
THE ECOLOGICAL COLPLEí CONTROLLING ACTIVITIES AND 

.DISTRIBUTIOI Or IXODES RICIJUS 

Being a Thesis submitted for the 
Degree of D. Sc.. of Edinburgh University 

by 

J OHh i:F CLE OD , L. S c., P ; . D. 

April, 1935. 



Ti following thesis consists of five papers 

dealing 'Trig: the relation of the tick, Ix_odes ricinus 

to its ge :eral environr._ent. Three of the papers 

have already been published, two in "Parasitology" 

(1934 and 1935), and one in `!The Journal of :Animal 

Ecology," 1Q34; the fourth paper has been accepted 

for publication in "Pe:rF sitology," and the fifth, 

being e philosophical interpretation of the experi- 

mentally obtained results, is being offered at pre- 

sent for publication in the same journal. 



[Reprinted from the Journal of Animal Ecology, 
Vol. 3, No. 2, pp. 161 -164, November, 1934.] 

[All rights reserved.] PRINTED IN GREAT BRITAIN 

THE PART PLAYED BY ALTERNATIVE HOSTS 
IN MAINTAINING THE TICK POPULATION 

OF HILL PASTURES 

BY JOHN MACLEOD, B.Sc., PH.D. 

(From the Moredun Research Institute, Gilmerton, Edinburgh.) 

(With one Figure in the Text.) 

I. INTRODUCTION. 

PARASITES in general have a fairly specific host relationship, in that their 
host range is limited to one species in extreme cases, or, more commonly, to 
two or more nearly related species. In the absence of the normal host or 
hosts, the parasite will not, or cannot, adapt itself to other hosts. It is recog- 

nised, however, that certain parasites are less highly specialised, in that this 
specificity is less marked, and they are able to support themselves with more 
or less success on secondary or alternative hosts.. 

The importance of the question of alternative hosts is obvious in the case 
of parasites of economic significance, since it is clear that the facility with 
which a parasite can be eradicated will vary inversely with its adaptability 
to hosts other than the normal one. A modification of the same problem is 
presented by the survival of trypanosomes in the natural reservoirs repre- 
sented by wild game, which act as alternative hosts for the vectors which 
transmit these same trypanosomes to domestic animals. It is apparent that 
this aspect of the ecology of parasites is of very considerable importance, and 
deserves greater attention than that so far devoted to it. 

The writer is unaware of any studies of a quantitative nature on the part' 
played by alternative hosts in perpetuating parasitic species, although many 
lists have been given of the possible alternative hosts for different parasites. 

In the following work, which forms part of a general investigation of the 
bionomics of Ixodes ricinus L., the common tick of Britain, a qualitative and 
quantitative analysis has been made of the part played by wild mammals and 
birds in supporting the tick population of hill pastures. 

II. HOSTS OF IXODES RICINUS. 

A study of the possible hosts of Ixodes ricinus was made, the detailed 
results of which have already been recorded (MacLeod, 1933). It appears, 
from the writer's findings and those of other workers, that one or more stages 
of the tick could survive on the following warm- blooded hosts: Mammals: 
horse, cattle, deer, hedgehog, dog, fox, cat, stoat, weasel, ferret, hare, rabbit, 
rat, squirrel; Birds: siskin, hoodie crow, jackdaw, golden plover, kestrel, 
merlin, sparrowhawk, barn owl and grouse. 
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The great scope of this host range is of interest. It is important, however 

to determine the extent, if any, to which a tick population can be supported 

in the absence of the sheep host, for the mere fact that occasional ticks may 

feed on the above alternative hosts is no proof that they could be maintained 

in any numbers if they were entirely dependent on hosts other than the sheep. 

III. THE EXPERIMENT. 

In the following experiment an area of tick -infested pasture in the Ettrici 
valley was separated from the rest of the farm. The original sheep- supporrec 

population of ticks was reduced until the only ticks present were those whiel 

had succeeded in surviving on alternative hosts. The method used was a; 

follows. A 10 -acre plot of typical hill pasture was fenced off in May 1929 

This was surrounded by a "neutral area," 45 yards broad, to prevent unf 
crawling in from the surrounding pasture. The outer fence consisted o 

game -proof wire netting of 12 in. mesh, so that only the smaller forms o: 

mammalian life could obtain ingress. It is known, however, that hares sue 

ceeded in entering the area by leaping the boundaries. The original tick popu 

lation was eradicated in the following manner. A dipping tank was constructec 
in one corner of the enclosed area. Twenty -one sheep were dipped to free then 

from attached ticks, and liberated on the central area. They were dipped ever? 

fifth day for several weeks, and then removed. In the autumn of the sarm 

year, forty -two sheep were grazed on the area and dipped every third day fo: 

six successive dippings. This procedure was again repeated in the autumn o 

1930, twenty -six sheep being dipped at three -day intervals for five successive, 

dippings. In this manner, the number of ticks was steadily reduced, thus, 

which attached themselves being killed by dipping before they could con 

plete engorgement. Care was taken to prevent extraneous contamination o: 

either the central or neutral area : the sheep were transported in and out 
a specially constructed solid walled carrier, and the experimenters were re 

quired to wear rubber knee -boots, which were washed in a tub of insecticide 
placed immediately inside the outer fence. After September 1930, the ars 

was left vacant until the spring of 1932. Thus, from May 1929 until the be 

ginning of the tick season of 1932, no ticks in the central area were able to 

feed on sheep and drop back on to the pasture. The individuals of the origin: 

tick population, except those which fed on alternative hosts, were either removes 

and killed by the repeated serial dippings, or starved to death for want of 

blood meal. 
. At the end of September 1930, when the area had been subjected to time 

spells of intensive stocking and serial dipping, the number of ticks was COB 

sidered to have been reduced to a minimum. For the succeeding eighteei 

months, the area was left untouched, to allow of the vermin- and bird -sup 

ported population attaining an equilibrium. 
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IV. RESULTS OF THE EXPERIMENT. 

About the middle of April 1932, ten sheep, after being carefully dipped, 
were placed on the central area. Accurate counts were made every fourth or 
fifth day of the number of female and nymphal ticks attaching themselves to 
the head, neck and ears of five of these sheep. As a control, similar counts 
were made of the degree of infestation of twelve of a group of sheep pastured 
on the adjacent areas of tick -infested pastures. The results are shown in the 
table, and the comparative degrees of infestation per sheep in the two groups 
are represented in the accompanying graph (Fig. 1). 

It will be seen that, although the degree of infestation was markedly 

Comparative degree of infestation of sheep on experimental area 
and ordinary farm grazing. 

Date 

Controls Experimental area 

No. of 
sheep 

examined ?? Nymphs Total 

Average 
per 

sheep 

No. of 
sheep 

examined Ç? Nymphs Total 

Average 
per 

sheep 
16.iv.32 12 16 72 88 7 5 - 1 1 - 
21. iv. 32 12 17 180 197 16 5 6 5 11 2 
25. iv. 32 12 34 89 123 10 5 2 3 5 I 

1.v.32 12 50 180 230 19 5 10 23 33 61 
5.v.32 12 31 98 129 11 5 9 18 27 5I- 
9. v. 32 12 42 204 246 21 5 2 2 4 1 

14.v.32 12 42 204 246 21 5 3 18 21 4 
18.v.32 12 72 468 540 45 5 2 20 22 41 
23. v. 32 12 56 204 260 22 5 4 24 28 51 

35 

30 

25 

V 

c 20 

.C? 

15 7 

10 

14 20 24 28 2 

Fig. 1. 

6 10 14 18 ZI 
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greater in the sheep grazing on the ordinary pasture, there was a regular and 
appreciable infestation of those sheep on the central area. The average degree 

of infestation of each group may be taken as a reflection of the comparative 
density of the tick population of the central area and of the ordinary pasture. 
The comparative density of stocking of the two areas during the experiment, 
although it would affect the result in the next generation of ticks, does not 
affect the immediate result, since a grazing sheep covers in a day a constant 
area of pasture irrespective of the density of stocking, and so the average 
infestation per sheep will remain constant. It would appear, therefore that 
in the central area a tick population of appreciable size was maintained by 
ground vermin and birds, although no ticks on this area had engorged on 

s'aeep for the previous three years. 
This result, apart from its important bearing on tick control measures, is 

of interest in that we have here a parasite which, although normally affecting 
one chief host, is able to maintain itself in appreciable numbers in the com- 

plete absence of that host. The result is the more striking in that the number 
of possible alternative hosts was very much reduced. Hares obtained access 
by virtue of their leaping powers; apart from them, the only mammals likely 
to have gained entry, and which are known to harbour ticks, were weasels 
and stoats. It is not known whether these ticks feed on mice and voles. The only 
other possible hosts were the common moor birds. 

It is probable, therefore, that many of the more adaptable parasites with 
a comparatively wide host range are able to survive in the complete absence 
of their chief host or hosts. 

V. SUMMARY. 

1. The sheep tick, Ixodes ricinus, feeds on a very wide range of hosts other 
than the sheep. As shown in a previous paper, these include the horse, cattle, 
deer, hedgehog, dog, fox, cat, stoat, weasel, ferret, hare, rabbit, rat, squirrel, 
hoodie crow, jackdaw, golden plover, barn owl, grouse, kestrel and merlin 
hawk. Since then, it has been recorded from the siskin and sparrowhawk, 
(Thompson, 1934). 

2. In a 10 -acre area, from which sheep were excluded, a tick population 
of appreciable extent was maintained where the only available hosts were birds 
and hares, and ground vermin such as field mice, voles, weasels and stoats. 

3. The effect of these alternative hosts on the population was allowed to 

operate over a period of eighteen months before the density of the population 
was estimated. 

4. It would appear, therefore, that in the case of Ixodes ricinus, removal 
of the chief host (sheep) from a particular area for a number of years would 
not effect the eradication of the parasite from that area. 

REFERENCES. 
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I. INTRODUCTION 

DURING the last few decades, a considerable amount of experi 
been carried out on the relations of insects to their environ: 
groups such studies have advanced to an extent which rend 
tative efforts at accurate prediction of their activities and spr 
arachnids, however, the experimental study of ecological I 

been almost entirely neglected, and this despite the fact that 
especially among the mites and ticks, are of marked econo. 
Since 1892 -3, when the researches of Smith and Kilborne on 
cattle were published, ticks have been proved to be vect( 
important diseases of man and animals in many parts of the 
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knowledge of their bionomics has been gained through observations con- 

ducted in the field and in the laboratory. The ecology of ticks under precisely 
controlled conditions, however, provides a practically unexplored field. 

The only tick of major importance in Britain is Ixodes ricinus, which is the 
vector of redwater in cattle, and of louping -ill and tick -borne fever in sheep. 
In 1929 an investigation of its bionomics was begun by the writer, and, fol- 

lowing its incrimination as the carrier of louping -ill and tick -borne fever, a 

comprehensive study of its general environmental relationships was under- 
taken. An account of certain field observations on its distribution, seasonal 
activities and host relationships has already been published (MacLeod, 1932). 

The present paper describes laboratory experiments upon the effects and 
intereffects of different physical factors in the environmental complex on the 
development of gorged Ixodes ricinus, hereafter referred to merely as the tick 
or ticks. 

II. INFLUENCE OF TEMPERATURE AND HUMIDITY ON DEVELOPMENT 

(a) Methods 

The ticks used in the experiments described below were bred for one or 
more generations in the laboratory. The methods of breeding have already 
been described (MacLeod, 1932). 

For experiments at constant temperatures of 22.5° C. and over, ordinary 
gas- heated thermostats set at different temperatures were used. The tem- 
perature of each thermostat did not vary more than plus or minus half -a- 
degree Centigrade. There is a slight variation of temperature between different 
parts of thermostats of this type, but the possible error from this source may 
be obviated to a certain extent by keeping the tick containers as far as possible 
in the same position in the incubator for all experiments. A temperature of 
20° C. was obtained by a water -bath with a gas -control mechanism, with the 
addition of the usual cold -water circulation for thermostats at 14-16° C. A 
portable electric incubator, kept in an outhouse in winter, provided a steady 
temperature of 10° C., while the cold store was used for the lowest temperature 
of 2 -3° C. Constant humidities were obtained by using solutions of caustic 
potash, the relative hnmidity over which remains practically constant for 
given concentrations throughout the biological range of temperature (Paranjpe, 
1918). Pure caustic potash sticks were used for making the solutions, and their 
anhydrous purity tested before use by titration of a given solution against 
standard hydrochloric acid. The ticks for each experiment were placed in a 
test -tube, the mouth of which was covered by muslin, held taut by a rubber 
band. Each tube was placed in a milk sample bottle containing some caustic 
potash solution of the requisite concentration, and the bottle tightly closed 
with a rubber stopper. After exposure of the system for some hours to the 
appropriate temperature, the stopper was released and replaced; thus a 
normal atmospheric pressure in the closed system was obtained. When the 
ticks approached the moulting stage the tubes were examined daily and the 

19-2 



284 Ixodes ricinus 

number of moults recorded. In some of the experiments, where the ticks wer 

for 2 or more months over KOH solutions, there was a tendency fo, 

K2003 to form, through absorption of 002. This, however, would not appre 
ciably affect the result since, according to Paranjpe, 2 g. K2003 equals. 

1.5 g. KOH, as far as vapour pressure is concerned. 

(b) Experimental data 

Two series of experiments with larvae, and three with nymphs, wen 

carried out at different combinations of temperature and humidity. Four tc 

eight gorged nymphs and ten gorged larvae were used in each experiment. 
the results recorded below have, therefore, been obtained from approximately 
twenty larvae and eighteen nymphs at each combination. The ticks in eacl 

series were submitted to experiment on the same day on which they hac 

completed engorgement. The shortest, longest and average time (in days 
from engorgement to moulting, and the percentage mortality are given is 

tabular form (Tables I and II). 

Table I. Larvae. The number of days taken for development, 
and the mortality at different temperatures and humidities. 

Relative 
Temperature °C. 

22.5 26 27.5 30 32.5 35 humidity 
100 Shortest 48 25 22 19 17 18 

Longest 64 37 34 25 22 28 
Average 56 31 28 23 20 21 
Mortality ( %) 0 5 0 0 0 35 

95 Shortest 34 28 24 22 19 22 
Longest 70 48 37 28 28 30 
Average 55 38 30 25 24 28 
Mortality ( %) 15 15 20 20 10 90 

90 Shortest 40 31 28 23 28 - 
Longest 70 54 37 32 31 
Average 58 41 32 26 29 - 
Mortality ( %) 30 15 5 15 65 100 

85 Shortest 51 40 34 23 - - 
Longest 64 ` 61 41 32 - - 
Average 59 48 37 28 - - 
Mortality ( %) 55 50 80 85 100 - 

80 Shortest - - - - - - 
Longest - - - - - 
Average - - - - - - 
Mortality ( %) 100 100 100 100 - - 

The following points in the tables are worthy of remark: 
(1) There is a marked individual variation in the time taken for develop 

ment; ticks of identical history, kept under similar conditions in the saura 

tube, exhibited variations of as much as one - quarter or even one -third of 

the longest time recorded for these particular conditions. 
(2) The lower limiting conditions of humidity for survival and development 

of gorged ticks is surprisingly high, being in the neighbourhood of 80 per cent, 

saturation at the lower medial temperatures, and 90 -95 per cent. at the upper 

temperatur 
than the nj 

(3) Uni 
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temperatures. The larval stage appears to be even more intolerant of aridity 
than the nymphal stage, the lower limit at 22.5° C. being about 85 per cent. 

(3) Under the same conditions of temperature and humidity, the gorged 
nymph required longer time for development than the gorged larva. 

(4) There appears to be a higher mortality among nymphs than among 
larvae. 

Table II. Nymphs. The number of days taken for development, 
and the mortality at different temperatures and humidities. 

Relative 
Temperature °C. 

r 
22.5 25 27.5 30 32.5 35 humidity 

100 Shortest 68 47 35 25 23 23 
Longest 86 74 47 33 31 30 
Average 78 61 41 30 28 28 
Mortality ( %) 33 26 7 20 14 38 

95 Shortest - 46 31 27 28 30 
Longest - 72 49 28 41 - 
Average - 60 39 30 33 - 
Mortality ( %) - 0 0 30 13 50 

90 Shortest 50 44 31 27 31 36 
Longest 59 72 47 36 40 - 
Average 55 49 37 31 38 - 
Mortality ( %) 30 14 0 0 29 80 

85 Shortest 72 55 40 32 31 - 
Longest 82 74 45 44 - 
Average 79 65 44 37 - - 
Mortality ( %) 30 0 43 0 50 100 

80 Shortest 59? - 39 34 - - 
Longest - - 63 40 - - 
Average - - 49 37 - 
Mortality ( %) 88 100 50 63 100 - 

(e) Development at constant temperatures and humidities 

If the time taken for development of gorged larvae in saturated air is 
plotted against temperature, within the limits given in Table I, it will be seen 
that the curve is of the nature of a hyperbola (Fig. 1). In this respect it agrees 
with the general curve for insect development at medial temperatures. 

The work of Peairs (1914), Bodenheimer (1928) and others has shown that 
the correlation curve between temperature and development of various insects 
is a true equilateral hyperbola for the medial temperature range, the product 
of the effective temperature and the time being a constant. The curve for tick 
development (Fig. 1) suggests that the law of thermal constants holds good 
for development of ticks also, within the medial temperature range. The 
application of the thermal- constant theory to the development curve will be 
discussed in detail later. 

An examination of the data in Table I reveals the fact that the temperature 
at which development takes place most rapidly is not a fixed value irrespective 
of the humidity conditions, but varies with different humidities. If the re- 
ciprocal values of the time taken for development are plotted against tem- 
perature, the resulting curve represents the relative velocity of development 
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at different temperatures. In Fig. 2 the velocity- temperature curves of larva 

at 100, 95 and 90 per cent. saturation have been drawn. The curves are base 

on the shortest times for development (Table I). The curves illustrate thr 

points of interest. 
(1) Saturated air affords the optimum moisture conditions for developme 

at temperatures over 26° C., the velocity for any temperature over this d 

creasing with decreasing humidities. The greatest developmental veloci 

obtained was in saturated air. 
(2) Under optimum humidity conditions, 32.5° C. appears to represe 

the temperature at which development proceeds most rapidly. 

Days 
60 - 

50 

40 = 

30 

20 

10 = 

0 

N. 
Longest .' 'Average 

,--Shortest. 

1 t t I 1 I I i 1 1 1 1 1 I 

20 25 30 35 

Temperature °C. 

Fig. 1. Development curves of gorged larvae at different temperatures. Shortest, longest 
average times for development (Table I). 

(3) With decreasing humidities the point at which the greatest develo' 
mental velocity is exhibited tends to move down the temperature scale; f; 

100 per cent. saturated air the difference between the velocity at 32.5° C. an 

that at 35° C. is insignificant; for 95 per cent. saturated air the velocity: 
definitely greater at 32.5° C., while in air, 90 per cent. saturated, 30° 0.1 

the optimum temperature as regards velocity. 
A study of Table II shows that the same general principles hold for dF 

velopment of gorged nymphs, except that the velocity curve remains stationar 
from 32.5° to 35° C., instead of dropping slightly, as in the case of larvae. 

It has been shown that the optimum temperature for developments 
velocity is dependent on humidity. The converse of this also holds -tb 
optimum humidity for development is dependent on temperature. This i 

more clearly 
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'ves of larva "more clearly illustrated in the case of the gorged nymphs. Fig. 3, giving the 
ves are base velocity- humidity curves of gorged nymphs at different temperatures, shows 
ustrate thre that with decreasing temperatures the point at which developmental velocity 

is greatest tends to move down the humidity scale; at 30° C. the optimum 
developmen humidity for developmental velocity is 100 per cent. saturation, at 27.5° C. 

over this dt it is between 90 and 95 per cent., and at 25° C. it is 90 per cent. 
ntal velocit The same principle operates in the case of larvae, the deviation of the 

optimum humidity from saturation beginning at temperatures below 26° C. 

60 -x103 
to represe' 

Longest 

Average 

Shortest: 

est, longest at 

test develoi 

are scale; f( 

32.5° C. an 

ie velocity: 
bed, 30° C. i 

hold for dF 

ns stationar 
of larvae. 
evelopment 
o holds -f1 
aure. This i 

1 

1 t t 1 t 

25 30 35 

Temperature °C. 

Fig. 2. The velocity- temperature curves of larvae at different humidities. The curves are based on 

the highest velocities obtained (Table I). 

(d) Development at fluctuating temperatures 

The recorded data on the influence of fluctuating temperatures on the 
development of insects is conflicting. Uvarov (1931) summarises the results 
of various workers, some of whom obtained a retardation, and others an 
acceleration effect by subjecting eggs and larvae of different insects to 
fluctuating temperatures. More recently, MacLagan (1932) found that 
violently fluctuating temperatures produced an initial acceleration in the rate 



288 Ixodes ricinus 

of growth of Smynthurus nymphs, but eventually proved harmful, resulting' To avoid the 
a rapid decrease in rate. saturated air i 

Other workers have studied the effect on the development of varioc carried out wi. 

insects of preliminary exposures to high or low temperature, but this does ne The resulte 
properly belong to the subject of fluctuating temperatures, and will be di The contrc 
cussed in relation to the tick in the next section. The effect of temperatm 25. C. moultec 

temperature n 
45 x I n_3 The experi 

fluctuation. F 

perature being 
exposed to coi 

40 / s. )U Moulting o 

1 32.5 °C 

35 

30 

25 

20 

16 

25 °C 

85 90 95 
Relative humidity 

Fig. 3. The velocity- humidity curves of nymphs at different temperatures. The curves are base 

on the highest velocities obtained (Table II). 

100 

fluctuations as these might occur in nature on the physiological response tc 

particular temperatures is important, and must first be investigated before s 

true conception can be formed of the influence of temperature as a climatic 

factor, since organisms in nature are not subjected to the constant temperature 
conditions obtaining in laboratory experimentation. 

Gorged larvae which had been kept at room temperature for a few day 

were subjected to different temperatures as follows. Two control tubes, with 

fifteen larvae in each, were exposed to 25° and 35° C. respectively. A third tube, 

containing thirty larvae, was alternated every 3 days between 25° and 35` C, 
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To avoid the condensation of water on the bodies of the ticks, inevitable in 
saturated air when a tube is brought from 35° to 25° C., the experiment was 
carried out with a uniform R.H. of 95 in all the systems. 

The results of the experiment may be summarised as follows: 
The controls at 35° C. moulted from the 27th to the 30th day; those at 

25° C. moulted from the 33rd day onwards; those exposed to fluctuating 
temperature moulted from the 33rd day onwards. 

The experiment was repeated in saturated air, with narrower limits of 
fluctuation. Fifteen ticks were exposed to limits of 30° and 35° C., the tem- 
perature being alternated every 3 days. Control tubes of 10 larvae each were 
exposed to constant temperature conditions at these limits 

Moulting occurred as follows : 

Controls at 35° C. 
Controls at 30° C. 
Alternating tube 

Shortest 
19 
20 
23 

Average 
22 
25 
26 

Violent fluctuations to extreme limits were then tested. A tube of twenty 
ticks was alternated every third day between 2° and 30° C. By the eighth 
alternation of temperature all the ticks were dead, probably as a result of the 
abrupt and violent changes of temperature. 

It follows that, for the tick, moderate fluctuations of temperature within 
the favourable limits do not result in an appreciable acceleration of develop- 
ment; the results suggest that, if anything, a slight retardation effect is 
produced. The effect on development of maintaining the tick for periods of 
days at a succession of static temperatures is discussed in Section iv. 

III. THE TEMPERATURE- VELOCITY CURVE AT FIXED TEMPERATURES 

(a) The possibility of stimulation by low temperatures 
Were the curve of development of the tick a true equilateral hyperbola, the 

reciprocal curve, expressing the velocity of development, would therefore be a 
straight line. It is obvious, however, that the curve of development throughout 
the full biological range of temperature cannot be a true hyperbola, since the 
tick will not survive indefinitely at low temperatures, and retardation of 
development and death occur at the upper limit. Prochnow (cited by Uvarov, 
1931) traced the developmental velocity curve of various insects throughout 
the full temperature range, and found that above and below the medial 
temperature range the straight -line character of the curve was departed from. 
The method he adopted was to expose the insects for a certain interval at a 
low temperature, then to transfer them to a favourable temperature, and 
allow them to complete their development. The fraction of their development 
completed at the low temperature in the given time was reflected in the 
differences between the time required to complete development at the favour- 
able temperature and the time required for total development at this tem- 
perature. From this the rate of development at the low temperature was 
calculated. The work of Bodine and Parker on the development of grasshopper 
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eggs (Uvarov, 1931) suggests a possible source of error in this method,. hoo 

ever. These workers demonstrated that with grasshopper eggs a preliminai 
exposure to low temperature stimulated the eggs to a more rapid developmei 
at favourable temperature than would normally occur. The possibility, then 

fore, had to be considered that, if Prochnow's method were used to determit 
the velocity of development at low temperatures, results indicating an appare 
development at the lower temperature might in reality be due to an acceleratio 
of the normal rate at the higher temperature, resulting from the stimulate 
effect of the preliminary exposure. To test this possibility, the followio 

experiment was set up. 
Larvae were exposed to temperatures of 2 -3° C. and 9 -10° C. for a perk 

of 60 days, then transferred to 27.5° C., R.H. 95. It was reasoned that, if 

genuine stimulation resulting in accelerated development had occurred, th 

would be at least as marked, if not more so, in the ticks exposed to 2 -3° 

as in those exposed to 10° C. 

Moulting occurred in both lots between the 31st and 37th day aft 

removal to 27.5° C. The average time for complete development at 27.5' f 

95 R.H., is 30 days; it would appear, therefore, that, in so far as the tick: 

concerned, stimulation by exposure to low temperature does not produce a 

acceleration of developmental velocity at subsequent temperatures, br 

possibly a slight retardation. 
It is, therefore, permissible, if the possibility of a slight degree of rete 

dation occurring even at moderately low temperatures be disregarded, to e 

this method in the case of ticks to determine the velocity of development 
temperatures below the medial temperature range. 

No fu 
remaining 
were tran 

Moult: 

R.H. 

No. 
10 

Since 
is 41 day, 
represent 
the unm, 
9/10 of t 
about 20 

worked o 

Thus 
rapid is f 

this poins 

The 
(b) Development at 20° C. found as 

An experiment was first set up in which gorged larvae were exposed Tube. 

different humidities to a temperature of 20 -21° C., and left until moult' After exl 

commenced. One larva at R.H. 100 moulted on the 93rd day; at 90 R.H. trr 
be dead. ' 

moults occurred on the 88th day, and at 85 R.H. two occurred by the 120th da Moulting 

No further moults occurred. 
The experiment was repeated, six nymphs and ten larvae being placed 

20° C. at each of the following relative humidities : 100, 95, 90, 85, 80 and 7. 

The results were as follows: 
Table III 

Humidity 
100 
95 

Larvae Nymphs 

No. of 
moults - 

Time 
in days 

No. 
moults 

of Time 
in days - - 

1 110 90 4 100 -180 {1 170 

85 - - { 2 8 
0 170 

75 - - - _ 

The t 
that is, 
therefore 
at 20° C. 

develops 
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iethod, ho No further moulting had occurred by the 190th day. Practically all the 
preliminar remaining larvae were found to be dead. The surviving unmoulted nymphs 

developme were transferred on the 190th day to 27.5° C., 100 R.H. 

bility, the Moulting occurred as follows: 
to deterrai 
an appare Table IV. Nymphs. 
acceleratio 
stimulatki 

he follow' r 

for a perw, 

ed that, if Since the average time taken for complete development at 27.5° C., R.H. 100, 
ccurred, th is 41 days, the amount of development which took place in from 4 to 10 days 

to 2 -3° ( represented approximately from 1/4 to 1 /10 of the total. That is, in 190 days, 

the unmoulted nymphs at R.H.S of 100 and 90 had completed from 3/4 to 
.h day aft, 9/10 of their development, and, therefore, would theoretically require from 
at 27.5' f about 20 to 60 more days. The shortest and longest periods for nymphs at 20° C., 

[s the tick worked out from these results, are as follows: 
b produce a 

ratures, b[ . 

ree of reti 
Irded, to u, 

Thus we find that at 20° C. the humidity at which development is most 

relopment rapid is 85 per cent., the velocity decreasing at humidities above and below 

this point. 
The developmental velocity of gorged larvae at this temperature was 

found as follows: 

e exposed Tubes each containing ten larvae were set at 20° C., 100, 90 and 80 R.H. 

itil moulti[ After exposure for 68 days they were removed. Those at 80 R.H. were found to 

90 R.H. t be dead. The remaining two tubes were set at 27.5° C., 100 per cent. saturation. 

le 120th ii Moulting occurred as follows : 

R.H. when at 20° 

No. of days at 27.5° C., 
loo R.H. 

100 
4 

10 

95 
7 

- 
90 

4 

10 

80 
10 
13 

75 
13 

10 - - 
lo - - 

R.H. 100 90 85 80 75 

Shortest 210 110 83-90 250 280 
Longest 250 250 170 280 - 

ìng placed: 
5, 80 and î', 

Table V. Larvae. 

100 R.H. 90 R.H. 

No. of Days at No. of 
, 

Days at 
moults 27-5° C. moults 27.5° C. 

1 7 2 7 

3 10 1 10 
3 13 1 17 
3 17 Remainder died 

The time required by larvae at 27.5° C., 100 per cent., averages 28 days; 
that is, 7/28 -17/28 of the total development was completed at 27.5° C. and, 
therefore, 68 days represents from 11/28 to 21/28 of the total number required 
at 20° C. This makes the time at 20° C. required by gorged larvae for complete 
development approximately 90 -170 days. Combining this result with the 
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result of the first experiment, we find the time required for development 
gorged larvae at 20° C. to be as follows : 

R.H. 100 90 85 
Days 90-170 88 -170 120? 

In these results, as in the results given in Tables I and II, there is a cleat 

indication in the case of the nymph than in that of the larva of a deviation 
the optimum humidity from saturation with decreasing temperatures. 

(c) Development at temperatures of 15° C. and under 

Gorged larvae were exposed to the following combinations of humidity at 

low temperature: 
Temperature 

° C. R.H. 
2 -3 100, 90 
10 100, 95, 90, 85 - - 

14 -16 100, 95, 90, 85, 80, 75 

Several att 
at 37.5° C., va 

An effort was 1 

removing the 
them to comp 

ten larvae eac 

to 30° C. after 
three tubes diE 

for developmE 

definitely unf a 

From the I 

of ticks can b 
Fig. 4, velocii 

2 -3° C. The larvae at 2 -3° C., 100 R.H., were transferred after 100 days' 
27.5° C., 95 R.H. (Those at 90 R.H. were found to be dead.) Moulting cot 

menced on the 31st day. 
10° C. The ticks at 10° C'. were transferred to 27.5° C., 95 R.H., aft 

85 days. Moulting began as follows: 
100 R.H., 27 days; 95 R.H., 24 days; 

90 R.H., 27 days; 85 R.H., 27 days. 
14 -16° C. The larvae at this temperature were transferred to 27.5°( 

951í.H., after 100 days, and moulted as follows: 
Ú 
o R.H. 100 95 90 

Shortest Dead 24 24 
Average 29 

Tubes each containing six gorged nymphs were exposed to a temperate' 
of 14-16° C., at R.H.S of 100, 95, 90 and 80, left for 100 days and then trail 

ferred to 27.5° C., 95 R.H. 

Moulting occurred as follows: 
R.H. 100 95 90 80 
Shortest Destroyed by accident 32 31 26 
Average - 34 32 31 

70 

60 

50 

40 

30 

20 

10 

0 
15 

X10-3 

' . 

Since the shortest and average periods for total development at 27.5°C 

95 R.H., are 24 and 30 days (larvae), and 31 and 39 days (nymphs), it follow 

from these results that, at temperatures of 14 -16° C. or below, there is n 

appreciable development after exposures for periods of 85 and 100 days. 
An unusual feature of all the results with low- temperature experiment 

was the high mortality among the ticks. Even at 20° C. the majority of tt 

nymphs and larvae exposed for long periods died. It is not known whetbe 

this was due to changes in the gaseous contents of the closed systems durin. 

these prolonged periods, to changes in the moisture conditions as a result a 

absorption of CO2 by the KOH solutions, or to the effect of exposure to a 

unchanging temperature unfavourable for rapid development. 

Fig. 4. The veloc 
in saturated 

against tempe 
taken in satur 
within the lim 
above and bf 
peratures ove: 
very steeply t 
be a slight rel 
the threshold 
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(d) Development at temperatures of over 35° C. 

Several attempts were made to induce both larvae and nymphs to develop 
at 37.5° C., various humidities being used, but in every case the ticks died. 

a cleat An effort was then made to find the rate of development at this temperature by 

iation removing the ticks before the lethal effect had time to operate, and allowing 
them to complete their development at a lower temperature. Three tubes of 
ten larvae each were set at 37.5° C. in saturated air; one tube was removed 
to 30° C. after 5 days, one after 10, and one after 15 days. The larvae in all 
three tubes died. It would appear, therefore, that the upper limit of temperature 

dity al for development lies between 35 and 37.5° C., the latter temperature being 
definitely unfavourable even when ticks are exposed to it for only a few days. 

From the foregoing experimental results, the developmental velocity curve 
of ticks can be produced above and below the medial temperature range. In 
Fig. 4, velocity curves of development of gorged larvae have been plotted 

days 

g cou 

3., aft. 

70 

60 

50 

-x1Ó 

275°( 40 

Ú 

30 

)eratur 

n trau 
20 

lo 

015 

/ / - 7/ le 

20 25 

Temperature ° C. 

30 35 

1.5°C Fig. 4. The velocity curve of gorged larvae, based on the highest and average velocities obtained 
folios in saturated air. The broken line represents the highest velocity at optimum humidities. 

'e is I 

Ys 
against temperature, the curves being based on the shortest and average times 

riment: 
taken in saturated air at different temperatures. It will be seen that, although 

7 of ti within the limits of 26 and 32.5° C., the curve is approximately a straight line; 

vhethe 
above and below these limits the character of the curve alters. At tern- 

, 
duck peratures over 32.5° C., the curve tends to fall away, at first slightly, and then 

exult o: 
very steeply to zero velocity at 37.5° C. Below 26° C. there would appear to 

e to al 

be a slight relative retardation of development with decreasing temperatures, 
the threshold of development lying in the neighbourhood of 15° C. 
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An interesting point raised by the above findings is the question of t irregular, whe: 

correct humidity to be considered when plotting full velocity curves. It l hibit the cony 
been shown above that the humidity conditions under which developme 
proceeds most rapidly are not the same for all temperatures. Where t (e) Th 
"optimum" humidity is below saturation, one may reasonably assume th 

conditions either more or less humid than the optimum exercise an inhibitor As has bee] 

influence which retards the velocity rate. It would, therefore, appear to development 

more accurate to take the optimum humidity for each temperature, rather th the velocity of 

a constant condition, e.g. saturation, when plotting a velocity curve rep: the velocity is 

seating the response of an organism to temperature alone. Otherwise, t of developmer 

curve is not a true reflection of the response evoked by temperature, since reciprocal of ti 
certain temperatures the result obtained represents the response after mod that the deve 

cation by the y retardation effect of unfavourable humidity. . straight line. 
is only an app 

If the dey 
ordinates of al 

time for devel 
the threshold 
number of da 
exposure for x 
developmenta. 

60 

50 

40 

ó 30 

20 

10 

0 

-X 10 3 

x degrees over 
by insect eco 
development 
ment have be 
temperature r 
curve of the t: 

A develop: 
t 1 1 by the formul 

25 30 

Temperature °C. 

. , 

35 

Fig. 5. The velocity curves of gorged nymphs. The whole lines indicate the highest and aves 
velocities in saturated air; the dotted lines, the velocities under optimum humidity s 
ditions. 

In the case of larvae, the optimum humidity conditions coincide id+ 

saturation at temperatures down to 22.5 -26° C. ; the curve for highest veloe 
at any humidity will, therefore, coincide with that depicted in Fig. 4 for 

part of its length. The aberration (dotted line) suggests that the by 

velocity curve retains its straight line character down to 22.5° C. bete 

exhibiting deceleration. On the other hand, as shown in Table II, the optimr 
humidity for gorged nymphs departs from saturation conditions at high 

temperatures. Fig. 5 depicts the velocity curves for gorged nymphs bo 

under constant saturated air conditions and at optimum humidities. It 

clear from this figure that the velocity curve under a constant humidi 
condition may be misleading; the curves for saturated air (unbroken lines) r 

of effective do 
where K is ti 
Since C, the t 
ordinates of t 
(T1 -K) Y1 =1 

Taking th 
calculated val 
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stion oft irregular, whereas those for optimum moisture conditions (broken lines) ex- 
rves. It h hibit the conventional straight -line character for medial temperatures. 
Levelopm 

Where t (e) The threshold of development and the thermal -constant theory 
assume th 
n inhibito* As has been pointed out above, when the reciprocals of the times taken for 

ppear to development are plotted against temperature, the resulting curve expresses 

, rather th the velocity of development. Where this curve transects the temperature axis 

3urve rep: the velocity is zero, and this temperature represents the theoretical threshold 

áerwise, t of development. Many workers have obtained this point by producing the 

are, since reciprocal of the development curve at medial temperatures, on the assumption 

after mod, that the development curve is a hyperbola and its reciprocal, therefore, a 
straight line. It is now generally admitted, however, that the hyperbolic zero 
is only an approximate indication of the threshold of development. 

If the development curve be admitted a hyperbola, the product of the 
ordinates of any point will be a constant. The ordinates in such a case are the 
time for development and the number of effective degrees, or degrees above 
the threshold of development. That is, development would require a fixed 
number of day -degrees, or the principle may be expressed by saying that 
exposure for x days at a temperature y degrees over the threshold has the same 
developmental effect on the organism as exposure for y days at a temperature 
x degrees over the threshold. This thermal- constant theory is much used to -day 
by insect ecologists, but it has the serious objection that it assumes the 
development curve to be a hyperbola, whereas the curves of insect develop- 
ment have been shown to be represented by hyperbolae only within limited 
temperature ranges. It is of interest to apply the theory to the development 
curve of the tick. 

A development curve represented by a true hyperbola can be expressed 
by the formula xy = c, where y is the time for development, and x the number 
of effective degrees of temperature. The value x may be expressed as T -K, 
where K is the threshold of and T the recorded at and avers 

development, temperature. 
humidity ar Since C, the thermal constant, is fixed, the value K may be obtained if the 

ordinates of two points on the curve are known. Thus, if (T - K) Y =C and 

)incide m 
(T1 -K) Y1 =C, then 

best velar T Y - T1Y1 

ig. 4 fort: Y - Yl 

hat h at the 
Taking the results given in Table I, we find that K has the following 

5° C. befr 
calculated values : he optima 

is at hight 

ymphs 
dities. It 

at humidt 

:en lines) a 

Temperatures °C. S °C. 
22.5 26 20 
22 5 27.5 18 
26 27.5 15 
26 30 13 
27.5 30 12 
27.5 32.5 10 
30 32.5 9 
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It follows, therefore, since K is not a constant value, that the full devel Applyir 
mental velocity curve cannot be expressed as a hyperbola ; that is, each d, times for d 

degree has not a uniform developmental value. follows: 
It is apparent, therefore, that the thermal- constant theory cannot sat 

Rising t 
be used here as a basis for calculating the threshold of development. 

Developm 

or 
W. THE TEMPERATURE -VELOCITY RELATION WITH 

VARYING TEMPERATURES Falling 

It has been shown that a day- degree has not a fixed developmental val 
Developm 

but varies with different temperatures. It now remains to be seen whether, 
or 

temperature being fixed, the application of a fixed number of day -deg These t 

produces a constant developmental response, or whether the intensity 
response is subject to variation according to the previous history of t 

organism. It has been shown that exposure to a temperature well below t 

threshold of development appears to produce a slight retardation in f 

response to a subsequent favourable temperature ; there remains the possibil: There i 

that exposure for a period to one temperature within the favourable limits m results. 

affect the velocity of development when the organism is later subjected It follo 

another favourable temperature. unit expos 

Two tubes each containing ten fully gorged larvae were set at 25° and 35° spective of 

respectively, each under optimum humidity conditions, i.e. saturation. except whe 

After exposure for 12 days, the tubes were interchanged and left to low tempe: 

moulting was completed. This q 

The results were as follows: interest in 
developme 

Table VI. Larvae. which cool 
suggested 
stadium, w 

and the R2 

Ruhestadiu 
until the 
resting sta 

The velocity values for 25° and 35° C. when the ticks are exposed ti variation, 
fixed temperature throughout their development may be obtained from f Were t 
velocity curve (Fig. 4) by interpolation in the case of 25° C., and by din stage wou] 
reading for 35° C. exposed to 

They are: 25° C. Highest, 1/27. Average, 1/33. ticks expo. 25° 
35° C. Highest, 1/18. Average, 1/21. ment in a 

Let x= velocity at 25 °, x1 that at 35° C. Thus temperate: 

x 18 
= 

2 described 

- xi. 27 3 
(highest); experimen 

that, in th 
or =1 _ (average). suggests, i 

First 
temp. 

° C. 

Period 
exposed 

days 

Second 
temp. 

° C. 
Shortest 

time 
Avery 

time 

Ticks exposed to successively 
lower temperatures 

25 12 35 10 13 

Ticks exposed to successively 
higher temperatures 

35 12 25 12 15 

i 

Parasitolog, 
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deve! Applying these ratios to the above results, we find that the calculated 
ach times for development at the second temperature in each case should be as 

follows: 
of sa:. 

Rising temperatures : 

Development at 35° C. =18 -2/3 of 12 =10 days at 35° C. (highest velocity) ; 
or 21- 7/11 of 12 =13 days (average velocity). 

Falling temperatures : 

Development at 25° C. = 27 -3/2 of 12 =9 days at 25° C. (highest velocity) ; 
at va 

or 33 -11/7 of 12 =14 days (average velocity). 
aher, 

de These theoretical results compare with the observed results as follows: 

'.nSlt9 Falling temperatures Rising temperatures 

7 of Observed Calculated Observed Calculated 
elow tJ 12 15 9 14 10 12 10 13 
1 in 

)ssibil: There is no significant difference between the observed and calculated 
nits m results. 

ected It follows, therefore, that, humidity conditions being uniformly optimum, 
unit exposure to a fixed temperature has a fixed developmental effect, irre- 

Id 35° spective of the previous history of the organism in regard to temperature, 
n. except where this involves exposure to lethal high temperatures, or to very 
eft >u 

low temperatures. 
This quantitative agreement between temperature and velocity is of 

interest in view of a recent paper by Falke (1931). This author stated that 
development of Ixodes ricinus underwent in the winter months an interruption 
which could not be altered' by the employment of favourable conditions. He 
suggested that development may be divided into two phases, the Vorruhe- 

Avera stadium, which lasts for 2 or 3 days, and during which the ticks are active, 
t'sn F and the Ruhestadium, or stage of inactivity. Ticks which have not reached the 

12 

Ruhestadium, or resting stage, at the onset of winter conditions cannot do so 
15 until the spring, and thus overwintering of gorged ticks occurs. Once the 

resting state is reached, the rate of development exhibits no appreciable 
used t( variation, development occupying approximately 25 days. 
from t Were this the case, exposure at different temperatures during the resting 
)y dir, stage would not affect the velocity of development, provided the ticks were 

exposed to an initial fixed temperature during their pre -resting stage. That is, 
ticks exposed to an initial temperature of, say, 25° C., would complete develop- 
ment in a fixed time irrespective of whether they were removed to another 
temperature a few days later, or left at 25° C. The experimental results 
described above show that this is not the case. Further, since many of the 
experiments described in this paper were carried out in winter, it follows 
that, in this country at any rate, there is no seasonal diapause, such as Falke 
suggests, in the physiological activity of the tick. 

Parasitology xxvr 20 
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V. INTEREFFEOTS OF TEMPERATURE AND HUMIDITY VARIATIONS 

The previous section dealt with the effects of temperature and humidit 

individually, variations in one factor being considered under conditions whet 

the other factor was constant. In nature, however, both factors operate a 

variables simultaneously; their intereffects and the effect of their simultaneou 

variations must, therefore, be considered. 
It can be shown theoretically, from an analysis of the data obtained- and 

constant conditions, that each factor intimately affects the potentiality of th 

other. If we consider the moisture conditions in the different experiments i 
terms of vapour pressure, we obtain a common vehicle of expression for bot 

the temperature and the humidity factor. It is known that, temperatm 

being constant, saturation deficiency varies inversely with the relatie 

humidity, and can be calculated if the latter is known; humidity being cot 

staut, saturation deficiency varies directly with the temperature, and can t 

5 - 

o 

___.. 
'S \ C1 

r: 
\ ------ --- 90 R.H: ---------- .-- 

1 ------------ 95R.H.- ---- -- 

65 
30,3 -------- - S.D. 3275m: 

15 18 21 24 27 30 33 35x1, 

Velocity 

Fig. 6. Intereffects of temperature and humidity. The dotted lines represent the effect on devek 
mental velocity of temperature variations at different humidities; the whole lines, the e& 

on velocity of relative humidity variations at different temperatures. The parts of the cur 
enclosed by the interrupted lines indicate the comparative velocity response at differ: 

temperatures to an absolute humidity increment (3.75 to 3 mm. deficiency). 

i 

calculated if the latter is known. It follows that, since saturation deficient 
is a function of both relative humidity and of temperature, if development. 
velocity be plotted against saturation deficiency, the resulting curves ri 

illustrate the influence of temperature on the humidity effect, and the influent 
of humidity on the temperature effect. 

In Fig. 6 the average velocity of development of gorged nymphs has bee. 

plotted against saturation deficiency, and the resulting curves illustrate th 

intereffects of the two factors. The dotted lines represent the effect on velocit 
of temperature variations at different relative humidities; the whole lines, th 

effect on velc 
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'effect on velocity of relative humidity variations at different temperatures, as 

and humidit 
follows: 

aditions when (a) The effect of a particular humidity change at different temperatures 

ors operate a It will be seen that at all three temperatures there is an increasing velocity 
r simultaneou with decreasing saturation deficiency, i.e. with increasing humidity, up to a 

point, after which the influence of humidity on temperature response becomes 
Ibtained undh less marked or even reversed. This principle has already been encountered 
:ntiality of th (Fig. 3). If those limits of saturation deficiency be considered within which the 
;xperiments i responses at all temperatures are qualitatively similar, i.e. saturation de- 
>,ssion for bot: ficiencies of 3 -3.75 mm., the curves demonstrate a quantitative agreement 

temperatur between saturation deficiency and temperature response. Thus a decrease of 

i the relativ absolute humidity from 3 to 3.75 mm. deficiency in the vapour pressure is 

ity being eat equivalent to the following velocity retardations at different temperatures: 
re, and can b 25° C., velocity retarded by 10/161 or 6.2 per cent. 

27.5° C., 18/258 or 7 per cent. 
30° C., 19/323 to 25/329 or 5.9 -7.9 per cent. 

There is no evidence here of a significant variation in the percentage 
reduction of velocity at the different temperatures; that is, at saturation 

.__s.D.3.75m 
deficiencies of 3 mm. or over, removal of a definite quantity of moisture from 

s.D. 3 mm, the air apparently retards development by an approximately fixed percentage, 
irrespective of temperature, i.e. irrespective of the total amount of moisture 
in the air. 

Since a fixed quantity of moisture at different temperatures represents 
- --: different proportions of the total amount present, it follows that a fixed 

change in velocity is produced at different temperatures by different degrees 
of change in the relative humidity. The converse of this is illustrated in the 
diagram, where a fixed change in degree of humidity produces different 

33 35xEE velocity retardation effects at different temperatures, e.g. R.H. reduced from 
90 to 85 retards velocity: 

effect on develo; At 25° C. by 15/169 or 9 per cent. 
de lines, the efr At 27.5° C. 36/263 13.7 
Darts of the cure At 30° C. 53/323 16.4 
ponse at differ: 
r). It would appear, therefore, that there is a differential response to relative 

humidity variation at different temperatures, a greater response being evoked 
tion deficient . by the same percentage variation of humidity at high temperatures than at 
development,. low. This does not hold in saturated air. 
ng curves 
d the influent (b) The effect of a particular temperature change at different humidities 

A decrease of temperature from 30° to 25° C. retards velocity by the following 

mphs has bee: percentages at different humidity conditions: percentage 
9 illustrate th Saturation deficiency R.H. retardation 

ect on veloelt Between 1 and 2 mm. About 95 50 

hole lines, th 
2 3 so 47 
3 4 85 43 29 

so-x 
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The regular trend of these results suggests that there may be a differenti 

response to temperature variation at different conditions of humidity, ti 

response being greater at higher humidities. This would appear to hold go 

up to complete saturation of the air. 

(c) Simultaneous variations in temperature and humidity 

The effects of different static conditions of one factor on the respom 

evoked by variations in the other have been discussed. The intereffects oft: 

simultaneous operation of variations in both factors remain to be considers 

and have been subjected to experimental analysis. 
A number of tubes each containing ten newly gorged larvae were expos 

to different combinations of temperature and humidity, as follows : One ser' 

of three tubes was exposed to progressively higher temperatures and humiditi 
for different periods, and the time taken to moult under the last set of co 

ditions observed. The second series was exposed to progressively lower tee 

peratures and humidities, and the times taken to moult observed. 
The experiment and results may be tabulated as follows : 

Series 1: 

ascending 
temperatures 

Series 2: 

descending 
temperatures 

Tube 

{21 
3 

Table VII. Larvae. 

25° C., 90 R.U. 
10 days 
15 

Shortest Average 

2 
days 

3 
days 10 days 

JP 

3 

30° C., 95 R.H. 
10 days 

5 
15 

8 Pf 9 
5 

15 

35° C., 100 ß.j1. 

Shortest Average 

10 days 15 dap 
13 14 
9 '' ff 

` r 

10 days 
15 
5 

These observed results were compared with the results calculated from t 

data in Table I (the value for 25° C., 90 R.H., being obtained by interpolatict: 
The control values are: 

35° C., 100 R.H. Shortest, 18. Average, 21. 

30° C., 95 

25° C., 90 
), 22. 

32. 
), 

), 

25: 

43. 

Tube 1 on the ascending scale may be taken to exemplify the method 

calculation. 
Let x = shortest number of days at 35° C., and let complete 

ment = unity. 

Thus 

i.e. 

10 10 x 
32+22+18 l' 

x 10 10 41 
18='- 32 22 176' 

x=4. 

devela 

or 

Similarl: 

Table V] 

Series 1 

Tubo 1 

2 
3 

Series 2 

Tube 1 

2 
3 

It will b 
under optin 
discrepancy 
is exposed 
adverse hu 
reduction it 

Another 
more sever 
exposed to 
The first me 

Owing to a 

determine t 

1001í.H., iS 

the theoret 
recorded w; 

There is 
although ti 
of tempera 
check on 
Tube 3, hot 

Since it 
humidity 
developmer 
of particula 
of adverse 
this inhibit 



lifferenti 

ti 

hold ga 

respon< 

'ects of t: 

;onsiders 

re expos. 

One set', 

lip midi 
set of co 

Lower te! 

100 R.F. 

Average 

15 dar: 

14 

days 

I from s 

rpolatic: 

method 
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Similarly, if x = average number of days at 35° C., 

10 10 x 
43 +5 +21 ." 

or x = 7 -8 days. 

Table VIII compares the observed and calculated results for the two series. 

Table VIII 
35° C., 100 R.R. 

Observed Calculated 
Series 1 25° C., 90 Rat. 30° C., 95 R.H. 

Tube 1 10 10 

,_-__A_____I 
10 15 4 7 -8 

2 15 45 13 14 5 -6 9 -10 
3 5 15 9 ? 2-3 6 

25° C., 90 R.H. 

Observed Calculated 
Series 2 35° C., 100 R.H. 30° C., 95 R.H. A 

Tube 1 10 10 '2-3 7 0 5 
2 15 5 0 3 0 3-4 

,, 3 5 15 8 9 1 6 -7 

It will be seen that, in comparison with the temperature -velocity relation 
under optimum -humidity conditions (Table VI), there is here an appreciable 
discrepancy between the observed and calculated results. When the organism 
is exposed to different temperatures, and at the same time subjected to 
adverse humidity conditions of varying intensity, there is an apparent 
reduction in the degree of response to temperature increase. 

Another experiment was set up, in which the moisture conditions were 
more severely unfavourable. A tube of twenty newly gorged larvae was 
exposed to 25° C., 85 R.H. After 6 days it was transferred to 30° C., 100 R.H. 

The first moult occurred on the 16th day of exposure to the last combination. 
Owing to a subsequent high mortality from mould, it was not possible to 
determine the average time taken. If, however, the shortest time at 35° C., 

100 R.H., is calculated, from the equation 41 + 23 +- 
1-8 

=1, it will be seen that x, 

the theoretical time required at 35° C., is 9 days. The actual shortest time 
recorded was 16 days. This supports the results of the previous experiment. 

There is a suggestion also, from the results given in Table VIII, Series 2, 

although the figures are not so striking as those in Series 1, that a reduction 
of temperature under unfavourable moisture conditions imposes a severer 
check on development than would theoretically be expected. Except in 
Tube 3, however, the differences are too slight to be regarded as significant. 

Since it has been shown (Section IV) that, under constantly favourable 
humidity conditions, temperature has a uniform quantitative effect on 
development, it follows that the apparent differences in the quantitative effect 
of particular temperatures in these experiments are due to the inhibitory effect 
of adverse humidity conditions. Whatever be the correct interpretation of 
this inhibitory effect, it is evident that humidity has an intimate controlling 
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influence on the responsiveness of the organism to temperature variations: 

would also appear that the intensity of operation of this retarding influes 

varies with the degree of departure of these factors from the optimum, t 
relation being direct in the case of humidity, and inverse in the case of tes 

perature. Thus, the discrepancy is more marked in Series 1 than in Series; 

the ticks in this series were exposed for relatively longer periods to high, i. 

optimum, temperatures than those in Series 2. Further, in Series 1, where t: 

discrepancies are well marked, it will be seen that they are more pronouns 
in the case of the ticks exposed for 10 and 15 days to a relatively low humidi: 

than in the case of those exposed to this humidity for only 5 days. 

i 

VI. INFLUENCE OF BAROMETRIC PRESSURE ON DEVELOPMENT 

AND ECDYSIS 

(a) Influence of pressure on development 

The available evidence on the influence of barometric pressure on devele 

ment of arthropods is, as is indeed the case with other climatic factors, all 

relation to insects. The evidence suggests that insects are capable of tolerate 

wider variations of pressure conditions than would normally occur in natty 

The rate of development also of insects is apparently insusceptible of altera' 
in response to atmospheric pressure variations, even of a high order (Uva 
1931), although some workers have obtained a quickening of developm 
under constant conditions of reduced pressure. In view of these findings, 
following unexpected results with gorged ticks are' of interest. 

Gorged larvae when a few days old were exposed at 30° C. in saturated; 
to pressures of 10 and 5 lb. over normal, to normal atmospheric pressure, r 
to 5 and 8 lb. under normal, one tube of ten larvae being exposed to ea 

condition. 
The pressure conditions were obtained as follows : The stopper of es 

closed humidity system was pierced with two pieces of glass tubing, or 

which were fitted pieces of rubber tubing. Reduced pressures were obtain 

by aspiration from one tube, the pressure being recorded on a vacuum gas 

inserted into the other. Increased pressures were obtained by means of: 

ordinary pump, fitted with a valve, the pressure being recorded on a preset 

gauge. The tubes were then tightly clamped, and the stoppers, which were ti 

down securely, were sealed with paraffin, wax. 
Moulting commenced in the control tube at normal pressure (N) on f 

18th day. Two days later the experimental systems were opened, and f 

larvae examined for moulting. 

Pressure N+10 lb. 
N+5lb. 
N 
N- 51b. 
N- 81b. 

10 moults 
7 
8 

> 53 Nil 
Nil 

The expel 

twenty to a 
and N -(7 -8 

The first : 

other system: 

The redue 
another fort' 
systems were 

examination 
It appear 

be acceleratE 
retarded, by 
exposures to 

The expe 
greater order 
supposing the 
fleets on de, 

Pictet (cii 
that emergen 
the ratio bete 
wide limits o 

conditions, w 
thesis might 
however, lene 

Sixty lays 
They were tl 
sumably nea 
exposed to (1 

which fluctue 
The tube, 

systems bein, 
set at increa 
being obsery 
pressure, no 
broke down. 

The expe: 
at 30° C., 1( 
were found 
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Ltions; The experiment was repeated, larvae gorged 4 days previously being set, 
[nflues twenty to a tube, at pressures of N + (10-12 lb.), N + (6-7 lb.), N, N -5lb. 
mm, t and N -(7-8 lb.). 

of to The first moult occurred in the controls on the 18th day, whereupon the 
Series other systems were examined. 
high, i. Pressure N+ 10-12 lb. All 20 had moulted 

There t: 
N+ 6-7 lb. 
N 

19 moults 
1 moult 

noun, N- 51b. Nil 

umidi 
N- 7 -81b. Nil 

The reduced pressure systems, which had not been opened, were left for 

nother fortnight, during which no moulting occurred. The ticks in these 
ystems were then removed to normal pressure at 27.5° C., 100 R.H. On 

examination a few days later, they were found to be dead. 
It appears, therefore, that in the case of Ixodes ricinus development can 

be accelerated by increased pressure, and inhibited,. or at least markedly 
retarded, by reduced pressures, the ticks actually being killed by prolonged 

develc exposures to pressures of 5 lb. or more under normal. 
ors, all The experimental pressure variations used, however, were of a much 

,olerati greater order than would normally occur in nature, and there is no evidence for 

n natu supposing that slight fluctuations, such as occur naturally, produce appreciable 

Literati effects on development. 
(Uvan 

elopmc (b) Influence of pressure on ecdysis 

lings, t Pictet (cited by Uvarov, 1931) concluded from his work on butterfly pupae 
that emergence took place as a result of a fall in barometric pressure altering 

crated; the ratio between the pressure of the body fluids and that of the outer air. The 

sure, a wide limits of variation for individual moulting of ticks kept under identical 

l to és conditions, when these were static (Tables I and II), suggested that this hypo- 
thesis might be applicable to ticks. The results of the following experiments, 

of es 
however, lend no support to this view. 

ing, or Sixty larvae were kept at 30° C., 100 R.H., until moulting had commenced. 

obtain They were then removed and forty of the remaining unmoulted larvae, pre - 

im sumably near the point of hatching, were divided into four lots of ten, and 

of . 
exposed to (1) a pressure of N +5 lb., (2) a pressure of N -3 lb., (3) a pressure 

6 pressr which fluctuated between these two limits, and (4) normal pressure. 

were ti The tubes were examined for each of the following 5 days, without the 
systems being opened. By the 5th day moulting was completed among those 

V) on f 
set at increased, normal and fluctuating pressures, no appreciable difference 

, and f 
being observed in the rates of moulting. In the tube exposed to reduced 
pressure, no moulting occurred by the 2nd day, when the system accidentally 
broke down. 

The experiment was repeated; five tubes of twenty larvae each were kept 
at 30° C., 100 R.H., until moulting commenced. The tubes on examination 
were found to contain nineteen, nineteen, nineteen, eighteen and fifteen 
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unmoulted ticks' respectively. The last tube was discarded, and the other feat which th 
set at (1) N +7 lb., (2) N -5 lb., (3) normal, and (4), a pressure fluctuating da provided 
from N +7 to N -5 lb., commencing with N +7 lb. The result was as follow multiplied 

Pressure 3rd day 7th day would, they 
Control 6 moults 11 moults whole exm 
Positive pressure 8 If 17 
Negative pressure 3 PP 6 efficiency a 
Fluctuating pressure 7 7, Discontinued larvae, the 

It will be seen that, if anything, a retardation of ecdysis results fron velocity is ] 

reduction of barometric pressure. The pressure reduction in this case, howl The act 
is greater than would occur in nature, and it is probable that, as regards t 
tick, normal barometric variations exercise no acceleration or inhibition ef[ at 3: 

on ecdysis. 
VII. DISCUSSION at 31 

From a review of the foregoing experimental results, some concepti 

of the relation of the developing tick to the main climatic factors affect 
at 3( 

it may be formulated. It is clear that the two outstanding factors influent; Thus, i 

development are temperature and moisture, and these appear to be imports velocity at 
both in their separate and their combined effects. obtain a ri 

An interesting feature of the results is the wide range of temperature ortemperatur 
which development, at a greater or lesser rate, is possible. From a lower liç Table I thn 

in the region of 15° C. to an upper limit of 35° C., development is apprecial perature of 

although the velocity varies greatly between these extremes. Even n: over a wid 
striking is the comparatively small range of humidity conditions within wi mortality 
survival and development are possible, the tick in this respect differ over, since 
markedly from the majority of insects. Its lower favourable limit is 80-85! the normal 
cent. saturation, while, for the greater part of the temperature range favours too small n 

for comparatively rapid development, the optimum moisture condition to allow of 

saturation vapour pressure. different to 
In addition to this direct limiting effect, humidity also exercises a profor ACKNOI 

influence on the response of the tick to temperature. Under static condition the greater 
both factors, the velocity of development is slowed down by suboptit Research A 
humidity conditions. Further, the quantitative response of the organise of the Rese 
temperature variation is affected by variations of the humidity factor. air] and fa 

It is clear from a consideration of the mortality percentages at differ Cameron a: 
temperatures that the optimum temperature for development is not sim of the man 
that temperature at which development proceeds most rapidly. Peairs (ii and 
defines the optimum for insects as that temperature range within which' 

relatively greatest percentage of individuals, accomplish their develope 
within the relatively shortest period. Before the ideal optimum could 

decided, the comparative value to the race of unit time -shortening and of'' 

individual would need to be known, for it is conceivable that percent{ r 

mortality, up to a certain point, is sufficiently compensated by the decrees, 

the time spent in the inactive, non -parasitic phase. 
Theoretically, the greatest efficiency would be found at that temperat i 
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Cher f which the highest velocity was reached under optimum humidity conditions, 
ing day provided all survived, i.e. optimum would equal 100 per cent. survival, 
folio' multiplied by the highest velocity. The actual efficiency at this temperature 

would, therefore, be the product of the percentage survival and the velocity, the 
whole expressed as a percentage of the theoretical optimum. Similarly, the 
efficiency at any temperature might be calculated. Thus, in the case of gorged 

larvae, the theoretical optimum is 32.5° C., at which temperature the average 
s fron velocity is 1/20. The theoretical optimum efficiency, therefore, is 100 x 1/20 or 5. 
howev The actual moulting efficiency for larvae 
;ards percentage survival x velocity x 100 
ion efi 

at 32 5 = C. theoretical optimum efficiency 
per cent. ; 

at 35° C. = 65 x 
21 

x 100 x 
5 

= 62 per cent. ; 

icepti at 30° C. = 100 x x 100 x = 87 per cent. 
affect: 23 5 

fluent: Thus, if we compare the product of the percentage survival and the 
nport, velocity at each temperature with a theoretical optimum efficiency, we can 

obtain a relative scale of values for the " moulting efficiency " at different 
ture o temperatures. In the case of larvae it would appear from the results in 
wer li Table I that the efficiency curve exhibits a sharp peak at the optimum tem- 
recial perature of 32.5° C., but it is very doubtful if this result would be maintained 
fen m over a wider series of experiments. More probably an increasing percentage 
rin vi mortality would accompany increasing temperatures, especially at 30° C. and 

differr over, since in nature such temperatures are not usually attained in moist soil- 
30-85 the normal habitat of the gorged tick. In Table II also the results are based on 
Lvours too small numbers, and, consequently, the mortality values are too irregular 
iditiot to allow of an accurate interpretation of the relative "moulting efficiency " of 

different temperatures. 
prof IN ACKNOWLEDGMENTS. The work described above has been carried out for 
ditiou the greater part while the writer was entomologist to the Animal Diseases 
rbopto Research Association, Edinburgh. To that body, and especially to the Director 
;anise of the Research Institute, Dr J. Russell Greig, he is indebted for much material 
or. aid and facilities for the investigation. Thanks are also due to Dr A. E. 

differ` Cameron and to Prof. J. H. Ashworth for their careful reading and criticism 
of Sim of the manuscript, and to Dr P. A. Buxton for a full abstract of Paranjpe's 
irs (1G. paper, and for much valuable advice on control of humidity conditions. 
which' 

elopw 
REFERENCES 

BODENHEIMER, F. S. (1928). Biol. Zbl. 48, 714. 
could FALRE, H. (1931). Z. Morph. u. oekol. Tiere, 21, 567. 

end of MACLAGAN, D. S. (1932). Bull. Ent. Res. 23, 101. 
MACLEOD, J. (1932). Parasitology, 24, 382. 

ercent: PARANJPE, G. R. (1918). J. Ind. Inst. Sci. 2, 59. 
ecreaG BEAMS, L. M. (1914). J. Econ. Ent. 7, 174. 

(1927). Bull. West Virginia Univ. Agrie. Exp. Sta. No. 208. Uv, now, B. P. (1931). Trans. Ent. Soc. Lond. 79, 1. 

(MS. received for publication 8. xi. 1933. -Ed.) nperat: 



PARASITOLOGY is published about four times a year. The numbers 

afterwards are issued in volumes each containing four numbers. 

Papers for publication should be sent to THE EDITORS OF PARASITOLOGY, 

Molteno Institute, Downing Street, Cambridge. Other communications 

should be addressed to the University Press, Cambridge. 

Papers forwarded to the Editors for publication are understood to be 

offered to PARASITOLOGY alone, unless the contrary is stated. 

Contributors receive twenty -five copies of their papers free. Additional 

copies, not exceeding 100 (except in special cases), may be had at cost price : 

these should be ordered when the final proof is returned. 

The subscription price is £2. lbs. per volume (post -free), payable in 

advance ; single numbers 18s. 6d. net (double number 37s. net). Súbscriptions 

may be sent to any Bookseller, or to The Cambridge University Press, Fetter 
Lane, London, E.C. 4. 

The Cambridge University Press has appointed the University of Chicago 

Press agent for the sale of Parasitology in the United States of America. 



Agar's Presentation Copy 

IXODES RICINUS IN RELATION TO ITS 
PHYSICAL ENVIRONMENT 

1h THE FACTORS GOVERNING SURVIVAL AND ACTIVITY 

BY 

JOHN MAcLEOD 

FROM PARASITOLOGY, VOL. XXVII No. 1, 11 MARCH, 1935 

CAMBRIDGE 

AT THE UNIVERSITY PRESS 

PRINTED IN GREAT BRITAIN 



[FROM PARASITOLOGY, Vor,. XXVII, No. 1, 11 MARCH, 1935.] 

[All Rights reserved] 



123 

IXODES RICIN US IN RELATION TO ITS 
PHYSICAL ENVIRONMENT 

II. THE FACTORS GOVERNING SURVIVAL AND ACTIVITY 

BY JOHN MACLEOD 

Carnegie Research Fellow, Moredun Institute, Edinburgh 

(With 8 Figures in the Text) 

CONTENTS 
PAGE 

I. Resistance to unfavourable conditions 124 

(a) General . . 124 

(b) Cold resistance 124 

(c) Thermal death-point 
II. Climatic limits for survival . 125 

III. Influence of the humidity factor on duration of survival within the critical 
temperature limits 127 

(a) Comparative survival of nymphs and larvae . 127 

(b) Intereffects of temperature and humidity . 129 

(c) Relation of saturation deficiency to loss of water 131 

(d) Saturation deficiency, loss of water and survival 135 

IV. Influence of temperature on activity . 137 

(a) Rate of activity . 137 

(b) Preferred temperature . . . . 138 

V. The phototropic response at different temperatures and humidities 139 

VI. The influence of temperature on geotropic response . 141 

VII. Discussion . 142 

References . 143 

Ix a previous paper (MacLeod, 1934) the different physical factors in the 
environmental complex of the sheep tick were discussed in their relation to the 
development of the gorged tick, and an experimental analysis was made of the 
effects produced, under laboratory conditions, by their action and interaction. 
The present paper deals with the active unfed ticks. These present rather a 
different problem from the gorged ticks, for, whereas in their case the climatic 
optimum resolved itself into that combination of conditions under which 
development proceeded favourably and with a low attendant mortality, the 
unfed tick, on the other hand, is faced with two desiderata, survival and host - 
parasitisation, the physical optima for which may not be coincident. It is 
necessary, therefore, to consider not only the climatic optimum for survival 
and activity, but also the factor or factors which influence parasitisation, and 
those conditions under which host -parasitisation is facilitated. 

The methods used for controlling temperature and humidity were similar to 
those already described. Special methods for different purposes will be given in 
the text under the description of the experiments concerned. 
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I. RESISTANCE TO UNFAVOURABLE CONDITIONS 

(a) General 

Table II gi 

hatched and o 

for some time 

The ability of this tick to survive unfavourable conditions is remarkablethan larvae re 

the absence of a suitable host, the adult has been found to survive withoc 

meal for thirty -one months ; nymphs and larvae were able to engorge a: 

fasting thirteen and fifteen months respectively (MacLeod, 1932). Gibs With incre 

Carmichael (1884) stated that he had kept females under water from 2 tolonging the sr 

days, and that the ticks did not show any weakness on being removed. 01e:nymphs at 35` 

(1927) records that larvae which hatched under water and remained submer0-00 per cent., 

survived for 12 months, and Totze (1933) says that larvae were unaffected 
Table II. Re 

submersion for 80 days. The writer kept females submerged for 21 days 
temperature of about 15° C. On being removed, they walked away apparer 

unaffected. S 

(b) Cold resistance 1 -7 

Different unfed stages were placed in small vessels containing damper 7 we 

sand, and the vessels placed in a freezing chamber. The temperature of 

chamber was lowered a few degrees each successive day. Similarly, 'killed at all hi 
exposure for the required period, the ticks were gradually brought up thro:per cent., and 
daily increases of temperature to that of the laboratory, and there examrfor 

1 hour at 
for death or survival. Table I gives the results of exposure of the three stagrthan 

1 day at 
temperatures varying from 0° to - 15° C. It will be seen that the tick is 100 per cent.; 
its stages can survive exposure for 4 days to a temperature of - 8° C. land 6 -9 days 
killed by 1 day's exposure to a temperature of 15° C. saturated air 

Table I. Resistance to low temperatures. 
Commencing Reduced 
temperature during 

° C. (days) 

16 1 

3 
5 
5 
3 
3 
7 
8 
7 

Final Exposed 
temperature for 

in ° C. (days) 
Larvae 

0 to 3 45 
-5 to -4 3 
-8 to -4 10 
-7 to -5 6 

-8 4 
-12 3 

-14 to -12 1 
-12 2 
-15 1 

Raised 
during 
(days) 

1 - 
2 
2 - 
2 
6 
4 
6 

Result 

Survived 

Killed 
Survived 

Some survived 
Killed 

16 3 -5 to -4 
Nymphs 

3 - Survived 
3 -8 4 - 
3 -14 to -12 2 4 Killed 
8 -14 to -12 1 6 
3 -12 3 2 Survived 
7 -15 1 6 Killed 

Females 
16 3 -5 to -4 3 - Survived 

3 -8 4 - 
3 -14 to -12 2 4 Killed 
8 -14 to -12 1 6 ,, 
3 -12 3 2 Survived 
7 -15 1 6 Killed 

It would ; 

nymphs at hu 
At 37.5° C. the 
differential ref 
by 1 hour's e; 
and the larva 
saturation is 1 

exchange wit} 
their survival 
thermal deatl 
vivai. This poi 

The durati 
of 2, 10, 15,2 
0, 10, 30, 50, 1 

The combinat 
previously des 
by the use of a 
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Table II gives the comparative resistance to low temperatures of recently 
hatched and older larvae. It will be seen that larvae which have been hatched 
for some time are able to survive lower temperatures and for longer periods 

blethan larvae recently hatched. 

ha (c) Thermal death point 
a 

gib. With increasingly high temperatures, the influence of humidity in pro- 
; tt,longing the survival period of the exposed ticks steadily diminishes. Thus, 
Dienymphs at 35° C. survived 3-4 days at 70 per cent. saturation, 11 -14 days at 
ter,100 per cent., and survived indefinitely at 90 per cent. At 37.5° C. they were 

ted 
Table II. Resistance to low temperatures of older versus newly hatched larvae. 

o Duration of 
fret Temperature exposure 

Stage ° C. (days) Result 
1 -7 days 0 7 Survived 

-9 to -4 3 Killed 
-9 to -4 2 

7 weeks old -11 to -9 5 Some survived 
-11 to -9 6 Killed of 

°killed at all humidities by 15 days' exposure, surviving less than 1 day at 70 
hro:per cent., and 6 -9 days at 90 per cent. At 45° C. they were killed by exposure 
t'for 1 hour at 70, 90 and 100 per cent. Larvae exposed at 35° C. survived less 
agethan 1 day at 70 per cent., and were killed in 11 -14 days at 90 per cent. and 
i°100 per cent.; at 37.5° C. they were killed by exposure for 2 days at 90 per cent. 
'and 6 -9 days at 100 per cent. They were killed by 24 hours' exposure in 
saturated air at 40° C. and 22 -54 min. exposure at 45° C. 

It would appear therefore that at 35° C. larvae are less resistant than 
nymphs at humidities below saturation, but equally resistant in saturated air. 
At 37.5° C. the same holds good, but the humidity range within which there is a 
differential resistance is much more limited. At 45° C. both stages were killed 
by 1 hour's exposure, regardless of humidity. Since the nymph is tracheate, 
and the larva non -tracheate, their differential resistance at humidities below 
saturation is probably related to the difference in their mechanisms for water 
exchange with the surrounding air. The temperature at which the difference in 
their survival periods is no longer apparent will therefore correspond with the 

d thermal death -point, at which humidity ceases to exercise any effect on sur- 
vival. This point would appear to lie, for the tick, in the neighbourhood of 40° C. 

II. CLIMATIC LIMITS FOR SURVIVAL 

The duration of survival of nymphs and larvae was tested at temperatures 
of 2, 10, 15, 20, 22.5, 25, 27.5, 30, 32.5, 35 and 37.5° C., and at humidities of 
0, 10, 30, 50, 60, 70, 75, 80, 85, 90, 95 and 100 per cent., at each temperature. 
The combinations of temperature and humidity were obtained by the methods 
previously described, with the addition that 0 per cent. humidity was obtained 
by the use of anhydrous P205. The ticks were confined in test -tubes, the mouths 
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of which were covered with fine -mesh muslin, and these placed in the diffe. Them 

climate systems, which were then sealed. To avoid fluctuations of tempera with ten 
and humidity, they were examined only at periods of 1, 2, 5, 10 and 15 d:n.H, 50 : 

Results were noted either as "survived" or 100 per cent. death. About ninth an 
larvae were used in each system; all of them originated from the same The r 

cluster. Unfortunately, the number of available nymphs of the same age larvae, v 

limited, so only four were used at each climate combination. This was rsaturate 
pensated for, however, by the large number of records obtained, as a resát 

H 

i 

R.H 

90 

70 

50 

- - -- Larvae 
Nymphs 

90 

80 

70 

60 

50 

40 

30 

20 

10 

1,5 

10 

10 20 30 Fig. 2. T 

Fig. 1. The climatic limits for survival of nymphs and larvae. The curves join the lowestrrt: 
The 

humidity for each temperature at which any ticks survived for 15 days. 
humi 
have 

the extreme closeness of the intervals in both the temperature and hum 

scales. 
The experiment was discontinued after 15 days. Fig. 1 shows the limr 

which some ticks were still alive after this time. The curves are obtain 
joining the points representing the lowest humidity for each temperate 
which survival occurred. These curves may be taken as indicating the apps 

mate limits of temperature and humidity at which the tick will survive. 
ordinIf at i again, as in the case of the limits for development of the gorged tick, the( 
factors striking feature is the narrow range of humidity within which surmr. 

possible. Even at a temperature of 10° C., the lower humidity limit for 
rviva 

vival of both stages lies between 70 and 75 per cent., while at temperate 
temper; 

15-30° C. it lies between 75 and 80 per cent. It is to be remembered also 
is notes 

this limit represents that below which 100 per cent. death occurred in Th) 
entered 

so the limit for 100 per cent. or even 50 per cent. survival over a longer? 
which 
which s will be even higher. 



JOHN MACLEOD 127 

a the diffe These findings are in agreement with those of Olenev (1927), who, working 

)f tempera 'th temperatures varying between 10 and 20° C., found that, at 70 per cent. 

) and 15 .H., 50 per cent. of the larvae were dead by the sixth day, 75 per cent. by the 
h. About th and 100 per cent. on the tenth day. 

the same The nymphs appear to be slightly more tolerant of dry conditions than the 

same age arvae, while, at the upper temperature limit of 35° C., both stages die in 

this was oçsaturated air while surviving in air 95 per cent. saturated. 

., as a reslL H. 
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-1-1-1-1-1-1- Fig. 2. The duration of survival of larvae at different combinations of temperature and humidity. oc 
The points indicate the combinations at which survival was tested. Only the lowest relative 

the lowest r. humidity at each temperature for survival for periods of 15, 10, 5, 2 and 1 day respectively 
have been indicated by the appropriate figure. 

e and hung 

ws the lin 
III. INFLUENCE OF THE HUMIDITY FACTOR ON DURATION OF 

SURVIVAL WITHIN THE CRITICAL TEMPERATURE LIMITS 
tre obtainer'' 

temperato (a) Comparative survival of nymphs and larvae 
bag the app: 

If the survival periods of the tick are plotted on a chart, of which the 
U. survive. ordinates are temperature and relative humidity, the intereffects of these d tick, the' 

factors on the duration of survival becomes clear. Figs. 2 and 3 represent the hich survie 
survival of larvae and nymphs respectively at different combinations of 

by limit for 
temperature and humidity. Where the ticks were killed in 1 day, the figure 0 temperatur 
is noted. If they survived 1 day, but were killed in 2 days, the figure 1 is abered also 
entered, and so on. To simplify the figure, only the lowest humidity point for 

'red in 15 r survival at each temperature is noted. The dots indicate the combinations at 
a longer? which survival was tested. Across the diagrams lines have been drawn corre- 
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sponding to certain fixed saturation deficiency values. Fig. 2 illustrfoss of 

several points of interest. 
ipointed (1) At unfavourable humidities, i.e. humidities of 70 per cent. or lo rying 

larvae at any fixed relative humidity survive longer at low temperatures tender 
at high. It i 

(2) Within certain limits of temperature and humidity- marked outages. 
diagram by interrupted lines -the duration of survival appears to be relat« f the 1 

saturation deficiency. Thus, at temperatures of below 30° C., the lowerthe gre 
midity limit for 1 day's survival corresponds with a saturation deficiencaridity 

15 mm. Hg, and the limit for 2 days' survival with 10 mm. There is a If arid 
degree of correlation between the lower limit for 5 days' survival over a i 

of temperature and any single saturation deficiency value, while at condii"' 

less unfavourable than this, where the tick survives for 10 or 15 days, 90 

limiting humidity cannot be related to this measure. 
(3) As the humidity conditions become less adverse, the limit for sur80 

for the appropriate period tends to diverge from saturation deficiency ,70 

starts, and to approximate more to those of relative humidity until, a 
favourable conditions, with survival for 15 days, the limit corresponds oho 

to a fixed relative humidity value over a wide range of temperature, 
between 10° and 30° C. the limit is 75 -80 R.H. S0 

(4) The correlation between saturation deficiency and survival br+40 

down at high temperatures. At temperatures over 32.5° C., the sun 

periods are relatively shorter than at lower temperatures for particular Iko 

both of saturation deficiency and of relative humidity, until, as the then 

death point is approached, moisture ceases to have any effect in prolon:2 

survival. 
A study of Fig. 3 shows that, in the case of the nymph, survival r0 m 

highly unfavourable humidity conditions is not related to saturation deficik 

at least at temperatures of over 25° C. Thus, at 32.5° C., the lower liaí 'ig. 3, 

saturation deficiency which the nymph can tolerate for 2 days is 151 mid 

deficiency, while at a temperature of 27.5° C. the nymph survives for 
mechar 

period at a deficiency of 25 mm. At intermediate conditions, there appealAt the 
be some correlation. Thus, the lower limiting humidity for 5 days' sur' two st 
fairly closely represented by a saturation deficiency of 10 rim. There water 
much lesser degree of correlation, and over a lesser temperature range, betsproduc 

saturation deficiency and the limiting conditions for 10 days' survival - 
interrupted line indicates the approximate humidity limit -while therein 

agreement between the limits for survival for 15 days and any satura 
It deficiency. 

It is evident that the nymph is more tolerant of aridity than the laheat ix 

that is, it would appear to possess some mechanism, absent in the larvation 
of 

which it can reduce the rate of loss of water under unfavourable moi ower t 

conditions. Since the larva is non -tracheate, loss of water in its case murat 
a fi 

from the general body surface. In the tracheate nymph, on the other h3provid 
Para, 
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illustrioss of water is probably mainly from the tracheal tree. Buxton (1932) has 
pointed out that tracheate species of arthropods appear to be more resistant to 

t. or lodrying than non -tracheate species. It is possible, therefore, that the nymph 
atures hinder arid conditions conserves moisture by closing the spiracles. 

It is of interest to compare the humidity limits for survival of the two 
ked on3tages. In Fig. 4 the limits for 1 day's survival are compared; the comparison 
e relateof the limits for 2 days' survival presents a similar picture. It will be seen that 

lower the greater toleration of the nymph becomes less marked at extremes both of 
eficiencaridity and temperature. The convergence of the limits at extreme conditions 

is a leof aridity is of interest, and suggests a collapse of the water -conserving 
ver a ra 

t Condit . 
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wer liraFig. 3. The duration of survival of nymphs at different combinations of temperature and hu- 

s is 15: midity. 

.ves for mechanism, so that the nymph loses moisture almost as rapidly as the larva. 
e appea'At the temperature extreme, the difference between the toleration limits of the 

survirtwo stages decreases because the distinctive ability of the nymph to conserve 
There, water becomes of decreasing importance, aridity playing a decreasing part in 

betvproducing 
death as the thermal death -point is approached. 

arvival 
e there i (b) Intereffects of temperature and humidity 

satura' 
It has been shown that with increasing temperature the partial effect of 

n the la'heat 
in causing death increases. At higher temperatures, therefore, the dura- 

he larvatron 
of survival will not maintain the same relation to rate of water loss as at 

ble moilower 
temperatures. If it be assumed that this harmful effect of heat requires, 

at a fixed temperature, a fixed time to operate, then even at one temperature, 
3ase provided this is above the optimum, duration of survival will not be pro- 

Parasitology xxvn 9 

I 



130 Ixodes ricinus 

portional to rate of loss of water. Thus, the slower the rate of water loss loss of watt 
greater proportion of the lethal effect is attributable to heat, death occurriu and, consec 
such case before the maximum amount of water is lost which the organism death. The; 
tolerate. Therefore, even at one temperature, if this be above the optin water, an in 

duration of survival will not be exactly proportional to saturation deficiel lost, until tl 
even although the rate of water loss be so. This hypothesis. is supported by conditions, 
following experiment. An jute 

Six groups of twenty unfed nymphs were exposed at a temperatua humidity. 
34° C. to humidities of 90, 70, 50, 30, 10 and 0 per cent. relative humis conserving 
They were examined every few hours, and the number of deaths recoil other humi 

R.H. 

90 

70 

50 

30 

10 

Lrirvee / 
/ 

75 

50 

25 

20 25 30 35 °C 

Fig. 4. The lower limiting relative humidity for one day's survival in nymphs and larvae. T Fig. 5. The i 
day limit for nymphs at 22.5, 25 and 27.5° C. will lie between 10 and 0 R.H., since the death is 
vived 2 days at 10 R.H. and less than one day at 0 R.H. 

Fig. 5 shows graphically the duration of survival at each humidity, perces 

mortality being plotted against time. From the figure, the time point It has t 
per cent. death at each humidity can be obtained. deficiency 

If the time in hours required for 50 per cent. death is multiplied br The deviat 

saturation deficiency (s.D.) corresponding to each humidity, the follol lethal factc 

series of values is obtained: 
R.H. Hours X S.D. = P 
70 32 x 11.97 = 383 
50 27 x 19-95 = 539 
30 20 x 27.93 = 559 
10 18 x 35.91 = 646 
0 14 x 39.90 = 559 

where this 1 

entirely to 
siderable a" 

question in 

peculiarly 
room teml 

Now, if survival were inversely proportional to saturation deficiency. metabolic : 

product of the two (P) should be a constant. In the above experiment Pi loss due t< 

increasing value with decreasing humidities down to 10 per cent. That i, variations 

tick survives relatively longer at low humidities than at high. This w: 
simple effe 

indicate that with decreasing humidity death becomes due more and mo, moisture c 
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lois loss of water, the heat -lethal effect having increasingly less time to operate, 
currkand, consequently, being responsible for an everlessening share in producing 
anisa death. Therefore, as the cause of death becomes more and more due to loss of 
optic water, an increasing proportion of the water content in the body requires to be 
leficie! lost, until the maximum amount is reached which the tick could lose under any 
bed k conditions, death being then due solely to water loss. 

An interesting point is the unexpectedly low P value for 0 per cent. 
eratur humidity. Here, again, there would appear to be a collapse of the water - 
hun k conserving mechanism, so that water is lost at a relatively greater rate than at 
recor: other humidities. 

10 20 30 40 50 60 70 

Exposure in hours 
rvae. L Fig. 5. The duration of survival of nymphs at 34° C. and different humidities. The percentage 
nee thf death is plotted against time in hours. 

percet (c) Relation of saturation deficiency to loss of water 

oint fc 
It has been shown that survival of the tick can be measured by saturation 

deficiency only under limited conditions both of temperature and humidity. 

lied by The deviation at higher temperatures is due to the interference of the heat- 
kilo; lethal factor; there remains to consider the case of deviation at temperatures 

where this effect might be expected to be inoperative, and death be attributable 
entirely to loss of water. The question of water loss in insects has received con- 
siderable attention in recent years, and it was felt desirable to investigate the 
question in. relation to the tick in some detail, more especially as the tick is 
peculiarly suited to this type of study. It can live in the unfed condition at 
room temperature for upwards of a year. Destruction of body tissues by 

cieno, metabolic processes must, therefore, be very slow: over a period of days the 

tent P loss due to this cause must be almost inappreciable, and so experimental 

rhatis variations in body weight over such periods can justifiably be regarded as 

This n simple effects of external environmental causes. Further, under unfavourable 
end uro: 

moisture conditions, death can be shown to be due to loss of water from the 
9-2 
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tissues. In Tenebrio and in Rhodnius, Buxton (1930 and 1932 a) has show of the thin n 
loss of water from the tissues is compensated by increased productio1 organic mater 
metabolic water, so that the ratio of dry weight to total weight remains; gauze been u, 
stant. Death will, therefore, be due more to exhaustion of tissues that Groups of 
simple water loss, and, therefore, because of gaseous interchange, the 101 different hum 
weight of the organism cannot strictly be regarded as being an exact reflet later, it is ne: 

of the evaporation rate of free water from the body. sequently, the 
That this compensating activity does not take place in the case of the Three experin 

appears from the following experiment. Groups of approximately fifty us daily losses it 
nymphs each were weighed and exposed at 25° C. and humidities of 70, 5( weight loss h 
and 10 per cent. They were left until death supervened, and were then Il 

over anhydrous P205 at 50° C. until their dry weights became constant 
control, the dry weight of a group of fifty, which had been kept at 90 per (< 

n.H., was obtained by the same method. In Table III the original and Group g. 

Table IV. 

Original 
weight 

Table III. Showing the ratio of dry weight to original weight in groups c, 

fifty nymphs kept at different relative humidities at 25° C. 

Ixodes ricinus nymphs 
Original Dry weight 
weight Dry weight as % of 

Group s.a. in g. in g. original weight 
1 90 0.0121 0.0064 52.9 
2 70 0.0105 0.0059 56.2 
3 50 0.0122 0.0064 52.5 
4 30 0.0132 0.0065 49.3 
5 10 0.0121 0.0067 55.4 

1 

3 
Total 

1 

2 

3 

Total 
1 

2 

3 

Total 
1 

2 
3 

Total 

weights are given, and in the last column the ratio of dry weight /original rsr. 

is given. It will be seen that the ratio is practically constant for all humidi. 

Therefore, since the nymphs at the lower humidities lost weight before dr. 

the ratio of dry weight to total weight at death must have been different tot 

obtaining at 90 per cent., where there is no appreciable loss of weight of fr 
ticks over a period of days. In other words, loss of water in. the tick is 

compensated by increased destruction of tissue to produce metabolic 11-3 

and loss of weight is therefore a direct indication of the rate of evaporativ 
water from the body. 

The method adopted in this and the subsequent weighing experiments; 
as follows. Small metal capsules were prepared, open at one end and har 

the other end closed with fine -mesh wire gauze. The ticks were placed in t! 

and the open end closed with lead foil, held in place by a thin rubber Is 

The containers were then weighed, an analytical balance being used, nl 

weighed to 10-4 g. Since the average weight of a nymph is approxima' 
2 x 10 -4 g., it was necessary, in order to get significant results, to weigh 
of fifty or more. Each container was suspended by a looped string inside 

appropriate humidity system and weighed daily. At the end of the exper' 

the containers minus the ticks were weighed, and the weights of the 

calculated. Since the container consisted entirely of metal, with the excel 

0.0105 

00 coóss 
0.0316 
0.0122 

r 

0.0103 I 

00109 I 

0.0334 I 

0.0132 1 

0.0097 
0.0107 1 

0.0336 1 

0.0121 
0.0110 I 

0.0108 
0.0339 

* The we 

Each unit way 

will be seen th 
weight had be 

At 70 per 
petted interns 
to an actual 
occurred. The 
possibility of 
significance of 

If the rate 
product of th, 
humidity shoe 
from the total 
deficiency. It 
water is relate 

umidities agi 
the relation In 
day, on which 
the calculatio1 
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as shown( of the thin rubber band, there was no variable introduced by hygroscopy of 
productiot organic material, as would have been the case had cotton -wool plugs or muslin 
remains( gauze been used. 

ssues that Groups of nymphs of the same previous history were exposed to 25° C. and 
le, the lox different humidities. This temperature was chosen because, as will be shown 
tact reflet later, it is near the optimum temperature range for the unfed tick and, con- 

sequently, the heat -lethal effect may reasonably be expected to be very slight. 
Ise of they Three experiments were carried out, at different times, and Table IV shows the 
tly fifty ill daily losses in weight at the different humidities in each experiment. Each 
s of 70, 5(1 weight loss has also been expressed as a percentage of the original weight. 
;re then d 

instant. 
A 90 per( 

Table IV. Daily loss 

Original Day 1 

weight - r of weight of nymphs at 25° C. and several humidities. 
Day 2 Day 3 Day 4 Day 5 Day 6 Total 

g. % 
,..____A_____, 

g. % 
r-- 

g. % 
r- 

g. % 
, 

g. 
, weight 

% loss ;final and Group g. g. % 
1 0.0105 0.0010 9.5 0.0008* 7.6 0.0009 8.6 0.0009 8.6 0.0008 7.6 - - 30.5 
2 0.0112 0.0014 12.5 0.0001 0.9 0.0004 3.6 0.0005 4.5 0.0007 6.3 0.0008 7.1 34.9 

t groupie, 3 0.0099 0.0013 13.1 0.0006* 4.0 0.0008 8.1 0.0006 6.1 0.0006 6.1 - - 33.4 

C. 
Total 

1 

0.0316 

0.0122 

0.0037 
0.0010 

11.7 
8.2 

0.0013* 
0.0011 

4.1 
9.0 

0.0021 
0.0011 

6.6 
9.0 

0.0020 
0.0008 

6.3 
6.5 

0.0021 - 6.6 - 0.0008 - 7.1 - - 32.7 
2 0.0103 0.0013 12.6 0.0003 3.0 0.0009 8.7 0.0006 5.8 - - - - 30.1 
3 0.0109 0.0009 8.3 0.0003 2.8 0.0006 5.5 0.0005 4.6 0.0007 6.4 -- - 27.6 

Total 0.0334 0.0032 9.6 0.0017 5.1 0.0026 7.8 0.0019 5.7 0.0007 6.4 - - - 
1 00132 00016 121 00014 100 00016 12.1 - - - - - - 34.8 

ht 2 0.0097 0.0011 11.3 0.0010 10.3 0.0011 11.3 0.0010 10.3 - - - - 42.9 
3 0.0107 0.0015 14.0 0.0015 14.0 0.0012 11.2 - - - - - - 39.2 

Total 0.0336 0.0042 12.5 0.0039 11.6 0.0039 11.6 0.0010 10.3 - - - - - 
1 0.0121 0.0022 18.1 0.0021 17.3 - - - - - - - - 35.4 
2 0.0110 0.0017 15.5 0.0016 14.5 0.0015 13.6 - - - - 43.6 
3 00108 00022 204 0.0012 111 - - - - - - - 31.5 

Total 0.0339 0.0061 18.0 0.0049 14.5 0.0015 13.6 - - - - - 32.5 

riginal lie. 

dl humid'(. Each unit was discontinued when over 50 per cent. of the ticks had died. It 
before di will be seen that death occurred when approximately one -third of the original 
Ierent tot weight had been lost. 

ght of far At 70 per cent. relative humidity there was in each experiment an unex- 
le tick is petted interruption of weight loss on the second day, in two cases amounting 
;abolic sci 

to an actual increment. Thereafter, weight was lost steadily until death 
vaporatii: 

occurred. The regularity of this result over the three experiments precludes the 
possibility of its being due to an error in weighing (see Fig. 6). The possible 

eriments 
significance of this observation will be discussed later. 

d and har. 
If the rate of loss of water is proportional to saturation deficiency, the 

laced intl! product of the percentage loss and the reciprocal of the deficiency for each 
rubber bs 

humidity should be a constant (K). In Table V the daily losses, calculated 
used, n 

from the total of the three experiments, have been divided by the saturation 
pproxi , 

deficiency. It appears that for humidities of 50 per cent. and less, rate of loss of 

weigh gm: 
water is related to this humidity measure, the K values at the different relative 

ng inside humidities agreeing within the limits 0.43 -0.84. At 70 per cent. R.H., however, 
e ex erir the relation breaks down, the K value ranging from 0.89 to 1.65. (The second 
of het day, on which the interruption of weight loss occurred, has been omitted from 
he except 

the calculation.) It would appear from the high value for K at 70 R.H. that the 

* The weights marked with an asterisk are increments over the previous day's weight. 
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nymph loses relatively more water into air 70 per cent. saturated than once the cont 
air. A similar finding has been recorded by Buxton (1930) for theLboth extremel 

worm, and by Mellanby (1932) for the bed -bug. seize without 
To test whether the relation under adverse moisture conditions held f Although 1 

range of temperatures, a group of seventy -five nymphs was exposed to 2fwater at rates 
and 301í.H., and the daily weight loss calculated. The original weight of actually a gre 

group was 0.0142 g. The daily loss in grammes, the percentage of the orinhumidity than 
weight lost and the K value were as follows: possesses some 

the rate of loss 

The possesx 

results obtain 
interest to con] 

Day g. % g 
1 0.0016 11.27 0.92 
2 0.0015 10-59 0.86 
3 0.0010 7.04 0.57 
4 00010 7.04 0.57 

These values for K are in fairly close agreement with the values obtaiar emperatures. 

25° C. (043- 0.84); that is, under highly unfavourable conditions of hunúc Table V] 

rate of loss of water is approximately proportional to saturation deficie.$ 

both at different saturation deficiencies for one temperature, and at diPeD 

temperatures. iVeight Loss i 

of weigh 
ay larvae per ds 

Table V. Showing the ratio of weight loss to saturation deficiency for o 0.0210 - 
nymphs at 25° C. and several humidities. 

2 óói73 óóó2 
s.a. 

Day 1 
2 
3 
4 
5 

6 

70 
1.65 - 
0.93 
0.89 
0.93 

1.00 

50 
0.81 
0.43 
0.66 
0.48 
- - 

30 
0.75 
0.70 
0.70 - - - 

10 
0.84 
0.68 - - - - 

3 0.0153 0.002 
1 0.0128 0.002 
5 Dead 
8 - 
interruption o p 
numbers indic 

Since in two different types of experiment the survival of nymphs had: joining the cir 
found to be unexpectedly short in completely dry air (Figs. 4, 5), the ra: humidity of 7( 

water loss under such conditions was examined. A group of seventy first, decreases 

nymphs, weighing 0.016 g., was exposed over anhydrous phosphorus pento: effort at coral 
at 20° C. Since, even at this temperature, 100 per cent. deaths occur in 2i while at 30° C.. 

(Fig. 3), only 1 day's weight loss could be obtained. The loss was 0.0051 g.: water proceed; 

31.7 per cent. of the original weight. This divided by the saturation defici irregularities n 

(17.54 mm.) gives a K value of 1.8. Thus, here again, we have evidenceísome method 
under completely dry conditions nymphs lose water at a relatively greaten interruption of 

than at higher humidities. A tentative explanation of this has been advatlarvae. No ex 
earlier, viz. that under such extremely adverse conditions the nymph is im logical principi 
to close its spiracles. In this con] 

Table VI shows the rate of loss of water of larval clusters at 25° C. larvae, in so fa 

different humidities. In this case also, loss of water appears to be roughly into damp air 
portional to saturation deficiency at the lower humidities -K = 0.80-1.09 - 

the proportion breaks down at 70 per cent., K ranging from 0.68 to 1.82.. 

experiment is, however, extremely rough, since the larva is so small' Buxton (19 

clusters were used, and the end -point had to be determined arbitrarily,' of water and 
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than ¡Once the container was opened, the larvae could not be enclosed again, being 
the eïboth extremely active and, also, on account of their minute size, difficult to 

seize without injury. 
held l Although both the larvae and nymphs at certain humidities appear to lose 
. to 4ater at rates proportional to the saturation deficiency, yet the larva loses 
;ht of actually a greater proportion of its water content per day at a particular 
e orilhumidity than the nymph. This further supports the hypothesis that the nymph 

possesses some mechanism whereby, under unfavourable moisture conditions, 

the rate of loss of water is reduced. 
The possession of such a mechanism may be associated with the unexpected 

results obtained with nymphs at humidities only slightly unfavourable. It is of 

interest to compare the rate of water loss at 70 per cent. saturation and different 

)tainetemperatures. Fig. 6 illustrates the rates of loss at 20, 25 and 30° C. The 

hunii Table VI. Loss of weight of larvae at 25° C. and several humidities. 
leficie :, 70 50 30 

7.1 11.9 16.6 diñe 
l f - 

Weight Loss of % of Weight Loss of % of Weight Loss of % of 
of weight original of weight original of weight original 

ay larvae per day weight S larvae per day weight S larvae per day weight % 
for 0 0.0210 - - - 0.0222 - - - 0.0210 - - - 

1 0.0200 0.0010 4.8 0.68 0.0201 0.0021 9.5 0.80 0.0172 0.0038 18.1 1.09 
2 0.0173 0.0027 12.9 1.82 0.0185 0.0026 11.2 0.94 0.0141 0.0031 14.8 0.89 
3 0.0153 0.0020 9.5 1.34 - - - - Dead - - - 
1 0.0128 0.0025 11.9 1.68 Dead - - - - - 
5 Dead - - - - - - - 
interruption of weight loss at 25° C. has already been commented on. The 
numbers indicate the individual results of the three experiments; the curve 

hadljoining the circles is based on the average loss per day. At 20° C. a relative 
ie rat humidity of 70 is only very slightly unfavourable; the rate of loss, rapid at 
rentr:first, decreases later. At 25° C. there would appear to be an early abortive 
oento ?effort at compensating for evaporation, after which, loss proceeds steadily, 
in 2cwhile at 30° C., at which temperature 70 R.H. is distinctly unfavourable, loss of 
151g. water proceeds evenly right from the commencement. As has been said, the 
leficio irregularities may possibly be connected with the possession by the nymph of 
encetsome method of conserving water. Thus, there would appear to be no 
eater: interruption of loss at 25° C. and 70 per cent. in the case of the non -tracheate 
adva! larvae. No explanation can, however, be offered at present of the physio- 
is ur logical principles underlying the phenomena. 

In this connection it is of interest to note that the rate of water loss in the 
5° C, larvae, in so far as the results can be relied on, is greater, relatively speaking, 
ghlyiinto damp air than into dry, yet the larva has no tracheal system. 
1.09- 

.82.1 (d) Saturation deficiency, loss of water and survival 
nail Buxton (1931, 1932) has collected a mass of evidence dealing both with loss 
,u dof water and with survival, and has shown that, with certain limitations, 
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saturation deficiency governs the loss of water of fasting insects of vourable ar 
species. Although recognising that exceptions exist, he suggests thatpi so far as t. 
applies to the majority of insects. It has been shown above that this reladitiona in the 
ship applies also to the arachnid, Ixodes ricinus. It is of interest to consid{rümidity for 
what extent Buxton's generalisation applies to survival. It has been seeubver a narrow 
the relation of saturation deficiency to water loss at one temperature btuitability of 
down both under conditions of extreme aridity and under conditionsstribution o 
slightly unfavourable, so, therefore, its relation to survival also must be su 
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Fig. 6. The curves of percentage loss of weight of nymphs at 70 B.H. and different tempemand not until 
The curve for 25° C. is based on the average of three experiments; the individual reo Was raised. W] 
indicated by numbers. general in bol 

to these limits. Even within these limits, the duration of survival doe.began, market 
maintain a fixed relation to rate of water loss, so the application of the rela'sl0wing down 
ship to survival must be further limited. Thus, at temperatures ceiheat stupor w 

optimum, there is an increasing heat -lethal effect with increasing temperaRaising the t 
As has been shown above, there is also at such temperatures an ineft movement of 
heat -lethal effect with increasing humidity. It follows, therefore, that Bussec0nds per t 
generalisation applies to survival of the tick only within strictly limited second is rou 
ditions both of humidity and temperature. Since humidities only sliglitl?related to tem] 
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sects of se avourable are without these limits, the practical utility of this generalisation 
gests that so far as the tick is concerned is very much reduced. Thus, since at con- 
ga this relations in the neighbourhood of the biological limit for the tick the _limiting 
;t to considhumidity for survival is not expressed by a single saturation deficiency, even 
I been seeaover a narrow range of temperature, the law cannot be used in assessing the 
)erature bsuitability of different climates or seasons, or in mapping the geographical 
onditions distribution of the species. 

must be su 

Iv. INFLUENCE OF TEMPERATURE ON ACTIVITY 

In the preceding sections the limits of climatic conditions for indefinite 
survival of the unfed tick have been defined, and the duration of survival at 
conditions beyond these limits discussed. It is now necessary to consider 
which conditions, within this 'survival range, constitute the optimum for 
activity, and which, if any, produce responses conducive to host parasitisation, 
by affecting the relative accessibility of parasite and host. 

It is clear that temperature is the important variable to be considered. The 
survival limits embrace a wide range of temperature and only a narrow 
humidity field. Further, changes in the moisture equilibrium of the air, within 
the narrow limits permissible, would not be expected to produce immediate 
responses, but rather to take effect through their prolonged application altering 
the water content of the body. It has already been shown (MacLeod, 1932) that 
tick activity can be correlated with air temperature, whereas there is no 
apparent relation between activity and rainfall. 

(a) Rate of activity 
Several nymphs and adults were placed in a corked tube, the atmosphere 

of which was kept saturated by a moist cotton -wool plug. Within the tube was 
° c a strip of paper marked in tenths of an inch, so that a measure of the rate of 

movement of the ticks could be obtained. The tube was placed in a water -bath, 
the temperature of which was steadily raised, and the behaviour of the ticks 
noted. 

Irregular results were obtained with the lower temperature limit for 
6 activity. Movement in one or both stages began at 11° C. in some experiments, 

went tem 
and not until 14° C. in others, according to the rate at which the temperature 

dividual rep Was raised. When the temperature was raised fairly rapidly, movement became 
general in both stages at 13° C. At 40° C. the stage of excited movement 

rvival d &E =began, marked excitement being exhibited at 45° C. At 47° C. there was a 
of the rela5lowing down of activity, and many of the adults became comatose. At 49° C. 

,tures overheat stupor was general in both stages, but recovery took place on cooling. 
rg temperaRaising the temperature to 51° C. resulted in death. In Fig. 7 the rate of 
s an incr.movement of nymphs at different temperatures is plotted, on a basis of 
, that Burseconds per unit (one -tenth of an inch). The reciprocal curve -units per 
.ly limited 

second -is roughly sigmoid, suggesting that the velocity of movement may be 
ily slightlrrelated to temperature according to van't Hoff's formula for chemical reactions, 
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Qie - Ko (11 To / 
if K be taken as the time required to travel a fixed n Je, while the 

\ änge of tempe 
of units. (b) Preferred temperature y altering the 

A careful and detailed study of the response of this tick to different late by a pap 

peratures has been made by Totze (1933), who found that the pTe¡.iuced, 
so ultim 

temperature depended on the previous conditions of temperature to whiraseline 
impre 

The end 
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I 20 30 40 c° The evident 
Fig. 7. The rate of movement of nymphs at different temperatures. Phus, Hindle a 

ticks had been exposed, varying from 15° C., in the case of ticks previ?hototropic in. < 

maintained at 10 -12° C., to 19° C. (nymphs and larvae) and 23° C. (ad`emale of Mar 
when the previous temperature was 18 -20° C. He found that ticks codleliotropic rest 

adapted to different preferenda by subjecting them for 2 -2.5 hours to hie'otze (1933) rei 

lower preliminary temperatures. ú11y his meths 

In the experiments described below, the ticks used had been bred at ?ositively phot 
temperature (14 -18° C.). The method adopted was as follows: end below whit 

A copper strip, 30 x 3 in., was placed so that one end supported a hl peen entirely in 
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L a fixed niCe, while the other was warmed by a bunsen jet below it. There was thus a 

ange of temperature along the copper strip, the limits of which could be varied 
,y altering the size of the jet. It was found that if the ticks were confined to the 

o different date by a paper flange, the complicating factor of thigmotropism was intro - 

t the 

different 

t 
Luced, so ultimately the method adopted was to border the plate with a strip of 
raseline impregnated with clove oil, contact with which ticks had been found to 

ire to wlúcbvoid. 
The enclosed area of the plate was marked off into sections, the tempera- 

tures of which were first obtained for each experiment as follows. A small pool 
)f water was placed on each section. After half an hour the bulb of a ther- 
nometer was placed in the water, and an approximate index of the surface 

Table VII. Preferred temperature for unfed nymphs. 

Temp. ° C. ... 7 -10 11 -13 14-17 18-21 22-25 
No. of ticks in each section 

26-30 

Exp. I 10 4 13 3 1 1 
II 5 0 20 2 4 5 

III 13 3 22 5 0 0 
IV 17 9 28 3 5 0 

I' Average 11 4 21 3-4 2-3 1 -2 

;emperature of the section was thus obtained. The ticks were distributed 
i, :venly along the plate, and left to choose whichever section was most suitable. 

Phe apparatus was roofed over with black cloth to exclude light. The ticks 
were left on the plate for about 1 hour, and then the result of the experiment 
ras taken. Table VII records the results of the experiments with nymphs. 
Phose in the coldest section were probably inactivated by the cold and re- 
named motionless. If this section be ignored, it would appear that the tern.- 
?erature preferred by the nymphs was 14-17° C. This agrees with Totze's 
inding of 17° C. for nymphs reared at 14 -18° C. In two similar experiments with 
arvae, the preferred temperature range was found to be 16 -17 and 18 -21° C. 

4espectively. Totze records the larvae as behaving similarly to the nymphs. 
From these and Totze's results, one may assume that the preferred tem- 

aerature range of the tick lies between the limits of 14 and 23° C. 

V. THE PHOTOTROPIC RESPONSE AT DIFFERENT TEMPERATURES 
AND HUMIDITIES 

c' The evidence with regard to phototropism of ticks in general is conflicting. urea' 
Phus, Hindle and Merriman (1912) found that Argas persicus was negatively 

ticks preri?hototropic in all stages. Similarly, Hunter and Hooker (1907) record that the 
23° 0. (ad emale of Margaropus annulatus, an eyed tick, is strongly negative in its 

b ticks coileliotropic response. Yet, in the eyeless Ixodes ricinus, Olenev (1927) and 
curs to higlrotze (1933) record a positive phototropism for the unfed tick. Totze describes 

úlly his methods and results, which indicate that all the unfed stages are 
?,n bred ate ?ositively phototropic, and that there is an optimum intensity of light above 

ind below which the ticks are less marked in their response. The writer has 
orted a ¡peen entirely unable to confirm this result. 
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The response of the tick to light was tested in three different ways: In Totze's e 

(1) A sheet of white paper was placed on a hot plate, the temperature of whirl ution, so the c 

electrically controlled. This was placed near a window, ticks liberated on to it, and theiroducing a soy 
traced. In all instances they were negatively heliotropic. Gorged nymp 

(2) Ticks were distributed evenly inside long glass test- tubes, which were plag 

different positions on a copper plate. This was supported on trestles, with a row of ga VI. THE 
under one end. There was thus a temperature gradient along the plate, the limits of 

could be adjusted by altering the flame of the jets. This method prevented any I 
The followin 

movement, and gave a similar result to the first method. . ;únulus of gray 

Following on this work, a routine method of manipulation of tick, in. diameter wi 

pending on their negative phototaxis, has been successfully used for tl(5bout 
9 in. abo` 

few years. ater, the temp( 

Subsequently to the above work, Totze's work was published, and, sin, 
gulating mecha 

results were in direct contradiction to the writer's findings, a careful stu'moving the fiai 

the subject was made, under properly controlled conditions of tempera mouth, by a st 

humidity, and radiant heat. ads, and this e] 

iigmotropic stir 
(3) A water -jacketed thermal cabinet was used for controlling temperature; Brie glass was pert 

degrees of humidity were obtained by the use of potash solutions. A solution of the to 
of th( concentration was placed in a large petri dish, over which was then stretched a piece 

muslin gauze, held taut by a rubber band. On this the ticks were placed. Another g áuslin allowed o 

of the same diameter was inverted over the first, and thus the ticks were enclosed in By placing or 
space, the relative humidity of which depended on the concentration of the solution bellass cylinder, it 
The whole was placed in the cabinet, the temperature of which had been brought'aylight. A weit 
required degree, humidity in the 5bmerged in the 
might attain to equilibrium. Light from a 60 watt lamp, 1 ft. away, was then akk 

through a glass pane in one side of the cabinet, and the reaction of the ticks observed harrow diameter 
a sliding panel in the roof of the cabinet. The light, before entering the cabinet, was:osition. Similar 
through a bath of 1 per cent. ferric sulphate solution, which absorbed the heat rays. he containing to 

In all the experiments, it was observed that the ticks exhibited Weight to keep it 

definite response than a general tendency. Thus, some individuals rem: 
Fig. 8 shows t. 

indifferent for some time, wandering at right angles to the light rays; 
(nth and without 

travelled towards the light source for some distance; but all eventually i 

to congregate at the side of the vessel farthest away from the light. 
idicates a less d 

Both adults and nymphs were tested, and experiments were carried 
ertical lines ind 

each of the following temperatures and humidities, the result being in all es he esponse lof t] the same -a negative phototropic response. It will be seer 
Temperature R.H. eotropie at temp 

° C' 11 100 90 
14 100 - 
16 

100 90 
22 100 - 
25 100 90 
28 100 90 

33 - - 
35 100 90 
38 - 90 
40 100 - 

hese limits they - - - - itensity of respc 
70 50 

irk is negatively 
70 - It has been 
- 
70 50 - elow 10° C. Fro 70 60 30 

70 50p f 10 -14° C., alth( 
70 50 30 emain at the roc 
70 50 - 

irks would be ex 70 50 30 
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In Totze's experiments also, radiant heat was absorbed by a suitable 

ution, so the difference in the results cannot be due to positive thermotaxis 

producing a source of error, and therefore remains unexplained. 

Gorged nymphs and larvae were also found to be negative in their reaction. 

ited any j The following method was used for studying the reaction of the tick to the 
;imulus of gravity at different degrees of temperature. A glass cylinder of 

of ticks in. 
diameter was placed upright in a copper water -bath, so that it projected 

d for ti;bout 9 in. above the level of the bath. This and the bath were filled with 
ater, the temperature of which could be kept at any desired degree by the 

and, sim :gulating 
mechanism of the bath. A number of special tubes were prepared by 

reful stu;moving 
the flanges from test -tubes and holding each couple together, mouth 

tempera) 
mouth, by a strong, narrow rubber band. Each tube was thus domed at both 

ads, and this eliminated the possibility of complicating modifications from 
sigmotropic stimuli. One end of each containing tube was ground down until 

ature; dhae glass was perforated. Over the hole a piece of muslin gauze was pasted. The 
of the re,tinui 

` 
ty of the inner surface of the tube was thus maintained, while the 

jd a piece 
iotherglaluslin allowed of the humidity in the tube being regulated. 

aclosed in By placing one of these tubes, containing ticks, in the exposed part of the 
olution ixiass cylinder, it was possible to expose the ticks to any desired temperature in 
brought aylight. A weight attached to the lower end of the tube kept it practically 
y in the Ubmerged in the water, the perforated end only being above the surface. The 

bss 

then 
ervedti 

arrow diameter of the cylinder prevented the tube from leaving the upright 

inet, wes:osition. Similarly, to expose ticks in darkness to any desired temperature, 
seat rays, he containing tube was placed inside the copper water -bath with an attached 

hibited Height 
to keep it upright, and submerged except for the perforated end. 

uals rem: 
Fig. 8 shows the geotropic response of unfed larvae at different temperatures, 

nth and without the presence of daylight. A closed circle indicates a marked 
open 

rays; 
involving all, or the great majority of, the larvae; an o en circle 

itually t 
idicates a less definite but appreciable tendency. Circles on the left of the 
ertical lines indicate a positive geotropic response; on the right, a negative 

carried' 
esponse. A limited number of experiments with unfed nymphs suggests that 

ing in all gg 
he response of this stage is similar to that of larvae. 
k It will be seen from the figure that, in darkness, larval ticks are positively 
eotropic at temperatures below 12 and above 30° C. At temperatures between 
hese limits they are negatively geotropic. Under the influence of daylight the 
atensity of response is greater, and the range of temperature for which the 

_ ick is negatively geotropic is more clearly defined as 14 -24° C. 
It has been shown previously that ticks are inactive at temperatures 

j Below 10° C. From the above result it might be assumed that at temperatures 
f 10 -14° C., although active to a greater or lesser extent, they tend in nature to 
emain at the roots of vegetation. Again, at temperatures of over 24° C., the jks would be expected to forsake the vegetation for the surface of the ground. 
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A similar inhibiting effect of high temperatures on negative geotropism The ti 
been found by Fraenkel (cited by Uvarov, 1931) in the case of the d rature 
locust, the hoppers of which climb the plants only at temperatures b 

30° C., while above it they remain on the ground. 
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Fig. 8. The geotropic response of larvae and nymphs at different temperatures. Closed c8uch seasc 
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VII. DISCUSSION 

The most marked feature of the climatic requirements for survival o 

unfed Ixodes ricinus is the high degree of humidity necessary. Satura 
appears to have no adverse effect on vitality, a markedly different result 
that obtained by Cirnliffe (1921, 1922) for Ornithodorus moubata and sa 

ticks of dry climates, which are adversely affected by excess moisture. 
lower limit of humidity for survival of Ixodes ricinus, throughout the li 

temperature normally obtaining in nature in this country, is fairly 
represented by a relative humidity value between 70 and 80. 
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The tick shows considerable powers of resistance to freezing, if the tern- 
rature be lowered slowly so as to allow of the development of a cold hardi- 
ss; the upper temperature limit for survival, on the other hand, is not very 
gh. 

Within these survival limits of temperature and humidity, the conditions 
iecessary to allow of the tick's gaining access to hosts are those which permit of 
rormal activity. It has been shown that the tick becomes active at temperatures 
>f 11° C. and over. If the preferendum temperature be taken as the most 
favourable for normal activities, the limits of 14-23° C. are indicated. 

In Nature, the unfed tick is found on the tops of vegetation, whence it is 
subbed off by passing hosts. The second condition, therefore, under which 
access to hosts is favoured is that which induces a climbing habit. The tick is 

negatively geotropic in daylight within the temperature limits of 14-24° C. 

Within this range they will tend to congregate on tops of grass, rushes and 
shrubs. The limiting factor for host parasitisation, as opposed to that for 
survival, would therefore appear to be primarily temperature, opportunities 
for attachment to a host being most favourable at temperatures of 14-24° C. 

The various experiments with unfed ticks have been carried out at all 
seasons of the year, as have also the processes of feeding and development. In 
no case has any indication been obtained of the overwintering torpor of unfed 
ticks described by Totze (1933), or of gorged ticks, Falke (1931). Falke's 
hypothesis has been discussed in my previous paper. Totze mentions a recog- 
nisable dullness as the sign of approaching torpor, which lasts from mid - 
September to the beginning of April, and which is not affected by altering the 
temperature or humidity. This could be possible only if there occurred in the 
tick an auto -intoxication from development, necessitating a seasonal diapause 
for physiological purification, comparable to the asthenobiosis of hetero- 
dynamic insects (Roubaud, 1922). The fact that ticks have been fed, and the 
gorged stages hastened through development at favourable temperatures in 
winter and summer, with no difference in the time required for metamor- 
phosis (MacLeod, 1934), is sufficient evidence that in this country, at any rate, 

Closed such seasonal variation in metabolic activity does not exist. 
onse. 
response. 
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That part of tie physioloical .life history of 

the tick, Ixodes ricinus,'whicn is :'eait with in the 

ÿresent paper falls into three separate and distinct 

phases, maturation of the gonads, oviosition and 

develo,,rnent of the Et; ; these three are collectively 

refer_.ed to as reproduction. It was felt esira1le 

to deal with tige cEelo ment of the egg under this 

Eerieral heading rather than when dealing with the 

metamorphoses of trie gorged larval and nymphal stages 

partly since it rray be argued tht, strictly speaking 

it must incla:e the ontogeny of the new individual, 

before the ter.. 'reproduction' is justified and, more 

particulerl;¡, tiecruse the development of the gorged 

tic:- and of tige egg present two distinct problems. 

Thus, the development of the nyhipii or adult, from 

the engorgement of the preceding stEge to the final 

moulting, may be regarded as one !rocess; further, 

it folios on the Engorgement phase, the conditions 

of which are subject to little or no microclimatic 

variation, although some degree of variation may 

possii;ly occur in the nature of the food supply. In 

the Case of the egg, on the other h,.ïî: , its develop- 

mental phase is merely a part of it2 history, the 

rest of which - the formation and deposition of the 

egg - may be subject to vide climatic variations, th 

possible Effect of which variation in the subseouent 

developmental phase reouires to be considered. 



PRE- OVIPOSITIOU PERIOD 

(a) Duration of pre -oviposition -:period at different 
temperatures and humidities 

The influence of the different climatic factors 

on the evelo)ment of the gonads of ort iropods hE s 

received little attention. In the case of ticks, 

Cunliffe (1921) showed that the ore- oviposition pe- 

riod in C,rnitrrodor s moubL te averaged 29 days at 22° 

and 15 days at 30°C. Similarly, .is'hopp (1932) 

found this period to be foncer, i the case of the 

cattle tick, at low than at nigh temerL tures. Ob- 

servations on the duration of the period at differ- 

ent seasons have been recor(ed by Hooker, Dishópp 

and 'Jood (1912) and -hishopp and .:ood (1913) for many 

of the orth f::r:.erican ticks. ro di ta have been re- 

corded of the effect of clim te on this period in 

Ixodes ricinus. The existing information on the dur 

tion of the period may be summarized as follows: - 

lqathors Tempera- Da s turc 

Wheler 
Samson 

1899 
1909 

-=y 
22 
14 - 

Nuttall 1913 24 °C 17 -24 
Olenev 1927 - 4 -24 
Elmenov 1930 6 -14 
Falke 1931 20 °C u -î0 
MacLeod 1932 15 -21 °C 14 -52 (usually 15 -22) 

Newly gorged female ticks, in each case with 

a male attached, were subjected to different com- 

binations of temperature and humidity as the ticks 

became available. Table I records the time elaps- 

ing/ 
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elapsing before oviposition began in each case. 

i t any particular combination of temperature 

and humidity, there is e very considerable variation 

in the duration of the ire- oviposition period. The 

apparent tendency for the period to be shorter at 

high to peratures than at low is render ,d insignifi- 

cant by this irregularity; all that con be oafeiy 

inferred from the table is that a t the extreme li- 

mits of teraì erature ar humidity, i.e. at 27.500, 

100 to 90 R.H; 20 °C, 80 H.H., and 14.16 °C, 75 R.H., 

the period is longer than at median temperatures and 

high huï.id ities. In actual fact, at many of the ex- 

tremes, particularly of humidity, oviposition was 

abortive, only some few d oxen eggs being laid. 

It is of interest that the shortest period ob- 

tained at any combination was days, whereas two 

Russian workers, Glenev and Elmanov, re co d shorter 

periods. 

(b) Lower limiting temperatures for maturation of 
ovaries 

In Table I, "no eg, -laying" is recorded for the 

combination 2 -3 °C, 100 it.ti. This means that in the 

two -months' period during which the females were 

under observation, oviposition had not commenced. 

The experiments were then discontinued. It was ap- 

parent, however, thEt the method used involved E_ 

possible source of error; the absence of oviposi- 

tion/ 



4 

oviposition might not neces erily mean that the go- 

nads were not mature; it might merely be due to the 

two processes having different critical temperatures. 

To test this, a gorged ferule which had been kept at 
0 

room temperature, 15 -16 C, for 7 days, was placed at 

2 °C and left for 6 days. It was then returned to 

room ter;per&ture , 100 R.H. , and oviposition started 

6 days late i.e. 19 drys after engorgement. Anoth 

female, imLediately after engorgement, was placed at 

2 °C, 100 R.H., h nc. left there for 3 months. Nine 

days after rer ov l to roc.m temperature, egg laying 

commenced. The experiment we-s repeated, two fe- 

males being left for 3 months at 2.3 °C. Cvii osition 

began 10 days after removal to room temperature. 

It is probable, in vie:» of the normal duration of 

the period at room temperature, that some degree of 

development of the ovaries took _lace at the lower 

temperature, i.e. that maturation may occur to sole 

extent at temperatures as low as 2 -3 °C. 

CVIPCSIT IU; 

(a.) Lirnitin temperatures and humidities 

fi study of Table L indicates the limiting con- 

ditions of tel 
_ 
erature and hurí.i ity for oviposition. 

A striking feature of the result is the comparative- 

ly low upper limit of temperature_ - between 27.5 0C 

and 30 °C. Again, as in the case of metamorphosis 

of/ 



- 5 - 

of gorged ticks and also of survival of unfed ticks, 

the lower limiting humidity is high.- 75 to 8o R.H. 

at temperatur=s of 14 -25 °C. 

As has been stated above, no oviposition took 

place at 2 -3 °C over periods of 3 months. To deter- 

mine whether this was due to the inhibitory effect 

of such a low temperature, or merely to the extremely 

slow rate of maturation of the Eggs, the following 

experiment was n. d e . 

Three females which had com. enced egg.- laying 

et room teìapera.ture were placed at 2 -3 °C. Ovipositin 

ceased nd no Eggs were laid during trie next three 

months. The females Were then re turned to room tem- 

perature, and within a few days ovipsoition recom- 

menced. It would apnear, therefore, that whereas de 

velopment of the o- cries may not be inhibited at thi 

temperature, the actual process of oviposition is 

inhibited. 

(b) Influence of temperature and humidity on course 
of oviposition 

As in the case of the pre- ovipositior, period, 

no exact evidence is recorded of the effect of tem- 

perature or humidity on oviposition ir_ tnis tick, 

or, indeed, little information of any kind with re- 

gard to the factors influencing the process. Nuttall 

(1913) records that oviposition lasted 32 -45 days in 

May, and. 44 -45 bays in April. 

The/ 
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The following records refer to female ticks ex- 

posed to controlled conditions at different times, as 

o,. ortunity arose. A greater number of results 

would have been desirable, but, nevertheless, the 

evidence available, limited as it is, is worts pre- 
CLAW 01170- 

senting because of the tendencies betrayed. 

Ta.,_ le II records the total nur.ber of e s laid by 

females in s. torated air, and at different tempera- 

tures, toge the r with the time taken. As sight be ex- 

pected, there is e considerable variation in the to- 

tal for a.ny one temperature, since the amount and 

nature of the blood Mel will naturally affect the 

total. It is apparent from the table that the aver- 

age total is not significantly affected by tempera- 

ture. This is in agreement with the results obtained 

by Hunter and Hooker (1907) for ELf a.ro :us a.nnulatus. 

Cunliffe (1921), on the other hand, found that, in 

the case of Crnithodorus m_oubayta, the ELL total at 

30 °C was 5G per cent. higher than that at 22 °C. 

The average time taken fór completion of ovi- 

position is progressively less with increasing tem- 

peratures. Although the results, taken individually, 

are not significantly different from each other, the 

regular trend of the averages suggests that, in all 

probability, there is a correlation between time 

and temperature (compare Nuttallts finding, quoted 

above)/ 
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a';:ove). The <vEra.ge number of ets per day has been 

estimated in er cn case, EEU, tre ì-ecns of t'Y:E results 

(eiC, coiuir.n) sï_o: ro`; ESSivE increase `;Titel hiLher 

temperatures, sunesti t._at the .=ecreasein the 

time t._ ...eri at ..iLhcr t er_.tures is due tc the ac- 

celerated r,-:t.e o_ uti-il:osition, and ::ot to decrease 

in the number of es laid. 
Ta.';,le III Lives the e;., totals, time taken and 

daily average at 25`'C and relc tive humidities of 100, 

GO nn:' Here also, the results, thoueh not sta.- 

tisticr:liy sinific;:r.t, are sua;e:;tively uniform in 

the trend of their means, and justifiably be 

interpreted as incic<.tint that the y,rogr ssive de- 

crease in the daily averaLe, with äecreasin¿ C1uÏí;i- 

dities, is due, not to a lenEthe-:inL of tie ta- 

ken for oviposition, since the time is more or less 

consta,-nt (cDl,;_.ri 2 of avera:.6Es), l'ut to a decfease of 

the total (cLluf:In 1). In other words, a decrease of 

temperature slows dowr, the rate of ov1 position, where 

as a de.crease in humic ity results ir, a reducti_n of 

the total number of eL, s 

Yi6. illustrr.t .s the course of oviposition, A, 

at one hu:..iù ity and two temperatures; B, .at one tem- 

perature and tl.no hurr.i: ities. The curves are based 

on the actual daily figures for one female in each 

ca.: E. Daily counts WerE made for all the females; 

the curves were drawn in Each ca e and are more or- 

less 
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less similar to trie types presented. These have been 

chosen merely because they approximated most closely 

to the average times and totals for their particular 

conditions. They represent, respectively, the follow 

ing ovipositions:- 

Conditions Total Days 

14 -18 °C 100 R.H. 1376 36 
25 °C 100 H.H. 1289 20 
25 °C 80 R.H. 948 19 

It will be seen that the oviposition curve be- 

trays a uniform character, the d il.y deposition of 

eggs rapidly risinL to its maximum, then falling away, 

more or les slowly, as the ovary becomes exhausted. 

Under favourable humidity conditions, the peak of 

the curve is higher, and is reached ore rapidly 

at the higher temperature and exhaustion occurs afte 

a shorter period. At the lower temperature , where 

metabolic activity is sloTer, the ovary takes longer 

to reach its maximum functioning rate, and maintains 

it over a longer period; the curves are, however, 

essentially similar. In the case of the female. 

:t tLe unfavourable humidity of 80 R.H. , the result 

is different. At first, its oviposition curve agree 

with that of the female at 100 R.H., but, within a 

few days, under the adverse moisture conditions, the 

ovary fails to maintain the daily output, which ra- 

pidly 

to/ 
drops to a low value, and thereafter dwindles 
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to zero: oviposition ceases, not because-the ovary 

has exhausted its potentiality for egg production, 

but because of trie adverse external conditions. 

DEVELGEJLNT OF THE EGG 

It mould appear that the only controlled experi- 

ments on tt_e effect of clim; to on the 'development of 

te_e egg Of Ixodes ricinus Ere those of Glenev (1924, 

1927). He states (1924) that, whereas under natural 

conditions eggs took 6 .reeks to hatch, under artifi- 

cial conditions at a temperature of 25 -300, they 

hatched in 3 weeks. They -7ere killed by e hur i ity 
of 50 -60 R.H. In a later paper (1927), he describes 

an experiment in ;hich he yple,ced eggs (1) on ice 

(0 -17 °), (2) in corridor (1 -12(3), (3) in forest 

(1U -200), (4) in tent (15 -20) and (5) in kitchen 

(25 -30 °). Hatching occurred after 300 -400 days, 

140 and 67 days, 61, 44 and 25 days respectively. 

(a) Limits of tempere turn and humidity for develop- 
ment 

It was hoped to obtain information both on the 

limitinc. conditions and on the erceritage fertility 

of eggs under these conditions by subjecting batches 

of eggs of known number to the various combinations 

of temperature and humidity. Several such ex ;eri- 

ments were set up, and in all of them the sane re- 

sult was encountered - the eggs shrivelled, and no 

hatching/ 
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hatching occurred e. cept at one or two combinations, 

notably at 25°C and the Ligiier humidities. It would 

seem that the manipulation of the eggs, incident on 

their enumeration, adversely affects their viability 

to a very marked extent, so that, even under fevour- 

able conditions, there is a tendency for thew; to 

shrivel. he expedient was then resorted to of us- 

inE complete egg clusters; the results were recorded 

merely as "rxatchinEl if any larvae appeared, or 

"death ", no account being taken of the differential 

mortality rat,_ s. Table IV records the results of th G 

various e>- eriments. The values refer to the number 

of days between exposure of the egg cluster to the par- 

ticular conditions and the hatching of the first lar- 

vae. A plus sign indicates that all the eggs died. 

It -rill be seen that there is a: wide variation 

in the times records. e ;'en for one combination of 

temperature and humidity. This is doubtless due to 

some extent to such variables as the age of the eggs, 

which varied from 0 to 10 days, and the temperature 

of the individual ther__:osta.ts, which differed siiEht- 

ly for the different experiments,which were carried 

out over a period of two years. lour results are, 

however, strictly comonrable; these se are indicated 

cY asterisks and will be referred t _- later. 

It .'could appear that the lower limiting humidity 

f or/ 



for development of triE e ;, corresponds with that for 

development of tre later stages, being in the neigh- 

bourhood of 0 per cent. saturation. The up e. teh- 

perdure limit for viability of cc,_s would c_; -ear to 

be sl1`i_tly -OWE1' than that for the gorged larva and 

nyr., us, apparently lying between 300 and 35 °C. 

(b) The threshold of development 

It has been shown in e previous Japer that the 

Thermal Constant theory cannot be used, in the case 

of the tic , as a basis for the estimr:tion of the 

threshold of .!evelo=ent. "Vite a?: roxii,_cte threshold 

might be determined by the method of plotting the ve- 

locity curve of development and ;producing it below 

the lowest point obtainable e_-perimentally. This me- 

thos cannot be used here since suf_'icientiy exact in- 

formmstion of the cevelo2ment velocity of the egg at 

different temperatures is now available. It became 

necessary, therefore, to c:.vise an alternative method 

This consisted i.. e.:_.Dosing eggs to LA/go temperatures 

sufficiently clo e to each ot:.er to o-:;viste the pos- 

sibility of their requiring, for completion of de- 

velopment, different amounts of het - Expressed in 

effective day -degrees or day -degrees over the thre- 

hold. The result allows of the probable threshold 

being obtained by calculc.tion. It was felt desir- 

able, in order that a true result might be obtained, 

to/ 

/. 
L1,, 



- 12 - 

to reproduce, as far as possible, the cond itions 

under which eggs would develcp in nat -re, i.e. satu- 

rated air and a fluctuating temperature. Clusters of 

over two hundred es of the same aLe -acre used; the 

date of com ence.1lent of hatcninL in er cn case may 

reasonably bE taken, therefore, as reflecting fairly 

accurately the tre shortest time reouired for devei 

ment under trie particular conditions o'ot; ining, since 

with such numbers indi-: idual a;ariation is unlikely to 

upset the result. The egg clusters, which had not 

been counted or otherwise handied,were exposed in 

tubes over water in closed huL id.ity systems. A tem- 

perature range exhibiting moderate fluctuations was 

obtained by the use c a. water bath with a cold water 

circulation. The d ifficulty lay in reproducing 

these conditions with a slightly higher temperature, 

i.e. in obtaining a different temperature range, 

whose fluctuations should correspond in frequency 

and magnitude to those of the waterbath.n evapora- 

tion- cooled sysem was found to fulfil these require- 

ments. A humidity system was wrapped in cloth, whic 

was kept moist by a steady trickle of water. The rat 

of water flow in both systems was adjusted so that 

their temperatures differed by only a half- degree 

centigrade. Daily temperature records were then 

taken, and it was found that thc temperature of the 

evaporat ion/ 
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evaporation system maintained a. fairly consistent re- 

lation to that of the water bath. Fig. II shows the 

freouency distribution curves of temrjer,.ture of the 

two systems from the commencement of the experiment 

until commencE ent 3f hatching in the water bath 

system. It l.11 be seen that there was a close 

quantitative correlation between the fluctuations of 

the two systems, the evaporation system remaining 

approximately a half- degree cooler than the water 

bath. 

The experiment was initiated on the sanie day as 

that on which eggs were laid. Hatching commenced in 

the .aster bath system on the 43rd day, in the evapora 

tion -cooled system on the 50th day. 

The mean temperature of the former over the 43 
o 

days was 19.2 C, that of the latter, over the 50 days 
o 

lú.7 C. Therefore, the total heat increment in 

day- degrees in each case was 19.2 x 43, or 6126, and 

16.7x 50, or 935. 

Let.X = the threshold of development; then, 

X27 - 43 x = the number of effective day- degrees 

= 935 -.50X (since it is asFumed thEt the neces- 

sary number of effective day -degrees is the 

same for two temperatures so close together). 

Therefore X = 15.5. 

This reult confirms that obtained in the case 

of/ 
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of the gorged ticks, i.e. that ti:e threshold of de- 

velopment lies in the neighbourhood of 15 
o 
0. 

This conclusion is, of course, permissible only 

if it is assumed that hatching of ti.E egg occurs im- 

medirtely development of the contained larva. is coi:- 

pleted , and is not dependent on a. particular set of 

extrinsic conditions occurring. This assumption 

seems reasonable, ut there is no direct evidence on 

this point. Incidentally, it has been found that 

hatching of fully develoed larvae would not occur 

at 2 -3 °C over a period of exposure of 4b days. 

(c) Influence of oviposition conditions on develop- 
ment and fertility of eggs 

It has been pointed out earlier that the develop 

ment of the egg presents rather a different problem 

to that of the gorged larva. or nymph, since its de- 

velopment represents but one _:ha: se,_.rior to the in- 

ception of which the egg, or, rather, the ovigerous 

female, is exposed to variable climatic vicissitudes. 

It is, therefore, necessary to consic.er the influence 

if any, which such variations may have on the future 

history of the egg. 

In the following experiment, the conditions con- 

sidered were: lo-i temperature with low humidity, low 

temperature with high humidity, high temperature with 

high humidity and high terr,.;erature with low humidity. 

The effect of each of these combinations of condition 

during/ 
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during development was tested on eggs which had been 

laid under each of these combinations. Gorged fe- 

males which had begun egg -laying were exposed to the 

appropriate conditions for one week, The egg clus- 

ters laid during this period were removed and exposed 

in duplicate to the various developmental conditions. 

Table V summarizes the experiment, the results 

being set out so that each horizontal line refers to 

eggs exposed to a particular set of developmental 

conditions, the history of their disposition being 

different in each case, whilst each vertical column 

refers to eggs with identical histories as regards 

their disposition and with varying developmental 

histories. The results suggest the follo:iin . con - 

clusions:- 

(1) The rate of development at a parti- 

cular temperature is not greater in the 

case of eggs laid under conditions of high 

temperature than in the case of those laid 

under low temperature conditions, i.e. a 

high temperature during oviposition does 

not result in an accelerated rate of de- 

velopment of the egg. 

(2) Under optimum conditions (25° 100 R.H. 

the rate of development at one temperature 

is markedly affected by the humidity condi- 

tions/ 
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conditions under which oviposition oc- 

curred: it is retarded when these were 

low, irrespective of \' ;hat the temperature 

had been. Tais effect is not apparent 

under sub-optimal temperature conditions 

for develo ment, i.e. room temperature (RT) 

100 K.H. Un -er sub -optimal developmental 

conditions, both of temperature and humidit 

there is n ciffeiantial vitality Exhibited 

by c .s lEic under dìiflt_rent humidity con - 

citions, irres_)ective of the temperature at 

which they h._ve been laid; that is, ex- 

posnre of the female during oviposition t 

low humidities adversely affects the vita- 

lity of the Eggs produced. 

(d) Velocity of development of eggs at different 
temperatures 

In the shove experiment, the room temperature 
o 

fluctuated between 17 and 22..5 C. Egg, clusters laid 

at this temperature in saturated air and left to 

develop began hatching in and 37 days. The genet 

al run of temperature over tale 37 days ma:: be gauged 

from the distribution:- 

17°, 17.5°, 1c;°, .5°, 19°, 10.5°, 200, 20.5°, 
2 1 2 1 2 4 11 1 

21 °, 21.5 
°, 

220, 22.5°, 23°, 23.5° 

4 2 1 2 3 

The mean temperature was 20.25 °. 

20.25/ 

That is, eggs at 
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20.25 
0 

,:evelop in 36 days. e e_EvE seen that at 

19.2o0 eggs develo fed in 43 days. 

In Table IV, four comparable results ore given. 

The eggs were of the some age, 0 -4 days old, and 

: ere expose: at tne same time. ne results are 30, 

24, 20 and 1L days for ter. :eratures of 22.5°, 25 
0 

27.5° and 300 respectively. 

If WE assume the threshold of development to be 

15.5°, the heat increii_ent in terms of effective day- 

degrees necessary to effect completion of develop- 

ment at each of these different temperatures is as 

follows:-. 

Tempera- 
ays 

Effective 
Do.y- 

'erees 

30° lb 261 
27.50 20 240 
25° 24 228 
22.5u 30 210 
20.^° 36 170 
19.2 43 160 

It is clear that the necessary increment of ef- 

fective day -degrees - the 'thermal constant' - is not 

a c nstnt velue, but increases with 'nigher tempera- 

tures; that is, the de elo r. enta. velue of a day - 

degree becomes less as the temperature rises. This 

is in agreement with the result obtained for the de- 

veloping larva. 

An interesting point in this connection is that 

at/ 



at tae last two temperatures the necessary heat in- 

crement is markedly 16,9c, even relativelyspeaking, 

than at the other temperatures. These two tempera- 

tures represent the mein values of fluctuating tem- 

peratures. It is possible that fluctuating ternoera- 

tures result in are a.ccelerati -n of developrrentr.l vE- 

locity, E.s CO- tired with s ta'oie tern era ture :: c::.cunt- 

ing to the same total in terms of day-degrees. _o 

evidence of such an acceleration, :lovlever, was ob- 

tained in tiie case of the development of gorged lar- 
vac at fluctuating as opposed to stable temperatures. 

DI SCti SE-A L:1Ni 

This paper forras the third of a series of labors 

tory studies un the relation of the tick, Ixodes ri- 
cinus, to its _physical env ircnment, the. two factors 
chiefly considered being teLperature and :: oisture. 
In the first two ,suers (1;14, 1535) trie aythor re- 
corded the effects and intereffects of these factors 
on development of the gorged ticks and on general 
activity and survival of the unfed ticks. The pre- 
sent paper deals with the relation óf climate to 
reproduction', inciud ing development of the egg. 

Perhaps the most interesting feature of the re- 
sults is the much greater significance of the humi- 
dity than of the te;:perature factor in the control 
ofd 
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of reproduction. Apart from the rdverse effects of 

extreme temperatures, near the limits of the range, 

this factor does not a ,.ear to Exercise any profound 

effect on the physiologic :,1 activities associated 

with reproduction. Thus, it does not appear to in- 

fluence si gnificantly the maturation of the ovary or 

its total output, nor does its impress during ovi- 

positi.on materially effect the subsequent history of 

the egg. The humidity factor, on the other hand, 

appears to be intimately related to the course and 

extent of certain of these proceEses. It would seem 

to control directly the total egg output of which the 

ovary is capable. Further, the humidity conditions 

obtaining at the time of ov ipos iti on influence strong 

ly the subscruent fate of the Egg, Loth as regards it 

viability and its rate of development. 

In so fax Es the extent of the favourable ranges 

of these factors is concerned, the humidity require- 

ments are similar to those for development, i.e. a 

restricted range of high moisture content. The tem- 

perature range , on the other hand , shows some inte re s 

ing departures from the limits renuired for develop- 

ment. The results suggest that the metabolic acti- 

vities of the period between completion of engorge- 

ment and initiation of oviposition can proceed, to 
o 

a limited extent, at temperatures as love as 2 -3 C. 

Oviposition/ 

t- 
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Gviposition can proceed at temperatures well below 

the threshold of development, i.e. at 10 °C,. while 

the upper temperature limit for this process is dis- 

tinctly lower than that for development, lying betwee 

27.5° and 30 °C. The limits for development of the 

egg approl:imate to those for development of the gorge 

stages. The threshold a:)pears to lie about 15° - 

1600; the upper limit of temperature, 1,owever, is 

sliEhtly lower than that de t errr:ined for the gorged 

larva. 

It is of interest that the temperature range 

favourable to reproduction shAuld correspond more 

closely to the range fay ourabl e to general activity 
than to that for development. Different workers have 

recorded a similar finding in the case of insects. 
The possible significance of this in relation to 

the seasonal life cycle of the tick will be discussed 

in a later paper, in which it is intended to corre- 
late the various laboratory findings with field ob- 

servations on tick distribution and activity. 
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I. Introduction 

Numerous records exist of the occurrence, both 

regional and seasonal, of the tick, Ixodes ricinus. 

World distribution records hive been collected by 

Nuttall (1911, 1916), Senevet and Rossi (1926) 

and Clenev (192;, 1934). In 1932, the writer re- 

corded detailed observations on the seasonal and 

regional distribution of the tick in Scotland. In 

previous papers of the present series (':'acLeod, 

1934, 1G35, 1935e), the relation of the tick to its 

physical environment has been dealt with in some de- 

tail, studies being made of the factor complexes 

governing survival, activity, reproduction and de- 

velopment. From the results obtained under la- 

boratory conditions, it should now be possible to 

interpret, to some extent at least, the observed 

phenomena of se sonaî and local distribution in 

terms of the underlying causes, and to outline the 

probable limits of world- distribution of the species. 

It is ,:,el-_ kno- ;n that biological activities 

generally pre intimately affected by meteorological 

factors, which, by tie it combined effects, impose 

the ultimate limits to the distribution and acti- 

vities of most free living organisms. Imms (1931) 

defines the relationship as follows: - 

"Climate may be defined as the complex of 
meteorological factors prevailing throu.hout 
the year for a. given area, 7hile the incidence 
of these same factors at some particular point 
of time constitutes weather. Climate, in the 
broad er/ 
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broader sense, influences the geographical and 
ecological C istribution of species, while wea- 
ther influences their local prevalence by sea- 
sons: the one operates in space, the other in 

time." 

'nth the tick, however, the _,osition is compli- 

cated by the parasitic habit of life of the species; 

the evolutionary adaptations which usually accompany 

the habit might, therefore, be expected to modify 

the :1J-licatiorl of this general principle, and a sur- 

vey of the biotic relationships of the tick becomes 

ne CE ssoo.ry. 

II. The Influence of the Biotic Environment 

On prima facie consideration, the local and geo- 

grr.phical distribution of the tick would be expected 

to depend primarily on biotic f' ctors, since, as a 

parasite, it is dependent «n the rresence of its 

host. Enemies, lAptti : : :redoceous and _: arasitic, ::sight 

be expected to play an important part in controlling 

it, since it is exposed to their attacks both in its 

parasitic and in its free -living 'Phases. 

(a) Hosts and world distribution 

.1. study of the r le of alternative hosts 

(MacLeod, 1934a) showed that the presence of the 

chief host is not necessary to the continued exist - 

ence of a tick population: even a restricted range 

of alternative hosts was able to maintain it at an 

appreciable level. When the possible alternative 

hosts/ 



hosts from Vrhich the tic:. has actually been recorded 

are considered, it is seen that the tics has a host 

list of extraordinary catholicity, ranging; from sub- 

tropical lizards to the Arctic fox; enibra.cing carni- 

vores, from the polecat to the puma; herbivores of 

such widely d iffering ge ogra phical range as the red 

deer and the cal -: el; rodents; a.nd a Wide range of 

birds, varying; from predaceous fa iconids and owls to 

the sportsman's game- birds, and even to the unlikely 

cormorant. The geoLraphical distribution of the 

species, therefore, is not likely to be intimately 

dependent on tue most factor. Actually, the norther 

limits of occurrence, a_s judged from available record 

(vide infra) , fall/ short of the limits of forest an 

agriculture ; thet i s , the tick range does not ex- 

tend to the liì its of c3 istribution of its iJossible 

hosts. It v?ould appear, therefore, that physical 

rather than biotic f;_ ctors govern the world distri- 

bution of the species. 

(b) Enemies in relation to local and seasonal pre- 
valence 

The nossibiiity rema ins that local distribution 

or seasonal prevalence in a climatically favourable 

area might be governed by biotic factors, such as 

the presence of a particular -credk.tor or parasite. 

The only known parasite of this species, however, is 

Hunterellus hookeri (Ixodiphagus caucurtei, du 

Buysson) ,/ 
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Buysson), which iras been recorded from Ixodes ricinu 

in France. Cooley and Kohls (1934) have studied 

the possibility of this parasite establishing itself 
in America, and have come to the conclusion that, 

in the Transition Life Zone, only one generation a 

yer is possible, although conditions may be more fa 

vourable for multiplication in the Upper Lustral Lif 

Zone. If only one generation -:.ere possible in the 

year, the biology of the parasite, in outline, would 

be th: t the eg: s would overwinter in parasitized 

ticks, develop if. lute spring and summer and emerge 

in autumn to parasitize the ticks then appearing. 

Even were two generations in the year _.ossible, the 

degree of dispersal of this species of tick in natur 

is such that a sufficiently high percentage of _para. - 

sitization is irrnroba r:le, since the principal hosts, 

herbivores, do not tend to return, like carnivores, 

always to the same haunts. 

There is no evidence of tue effect of )redators 

on the free -living tick population, though, doubt- 

less, many fall victims to predaceous insects and 

birds. Field -mice also prob =bl,- devour ticks, es- 

pecially the large gorged females. During its para- 

sitic phase, the tick is protected from the attacks 

of predators, with the possible exception of the 

starling, which, -like its congener with the crocod il, 

whose/ 
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whose teeth ip picks, appears to have made a pact of 

nutual advantage with the sheep. 

From the foreoing review, it 7.7oulci appear that 

the tick is singularly happy in its lot as regards 

its ecological niche; it does not suffer markedly 

either from individual or interspecific competition, 

and it occupies tce fortunate position of a loose 

end it the food -chains of the animal community, be- 

ing comparatively free from hyper -parasitism, and, 

because of thé absence of any gregarious tendency 

in the non -parasitic phase , be ing non -susceptible to 

devastating attack from predators. The significant 
variables in its environment, unlike those of most 

predators, would, therefore, atpea.r to be' physical 

rather than biotic. 

III. Seasonal Periodicity 

It has been shown that there occur, in Scotland; 

two distinct periods of tick activity, one in spring, 
the other in autumn. ';;heler (1899) and Brumpt (1922' 

record a similar period is ity in England (.Alnwick 

Park) and in France . 

Wheler (loc. cit.) suggested that the explana- 
tion of this phenomenon lay in the mildne s of the 

climL:te, which allowed of the spring -.'ed ticks de- 
veloping 



developing rapidly, and thus being able to engor ge 

gain in autumn of the same year. He instanced in 

support of hi2 su 'Lest ion the Tyne district, where 

only a spring period of activity occurred. The farm 

there were at a fairly high altitude, and the area 

cold and ,jindsw.:wept. In Skye , on the other gland, 

where the climate is much milder, a double attack 

occurred . 

This explanation assumes tthat 211 the unfed 

ticks become engorged in spring, and does not take 

into s:cccunt the fact that the spring period of ac- 

tivity comes to an end at approximately the same 

time (early June), irrespective of whether the groun 

is heavily or lightly stocked with sheep. 

(a) C,yclicai d iapause theory of winter inactivity 
Falke (1931) explained the winter cessation of 

activity as being due to the onset in autumn of a 

state of torpor from which the tick does not emerge 

until spring, irrespective of weather conditions. 
This theory was su i.,orted by Totze (1933). Such an 

attunernent of causally unrelated happenings (Roubaud 

1922, et seq.) or dissociation of originally re- 
lated happenings (Cousin, 1932; Dawson, 1931) is 

1 

apparently possible: these workers have produced 

evidence su°Lestive of the existence in certain 
insects of a syncrìronisation of hereditary rhythm 

with/ 
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correlation is illustrated in fig. 1, which shows 

the variation in tick infestation from the 14th 

?arch to the 27:th r.`ay, 1934, for a farm in the Cal- 

Lander region. the weakly averages of the daily maxi 

mum temperatures for the nearest meteorological sta- 

tion (Perth) have been plotted on the same figure. 

Tick activity commenced when the temperature rose 

above 7 °C and fell to ne ligible level when it ex- 

° 1 , ril there was a. return to ceeded lE C. In earl y %. ' 

winter conditions, and the figure shows a correspond - 

ing drop in the degree of infestation for this per - 

riod. 

It does not necessarily follow from this corre- 

lation that air -temperature governs activity; proof 

of a causal relationship, however, is forthcoming 

from a study of the geotropic responses of the tick, 

for it has been shown (1935) that temperature deter- 

mines the quality of the tick's response to gravity 

stimulus, the tick being negatively geotropic at tear: -. 

peratures of 14 -24 °C, while, aT;ove and below these 

limits, the response is positive. The apparent dis- 

crepancy between the observed and the experimentally 

determined limits is readily accounted for by the 

fact that air temperatures refer to the shade tem- 

peratures of the air, and are not comparable to the 

temperature of an .object which is exposed to the ra- 

diant/ 



radiant heat of the sun, Thus, with a tick exposed 

on the tips of vegetation, an upper limit of 24 °C 

would easily be reached by insolation when shade tern 

peratures were in the neighbourhood of 15 -100, 

Again, for the lower limit, it must be remembered 

that the elements of the microclimate in which the 

tick lives differ markedly from those of the i acro- 

climate, Tutin (1 6) has shown that the mean air 

temperature at Long Ashton during the greater part 

of the year is lower than the soil temperature at 

a depth of 4 inches, the difference sometimes being 

as great as 20 °C. This difficulty of relating 

events in the lives of insects to climatic happen- 

ings, based on official meteorological data, is a 

serious one in most cases, since the majority of in- 

sects frequent specialized microclimatic types of 

habitat. The difficulty constitutes, in the writer'? 

opinion, an outstanding objection to the use of 

bioclimatice., since the relationship between 

micro- and macrocli ,ate il. not be e constant one, 

but will vary both in time and space, and with eda- 

phic factors in any Liven area. 

Since the response of the tick to geotromic 

stimulus varies with temperature, it follows that 

temperature will determine the relative accessibilit 

of parasite and host; a tick at the base of vege- 

tation/ 
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vegetation is obviously less likely to be picked up 

by a passing host than one on the tips. If the ob- 

served activity limits of 7° to 15 -16 °C be taken as 

the air temperature equivalents of the limits of 

negative geotropic res.onse, it becomes possible to 

explain the seasonal nature of tick -activity as a 

temperature effect; at winter temperatures below 

7 °, the tick is at the roots of vegetation, at tem- 

peratures between 7° and 1E °C, i.e. spring and 

autumn temperatures, it climbs to the tips of the 

vegetation and so becomes readily accessible to host 

while, at teIi;eratures over 16 °C, summer ternperatured, 

the tick, being again at the roots of vegetation, is 

less readily ticked up. It LE.s been shown, however 

(1935) , that the temperature range for normal acti- 

vity etends beyond the up Er limit for negative geo- 

tropism; that is, Lt air temperatures over 16 °, the 

tic:: ir..ay still be active. Thus, if a host should 

lie down on a tick, or, in bro7sing among grass root 

should come in contact Tith a tick, attachment could 

readily be effected. Thus it is that occasional 

ticks may be found on hosts t hrou hou t the summer 

months. 

This "double attack" type of activity will be 

characteristic of countries with warm summers and 

cold winters, with fairly long transition periods 

between/ 



between these extremes. It follows that in colder 

countries, where the maximum summer temperatures do 

not exceed 16 °C, there should be only one activity 

period, a summer one, while, in warmer lands, tick 

activity, if it occurie at all, should occur in 

winter only. A study of the available records of 

seasonal occurrence reveals .that this appears to be 

the case. Thus, in central Russia, the ticks are 

found from May ( "before the trees bud ") to Septem- 

ber (Clenev, 1927), while, in Algeria, they appear 

from N,vember to April (Senevet and Rossi, 1924). 

(c) Life cycle in nature 

It has been shown in previous papers of this 

series that there are different temperature optima 

for activity, reproduction and development. The pro- 

bable duration of the life cycle in nature must 

therefore be studied in relation to the seasonal oc- 

currence of th.e se optima; mere summation of the tim 

required for completion of each stage is of only the 

retical value. Various results have been obtained 

by the latter method. Falke (1931) gives 182 days, 

Elrcanov (1930) 180 -1874 days, Olenev (1927) 285- 

2194 days, ìvuttall (1911) 178 -2724 days: "about 

170 days probably represents the shortest possible 

time required... ", Stockman (1916) 160 days (spring 

eggs), 290 days (summer eggs), `.. peler (1899) 33=1 

weeks./ 
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weeks. 

The following experimental data allow us to 

form some conception of the prroba.ble sequence of 

events in nature. The temperature range for para - 

sitization is 14° to 24 °C, whereas that for develop- 

ment is 150 to 35 °C. Oviposition can proceed at 

temperature _ of 100 to 27.5 0C, and can commence in 

eight days after engorgement of the female. Develo 

raient requires tem_ieratureti between 15 
0 

and 35 °C. 

Translating these facts into terms of seasonal vari- 

ations in Britain, one finds the tick functioning as 

a parasite under spring conditions of moderate tem- 

perature. High suìm er temperatures are unsuitable 

for active parasitization, which is consequently in- 

frequent, but this season provides the optimum condi 

tions for development of the ticks gorged in spring. 

Many of these are ready, therefore, to act as para- 

sites again by the time suitable conditions are pro- 

vided in the moderate temperatures of the autumn. 

The winter is passed either in the gorged state, or, 

Where the ticks failed to parasitize a host during 

the short autumn season, in the unfed state. Those 

ticks which hibernated as unfed ticks appear at the 

beginning of the spring tick -season. The autumn - 

gorged ticks develop slowly during the late autumn 

and early spring months, whenever the temperature 

Of/ 
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of the r icroclimp to exceeds the developmental thres- 

hold of 15 °C. Gorged larvae and: nymphs can com)let 

development in three months et a temperature only 5° 

above the threshold (?:::acLe od , 19),4); during the f iv 

months' period, mind- October to mid-Larch, there are 

normally sufficient days over 15° to allow of develo 

ment being well advanced by larch. Under the in- 

creasing tem,er tures of ;::arch, development is com- 

pleted, and the resulting: unfed ticks enter a para- 

sitization phase under the favourable conditions of 

spring (fig. 2). 

ínter grid summer may, therefore, be regarded 

development seasons, suring and autumn as parasitiza 

tion seasons. The alternation in the seasons is re 

peated in the life history of the tick, - unfed lary 

developing nymph, unfed nymph, developing adult. An 

ap,:arent difficulty arises in the fact that the ac- 

tive adult phase is followed by two successive pas- 

sive phases, that of the gorged female and of the 

egg. It is to be remembered, however, that the tem- 

perature range for ovulation, 10° - 27.5 °C, corres- 

ponds more closely to the range for activity than to 

that for development. Also, under favourable condi- 

tions, the pre -oviposition period may be as short as 

8 days, and seldom exceeds 30 days. Therefore, adul 

females, engorging during a parasitization season, 

find/ 
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find in that same season the conditions favourable 

to oviposition, and can generally complete the pro- 

cess before the seasonal limit is passed. The short- 

ness of the autumn season is compensated for by the 

fact that oviposition can proceed at temperatures 

down to 10 °C. Thus, the _'aresitization and ovi- 

position phases of the female may be reharded as one 

phase, requiring moderate ten :rereture s, and so the 

alternation of phases remains uninterrupted through- 

out the life history. 

It would thus appear that, provided hosts are 

readily available, tree life cycle takes 'a. naresitiza 
tion and a development season to each of the three 

stages, i.e. at least six seasons, or one and a half 

years, for com'Dletion. T. e cycle is illustrated in 

fig. 3. 

Actually, there will be a wide variation in the 

time taken by different individuals to complete their 

cycle, according to the winter temeratures and to 

their success in finding suitable hosts. Since each 

unfed stage can survive at least a year, the duration 

of a particular cycle may be at least three years 

more than that outlined above, i.e. it may extend 

to four and a half years, or even longer. 



IV. Habitat Requirements 

The problem: of the causes underlying the local 

distribution of the tick is simplified by the habit 

of feeding it has adopted. Being parasitic on its 

host, it can exercise no selection in relation to 

its habitat, and its physiological requirements, 

rather than any possible psychological reactions to 

habitat conditions, z':rill determine its actual distri- 

bution. 

'iany observers record that the tick is most com- 

monly-found in s}w'mpy, undrained areas, or where a 

coarse vegetation of shrubs, bracken or heather is 

present. (jlenev (1927), from a study of the mois- 

ture requirements of the tick, w-s able to show that 

this habitat choice was due to the nigh degree of 

humi:.ity necessary for its survival and development. 

His conclusions have been confirmed by the writer, 

who showed (193) that a. relative humidity of over 

75-80 is necessary for survival, reproduction and del 

velopment at normal temperatures. Under conditions 

of arable pasture, such high humidity in the vege- 

tation layer does not obtain throughout the year, 

the underlying soil frenuently drying out for the 

tor) few inches durinp the summer. In swampy areas 

however, where the water level of the soil remains 

more/ 
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more or less at the surface throughout the year, 

evaporation is never checked by water scarcity, end, 

providing there is a layer of vegetation to allow of 

a buffer stratum of still air remaining between the 

wet soil - surface and the outer atmosphere, 
c._ satu- 

rated, or almost saturated, r. icroclima.te is main- 

tined even in summer. Thus, the factors which 

will determine the suitability of a habitat are 

primarily edaphic, the nature of the soil, the pre- 

sence or absence of a humus- forming layer and the 

vegetation type. In Britain, the requirements re 

generally satisfied by hill sheep pastures: the soi 

is frequently-peaty and, therefore, oisture holding 

the vegetation is rank or coarse, and a, mat is forme 

of the withered vegetation of the previous year. I 

such conditions, the tick finds its ideal home, shel 

tering, in winter and for reproductiu and develop- 

ment, under the mat of decaying vegetation, climb- 

ing the stems of nardus, rushes, heather or bracken, 

to find its host. 

(a) Comparison of different habitats 

Measurements of the air humidity in different 

types of hill pasture were i.de iir the spring of 

1934, by means of a ha it hygrometer. Three types 

were chosen: (1) old permanent pasture, with moss 

and tussoc.:cs of coarse grass - a common type of 

hill/ 
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hill pasture; (2) ground inclined to be wet, but 

not strictly marshy - the vegetation layer consist- 

ing of old grass, rushes, etc; (3) marshy land, 

the vegetation type being chiefly rushes. The three 

areas were of small extent and intermingled; the 

actual d i sl)e rs r.1 of ticks over them may, therefore, 

be taken as fairly uniform. 

The following were tree humi it:r- readings for 

each type, and the correspond ing air- humidity, as 

recorded by the same instrument:- 

Type 1 Ty-oe 2 Type Air 

April 1b 70 100 100 60 
24 57 95 100 50 

May 2 59 99 l00 6), 

12 78 98 100 55 
lb 75 7b 97 L0 
29 87 84 96 62 

The relative number of ticks on each type of 

habitat was roughly estimr ted by dragging a woollen 

blanket for a fixed distance (50 yards) over each 

type, and counting the number of nymphs adhering to 

the blanket. The results were as follows:- 

Type N-o. of Counts 
Ave rage Number 

of 
Ticks per Count 

1 10 2.7 
2 10 4 

3 6 13 

The result is open to objection since the 

counts/ 
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counts were made over 2 or 3 days, and the number of 

ticks on the grass t ips would vary with the a it tem- 

perature; the evidence, such as it is, however, 

tends to support the general thesis of the dependency 

of ÿopuiation density on edaphic factors, where the 

roost factor is constant. 

It is clear that summer lust be the critical 
time, in Britain, for tics_ survival, since at that 

season the humidity in the vegetation is most likely 
to decrease throuLh drying of the soil. Lany arable 

pastures afford sufficient cover and moisture for 

ticks in spring and autumn. Ticks introduced in 

autumn to such._Qastures by birds or brought in on 

sheep establish themselves as 

moult, and may even engorge the fol "moo ;ving spring; 
yet, because of the s um,mer drought, establishment as 

a species does not occur. Thus it is that, in spite 
of the frequent ï.iovemcnt of siIEEp from hill to low- 

land pasture, the tick remains confined to the hill 
pastures (see MacLeod, 1932, for distribution in 

Scotland) . 

(b) Species spread in relation to ecological succe s- 
sion 

If an arable pasture be allowed to deteriorate 
to such an extent that the soil becoc:es acid and 

moss begins to choke out the grasses, conditions be- 
come. increasingly - favourable for the tick. On such 

pastures,/ 
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pastures, as the mortality from climatic causes de- 

creases v:ith changing vegetation type , dispersal is 

followed by individual establishment, and individual 

establishment gradually merges into the establishment 

of the species. Two actual instances of this se- 

quence were brought to the writer's notice, ;where th 

Ecological succession of vegetation -type in old per- 

manent pasture allowed of ticks establishing them - 

tielves in lowland areas. In one case the farmer 

had been in the habit of rent int his pasture as graz 

ing for hill sheep in spring. Ticks were thus con- 

stantly being introduced, but previously had failed 

to survive, and fresh stock were _ ut on these pas- 

tures in autumn with impunity. Latterly, however, 

the autumn -grazed herds suffered increasingly severe 

epidemics of tick -borne fever when intro( uced to thi, 

pasture. Examination of t _e sheep revealed the pre- 

sence of engorging ticks; these had dropped from 

tick -borne fever carriers in the spring, had sur- 

vived the summer, and :sere rio; spreading the infec- 

tion to the :ion - immune lowland herd. Severe harrow- 

ing of the pasture to tear up the Loss and heavy 

liming to lower the acidity were recor ;o ended as the 

obvious curative measures. The two instances af- 

ford good examples of the various :, hases in the 

spreading of a species, as defined by Elton (1927). 
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V. ..orld Distribution 

.(a) Some general considerations 

On the basis of results obtained in the labora- 

tory, many attempts have been made to map, from 

meteorological data., the _Jotential areas of distri- 

bution of different insects. The appii ca. tion of 

meteorological data in this manner is, however, on 

account of its misleading simplicity, full of pit- 

falls for the unwary, and a clear understanding of 

the underlying theory of climatology is necessary. 

to a proper appreciation of the biological signifi- 

cance of any given set of data. One difficulty al- 

ready mentioned is that of referring the macroclimatic 

values of a given area to specialised microclimates 

or even eccoclimL to s in that area. A further diffi- 

culty in the use of standard meteorological data is 

that these are given as means, and thus tend to ob- 

scure the extremes, although the latter intimately 

affect life, es ecially in the case of animals liv- 

ing near their geographical limits. With world iso- 

therms, again, the temperatures employed for plott- 

ing these a.re, in the ordinary type of isothermal 

map, reduced to sea level; that is, they do not 

take into account the topography of the different 

areas. The r ctual temperatures along such iso- 

therms/ 
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isotherms may d iffer markedly from the given value, 

on account of varying altitude; therefore, from the 

biological point of vie;,-, such maps may be Quite rri 

leading. 

It has been shown that the cond itions necessary 

for survival of the tick Ere represented by a compie 

having its origin in the interaction of rrecrociimatic 

End edaphic factor:, Since climate-type is not deter 

mined by a.ny one factor alone, it is obviously impos- 

sible to define this complex in ternas of one factor; 
the distribution of tree tick ,_ust, therefore, be con- 

sidered in reletinn to the climate as C. ::hole, bear- 

ing in mind that, generally spea'<_ing, the vegetation 

type will be conditioned by climate . 

In any given clima tic type, distribution will 
be determined partly by the separate action of each 

factor, and partly by the interaction of the d iffer- 
ent constituent factors. yru, r :- :inf,E.11 is ^n im- 

portant factor determining the humidity of the micro - 

climate, but this will also depend, to sol_.e extent, 
on the rate of Evaporation. Therefore, the 'Velocity 

and direction of t:_e preva iling wind must be con- 

sidered, for the value of the wind as a desiccating 
agent 'Till depend largely on r,,he the r it has travelie 
over i&_n- or oes areas. Again, the nature of the 

soil is irr_,ortant:, a porous soil --ill absorb heavy 

rain/ 
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rain without leaving any moisture accessible at the 

surface, while a heavy soil will result in abundant 

microclimatic hui.:iùity with a much lesser amount of 

rain. The geological factor even will affect the 

value of rainfall, e.g. an impervious stratum will 

allow of ma- shy areas forming, _ e in the Roman Ca.m- 

pa.tnw_, ;nere the impervious volcanic floor has re -_.. 

suited in surface -water stagnating even under modera e 

conditions of rainfall. 

Temperature also will hav important inter - 

effects with other 't-.ysica.l factors. Soil -type will 

affect the response of the ground, and, therefore, 

of the microclimate, to temperature chan`es. High 

precipitation, where the temperature is below freez- 

ing, will ensure a snow -blanket, the b:iological sign= 

ficanc of which is too :cell known to require state- 

went. Sunshine will of _ect the ticks both directly 

by insolation and end irectly í_y radi tinn of heat 

from the ground; the amount of cloudiness will af- 

fect the value of insolation, a result of great sig- 

nificance at high altitudes, where, although shade- 

temperatures are greatly reduced below those at sea 

level, t._e ground -te erature under the rays of the 

sun may rise very considerably. 

The various intereffects of this nature must 

be taken into cons id era.ti _:n as well as the direct 

e'fec;ts/ 



effects of separate factors, in discussing the suit- 
ability for the tick of different geographical areas 

for which meteorological data a.re available. 
(b) Latitude and distribution 

Senevet and Rcssi (1926) summarized the exist- 
ing evidence on the distribution of Ixodes ricinus 

and concluded that the species is a tick of cold or 

temperate climates. Thur found that, with a few ex- 

ceptions, the areas froc.-: v-hich the tick had been re- 
corded were north of the 4 __z:rn llel of latitude. 
In a few instances, tige tick occurred between this 
rerailel and time tropics, and they suLLested that in 

these regions development : r: s inhitited by the heat 

and occurred only in :inter, . nereas, in tenperate 

regions, it occurred in sprint and autumn. The sug- 

gestion is due to an understandable misconception 

of trie se: sonal cycle of events; activity and de- 

velopment have Leen assumed to be synchronous. It 
has now been shown, however, that d eve lo-ment occurs 

at temperatures a.bOVE those necessary for activity, 
and can proceed at temperatures up to the limit for 
survival. 

'44hile latitude undoubtedly ;lays _ Dart in dete$- 
mining the distribution of a species, any single pt^ 

rallel can seldom be expected to represent a limit- 
ing factor. The parallel traverses the continent 
a1/ 
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continental lend- interiors and marins, and the 

climatologically unique ï.Tediterrahean Lasin; the 

land and tien. d is tribut ion cf the latter region has 

superimposed on the fund amerita..l planetary régime 

along this latitude a complex variety of climatic 

types, which, collectively, differ from that found 

at the same latitude in the interiors and on the 

eim ler rra.r rinal regions of the Pacific and . est At- 

lantic. I+'rom the »oint of viEW of distribution, 

therefore, this parallel cannot be considered a 

bio- climatological unit. 

Similarli, the northern limite of distribution 

are unlikely to be represented by e. single parallel, 

since the north polar front is thrown into conTolu- 

tions by the relief of the land masses in the north- 

ern hemisphere, bulging eouat or-ward s in the lee of 

mountain range s wh ich im1:ede the warmth-bear ing 

westerly winds, e.g. east -,nards of the Rockies and 

the Urals, and being forced i oieT.:a.rds over the 

oceans. Glenev (1934) LL:oints out that the northern 

limiting zone for di Et r ibut i on of Ixodes ricinus 

lies generally between the 50 and Cu parallel, ex- 

cept bet..eeri the 30 and 40 meridians, where the 

species has been recorded further north; he recog- 

n ises, however, the imoorta.nce of climate, among 

o ther factors, in determining the d istribution of 

tick -specie s. 



- 25 - 

(c) Temperature requirements 

Obviously, the two chief single factors effect- 

ing the tick are ternpe ture and moisture. Sirice the 

moisture requirements a.re relative to the maximum 

moisture -hold int capacity of the air and not absolute 

vEpour pres:_:ure values, it follows that the conditions 

could be sotisfied at almost any latitude. In contra 

distinction to r,:°isture, temperature is largely 

governed by latitude a.nd will, therefore , be the 

fundamental limiting factor to distribution. itin 

the geographical limits set by tep_. Ter<_.ture, distri- 

but ion will be governed by the climate- complex, the 

principal factor i . .;hicr. is ra infall, or, rather, 

precipitation in general. 

The actual microclimatic tem- :-eratures critical 

for the tick, a.s determined by laboratory experiment, 

are as follows:- 

Survival (1 day) ( -14° to -12 °) to 5 °C 
Parasitization 140 to 24 °C 
Oviposition 10° to 27.5 °C 
Development: 
Eggs 15° to 30 00 
Gorged Ticks 15° to 35 °C 

It is clear, therefore, that, as regards tem- 

perature, survival of the species will depend on 

(1) the extremes in the microclimate not surpassing 

-14° 14 and 36 °, (2) the temperatu_e remaining below 

24-27 
0 
sufficiently long to allow of parasitization 

and/ 



and oviposition, and (3) the tE..<_er:.ture remaining 

for a sufficiently long period at a value over 15° 

to also.: of development. 

.Ls has already been pointed out, it is not pos- 

sible in the present state of our. knowledge to inter- 

pret at all accurately the se limits in terms of air 
temperatures. The limits for rara.sitization in 

Britain we re found to corres_Qond to air temperatures 

of 7 -160 (ever&L,e weekly maxima). The mean monthly 

ter, ere ture: of the months c;urinL which this range 

occurred ranged from 5 to 10.5 °C. It is by no mean 

likely that these same air -temperature values would 

represent the saï :c range in different countries. 

heEring this .objection in mind, however, an approxi- 

mate index to riicroclimatic conditions can be obtained 

by usin the rr:ean- monthly isotherms. Tnus, the iso-I 

therm of 10 °C for the coldest month should represent 
approximately, the en LIE tor.ú.rd limit of possible 
distribution, since at higher mean- monthly tempera- 

tures paresitization will not readily occur. Simila - 

ly, subject to a variable correction, which will of- 

ten be of greet magnitude, for soil-surface tempera- 

tures, tLe isotherm of 95 (mean maximum) for the 

hottest month y:'ili determine the extreme eque tor 
ward lir -it of survival. The correction factor, 
however, varies bòth in space and at different times 

in/ 
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in the same area.. Smith (1929) re cords observations 

at California over two successive _:chocs of Feb. - 

DEC. únd LEC. - :Une. Air- terc1pc tL?res were com- 

pared with temperatures one -half inch below the soil 
surface; the ratio in the first period was 66 : 114, 

yet in the second only 81 : 76. On one particular 

date, when the a.ir -temperature :a:s 46-47°C, the tem- 

perature just below the soil - surface was 61 -62 °C. 

1s regards the pole7rard limits for survival, 
the difficulty arises that air temperature bears 

little relation to soil surface ter_ .crature when the 

ground is covered by snow. This dissociation is well 

illustrated by l..ail observations (1932): during 

one winter when there aras an almost constant cover- 

ing of snow, the air temper_ ture ranged from -25 °C 

to +6 °C, yet, throughout the whole period, the mini- 

mum soil temperature did not go below -4 °C. The 

effectiveness of freezing temperatures in limiting 
distribution vrill, therefore, be affected by the 

time of occurrence and the d urat ion of the snow - 

coat, if this be -resent. 
The poleward limit of distribution in relation 

to temperature will, however, also depend on the 

duration of soil temperatures over 15 °. h very. 
approximate idea of the relation between soil- and 

air -temperatures in cool -temperate regions can be 

obtained/ 
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obtained in the folio7Tinj rna nner. It was found 

(MacLeod, 1932) that eggs exposed outside during the 

period 17.ey - July hatched in 9 -10 weeks, The mean - 

monthly air temperatures for these three months in 

centrai Scotland rance from 10 to 15 °. Now, it ha s 

been shown (ITacLe ode , 1935°) that, under laboratory 

conditions, 9 -10 weeks is ti_e period taken for de- 

velopment of eggs at 14 -18 °. 

coiupar ison of the t it e taken for development 

of eggs and of gorged ticks at several temperatures 

shows that the nymphs take about two and a half 
times as long to d eve ion as the eggs thus:- 

17 -23° 21 -23° 25 -26° 

ELgs 5 weeks 30 days 24 days 
Nymphs 13 -24 weeks 78 days E1 days 

Therefore, at 14 -18 , nymphs would recuire over 20 

weeks to develo-.;; that is, 5 r -onths with mean air - 
temperatures of 10 -15 °. Allowing a minimum period 
of 3 months with me an- tem;:e rat ur:_ s over 10° for de- 

velopment in cool climate s, that is, June, July and 

August in the northern, De cenioer, January and Feb- 

ruary in the southern he isphere, the isotherm of 

100 for June and December respectively can safely 
be regarded as including the furthest poleward li- 
mits of distribution of the tick. 

Pig. 4 shows t he tentative temperature -limits 
of/ 
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of distribution so far defined. Olenev (1934) 

draws attention t.:, the partial coincidence of the 

northern limits o.r d istril,ution of tick species in 

general with the July isotherm of 15 °. The agree- 

ment, however, is not complete, .s this isotherm ex- 

cludes Scotland and northe rn England, British Colum- 

bia and other re L ions The re ticks occur. 

(d) precipitation rec,uirements 

The maintenance of nigh humidity in the micro - 

climate depends one number of factors. other than 

ra.inf ll: de-.: and mist may ma into in almost sr turateo 

conditions, and yet have little appreciable effect 
on the recorded precipitation. Further, the actual 
rainfall will vary in effectiveness according to 

its nature and d istributi on. Thus, torrential down 

pours ray result in info 11 value in a short 

period, yet n.uch of this rain will often be lost by 

surface drainage . 

It is i:.-.probe.ble that Toinfa11 can set an upper 

Unit to distribution of t_e tick, since the species 

is extremely resistant to actual submersion (see 

MacLeod, 1935) . Vorontzev (cited by Hooker, Bishopp 

and Food , 1912) state s that eggs of this t ick can su 

vive under water from Fall to Spring. regard 

to the lower l i= it of ro. infall, even were the d istri 
bution and nature uniform, the limiting amount would 

.not/ 



not be a. fixed value, but, to soi_ie extent, a function' 

of temperature, since less is recuired to produce 

saturated conditions, and the rate cf loss is less 

et low temperatures tc_aLn at high. the rate of loss 

by transpiration will d e end on the type of vegetati 

forest transpiring more rapidly than grass. No pre - 

cise meteorological limits, therefore, cari be set to 

the areas favourable from the point of view of pre- 

cipitation. 

Generally speaking, climates with periodic 

rains, i.e. with regular dry s asons, should be un- 

favourable to the tick, as compared with climates 

experiencing rain at all seasons. On fig. 4, dotted 

lines have been drawn across the thermally possible 

areas of distribution, separating the two types of 

rain distribution. 

The type of vegetation will play an important 

part in determining the effe,.:tiveness of rainfall by 

affecting the rate of evaporation back from the soil 

to the air. In turn, it is determined mainly by 

the distribution and amount of rain: forest require 

a constant moisture supply, prairie grass is adapted 

to seasonal drought, while zerophilous desert plants 

clearly indicate r ore or less continuous drought. 

In the absence of detailed weather records, there- 

fore, probably the truest index of the climate -type 

is/ 
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is afforded r.y the major vegetation -type, provided 

due allowance be made for human interference, i.e. 

population- density, deforestation, irrigation, cul- 

tivation EliCi so ori. 

the division between forest, including wood- 

land, grass end cultiv: tion on the one hand, and 

steppe, prairie, desert and tundra on the other, is 

indica::ted on fig. 4, and shows some degree of corres- 

pondence with the hyetal eo.uator which divides areas 

receiving periodic rain from those receiving rain at 

all seasons. The clitiate -type indicated by forest 

and woodland is obviously treat r;_ost suited, from the 

point of view of rainfall, to the tick, end in this 

connectión it is of interest that Clenev (1931) 

describes a. zonal distribution of different species 

of ticks in the U.S.S.R., Ixodes ricinus being rin- 
cipally confined to the forest zone of the northern 

regions. The prairie and tep_e lands, stretching 

in a broad belt t._rou`h central Eurasia. and limited 

northwards by the hyetal equator, indicate a type 

of climate generally unsuited to the tick because of 

the parching drouthts associated with this vegetatio 

type. Heviland (1926) describes the steppe as show - 

ing a surface of brown scorched grass in surm:er, 

"like a parched stubble field." 

(e) Possible limits of d istribution in northern 
riEmisphere 

The areas of possible distribution of the tick 

have/ 



have now been r ,hly delimited from the point of 

Vi W of the two mein climat lc factors, temperature 

and rainfall. The cl ima te of the different regions 

within these Ifmits may now be br icily rev levied , and 

the northern hemisphere will be first dealt with. 

Generally speaking, western Furo De, with the 

exception of the greater jart of Spain; sho_Ild be 

favourable to the tick, lecause of its typical ma- 

rine climate, resulting in high rainfall, fairly 
evenly distributed,, absence of seasonal extreme s of 

temperature and a slow gradation of seasons, afford- 

ing tiffe moderate temperature- periods necessary for 

pEra sit iza.tion. The extreme te. :per<,tures and summe 

drought of central Spain place this region outwith 

the suitable limits. 
rasters Europe, in so far as it falls ,within 

the limits already set, remains comparatively 

favourable for survival of the t ice, since except 

in t:;e extreme east, the marine influence continue s 

to be felt for long distances eastwards. The ab- 

sence of high relief near the coast also ,s of 

the amount of orographie rain decreasing slowly 

eastwards, e.g. the 20 inch isohy t re aches to 

tioscow and Kiev. äinïilariy, the continental type 

of seasonal extremes in temperature has not esta - 

blis'ned itself fully, except in the far east of 

Europe ./ 



- 

Europe. 

East of the Urals, however, conditions are 

markedly different. Here several factors militate 

against survival of the tick. The continental type 

of climate is here strongly exemplified in the 

tee:aerature -e=-tremes. Siberia records the lo est 

temperatures i:_ the world, yet the sum_._ers are 

extremely hot. The change from winter to summer 

and back to winter is not gradual, as in marine 

climates, but very rapid. The tick, therefore, is 

unable to effect parasitization and oviposition 

before the excessive heat of summer of the cold 

of winter inactivates it. A second reason why 

this region is unsuitable for the tick is the 

fact that under the influence of the .:inter high 

pressure centre here, precipitation is negligible - 

less than 1 inch for January. Snow will, there- 

fore, be less he- vy and its cover less constant 

than at the same latitudes elsewhere, and so the 

tick is not safeguarded from the killing to :.pera.- 

tures of -50 °F end even more which occur here 

in the winter months. 

The effect of the fierce summer heat of this 

region will be intensified by insolation, since 

the skies are more cloudless here than at the same 

latitude further west. The mean annual cloudiness, 

although/ 
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although largely determined by latitude, shows 

immediately east of the Urals and also in eastern 

Siberia, except on the coastal strip, a northern 

extension of clearer skies, while central Asia, 

from Asia Minor to 1,lanchuria, has less than 50 

per cent. of cloudiness. 

The area east of Lake Baikal is outwith the 

limits set in fig. 4, until the eastern margin 

is approached. Here conditions are such that only 

a very narrow strip of the continental margin is 

suitable for the tick. The winter high pressure 

centre over Asia induces a continental type of 

climate with severe extremes and a rapid transi- 

tion. This persists almost to the coast, as the 

constant monsoons prevent the influence of the sea 

makinÉ itself felt. Japan and parts of the coast- 

line of .`,sia have a. modified climate, the marine 

influence and the warm Pacific current inducing 

a temperature climate-type, with well distributed 

rainfall. 

In western Canada and U.S.A. , the mountain - 

ranges dose to the coast` limit the marine type 

of climate, corresponding to the European, to 

a narrow coastal strip. The arid area of the 

Rockies should, generally speaking, be unfavour- 

able for tick survival, except where locally ad- 

vantageous/ 
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advantageous circumstances, such as local relief, 

vegetation -type grid such, allow of favourable con- 

ditions occurring; in limited areas. East of the 

100 meridian roughly, the general type of climate 

is more suitable, from the point of viEW of 

Continental ty :e winter extremes of tetnerature oc- I 

cur, but their effect is to some extent obviated by 

the almost constant s now- cover. The eastern states 

are comparatively favourable, Exce at for the pe cu- 

liar su_ ;erii:.Dosition of E continental cli;..r_ tic type 

on the marine, resulting in occasional severe hert- 

waves, during which lethal temperatures 'Tay be 

rer ched, acted in irregular severe spells of drought. 

Alaska., 
- 
though coming: to SOME extent within 

the limits set in fig. 4, is unlikely to favour 

survival of the tick EC ;USE of the low tempera- 

tures prevailing ing over the peninsula, except for 

a narrow south-coastal strip. r'urther, the in- 

terior has a very lo:: rainfall, only 10 inches an- 

nually in SOME places. inter temp eratures are 

extreme in comuarison 7ith those cf north European 

ruions of the sane latitude, since the Facific, 

blocked at theehring Strait, cannot influence 

the Arctic limit in Aie'skan reginns in the same 

manner in which the Atlantic, -Mich has free ac- 

CESS to the Polar- Sea, affects the northern Euro- 

pean/ 
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European regions. In comparison with the positive 

winter temperature -anonuaiy of 20 to 30 in north- 

west Euro_ , ska has a winter anomaly of -2 

in the interior to 10 on the south-west coast. 

The 1oy cipitation prevents a snow-coat modify- 

ing the temperature- extremes at all effectively, 

E,nd the winter low temperature s there fore should 

make the Alaskan region unsuitable for tick sur- 

vival. 

The potential areas of oistritution of the 

tick in the :orthern he isphere have now been 

delimited in a general way. It is to be remem- 

bered, however, that the different regions have 

been groued according to their general climatic 

facies; the limits outlines r::ust be retarded as 

defining, in a broad sense, the major regions of 

distribution. The ;os ibility re::.ains that within 

an unfavourable major region there may occur limited 

areas where meteorological and topographic factors 

combine to upset the normal climatic type, and resul 

in isolated potential loci of tick -survival. Three 

regions in especial where the defined limits must 

be accepted with reserve are the Mediterranean basin 

the land and sea distribution in which makes it im- 

possible to classify the climate under one type, 

the central 1:sian, plateau country, and the western 

American/ 
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American plateau. In the last two regions, the 

complexity of relief, high altitude and topographic - 

2.11y determined diversity of vegetation -type may 

readily result in comparatively favourable condi- 

tions occurring over limited areas. 

ounta in areas un tìle ecuatorward side of the 

distribution limits pre sent rather a complicated 

1Jroblem. Air tee ?neratures are reduced, roughly 

1 degree fahrenheit for every 300 feet of altitude, 

but, above a certain level, rainfall also is reduced 

There will therefore be a tendency to aridity, which 

will be intensified by the clearness of the air and 

other ft ctors .inducing an cceleration in evapora- 

tion r.te. The nature of the rainfall also tends 

to be tro ical in its _periodicity, and the rain 

usually `: lis in heavy sho,.ers, thus losing much of 

its effectiveness. Un to a certain height, on the 

of _er nand , reci +-)itation tends to increase with 

&ititu..e , re ¡ ulting i_: forest zones. There these 

alpine forests occur, they will exercise a marked 

effect on trie microclimate. The sumr er soil tem- 

peratures will be lowered and the extremes modified. 

Transpiration also will tend to reduce the tempera- 

tures in tine eccoclime te, and therefore in the 

microclimate, of the soil surface. It follows 

that no hard and fast rule can be laid down as 

to/ 



to the suitability or other dise of tro ical and 

sub -tropical r :ounte.in ruions. Generally speaking, 

however, it may be said that alY;ine forest zones 

in such 1ntitu. es indicate conditions possible for 

tick survival. 

(f) Possible limits of distribution in the southern 
hemi5 Dhere 

In tue southern hemisphere, the only hind areas 

falling .itilin the secii'ied limits are ìúe';; Zealand, 

excErt for the e2_tjeme north, the south -east corner 

of Australia, Tas.. :.nnia., the south of the Argentine 

and south Chile. Generally speaking, tige iíevr Zea- 

land and Tasanian climate is com nrablc to the 

English, except for Auckland, the sur :hers being cool 

and the - linters r:iid, The rainfall in South Island 

especially is evenly distributed, and there is no- 

where a real summer drought. The rainfall in 

\ew South ales, unlike that in most of .fiustr.nlia, 

is evenly distriuted throuLhout the year, and the 

actual amount is fairly large. The annual range 

of temperature is com; aratively limited, but suf- 

ficient to include pL ra:sitization- and development- 

conditions; this area, therefore, should be com- 

paratively suitable for the tick. 

Patagonia and Chile represent two extremes of 

climc.tic types. South Chile, on its western 

mountainous stri of coastline, receives the mois- 

ture/ 
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moisture of the west winds and Las therefore a very 

high ra_is,fa.il trirou`hout the year. Its vegetation 

type is -erne forest and swarïp. The result of this, 

however, is that eastwards, across Patagonia. and 

right to the coast, conditions are arid desert for 

most of the year. Only on the western seaboard, 

therefore, should conditions be suitable for the 

tick. 

(g) Known distribution 

The major regions outlined in the previous 

sections as being theoretically suitable for tick- 

survival have been shaded in on a world map (fig. 5) 

and on the same map the various areas from which the 

tick has actually been recorded are indicated by dot 

The hmerican records (listed by luttall, 1911, 1916) 

plus one in Florida (Giltner, 1927) must be treated 

with reserve, as -possibly including varieties and su 

species of Ixodes ricinus. The single record of 

this species from Panama (Dunn, 1923) is surprising, 

in view of the definite thermal limits to its sur- 

vival and activity. In the uld 'rorld, two tropical 

records occur, one in Eritrea (Franchini, 1927) 

and one in Hué (listed by Senevet and Rossi, 1926). 

These three records are inexplicable, and may pos- 

sibly be due to faulty identification.. The remain - 

ing ßîd ' ; ;,orld records fall -::within the specified 

.nits/ 
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limits, except for a few interesting exceptions. 

The editerranea.ri basin has already been mentioned 

as a doubtful.area, the climatic conditions of which 

do not fail readily into any s im le classification. 

The Lrm nie n records (Y8kirr_off et al., , 1934, 

Lototz:cii an., :'opov, 1934) are extremely interest- 

ing, in that they occur in a limited ares of definite 

ly favourable conditions. The west winds, although 

parched by the Euro.;ean continent, renew their mois- 

ture over the :::lack Sea, end the Caucasus :'ountains 

bordering it to the east thus receive a liberal sup- 

ply of rain. The vegetation t7-..e consequently is 

dense forest. The second f t:_ese records is from 

region et over 6,500 feet. 

Two records exist of occurrence of the species 

on the high .lateau in the Pamir region, one in 

Chitral (Sachs, 1934) and one in Kashmir (Nuttall, 

1916). The possibility of this mountainous dis- 

trict including favourable areas of limited extent 

has already been remarked on, since the region is 

outwith the limits only on account of rainfall 

scarcity, the temperature requirements being satis- 

fied. Locally advantageous conditions may also 

explain the Lake Baikal record, since the inhibit- 

ing factors in the Siberian region are considered 

to be absence of a protecting snow -cover and ab- 

sence/ 
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absence of transition periods between the tempera- 

ture extremes. Irkutsk, however, records 65 days 

with snowfall in the year, and, further, the ex- 

tremes in this area will be moderated appreciably, 

it being a general rule that lakes moderate the 

climate in their immediate vicinity to an extent 

roughly proportional to the size of the body of 

weter (Miller, 1931) . 

In the southern hemisphere, the only existing 

record of Ixodes ricinus is that of a single speci- 

men in New Zealand (lited by Senevet and Rossi, 

1926). 

Complete absence of the species from the anti - 

Wean favourable region would not have been surpris 

ing. Dispersal by ordinary means could hardly effec 

introduction, since the longest period the tick re- 

mains attached to a host is a matter of two weeks, 

and the tick would reouire to traverse the tropical 

and equatorial unfavourable belt to reach there by 

mechanical carriage in the active, unfed state. 

The single record is, therefore, all the more 

surprising, since the suitability of the climate 

would indicate a high population density if the tick 

were at all present. 

The difficulty of surviving the magra tort' pas- 

sage from the northern hemisphere readily accounts 

also/ 
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also for the apparent absence of the tick from the 

limited favourable area on the v e s=tern seaboard of 

Chile, unies: :, as seems improbable,. it Were already 

established in southern imerica before the establish 

ment of the present climatic belts. 

VI. Philosophical Epilogue 

The outstanding impression which is left by the 

foregoing ecological study is the strong impress of 

climatic as opposed to biotic factors on the perio- 

dicity and extent of the activities of this species. 

In this respect it fulfils the qualifications of 

non- _arasitic organisms. Further, the parasitic 

habit occupies some three weeks altogether out of a 

life of one and a half to four and a half years, and, 

most important of all, does not cover the physiologi- 

cal phase which would most benefit from the protec- 

tion of a sheltered life, namely, reproduction. It 

is hardly fair to stigmatise its complete dependence 

on other animals for food as a parasitic character, 

for, after ail, it is no more dependent in this res- 

pect that many blood -sucking flies, and how do carni 

vores evade this criterion? In its rapacious levyin 

of toll from its prey during intensive predatory pe- 

riods, which it alternates with long periods of inde 

pendent existence,it resembles the robber outlaw more 

t ha. n/ 
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the blE.:.ckm e i ler, the flea rather than the louse. 

Only in its inability to govern psychologically its 
reaction to other a.nirnals or to break facultatively 
the strict seouence of its life E:ctiv ities is it a 

parasite . Ly this "passivity of constitution," to 

uSE tie term coined by Thomson and Ger_"...des (1931) in 

their c.ì sous sion of , ;ore sitism, is it damned, but 

the i?. :cress ion rero iris tiia.t its debasement is com- 

paratively sli _ht, Pri6 vier its a rank in the category 

of degeneracy sorce}7hat higher than that of obligatory 

pare sitism. 
An interesting spec!_aI_-= :Lion is that of the na- 

ture of the mec hanie:f: ,eguîa:tin g tick numbers in na- 

ture . ME potential increase of ixod id ticks gener 

ally is enorr_ous: ..ounsbury (1699) estimated 20,000 

as the reaxirnurn number of eggs de: ositeè by a. female 

Anitlyortc& hebraeum, and the eve ,.a.ge deposition of 18 

species, based on the records of 151 individuals 

given by Hooker, Lishopp and .00d (1912) was 3,120 

eggs per tick. 
The average deposition of this species under 

optimum condition (2.MacLeod, 1935a) is about 2,000 

eggs. Since the ratio of females is 9 : 5, (MacLeod 

1932), it follo;-s that in a stable population 

1 - 9/5 X 1- or 99.99915 of each generation. 
2,000 

succumb to the vicissitudes of their environment. 

The/ 
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The normal regulating mechanisms of animal numbers, - 

upsets of the balance of food chains,' in which a speJ 

cies is involved, intra- specific competition, check - 

ing, either facultative or obli .tory, of reproduc- 

tion, and so on, -is unlikely to play any important 

part nere, unter normal conditions. The dispersal 

of the tic '. durinL reproduction prevents the likeli- 

hood of density pr oducing psychological or other 

checks on reproduction, competition is practically 

absent because of the numbers and size of the avail- 

able Moats, and the tick while on the host is com- 

paratively imi une from attack. The only likely bio- 

tic co_:'_z o1,. <re predt:tion during the free phase, 

and failure to effect parasitization. 

Apart from these, the eliminating factors will 

bE physical - desiccation, Crowning, thermal Ex- 

tremes, accient of mechanical injury, and so on, 

These are uninfluenced by fluctuation of population 

numbers, and are not therefore automatic checks. 

The nature of the factor or factors maintaining 

Equilibrium remains obscure. 
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