present, there are two periods
(entrainment periods) during which the larvae may pick up the phase of
the rhythm; before feeding and during the two days of attachment
before the drop-off commences.

An experiment was therefore designed to test whether circadian
rhythms naturally determined drop-off, and also to test the relative

strength of the two tick-rhythm entrainment periods.
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Two groups of larvae were conditioned to L16 D8 for ten days,
one group being 12 hours out of phase with the other. Each group was
then placed on a rat which had been conditioned to a NORMAL L16 D8,
When the ticks had attached, both rats were placed in a constant
temperature cabinet set at 3000, with a new light regime of NORMAL
18 D16 (Table 3%.3). From Figure 3.3 it is clear that larvae in both
treatments dropped off their host during the middle of the photophase.

Since engorged larvae from treatment 2 detach only during
the photophase, even though they had been expesed during the
previous ten days to an INVERTED L16 D& regime, it is evident that the
rhythm which the tick picks up before it attaches to the host, is
completely over-ruled by that rhythm picked up during those first two
days of attachment before drop-off commences. Thus the circadian
rhythm within the tick determining drop-off, can be entirely reset
by exposure for two days after attachment to an altered light regime.

In view of this, and because the response to the rhythm
entrained in the tick before attachment is about twice as powerful
as the response to the rhythm within the rat, then it follows that
the circadian rhythm within the rat, although it can influence the
drop-off of engorged larvae, will have no significant effect in
determining when engorged larvae will drop off host rats experiencing
a photoperiod. When Figures 3.%and 3.3 are compared, it is

obvious that they are almost identical since the peak drop-off



Table 3.3

Effect of entrainment of larvae before attachment

on the drop-off rhythm in short photoperiod

Treatment No.

I

History Rats
Ticks

i
|
| NORMAL 16L 8D
| NORMAL 16L 8D

NORMAL 16L 8D
INVERTED 16L 8D

Treatment

l
!

' NORMAL (I, 16D

NORMAL 81, 16D

Engorged larvae off

10 a.,m. - 4 p.m. (photphase)

109

4 p.m. - 10 a.m.(scotophase)! 8

134




Figure 3.3 The Effect of Experience of Photoperiod
before Attaching, on the Drop-off Behavior of Engorged

larvae in a NORMAL Light Regime,
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occurs daily between 10 a.m. and 4 p.m. in both cases, even though
one treatment was in L16 D& and the cther in 18 D16. Virtually
none dropped off during the scotophase in either case.

If the ticks had been detaching in response to lights-ON or
OFF stimuli, the position of the histograms in Figures 3.18and 3.3,
relative to the transition from 1lights-ON to OFF or vice versa
would have been quite different from that observed. In Figure 3.3
the peak rate of drop-off cccurs eight hours after lights-ON and 8
hours before 1lights-OFF, whereas in Figure 3.1k the peak rate of drop-
off occurs only four hours after lights-ON and 4 hours before lights-
OFF, Thus it is clear that the ticks are not detaching in response
to a direct light stimulus but that their behaviour is controlled by

a circadian rhythm,

Experiment 3.34 The behaviour of larvae of the cave variety

The cave variety of O. gurneyi is discussed in Appendix IIT,.
Larvae of this variety which had hatched from eggs laid at BOOC 16L
8D, were placed in two groups, one on each of two rats. One rat had
experienced a NORMAL 16L 8D and the other an INVERTED 16L 8D regime
for the previous 8 days. The rats with ticks attached were placed
into that photoperiod to which they had become accustomed. The
engorged ticks which dropped off into the collecting tray were counted

and removed at regular intervals as in previous experiments.
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Figure 3.4 gives a comparison of drop-off rates within and

between days and treatments. The results ere shown in Table 3.4

Discussion
The behaviour of larval cave ticks (Figure 3.4) is apparently
identical to that of the larval plains ticks (Figure 3.1B). If we
assume that a circadian rhythm of drop-off also occurs in cave larvae
then the circadian rhythm which induces the ticks to drop off the
host in the inverted LD regime had been entrained to a new 1D regime
during the two days spent attached to the host prior to dropping cff.
Thus it is apparent that during the period of attachment to
the host the larval ticks are very sensitive to the incident LD regime
and that the rhythm entrained during this period overrides any
previously entrained circadian rhythm.
Summary
Ta The rhythmic daily drop-off of the engorged larvae of
0. gurneyi is determined by a circadian rhythm within the
tick.
2. This rhythm is entrained by the incident photoperiod
during the two days the larvae spend attached to the host
before they begin to drop off.
3. If there are no photoperiodic stimuli during these two days,

then the drop-off can still be determined by a circadian



Figure 3.4 The Pattern of Drop-off of Engorged Larvae

of the Cave Variety in i{QRal and INVERTED Light Regimes.
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Table 3.4

Detachment behaviour of engorged larvae

(cave variety)

Treatment

“¢L &D NORMAL

161 8D INVERTED

History Rats

16L 8D NORMAL

16L 8D INVERTED

Ticks NORMAL NORMAL
No. ticks on 400 Loo
No. engorged ticks off 117 296
% recovery 29 77
10 ellle = LI’ p.m. 9% 25%
(photophase)
4 pom. - 10 a.m. 10% 75%

(photophase)
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rhythm, The rhythm influencing the drop-off in such a
case are, firstly the rhythm within the tick entrained by
photoperiod before attaching and, secondly, but 1essl
importantly, a circadian rhythm, within the host rat, to
which the ticks respond.

L, The rhythm entrained before attachment and the response to
the rhythm in the host rat are completely overruled by any

rhythm entrained during the first two days of attachment.

3.4 The Rhythm of Feeding and Detaching of Engorged Nymphs

Engorged larvae from the previous experiments were stored in
groups of 100 in constant light in glass vials with % inch of sand at
the bottom; larvae fed during NORMAL and INVERTED light regimes were
mixed and not stored separately. At BOOC they moult within 10 days of
dropping from their host (Chapter 4). These first nymphal instars
(1NN) were used in the following experiments to attempt to elucidate
the factors determining when the 1NN would drop from their host,
engorged.

A preliminary observation indicated that about 50% of the
engorged 1NN fell off on the day of attachment while the remaining
ticks fell off during the afternoon of the subsequent two or three

days (Table 2.2).
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Experiment 3.41 INVERTED and NORMAL photoperiodic regimes

It was next decided to investigate what factors timed the
drop-off of engorged nymphs.

Ticks were taken from constant light where they had moulted,
and were exposed to one NORMAL cycle of L16 D8; they were then put
onto two rats, one of which had been conditioned to an INVERTED
16L 8D regime, the other to a normal regime.

About one-third of these ticks dropped off engorged within
three hours of attaching to the host. The rats, with food and water,
were then placed one in each of two constant temperature cabinets set
at 30°C. The light regimes, 16L 8D, within each cabinet were set 12
hours out of phase with each other. Rats were placed into the light
regime to which they had become accustomed,

Table 3.5 shows that nearly all the ticks which drop off
engorged, drop off during the photophase. But those which dropped off
during the scotophase, dropped from the rat in the INVERTED regime.
This group made up 14% of those which dropped from the INVERTED rat
after day O. Since no ticks dropped from the rats in the NORMAL
regime during the scotophase I concluded that this 14% was not a random
drop-off but rather was a response to a circadian rhythm which was
entrained during the one initial LD cycle experienced before the ticks
attached to their hosts. The drop-off of the remaining ticks may have

been controlled by circadian rhythms or by a direct response to light.



Table 3. 5

Detachment behaviour of engorged first instar nymphs

|
Incident 1D regime ! NORMAL ! INVERTED

] I
Day O No ticks on 350 i 350
Day O No ticks off ]
engorged 103 105

—— i -

Photophase; Scotophase | Photophase 1Scotophase

| | |

Day 1 112 j : 75 | 6
. !

Day 2 66 i 0 i 53 | 6

Day 3 . 15 % 0 L2 16
| |

193 : 0 L 170 28
| |

Total off engorged i 296 | 305
|
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In Figure 3.5 the drop-off of engorged larvae on day one in
an INVERTED regime (histogram B) was delayed by 8 hours compared with
those in a NORMAL regime (histogram A). This could be interpreted
as the scotophase delaying the drop-off of engorged ticks (temporary
inhibition). This explanation, however, seems unlikely since larvae
detach in response to circadian rhythms even in total darkness
(Figure 3.2). Another possible explanation is that ticks are merely
responding to a lights-ON or -OFF stimulus. But in the NORMAL regime
peak drop-off occurs 6 to 10 hours after lights-ON, whereas in the
INVERTED regime the peak drop-off occurs 4 to 6 hours after lights-ON.
Thus this explanation also appears unlikely. A further possibility
is that the drop-off of engorged nymphs is regulated by a circadian
rhythm the phase of which can be set by one ID cycle. In such a case
the zietgeber would be either lights-ON or-OFF and so this explanation
suffers the same defect as the previous one. Nevertheless, the latter
two possibilities seem to be the only factors which could be regulating
the drop-off of engorged nymphs, and so the following experiment was
designed to test if either was responsible, and if so, to distinguish

between them.

Experiment 3.42 Do circadian rhythms regulate drop-off of

engorged nymphs?

Three groups of 200 nymphs each were taken from constant light

and subjected to L8 D16, 116 D8 and 122 D2 respectively for 20 days.



Figure 3.5 The Drop-off Behaviour of Engorged 1NN

in NORMAL and INRVERTED Light Regimes.
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During the photophase of the 21st day they were placed on six
(100 NN per rat, i.e. two replicates per treatment) rats which
had been conditioned to a normal L16 D8 light regime., After 3 hours,
when the first batch had stopped dropping off, the rats with ticks
from L8 D16, were placed in 122 D2 and vice versa, while those from
L16 D8 were left at L16 D8 (Figure 3.6).

From a comparison of histograms A, B and C in Graph ii.6
it is evident that the drop-off occurs principally in the middle of
each day (photophase). I therefore conclude that, like engorged
larvae, the periodic drop-off of engorged first nymphal instars is
governed by a circadian rhythm. This rhythm may emanate from either
the rat, the tick, or both. Previous experiments with larvae indicate

that the rble of the rat is likely to be minimal or non~existent.

Second Instar Nymphs

The detachment behaviour of second instar nymphs was examined
on NORMAL rats in a NORMAL L16 D8 regime and again the nymphs detached

during the middle of the photophase (Figure 3.7).

Summarz

The drop-off rhythm of engorged first nymphal instars is
determined by a circadian rhythm. This rhythm most probably emanates
from within the tick.

A similar behaviour pattern occurs in the second instar

nymphs.



3.6

Tzble

Detachment behaviour of engorged nymphs

Treatment

LD history Rats

Ticks
Incident photoperiod

Total No. ticks off engorged

16L &D
16L 8D

16L 8D

b7

221 2D

&L 16D



Figure 3.6  The Drop-off Behaviour of Fngorged 18N
in NORMAL Light Regimes with Photophases of 22, 16

and & hours.
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Figure 3.7 The Drop-off Behavior of Engorged 2NN

in a NORMAL Light Regime.
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Discussion

It is clear that engorged larvae and first and second instar
nymphs drop from their hosts between 10 a.m. and 4 p.m. when the host
is exposed to a solar day. This drop-off behaviour is regulated by
circadian rhythms within the tick which are entrained before and
while the ticks are attached to their host. In nature, this behaviour
would ensure that ticks detach from the host kangaroo during the day
when the kangaroo would be lying most probably in a wallow under a
shady tree, and not during the night when the kangaroo would be
grazing out on the plain. Thus this mechanism ensures that most
ticks drop into wallows where there is a far greater chance of
finding another kangaroo (and thus another meal) than if they fell
off while the kangaroo was feeding out over the plains, where the
chance of finding another kangaroo would be very low indeed, Two
1D eycles experienced while the larvae 1is attached to the host
are sufficient to entrain the circadian rhythm. The biological
significance of this mechanism is obvious, Larvae may hatch
and live beneath the sand (in continuous darkness) until the day
that they attach to their host. Thus the two days spent attached to
the host, before the larvae begin to detach, can provide sufficient
information to entrain the circadian rhythm (i.e. to ensure that it
is in phase with the incident LD regime). On the other hand the

significance of the ability to entrain the rhythm to the incident LD



regime before attaching to a host is less clear.
These observations suggest two lines of speculation.
Firstly it would be of interest to know the minimum stimulus which
could entrain the rhythm. This could be achieved by changing from
NORMAL to INVERTED regimes (or vice versa) at different intervals
after attaching to the host. However, this aspect was not pursued
because it was not directly relevant to the ecology of the tick.
These data also suggest the questions, ''what is the
stimulus which acts as a éégtgeber?" and "how accurate is the
biological clock?". These questions are relevant to the regulation
of the circadian rhythm in the larvae and especially in the aymghs.
When engorged larvae detach they bury themselves in sand and moult
to first instar nymphs which may remain buried until é kangaroo
visits the wallow (this period could be many weeks) , The hungry
first instar nymphs may emerge from the sand at any time during the
day. Of those that attach, hzlf will engorge and detach that day
while a proportion will remain attached and then detach during the
middle of the next day. This detachment is regulated by a circadian
rhythm which was in phase with the solar day. There are two possible
explanations for this: either the rhythm has persisted (from the
larval stage) in phase with solar day, or the experience of the nymph
after surfacing was sufficient to synchronize the circadian rhythm

within the tick with the solar LD regime. Histogram B in Figure 3.5
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suggests that one scotophase is sufficient to reset the rhythm in
nymphs. With these problems in mind it would be revealing to
examine the accuracy of the clock and look for a %igtgeber. However,
these questions are outside the scope of this thesis.

This chapter has considered the influence of photoperiod on
feeding and detaching. The influence of various environmental
factors (especially temperature) on the rate of development of

engorged ticks will be considered in the next chapter.
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CHAPTER 4

The Rate of Development

4,1 Summary
1. The minimum temperature threshold for development (the
developmental zero) and the thermal comstants were calculated for

each stage.

2. Short exposures to temperatures ;.4000 temporarily inhibit
development; prolonged exposure inhibits moulting, but ticks can

moult if they feed again.

3. Humidity has only a slight effect on the rate of development.
b, The temperature threshold for moulting is about 20°C.
5. The relationship between the cumulative percentage having

moulted and day-degrees is presented.

6. Ticks were placed in the field at two-monthly intervals
throughout the year. The percentage having moulted after each
two-month period was measured and the number of day-degrees
experienced was read from the graph of day-degrees against percentage
having moulted. The number of day-degrees experienced was also
calculated from temperature records taken from where the ticks were
living in the field. The two estimates of the number of day-degrees

experienced were in reasonable agreement.
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7 These studies show that meteorological records can be used
to estimate the day-degrees experienced by ticks in the field. Hence
it is possible to calculate the amount of development that could occur

in each season of the year provided there was abundant food.

8. The average duration of a life-cycle when food is not limiting
can vary from four months to ten months depending upon the season of

the year.

9l The differential rates of development of the different instars
tend to synchronize annual development by causing the late instar

nymphs to accumulate during autumn and winter.

L,2 Literature Review

The effect of temperature on the duration of the developmental
stages in Arthropods has been the subject of an extensive literature.
There have been two main themes. The first has been to develop a
pragmatic understanding of the biology of pest species, in order to

predict outbreaks and so to assist in their control. The concept of

temperature summation has been the principal tool of these studies which

have successfully predicted the timing of outbreaks of pests such as the
codlin moth (Simpson, 1903), the Australian plague grasshopper,

Austroicetes cruciata (Andrewartha, 1944) and the spruce bud-worm,

Choristoneura tumiferana (Bean, 1961).
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Nevertheless the concept of temperature summation must be
used with care because it is based on several invalid assumptions.
Namely: -

(1) that the relationship between temperature and rate of
development is linear throughout the range of temperatures experienced
in the field,

(i1) that the temperature threshold for development, calculated
using this relationship, is a biological reality, and

(iii) that the reaction to temperature of laboratory and field
populations is identical.

The second theme has been the attempts by various workers to
discover a mathematical formula which accurately describes the
relationship between temperature and the rate of development, and thus
to establish a sound foundation to consolidate the present pragmatic
approach (Davidson, 1942, 1944; Andrewartha and Birch, 1954;
Browning, 1952). Various mathematical relationships have been
proposed but there seems to be little basis for choice between them
except what one is willing to accept. Howe (1967) and Watt (1968)
have both reviewed in detail some of these attempts. Although the
relationship between the rate of development and temperature has been
precisely described for some species, attempts to fit curves to these

data have not succeeded. The failure has been due in part to the
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asymmetrical shape of the curve (which looks like an asymmetrical
catenary, or a sigmoid turned over at the top) and in part to the

fact that the statistics used to test the 'goodness of fit' of the
data were so sensitive that slight experimental error (e.g. slight
fluctuations in temperature) make small differences highly significant
(Browning, 1952; Howe, 1967).

The present study is more concerned with the pragmatic
relationship between the tick and its environment than with any
attempt to examine the exact shape of the curve relating temperature
to the rate of development.

Over a restricted portion of the temperature range, the
medial range (Shelford, 1927), the relationship between the rute of
development and temperature approximates to a straight line. This
section of the curve is used when calculating ''day-degrees'" of
development. The regressiocn of temperature against rate of
developnent is calculated, and from the regression equation one can
calculate the 'developmental zero' and then, using this, calculate
the number of day-degrees necessary to complete any particular stage
of development, This statistic is referred to as the "thermal
constant"! of that stage of development., This term was coined by
Simpson in 1903 and the concept has been the much used tool of applied
biologists ever since.

The biological meaning of developmental zero calculated in this
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way has been strongly questioned (Andrewartha and Birch, 1954) bput
some authors still consider it to be a biological reality
(Hunter-Jones, 1970).  Although it may not be the developmental

zero in the biological sense it is in the day-degree sense (provided
the temperature remains in the medial zone). Whether or not it is

a biological reality is academic for most purposes because the amount
of development that occurs about that temperature is so slight as

to be negligible.

One consequence of assuming a linear (rather than a sigmoid)
relationship between temperature and rate of development is that the
estimated thermal constant (in day-degrees) will always be too high
if the temperature experienced by the animal remains near the lower
temperature threshold for development and too low if the temperature
remains above the optimum (Howe, 1967). Furthermore, experience of
extreme temperatures may damage the animal in some way, inducing a
‘refractory’ period during which it recovers its normal response to
temperature, and so extreme temperatures may cause the thermal
constant to be underestimated. Thus the concepts of 'thermal
summation' and 'developmental zero' are invalid as soon as the curve
deviates from the calculated straight line. Nevertheless they have
a practical use provided the temperature does not remain too long
outside the linear zone.

Humidity is known to affect the rate of development of many
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arthropods. Buxton (1932a) and Bursell (1964) have reviewed much
of the relevant literature. The rate of development.of some animals
appears to be independent of the humidity experienced, while other
animals can develop satisfactorily only within a limited range of
humidities. The optimum range for some arthropods lies close %o
100% R.H. and in such cases the speed of development decreases as the

R.H. decreases, e.g. Ptinus and Lucilia (Bursell, 1964). In other

arthropods, Locusta for instance, the optimum occurs in the middle

of the humidity range and development is retarded at humidities

outside this range. Those species which are unaffected by humidity
are frequently those which live in dry places, e.g. Cimex and Thermobia
(Bursell, 1964).

In addition to affecting the speed with which developmental
stages are completed, the humidity may affect the proportion of
individuals which complete development. But this aspect will be more
conveniently dealt with in the section in which humidity and survival
are discussed (Chapter 5).

One further problem is that of fluctuating temperatures.
Because of technical problems most studies have been conducted at a
series of constant temperatures. The problems of relating studies done
at constant temperature to those done in fluctuating conditions have
been discussed by Howe (1967) and he concludes that there is little

evidence indicating that variable or alternate temperatures either
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stimulate or retard the rate of development, provided that the mean
of the fluctuating temperature is compared with the constant
temperature. Messenger and Flitter (1959) made a very detailed
study of the rate of development of the eggs of three species of
Hawaiian fruit fly at constant and at regularly fluctuating
temperatures., They found that if varying temperatures were
represented by a mean, then for low temperatures development proceeds
faster than expected, in the medial range it proceeds at the expected
rate and at high temperatures development is slower than expected.
Thus it appears that the model is accurate, but only when the

temperature remains in the medial range.

L,3 | Introduction

In order to analyse the seasonal cycle of activity of
0. gurneyi it was necessary to trace the development of the different
stages of the life-cycle of the tick in the field. This required a
knowledge of the relationship between the rate of development of these
stages and the various factors which might affect that rate (e.g.
temperature, photoperiod, humidity and food). The data in this
chapter are chiefly concerned with the effect of temperature on the
rate of development of eggs, engorged larvae and nymphs, and of the
eggs within the mother, but also briefly examines the effect of

humidity on the rate of development.
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From this data I have calculated the number of day-degrees
needed by each stage to complete its development. The accuracy of
this estimate was assessed by Comparing it with estimates calculated
from observations on the rate of development of engorged ticks in
the field, where the temperature experienced by the ticks had been
monitored. It should then be possible, using data from
meteorological records, to calculate the duration of the life—cycle
in the field, assuming that the ticks had abundant food. This,
combined with knowledge about the behaviour of the red kangaroo,
should give some insight into the seasonal cycle of activity of the
tick in the field.

Three criteria were used to estimate the rate of development.
For eggs, the interval between oviposition and hatching was taken as
an index of the rate of development; for nymphs, the interval
between detaching engorged and moulting to the next instar was used;
and for females, the interval between feeding and the beginning of

oviposition was used.

L4 Larval and Nymphal Development

The period between engorging and the next moult (the pre-moult
period) was measured and found to vary within a group of ticks raised
and kept under constant conditions,. The distribution of the pre-moult

periods is approximately normal and so the mean (and variance) of the
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group of ticks has been taken as an index of the rate of development
of that group.

In the following section the effect of high, intermediate and
low temperatures on the rate of development is examined. The rate of
development at temperatures within the medial zone was used to calculate
the developmental zero and the thermal constant for each stage. Field
studies on the rate of development under field conditions examine the
applicability of these statistics to field conditioms. Using these
statistics in conjunction with soil temperature records, the effect
of seasonal changes in temperature on the rate of progression through

the life-cycle is estimated.

L, b The Effect of Temperature on the Rate of Development

Groups of ticks of all instars were fed, placed in petri dishes
and covered with sand; these were then placed in a series of constant
- temperature cabinets at a range of temperaturéé between ﬁZo’and 4509(
The humidity inside the dishes was monitored using cobalt thiocyana£e
paper. The humidity was found to fluctuate between 10 and 30%. The
ticks were examined at regular intervals and the pre-moult period for
each tick was noted. From these data the mean pre-moult period for
each instar over a range of temperatures was calculated (Table 4.1).

At 12° and 15°C ticks did not moult, and only a proportion moulted at

20°C (Section 4.421).,  Furthermore at high temperatures there was a



Table 4.1

Mean Pre-moult Period (Days) of Engorged Ticks at a

Instar Temperature (°C)

Larvae

1NN

2NN

3NN

LNN

5NN

1

5.D.

BNt BwMdI BhKl B kK B WX

8 M1

Range of Constant Temperatures

¥

20

171
3.6
175

25.9
5.8 1.0
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proportion of engorged ticks which failed to moult. This phenomenon
is dealt with in Section 4.42.

When the rate of development of the engorged nymphs is
plotted against temperature (the rate of development being calculated
as 100 divided by the mean duration of the pre-moult phase in days,
and hence expressing the percentage of the total pre-moult period
completed each day) the data conform to the expected (sigmoid)
curve (Figure 4.1). The estimates of the rate of development at
those temperatures within the "medial range" (20° - 35°C) were used to
calculate the regressions of temperatures against rate of development
shown graphically in Figure 4.2. The equations calculated for each
instar are set out in Table 4.2.

From these equations cne can estimate the developmental zero
for each instar. For example, the regression line for the first
instar nymphs intersects the x-axis at 15.8 (y = 0), i.e. the
developmental zero is 15.8°C (Table 4.2). Using the developmental
zero I can now calculate the thermal constant for each instar. The
product of the duration of the pre-oviposition period at any temperature
(within the medial zone) and the effective temperature is a constant:
the thermal constant.

For the first instar,

Thermal Constant = d(x - 15.8) = 133 day-degrees,



Figure 4.1 The Effect of Temperature on the rate of

development of Engorged 14N,

Duration of Pre-moult Phase (days) S.D.
The Relationship between Temperature and the Rate of
Development (curve fitted by eye) =====—=====

Equation of the Regression Line y = 0.73x + 143
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Figure 4.2 The Regression Lines for the Rates of

Development against Temperature for the Different Instars.
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Stage

Larvae

First inetar

Second irstar
Third instar

Fourth instar
Fifth instwr

Regression Equations, Developmental Zeros and Thermal

Developmental
Regression Equation Zero
(°c)
y = 1.47x - 22.03 14.68
y = 0.88x - 13.9 15.8
y = 0.71x - 11.68 16.5
y = 0.70x - 12.18 17.4
y = 0.68x - 12.70 18.7
y = O.46x - 14.80 19.8

Constants for the Juvenile Stages

Table 4,2

69
115
141
160
147
202

Thermal Constant (Day-degrees)

From Regression From Section

L.43

83 (10)
133 (10)
169 (41)
220 (8)
210 (13)
195 (21)
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where d is the mean duration of the pre-moult period and x is the

incubation temperature (°C) (Table 4.2).

bh2 The Effect of Sub-lethal Doses of High Temperature on

Development (or the Failure of Nymphs to Moult)

When gathering the data for the previous section, I noticed
that at high temperatures many nymphs did not moult. The failure of
arthropods to moult, even though they are in apparently favourable
conditions for development has frequently been taken as a sign of
diapause (Danilevskii, 1961; Belozerov, 1968; Kemp, 1968).  Nymphal
diapause has been observed in at least six species of Ixodid tick, and
in every case either photoperiod, temperature, or both, have been
implicated as diapause inducing factors. On the other hand, there is
a possibility that high temperature merely acts to delay or inhibit
morphogenesis. Thus Mellanby (1954) showed that exposure of larvae

of Aedes aegypti and Tenebrio molitor to high temperature for brief

periods interrupts development, but after a delay - perhaps a month

in Aedes - normal pupation occurs and adults are produced after the

usual interval. Okasha (1968) has shown that brief exposure of any

nymphal stage of Rhodnius prolixus to high temperature either delays or

inhibits moulting, depending on the severity of the temperature and the
period of exposure. Exposing Rhodnius to high temperature either before

or after feeding produces similar effects. Brief exposures to low
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temperatures have also been shown to slow down development in

Culex pipiens (Moulinier, 1969) and Tribolum castaneum (Howe, 1962).

Thus a series of experiments was designed, firstly to assess
the extent of the failure to moult, and then to distinguish between
the two possible causes; diapause or high temperature inhibition of
developnment,

The criterion by which I intend to distinguish between the two
possibilities was the fate of those ticks which did not moult. If
diapause is responsible for the failure to moult then the ticks should
moult once diapause development has been completed. On present
knowledge the stimulus encouraging diapause development would almost
certainly be either temperature or photoperiod or both, and tlat
temperature or photoperiod would be different from that which induced
diapause. Thus a period of exposure to low temperature and either
short or long photoperiod should "break' the diapause and the ticks
should moult. On the other hand, if the phenomenon is not diapause
but rather high temperature inhibition of development, then exposure to
those conditions which promote diapause development should have little
or no effect. However there will always remain the possibility that
the stimuli which promote diapause development have not been discovered.
Usually it is not possible to distinguish between the two possibilities
on the basis of resumption of development in favourable conditions

because the manifestations of a transitory diapause and that of temporary
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inhibition of morphogenesis are frequently identical. However,
there are several instances (in the Lepidoptera) where this is not

the case (Masaki, personal communication).

4 L2 The Failure of Engorged Juveniles to Moult at Constant

Temperatures

The reactions of engorged ticks in all juvenile instars to a
range of temperatures at both long and short photoperiod (116 D8 and
L8 D16 respectively) were examined,

Up until the time of the experiment the ticks were kept at
BOOC in long photoperiod. They were then fed and the newly-engorged
ticks of each instar were assigned at random to groups, placed into
petri dishes, covered with dry sand and allotted to constant temperature
cabinets at a range of temperatures from 12° to 4500 at long and short
photoperiods. In addition, at 300 and 350C some fourth instar nymphs
were covered with small glass beads (glass sand) to ensure that they
were exposed to the incident 1light photoperiod.

Moulting was considered to be complete when 99% of the ticks
which were to moult, had done so. This 'cut-off time' (tm) was
calculated and corrected to the nearest day for each instar at each
temperature by adding to the mean moulting period, 2.576 times the
standard deviation of the mean (t at probability level of 0,01 is
2.576). For example, the mean pre-moult period of fourth instar

nymphs at 30°C is 17.6 days (S.D. = 5.7) (Table 4.1).  Theoretically,



55.

99% of those nymphs which were to have moulted would have done so

32.3 days (= 17.6 + (5.7 x 2.576)) after engorging, i.e. the cut-off
time is 32 days after engorging. These calculations were used when
estimating the proportion which did not moult. Figure 4.3 illustrates
the relationship between moulting and the failure to moult at high
temperature; Figure 4.4 illustrates it for low temperature.

It is clear from the results in Table 4.4 that the incident
photoperiod did not affect the proportion which moult. Similar data
showing that photperiod had little effect on moulting can be cited
for all instars at 25° and 30°C.

The effect of temperature however is pronounced, as can be
seen in Table 4.3. It appears that as temperature increases, an
increasing proportion of ticks fail to moult. In addition the later
nymphal instars are more susceptible to the effect of temperature than
are the earlier ones, The failure to moult at low temperatures is
attributed to the cessation of morphological processes at those
temperatures. Ticks which fail to moult at low temperatures, moult

readily when returned to 30001

4,422  Moulting Behaviour in Changing Temperatures

Although moulting of some engorged nymphs is inhibited at
constant high temperature, the effect of varying the temperature

experienced by the tick was unknown. Such information is more relevant



Figure 4.3 The Moulting Behavior of Engorged 3NH at 40‘6,
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Figure 4.4  The Moulting Behaviour of Engorged Larvae,

1NIT abd 2HH at 20 C.
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Table 4.3

The Moulting Behaviour of Engorged Nymphs at a Range of Constant Temperatures

Instar Larvae 1NN 2NN 3NN LN SNN
"
faifing tm S2mple fai%ing tm Somple fai%ing tm Somple faifing tm Sample fai%ing I faifing tm  Sample
Temperature to  (deys) ?;?e to  (days) S'E'rzj to  (days) S%rzj to  (days) SJ(“IZS to  (days) Sz“rzj to  (days) S%zf
moult moult moult moult moult moult
20°¢ 2 26 200 20 b1 50 90 63 60 100 100 100
25°C 1 8 200 0 4 100 0 15 110 3 48 30 23 L6 190 19 51 12
30°C 0 7 100 1 11 100 1 13 160 6 27 90 9 32 130 23 37.5 13
35°C 0 5 70 10 14 60 3 11 65 7 23 90 15 36 130 83 17.0 12
40°¢ 30 9 Lo 4s 11 70 21 12 50 20 17 70 62 25 130 | 100 13
45°% 100 80 | 100




TABLE 4.4

The Moulting Behaviour in Long and Short Photoperiod

(The Number of Fourth Instar Nymphs Moulted

Temperature

30°C

35°C

ty Days after Engorging)

Photoperiod

16-8
8-16
16-8
8-16

16-8
8-16
16-8
8-16

Medium

Sand
Sand
Glass
Glass

Sand
Sand
Glass
Glass

Sand
Sand

Sand

Sand

Number
Moulted

69
76
25
24

74
76
22
22

Number
Not Moulted

[\C VAN AU S . ¥

oW W
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to the ecology of the tick than are studies at constant temperature,
and so the effect of exposing ticks to high temperatures for a
variable number of days was examined next. Engorged fourth instar
nymphs were placed at 40°C for 1, 2, 5, 9, 17 and 40 days before
being removed to BOOC. The effect of this treatment on both the
rate of development (expressed by the mean pre-moulting period) and
the proportion which moulted was examined.

The previous experiment has shown that continucus temperatures
of 30° and 40°C inhibit moulting in 9% and 60% of engorged fourth
instar nymphs respectively. In Table 4.5 the moulting behaviour of
each group has been expressed in two ways; firstly as the mean pre-
moult period, and secondly as the mean of the period between vhen the
animals were placed at 300 and moulting. It is clear that although
an increasing period of exposure to a high temperature inhibits moulting
in an increasing proportion of nymphs, the proportion not moulted which
was characteristic of continuous 40°C (i.e. 60%) was not attained by
17 days of exposure; thus after 17 days at 40°C there are still some
nymphs that would moult if placed at BOOC but would nct moult at
continuous 40°C.  However it is also clear from Table 4.4 that when
such ticks are returned to BOOC the moulting process is more protracted
than it would be if they had not experienced the high temperature,

For example, after one day's exposure to 40°C the duration at BOOC

is 16.0 days, whereas after 17 days at 40°C it is 24,1 days.



Table 4.5

The Bffect of Different Periods of Exposure to 40°C on

the Moulting Behaviour of Nymphs

Days spent at 40°C before

transferring to 30°C 1 2 5 9 i 40

Mean pre-oviposition

period (days) (X) 17.0 18.0 21.9 27.7 41,1 15.0

S.D. 5.1 5.6 75 15.5 23.9 5.0
) 0

Duration at 30°C 16,0 16.0 16.9 18.7 2h.1

(x - days at 40°C)

Number moulting 48 Ly Lo 39 32 24

Percentage not moulting 2 L 15 20 45 €0

Percentage dead after 0 0 0 0 6 10

60 days
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Thus short doses of high temperature induce a delay in
morphogenesis in some engorged ticks and the duration of this delay
is slightly greater than the period spent at high temperature.

In addition, as the period of exposure to 40°¢C lengthens,
the proportion of ticks which fail to moult also increases. The
fate of these unmoulted ticks is examined in Section 4.424; but
firstly I shall examine the influence of high temperature on ticks

which have not fed.

4.423 The Influence of High Temperature on Unfed Ticks

It is possible that unfed nymphs are also sensitive to high

temperature. This has been found in Rhodnius prolixus,

where exposure of larvae to high temperatures before feeding
delayed and sometimes inhibited moulting once a bug had engorged
(Okasha, 1968). An experiment was designed to test the n:nasitivity
of unfed ticks to high temperature,
Groups of unfed fourth instar nymphs were exposed for one or
three weeks to temperatures of 350, 40° and 45°C and then returned
to BOOC. Controls were kept at BOOC. The effect of this treatment
on the proportion of nymphs which fed and moulted was determined.
Table 4.6 shows that temperature experienced before feeding
affects neither the proportion which feeds nor the proportion which

moults after feeding. However at high temperature there was



Table 4.6

The Effect of Exposing Unengorged Fourth Instar Nymphs

to High Temperature

Temperature (°C) 30 35 Lo 45

1 week Sample Size 16 33 29 30

% surviving (number) 100(16)  100(33)  90(26) 7(2)
% feeding (number) 68(11) 61(20)  55(14) 0

% not moulting (number) 9(1) 5(1) 0(0) -

3 weeks Sample Size 28 25 35 20

% surviving (number) 100(28) 100(25) 80(28) 0

% feeding (number) L6(13) Lh(11)  54(15) -

% not moulting (number) 8(1) 9(1) 7(1) -
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considerable mortality, e.g. only 5% survived one week at 45°¢,

A similar experiment in which groups of unengorged third
instar nymphs were placed in L16 D8 at 120, 25° and 35°C for eight
weeks before being fed and placed at 30°C, L16 D8, yielded similar
results (Table 4.7).

In summary, it appears that only engorged nymphs are sensitive
to the moult-inhibiting influence of high temperature. Short
exposures to high temperature delay moulting in some ticks, the
proportion affected depending on the instar expcsed, the temperature
and the duration of exposure. There are, however, some ticks which
do not moult even if returned to favourable conditions. Thus, so far,
either diapause or high temperature inhibition of development could
explain this behaviour, and so I carried out an experiment designed

to separate the two possibilities.

L, 4oL  Is it Nymphal Diapause?

Two groups of engorged fourth instar nymphs which had not
moulted forty days after feeding, were placed at 12°C in long and in
short photoperiod, These conditions were cinesidered most
1ikely to promote diapause development (Section 4.42). In addition
12°C is known to encourage diapause development in the imagos of
O. gurneyi (Secticn 6.9). After six or twelve weeks' exposure the
nymphs were removed to BOOC, long photoperiod, where they were observed

regularly and the proportion which moulted was noted, The nymphs whict



TABLE 4.7

Effect of Pre-feed Exposure to High and to Low Temperatures
on the Feeding and Moulting Behaviour of Third Instar Nymphs

Fight weeks' Percentage Percentage Sample
exposure to:- Engorging Not Moulting Size
o)
12°C 58 19 96
25% 57 22 82

35°¢ 60 12 68
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had not moulted after 30 days were given an opportunity to feed again
and then they were returned to BOOC and the proportion which moulted
was sgain noted. A control group was kept at 30°C L16 D8. The
data in Table 4.8 show that exposure of unengorged nymphs to low
temperature had little effect on the tendency to moult when returned
to 30°C.

When the ticks were offered a meal after 30 days at BOOC many
of them engorged (80%, n = 40), and most of those which engorged for
the second time moulted, while those which did not feed again did not
moult.

Another group of non-moulted nymphs from %0°C L16 D8 was offered
a meal and the moulting behaviour of those which engorged was examined
and compared with that of nymphs of the same instar which moulted after
one meal. The mean moulting periods were 16.9 (S.D. = 3.7 days and 17.
(8.D. = 4,0 days) respectively, and so it appears that the ticks in which
moulting was inhibited after the first feed nevertheless moulted
successfully and normally after the second feed.

There are three pieces of evidence which bear on the problem of
whether this phenomenon is diapause or high temperature inhibition of
development. Firstly, diapause-inducing stimuli are usually not lethal,
except in extremes, and so, because high temperatures (40° and 45°C) were
injurious to O. gurneyi, one might argue that the phenomenon was not |

diapause. However this argument by itself, is not convincing.



Table 4.8

The Effect of Exposure to Low Temperature

on Moulting Behaviour

Weeks at 12°C 6 12 Control
116 D8 18 D16 L16 D8 18 D16

% moulting within
30 days at 30°C 0 0 2 8 >

(Sample size) 13 16 17 16 50
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Secondly, nymphal diapause in ticks is manifest as the failure
of engorged nymphs to moult. When diapause development is complete
a tick will moult (in favourable conditions) without feeding again.
However O. gurneyi nymphs resume normal development after a second meal.
This is contrary to the pattern normally found in nymphal diapause in
ticks. Thus the ability of nymphs to resume normal development after a
second meal suggests that the nymphs do not undergo diapause development.
It could be argued that a second meal is the special stimulus necessary
to complete diapause development but this seems unlikely.

Thirdly, prolonged exposure to low temperature and to long or
short photoperiod failed to make the engorged ticks ready to moult when
returned to BOOC and so the nymphs were indifferent to stimuli which
normally promote diapause development in other species.

Thus this phenomenon is not diapause in the ordinary sense, but
it may be a special case. If it were, then I doubt if it would be
worthwhile drawing the distinction between the two explanations.
Nevertheless, although the evidence is not unequivocal, it suggests that

the phenomenon is high temperature inhibition of development.

4,43 Temperature Thresholds for Moulting

There are temperatures several degrees above developmental zeros
at which moulting was not observed (e.g. fourth instar nymphs at 20°C).

This is obvious when the developmental zeros (Table 4.2) are compared
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with the temperatures at which ticks were observed to moult

[

(Table 4.1). Thus there is a possibility that there are two critical
temperatu£;s§ sneﬂfor morphogenesis and another for moulting. Similar
situations have been found in other Arthropods. Johnson (1940)
recognised that in Cimex the threshold for hatching was 8°C but the
developmental threshold was 4°C.  Lin et al. (1954) found that the
minimum temperature for hatching was 1500 in Oncopeltus and they
recognised egg development below this level. Similarly Hunter-Jones

(1970) showed that the minimum temperature at which the eggs of the

desert locust, Schistocerca gregaria, would hatch was 2OO~24OC, while

the minimum developmental temperature was about 1500.

The minimum temperature at which each instar of C. gurneyi moults
has not been determined directly, but the moulting behaviour of the
ticks at 15°, 20° and 25°C sheds some light on this aspect of the tick's
biology. In any sample, the minimum temperatures at which individual
ticks moult will vary. As the temperature increases through the
critical range, the proportion of individuals in the sample able to moult
increases until all are able to moult.

The moulting behaviour of engorged larvae and nymphs has been
extracted from Table 4.3 and is presented in Table 4.9.

If the values of percentage moult are plotted on probability
paper, limits can be placed on the mean moulting temperature (that

temperature at which 50% of the engorged ticks are capable of moultings



Table 4,9

The Effect of Temperature on the Proportion of Engorged
Ticks which Moult

T Percentage which moult at constant
emperature

temperature
Instar Larvae 1NN 2NN 3NN 4NN 5NN
0]
15°C 0 0 0 0 0 0
20°%¢ 100 75 10 0 0 0

257C 100 100 100 100 100 100
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assuming that the response follows the normal curve). These limits

are 15° to 20°C, 19.%° to 20°C, and 20° to 21.3°C for larvae, 1NN and
ONN respectively. The limits for the 3NN, 4NN and 5NN are 20° to 25°C.
The developmental zero, as a mathematical device is discussed in
Section 4.49. One consequence of the way in which developmental zeros
are calculated is that some morphogenesis usually occurs at temperatures
helow the developmental zero (Table 4.2). Because developmental zeros
are several degrees lower than the mean moulting temperature of each
instar it is clear that development can occur at temperatures below

those at which moulting can occur.

4, L Effect of Humidity on Nymphal Development

Engorged larvae were placed in petri dishes containing one cm.
of sand. These were placed in humidity chambers (at 12, 32, 75, 95%
R.H.) at 2500, and examined periodically for moulted ticks. The day
that each tick moulted was noted and the mean pre-moult period for each
treatment was calculated. From the data in Table 4.10 it is clear
that nymphal development is unaffected by humidity, except at high

humidities where development is slightly celayed.

L L5 Day-degrees and Moulting Behaviour

Many workers have gueried the value of using laboratory data to
estimate the rate of development in the field (in conjunction with

meteorological records). Estimates of the developmental zeros and the



Table 4.10

The Effect of Humidity on the Moulting Behaviour

of Engorged Nymphs

Relative humidity (%) 12 22 75 95

Mean pre-moult

period (days) 6.9 6.9 7.2 8.0

5.D. 0.63 0.52 0.69 0.31
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thermal constants for the developmental stages of the tick have been
calculated from laboratory data. However before they could be used
meaningfully to interpret development in the field (using meteorological
records), their applicability to field conditions needed to be tested.
To this end ticks were exposed to field conditions which were monitored,
and the amount of development observed was compared with that amount
which was predicted from the temperature records.

Engorged larvae and nymphs were placed in the field at intervals
of about two months between March and December 1969 and the proportion
of each stage which had moulted after two months was recorded. The
results thus obtained we<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>