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Summary. Predicted and realized responses in a single gen- 
eration of mass selection for an index and for its com- 
ponent traits were compared. The index included the log 
transformed traits determining egg mass in chickens to 
40 weeks of age (days tested from sexual maturity, egg 
weight, rate of lay). The index was restricted to allow no 
increase in log days tested. Other traits measured were egg 
mass, age at first egg, egg weight, rate of lay, number of 
eggs and body weight. When averaged over replicates, 
realized and predicted responses were in close agreement 
for index values and for the component traits. Significant 
corresponding correlated responses were obtained for egg 
mass and weight. The restricted trait, log days tested, and 
the correlated trait age at first egg did not change. Egg 
mass was increased solely through change in egg weight. 
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Introduction 

The theoretical concept of the restricted selection index 
was developed by Kempthorne and Nordskog (1959). The 
validity of the theory has been tested biologically in a 
number of studies involving several species (Abplanalp et 
al. 1963; Scheinberg et al. 1967; Okada and Harding 
1967, 1970; Eisen 1976; McCarthy and Doolittle 1977). 
The reports have generally confirmed the effectiveness of 
the restricted index, but all authors have pointed out dis- 
crepancies between predicted and realized results. The dis- 
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crepancies generally involved responses in the selected 
traits which were less than expected, and the responses in 
the restricted trait tended to be negative, or the effect of 
the restriction was greater than expected. 

Several of  the experiments cited were unreplicated, 
and all were of a multigeneration type. The problems in- 
volved in testing genetic theory in multigeneration experi- 
ments with minimal replication have been discussed by 
Bohren (1975) and the value of highly replicated single 
generation experiments for this purpose was emphasized. 
In experiments with these properties, the observed re- 
sponses should be comparable with those predicted be- 
cause of minimization of the effect of random genetic 
drift, inbreeding and sampling errors. 

The economic importance of the negative genetic cor- 
relation between egg weight and egg production in chick- 
ens is well known and has stimulated interest in egg mass 
as a useful criterion of selection (Waring et al. 1962; Hicks 
1963). Interpretation of the effects of selection for egg 
mass is complicated by the negative genetic correlation 
existing between number of  eggs to a fixed age and age at 
sexual maturity. The latter, however, appears not to be 
correlated with rate of lay, the third component trait of 
egg mass (Kinney et al. 1970; Garwood and Lowe 1975). 
The problems arising from these interrelationships among 
the component traits involved in selection for egg mass 
were discussed by Bohren (1970) who proposed that 
selection for egg mass might be effective through use of an 
index formed from a linear combination of the logarith- 
mic functions of the component traits but restricted so as 
to allow no change in age at first egg. 

The purposes of this experiment were (1) to test the 
ability of a restricted selection index, including the com- 
ponent traits age at first egg, egg weight and rate of lay, to 
increase egg mass while maintaining age at first egg con- 
stant and (2) to compare the predicted and realized re- 
sponses in a single generation of selection for an index and 
for its component traits. 
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Materials and Methods 

Traits of primary interest were the index and its component parts, 
log days of testing, log egg weight and log arc sin rate of lay to 
40 weeks of age. Correlated traits also of interest were the untrans- 
formed variables egg mass, age at first egg, egg weight, rate of lay, 
number of eggs and body weight. Annual rate of lay was also 
measured. 

The Regional Cornell Randombred White Leghorn served as the 
base population for the experiment. The establishment and main- 
tenance of this population has been reported by King et al. (1959) 
and the inbreeding that  has accumulated was reported by Lowe 
and Garwood (1973). The effective population size has been about 
167, and the present inbreeding level is about 4%. 

Genotypic and phenotypic parameters necessary for the deriva- 
tion of the index were calculated from data collected on the popu- 
lation from 1957 through 1965. Details of the data collection 
were given by Kinney et ai. (1968). Two pedigreed hatches were 
made yearly. The first hatch was obtained by equally randomizing 
250 females to 50 sires for mating. After eggs for this hatch were 
collected, the males were shifted to different pens of females. 
After 2 weeks, eggs were saved for the second hatch. Nested analy- 
ses of variance and covariance were performed on both the raw 
and transformed data for each hatch, and the parameter estimates 
derived were averaged over hatches for each particular variance or 
covariance (Table 1). The index derived from the parameter esti- 
mates was I = 0.023D +.0.117E + 0.41R where D is log days tested 
to 40 weeks of age, E is log egg weight at 40 weeks, R is log arc sin 
rate of lay to 40 weeks. The relative genotypic weights (ai) of the 
above traits for derivation of the index were taken as a~ = a 2 = a 3 
=1.  

For the zero generation, 2226 pullets of the base population 
were randomized to 14 replicates of 159 pullets each and housed 
in 20-x 40-cm individual cages. Within each replicate, the 12 fe- 
males with the highest index values were selected and mass mated 
to 3 random males of the base population to produce the first 
selected generation progeny group. Concurrently, 12 random fe- 
males of the base population were mass mated to another sample 
of 3 males to produce a random selected control group for each 
replicate. In each selected and control group, 40 female progeny 
were sought. All pullets were individually caged for the laying 
period at 18 weeks of age. The part period egg records were ended 
when the flock was 40 weeks old, at which time body and egg 
weights were measured. Annual egg records were ended at 
70 weeks. 

Disproportionate subclass numbers existed. Consequently 
analyses of variance were based upon unweighted means according 
to the following model: 

~fij = # + Si + Rj + SRij + Eij 

where Yi j is  the mean measurement on progeny in the i th group 
and the jt~h replicate. 

Realized gains in the index and in each component trait were 
calculated from the data. Expected gain from the index was calcu- 
lated as la 2 i oi/2, where {a 2 is the estimated heritability of the 
index in the base population, and I and o I, respectively, are the 
mean standardized selection differential and phenotypic standard 
deviation of the index over replicates in the initial or zero genera- 
tion. Expected gains (A Gi ) for the component traits were calcu- 
lated as A G i = .~ bj Gij i/2Ol where bj are the coefficients in 

J 
the index for the component traits and Gij the genetic covarianees 
between the i th and the j th component traits. 

Resu l t s  

The n u m b e r  o f  pul le ts  avai lable  for  se lec t ion  in each  repli-  

cate in  the  in i t ia l  gene ra t i on ,  the  p r o p o r t i o n  se lec ted ,  the  

n u m b e r  o f  p rogeny  t e s t ed  in  the  se lec ted  and  con t ro l  

groups ,  t he  s t anda rd i zed  se lec t ion  d i f fe ren t ia l  and  the  

s t anda rd  dev ia t ion  o f  t he  i n d e x  for  each  rep l ica te  are 

given in Table  2. 

A c o n s t a n t  se lec t ion  i n t ens i t y  over  repl ica tes  was in- 

t e n d e d  b y  se lec t ing  12 o u t  o f  159 t e s t ed  pul le ts ,  or  7.5%. 

However ,  t he  repl ica tes  varied in  n u m b e r s  o f  pul le ts  avail- 

able for  se lec t ion  because  o f  d i f fe ren t i a l  m o r t a l i t y ,  non -  

layers  and  avai labi l i ty  o f  eggs for  weighing  at  40  weeks  o f  

age. These  losses r educed  t he  average n u m b e r  o f  b i rds  

avai lable fo r  se lec t ion  to  138.  By keep ing  the  n u m b e r  

se lec ted  at  12 f r o m  each  repl ica te ,  t he  average pe rcen tage  

o f  b i rds  saved inc reased  to  8 .7  and  varied f r o m  8.2 to  9 .2 .  

Table 2. Number of females in the initial generation (Go), pro- 
portion selected (P), number of progeny tested in the selected 
(G 1 ) and control (C1) groups, selection intensity (i) and observed 
standard deviation of the index (o) for each replicate 

Table 1. Estimates of genetic and phenotypic variances and 
covariances used for index development a 

Log daystested Log eggweight Log arc sin rate oflay 
(D) (E) (R) 

0.00604763 -0.00017108 0.0011244 

0.00211280 
-0.0051128 0.00116649 -0.00004099 

0.00059864 
0.00027356 -0.00036998 0.005598 

0.00057034 

a Genetic values are below the broken lines 

Replicate Go P GI C1 i o 

1 136 8.8 43 34 1.43 0.0046 
2 139 8.6 40 41 1.71 0.0042 
3 146 8.2 35 39 1.42 0.0046 
4 137 8.8 42 38 1.45 0.0048 
5 144 8.3 37 38 1.15 0.0052 
6 136 8.8 40 38 1.75 0.0053 
7 141 8.5 40 33 1.61 0.0045 
8 141 8.5 36 37 1.37 0.0046 
9 139 8.6 41 39 1.46 0.0053 

10 134 9.0 38 35 1.42 0.0058 
11 139 8.6 37 26 1.39 0.0053 
12 130 9.2 36 10 1.22 0.0062 
13 137 8.8 40 29 1.53 0.0055 
14 132 9.1 39 40 1.71 0,0046 
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Intensity of selection averaged 1.47 standard deviations, 

which is about 19% lower than expected on the basis of 

the percentage saved for breeding. 
In general, the numbers of progeny tested in the se- 

lected and control groups within replicates were similar, 

except for replicates 11, 12 and 13 in which the numbers 

in the control group were reduced. This reduction was a 
consequence of reduced rates of lay and hatchability. 

The responses to selection by replicates are given in 

Table 3 for the index and component  traits of the index, 
as well as the untransformed measures for egg mass, age at 
first egg, egg weight, rate of lay, egg production and body 

weight. The corresponding analyses of variance are given 

in Table 4. Mean performances over replicates of the con- 

trol progeny group (C1) are presented in Table 5, along 
with the overall responses to selection ($1-C1). Significant 

differences between selected and control groups were 

found for the index and egg mass. The response to selec- 
t ion was 24 x 10 -4 index units which resulted in a 246 g 
increase in egg mass. Significant group differences were 

also found for log egg weight and 40-week egg weight but 

not  for log arc sin rate of lay or rate of lay. The difference 

for log egg weight was translated into a significant increase 
of 3 grams in the untransformed egg weight. No signifi- 
cant change due to the selection occurred in log days 

tested, and none was reflected in the number of days at 
first egg. The significantly increased body weight (124 g) 

would be expected as a correlated response to the gain in 

egg weight. Neither annual rate of lay or the residual 

period rate of lay changed significantly. 

The realized heritability and its standard error for the 

index, as calculated from the replicate gains and selection 

differentials, was 0.60 _+ 0.08. The estimated heritability 
of the index based on parameter estimates from the base 

population was 0.59 +_ 0.0002. This unusually close agree- 

ment between two such estimates resulted in good agree- 

ment between the predicted and realized total gains in 
index units (0.0023 vs. 0.0024, Table 5). The results in 

Table 5 show that the response in the index was entirely 
due to an increase in egg weight because egg weight was 

Table 3. Response to selection by replicate 

Log Log Log 
days egg rate 

Index tested weight of lay Egg 
Replicate x 104 x 104 x 104 x 104 mass 

Annual 
Age Rate rate 
first Egg of Egg pro- .Body of 
egg weight lay duction weight lay 

1 33 - 4 258 74 536 
2 8 -616 267 -196 -234 
3 13 - 7 ~60 -143 -109 
4 23 227 205 -151 13 
5 32 707 159 - 52 537 
6 54 139 370 183 424 
7 15 - 49 57 204 610 
8 16 38 203 -203 666 
9 35 270 178 214 -270 

10 38 - 73 437 -284 796 
11 13 -283 185 - 35 176 
12 10 363 98 -230 -252 
13 25 36 259 -131 482 
14 23 23 216 - 62 62 

- 8 2 1 - 6 6 4  5 

8 4 -2  9 78 -3 
5 5 -4 10 190 -4 

- 3 1 - 5  3 1 5 5  - 3  

- 6 1 3 - 8 339 -2  
- 7 3 - 3  - 3 - 16  - 3  

- 4 4 1 - 5 290 7 
-10 0 4 -11 - 97 0 

6 1 -1 6 139 3 
- 9 4 2 - 9 - 4 2  6 

4 6 -2  6 332 0 
5 4 -5 11 - 37 -3 

- 5 3 0 - 3 1 5 3  - 3  

- 4 2 - 6  3 1 8 2  - 4  

Table 4. Mean squares from the analyses of variance of selected traits and correlated variables 

Log Log Log 
days egg rate of Age 

Index tested weight lay Egg first Egg 
Source df x 107 x 104 x 104 x 104 mass egg weight 

Rate 
of 
lay 

Egg pro- Body 
duction weight 

Annual 
rate 
of 
lay 

Groups (G) 1 410" 2.1 33* 2.8 421646* 28.0 57.1" 
Reps (R) 13 29* 3.7 1.9" 1.9" 70643* 17.6" 2.1" 
G • R 13 8.5 4.6* 4.9* 1.2 70416* 19.5" 1.5" 
Error 851 7.3 2.6 3.9 0.9 30444 9.0 .6 

kt 28.5 27.8 31.9 31.9 31.8 31.9 31.9 

10.3 .3 106889* 
7.2* 19.4" 4820* 
5.0* 28.3* 9785* 
2.6 9.0 1861 

31.9 31.9 31.4 

0.6 
7.5* 
7.6* 
3.6 

28.2 

t Harmonic mean no. of observations per cell 
* P < 0.05 
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the only component trait with a response significantly 
different from zero. The response in egg weight was great- 
er than predicted, but the decrease in rate of  lay was less 
than predicted. Because the small response that occurred 
in log days tested (55 x 10 -4) was not significant, it is 
considered to be in agreement with the imposed restric- 
tion of no change. Thus, the conclusion that selection 
based on the index was successful in increasing the index 
values and indirectly increasing egg mass without reducing 
age at maturity, the restricted trait, seems valid. 

Discuss ion  

The similarity of  the predicted and realized responses to 
selection in this experiment is a result of accurate estima- 
tion of parameters in the base population and the repli- 
cated single generation design. Although the outcome of a 
single replication cannot be predicted accurately because 
of the cumulative random drift, the expected value over 
replicates can be predicted accurately, but only for a 
single generation. The only other experiment involving 
single generation selection is that of Wilson (1974) in 
which the relative gains from individual, family and index 
selection w e r e  compared in Tribolium castaneum in 
10 single generation replicates as well as in a multigenera- 
tion test. In contrast to the present study Wilson (1974) 
concluded that the realized responses did not agree with 
the predicted values. 

In view of the emphasis in the present study placed on 
egg weight by the index used, it of interest to compare the 
coefficients used with those derived without any restric- 
tions and without transformation of the component traits. 
The comparative coefficients are as follows: 

Traits 

Days Rate of Egg 
Type of index tested lay weight 

Transformed, restricted 0.2 0.4 1 
Untransformed, restricted 0.2 0.7 1 
Transformed, unrestricted 1.5 0.1 -1 
Untransformed, unrestricted 1.6 0.3 -1 

The log transformation had little effect except to 
slightly reduce the weightings on rate of  lay. But removing 
the restriction resulted in a dramatic shift of  emphasis, the 
major weighting was placed on days of  testing, and that 
for egg weight became negative. The predicted response 
(x 10 s) in the component traits from selection on an un- 
restricted index of the log transformed variables would be 
log days tested = 1.07, log egg weight = -1.95 and log arc 
sin rate of lay = 0.24. Here, in contrast to the index used, 
egg mass would be increased in spite of a reduction in egg 

Table 5. Mean performance over replicates of the test generation 
control (C1), gain from selection ($1 -C~ ) and predicted gain (G) 

Trait Cl Sl -C1 

index x 104 3241 24* 
log days of testing x 104 20189 55 
log egg weight x 104 17374 218" 
log arc sin rate of lay x 10" 18091 -58 
egg mass, g 4730 246* 
age at first egg, days 176 -2 
egg weight, g 55 3* 
rate of lay, % 81 -1 
number of eggs 86 0 
body weight, g 1834 124" 
annual rate of lay, % 74 0 

23 
0 

58 
-82 

* Significantly different from zero (P < 0.05) 

weight by both decreased age at first egg and increased 
rate of  lay. 

An idea of the importance of the genetic drift in inter- 
preting responses to selection can be obtained by examin- 
ing the replicate by group interaction. Of 11 analyses of  
variance (Table 4), all but two had significant interactions 
and even those two had F values greater than one. Al- 
though the analysis of the index criterion was one in- 
stance in which the interaction was not statistically signifi- 
cant, the interaction component is estimated as 1.2 x 
1 0  - 7  , which is only 0.6% as large as the within replicate- 
group error variance. On the other hand, the interaction 
component from the body weight analysis is 7924 which 
is 15% of the within cell error variance. Although these 
drift variances are small in any one generation, their accu- 
mulation over generations could lead to serious errors in 
interpretation of the response to selection. The consis- 
tency and magnitude of  the estimates of  the random drift 
variance emphasize the need for random replication of 
any selection experiments. 

The theoretical drift variances for the index and for its 
component parts were estimated by equation (3) of Hill 
(1972). The ratios of  the theoretical drift values to the 
values estimated from the interaction components were: 

index (130:12); log egg weight (0.55:1.00); log days 
trapped (2.3:2.0) and log arc sin rate of  lay (86:24). The 
two traits for which the interaction components are sig- 
nificant are in reasonably close agreement with the theo- 
retical values, but the very small and non-significant inter- 
action component for rate of  lay is low relative to the 
theoretical value and makes the interaction component 
for the index also low. 
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