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General Introduction.- 

This thesis contains a report of a stuy 

of genotype environment interaction in mice. 	Pure 

lines of mice and their crosses have been kept on 

two foods and in two temperatures and the presence 

or absence of interaction in such characters as 

growth rate, fertility, milk production etc. has 

been looked for. Where interactions have been 

found their frequency, extent and type have been 

examined. 

At the saie time, the opportunity has been 

taken of developing a general discussion on the 

importance of genotype environment interactions in 

livestock. 	In particular, the relationehii of 

such interactions to the proble. of selecting 

animals in one environment and using them in 

another has been considered. 

The results of the experiment, in 

addition to providing examples of interaction, 

are used to illustrate the concets developed in 

the theoretical discussion. 
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2. 

enotype environment jnteration, ai*tatipn and 

acclimatisation. 

The detailed description of genotype 

environment interaction will be considered in 

greater detail later. 	It is desired here, in order 

to prevent confusion, to differentiate it from 

adaptation and aeclimatisatiOn. 

Genoty.e environment interaction refers 

to a changed relationship between two or more pheno-

types arising out of two or more genotypes when one 

environment is substituted for another. 	To study 

it, therefore, at least two genotypes in two 

environments are required. 

The distinction between adaptation and, 

acclimatisation is not clear out, and the terms are 

often used loosely for each other. 	Knight (1948) 

gives the following definitions. 

Adaptation: Any structural or physiological change 

on the part of the individual, species etc., which 

makes it fitted to survive under give" environmental 

conditions. 

Acclimatisation: The adjustment or increase in 

tolerance shown by a species in the course of 

several generations in a changed environment. 

He also defines the word acclimation" 

Acclimation: Adaptation to climatic change on the 

part of an individual. The physiological adjust-

merit or increased tolerance shown by an individual 

organism to a change in the surrounding environment. 

The/ 



3. 

The definitions given by Knight of 

acclimatisation and acclimation are derived from 

Carpenter (1938). 	It will be noticed that the term 

adaptation covers both acclimatisation and acclima-

tion. This follows common usage where adaptation 

is sometimes used for acclimatisation. The 

meaning given to the word 'acclimatisation' is, 

however, contrary to common usage, where it usually 

means the adjustment of an individual to a change of 

environment (what is called acclimation above). 

The important point is, however, that in contradic 
ft 

tion to genotype environment interaction, studies 

of any of the above conditions involve only one 

genotype and two environments. 	It will be noticed 

that the study of adaptation, acclimatisation or 

acclimation may be part of the study of genotype 

environment interaction, since if another genotype 

is added to the study, genotype environment inter-

action will have been investigated. 

In the present state of knowledge of 

genotype environment interaction, very few complete 

two genotype, two environment studies have been made. 

With the Increase In experimentation and investiga-

tion, we may look forward to an accumulating body of 

knowledge on interaction, but meanwhile we have 

practically only adaptation studies. 	It is these 

which are considered in this introduction, being 

looked upon as preliminary efforts in the gradual 

buildinv up of a more satisfactory knowledge on 

genotype!- 



genotype environment interaction. 

The posl.tion qfgenoty-pe environment interaction 

studies-in the general zoological perspective. 

While the general emphasis of the present 

genotype environment interaction study is on animal 

breeding, the relationship of such studies to the 

wider field of zoological science may be briefly 

mentioned. 

Much of the early history of science is 

concerned with the classification of the objects of 

nature. 	In Greek times, for example, Aristotle 

wrote "animals may be classified according to their 

way of living, their actions, their habits and their 

body parts" and he divided ani-mals into land animals 

and aquatic animals, and then further hilvi41eu 

these e.g. land animals into quadrupeds, snakes etc. 

and aquatic animals into fish, crocodiles etc. 

This process of classification, when the 

classification is based on the habits and way of 

livinpr of the animals, is really the first step in 

the study of genotype environment interaction, as 

can be seen from the following method of presents 

)znu4 :4] 

uadrupeds Fish 
(t) 	 -----i--- 	 -- 
Below water 	Death 	Life 

-1 
On land 	Life 	Deathj 

From/ 
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From the earliest times until now, this 

process of classification has proceeded with varying 

degrees of intensity in different places and in 

different times. Particularly, since the dawn of 

the scientific revolution of the 17th and 18th 

centuries, the major large scale classification of 

the phyla, orders etc. of animals have been viorked 

out by Ray, Linnaws, Buffon, Cuyir etc. 

Now that this has been done, the more 

modern approach of the last half century has been th 

application of mathematics to measure the smaller 

variation within species and to split this variation 

up in attempts to define exactly the relative impor—

tance of the genotype, the different components of 

the genotype, the environment, and the genotype 

environment interaction. 

The above should be sufficient for the 

purpose of placing øuøh studies as the present one 

into their correct historical perspective. 

Me -general historical bckgrpund to our presInt 

state of knowlede on genotype environment interaction 

In the following, It is intended briefly 

to review some of the more important developments in 

animal breeding, In order that the place of genotype 

environment Interaction in this development may be 

assessed. The review is also of value in providing 

a background for the attempt to measure Its likely 

role in the future, described in the next section. 

The/ 
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I The emphasis in the discussion will be laid on the 

following five points. 

The progress of modern transport may have in-

creased the importance of genotype environment 

interaction since it has enabled animals to be 

transported rapidly from one area to another. 

In the past in addition to attempts to develop 

animals to suit environments, there has been a con-

tir'ioua effort tc improve environments and make them 

suitable for animals. 

The new lands discovered in the fifteenth and 

sixteenth centuries have presented special environ-

mental problems in stocking them. 

A technique of selecting male animals in a 'good' 

environment and using them in a 	 one has bee 

developed in many areas. 

The rise of the scientific approach to animal 

breeding has made possible more exact studies of the 

problem. 

Each of these may be considered briefly in 

turn. 

a. 	The position of the animal breeding 

industry has been considerably altered since the 

time of Bakewel]. (1725 1795). During the forma-

tive period of most breeds, transport was compara-

tively undeveloped, so that improvers probably 

practised their activities on local stock, with a 

minor degree of introduction of stock from different 

areas. / 
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areas. At the same time, and for the seine reason, 

the possibilities of spread of the new breed would 

be comparatively limited. 

Since then, however, the situation has 

changed. Transport has advanced greatly. 

out the nineteenth century, the development and 

extension of railways enabled stock to be moved more 

rapidly withii countries. 	Similarly, the develop- 

ment of the steamship facilitated transport of stock 

between countries. The further advances of the 

twentieth century - motor transport and aviation - 

have further extended this process, enabling animals 

or semen to be quickly carried over large or email 

areas. 

b. 	Besides these advances in transport, great 

strides have been made in improving the environments 

of animals. The early eighteenth century witnessed 

a great extension of the enclosure movement begun by 

the Tudors. Without this, there could have been no 

disease prevention or controlled matings of animals. 

Associated with the enclosure movement was the Intro-

duction of turnips and the spread of various systems 

or rotation, removing the necessity for slaughter of 

animals each autumn, and the severe winter starvation 

of the remainder. 

The nineteenth century witnessed the rise 

of bacteriology and the control of the great plagues 

such as rinderpest, contagious bovine pleura-

pneumonia, sheep pox, etc., thus enabling iniprovemen 

to/ 



to be made without the prospect of the work being 

destroyed by epidemics. 

At the same time as these improvements in 

environment were being made, and the means being 

developed to move animals from one area to another, 

new areas in the new countries such as Australia and 

New Zealand were being stocked for the first time. 

Here also, in addition to adapting animals to their 

environments, the same process of adapting the 

environment to the animals, by enclosures, husbandry 

methods, disease control, etc. was being practised. 

In the eighteenth and nineteenth centuries, 

the improvement in transport and the environmental 

differences in different areas due to natural and 

artificial causes resulted in the development, in 

some places, of certain breeding practices which 

have been continued until to.day. Male animals are 

frequently bred in one district and transferred to a 

poorer district for use. Thus., rams developed in 

lowland areas, may be used in the highlands, or bulls 

produced in Britain used in the Argentine. Such 

methods, of course, involve consideration of genotype 

environment interaction, and they will be considered 

in much greater detail later. 

5. 	The twentieth century has seen the rise 

of the scientific approach to animal breeding. The 

late nineteenth, and the early twentieth century saw 

the growth of biometry, and the second quarter of 

the/ 
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the twentieth century saw the application of 

biometrical methods to animal breeding by Wright and 

Lush, and members of their school. The scientific 

study of the genetics of animal populations was thus 

begun. 

At the same time, the application of 

physiological technique by workers such as Hammond 

in England and Brady in America has resulted in a 

deeper scientific study of the individual animal. 

A combination of these two approaches, 

the biometrical and the physiological should enable 

advanced studies of genotype environment interaction 

to be made. 

Finally, mention should be made of the 

evolution of artificial insemination as a practical 

procedure. This technique has enabled the influence 

of any particular breed or type to be spread much 

more rapidly than before. 

Conclusions: The role which genotype environment 

interaction has  played in the past is difficult to 

assess. The development of modern transport and 

of the scientific approach to animal breeding is too 

recent for accurate measurements of the effects of 

transference of animals from area to area to have 

been made. moreover, the changes, for better or 

worse In the environments themselves have complicated 

the picture. 	It would seem, however, that many of 

these developments mentioned here, if continued, may 

bring the problem of genotype environment interaction 

to the fore front in the future. 
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Possible future develovments in animal breeding in 

relation to Renot3me environment interaction. 

It is likely, that in the future animal 

breeding will be more highly organised than it has 

been. This will probably involve the following 

considerations having a bearing on genotype environ-

ment interaction. 

There will, be a greater tendency to try out breeds 

or lines in new areas throughout the globe. 

There will, be a continued tendency to try to stock 

areas like Africa or India with improved breeds from 

the same or other countries. 

There will be an increasing use of artificial 

insemination. 

. Schemes of animal breeding such as those outlined 

by Wright (1939)and Hagedoorn (1939) will be put into 

pe rat ion. 

Each of these may be considered in turn. 

a. 	As an example of the first type of develop- 

ment, the case of the regional swine breeding research 

laboratory of America may be mentioned. (Craft, 1943).  Here, 

attempts have been made to develop inbred and cross-

bred lines of swine in different research stations 

throughout the country. 	It is probable that, if 

greatly improved lines were developed in any one 

area, attempts would be made to use them in other 

areas. Before this was done commercially, it would 

be wise to try them out exerimentally, first Of all 

on, 
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on a small scale. 	Otherwise, genotype environment 

interaction effects might produce undesirable result 

This type of example illustrates the relationship of 

genotype environment interaction to the planned ex-

tension of improved lines and breeds. 

b. 	It is likely that in undeveloped (from 

a livestock point of view) areas such as Africa .r 

India, the increasing control over animal diseases, 

and the breaking down of barriers due to religicn 

and custom together with the attempt to raise the 

nutritional level of the inhabitants, will result 

In efforts to increase both the numbers and quality 

of the livestock. The problems of adaptation will 

ie very important in such tropical areas. 

C-0 	 It is likely, in the future, that artifi- 

cial insemination will be greatly increased. The 

speed with which this technique enables the influenc 

of lines or breeds of animals to be spread rapidly 

throughout an area, lakes it desirable to consider, 

before introdueinr such animals to a new area, the 

I  possibility of their not being adapted to the new 

area. 

d. 	It is probable that, as the years 

advance, national schemes of livestock improvement, 

such as those outlined byWrt or ifapedoorn will be 

linked to the artificial insemin.ition system. 	If 

this is done the problem of interaction will have 

to/ 
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to be considered. The amount of interaction may 

decide, to a large extent, the degree of regionalisa-

tion of the organisation. 

The relative imDortance of genotype environment 

Interaction in the formation and distribution of 

breed,s. 

It is difficult to obtain any accurate 

knowledge on the factor's that were involved in 

breed Improvement in the early days, since at that 

time few records were kept. Undoubtedly economic 

advantages, adaptive advantages and aesthetic 

features were woven together in varying proportions 

in the formation of breeds. 

Of these the economic features were 

probably the most in: ortant, and selection would be 

apilied chiefly to emphasise any particular good 

quality affecting meat conformation, woo]. etc. 

The problem of biological adaptation would 

be likely to be left more to itself, any infertility 

or unusual liability to death, leading automatically 

to extinction. Later various breeds which had been 

improved in one ,lace would be used in another. 

Sometimes they would prove successful: other times 

they would be less successful and would not obtain a 

tooting in competition with the local breed. No 

really extensive trials or scientific investigations 

,f the different possibilities of the different 

breeds/ 



breeds in different environments were carried out. 

A similar rough process of trial and error has taken 

place in the countries such as New Zealand. 

Nichols (1928) has given an interesting historical 

survey of this type of effect in the early history 

of British sheep. 	It would thus appear that geno- 

type environment interaction has played some role 

(although a lessor role than the econo::ic one) in 

the development and distribution of breeds, but the 

extent of this role is not clear. 

Difficulties in studinfienotiv environment in.-

action and adaptation in lirve animals and the 

method adopted* 

It is extremely difficult to obtain a 

measure of biological adaptation where so many breeds 

so many environments and so many physiological 

characters are involved. The complexities of the 

situation are so enormous that it is only by pooling 

characters, breeds and environments to obtain 

collective words that some understanding of the 

problems involved can be extracted. Thus common 

terms in use are European cattle v tropical or Zebu 

cattle, lowland sheep v mountain sheep, hot climates 

v temperate climates, breeds proving successful or 

unsuccessful. 	More exact definitions are, however, 

coming into use. 	Individual breeds are being corn- 

pared, environments defined and measured, and the 

physiological factors involved in characters such as 

heat resistance being detailed. 

Lee and Phillips (1948) have outlined the 

major/ 
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major steps necessary to add to our knowledge of 

adaptation, and have considered the methods of ap-

proach. The steps necessary are codification of 

existing knowledge, critical examination of that 

knowledge and the conclusions based thereon, and 

the planned extension and application of the know-

ledge. The methods of approach are studies of 

the actual distribution of animals, field observa-

tions, laboratory experiments and experimental 

breeding with different genotypes in different areas. 

The methods considered by Lee and Phillips 

have already been practised in varying degrees. 

Some conclusions obtained with the sheep and cattle 

on the extent of genotype environment interaction 

will, next be briefly discussed. 

Genotye environment interaction in sheep. 

Before considering specifically sheep, the 

contrast between the degree of interaction exhibited 

by sheep and cattle in Britain may be briefly men- 

tioned. 	If a species is so constituted that it 

exhibits a considerable degree of interaction, 

the different members of it will react differ-

ently to environmental changes. This will 

mean a development of local breeds adapted to local 

conditions. Thus a multiplication of breeds may 

indicate interaction. 	Since in Britain there are 

many more sheep than cattle breeds, it is possible 

that/ 
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that sheep exhibit more interaction than do cattle. 

On the other hand, the many more breeds of sheep 

may be due to the existance of many more environ-

ments for sheep than cattle. Possibly a combination 

of these two explanations may be the reason. 

The written knowledge of the many breeds of 

sheep and of the environments they are specially 

suited to, is largely contained in breed histories, 

text books on agriculture and on the sheep industry. 

Complete objectivity in these, especially the breed 

histories issued by the breed societies cannot, 

however, be assumed. In addition to these there 

are several detailed scientific studies, for example,on 

the stratification of the industry in various parts 

of the world, individual breeds or a character of a 

breed such as the reproductive cycle, and of the 

effect of different planes of nutrition on the 

conformation and composition of the animal. 

In this introduction it is intended only to 

give a very brief review of some of these studies as 

a sample of the methods of approach, and of our 

knowledge of genotype environment interaction in 

3beep, 

Nichols (1933) points out that the extent 

)f the spread and recession of the new breeds in 

their early history, bears some relation to the 

egree to which the environment of the original focus 

of development was repeated. The new Leicester, 

for/ 
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for example, was developed in Leicester,, but It 

Is now chiefly bred in the Eastern part of Yorkshire 

an area somewhat similar to that of Leicester. 

Indeed, if environment is considered geologically, 

the main breeding areas of the various flocks and 

types can be distinguished. For example, the 

Southdown flocks and their close relative remain 

densest on the Jurassic and Cretaceous formations, 

mainly in the South of England. 

Some of the more general features of 

the stratification of the sheep industry in Britain1  

New Zealand and Australia have been considered by 

Nichols (1932) and Hammond (1936). A distinct 

series of different breeds and crosses are used, 

as the type of environment changes from pastoral to 

agricultural, and the produce changes from wool to 

mutton to lamb. Various trends can be noticed in 

the above transformation. The type of ;asture 

changes from poor to improved intensely managed 

grazing; the altitude in Great Britain and New 

Zealand from hIgh to low; the temperatures from 

extreme to equable; the rainfall in Britain and 

New Zealand from high to low, but for the Merino 

usually from low to medium; the carrying capacity 

of the land from low to high. The products 

similarly are stratified; slow growth to rapid 

growth; poor mutton - good mutton - lamb; 

low! 
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low fertility to high fertility; high to low 

mortality. There is also a general movement of 

stock from the lees intensive to the more intensive 

areas. 

This type of stratification can also be 

accomplished in time as well as in space. New 

Zealand, for example, was first stocked withMerinos;  

as the industry developed, the settlement expanded, 

grazing improved, refrigeration and transport 

developed; a switch over from Merinos to longwool 

crosses and longwools and finally to fat lamb pro-

duction occurred where this was possible. 

It can be seen then, that adaptation to 

environment plays a large role in sheep breeding. 

The above is, however, merely a very brief summary 

of the position. 	Further discussion of stratifica-. 

tion in Britain can be found in White (19329, 1939, 

1944) Dinedale (1944), Thomas (1944) 0  Seward (1945) 

and in the reports of the Hill Sheep Farming 

Committee in Scotland (1944) and in England and 

Wales (1944). 

In addition to these more general field 

observations revealing the extent of adaptation in 

sheep, brief mention may be made of some field 

experiments which have a bearing on interaction. 

To be ideal such experiments should involve two 

breeds or genotyres situated in two environments, so 

that/ 



1FJ. 

that all possible comparisons may be made. Most 

experiments are, however, designed to test the 

suitability or different breeds in one environment. 

Thus Bywater (1944) compares various 

crossbred sheep with pure bred sheep in Yorkshire 

and finds the crossbreds on the whole more suitable. 

Similarly Bonama (1939) compares Merinos and Merino 

crosses in South Africa, finding considerable 

differences in milk production growth rates and body 

dimensions, the crosses on the whole being better. 

Miller and No-he (1946) studied the effects of high 

sumer temperatures in Texas upon the body tempera.. 

tures and respiration rates of several breeds of 

sheep and found considerable variation in these 

characters, thus probably indicating different levels 

of adaptive possibility. 

Such experiments are very useful in that 

they show the extent of the adaptive ability of 

different breeds to one environment. As more such 

experiments are done, the knowledge of breed suit.. 

ability to different environments will increase, as 

well as that of environmental suitability for 

different breeds. 

Probably the most extensive survey where 

one breed is compared In two environments is that of 

Whitehuret, Grown, Phillips and Spenser (1949) who 

compared the Columbia breed in two different 

environments, striking differences being exhibited. 

The/ 
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The position in the sheep industry might, 

then, be summed up by saying that from practical 

experience, scientific surveys, and experimentation 

both in the field and in the laboratory genotype 

environment interaction may exist and be of consider-

able importance. There is, however, room for a very 

great deel more investigation 

Knowledge of penotype ezwtrpnrnent interaction 

in cattle. 

In the cattle industry a similar lack of 

exact knowledge of interaction to that of the sheep 

Industry exists. There are the same general observa-

tions on usefulness of breeds in particular environ-

ments in the breed literature and in the agricultural 

text-books but comparatively few detailed surveys of 

breed distribution such as Donald (1945). 

The stratification of the industry does not 

seem to be as localised as that of the sheep industry. 

Breeds of cattle developed in the temperate zones 

seem to be capable of wide distribution within these 

zones. For example the Ayrshire breed although 

developed within a comparatively limited area is now 

fairly widespread in Britain, and many other 

countries. The same applies to the Pi'iesian breed 

and other breeds such as the Red Poll, Brown Swiss, 

and Jerseys have spread far from their original home. 

Beet/ 



Beef cattle, although more restricted to their 

native places in i3ritin than the dairy breeds have 

spread far and wide in America and elsewhere. 

Probably, however, the most important 

division of cattle from an adaptive point of view is 

into Tropical and Temperate cattle. Certainly most 

scientific studies on adaptive abilities in cattle 

have centred round the problem of the best means of 

stocking the tropical areas whether to improve the 

native stock with or without European breeds. Among 

such studies those of Rhoad (1938) may be mentioned. 

Working in louisiana he found differences in body 

temperature, respiration rates and grazing habits 

between European and Native cattle, Other invest1 

gations on thisproblem arc those of Kelley (1943) in 

Australia; Rand (1982), Eiirda (1932) 2  Ho 	(1946) 

in Jamaica; Wright (1945) in Ceylon; Bisohop (1940) 

and Bonama (1940) in South Africa; and several other 

workers. 

In addition to these investigations on 

adaptation in cattle over fairly different environ-

mental conditions, the study of Robertson and Asker 

(1949) on the movements of two breeds of pedigree 

cattle within Britain, is of interest. In this paper 

they show a map of England giving the average yields 

of milk and the percentage of butterfat for pedigree 

Friesians and Shorthorns in different areas. These 

figures, for the two breeds show approximately the 

same/ 
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se relationship to each other in the different 

areas, i.e. there is little genotype environment 

interaction between breeds and areas for milk pro- 

duction and butterfat percentage. Further,, they 

conclude that the migration of breeding animals in 

Friesians and Shorthorns is such as to preclude the 

possibility of the existence of much local genetic 

differentiation, except for the north-west of England 

in Shorthorns and Scotland, and the region around 

Essex for Priesiana. Apart from these areas, approxi.. 

mate].y 35-40 of the genes in any one area of county 

size are replaced in each generation. Approximately 

20j of the females in these breeds are aired by 

animals born in the same herd as themselves. Thus, 

the greater part of the geographical variation of 

milk yield and butterfat in England and Wales is due 

to differences in climate, soil, feeding and manage- 

ment. It would appear, therefore, that genotype 

environment interaction is very important for milk 

production or butterfat within England for these breeds. 

Physiological factors involved in adptation. 

Having shown the existence or differences Jis  

adaptive ability in both cattle and sheep, it is useful 

to examine the cause of these differences, since such 

knowledge might be useful in quickening selection for 

them (Hammond 1947). Lee and Phillips (1948) have 

recently summarised the elements of our knoiledge on 

this subject. The following two tables, extracted 

and slightly modified from their summary/ 
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Table 1. 

/ 	 Table hcin the value of various phys1eloical 
nuract%rill hlpinor RT,5777177 adaptation to 

I 	 het or cola. 

30r)Y 1O1Th 
Relation to Heat 	Relc.tion to 

Item - Adaptation 	j 	Cold Adapt&tiO 
bove body Below 

Temp. Body 
Temp.  

High surface 
areaJnuss  
Large appen- 
dages (limbs, 
ears &c.) 
Dark Coat 
Colour - 	I 	- + 
Dense Humid CITEEtes 
Coat + Hot Dry  + 
Sweat 
Glands + + o 
Superficial +(Ttswcating) 
Tissue VU8CU- -(if no 	) + 
larity _____________  
Subcutaneous -(if sweating) 
Fat +(if no - + 

cTi 
1é19tionto Ifeat Relation to 

Itun Adaptation - Cold Adaptatio 
High Bowel 
ictabolic Rate  + 
High Resting 
Metabolic Rate  + 
Work Rate I 	 - + 
High Caloric 	1 

Food Intake  + 
tom 

Level Irraterial  
Thyro-adrenal 
activity  -+ 
Milk Production 
and e 	laying - + (if enough 

food) 

Contd over/  

1 
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Table 1 (corxtd) 

- 	 P1ft.0-17) TPY 
Rc]atJI,n to neat Relation to Cold 

Item - - Adaptation Adaptation 

ShiverIng () 1 + (till fatigue 
Increased 
Respiratory 
Voiwne + 
Large Cutaneous (see Superficlalj  
Blood Flow ascular- tissue vascular- - 

ity) 
Insensiblensenaible r  
Perspiration + 
1xtern1iy 
applied water + ________________ 
Posture anU 3preadin 	+ 	Flexure and 

I Separation .4. 	 Huddling 

= help to adaptation 

Ow = hindrance to adaptation 

0 = no effect. 

----c;) 	 - 



TABL 2.. 

!?able showing effects of heat and cold on various physio1oi-

cal characters. ?ros Lee and Phillips (1948). 

Item Effect of Heat Effect of Cold. 

eota1 temperature laised Lowered 

Often increased at 
Cardiac activity Often increased first. Lowered if 

stress excessive. 

Male reproductive Tends to be re- 
function duced. be reduced. 

Urine volume '?educed in Increased sweating animals 

Acid-base volume Tondecy to 
alka.tosis No constant trend 

Appetite Depressed Increased 

Intestinal function Tdn to be NO effect 
istu.cbud 

Tissue damage Sunburn Frostbite 

'sychological Same stimulation, 
changes Lassitude later duilntss. 



summary table a, indicate the major factors involved. 

The tables are given rather Dully because certain 

parts of them are subsequently referred to in the 

thesis. 

Cone-131ding remarks. 

This necessarily brief survey of the 

literature as it affects cattle and sheep will 

illustrate the point that not much is known except 

in very general terms about the adaptability of 

breeds of livestock relative to each other. Even 

with laboratory animals there has been no comprehen. 

aive and exhaustive study of genotype environment 

interaction. This, however, seems a desirable 

preliminary to further work with livestock and the 

experiments described here have been undertaken as a 

contribution to this and. Their immediate purpose 

has been to investigate experimentally with mice 

some of the fundamental problems involved in geno—

type environment interactions, using the characters 

of agricultural interest, fertility and growth rate. 
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Iiiteraction and its definition -b-y Fisher. 

Interactio. is a general statistical term; 

genotype environment interaction is the snecific case 

where the genotype and the environment are involved. 

It is difficult to obtain a precise definition of 

Interaction, and the term is often used rather 

loosely. 	Kendal (1946) comments "the word Interac- 

tion has been used in different senses by different 

authors, and when consulting original memoirs the 

reader should endeavour to ascertain the, precise 

meaning which is being attached to It - If he can. 

Fisher's (193) definition of the word 

interaction has been ad9pted in this thesis. 	His 

definition also illustrates the use of the analysis 

of variance and the factorial design (the design used 

in this experiment) In detecting interaction. 

Fisher jntroduo the word interaction , in' the 

chapter on the Factorial Design In Experimentation 

in "The Design of Exierimenta" (Chapter 6). 	He 

first considers the advantage of the factorial 

design in achieving precision, where In such a 

design 16 possible mixtures are made containing high 

and low proportions of 4 ingredients A. B, C and D. 

and these mixtures are replicated 6 times. 	Fisher 

states, "The advantages of the factorial arrangement 

over a series of experiments each designed to teat 

a single factor, is however, much greater than this 

For with separate experiments we should obtain no 

light! 
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light whatsoever on the possible interactions of 

the different ingredients, even if we had gone to the 

labour of performing 96- experiments with each of thei4 

and so, for each singly had attained the same pre-

cision as that which the factorial experiment can 

give. 

If, for example, an increase in ingredient 

A were advantageous in the presence of B, but were 

Ineffective or disadvantageous in its absence, we 

could only hope to learn this fact by carrying out 

OUP test of A both in the presence and in the absence 

Of B, and this in fact is what the factorial 

experiment is designed to do - but to do it so 

thoroughly that the total systn of possibly inter- 

actions is explored In---itL3  entirety. 	110 test if the 

effect of A in the presence of B is greater than in 

Its absence, we may compare the total difference 

ascribable to A from one set of 24 pairs of otherwise 

comparable trials, In all of which B Is present, with 

the corresponding effect derived from the remaining 

pair of sets of 24 in all of which B is absent 

This is the same as comparing the results of 48 

trials in which A and Bare both employed in large or 

both in small quantity with the other 48 trials in 

which the larger quantity of A and the smaller 

quantity of B. or vice versa have been combined. We 

have thus, again, a comparison between the results 

of two sets of 48 trials, comparable in all other 

respects! 



,respects save that in which we are interested, namely 

whether the effect of an increase in A is, or is not, 

influenced by an increase in B. The difference, in 

fact, involves the two ingredients symmetrically, and 

ils technically spoken of as thu interaction of A with 

, There are clearly 6 such interactions between 

pairs of the 4 ingredients, and each of these is 

evaluated by the experiment with the same precision", 

Fisher's definition of Interaction as the 

situation 'where an increase of one Ingredient is 

Influenced by the increase of another ingredient, may 

be made more clear by an example. The situation 

ingredient increased 
CD Q) 
.rq Ca rj 	 b 	 Bj   

1-4k a 	ab 	a 
r-I .r-! 

A Ab AB 

above shows algebraically the combination of treat-

ments. Let the symbols be replaced by figures to 

indicate the results: and consider the situation 

where one ingredient is not Influenced by another. 

b 	B 

a 	50 	100 

A 1 100 	200 
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Here the effect of increasing a to A. in 

both b and aB is to double the figure, i.e. there 

is no interaction on the geometric scale. 

Let us suppose, however, that a second 

situation exists in which an increase of one in-

gredient is influenced by the increase of another 

ingredient i.e. where interaction exists on the 

geometric scale. 

	

a 	B 

	

A 1 100 	12,000 

Here the effect of increasing a to A. de-

pends on whether b or B is present. 

The scale of measurement and metrical bias. 

The last two examples raise the problem 

f what scale is to be used in measuring interaction. 

Lu the first case it was stated that no interaction 

existed on the geomptrjcal scale. But, suppose 

instead of considering that no interaction exists 

because the increase of one ingredient has the 

same effect on both b and B, Le. it doubles or 

,trebles or has the same multiplicative effect in 

both cases, we consider that there is no interaction 

when the increase from one ingredient to another has 

the same additive effect. 

Thus, in the following situation there 

would be no interaction since in each case the change 

from/ 
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from a to A added 50 to b and B. But, such a 

	

b 	B 

a 	50 	100 

	

A P100 	150 

situation would mean that our original first case 

exhibited interaction, since in the one case 50 

was added and in the other 100. Similarly., if we 

apply to the last example a geometrical scale, there 

is interaction present. This illustrates the 

complications that may arise in determining whether 

interaction exists or not. 

The importance and place of sealing in 

genetical analyses has been discussed recently by 

Mather (1943) dealing with the results of the inter-

action of genes with each other. Much of what is 

said is relevant to genotype environment interactions1 

Be points out that the scale of instruments we employ ,  

in measuring our plants and animals are those which 

experience has shown to be convenient to us, but that 

we have no reason to suppose that they are appropriate  

to the representation of the characters of living 

organisms for the purpose of genetical analyses. 

Original observations can be transformed to some 

other scale and this may change the proportion of the 

total variance which is additive, thus introducing or 

removing what is called metrical bias. 	In the 

present! 



present thesis, however, no attempt has been made to 

transform the data. The value of such transforma-

tions, depends on the relationship of the variance to 

the mean, i.e. the coefficient of variation. 	This, 

it may be noticed, can be quite large within groups, 

without affecting the between groups coefficient, Which 

is the one of interest in this type of analyses. 

This between groups coefficient is probably much 

larger in plants than in animals and, therefore, the 

value of such transformations in animals is probably 

not so great as in plants. For an example of these 

large plant variances Power's (1942) paper on tomato 

variation may be consulted. 

Lush's definitions of izenote environment inter 

action and his view on its importance in animal 

breeding. 

It is important in animal breeding (from a 

scientific point of view) to subdivide variability 

into its component parts. The best measure of 

vriability is the variance, which is the average 

sausred deviation of individuals from the population 

mean. Lush (1945, Chapter 7) divides variance into 

a genetic part (02 ), an environmental part (o2 ) 

and a third portion due to joint effects of heredity 

and environment (o)2  which are non-additive or 

otherwise so inter-related that they cannot fairly 

be described as heredity or environmental alone. 

such/ 
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Such joint effects he states, may occur if either 

heredity and environment are correlated or if they 

Interact non-additively so that the effect of a 

particular variation in heredity may be larger in 

one environment than in another, or conversely a 

certain change in environment may make a large 

change in individuals of some genotypes but only a 

email change in other individuals whose genotype 

makes them less labile. 

The exact importance of this interaction is 

not known. Lush (1945, Chapter 7) states, "it seems 

likely that the non-additive combination effects of 

heredity and environment are generally small in 

amount, but, some interactions of this kind do occur? 

Subsequently, in the Genetics of Populations (1949)( Ch • 7) 

he observes, "Whether such non-linear interactions 

between heredity and environment are frequent and 

large, or are rather rare and unimportant exceptions 

is not clear. Perhaps it needs individual scrutiny 

in each separate case. 	Also in the same ohaper, 

"The assumption that heredity and environment combine 

their effects additively and without correlation 

implies that all geometric representation of the 

situation can be made in straight lines and flat 

surfaces. Actually if one looks at the physical 

world around him he sees that most lines are curved 

and most surfaces have irregular hills and hollows. 

It is tempting to Infer that the same is true of 

interactions/ 
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Interactions between heredity and environment but 

analogies as wide as this are notoriously untrust-

worthy". Moreover (Chapter 28)  "The general 

importance of interactions between heredity and 

environment is uncertain. Probably it varies from 

one characteristic to another. It is rather widely 

appreciated in plant breeding but there is reason to 

think it is generally underestimated in animal breeds. 

Ing.  

Finally, we may note Lush's (Chapter 'i ) 

comment that mathematically the principles which appl 

are those of "Taylor's Theorem" in calculus, whereby 

Y = f(A. B.) = P(A) + f(B) + f(). 	If suitable data 

are available it may, he continues, be possible to 

repeat the process and divide t(X) further. 

Sometimes part of the interaction is due to 

"metrical bias" and can be removed by choice of a 

suitable scale for the original data, as logarithms, 

square roots, probits, reciprocals etc. 

It can be seen again that our knowledge of 

the extent of interaction is very limited. 

Genotrne environment interaction from the i,oint of 

view ofada'tation to ,environment: Ilaldane's 

]sificatton. 

Haldane (1946) states, "The interaction of 

nature and nurture is one of the central problems 

of genetics. We can only determine the differences 

between/ 



between two different genotypes by putting each of 

them into a number of different environments. We 

compare two pure lines of mice not only as regards 

colour, hair form, and other characteristics which 

are little affected by nurture, but for such 

characteristics as resistance to different bacterial 

and virus infections, each of which must be tested 

by appropriate changes of environment. 

The problem is, of course, exceedingly 

complex.....". 

He next proceeds to classify interactions. 

As these classifications are easenti;.l to interpret 

the results of the experiments reported here, they 

are given rather fully. 

"Suppose, he states, "we have two genetic-

ally different populations A and B. and two different 

environments X and Y. The results will be clearest 

if A and B are clones or pure lines, and I and Y are 

constant in all respects. But this need not be the 

case. A and B might, for example, be species, X 

and. Y geographical areas". 

In the following discussion to simplify the 

comparison with the present experiment, the CM and 

C57 pure lines of mice used in this experiment are 

substituted for the A and B of flaldane's paper and 

the cake and oats environments used in this experiment 

for the I and Y of Haldane's paper. 

Suppose! 



Suppose the individuals show a character 

that can be measured, e. g. weight at a certain age, 

l and suppose also that 6 experiments are carried out, 

and all give results which differ significantly, so 

that they can be placed in order as in Figure 1. 

Arrangement la means that CBA cake did beat, CBA 

oats next, 057 cake next and C57 oats worst. 

Figure 1. 

CBAcake 

CBA oots 

-. C57coke 57  

C 57 oats 

Type is 

Cbkcke 

C57 coke 

/ 	C57 oats 

LO,  

/ N 

CBA oats 

Typo 2 

C57ooFs 

CBAcoJce 

CBA oats 

C 57 coke 

CBA coke 

C57 coke 

CbAoots 

,_.C57oats 

Type 16 

CBA coke 

CBA oats 

C57oato 

C57coke 

Type 3 

f CBA cat 

,. C57 oats 
V 

C57 cake 

CBA oats 

Type 4a 
	

Type 4k 

These! 
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These arrangements show the possible alterna-

tive combinations that might be found when CA cake 

remains the best. A similar classification could 

be made if any other class were best, e.g. OBA oats 

or C57 cake. 

Each of these, Haldane suggests, represents 

a type of interaction. 	In this thesis, however, 

types is and lb would only be interactions if any 

lack of symmetry, as Is registered by an analyses of 

variance existed, e.g. if the difference between OBA 

and CS7 mice on a cake diet were not identical with 

the difference on an oats diet, or what amounts to 

the some thing, if the change from cake to oats 

affects CBA to a different degree from the similar 

change on C57. This is because we are interested 

not only in the main classification which Haldane is 

discussing but also in the magnitude of the interac-

tion present within each type. When, therefore, we 

speak of types la or lb interactions, we mean an 

Interaction showing the ranking of either is or lb, 

but also showing departure from simple geometrical 

proportion. The other 3 classes, even though 

exhibiting perfect symmetry, constitute true 

interaction, since they all show a reversal of 

ranking, e.g. in Type 29  CBA on cake Is greater than 

057 on cake, but there is a complete reversal of 

this on oats; in Type 30  CM cake is bigger than 

CBA/ 
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CM oats, but the reverse holds for 057, and in 

Type 4 on cake, CM is greater than oats, but this 

is reversed in C57. It is true that the change 

from is to lb involves a change of rank in the CIA 

oat and 057 cake lines, but each of these types by 

itself exhibits no interaction since there is no 

reversal of ranking within either. However, if 

type is were found in a cold environment and type lb 

in a. hot environment, interaction would exist since 

the change from cold to hot reversed the ranking. 

We might, therefore, at this point summarise what 

is meant by interaction in this thesis. 	Interaction 

is exhibited by a group of figures arrayed in 

classes, when these figures do not follow perfect 

geometrical symmetry, or when reversal of ranking is 

present. 

While this is the strict and correct use of 

the word 'interaction', it will also be used more 

loosely to describe the relationship of two or more 

variables. Thus, we may head graphs showing two 

variables as seco:d order interactions despite the 

fact that no true 'interaction' exists. This has 

been done on the same principle as, in an analyses 

of variance, the mean squares for different inter-

actions are given, despite the fact that they may 

be non significant - the implication being that the 

relationship of an interaction exists, even if It is 

non, 



non significant. The word interaction is also 

used loosely, when contrasting different Haldane 

types, to describe any la or lb relationship whether 

regular or not, when the important point in the con-

trast is the ranking of the classes compared to 

another Haldane type. Exactly what meaning is to 

be attached to the word should be simple in each ease, 

Ito discover from the context.. 

Haldane next considers each of these arronge-

ments. In interactions of Type 1 one genotype is 

superior to the other in both environments, and one 

environment is siertor to the other for both geno-

types. There is no essential difference between 

Types la and lb, since, if the difference between the 

environments is diminished sufficiently, lb passes 

over into is.. 	Sugenists clair'i that type Is is the 

most important for our own species, anvironmentaliats 

lb. 	Numerous examples of both types are to be 
	

I 
found in the literature. 	In animal breeding, 

similar divergencies of opinion frequently arise, 

and will be considered in more detail later. 

The second type of interaction is highly 

characteristic of domestic plants and animals. 

Highly specialised races give high yields in their 

highly artificial mvironments,, but are much poorer 

than primitive types in primitive environments. The case of 

Aberdeen-Angus and Galloway cattle is instanced, the 

former! 
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former being much better than the latter as shown 

by certain Smithfield figures relating to good 

environments, but in bad environments this cannot be 

true or Galloway farmers would keep Aberdeen-Angus 

stock. Unfortunately exact figures could not be 

found for the two breeds in the poor environment. 

Interactions of type 3, whereby the change 

of environment affects the genotype in opposite dir-

ections, are very connon. Haldane considers 31 

cases in which mutants of Drosonhila have their 

defects increased by the heat, and 33 where the 

reverse occurs, the abnormality being increased by 

cold. The following examples show the type of 

effect. 

Figure 2. 

degree of 	 wing 
scalloping 	 area 

I 	 1'bO 
Fringed 19CC 	bO 	(Dumpy hot 

Fringed 300C 	1Ca 	Dumpy cold 
0 

0 
(Vestigial 300C 	 Vestigial cold 

(Vestigial 19°C 	 Vestigial hot 

In tine 4 interactions each genotype does 

best in an environment to which it is adapted. It 

cannot be said that either race or environment is 

suie nor. The following two examples of Jialdene's 

illustrate the condition. 

Figure 3/ 
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?igure 3, 

Europeans; European cities : Best health 

Negroes; West Africa 	: let Intermediate 

Europeans; West Africa 	: 2nd 

Negroes: European cities 	: Worst health. 

Fjguz'e 4. 

D?opoDhjla. 

polycheetous 28 300C : most bristles 

Polycheetoid 290C 	: 1st intermediate 

po1y6haetid 2506 	: 2nd intermediate 

polychaetous 190C 	: fewest bristles. 

Haldane next considers the problems of 

stocking areas with breeds in relation to their 

different interactions. In the case of 1 and 3 

little difficult would arise. 	In each case one 

genotype or one environment is better than the other, 

ISO that, if we have two areas, they would be stocked 

with only one genotype (namely cake and oats areas 

would be stocked with CM). Cases 2 and 4 are more 

complicated. In each, one genotype is superior in 

one environment. Where the demand is heavy, stock 

will be raised in unfavourable environments and this 

is. especially likely where transport costs increase 

the expenses of the batter area. 

Thus/ 
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Thus, in Britain the first supply to the 

demand for meat is from the best genotype in the 

beat area, e. g. improved breeds like Aberdeen-Angus 

in Aberdeenshire. The second supply, covered by 

the heavy demand, is from poorer breeds like the 

Galloway from poorer areas. As this still does not 

meet the demand for meat, quite good areas such as 

the Argentine, provide the third supply. If these 

Argentine areas were closc to or in Britain, and the 

political situation permitted probably no cattle 

would be kept in the unfavourable areas of Britain. 

Thus, the situation is as follows, if completely 

improved British breeds are not the best in the 

Argentine. 

ig1Are

J 

 

Improved breeds 

5, 

: 	lot supply to demand 
Britain 

More primitive : 	2nd supply to demand 
breeds 

More primitive : 	3rd supply to demand 
Argentine 	breeds 

Improved breeds : 	4th supply to demand 

The above is not a perfect example but it 

illustrates the possible development of a reversal 

type of interactiori( Type 2), where several breeds 

and countries, degree of demand and transport 

difficulties interact. 

While the above type of interaction is 

probably the commonest for sheep and cattle, type 4 

is/ 
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is more common for wheat In this ease, transport 

is cheaper, and supply being greater, there is less 

demand. Thus, the situation is as follows:-. 

Britain: British wheat : let supply to demand 

Canada : Canadian wheat : 2nd supply to demand 

Canada : British wheat : 3rd supply to demand 

Britain: Canadian wheat : 4th supply to demand 

It is to be noticed that in this example 

as in the previous one the 4th class of these two 

interactions, I. e. Canadian wheat in Britain and oftefl 

the 3rd one never developed. It is really the order 

of ranking of the most satisfactory breeds and envir-. 

onmente that determines the type of interaction. 

Another type 2 example involving wheat, is the total 

world demand. 

Figure '7. 

Ordinary 	(Winter wheat 	: 18t supply to demand 
wheat areas (Spring wheat 	: 2nd supply to demand 

Northern 	Spring wheat 	: 3rd supply to demand 
limits of 
wheat 
production 	Winter wheat 	: 4th supply to demand 

Next Haldane considers what would happen 

when the difference between the two environments cake 

and oats is very small. 	CBA cake and CM oats, and 

C57 cake and C57 oats would now differ very little. 

Thus, the interaction is of type is. if the change 

Figure 81 
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Figure 8. 

Tp3 

of environment affects the two genotypes in the 

same way, and of typeif it affects them in opposite 

ways, as can be seen in Figure S. 

Supposing also the cake and oats differ 

considerably, but CM and CS7 are very similar, then 

Interaction is of type lb if the genetic change has 

the game effect in both environments and of type 2 

if it has the opposite effect. (Figure 9) 

It follows also that if cake is very 

similar to oats and CM to 057 we can only get an 

interaction of type 1. Type 1 may in tact be 

regarded as the limiting type when differences are 

small. Type 4 is only likely to come into operation 

when both cake and oats and CM and 057 differ 

markedly. 

Next/ 
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Next Haldane observes that in many practical 

cases the difference between two or more of the four 

measured characters may not be significant. 	It this 

is so it may or may not be possible to specify the 

type of interaction. 	It would not be possible, for 

example, to specify the interaction in the following 

case, 

Figure 10, 

(Immune 	: infected 
All survived (Immune 	: non infected 

(Susceptible: non infected 

Some dead 	(Susceptible: infected. 

where all the animals survived the experiment except 

some of the infected susceptible population, because 

if the experiment lasted longer it might be found 

that in the sterile environment, the immune animals 

were longer or shorter-lived than the susceptible. 

The infection also might lengthen or shorten the 
I I 

immune animals' life. With these two possibilities, 

we can construct the 6 possible types of interaction. 

It is, therefore, impossible to specify the type of 

interaction that might develop in this type of case. 

However, let us now consider the situation 

where it is possible to specify the type of inter-

action. 

Two characters may not be significantly 

different from each other. Figure 11 deals with 

this case. 

Figure llJ 
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Figure 11. 

The figure is arranged to show that all of 

the 18 two class indeterminate interactions can be 

resolved into 6 pairs of interactions. These are 

la and lb,la and a,lb and 2,2 and 4b,a and 4a, 

4a and 4b. In the right hand box where four figure 

exist, the particular two that apply for each figure 

in the left hand box must be chosen individually. 

Where two interactions can be represented in the one 

diagram this has been done. 

fl 1z 16,  

1.1b .2 

T.2 
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The top left band square means that CBA cake 

ad the highest score, CB.A oats and 057 cake equal 

second and 057 oats fourth. The left hand column of 

figures shows the various possible type of indeter-

ninism that might arise. The right hand figures in 

the corresoonding box opposite show the possible types 

Interactions that might be involved. In each 

asó there are two possibilities. These cases have 

been worked out extensively in the diagram since this 

type of indetereancy has been found frequently in the 

xperiment. 

Another case is where one score lies between 

wo others without differing significantly; here 

hinge are more complicated. Thus, if we consider 

he situation presented in the left hand of Figure 12 

which CEA cake and 057 cake differ significantly, 

but OBA oats do not differ significantly from either. 

T 3 	 TWA 

if/ 
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If the experiment were repeated on a larger scale 

we might get either of the three result s, type la, 

3 or ib, shown in the Figure. In any given case it 

is easy to work out the possibilities. 

Haldane next gives certain general formulae 

If there are in genotypes and n environments and the 

order of the genotypes and environments can be 

re-arranged after the experiment is completed, there 

are I4L possible types of interaction. Moreover, 

if there are in genotypes, n envtronnents and k 
k 

criteria, there are 	types of interaction. 

Also, f these 	are such that the order of 
(in.) n. 

merit of the m genotypes is the same in every 

environment, and only 	are such that the order in. n. IVA 

of merit is the same for each genotype. 

Haldane finally comments on the application 

of these ideas to agriculture. At first sight., he 

remarks, it might be regarded as sound policy to 

select the gentypee which give the best performance 

in each of a fairly large series of typical environ-

merits. Unfortunately, in current practice, too 

much attention is paid to performance in highly 

favourable environments, and there is a tendency to 

lose sight of type 2 interactions. A breed may be 

graded up to give high production under good condi-

tions, but it may actually give a lower one under 

poorer conditions. 	(This situation will be consid- 

ered in greater detail in the next section). 

Another/ 
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Another point to be considered is that 

the hybrid between two breeds may be bettor than 

either pure breed. 	It might, therefore, pay to 

keep various breeds which are not especially su1tabl 

to any environment for their crossing value. But, 

breeds especially suited to their environments, and 

other breeds to be kept for crossing purposes, are 

not all that is required for an adequate breeding 

programme. The possibility of change of environ-

ment must be kept in mind. New diseases may emerge 

the use of hormones may spread, a new area may be 

opened up for export. Genetical diversity must 

therefore be preserved. A considerable reserve of 

stocks should be maintained including even definitel* 

inferior stocks, which though they themselves are no 

likely to be of value, may carry valuable genes. 

In fact, the type of classification here adopted is 

not really adequate for the practical problems of 

agriculture, because it does not take time, and 

particularly environmental change, into consideration. 

flaimnond's (1947) hYootheis on selection in-,1bg  

light of Uald.ane's e1aeification 

Having considered the fundamental theory 

underlying genotype environment interaction, it is 

reasonable to examine some modern concepts of 

selection in animal breeding. 

Haminond/ 
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Hammond (1947) concludes after considering 

various exam les of different types of selection that, 

"From a srvey of such results it would e'pear that 

the character required is best selected for under 

environmental conditions which favour its fullest 

expression, and that once developed, it can also be 

used in other environments, provided that other 

characters, specially required by that new environ-

ment, are also present in the animal". 

For this to be correct it is clear that two 

requirements must be fulfilled, viz, selection in the 

food environment must be more effective than in the 

bad: and that, secon:ly, the better character on 

transference nust not fall below the level of the 

character selected for a similar period of time in 

the bad environment. In this thesis we are not so 

much interested in the possibility of differential 

speeds of selection, but in studying the problem of 

the different possibilities that might arise on 

transference. 	In the following discussion, therefore, 

emphasis will, be laid on the effects of transference. 

Hammond  s views on transference may be 

considered in terms of Haldane's interactions. Thus 

for the Hammond hypothesis to be correct there must 

only be interaction of type 1 or type 3, where the 

genotypes maintain their relative positions in both 

environments. 	If interaction of type 2 or 4 

occurred/ 
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occurred, whereby the relative ranks of the genotype 

are reversed on transference from one environment to 

another, it is possible that the more selection was 

practised in the good environment the worse would 

be the effect on transference. 

There is no a Priori reason to suppose tha 

any particular type of interaction is more common 

than another. Examples of all types have been giveri 

by Haldane and some of them are quoted in this 

thesis on pp. 38-42 • 	All that can be said is 

that type la and lb will probably be most common 

where the genotypes or environments do not greatly 

differ from each other; that type 2 will be more 

common where the environments differ considerably; 

that type 3 will be more common where the genotypes 

differ considerably; and type 4 where both geno.. 

types and environmenta differ considerably from each 

other. . Thus, it would appear that fiSimnond's 

hypothesis implies that only interactions of types 

I or 39  would occur on transference, and this lacks 

theoretical support. 	It is, therefore, reasonable 

to examine the evidence on which the conclusion is 

based, to see if the examples in large animals all 

tend to support his conclusions. 

Hammond presents a ]arge number of 

examples in support of his hypothesis, or having some 

bearing upon it. But, with many of these, the two 

requireinents/ 



51. 

requirements mentioned at the beginning of this 

discussion are not fulfilled, so that complete 

evidence in support of the hypothesis is lacking. 

Thus, he gives many examples shcw 	the effect of 

good environment in improving animals but from the 

point of view of the observation that "such charac-

tel's once developed can also be used in other 

environments, provided that other characters 

specially required by the new environment, are also 

present in the animal", many of the examples are not 

complete in showing the effect of such a trans.. 

ference. 

Thus, while Improvement of the environmental 

conditions may have lengthened the breeding season in, 

domestic rabbits (Hammond p, 196), there is no evidence 

that this improvement would continue if such rabbits 

were returned to wild conditions, even if they were 

crossed with wild rabbits to introdue genes for 

wildness. Similarly, the development of a breed of 

sheep by improving the environment with hormones and 

by oaring for the lambs born out of season and 

selecting the animals which best respond to these 

conditions (Hammond p. 196) does not guarantee that 

on transferring such a flock back to poor condition, 

the characteristic of breeding out of season would 

persist even If genes for resistance to the poor 

environment were added. Also, we do not know if 

domestic/ 
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domestic cattle, on returning to wild conditions 

would let down their milk any more quickly than 

wild cattle (Hammond p.197) or if large milkers 

selected in good nutritional and hormonal conditions 

(Hammond p. 197) would exhibit similar production in 

commercial conditions, or if ewes raised in a 

good nutritional environment (Hammond p.  197) would 

be equally aB good when transferred to a poor en-

vironment, or if Zebu cattle improved in good farms 

in India (Hammond p.200) would maintain such 

improvement in commercial herds. Also in the same 

paper Hammond instances MaMeekan's (page 202) and 

Verge's (page 204) work, as demonstrating the 

importance of a good nutritional level to allow full 

development of meat qualities, and reasons from 

such studies, that the improved breeds of domestic 

animals could only have been developed in good 

environments. This is probably true, but there is 

no reason to presume that the improved conformations 

of domestic breeds would be maintained on transfer-

ence of such animals to a poor environment. Thus, 

It may be seen that the evidence for the phenotypic 

maintenance of a character on transference from one 

environment to another is not entirely complete, 

but needs further verification. 

The/ 
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The following are the main cases instanced 

by Hammond where such a transference has been carried'  

out with success. Heavy milkers it is found coner-

cially, on transference to a poorer environment, 

frequently milk themselves "to the bone" (Hammond 

p.199). This may be so but the claim requires 

further statistical support. 

Genes for high milk production, selected 

for in temperate climates, are quite effective when 

added to those for resisting high temperature, 

selected for under tropical conditions, in producing 

an animal which milks well in the Tropics Hammond 

(1;.200), and the extra size of the horse developed in 

the suitable conditions of the northern temperate 

zone cart be transferred successfully to tropical 

conditions by crossing with the donkey (and this 

giving rise to the mule) which supplies the genes for 

heat  resistance lacking in these temperate zone 

types (Naimnond p.201). The above two cases are, 

however, complicated by the existence of hybrid 

vigour. Thus, it can be seen that more evidence is 

required to substantiate Hazmnond's hypothesis. 

Before ending this discussion the phrase 

-. 

	

	"provided that other characters specially required by 

that environment, are also present in the animal" 

should be noted. 

This/ 
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This phrase, clearly emphasizes Hammond's 

point of view. He does not state that an animal 

should be selected for in one environment and 

transferred for use to another one. Be states that 

the character should be selected for under environ-

mental conditions which favour its fullest expression 

and then says  that once such a character has been 

developed, it can also be used in the second environ-

ment, provided that the conditions laid down above 

are adhered to. 

In the following discussion we are not, 

therefore interested in the problem of whether 

animals selected under artificial conditions are 

fit to stand up to more primitive conditions. 

We are, rather interested in the question as to 

whether characters, selected as above, maintain 

their epression when tranefered to a different 

environment, after allowing for the incorporation of J 
a certain proportion of resistance factors to the 

bad environment. 

The fact that it is a 'certain proportion' 

of resistance factors should be carefully noted. 

It is obvious that practically speaking it is 

impossible to graft the genes for the character on to 

those for exact environmental, resistance. By 

crossing the animal selected in the good environment 

with that selected in the bad, a certain proportion 

of/ 
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of genes for environmental resistance may be intro-

duced, but the complete set will almost certainly not 

be introduced. 

Indeed if all other characters specially 

required by the new environment were present in the 

animal, there would, practically speaking be no 

transfer or the character to 'other environments'. 

Genetic factors would cushion or buffer the bad 

environment effect, and there would, therefore, 

beyond a physical transference be no change In en-

vironment. Thus Hammond's statement would mean 

practically nothing from a transfer point of view, 

and would revolve itself into a belief that seed of 

selection was better in a good environment than in a 

bad environment. However, from what has been said, 

it is clear that there must he some degree of 

transference effect left, in all practical cases. 

It is this residue of environmental effect that must 

,exist after crossing to introduce most factors for 

environmental resistance, that interests us most. 

We have already seen how small environmental changes 

may reverse the expression of certain geotypes 

in Drosophila (see P-39 ). 	It is therefore, reason- 

able to presume that a similar effect may exist for 

characters of agricultural interest in mammals. 

This is what we intend to investigate. 

Diagramatic/ 
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Diaizramatic in'esentation of some of Ualdanel a inter-

actions in relation to certain bredinj idtr.e. 

It is of interest to e tend some of 

Ifaldane's ideas to specific breeding industries. 

The dairy cattle industry may be taken as an example. 

The following shows the possible interactions 

between pedigree and non-pedigree animals and good 

and bad environments. The order is meant to 

indicate the performance. 

Figure 13. 
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Pedigree 	 Good E. ( 

Bad Environment 	 (Non-pedigree 

(Good Environment 
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~Pedigree 
2 

(Good environment 
Pedigree ( 

(Poor Environment 

(Poor Environment 
Pedigree 

~Good Env iroiunent 

Pedigree : Good Environment 

Non-Pedigree : Poor Environment 

Pedigree : Poor Environment 

Non-Pedigree : Good Environment 

4a 
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Pedigree : Good Environment 

Non-Pedigree : Poor Environment 

Non-Pedigree : Good Environment 

Pedigree : Poor Environment 

4b 

The development of Artificial Insemination 

Centres has made it more desirable than before to 

determine the type of interaction. Type la is 

possibly assumed in many practical quarters. 

Probably, however, type lb is closer to reality. 

Pew would consider types 2, 3 or 4 as possibilities, 

since the genotypes and the environments are probably ,  

not sufficiently far apart to produce those effects. 

If type la is more important only pedigree bulls 

shuld be used on Artificial Insemination Centres. 

If type lb is the true case, it would not be necessary 

to attach such importance to the pedigree, since 

environment is more important than pedigree. Of 

course, the position is greatly complicated by the 

relative goodness and badness of the genotype and 

the environment, and some of Hldane's indeterminate 

interactions night describe the position more 

accurately. The example is chiefly of interest as 

showing the importance of having accurate knowledge 

of the extent and type of genotype environment inter-

action in dairy breeding, so that the most efficient 

use may be made of Artificial Insemination Centres. 

The/ 
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The following shows the possible types of 

interaction in the sheep industry between the Hih.-

lands and the Lowlands and their respective breeds 

of sheep. 

FIure 14. 

(Lowlands 	 (Lowland sheep 
Ld
sheep 
	 Lowlands  

Mountain 	 &ountaln  sheep 

Lowlands 	 (Lowland sheep 
Mountain 	 Mountains 

Mountains 	 Mountain sheep 
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iLowland sheep 
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(Lowlands 
3. 
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Mountain Breeds : 	Lowlands 
48 

Lowland Breeds 	: Lowlands 

Mountain Breeds 	: Mountains 

Mountain Breeds 	: Lowlands 

Lowland Breeds 	: Mountains 

4b 
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In this case probably few ;ould suggest that the 

riain type of interaction is either la or lb. 	Both 

the environment and the genotype are too distinct for 

that type of interaction. Nor would types 3 or 4 

T he likely to be chosen, the genotypes not being 

sufficiently far apart for that; the Lowlands would 

be better than the Highlands independent of the 

genotypes. Type 2 is prubably the situation exist-

ing, the Lowlands being better than the Hiphlanda, 

but the genotype sufficiently far apart to bring 

about a reversing effect. 

Finally, it is of interest to examine the 

types of interaction nreaented bet*een tropical 

breeds and European breeds, and their respective 

environments, taking South U. S. A. as the example of 

a tropical country, and Herefords and Zebus as 

European and Tropical breeds respectively. 

Figure l. 
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Herefords: North U. S. A. Herefords: North U. S. A. 

Zebus 	: South U. S. A. Zebus 	: South U. S. A. 

Herefords: South U. 6. A. Zebus 	: North U. S. A. 

Zebus 	: North U. S. A. Herefords: South U. S. A. 

40. 	 4b. 

Here the existing type of interaction is more 

difficult to define, the relative differences of the 

breeds and environments being much more difficult 

to assess. The observed bad effects of a hot 

climate on European breeds probably eliiinates types 

is, lb and 3. Whether types 2 or 4 exist it is 

difficult to say, since the behaviour of Zebus in 

North U. 8. A. is not known. They might do very 

well or the cold climate might seriously affect 

them. Possibly type 4 is closer to the mark than 

type 2. 

Thus, it can be seen that each industry 

may present its own type of interaction, and which 

one exists must be considered separately for each 

case. It may be noted here that while the above 

cases have dealt with interactions involvin the 

whale of an animal, interactions may also be concerned 

with parts of animals. Thus, an interaction could 

exist between the genotype and the environment where 

the character was wool quality or milk production 

rather than the behaviour of the animal as a whale. 

Finally it should be emphasised that all of the above 

cases are merely hyp3thetical, being used to illus. 

traté the points in the text. 
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Interactions between enviroriments. 

In the experiment now reported, inter-

actions between environments have been found. A 

note is therefore added here on what is meant by 

onviromnental interaction as used in this thesis. 

The following shows an example of this type cf effect. 

Figure 16. 

There are two possible explanations. One is that 

the interaction has occurred outside the animal body 

and that the effect is due to the hot temperature 

altering the oats so that growth is reduced. On 

the other hand it is possible that the hot produces 

some physiological change on the animal, for example, 

weakens it so that it cannot digest the oats, and 

the interaction thus occurs within the animal body. 

To find which situation existed would require fur-

ther examination. Similar situations might be 

exhibited in animal breeding. For example the 

'figure below, representing say the growth. 

Fipurel7. 

HOT 	COLD 

Water shortage 

No water ahortag 

	

50 	100 

	

100 	100 
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of sheep in different seasons, with different sup.-

plies of water is an 'internal' type of environmental 

interaction, if the figure in the top left hand 

square is caused by increased water loss in the 

animal due to heat, and decreased intake due to the 

shortage. On the other hand, the next figure is 

'external' type of environmental interaction, if the 

lack of growth is caused by the effect of the beat 

on light soils destroying the pasture and reducing 

food intake. 

HOT 	COLD 

Light soils 

Heavy soils 

	

50 	100 

1 	100 	100 

'Interactions' between the characters of a sinvle 

animal and he environment. 

By this is meant the extent to which 

different environments affect different characters 

within one genotype differently, e. g. such an inter-

action would exist where an environment is good for 

one character such as milk production, stimulating it 

greatly, whereas it had the opposite effect on 

another, such as depressing it almost completely. 

The following diagram shows the type of position. 

Figure 19/ 
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Yigire 19. 

Milk Production Fertility 

CAKE 

OATS 

100 

50 

50 

100  

Moreover, if such interactions exist, it is possible 

that different genotypes differ in their reaction to 

such environments, giving rise, for example, to a 

situation like the following. 

CM Mice.  

Milk Production 	Fertility 

CAKE 	 100 	 50 

OATS 	 50 	 100 

1- 

____________ 057 	Mice. 	- 
Milk Production 	Fertility 

CAKE 	 50 	 100 

OATS 	 100 	 50 

The first case above is not really a true 

interaction, since for a true interaction to exist, 

there must be a common character in the boxes being 

measured, and this does not exist here. It is 

rather a case of negative correlation, but it is 

allied to a certain extent to interaction. The 

second case, of course, would be a true interaction. 
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The following Is not intended to be in 

the leant an extensive survey, but merely to Indicate 

some of the lines of investigation adopted. 

1. Monofactorlal examples. 

The eases which were first discovered, and 

have, therefore, been investigated most extensively, 

are those involving single factors. There are very 

many examples of these and some given by Haldane 

have already been quoted (pp-39 /40). 	Many more are 

given by Hogben (1930) and the following merely 

indicates their types. 

Abnormal abdomen (Morgan 1925) in 

Drosophila is an effect dependent on a single par-

tially dominant sex-linked gene; but it Is only 

manifested in the damp condition. 	In dry condi- 

tions flies containing the gene appear perfectly nor-

mal, while intermediates are produced by moist condi-

tions. Gordon and Sang (1941), report a similar 

ease In antennaeless. 	It is clear that if these 

mutants were compared with normal flies, under both 

moist and dry conditions, genotype envtronnnt inter- 

action would exist. 

In mammals similar effects exist, e.g. In 

Himalayan rabbits and Siamese cats (both simple 

recessives) black pigment is produced below a certain 

threshold temperature. 	Interaction would, therefore, 

exist, if these mutants were compared with wild type 

animals in a high and a low temperature. 



65. 

2. Multiple factor examples. 

Naturally, as yet, there are not so many 

examples of genotype environment interactions involv-

Ing multiple factors as single factors, but investiga-4 

tion has proceeded and is proceeding along certain 

lines, the major of idilch are indicated in the follow-

ing. 

2a. Investigations on strains of animals exhibiting 

defects es-mcially susceptible to environmental 

conditions. 

Whenever such a strain is found the 

possibility of genotype environment interaction exist 

since if that strain is compared with an ordinary 

strain in a defect and non-detect producing environ-

ment, the two strains will differ in their reactions. 

Orüneberg (1947) quotes several examples of work on 

this type of strain. 	Amongst these the cases of 

polydactylous and otocephalic strains of guinea-pigs 

have been investigated extensively by Wright (1934a, 

1934b). 

Most guinea-pigs have only 4 toes on the 

fore- and 3 on the hind-feet, but occasionally ani-

mals are born with more toes on the hind feet. 

Most inbred lines are comparatively free from this 

condition but Wright obtained a strain in which 42% 

of the animals developed 4 toes. 	It could be proved 

that there were no genetic differences in the animals 

within/ 
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within this strain which developed the condition 

and those which did not. The condition was due 

to developmental detects in the widest sense and 

more precisely to differences in pre-natal environ-

ments, the age of the mother (young mothers having 

more polydactyls), and the weights of the mothers 

within each age class (heavier mothers having more 

polydactyle than lighter ones) being important 

determining factors. It is clear that if such a 

strain was compared with a non-polyd*tyl strain, 

with regard to the environments of maternal age, then 

genotype envirouent interaction would exist. 

Mother similar end interesting strain 

produced a high percentage of otoeephalic monsters. 

In this case, however, the developmental factors 

involved remain to be discovered. Neither maternal 

age or weight was as important as in the polydectyl 

strain. The condition was more frequent in large 

litters than in email once, but this was only of 

minor importance. Again, comparison of large and 

small litters, with large and email litters of normal 

guinea-pigs would reveal genotype  environment inter-

action. 

It Is to be noted in the above two cases, 

within each case, there is no genetic difference 

between animals vhich complete ordinary development 

and those which become monsters. The difference 

between! 
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between those which show and those which do not show 

the condition, is one of 'general fraFility' and 

	

this is determined genetically. 	For a general 

discussion of this situation Grflneberg (1947a) and 

Russel (1941) can be consulted. Many animals with-

in each inbred line cross the threshold of normality, 

to develop into monsters, while very few do so in 

ordinary guinea-pigs. 

. Investigations on the j.ntex'action bteen geno-

tyipes and. bacterial eyrnments. 

These are, undoubtedly, of very consider-

able importance, since the bacterial environment of 

an organism is one of its most important environ-

ments. The types of interaction exhibited here are 

generally very similar, and of the type below. 

Figure 21. 

GENOTY 

I Non-resistant I Resistant 

Infected 	Rany 	 few 
Environment 	Deaths 	Deaths 

Non-infected 	Yew 	 Pew 
Environment 	Deaths 	Deaths 

The investigations in this field may be divided 

into two major fields; those dealing with poultry 

and those dealing with the small mammals. 	In each 

case the important point is to note the evidence 

for/ 



for different levels of genetic resistance to dis- 

ease. 	If these exist then it can be said that geno- 

type environment interaction exists. 

Hutt (1949) has recently reviewed the 

poultry work. In this survey, he shows from 

several examples that general mortality can be 

reduced by breeding, but that there is little 

evidence for breed differences to general mortality. 

Specific resistance for different diseases such as 

diphtheria, pullorum disease, typhoid, neoplasms etc. 

has, however, been demonstrated for different breeds 

and strains. There is also a marked sex difference 

in susceptibility to Erysipelothrix rhusiopathiae in 

turkeys. 	With regard to parasites, however, little 

is known. 

The work with smaller manuals has been 

reviewed by Grineberg (1947b). He states that in 

the large literature on genetic resistance to infe 

tious diseases, mice, rats, guinea-pigs and rabbits 

have been used and infected with large numbers of 

different bacteria, through various routes. 	Some 

of the bacteria have been natural pathogens, some 

from other hosts, and the criteria of resistance 

has varied from absence of death to a longer life 

- - 	period. Sometimes the small mamnals have been 

specifically selected for resistance to the organ- 

isms, sometimes pure lines chosen at random have 

been used. 	arineberg's general conclusions are 

that/ 
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that, "In many instances unequivocal evidence has 

been obtained that great differences in resistance 
0 

are predominantly under genetic control". 

Of particular interest is the fact that 

this resistance is highly specific producing in some 

cases, the following type of effect. 
I 

Figure 22. 

STRAINS 
w 	x 	Y 	z 

Pathogen AR 8 8 R 

Pathogen B S R S R 

R = resistant 
	

S = susceptible 

From the point of view of this experiment 

we may conclude that genotype environment interactions 

are both common and important in so tar as the impor-

tant environment of bacterial infection is concerned. 

Speaking more generally' of disease, to 

include non-bacterial as well as bacterial condition,, 

it is of interest to note Grneberg's (1941t 

'spectrum of diseases'. 	He points out that a 

classification of disease could be nade showing 

those diseases which are almost entirely genetically 

determined (e. g. albinism) at one end of the scale, 

and those which are almost entirely environmentally 

determined (e.g. susceptibility to infection with 

diptheria) at the other. 	Between the two extremes 

is a range of parti.11y genetically determined, par-

tially environmentally determined conditions. 

It is clear that in all of these cases, 

genotype/ 
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genotype environment interaction could be produced 

by comparing the abnormal genotypes with the normal 

genotypes in environments that increase and decrease 

the defect. 

2c, Studies on cattle twine. 

Since the design and objects of the preeen 

series of experiments have similarities to those of 

Bonnier, Hanson and Harold (1948) where monozygotic 

cattle twins instead of pure lines are used, the 

reports of these experiments are relevant to the 

present work, and are therefore, summarised somewhat 

extensively below. These workers conclude: 

Heredity plays a very prominent role in the 

expression of practically all types of characters 

and in importance usually outweighs the effect of 

differences in feeding intensity. 

In the case of a quantitative character the 

influence of heredity expresses itself in the 

determination of a "ceiling" above which it is 

impossible to force the animals by more intensive 

feeding of the same composition. 

The genetically determined ceiling is situated 

at different levels for different characters insofar,  

as one character may reach its ceiling at a feeding 

intensity level at which another character has not 

reached its ceiling. 

These differences of ceiling levels seem, in 

the case of conformation, to follow a gradient, the 

fore/ 



fore parts of the body - and especially the head - 

reaching their ceilings at lower feeding levels 

than the hind, parts. 

When the ceiling of milk yield and a body 

character such as weight are compared, two genotypes,  

may differ in such a way that in one the yield ceil-

ing has a lower level and the body ceiling a higher 

level in the other. 

If a heifer is fed poorly in early life, and 

subsequently fed well, the early lactations do not 

reach their ceiling, since the growth rate must be 

made up first. 	The ceiling level is reached later. 

The proportions of the variance due to heredity 

and environment depends on the differences in 

feeding Intensities and also on the relations of 

the two feeding Intensity levels to the ceiling: 

If the lower of the two feeding intensity levels 

lies close to or exceeds the ceiling, the hereditary 

part of the variance assumes very high values. 

If the feeding intensity has a decidedly higher 

level than Is required to reach the ceiling in 

question, the coiling is not reached, since the too 

Intense feeding so disturbs the general metabolism 

that the yield is hampered. 

For several characters, differences In feeding 

intensities interact in a non-linear way with 

heredity actual examples are given for growth of 

weight, milk yield and fat percentage. 	It is 

possible/ 



possible that the ceiling level plays some role in 

the determinations of this interaction, which means 

that the distribution of weights and yields of 

different genotypes may be influenced by the feeding 

policy. 

When the yields of a set of cows given high 

rations are compared with the yields of their 

identical sisters getting low rations, a marked 

correlation is found between the yields or the two 

sets. 

Non-linear interactions have also been 

demonstrated to exist between age and heredity in 

the case of increase of weight and in height of 

shoulders, and between stage of lactation and 

heredity in the ease of milk yield a statistical 

demonstration is thus given of the hereditary 

determination of growth rates and shapes of 

lactation curves for milk yield and fat percentage. 

Laurie's atud on the eroduct1on of the house 

mouse 1 lv ingln_dffeent_ovronments 

Strictly speaking this is not an experimen-

tal study but rather a field survey, and should, 

therefore, not be included in this section. 	However, 

since the animals studied were mice and very detailed 

observations were made, it Is probably best placed 

here. 

Laurie/ (1947) 



MO  

Laurie studied the reproduction of Mus 

muaculus living in urban habits, flour buffer depots, 

cold stores and corn ricks. 

It was found that the mice bred throughout 

the year in all environments, and that there was no 

seasonal difference in the percentage of females or 

In the number of embryos per litter. 

The following table shows the main 

differences exhibited by the mice in the different 

environments. The food and temperature environments 

have produced considerable differences in most of 

the characters measured, It was therefore thought 

to be probable that the cake and oats diet and hot 

and cold temperature of the present experiment 

would also produce considei'able differences in 

character expression. 

The fact that mice can live normally in 	I 
cold store, where the temperature is never more 

than 157, and breed extensively, is an indication 

of the adaptability of mice to different environments. 

Table/ 
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TABLE 	3. 

ENVIRONMENTS. 

Character 
Measure Urban 

Flour 
Depots. Rs 

Cold 
Storageil  

Sex ratio 51.83% male 50.43 44.61 48.19 

Proportion 
of fecund 0.2194 0.3166 0.4060 0.2653 females per 
year. 

Annual 
litter 5.52 7.97 10.22 6.68 
productivity 

Average 	o* 
of embryos Average of 3 environments 5.6 
per pregnant N 	significant difference 6,37 

female between environments. 

Embryo 
productivity 30.91 44.63 57.27 42.55 
rate. 

Annual 
Daughter 

vity 16.22 24.79 31.51 23.15 
rates. 

Productivity Highest 
rates Lowest Average produc- Average 

tivity 
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Section I. 

/ 	 Subsection A 

/ 1. The objectives of the experiment. 
/ 

Having considered some of the theory behind inter— 

actions, and their importance to selection, it is now possible 

to consider more fully the purpose of the present experiments. 

It is two—fold: 

To see if interactions exist under certain con-

4/itions in mice for some characters of "agriculturalO importance 

such as milk production, fertility etc; if they do exist to 

/examine their type and their magnitude and if possible, their 

/physiological causes; and to see if these interactions bear any 

!relationship to the relative importance of the genotype and the 

environment such as Haldane's paper suggests. 

If such interactions occur, to consider what their 
'7 

/ 	z'elevance would be to selection, and in particular to the 

/. 	/hypothesis that selection should take place lb a good environment 

/,and the improved animals be subsequently transferred to the 

/ poor environment. 

2. Assumptions made. 

The experiment is designed to throw light upon and 

to assist in interpreting what actually occurs in domestic 

animals in the field. Great care, however, has to be observed 

in transferring interpretations from experiments with small 

animals to farm animals. This is especially so in environmental 

studies where cattle breeds have probably specially selected 

genes for resistance to specific environments in contrast to 

purej 
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pure lines of mice which have been selected rather for fertility. 

On the other hand, by chance alone, in the formation of pure 

lines it is probable that segregation has resulted in quite 

distinct genetic differences. Russel (1941) discusses this 

point in detail. 

3. Iescriptjon of experiment and the numbers involved. 

The experiment as designed consisted of a foundation 

stock of three lines of mice of eighty animals each. Each line 

was divided into two, forty animals being put into a 'hot' 

environment and forty into a 'cold' environment. The animals 

were all placed in their environments just after weaning and all 

about the same time. heasurements were taken of growth rate, 

reproductive phenomena etc. 

Of each forty, twenty were males and twenty females, 

nd they were arranged in twenty cages, each cage containing a 

knalo and female. Ten of these cages received a cake diet and ten 

an oats diet. The cages were arranged in randomised blocks of 

/ 
	six cages, the block possessing one pair of each strain of mice 

on each diet. The experimental design was thus set up to ensure 

randomisation, and to facilitate orthogonal analyses. No data 

could be obtained on the distribution of the variance between 

and within cages, but It was thought that ten replicates 7culd be 

sdeuate. 

The following Diagram Shows the Design / 



N 
N 

Not Invironnient 

CBA 	 C? 	 RflI 

AAA 
Cake Oats Cake Oats Cake Oats 

1 pair 1 pair 1 pair 1 pair 2. pair 2. pair, 

Cold Environment 

CBt 	 057 	 Rill 

A. 
Cake Oats Cake Oats cake Oats 

I 
I pair 1 pair 1 pair 3. pair 1 pair 3. pair 

3. Block 

Repeated 10 times 
	

Repeated 10 times 
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4. The environments. 

The nature of what constitutes environment from an 

animal breeding point of view has been stated recently by 

Lee sxid Phillips (1948). They classify the environmental 

components into climatic elements and intermediate factors. 

, The climatic elements are temperature, humidity, air movement, 

solar radiation (direct and indirect) and altitude. The 

intermediate factors are vegetation, drinking water, parasites 

and infection and the mechanical effects of the weather. 

For ideal environment genotype studies each of these 

should be carefully measured and varied exactly. This is 

difficult in the larger animals and difficult and expensive in 

the smaller animals on a large scale, even where enough is known: 

about their requirements to achieve success. On the other hand, 

such exact control is not necessary or even desirable where the 

experiment is designed to assist in interpreting and to a 

certain extent to imitate what occurs under field conditions, 

since in the field changes in weather, in food supplies etc. are 

very variable. In this experiment then, the main points are not: 

the constancy of the environments but ather the fact that all 

of the mice entered the environments at the same period, and so 

all suffered e'ual1y from any fluctuation present. 	
I 

In Britain probably the two most important environments 
I 

in animals are the state of nutrition and the temperature.. This 

does not apply to the seine extent when the geographical area is 

extended to the tropical regions when the humidity, air movements, 

radiant heat, water supply, mechanical effects and parasites 

probably! 



probably all play a considerable role. 

For simplicity and to produce a reaeb1a.nce to British 

condition, the two main environmental variables were food and 

ternperature. 

The food environments consisted of (a) ordinary commercial 

cake, and (b) erushec oats. The cake wee the stand  liat  tea 

in the ecuse house. It vas supplied by the North Eastern 

Lgrtcult..ra1 Co-operative Society Ltd. It is cooly used in 

ouee hcues, without any other food being given, and is 

eatiafactory for sairitaining fertility, growth rate etc. Its 

cospoitiort is as follow :- 

Wheat Qtra.l (Bran) 	17.9 
Ybeat,ground- 	17.9 
Oat, 	Ground 17.9 
Lize, around 	8.9 
Barley, ground 	8.9 
Thite flEh Meal 	4.5 
Meat & Bone seal 	8.9 
Dried Skimmed Milk 13.1 
Dried Yeast 	1.2 
Salt 	 •14  
Cod Liver 01.1 	.1. 	100. 

Crushed oats on the other bend have already been reported by 

Bjttrier (1936) to reduce fertility, growth rate etc. and there-

fore was selected as a bud diet. These two fQQdE were thought 

to be sufficiently diverse to bring out genetical differences 

i Ct2tO5. 

Li teaperature environments were (a) a normal heated 

mouse house, and (b) an unheated outhouse in the cold of w;Lnter. 

The exact differences can be seen in the graph (Fig. 24). 
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January 	 February 

tarth 	 April 

The ltt*rture on the effects of temperature in mice is not 

very extensive. Parkes (1974) found that without maintuining 

an optiaua te.peratre 01 1318UC, his albino mice tailed to 

breed in the months of November to F'ebrutu7. Far 

Brabe13. (192S) found that tibina mice kept at 00C pith 

&bwdnCe of food had regular 	tru cycles ar$ became renant 

ills (1942) describes results obtained by Calvin rhera young 

white ntice at a temperature of 18°C continued to grow raçidly, 

whereas similar aloe at 330C and 60 relative hniidity, 

suffered from marked and austainea depression. In the present 

experirt, since ieqiate data on which to base an exact opini1on 

as 1acin, the teaerature differences of the above envlrn—

aents wss thought tc be sufficiently great to bring out any 

strain dirrerences in reaction to the temperatures. 

51/ 



5. The genotypes 

In choosing the number of strains (as in choosing the 

number of environments) a balance had to be maintained between 

the cage space and labour and the number of replicates desirable 

on the one hand and the wish to have is many strains as possible 

to increase the chances of obtaining interactions. Three was 

finally decided as the most suitable number. The particular 

choice of strains was partly a matter of availability and partly 

one of the same principle as applied in choosing the food 

environments, viz, to choose lines as different as possible so 

It could be known that different genotypes were involved, At the 

same time it was desirable to use the lines in most common use 

in mouse houses, since the knowledge gained in the husbandry of 

mice from this experiment would be of interest. The three lines 

chosen were CBA's, C571 s and RIII'a. The CBA's had been found 

to be a very useful strain in the laboratory and they are a line 

in common use with a literature on their characteristics. The 

C57's are similarly much used in cancer work and have, too, 

quite an extensive literature. The Rill' a were regarded as being 

'sticky' breeders and their behaviour under varying conditions 

would be of special interest. The following is the description 

of the lines as given by Law (1948): 

R.III Inbr. 	20 4. Fert. medium. 
Genet. cc Orig: Dobrvo1kaia-!zwodskaia. 
Charac: high breast tumour; Edinburgh sub line; low 

mammary cancer: Refs: Comptea Rendua 101:518* 
BuU.Canc. :76. 

CBA Inbr: 20 +. Orig: Strong via Jackson Lab. 

C57 black: Inbr: 35 +. Fert: high. Genet: aa. 
Orig. Little, from heterozygous stock obtained from Miss 
Lathrop: much inbreeding prior to last 25 gus. b x o. 
Charac: breast tumours about 1% in bred, 0 in virgins 2. 

eye abnormalities in about 10 of animals, but 
incidence varying in different aublines. Low 
frequency of audiogenic seizures; males can be 
trained to be either pacific or aggressive; sup-
erior to OR and Balb C in fighting. Ref a: J.Exp. 
Zool/ 
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Zool. :45, Amer.J.Cancor :431. A.AJ.S. Pub.22. 

6. lots on Pur Lines in Research. 

Pure lines of animals are lines the members of which are 

all genetically homozygous, for the same genes. They are 

produced by continuous inbreeding. The evidence that this 

finally produces hoaozygositj is both theoretical and experi—

mental. The mathematical theory is outside of the scope of this 

thesis but a brief review is given by Russel (1941). More 

important to us is the experimental evidence. This consists of 

support for the following two anticipated phenotypic effects 

when intense inbreeding has actually been practised for a long 

times 

i. change in the average of different characters from 

those of outbred stock. 

2. Change in the degree of variation; generally a 

decrease but occasionally an increase. 

The first effect is a well known and long established on.. 

Evidence for the existence of a decrease in variation is given 

by Wright (1920) and for an increase in variation the examples 

on page 65/6 may be instanced. Further discussion on the 

experimental proof of the actual establishment of homozygosity 

in pure lines may be found in Russel (1941) from which the 

above is abridged. 

From our point of view the value of pure lines lies in 

the possibility of obtaining adequate replication without 

having too many mice for the experiment, so that the significance 

of any interaction found can be assessed. If different strains 

rather than pure lines were used, it would be possible to 

measure the interaction present, but the presence of genetic 

variability/ 
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variability within the strains would necessitate many more 

mice in each environment to ensure the significance of the 

interaction mean square. 

7. Production of mice to enter environments. 

There were two major necessities to be kept in mind in 

connection with the entry of the mice into the environments. 

Al.]. the mice had to enter the environments at the 

seine age and at the same time. Simultaneous age and time entry 

is necessary in an environmental experiment such as this where 

the environments, e.g.  temperature, are liable to vary through 

the experiment, to ensure that all mice suffer the same environ-

mental effects at the same age. 

All the mice should have had similar environmental 

effects before entering the environments, e.g. if CBA are big 

mice and C57 small mice, and all the CBA' a were selected from 

large litters and were thus small on entry, and all the C57 from. 

small litters and were therefore large on entry, false results 

would be obtained. 

The following are the major factors liable to cause 

such confusion. 

Litter size at weaning. 

Litter size at birth. 

Nutrition of the mother, present and past. 

Age of mother and number of pregnancies. 

Other environmental influences e.g. any disease 
the mother has had, or any unfavourable 
influence in her early history etc. 

Ideally then, we should have sufficient mothers to 

provide enough equal-sized litters and these mothers should all 

bel 



be mated at the same time, to produce their litters approxi-

mateiy the same day. The many litters of other sizes would be 

disposed of. These mothers would all be of the same age and 

have had more or less the sams number of litter, or none at 

all, and would all have been fed similarly from birth, 

preferably also being selected from litters of a standard size. 

This, however, was found to be practically impossible 

because of lack of cage space and sufficient time to build up 

enough mice before much of the winter (the cold temperature) had 

passed. The follocing was the procedure adopted: 

Time:- Owing to cage and mouse shortage, as explained above, 

the cold environment was supplied with the first litters of mice 

available, and the hot environment was stocked with their second 

litters, i.e. about a month later. It was thought that the 

only main difference in having the cold temperature mice a 

month ahead of the hot one, would be the amount of daylight 

available but as mice are frequently kept in continually dark 

cages, this was thought to be of little importance. Lack of 

time prevented the bucks being placed with the does, all at the 

seas date, so as to produce their young simultaneously. Row-

ever, the variation in time of entry to the environments can be 

seen from Table 26. It is not great and is distributed fairly 

equally through all environmental classes, so that no bias is 

created. 

Litter $ize:- Lack of numbers of mice prevented selection of 

the mice from a common litter size, or reduction at birth to a 

common size. However, Table 27, shows that the various litter 

sizes are fairly weli distributed throughout the different 

I  environments,! 
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environments, thus again minimizing bias. 

condition of the mothers etcs- All of these mothers were, and 

had been, fed on cake. They were randomly selected stock, their 

cages and numbers of pregnancies probably being equally 

distributed throughout the different strains. 

L Subdivision of the Experiment into Parts lÀ and lB 

It will be noticed from Table 28 that there are no RIlI 

cold mice recorded. This was due to shortage of Rill mothers. 

Some Bill mice were actually placed in the cold environment, 

but too few to justify statistical analyses. Their growth 

curves were extremely irregular. In the analyses the experiment 

is, therefore, treated as two separate experiments, hereafter 

called Experiment lÀ and Experiment ].B. Experiment lÀ consists 

of the two strains CBA and C57 only, on both diets and in both 

temperatures. Experiment 13 consists of the three strains MA,, 

C57 and Rill in theshot temperature only. The first experiment 

thus has the CBI and C57 'hot' data in common with the second 

one. 

The following diagram shows these relations:- 

Fi.25 	 - 
CBI 	 .5- -7 	R1J 



Finally in the period of building up the strains 

pportunity was taken to make a study of the normal pre-weaning 

growth rates of the strains. This was done partly for its 

ntrinsic interest, but also to serve as a base line for the 

rowth curves it was hoped to construct later. The results are 

resented in Table 25 and used throughout in the graphs. 

9,Summary of the measurements made. 

At this point it may be worth while summarising the 

measurements made after the mice had entered the environments. 

They are considered in greater detail in The Tables (page 96 ) 

but the following outlines them *- 

Weight at 5 weeks. 
' 	'6 	' 
R 	*7 	I 

w 	*9 	I 

' '10 * 
Age when female has first litter (pre-part. 

period) 

() 	Number in the litter. 
Growth rates of litter after reduction to 4 
(6, 120  16 21 days) 

Period between first and second litter. 
(ii) Total fertility to 20 weeks of age. 

8 
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Section II. 
\ 

The Dresentation of the results 

10. The Tables 

The numbers of strains, of environments, of 

characters, of measurements for each character and the final 

splitting of the results into two, renders presentation cow-

licated. The actual data of the experiment are contained in a 

series of Tables presented at the end of the thesis. They are 

placed there, since the data within them has practically all 

been graphed, and it is more convenient to read the graphs than 

to examine the Tables. The complete Tables at the end are 

divided into two groups, the first group containing tables 

dealing with the numbers of mice, measurements etc, taken before 

the mice entered the environments; the second containing tables 

dealing with the results from the experiment. The tables are 

preceded by a list of them, in order to render folloving their 

sequence more simple, and each table is cross-referenced to the 

graph or graphs which spring from it in the section 'Description 

of the Tables ' (page 96 ). 

With regard to their sequence, several methods of 

presentation in relation to the experiments and the physiological 

groups, e.g* growth rates, are possible, but the one adopted 

here is as follows. The two experiments are presented separate-

ly. Each experiment is then divided into two parts, the growth 

rates and the data on reproduction. The latter is then divided 

into its component parts, e.g. length of pre-partuw period, 

Milk production, etc. and these are presented in the sequence 

in which they were collected. 

Within the growth rates, and within each of the parts 

f the/ 
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the reproductive late, the first table shows the data collected, 

and thus the presence or absence of the highest order of inter-

action. The second table, calculated from the first by diem-

sting each time one of the main treatment, by averaging, shows 

the next highest interaction. As an example, sox/strains/foods 

is converted into strains/foods by averaging the sexes of the 

strains in each food. This process is repeated until the asic 

effects are reached* 

htte the above is the general scheme, there have been 

one or two departures from It. The subdivision into two 

experiments would necessitate the reproduction at the C57 and 

(A data, along with the new IUII'hot' data, in the first table 

of all the sections of Experiment 18. (The first table shows 

the data actually collected.) To obviate this repetition, the 

RIlI data is always classified in Its original (i.ee data as 

collected) tore, in Experiment 14. This RIII data then should 

be ignored when reading the tables from an Experiment 11 point 

of vie., but the whole 'hat' part of these first tables of 

each section in Experiment ii constitutes the table from which 

lower interactions In Experiment 18 are derived. The. complete 

'hot' part of the tables Is thus the highest order of tnt.ractica 

of Experiment 18. indeed apart from the growth rates in 

Experiment 10 which show sex, strain and diet effects and thus 

have second order, first order and main effects, the rest of 13 

data possessing no male part has only one interaction, viz. 

food/strains. These are, therefore, chiefly only main effects., 

11. The Graphs 

(a) The  tables, as explained previously, have all been 

graphed. This was don* to facilitate comparisons, and to ss5is 

in searching for interactions, it being very difficult to pick 

them! 



thea out from the tables. 

In .usinthg these graphs, the main features to look 

for I. the presence of arr irregularity, e.go in strains/foods, 

and if C* and C57 grow at about the sea* rate on oats, but 

differently on oak.? LU of the possible altar-cut interactions, 

such as the above, have been discussed under the bending 

'Ra]dane' a classification of interaction.', and an attempt is 

sade here to plac* the various kinds of interactions in the 

graph into ons,  or other of his Classes. This is difficult 

graphically unless there are clear-cut uiffierences, and inter-

actions are only noted as such where large effects exist. The 

various growth rates present sore difficulty in interpretation 

than the reproductive data because the time factor introduces 

age interactions. On the other band, where only a slight 

difference between two weights at any one time is uated o  its 

importance is increased if it is steadily repeated at each 

week's weighing. 1hile the various relationships presented ber 

sight, it is true, be considerably altered by using a different 

scale, this, as pointed out previously is probably not so 

important in animal breeding, and it this is true, little would 

be gained by considering the effects of various transformations 

in reading the graphs. No attempt has been made to show these 

graphs transformed. In Looking for interactions, alterations 

in ranking have been especially considered. 

The sequence of the graphs is vary similar to that of the 

tables. Experiment IA is demonstrated before Experiment ]Be 

Each of the experiments in divided into two, i.e. growth rates 

and reproductive data., the latter being subdivided into various 

physiological groups. Within each of these groups, the gnçha 

shoving] 
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showing the highest order interactions come first, followed 

by lesser order interactions till finally the main effect is 

reached. The several interactions, however, within each 

order, e.ge sex/strain/foods within the third order interact-

ions, have in certain cases, to be split into several graphs. 

This is because the large number of treatments involved, causing 

mazy lines or boxes in one graph, make presentation in such a 

single graph practically impossible. The splitting of the 

curves adds very considerable complications. To understand 

these, the conception of different orders of interaction must be 

made clear. 
thesis 

(b) Orders of Interaction, In thi4 an interaction of 

the third order is one where the data actually collected is 

involved, e.g. where CBA/male/oats/hot animals are bigger than 

CBA/malo/oats/cold animals, but the reverse situation holds 

for C57 animals. This third order interaction is the highest 

possible in this experiment. The next highest is the second 

order interaction where one effect is pooled, e.g the data fr,m 

the 'hot' environment is pooled with that of the 'cold so that 

only three classes are left. Thus there would be a second order 

interaction if CBI1 male oats animals were bigger than CM male 

cake animals, and the reverse held for C57 animals. £ first 

order interaction is one where further pooling has been made 

e.g. the foods in the above case might be pooled so that we are 

left with only two classes, e.g. strain and sex. Thus, there 

would be a first order interaction where CBL males were greater 

than CBA females, but the reverse held for C57 animals. This is 

the lowest interaction one can have since further pooling leaves 

only differences due to one variable. 

(C)' 
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(c) Lower and Higher Order Interactions; A lower order 

interaction is always accompanied by a higher one, but th 

reverse is not necessarily so. That the first observation is 

true can be seen from the following diagram. 

( cake 	Fig.26 	( oat 
CBA ( 	 C57 ( 

(oats 	 (cake 

Lower Order Interaction. 

When this in converted into a higher one, the 
interaction effect will persist, as can be seen below:- 

(hot 	 (hot 
(cake ( 	 (oats ( 
( 	(cold 	 ( 	(cold 

CBA( 	 C57 ( 
( 	(hot 	 ( 	(hot 
(oats ( 	 (cake ( 

(cold 	 (cold 

Higher Order Interaction. 

hatev.r the arrangements of the 'hot's' and 

interaction will be present. 

That the second observation is true can be seen from the 

following diagram:- 
Fig.27 

(hot 	 (cold 
(cake ( 	 (cake ihot 

bold 	 (  
CBA ( 	 C57 ( 

( 	(hot 	 ( 	(hot 
(oats ( 	 (oats ( 

(cold 	 (cold 
Higher Order Interaction. 

But the presence of this higher order interaction does 
not necessarily mean that there is a lower one, since :- 

(cake 	 (cake 
CBA ( 	C57 ( 

(oats 	 (oats 

the above, showing no interaction, is the strain/food effect. 

(d)/ 
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(a) Subdivision of Higher Order Interactions t A high 

order interaction may be split up into its component parts:..- 

Fig.28 

(hot$ ) 
(cake 	( 
( (cold 9 ) Sexes/temperature. 

cEA 	( 	 ) 
( 	(hotg ) 
(oat. 	( 	) 

(cold d) 

(hotg 
(cake 
( 	(coldd 

C57 	( 
( 	(hotg 
(oats 

(cold 6 

For example the above illustrates a first order 

Interaction sexes/temperatures within the third order inter-

action strains/food/temperatures/Boxes. Similarly there could 

be a second order interaction food/temperature/sex within the 

third order one. The same rule as has been discussed in the 

previous section, viz, higher order interactions may occur 

without lower ones, but not vice versa, applies with these 

subdivisions. 

(e) Demonstration of Higher Order Interactions : A 

diagram of the third order interactions in growth curves vould. 

necessitate sixteen lines. Apart from the confusion produced 

where there are so many lines, especially when they do not 

greatly diverge, reading and interpreting them is almost 

impossible. Four curves to one graph is the maximum found 

empirically to be capable of easy reading. This need to split 

up the graphs produces complications iniresentation. As an 

example/ 
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example, the most complicated one in the experiment, the third 

order interaction strain/food/sex/temperature may be taken. 

The principal, combinations out of this are strain/food, strain/ 

sex, strain/temperature, food/sex, and food/temperature. Each 

of these combinations is investigated separately by a group of 

graph.. The group consists of four diagrams showing the 

combinations of the main effects, e.go strain/food, is divided 

into four graphs showing CBA/cake, CBA/oata, C57/cake and 

C57/oats. These divisions enable us to detect any possible 

interactions of the third order and to classify it, provided 

the graphs are completely examined as follows. 

(f) Method of reading the Graphs : As an example, we 

will consider the method of examining the third order group of 

graphs (Figs. 29.34). 

Each small graph must be examined individually 

to look for first order types of interaction within the third 

order class, e.g. in the CBI/cake graph of the strains/food 

grouping (Fig.29) sex/temperature interactions are looked for. 

Each group must be compared with the other 

two graphs in the group of four which possesses a common factor, 

e.g. CBA/cake graph in the above case must be compared with the 

CBA/oats and the C 57/cake graph. This will detect second order 

types of interaction, e.g. strain/sex/teperature or food/sex 

temperature types in the above example. 

The change in iffect from one treatment to 

another, e.g. cake to oats in one strain must be compared with 

the similar change on the other strain. The other double 

comparison must also be made, namely the reaction of the two 
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strains in one environment, e.g. cake may be compared with 

their reaction in the other, viz, oats. This double four graph 

comparleon will show if strain/food/sex/temperature interactions 

occur. 

The Analyses 

In aduition to tabling and graphing the data, it has 

been analysed statistically. The results of these analyses are 

presented after the graphs which they are meant to supplement. 

Owing to the large numbers of factors involved and the 

necessity of examining many interactions, the method given by 

Yates (1937) has been generally used, thus eliminating a great 

number of separate estimates of the significance of individual 

interactions. The simpler but longer method given in 

Snedecor (1946) has been used where only a few treatments were 

involved, e.g. in u number of Experiment 1$ analyses. 

The Relationhp of the Graphs to the Analyses. 

The tables or graphs show the presence or absence of 

interaction and the effect of the main treatment, but in 

doubtful cases, the significance of these can only be tested 

by analyses. The graphs, moreover, show the type of interaction 

involved, e.g. on analyses it may be found there is a strain/ 

foods interaction, but the graphs show exactly how the strains 

differ in their reactions to the foods. Also, in the growth 

rates/ 
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rates, the graphs show  the presence or absence of time inter-

actions, since any difference in the order of the strins or 

their relative weights at different periods can be seen. 

The graphs have been constructed from averages which 

contain all of the data collected. The analyses on the other 

hand, to be orthogonal, have only used a certain percentage of 

the data, e.g. in a weights graph involving strains, foods, sexes 

and temperatures all of the points at a particular weight might 

be decided by the averages of twelve different measurements, 

except one point where only six measurements existed due 

possibly to death in one particular gre p. This would mean 

that only six measurements for each class were used in the 

analyses, but twelve for all points except one in the graphs. 

The graphs are therefore probably more accurate than the 

analyses, and in the following discussion they are considered 

of more importance than the analyses, which are used chiefly to 

assist in interpreting the graphs. As would be expected, owing 

to the few mice in each class,, the analyses only shows the most 

significant effects, and many of the higher order interactions 

which appear significant in the graphs do not appear so in the 

analyses. The exact number of mice which went into each 

average can be seen by reference to the tables at the end of 

the thesis. 

It should be noticed that the graphs become more 

accurate as we move from higher order interactions to lower 

ones, since each average in the higher ones has fewer measure- 

ments in it than in the lower ones. More importance is, 
OV 

therefore, attached to the lower order interactions than to 

the higher ones. 



Notation of the tables, graphs and analyses. 

The tables and graphs are given to exhibit the presence 

or absence of interactions or to show the extent of the main-

effects. 

ain

effects. Hereafter, they are named according to the interaction 

or main effect they are constructed to show, and the words 

'show the presence or absence of interaction in strains/foods/ 

sexes' are missed out and the table called 'strains/foods/sexes' 

Detailed Description of the tables. 

Tables 25 to E describe pre-environment data. 

Table 25 shows the pre-weaning growth rate of the lines 

in the normal house environment when the mothers are fed on cake, 

the data being obtained from the mice that were to be put into 

the varying environments. The total litter was always weighed, 

then the total males or females at random, and the recorded 

weight subtracted from the first to give the weight of the 

opposite sex. The weight of all the males, of all the females 

and of both together irrespective of litter size, frequency or 

order were summed up independently and divided by the total 

number of mice in each group. This gives the average weight 

of males, females and mice for each strain but makes no allow-

ance for strain differences in litter size. Since it was 

desired to obtain the actual average weight of the males, 

females and mice as they enter the environments, this was 

probably the beat method of obtaining it. It is to be noted 

that the total column is not the average of the males and 

females. The totel column generally contains more mice than 

the summed male and female columns due to a certain number of 

litters that were not sexed. It is, therefore, slightly more 

accurate than the separate male and female columns. 

Tab]eJ 
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jable 26 shows the date of birth and number of the 

mice that entered the environments, classified according to the 

'environment they finally entered. The mice entering the cold 

environment were all born within a period of three weeks and it 

can be seen that the numbers of mice within the classes are 

distributed fairly well at random throughout the three weeks, 

,thus eliminating any special bias due to environmental differ-

ences within that period. In the 'hot' environment the births 

of mice were distributed throughout a period of four weeks but 

it was not so important to obtain a common entry to the 'hot' 

environment where conditions were much more standard. In the 

'hot' environment, also, the numbers were fairly randomly 

distributed throughout the four weeks. 

Table 27 shows the size of the litters from which the 

environmental mice came. The fairly even distribution of 

litter size of the mice throughout the different classes can be 

seen, thus eliminating any special lias due to mice of one litter 

size all entering one environment, and those of another size 

entering a different environment. 

Tables 28-3d deal with Experiment 1* and the Higher 

Order interactions of Experiment 3D. 

Table 28 shows the data collected on the growth rates of 

the mice in the different environments. The measurements were 

taken at weekly irtervals from 5 to 10 weeks. The chief feature 

in the numbers of mice involved is their irregular decline as 

the weeks pass. This Is especially marked among the females, 

several gaps existing after nine weeks. This is due to 

pregnancy. The mice were paired and placed in cages at weaning, 

so that the period between birth and the arrival of the first 

litter/ 



litter could be measured. They were weighed until this litter 

was born and then twenty-one days was was subtracted from this 

time to obtain the last weight free from the complications of 

pregnancy. The effect is most marked in the 'hot' environment, 

the 'cold' considerably delaying pregnancy. There is also a 

certain decline in numbers due to deaths for various reasons. 

Occasionally there is an irregularity due to measurements havin 

been missed. 

The data here is graphed in Figs. 29-34 in Experiment ]A 

and in Fig.48 of Experiment lB. 

Table 29 shows the presence or absence of second order 

interactions in growth rate in Experiment LA. They are derived 

from Table 28 and are graphed in Figs. 35-38. 

Tables 30(a), (b) (C) (d) show the presence or absence 

of first order interactions in growth rate in Experiment LA. 

They are derived from Table 29 and are graphed in ?igJ9. There 

is a certain amount of repetition throughout these tables; e.ge 

food averages show sex averages and vice versa, but this was 

thought to be justified to facilitate reading. 

Table 31 shows the effects of the main treatments on 

growth in Experiment lÀ, when all the other treatments are 

eliminated by averaging. It is derived from Table 30 and 

graphed in Fig.40. 

Table 32 shows the average increment of the weekly 

periods of the different classes of mice. It is derived from 

Table 28 and has not been graphed. 

Tables 33(a), (b). (c) show the various interactions of 

the total increments. Thy dm derived from Table 32 and also 

not graphed. 

Tables! 
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Tables 34-38 show the data on reproduction in Experiment 

lÀ grouped into its component parts. In each part the averages 

of the actual data ollected are shown, followed by tables of 

the interactions in descending order till the main effects are 

reached. The higher order interactions of Experiment lB are also 

found by reading the hot only and including the RIlI data. 

Table 34 shows the length of the pre-pertum period in 

days calculated from the birth of the mother to the birth 

of her first litter, she having been mated since weaning. The 

data is graphed in Ftg.41 in Experiment lÀ and in the left-hand 

side of Fig.51 in Experiment lB. 

Table 35 shows the numbers in the first-born litter. The 

numbers in the later litters are not shown since there were too 

few to give accurate averages. The data is graphed in Fig.42 

in Experiment 1*, and in the left-hand side of Fig-52 

Tables 36(ah (b) (a) show the growth rates of the 

first litter in which four mice were reared. In the majority 

of eases this was the first litter, but in some cases the 

litter was too small or too mar died to give four, and the 

second litter was used. All litters greater than four were 

educed to four, and occasionally a litter of lees than four had 

the siza made up to four by cross-fostering from a litter in 

the same class and born on the same day. The twelve day 

measurement was made, since this is a very suitable time to act 

as an indication of milk production (Falconer 1947). The 

twenty-one day weights are the weaning weights. The six and 

sixteen day weights were taken to complete the growth curves. 

The figure given is the average weight of one mouse in a litter 

of four. The data is graphed in Figs. 43, 44(a) and  44(b)  in 

Experiment lÀ and in Graph 1 of Fig.. 

Table/ 
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Tables 37(a). (b), (c) ahoy the number of days from 

birth of the first to birth of the second litter. Mice which 

I did not produce a second litter are not counted. Data were 

sufficient to show the periods between the second and third 

litters. The data are graphed in Fig.45 and in Graph 1 of 

Experiment it. 

Tables 38(a). (b). (C) show the data dealing with total 

fertility up to twenty weeks. The period of twenty weeks was 

ahosen, since from the twenty-first week a considerable number 

of mice died on the oats diets, the symptoms indicating probably 

some poisonous factor in the oats, but sufficient time was not 

available to investigate in detail. The period of twenty weeks 

is, however, probably sufficiently long to give a true indicatiolm  

of the total fertility of the mice. I normal out-bred g  mouse 

has by this time produced approximately four litters. Such a 

number in probably sufficient to produce an estimate of total 

numbers that will be born to her, both litter size and frequency 

being taken into account. 

The term 'total fertility' referred to here, means the 

total number born in twenty weeks. More accurately, it should 

be the total number raised to weaning, but this measurement 

could not be made, because of the standard reduction of litter 

size to four. The data is graphed in Fig.47 in Experiment 11 

and in the left-hand side of Fig-55 in Experiment lB. 

Tables 3945 show the lower order interactions and main 

effect of Experiment LB. 

Table 39(a), (b) (c) show the first order interactions 

in growth rate. These are derived from the hot data of Table 28 

They are graphed in ?ig.49. 
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Table 40 shown the main effects on growth rates. The 

contents are graphed in Tig.50. 

Tables 61-45 show the main effects on the reproductive 

phenomena in Experiment lB. They are derived from the table 

at the bead of the corresponding section in Experiment ii, which 

shows the highest, i.e, first order interactions for these 

effects. 

Table hi shown the main effects on the age at first birth 

and in derived from Table 34 and graphed on the right-hand side 

of Fig-51. 

Table 42 shows the main effects on litter size. It is 

derived from Table 35 and graphed on the right-band side of 

Fig. 52 

Table43 shows the main effects on growth rate of young. 

It is derived from Table 36 and graphed on the right-hand aide 

of Fig. 53. 

Table 44 shove the main effects on the inter-litter period. 

It is derived from Table 37 and graphed on the right-hand side 

of ?ig.54. 

b1e 45 shows the first order interactions of total 

fertility. 

Table 46 shows the main effects on total fertility. It 

is derived from Table 38 and graphed on the right-hand side of 

Fig. 55. 
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SECTION I. 

Growth rates up to 10 weeks of age. 

3.. Third Order Interactions. 

(a) Strain/diet 

Figure 29 

Graphs showing the reaction of the strains to the 

diets. 
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Individual grab examination. - 

This will detect any sex/temperature inter- 

action. 	In the four graphs, with one exception, hot 

is better than cold within any sex, and male is better 

than female within any temperature. The one large 

exception is the male hot and cold in Graph 4 which 

grew about the same rate in C57 oats. 	Moreover, 

within any graph the differences between the hot and 

cold in the males and females do not differ very 

sharply. Neither do the differences between the 

sexes in the two temperatures differ very sharply. 

In Graph 1 and 4, the males irrespective of tempera-

ture, are creater than the females, but this effect is 

not so marked in Graphs 2 and 3, where confusion of 

the cold male and hot female lines exist. 	There are, 

therefore, present sex/temperature interactions. 

Those of Graphs 2 and 3 might be of ialdane' s type 1, 

either Is or lb; those of Graph 4 either is or 3. 

Pairs of Graphs comparison 

The main object here is to detect any 

food/temoerature/sex interactions when Graphs 1 and 2, 

and 3 and 4 are compared and any strain/sex/tempera-

ture when graphs 1 and 3, and 2 and 4 are compared. 

These comparisons reveal differences in each case. 

It is clear that in both strains, the sexes in 

different temperatures react differently, according to 

the fcod fed, and also that in both diets, the sexes 

in/ 
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in different temperatures react differently accord-

ing to the strain. 

Four graph comparisons. 

The main object here is to detect strain/ 

food/sex/temperature interactions by comparing 

graphs 1 and 2 with 3 and 4, and graphs I. and 3 with 

2 and 4. 	Interactions are present as we would 

expect from the pairs of graphs comparisons. 	It is 

clear that CBA mice kept on a cake and oats diet 

react differently from C57 mice kept similarly, and 

also that CB.A mice react differently from C57 mice 	- 

when they are fed on c ke or oats. 

General considerations. 

It can be seen from the above that irrespec-

tive of strain or diet, males are heavier than females 

within any temperature and a warm environment is 

better than a cold for both sexes. 	There is, 

however, one fairly definite exception to this, 

namely in 057 mice on oats, the male hot animals can 

hardly be distinguished from the male cold animals. 

The general effect of a change from cake to oats in 

both strains seems to be to reduce the sex difference. 

It would appear that a good diet is necosary to 

allow the sex difference to develop. 	Throughout, 

there are no clear-cut reversals of ranking (Raldane's 

type 3 and 4).tnteraction. 

(b)/ 
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(b) Strain  flenrnerature 

bliggre 30. 

Graphs showing the reaction of the strains to the 

temperatures. 
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Indivithial.gre ph xaination. 

The main object here is to detect sex/food 

I  interaction. 	In the four Graphs cake animals are 

better than oats within sexes, and males are better 

than females within diets. Moreover, within any 

graph the differences between the cake and oats 

curves within sexes are about equal. The same 

applies to the differences between the males and 

females within diets. 	In Graphs 1 and 3 the curves 

are all distinct from each other, but in Graphs 2 

and 4 interaction, if present, might be either of 

type is or type lb. 

Pairs of -graphs comparison. 

The main object here is to detect any 

temperature/sex/food interaction when Graphs 1 and 2, 

and 3 and 4 are compared; or any striri/temperature/ 

food interaction when Graphs 3. and 3, and 2 and 4 are 

compared. On comparing Graphs 1 and 2, the chief 

change is a lowering of the male line no that there 

Is difficulty in differentiating the male oats and 

the female cake lines. Graph 2 compared with Graph 

3 reveals a lowering of the two cake lines until 

difficulty in differentiation between the male oats 

and the female cake line results. Graph 3 compared 

with Graph 4 reveals a complete change over in the 

male oats and female cake lines producing a Haldane 
type/ 
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I type 2 effect. Graph 2 compared with Graph 4 

reveals a similar but not so marked effect as is 

shoWn by Graphs 1 and & 

EQU! araDh cmtarieon. 

The main object here is to detect any 

I strain/temperature/sox/rood interaction by comparing 

Graphs 1 and 2 with Graphs 2 and 49  and Graphs 1 and 

3 with 2 and 4. The first comparison shows again 

the running together of the lines as noted in 

Figure 29 on switching from cake to oats; the 

second comparison shows the change in rank noted 

above 

Cake is better than oats within any sex, 

and males are better than females within any diet, 

the same rules applying to bth strains and both 

temperatures. In 03k mice, males are bigger than 

females, irrespective of diet in both temperatures, 

whereas in 057 mice, cake animals are bigger than 

oats animals, irrespective of sex in both tempers 

turee. The effect of a change from hot to cold is 

similar in both strtns, the lines running together. 

CM mice differ from 057 mice in a similar way 

whether in a hot or a cold climate. 
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(c) Sex/diet 

tgire 31. 

Graph showing the reaction of the sexes to the diets.' 
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Individual examjnatiQj!,_ 

This will show the presence of any strain/ 

temperature interaction. 	Graph 1. shows the pre— 

sence of a Naldane type 2 interaction. The 057 

hot is greater than the 07 cold, tend the same 

applies with the CM, but the C7 hot is greater 

than the OBA hot, while the reverse applies to the 

cold. Graph 2 exhibits a similar effect but not 

so marked and more irregular. Both these graphs 

exhibit a llaldaae type 2 interaction. 	In Graph 3 

hot is greater than cold in OBA but the two lines 

are interlinked in 057 i.e. the interaction is type 

la or 3. CBA is greater than 057 irrespective of 

temperature. In Graph 4 the hot is greater than 

the cold in both CM and 057 and CM is greater than 

I 57 independant of temperature. 

Pairs of graphs corn risoii. 

Comparing graphs 1 and. 2, and 3 and 4, 

will show it there is any sex/strain/temperature 

interaction, and comparing graphs 1 and 3, and 2 

and 4 will show if there is any food/strain/tempera.-

ture effect. The 1 - 2 comparison shows the same 

basic design in both graphs, but the females tend 

to bunch together compared with the males. The 

3 	4 contrast shows a similar basic pattern except 

that the blending of the C57 lines on cake is not 

present on oats. 

Four/ 
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Your graphs caInt)aris 

Comparing graphs 1 and 2 with 3 and 4 

show that males resemble females whether on cake or 

on oats. Comparing graphs 1 and 3 with 2 and 4, 

the change from cake to oats produces a very 

similar effect on either males or females, the 

057 hot line dropping sharply in both sexes. 

General coneideratipna. 

The main physiological feature here is 

the rapid growth in both males and females of the 

C57 cake hot strain, and the considerable reduction 

in growth rate of both males and females when reared 

on oats. This large interaction is repeated 

throughout the second and first order interactions 

(Figure 35 and Graph 1, Fig,39). 

(d)/ 
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(d) Sex AT  

Figure 32 

Graphs showing the reaction of the sexes to the 

temperatures. 
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Individual graphs._ 

This will show the presence or absence of 

any strain/food effects. Graph 1 shows the presence 

of a Haldane type 2 interaction. The 057 cake is 

greater than the C57 oats, and the same applies with 

the CBA but the CS7 cake is greater ther, the CBA cake 

while the reverse applies on the oats diet. Graph 

2 exhibits a similar effect but not so marked. 

Both these graphs exhibit a Haldane type 2 inter.-

action. Graphs 3 and 4 are fairly similar and 

free from interaction, CBA cake being better than 

CBA oats, and the same applying to CS? and CBA cake 

being better than 057 cake and oats. 

Pairs of graphs comtarisn. 

Comparing graphs 1 and 2, and 3 and 4 to 

detect any sex/strain/ food interaction reveals none. 

However, comparing graphs 1 and 2, and 3 and 4 shows 

In each case a relative dropping of the CS7 cake 

line from above to below the CBA cake line. 

Four rraphs ccirnarison8. 

Comparing graphs 1 and 2 with 3 and 4 

shows that males resemble females whether in a hot 

or a cold environment. The comparison of graphs 1 

and 3 with 2 and 4, shows that the change from hot 

to cold produces a very similar effect on either 

males or females, the CS7 cake line dropping below 

the CBA cake line in both sexes. 

General/ 
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General consieraUons 

The main physiological feature is the 

rapid growth in both males and females of the 057 

cake hot mice and their much slower growth in a cold 

environment. This may be compared with the very 

similar effect in the previous sex/diet figure. 

(o) strainJ8ex 

gure 33. 

Graphs showing the reactions of the sexes of the 

strains to the environments. 
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djv.idual graphs. 

In each case with the exception of graph 3, 

hot is better than cold within any diet and cake is 

better than oats within any temperature. 	Moreover, 

within any of these graphs, the difference between 

hot and cold in the two diets is about the same and 

the difference between cake and oats in the two tem. 

peratures is the same. 	In graph 3, however, cake 

hot is much greater than cold, but the distinction 

between oats hot and cold is very slight. 	There is, 

therefore, a food/temperature interaction in C57 

male mice but not in any other sex/strain combination1 

Pairs of graphs. 

Graphs 1 and 2, and 3 and 4, reveal that 

a certain degree of interaction in each case is pre-

sent, chiefly a drawing together of the lines, caused 

by the drop of the cake hot line. There is, there-

fore., a sex/food/temperature interaction. Comparing 

graphs I and 3 with 2 and 4 reveals certain differ-

ences in the relative amount of space between the 

lines, i.e. there is a certain degree of strain/food/ 

temperature interaction. 

Pour graphs. 

Comparing graphs 1 and 2 with 3 and 4, 

shows the same trend in each, viz, a bunching together 

as females replace males. Also, on comparing 1 and. 

2 with 3 and 4 a similar trend is noticed, the 

lines spreading out from CM to 057 (despite the 

coming/ 
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coming together in the males of the hot and cold 

oats line). 	There is, then, little if any real 

strain/sex/food/temperature interaction here. 

(t) TeinieratureIFood 

H 	 Fiuz'e 34. 

Graphs showing the reaction of differently dieted 

mice to the different temperatures. 
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Individual irathaexBmination. 

This will detect any strain/sex interac-

tions. In all four graphs male is heavier than 

female within a strain, and CBA heavier than 057 

within sexes. Within any graph the difference 

between strains is about the same, i.e. there is 

little strain/sex interaction. 

Pairs of graphs comnarison. 

The object hero is to detect temperature/ 

strain/sex interaction by comparing graphs 1 and 2, 

with 3 and 4, and food/strain/sex interaction by 

comparing graphs 1 and 39  and 2 and 4. The 1 - 2 

comparison reveals an interaction of Haldane type 3, 

i.e. the 057 curve which, on the cake diet in each 

sex lies above the CBA curve, and in the oats diet 

has dropped below the curve. The 2 - 3 comparison 

does not reveal this effect, the two graphs 

resembling each other. The 3. 3 comparison re-

veals another Haldane type 3 interaction, both 057 

lines in this falling below both CBA lines, i.e. 

the relative effect on 057 is greater when a change 

is made from cake to oats, the hot being kept 

constant than from hot to cold, the cake being kept 

constant. Graphs 2 and 4 resemble each other. 

Four graph comparison. 

By comparing graphs 3. and 2, with 3 and 4, 

any temperature/strain/sex effect can be seen. 

It is clear that the change from hot to cold on a 

cake/ 
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cake diet produces a different effect from similar 

changes on an oats diet, the 057 male and female 

proving relatively susceptible to the temperature 

change on a cake diet but not SO on an oats diet. 

Comparing graphs 1 and 3 with 2 and 4 reveals a 

sharp interaction, again the C7 male and female mic 

proving especially susceptible. 	This time, however, 

the susceptibility is revealed when the change from 

cake to oats is made in the hot environment, but 

not in the cold. 

g. IMMry ot 3rd order interactions. 

The table on the next page summarizes 

the major 3rd order interactions in growth rate 

that have been found. 

Probably the main feature revealed by the 

last 6 graphs is the comparative susceptibility of 

C57 mice as compared with CBA mice to environmental 

changes. This is revealed in figures 31 and. 32. 

There would appear to be a certain degree of 

ceiling effect, 07 being excellent mice, relatively 

in a cake hot environment, but failing in comparison 
on 

with CBA"departure from these conditions. 

TABLE 4/ 
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- 

Sax,/strain - - - - 
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2. Second order interactions. 

Pirure 35. 

Graphs showing the strain/food/temperature reactions 

(sexes pooled). 
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Individual graph examination. 

Graph 1 reveals little interaction although a 

certain amount of indetermination is present. 

Graph 2 reveals more, the separation between hot 

and cold cake lines being much greater than that 

between the hot and cold oats lines. 	There is, 

therefore, a certain amount of food/temperature 

interaction within the secondorder effect. Graph 3 

reveals an Interaction of Haldane type 30  the C57 

lines enclosing the CBA lines, although within each 

strain hot Is always greater than cold. 	Graph 4 

exhibits a small degree of interaction, similar to 

that of Graph 2. 	Strain/temperature types of 

interaction, therefore, exist. 	Graph 5 has a simi- 

lar type of interctIon to that of Graph 3, the CS7 

lines enclosing the CBA lines, but for both strains 

cake is better than oats. 	Graph 6 reveals little 

Interaction, cake always being better than oats with-

in the strains and OBA greater than 057 within the 

foods, i.e. strain/food Interactions exist. 

Two grahs comparison. 

Comparing graphs I and 2, the same basic 

pattern is observed, but on the whole In graph 1 hot 

is better than cold Irrespective of diet, whereas 

in Graph 2 cake is decidedly better than oats 

irrespective of temperature. 	There is, therefore, 

a strain/food/temperature/effect. Comparing graphs 
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3 and 4 a sharp effect can be seen, due to the 

relative dropping or the C57 hot line. Food/strain/ 

temperature interactions are, therefore, quite clear. 

Comparing Graphs S and 6 a similar effect to that of 

the 34 comparison can be seen but it is not so 

marlied, the 057 line fallirwv only below the CBA 

cake line. 

(b)/ 
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(b) SexlFood/Tenmerature. 

figure 36. 

Graph showing the sex/food/temperature reactions 

(Strains pooled). 
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Individual praDhr_examination 

In graphs 1 and 29  cake is better than oats 

within any temperature and hot is better than cold 

within any food. 	In graphs 2 and 3 male is better 

than female within any temperature and hot is better 

than cold within any sex. 	In graphs § and 6, cake 

is better than oats within any sex and male is better 

than female within any food. 	Moreover, within any 

graph the differences within a group are about the 

same, e.g. the food differences In the temperature 

group. 	There is, therefore, no sex/food, 

temperature/sex or temperature/sex/foods interaction 

within the secondorder interaction, sex/food/ 

temperature. 

Two  graph conrnarisons. 	 - 

The sex, food and temperature pairs to a 

large extent resemble each other. 	There is, then, 

very little food/temperature/sex interaction. 
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Individual graph examination. 

In graphs 1 and 2, hot is better than cold 

Irrespective of sex, and male better than female 

I  irrespective of temperature. 	In graphs 3 and 4, 

hot is better than cold irrespective of strain, and 

CBA better than C57 irrespective of temperature. 

In graphs 5 and 6, male is better than female ir-

respective of strain and CBA better than C57 

Irrespective of sex. 	In each of these cases the 

differences within a graph and within a group, e.g. 

temperature differences within sexes in graphs I and 

2 are about the same. 	There is, therefore, little 

temperature/sex, strain/sex or strain/temperature 

interaction within the strain/temperature/sex inter-

action. 

Group comparisons. 

Graphs 1 and 2 are basically similar to 

each other and the same applies to graphs 5 and 6. 

A comparison of graphs 3 and 4 reveals a reversal 

of the CBA cold and C57 hot lines, but this is not 

very great. 	There is, therefore, little strain/ 

temperature/sex interactions. 
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(a) Sexlstra in/opj. 

Figure 38. 

Graphs showing the Strain/Food/Sex reactions 

(Temperatures pooled) 
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In4jydu t3. rapli examination, 

Within graphs 1 and 2 0  male is better than 

female irrespective of diet; within sexes cake is 

better than oats Irrespective of sex. 	Within 

graphs 3 and 4 cake is better than oats Irrespective 

of strain, and CBA is better than CS7 irrespective 

of food. Within graphs 5 and 6 male is better than 

female Irrespective of strain and within sexes, CBA 

is better than CS7 irrespective of sex. 	Moreover, 

within any graph and within any group (e. g. the food 

group in graphs 5 and o) the differences (the sex 

differences in the example) are about the same. 

There is, therefore, little food/sex, strain/food or 

strain/sex Interactions. 

Two graph-comparison. 

Comparing graphs 1 and 2, a type la 

interaction can be seen, males being bigger than 

females in CBA mice irrespective of diet, whereas 

cake mice are bigger than oats mice irrespective of 

sex in CS? mice. 
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3. Firt Order Interactions. 

Figure 39. 

Graphs showing the First Order Interaction8. 
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Strain/Food Interaction. 

Graph 1 shows a alight degree of ifaldane's 

type lb interaction, the differences between CBA 

and C57 on cake being lees than that on oats. 

However, cake is better than oats within each strain 

and OBA is better than C57 within each diet. 

stra1nJemDerature Effect 

Hot is better than cold within each strain 

and CBA than C57 within each temperature and in each 

case the difference is about the same. 	There is, 

therefore, little interaction. 

Sex/Food 

Cake is better than oats within each sex, 

and males are better than females within each food, 

and in each case the difference is about the same. 

There Is, therefore, little interaction. 

SxPiemrerature. 

Hot is better than cold within each sex, 

and male greater than female within each temperature 

and In each case the difference Is about the same. 

There is, therefore, little interaction. 

Sex/Strain 

Male is greater than female within each 

strain and CHA greater than 057 within each sex, and 

in each case the difference is aLout the same. 

There/ 
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There is, therefore, little 1nterction. 

(f) 74JTejerature. 

Not is better tha: cold within each food 

and cake is better than oats within each tempertture 

and in each ease the difference is about the earns. 

There is, therefore, little interaction present. 



4. gain Effects. 

Fijzure  40. 

Graphs showing the main effects. 
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-. 	 , J, 	., Main _,  

The fact that all the main effects are 

considerable can be seen from graphs I to 4 of 

Figure 40. 	It will be noticed that the strains 

have differed little in growth rate, that the sex 

difference is comparatively large and that the food 

effect has been considerable. 	The temperature 

effect, although marked, is not so groat as the 

food effect. 



133. 

Conclusions fro lie Growth Curve 

The position may be summarised by saying 

that interactions would seem to exist; that they 

re not uncommon in the third order; that they are 

co:1paratively few in the second, and that there are 

practically none in the first order. 	Most of these 

interactions are of Haldane's type ].b, but in many 

cases it is Impossible to say whether they are of 

type la or lb. One moderately large interaction 

has been found, viz, the comparative susceptibility 

of C57 to a change from cake to oats, and to a 

lesser extent from hot to cold, as compared with 

CBA (Figures 31 and 32). 	This third order effect 

has produced also second order effects (Figure 35) 

and to a certain extent first order effects (Graph I 

Figure 39). 	The presence or absence of statistical 

support for those tentative conclusions will now be 

considered. 

The Analaee of the Growth-Rate 1. 

The absolute weights have been analysed at 

weekly Intervals from 5 weeks. Weekly intervals 

have been chosen so that any regular change in the 

significance of the interaction could be noticed. 

Absolute weights rather than gains have been 

analysed, since a considerable number of negative 

gains exist over such a comparatively short period 

as a week and complicate the analyses. 	On the 

other! 



i3 	 134. 

other hand an examination of the average weights 

of the strains and of the sexes of the strains 

(Table 25) reveals little strain differences and a 

comparatively small sex difference of the mice 

entering the environments, so that any effects re 

vealed in any analyses may be taken as due to 

influences from the environment and the analyses 

of that period would be very similar to a gain 

analyses up to that period. 

The method of doing these analyses has 

already been given but it may be remarked here, that 

practically every analysis has been made orthogonal 

by reduction of all sub-classes to a common number. 

This in certain cases has meant sacrificing a certaii 

amount of data, but because of the complexity of 

analysis of non—orthogonal data (Stevens 1948) and 

because of the large number of analyses necessary, 

It has not been thought worth while to use Stevens' 

methods. 



Analys 	1. 

Live weights at 50  6 and 7 weeks. 

5 Weeks 6 Weeks 7 Weeks 

Degrees 
of Mean 

P 
Degrees 

of Mean P 
Degrees 

of P  
Freedom 

Square 
Freedom 

Square 
Freedom Square 

Strains 1 61.4 (.01* 1 32.5 <.01* 1 28.7 (.01* 
Sexes 1 802 <.01* 1 222 1 130 (.01* 
Foods 1 118.6 <.01* 1 135 <.01* 1 234 <.01* 
Temps. 1 71.6 <.01* 1 74 <.01* 1 86.9 <.01* 
Strain/Sexes 1 2.6 >.05 1.4. >05 1 .4 
Strain/Foods 1 5 >.05 1. 30.3 ç.05* 1 31.1 
Strain/Temps. 56 v.05 1 103 >05 1 .4. <.01 
Sex/Food 1 33 >o5 1 8.8 >05 1 4.2 <.01 
Sex/Temp. 1 4.7 >005 1 11.3 ,.,05 1 11.7 
Food/Temp, 1 1.5 >.05 1. 2.3 >.05 1 6.8 <.01 
Strain/Sex/Food 1 4.1 >.05 1 .06 >.05 1 ,2 <.01  
strain/sexfl'emp. 1 01 >005 2. .02 , 05 1 5 <.0]. 
Strain/Food/Temp. 1 131 <.05* 1 9.2 ?.05 1 9.8 
Sex/Food/Temp. 1 13.4 <.05* 2. 5.1 >.05 1 4.8 <.01  
Strai n/Food/S ex/Temp. 1 7.5 >005 1 1.0 >. 05 1 501 
Within Mice 128 2.8 112 2.9 112 1.96 



Analyses No, 2. 

Live weights at 8, 9 and 10 weeks, Males only. 

8 ;/EEKS. 9 V1IEKS. 10 WEEKS. 

Degrees Degrees Degrees 
or Mean p of p or Mean 

Freedom Square Freedom Square preedcm  quare 

1 12,5 >.05 1 .3 >.05 1 6 ).05 Strains 

Foods 1 84. <.01* 1 109,4 <.01* 1 53 

Temperatures 1 33,6 (.01* 1 32 <.01 1 33.1 <.01' 

Strain/Foods 1 5.1 ).05 1 4. >.05 1 3,8 >.05 

Strain/Temps. 1 .01 >.05 1 8.6 >.05 1 9.8 >.05 

Food/Temp. 1 9.4 >.05 1 2.7 >.05 1 9,0 05 

Strain/Food/Temp. 1 63 >05 1 3,5 >05 1 4.7 >,05 

Within Mice 64 8 56 2.4 48 2.6 
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7. Conclusions from the Analyses inter2reted in the 

light of the GraDhe. 

The strain, food, sex and temperature main 

effects are all significant at 59  6 and 7 weeks as 

well as the food and temperature effects when the 

males only are considered at 8, 9 and 10 weeks. 	It 

would appear that there are not sufficient numbers 

when the males only are considered to make the strain 

differences significant. These results are in 

agreement with the graphs. 

The only statistically significant first 

order interactions are strains/foods at 6 and 7 weeks., 

and sex/temperature at 7 weeks. The first two agree 

with the graphs (Graph 1, Figure 39) and the last is 

probably a random effect 	It would appear, however, 

that when we consider males only, strain/food inter-

actions are not significant at 89  9 and 10 weeks. 

The many other possible first zder interactions are 

neither significant in the analyses nor apparent in 

the graphs. 

The only significant second order interac-

tions are strain/temperature/food at 5 and 7 weeks 

and sex/food/temperature at 5 weeks. The first 

two correspond with the very noticeable effects in 

strain/temperature/food graphs (Figure 35). This 

interaction does not appear significant, however, in 

analyses at 6 weeks or where the males only are 

considered. The sex/food/temperature interaction 

since! 
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since it is not significant at other ages and does 

not appear graphically, is probably a random eftoct. 

There are no third order interactions 

significant statistically, but this is probably due 

to inadequate dhta in the analyses, sines the higher 

the order of interaction, the more mice are required 

to produce significance. 

The positive reult from the graphical and 

the statistical approach may now be sunaarjsod in 

the form of a table. 
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TABLE 5- 

8. General Summarr of =eractiona  found in the 

Growth Studs 

THIRD 	.INTERACTION. 

Statistical Results Graphical Results. 

None significant Interactions show in Figa. 
13 and 14 (Sex/food and 
Sex/temperature graphs) 

Also small interactions:- 
Strain/Temp. Fig. 30 
Strain/Food 	Pig. 29 
Food/Temp. 	Pig. 3.4 

SECQD 	ORDER 	I$ERACIQN9 

Statistical Results Graphical Results. 

Strain/Temp/Food at 5 and Interaction shown in Fig. 
7 weeks. 	(Not at 6 weekE 35. 
or when males only con- 
sidered) 

Sex/Food/Temp. at 5 weeks No large interaction t3hown1  

FIRST 	ORDER IiTERAcT IONS 

Statistical Results Graphical Results 

Strain/Food at 6 and 7 Interaction shown Graph 1, 
weeks. 	(Not at 5 weeks Figure 39. 
or when males only 
considered) 

Sex/Temp. at 7 weeks No intraction shown 
(Significant at no 
other age) 

MAIN 	EFFECT 

Strain/Food/Sex/Temp. 
Significant at 59  6, train/Food/Sex/Temp. all 
7 weeks. look significant. 

Foods/Temp. (But not 
strain) 8, 9, 10 weeks. 
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SECTION IL 

Data on Various Re-productive Traits. 

The following have been measured, and 

the niethod of measuring will be found under the head- 

ing 'description of tables'. (P96). 

Age at first litter Inter-litter period 

Litter size 	 Total fertility to 
20 weeks. 

Litter growth 

Within each of these classes the method of 

presentation is similar to that of growth rate, 

namely graphs, analyses and commentary. The 

commentary on the age at first litter is the most 

extensive as it serves as a model for the other class-

es, which have only their main features noted. 

There are naturally no third order inter-

actions since sex differences no longer enters 

The main point to be kept in mind in 

reading the following series of graphs is the compara-

tive unreliability of the second order interactions, 

as compared with the first order interactions. 	Of 

the S averages, forming the higher order interaction 

blocks in the figures, it will be found that in 

practically every case, there is one, that if it 

were a little larger or smaller, would result In 

complete absence of interaction. Owing to the small 

number of mice involved the analyses are not much 

help in determining if these apparent strain/food/ 

temperature! 
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temperature interactions are significant. Consider-

ing that 8 averages are involved, and that the number 

of mice in each average is only about 8 - 120  it is 

possible that the single average that breaks up a 

pattern is a random effect. 	In the following dis- 

cussion this is iresumed to be so, although it is 

always possible that there is a true interaction. 

In no case, however, is there such irregularity 

that more than an average is involved. The second 

order interactions, therefore, although not valuable 

for showing the presence of interactions, shows that 

third order interactions are neither frequent or very 

large, if they do exist. 

The physiological features of the interac-

tions found and the main effects of the environments, 

will not be considered under each character heading 

but a general survey of the physiological features 

involved is presented at the end, when a comparison 

of the interactions and main effects of the different 

characters is given and their relationship to animal 

breeding. All that is desired to do in the next 

few pages is to give a general impression of what has 

occurred in the reproductive phenomena in the experi-

ment, and to show statistically whether any inter-

actions present are significant or not. 

9./ 
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9. Age at First Litter. 

Figure 41. 

Graphs of average numbers of days from birth of 

mother to birth of her first litter. 

Graph 1 : Graph of the second order interaction 

Graph 2 : Graph of the first order interaction 

Graph 3 : Graph of the main effects. 
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v;y:•  

Degrees 
Sqvare 

Strains 7 05 

Poode 1 49 Y.05 

Temperatures 1 2,220 .02 
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Food/Temperature 1 29220 ( 0]. 

strain/Poodflempersture 1 672 y 05 

rnice treated alike 32 411.? 

qrai1. 

When the 8 blanks of the second ardor inter-

action are scanned it is obvious that a pattern woul* 

exist it the length of the 057 hot oats block were 

slightly shorter or alternatively the C3A hot oats 

a little longer. since, as explained previously 

(page 140) the highest order interaction is the least 

accurate, this slight divergence may be considered 

as a random effect. From this general pattern we 

may conclude that a change of diet from cake to oats 

in the hot resembles the change from, cake to oats in 

the cold within any strain, i. e. there is no Pood#' 

temperature interaction within the se  condordel' inte 

action. 

Al 
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A change from hot to cold affects cake 

animals in the same way as oats animals independent 

of strain, i.e. there is no temperature/food 

interaction within the second order interaction. 

CBA animals react in a similar way to 057 

animals independently of the food they eat, 1. e. 

there is no strain/food interaction within the second 

order interaction. 

CBA animals react to rood changes similarly 

to 057 animals, independently of the temperature they 

are in i.e. there is no strain/temperature interaction 

within the second order interactions. 

CM mice react very similarly to 057 mice 

when kept on two foods and in two temperatures, and 

similarly cake animals of different strains in 

different temperatures resemble oats animals, and 

also hot animals of different strains on different 

foods resemble each other, i.e. there is little 

strain/food/temperature interaction. 

It may be concluded then that there is not 

a great amount of second order interaction 

Graph2. 

In examining graph 2 for the presence of 

first order interactions, the strain/food and strain/ 
figures 

temperature/reveal little both are very regular. 

However, on examining the food/temperature part, 

it can be seen that although the cake animals are 

similar/ 
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similar to the oats in their temperature reactions, 

the reverse is not so, hot animals on an oats diet 

being older at age of first litter than those on a 

cake diet, whereas cold animals on an oats diet are 

younger than those on a cake, when they have their 

first litters. There is then graphically a food/ 

temperature interaction, and its significance 

(P =i.Ol) can be seen in the analyss of Variance. 

On examining graph 3 for Vain --Effects, 

neither strains nor foods look significant, but 

temperatures do. 	This significant effect is con- 	 - 

firmed by the analyses (P =<.Ol) 
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10Litter Size. 

Elgure 42. 

Graphs of the average number In the first litter. 

Graph 1 : Second order interaction. 

Graph 2 : First order interaction. 

Graph 3 : Main Effects. 
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Analyses jo. 5. 

Analyses of the average number in the first litter. 

Degrees 
of 

Freedom 

1 

MeanP 
Square 

1.4 

S  

'.05 Strains 

Foods 1 24.4 .01 

Temperatures 1 7.8 >.05 

Strains/Foods 1 9,4 ,•05 

Strains/Temperatures 1 5. 1 05 

Food/Temperatures 1 7.8 '.05 

Strain/Food/Temperature 48 2.4 

Second Order Interactions : Graph 1. 

In each strain cake mice appears to be 

more fertile than oats mice, the sole exception being 

due to the low fertility of the 057 cake cold mice. 

This might be a random effect or possibly an inter-

action. 

First Order Interactions : Graph 2. 

Neither strain/food or strain/temperature 

looks very irregular. Food/temperature on the other 

hand would appear to exhibit a small interaction, but 

this is apparently not sufficiently great to appear 

in the analyses. 

Main Effects 

Neither strain nor temperature looks 

significant. 	Foods appear to be so, and the analyses 

confirms this. 

ll./ 
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11. Growth Rate of Younv. 

Figure 4. 

Graphs of the growth rate of the youiw; second order 

interactions, arranged to show the different possible 

comparisons. 
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ELure 44. 

Graphs of the growth rate of the young; first order 

interactions. 
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Analysis No. 6. 

Analyses of the 12 day weights of litters. 

Degrees 
of 

Freedom 
Mean 

Square P. 

Strains 2. 2.5 >..05 

Foods 1 319 4.01 

Temperatures 1 62 i. .05'  

Strains/Foods 1 16 >.05 

Strains/Temperatures 1 2.4 '.05 

Foods/Temperatures 1 7.8 >.05 

Strain/Food/Temperature 1 2.9 :;,.05 

Mice treated alike 32 12.2 

Second 0z'der Interaction : Individual Grpba Examina-

tion. 

Graphs 1 and 2 both reveal a Haldane tape 

2 interaction: namely in both strains, while on a 

cake diet, hot is better than cold, but on oats diet, 

cold is better than hot. 

Graphs 30  4 and 5 reveal no large inter-

action. Graph 6 on the other hand reveals a slight - 

one of the type la or lb, namely while cake is better 

than oats in both strains, and CBA better than C57 

within any diet, the C57 cake line Is better than 

the CBA oats line. 

Two Graphs Cogrispn. 

Graphs 1 and 2 resemble each other, i.e. 

strains react similarly to the temperature and food 

changes. 
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Graphs 3 and 4 are basically similar, 

although oats separates out the lines, and the same 

applies to 5 and 6. 

First Order Interactions-. 

Neither strains/foods nor strains/ 

temperatures reveal any very large interaction. 

Foods/temperatures on the other hand, reveal the 

effects we expect from examining graphs 1 and 2 of 

the second order interaction diagram, namely, a 

distinct Haldane type 2 interaction involving re-

versal of the ranking of the lines. 

gain Effects. 

The most sig:ifieant effect is that of 

foods, although strains and temperatures are also 

probably so. On examining the analysj3, we observe 

that the food and temperature effects are signific-

ant. The small numbers of mice in the analyses 

probably account for the absence of significant 

food/temperature effects. 

12/ 
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12.later-litter toriod. 

Figure 45. 

Graphs of the inter-litter period. 

Graph 1 : Second order interaction. 

Graph 2 : First order interaction. 

Graph 3 : lain Effects. 
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Inter-I4tter Period. 

No analysis has been carried out for this 

because shortage of data prevented the making of an 

adequate orthogonal analysis. 	From the graphs it 

can be seen that: 

9ecod_Orç1er 1ntraction. 	A general pattern exists, 

the major departure from the pattern being the 

comparatively long CBA oats hot block. The con 

sid.erable difference between this CBA figure and the 

other CBA figures would seem to Indicate an inter.. 

action rather than a random effect. 

First Order Interaction. Neither strain/food nor 

strain/temperature looks significant, but food/ 

temperature does and probably is so, judging by 

length of the hot oats block. 

Main Effects, Both strains and foods look signifi-

cant, but temperature not so. 

13/ 



154. 

13. Total Ferti1it. 

flcure 46. 

Graphs showing the average number of young produced 

up to 20 weeks of age. 

Graph 1 : Second order interactions. 

Graph 2 : First order interactions. 

Graph 3 : Main Effects. 

CRA 557, 	 CBA C57 

CAKE 	OATS 	 ,5E 	OATS 

HOT 	 COLD 

CAXE OATS CARE OATS 	HOT CUED HOT COLD 	HOT COLD HOT COLD 

- 	 C57. 	 CAKE - OATS 

STRAINS/ P000 	 STRAINS/TEMPERATURE 	FOOD/TEMPERATURE 

GRAPH 3 
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Analysis No. 7. 

of 	Mean 	P. 
eedozn Square 

Strain 1 99 >.05 

Foods 1 438 01 

Temperatures 1 336 <.05 

Strains/Foods 1 9 > .05 

Strains/Temperatures 1 1.7 > .05  

Foodflenmeratiues 1 487 <.01* 

Strain/Food/Temperature 1 1. 7 > .05 

Mice treated alike 40 49 

Second order interactions. 

The high fertility of CBA and CS7 cake hot 

mice is the outstanding feature. The difference is 

however not significant. 

First order interaction. 

The effect mentioned above produces the 

large, undoubtedly significant, food/temperature 

interaction. 	The strains/food and strains/tempera.. 

ture, on the other hand show no interaction. 

Main Effects. 

The food and temperature effects look 

fairly significant, the strain differences less so. 

The above results are confirmed in the 

analyses where the significant food, and food/ 

temperature effects can be seen. 

14/ 



156. 

14. Conc1ione on the RDroductive Data. 

Food/temperature interactions have been 

shown to exist both statistically and graphically 

for age at first litter, 12-day litter weight and 

total fertility. Litter size and inter-litter 

period also show graphically food/temperature inter-

actions. Probably shortage of numbers in the 

analyses accounts for the failure to reveal inter-

actions in respect of litter size, and no analyses 

have been made for inter-litter period. There is 

also, undoubtedly, significant second order inter-

actions in total fertility graphically, but fewness 

of numbers in the enalv sea probably accounts for its 

non-significance there. 	In addition, small third 

order interactions have been demonstrated graphically 

in age at litter-size and inter-litter period, but 

it is probable that these are random effects. 
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15. General Introduction 

(a) Objects of the section. 

In the last section the presence or absence of inter-

action was the main feature looked for. It is also however 

interesting to study the different characters, e.g. fertility, 

milk production, etc. arranged according to each iteraction, 

e.g.. strains/foods. This is done in this section. In the last 

section it would have been very confusing to do more than to 

examine the graphs and the analyses for interaction. However, 

since that has now been done it is pos1b1e to consider the 

significance of these interactions for animal breeding. 

Before doing this, however, a few general principles 

on the objects and 7,ethods of the interpretation from an animal 

breeding point of view may be considered. The aim niL be to 

investigate for the various characters of agricultural" interest  

studied what effect the interactions found would have on the 

problem of transference as considered on pl./48/55and restated 

shortly below. When genotypes have been selected in a good 

environment and are better than those selected in a bad environ-

ment, what happens in the majority of cases, and in particular 

cases, on transferring a good genotype to the bad environment? 

Are the genotypes related in the same way in the bad environment 

as they are in the good environment in the majority of cases, or 

is there in the majority of cases, a regression of the good 

genotypes to the level of the bad genotypes in the bad environment. 

And, in addition to one or other or a mixture of both of the 

above/ 



Is 	 158. 

above, in specific cases does the transference result in the 

good character falling below the level of the bad character in 

the bad environment? An examination of the many interactions 

exhibited in this thesis should help to throw light on this 

point. 

To answer the above e-tiors each interaction has to 

be investigated to see 1) its Haldane type, and 2) its degree 

of asymmetry. A survey is then made of the overall and the 

individual pictures. A more detailed and 5ysteLL.t1C disCUssiOn 

of this method of investigating the problem is presented in the 

conclusions. In the following discussion it is only desired to 

draw attention to the general principles involved, using the 

interactions investigated in the experiment as examples. 

(b) Methud of relating the laboratory interactions to 
the tranferen ce nroblems. 

In the following, it is intended to examine, from an 

animal breeding point of view, the most reliable interactions 

found in the present work. Before doing this, however, it is 

necessary to consider the terms used. The terms 'good environ—

me-nt' and 'good genotype' are used in each case to describe the 

environment and the genotype which occurs first in the order of 

ranking within the interactions. Thus, in the following case, 

BA cake 1st 
C57 oats 2nd 
C57 Cake 3rd 
BA oats 4th 

where, strictly speaking, one genotype is not better than 

another, or an environment better than another for the purpose 

of the description, GEA would be called the good genotype and 

cake the good environment. 

Next, in order to re-late the interactions to what might 

occur in the field, the good genotype may be regarded as that 

which/ 
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which has been selected in the good environment, and, similarly 

the bad genotype may be regarded as that which has been selected 

in the bad environment. Thus, in the following ease, 

CBA cake 1st 
C57 cake 2nd 
CBA oats 3rd 
C57 oats 4th 

CBA would be regardea as the result of selection in the good 

environment cake, while C57 would be considered as the result 

of selection on oats. 

This is not a very real comparison, since the lines 

involved have not, of course, been selected in their respective 

environments, but if any interactions are found with such 

unselected lines, it is likely that more frequent and larger 

interactions will occur when selected lines are used. It is a 

convenient fiction, hover, since it enables a contrast to be 

made betzen the e: evirenti and' fielu conditions. 

With these rules in mind, it is possible to consider 

for each interaction what would be the result of transfer:ing 

a ood genotype from a good environment to a poor environmnt, 

in relation to the bad genotype already in the poor environment. 

Thus, in the following case, 

(cake 	1st 
ci 	( 

(oats 	2nd 

(cake 	3rd 
C57 ( 

(oats 	4th 

CBA is regarded as the product of selection on cake, C57 as 

the product on oats. On transferring CBA to oats, a gaib is 

made over the C57 on oats. Therefore, if an interaction ilk, 

this is found, there would be a gain on transference. (The C57 

cake figure is irrelevant to the discussion.) 

If, however, the situation were as foliows, 

/ 
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follows, 

CBA cake 1st 
C57 cake 2nd 
C57 oats 3rd 
CBA oats 4th 

obviously on selecting CBA on cake and transferring it to oats, 

a loss has been made compared with selecting the C57 on oats. 

While it is intended to consider the more important 

interactions in this way, it should be noted that this does not 

reflect exactly the situation considered by Hammond (p.48-55). 

HammoncFemphasiees that for transference to be successful 

genes for resistance to the poor environment must be included. 

But it has already been argued that this reservation is imposs—

ible to achieve in practice (p. 54 ). The progeny of the 

transferred animals crossed to animals selected on the poor 

environment will have only a certain proportion of genes for 

resistance to the poor environment. Therefore, although it is 

the progeny of transferred animals crossed to animals selected 

on the poor environment that should, strictly speaking, be used 

for comparison with animals regarded as having be'n selected on I 

the poor environment, the use of the transferred animals 

themselves in the analogy is legitimate. 

Moreover, in addition to the position where it is the 

progeny of the transferred animals that are considered, there 

is the situation in the field, where the actual animals trans-

ferred are themselves usea In the ne&ivironment, e.g. the use 

of beef breeds in the Argentine. This situation is also 

covered (indeed more accurately) by the ab ye analogy. 

(c) Method of Calculating Percentages. 

All of the following results are shown on a percentage 

basis to facilitate comparison. In every case the total 

production/ 
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production (e.g. total number of mice produced in the case of 

'total fertility') is divided on e. percentage basis among the 

various contributir c:1ases (e.g. 22% to CJ3A cake, 18% to 

C7 oats etc). 

16. Second Order Interactions. 

Table 6 shows the ieccnd order interactions of the 

reproductive date, and the second order interactions of the 

growth rate there sexes have been pooled. It is arranged for 

reading both wayaz reading downwards the best class is at the 

top, the worst at the bottom; reading crossways, any 

differences in what is the best class for each characteristic 

can be seen. The percentage groth gains have been calculated 

from three weeks, to measure the effect of the maximum time in 

the different environments. When reading the table particular 

atteiition should be paid to the percentage figures, since, as 

expiaired previously, with so many averages involved, it .ould 

be expected that some wotid be misleading from purely random 

causes. None of these interactions, as cin be seen fro the 

previous analyses, are significant st.tistica1ly. 

The conclusions from the following table hut1d, there—

fore, be treated with great caution. On the other hand, two of 

the conclusions (1 and 2) have been supçorted by work from other 

fields and are therefore probably correct. No detailed 

conclusions on the relationship of each interaction to animal 

breeding such as will be given for the first order interactions 

will be presented here. 

Table/ 
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Table comparing the second order interactions of the 

characte-1-ts 	 Table 6. 

11"it1.RLCT.IS  1D C0j?kiION 

Age at I Inter- Total 
Gains 1st Litter Lact- litter Ferti- 

litter $i at ton oeriod ilty 

est 	C57 CA C57 C57 CBA CBA 
'lase 	Cake Cake Cake Cake Cake Cake 

Hot 10.3 Hot 17.4 Hot 16.3 Cold 8.7 	Hot Hot 

C57 C57 I CBA CA CBA C57 
Cake Cake Cai:e Cake Oatc Cake 

13.2 Cold 10.6 not 15.1 Cold 1.6 Hot 10.4 Cold 22.0 Hot 

CBA CLA CBA G57 C13A CBA 

Worst 
Class 

Cake Oatv Cake Cake Cake Cake 

13.1 Hot 	10.6 Hot.12. 	Hot 15.1 Hot 10.6 Cold 11.3 Cold 

CBA 057 C57:CBA C57 CFA 
Oats Oats Oats Cake Cake Oats 

12.9 1t (, 12$ Cold 14.6 Cold 12.4 Hot 10.7 Cold 

CBA CBA GOBA CBA 057 CBA 
Cake Oats Oats Oats Cake Oats 

12.1 Coldil.1cld 11.5 Cold 12.6 Cold 12.3 Co1c 10.2 	t 

057 057 057 057 057 057 
Oats 0ta Oats Ots Oats Oats 

11.6 Cold 14.1 Tjntj 11.5 Hot 10.9 Co1c 14.4 Cold 8.6 Cold 

CS? CBA C57 CBA 057 C57 
Oats Cake Cake Oats Oats Cake 

11.2 Hot_ ~ 11..lcc1c IC).? Cold 9.5 Hot 14.6 Hot 7.3 Cold 

CBA 057 CBA 057 CBA C57 
Oats Cake Oats Oats Oats Oats 

11.2 Cold 15.6 Gd 10.0 Hot 8.1 Hot 15.9 Hot 5.7 Hot. 

Table 6: Peading transversely the first row shows which strain, 

which food, and which temperature has been best for any chaxacter. 

The shortest age before first litter, inter-litter period and 

the longest total fertility was exhibited by CBA mice, while the 

largest! 
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largest litter size and lactation wab exhibited by C57 mice. 

For all characters cake has given the best result. Similarly, 

for all characters except lact. ton, the hot temperatures have 

been best. The second row gives the classes which shoi the 

second best reu1ts. The worst class is shown by the row at the 

bottom of the tble. 

Reading vertically the columns show which strain, 

which food, thich teriperatuDe has been best for each character. 

057 for example was best and second best for gains; CA 

as third, fourth, Iifth beet; C57 sixth and seventh and OBA 

worst. The columns can be similarly read for diets and 

temperatures. The effects of the cot;bivation of these treat—

ments can also be studied. 

The figures in the left—hand bottom corners are the 

percentages of the total productivity of each character thet 

the partieniar clas. hae contributed, i.e the 14.6 in the 

top lef —hand square, indicate that the 057 cake hot class 

produced 14.6 of the total gains in weight of the complete 

experiment (p. 160 ). 

The main importance of Tcbie 6 from the point of 

view of animal breeding is that it emphasises the necessity 

of great caution in speaking of good or bad environments or 

genotypes. Thus, in this experiment one cannot say that : 

One environment is the best or the worst for all characters, 

e.g. cake hot in the 057 strain is the best for rapid gains nd 

litter sizes, but cake cold is the best for milk production. 

This type of effect has, of course, bo±n demonstrated before 

(Mayer 1948). 

One strain is always superior, i.e. there is no high 

positive correlation linking fertility, milk production etc. 

For/ 
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For example, within the cake hot environment, C57 is the best fr 

gains and litter size, but C}3A is best for total fertility. 

Wright (1922) fouud a similar state of affairs in guinea pigs. 

Winters (1930) comments on Wright's results and compares them 

with King's results (1919) where the opposite effect eiste. 

The observations reported here tend to support Wright, but as 

rinters notes, the situation may vary from species to species. 

(3) One environment is the best for any strain, e.g. cake-hot 

is the best for C57 for litter size, but cake-cold is the best 

for that strain for lactation. 

The possible presence, then, of interations such as the  

above necessitates care on generalising. There is, however, a 

general pattern, so that rough generalisations can be made. 

Thus, if the figures are arranged as in Table 7 it can be seen 

that on the whole the various characters resemble each other by 

exhibiting a descending order of rank, within each strain, as 

the environments change from cake hot to oats cold. 

Table 7. 

Growth Rate 
Total 

Milk Prodttction Fertility Total 

C8A cake Hot 13.1% 15.6 22.8 17.2 
OBA cake Cold 12.1% 14.6 L.8 12.8 
C3A oats Hot 	I L.9 9.5 10.2 10.8 
CI3A oats Cold 11.2 12.6 10.7 lO. 

C57 cake Hot 14.6 1.1 22.0 17.2 
C57 cake Cola 13.2 16.3 7.3 12.2 
C7 oats Hot 11.2 8.1 5.7 8.2 
CS? oats Cold 11.6 10.9 8.t 10.3 

CBA can also be seen to be very similar to C57, and the changes 

from cake to oats and from hot to cold are very similar for the 

different characters and the different strains. The outstand1ng 

feature! 



165. 

feature i, probably, the fall in 'total fertility' in both 

strains from cae hot to any other environment. Othtrwise there 

is a general regularity. 

Thus, if these results could e trsferrer to -iItal 

breeding, they vould emphasise that while general rules about th 

goodness or b&dflLO8i of Renotypesand environments could be stated 

great caution vould be required in any specific cage due to the 

presence of interactions, and genotype, environment and 

character would all have to he taken into account 

Judgement. 

17. Fir2t Order Intrct1ois. 

The firs- to orer interactione are next 5hop.n groupi.c 

together for the different physiological characters. (Table ). 

In classifying thete, the difficulty arises frecientl 

of deciding the type, e.g. the fliO in c;e iht be either 

type 3 or la, dependtn on whether 

(Cola 	27.2 
C57 	(Hot• 

Fig.47. 
(Hat 	25.i 

CB (Cold 21 

C57 cold is really better th;.n C57 hot. In such cases, the 

two or more possible types &re given. 

The first order interactions are also zton as 

ercentage basis of the total production. 

(a) Strains/food interactions:- 

Table 3/ 
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Table 8. 

STRAINS/ FOODS INTERACTIONS 

(C57 27.8% (Oats 26.9 
(CAKE 	( (c57 
( 	(CBA 25.2% ( 	(Cake 26.1 

Age at 
!eights 	( 	(GBA 24.1 Fir 	( 	(Cake 244 

(ors 	( Litter (CBA 	( 
(C57 22.8 (Oats 23.7 

Type 2 or lb Gains not Type 3 or la Not 
Analysed. Significant 

(c57 	28.1 (c57 314 
(CAKE ( (CAKE ( 
( (CBA 	27.9 ( (CBA 30.2 

Litter 	( Lactat( 
Size 	( (C57 	23. ( (C57 24.4 

(OATS ( ATS ( 
(CBA 	21.5 (CaA 22.1 

Type lb or 2 hot Type lb Not Sighficant 
Simificant 	I 

(c57 29.0 
(CAKE (CBA 

26.3 

litter  
Inter-( 	

(c57 25.2 
Period (OATS (

(CPA 19.3 

Not Ty:e 	
Significant 

(CBA 	34.6 
(CAKE ( 
( 	(c57 	29.3 

Total ( 
Fertill( 	(chA 	20.9 

(OATS (c57 	14.3 

Type lb 	Not Significant 

Comparing these diflerent interactions the dominating influence 

of the foods compared to the genotypes in all of them except 

age at first litter may be seen. This may be contrasted with 

Bonnier et *1 (19/+8) conclusions, who found the genotypes 

generally of greater importance than the environment. It would 

appear that the pre-partum period is less susceptible to these 

food environmental influences than the c t, 	ph'sio1ogica1 

characters. ith/ 
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With regard to the other characters the most susceptible to 

both food and strain influences has been total fertility followe 

by inter-litter period and lactation, the latter, however, 

exhibiting smaller strain differences than the former. For both 

litter size and gains in weight both food and strain effects 

are not marked. 

From an animal breeding point of view, the main 

features are the comparative absence of any irregularity of 

arrangemsutwith the exception of gains in weight and pre-

partum period, in both of which the percentages are so close to 

each other as to render the irregularities almost certainly 

Insignificant). In the other cases the interactions are all of 

type lo. In each of these a gain would oe made in transferring 

the good genotype from the good environment to the bad one. It 

is to be noticed that there is no trace of e ceiling effect in 

those; the differences in the good environment are maintained 

in the bad environment and not ironed out. 

(b) 	Strairts/Temperettres interc ticns. 

Table 9/ 
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Table 

1?iA1.h INTCTIiS 

(c57 
(COLD ( 
( (cBi. 27.2 

Age at ( 
First 	( 057 24,7 

Litter 	(HOT ( 
(cBA 20.9 

Type lb Not $igrtifi.t'nt 

CBA 26.0 
(HOT ( 
( 	(c57 25.8 

Gain 	( 
Yeight ( 	(c57 24.8 

(COLD ( 
(ca', 23.3 

Type 2 or lb 	Not tested 

(Hot C57 	23.9 	 (Gii 	27.6 
(Cold c 	26.6 	 (COLD ( 

Litter ( 	 ( (c57 27.2 
Sire 	(Hot CBA 	23.0 	Lacta- ( 

(Cold C57 	22,8 	tion ( 	(cBA 	25.1 
(HOT ( 

(c57 	23.1 
Type 4a or 4b Not 

	

Significant 	Type la or 2 Not Signi fict 

	

(Hot 27.2 	 (Cw 	33.0 
(c57 ( 	 (HOT ( 
( 	(Cold 27.0 	 ( 	(C57 	27.7 

inter- ( 	 Total ( 

	

Litter (cM (Hot 25.1 	rti- ( 	(CM 	22.5 
Period 	( 	 (COLD ( 

Type la or 

	

(Cold 21.0 	 (C57 	15.9 
3 

Not tested 	Type lb 	Not Significant 

Comparing the different interactions C aged rote the pre-

dominating ifluence of the environment as compared with that of 

the genotypes. The only exception to this is the inter-litter 

period. It would appear that when the environment is a food one 

(cC strain/food comparison) the environments are more important 

than the genotypes for inter-litter periods but th4t the 

reverse holds when the environment is a temperature one, i.e. 

the Haldane type of interaction depends on the re1tive import-

ance of the environments. in this case food is more iiportant 

than/ 
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than temperature and the interaction is a type lb. in strain/ 

food but a type la in strain/temperature. The saiie effect it 

may be noticed, holds for age at first litter, coparin strain/food 

and strain/tenporature,  except that in this case the 'stronger' 

environment is the temperature arid therefore the type of 

interaction is type 3 or Ia for strain/food and lb for strain/ 

temperature. 

From i anima breeding point of view, total fertility, 

lactation, int:r-litt 	c;'icJ aiu_re-rt.um period, tould 

be best select lor it, the good environments. In respect of 

gains the figu.es  are so close thgether that the lo.cus of 

selection woiila not be important. Litter size provides the 

first example where, if these figures were true and repeatable 

it would be best not to select in the good and transfer to the 

I ad. These figures are, however, non-significant on ana1ysi 

and should there iore e tretod with great caution. 

(c) 	oc,u/tenporau 	iiit;re Uon 

Table 10/ 
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Table 10 

YdT / t% 'tAm11Dt 1Jm 	LrrT.'" 

(Cake 29.7 
(cow 	( 
( 	(Oats 2.7 

Age at( 
First 	( 	(Oats 23.8 
m.2: (HOT 	( 

(Cake 20.9 

Siificnt 

(Cwld 30.9 
(c] ( 
( (Not 30.7 

Lact- 	( 
Lion 	( (Cold 23.5 

(oArs ( 
(Hot 17.6 

Sinificat Very 	sr:etricR1. 

(GAF ( 
( (Cold 19.3 

fc-rt~'- ( (Hot 19.1 
lity 	(OATS ( 

(Cold 15.7 

Very aç nLtrical:Significant 

(Hot 27.7 
(cE 
( 	(Cold 25.3 

Gains in ( 
eih t 

	

	 (Hot 2.1 
(wr3 ( 

(Cold 22. 

Not significant 

(Hot 30.2 
(cxE ( 

	

( 	(Cold 25.8 
Litter ( 

	

Size ( 	(Cold 23.8 
(oArs ( 

(Hot 21.5 

Not Sign.ificnt 

(Hot 30.5 
(OATS ( 
( (Cold 24.8 

Inter- ( 
Lttter ( 	(Cold 23.6 
Period (CAKF ( 

(Hot 21.1 

Eigiifi cant 

The are not of much interest from a selection point 

of vie. Thcy are chiefly of physiological interest. 

In certain casas, it will he observed that the 

eviroments are non-additive in effect. The importance 

of this depends on whether the two ewirounient are acting on 

the animal to produce this effect, or whether they are acting 

on each other, in such a way that s detrimental effect is 

produced on a certain food in a certain temperature. In the 

foLowing we shall reuma that the first case is true, since 

the two foods were each kept in one environment and only 

I transferred/ 
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The gains exhibit no unusual features, 

Lactation: The cake is much better than oats as we should 

expect, since lactation is very dependent on diet. On a cake 

diet temperature has little effect. On the other hand, with 

oats high milk production is not obtained, but on this diet 

coldness is slightly superior to warmth, 

Tota]. Yertiljy: A different type of effect is noted, 

Here the major item of interest is the large production in 

the cake hot compared to the other diets. It would appear 

that for maximum production of mice, both food and warmth 

are required. This is what we might expect since the effect 

of nutrition or fertility is well known, e,g, flushing, and 

at the same time ovulation is susceptible to temperature 

effects. From an examination of Table 38(a) it can be seen 

that the greatly reduced fertility has two causes, viz, 

reduction in litter size and reduction in the number of 

litters produced in the time. Diet is probably the thief cause 

of the first, diet and temperature the second, 

In litter oUg. the major feature is probably the same as 

in total fertility, viz, the comparative superiority of the 

cake hot, to the other environments. This ras also, probably, 

a very similar cause, viz, the necessity of both good food 

and warm temperature for adequate fertility. More difficult 

Ito explain, however/ 



1 	

172. 

however, is why cold is a better environment than hot, on an 

oats diet. This may be untrue, and the effect merely one of 

snail litter size on oats, whether hot or cold. This would be 

a reasonable assumption, the oats depressing litter eize, 

possibly due to foetal absortion. If it iF tre, it is 

difficult to explain, but the complexity of fertility is so 

great involving ovulation, male fertility and foetal absorption 

and each of thes dependent on genetic, nutritional and other 

environmental factors, that it is difficult to reason out 

explanations Ithout experimental investigations at almost every 

sta. Lc and Phillips (Table 2) co.nment, onewhet inconcluiv1 

ely, on female reproductive activity that heat hassomo 

antagonistic 	iults"on female reproductive function and cold 

"y reuee £L.' 

Conid'rIr thz inter-litter jçiod, the fi
11 

	

	
gur 

exhibited are calculated only from thce mice which bad a second 

litter. since svieral ot 16 arial id nt hav€ second 

litters, these figures and the InteracLon they 3hov, should 

be treated with considerable rescrve. This is robiy the 

cac of the 10 oats cold figure, 

The nc-nod before first litter is also cifficult to 

explain. They to are complicated by the presence of sterile 

mice to the oats cold ev1ronment. These figures thould, 

therefore, also be treated with great reserve. 

The mirL .feat-re of the food/ terperature interactions 

Is, therefore, the no-ditive efct c thm 	 for 

lactation and fertility. 

l. Main LXfect 

Table U. gives the maij effects for cach character on 

a percentage basis. The main features are the significant 
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ain strain, food and temperature effects on growth rate (the 

i±Terences are not very marked but the iarge numbers involved 

are probably responsible for the significant effects in the 

na1yse); the significant temperature effects on pre-partuni 

period, food effects on litter size, food and temperature effect 

on iactatio; trin t..nc fo..c ef:ect cr irter-litter 	rioc, 

food and te 	rF.tr& effects on toLl fertility. The st:t. in 

effect in total fertility also looks significant, but is not so 

in the analyses. 

Table II 

Trible  of Main Effects on a Percentage Basis 

Gins Pre- Litter Lacta- Inter- Total 
P.rtum Size tion _litters iert.ilii4 

;GBA 4.3 48.1 51.9 	50.4 45.6 55.5 
+ + 

C57 50.6 51.9 48.1_49.6__ 

Cake 53.0 50.6 56.0 61.6 44.5 63.9 

Oats 
+ 

L7.O hShh. 
+ 

44.0 
+ 

38.h. 
+ 

54,5 
+ 

36.1 

Hot 51.8 45.6 1 	51.7 45.6 51.6 60.7 
+ + + + 

Cold 48.2 54.4 48.3 54.4 48.4 39.3 

= Significant. 

19. Components of Variance. 

Having examined the main effects, it is of interest 

to look at the components of variance. The main feature is the 

very low strain component for all characters. These components, 

!esect4lly the higher order ones cannot be regarded as ziifyin 

a great deal, both because of the few mice involved and because 

of the fact that only two strains are compared. They serves  

wever, to eiiphasise the importance of environment in all 

char.-. cter/ 
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of  gma2anjst4q 	 r 

Oponnta of Varinos 

Fu 

strains 1U; U 3.1 0 0 
Sexes 13.0 31,0  
Foods .O 15.0 39 5100 
Temperature's 12. 12.7 10Z 13.0 11.0 
strain/sex 0 0 0 
3trixi/?ooct 0 908 0 0 
3train/perate o 0 0 0 4.o 8.4 
Sex/Food 0 2.0 0 
ex/To!prtt1u'e 0 240 0 

1d/Tezperatur. 0 0 0 600 0 11.0 
CoOchd& Third Order 

intraottons 0 5.0 0 0 0 0 
10  42,0 29.0 20.2 84.0 33.0 42.0 
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Table 12(b) 

Tble of cQxponents çt vLtrian 	Roc~rodbCtIVS  

sl;~e of 'p-day Tot&1 
Firt fit Litter ?'erttuit 
?rtrttioLitter 	- 

% 

 trfls 0 0 0 0 

Food 	 I 0 10 48 0 

Temperatures 0 7 0 

Strai/?Qods 0 13 2 0 

Stra1n$/?e,erature 1 5 0 0 

c/Teømtutt 25 10 0 43 

6 0 0 0 

Nice tt 66 61 57 

A 
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characters considered. 

General Index of roductiviti. 

If the gains, lactationa and total fertility, are 

pooled, each being given equal weight, it is interesting to see 

the interactions and the main effects (Table 13). 

Table L3. 

(CBI 30% (cu 28.0 
MC)? 	( 

(C57 29.1 (C57 25.4 

(cu 21.6 JCBA 23.6 
OATS 	( LD  

(CS? 18.5 (057 22.5 

CAKE = 	59.6 NOT a 53.4 CBA = 51.6 

OATS = 	10.1 COLD * 46.1 C57 	= 47.9 

Neither strtn/toode or strains/temperatures show much 

interaction. The larg* food, the lesser temperature and the 

small strain effect can be seen. 

The main effects show that temperature and foods 

treatment have been important. 

Reiationøk4pof the various interactions to the relative 

Having considered the various types of interaction it 

In worth noting how closely they follow what would be expected 

from a consideration of Haldane's paper. From Table 13 it will 

be observed that the main differences have been exhibited by 

the food effect and that the teeperature/ 
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temperature effect has not beer, great arid that the strains 

h we not differed greatly from each other. 

The close resemblance of the genotypes would lead to 

an expectation that types 4 and  3 would not be present; CHA 

is not so different from C57 that independent of environment, 

one strain would always be greater than the other (type 3). 

Also, neither are the two strains so different from each other, 

nor the two environments so different, that a type 4  interactior 

would be produced. 

Type 2 is a more possible type but not very probable. 

Thus, while cake is sufficiently distinct from oats to be 

always better, independent of strain, the two strains are 

sufficiently similar, probably, always to react in a like 

manner (not as the lowland, highland: lowland, highland sheep 

effect on nage 58 	). 

Type la and Type lb are, however, the two types that 

would be expected to he commonest in the experiment. Generally 

we would expect type lb, viz, cake better th.n oaLs, and one 

genotype better than the other 11 each case. However, for 

certain characters, where the genetic determination is fairly 

strong, type la might; exist, i.e. one strain better than 

another and within each one environment better than the other. 

Having c:nsidered tbr.s the probable tye of 

interaction it is interosttng to observe how clo'ely the 

realities fit the predictions. The second order interactions 

only are considered, since they are the most aoet.irete end free 

from complication. In the strains/food group (p.166 ) it will 

be observed that 4 of them are of type ib, 1 of type 2 and 

the sixth might be either type 3 or jLt (prcbbly la since it is 

difficult/ 
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difficult otherwise, to explain how mice on an oats diet would 

have litters before mice on a cake diet. Thus, the prediction 

that most of these would be lb, with a few possible type 21s 

are fulfilled. In the case of the pre-partum period (the 

type 3 or la) the genotypes differ widely (CBA having a much 

shorter adolescent period) so that the result is not entirely unexpected. 

When strain/temperatures are examined more irregularity 

is exhibited. Three of them, as is to be expected, are of 

type lb. Two of them are as follows: 2 or lb; la or 3. 

In each of these, it is probable that the type 1 is the more 

likely, since it would be difficult to see a reason for either 

type 2 or 3. The last, the type 4  effect, is difficult to 

explain. The figures are, however, insignificant on analyses 

and cannot, therefore, be regarded as proved. However, apart 

from this, the results are in keeping with the anticipation. 



PART V 

THE RESULTS OF E.:IlT lB. 

Sett<in I 	z Growth Rates. 

SectIon II 	: Reproductve Data. 

Section III 	: Cornpari.on f the interactions of 
the different physiological 
characters and ii elr re±atiorhip 
to animal bredi. 
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The main differences or arrangeMenT, oeiween 

Experiments lÀ and lB have already been outlined (p.  85 	). 

The chief feature of interest in contrasting the two experiments 

is the presence of 3 genotypes in Experiment 1B, on- of which 

Rill, is sharply different from the other two in fertility, 

milk production and growth rate. Similarly, the environment, 

hot—cold, which has not had a great deal of effect, has been 

eliminated and only the moderately different cake and oats 

diets remain. It is reasonable, therefore, to expect sharper 

differences in the type and magnitude of the interactions 

present. 

The method of layout in the following descriptions 

is similar to that of Experiment IA. This is a general 

statement of growth rates, reproductive characteristics, etc, 

followed by a discussion on physiological causes and the 

importance of the different factors found. 



Strains enter environrnent. 	I 

C 

C57 
RU'1CAC.0 --- ------------ 

1OATS.............. 

SECTION I 

Growth Rate 

1. Second Order Interactions 

Fig. 4 : Second Order Interactions 

Strains/sexes Lfoods. 

CaA  MICE 	 c57 MICE 	 Rin MICE 

Mx, enter QnvIronhrCfltb 

02. 

4 	 7 

.1 

/ 	

- Strains enter enVirOnHlICntc 

0 	
I I 	21 	31 	41 	51 	€ 	31  

Al. 6, soeells 

C BA MALE FEMALE  
(MALE C 5 	tFeMRLR -- - - - -. 

P.111 (MALE IFEMALR.------------ 

MALE MICE 	 FEMALE MICE 
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Individual Graphs. 

Graphs 1 and 2 have already been exaxuinea individually 

(Fig. 	: Graphs 1 and 3). Grah 3 resembles Graph 2 and the 

same remarks as apply to Graph 2 apply to it. The graph 'mice 

on cake diet' shows that the main difference is between males 

and females. The strains, within the sexes, have all very 

similar growth rates, although the picture is complicated by 

the early terminat on of the female lines. There would thus 

appear to be little interaction. In the graph 'mice on oats 

diet' within each strain the male is greater than the female, 

and by about the same amount in each strain. The same order is 

approximately followed in both males and females, CBA being 

followed by Pill and then C57. There is then little interaction 

In the aie  mice' graph, cake is seen to be better than oats 

irrespective of strain. However, the male mice seem to grow 

at very similar rates, whereas the females are more spread out. 

The order of the lines is somewhat similar, viz. Lt both cases 

CBA is bigger than C57, but lUll is biggest of all in the males, 

whereas it drops rapidly to a lower position in the females. 

There is, therefore, a certain amount of interaction. In the 

graph #female 	pregnancy terminates the lines at an early 

age, rendering interpretation difficult. However, it can be 

seen that wUThin C57 and Bill cake is better than oats. CiA 

lines are too short for judgement. The closeness of the lines 

within sexes makes interpretation of the relative strain 

positions almost impossible. 

2 and 3 Graph Comparisons. 

Comparing the first three graphs the interaction shown 

in comparing CBA and C57 has already been commented on. The new 

Pill! 
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Rill graph resembles the C57 one. There is thus an RIII/CBA 

'interaction as well as a C57/CBA one. 

The diet graphs sugest a certain amount of interaction, 

the curves fanning out on an oat aiet as compared with a cake 

et. On comparing the sexes graph, the opposite effect is 

oduced, i.e. males are comparatively fanned out, females 

te to one another. There might, therefore, be a small 

train/food/sex interaction. 
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2. Firgt Order Interactions. 

Figure 49. 

51RdNSJFOoOS 	 FOOD /SEXES 

RU OXTS - 	 - 

Individual Comparisons. - 

In graph 1, the strains when on a cake diet 

all grow at a 'very similar rate, but on an oats diet 

they separate out, CBA being greater than Rill, and 

C57 being the slowest growers. 	On cake, the strains 

are too close together to allow of separation of 

their order. 	There are present, therefore, slight 

strain/foods interactions. 	In graph 2 little inter- 

action can be seen, cake is always larger than oats 

irrespective of sex, and male greater than female 

irrespective of diet. 	In graph 3 the male is 

greater than the female irrespective of strain, but 

the strains do not differ greatly within the sexes 

There is, therefore, little interaction present. 

3./ 

I T1I7mJ. 



a. MUA Itagt3. 

1E4. 

14 FVUMla  

MALE 
FEMALE -------- 

CAKE 

OATS 

In the strains graph CM and lUll mice grow at a 

V517 similar pEts, but the lUll mice grow more 

slowly in the later weeks. The C87 mice are much 

smaller than both. Sex and food effects are very 

similar 

4. The Analytea. of L-ZQgtjj,ftt 

Analyses have been made of body weights at 

7 and 10 weeks. The first is the largest period 

with sufficient females to produce adequate analyses. 

The second is of males only and gives the longest 

total period of the iee in the environments. The 

interaction has not been split into its component 

parts. 

Analyses 8/ 
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Analyses 8. 

7 Weeks 10 Weeks 
D. of F. 	Mean P. D. of F. Mean P. 

Square Square 

Strains 2 7 	> .05 2 19 > 	.05 

Sexes 1 621 	<.01 - - - 
Foods 1 628 	< .0i 1 93 < .01 

Interaction 2 200 	> .05 2 9.5 > 	.05 

Error 84 32.2 .42 3.8 

The analyses show significant sex and 

food effects, at 7 weeks an food effects at 10 

weeks. 	The absence of significant interactions 

corresponds to the diagrams where no major inter—

actions have teen noted 

SECT ION 11/ 
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SECTION IX 

DATA ON REPRODUCTION - EXPERIMENT lB. 

5. Ae at first litter. 

F&gire 51. 

-1 IlM 	 LW 	 Kill 

Figure 51. Graphs showing number of days from 

birth of mother to birth of her litter. 	Left-hand 

side shows the first order interactions: right-hand 

side shows the main effects. 

Not enoug1 data were available to make a 

statistical analysis. 	However, on examining the 

figure, little interaction is revealed, C57 mice 

on oats perhaps taking a longer time to produce 

litters compared with 057 cake, relative to the 

other strains. 	Neither strains nor foods look 

significant. 	These results are in keeping with 

Experiment 1A where temperature and food/temperature 

interactions were the significant effects. 
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6. Size of First Litter. 

Graph of first order interactions and main effects 

on size of first litter. 

Figure 52. 

Analyses 9. 

Analyses of sizes of first litter. 

Degrees Mean 
of Square P. 

Freedom 

Strains 2 24 

Foods 1 8 	- >.05 

Interactions 2 33 <.01*  

Mice treated alike 54 2.6 

Comparing Rill with CBA and 057 in the 

first order interactions, the similarity in litter 

size of the cake and oats mice In Rill, compared with 

the distinction between the two dieted mice in the 

other strains is the chief feature, and the signifi-

cance of this interaction can be seen in the analysis. 

This may be compared with the first experiment where 

no interaction existed. 	The presence of the Rill 

strain/ 



strain has produced the interaction. 	The sigific- 

ant main strain effects can be seen in both the graphs 

and the analysis. 

7. Growth of _Litter. 

Figure 53. 

Graph of the first order interactions and main 

effects on the growth rate of the young. 
FOOD5/SIAAINS 	 STRAINS 

APR 	 , J -A- 

A, 
CHAR 
OATS 

OA15{ 

Analyses 10. 

Analyses of the 12 day weights of the young. 

Degrees 
Of Mean 

Square P. 
Freedom 

Strains 1 3.5 >.05 

Foods 2 915.2 .01' 

Interactions 2 17.4 >.05 

Mice treated alike 42 10.2 

The presence of significant main food 

effects can be seen from the graphs and the analysis, 

and 8153 the absence of strain and strain/food inter- 

actions. 	This Is In keeping with Exoeriment 1A, 

where food/temperature interactions were found but 

no strain Interactions. 	The Rills appear to 

behave like the other strains. 
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8. Inter-litter Periq. 

Figure 54. 

Graph showing the averae number of days between 

first and second litters. 

There was not sufficient data here to 

justify statistical analysis. 	On examining the 

graph, however, when the three strains in the first 

order interaction are compared, little sign of 

I  interaction can be noticed. 	On comparing the oats 

mice with the cake mice, C57 is seen to have the 

longest inter-litter period on cake, but the shortest 

on oats. 	The effect, however, Is not very great. 

With regard to main effects, the foods do not differ 

greatly, but the strains do to a certain extent 
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9. Total Fertiljty. 

4y2.1re 55. 

Average toti number of mice produced by mothers in 

20 weeks. 

Ai,.alysis Ii 

Analvea of Total Fertility. 

Degrees 
of 	Mean 	P 

Strains 

Foods 

Interactions 

Mice treated 
alike 

	

2 	160 	4 .O1 

	

1 	19685 	4 .01 

	

2 	 56 	(.05•'  

	

54 	13.7 

In the first order interactions, comparing the strains 

reveals a similar basic pattern, but on comparing the cake mice 

with the oats mice, the large C57 relative to the Bill is 

noteworthy, whereas on oats the small C57 compared to the Rill 

and even more so to the CBA, is noticeable. There is then 

quite a marked strain/food interaction and this is confirmed by 

the analysis. The significant strain and food effects can 

also be seen in the analysis. 

10. Summary of interactions in Experiment 3$. 

Significant/ 
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Significant strain/food interactions exist for both 

total fertility and litter size. No major interactions in 

growth rate have been found. 
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SICION IIL 

CO&J?ARISO OF TUE 	IOt OF THIS DIFFLi'flENT 

PHYSIOLOGICAL CHARACTS AND THEIR RELATIONSHIP TO 

ANNAL BREEDING. 

Oenera3. Introduction 

Having examined the data in Experiment lB 

for the presence or absence of interactions, it is 

now convenient to compare the results from the 

different characters, and relate the findings to 

animal breeding. The figures are arranged in 

percentages so that comparisons are made more con- 

venient. 	The percentages are arrived at as on 	page 
160. 

Second Order Interact4ons, 

Table 14 shows the second order Inter-

actions of the growth rates and of the reproductive 

data. 	It is designed on the same principle as 

Table 6 and the conclusions are similar. 

genotype' cannot be said to be universally better than 

another. 	The genotypes must be related to the 

environments in assessing their relative Importance. 

SImilar1j the environments must be related to the 

genotypes In them, before saying which is better or 

worse. 	However, a general çattern of genotypes CBA 

and C67 being better than Rill can be seen, and 

similarly a general pattern of cake being better 

than oats exists. 

Table 14/ 
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Comparing the. intor.ctions of the characters, 

6est 

Cia 58, 

Worst 

Class 

Ga Ins Pre Fartum Litter 4 ze lacti:on Inter-litter Fertility. 
CS? CR CS? CJ3 Cilk CBa 

Cake 14.6 	Cake 25,1 	Cake 21 	Cake 10,6 	Cake 28,5 	Cake 

c&. ca 03' C? Hill CS? 

17.8 	Cake 16.1 	Oats 18 	Caku 20 	Cake 1:3,4 	Cake 28,4 	Cake 

GELl CS? CS? Hill CS? Hill 

17,6 	Oats 15.1 	Cake 16.6 	Oats 19,1 	Cake 15 	Cake 16 	Cake 

Hill Hill CB RilI 05? C 

Cake 17,7 	Oats 14.4 	Oats 13.7 	Oats 17,8 	Oats 12 	Oats 
CS? RIII HIll 057 C&. RIlI 

76.2 	Oats 17,7 	Cake 1.3.3 	Cake 13,4 	O_ts 19,2 	Oats 7,8 	Oats 

lUll C57 Hill C3 Hill CS? 

Oats- 20 	Oats 11.4_Quts 12 	Oatz 2t- 
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The table is arranged for reading both 

transversely and vertically. 	Reading transversely 

the first row the strains that are best for each 

character may be compared. 	It is observed that 

CBA is always the best strain. Similarly it is 

observed that cake is always the best diet. 

Reading vertically the columns, the strains that are 

best for the individual characters can be seen. 

C57 has produced the best gain in weight, CBA is 

second best and Rill is worst. 	Similarly the 

effect of the foods on each character can be seen. 

Cake is first and second best, oats third, cake 

fourth and oats fifth and sixth. 

The percentages reveal the degree of the 

differences of the classes within a character. 

They Pre the percentages that any particular class 

e.g. C57 cake contributes to the total production 

of the character. 

13(a) / 



(Cake ( 
( 

Total ' 
(ml 

Fertility 	
(ca 

(Oats ( 
(RuT 

Type lb 

43 

24.5 

19,7 

11.9 

Significant. 
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13a. The Comparison of "ill and CBA, 

TML 15. 

First order interactions involving RIII aed CBA. 

Cake 28.3% (Cake 31. 2' 
(cB& 	( 

( Gains 
(Oats 27.9 

Utter 	(Oats 24.3 
in weight ~Cake 23.8. Cake 225 

cR" 
(Oats 199 (Oats 21.8 

Gains not Type is or  Type is or 3 	Significant. Analysed. 

(BIll 35.8 
(Oats' ( 

Inter- ( 	(c.a 	2.3,6 
litter ( 
period.( (BIll 20,1. 

(Cake ( 
(CBA 	15,8 

Type lb 	Not Analysed, 

(Cake 27.3 
(RnI ( 

Pre- 	( 	(Oats 26,7 
pertu ( 
period ( 	(Oats 23,2 

(caA 	( 
(Cake 22,6 

Type is or 3 Non-significant 

(Cake ( 
(cBA 	31.11 

( (rxn 28,5 
Lactat ion 

( (III 20, 
(Oats ( 

19,5 

Type lb or 2Non-significant. 

There is no large degree ce asymmetry in the sex 

arrangements. Total fertility and inter-litter period are of 

type lb. Gains in weight and litter si.:e are of type is. The 

presence of these type is interactions in experiment lB compared 

with lb interactions in experiment U for the se characters is 

due to the presence of two genotypes ithiob differ cooperatively 

sharply in experiment lB. This difference is sufficiently 
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great to make the ganotype of more importance than the environp. 

ment in experiment lB. Age at birth of first litter and lacta-

tion are both probably type 1 interactions, since the other 

possible types would b difficult to explain. 
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13b. CprnpDtson of 3111 and C57. 

TABLE 

I Ihit Order Tntir'tion.i invn1vin, TTT mml C57. 

(Cake 31.7% (Cake 36 
( ( (C57

Gains 

( 
~Oats 24,3 Litt 

(057

(oats 
(Cake 239 Size 24.4 

Rut ( 
(oats 20 PIll 

(Cake 
(oats 

19.5 
19 

Type Is or lb 	Not Analysed. Type is or 3 Significant 

(057 4.7.7 

( 057 32 
(Cake ? C 
( (r 26.8 

(Cake (Rut 28.9 
Total ( Lactation 	( 

Fertility ( (Oats (III 
20.7 

(PIll 13.2 (057 18.8 
Oats (057 12,2 

Type 2 or lb Significant Type 2 or lb 	non-Significant 

(P111 34.2 

(Oats 

Inter-litter C57 26.3 RIII (Cake 
(oats 

27.3 
26.7 

period. 
JC.. 057 21.4 

PXe-partum, 

(III 19.2 
(Oats 
(Cake 

23,2 
22,6 

Type 2 or lb Non-Significant Type 3 or is 	Non-Significant 
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The reversal of rank types of interaction 

present in age at first litter and lactation are so 

small that they are probably random effects. This 

is also probably true of the reversal of rank type 2 

effect of the inter-litter period. 	Litter-size, 

gains and total fertility however, present interest- 

ing features. 	In litter-size and gains the 

difference between the genotypes outweigks the 

difference between the environments. This did not 

occur in the strains/foods interactions of experiment 

].a. 	In the RIICb7 comparison, therefore, as in 

the 1III-CBA comparison, the presence of a fairly 

different penotype Rill, hs altered the type of 

interaction foum. 

From an animal breeding point of view 

advantage would be gained by transferring in the ease 

of gain, litter-size and lacttion. 	On the other 

hand, in the ease of total fertility not much would 

be famed. This latter case emphasises the impor-

tance 

mpor

tance of the magnitude of the interactions as well 

as its Haldane class. 

A very little percentage difference would 

make C57 greater than Rill on the oats diet. 	This 

would make the interaction a type la. In la arrange-

ments if there is not a great departure from 

syrmnetry, it is generally best to select in the good 

environment and transfer to the poor. 	But the 

interaction due to the large assymetry has 

this rule. 

IL-' 
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rain ffects ot_the Conulete 115 R&2.qrjmgnt.  

Table 17 shows these. 	The chief feature 

is poorness of the Rill compared to the other strains, 

except in so far as lactation is concerned. 

Table 17. 

Gains 
partum 

Litter 
Size 

Icta 
tion 

Inter- 
litter 

Total 
Fertili 

CBA 35. 4 29.7 32.4 34 29.8 40.5 

C57 35.1 35.1 41.6 32.4 32.8 35.8 

RIlI 29.5 3.4 24.7 32.8 37.4 23.8 

Cake 54.5 47.4 56. 4 60.1 39 72.9 

Oats 44.5 52.6 43.6 39.9 61 27.1 

Index of General ProdUCU2n. 

When lactation, growth and fertility data 

are pooled by the method of )age 176 the following 

results are obtained (Comparing Rill and CBA, and 

Rh! and CS? separately.) 

Table 18/.- 
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TABLE 18. 

(cat 34.2 
Cake ( 

CR111 25.6 

(CM 22.4 
Oats( 

CR111 17.4 

(Cs? 	37.]. 
Cake ( 

CR111 26.5 

(057 38.4 
Oats( 

(RIII 17.9 

III and CB. 

II and CS? 

Type lb. 

Type ibora 

The lUll and CM comparison shows little 

if any interaction. 

The lUll and CS7 caiparison shows a 

large interaction of type lb or 2. It would appear 

that oats do not brine out the differences between 

05? and lUll that exist on a cake diet. Selection in 

the good environment of a strain for use in the bad 

would be of little advantage, since any gain made in 

the good environment mould be lost in the bad. 

16, General ConcusiQns - Experiment AB, 

(1) The main difference between experiments 1A and 

lB is the presence of more type Is cases in 

Experiment 13 (e.g. gains and litter size in the 

RIlI and CS7 comparison) than in Experiment 1A. 

This/ 
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This is due to the more sbprply differing genotypes 

in the second exceriment, tiu ;  increasing the 

number of cases where one genotype is superior to 

the other independent of the environment. 

(2) Lar -e interactions affecting litter size and 

total fertility in the fill and C57 comparison and 

in the Rill and C67 index for total productivity 

were found. This again seems to be due to the 

presence of the third genotype RIM There is also 

as in the first experiment a number of cases, where 

it is difficult to say what the type of interaction 

is. 	Thus, the conclusions are similar to those 

of Exeriment IA showing that genotype-environment 

interactions exist, and tht the type of in.teraetion 

found is affected by the size of the differences in 

genotypes and in environments. 

17. Limitations of experiment I. 

In large scale experiments of thic nature 

one of the difficulties is to maintain a balance 

between the umber of strains, number of environments 

number of cages and amount of time available for the 

purely exnerimental work. 	Probably the chief weak- 

ness in the work reported is the lack of sufficient 

numbers of strains. This has developed through 

deaths and error in estimating the fertility of one 

strain, rather than due to a fault in the exeriment- 

al design. 	The necessary splitting up of the 

analyses/ 
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analyses into two has weakened the arrangement, two 

strains not providing adequate genetic variance in 

the first hail; and two environments when three 

strains wore available not being adequate in the 

second. 	Another possible weakness is the small 

number of mothers and litters from which the 

original mice came, but the placing of only two 

mice in each cage and the deliberate policy of 

trying to place mice from the same litter in 

different environments otfeets this. The 

I 
 temperature and food effects seem to have been 

about right in causing differences in physiological 

expression. 	To sum up, i.t v-ould be desirable to 

repeat the exeriment as it was originally planned 

1. e. three strains in two food and temperature 

environments, to see if the various interactions 

reported were reneatable. 	It would be even better 

if more strains could be included, so that further 

I  interaction might be sought for and thus enable more 

general conclusions to be drawn. 



PART VI. 

Parttaj rep.tltton of the f1rtt 

experiment. 
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1. Introduction. 

The interactions exhibited in the growth 

rates of the first experiment (p. 133 ) are very 

interesting, but since they are based on rather 

small numbers of mice It was decided to repeat the 

experiment to test the validity of the conclusions. 

Unfortunately it has been found impossible 

to obtain an exact repetition. The winter of 1949-

50 was much milder than that of 1948-49, and the 

difference between the hot and the cold temperatures 

is as can be seen from Figure 56 very much smaller 

than that of the previous year. This alone has 

seriously disturbed the picture, since the third 

order interactions were the ones of chief interest, 

and without a temperature effect they do not exist. 

	

:'5 	
ROOMENT. 	

Fig. 56. 
20  

YRN 	 FED 

30. 

APIL 

Moreover, the oats used in this year 

have been poorer than those of the previous year, 

as can be seen by examining Figure 57 and comparing 

	

it with Figure 29. 	Since, as has been pointed out, 

the presence of interaction depends on the relative 

importance/ 
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importance of the genotypes and the environments, 

this increase in the divergence of the diets has 

further tended to upset the exactness of the 

repetition. 

The change of environment in the second 

experiment caused by these two effects, thus prevents 

definite conclusions being drawn on the accuracy of 

the first experiment. All that can be done is to 

try to observe whether the comparative weakness of 

the C57 mice reported in the first experiment occurs 

also in the second. 	If this weakness relative to 

OBA mice is found again in the moderately different 

environments of the second experiment the signifi-

cance of the interactions reported in the first 

experiment will have been strengthened. 	If, on the 

other hand, the interaction is not found again, 

because the conditions have changed in the second 

experiment, the interactions of the first experiment 

may be true, but await verification. 

2* gxepimental details, method of presentation etc. 

The design was almost exactly as in the 

first exeriment. The main difference has been 

that the males and females instead of being paired 

for mating as in the first exDeriment, have been 

kept apart, so that the weights up to 12 weeks could 

be obtained free from the complication of pregnancy. 

The number of mice in each measurement can be seen 

in Tables 48, 4.9 and 50. 

No/ 
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No statistical analyses have been done, since all 

that is being looked for is a repetition of the type 

of effect reported in Experiment IA. The figures 

showing the results of the third order interactions 
and Pill 

are under the heading CBA, C57/in Tables 48, 1.9 and 50. 

The rest of the data from the second order inter-

actions to the main effects are in Tables 51, 52 and 53. 

The granhe are arranged as in the first 

experiment. 	A very short note of com'arison  of 

each with the corresponding graph of the first 

experiment Is appended. 

3. Third Order Interaction. 

(a) Strain/Food F57. To be ccTnpared with Fig. 29. 

CA MICE ON Cfik DHr 	 (R ICg ON OATS 015t - 

141 II E115. 

LES MILE OM (licE IIE1 
	

El? MIES ON OATS OIEr 
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The presence of a temperature effect on CBA male 

cake mice is in Graph 1 difficult to explain. 

A similar effect does not appear in the other three 

graphs. The interaction exhibited in the lower two 

graphs of Figure 29  in experiment 1A does not recur 

here where there is no temperature effect apart from 

that noted in graph 1. 

(b) srainsJrenrneratures. 

Figure 58. 

To be comaared with Figure 30. 

CM MICE IN HOT EN\11RONMEN, 	 HA MICE I COLD ENVIRONMENT 

GRAPH 1 

ACE IN WEE- 	
M 	flAKE - 	 AGE IN ICEKS 

f ALE 

C4I.JCIl 
MALLfTS .:__, 

C81 MICE IN 11Cr ENVIRONMENT 	 C 57 MICE IN  CAD èVI*OAMENT 

AGE IN  WEEKS 	
(MA 	

AGE IN '111 I'S 
LE  

C51AAK 

EMALA 
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Comparing graphs 1 and 2 above with those of 

Figure 30, It will, be seen that in the above cake 

mice are bigger than oats mice independently of sex, 

thus resembling the C57 In both figures, whereas 

in the first experiment CBA males were bigger than 

CBA females, independently of diet. 	The interaction 

therefore, found In the first case has not been 

repeated 

(o) Sx/Foo. 

Fiure 59. 

To be compared with Figure 31. 

iRM.E MIE ON (RAE lr 
	

MA P MICE' ON C71E PURr 

GRAPH 2 

) 

I 

aI IM WUES 	 AoE' 1.1  

CAKE 
DIST 

PE'PIRLE micE' ON OATS DIE'1 

ARE IA vfeUUrS 	
C SHOT- -_ 	AO0 E IN WAlKS. 

OATSF 	lcoI-c,.--- -* 
CH7{t ._-- 

,
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No interaction such as is exhibited in Figure 31 

can be seen in Figure 59. 

(d) Sex1re'erature 

Figure 60. 

To be compared with figure 32. 

IiflCA MICA INifor AAVIIIONAENr 	 FEM4LE MICA IN liar £oWEN1 

- GRAPH 	 -- 
	

GRAPH 2 

0 	 -- 

OL, 

	

4O IN WROICS 	
PA 	

ORE IN WEER5. 
c 

	

M1 	I  
- 

PARIs MICA IN (01,1) ENVIRONMENT 	 FAMHCA MICA IN CCCI.p &NVCRON?fANr 

GRAPH 3 

2 

LLI 	 Oqi IA 

COW 

1CPA 

E$VIAOICINNT 	
Alto I.Cr-C 

CS7 mice do not exhibit the susceptibility to cold 

shown in Figure 32 due to the temperatures not 

differing greatly. Within the cake or oats lines 

the irreFularity of the strain lines can only be 
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a random effect, since it is difficult to see any 

other reasonable explanation. 

(e) strain/sex  

Figure 61. 

To be compared with Figure 33. 

Can MAL.E MILD 

c 

21 

Ale ol We'WS  
I ft- COLD  

CA4KI 
Loi 

C57 M4- MCL 

IC 
In n'.o2 	 tn 

Nor 

The graphs are somewhat similar to those of 

Experiment 1A, except that the C57 cold cake male 

line, not haring been really cold, has not fallen as 

It has in the first experiment. 

1)! 
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(r) IoodjTereratuEr 

Fipure 62. 

To be compared with Figure 34., 

MICE 014 CARE DIET A NOT ENVIRON:IENT 	/CE CINCAKF DIET IN COLDEI4VIRON.MENT 

AGE IN WEEKS 
DEN 

C57 i- 
-. 

MICE ON OATS DIET IN HOT ENVIRONMENT 	/RICE OR OATS OCT IN COLD ENVIRONMENT 

24 

GRAPH 3 

20 

16 

a 
2 
C 

ia 

GRAPH 4 

AGE IN .66K5 	 (,o_ 	AGE II 146640 
CRA 	 - 

- 
C6 

On comparing graphs 1 and 3 the drop of the C57 

male cake line noted in the first experiment is not 

observed here. 	This is probably because of the more 

severe oats diet in this experiment, reducing the 

CBA male oats hot line. 	The overall contrast of 

this figure with Figure 34 of the first experiment, 

well illustrates the non-repeatability of the first 

experiment. 
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4. lgemd-Orderiteractiofla. 

(a) Strainfijo /Tiratue s. 

To be compared with Figure 35. 

Fi.ure 6. 

$jU IN HOT tSOtWIOOT 	 sOt I. cOtoIOH1Ot4y 

Allowing for the tern erature differences, the 

graphs on the whole are very similar to those of 

the first experiment. The Interaction present in 

graphs 2 and 4 in the first experInnt, is not, 

however, present in the second experiment. 

(b)/ 
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(b) Sex J/Teiature 

To be compared with Figure 36. 

Ski MI PiT INP,MIIIMFT 	 - 

Allowing for the lack of temperature differences, 

the above figures exhibit arrangements similar to 

those of the first experiment, namely cake mice are 

bigger than oats mice, independent of temperature in 

graphs 1 and 2, male mice are bigger than female mice 

independent of temperature in graphs 3 and 4, and 

cake/ 
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cake mice and bigger than oats mice, independent 

of sex. 

(c) 8 raiiLSexremperatures. 

)?iure 6. 

i To be compared with figure 37. 

1ff. 

The graphs are all fairly similar to those of the 

first experiment except for the diminution of the 

temperature effect, except that in graphs 3 and 4 

above there is a much greater bunching together of 

the lines than in graphs 3 and 4 of Figure 37 

(d)/ 
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(d) B1//FQ0d. 

Flpure 6. 

To be compared with Figure 38. 

I 
1 

The last 5 graphs, allowing for the lack of tempera-

ture differences, are very similar to those of 

Figure 38 in the previous experiment. 	Graph 1 

resembles graph 2 in this experiment, thus differinp 

from the first experiment, Le, there is no inter-

action in the second experiment. 
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5, First Orier Interaiiona. 

F1u.re 67. 

To be compared with Figure 39. 

STRAIN SEK 

Again, allowing for the lack of temperature effect, 

the irraphs are fairly similar to those of the first 

experiment. Th3re is the same demonstrutlon of 

marked sex and food effect, but little strain effect. 
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6. gaintect 

Rigure 68._ 

To be compa 	with figure 40. 

STRAINS 
	

FOODS 

GRAPH 2 

4 

A*e in weeks 	 Age in weeks 

CAKE E 
CE? 	 oAr 

TEMPERATURES 	 SEXES 

GRAPH 4 

n-i weeks 

Cr------ - 

 

As in the first experiment strong food and sex 

difference can be noticed. 	The practical absence 

of temperature effects can also be seen. The strain 

differences this time seem to be even slighter than 

lest time, probably due to the more severe, food 

offsets. 

7./ 
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7. General QQncj.wions on the Second Exnent. 

The experiment has, unfortuiately, failed 

to achieve its purpose of providing additional 

evidence that the interactions reported in the first 

experiment are genuine repeatable effects. 	This 

failure has been due to the second winter being 

milder than the first, thus rendering the tempera—

ture effect in the two experiments different. 

Apart from this, however, the reneral pattern of 

the second experiment is similar to that of the 

first, namely cake is always better than oats, and 

males bigger than females. 
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Introduction.  

While the first exneriment was being 

reoeated it was decided to increase the number of 

possible interactions by increasing the number of 

strains. The simplest and quickest method of doing 

this was by crossing the three strains already in 

use. 	This, at the same time, would demonstrate 

whether the hybrids had the same interaction behav-

iour as the parents, or if some new pattern of 

action would emerge. 	It would also possibly give 

evidence of maternal effects If the reciprocal 

hybrids were different. 	By maternal effects, in 

what follows, is meant the mothering ability of one 

mother compared to that of another. 	It Is detected 

by comparing the progeny of reciprocal hybrids from 

weaning onwards. 	By that time both uterine and 

lactatlonal influences have been imprinted on the 

progeny. 

2. General experimental de5iL and method of 

pesmtatio 

The design of the experiment, its duration 

and the environmental conditions were the same as 

for the repeat experiment. 	The figures obtained 

for the growth rate of the crossbreds while suckling 

their mothers are given In Table 4.7 and used for 

constructing t.e pro-weaning art of the growth 

curves. 	The interactions and the main effects are 

given/ 
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given ilL TaLles 54. to 59. 	For the purpose of 

comparison the figures otathed from the three pure 

lines under similar conditions and similar times 

are grouped into a composite figure used throughout 

under the heading 'pure lines'. 

The first three figures (Figures 71 - 73) 

show the growth curves as measured, the arrangement 

showing the reciprocal hybrids, being designed to 

bring out any :.ternal and temperature effects. 

The next four figures show the second order inter-

actions, and they are followed by t:e first order 

interactions and the uain effects. 	Finally, the 

last two figures show the lower order interaction 

and the main effects in so far as the maternal 

effects are concerned. 

In this experiment no attempt has been made 

to split up the major interactions to show their 

components, as was done in the first experiment, as 

witr the four strains and the reciprocal hybrids 

too many graphs would be required. 

3.! 
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3. Third  order IueraCtiQfl 

(a) Growth curves f CBAx 057 hybrias. 

Figure 71. 

.'" 	MALE 	 E W 

There 18 little interaction in the above and the 

maternal effects are slight or non-existing (?ater-

nal effects would be noticed by finding any differ-

ences when comparing the right-hand two figures with 

the left-hand two figures) 

(b)/ 
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(b) Growth Cuys of C.kx }U11 hybrids. 

Fjgure70 

b 	C 	U 	 6 	5 	fo 	12 

MALE 	 ,s 

There is ver'. little interaction althouch maternal 

effects are moderately pronounced, Rill being poorer 

mothers than CBA's. 

(c)/ 
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(c) Growth Curves of C57xRI11 hybrjth3. 

Figure '. 

3 	6 	9 	io 	IF  

' 	 MLE5 
,IClIcE - 	A.0 0 'p0,01 

EMAE5  

There are no large interactions or maternal effects 

except for the comparatively poor growth of the C57 

female x Rill mule hot male oats animals. This is 

difficult to explain except as a random effect. 
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4. qecorul ')Ml er interctii 

(a) St. rainIFpod/ex_ 

igure 74 

FEMALE 	 MAt F 

cob UR&I 
Rill %CSY 
C BY 1,C94 

6 

661 

The three hybrids have all grown at about the same 

rate, and all are bigger than the pooled pure-lines. 

There would aper to be little interaction. 

(b)/ 
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(b)FtralnLSex/Temperature.  

Figure 75. 

Again there Is little clear-cut Interaction. 

(c)/ 
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CAKE 	 OATS 

MxCIA 

3 	 6 	 IV 	I & 	3 	6 	8 	iO 	I. 
AC.i 10 

Again little interaction can be seen. 

(d)/ 
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(d) 

77 

FEPN1S 

Little interaction can be seen 

5.! 
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5. First- Order- -Interactions.  

gure 78. 

I 

STRAINS / FOOD 
CAKE OATS 

- 	I 

MALES FEEMLES 

a 	e 	I 	5T5,1N5/TETWERATLQE 
HOT WAD 

CWKBA 

24 
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Figure 79 
SEX / FOODS 	 SEX /TEMPS. 	 FOOD /TEMPS 

	

MALES 	 SALES 	 'CAKE COLDi, 	
I" 

SNO IA 05105 	(I4OT_------*520 III WillS 
FE 	IS 	 FEMALES tC04D._--. 	 Ts{oL;:::. 

In none of the above can any interaction be seen. 
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STRAINS SEXES 

C57xCBA—.— FEMALES---- 

FOODS TEMPERATURES 

HOT 

3 	6 	b  
C) 	

•Q IN WflW 

Strains have differed only slightly; no temperature 

effects were produced; sex and food had marked 

effects. 

7./ 
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Figure 81 shows little interaction, the various 
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7. Mterna3. Effects nd Interactions. 

FLEilre  81._ 

ct jrlt.rction. 
Pill ' CBA 	 Rill "C57 	 CBA C57 

Rill? 3 Cm d'- 	
10 	I2. 	573 3 Rllld 	 C1210 X C570-  [ 

CSA3 3111 d 	 34 	3' 	Rlll 3 C574f 	 8c 	WN C57 ' CSAIT (S:-- T. 

gjEure B. 

Maternal Effects. 
Pill x CBA 	 Pill 	C57 	 CBA x C57 

24 

20 

lb 

4 

0 

crosses being symmetrical; Figure 82 shows the 

presence of moderate Rill x CBA maternal effect, very 

slight CBA x C57 maternal effects, and practically no 

fill x C57 maternal effects. 

8.7 
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S. General CQnclsion8 on Crosses Experiments. 

The cross exmr1ment was designed for two 

Purposes. 

To see if the hybrids had the sane interaction 

behaviour as their parents. 

The absence of e temperature effect has 

prevented this being studied. 

To Increase the numher of possible Interactions 

by incre3ing the number of strains. 

The results of the experiment show 

graphically no new interactions. 
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1. The genotype-environment interactions found. 

Before discussing the individual interactions in detail 

it is helpful to recount the experiments conducted, so that the 

actual interactions found may be considered against the number ot 

potential interactions. 

The folloving table shows the arrangement of the 

experiments conducted. 

Table 19 

n-_1 Series 

Eeriment lÀ 

Two lines-two diets-two 
temperatures 

Data on growth and repro-
duction. 

Experiment lB. 

Three lines-two diets. 

Data on growth and repro-
duction. 

'etitic 	h eriment lÀ. 

Three lines-two diets-two 
temperatures. 

Data on growth only. 

Test of line crosses. 

Three crosses-two diets-two 
temperatures. 

Data on growth only. 

It is clear from Table 19 that the number of potential 

interactions has been very great. Not much stress has been laid 

on the higher order interactions (unless they have been very 

pronounced) because of the small numbers of mice involved. 

However, even allowing for this, the number of potential lower 

order interactions is considerable. 

Against this backgrouna of possible interactions, it is 

of interest to see ho many were observed. To do this, it is 

est/ 
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best to consider each section of the thesis separately. The 

interactions will not be describecL in great detail here L3ince 

that has already eeri done, but they vill be entioe6, and 

reference to the experimental data. made. 

The growth rates in Experiment 1J have revealed a 

considerable third order interaction which has produced second 

order and first order effects. This intorction would appear to 

be due to a comparative we&knes of the C57 strain as compared 

with the BA when these strains are kept on the two diets and in 

the two temperatures. (p.133) 

The reproductive phoo: -i.a of F 	irtE-1t ).A shoved 

several second order interactions (pp140-156) but not much 

importance has been attached to these because of their 

statistical insignificance. No first order strain interactions 

have been found. The general index of productivity has shown no 

strain/food interaction. 

The growth rates of Experiment 1B have shown no 

interactions. The reproductive phenomena of Eo-eriment lB have 

shown significant strain/ food interaction for total fertility and 

litter size (p.1879.  These are probably caused by RIlI 

interacting rith CBA on the cake and oats diets for litter 

size (p. 15 ), and Rill interacting with C57 for littor size 

And total fertility on the cake and oats diet (p. 197 ). The 

general index of productivity shows interaction for the C57 and 

Rill comparison (p. 200 ). 

The repeat exerimcnt of the growth rates of Experiment 

1A does rjot show the interaction reported in U, but since the 

environments have changed, this merely means that the interact-

ions reported in Experiment lÀ remain unverified. No new 

interactions/ 
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interactions have emerged from the new environmental conditions. 

The experiment with crosses has shown no interactions. 

There are no clear cut interactions of Haldane' tye 

2 9  3 or 4 in any of the experiments. Those that have been found 

are all of types la or lb, and arise from asymmetry and not 

from changes in ranking. 

2, 	The rc/teerax e interactions fQlAfld 

In adciition to these genotype-environment interactions, 

the V  resenee of fo/tempereture iration is to be noted. 

In experiment 1k, lactation (p. 148  ) and total fertility 

(p. 154 ) shop marked ot 	rtL4re interactions. In 

Experiment lB there being no temperature treatments, naturally 

there are no fo.a/temperature interactions. In the cross 

and repeat experiments, the tem.erature effect was very slight 

and no food/temperature interactions have been found. It is 

nosib1e that these environment/environment interactions bave 

been comparatively neglected in environmental studies and 

further investigations into this field might bring interesting 

results. 

3. Theoretical considerations on selection and 'transference'. 

Thr.:; .t the thesis a certain amount of interest has 

been focussed on the problem of whether it is justifiable to 

select animals in a 'hood' environment and transfer them to a 

poor t environment and crossing them with stock selected in the 

'poor' environment (p.48-55 ), a procedure frequently practised 

in animal breeding. In the foLLowing it is attempted to 

summarise briefly the theoretical conclusions which have 

emerged/ 
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ged from the study. 

The method of selection in relation to different 

depends on :- 

The relative rate of progress resulting from selection in 
the two environments. 

On this subject, the experiments reported in this 

thesis have little bearing, and the matter will not be 

discussed here. it gill only be noteci that in the following section 

It Is presumed that the animals selected on the ',jood' are better 

than those velected on the bdt • Tkthi may or may not oe so. 

riot so then we cannot speak of 'good' and 'bads genotypes, 

and the fol1owin dIscussion woulc have no aplicaticn in such a 

case. 

The effect of tr&nif erring thegood' genotype from the 
'good' environment to the 'bad' environment, after 
crossing to introduce genes for resistance to the 
environment. 

It is this with which we are especially concerned, and 

in the conclusions, following theo*iission cr. p.158 the 

ratter will be considered from the point of view of transferring 
the good genotype to the bad environment, without crossin6 to 

introduce genes for resistance to the bad environment. The 

problems associated wth this act will be referred to as the 

tran forence  problems' and the word 'transference' is used for 

the act of transferring a good animal from a good environment to 

a poor environment and comparing it to poor animals already in the 

poor environment. 

Before discussing further this transference effect it 

may be :remarked that the word interactio.i in the rest of the 

conclusiona refers only to the Raldane type and not to degrees 

asymmetry. 

This/ 
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This transfe once effect depends on (a) the type of 

genotype environment interaction, and (b) the relative magnitude 

of the different components of the genotype environment 

interaction, 

Considering these in turn &- 

(a) 	The type of interaction depends on the difference 

between the genotypes, the difference between the environments, 

and on the relative importance of the differences between 

genotypes and between environments. These types are shown 

below, related to the environments likely to produce tbem. The 

,

description of the envircnrente has been slightly moaified I ro 

that of Hidane (1947 p.200). 

Table 20. 

Env,Lriorimeut + Gotvis Interactcn 
vircruiert 1 

Genotypes 	iffer ciderblGenotype A Rnviroru4ent Y 
from each other, environments (Environment I 
not very different.. Genoty. e B (Environment Y 

Tve_i. 
Genotype A 

Environments difir consider- E.virci!met x  ~CnrotyP'e k 
ably from each other, gerio- (Genotype A 
types not very different Environment I (Genotype B 

Tie _lb. 
(Genotype A 

Environments differ consider- Env ironhc.t x (Gr-otype B 
ably from each other, .geno- (Genotype B 
types differ moderately. Environment I (Genotype P 

Type 2. 

(Enviroient I 
Genotypes differ considerably Genotype A (Eivironrneit I 

from each other, env±ron- (nvironment I 
ments differ moderately Genotype B (Environment X 

Type 3. 

Couta over ....... 
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Table 20 ( contd) 

Environments differ on&icerly, 

genotypes differ considerably. 

Genotype X. Environment 

Genotype Y, Environment B 

Genotype X. Environment B 

Genotype 1!9, Environment A 

Environments differ considerably, Genotype I, Environment A 

Genotype Y, Environment B 

enotype X, Environment B 

Genotype Y, Environment A 

TveL. 

These types may not.z be cniderec f rolii the point of 

view of' the 'ta serrce problem'. 

In types 2 and 4a reversal of rank of genotypes occurs 

in changing environments. In such a case any gain made by 

selecting in the good environment is lost on trensferring the 

animal to the bad environment. 

There types la, lb and 3 interactions edøt any air  

made by selecting the animals in the good environment, 16 

retained (in varying degrees) when the animal is transferred to 

the bac environment. This is because the good animal in the  

poor environment is always better thLn the poor aniiial. In 

these three cases the exact extent of the gain clepends,  on the 

degree of difference between the good animal anó the poor 

animals in the poor eiivironmeat. This degree depends on the 

magnitude of the components of the Interaction 

(b) 	T1'e eiativei&gnituoe of the components of the 

genotype/ 
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genotype environment interaction. 

In all of these Interactions (types le, lb and 3) there 

re four major types of magnitude arragementa likely to be 

founci. These types overlap and may, be found in various 

comb iiations. They are shown in the following three figures 

for each ind1vidwl interaction, and the particular arrangements 

thit would give the boat results, on transferring the good 

ar;imal to th poor environment &Lre rated for contrast with these 

cases in which little advantage would be gained. 

a Ia 	iigure ahoing clasiflcationa of the 
interaction ac'odin; to inagr.ttude. 

Good (Good Envirormient 
Genotype(Poor 1nvironment 

Good 	(hood Environment 

() Gnct:ic(Poor Ftnriroiuent 	(b) 
Poor 	(Good Environment 

Poor (Good Environment Genotype(Foor Environment 
Gcrpe(Poor ioiiroriment 

Good (Gocd i:ironient Lv rnt 
Geric,type(FOOr Environment 

(C) Qcod Environment Good (d) 
Genoty(?" L:viiit.ent 

Foor door Eivironment 
Gerotyo Genotype(Pcr Enrironment 

tFccr nvironirent 

The aifference between the good genotype and the per genotype 

in the poor environment is greater in (a) and (c) then in (b) 

and (ci). The gain on transferring would therefore be greater 

in (a) and (c) than in (b) and (d). Indeed little wculd be 

gained by transferring in (b) and (d). 
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M. 83 

Type lb g Figure showing classification of the inter-
action according to aegnituds. 

GOOD (Good Genotype (Good 0.Cod G. 
EWIRONMFNT(Poor Genotype (Good G. (Poor 0. 

(Poor G. Cyocd 0. 
(Good 0. 
(Poor G. 

POOP 
9$VIRO!4MEMT(Good G. Poor 0. 

(Poor G. (Poor 0,(Good 0. 
(Poor 0. 

(a). (b) (C) (d) 

Tb* difference between the good genotype and the poor one in 

greateet in (c). The game on transferring wou4, therefore, 

be greatest in (a) compared to (a), (b) and (d). Indeed little  

would be gained by transferring in (a), (b) and (ci). 

Type 3 s Figure showing classification of the inter-
action according to magnitude, 

GOOD(Good £xrrironaent 
GENOTYPE (Poor invirona.nt 

(Good E. 
(Poor E. 
(Poor E. 
(Good F. 

MOR 	(Poor F. 
GFNOT!OE (Good F. 

(Good ood F. 
(Poor F. 
Poor F. 

F.[Poor F. 
Good F.(Poor F. 

(Good F. 

The difference between the good genotype and the poor 

g.notype is greatest in (a). More gain would, therefore, be 

sade on transferring In case (a) than in cases (b), (c) and 

(ci). Indeed littie would be gained by transferring in (b), 

(a) and (d). 
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From the above it is clear that the magnitude of 

the components of the interaction is important as well as the 

type of interaction in determining the effects on production 

of transference. 

General conclusions from the theoretical consider- 

ations are therefore as follows :— 

It is obvious that no general rules can be laid 

uown about the comparative merits of different breeds or strainsi  

for e:wironpents in which they have not been tested, Two 

&mptions 	rcnly made ma sometimes be ill-founded - 

t.!t the better of two strains in one environment will be 

bcttnr In another (the first environment may rot call for 

certain alttie dended by thn second env.imit.) 

selection L on envronmeat of a given strain ny not 

improve that streir for vse in another environment. Se2ection 

charer gerc'tyee ( or is intended to) and so we have 

effectively two or more genotypes ard t;o ervironnnts with 

the pci  	ptng intrctions.l  

/.. Theoretical aspects of the experiment. 

() 	oltive importance of enotjpe arid e'w1roriment. 

As could be deduced f7om Haldane' S paper, the 

irteract1on depended generally or the aifferences 

betecn genotypes arid between environ-ments. Tab--'e 21 and 22 

show the types of interactions found in Experiments ii and lB 

when the major characters are considered searateiy4 and when 

they are pooled. Each of these interactions has already been 

considered individually, but they are examined collectively 

here for the sake of makiri; mp.ri eons. 

Table 211 



240. 

Table 21 

Showing the type of the first order interactions 

- Experiment lÀ Experiment]B Experiment lb 
Character CBA x C57s cake v oats CBA x Rill C57 x Rill 

hot v cold cake v oats cake i oats 

Strain/ Strain 
Food Temp. 

Gains 2 or lb 2 or lb is or 3 la or lb 

Page 166 Page 168 Page 195 Page 197 

Total 
Fertility lb lb lb 2 or lb 

Page 166 Page 168 Page 195  Page 197 

Lactation lb lb or 2 2 or lb 2 or lb 
Page 166 Page 168 Page 195  Page  197 

Litter 
Size lbor2 4aor4b la, or3 laor3 

Page 166 Page  168 Page 195  Page 197 

Showing the type of interactions, where the percentages for 
total fertility, growth rate and lactation are pooled, to give 

an index of aeneral efficiency. 

Experiment Interaction Type Page 

lÀ : CBA & 057, hot and Strains/Foods lb or 2 176 

cold, cake and oats Strains/Temps - lb 

lB : CBA & Rill, cake 200 

and oats Strains/Foods lb or 2 

lB : C57 & Bill, cake 200 

and oats Strains/Foods lb 
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From those tables it can be seen that the not 

common type of interactions are la and lb. This is what 

would be expected from Raldane's observations that if the 

genotypes are very similar and the envLrontent very simila' 

we can only get interactions of type 1. (Haldane, 1947 p.20C). 

This has been the position for most 'i the eharactes, genotype 

and enironment & L fivesttgatod. 

For some ituaticns, however, either the genotypes 

have not been very similar or the ervironents nave not been 

very cisiiiar and indetruiinate interactions have appeareae 

These ere chiefly of types la or 3, where the ganotypes have 

differed co idra'°Ly and the environments a little, anti lb or 

2 where the environments have differed conid€rably and the 

genotypes a little. These indeterminate interactions are the 

type that woild he expected (p.  43). Clear cut ypes 2 and 3 

interaction have not been found; neither have ri.bIe Y'-

4 

p

h interactions been found. li this exeriment, the gerotypes 

and the environre't have both not differed sufficiently to 

produce these offect (p. 235 ). 

the experiments reported here çrovidc 

examples of Haldane' s theoretical predictions being fulfil-led, 

that the type of interaction is dependent on the aifferenices 

of the genotypes an0% of the nwironent, and of the relative 

importance of the genotypes to the environments. 

(b) Interctons exanined from the point of vie of 
'transference'. 

Tables 23 ?rd 24 Olow what the eflect of 

F 
 transferring the good genotype to the bad environment in 

relation to the 	g're cf 	in or 1085 over the viror :n1tye. 

They/ 
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They are merely a rough summary to indicate the trend. For a 

detailed consideration, the individual interactions should be 

examined: their type may be seen from Tables 21 and 22. 

Table 23, however, serves to show that no general rule about the 

effects of transference following selection in different 

environment can be laid down. 

Table 23 

Showing traneference effects ; individual characters. 

Experiment IA Experiment lB Experiment lB 
Character CBA x C57;cake & oats CBA x Rill C57 x Rill 

hot v cold cake & oats cake &--oats 
Strains! Strain/ 
Foods 

I 
Temp. 

Gains - - + + 
p. 168 p. 195 P. 191 

Total 
Fertility + + + - 

P. 166 P. 	168 p. 195 p. 197 

Lactation + + - + 
p. 166 p. 	168 p. 195 P. 197 

Litter 
Size + - + + 

p. 166 p. 	168 p. 195 p. 197 

Table 24 

Combined Characters 

Advantage or 
Experiment Interaction otherwise 

lÀ : CBA & C57, hot and Strains/Foods - 
cold, cake and oats Strains/Temps - 

_176 

lB : CBA & Rill, cake Strain/Food + 
and oats  p. 200 

lB : C57 & RIII, cake Strains/Foods - 
and oats j t. 200 

+ = would pay to transfer to the bad environment. 
- = little would be gained by transferring to the bad 

environment. 
p. = pages where more detailed information on the inter-

action can be obtained. 
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In practically all of the cases in Tables 23 and 

24 where no great advantage would be obtained on transferring 

the good animal, the interaction is of type 1 or an indetermin-

ate type 1. It has been the magnitude of the components of 

the interaction which has prevented the good animal showing its 

qualities in the poor environment, rather than the presence 

of reversal of rank types of interaction. Thus, experimental 

evidence is presented that if selection results have shown a 

better animal in the good environment than in the bad, this 

iitprovement, in some cases, may be maintained either completely 

or partially on transferring the animal to the bad environment, 

while,in other cases, it may be lost almost completely. 

5. Conclusions illustrated b two hypothetical examples. 

(a) Laboratory example illustrating the possibility of 
producing different types of interactions. 

It is of interest to consider how by varying the 

genotypes and the environments, it would be possible to obtain 

every possible Haldane type of interaction, from an experiment 

similar to the present one (Haldane(1947) has already consider-

ed such an example where infection is the environment.) 

Suppose that there are two genotypes one of which 

is heat resistant and cold susceptible, and the other is cold 

resistant and heat susceptible, both possible types of 

genotypes. Also suppose that there are two environmental rooms, 

the temperatures of which can be controlled through large 

ranges. The following shows the possible types of interactions 

that might be found under different circumstances. 

If the environments were very hot and moderately 

hot, the heat resistant genotype would always be better than 

the heat susceptible genotype, but within each of these, the 

moderately/ 
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moderately hot environment would be b.c better than the very hot, 

i.e, la type of interaction. 

If, however, the temperatures were arranged so 

that there was a warm and a 'very hot ce, thc VLWI nvironent 

would be better than the very hot indepiccent of the genotype, 

but within each environment the heat resistant genotypes would 

be best, i.e. these would be & lb type of interaction. 

Let US 	 that it i founi t.kt one, the heat 

susceptible genotype, is only moderately susceptible. Then, if 

the two environments are at very hot and cold, the very hot 

atmosphere might affect the nice much more than the cold, and 

within the very hot the heat resistant would do best, and 

vithin the very cold, the cold resistant. The type of inter-

action would then be a type 2. 

(Cold resistant : heat ucptib1e 	1st 
Cold 	(Coldsusceptible: heat Inxierhteiy reit- 2nd 

ant. 

(Heat resistant : 	cold susceptible 	3rd 
Very Hot (heat sucetib1e: cold resistant 	4th 

One of the genotypes might te only moaerateiy 

susceptible to cold • Then ir the two environments were hot 

and colc, the heat resistant animals might do better than the 

cold resistant, i.e. a type 3 interaction would exist if a 

reversal f the performance in the environments occur-re-d. 

Heat resistant 	moderate cola khot 	1st 
-susceptibility(Cold 	2nd 

Cold resistant : 	heat suscept- (Cold 	3rd 
ibl.e 	 (hot 	4th 

It is also simple to visualise the occurrence of 

type L effects, wherein the heat resistant animals do best in 

the hot, the cold resistant in the cold, the heat susceptible 

'Very poorly in the heat, the cola susceptible, very porly in 

the cold, 
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cold. 

Hot : 	heat resistaI.t : cold 	usccptibi€ 1st. 

Cold ; 	cold : heat 2nd 

Hot cold z heat 3rd 
Cold : 	heat : cold 4th 

Thus, it can be seen that With suitsbie choit.e of 

genotypes and environment, any possible type of Haldane inter-

action could probably be produced at will, and indeed, made the: 

most prominent one, throughout all the types of interactions, 

e.go strain/foods for lactation, that we have investigated. 

Each of these experimental cases ould produce its own 

individual results, when the gooc animals were transferred 

from the good environment to the poor, i.e. in some of the 

experiments 	 would result in gain, in others loss. 

(b) Field example illustrating conclusions on selection 

As a Iinai. example showing the effect of dirferent 

strengths of genotypes and environments pr ducing different 

types of iiteracticn, the caze of sneep breedini.. in the 

mountains and in the lowlands may be briefly considered 

again. Then the environments differ sharply ae here it tould 

not be wise to use lowland types on highland hills, since the 

type of interaction to be expected would be type 2. But, as 

the Highlands finally merge into the lowlands a stage will be 

reached when t'-ie typo of interaction will switch to type is., 

and when lo:1and sheop are best in all ctrcunstaf1ce5. When thai 

point is reached it would pay, other things being equal, to 

rely entirely on lowland types. Exactly when that ta;e was 

reached, when the environments became of less importance than 

the genotypes would require careful examination. It may or it 

may not correspond with the level that has been reached by 

the rough process of trial and error in the field. 

6./ 
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6.,  Conclusions. 

From the survey of the literature, the theory 

developed and the evidence considered by Haldane and supported 

by this experiment, it would seem that the following conclusions 

might be drawn. 

The extent of genotype environment interaction and 

its type, depends on how different the genotypes are, how 

different the environments are, and the relative importance of 

the differences. Moreover, the extent and type of interaction 

decides whet the result will be, if a good animal has been 

produced by selection in a good environment, and a poorer 

'animal has been produced by selection in a bad environment, 

when the good animal is transferred to the poor environment. 

In some cases the arrangement is such that the relative good 

qualities of the good animal may be retained in various degrees 

on transference to the poor environment, whereas in other 

cases, they may be lost completely. 

In the field there are differences of genotypes, 

differences of environments and differences in their relative 

importance. It, therefore, seems reasonable to suppose that 

different types of interactions occur, and that the situation 

will be similar to that above. In some cases, it might pay 

to transfer the ood animal, in some cases it might not. Each 

case would have to be considered on its own merit and it is 

unlikely that there is a general law that selection should 

take place in the good environment and the product be 

transferred to the poor environment. 

Moreover, if selection is found in certain cases 

to/ 
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to be jaore affective in the good environment than in the 

bad, it would seem that the general law could not be macia that 

an animal should always be selected in the environment in which 

it is tobe used, since in some cases it would probabij 

found that the good animal remained good, when transferred to 

the poor envtronent. 
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umm 

The desirability of greater knowledge on genotype— 

environment interaction in large animals is emphasised. A. 

very brief survey of what we know already is presented, 

especially with regard to the adaptation of Sheep to 

unfavourable environments and the adaptation of cattle to the 

tropics. Finally, the various physiJogical factors involved 

in such adaptation are briefly mentioned. The relative 

Importance of genotype environment interaction, biologically 

considered and economically considered, iz commented on. 

Various -,41ethods of investigating the biological problem are 

then considered. 

A ore thcorctcal 	rch is rext developed 

in Part I. The statistical definition of interaction as given 

by Fiu 	i 	otco, 	ciL 	th€ dcfii.tio is 

incorporatec i a c.iscusion on the advantages of tht factorial 

design in easirin uh i er&tio, 	th ebign 

used in the experiment. Toretical examples c 	erion 

are given, a conzid€ratiu of which leads to the pr6blew of 

scaling in measuring interaction. It is concluded, however, 

that for the purpose of this experiment no change of scale is 

reaUir€. 

Genotype envi1onlint int€rae t1in f:ithJ. 

breeding are next considere-, and Lush's view that little is 

known of them and that they are pcsdbii fairly imortLrit Ic outed. 

The iosibie types of interaction as considered 

by Haldane are next iiscuseeci. Haldane der.cnstrates stx major 

possible types of interaction. They ere ; 

1a/ 
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Ia. Whe.rw one genotype is superior to the other, and the 
environments have the seine rank sJ thth  

lb. Where one eivironent is superior to tha other, and the 
genotypes rave the same rank within the 6nvironents. 

Where one environment is superior to the other, and there 
is change of rank of the genotypes within the en7ironmen1se 

Where one genotype in srior to the other, and there is 
change of rank of the environments. 

4a and h.b. Neither one genotype or one environment in 
superior to the other, but each genotype is sperially 
ac.pteci to ito own environmrt. 

Examples of each type of theoretical 1rteraotion 

mentioned by Ida exist, and the species, from which these 

cxamples way be chosen, range from Drosophila to man. The 

very important point of the r1ttve importance of th differ—

enes between genotypes and between environments in producing 

these different types of interaction is then tre&ed. The 

various consider.tionc of Haldane are then presented for dealing 

with casFs i'here it is impom.ible to tell frum the data which 

type of interaction i izwolved. Haldane' s final mathematical 

corc1'..siorS on the innumerable possible typee are showi. 

Iionc' $ hyothesis that selection houid take 

pl&ce In E 	d rnvironnient and that the improved ;roc3ict 

should then be transferred to a poor environet, provided that 

genes fo resistance to the environment are introcuced, is 

next discussed. It is shown that if certain of the types of 

interaction considered 'y Haldane exist, thou oii traferring 

good erimale to the ;ocr environment, results may not be as 

good 	e;cted. A survey is, therefore, macic of the various 

examples! 
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examples given by Hammond in support or his contention, and 

some of these are considered to be inconclusive. More evidence 

is desirable. 

The purpose of the experi2ent 	 I........ 

to make a general study of interactioi in -nice with special 

reference to characters of agricultural Interests the second 

was to stuty if the r.ia tiv€ performance of animals in one 

erirotent i& an indicatior of their pezormrcc ir. ar.other. 

If it is an indication, then Hammondfs hypothesis may be 

correct, provided that selection is -more rapid in the good 

than in the bad environment. If it is not an Indication, it is 

posaibie that the improved animal, or beir transferred to the 

poor environment., would fail belov the performance f the animal 

selected on the poor environment. The actual methods of 

conducting the experiment ara cor$tde'-ed later in the section 

on the experimental design. It is noted, hoev€r, that the 

relative impor'Lacc of gnotypic v.rjd enircent1. Influences, 

in producing different types of interaction, 	h 	interes, 

since if the experiment upport the evidence 2ready led by 

Haldane, it wili support further the follcvAng theoretical 

considerations: that the relative strengths of the genotypes 

and the environrents deter-mines the type of interaction, and 

that the type of interaction zy &ffec.t the choice of environmet 

in which to practise selection. 

Once the above furidamentl to has been conside-

ed, z diaramatic presentation of g1dneI$  int9ract.ion as they 

ai'l:ect several breeding indutr.ea is, then briefly given, since 

a word description is uatisfctor. 

The details of the experimental design and the 

method of presentation of the results are next considered. 

The/ 
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This principle was to keep pure lines of alee in different 

enviroesents. There are tvo separate experiments dons in the 

winters of 1948 1949 and 1949 1950  respeetiwely, The 

first s periusnt, although designed as one, had subsequently to 

be split into two because at failure of om lin, of ate.. 

Experiment U tnv1v.d two uses of sine be$ on two diets in 

two diffirtt temperatures, I.Irpertment 11 involved three 

lines of sloe in two food envtrotaenta. The second experiment 

In also subdivided into two, • repeat and $ cross sxpsria.nt. 

The repeat experiment was designed to verify, if pua ibis, 

certain features of perts.nt. The cross experiment was 

designed to ieaso the genetic diversity by using vote lines 

provt4ed by crosses of the (fret three pun, linac. 

In zperiasnts IA and lB the growt rates are pres.n 

ted first,  The large sataber of growth curves involved, neocast.' 

tatss a complicated method of presentation. 141lowing the 

studies various reprodative phenomena are shown. In both 

-raw th curves and rsproduot iv. phenowans, higher order inter.' 

action. are presented first, followed by those of lower  order. 

Statistical analyses ane used to test the conclusions reached 

from the graphs, in the r peat and cross ezsriaeuta only 

growth curves are shoes. 

Following $ description of the results of each stparl T 

sent, that. is a conaentsz7 on the bearing of these on antasi 

breeding. The conclusions on the different experimento an* 

finally brought together and the general conclusions dray. 

These general eonclul3ioes ate briefly that the type 

of iatersotion is largely deterained by the differences in the 

environsent and genotypes; and that if a good animal has been 

developed is a goad anvironsent and a punt animal in a poor 

onviron.ent/ 
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environment, the type of interaction determines whether the 

animal will retain or lone, and to what degree, its relative 

good qualitie- when it in transferred to the poor environment. 

Cases have been found in the experiment in which a good 

animal has retained its good qualities on a poor envirorwnstit; 

oases have also been found in which an animal has lost its good 

qualities in a poor environment. In some oases, therefore, 

it would appear to be justifiable to transfer the good animal 

to the poor environment, in other oases it would not. It 

would appear then that no general law Can be laid down for 

each case must be considered on its merits, i.e. the extent 

of the environmental or genotypic differences as determined by 

historical surveys of previous experiments, consideration of 

present methods and planned experiment.. 
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There are two major weaknesses in the 

present work :- 

Too few mice have been used to give accurate 

estimates of the significance of the higher order 

interactions. These interactions are of considerable 

interest. It is suggested that in future work or 

this nature 15 to 20 replicates would be a desirable 

number to ensure that, after allowance for deaths 

during the experiment, enough mice are left to 

provide adequate data to dett any signitiant 

higher order interactions in e analyses. It is 

particularly important to ensure that allowance is 

made for deaths, escapes etc., since much of the work 

in the experiment is concerned with building up the 

mice to enter the enviromnents and the work of the 

analyses is complicated and much information is lost 

if one line tails. 

The use of the cold of winter has not been 

entirely satisfactory as an environment. It was 

satisfactory in the first experiment, but when 

interactions of interest in the first experiment were 

found, the conditions present before could not be 

repeated. Thus if it were desired to repeat results 

in subsequent work, more exact control over both 

food and temperature environments would be desirable. 

Pinany, a note may be added on the design 

ot/ 
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of the experiment. The factorial dsign, using pure lines, 

has of course been used before for solving problem on the 

'constitution' of animals. 

It would seam, however, to be capable of considerable 

Thor* are many pure lines in existence,, and with 

to environmental rooms, having temperature end humidity 

control, and with the rapidly increasing knowledge of 

tton, it would sees to be the beet method for studying the 

fundamental problems involved in genotype-environment 

interaction. Bacterial environments could also be varied and 

reactions to all types of environments and combinations of 

environments measured for all reproductive and growth factors. 
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LIST OF TAJ!. 

All weights are in grams. 
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Tables 28 33 Growth rates of 1xperi&ent lit and hitter order 
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39 - 40; Growth rate Mcparinent 13. 
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48 	50; Higher order interaatiori3cross and repeat 
xperiment. 

51 	53; Lower order interaction rep-,.-at periment. 

54. - 59; Lower order interactions crosses 1zperiwent. 



TABLE',' 25. 

Pre-weaning growth rates of CBA, 057 and IIII mice. 

CBA 057 RuT 	Average of CBA 
and C7 

verage of CBA, 
057 and R1n. 

9A Total 9 A Total 9 e Total 9 A Total 9 9 Total 

Birth 	No. of Mice 133 153 52 

Av. 	Weight. 1.4. 1.4 1.5 1.4 1.4 

6 Days No. of MiceL5162 120 58 4.5 116 28 33 65 

Av 	Neight 6 3.6 3.5 35 3.4 3.7 3.51 3.9 3.6 3. 3.5 3.7 3.5 3.6 

32 12 Days No, of i4ice50 62 118 55 44 114 26 6]. 

Av, 	7eight 5.51 	5.7 5.4 5.el 5.4 5.8 6.2 6,1 5.7 5.6 5.5 5.6 5.9 5.7 5. 

16 Days No. of Mice 50 	162 1118 57 42 110 24 29 53 

Av. Weight 6.2 	6.61  6.7 6,3 6.2 6.2 6.5 6.4. 6.5 6.2 6.4 6.4 6.3 6.5 6.5 

21 Days No. of Mice 45 60 	112 57 42 110 21 29 80 

Av. weight 8.2 6 	8.2 7,1 7.21  7.4. 8.7 8.2 8.0 7.6 7.6 7.8 8 7.8 7.8 
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TAflL1 26. 

Date of birth of mice entering environments. 

COLD. 

CBA. 	C57. 	Rill. 

Cake Oats Cake Oats Cake Oats 

Jan. 	7-14765536570000 

14-21 3. 3 4 4 6 3 5 3 0 0 0 0 

21-28 4 3 3 3 0 0 3 4 0 0 0 0 

0 T. 

Feb. 	1-7 3 3 2 2 0 0 1 0 4 2 6 3 

7-14871112115456 

14-21 0 0 2 2 0 2 4 1 3 3 1 0 

21-28 13 668647 1617 
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L2?. 

Litter size of -nicc,  entr1ng ervironinent. 

COLD. 1OT. 

CBA. CS?. CBA. 	C57 

Cake Oats Cake Oats Cake Oats Cake Oats 

99 ' 9 9 9 9 

30000000000000000 

40000002111442010 

52211442302220000 

62313022111115111 

71121112401010234 

8445621235433621 

93030211053100121 

100201100200000011 

vo 



TALE 28, 

Growth rate of mice in environments. Third order interactions of xper1ment IA, Second order of zperiment 1.13, 

COLD HOT 

CBA. 	 057 	 1III CBA. C57. 

Cake Oats Cake Cate Cake Oats Cake Oats Cake Oats 

() t 9 9 i 9 9 9 • 9 9 r 9 9 

5 Weeks No, of mice 12 12 12 12 9 9 13 12 12 12 Li 11 10 10 10 9 13 13 13 12 
Ày, Weight 13 15 11,7 13 12 12.4 10.5 11.9 13.6 1,6 13 14.8 12.8 1.9 11,4 11.6  14. 12.1 14,1 

6 Weeks No, of mice 11 12 11 11 7 8 12 11 12 12 10 10 9 9 U 9 13 12 13 13 
Ày, Weight 1,1 17,6 14.2 15 14.8 15.6 13 13.7 15.5 18.8 1,3  17.1 16 19.4 12.9 13,9 16,4 18.3 14,3 14,9 

7 Weeks No, of mice 11 12 11 U 7 8 13 12 9 9 11 11 7 9 II 10 10 11 14 14. 
Ày, Weight 16.7 19 5.5 16.5 16 17,3 14 15.5 17.1 20,5 16.3 18.8 17,8  21,4 14.7 15,2 17,3 20.1 15.8 16. 

8 Weeks 	o, of mice 9  10 8 9 8 8 12 12 5 10 10 11 3 9 8 10 5  12 6 12 
Ay, Weight 18 20,2 16.1 18 17,5 19.1 15 17,2 17,7 22 16.6 19.7 17,6 22,3 15,4 17,5 18,1 21 16,3 17,4 

9 Weeks 	o, of mice 7 11 4. 5 6 8 5 8 1 11 2 10 1 9 9 10  4.  11 4 12 
Ay, Weirht 16,2 20,8 17,2 20,1 18,5 20,9 15.5 19.3 18,3  23,6 16.'? 2'.4 19.2  23 17.2 18,4. 19.2 21,4 17.7 18.4 

10 Weeks No, of mice 5 11 1 7 5 7 3 11 1 ii 1 1 7 6 10 4. 11 2 12 
Ay, Xeight 18.6 21,9 18.5 19,7 18,9 21,9 17,1 2017 18.9 24,1 17 21.7 19 23,9 18,2 19.5 19,5 21. 17,1 18,3 



TABLE 29, 

Growth rate of sioe in environments. Second Order Interactions of !poriment l.A 

STRAIr 3fl,/F0Ors. 

CBA 057 HOT COLD 

Hot Cold Hot Cold Cake Oats Cake Oats 

Cake Oats Cake Oats Cake Oats Cake Oats 9 8 9 It 9 9 

5 Weeks 14.6 13.9 14 12,3 14.3 11.6 12,2 11.2 13,2 15.7 12,2 13,5 12,5 13.7 11.1 12,4 

6 Wooks 17.1 16.2 16.3 14,6 17./ 13.4 15.2 133 15.7 19,1 14.1 15,5 14,9 16.6 13.6 14.3 

7 Weeks 18.8 17.5 17.3 16 19.6 14,9 16.7 14,7 17.5 21 15.5 17 16,3 18.1 14.7 16 

8 Weeks 19.8 18.3 19.1 17 19.9 16.4 18.3 16.1 17.7  2'.1 16.2 18.6 17.7 19,6 15.6 17,6 

9 Weeks 20.9 18.6 19.5 18.7 21.6 17,8 19.7 17.5 18,8 23.3 17,1 1,9.4 18,3 20,8 16.3 19.7 

10 Weeks 21.5 19.3 20,2 19,1  21,6 1,8 20,4 18,8 19,4. 24 18.2 21.1 16.7 21,9 17.8  20.2 



TABLE 29 Contd. 

Growth rate of mice in environments. Second Order Interactions of iperiment U, 

STAINES/O0DS SNAINS/S'fT?tPS, 

CBA 057 OBA 057 

Cake Oats Cake Oat. Hot Cold Hot Cold 

9 9 9 9 9 9 9 

5 Weeks 13,3 15.3 12.3 13.9 12,4. 14,1  11 11.9 13.3 15,2 13.3 15,2 1,1 13.8 12.1 13.8 

6 Weeks 15.3 18.2 14.8 16 15.5 17,5 13 13.8 15.4. 17,.9 15,4 17.9 14.4 16.6 14.4 16,9 

7 Weeks 16.9 19.7 15.9 17.6 16,9  19.3 14,3 15.3 16.7 19.6 16.7 19,6 16.2 18,3 1612 18.3 

8 Weeks 17.6 20,9 16,1 18,3 17,5 20.7  15,2 17.3 17,7 20,6 17,7 20,3 16.5 19,9 16,5 20 

9 Weeks 18.2 22.5 17,0  20.2 18,8 21.9 16,3 18.9 17,6 22 17.6 22 16,2 20,7 18,2 21.2 

10 Weeks 18,6 23 18.5 20.7 19,2  22.9 17.6 20,1 17.7  22.9 18,5 22,9 18,9 21.7 18.9 21,7 
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TABLE 30a. 

First order interactions of Experiment lÀ, showing the strain 
effects. Growth rate of mice in environments 

5 Weeks 6 Weeks 7 Weeks 8 Weeks 9 Weeks 10 Weeks 	I 

BL C57 CBA C57 CBA C57 CBA C57 CBA C57 CBA C57 

Cake 14.3 13.3 16.7 16.4 18.3 181 19.5 19.1 20.2 20.4 21.5 21.0 

Oats 13.1 11.4 15.4 13.4 16.8 14.8 17.9 16.3 18.6 17.6 19.9 18.9 

Cold 13.2 11.7 15.5 14.3 16.9 15.7 18.7 17.2 19.11.8.5 19.7 19.6 

Not 14.2 13 16.7 15.5 18.2 7.3 19 18.2 19.8 19.4 22.9 2042 

9 12.8 12.1 15 14.2 i.6.9 15.6 17.3 16.4 17.9 17.6 20.8 13.4 

6 14.6 13 17.1 15.3 19.4 17.3 20 19 21.2 20.4, 21.$ 21.5 

TABLE 30b. 

Growth rate of mice in environments. First order Interactions 
of Experiment lÀ showing sex effects. 

5 Weeks 6 Weeks 7 Weeks l8 Weeks 9 Weeks 10 Weeks 

9 6 9 6 9 6 9 6 9 6 9 

Cold 

Hot 

11.8 

12.7 

13 

14.5 

14.3 

14.9 

14.5 

17.3 

15.5 

16.5 

17.0 

19 

16.6 

16.9 

18.6 

20.4;.L7 .9 

17.3 20.3 

21.3 

18.3 

18.8 

21.0 

22.3 

bake 

Oats 

12.8 

12.1 

14.7 

12.9 

15.3 

13.814.9 

17.0 16.9 

15.1 

19.5 

16.2 

17.7120-9 

15.5 

18.5 

18.1 16.7 

22.1 

19.5 

19 

17.9 

122.9 

20.40 

CBA 

57 

12.8 

12.113 

14.6 15 

14.2 

17.1 

15.3 

16.9 

15.6 

19.4 

17.3 

17.3 

16.419 

20 17.9 

17, 	5120.4 

21.2 20.8 

18.4 

21.8 

21.5 
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TABLE 	30c 

rowth rate of mice in environments. 	First order interactions 
of Experiment lÀ, showing food effects. 

5 Weeks 	6 Weeks 	7 Weeks8 Weeks 	9 Weeks 	10 Weeks 

Cake Oats Cake Oats Cake Oats Cake Oats Cake Oats  Cake Oats 

16.2120.9 Iales14.7 12.9 14.9 19.5 18122119.5 

13.816.9 15.1 17.7 15.5 18.5 16.7 19 17.9 1es 12,8 12.1 15.3 

15.4 18.7 16.6 19.6118 20.3 19 Cold 13.1 11.9 15.8 14.417.2 

Hot 1.4.5 12.7 

13.1 

17.4 

16.7 

14.8 

15.4 

19.2 

18.3 

16.2 

16.8 

19.9 

19.5 

17.5 

17.9 

21 

20.2 

118.2 21.6 19.8 

CBA 14.3 18.6 21.5 19.9 

57 13.3_11.6116.4 13.4 18.1 14.8 19.1 16.3 20.4 17.6 21 18.9 

TABLE 	30d.. 

Growth rate of mice in environments. 	First order interactions 
of Experiment lA, showing temperature/effects. 

5 Weeks 	6 Weeks 	7 Weeks 	8Weeke9 Weeks 	10 Weeks 

Cold Hot 	Cold Hot 	Cold Hot 	Cold Hot JCold Hot 	Cold Hot 

Oati 	11.9 12.7 14.4 14.8 15.416.2 16.6 17.5 13.0 18.219 	19.8 

:Cak 	13.1 14.5 15.8 17.4 17.2 19.2 18.7 19.9 19.6 21.0 20.3 21.6 

12.7 14.3 14.9 15.5 16.5 16.616.9 17.3 17.9 18.3 

Males13 	14.5 14.5 17.3 17 	1 	13.6 20.4 20.3 21.3 21.0 22.3 
_ 	 ------__ 

GBA 	13.2 14.2 15.5 16.7 16.9 18.2 18.7 19.8 19.1 19.8 19.7 22.9 

C57 11.7 	13 	14.3 15.5 15.7 17.3 17.2 18.2 18.5 19.4 19.6 20.2 
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TABLE 31. 

Growth rate of mice in environments. 	Experiment 1A. 

Main Effects. 

STRAINS FOODS SEXES. TEMPERATURE 

Cold Not. CBA. I C57. Cake Oats Males 

5 weeks 13.7 12.3 13.8 12.3 12.2 13.8 12.4 13.6 

6 weeks 16 14.8 16.6 14.4 14.6 15.8 14.9 16.1 

7 weeks 17.6 16.5 18.2 16.4 16.0 18.8 16.3 17.7 

8 weeks 18.8 17.7 19.3 16.9 16.7 19.5 17.6 18.8 

9 weeks 19.4 18.9 20. 3 18.1 17.6 20.8 18.8 19.6 

10 weeks 20.7 19.9 21.2 19. 18.5 21.7 19.7 21.1 



S 

to to 
CQ 

TABL:Pj 32. 

Increments of Growth in 2xperiment LA 

COLD HOT 

CRA 057 CBA C57 

Cake 0t* Cake Oats Cake Oats Cake Oats 

3-. 5 Weeks 4.8 7 3,5 5 4.9 5,2 34. 4.7 5.4 7,6 4.8 6.8 5,6 8.7 4.3 4.6 
5. 6 Weeks 2,1 2,6 2.7 2 2,8 3.2 25 1.8 1.9 3,2 2,3 2.3 3.2 3,5 1.5 2.1 

7 We Oka 1,6 1,4 1,3 1,5 1,2 1.7 1 1,8 1.6 1 1,8 2 1,8 2 1.8 1,3 

8 Weeks 1.3 1.2 0,6 1.6 1.5 1.8 1 1.7 0.6 1.5 0,9 0.2 09 0,7 1.3 

9  Weeks 0,2 0.6 1.1 2,1 1 1.8 0,5 2.1 0,6 1,6 0,7 1.6 0,7 1.8 0,9 

910 Weeks 0.4 I3 0,4 0.4 1 1.6 1,2 .8 0.5 1.3 0,2 0.9 1 1,1 

?G1'AL 10,4. 13.9 12,5 11.8 14.7 10 13.3 10,9 ].5,J 14 12.6 16,7 11.1 11.3 



. 
to 
CQ 

?ABL2 33*. 

Seooid order irteraotions of total growth increments, xperivaent lÀ, 

Strein/Temp./Pood 	-- 	- Poodflmp./Sex. 

CB& C57 

Hot 	Cold 

Hot Cold 

Cake 	Cats 

9 	 r 
11.1 	14.3 	10 	12.9 

Hot Cold Cake Oats 

Cake Oats Cake Oats Cake 

14.6 

Oats 

11,2 

Cake 

13.2 

Oats 

11.6 

9 

13.1 12,9 12,1 11,2 11.7 16 11.1. 

Strain/Sex/iPood Strain/Sexflemp._-______________  

CEA   C57 OBA  

Hot 	Cold 

057  

Hot 	Cold 

11.8 	14. 	10.9 	14. 

Cake 

10,6 	14..6 

Oats I 	Cake T Oats 

11 	- 13.2 12.2 15.7 io.J 12,3 11.1. 14 11.1 14.. 3 



268. 

TABLS 

Pizst order interaction 	of total 

33b. 

growth increments, 

Strains Sexes Foods 

CBA 057 9 Cake Oats 

Cake 

Oats 

126 

12.1 

33.9 

11.4 

Cold 

716t 

10.5 

116 

13.6 

14.3 

Hot 	13,9 	12 

Cold 	12.711,4 

Cold 

!ot 

11.7 

13 

32.4 

1.9 

Cake 

Op ts 

114 

10.7 

15.1 

1?.7 

	

10.8 	11.3 

	

13.9 	3.4 

V' 330. 

Main effects of growth increments. 

Strains Foods ?ps. 

OBA 057 Cake Oats Hot Cold 

12.6 123 13.3 11.7 13 12 



TAIL 7  %*. 

Average n*asber of days frce birth of mother to birth of her 
litter. S*00M order interactions vxperlzeat U. !irst order 
interaction, Ixwlwat lb. 

CU 	 C57 	Pill 

RM C4W HO? COLD HO? 

cake Oats Cs Oats Cake Data Ocku fleti Ca ki (ate 

!o.of was l3 U 12 6 10 10 7 7 L2 12 

o. or Devel 	 904 84.2 68 90.1 100 82 bc 78 

?AL 34b, 

iPirat order interactions, !periment l/t. Age at birth of first 
litter. 

s?Pax/Poom 	STAIN. 

CU 057 CU C57 CU C57 

Cake Cit. Coke Oats 1bt: Cold Jot Cold not Cold Hot Ccl 

No. of Osys  78.2 76.1 84 86 67 873 79 91 67 95.2 79 83. 

?AL 340. 

Main tftte, p.rient U. Age  at birth of first litter. 

CU C57 Cake Oats Hot Cold 

No, of Dss 771 82.5 81.1 78.5 73 89.1 
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TALE 35.. 

Average size of first litter. Swond order interactions, 
xp.rieent 1*. Pirat ordar interactions, exeriae lB. 

CBA 057 IU 

hot Cold øot Cold lint 

Cake Oats Coke Oats 1ako Oats Cake Oats Cake O*t 

No. ot Litters 13 U 12 6 10 10 7 712 
121 

Average Sime 5 3,95,9 4 6.8 4.5 4.2 47 36 

TAW1, 35b. 

Average size of ftrt litter. Irit ardor interactions, 
1Xperi*nt lÀ. 

SIPAIM/POOM  

CIA 	057 	OBA 	057 	CV 	057 

Cake Oats Cake Oats Cake Oats Cake Oats Cake Ota Cake Oats 

4 	•5 4.5 4.5 5 	5.6 4.4 5.9 5 	3.7 4.3 

TL%? 35e. 

Average size of first litter. Yifs 	 iriaont U. 

0' 7M 057  C12 0A? HOT ,  CMID  

4.7 5 5.5 43 5 4.7 
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TABU?, 36k, 

Growth rate of young born in environments. Second order into 

actions, xper1ment lA, First order interactions, periment 

CBA C57, 11111 

Hor COLD HOT COLD HOT 

Cake Oats Cake Oats Cake uats Cakei Oats Cake uats 

No. of 12 11 11 5 LO 7 6 8 12 8 

6 flays 4. 2,8 3,2 3,4. 3,9 2,6 3,1 3.3 3.9 3.0 

o. of 12 11 U 5 10 7 6 8 12 8 

12 Days 6.6 4.1 6.1 5.9 6.5 39 6.3 4.7 6.0 4.3 

No. of 12 11 11 4 LO 6 6 8 LO 8 

16 Days 74 4,3 6.8 6.6 7.2 4,2 6.9 5,2 6.6 4,7 

No. of 10 9 11 4. 10 7 5 8 II 8 

21 Days 8.S 5.4 8.3 7.2 8.6 i 4.6 7.5 6.2 8.4 5.4. 

lB1  



272. 

?ABLS36b. 

Growth rate of young. First order interactions, Ixperiment 1A 

Strains/Foods 5traine/Thups, Ilooda/Temps, 

CBA C57 CBA 057 Cake Oats 

Cake Oats Cake Oats Not Cold Hot Cold Hot Cold Trot Cold 

- 6 Days 3.6 3.1 3.5 2.9 3.4 3.3 3.2 3.2 3.95 3.1 2.7 34 

2 Days 6.3 5 6.4 4.3 5.3 6 5.2 5.5 6.5 6.2 I 543 

6 Days 7.1 5,4 7 4.7 5.8 6.7 5.7 6.0 7.3 6,65 4.21 5j9 

1 Daa} 6.6 6.3 8 5,4. 7.1 7,7 66 6,8 8.7 87 66 67 

?A: 36c. 

Growth rate of young. Main effects, periment lA.  

CEA 057 Cake Oats Not Cold 

6 Days 3.3 3.2 3.5 3.0 3.4. 3.2 

12 Nye 5.7 5.3 6.2 4.6 5.3 5.7 

16 Days 68 6.2 7.1 5.0 5.8 6,4 

21 Days 7.4 6.7 8.3 5.8 6,9 7,3 
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TABLE 37a 

Period between first and second litters. Second order inter-
actions, !cperimerit lit. First order interaction, xperiment 1B, 

CPA 	 057 	Rill. 

Hot 	Cold 	Hot 	Cold 	Hot 

Cake Q.t. Cake Oats Cake Oats Cake Oats Cake Oat. 

No of Mice 12 12 11 	5 	8 	3 	7 8 10 10 

Average Days 24.7 44.7 29.8 29.4 35 4.1.3 36.2 40.6 31.3 55.9 

TABLE 37b. 

Period between first and second Utters. i0irst order inter-
actions, lkperiment lit. 

SAIN/FOOD6 	AINS/TP3. 	1!oO1E/PT4PS. 

ORA 	057 	CBA 	CS? 	Cake 	Oats 

CAKT, Oats Cake Oats Hot Cold Hot Cold ot Cold Rot Cold 

27.2 37.0 35.7 14.0.9  34.7 29.6 38.1 38.4 29.3 33 43 I 35 

TABLIM 37c. 

Inter-litter period. Main TTfects, experiment lit. 

CBA C57  Cake Oats Hot Cold 

32.1 f 3.3 31.4 39 36.4 34.0 
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I 	 TABLE 36a. 

Total number of young produced to 20 weeks. Second order 
interactions, llbcperiment U. First order interactions, 

perinent 13. 

CBA C57 

HOT 	COLD 

RIII 

HOT COLD HOT 

Cake Oats Cake Oats Cake Oats Cake Oats Cake Oat 

No, of mothers 11 	11 U 	6 10 	12 9 	8 12 	13 

Total litters 39 	22 20 	12 25 	14. 10 	12 31 	22 

Total mice 22 	100 .1.5 	57 99 	62 59 	61 13~4 5 72: 

i Average "To
; 

of 	1  3.5 	2 1.8 	2 2.5 	11 1.1 	1.5 2.5 
'litters pe

Average litter 	57 	4.5 size per mouse 5,7 	4, 7 7,9 	4,4 5 5 4.3 	3o 

Average  mice 	2C,1 	9 per mother  
10.4 	9.5 19.9 	5.1 6,5 	7.( 11.2 	5 

TAI3r$ 	.58b. 

Total fertility. 	irst order interactions, 4.kperiment U. 

STFAV/?OQDS STRAINS/4P, 	!PS. oot*fl. 
CAB 057 CEA 057 Cake Oats 

Cake Oats Cake Oats Hot Cold hot Gold Hot Cold Hot Cold 

15,2 9.2 13,2 6.38 14.5 9,9 12,5 7 20 8.4 7 8.5 

TAL 380. 

Total fertility. 	4ain Zffeots, Expuriment lÀ. 

STRAINS FOODS ?iiPJRATUP5Z. 

C3A 057 Cake Oats Hot Cold 

2.2 9.8 14.2 7.5 13.5 8.5 

6 

2 

5 
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CQ 

VtBLL 39a. 

Growth rate of mice in cnyironnient. First order intorctione, xprimnt lB. Strain Lffects. 

5 Weka 6 Weeks 7 Weeks 8'We eks 9 Weeks 10 Weeks 

CBA C571RIII CBA CS? lUll CJ3 C57 RIlI CI3A 057 RilI CR, 057 1 RIlI CB. C57 RIII 

Cake 14.6 14214,7 17.1 17.7 17.4 18.8 19.6 18.7 19.8 19.9 19.8 19.9 21.6 20,3209 	21.620.5 

Oats 15.9 11.6 )3,1 16.2 13.4 14.6 17.5 14.9 16.1170'6 16.4 l6.818.6 17.818 H2..718.817.7 

g 	13.3 121 ló 	1,4 14 	15,3 16.7 16.2 16.5 17.7 16.5 17,517.6 18,' 38.418-2 	:18.9i8.3 

	

15, 	13.8 14.8 17,9 18 	16.7 19,6 18.3 18,32O,8 19.9 19.2 22 	20,? 19,922,9 21.71l9.9 



L.3I ?9-k.1 

Gx!oztb ruU of mloo in unviromAnt8. 	1 	o'r 	 psi'ttnt 1. 	x/et:eota. 

ex A.Var"ages 

5 40 10 6 	ka ? 	40 k S 9 V146ke 3.0.wks 

9  

ca 	ii.; 150,2 18.4 	17.9 1617 	39.6 .? 	0,8 17,6 	22 18.2 .9 
C57 	1:.1 
R111 3 

13.8 
1408 

14.4 	16.0 
16.? 

	

15.2 	18. 

	

10,5 	18.. 
18. 
17,5 	2 1. 

18,: 	20,? 
Ø,1 

1U.9 
)3•3 3 0 9 

1,7 10 	10.2 17,4 1 20.7 18 	23.8 3.009 	22.7 1,5 23,2 Calm 	13,5 
Cate J15.3 1506 	16.8 )?.t294 

27.6 19.0 

I MAO 
Growth r ,tc of rdce in ,nvironmtnts, £x;c1nent lB, First or4r intorction. ?ood ifleot3, 

Food Avea. 

5 v.,ft ks 	8 oka 	? weeks 	8,e&e 	9 buka 	10 'kø 

Oaks OtASS Ca 0~38 	 CAD OutsC 	øatf 

C 	14.6 1,9 Vol 1t. 30.8 17.5 1,8 	19. 16.6 • 	23.7 
C57 	14*3 11.6 1 17.7 13.4 19,614.9 	 1.0 17.0 	.6 10.8 
RIII 14.7 	1 17,4 14.6 18.? 16,1 	.8 1.t3 	18 	Q.5 17,7 

15,7 13.6 104 	Lu,7 16.8 1,8 1&. 2 	Mel .1 23. 19.8 
1..5j1 . 	 18. 	319.5 17.6 



277. 

Growth rates of mice in environments. Experiment IS 

lain Effects. 

P STRAINS 	FOOD 	SEXES. 

05A. 	057. 	IRIIII Cake 	Oats 	9 

S weeks 	1.7 	12.3 	13.9 	14.6 	12.9 	14.6 	12.8 

6 weak* 	16 	14.8 	16 	17.4 114.7 	11.0 	15.0 

7 weeks 	17.6 	16.5 	17.4 	19.O162 	18.? 	16.5 

8w.eks 	18.817.? 	18.3 	19.9 	17.3 	20 	1 17.1 

9 weeks 	19.4 	18.9 	19.2 1  20.8 	18,2 	2).9 	18.0 

L '° weeks 	12A 7 	19.9 	1 	21.7 [19._8 	21.5 	18.6 

The following tables show the main streets CC the 

reproductive penomena of Experiment lB. 

41. 

Age rat first litter. 

CDA moats.  
Ao. of 

67 79 	 7 71 M 

TA WIN 42. 

Litter size. 

LA_I C67 ijÜ Cake Oats. JJ 
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TABLZ 	43. 

Growth rate of young. 

A1  C57 Rill 	Cake Oats 
- - -H 

3.4 3.2 3.45 	3.9 2.8 6 Days 

5.3 5.2 5.15 	6.4 4 12 Days 

5.8 5.7 5.6 	7.0 4.4 16 Days 

7. 1 6.6 6.9 	8. 6 5. 1 21 DaJ - 

TABLE 44. 

Inter-litter period. 

Cake Oats. 
No. of 

Ldays. 	
34.7 38. 1,  43.6 	45 	47. 

TABLE 45. 

Total fertility. 	First order interactions. 

HOT. 

CBA 	 57 	Rill 

Cake Oats Cake Oats Cake Oats. 

10 	10 	10 	10 	10 	10 

19.5 9.1 19.9 4.5 11.7 

TABLE 46. 

Total fertility. 	Main Effects. 

CBA 057 1 lUll Cake Oats. 
-1-i0. ic. 14.3 12.2 &7 17.0 6.4 



6 de 

6 d&va 

12  

CBX  

CBA 9 z '.IIU CBA 9 z C57d * 

No. of No, of Av.eise Ày. No. of No. of *v.siss1v. 
Litters c.. Litter Vt. Litt vice Litter j 

9 47 5.2 6 9 5.6 	15.6 1 5.6 

a10 94,5 * ___a 	18,_____ j 
CS? 

C57 2 x RII16 C57 c x C-:3e 
iCS71 - 	- 

7 45 6,A 5.2 	16 108 6,7 5.7 - 

- 7.4 
ri1I 

MIt i x C576 RItZ 2 x CBM x 

13 5.2 5.7 13 63 /.8_  5._ 5.8 

a * 8.7 7.6 8.2 

- 	 279. 

T&b1*4L 

Pre-,eantnh Grotth Rate of Crosbr4 
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Table h8. 

Data of.--I)  C57 pure Uneo in tkit Repeat Experiment, and 
2)057 pure lines and C57 crosses where CS7 is the female, 

in the Cross Experiment. 

Pirra (7 

Hot Cold 
9 

Cake Oats - Gaze Oats Cake Oats Cake Oats 
(No. of 

6 	(Mice 6 4 5 12 12 9 	10 6 
wk(Av. 

(!t. 15.6 13,.4 19.2 13.8 116.4 12.3 	19.3 13.8 
(No.of 

8 	(Vice 6 4 5 12 1 12 8 	9 6 
wk(Av. 

(wt. 17.0 11.3 21.7 15.9 18.0 15.7 	21.0 15.8 

(No.of 
lo (mice 6 3 5 12 10 8 	5 6 
wks (Ay. 

('Wt. 19.6 16.5 23.I 18.0 18.3 17.1 	22.8 18.0 
(No.01 

120Mie 6 3 5 10 11 7 	4 6 
wk(Av. 

(wt. 19.6 18.0 21.2 18.2 20.8 19.7 	22.9 19.0 

1. 12 	6 1]. 8 812 9 U 
18.3 13.L 19.9 14.8 16.6 14.1 20.5 14.5 

2. 7 	6 10 5 6 	9 :10 8 
20.6 15.7 22.8 17.8 18.1 16.4 23.0 19.1 

3. 4 	3 10 4 5 	6 11 8 
19.9 18.2 25.1 19.5 19.6 17.0 25.4 21.6 

4. 3 	3 10 6 	7 	13 11 8 
.4 17.6_ 26.0 1923 	19.3 18.7 26.2 22.7 

r''7n - 	VrTTA 

1. 7 
18.3 

6 
12.3 

7 - 18.3 
7 

12.5 
3 

18.8 
3 

15.3 
5 

23.5 
4 

18.5 

2. 5 
20.0 

6 
11...7 

7 
22.6 

7 
13.9 

3 
20.8 

3 
18.7 

r 	5 
21.0 

2 
21.7 

3. 4 
21.8 

4 
16.0 

8 
24.4 

6 
16.9 

3 
21.6 

3 
19.3 

5 
244 

2 
23.5 

4. 6 
22.5 

4 
16.1 

5 
25.0 

3 
16.8 

3 
21.7 

3 
19.5 

5 
24.8 

2 
23.5 
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Table 49 

Data of : 11 CBA ture lines in Repeat Experiment, 2 CBA 
pure lines and CBA croaseø where CBA is the feaale, of 

the Cross Experiment. 

Rot 	-- Cold  

...Cake pate Cake0ats Cake Oats Cake Oats 
(No .of 

6 	(Mice 13 3 10 9 U 10 11 9 
As 	(Av. 

(wt. 17.2 11.8 20.4 14.1 15.9 12.7 18.1 14.6 
No•of 

8 	~Mice 4 5 8 9 8 10 11 9 
wks 	(Ay. 

(!t. 17.9 1/.1 21.3 16.6 17.3 14.4 19.8 16.7 
(No • of 

10 	(Mice 3 5 6 10 4 10 10 9 
wks 	(Av. 

(wt. - 19.2 15.41 21..6 18.4 1 	19.0 16.5 22.7 18.4 
(No.of 

12 	(Mice 3 2 6 3 4 5 11 14 
wks 	(Au. 

(wt,. 20 16.0 25.9 23.1 19.6 1j3. 23.8 21.3 

CBAQ x C576 

1. 5 5 67 1415 7 8 
17.6 1L.2, 19.9 16.0 18.2 13.5 21.2 15.0 

2. 5 56 7 1115 7 8 
19.1.16.6' 26.3 18.6 1 	19.5 17.2 1 23.2!17.9 

3. 4 5 6 3 1110 
16.8 28.1 21.6 19.5 17.2 27.6 20.0 

4. 4 7 4 1 	U 978 
21.9 16.8 26. 1. 23.0 	21.3 17.0 	25.7 21.5 

UDAWlullo  

1. 2 11 	3 7 911 5 	5 
18.0 16.5 	22.0 17.3 16.1 14.91 19.8 14.2 

2. 2 8 	3 6 8 	8:55 
20.0 17.3 	25.0 19.0 17.9 16.9 	23.0 ' 18.3 

3. 2 8 	3 2 8 	12 	'5 	5 
2p0 J.7..,9 	27,Q 20.8 19.9 19.0 	2.5 20.2 

4. 2 5 3 4 8 9 45 
22.0 20.1 29.7 22.3 21.4 18.9 27.3 22.5 
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Table 50. 

RI1I pure linee and 1(111 eroees *here Bill le 
the female of the Cross Experiient. 

Pure RTTT 
CO'd 

Cake Oats Cake Oats Cake I Oats Cak*l Oats 
(No.ot 

6 	(Mice 7 7 7 4 8 30 5 5 
uuke.(A'v. 

(it. 16.9 14, 21.4 
1 

14.9  
1.
16 0 

1 
13.6 18.2 13.2 

(No.of 
8 	(Mica 3 3 7 3 8 12 4 5 

wke (At. 
(,t.1. 2a.5 16.2 23.4 13.0 18.0 14.8 22.6 1 	17.7 

(No.ot 
10 (Vice 2 3 3 3 8 12 4 	5 

ske (Av. 
ft. 21.0 16.4 23.5 10.0 18.4 115.9 22,6 1 	17.8 

i 	tNo.of 
12 (Mice 
ks.(Av. 

2 3 3 3 6 12 4 4 

('pt. 20.8 17.5 24.9 18.1 19.0 J 16.6 1 Z,1.8 I_190 V 

tTTc . MAA 
V 

1. 

___ 

3 

___ 

10 

V • 

9 

V 

9 

___ 

12 6 11 

________ 

8 
ls.6 13.1 18.2 16.2 15.9 13.3 179 13.5 _ 

2. -7-11- 11 9 8 8 10 3 11 	'8 
18.3 114s6 20.8 18.0 19.2 14.5 204 16.3 4  

3. 4 5 9 4 73 i 11,8 
18.5 15.9 22.8 18.0 19.3 15.6 22,0 19,0 

4. 89 4 4 4 3 7 7 
18.9 18.0 	125.0 18.0 21.5 17.5 26.0 20.0 

TTT 

3.. 6 8 7 11 78 78 
1 8 .6 13.9 21.1 16.33.8.4 15.5 22.8 13.5 

2. 7 8 7 6 7 8 7 0 
21.4 34.8 23.7 3.9.8 19.6 16.7 24.0 	1 19.6 

J. 3 4 17 5 7 8 .7 7 
21.8 3.5.4 25.5 2 *0 20.0 3.7.7 25,0 19.5 

4. 3 4 7 59 
120.5-i16.5 

4 67 
22.0 17.3 25.4 23.6 24.0 	1 21.6 
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Table 51(s) 

jeDet Zxperierit * Second Order Interactions : 

Straina/Fooda/Sexew 

r 19.116.1 23.6 18.4 18.6 16.8 	23.1 18.0 

12i 20.216.6 i 24.8 21. 	20.2 18.8 1 2.5 18.6 

Table 51(b) 

$trainilTemperaturea/$e 

6 weeks 	14.5 17.1 Lj 16.3 	14.5 16.5 14.4 16.5 

8 	" 	16.0 19.0 	15.9 	18.2 	15.6 18.6 16.8 j_18.4 

10 	" 	16.5 2l.5 i  18.2i 20.6 	18.2 20.7 17.7 20.4 

12 	" 	18.4 1 23.5i 1.4 1 22.5 i 	18.9 21.2 20.2 1 2Oa5 
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Table 51(c) 

Scud Foods! Temperatures., 

1(ffk/ tP 

hot  Cold____________ 

Cake Oats Cake Oats Cake Oats Cake Oats 

6 weeks 16.4 12.2 19.8 13.9 J 	16.1 12. 18.7 34.2 

8 	" 17.4 14.2 21.5 16.2 17.6 15.0 20.4 16.3 

.0 	a 19.1 16.1 24.0 18.2 18.6 16.8 22.7 18.2 

.2 	" 20.2 17.0 25.0 19.7 20.2 18.5 23.4 20.1 

Table 5l() 

Strains/Foods,/Temperatures. 

CS?  
HO& -  Cold ____.jHot Cold 

cake Oats £*tg.atp Cake Oats Cake Oats 

6 weeks. 18.8 12.9 17.0 	13.6 17.4 13.6 18.4 12.0 

8 19.6 15.8 19.0 	16.0 19.3 15.1 19.5 15.8 

110 	" 21.9 17.1 20.8 	17.4 21.2 17.2 20.5 17.5 

12 23.3 13.5 121.7 	19.3 21.8 1.1 21.8 19.3 
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Table 52. 

Repeat Experiment 	g 	Tirt Order Interactions. 

Strains/Foods 3trainaJTiperature8 
CBA C57  CBA_____ C57________ 

Cake pate Cake Pate Rot. Cold Hot Cold 

6 wkL 19.0 13.2 17.9 13.3 15.8 	15.3 15.5 15.5 

8 	x 19.3 15.9 19.4 15.4 17.5 	17.0 17.1 j 	18.3 

10 21.3 17.2 20.8 17.3 19.0 	19.4 19.4 19.0 

12 " 22.5 18.9 21.8 18.7 20.9 i 20.5 20.0 i 	20.6 

Sixas/Fo de sexes/Temperatures 

Cake Oats Cake Oats Rot Cold Rot I 	Cold 

6 wk.s 19.2 14.1 16.3 12.4 14.5 1.4.4 16.8 	16.4 

8 	* 21.0 16.2 17.5 14.6 15.8 17.2 18.8 	18.3 

10 w 23.4  18.2 18.8 16.4 17.3 17.9 21.1 	20.5 

12 0  24.2 19.9 20.2 17.7 18.6 20.2 22.3 	21.7 

TeI!LeratUreS/.rOOaS  

Hot Cold  CBA C57 
CakeI Oats Cake I Pate 

9I 
-- 

6 wka 18.1 13.2 18.8 13.3 15.2 	16.8 14.4 16.5 

8 	C 19.4 15.4 19.2 15.9 15.9 	18.5 16.2 18.5 

10 a e.1.4 17.1 20.6 17.4 17.3 	21.0 17.9 20.6 

12 0  2.6 lo.3 21.7 j 19.3 18.4 	22.3 19.5 21.0 
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Table 53 

main Effects 	s 	Reteat Uperiment 

6 wka 

10 

12 " 

ati.nw -r Temsr tures 8 Boxes 

CBA -  CS? Hot Cold lCake Oate  *3 

16.0 15.5 15.7 16.0 18.4 13.3 14.8 16.6 

17.2 17.3 17.4 17.5 19.3 15.6 16.0 18.5 

19.2 19.2 19.2 9.2 21.0 17.3 17.6 20.8 

20.7 .0.3 20.4 20.5 2..2 18.8 18.9 21.6 
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Table 54 

Crosses Experiment : Pooled Reciprocal Hybrids. 

(BA x Rill 

Hot Cold___________ 

Cake Oats Cake Oats Cake Oats Cakel Oats 

6 weeks 18.0 14.8 20.0 16.7 16.0 14.1 18.8  13.8 

8 19.1  15.9 22.9 18.5 18.5l5.7 21.5 17.3 

10 	" 19.2 16.9 25.0 19.9 !19.6!,17.3 23.7 19.6 

12 	t 20.5 19.0 27.3 20.1 21.4 18.2 26.6 21.2 

rpA 'C CIW - 
6 weeks 

- 
17.9 

I  

13.8 	19.8 15.4 17.413.8 20.8  
F 
14.7 

8 	" 20.0 16.1 	24.5  18.2 18.816.7 23-li 19.7 

10 	" 20.0 17.5 	26.6 1 1 	20.5 
19•5H7•1 

26.6 20.8 

12 21.1 17.2 	26.2 24.5 20.3 17.8 	26.0 22.1 

C57 X RuT 

6 weeks 18.4 13.1 19.7 14.4 18.6  15.4 23.1 	16.0 

8 	it 20.7 14.7 23.1 1 16.8 20.2 17.7 24.0 	20.7 

10 	" 21.8 15.7 25.0 19.5 20.8 1 8.5 24.7 	21.5 

12 	" 22.2 16.7 j 	25.2 20.0 21.1 18.0 24.0 	22.5 



Table 55 

Croaees Experiment : Pure lines pooled. 
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-Table 56(s) 

Crosbe 	perient * Second Order Int.rctions. 

Strains/Sexes/Foods 

(A;RIfl CLx"57 

Cake Oats Cake ¶!Oats Cak Oats Cake Oats 

6 weeks 

80 

10 19.4 

2 	* 

17.0 

19.5 

21.0 

14.4 

15.8 

17.1 

1.8.6 

	

19.4 	15.2 

	

2.2 	17.9 

	

24.4 	19.7 

	

26.9 	20.6 

	

17.6 	13.8 

	

19.4 	16.3 

	

19.8 	17.3 

	

2o.7 	17.5 

	

20.3 	15.1 

	

23.8 	18.9 

	

26.6 	20.6 

26.1 1 23.3 

RTTT v (7 	 Pure Lines 

4 weeks 18.5 14.2 21.4 	15.2 15.9 	13.0 20.4 1.4.4 

8 	• 20./. 16.2 23.5 	18.8 18.0 	14.8 21.6 16.7 
I 21.3 17.2 2.4.8 	20.5 19.2 	16.3 23.2 18.1 

12 	4  1.6 17.3 26.6 	21.7 20.1 I  18.5 23.7 19.4 
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Table 56(b) 

Crosses therient 	g 	Second Order Interactions, 

Footh/ Temperatures 

Oats -Cake-.-  
Hot _ççild Hot 	I Cold_ Hot 	Cold Hot I Cold. 

6 weeks 19.0 	17.4 15.8 	13.9 18.9 	19.0 14.6 14.3 

8 21.8 	20.0 17.6 	163 22.2 	20.9 17.1 18.9 

10 22.1 	.i.6 18./+ 	18.4 23.3 	23.0 19.0 19.9 

12 2j. 	24.0 19.5 	19.7 23.6 	23.0 21.0 20.0 

'LJ 	Li.. 	-. 21  

6 weeks U.)20.8 13.7 15.7 1.4 	16.6 1.8 13.6 

8 22.3 22.1 15.8 18.8 20.2 	19.4 15.8 15.9 

10 	R 22.4 2.8 17.5 20.0 21.8 	20.7 13.2 17.2 

12 	9  22.6 1.3 20.2 22.5 	21.3 18.518.8 
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Table 56(C) 

Crosses Exr1ient 	: 	Second Order Interactions 

Str&.irJ Sexes/ temperatures 

6 wka 

a 

10 

12 

CA x III CBA x C57 
a 

Hot Cold. Hot Cold Rot Cold Hot I Cold 

16.4 

17.5 

18.0 

19.7 

15.1 

17.1 

18.4 

19.8 

18.3 1 16.3 

	

20.7 	19.4 

	

22.4 	21.6 

	

23.7 	23.9 

15.8 

18.0 

18.7 

19.1 

1.5.6 

17.7 

18.3 

19.0 

17.6 

21.3 

23.5 

25.3 

17.7 

21.4 

23.7 

24.0 

RItI x Ci7 	 Pure Lines 

6 wke 

10 

12 

9  	____ ____Q 6 
Hot Cold Hot Cold Hot Cold Rot i Cold 

15.7 17.0 17.0 19.5 14.8 14.0 17.3 16.5 

17.7 18.9 19.9 22.3 16.7 15.9 19.5 18.9 

18.7 19.6  2.2 23.1 18.0 17.5 20.9 20.4 

19.4 20.5 22.6 23.2 18.7 19.3 21.9 21.1 
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Table 56(d) 

eses Experiment 	Second Order Interactions z 

TemDoraturel?OOd 

Hot Cold Hot 	Cold 

6 weeks - 	13.7 U 15.2 14.0 	14.7 

9t518 15.3_17.5 - 16.2 _18.6 

10_' 	_20.3_U25.0_1.9.1_2L.4 16.5_19.5_17.3_19.9 

12_ 21.0J_25.8_20.6_U  17.5_U,20,917.9_21.3 
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1,57 

First Ordor Interactiongs Crops Ezoeriunte 
I- 

!L Not Cold 

616.9 16.6 

1021.2 21.4 
1222.8 21.5 

16.3 18.3 J 17.4 15.6 
19.0 20.5 19.7 18.6 
20.0 1.4 20.2 -.20.0 

16.0 14.1 
18.0 17.6 
20.0 18.8 

6 
8 

10 
2.2 

6 

10 
12 

6 
8 

10 
12 

'1LTg/ Vfl(ThR 

cBA 	C57 C57zRllI gx Bill Pure Lthei 
Cake 	Gate _CskeOats Cake 	Oats Cake Oats 

	

9 	14.5 

	

21.6 	17. 
20.0 	14.7 
2200 	17.5 
23.0 	18.8 
2 	19.5 

	

18.2 	14.8 

	

21.0 	16.8 

	

21.9 	1 .4 

	

?3.9 	i.6 

13.13L 
19.8 15.8 
21.2 17.2 
21.9 19.0 

	

23.2 	18.9 

	

23.4 	20.L 

SThAL'S/ SElLS  
BA x CS? COA & B111 EIJIX 57 Pure 4nei 

	

15.6 	17.7 

	

17.8 	21.5 

	

18.5 	23.6 

	

19.1 	2/4.7 

	

15.7 	17.3 

	

17.8 	20.0 

	

18.2 	22.0 

	

J9.1 	24.7 

163 
18.4 
19. 

1 	12-A 

18.3 
21.3 
2.6 
L.I 

14.4 
16.4 

16.9 
19.2 

19.3 

zrJ WnT 	 R1! 

Cte 	_Ots not 	old 

.23.2_. 20.3  J, 1L.9 	16 	17.5 23.4 17.5 
19.3 2.7 15.8 18.0 	17.6 	203 17.4 20.5 
19.9 1 24.7 16.9 19.7 24.5 	22.2 - 14.3 22.1 
20.8 1 25.3 177 1_21.1 _2$ 1.2 23.0 

MMTOTAO  Me 
Cake Oati 

Hot Cold Hot Cold 

18.8 18.4 14./. 343 
21.6 206 16.5 17.4 
22.6 21.9 18.0 18.6 
23.6 22.7 19.2 19.6 

6 
8 

10 
12 
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Table 58 

lain Effects 	& 	QS Experints 

CBA CBA 	I Bill Pure 
C57 Rill C57 4nea 

6 weeks 16.7 16.5 17.4 15.9 

8 19.6 18.9 19.7 17.8 

10 21.0 20.1 20.9 19.2 

12 21.9 - 21.7 21.8 20.4 

TEMPERATLP! 

6 weeks 
_Cake Oat- J!ot _Cold 

1.6 14.4 	16.5 	1 16.4 

8 21.1 17.0 18.9 18.9 

10 	' 22.2 18.3 20.3 20.2 

12 23.1 19.h._21.3 

6 weeks 17.5 15.5 

8 20.4 17.5 

10 	R 22.1 18.4 

12 	t  23.1 19.2 
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Table J2 

çroaes Exeriment : Maternal Effects s Lines Independent 

Table 59(e) - Maternal effectsJFoods. 

CBA2 x I R1112 x 	C579 x CBA x 	RIjI9  x f C572 x 

	

6 wks. 19.6 15.916.9 14.0 	18.8 14.2 19.2 14.720,2  14.8 19.7 1/.8 

8 0 	22.2 18.4 a.6 15.7 	21.1 17.2 2.1 17.3 22.1 17.7 21.8 17.2 

	

10 ' 23.1 19.5 20.6 17.1' 	22.5 18.8 23.8 18.912-3.1 18.7 23.0 18.9 

	

12 9  25.1 20.9 22.8 18.4 	22.9 19.5 23.8 i9.622.9 19.9 23.3 1.9 

Table 59(b) - Main Maternal Eufecte 

CRAx FlIt 	 C57A 	Ru! x C57 
CD,.AQ x 	rIIIQ Y 	C57 	x 1 CBAQ x 	RIIIQ x C57 
RIiI 	CIBA 	' CBA.057 057 RuT 

6wke. 17.7 15.4 16.5 17.0 	17.5 17.2 

8 	w 	20.3 17.6 19.1 19.8 	19.9 19.5 

10 	N 	21.3 18.8 20.6 213 	20.9 20.9 

12 	v 	23.1 20.6 21.2 21.7 	21.4 21.1 
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