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The growth of an organism may be measured by recording its 

increase in size during convenient intervals of time. Usually the 

rate of increase changes during the growing period, proceeding fast 

during the early stages and tapering off towards maturity. Accompany-

ing this increase in size in the young organism is an increasing 

degree of differentiation of tissues, changing proportions of body 

parts and the gradual emergence into function of various anatomical 

structures and physiological systems. As with growth, the speed at 

Which de4velonent proceeds changes with time, being faster at young 

stages and gradually ceasing when the adult stage is reached. 

To this extent, then, the processes of growth and development 

are coincident in time: they both commence at the moment the zygote 

is fertilised, their tempo of change is generally in harmony and they 

are both completed when the mature state is reached. 

This thesis investigates first of all whether, and if so to 

what degree, the processes of growth and development follow an 

identical path in time between the initiation and the termination 

of the formative phase. 

One extreme position is that the processes are independent of 

each other, so that a measurement of size at a particular time would 

yield no information about the state of development at that time. 

The other extreme position is that development is itself an expression 
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of growth, or vice versa. In this case measurement of size gives a 

direct indication of development, and developmental events occur at 

predictable sizes. 

The relationship between these two aspects of the unfolding 

genome may be investigated by causing one variable to change and 

observing the consequent alteration in the other. 

Size may be influenced in the laboratory either, by interfering 

with the environment or by altering the genotype through selective 

breeding for large or small sized. Environmental or genetic variation 

may also be used to alter the state of development independently of 

size. 

Outside the laboratory, the extent 6f variation in these 

processes may be assessed by examining the differences between exist-

ing populations, between species, between sub-species and between 

Is)r 

The review which follows examines the available evidence on the 

relationship between the size and development of organisms from field 

and laboratory investigations. 

A second aspect of this study is concerned not with the growth 

and development of the entire organism, but with the degree to which 

its component parts are independent of the body as a whele' in growth 

and development. This aspect, also, can be investigated by causing 

changes to occur in the total body size and then observing whether 

the components of the organism have all changed to the same degree. 

The relevance of this study for human biology is in the light it 

may throw on the variation that exists in growth and development 

between different communities and on the problem of evaluating the 

growth and development of children. In the first case it is important 
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to be able to discern when the observed variation in growth and 

development may be deliberately influenced by environmental, e.g. 

dietary, means. In the second case it is important to be able to 

distinguish individuals whose growth is not proceeding normally for 

nutritional reasons., from those who are underweight solely: through 

their being small but normally mature. 

BODY SIZE AND DEVELQPMENT TIME 

All other things being equal, an animal which is capable of 

reproducing relatively quickly compared with the rest of a competing 

population has a greater likelihood of producing offspring. Since 

the speed with which sexual maturity is reached is an important 

component of fitness it seøns likely that genetic variation in this 

character must be low due to the effect of natural selection eliminat-

ing genes prolonging development time. On the other hand, since the 

conditions which any species is exposed to over several generations 

fluctuate from periods of plenty to times of acute food shortage, the 

possession of a short development, time may not always result in the 

most efficient conversion of available food into biomass. What kind 

of variation, then, exists in the growth and development of organisms 

to maturity? 

There are three theoretical possibilities for varying the 

relationships of growth and development between organisms; Their 

final sizes may be varied by: 

altering the growth rate of similar sized zygotes so that in the 

same time different sized adults are produced. This implies the. 

possibility of varying the speed with which food is ingested and 

turned into tissue. 

varying the size of the initial mass of tissue while keeping the 

growth rate and duration of growth constant. 
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(3). £inaUy, both initial size and growth rate may, be constant but 

the duration of growth may he lengthened or shortened, producing a 

larger or smaller adult size. 

In the first case the correlatien between development time and 

final size is zero, but final size is positively correlated with 

growth rate. In the second case the correlation between deve1oient 

time and final size is also zero, but final size is positively 

correlated with the initial mass In the third case there is a 

positive correlation between. develojaent time and final size. 

These are the three ftmdamental possibilities; what, empirically, 

is the nature of the variation in the growth and development of 

organisms to maturity? 

I. EnviromentalVariation 

A. 	Post-natal Environmental Variation inJ?ELqjOj 	Ti 

(I) 	imental. In mice small variation in the timing of puberty 

may be brought about by the proximity of the opposite sex, the 

presence of males (Ropartz, 1969) or merely the odour of males, 

accelerating puberty by a day or two. Similarly, constant darkness 

or light have small effect on the timing of puberty in mice (flelkin, 

1967) or In human females (Zacharius and WVrtman, 1969, Magee et al., 

1970). 

More extreme variation in development time may be produced by 

dietary control. Age at . puberty in cattle may thus be altered by 

Providing different diets to different groups (Sorenson et al., 1959, 

Hanson, 1961  Crichton et al,, 1959). Although the chronological 

time taken to, reach puberty is thus considerably influenced by diet 

there is little accompanying variation in. the size of the animal when 

it reaches puberty (Penzhorn and Meintjes, 1968). Undcrfeedixg heifers 

produced a 9.2% differonce in weight at puberty and a 62.9% difference 
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in age at puberty compared with adequately fed heifers (Joubert, 1952) 

This susceptibility of age of puberty to diet is also present in rats 

(W'iddowson, 1950), and fowls (Pym and Sledge, l%9), while a similar 

responsiveness of time taken to reach pupation exists in Drosophila 

(Robertson, 1959), with little variation in aduitsize. 

Not only is the event of first oestrus influenced by diet, but, 

in sheep, also the capacity to mate and the fertility of females 

(t3uire et al 1968) Particular metabolic effects have been 

detected at a hormonal level, reduced feeding in cattle causing a 

reduction in the ability to generate testosterone and secrete frutose 

in the seminal plasma (Baronos et al., 1969). Careful control of diet, 

then, has measurable effects in the chronological time taken to reach 

puberty, and the effects on the physiology of the animal can be detected 

at several levels from mating behaviour to hounone production. 

(ii) Nurail0ccurring. There is evidence that similar effects, 

found under field or uncontrolled conditions, may be attributed to 

random differences in nutrition during growth. The availability of 

food for offspring depends upon the number of young sharing the same 

source, the ability of the mother to provide a continuous,  flow of 

food and, in domestic animals, on the efficiency of the farmer in making 

food available. Variation in the quality or quantity of food available 

will influence growth rate of offspring and thus the time it takes them 

to reach the weight appropriate for sexual maturity. In rats, age at 

puberty is closely associated with growth rate (Asdell and Crowell, 

1935, Bogart et al 1940) and litter size plays an important part in 

determining the mean growth rate and thus age at puberty (t4cCance, 1960) 

As animals reach puberty the variation in growth rate found earlier, 

and therefore in body size, declines and is considerably lower among 

adults. So long as the conditions causing growth rate variation 
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~'hcro ciietary control over the pregnant female's food intake is 

exercised, the variation in body size of offspring nay be altered.  

During the prenatal period environnental variation  in mternal diet 

may so depress the iy ross of the foetuses that a permanent 

de" fc it* 	in weight is brought about Thus, the offspring of cows. 

reared on a low, or high nutritional diet during pregncy differed 

in birth weight by twelve pounds (night, 196) • At the time of weaning 

this difference had increased to thirty-six pounds Even if the 

dietary manipulation is confiud to oUy the early part of pregnancy of-

owes, 

f

owes the effects in body weight are measurable in later life (Shinkel 

and short 1968). The degree to which the effects on growth are 

permanent depends upon the degree of nutritional deprivation, the 

length of time it is maintained and the rnuber of foetuses in the same 

uterus Shinkel rnd Short point out that nutritional deprivation 

produces more severe effects during the period when the mass of foetal 

tissue is increasing fast. The same goneralisatious apply to pro-

weaning growth in rats, very large litters causing a degree of growth 

depression which resulted in permanently reduced adult size.  

Nxtritionai deprivation after weaning, hs'ever, from nine till twelve 

weeks, while it temporarily depressed body weight did not result in 

measurable  difforeaces among adults (Widdowsen., 1950) 

Environmenally induced variation in diet thus has effects on 

subsequent growth which are me serious the earlier the variation is 

brought to bear. A difficulty in sesing the develojental ceAse-

qiees in the foetus or offspring arises from the fact that not only 

may weighvgain in the offspring or litter be depressed, and as a 

consequence development be delayed, but the uterus itself may be 

involved in delayed parturition, thus altering the age of the off" 

sp±lng when they are born Gestation time is inversely related to 



litter size (Biggers et al., 1963) and the total mass of foetal and 

placental tissue is the major determinant of gestation length (McLaren, 

1963). Which of these, gestation length or development of offspring, 

responds most readily to dietary control of the mother is not known. 

C. Effect of Removal ofEnvironmental Stress. 

It is clear, then, that once a restriction is removed, whether 

it be the uterine environment the suckling environment, or experi-

mental dietary control, those individuals suffering from depressed 

growth are prevented from reaching a normal weight only by the extreme 

severity of the nutritional restriction they have experienced or by 

the restriction having been experienced early in development. They 

usually take longer to reach normal weight for sexual maturity and 

immediately the restriction is lifted put on weight faster than those 

of the same age which are closer in weight to the appropriate weight 

for puberty. This negative correlation between pro-weaning and post-

weaning gains has been demonstrated among mice (Young and Legatos, 

1965) and attributed to differences between mothers in producing milk. 

After weaning individual mice have unlimited access to food in the 

cage and the weight deficit, with its associated developmental delay, 

among poorly-fed mice is diminished by increased food constrnit ion and/ 

or food utilisation. Asimilar acceleration in rate of growth upon 

the lifting of an environmentally-imposed restriction occurs when 

foetuses emerge from the confines of the uterus. Dickinson's offspring 

from reciprocal crosses between large and small cattle showed this 

'rebound phenomenon, the hybrid offspring from small mothers exceeding. 

in growth rate the hybrid from the large mother. An experiment trans-

planting ova between genetically large and small mice also showed that 

where the growth of an individual from a large. line was depressed by 

transplantation into a smaller mother, a similar acceleration in growth 
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rate occurred as soon as the foetus became free of the small nother 

4rnvironrnont (ruby, 1960) 

The events of birth ar$ weaning are, therefore, similar in that 

at this time one mode of nutrition is replaced by another mid 

individuals relatively deprived under the earlier circumstances 

compensate in the new situation by growing faster. There exists, thus 

a capacity for animals to accoodato to environmentally induced stress 

by slowing down their rate of physiological deve1onent in harmony with 

their rate of weight gain. 

D. Conclusions. 

I. There is evidence from a wide variety of organisms that environ-

mental variation during the growing period causes the physiologica 

time scale for body weight develonont to be prolonged. This may be 

observed as increase in. chronological time taken to roach the mature 

state, there being little variation in the weight at this stage when 

it is reached. Under those conditions the correlation between 

development time and size is,  zero. 

2 	Extreme nutritional deprivation causes not only delay in develop- 

ment but also prevents appropriate weight for development stage being 

reached Final size is diminished especially if the stress is 

,posed early in development without the opportunity for later 

compensating growth to occur fore there is, therefore a negative 

correlation between development time and final size. 

3. 	Following removal of enviromnental stress an increase in growth 

rata occurs tending to diminish the deficit caused by environmentally-

induced slower growth. Whether the delay in physiological time is 

reved at the saie rate that the deficit in weight is  made up or 

whether a residual time deficit remains after weight reaches normal 

levels is not clear. 
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2. Genetic Variation 

A Bettmen  

The variation in development tine described thus  far relates to 

enrirozrneità1 influences. What evidence is there for.  variation in 

doveioient time which is independent of ernrirouaental effocts? 

Genetic differences of large degreo such as these existing beten 

species are associated not only with differences in size 1t also in 

time taken to mature. Aiong animal species of greatly different adult 

size the chronological time to develop is proportional to the mature 

weight raised to the 0.27th power (Taylor, 1965) The growth curie 

by means of which nature size is reached is also very similar between 

species nxorely being larger in the time and weight scale for larger 

species (Laird et al., 1355) The variation in the shape of the growth 

curve, that is to say the position along the curve relative to the 

starting and end points of changes in growth rate, is similar among species 

including birds and uannals (Laird, 1966). The similarities include the the 

pre--m- tai period, species differing only in the chronological thie scale 

and weight scale. Not only 'the changes in gnwth rate 'but, also the  

sequencö of stages of development- is invariant between species (Adolph 

1970) and. the relative timing of cessation of growth of different hones 

(Ford and Horn, 1959). 

Different species, then, differ, widely in the time they take to 

nature, but there is abundant evidence that this difference is related 

to difference in size of the adult. There appears to he little difference 

in the rate at which growth or devolojiient occurs which is independent 

of the size of the organism. The differences mainly reside in duration 

of growth rather than in the growth rate with which the adult farm is 

created. 
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development time is illustrated by similar selection experiments on 

Tribolium castanetuni (Englert and Bell, 1969). lore the skewed 

distribution in development times till pupation allowed a higher 

selection differential in one direction than the other. 

(ii) Effect of inbreedin&pjLdelrelopnent 

While. directional selection yields information regarding the 

small amount of additive genetic variation to be found in development 

time, use of inbred strains provides an insight into other. aspects of 

the genetic variation. Inbred lines of mice differ in the age at 

which they reach puberty (Yoon, 1955), confirming that genetic 

variation for this character exists. inbreeding itself also affects 

the responsiveness of the development of mice to environmental 

influences. The greater the degree of inbreeding, the grater the 

magnitude of non-heritable variation in age at puberty (Ycon, 1955). 

Similarly, increased susceptibility of pure-bred cattle to a low-

nutrient feeding regime caused increased' development time (Wil thank 

et al 1969). That this increased susceptibility to environmental 

influence is the same general phenomenon as that described above 

following weaning in rats or mice is illustrated by the body weights 

of inbred cattle measured during growth.' Inbreeding depressed all 

weights from birth till forty-eight months' with an associated delay 

in puberty. The weight of adults was not below the outbred level, 

however (Young et al., 1969). Genetic variation thus influences the 

mean value of the character 'body weight" and reduction' of genetic 

variation increases the variation in development time independently 

of mean size.  

(M)Correlated effect on size of selection for dev2lo  nt_time. 

Since variation in development time and size between species 

shows a positive correlation, it is instructive to know whether 
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directional selection for development time also produces a positive 

correlation in size. In rats, the production of a seventeen per cent 

change in development time was accompanied by only a three per cent 

change in body size (Warren and Bogart, 1952). In Triboleun Castaneuni 

selection pressute on development time produced significant changes 

in the primary character but very little alteration of adult size 

(Englert and Bell, 1970). Similarly, two-way selection for development 

time iu Drosophila does not significantly affect moulting weight or 

egg size (Bakker, 1969). Additive genetic variation is independent of body siz 

(iv) correlated effect on devel2pnent t.ime of selection on bO4y size. 

If selection for development time has little effect on final body 

size, does the converse situation obtain, i.e. is development time 

unaffected by selection for body size? The evidence on this point is 

not consistent. A comparison of two different lines of mice selected 

for large size with an unrelated random-bred strain showed that the 

age at vaginal opening, of the unselected line was intermediate between 

the two large lines (Gall and Kyle, 1968) An inbred line was older 

at puberty than the other three, as expected. Comparisons of develop- 

vent time have also been made by fitting growth curves to either 

individual data or the mean sizes for a series of ages for a population. 

Comparison is then made between either the computed point of inflection 

in the fitted curve or the asymptote of the respective curves. Using 

two different fitted curves, logistic and Richards', the point of 

inflection occurred about a day later than control mice in a population 

selected for fast post-weaning gain to six weeks (Timon and Eisen , 1969). 

Comparison of the asymptotic growth of mice selected for large or small 

mice revealed no consistent alteration in the rate at which 

different mature body sizes were attained (Clarke, 1969), although 

there is evidence that some larger strains take chronologically 
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longer to reach asymptote (also Roberts, 1961) 

The inconsistency of response of different replicates derived 

from the same common stock by selection for high or low six week 

weight was, illustrated by comparing the correlation between time to 

mature and asymptotic mature size in six sets of such replicates 

(Clarke, .1969) ., Some of the replicates showed a positive correlation 

between the variables as. predicted. (Tay]Lor, 1968). 	, while others had 

reached. larger size by means of a .sborter development time. The 

average, regression for the entire., group, however,. as close to Taylor's 

value. Those replicates showing shorter time to .asymptote,  differed in. 

the shape of the mean curve between thirty and seventy days, their 

curves before and after this period being similar." These, differences 

in the. tine taken to reach asymptote were found among large., lines, five 

out of the six of the small lines showing a predictable decline in 

development time With smaller size. Noteworthy in these experiments 

was the fact that in no case did weight selection prolong development 

time beyond the range of development times . found among the controls, 

although five out of six large replicates exceeded the range of mature  

size of the controls. There was little difficulty producing a 

correlated reduction in development time beThw the range of the un-

selected lines, but only two of the . small replicates were able to reduce 

body size below the unselected range. There appears to he some evidence, 

then, that in these replicates difficulty was encountered in selecting 

body weight below the unselected range and in increasing correlated 

asymptotic deve1opient time beyond the unselected range. Increasing 

body weight or reducing correlated time taken to mature were not so 

difficult. The fitting of asymptotic curves to inbred and hybrid data 

on mice reveals the predictable delay ii. reaching maximum growth among 

inbred mice (Laird . and Howard, 1967). 



Thus, in the growth curve from birth till maturity, i.e. over a 

hundred days of age, not much genetic variation in shape, i.e. in 

growth rate, is detected by selection; where variation is found it 

occurs mainly between. thirty and seventy days and in the large hues. 

Since selection response depends in the first instance upon the 

phenotypic. variation found in the character being selected, it is 

important to know how the variation in time and weight changes at. 

different periods during growth. In unselected populations of mice, 

weight variation increases until weaning and then begins to diminish 

till maturity k)ntiero and Falconer, .1966). Evidence for a similar 

oscillation in variability is presented for other animals above. 

An indication of the variation in timing may be obtained by examin-

ing,  the heritability for this character under selection. An asyRetry. 

for heritability of development time exists in Tribole1.rnl Castanen. 

Selection for shorter development time decreases variance and progress 

is soon exhausted. Heritability is high, however. Selection for 

longer development time, on the other hand, increases phenotypic vari-

ance. This occurs through increasing the environmental component of 

variation causing the heritability to decline. hliether a similar 

difference in heritability of development time also obtains for 

mannals is not known. However, the differences in response for selec-

tion for early and late puberty are similar to those found in other 

animals. Reduction of development time occurs (or increase in growth 

rate) but soon reaches a limit, while selection for late development 

makes more progress before ceasing. 

C. conclusions. 

The association between body size and development time depends 

upon the method used to measure the association. Natural selection, 

in the creation of different species, has brought about a positive 

Js 



correlation between time to mature and mature size. Existing subr 

species reflect this association. 

Genetic selection on a population to alter the time variable 

reveals a moderate amount of genetic variation in this character. 

which: is independent, of body size. Over many generations, however, a 

positive correlation between the response in development tim and 

body,  size 'is brought about An asynnnetry of heritability exists 

however, response occurring more readily for shorter than longer 

developmeht time the latter being increasingly confounded by 

environmental sources of variation so that progress,  is halted. For 

a moderate amount of seiection, as for a moderate degree of nutritional 

deprivation, the association 'between de'velcqxient time and size is zero. 

11,1hefi, selection pressure , is put on body weight' considerabl 

genetic variation is revealed. The pooled results from upward and 

dOwnwards select ion reveal a positive association between idevelopment 

time and size. This association is also reflected in lines selected 

downwards, whereas those selected upwards show either a positive or 

ZeroassaciatioiL. 	 . 

The nature of the genetic vaIation found in these characters 

through inbreeding experiments reveals a close association between 

degree of heterozygosity and susceptibility to the environment. The 

less genetic variation there is in a population the more its develop-

ment' will be delayed by environmental influences. This alteration of 

development time may occur whether or not there is any change in 

final size. 
 

In selecting for altered development time a limit was more 

readily reached for earlier than later development with little change 

in size in either case. In selecting for large and small size only 

limited progress in size reduction was achieved, while .prolongation 
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of developmexft tiiue was also not very great Reduction of development 

time occurred in both lines  and increase in body weight was considerable 

3 	Body Size Developuent Tise and Bogy Coxifonnation 

When diffe)nt animals are caused to differ in their age at 

puberty as a consequence of variation in diet it was pointed out that 

on the day. when sexual maturity becomes: evident the animals are, 

generally of a uniform weight Does this mean that an early and a, 

laterdeveloping animal differ only in. the chronological; time taken to 

reach the same stage? Or can a clue to their different histories be 

discovered, in the constructIon of the adult body itself?. Where the 

differences in time taken to reach a particular stage are' induced by 

genetic means, the question i to'. be asked Is whether: fast or slaw 

maturing, or large and small 'selected, animals are identical in their 

physical mak&up, or whether certain parts differ as a consequence of 

their differing environmental or genetic histories 	. 

In studying variation among body proportions in populations , it 

is important that comparisons be made between animals at comparable 

stages of development. Since body proportions change during ontogeny 

and, as described above the chronological time taken' for the 

physiological state to he reached may vary, as a consequence of purely 

environmental influence, comparison at a similar 'age may be misleac1-

ing. Moreover, since a severe degree of environmental stress may 

cause permanent stunting in the adult, especially if,  it.. Is applied 

early7 in development, it is important to ensure that the groüpsl to be 

compared do not differ in an extreme degree in the, environmental 

component of variation in size. 	' 

Differences in body proportions may be interpreted, as is the 

case for differences in gross size, as a consequence of variation in 

the growth rate, duration of growth and final size of the different 



parts of an organism. The origin of variation in shape among .sub-

species, or species, may be examined by comparing these components 

of growth in different populations. The possibilities here are, 

either that the growth of the constituent parts of an organism-are 

all uniformly subservient to the growth of the entire body, or. that 

the growth and deve1onent of different parts may be differentially 

altered either by genetic or environmental influences. Hannpnd. 

(1940, 1961) was an advocate of the second position claiming that 

domestic animals had been altered through man's extending and 

steepenig the different, growth gradients within the body,  i. e. by 

altering the body proportions. It was also his view that environ-. 

mental influences exerted their effects differentially on different 

body parts 'depending on the "priorities of growth' of different 

components, some being more and some less resistant to environmental 

stress'. 

Alternatively, the imnutability of body form has been described 

thus 	genetic interference or rigorous nutritional stress has little 

effect on the allonietiic relations of different parts or body com-

ponents" (Everitt, 1965, also Wallace, 1948) and "The form of an 

animal depends almost solely on its absolute size, and restricted 

nutrition causes more or less uniform retardation of development 

except in so far as fatty tissue is concerned" (Stephenson, 1964). 

It is thought that the ipact of stress is absorbed by directing 

growth and developuent along a slower time path without differentially 

affecting different parts. What, then, are the theoretical limitations 

on the possibility of transf6nning body shape? 

I. Limitations on 	ensiona1ç1e 

A. , Ontological Sequence. 

It has already been pointed out that the sequence of ontologica]. 
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stages is highly consistent among widely different species. Presumably 

this consistency extends to the order of maturation of body parts. 

Within the overall invariability of sequence it is theoretically 

possible to introduce extensive final proportional differences in size 

by varying the timing of one stage relative to that preceding and that 

following it. But since ontological. stages, or maturation of parts, 

are not separate physical processes but expressions of theunfolding 

of; an entire genome, any modification of a particular part's develop-

ment must occur in conjunctiOns with appropriate modification of those 

parts in close physical or functional relation to it.. Since, during 

ontogeny, the possibility of change at any stage in development is 

considerably determined by the amount of devolouent that has already 

occurred, it seems likely that, alteration of body form at the 

terminal, end of growth and development would. be rather limited. 

Continuation of the duration of growth of all parts.. uniformly would 

increase gross size, but not form. Increasing the duration of growth 

of a particular part would in a short while be obstructed by the 

dishaTnouy of function caused by the limited capacity, of other parts 

to alter radically in conformity with it. The possibility of finding 

variation either in the growth rate of individual parts or their.. 

duration, of growth appears unlikely. In both cases the growth.. 

characteristics of adjacent tissues mediate against the production of 

substantial alteration in growth rate of a particular part. Variation 

in the initial quantities. of tissue made available for particular 

structures seems the most likely means of producing large-scale; 

alteration of form. 

For example, while a large range of organisms share the same 

arrangement of genetic material which gives rise to the pentadactyl 

limb, the modification of its form to suit a particular adaptive 
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among fossil Pelycosaurs of different sizes, bone widths sort with 

body weight in a factor analysis rather than with their respective 

lengths (Gould, 1967). The influence of gravity upon bone shape can 

also be detected during the growth of the individuals within a 

population from small size to maturity. In fowl, the growth in shank 

length relative to body weight conforms closely to simple allouietry, 

while there is no correlation between shank length and shank width at 

any body weight (Ccxk 1963). So, across species generally a positive 

allometric relation may be found between linear measures and body 

weight and, once weight is controlled, a persistent association 

between body weight and the width of bones; this reflects mechanical 

gravitational constraints. 

Some measurements. show considerable species variability, tail 

length and abdominal circumference especially showing little allometric 

uniformity across species (Stahl and Gummerson,' 1967). These measures 

possibly reflect the local, fluctuating .environmental conditions, tail 

length showing some relationship with temperature and abdominal 

circumference clearly undergoing considerable diurnal and seasonal 

change. 

In comparing body proportions among different populations, there- 

fore, the relevant comparison must not only be made at the same stage 

of growth but, also, the dimensions to be measured must neither be 

of such a general nature that they reflect the universality of physio-

logical constants among homeotherins or the size-determining effect of 

gravity, nor, on the other hand, so particular that they relate only 

to a single individual at the moment of its death, or to a temporary 

response to fluctuating ,environmental conditions. 

C. Gradients. 

A third area of regulation comprises the close inter-relationship 
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of metanierically or segmentally derived parts. Here gradients of 

growth have been described which integrate the relative speeds of 

growth and final size of part into a cephalo-candally or proximo-

distally organised sequence. A"growth-gradient" in the pentadactyl 

limb or axial skeleton may be readily distinguished in many species. 

Interspecific differences in final form have been brought about 

without rearranging the general direction or stability of the gradient. 

The second area of local influence is possibly subsumed as a 

special case of that described above. This is the growth gradient 

associated with the development of the head. whether the body form 

is altered by nutritional means or genetic selection, structures close 

to the brain appear, to be more resistant to transfdrmation than other 

parts (Cock, 1959). 

2. 	Environmental Variation* 

A. Nll g. 

Evidence was provided above concerning the stability of pubertal 

weight in many animals in which it was found that response to variation 

in diet was in the time parameter of growth. This ability of slower 

growing individuals to achieve a normal  conformation at a stable weight 

is disturbed only by extreme nutritional deprivation. 

Offspring from reciprocal crosses between mothers of widely 

different size differed greatly in birth weight (Dickinson, 1960). As 

adults the differences in size were insignificant. Here the pro-natal 

environnient exerted an effect on body size which disappeared by maturity. 

The effect on the component parts of the body was by no means uniform, 

however, local variation among body parts being present in the degree 

of susceptibility to early environmental influences. Early maturing 

characters were least affected by pre-natal environment, while a laiger 

influence was found in late maturing characters which retained a 
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measurable effect for many months after the restriction. A similar 

effect may be detected in monozygous twin cattle whose different 

experience of the same pro-natal environment causes  not only a small 

difference in birth weight but also differences in the timing of 

'development of parts. There is an initial divergence in early-

maturing parts which later converge in size, while later-maturing 

body parts continue to diverge for a number of years (Taylor, 1962). 

Generalising this situation, it can be shown experimentally that if 

two groups of animals take different times to reach the same weight, 

the faster growing are likely to have shorter long bones at that 

weight than those which grew more slowly. This was found to be the 

case among white American girls; those reaching puberty later did 

so at the same weight as early maturers, but they were taller (Frisch 

and Revelle, 1970).. Similar data is available from domestic animals 

(Pur.46r, 163). 

The origin of the variation in growth rate is environmental in. 

the work mentioned above. The order of stress is not so great, 

however, that it prevented the appropriate weight for puberty from 

being reached, yet, under these conditions, proportional differences 

in body shape were induced. 

B. Experimental. 

It is hardly surprising, therefore, that severe sub-nutrition 

accentuates proportional change. When growing pigs are given a 

calorifically inadequate diet their weight may be reduced by 96.7% at 

the end of a year (McCance at al., 1968). The proportional reduction 

in weight of teeth at this, age was 71%. Following the restoration of 

an adequate diet, as might be expected, animals grow far more quickly 

and approach normal values in weight, size, etc. The final deficit 

in body weight was reduced to .20% and in teeth weight to 30%. Since 
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the laying down of now enamel had ceased before a normal diet was pro-

vided, the opportunity for the teeth to partake in a compensatory 

growth acceleration was not available. Therefore tooth weight suffered 

a permanent, deficit. T As was pointed out in Wilson and Osbourñs (1960) 

review of the subject, the probability of permanent alteration of body 

form depends on the degree, intensity and duration of stress and, most 

importantly, upon the time when the stress is experienced, in relation 

to the growth curve of the parts concerned. Crucial to the accomplish-

ment of a.normal size following environmental stress is that normal 

dietary conditions should be available before the growth curve for 

the particular structure reaches its final plateau. . 

C. Conclusions. 

Environmental influences operating during growth cause the entire 

growth curve of the individual to be prolonged. The effect is more 

pronounced the earlier the environmental stress has been brought to - 

bear. Different parts of the body grow at different rates, but all 

converge, upon the adult form in an orderly ontological sequence varying 

little among species. Differences in body form may be produced through 

the influence of the environment. Generally, the effect is . to prolong 

development so that late maturing measurements in particular are longer, 

when they reach final size. 

3. . Genetic Variation. 

A. 	çpiinontai.  

(i) Direct Selection. It is a familiar finding that most dimensions 

of the individuals comprising .a population are distributed normally. 

In general they are closely associated with body size, but selection 

experiments have shown that they can be genetically altered independ-

ently of body size. Thus, although wing size in Drosophila is highly 

correlated with body size and highly stable within a population., response 
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to selection for increasing or-decreasing wing/thorax ratio may be 

obtained (Robertson, 1962). Similarly, the proportion of tail length 

to body size in mice may be altered by selection in either direction 

(Falconer, 1949, Cockrem, 1959). These results indicate the presence 

of modifying genes with purely local effects which can influence 

dve1Qpmont so as to differentially:: alter;  final, size.. jlhe# the 

much-larger proportional .,differençes which" can be found.:betwoen. 

different species are also the. ,accunu1ated consequence of the. action 

of the sam& modifying genes  with Iocal effects is, not .1own ai4 is 

difficult,  to' epiore.eçpeinienta1ly. 	: 	, 

(ii) Corre.tje.sonso. The extent to, which body, cornporents respond 

in concert to selection upon one of then has been studied extensively,  

in those, experients directed at measuring: correlated. respopses. ich 

of the work on laboratory ani als has soi.ght to relate selection,  

response for weight-gain to the., amount. qf fat in thei carcass, (Roberts, 

1966 Clark, 1969). The fir$ings here are by no means clearcut, the 

age at selection and method, of fat, collection having a considerable 

influence on. results aside 'from considerable strain variab.lity.. 

B. at1l29curr.  

Body shape may show variation within the limitations outlined 

above under the continuous transforming influence of natural selection. 

Demonstration of. the short-term effects-, of such slow alteration may be 

de by comparing the .allometric plots of local races of existing 

species; . over a longer: period thephylotic changes occurring in a 

'iaiown sequence of fossil Eorms: may be I exposed in the. S3Iflf ivay. 

those comparisons the frequent finding (White and Could, 1965) is that 

the main difference between groups is not so much in duration of growth 

or, the slope of the allometric plot but in the position of the plot. 

That. is to say, transformation of shape was achieved by aizering  the 
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relative proportions at the beginning of ailometric growth. Similar 

findings have been reported in Cock's extensive review of the subject 

(Cock, 1966) 

. Conclusions. 

The existence of independent. additive genetic variation for a 

number of linear measurements has been demonstrated from selection. 

experiments. The presene or absence of such genetic vriation depends 

upon the resultant from a number of in1uences operating upon body form. 

Thus, limits to the amount of change possible . in a structure are 

imposed by the physio-chemical nature of the tissue itself and the 

metabolic system which serves it, by the .perrasive influence of 

gravity, by the presence of adjoining tissues with less, ability to 

alter their shape or size and:, overall, by the integrity. of the 

epigenetic regulatory system. The concurrence of these several 

influences upon the growth and development of different. body parts 

maintains the size and shape, of indivIdual members of a poptlation 

at a stable value over many . generations., 	.. 

While direct selection for a particuiar linear variable reveals 

additive genetic variation, if selection is put on bodyweight as a. 

whole it is likely that such, genetic variance in., particular,  characters 

will not.: be detected, except through differences in correlated., response 

between different variables. Theoretical and field studies lead one 

to expect that where such differences are detected they, are brought 

about through the activity of genes which operate early in. development. 

When body weight as. .a whole is altered through environmental 

means, provided the stress is not extreme or prolonged, differences in 

body form may be brought about. In this case the, transformation is 

produced by the lowering of growth irate which causes the limit in 

prolongation of development time to he reached at different times in 
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different tissues, later maturing tissues being less susceptible to 

stunting. 

RE'LLTANa- TO  UWAN BIOLOGY 

Studies of the growth and development of :hUfllan populations have,  

been pressed forward over tho last several decades in the Western 

world. The information collected is diverse but concentrates upon 

those variables which 'emerge as having some social significance. 

Thus niilitarj and insurance agencies have collected material on height 

and weight gain, while medical institutions have paid close attention 

to the events of birth and piborty. Many of' the conclusions drawn 

from these 'studies parallel those drawn from animal studies, but the 

necessity. to obsre individuals as much as populations has provided 

more data than has been satisfactorily analysed. Neonatology has 

developed as a special study due to the fact that the now-born Child 

encounters problems which are unique to this stage in life and which 

CM be understood only by studying this period. It is here that a 

complete understanding of the relationship between growth and develop 

merit is most important from the practical point of view. To an animal 

breeder it matters little what stage of development is reached at a 

certain weight; for the paediatrician it may be crucial , since 

decisions about 'future pat lent 'management turn upaa a correct evaluation 

of developmental status. 

Many findings in:  human growth stuIies constitute corroboration o 

conclusions 'arrived at elsewhere in experiments on laboratory or farm 

animals.  

Thus the event of birth, and therefore birth weight, is determined 

*iariIy by the enviroimiental circumstances of the foetus rather than 

the genotype or develowmtal state of the foetus itself. On the 

oth hand, puberty reflects in larger degree the genotype of the 
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individual and here both genetic and environmental Wfluen, ces are 

detectable (Vandenberg and 1a11er, 1965). When the environmental. 

variation is' diminished by making comparisons. within families, the. 

genetic differences between sibs are the primary determinants of 

difference in age at puberty (Ploinley, 1970) 

The stability of body weight at puberty 6mozkS white American 

girls (Frisch and Revelle 1910) in contrast to the variation in 

their ago at this stage probably demonstrates that the hunan species 

responds to environmental Influence by altering the rate of develop-

ment while keeping the weight at maturity,  constant just as was shown 

to be the case for many other species Independent demonstration of 

this comes from data relating degree of maturity to growth rate: 

individuals with a higher growth rate are more mature at any age 

(Garn et al., 195) 	 . .. . 

In laboratory populations the effects of genetic or environmental 

influences may be measured during the lifetimes of iadividuals and 

also from one generation to the neg.. Conditions may he controlled 

so that the sources of variation in, the observed parameters derive 

from particular manipulations. In contrast to this situation it is 

difficult to control the environment; Of the hiian species during the 

entire growth period. Consequently the numbei of individuals who have 

been studied for the duration of their childhood and adolescence is 

M,Iall.. Noreover, the càndittons of ordinarir civilied life make it 

impossible to. follow a lineage of person. ever a nibèr of generations. 

Samples  of individuals taken from the same comity taken at intervals.  

over a long period of time indicate ho stable the "base popuiatioñli 

was, against this must be measured variation found in difforent 

contemporary groups. 

A consistent finding among Western European and North American 
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pop lations is a gradual change in the mean values of measured samples 

This secular change is most extensively reported in stature mid shows 

that contempctray adolescents are taller at all ages than their pre 

decessors. It is clear that the "base's population has not remained 

stable in size over the past seved decades. 

Explanations for this change invoke genetic or environmental 

causes.. Over the period of time that the measurements have been 

recorded the general. level of health of the population has been greatly 

improved. The nutritional status of all age groups has been enhanced 

and the mean number of children in a family has diminished. for these 

reasons it is likely that stunting of growth due to sub- or mal-

nutrition has gradually been lessened with a corresponding gradual 

increase in stature. Thus the secular change reflects changing 

environmental influeaces 

bre recently an alternative explanation has been put forward. 

This postulates that until several decades ago the  corniunities con.- 

prising Western Europe consisted mainly of local neighbourhoods or 

villages in which marriage occurred far more frequently between 

individuals within rather than between localities. Consequently it 

is thought that a certain degree of hoinozygosity will have been built 

up in these inbreedin4 populations.. One of the important changes to 

affect these commnities during the last hundred years was great 

individual nbility which cene with the advent of public transport 

facilities.. The result of this was an increase in marriages between 

cowunities and an increase in the relative heterozygosity among the 

offspring. This hoterosis is put forward as a partial explanation 

of the increase in stature.. 

The evidence from animal studies indicates that an increasing 

degree of hoinozygosity is associated with an increase in development 
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tiie rather than diminution in final size exclusively. Increasing 

heterozygoity conversely would produce individuals larger and more 

;nature at imnature ages 

The effect of improving the environmental circumstances of 

populations during their period of growth would be expected from the 

evidence reviewed above..,progressively to eliminate those factors 

which pevious1y had caused the groMth curve to be diverted to a lower, 

more prolonged trajectory. Thus the effect would also be to create a 

situation where successive generations wce larger and =re mature at 

innnature ages Where nutritional circumstances had caused stunting 

of adult size, the gradual alleviation of this stress would be 

associated with an increase in final stature 

Although the genetic explanation .may account for a portion of 

the difference in imnature sire when comparing a relatively inbred 

generation with its relatively more hybrid offspring it cannot alone 

provide an expianat ion for the continuation of the trend over, several 

generations. It seems likely that the overwhelming influence  has been 

environmental. 

Examination of the records of the status of British men over the 

last hundred years lends credibility to the explanation that dimensions 

of adults have changed little through thnc but they have reached their 

adult height at progressively younger ages (bra-at 1950) 

Information on the age of puberty over the last century or so 

comes from many different sources invariably the findings indicate 

that puberty has been reached at earlier and earlier ages in Europe 

and North America; about three years earlier today than in 1870 

(Tanner, 1968) Whether there was an accompanying increase in weight 

at puberty is not recorded. Likewise, during those decades when 

development occurred slowly, adult stature was not reached until the 
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tid-twenties Since recordings of height arid weight,vere nornaL1y 

recorded at military ages, bettca eighteen and tenty one, the presence 

r abeco of a chanc in adult stature cannot readily, be detected from 

this (late, tXough front a review of world literature Tanner (1968) shows 

an increase of 3 over the last 10 years 

General support Lor the cnviroueaal factors being uiost important 

cornes from a c9ns&dortion of the social categories involved in the 

change it is 
I 
tho underprivileged classes which have more conspicuously 

benefitted from Public Health measures etc over the last few decades 

and it is in these groups that the changes are most readily observed. 

tvidence that the progress ivo increase . in growth rate has reached 

a limit coss from both sides of the Atlantic, whee differences in 

growth bv.twevn classes are disappearing (Malina, l9C)) 

If' the growth characteristics of other world popülat ions are 

evaluated in terms of this growth model it is clear that environmental 

factors cannot account for all of the differences found. 15ean nenarthcal 

age of different populations a.re marked below ,  

• POPULATION 	 13ANbPWARMAL 
JiR (TAN, - 1963) 

Earl iest- 	 ' 	 S•  -  

-. 	U?groes 	 *,,.., 	.lZ3 years 
.. 

Hongkong Chinese , 
Italians & East Europeans 
Upper & ttiddlo-classW. Europeans  
WelFoff Africans ).' 	 • , 

New Guinea Highlanders,  
(20.0 ' 



It is likely that the differences between these groups reflect 

the I presence of genetic differences in this character. It is riot known, 

however, whether correlated differences exist in weight at menarche 

between these populations or in final size. 

The variables reviewed thus far as an indication of human growth 

and development were age at puberty and size. Dental develonent, too, 

reflects the processes of growth and to some extent conforms with 

evidence on body size and deveiopent time which emerged from other 

studies. Thus not only is age at puberty correlated with growth rate 

but also age at eruption of teeth (Garn 1965). Conversely, heavier 

children have more teeth erupted than lighter ones at any immature ace. 

Some data which does not hang well with these reports comes from 

Now Guinea Variation in age at puberty there is said to reflect the 

quality of nutrition tJalcolm1, 1970) those receiving less protein 

suffering a greater delay In development time than those better fed. 

4nlmaI studies and data from East U.S.A. supports this association. 

Malcolm  ivas able to dconstrate a correlation between growth rate and 

final height and also between age at menarche and final height. 

Experimental studios indicate that the condition where a positive 

correlation between growth rate and final size is discovered is also 

associated with prolonged development time, consistent with tfticolmls 

findings. In all case's this association Is brought about by environ-

mental causes rather than genetic. Generally these are nutritional in 

nature, operate for a long period of time, especially affect the 

early stages of growth and are not followed by a period of adequate 

nutrition before the growth period tex,ninates. Malcolms data., then 

seems to indicate the presence of chronic malnutrition ang those of 

small stature. 

Since dental development also indicates the condition of growth of 



an individual it might be expected that like puberty, tooth eruption 

iitd be delayed in nutrftianally disadvantaged groups. This also 

appears to be the case in Now Guinea populations (Malcolm, 170), 

popula'ions growing slowly to a small adult height showing delayed 

dental eruption 

Difficult to reconcile, houever, is the data comparing puberty 

among different racial groups with that comparing dental c1eveioient 

Since New Guiea populations are, compared with other recorded 

populations nutritionally worse off it seems unsurprising that their 

mean betal age should be delayed. Yet, while dental dcveloont is 

universally shown to reflect growth rate, the mean ages of tooth 

eruption for New Guinea populations are earlier than European figures 

despite the more rapid growth and, earlier maturation of the European 

child.' (Malcolm, 1970). 

Evidence from theoretical and laboratory studies reviewed above 

indicates that there is very little variation present in the growth 

curve Of mairnals, even under direct selection for body size. Yet, 

ta1co1rns data appears to indicate that, compared with European 

populations, New Culneans possess .enes bringing about both faster 

r1evelotnent at early ages and slower develonent later in any 

population the effect of the omrirornent appears to act. unifornii 

throughout dovelopuent and its consistent effect is to cause slower 
4 

developnent dth lower levels of nutrition. 

A possible explanation for .ticolmn's findings might be that the 

populations sampled at earlier and later ages were not the same in 

that the older groups lacked individuals carrying genes which favoured 

early devolopnent, thus shifting the mean value for deveioent ,at 

later ages. Malcolni s suggested explanation for the association 

between growth rate and final size is a similar one, being genetic 

33 



in nature. 

Since the importance of discovering whether the explanation for 

this discrepancy is genetic or environmental is an important Public 

Health issue, it is worth considering, the evidence put forward. 

Malcolm suggests that 'the relationship between growth rate and 

final size might be brought about by natural; selection operating; in 

those nutritionally deprived populations to favour slow growth and 

shorter adults. • The selective mechanism might operate during early 

childhood when individuals carrying genes for rapid growth may be 

especially at risk when food is short. Other evidence shows that the 

toddler-stage is especially susceptible to environmental influences 

(Desal et al., 1970). The long-term consequences of severe infantile 

malnutrition indicates that individuals treated in hospital for several 

weeks as infants for this condition were tafler, heavier, broader in 

chest and thicker in bone and leg muscle than 'their sibs who had not 

suffered from severe malnutrition (Garrow and Pike, 1967).. It was 

suggested .that those who were most seriously affected by . malnutrition 

were those carrying genes for larger size. 

From experimental work on animals it is clear that this is. not 

a necessary conclusion from the evidence. An alternative explanation 

might be, that the hospital conditions enabled a compensatory growth 

mechanism to operate such that a rebound effect was created, the 

surge in growth carrying the hospital inmates physical dimensions 

beyond those of their sibs who were not so seriously afflicted. 

Whether or not the explanation for these findings lies in gene-

environment interaction or in the fact that the two . samples, had been 

subjected . to different environments, cannot be answered from a study 

Of &ita..from human populations. Popuia.tlons of animals subjected to 

suitable genetic and environmental operations might, at least, provide 
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ovidence on what are the 1Mts to which genetic and environmental 

factors may exert an influence on the timing of development or final 

ize 

GENERAL CONCUSSIONS 

Both genetic and environmental variation are associated with 

zero correlation between body size and development time under moderate 

conditions-'6f selection or stress. 

Continued selection for body weight produces a positive correlation 

between final size and asymptotic developrtent time which is demonstrable 

for increasing and decreasing size. Increase in size however, is also 

likely to produce zero correlation with develotent time. 

l3xtreme environnieutal stress brings about a negative correlation 

between size and development time. 

2. 	Body Sizei  evel 	Tinto and 

Genetic variation may be detected in the body proportions of adults 

altered by direct seletion. 

Theoretical and field studies indicate that when selection is on 

overall size little independent genetic variation betwenn different 

parts will be revealed, 

when differences are produced it is likely that they are generated 

by genetic variation acting early in development, rather than on rate 

or duration of growth during the later paled of development. 

Environmental stress causes prolongation of development time in 

all tissues but affects the early and late maturing parts differently. 

Late maturing parts may be langer in the adult. 	 El 

Although the secular change in htan size and development time 

is susceptible to a genetic explanations, the negative correlation 



between increasing size and decreasing development to indicates 

the presence of an important environmental component Evidence from 

iiature and iature stages of human development suggest that the 

processes of growth and develoent may be different at early and late 

stages of development.  

1WflODUCION TO EXPERDMAL WORK 

Sexual maturity is reached at a stable weight in an unselected 

population This stage of dovelopient becomes evident when the genes 

responsible for producing the enzymes ithlth stimulate sexhonones 

production become active An equivalent state in Drosophila is the 

coimteaceuent of pupation It appears from work reviewed above that 

both of these teim-Lialdevelopnental events appear at constant body 

mass. .bderate interference with diet or genotype advances or retards 

the event but does not much affect the weight at which it occurs. 

Four questions are generated by these results: 

1 	The stability of weight described above relates to a. tmninal 

developmental event Le. puberty; is the appearance of earlier 

developmental events controlled by a similar mechanism or, as suggested 

by Hilcolni' $ work, are different processes controlling early develop-

ment? 

2 	At a certain level of genetic or environmental interference the 

weight stability breaks down, producing either positive or negative 

correlation between development time and size What is the nature of 

the limit to the woightregulation of development and rihat are the 

consequences of exceeding it? 

What are the I in, 	to alteration of development time? 

When gtwth rate is selected for many generations considerable 

changes in adult mean size are produced. How does the alteration in 

gross size affect the skeleton? Are all parts affected equally by 
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the transformation or are there differences in response between 

different parts as theoretical and field studies predict? If changes 

are produced, at what point in the growth do they, become measurable? 

Two separate experiments were set up to examine, these questions 

Apopulation of random-bred mice was followed through from birth 

to sexual maturity. Birth weight and the weight on the day of the 

appearance of a number of developmental events or states were recorded. 

This population was used to exaitino the regulatory processes controll-

ing time and size during development. 

Populations of mice derived from the same  source as the above 

population had been selected for high and low growth rate. The effect 

of the consequent alteration in growth rate upon rate of development 

and associated body weight was examined. 

Samples of mice were collected at a series of ages from birth to 

one hundred and twenty days to provide data for comparisons of body 

weight and skeletal proportions. The samples were representative of 

unselected and selected lines of mice. 
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CHAPTER II 

The mice used in these experiments were the offspring from the 

18th generation of the  strain. (Falconer, 1968) and their progeny.  

This strain consisted of six replicates designated A to F. Each of 

the six replicates had been separated into three lines a large line 

selected for high six-week body weight by nt4itter selection, a 

small line similarly selected for low six-week body weight, and a 

control line maintained without selection. Mating was designed to 

minimise in-breeding. There were, thus, eighteen separate lines. 

The first. experiment was a longitudinal study whereby randomly 

selected nice were followed through from birth to maturity and the 

age and weight recorded when certain developmental stages were 

reaced. The second experiment was a cross-sectional study where a 

cohort of mice was sacrificed at a series of different ages from birth 

to one hundred and twenty days in order to represent the growth of 

the different lines throughout life. 	 . 

In the first experiment matings were set up among the offspring.- ffspring: 

of of the 18th generation. The offspring Of these matings yielded the 

individuals for the longitudinal study. It was aimed to select two 

males and two fiales from each of three matings within each 

replicate. Owing to failed matings. and varying numbers of small 

litters this balanced situation could not be achieved and the basic 

data is shown below: 



ControlLine  

Replicates 6 6 6 

Families 14 21 20 

individuals (Male) 26 41 32 

(tenia1e). 26 39 32 

Following weaning, the female mice:werefurther observed to 

record the attainment of sexual maturity. The male mice were 

sacrificed at six weeks of age and their carcasses prepared fbr 

examination. The numbers involved in these aspects of the experiment 

were fewer than in the first part owing to the death of various 

individuals. The remaining samples were as Eollows: 

Line 	 Control. 	Small 

Replicates 	 6 	 6 	 6 

Families 	 14 	 21 	 20 

Individuals (Mole) 	25 	 40 	 28 

(Female) 	24 	 39 	 29 

In the longitudinal study the method followed was observation 

of selected individuals over a period of time. When a litter was born 

two male and two femal emice were randomly selected from the litter 

and identified by means of toe clipping. These mice were observed 

daily from the sixth day and their body weight recorded on the day 

that the upper right central incisor tooth was seen to have broken 

through the gum. They were examined daily thereafter until the globe 

of the right eye was seen to reflect light between the eyelids. Body 

weights were again recorded. Further daily observation was carried 



out until the cusps of the lower right molar tooth were observed to 

have broken through the gum when once more body weights were recorded. 

Body weights were again recorded on the day of weaning twenty-one 

days. Mice were then removed from their mothers and placed in cages 

containing up to six mice of single sex per cage. 

From the twenty second day the chosen females were examined by 

gentle probing of i.he vaginal area with a blunt probe. On the day 

that the vagina was observed to have opened the body weight was 

recorded. On the same day the female was placed in a separate cage 

with an unselected male whose fertility had been proven in a previous 

mating. Observation was continued until the vagina was plugged. Body 

weight was again recorded. Ages of the female mice were recorded when 

the litters were born. 

The male mice were treated in a similar manner to the females 

during suckling and weighed on the day of weaning. They were removed 

from their mothers and placed in cages containing no more than six 

mice. They were sacrificed at six weeks of age and weighed. The 

carcasses were skinned and boiled with papein until the bones could be 

easily picked out. Selected parts of the skeleton were washed, de-

hydrated and de-fatted and measurements recorded. These were as 

follows: 

1. Occipital length. 

2 }kmterus length. 

Tibia length. 

Mid-humerus diameter. 

Mid-femur diameter. 

Scapula length. 

Body weight. 
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Skeletal measurements were made with epiphyses removed All bone 

lengths were measured with a Helios dial -reading caliper to the nearest 

tenth of a millimeter. 

The basi-occiput was removed from the skull and its length 

measured posteriorly from the foramen magnum in a saggital plane. 

The cross-sectional exp6rlmenvuised two replicates, the C and P 

replicates, each containing a large-, small and control line. 	A snplo 

of Iindividuals was taken at each of the following ages from the 

successive litters set up in the first experiment. In this case litters 

greater than six were reduced to six on the first day. The ages 

selected were birth, and clays 5, 10, 15, 20, 30, 40,:  60, 80 and 120. 

One individual was taken from each of several families at each age so 

that each family contributed individuals at six different ages  and each 

age was represented by a sample of between thirteen and twenty-two 

individuals from different families. 

Age in days 0 5 10 15 20 30 40 60 8P 120 Totals 

Line of 
Selection 

Large 17 18 18 11 18 18 19 17 17 14 172 

Control 18 16 18 18 18 14 17 18 15 17 169 

nai1 22 18 18 16 18 IS 20 16 16 20 179 

TT 
Large 16 15 15 14 15 0 13 0 16 17 121 

Control 18 21 16 17 15 0 18 0 17 21 145 

Snail 17 16 17 17 17 0 14 0 18 19 134 
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kiiTnals were killed with ether, weighed and skinned..; Their 

carcasses were digestd with papein and selected skeletal parts were. 

removed for measurement., At birth and at five days •a fore and hind 

limb were removed before papein digestion, and stained, using the 

Alizarin method (Isaacson),, for signs of calcification in the carpels, 

tarsels and epiphyses. 

Statistical Methods  

In the longitudinal study, differences between mean values were 

tested by t tests and by an analysis of variance. In 'both longitudinal 

and cross-sectional studies differences between replicates, in the 

first case, and families in the second case, were ignored and values 

pooled within lines of selection. 

In both experiments seasonal variation in maturation rate was 

accounted for h running all lines concurrently so that the seasonal 

effects would have influenced all lines simultaneously. It was thuught 

unlikely that seasonality would differentially éffect the lines. 

In the longitudinal experiment the problem of litter size was 

considered since growth rate is considerably influenced by the number 

in the litter and this, in turn, has an effect on maturation rate. 

The general effect is that.large litters, take longer to mature than 

small litters.. Since the large mice produced larger litters than 

small mice the effect would be to prolong development time of large 

mice compared with smalls. Since other evidence shows that large 

mice were fasterl matmring in controlled size litters than small mice 

it,. was decided, to leave: litter sizes unaltered so that the combined 

ffetof litter size and body size could be estimated. The effect 

,of litter size would be to diminish the effect of selection on 

inatu±âion jrate and so differences discovered in this experiment, would 



moderate the actual effect of selection on maturation rate. 

Since the largest litters produced slowest maturing, mice, in the 

second experiment litter size was reduced in all cases to six without 

supplementation of smaller litters. The comparison between lines in 

this experiment, therefore, represents differences in growth without 

the additional influence of litter size. 

In the longitudinal experiment, differences between means were 

test .or statistical significamce by t tests and analysis of variance 

Both of these tests rely on the variance being the same among the 

samples tested and this was not the case in this material. This did 

not seriously influence the conclusions, however. 'In.. the cross-

sectional comparison there were ten samples of offspring in each of six 

lines and measurements were made as mentioned above. 

The total number of comparisons was, therefore, twenty-one at each 

of ten ages totalling 210 comparisons for each of two replicates. Of 

these, at the: 5% level of statistical, significance, twenty comparisons 

which may not have been statistically different would so have been 

judged. In order, therefore, to simplify the comparison the percentage 

difference from the control value, was calculated for .each age and, 

where possible, the result plotted on .a graph. For the main character, 

that is the character selected, body weight, statistical tests were 

unnecessary since it was evident that eighteen generations of selection 

had produced great differences in body weight. What was of interest 

was at what ages these differences became established and how bone sizes 

followed the change in the main character. 

Comparisons were therefore made between percentage difference be-

tween selected lines and controls at different ages and the percentage 

difference which existed between the two control values at that age. 

The percentage difference between the two control lines was ascribable 

43 



to differences between the two populations which had founded the two 

replicates and, in addition, random effects over eighteen generations. 

Since all lines were housed in the same roan and treated as ,a single 

population from the matiagement point of view it was judged that the 

differences between controls were random genetic and environmental 

effects.  

The selected lines differed from their,  own contrals, by a similar 

quantity ascribable to random effects • with the addition of,,a large 

component due to the effect of selection for: high and low body weight. 

Here, then it was expected that the ,difference between the inter 

control .difference and the control-selected comparison would indicate 

mainly the effect of genetic selection.  

In certain comparisons interpolation was necessary to estimate 

values, from the mean growth curves of the lines at ages or weights, 

which were not directly measured In this case the graphs were drawn 

twice and the interpolation made twice in order to obtain an,  error 

value for the comparisons. The direct measurements made. on the skeletal 

material were re-measured on a ten- per cent sample to obtain an error 

value for the measurement operation. 

Throughout, statistically significant differences of p =0.05 is 

indicated by one asterisk and p = 0.01 by two asterisks. 



CHAPTER HI 

Fi!ST EXPETITMENF 

L Preliminary 

The first part of the experiment attempted to discover whether 

development at early ages was associated with body weight thresholds 

as had been shown by Montiero and Falconer for puberty. Following 

this, the effect of body weight selection at forty-two days on the 

relationship between body weight and development was examined. 

It was necessary, first of all, to establish the fact that the 

circumstances determining puberty in Montioro and Falconer's unselected 

mice were also at work in this experimental population. 

Montiero and Falconer showed that the phenotypic variance of body 

weight, V , could be broken down into the following components: 

VA. - additive genetic variance, 

dominance variance, 

- environmental variance within litters, 

VEC 
environmental variance between litters 

of different rnotheis. 

They showed that the component V accounted for the largest 
VC 

proportion of phenotypic variation during the first six weeks of life 

and that this represented the variation between mice of different 

litters attributable to maternal effects. 

In the present analysis regressions of age at puberty, on weight 

at puberty and on weaning weight were calculated using family mean age 
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TABLE 1 	MeanBBody Weight and Age at Puberty 

Mean se. 	Variance 	VP  (Ibntiero and Falconer) 

Age at puberty 	+ 
(days) 	 35.2 - 0.70 	19.17 	 15.60 

Weight at 	 + 
puberty (grains) 	18.3 - 0.37 	5.27 	. 	.3.43 

TABLE 2 	Regression of body Weight on Age at Puberty (g/day) 

+ 
b-s.c. 	P 

S 	 + 
b-s.e. P 

(Mont iero & Falconer) 
Family Means 0.077 ± 0.092 	n.s. 0.007 0.032 	n.s. 
Within-Family . . + 
Deviations 0.48 	- 0.077 	** . 	0.33 	- 0.022 	** 

TABLE 3 	Regression of Age and Body Weight at Puberty on 

+ 	S.+ 

	

b - s. e. 	P 	 b ) s. e. 
• 	 . 	 • - S . 

	 (Montiero & Falconer) - 
Age • at Puberty 	 - 	 • 	• = 

on Weaning 	 + 	 + Weight 	- 1.23 - 0.59 • * 	- 1.28 - 0.05 	* 

Weight at  
Puberty on 	 + 	 + 
Weaning Weight 	0.34 - 0.25 . n.s. 	0.16 - 0.04 	n.s. 



at puberty, weight at puberty and at weaning. Here the regression 

coefficients indicated mainly the effects of maternal environment. 

Deviations of sibs from their own family means were also calculated 

and the regressions assumed to repiesent the remaining components of 

variance in which within-litter environmental and additive genetic 

components were most important. The regressions calculated were 

found to be comparable to those computed by Montiero and Falconer 

from the various components of their analysis of variance. 

The variances for body weight and age at puberty are very similar 

to Montiero and Falconer's results as shown on Table 1, and the absence 

of a significant regression of age at puberty on body weight is con-

firmed from an inspection of the regression of weight on age at puberty, 

Table 2.. When the regression is calculated using deviations of sibs 

from the family mean the same positive association between time taken 

to reach puberty and body weight at puberty is revealed as was shown 

by Montiero and Falconer. 

In both experiments the variation in age at pub.rty is largely 

determined by the variation in weight at weaning, which, is itself an 

indication of maternal environment. Weight at weaning has a much 

smaller effect on weight than on age at puberty, as shown in Table 3. 

In these unselected populations, then, early environmental 

variation attributable mainly to differences between families produces 

an effect on development time taken to reach puberty, but less so on 

the weight at which puberty occurs. The body weight, or threshold, 

at hichpuberty  occurs is in 'the region of 18.3g. and the age range 

in which it becomes evident lies between thirty and forty-eight days. 

Having established that the weight 'determination of the stage of 

puberty operated in this population, earlier stages of development were 

examined to ascertain if similar weight thresholds could be discovered 
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for these stages of development. Two events of a similar physio-

logical nature, incisor eruption and molar eruption, and one different 

event, eye opening, were chosen for this study and observations were 

made daily, as was the case for vagina opening. The effect of selection 

for high and low body weight at forty-two days on these events and 

puberty was also examined. 

2. 	Growth and 1)evelorment durinv Stick1 ina tmc1 it P1hL..,'tv in 

There are two extreme possibilities for the control of development: 

developmental events may occur at a particular weight irrespective of 

age, or at a particular age Irrespective of weight. The consequences 

are illustrated in Figs.. lÀ and 2A. Weight is plotted against age, 

and the two sloping lines represent . the growth of the fastest and 

slowest growing individuals (growth is made linear for simplicity). 

The experimental observations consist of the weight and age of all 

individuals at the occurrence of the developmental event. Fig. IA 

depicts what we would expect to find if weight were the sole determinant, 

i.e. the first of the two possibilities. Among the individual obser-

vations there is no variation in weight, but there is variation In age: 

the occurrence of the event appears to be dependent on a 'weight 

threshold, Fig. ZA depicts the second extreme possibility, age being 

the sole determinant. Here there is variation in weIght, but more in 

age; there appears to be an ge threshold. 

Biological phenomna, however, seldom show complete fixity of 

regulation and we would therefore expect to find individuals showing 

a range of values in their thresholds, with consequences as illustrated 

in Fig. 13 and Fig. 2B. The problem then arises: how do we decide 

whether the more important determinant is age, as in 113, Or weight, as 

in 213? The following procedure seems to provide a solution. Fig. 3 
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Successive • Days Under the Two Conditions. 



shows the mean growth curve of the population with weight and age 

ranges at the  occurrence of the event Let the weight range be X, 

and let the lower and upper limits of the age range be Al and. A2. 

Now consider all the individuals in the population whether tlie' event 

has occurred or not, and find the rean weight at Al and at &2. Let 

the range between the mean weights be Y. : If the range X is less than 

the range Y we can conclude that weight has some influence in deter 

mining the occurrence of the event. 

In Pig. 4 the expectation in deviation of observed weight for 

age on different days is plotted over a mthrn weightgain. curve Here, 

the assumption is that developnent is,  .entirely weight-determined. In 

this situation on day ten, for instance,, from the general population 

there will be some heavier individuals which have reached the critical, 

weight for the events Thus, initially, the mean' weights . of individuals 

reaching the stage of development will he higher than the mean for the 

Population. At the other end of the range of ages slower growing 

individuals will be,  approaching the critical weight 'and. their mean 

weight will fail below the mean for the 'poxilation. 

Where weight is an Lnportant factor in determining deveiorient, 

then, the range in age at which an event occurs may be extended with 

no great .:chge in the 'range of weights. Also the distribution' of  

mean weights of individuals passing through the phase falls with time 

first lying above the  mean weight gin line and later below it. 

The objective therefore was to demonstrate that the mean weight 

of individuals passing through the stage of development .on successive 

days uruld first lie,  above and'.thefl'belOW.the meanweight'gaifl line, 

and secondly that they would reveal a smaller range in weight than 

that predicted by the mean weight-gain data. calculated as the 

average weight-gain between birth and weaning. Other evidence supports 
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TAI3Ifl 4 	Comparison o€ iredicted and observed rance in wek
r 	 'Ace 

si *( 

rvnt 	Weight range  predicted from Observed weight range (g) 

tncisor eruption 	1 6.26 4.80 1.46 	6.7 	5.9 0.80 

yeopening 	7.805.60110 • 	8.207.012O 

Molar eruption 	• 8.90-6.26 2.64 	8.30 - 6.9 1.70 

-, 	 *_ * .-..-S.m 	 •-4.- 	 **w*-**- 	** 

TABLE   5 	Uri1tcd mice: rojression. coefficients of mean farni - y  

• Incisor eruption. 	 0.08 0.10 g/clay. 

Eye openg 	• 	 •- 0.3.50.10 gjday 

t1ar eruption 	 • 	0,05 0.14 9/day 
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Developmental Events Assuming Weight Gain is 
Linear and Weight has no Influence on Develonent, 
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A, Brumby's unselected longitudinal Bi Montiero and Falconer's unselected 
data. (Brumby, 1960). 	 data. (Montiero and Falconer, 1966). 

Fig. 5. Mean Weight Gain of Unselected Mice. 
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Fig. 6 Mean Weight Gain Lines Showing Regression 	• 
Line of Body Weight on Day of Event. A. 
Weight More important than time. B, Time 
More Important Than Weight. 



the contention that the rate of weight gain over this period is 

practically linear. Pig. S illustrates data on weight gain from two 

longitudinal studies during the first twenty-one days after birth. 

In order to demonstrate that weight is not only important 

more important than time In controlling development, the regressions 

of body weight. on age on the day the event occurred is plotted over 

the mean weight-gain regression line The two theoretical posi-. 

bilites are shown in Figs. 6A and 6B. If weight were more important 

than age, the regression would lie as shown in Fig. 61k. If age were 

more important the regression could slope the other way, Fig. 613.. 

Results In Fig. 7 the observed range in ages is marked off 

on the mean weight gain curve for the control population. From the 

Y axis we obtain the predicted ranges in weight if develonent were 

to occur entirely under the control of age These ranges are compared 

with the observed ranges in weight obtained from the mean weights 

of individuals dewnstrating the event on successive days. Table 4 

shows the difference between predicted and observed results in weight 

range at the three events. In the third event, molar eruption, the 

slowest two indviduais were ignored since their weights were widely 

divergent from the rest of the opulation 

The figure shows that the observed range in weight is smUer 

than that predicted by the mean weight-gain curve, supporting the 

hypothesis that body weight is inportant In determining develotent. 

Regression of weight on age of individuals in the population at 

the occurrence of the event are plotted in Fig. 8 over the regression 

curve of weight on age in the whole population. Once more, the 

slope of the regression supports the hypothesis that ight is more 

important than age in detemiirth'g develonent. Regression coefficients 

are shown in Table S. 
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This data ws comprised of the values of individuals neiectin 

family and replicate differences. It was shown earlier that by dis-

tinguishing among families a major source of variation in growth rate 

during suckling could be identified. Fig. 9 is reproduced from tontiero 

and Falconers paper indicating that between-family variation greatly 

exceeds within-family variation. For females, 775% of the variance 

of weaning weight is due to maternal environ-ment and 84.3% of the 

variance of male weaning weight They showed that at puberty also the 

maternal environmental factor influenced age more than weight. 

The association between weight and age at stage of development was 

calculated, as has been done above, for puberty, using family means 

Next, the association between weight and age was calculated using individual 

deviations from family means. The results are shown in Tables 76 and 7. 

TABLES6 & _,(P) Between- and Within FaPilies 

cControl  

Regression (b). 	Between Fmi1ies 	Within Fmilies 
of ae on t at 	ReCoeff- se 	L 	eg Coeff - S.C.P 

Incisor Eruption 0.21 0.20 	n.s. 0.29 0.10 	* 

Eye Opeing 0.I6 	n.s 002 0.14 	n.s. 

olar Eruption 0.04 0.16 	n.s 0.20 0.13 	n.s. 

Vagina Opening 0.19 0.58 	n.s. 0.12 0.17 	** 

Between-family associations are all close to zero and indicate that 

mean litter weight at any stage of development is relatively independent 

of age at that stage, as was the case for puberty. The within-family 

deviations show a similar positive association between  develqpent time  

and body size as ias found for puberty, i.c late developers are heavier 

than early developers. This reltionsh1p does not hold for molar eruptions  

which is a similar physiological event to incisor eruption and therefore 



TAI3LIi a 	Association of Speed of Deve1opient with Birth eIht 

Regression (b) of age on birth wt, 	Regression Coefficient + s. e. 	P 
- 

+ 
incisor eruption 	 0.0& - 0.02 	 * * 

Eye cirening 	 0.07 0.02 	 * * 

tolir eruption 	 0.04 0.02 	 * 

Regression (b) of age on vcepdling at. 
- 

Viila opening  

TA! 3LC 9 Regression(b) of &ge at Event (days) on Absolute 
Growc 	Rate! (g/day) atTie Of .Vcnt 

vent se. P 

Incisor eruption 474 
+ 

099 * 

Lye opening 0.55 	0,34 * 

o1ir eruttion 1,61 + 0.66 *  

- 	Please see page SOB. 



rAI3LE1O. ej!e.i'1ts()j)f MiceGroudByAeJen_Event_Occurred. mbers ate 	hage axe shown beneath_weight). 

'ine . !geinIays Event ean Weight (g) 

8 9 	10 11 12 13 14 15 16 	17 18 19 	20 	. 

arge 6.0 	7.6 7.4 6.7 4.9 6.5 
5 	. 14 24 7 2 

ontrol 6.1 	5.9 6.7 6.1 6.4 Incisor - 	6.2 
6 	3 22 45 3 eruption 

kPlail 	5.0 .5.0 	6.0 5.4 5.4 4.8 5.3 
2 2 	8 23 27 3 

rge 9.5 9.3 7.9 4.4 7.8 
10 27 14 1 

ontrol 7.2 8.2 8.2 7.1 7.4 7.0 Eye 7.5 
2 3 7 32 28 7. opening. 

mali 7.7 6.4 	. 6.0 5.9 	3.8 4.9 . 	53 
12 16 20 13 	3 .1 

.arge 	 10.6 11.8 8.4 6.5 9.4 	. 	 9.3 
10 12 .21 4 1 

ontrol 	 . 	 7.7 	6.9 	8.3 7.5 7.8 . 	9.2 5.5 	 ?1ar 	. 	 7•7 
2 	2 	2 19 36 17 2 	 eruption 

7.6 7.1 6.7 5.8 6.6 	3.0 	 6.1 
10 U 20 18 4 	1 

8 	9 	10 	11 	12 	13 	14 	.]5  16 17 18 19 	20 

Age inDays . 



would be expected to show a similar association. Other inter- litter 

eiwironncnta1 factors probably influence this result. 

.A further similarity with pubertal data was the association of 

development time with body weight measured at a particular point in 

time before the event. For puberty litters putting on weight fast, 

that is, litters which were heavier at weaning (21 days)., were closer 

to the puberty weight threshol& and therefore reached It sooners. Con 

o Tuently there was a stron negative Iesociation between oau1)g eight 

and age at puberty. A similar association was calculated for age at 

the three developmental stages during suckling and the mean litter 

weight at an earlier fixed age that at births As for puberty, a 

strong negative association was revealed - Table S. 

Alternatively, the age at which the event occurred could be re-

grassed Upon th:•absolute growth rate from birth till the event occurred. 

A similar strong negative association was shown at all three stages 

Table 9 Undpr the alternative hypothesis of time'dependence rather 

than weight-dependence for these events, the strong positive associations 

would not be possible. 

It was concluded, therefore, that the developmental events during 

suckiixg showed weight-dependence just as had been shown for the event 

of vagina-opening in this and Sntiero and Falconer's material. 

Next, it was attempted to estimate the weight thresholds, the age 

limits for each developmental event and the effects of six week weight 

selection on all four events. 

The basic data is shown in Table 10, arrged by age groups at 

each successive developmental event. The table shows mean body weights 

at each age and the numbers which contribute to that mean. The overall 

mean body weight of successive daily weights are shown in the right 

hand column. These means represent the weight threshold associated 

with each event in the control population. 

For unselected mice they are as follows: 

JJ. 
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TABLE 11 
	

for 
events 

We ht thresholds ( 	 ran&e in da 

Puberty 	 18.4 	 30 - 48 (18) 

1lar eruption 	 8.7 	 13 19 ( 7) 

Eye opening 	 7.9 	 ii 16 ( 6) 

Incisor eruption 	6.2 	 9 13 ( 5) 

The data on selected mice was used to examine the stability of 

the weight thresholds and the presence of age limits enclosing the 

range of ages shown above. 

3. 	Effect of selection_on growthand dve10 

What can we predict the effect would be on sexual maturity and 

suckling characteristics, of increasing or decreasing six week body 

weight by artificial selection? Such selection had already been 

carrIed out for eighteen generations by within-litter selection. 

Regarding the association between mature size and time taken to 

mature among populations which are genetically different from one 

another, there is evidence for a positive association. Taylor, 

(1965, 1967) and Laird, (1966) and Howard, (1967) showed that by 

examining the relationship between the scaling factors necessary to 

transform the growth curve parameters of different species, a 

systematic relationship between then, could be estimated. Taylor 

showed that there was a proportionality between the time a species 

takes to mature in live weight, and its mature weight raised to the 

power of b.27, which is close to Brody?s regression coefficient of 

0.273 and LaircPs coefficient of 0.28. 

:Eetween strains within species and between sexes within strains 

Taylor found that the coefficient was higher, 0.35, and still positive. 
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TABLE 12 	Ltuj nice, Regression coefficients of iean family 

CL 

 

Ewalt 	 s 
+ 

Incisor C4t&Ofl 	 0.05 + 0. 26 g/ay 

Eye opening 	 1.15 0.44 g/day 

?b1ar eruption 	 1.12 o.41 g/day 

TABLE 13 	11 mice. ReesLon coefficients of iean fi1y 
ii events 

Incisor eruption 	 0U 0.10 g/dy 

Eye opening 	 0,01 + 000go/day 

?lar eruption 	 065 + 0.10 g/day 
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TABLE 14 	Variance of Developmental Age and Weight Among Lines 

Large 	Control 	Small 

Incisor Eruption 

Age (days) 0.89 0.86 1.08 

Weight (g) 3.21 0.92 0.95 

,Eye Opening 	t. 

Age (days) 0.53 1.10 1.45 

Weight (g) 5.62 1.61 1.25 

Molar Eruption 

Age (days) 1.09 1.25 1.49 

Weight (g) 9.70 2.06 1.26 

Vagina Opening 

Age (days) 7.78 19.17 43.46 

Weight (g) 18.66 .. 	5.22 . 	6.66 

TABLE 15 	Cofficient of Variation of Developmental Ages and Weights 

Coefficient of Variation of Ages and Weights Among 
the Three Lines 

Large Control Small 

Incisor Eruption . 

Age (days) 8.8 8.1 9.3 

Weight (g) 25.9. 15.2 . 	18.0 

Eye Opening 

Age (days). 5.2 7.3 8.1 

Weight (g), 27.2 	' ,• 	17.1 17.7 

Molar Eruption 	' 

Age (days) 6.6 6.7 	. 7.1 
Weight (g) 33.1 18.4. 17.3 

Vagina Opening. . . 

Age (days) 9.1 	.' 12.2 	, . 	17.8 

Weight (g) 19.6 . 	12.4 17.4 



differentially at puberty. The range in age is greatly decreased in 

the. large line and slightly increased in the sanali line. Body weight 

range is increased in both selected lines compared with controls.  

'these differences are iiiore dramatically shewn by comparison of the 

vrriances for sexual maturity, Table 14 In absolute measures, the 

large line has undergone a great reduction in age variance and an 

increase in weight variance. Conversely, the small  line has undergone 

a great increase in age variance end a iall increase in weight variance. 

When coefficients of variation are cemsred, however, the differences 

are less than indicated by the variances, Table 15 Like the control 

line, variation is approximately eqa1 in age and weight in the small 

line, but both are 50% larger than the corresponding control value. 

The large line has also undergone a real increase in weight variation, 

and a 25% decrease in age variation, which is independent of the scale 

effect. 

The results during the suckling stage are not very different. 

Variation in tine is slightly reduced in the large line and weight 

variation is substantially increased. The variation at these stages 

in the small i me, however, is very little different front what it is 

in the control line.. In general the variation in weight has been altered 

more than that in ago. 

Because of the difference in variance, comparisons between mean 

results have to be treated with caution. A least squares analysis 

of variances was carried out for the following observations; 

birth weight and length, 

weight and age at each suckling event, 

weaning weight. 

Differences between lines contributed significantly only to 
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TABLE 16 	Least Squares Analysis of Variance of Sucklixw Character 

Character Source of Variation: V Value 

Line Replicate Family 
Birth Weight ** n.s. ** 

Birth Length ** n.s. ** 

Age at Incisor Eruption n.s. n.s. ** 

Weight at Incisor Eruption n.s. n.s. ** 

Age at Eye Opening n.s. n.s. ** 

Weight at Eye Opening n.s. n.s. ** 

Age at Molar Eruption n.s. n.s. ** 

Weight at Molar Eruption n.s. n.s. 
Weaning Weight * * ** 

t Tests Between Mean Values for Body Weight at 

Different Developmental Events and Several Fixed Ages 

TABLE 17 	Mean of Family Means for Each Line Compared at Different 

Events in Ae and Weight 

WEIGHT COMPARISON (in gm) 
+se. 

At Same Stage 
Event Line 

Large 

Incisor 
Eruption 

+ 

6.9 	0.5 

Eye ~ 
Opening 8.7 - 0.7 

Molar 
Eruption 

+ 

9.4 - 0.9 

Vagina + 

Opening 22.01- 1.0 

Birth 	1.72 0.04 

Weaning 
(Males) 12.4 - 1.2 

Six Weeks 	+ 
(Males) 34.6 - 1.8 

t test Line t test Line 
Control  Small 

n.s. 6..3 0.2 * 5.4 0.2 

n.s. 7.4 0.3 * 6.3. 0.3 

n.s. 7.8 0.3 * 6.5 0.3 

* 18.4 0.3 ** .14.8 0.5 

At Same Age 
* 1.54± 0.0 n.s. 1.461 0.04 

* 94 0.4 * 7•4 0.3 

** 24.6 1 0.7 ** 17.9 0.9 



TADLL 18 Each Lin 

AGE C0MPARISON (days) 
+ s.e. 

Event Line t test CkkFol t test Line 
it~rmq *-- 

P Small 

Incisor 
Eruption 

+ 
10.7 	02 5% 

+ 
11,5- 0.2 n.s. 

+ 
11.2 - 0.2 

Eye 
Opening 14.1 	0.2 n.s. 

+ 
14.3 - 0.2'. n.s. + 

14.8 - 0.3 

Molar 
Eruption 

+ 
16.4 	0.3 n.s. 

+ 
16.8 * 0.2 n.s. 17.1 	0.3 

Vagina + + 
Opening 30.8 	0.9 5% 35.8 	1.4 n.s, 37.04- 1.4 



variation in birth weight and length and weaning weight, i.e. to 

weights measured at fixed ages - see Table 16 Only family differences 

significantly affected weight or age at the three fixed stages investi-

gated. Since the variances among these different characters were 

different, however, confirmation of the absence of significant line. 

effects was sought by carrying out t tests on the family means The 

results are shown in Tables 17 and 18. Once more, no statistically 

significant difference was found between the ages of control or small 

lines at all four stages of development, although the small line fell 

behind in mean value,. The large line was in advance of the control 

at all stages although this was significant only at incisor eruption 

and vagina opening 

The wall line was consistently significantly smaller in body 

weight than the control line at all stages. The large line was 

consistently larger, but only statistically significantly at puberty. 

Comparing weights at fixed ages, however, all comparisons are sig-

nificant except the small-control comparison at birth. 

However, since t tests also assuc.e equal variances, the comparisons 

between weights in the large and control lines especially are not 

reliable, nor is the comparison between ages at puberty between the 

selected and control lines. 

It emerges clearly, however,, that weights at fixed ages are 

substantially and significantly altered by selection. 

Comparing mean values among the lines, then, it is clear that 

selection has had the expected result on ieights at the different 

stages: large mice are consistently heavier and small  mice consist-

ently smaller, though the statistical significance of the comparisons 

is variable 

The effect on age at the different stages is not in the expected 

55 



direction, however; largo mice develop and mature slightly faster 

where we would expect them to be slow, and vice versa for small mice. 

It was shown in the unselected mice that speed of deveiopnent was 

closely associated with absolute growth rate. Growth rate, it was 

also shown, was governed mainly by environmental factors in early 

life Itappears, therefore, that the altered mean development time 

may be a reflection of, respectively, the enhanced growth rate 

necessary for increasing six week weight in the large mice, and the 

depressed growth rate in the small line. This implies that within-

litter selection has produced a change in growth rate which is a 

combination of environmental and genetic effects, and a change in 

development rate which is an entirely environmental effect. These 

results are the reverse of what we would expect from Nbntiero and 

Falconer's calculations. They found a 1heritability of l% for age 

at sexual maturity, but no additive genetic variance for weight at 

sexual maturity. It could be, however, that genetic differences in 

early growth rate, like environmentally induced variation in growth 

rate, influence development time without altering weight at puberty. 

Thus, it is not clear whether the differences in tine taken to reach 

sexual maturity among the lines are brought about by genetic differences 

or a correlated environmental effect. 

It is possible that both are present. If the selected line was 

differentiated from the control line genetically in the expected 

directions, both for age and weight, then the mean weights for large 

would be (and are) greater, and the ages would likewise be greater. 

We might expect the mean age and range in age to be delayed compared 

with controls, and the mean and age for the small line to occur earlier 

than controls. If, however, the selected lines were influenced by a 

correlated environmental effect on development time, the alteration 
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brought about genetically might be eliminated by the effect of environ-

ment, since these two factors appear to work in opposite directions in 

respect of development time. Thus it would not be possible to predict 

how the age limits might alter. 

What might be the expected results of either progressively pro 

longing or shortening development time through its genetic correlation 

with increased or decreased body weight or, on the other hand, progress-

ively shortening or prolonging development tine through its environ-

mental correlation with increased or 'decreased body weight? A con-

tinued change in development time would be evinced so long as there was 

a direct response in the character selected (though the limits of 

genetic correlation might be reached before 'the main character selected 

reached a plateau). 

A continued change in development time due to envirornnental 

correlation with body weight might be expected, also, to continue so 

long as there was a direct response in the character directly selected. 

The limits in ages for development for control mice are compared below 

with those for selected mice: 

TABLE 19 	parison of limits in ae for different 
e. 	al even 

1Vent --  ge 	 al 
Incisor eruption 	9 	13 	9 * 13 	8 	13 

Eye opening 	 13 	16 	11 - 16 	13 	18 

1ar eruption 	IS 	 13 - 20 	15 	20 

Vagina opening 	26 	34 	30 - 48 	31 * 52 

It is evident that the ranges in age have been scarcely changed by 

selection at suckling stages, the limits in time found in the control 

line for the most part being the same as those in the selected lines. 
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At puberty, hoavor, both the earlier and later tie limits bave been 

noved to earlier positions in the large' line, while in the small line 

only the later limit in tirnc hao, been altered.  

The stability of limits in tine for developmental events during 

suckling, regarded in the light of the correspond-,big stability of mean 

ages at those ages under the effect of body wpight selection, indicates 

that at thisporicd, the units to development time are resistant to 

either etrne correlated genetic or envioenai tranzfoation 

Howover, as was nentiQned above at all three suciclg events the moan 

values have been shifted in a direction suggesting an envirotr'ental 

influence This, accompanied by the reduction in variance in the large 

line at all stages, suggests that, in this line, an earlier time limit 

has been reached due to environmental offects.  

In control mice increased growth rate 1wes associated with earlier 

develoent and little change in mean body weight at the different 

developnenti stages Progressive increase in growth rate, as occurred 

in the large line, appears to have Mcountered an earlier limit in time, 

which can, he reduced only a little, Increase in growth rate therefore, 

tight be assoc1aed with increase in body weight at each stage emong 

those nice.thich grew fastest, and an increase in the proportion of 

these mice; slower growing mite would not differ much fon controls.  

Reduction in rate of growth igh, coiversely, cause slower 

developing mice to encounter a limit in time beyond which development 

COt be much delayed. • Ebre them. rkhction in growth rate brought 

about by low,  six-week ,weight-seIecUon wld produce a proportion of 

mice sholving a negative association between body weight and speed of 

development. Briefly, once the limits in time had been encountered; 

the weightthreshold for • dcvclonent found in unselected, mice no 

longer was operative; the faster a mouse grew, the greater 
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its v.,eight at the earlier tine Unts at the different stages of 

devclo1ent, and the slower, the less its weight at those stages 

In Figs. 14, 15 and 16 three possible conditions are illustrated. 

Where deve1oient is controlled by a weight threshold With a certain 

age range as in Fig. 14 the rican weights for successive days line 

almost parallel to the K axis. 

Where the earlier developing individuals reach the early age 

Thait increased growth rate causes them to be heavier than control 

but no longer yoirnger at each stage onseuentiy the regression of 

weight on age becomes noative largely because of the high mpotion 

of fast developers within the same age range - Pig 15 

The opposite condition occurs where individuals groing slowly 

encounter the later age limit and develop at weights below the control 

threshold. The regression of weight on age becomes increasingly,  

negative - Pig. 16. 

In both cases individuals growing at intermediate, speeds will 

not be different weights between the lines, but at the extremes in. 

age they will be 

This expectation was tasted by regressing ago at devolonental 

stage on weight at that stage using family mean data - Table 20. 

TABLE 20. cessiocoefficints at Fixed 
Stales ofOevojent. 	(b s.e.) g per day. 

Event control 11 

Incisor eruption 0.03 	0.64 0.2S 	O.2 O.23 023 

Eye opening 
+ 

1.S8 	1.1. 
+ 

0.17 - 0.30 -0.79 
+ 0.17 

blar eruption 
+ 

1.36 	0.3 
+ 

0.08 	0.34 -0.65. -  
+ 	* 

0.20 

Vagina opening 0.18 	0.53. 0.08 	0.09 0.09 0.07 
* 

- 	stat. sig. at 5% level 
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TABLE _21 

-- smal. --  
ce oruj 	tnc2.sor 

(itlL 	onday9orl0 
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Small 
5.8 + 0.3 

• 

tilean 	7.3 O.S 	* 	6.0 t 0.2 n.s. 

Large 	P 	Control 	P 
+ 	 + 

Me ,jiht-s.e.(g) 7.4 - + 0.5 n.s. 	6.7 	0.3 	* 
Small. 

5.4 t 0.3 

Comparisonof weits of large, control and sumil 
mice oemTngcycs 	- 

car 	 0411 

nizdl 
7.7 0.2 

Large 	P 	control 	P 

	

9.5 t 0.7 n.s. 	8.2 	0.5 n.s. 

i22!LJI 
P 	Control 	PI 

Mean _wg 	s.e..(g) 7. 	0.3 n. s. 	7.4 0.3 	* * 
Small 

6.0 t 0.3 

of lar e, control and snoll 
mice 	iinio1ar tce€1i, 

PControl 	P 	Small 
+ 	 + 	 + 	 + 

Mean Avei ]It 	s.e.(g) 11.8 - 1.1. * 	7.5 - 0.3 n.s. 	7.1 	0.2 

()lat i day l7 

Mean 	s.e(g) 8.405 n.s. 7S0,3 ** 	67O3 



The pattern of the coefficients indicates that in most cases the 

expectation is borne out, though the regressions are seldom'statisti- 

cally significant 	e regressions tend to be more negative in the 

selected lines and close to zero in the unselected line. 

The assznption here was that there existed limits in develop-,  

mental time, especially during the suckling stage, which environmental 

influences scarcely moved, merely adjusting the mozn slightly at each 

age and altering the variances. The main effect of selection had been 

on body weight at the different stages of selection. kcomparison of 

the population means showed that weights of selected mice at fixed 

ages were substantially different from controls though statistical 

significance could be tested only on the control small comparison 

due to the large increase in weight variance of the large line. Only 

after weaning was' statistical significance established in the large 

control comparison. 

The change in, mean and variance brought 'about by selection at 

each of these three stages, then, reflects an alteration in the dis-

tribution of individuals within the lines. In the large line there 

are rather more individuals whose growth rate is high and who develop 

fast, and fewer slower growing individuals who also develop slowly. 

Contrariwise, the small line represents fewer individuals gaining 

weight quickly, but on the other hand contains individuals whose growth 

rate is slow and who therefore show a delay in reaching any develo 

mental stage 	 ' - 

To illustrate this redistribution of individuals, a comparison 

was made between the early and late developing individuals across the 

three lines - Table 21. Significant differences in weight were found 

between large and control mice reaching a given stage on the same day, 

if that day was early in range of possible days Similarly, if the 
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TABLE. .?L Fnc 	2~~.Jn Different Variables 
With Controls 

LARGE 	CONTROL 	SMALL 
% deviation from Percentage change % deviation from 

Control 	between 9th &18th 	Control 
generation 

VARIABLE 

9th Gererat ion 
+ 11.91 + 2.6% 18.4% 

Pubertal. Weight + 15.2% 1.7% 13.2% 

Pubertal Age 10.6% + 5.0% + 	3.% 

Female 6 wk Weight + 26.9% + 0.1% 16.1% 

18th Generation 
+ 30.5% + 2.6 - 20.8% 

Pubertal Weight + 20.1% - 	1.7% - 21.8% 

Pubertal Age 10.5% + 5.0% + 	3.8% 

Male 6 wk weight + 41.4% + 2.1% 28.1% 

Fea1e 6 wk weight + 43.3% + 0.1% - 30.0% 

TABLE, 	 Plan in, Variables in First and Second 
Half of Fz=rInrent 

LARGE 	 MALL 

% change in gens: 1-9 	1018 	Total 	:9 	10-18 	Total 

Wean weight + 11.9 + 18.6 + 30.5 	48.4 2.4 20.8 

Pubertal weight + 15.2 + 	4.9 + 20.1 	13.2 * 8.6 21.8 

Pubertal Age 10.6 + 	0.1 - 10.5 	+ 3.9 - 0.1 + 	3.8 

Female 6 wk weight + 26.9 + 16.4 +. 43.3 	16.l -13.9 - 30.0% 



weights of control mice developing slowly were compared with small 

mice passing through the stage on the same day a significant 

difference was found. No significant difference was found, however, 

between the weight of large mice developing slowly and controls 

developing slowly, or small mice developing early and controls 

developing early. 	 '• 

The presence of a limit to the amount development time could. be  

transformed, compared with the ready response in body weight was 

further tested by comparing body weights and ages at the eighteenth 

with the ninth generation of selection, that is, with a half-way 

point in the selection experiment There was a large and Mtistically 

significant change in the character under direct selection, six week 

body weight, 'between these two generations. 

In Table 22 the deviation of mean values from controls are 

compared between the ninth and eighteenth generations. In Table 23 

the incroments subsequently added to the first nine generations' are 

identified. It is. shown that during the first nine generations  

development time was reduced in the large line by ten per cent, but 

there- was, subsequently, no" change at all in development time. 

Similarly, development time was prolonged in the first nine generations 

by 3.9% and was, subsequently, virtually unchanged, though this 

difference is less than that found between the controls of the ninth 

and eighteenth generation. . , 	. .. 	. . .. 

Regarding all the other variables, the' response in the first half 

of the experiment 'exceeds that in 'the second, with the exception '6f 

weaning weight in the large line where the response: is greater in the 

second than the first half. The amount of change brought about in 

these variables during the second half is not sufficient to make them 

statistically significantly different from. those in the ninth 



TAI LE 24 	t Tests Between Variables of 9th and 18th Generation 

9Th GENERATION 18Th GENERATION 	P 

SMALL Mean 
+ 	

s.c. Mean + - 	se. 

ieaning wt. (g) 
(females) 7.55 0.22 7.51 0.29. 	n.s, 

Pubertal wt.(g) 15.53 0.17 14.96 0.48 	u.s. 

Pubertal age(days) 37.2 0.7 37.8 1.2 	u.s. 

LARGE 

Weaning wt. (g) 
(females) 	10.41 	0.28 	12.34. 	0.68 	* 

Pubertal wt,(g) 	2048 	0.45 	21.57 	0.88 	u.s. 

Pubertal ago(days) 32.0 	0.7 	 31.41 	0.6 	u.s. 
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generation, again with the exception of weaning weight in the large 

line * Table 24. 

It appears, then that a limit in response in development time 

to puberty had already been readied by the ninth generation. A limit 

was approached in weight at puberty for both directions of selection 

and also for weaning weight in the small line. Only in weaning weight 

in the large line does there appear to be no limit to selection 

response. 

An asymnetry exists in the responses to selection. There is a 

greater response in development time to pubertyy in large mice than 

small, with a reduction of variance, while in the small line there 

is increased variance.  

It is suggested that this asuetry is associated with the 

difference in the direct response, which is greater in the large line 

(43.3%) than in the small (30%). These direct responses are also 

reflected in weight at weaning which is greater in the large line 

(30%) than in the small line (20.8%). The comparison of ninth and 

eighteenth generations suggests that a limit in the response at 

weaning weight may be present in the small line but not in the large. 

This lower limit to selection response in the small line may be 

associated with the existence of a threshold of viability among mice 

whose develonent had been delayed greatly by slow weight gain. The 

presence Of these individuals in the line is suggested by the 

statistically significant negative regression of development time 

upon body weight for molar eruption which occurs just prior to wean-. 

ing. Individuals falling below this threshold of viability would not 

survive to be represented In the next generation selected. Thus 

both later body weight and develojment time would be prevented from 

being altered by the existence of this threshold. Evidence for the 
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UW '11-' 25 	P:-~opoTtion of Total Variation Accawrta.d for 

~y, Litter Size 

Control  

Age 12% 0% 
70% 60% 16% 

e0pig 

6% 2% 6% 
eight 29% 64% 18% 

,-,Ir)lar Eruption 

Age 37% 0% 5% 
Weight 59% 14% 

Age 24% 0% 1% 
ght 30% 0% 1% 

TABLE 25 	Mean Litter Sizes of Three Lines 

Control 

an 	 83 	 8.6 	 7 

Variance 	 1.0.3 	 9,6 	 4.2 



presence of Such a threshold is presented in the tbrtality and Fertility 

secti. - 

In unselected mice the major source of variation in body weight 

during the suckling period was environmental. Litter site' alone 

accounted for much of this Selected lines differed very little in 

litter size, although the small line was much less variable Table 264 

In Table 25 a crnparison is made of the contribution of this 

factor of enviro!ental variation to variation in age and weight at 

the different developcntai stages. Only in the large line does litter 

size have mare than a trivial effect, on deveiopent time. For pre-

weaning develajent in the large and control lines, hovor, litter 

size accounts for the major proportion of variation. In the small, 

however, although mean litter size is only reduced to a small extent,  

the reduced variance is reflected in a weaker association ivit4 body 

weight. In the small line genetical and other environmental factors 

account for most variation. 

Conclusion 

Unselected mice appear to differ from selected mice in the 

weight.-regulatior of develoent.. Control mice demonstrate target-

seeking' for body weight at a particular stage, the stage appearg 

within a particular age range. Selected mice possess age rar,,,ges for 

development '.tthlcii are virtually unchanged although the means and 

variances are. The correlated effect of selection on body weight, 

however, is detectable at most stages of developicnt becoming more 

pronounced during puberty.  

Thus, for unselected mice, wcight is more important than time in 

dovelotent, while for selected mice tive is more important than 

weight in the large line. Small mice are not consistent in this 
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regard, sometimes time, sometimes weight being more important. It is 

suggested that environmental influences in early growth cause the 

development time limits to he reached especially in the selected 

lines. 

4 	Effect of selection fcr body e gton jheósifiation~f 
ti.i siitón 

In the foregoing section the 'relationship between weght gain 

and development was examined by making daily observations so that the 

animal could be weighed on the day that it passed a given develop-

mental stage. In this ' way the presence of a weight threshold for 

different, development stages could he sought. Increase in body 'weight 

is accompanied by progressive ossification of the skeleton and increase 

in size of bones. It was of interest, therefore, to ascertain whether 

various stages in the process of enlargement and maturation of the 

skeleton also revealed the weight-threshold phenomenon. This proved 

more difficult to ascertain since the female mice had been followed in 

a longitudinal study so their skeletons were not available for accurate 
measurements. Material was provided, however, by male mice sacrificed 

at birth, five days, and several ages thereafter. 

The material which was of use to .this part of the investigation 

was collected by examination of ossification in the left foot and limb 

epiphyses. Since mice had to be killed in order to obtain the material 

the samples  were of uniform age when the comparison was made The data 

consisted of the body weights of individual mice and an observation of 

the number of epiphyses observed in the limbs • For new-borns, the area 

examined was the left metatarsel region, and individuals fell into one 

of three ossification categories - to, one or no' ossification centres 

present. The five day old individuals were examined in the epiphysed 

region of the left fore and hind limbs, and the total number of centres 
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TABLE 1Z. 
in New :orns 

Two Centres One Centre None 

J! 

LargeC 1.7 	0.06 	12 1.39 2 0 

control c 1.5 	0.05 	11 1.2 	0,03 3 1.16 2 

Small C 1.5 	0.04 	9 1.3 	0.05 S 1.16 	0.06 3 

Large F 10,77 0.05 25 0 0 

Control F 1.69 004 17 1.57 	0.03 	17 1.5 	1 

S311 F 1.7 0.03 7 1.3 	0.04 	13 1.2 	0.08. 	5 

b 

FRI3PLICATh nBjWei;h 

Line N + Meant . Fore Lunb 	Hind LDTth 

Large 23 5.1 	0.02 9.7 	62.5 

Control .25 4.5 	0.02 13.9 	66.3 

Small .27 3.5 	0.01 . 	19.4 	71.7- 1.7 

C RE CRL 	 Mean 	dyweight 	 .%tfrossified 

Line 	 N 	Hean(g) 	s. e. 	Fore Limb 	Hind Limb 

large 	20 	5.4 	0.05 	 10..1 	84.1 

control 	22 	4.04 	0.01 	 29.0 	94,5 

na11 	22 	3.7 	0.02 	 34.1 	78.6 
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TABLE 29 	Association of Ossification and ppd 

Regressio of ?&nnber of Ossification Centres on Body Weight 
of_New-r3onis  

thie 	LC 	CC 	SC 	 SF 	CF and LF. 

N 	 14 	lb 	18 	 25 	insufficient 

Regression 	 data 
coefficient 0.36 0.19 0.18 0.27 

5.0. 0.16 003 0.03 . 	 0.04 

P. 0.05 0.005 0.005 0.005 

Regression of Degree of Percentage of Loca l Unossified on 
Bpdy IV .~Ligjit at 	voDaX  

Line 1C cC SC LF CF SF 

N 18 22 22 21 24 22 

Regression. 
coefficient -0.030 -0.022 -0.015 -0.020 -0.018 -0.0.0 

s.e. 0.01 0.tD1 0004 0.005 0.005 . 	0.003 

P. 0.005 0.001 0.005 0.005 0.01 0.005 



of ossification seen was recorded for each individual. The three-

dimensIonal arrngemen1 of metatarsels prevented accurate enumeration 

of the number of centres present in five day old mice since most 

centres were ossified and the absence of a few centres' of ossification 

could not be reliably ascertained. 	' 

The samples of new-borns were separated into three groups. 

according to their ossification status and the mean standard error 

and number in each category are shown in Table 27. The mean body 

weights of the Live day old mice are shown in'Tàblé 28. 

It was shown earlier that' "indivLduàls gaining weight fast reached 

the various developmental stages soonest, that is, there was a positive 

association between body weight and degree of 'maturity. All three 

lines in each ,replicate were tested for:  the association between 

ossification, that is maturity,' and body weight, at birth and at five 

days The regressions are shown in 'Table 29.' In 'both cases it is clear 

that heavier animals are more mature, as was the case in the earlier 

analysis. These results are compatible with the relationship between 

development and body weight, such that thresholds for ossification 

exist at certain weights At a particular age the heavier animals will 

have passed through more threshoLds for ossification and thus show 

more centres of ossification than lighter animals of the :Same weight. 

It would be useful to estimate what the weight thresholds are for 

this material, but the nature of cross-sectional data does not allow 

this to be calculated as was done previously. if weight thresholds 

did not exist, say, for the. stages of ossification among new-horns, 

then one might expect that there would be no relationship between 

ossification and body weight among the lines within a replicate. The 

mean body weight of the small line sample with one ossification centres  

for instance, would not necessarily' be lower than the mean body weight 
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Large Control Small 

Two ossification 
centres 

X o REPLICATE 
eight, 1.5 
(g)) - -. 	- - - - —Threshold 

1.4 

One ossification 

1.3 o centre 

1.2 _ - - - - 	- Threshold 
o x 

zero ossification 
1.1 centre 

0 

1.9 

l,8 :. 
Two ossification 
centres 

ight . 0 . 	F-REPLICATE 
(g) - - - - - - Threshold 

1,6  o 
1,5 

One ossification 
centre 

- - - - - - Threshold) 
1 2 x Zero ossification 

centre 	. 

Fit; 17. . 
Mean Body Weights of Different Ossification Status. 
at Birth- with Thôsi 	P2ht Thvhn1d 



of the sample with two ossification centres, or greater, than the mean 

body weight of a sample showing no ossification centres. The mean 

values for body weights of the different ossification classes wore 

Plotted to ascertain whether, for each replicate, the presence 'of a 

weight threshold could be refuted by the data. The graphs Pi 17 

show that the data is compatible with the existence of thresholds for 

each replicate, though it must be conceded that the horizontal lines 

drawn to indicate the tone where a weight threshold might lie might 

well have been drawn differently to support other hypotheses. 

In the earlier section it was suggested that selection caused 

age Units in deirelopiont to be reached which caused selected animals 

at extrevte speeds of deveiouent to differ sigAficantly in weight from 

controls developing at the same speed. Fast developing large mice iere 

significantly heavier than control mice of the $ame developmental sittus, 

while small mice of this status do not much differ from controls. Where 

numbers ware sufficiently large the t tests between body weights wec 

made for siiilar ossification status at birth Table 30. The more 

advanced stage was two centres ossified. 

TABLE  

rIcaW 	
? 

Large 	 1.72 t 0.05 	 1.97 0.04 

Control 	1.52 0.03 	 1.69 0.03 

a1I 	 1.51 - 0.04 	 1.74 - 0.08 

_-_- .-------- --. - ------ - 	 -. -. 

There were insufficient numbers,  in the zero centres ossified to 

enable the comparisons to be made. At least, this data conforms with 

the situation. found for devo1optent during suckling. For both 

replicates it is assumed that i weight threshold exists for the 

I two ossification centres stage, but these are different in the two 
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replicates. The high* growth rate of large vould enable thca md 

more of them to exceed this threshold on the day of birth. The lower 

rate of gwwth of control mice would provide fewer in this category 

with a lower mtan weight.. Siidlarly. the few flice from the small line 

growing fast enough to exceed the weight threshold and become 

centr& nice do so by only a small mmimt. Cm, isequealy. dthin this 

category large mice greatly differ frtm the other two lines while 

ontrol and small mice differ little. 

Conclusion. 

The data on bone ossification does not alone give sufficient 

evidence that body weight controls' ossification by reans of waight 

thresholds' as was described in Section I However, the results 

conform with expectations and certainly do not refute the hypothesis. 

It is strongly suggested, then, that body weight is a coordinating 

fator in body develbent whether external events or skeletal Ossi-

fication 

ssi

fication is considered. In order to obtain suitable data to eat ixiate 

what the weight thresholds are, animals shouid be exwnined daily, e.g 

by X-ray, and their weihts•  collected at constant ossification status. 

5.. ccparison of body weight/Skeletal Length Proportions at Birth. 

So far, the results suggest that at intermediate. Late_ speeds of 

development selected lines do not differ in body weight very much: only 

at extremes of rates fgrowth is. the relationship betwen.body weight 

and devclonent chtrnged.. The data on new-borns was used to find 

whether, allowing for scale effect by converting body weights to logs 

the weight/bone length ratios differed in iened.ate range of growth 

rates. 

Data iias provided by body weight and length of occipital bone at 

birth. For each individual occipital length/log body weight ratio was 

calculated in all three lines of both replicates. The individuals 
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TABLE 31 	Regression of occipital length/log body weight ratio 

on body weight among three lines in both replicates 

Line 	LC 	CC 	SC 	 LF 	CF 	SF 

Regression 
coefficient -1.53 -2.36 -1.62 -2.59 -1.92 	-1.54 

s.e. 0.18 0.24 .0.33 0.21 0.17 	0.13 

p 

Ratio at . 

1.56g. 	. 0.45 0.44 0.46 0.45 0.46 	0.46 
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chosen for measurement were all those whose birth weight fell in the 

sane range, i.e l.4g to 18g. For each line the regression of the 

ratio on the individual arithmetic body weight was calculated - Table 

31, All regressions were significant Using these regressions, the 

predicted values of the ratio for a coxmon body weight was found. The 

ratios are almQst identical among the different lines. From this 

comparison I  it is evident that the ratio is constant for the sane body 

weight among the different lines.. What differs is the mean value for 

body weight among the lines. This conclusion is consonant with those 

arrived at earlier - that at intermediate levels of development there 

are few differences between the lines and body weight appears to be 

a unifying factor in determining development. Selected lines diverge 

from this by either greatly inc rasing or decreasing body weight 

without much change in development 

6. General Conclusions 

Evidence is presented for weight-dependence of development during 

suckling for observable events related to tooth eruption and eye open-

ing and also for bone ossifications This situation is similar to that 

at puberty,, the main source of variation in age being onviroruaentai. 

For any event there exists a range in ages between which the event 

may occur, Between these limits the age at which the event occurs is 

determined by the attainment of a threshold body weight. These general-

isations hold for unselected mice, and are represented by Montiero and 

Falconer's ideal curves - Fig. 18. 

Selection for body weight alters growth rate so that the limits 

in the age range for the events are encountered by a proportion of the 

population. For these individuals the events occur within the same 

age ranges  but at body weights which do not any longer demonstrate the 

threshold characteristics of unselected mice. Individuals in the 
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selected lines growing at intermediate growth rates show the same 

association of development with a body weight threshold. 

Using the real data for puberty, a series of theoretical curves 

can be drawn demonstrating the growth and development of selected and 

unselected mice and the effect of a weight threshold and age limit on 

these processes Pig. 19. 

Similar curves could be drawn for the events observed during 

suckling. There is an indication that environmental variation found 

in unselected mice causes a zero correlation between body weight at 

any stage of development and age,  at that stage, while any tendency to.  

extremes of growth rate cause the association to .be a negative one, 

as shown by the theoretical graph. 

This model may inform us about the discordant observations con-

cerning growth and development in New Guinea and also about the secular 

trend in Western human growth. It is assumed that adult New Guineans 

are genetically smaller than Europeans. 

In New GuAnea it was observed that. girls took a much longer time 

to reach puberty, and were smaller at that stage and as adults, than 

Europeans. During childhood, however, they erupted teeth earlier than 

Europeans and also, at lower body weights. These contradictory observa-

tionss may be resolved by comparing genetic and environmental components 

of variance during growth. 

It is probably the case that body weight at various stages of 

development is positively correlated with adult body weight, between 

genetically different populations. Thus, populations of large adults 

show higher body weight at various stages of development than popu-

lations of small adults. Correspondingly, the body weights (or thresh-

olds) being lower, they are probably encountered sooner In populations 

of small than of large adults. Therefore we would expect tooth 

eruption to occur, on average, sooner and at lower,  body weight in 
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populations of small people, e.g. New (3uineans, than in Europeans. 

e v,,-ould also expect puberty to occur at an earlier age and lower 

weight. 

I f we assume, now, that the growth curve of New Gulneans has 

been depressed for enviroinental reasons the change in mean age of 

tooth eruption would not be very great (as predicted from the mouse 

(xxperthrent) although the positive association between growth rate-

and 

ate

and age at eruption could still be denonstra'ted. A small delay in 

the mean age at tooth eruption of New cuineans might not therefore, 

cause it to be prolonged until it reached the mean age appropriate 

to the larger Europeans. 

The Variance of developmental age at puberty was greater, 

especially for the population of mice which was selected for lower 

growth rate, than at earlier stages. contrariwise, the variance for 

age at puberty In fast growing mice was greatly reduced at puberty. 

One could predict, then, that the differences in onvirnment between 

New Guineans and Europeans would cause the mean age of puberty in 

the former to be greatly delayed and to occur at a lower weight, and 

that for fluropeans to be greatly reduced and to occur at higher 

weights. Iiprovnent of New C(ininean environmental conditions would 

be expected therefore to cause little change in mean body weight at 

the different events, a diminution of the difference in age at puberty 

between thei and Europeans, and an increase in differences between 

theri and Europeans for age at e.g. tooth eruption. 

Regarding the ecular trend in Western n, it appears that the' 

increase in growth rate is @redictaLly)associated with greater size 

among younger people measured at any iimature age, but not necessarily 

a pronounced change in adult body size. Gradually, environmental 

proveTnent causes increased growth rate to be reflected in earlier 
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occurrence either,  of tooth eruption or age at menarche, or in larger 

measured size of the adult 

The presence of limits in time to. the range of ages when these'  

developnental events occur in mice suggests that limits of a similar 

nature may be found in human growth and development. The secular 

trend in maturation would be expected to cease when the variance of 

deve1omita1 age for a population was reduced  to a low value 

associated with a mean which lay close to the lower age limit for the 

event. The trend in body sizes  on the other hands  might be expected 

to continue after the trend in maturation has ended. 

Contrariwise, populations living under ernriranmentaily sub-optimal 

conditions may ho reco nised by their delayed maturation and high 

variance for developnent time. 
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1. 	!D 

The data so far has consisted of body weight and observation of 

developmental status, these observations of status being readily 

accessible. Regarding the progressive elongation of the skeleton, 

which follows the conunencement of ossification, it is impractical to 

collect body weights on the day that different animals reach certain 

length in various skeletal measurements The investigation was 

carried out, therefore, by collecting body sizes at fixed ages and 

making comparisons between lines at these ages over the entire range 

of life 

In an earlier section it was shown that litter size exerted an 

effect on the subsequent growth and development of mice Litter size 

was, therefore, controlled to the extent of reducing litter size to 

six at birth without supplementation. Thus individuals at the lower 

extreme of development rate were eliminated from all lines. Two .repli-

catos were chosen for investigation, the C and F replicates, being 

those which showed the greatest difference in their response to 

selection. Mice were sacrificed at selected ages between birth and 

one hundred and twenty days in order that comparisons could be made 

between lines at different points during growths Following weighing, 

skeletons were extracted from the carcasses and measurements were made 

on several bones and teeth. In order to represent as much of the 

72 



73 

skeleton as possible the bones selected for asurccit derived from 

idcly spread regions. The nc-asurements, taken were as follows: 

BONES 	
. 	I. 3asi occiput 

2 Scapula 
3 nerus 
4. Tibia 

Diameters 	. 	S Iumerus Tnid-lthaft. 
6 rJ!Ur, rId-shaft 

TEETh 
Lengths 	 I First molar 

2 	Second -.aoiar 
3 ThiiCI. niolar 

Comparisons were made between lines to. ascertain (1) at what age 

the differences in weight beten lines were established, (2) whether 

the differences In body weight wré acconpanied by a proportional 

change in the size of the skeleton and (3) whether different parts 

of the skeleton were all equally affected by the alteration in body 

wight 

TABLE 32. 	Esthuatii of Measurrnt Error 

SC 	 . }.UerUSd 	Tibia Pardia 

Error 
as % of. 	l. 	0$9 	0.95 	. 	5.5 	. 	Ol 
mean 

Measurenent errors were calculated by meaSLWiflg a sample of all; 

bones twice. The xxieat difference between the tuv sets of. measurements 

was then shown as a percentage of the mean value -. Table 32. The 

bones measured twice were the entire sample of individuals in the C 

replicate sacrificed at eighty days. . Errors may be larger in the yowager 

mice since the bones are smaller and less easy to handle.. 

2 	Effect o Selection 	ySize $casuredaxei 

Mice were compared at five different points during growth to assess 



what degree of changb had been brought about during the foregoing 

period. The ages for comparison chosen were:- 

birth, in order to indicate differences in pre-

natal growth, 

three successive ages between birth and 

in order to indicate differences in total maternal 

environment, 

(c)l forty.qMs. to register the differences present at 

the age when selection was carried out, and 

(d) at 2t  and (e) one hundred and twenty days. to 

show what changes were present when most of the 

growth had been completed. 

Comparisons were made between mean values for sub-lines, the 

number of animals contributing to each mean being between iifteen and 

twenty-two. . The basis of the comparison was the percentage difference 

between the control lines in the two replicates. At each age of com-

parison the percentage difference between the selected and control 

value was compared with the replicate control's difference. In this 

way the amount of change brought about by selection and random influ-

ences, was compared with that caused by random influences alone. The 

results are shown diagrammatically Pin. Figs. 20 to 2.. 

Deviations of mean values of selected lines from controls are 

expressed as percentage differences. Large mice were thus proportion-

ately bigger than controls at all ages and small mice proportionately 

smaller. Instead of plotting the percentage deviation of small mice 

as negative values below the X axis, they were plotted, with the large 

mice, as unsigned deviations from controls. 

On the same graph the deviation of the . F control replicate from 

the C replicate is plotted at the several ages. 
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The resultant graphs show how the selected lines become progress-

ively different from controls over the tine period of one hundred and 

twenty days. and also by conparison with the inter-control CC F) 

deviation how much of the difference between lines might be 

ascribable to random effects. 

Of interest is the period during growth and development, when 

the differences noted among adults first becoia established, 1specially 

the contribution of the maternal environment to the final difference 

is noted.. 

2. Effect of Selection on Body Size at Fixed As (Figs. 20 - 29) 

Ouring the suckling period both. large lines demonstrate a period 

where their body weights approach the control value, that is to say 

the effects of selection on body weight become loss apparent. This 

diminution in the effect of selection occurs earlier in the F replicate 

Man the C replicate. at five days rather than fifteen days. There 

after the response increases rapidly to reach a plateau, which is 

higher In the f than the C replicate, at forty days, the age of 

selection. Both large lines show litt.lo.increasc from forty till 

eighty days, whence the F, but not the C, replicate shows a gradual 

decline. At one hundred and twenty days the response is almost 

identical in both lines. 

The large lines aree similar in the respect that most of the res-

ponse occurs in the thirty days which follow an initial decline in 

response during the suckling period, i.e. from about 18 to 48 days. 

They differ in the tiithig of this pre-weaning decline in response, it 

occurring about ten days earlier in the F replicate 

The doiiard selected lines, in contrast to the large lines show 

increasing divergence from the control value during the entire suck-

ling period, the degree of response being less at all ages following 
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weaning. As in the large lines, however, the responses are not 

greatly different during most of the adult period, and are almost 

identical in both replicates at, one hundred and twenty days The 

replicates differ in the same respect as do the large lines; the 

maximal response occurs about ten days earlier in the Icteplicate 

than the C replicate, i.e. at ten days rather than twenty days. 

The direct response in the F large replicate is much greater 

than in the C large replicate although both are very similar at one 

hundred and twenty days. Both the direct (40 day) and final, indirect, 

(120 day) responses are very similar in the small lines. 

Conclusions 

Selection for large size has the indirect effect of improving 

pre-natal performance, although post-natal performance is not 

immediately capable of sustaining this improvement. This relative 

inadequacy of the suckling performance. occurs earlier in the F than 

the C teplicate. Since body weight during suckling reflects mainly. 

maternal performance, it appears likely that these differences reflect 

difference between mothers in the two replicates. Mothers in the 

large C replicate are poorer during the second week (10 to 15 days) 

of suckling than F mothers. After fifteen days most of the large 

mice of both replicates would have access to alternative sources of 

food since both incisor and molar teeth would be In occlusion. There-

fore one would expect the selection response to occur independently 

of the mediation of maternal performance. Since C mothers have per-

formed worse than F mothers up until this age (fifteen days) the mice 

from the C replicate are lighter, i.e. more resemble control mice. 

They therefore enter the pen-pubertal period of growth acceleration 

at a lower weight and at the end of this period do not reach as high 

a body weight as F mice. 

p7.6 



In the C replicate, selection for small size appears to. operate 

indirectly upon the maternal performance up to fifteen days, since 

it is during this period that the greatest response begins. Since 

small mice only become capable of making use of solid, foods a day or 

two later than large mice,-due to later eruption of molar teeth, the 

fail-off in. weight gain for these lines is prolonged until the end 

of the suckling period. 

In the F replicate, the, indirect effect of selection operates 

upon maternal performance from the day the litter is born. Weight-

gain diminishes compared with controls for the first ten days, reach-

ing a plateau of response not encountered by the small C mice until 

the end of the suckling period. Since the peak of response, ,.about, 

30%, is not exceeded earlier or later in either' line, it may represent 

a limit to the amount body-weight may be reduced without threatening 

viability. 

The relative importance of pre- and post-natal maternal performance 

is also suggested here. Post-weaning performance is not much worse in 

the small lines than the difference occurring randomly between two 

control lines. Most of the response in the adult size is brought about 

during .the suckling period and may to some extent be ascribed to 

changed 'post-natal maternal performance. 

Pro-natal performance in the large lines is greatly altered, but 

the degree of alteration diminishes at first during the suckling 

period, indicating that post-natal performance during the first week 

or so is not greatly affected by selection. Maternal performance, 

during the second suckling week is different between the two large 

lines,  and. differently affected by selection. During the last week 

of the suckling period mice are progressively more independent of 

maternal performance and the maximal selection response occurs during 
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this second two-week period. That is to say, the total ejection 

response is less dur&ng the first three weeks of growth in the large 

line than in the small  lize. and mra during the lator period of 

independent growth following weaning 4 

Effect of selection on sk-cle-tal. dirensions. 

As tas the case with body weiht the jercentage difference 

betwoon selected and control lines was cotpared with the percentage 

difference between the two replicate controls at each of the ages 

chosen. There was great variation among the differeit longitudinal 

Skeletal, m.easurements and also between the replicates; anoreover, the 

results for bone diameters differed considerably from all the other,  

results. Despite the differences however, there are certain con-

sistencies in the patterns of difference which distinguish large £rcn 

small mice in both replicates. 

The skeletal dimensions may be classified according to their 

selection response 

I 	Occipital lengths. 

2 	Post- cranial lcgths 

3 	Bone diameters, 

I. Occi 
 
k4tcq lengths. The differcnces between the control 

lines from the two replicates is considerable at birth, 8 9 per 

cent )  falling to less than It at twenty days whence it rises slowly 

to 4% at eighty days. This gredual change reflects quite closely 

the change in time in body weight between the two control lines, beirg 

greater at birth than at weaning and rising thereafter slowly. 

The selected lines are more similar to their mAn control value 

at birth than the control lines are to each other. During the period 

studied the lines behaved inconsistently. both small lines, for 

instance, ending up very similar to their controls at one htmdred 



and twenty days No line of selection exceeded six per cent in the 

size of its rersppnse, neither do they resemble the pattern of response 

in body weight 

Post.-cranial bone 	Tibia scapula and humerus show 

the same general pattern of response to selection and, although the 

replicates differ, the direction of selection operates smiialy in-

both. both. All of these dimensions reflect thó changes seen in the body - 
'Weight comparisons. 

The differences between the two control lines do not e*ceod four 

per cent at birth and, following weanlng, seldom exceed two per cent. 

In the large lines the greatest response. is about eight per cent 

in both lines and for all skeletal measurenents. As for bodyweight, 

most of this difference from control size occurs during the ten days 

following weaning. Also, during suckling period the maternal per 

fonance in the large lines shows a decline earlier in the F replicate 

than in the C replicate 

The small mice also show the same pattern of change in bone 

dimensions as was the case for body-weight. The final difference is 

hetwen three and eight per cent, most of this response occurring 

before weaning. Moreover, the pre-weaning peak in selection response 

occurs earlier in the C replicate than in the i replicate, as was the 

case for body weight. 

Done Diameters. Diameters of bones show no consistency either 

between lines of selection or between replicates. The two control 

lines differ markedly during most of the period measured, both in the 

femur diameter and humerus dia3neter. The replicate controls differ 

little at birth but show a considerable difference, 9% after ten days, 

which increases to 13% at one hundred and twenty days. 

Despite the dissimilarity of the control bone diameters to the 
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body-weights 02 these some mice, there are some similarities in the 

response to selection between body weight and bone diameters As 

noted above, so also here, upward selection produces a response most 

of which is accol.ished during the period, following weaning Down* 

rd selection, en the other hand, produces a greater response during 

the suckling period than is measurable afterwards. 

Within these patterns of similarity, however, profound differences 

in degree of response are noticeable. In humerus diameter the response 

is much greater in. the F large line, 21%, than in the C large line, 14% 

For this dimension in the small line, the response of .the C replicate, 

greatly exceeds that of the. F replicate, 3%. These. differences, are 

also present in the fe;ur diameters, the F replicate showing an upward 

response between 30% and 40 ompared with about 12% in the C replicate, 

and the small line showing a greater response in this replicath 14%, 

than in the F replicate, 6%. 

The greater response in the large P replicate than the C replicate 

reflects the greater body-weight of the F large mice. The decline in 

response  during the last forty days is also reflected  in the bone 

diameters. 

The association between body weight and bone diamtor is not seen 

in the small line. Body weight response differs between adults of the 

Um replicates, but their one great difference is the response of bone 

dianetors, 10% 141% in the C replicate against 5% 6% in the P replicate. 

General Conclusions 

With some exceptions, body weight and skeletal dimensions show a 

similar pattern of response. The expected change in bone lengths 

can be calculated using the forula which expresses the constancy 

of the relation between weight and linear dimensions. Using the data 

from new-borns, when the difference in weight and skeletal 



rospOnSe was smallest, the ratio of (body weight) to scapula length 

was calculated using this fornuia for the control population f the 

replicate. The coustant was 15.1. ' Body 'cight had been increased 

in the large line and decreased in the small. On the expectation 

that the ratio would not change, the lengths of scapulae in the selected 

lines were calculated Table 33. Skeletal lengths have not responded 

proportionately with body weight, there being a twenty one [,;Or cent 

lag in the response of large thce scapulae and a twenty--five per cent 

lag in response in the small line. 

'FABLE 33. 	~LcrmpE~t 	a io, W-tiwecm Lines Based on Constant, 

LINE LARGE SMALL 
r. Observed 	%f 

Scapula length 	0.38 0.30 21 	0.20 025 	25 

patio (Wei 15.1 19.6 15.1 12.0 

This discrepancy increased with the passage of time. 

• Conclusions. 

1. Body weight responds to selection niore readily than skeletal 

w.easurents with the exception of sone bone dianeters. 

Z. Selection for weight gain has a greater total effect than 

selection for weight loss. • 

Among bones, occipital measurements • respond less • and in a 

more unpredictable way, than long bone ntoasurernents, which generally 

reflect body weight. 

Upward selection has a greater effect on the prenatal 

rnaternaenvironrnent than downward selection. 

Downward selection has a greater effect upon postnatal 

maternal performrnce thzn upward selection, most of the final selection 

responses occurring during this period, 



Upward selection has a greater effect upon the growth of 

mice post-weaning than downward selection, most of the final selection 

response occurring during the days following weaning. 

The replicates differ in the timing of the responses to 

selection, divergence from control mice occurring earlier in the F 

replicate than in the C replicate for both large and mail mice. 

It is possible that the timing of this response in the large 

line may be related to the size of the final response, a response 

occurring earlier in the suckling period engendering a greater peak 

in response in early adulthood, but not necessarily a greater final 

response at.. one hundred and twenty days. 

3. 	Selection Response n Skeletal Length Measured at Fixed Weight 

The previous section deals with comparisons made at fixed ages 

and shows how differences between the lines become established during 

growth. The different lines reach maturity, however, at different 

speeds, therefore it is necessary also to, make the comparisons at the 

same fixed body weight in order to see whether the differences in size 

present at fixed ages are reflected in the skeleton at fixed weights. 

Since animals were sacrificed at the sane age rather than the 

same weight, the estimation of their sizes and ages at similar weights 

had to be obtained from a comparison of mean weight-gain curves. A 

smooth curve was drawn connecting mean weights from birth to a hundred 

and twenty days. The curves for the three selected lines of each 

replicate were drawn cn the same page and four weights from the Y axis 

were chosen for comparison of the three lines A similar set of mean 

curves was drawn where the Y axis was weighted, but the X axis was the 

lengths of the occiput and tibia. A horizontal line was drawn through 

the weights lOg, 19g and 27.5g (the last weights in the small line) 

and 33. Ig (the last weight measured in the control line). The ages 
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TABLE 34 

Measurement Error in rntpo1ath'i  Gra hs 

$ of Mean 

Tibia 	1.8% 
Occipital 

Direct Error in_  Measuring Bones-

of Mean 

Tibia 	0.18% 
Occipital 	1.9% 

TABLE 35 	Percerite Differences _Between Lines at Fixed Body Whts 

C REPLICATE Control F_REPLICATE 

paLison 

XF lOg Large Small Large Small 
A(days) TST 7Z 3.6 1.4 

Tibia(cm) 4.0 16.0 1.0 9.2 27.6 
Occipital(m) 0.5 6.7 3.7 4.3 6.4 

AT19g 
7Idays) 12..9 22.2 14.9 25.8 58.0 
Tibia(an) 1.0 1.0 7.6 7.0 7.0 

Occipital (CM) 0.5 0.0 6.4 4.8 3.9 

AT 27.4' 
7Tys) 34.9 	. 179.0 20.9 46.0 131.0 

Tibia(n) 9.6 	. .0.0 0.1 10.0 3.8 
Occipital (m) 5.7 4.2 2.9 '96 2.9 

AT 33.l 
Aays) 71.7 72.0 

Tibia(cm) 8.9 7.1 
Occipital (cm) 8.4 1L3 



were read off the X axis corresponding to the points of intersection 

of the drawn line and the mean curves. Similarly, from the bone 

length/body weight curve, the X axis yielded the mean lengths of the 

tibia and occiput at these weights. The curves were all drawn twice, 

on different sheets, and the values estimated separately for each set 

of curves The differences between the tmo independent sets of 

estimation were insignificantly small Table 344. 

Controls 

Comparison was first made between the two control lines— Table 

35. During the pre-weaning period the F replicate gains weight 

slightly faster than the C replicate, but after weaning this situation 

is reversed4. The C replicate reaches mature body weight up to 20 

faster than the F replicate. The control lines differ, therefore, in 

their speed of maturation in body weight, though very little in final 

weight; the difference in body weight at 120 days is slight, 3.7%. 

The consequences of the difference In rate of maturation in body 

weight are measurable in the skeleton. At any post-weaning age the C 

replicate is heavier than the F replicate. Measured at the same weight, 

however, the slower-gaining replicate has a longer skeleton than the 

faster growing. Both skeletal measurements, show this difference 

although they are located in widely separate parts of the body, one 

being very close to the central nervous system, the other being 

distant from it, in the limb furthest from the ,central nervous system 

As is the case with body weight, the differences in the skeleton 

associated with speed of weight gain become trivial once adult sizes 

are reached, and are almost immeasurable in comparisons with the C 

line, at 120 day weight. 

The control lines then, differ in their rate of maturation, the 

slower-growing replicate being longer in its skeleton during immature 



ages. As adults they differ very little in either body weight or 

skeletal size Other evidence identifies maternal factors as most 

important in determining rate of maturation so it may he the case 

that differences in growth between these lines primarily reflect 

differences between the replicates in iheir maternal environuent 

Selected Lines 

The large lines gain weight faster than their respective controls, 

the F replicate diverging from its-control more than the C replicate. 

The F replicate large line reaches mature weight Laster than the C 

replicate, although as adults they differ little in selection response. 

In as iiuch as speed of woight-gain is determined by early environment 

the F replicate experiences, a greater selection response in its 

Tatenal enviroz!Ient than the C replicate. 

The-small lines different to the large lines, show bimodality 

in selection response The response during the suckling period is 

much greater in the small lines than the large, but around the period 

of sexual maturity, when a peak in growth rate is experienced in all 

lines (see below), the differences between  small and control lines 

diminish. As adults, however, the response increases greatly, 

differences between small and control lines in time taken to reach 

body. weight 27.4g being 179% and 131% for the two replicates. 

Comparing the large with the small line it is evident as was 

shown above that the post-natal maternal environment is more serious 

ly influenced by selection in the small line than the large. In the 

latter the effect of selection is irre measurable after ianing. 

The influence of rate of weight-gain on skeletal dimensions is 

generally the same as that occurring in the Control coiparisons. Fast 

weight-gain produces skeletal dimensions which are smaller at a given 

weight than dimensions of slower growing mice. In the large line these 



differences diminish slightly during the period of puberty and increase 

during the adult period ConverseIy, the small line has larger skeletal 

dimensions than control mice measured at the same weight The response 

is much greater at immature ages than it is at later ages and larger 

in the tibia than the occipital. The size of the difference again, 

reflects the differences observed in the control comparison the P 

replicate showing a larger selection response than the C replicate 

during iatue ages, but little difference at ,33lg. At this weight 

skeletal dimensions are between 8% and 11 smaller in large mice than 

controls At 19g, differences .between selected lines and controls are 

snaller than at other weights, being all less than 	This body 

weight approximates the stage of puberty in these mice though it is 

reached respectively earlier and later in the large and small lines. 

The selected lines differ, then, in the degree to which the 

skeletal response follows the response in body weight In the large 

line the skeletal response reflects in a general way the response in 

body weight, which is also rather less at immature ages than mature 

ages, though some measurements are inconsistent in this respect. The 

small line, on the other hand s  shows a considerable response at 

immature weights both in body weight and skeletal dimensions This 

response diminishes after weaning, at 19g Following puberty, however, 

V., response in body weight increases greatly, while the skeletal 

measurements become more similar to controls. 

Conclusions 

These comparisons yield different kinds of information depending 

upon whether the period before or after puberty is being cpared . 

At inmature ages the comparison informs us about differences between 

maternal envirormiencs. The maternal environment of small mice delays 

weightgain considerably, with proportionately less effect on the 
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skeleton. The maternal environment of large mice is affected con-

siderably less and although therefore body weight-gain is less 

affected than small mice, the rate of growth of the skeleton is more 

affected than that of small mice, indicating that the relationship 

between body weight and skeletal development is different between 

the large and small lines. 

Following puberty, differences between control and small mice 

in body weight and size reflect the fact that small mice almost cease 

to grow, while control and large ,nice are still pitting on weight 

steadily. Therefore at older ages the response in small mice appears 

very large in respect of body weight. The skeleton, however., much 

more closely resembles control mice at equal mature .bod* weights than 

at him. ture sizes 

Large mice show a response that steadily increases during the 

entire period4 Control mice require seventy-seven days to increase 

body weight from 27.4g to 33.1g. The larger mice accomplish this in 

only six days. 

In conclusion, the response in body weight in small mice is 

associated with severe impairment of the maternal environment and an 

earlier termination of growth, with a proportional change in the 

skeleton of about 5%. In large mice there is enhancement of the 

maternal environment and a considerable increase in the rate and 

duration of weight-gain following weaning and a proportional change 

in the skeleton between 5% and 10% The changes produced are con-

siderably different between the two replicates. However, it is 

consistent among all the lines that fast weight gain is associated 

with a smaller skeleton at standard weight than slow weight gain. 

4. Selection 1esonse in Skeletal Lwths MnsmM nt PiM Tihin  

VV 

It was shown that the proportional change brought about in the 
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TABLE. 3.7 	 Diff- crenco,17-rom Controls at2 11alis 

Ti" La Lcng Rep. ate C - Pepi ic to F 
Inter- 

075cm, f1h, al1 Control Large Sa1l 
Age(days) 00 7.9 0 3.4 15.9 
Occipital(cm) 0.0 0.0 11.5 4.4 6.4 
flunrus(cn) 0.0 1.0- 3.8 9.4 

1.0Ocji 

Age (days) 0.0 18.4 4.8 8.9 10.4 
Occipita1Cc 0.0 0.0 Z., 9 0.0 5.6 
Iurus(cm) 8.2 4.3 U.S 0.0 3.0 

1.2ScTa 

i\ce CL,  .ay) 4,5 30.6 3.6 10.9 8.7 
Occipital. 0.0 0.0 5.3 2.5. 5.3 
urrus(ci) 10.5 9,5 9.2 0.0 3.7 

1. SCL-si 

Age(days) 9.5 40.5 2.7 .13.9 21.0 
- 	Occiita1(c) 3.3 0.0 3.6 2.) 2.0 

Hvncrt.s(cm) 13.3 10.0 12.2 5.9 3.6 



skeleton due to changed body weight differed at different stages of 

growth and was greater in the large line than the siiai1. 

In this section differences in the proportional change among 

three skeletal measurents were estiivatod by comparing the lengths 

of two bones at a fixed size for the third. flere, the lengths of 

the occiput and hxnerus :ore interpolated fran growth curves plotting 

hone lengths against time. The lengths of these bones were estimated 

at ages corresponding to the following lengths in tibia length, 

0.75cm, LOcm, 1-25cm and 1.5cm. Curves were all drawn twice and the 

interpolated values aeasured twice to obtain an estimation error 

Table 36. 

I 	c6 	 Tnt Error 	Itrpo 	0 	 raphs 

% of Mean 

Occipital  

Fhiterus 	 OAS 

RESULTS - Table 37 

Controls. The replicates differ by no more than 500 in the rate 

at which fixed tibia lengths are reached. This difference in speed 

of growth of the tibia is associated with . a greater difference In rate 

of growth o occiput at iirtaturo ages, up to 11.5%, than in adult life 

3 	and the reverse condition in the humerus which differs little at 

immature ages, 1%, and more during the adult stage, 12.21. 

Se1ecte Lines.. The large and small lines in both replicates 

show a difference from controls in rate of growth in tibia length 

which increases with body size, Le. with maturity. The differences 

are greater in the small lines than In the controls, indicating that 

the skeleton is affected mo-re in the small than the large line at  
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fixed skeletal size. 

Conclusion 

The proportional change in occipital and humerus length reflect 

the differences shown in the inter-control comparison, But, since 

they do not exceed the inter-'control difference at any tibia length 

it can be concluded that selection for six week body weight has had 

no significant effect on the skeletal body proportions, at least in 

respect of occipital and humerus lengths Since these bones are 

respectively dermal and cartilaginous bones in origin and, moreover, 

widely separated in the body, it is a reasonable expectation that 

other bones would likewise show no proportional change in response 

to body weight sélection 

S. 	comnarisonof Incremental Growth Monn Selected Lines 

The differences observed by making comparisons between groups of 

animals at fixed ages or weights can be given prominence by making 

comparisons not of absolute quantities but of incremental growth. 

The effect of selection upon rate of growth may be compared in 

two ways: 

by making a comparison between the increments added to 

successive measurements over the same time span, in which case the 

comparison is between absolute quantities, or 

by comparing the amounts added in successive periods, re-

lated to the size at the beginning of each period this is the 

relative growth rate Brody used the followig equation to estimate 

the Instantaneous Growth Rates  K: 

K 	log c T 
log 110  

days, 0  

The second method enables comparisons to be made while, at the 

same time, taking account of differences in scale which might 
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influence the cparisoa 

Th 	ac panying figures Figs. 30. to 32 show,  the in.CTOAOMS,  

far weight in grams and for bone measurenents. in milhietres, added 

between the age in diys  Lor successive periods, for rplcate C, The 

ptrn of incraental additions over time is evidently very similar 

in all lines, both for body uvight gains and skeletal enirgrnent. 

Gains ad in the first five (lay s after,  birth establish .-a peak 

for most skeletal arements which falls off during the re winder 

of the suckling period to a lowest value during the second fourteen 

days. Following weaning theró is a dramatic increase in increcntal 

gains which reaches a second peak at about thirty days After this, 

incrental gains fall to reach a second low point at the end of the 

Period, of examination 120 da'yrs.  

The skeletal incrcmts demonstrate a 51ihtiy different pattern 

to that sbot by body weight flEing theperiod of puberty the second 

peak in incrcnenti gains shotei in body weight greatly exceeds that 

found during the firM few days f!o1lowing birth The skeleton 

however, although showing a substantial increase in size at the the 

of puberty does .t increase in size by such large increments as were 

recorded at the h innin Of the sucklbg period For body weight, 

therefore nest of the weight gained during life IS pt MY after 

wearID-%, ite skeletal elongation occurs to a great extent during 

the suckling period The thaes . in body weight following suckling 

-might, therefore be expected to register changes mainly in extra-

skeletal components of the body 

Sci.ection has had very little effect on the pattern of incre 

mental gains over time, or on the relative degree of res-ponse ang 

different skeletal noasurnents. Notable however, is the difference 



between the lines in respect of the effect of the maternal emriromnont 

on growth. The period of smallest incremental gain in the skeleton is 

the five days before weaning in the control lines. 

In the large line of the C replicate this occurs earlier, during 

the ages 10 to 15 days, and thereafter increments increase. The small 

line of the C replicate shows the low point in incremental gains 

occurring at the same time as the control line, but the low point is 

lower in the small than the control line. Correspondingly, the peak 

following this trough is higher in the small line than the control 

or large lines. All three lines of the F replicate, show the lowest 

incremental gain occurring at the end of the suckling period, but, 

here also the lowest period of growth in the small line is lower than 

that in the control. In the large line of. the C replicate (information 

is not available for the F large) the size of the increase in incre-

mental gain during puberty greatly exceeds the control * 

Conclusions 

Two features emerge from the comparison of incremental gains. 

First, that both body weight and skeletal dimensions show two peaks 

in growth associated with the maternal environment and the event of 

puberty and, second, that there are differences in the way these two 

characters demonstrate the response. 

During the suckling period body weight in control mice shows 

increased increments during the second five days, after which incre-

ments decline during the rest of the nursing Period.. Tibia and 

occipital length reflect the same changes, but the other bone measure-

merits show a steady decline during suckling which is greater during 

the second half. Body weight and skeletal increments are greatly 

increased during puberty. 

Selection for large size both accelerates the timing of changes 
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in growth-crate and icreasos the size of the puberr.i1 growth acceleration.  

Selection for small size retards the timing of changes In growth rate and 

has the varticular effect of depressing growth during the later part of 

the suckling period. Ths upward selection, while it undoubtedly has 

the effect of enhancing the paternal evirorme.nt, exerts its main 

influence on the growth potent itl after suckling. flonward selection, 

on the other hand, exerts its main effect through its alteration of groth 

during suckling. 



1APThR V 

tRTALfl? AND IERTILI1Y 

It was suggested earlier that taisalected mice develop from embryos 

to adults at a speed determined primarily by rate of weight gain The 

mechanism by which this operates is one which links a particular stage,  

of deyelornent to a particular body weight. Mice putting, weight on 

fast reach these'threshold' weights earlier ani so develop faster.  

The reverse Is the case for slow growing oic 	Limits exist to the 

amowt that develoment time can be thus advanced or retarded. These 

limits are narrower earlier in devcloent when viability is critical 

and widen in later dcvelopent when reproductive success is synonynous 

with bioiogiml fitness. 

The effect of selection is to alter the rate of Weight gain so 

that the iindts which derarcate the association between growth rate 

and development time are encountered. In the large line the effect 

is to cause individuals t, put on weight, at the mdiu -speed so 

that the earlier time limit is encountered. Subsequently Increasth 

weight gain is no longer associated with reduction in development time. 

The effect of reducing speed of weight. gain is to cause the later tine 

limit to be encountered. Progressive reduction in body weight witbout 

correlated longer development time is ieded by the proximity of low 

body weight (and slow development) to another I threshold that of 

viability. 

The expectations regarding viability. were explored by mamining 



the records of mice reared in all three lines. The body weight and 

speed of development of all mice which died after the first day of 

life were separated from those which survived and their statistics 

were compared. The results are shown in Table 39. Mice which sub-

sequently die are 'non-survivors'.  

At birth non-survivors from the selected lines are lighter than 

those which surrivo In all three lines they are also shorter from 

hose to rump than those which do not die. At birth, then, mice 

which will not survive are already distinguisabie from the normal 

population. Their progressive disadvantage thus must begin, in utero. 

Although they begin life smaller in size they are not necessarily 

developmentally retarded at the time of incisor eruption, compared 

with normal mice. They are all, however, considerably lighter than 

surviving mice in the selected lines although the difference is very 

slight in the unselected population. 

The passage of four more days brings mice to the stage of eye-

opening. It is at this stage that stress from inter-litter competition 

begins to operate with more severity since milk supply no longer 

increases. The casualties from this vigorous environment are evident 

from the Table. Animals which subsequently die are three-quarters of 

a day retarded in development and considerably underweight at the time 

of eye opening The differences between non-surviving and surviving 

control mice are in the same direction but much smaller in degree. 

After a further three or four days in this environment the effects 

become evident at the stage of molar eruption. Icftce from the selected 

lines are retarded by half a day in the large line and a day and three 

quarters in the small line behind the nomLally developing survivors. 

In body weight they are lighter than normal individuals half their age. 

Once more the control comparison is rather different. Non-survivors 

are neither retarded nor lighter than survivors. 

Following weaning there was no further mortality until reproduction 
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Birth 
Body oy Incisor Eruption Cye Opening Molar Eruption 

Weiijht(g) nth(cn) Thiy 	We1ht(g) Dy 	Wei4 ht() Day Wciht(g) 

LARGE 
3.30 10.6 	46 14.8 	5.1 17.0 4.8 

cQNTRQL 
320 11.6 	6.2 14.0 	6.8 l6.5 7.9 

3. 10 11.0 	4.4 15 ..7 	4.8 18.7 4. 

DeYCAO CCW2 survived Ü 1nt1121 d&S 

LARGE 
T72 3.35 10.7 	6.9 14.1. 	8.8 i6.5 	9.6 

17~3
CONTROL 

• 3.30 11.4 	6,3 14.2 	7.5 16.8. 	7. 

SMALL 
1.4 

- ---__.______. 

3.0 

- 

11.7 	5.8 

-•- •- - .**- 

15.0 	6.6 

*rn-.-- 

17.0 	6.8 

- 



the records of mice reared in all three lines. The body weight and 

speed of development of all mice which died after the first day of 

life were separated from those which survived and their statistics 

were compared. The results are shown in Table 39. Mice which sub-

sequently die are 'non survivors. 

At birth non-,survivors from the selected lines are lighter than 

those which survive, In all three lines they are also shorter from 

nose to rump than those which do not die. At birth, then, mice 

which will not survive are already distinguishable from the normal 

population. Their progressive disadvantage thus must begin in utero. 

Although they begin life smaller in size 'they are not necessarily 

developmentally IDetarded at the time of incisor eruption compared 

with normal mice. They are all, however, considerably lighter than 

surviving mice in the selected lines although the difference is very 

slight in the unselected population. 

The passage of four more days. brings mice to the stage of eye-

opening. It is at this stage that stress from inter-litter competition 

begins to operate with more severity since milk supply no longer 

increases. The casualties from this vigorous environment are evident 

from the table. Animals which subsequently die are three-quarters of 

a day retarded in development and considerably . underweight at the time 

of eye opening. The differences between non-surviving, and surviving 

control mice are in the same direction but much smaller in degree. 

After a further three or four days in this environment the effects 

become evident at the stage of molar eruption. Mice from the selected 

lines are retarded by half a day in the large line and a day and three 

quarters in the small line behind the normally developing survivors. 

In body weight they are lighter than normal individuals half their age. 

Following weaning there was no further mortality until reproduction 
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occurred, when a few females died. 

Although the numbers involved in this anal ysis are eitreely, small 

they do conform with predictions made on the basis of earlier analyses 

It was anticipated that the end of the sucRling period would he one 

where viability was like the perioa of birth,, UMGT particular hazard. 

The population consisted of .63 large mice, 99 control mice and.  

82 small mice. In these lines respectively 14 1 a?ge, 8 control and 

21 srnaU mice did not survive until weaning. 

The overall mortality for the entire population of 244 is as 

follows - Table 38 

TABLE 38 	Mortality OurinSuckiin)g 

% died be % died be-' % died be- , % died be Total % 
tween birth tween In- 	' tween eye ' tween molar 
& incisor incisor or- opening eruption 
cruptfLon , uption and and molar and 

2) ion I ** 

Large 16 '  0 	' 3 3 22 

Control 	' 5' 0 1 	'. 2 	' 8 

iia11 	' 21 0. 1 4 26 

All lines. 13 	' ' 	' 	0 1.6 2. 17,6 

From these sparse records two conclusions can be made. First, there 

are two peaks in mortality correspling to the t periods of transition 

of enviroxment and nutrition, the first, being substantially greater than 

the second. These periods are separated by an interval ,when stress is 

minimal in all, lines and no deaths were recorded. This interval lasted 

from a day or two after birth until about the sixteenth day. 

Second, the two selected lines are more susceptible to these environ-

mental stresses, experiencing greater mortality at both periods. The 
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Mice 	before !i 

13 i r 	Ii 
Body Body Incisor Eruption Eye Opening Molar Eruption 

IV eiht(g) 	Length (an) Day We1tQ) Day Weight(g) Day Weiht() 

LARGE, 
1.58 3.30 10.6 4.6 14.8 5.1 17.0 4.3 

CONTROL 
3.20 11.6 6.2 14.0 6.8 165 7.9 

.MALL 
12 3.10 11.0. 4.4 15.7 4.8 18.7 4.3 

IG13 
1T72 

CONTROL 
1153 

SMALL 
1.4 

JpJ!t 

	

3,35 	10.7 6.9 14.1 8.8 	16.5 9.6 

	

3.30 	11.4 6.3 14.2 7.5 	1.8 7.9 

	

3.20 	11.7 5.8 	15.0 6.6 	17.0 6.8 



small line is the worst affected. 

It was pointed out that the effect of selection would particularly 

alter the development of mice during early stages when viability was 

critically dependent upon body weight. Later on in life the stage of 

precarious viability will have passed and those most seriously impaired 

would have died. 

Those which did not die, however, were none the less measurably 

afflicted by their prenatal environment. It has been shown that time 

taken to reach puberty is importantly influenced by body weight attained 

during suckling, i.e. by weaning weight. Mice suffering most seriously 

from poor maternal environment would be most seriously delayed in 

reaching puberty, that is, in reaching the stage of sexual maturity. 

They would, under natural conditions, he expected to show low (because 

development was delayed) biological fitness. 

Under the experimental conditions prevailing in the selection 

experiment involving the C strain, an artificial "natural selection 

was imposed by the method. Each generation consisted of forty-eight. 

matings. Ideally, individuals were mated at 42 days of age. Asstmiing 

that fertilization occurred innediately, young would be born when 

parents were about sixty-three days old. This litter would be weaned 

when the parents were eighty-four days old. This age was the cut-off 

point for that generation. Parents not producing offspring during the 

three weeks preceding the day when their age reached eighty four days 

would not have their genes represented in the next generation. From 

the point of view of the experiment they were biologically unfit, 

Selection, therefore chose only from among the relatively fast 

breeding individuals in the generation. 

Sometimes it was found that the interval of time allowed for a 

new generation to be born was insufficient. On these occasions a 
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further week was provided to allow numbers to he made up When this 

further week was insufficient, the random system of mating was coim-

plented by the use of substitute matings from the previous generation 

The selection experiment had been proceeding for twenty-one 

generations when an analysis was made of the number of tines it had 

been fotmd necessary to delay selection for one week, and the number 

of substitute matings used in the three lines.. 

The data was divided into the first and second halves of the 

selection experiment. During the first ten generations a total of 

four extra weeks were required in addition to the substitutions noted 

in the Table (Table 39) 	During the second ton generations a total 

of eleven ctra weeks were necessary. Performance was more seriously 

impaired as selection proceeded. 

TA3LE 3 

LJ%RC1 	 CONTROL 	 SMALL 
Cans: Mean No: % in each Mean No 	in oath Mean No % in each 

per jen: 	half 	per gen: 	haLf 	per sen: 	half 
(32)*  

I X 3.2 	 1.5 	16.6% 4.5 
(131)* 	 (75)* 	 (191)* 

XI -Xxi 9.8 	31% 	7.0 	83.3% 	13.6 	81 

Total 	 16 	 90 	 2.36 

* Numbers in brackets 

From this data the mean failure rate of matings set up in each 

generation can be compared (Table 40) 



MULE do 

LARGE 0NTP0L WJ 

Gems 	Mean failure S of Mean failure I of tiean failure S of 
per geit 48 per gen: 48 pr 	n.; 48 

I -X 	3.2 6.7% 1.5 3.1% 4.5 .9.4%. 

XI -Xxi 	9.8 204% 7.0 14.0 13.6 

The distribution of failures beten the first and second part of 

the experiment is very similar in all three lines. Among all mice some 

factor vras in onoration which acted indep1entiy of the effects of 

selection and quadrupled the failure rate after ten generations of 

random breeding. 

A calculation was made to discover whether this general lowering 

of perforanco might he due to inbreeding* The cInimi.rn arnount of in-

breeding provided by the syst if It ran perfectly for ten generations 

was 0.15. The figure is in fact higher than this since in the large 

control and small lines, respectively 6.7%, 3.1% and 9.4% of matings 

were made with parents probably more closely related than was desired 

by the system. At the end of the second ten generations the co-

efficient of inbreeding was, at its lowest value, 0.28 Since the 

percentages of unfavourable matings were 20.41 14.6% and 28.3% during 

this period it is highly likely that this figure is 1ow. Therefore 

the population after twentyone generations  was at least as inbred as 

Nenty Generations 	Ten Generations 

pairs,N 	16 

For mintnum in 
breeding 	 32 	P l.(63/64) o.is 

, 1." (63/f4)20 

9? 



the offspring deriving from hrothersister matings. It is probable, 

therefore, that the increase in failure in all three lines reflects 

the expression of deleterious recessive genes 

The data shows, however, that the selected lines were more 

seriously impaired than .the control line, and the small line was 

particularly affected. In order to represent the differences in 

susceptibility of the selected lines, the number of substitutions was 

calculated in excess of those required in the control line i.e. as 

in previous comparisons the deviations from control were calculated. 

The number of deviations and the deviations from control are shown 

in Figs. 33 and 34. In Fig. 35 the cumulative frequency of deviations 

was plotted against generations. While the large line has shown a 

steady trend in deviations over, the entire period, it is clear that 

the small line suffered particularly as time and generations passed, 50% 

of the total number of substitutions required (in deviations) occurring 

in the last eight generations. 	
V• 	

V 

1. Conclusions 	 V 

The systmi of nating used in this experiment has interfered with 

normal dove1onent in all : three lines, causing an overall increase in 

infertility measured at eighty-four days. The large and small lVinCS 

had suffered to a greater degree than the unselected line and this 

difference must in some measure be a consequence of the selection V 

imposed. 	V • 	
V V 
	

V 	 V 

A comparison of the mean data for reproductive performance in the 

experiment indicates where this litay.  operate 
V 
 These mice were not sub-

jected to selection for body weight at forty-two days so each, sample 

represents the entire range of values for each line. Table 41 

illustrates the relative physiological maturity and functional maturity 

am 



99 

of the different lines. 

TABLE 4.1 

Age (days) at 	Age (days) at first 	Vagina-Litter 
litter. 	 interval Lays~ 

Mean 	 Mean 	 Mean 

Large 	31.2 	 57.7 	 28.2 

Control 	35.2 	 59.4 	 23.8 

Small 	37.8 	 62.9 	 25.7 

Comparing large with control mice, it is evident that the former 

reach sexual maturity four days earlier but take longer to reproduce 

since they are only a day and a half younger when the first litter 

appears Assuming that gestation time is not different between lines, 

the difference in age at first litter must he due to the slowness of 

large mice to perform copulation and/or be fertilized. This is con-

finned by a comparison of the mean interval between age at vagina 

opening and litter production for individual mice. Control mice 

require about four days less time to become fertilized than large 

mice. It is probable that this tardiness in reproducing among large 

mice is greater than that indicated here since the males used were 

unselected males of proven fertility. The selection operation mated 

selected females with selected males of unproven reproductive ability 

and unknown maturity. The large line, therefore, probably suffered 

seriously from infertility which was partly shared by both potential 

parents. 

The small line is slowest to reach the stage of vagina opening 

and oldest when the litter is born. It is also more variable than 

the other two lines at these ages. Once past physiological maturity, 
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not so long is needed for small mice to beconie pregnant as for large 

mice. The delay in maturation is probably the chief,  cause of the older 

age seen at first litter production. Selection for low six-week ifltra 

family body weight therefore, would accentuate the effects of slow 

weight-gain and. be  more likely to chose individuals whose genes would 

not he represented in the following generation due to slow devoiopnont 

In the small line, therefore, there is a direct reiationshi 

between fertility measured up to age eighty-four days and the selection 

applied which is not present in the large line. Aaong the latter the 

variance of developmett tiirte was very low so that sexual maturity was 

reached in most mice within a few days of age thirty two days Mdng 

the former the variance was large, many mice experiencing develop 

mnntal delay of sexual, maturity until they were more than six weeks 

old, that is until the date when selection was made had passed. 

Small nice were, therefore)  subjected to a selection index whIch 

was not so applied to the large line. in order to be selected for 

the next generation they had to be of low weight, and also of fast 

developien.t time. Since the primary character selected was body 

weight, selection intensity was high for this character. Development 

the was not given aml attention, yet, nevertheless, began to influence 

the following generation as soon as development time was delayed 

enough to spill a proportion of individuals past the forty -two day 

Cut -Off. The effect of this would be to disrupt the association 

between body weight and development time, i.e. change in develoent 

time would no longer be an accompaniment of change in body weight. 

The data comparing the ninth with the eighteenth generation illustrates 

this. The time taken to reach puberty was delaycd by 39% in the first 

nine generations, but in the subsequent nine generations actually 

advanced by 0.1%.  
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This nay be compared with the response in deirelopment time in the 

large line which was advanced by 10% in the first nine geierations, 

i.e. the response was two and a half times as great in the large line. 

It is likely that this difference in response is due to the fact that 

in the large line a selection index involving development time was not 

imposed. 

We may look at the behaviour of theoretical growth curves when 

fiitra-.family selection is carried out for body weight at forty-two 

days. The mortality and fertility data suggest the existence of limit-.,  

i,ng factors to the transformation of these curves. The first is that 

associating body weight with viability in small mice during .the suckling 

poricd. During this period weight-gain was slow, causing development 

to he delayed. At the end of the lactation period this develop.ental 

delay caused mice to be left without a sufficiently mature dental 

apparatus to enable them to seek out food independently. Consequently 

their body weight when weaned reflected both a poor maternal environment 

and a period, of Impaired development consequent upon it. The fact that 

weaning weight was reduced. by 18% in the first nine generations and 

only 2.4% in the second nine confirms the existence of a lower limit 

to rate of weight gain during suckling. 

The influence of maternal environment on age at puberty operates 

through body weight. The small line therefore, due to theirpoor 

maternal environment, encountered a second limiting factor at puberty 

preventing development from being delayed beyond forty-two days. Since, 

if this limit did not exist,; selection for body weight at forty two 

days might be more intense, it is not surprising to note that selection 

response in the small line for body weight at puberty is less in the 

second nine generations than the first, 8% compared with 13.2%. It 

is nevertheless, greater than the response at weaning. it appears, 
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not so long is needed for small mice to become pregnant as for large 

mice. The delay in maturation is probably the chief cause of the older 

age seen at first litter production Selection for low six-week intra-

family body weight therefore, would accentuate the effects of slow 

weight- gain and be more likely to chose individuals whose genes woui.d 

not be represented in the following generation due to slvw deveioiront 

In the small line, therefore, there is a direct relationship 

heteen fertility measured up to age eighty-four days and the selection 

applied, which is not present in the large line, kong the latter the 

variance of development time was very low so that sexual maturity ws 

reached in most mice within a few days of age thirty two days 

the former the variance ws large, many mice experiencing develop 

mantal delay of sexual maturity until they were more than six weeks 

old that is until the date when selection was made had passed. 

Snall nice were, therefore, subjected to a selection index which 

was not so applied to the large line. in order to he selected for 

the next generation they had to be of law weight and also of fast 

develoçent time. Since the primary character selected was body 

WClhtr selection intensity was high for this character. Development 

time was not given any attention yet, nevertheless, began to influence 

t}e following generatiou as soon as development time was delayed 

enough to spill a proportion of individuals past the forty-two day 

cut-off. The effect of this would be to disrupt the association 

between body weight and development time, i.e. change in development 

time would no longer be an accompaiiient of change in body weight. 

The data comparing the ninth with the eighteenth generation illustrates 

this. The time taken to reac± puberty was delayed by 3.9% in the first• 

nine generations, but in the subsequent nine generations actually 

advanced by 0.1% 

I(X) 



This may be compared with the response in deirelopment time in the 

large line which was advanced by 10% in the first nine generations, 

i.e the response was two and a half tines as great in the large line. 

It is likely that this difference in response is due to the fact that 

in the large . line a selection index involving develoiient tine was not 

imposed. 

We may look . at the behaviour of theoretical growth curves when 

ntr a-family selection is carried out for body weight at forty-two 

days. The mortality and fertility data suggest the existence of limit 

ing factors to the transformation of these curves. The first is that 

associating body weight with viability in small mice during the suckling 

Period. During this period weight-gain was slow, causing development 

to be delayed. At the end of the lactation period this developmental 

delay Caused mice to be left without a sufficiently mature dental 

apparatus to enable thoni to seek out food independently. Consequently 

their body weight when weaned reflected both a poor maternal environment 

and a period of impaired development consequent upon it. The fact that 

weaning weight was reduced by 18% in the first nine generations and 

only 2.4% in the second nine confirms the existence of a lower limit 

to rate of weight gain during suckling. 

The influence of maternal environment on age at puberty operates 

through body weight. The small line,, therefore, due to their poor 

mat errtal environment encountered a second limiting factor at puberty 

preventing development from being delayed beyond fortytt.v days. Since, 

if this limit did not exist, selection for body weight at forty two  

days might be more intense, it is not surprising to note that selection 

response in the small line for body weight at puberty is less in the 

second. nine generations than the first, 8.6% compared with 13.2%. It 

is, nevertheless greater than the response at weaning. It appears, 



therefore that selection for low body weight operates primarily by 

depressing weight during the suckling period Among those mice which 

survive this environment, selection gradually separates  those 

individuals which show poorest recovery. It is on the growth from 

weming till forty two days that selection secondarily operates. 

Selection in the upward direction encounters other limiting 

factors. Although viability and mortality are worse than controls 

they are considerably better than small nice. The absence of a limit 

to the amount that suckling perfomance can be increased is reflected 

in the continuing response in weanixg weight for large mice, 12% 

during the first nine generations and 18.6% during the second nine. 

The increase in weaning weight had the predictable consequence of 

reducing the age at which puberty was reached. However, as with the 

small line no progress was made after the ninth generation. The 

correlated change in weight at puberty was rather more than the change 

in weaning weight during the first nine generations, 15.2% compared 

with 11.9% During the next nine generations this relationship was 

greatly altered. The response during this period was far more for 

weaning weight than for weight at puberty, 18.6% compared with 4.9%. 

It appears that both large and small lines encounter limits in the 

amount that development time can be changed and they encounter these 

limits before nine generations of selcction have been carried out. 

The direct response is not subject to these limitations, however, and 

proceeds faster in the large than the small line, 41.4% compared with 

281% at generation eighteen. 

2.. Other Thrimentai•Work 

In the introductory chapter, the work of Clarke was mentioned 

and note was made of the two different kinds of response he found in 

the large line. Some replicates showed that increase in weight at 
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asymptote was associated with increase in time to reach asymptote a 

situation predicted by the positive correlation between time taken to 

mature and mature body size, whereas other replicates showed that 

weight at asymptote could be increased with no change in time taken 

to reach asymptote. The. second experiment used one replicate from 

each of these two groups and this difference was: confirmed as shown 

in the body weight graph earlier. The E replicate encountered its 

point of greatest response (its plateau, or asymptote) earlier than 

the C replicate. This difference was associated with a difference 

in weaning weights, the response being 35% in the I replicate at 

generation eighteen and only 12% in the C replicate. The mean response 

among six replicates, therefore, conceals the presence of two (at least) 

different kinds of response to upward selection, which are associated 

with differences in response during the suckling period. Such hetero-

geneity of response does not appear in the small line. 

The observations regarding Clarke's experiments were that up-

ward selection for, body weight produced a ready increase in. weight 

at asymptote, but in only some of the replicates did it increase time 

to asymptote beyond the range found in control mice. Selection for 

low body weight had no difficulty in reduing time to asymptote beyond 

the range in controls, but encountered difficulty in reducing mean body 

weight below the range found in controls. 

Earlier experiments with upward and downward selection showed that 

when the respective lines reached a plateau, additive genetic variation 

in the large line had been removed, while there was still additive 

variation in the small line. 

Combining Clarke?  s data with the present study, it appears that 

selection for small size achieves a response which soon slows down 

due, perhaps, to the presence of the demonstrated lower limit to the 
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amount aniig weight can he reduced.. The reason why additive genetic 

variation is still detected £tfter the selected lino Jas plLa teaued may 

be due to genetic variation fo sall- body size,  icing associated with 

poor ,aterna perroniance and impaired dovelonent which provens such 	- 

genes from being represented in. the population sel ected at forty two 

days. 

With large mice upward selection appears either to he associated 

with a large correlated improvement in maternal per mance, resulting 

in a high response in weaning weights  or to be associated with a Pro- 

longed development time and tmly a modest improvemem in maternal 

performance. Selection for large size; then produces a final response 

at, say, 120 days, which is similar whether or not it is accmtpanied 

by alteration of the maternal environient. 

The explanation for the different kinds of response in large and 

small lines must, therefore, accowt for a response for large size 

which is sotehow independent of the correlated bnproirient in maternal 

perfonnance, and a response for small size which is somehow mediated, 

and limited, by correlated poor maternal performaice. 



CUAPThR VI 

GI3NE1AL DISCUSSION 

T110,  discussion that follows will develop from the conclusions which 

emerge, from the experimental section. 

These are as follows: 

1. It is shown that a number of functionally unrelated but readily 

observable milestones may each or severally give a consistent impression 

of the process of growth and developiient These stages of development 

are: 

1. 	Eye opening. 

2 	Tooth eruption 

3. 	Vagina opening. 

4 	Bone ossification. 

Skeletal/body weight ratios. 

2 	Environmental influences upon these characters are similar. Heavier 

mice develop fester at all stages. 

Within a certain time range, state of development is closely 

associated with body weight in unselected mice animals at similar 

stages of development having a similar body weight. 

Limits to this association exist and these are narrower early in 

development than later. Increasing body weight causes faster development 

up to a limit, and decreasing body weight is associated with slower 

development  up to a limit.. These limits are, respectively, limits in 

time before which the developmental event carnot occur no matter what 



body wcight i, .and linits in time beyond viich delay in development 

will not be possible even though the individual may be losing uvight.  

Selection for body weight causes body weights at all stages of 

volorent to be altered in predictable directions. 

G. The effect of selectloa for body weight on development time is 

different at different stages of growth. In small mice time taken to 

reach sexual ruaturity is increased, while the taken to reach asymptote 

is reduced; in large mice tiiue taken to rcach sexual maturity is 

decreased,  idAle tiine to asymptote is either increased or unchanged 

Variances are altered in orTosite directions in large and small lines. 

Selection does not alter the limits in age between which development 

occurs. 

The effect of selection on the weight association of developit 

is to engender a negative association where in unselected rice there  is 

a zero association. This occurs through the selected line producing 

more individuals developing at the extremes of devolonent tines and at 

altered weights. Individuals developing at intermediate speeds are not 

greatly altered in body weight 

Selection for body weight has no significant effect upon the ratio 

of one bone length to another. 

Selection for body weight influences weight more than bone size so 

that large Axxtce have smaller skeletons than snail mice when measured at 

the same weight. 

lC The final response in body weight is brought about by neas of 

alterations in growth rate which occur at differit times in the tv 

selected lines. The large line demonstrates moderate improvement in 

growth rate during the suckling period, followed by a pronounced increase 

in growth rate during the week or two following weaning, which is largely 

responsible for the final difference from controls The small line shows 
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an poverishment of growth during suckling and a greatly reduced growth 

rate during the peripubertal phase. 

11,. it is suggested that continued reduction in growth rate during the 

suckling period in the small line is hampered by the close association 

between body weight and viability at low body weights. 

There are, therefore, two basic observations. First,, that in 

unselected mice development up to sexual maturity appears to accondate 

to environmental stress by altering the time variable and keeping,  body 

size at different stages of development constant. Second, that in 

selected lines this homeostatic mechanism does not operate. Unselected 

mice show zero correlation between body size and time taken to roach 

that size when estimated at a. particular stage of development, whereas 

the association is negative in selected lines. 

The difference between these two responses is explained in terms of 

the existence of thresholds in body weight associated with consecutive 

stages of development, and . limits in time . beyond which development cannot 

he varied. 

The effect of selection for body weight is to alter development time 

in the same direction as if the mice had been subjected to a constant 

environmental Influence during their growth, from generation to generation, 

that is to say, large mice develop faster and small mice slower; Since 

it is unlikely that a genetic change would produce an alteration in 

development time in the direction found here, it is much more likely that 

the source of the influence lies in the lineage of mothers within each 

line. Large mice provide better maternal environments which cause a small 

decrease in development time, and small mice are worse mothers, thus 
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prolonging development time. The lines differ, iioetor, in the 

rrtince of the period, of dependent growth, the final response bain 

closEly related to suckling growth porfomance in small mice, ami rrc 

riatcd to Independent post-wmaing growth in large mico,  

The question of a casual relationship between the parlomanco of 

	

the mother aid the Lirmi size of the of-Esw*inff bust he explored 	. 	this 

point Could the whole of the response in the selected lines he due,  to 

the correlated effect of body size on maternal perfaunce? if this 

were the case a selectimi experiment such as wts carried oat cn th' 

C strain would in effect, not be on ooriiont altering the Vcqetic. 

control of body size, but rather on experbaeut gradually,  altering the 

envkron31ental control over body sizes 

irmthy a . 	rizonts on trans lonted ova leave no room for 

ectui'Jcation on this; issue, (rtzby, 1950).. Ova from large nice trons 

Planted into small nice develop into adult mice very little different 

from large mice reared and suckled by their natural mothers . Sinilarly,  

ova ftm selected small straVis transplanted into large mothers clooly 

reseabio small mice bcra and reared norzimiiy. The effects of selection 

for body weight, then, do not produce their alteration of selected lines 

through the modiation of mateimal. performance to any 'Important dgree 

4st of the transformation in growth in selected lines i a consequence 

of alterations of the zygotes in the respective lines whith are presuiiiably 

manly genetic 

Nevertheless if attention is confined to the first three or four 

the tateml enviromnt exerts the major influence both on growth 

rate and deve1oent. rate. Following weaning genetic effects becoxne 

nore iriiportant although effects of a purely enviromiental origin can 

continue to modify the effectiveness of selection at six week5 of age. 

riefIy, the alteration in devoloMment t13ue and growth rate found 



in the selected lines is probably due to changed maternal environments, 

but is mainly independent of the final size achieved in the different 

lines.. 

How closely is the response to selection for body weight reflected 

in the skeleton? (iantitazively the response in skeletal dimensions 

was not, nearly so extensive as it ias in body weight. Moreover, the 

response was slightly different in different parts. .Uard selection 

increased mean body weight by 50%. . Long bones showed the closest 

similarity to this response but did not exceed 8% increase in the large 

line or €% decrease in the small. The pattern of response for long 

bones was almost identical to that for body weight; in large mice most 

of the response was established during the pubertal growth phase,, while 

in small mice the response was established during suckling 

Bone diameters also followed the body weight pattern of response, 

but the dejree of response was inconsistent from line to line. This 

may reflect the fact that long bones increase in length inexorably and 

can only change their rate of increase, whereas bone diameters iaLdoi 

bone, by apposition and simultaneously remove it by remodelling and thus 

are influenced by a more complex set of factors. 

Occipital length shows very little similarity to body weight in the 

degree of its response to selection. It does show some similarity to 

the other bones in the pattern of response, however, in that the response 

is less in the small line after weaning than befQre, and greater in the 

large line after weaning than before. The greatest response does not 

exceed 01  and does not differ from the amount by which one unselected 

replicate differs from the other. 

It appears, then, that most of the response to selection is in the 

extra skeletal components of body weight, the skeleton showing 

proportionately less response, although the correlation is clea7 high. 



The' correlation is lowest in occipital length. Since this is closely 

associated with the development of the central nervous system other 

evidence would lead us to expect a smaller response in this region. 

In order to examine more closely the change in response in the. 

skeleton throughout growth the incremental increases within each period 

were compared with the response in body weight. This coxiparison reveals 

fundamental difference between the pattern of growth of skeletal tissue 

and other constituents of the body. In both there . are two peaks of. 

growth, one during the suckling period and one during the pen-pubertal 

growth acceleration. They differ however In the relative sizes of the 

peaks; the second peak In skeletal growth is smaller than that during 

suckling. Body weight however, increaes far more in the pubertal 

period than during suckling. 

The difference between the 'control . and selected lines lies not in' 

the distribution of incremental growth throughout time, the two peaks 

showing close coincidence in time in all .1 iries. The chief difference 

produced by selection is in the incremental growth between the two peaks. 

The trough, or low point, in incremental growth is far lower in the small 

line and much higher in the large line than in controls. 

From this comparison between the nature of growth in bone and soft 

tissue it appears that the major skeletal dimensions of the body are laid 

out during suckling and added to in . only small degree during the rest of the 

growth period. Soft tissue, however, . is mainly created during the period 

following weaning that is, after the skeletal framework has been formed. 

Selection at six weeks alters particularly the transition between suckling 

growth and pubertal growth, either depressing or enhancing it, leading to 

a smaller or larger pubertal growth increase. 

Due to the response in weight exceeding that in skeletal dimensions, 

cpnparisons between ratios of skeletal length to body weight reflect 

7 	. 	. 	. 



ainy the !I.H.Ferclxes in body weight Slow growing mice have larger 

skeletons t staMar3 wezht than controls and fast gtowing mice have 

smaller skeletons. Or, contrariwise, the arrount of ueight put on to 

achicyc a certain length of bone is less in small mice than controls 

and mare in large nice. These differences become noro pronounced as 

time passes and the response in the crnradter directly selected increases 

At birth tho differonces are less. The roressions for occipital length/ 

body weight body weight ratio are very similar between all lines. Then 

a particular weight common to all six lines was taken it was found that 

the ratios were practically identical. The difference in means at birth, 

th041 Is mainly a reflection of changed body iteight, the populations 

having been movol along the regression Une Those differences in ratios 

become much more pronounced later on, the peak differences reaching 50 

before weaning in the small line wid 50 in the large line after vcaning. 

The very small alterations among skeletal ratios is reflected in 

the comparisons between lines bst. of the differences do not exceed 2% 

throughout the entire period, which is very little different from the 

intracontrol comparison. Thus, skeletal body proportions are-virtually 

unchanged by body,  waight selection. 

In this interpretation of the results, growth has been divided  into 

two parts the early part, until weaning,, being alrost entirely dotenained 

by the umother, and the ccond part, after weaning,being 'independent of 

the mother.  This division separates the growth achieved in the maternal 

environuent from that accomplished during the pubertal period. Final siza 

and form is thus comprised, of these two independent components 

There are two at least) possible views,of the way growth and develop-

ment come about According to the first, growth is n continuous process 

under the control of certain factors which operate throughout the entire 

period of growth. In many cases these factors can be represented by t 
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or three parameters which specify a mathematical curve, and this curve 

can represent the size of the organism at any point in time during its 

growth. When growth can, in this way, be represented by a mathematical 

curve, the final size or form may be predicted from any earlier stage 

if only the parameters of the curve are lmoiv. 

According to the opposite view, growth is the e4cpression of 

inunediate circumstances interacting with a continuously unfolding set 

of specifications. Since the entire genome is represented in all cells 

at all times a mechanism must exist which represses all those genes which 

are not currently being used and initiates their activities in an orderly 

fashion. Thus genes relating to tooth function will be dc-repressed some 

time after those responsible for bone ossification have been activated. 

Similarly, genes which initiate the function of reproductive organs will 

be activated some time after those dealing with tooth function. It is 

conceivable that the activities of these different genes, acting at 

different periods during growth, might be independent of each other. If 

this were the case it might be possible to select for particular genes 

Mien they become operative and alter the trajectory of growth during the 

different phases Of growth. Alternatively, the environment may be 

altered during different phases and the growth trajectory altered durIng 

subsequent development.-  Under this interpretation the curve necessaryy 

to represent growth would have to be specified by as .many parameters as 

there were environmental variables and sets of genetic alternatives. It 

does not exclude the possibility that growth night be represented by a 

simple curve with a small number of parameters.  Indeed, it is the case 

that the growth of population or of organisms can sometimes be represented 

by a simple curie. However, these curves are usually fitted to data, post 

hoc facto and do not generally yield further information about the nature 

of, or limits to, the growth of the organisms being studied. In particular, 



the curve represents a mean growth path and does not enlightenn us 

rogarding the deviations frea the curve which arc the source of change 

or expression of limitation 

It wa3 concluded from this cxperxnent that the charqles brought 

about in the large line affected the period of dependent growth, causing 

increasing growth rate but to A much greater degree affected the growth 

occurring during the pubertal growth period. In the small 1ine growth 

during the period of dependence tias greatly depressed and the pubertal 

crenent also smaller. These conclusions do not fit easily into either. 

of the interpretations outlined above It, is evidently not th case that 

by specifying final size and time to reach it, the shape of the growth 

curve can be specified. Pirst, the Ifinal sizol,  is never rancMi in 

mice and, second eren if setre point could be chosen to represent '-fin"11-

sizel it is clear that the, growth curve does not follow the pattern: pre-

dited by altering final size That is to say, growth is not controlled 

by as&cll uber of factors which operate throughout development. 

On the other hand, neither osu it be claimed that the different 

phases of growth are totally independent of each other.. The growth 

achieved by large mica at weaning apears to cithance and accelerate later 

growth so that the pubertal growth acceleration is &reatly increased, and 

it is this increase which is mainly responsible  for distinguishing large 

adult nice from control adults. The s-ueUing period in some vmy prepare 

iice to optimise growth thereafter, perhaps merely by increasing appetite-

,N-id 

ppetite

and accelerating developntent. 	
- 

The reverse is the case for sll nice suckling growth is worse, 

particularly during the last ten days.. Mice, therefore, receive a poorer 

atrrial environment just prior to the stage when they become independent 

food seekers. This is clear from the section where incremental growth is 

compared mwng the lines. This situation releases them into the independent 



phase both underweight and developmentally retarded. 

This interpretation assumes that the shape of the growth curve 

is regulated primarily by, the maternal environment Yet, it was shown 

earlier that ova-transplantation' experiments had den.,nstrated the greater 

importance of genetic constitution rather than environment in determining 

growth trajectory over the entire period till adulthood. A comparison 

between growth curves of mice selected for large and small size, and 

mice whose growth has been altered by dietary interference, strongly 

suggests, however, that the transformation of growth operates in the same 

way in beth situations. Small mice which have been selected for low growth 

rate become small, not through being denied food during the suckling 

period but through transforming less of available food into biomass during 

this period. Whether the restriction in biosynthesis is imposed  amternally 

or resides in the metabolic pathways themselves, the final product at the 

end of suckling seems to be the same in small mice. Similarly, it appears 

that the character of growth after weaning is established in large mice 

identically by either environmental or genetic causes. 

Although, therefore,, the two phases of growth, suckling and puberty, 

are separate in time, there may be some inter-dependence- between them. 

The first phase, is dominated by environmental considerations. The second 

is controlled by the operation of a portion of the individual's own geneme, 

associated with the establishment of sex differences in form and function. 

The evidence of these experiments suggests that ,the earlier period exerts 

control over the second period by exerting permissiveness for deviations 

above the mean and restriction for deviations below' the mean.-  Small 

improvements in suckling performance are multiplied during puberty, poor 

performance during suckling is 'less likely to be compensated for, the 

worse the performance. 

In essence this implied that body weight, not surprisingly since it 
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represents volunie, behaves exponentially 	na11 increases early in 

growth have great effects later on, and vice versa. This expectation 

was tested by transforming all the data to logarithms. The mean 

growth curves for all six populations were, then compared by the mini-ax 

method. It was found that the growth curves of the selected lines did 

not differ significantly from coxtrO1s,: There was, however, a significant 

difference in the initial weight of the different lines.  Once the 

difference in birth weight was accounted for, however, 'growth proceeded 

identically in the siected lines. The observed differences were the 

result of initial differences together 'with differences in scale. 

Consideration of the changes brought about in the variance of 

develnent time at different stages of growth by selection of body 

weight suggest that variance also reflects exponential growth. In large 

fast-growing mice the variances for development time were reduced tiile 

the variances for slower developing mice were increased. It seems, then, 

that while throno1l time is linear, physjica1 time behve 

exponentially. This is expressed not only in the mean development path 

of a population but also of variation within the population. 

The mean development path of a pOpulatiOn expresses the rate at which C) 
the genes responsible for development are expressed. It is evident that 

the rate of expression is fastest at the beginning of development and slows 

down with thb passage of time. Thus the de-repression of genes during 

eribryogenesis occurs faster than during morphogenesist  and morphogenesis 

merges even more slowly into the phase of maturation. 

Variation in development time within, a population expresses the 

resultant both of environment variation and genetic variation. 'The major 

influence is emrironmental. The effect of environmental inclemency is 

to, prolong physiological time so that a group of organisms growiig slowly 

/ as a 'èsult of poor nutrition show increased variance in time /taken to 

/ 	' 
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reach a particular stage of development; that is to say to reach stages 

where the same portion of their 'developmental genomot is being de-

repressed The coincidence of exponential characteristics in both the 

entire period of growth and also environmentally induced variation in it 

brings about the conditions found in the èxper:huent and in reports else-

where. When stress causes the growth of individuals to deviate from the 

mean value, the time,. in a chronological sense, permissible for growth 

to return to normal is much less early in development than later on. 

Therefore, individuals whose growth is delayed initially responded by 

prolonging development time; when the limit in this is reached they 

suffer increasing degrees' of permanent growth deficit and enter a zone 

when viability itself is endangered. Within a population under stress, 

casualties appear more frequently at early stages of growth and develop-

ment than later. 

A feature of growth and development which requires further attention 

is the constancy of body weight at similar stages of development and at 

intermediate speeds of development. What are the implications of this 

observation? The description 'same stage of development' operationally 

means when a certain milestone is reached e.g. vagina opening, eye 

opening etc. These external events, however, are the expression of a 

cthitinuous process of do-repression of genes. The 'same 	', here, 

implies that. in the reading of the DNA responsible for development, i.e. 

for synthesis of new bioinàss, different individuals from within •a 

population will have synthesised the same qantjty _tissue when genes 

appropriate to the next stage become accessible for transcription, trans-

lation, etc., although their ages may be different. Thus, the progressive 

de-repression of the 'deve1opmentgenome' is linked very closely with the 

mass of tissue already formed. 

The term 'biomass includes a wide variety of different tissues and 
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fluid content. But, at the simplest level, the mass of an organism ex-

presses a quanttml constituted of a certain number of cells of a certain 

size. Variation in biomass maybe brought about either by altering the 

total number of cells while. koeping their individual volume constant or 

by altering the volume of some or all cells while keeping cell nber 

the same. Altering cell number requires altering the process of 

replication, while altering cell size requires altering the process of 

transcription and translation. It is also possible that both alteration, 

of cell number and cell size may occurs  or that different tissues. may 

react independently in this regard. 

The comparison between bone length/body weight ratios showed great 

differences between the lines. The differences, however, mainly reflect 

the differences established in body weight 1-ather than in bone size. 

The most notable feature of the section describing incremental growth 

was that, although like body weight there were two peaks of incremental 

growth, the skeleton differed in respect of the relative size ofthe 

peaks. For bone sizes the major contributions are made during the suck-

ling period and lesser amotuits added during the pubertal period. This 

is the reverse of body weight gain, where the latter period's contribution 

greatly exeeds the former. Although the skeleton showed the same pattern 

of response, it is clear that it demonstrates a much smaller response and 

shows insignificant alteration in body proportions. The absence of a. 

phase of simultaneous hypertrophy in skeletal tissue, as mentioned below, 

probably accounts for this difference.  

1n this, experiment, therefore, the major part of the response was in 

the cells constituting soft tissue . rather than skeletal tissue. 

Since the variation in time taken to reach a certain body weight 

(or stacre of development) is primarily determined by environmental factors, 

at least in rodents, the nature of the effect that extreme variation in 

dcvelopnental time has upon the constituents of body composition is briefly 

reviewed. 
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Altering litter size or interfering with maternaa nutrition bs 

been widely used to vary the rate of weight gain of offpring Alteration 

of body weight has been coipleniented by examination of the accompanying 

alteration in cell mber and cell size of these experiiontal populatiois. 

Reductiofl of food 'intakc after weaning causes reduction in: body weights  

but the netual Jwel can be reached' by restoration of an edequate diet 

Cell size and nuiber are not altered when nolTijal weight Is reached. 

(Wiick Noble 1967) If food deprivation is commenced -at birth. and 

restoration of' a good diet is delayed until after weaning there is a 

s with no alteration in :size: and this pennanent deficit in cell nwaber  

deficit in cell numbers is reflected in lower body weight. 

The difference between food deprivation early and late in growth is 

due to the presence of three jhases of •develonent during the growth 

'period4 Prenatal develaient is associated with cell. division; this is 

followedyéer birth by ccii division accorpanied by cell enlargnt. 

nall)r after weaning cell division , ceases ir4 growth proceeds by cell 

enarenent alone These three phases follow successively in all tissues 

except bone but their timing is different in different  tissues (W'inick 

169) Thus brain tissue coipietes its phase of' hyperphasia beforo 

muscle tissue; therefore if rehabilitation occurs after this phase has 

teminatod a peiinancnt deficit in brain 'tissue is broubt about while 

the same animal may show little differexce in riuscle cell ntmber. (Win1ck 

Iish and Rosso, 196) In general. differences in early nutrition between 

deprived and overfed aniinais ware reflected in ioer and higher, body 

weights 'when they became adults, and the difference in. body weight was a 

reflection not of coil size but of cell mnber, O.Ae of the last tissues 

to enter its phase 'of hypertrohy is. uuscle tissuo, and it is clear that 

most of the difference between groups is due to the deficit in cells in 

muscle tissues  
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&rising this cbta we riay refer to the behaviour of a cell 

or of a tissue during the growth period of mi individual A cell is 

produced by replication; increases to a certain size (primary critical 

size) by a process of transcription and translation thcn after a 

certain J.ntervai incrcass to a larger sizc• (final critical size) 

by further transcription and translation Regarding a particular tissue,  

it hegns growth by a 'process of replication with lizited transcription 

and translation and coiupletes it by incrcasin its entire VOiU through 

a large increase in the rate of transcription and .tranlation with no 

further replication. 

It appears from Winick "s work that the process of transcription 

and/or translation may be delayed for long periods vithoüt periuient loss 

of tissue. Deprivation of 'food during the process of replication, however,  

produces only a. limited delay, then growth continues with a loss of cells 

due to replication not being completed. The zioial hypertrophy of.  the 

calls which were .foied during this 1xrlod does not make up for the loss 

of total tissue duo to foregone replications. This implies that cell 

site is held constant, although time taken to reach the correct size 

may be varied. The axiount of. hyportrophy accompanying the early phase 

of cell proliferation is smiall and therefore the amount of 'delay per-

miss ible is sza1i . The atiOunt of hypertrophy occurring during the fliiul 

phase mostly during the peri-puber'tal period, is great and this the per- 

issiblc delay is greater.  

The constancy of ccli size also may enlighten 'the observation 

ntntioned repeatedly that similar stages of developnent occur at constant 

weight, or that body composition is constant at the snme weight. ' The 

implication here is that at the se stage of develotont organisms are 

constituted of cells of sinijar, ninubers and size. Extremes of nutrition 

cause loss of cell numbers, not of coil size. 



We may interpret the present data: in the light of UAS4 tin-

selected mice weigh the same at puberty but are of different ages. 

They, therefore, contain similar numbers and sizes of cells. Their: 

differences in age reflect differences in time taken to ingest-

sufficient 

ngesv

sufficient food to supply the processes of transcription and trans-

lation required for hypertrophy. During the suckling period the slower 

growing individuals may not reach the appropriate weight for a state of 

development to appear, but nevertheless will develop to that stage. It 

is likely that in these individuals cell division is occurring before 

cell sizes have reached the primary critical size, which-is reflected 

in their lower weight. The faster growing individuals at this stage 

on the other hand, probably demonstrate replication ocurring at cell 

sizes greater than the primary critical size, In both cases the same 

final critical size is reached, but by means of a longer or shorter 

time path. 

The major difference between the material of this discussion and 

the experimental data is that the variation in growth and development 

introduced by Winick and his associates was, like that occurring in the 

control lines, environmental, whereas the selected lines had, in addition, 

been differentiated genetically. Fled the differences between the large 

and am all lines been due entirely to environmental influences, we might 

confidentally predict that large lines would have more cells than controls, 

but of a similar sizes. The single experiment which examines this question 

in the published literature showed that a line selected for large size 

did indeed have ntor cells but they were smaller than controls. (Robinson 

and, Bradford, 1969). 	 . 	. 

It appears from this, then, that making large inice out of noimal 

ri=6 occurs through the same mechanism, whether environmental or genetic 

methods are used Since the larger nber of cells must have been 

120 

/ 



produced early in developrnent 'that is before weaning, this gives some 

credence to the-  impression mentioned earlier that growth during suckling 

exerts a. permissive influence over subsequent growth In. the large line 

it was fouad that development occurred with very little variation in time 

and with minimal delay. This suggests that during. the phase of cell-

multiplication the provision or ,  constnnption of inutrients, exceeded the' 

speed with which replication 'could transfonn• it intonew cells., Conse-

quntly the association of ,development with coils of a certain number 

and size ceased to exert an influence and more cells were formed. This 

larger number of cells increased by hypertrophy during the pubertal 

phases  producing the lairge increase in weight deviation of the large 

line at that time, but a smaller final size of the individual cells. 

Whether a similar mechanism operates for the small line is not known. 

One might predict, however, that the extreme delay caused in the develop-

ment of small mice might diminish their number and perhaps also size. 

This would result in a smaller pubertal phase of hypertrophy and produce 

adults with fewer cells. The major difference between the cnntrol and 

selected lines would thus be a consequence of the difference in cell 

number causing a magnified difference in cell hypertrophy and, inasmuch 

as this is reflected by pubertal weight, it is mainly in the non-skeletal, 

perhaps muscular, coonent. .' 	 . 

Regarding the contribution of muscle to body, weight it was shown 

that. both skeletal lengths and body weight showed peaks during suckling 

but that the peak during puberty was small  in skeletal lengths and large 

in body weight. The difference here might be due to hypertrophy of muscle 

maliüy being involved in increasing, the width of muscle cells rather than 

their length, since bone length is little changed, for which there is 

some evidence, and the contribution made by fat cells which is very large 

at this stage (Robinson and Bradford, 1969). 

121 

/ 

9 



Regarding the process of maturation, the selection experiment has 

described a zone around the mean weight gain curve reflecting variation 

in growth rate which is the consequence of environmental variation. 

Other evidence suggests that this variation in response indicates the 

direct effect of nutrient supply upon the process. of transcription and 

translation rather than replication. Extreme environmental variation 

or gpnetic selection appear to have similar effects on this process, 

first exhausting physiological variations in transcription/translation 

tine,  then. either increasing or decreasing replication. Whether the 

positive correlation between final size and development holds or not 

possibly depends upon the extent. of alteration of cell number in 

selected lines with or without change in cell size. 

Comparisons made between natural population of different mature, 

sizes indicate that the major difference between them is in the time 

scale. Thus mice and. elephants grow along identical shaped curves but 

in a shorter or longer period. Similar species might differ in total 

cell number and cell size. Owing growth similar events would then 

occur at earlier and lower weight in smaller animals and vice versa. 

Genetic differences between populations would then be associated with 

a positive correlation between development time and body size. 

Within a population, environmental variation of moderate degree 

alters the process of cell hypertrophy, but not the final cell number, 

so that there. is zero correlation between developuent time and body 

size. 

Under conditions of extreme environmental interference the limits - 

in time between which cell hypertrophy may occur are exceeded so that 

phase&.of cell replication are interfered with. This results in 

larger, or smaller, cells at successive stages of developuent and perhaps 

also more, or fewer, cells for favoured or deprived individuals. In 



either case the result is a negative association between detre1oprnent 

the and body size.. Where the cell nwnbor has been altered the 

difference in final size is greater.. 
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The creation of an adult organism from a fertilised zygote requires the 

orderly transformation of food into tissue. The growing tissue itself demonstrates 

a sequence of morphological rearrangements and changes during development which 

cease when the adult form is established. Thus increase in size goes hand in hand 

with differentiation and development. 

A review of relevant literature shows that, taking for an end-point sexual 

maturity in mammals, or pupation in Drosophila, within a population there is zero 

correlation between development time and body size at that stage, since the stage 

occurs at approximately the same weight in all organisms, while age is variable. 

Extreme environmental variation engenders a negative correlation due to deprived 

individuals being stunted in size even when fully grown. Differences between sub-

groups within a population can be ascribed mainly to genetic differences and here 

the correlation between size and age at the end-point is positive, larger organisms 

taking longer to mature. 

Experiments were carried out to determine whether earlier stages of growth 

in mice were also, like sexual maturity, determined by body weight rather than by 

age. It was found that in an unselected population body weight was the major 

determinant of stage of development for eye opening, incisor eruption and molar 



The effect of selection in both lines was mainly on the extra-skeletal 

component of body weight, the bones themselves showing a much smaller response. 

Thus at fixed body weights large mice had proportionately smaller skeletons 

and small mice larger skeletons than unselected mice. 

The lines differed in the time during growth at which the final difference 

at one hundred and twenty days became established. In small mice the selection 

response was brought about mainly during the suckling period, while in large 

mice the pubertal growth period was mostly responsible for the final difference. 

Thus, six-week selection operated upon different parts of the developmental 

path of large and small mice. 

The stability of body weight at fixed stages of development was examined 

in the flight of experiments relating growth and development to the cellular 

constitution of the body. It was suggested that the fixed weight at a particu-

lar stage of development indicated that animals at that stage and weight con-

tained the same number of cells of the same size. They differed mainly in the 

time taken to increase cells to that size, i.e. in the rate of transcription 

and translation rather than replication. Upward selection would increase cell 

numbers though diminishing development time variance, while downward selection 

would diminish cell numbers. 

A model system was described which related the different correlations 

between development time and mature body size to the cellular constitution of 

the body. 


