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INTRODUCTION 

It has been estimated that approximately 85 percent of all pigs 

slaughtered in the United States are crossbredso Perhaps a large por= 

tion of these crossbred pigs are not produced by well planned and exe= 

cuted crossbreeding programs, but it still reflects the great importance 

of this mating system to the swine industry. One reason for crossbreed= 

ing is that of combining desirable traits from several breeds in~~ one 

population. Another reason for crossbreeding is the heterosis, or 

hybrid vigor, that results in certain performance traits. Breeding 

systems, specifically reciprocal recurrent selection, had been designed 

by plant breeders to maximize the expressi:,on of heterosis in corn. 

This selection scheme was later modified for use in hogs and several 

research institutions initiated breeding experiments to evaluate its 

effectiveness. 

Reciprocal recurrent selection for improving crossbred performance 

involves selection among purebreds based on the performance of crossbred 

half=sibs by the same sire. In order to evaluate the effectiveness of 

this method of selection certain specific population paramet,ers must 

be estimatedo These parameters are: 1) Sec• or the pat®rnal hali'=sib 

covariance among individuals within a two population cross resulting 

from crossing males of one breed on females of another; 2) Sep• or the 

paternal half-sib covariance between purebred and crossbred half=sibs 

having the same sire, and 3) the phenotypic variance of the selection 
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criterion within both the purebred and the crossbred populations. With 

these parameter estimates, the predicted response in the crossbred popu

lation from a given amount of selection pressure applied both by re

ciprocal recurrent selection and by various metho.ds of intra-population 

selection can be obtained. Ratios of the predicted response from re

ciprocal recurrent selection to the predicted response from intra

pcpulation selection can then be used as a measure of the relative 

effectiveness of reciprocal recurrent selection. 

The objectives of this study were: 1) to estimate specific popu

lation parameters within both purebred and crossbred populations of 

swine for 56 day weight, average daily gain, and probed backfat, 2) 

use the estimates to evaluate the relative effectiveness of reciprocal 

recurrent selection versus various methods of intra-population selection 

for.improving crossbred perfor~ance, and J) use these same estimates 

to predict trait respo~se to indirect selection within each of the two 

populations •. 



REVIEW 0, LITERATURE 

Of the breeding techniques developed for increasing hybrid vigor 

in corn, that of reciprocal recurrent selection for specific combining 

ability proposed by Comstock,!!!.!• (1949) has been modified for adaptation 

to animals on an experimental basis. This modification, as outlined by 

Comstock and Robinson (1956), consists of mating males of a third breed 

on two-breed cross f emalee. This permits heterosis for maternal traits 

to be obtained by the use of crossbred dams, Selection of repl acements 

for the pure breeds is made on the basis of their crossbred progeny per

formance. Experimental evidence on the amount of progress that can be 

obtained by this type of selection is limited. Also, only limited ex

perimental evidence is available on the rate of improvement in cross 

performance when intra-population selection procedures are applied to 

the pure breeds. 

The most extensive breeding experiments to evaluate the utility 

of reciprocal recurrent selection procedures in animal populations have 

been those with Drosophila (Bell et al., 1955; Rasmuson, 1956; Kojima 

and Kelleher, 1963). Using two experiments, Bell et al. (1955) com

pared reciprocal selection, recurrent cross selection, and inbreedi ng 

and hybridization with conventional closed population selection based 

on individual and family merit. In their first experiment covering 

16 generations the closed population method was inferior to all other 

selection methods for increasing egg production. In their second 

3 
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experiment, which lasted for 39 generations, response of egg production 

to the closed population method of selection was rapid, reaching a peak 

early in the trial and then remaining essentially plateaued. The two 

populations under recurrent cross and reciprocal selection showed con

tinuous improvement and surpassed the plateaued population at about the 

fifteenth generation. The performance of the progeny produced from 

crosses between the populations under continuous inbreeding was essen

tially equal to those under reciprocal selection. 

Further analysis of this experiment (Bell, 1957; Brown and Bell, 

1961) suggested that the cause of the plateau in the closed population 

was a loss of additive genetic variance. 

Rasmuson (1956) likewise compared reciprocal recurrent selection 

against closed flock selection for egg production in Drosophila. After 

20 generations of selection the reciprocal recurrent selection population 

had a six percent advantage over the closed population. 

Kojima and Kelleher (1963) also conducted a comparative study of 

full-sib family selection and reciprocal recurrent selection schemes 

for egg production in Drosophila. Full-sib family selection was conducted 

through 13 cycles of selection and reciprocal recurrent selection was 

conducted through 16 cycles of selection. The pattern of response to 

full-sib family selection showed very little improvement in egg produc

tion. However, egg production in the reciprocal recurrent program in

creased approximately linearly through the tenth cycle. It then ceased 

to increase and remained essentially plateaued for the remaining cycles. 

Breeding experiments with Tribolium have shown reciprocal recurrent 

selection to be an inefficient method of improving highly heritable 

traits. Bell and Moore (1958) reported that in a 16 generation selection 



experiment for body size (h2 = 0.60 - 0.80), the superiority of indi

vidual and family selection over reciprocal recurrent selection was 

evident by the third cycle. 
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Methods of applying reciprocal recurrent selection programs to 

poultry have been outlined by Bell et al. (1952) and Comstock and Robinson 

(1956) but results of actual breeding experiments are very limited. Bell 

et al. (1952) emphasized that one of the important points was to hold in

breeding at a minimum in the segregating populations. This would be ne

cessary since response to selection would depend on maintaining genetic 

variability within the populations. The ultimate objective of the re

ciprocal recurrent selection program would be to fix eventually those 

alleles in the segregating populations that combined for maximum heterosis 

in crosses. 

Griesbach (1962) applied reciprocal recurrent selection to broil

ers with ten-week weight of the crossbred progeny as the selection cri

terion. Selection· was applied over five generations. As the experiment 

progressed the purebred broilers from the selected strains increased in 

weight at approximately the same rate as the crossbreds from the same 

strains, but combining ability had not been improved. 

Comstock and Robinson (1956) reported that reciprocal sel ec tion 

for eight-week weight of chickens ~ould yield improvement of practical 

significance. However, they posed the ques t ion of whether conventional 

intra-population selection in the parent populations would improve the 

cross more rapidly. The population parameters required to estimate the 

expected genetic progress in crossbreds from various intra- and inter

population selection schemes have been outlined by Enfield (1960) and 

Comstock (1961). 



Of these parameters , the genetic correl at i on between the intra= 

population effects of genes and their effects in the population cross 
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is of primary interest, silr1ce this correlation must be rel a t ivel y high 

for intra=population selection t o be effective in improving cross per= 

formance (Comstock and Robinson, 1956). Estimates of thes e correl ations 

between purebred and crossbred progeny having the same si re have been 

reported f or various traits in poultry by Comstock (1956), Comstock and 

Robinson (1956), and Enfield (1960). For ei ght-week wei ght t hese esti

mates have ranged from 0.24 to 0.87. This suggests that conventional 

intra=population , or purebred, sel ect i on procedures woul d effectively 

improve cross performances. However, Enfield (1960) states t hat whether 

selection on the basis of purebred performance will be as effective as 

family selection based on the performance of t he crossbred offspring 

is contingent upon the genetic variances and covari ances in t he cross= 

bred population itself. In his study the est imat es of t he sire compon= 

ent of genetic variance for egg production in the cr ossbr eds (1 . 27) 

was considerably larger than in the purebreds (0.50), the total pheno

typic variances f or these two populations being 22.88 and 18. 51 , res= 

pectively. These sire component s indicated t hat even though a large 

genetic correl ation existed between purebr ed and crossbred half=sib 

families (0.92), solact i on on the basis of cr ossbr ed performance should 

be more effective in improving the cr oss. 

Unfortunately, available results with swine are based on limited 

observations . Gen~tic investigations of this nature requi re lar ge amounts 

of data to obtain small standard errors on parameter estimates. To ob

tain such amounts of data requires long term breeding experiments , and 

results of such extensive breeding experiments are only now becoming 

available. 
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Estimates of t he covariance of sire effects in limited purebr ed 

and crossbred populations of swine for weaning weight, average daily 

gain, and backfat probe have been reported by Enfield and Rempel (1962). 

These estimates based upon dat a from 56. sires with both purebred and 

crossbred progeny were: weaning weight, -2.42 ! 3.67; average daily 

gain, 0.0040 ± 0.0018; and backfat probe, 0.0005 ! 0.0007. They state 

that the product of the ratio of f our times the sire component of CO= 

variance divided by the phenotypic variance i n t he purebreds and t he 

average selection differential i n t he t wo purebreds gives the expected 

improvement in the crossbreds. Estimates of t hese ratios comput ed from 

data in their study were: weaning weight , -·17; average daily gai n, 

0.42, and backfat probe, 0.07. These ratios can be viewed as being 

similar to heritability in the purebreds . 

A similar study has been reported by Robi.son et al. (1964) in 

which they used five Duroc and eight Yorkshire boars with both purebred 

and crossbred progeny. The traits investigated were wei ght and back

fat measured at 140 days of age. Genetic correl ations f or probed back-

fat between the purebred and crossbred progeny were 0.21 f or the Durocs 

and ) 1. 00 for the Yorkshires. The Duroc boars also had a mean cf six 

purebred daughters and 28 cr ossbred daughters that produced litters. 

Their estimates of genetic correlations between purebred and crossbred 

performance f or number farrowed and number raised were =•74 and(=1. 00 , 

respectively. 

Taylor et al. (1965), from a comparison of litter records from 

purebred and crossbred daughters of 35 boars, estimated the genetic 

correlation for litter weight at 21 days to be 0. 185. From this same 

comparison they estimated the genetic correlation for litter weight 



at 56 days t© be 0.612. Negative variance components prevented esti= 

mates of other genetic correlations from being obtained. 
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Although not uniquely a part of any program to evaluate the ef= 

fectiveness of selection for improving crtissbred performance, the study 

of correlated resp©nse lends itself t© such investigations because of 

the scale of data involved. Observations of responses in one character 

when selection was applied to another has suggested that it might be 

possible to achieve significant improvement in one trait more efficiently 

by indirect selection for a correlated trait. The theoretical aspects 

of and the computational formula for predicting response by indirect 

selection have been presented by Falc©ner (1960). 

Actual experiments with swine in which the ratio of correlated 

response from indirect selection to direct response from selection has 

been estimated are very limited. Ward et al. (1964) reported that the 

ratio of correlated response to direct response for daily gain, when 

direct selection was for weaning weight, was 0.53. When direct selection 

was applied to average daily gain the ratio of c~rrelated response to 

direct response in weaning weight was O. 91. This is analogc;111s tr:ll stat= 

ing that about 90 percent of the possible progress in weaning weight is 

obtained by selection for average daily gain, whereas only about 50 

percent of the pi0>tential progress in average daily gain is obtained by 

direct selection for weaning weight. 



MATERIALS AND MEI'HODS 

Data 

The data for this investigation were obtained from the experimental 

swine breeding herds maintained at Stillwater and Ft. Reno in the Okla

homa project of the Regional Swine Breeding Laboratory. The data in

cluded the progeny records of all purebred boars that sired both pure

bred and crossbred litters during a period of 18 seasons (fall 1955 

through spring 1964). The performance traits studied were weaning 

weightt average daily gaint and probed backfat. All weaning weights 

were adjusted to a 56 day equivalent by procedures developed by Whatley 

and Quaife (1937). Probed backfat measurements were the average of 

four readings taken at approximately two inches on each side of t he 

mid-dorsal line over the first rib and mid-loin regions. These probes 

were made at the conclusion of the postweaning feeding period and were 

then converted to a 200 pound equivalent by methods described by Durham 

and Zeller (1955) and Durham (1958). All gilt probes were converted 

to a barrow equivalent by methods developed by Enfield (1957 ) and all 

boar probes were converted to a barrow equival ent by adding 0.20 inches 

to their adjusted 200 pound probe. Postweaning average daily gain 

for barrows and gilts represents the average daily gain from weaning 

to market weight of approximately 200 pounds. The postweaning feeding 

period of boars was concluded as they reached approximately 175 pounds. 

All pigs were full-fed during this postweaning period. 

9 



10 

Overall Analysis 

The method of fitting constants was used to estimate the indepen-

dent effect of each of the independent variables on the three perfor-

mance traits. This was performed by least squares procedures (Harvey, 

1960) based on the following model for 56 day weight and average daily 

gain: 

Yijklmnopqr = µ+Si + Yj + tk + c1 +am+ in+ ro + bp + 

f31wq +f32wq2 + eijklmnopqr 

where: 

Yijklmnopqr is adjusted 56 day weight and postweaning average 

daily gain, respectively, for the two models. 

µ is a random effect common to all individuals. 

si is the effect of the ith station and i = 1,2. s1 = Stillwater 

and s2 = Ft.Reno. 

Yj is the effect of the jth year and j = 1,2,3,• • •, 10. 

Y1 = 1955, Y2 = 1956, Y3 = 1957,• • •, Y10 = 1964. 

tk is the effect of the kth season and k = 1,2. t1 = spring and 

t2 = fall. 

c1 is the effect of the 1th line and 1 = 1,2,3,• • •, 6. c1 = line 

8 (Duroc), c2 = line 9 (Beltsville #1), c3 = l i ne 14 (Hamp

shire). c4 = line 8 x 9 (Duroc male x Beltsville 11 female), 

c5 = line 9 x 8 (B.eltsville #1 male x Duroc female ), and 

C6 = line 14 x (8.9) and 14 x (9.8). 

am is the effect of the mth age of dam and m = 1,2,3,• • •,7. 

a1 = 1.0 years, a2 = 1.5 years , a3 = 2.0 years ,• • •, a7 = 

4.0 years. 
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in is the effect of the nth level of inbreeding of the individual 

pig and n = 1,2,3,• 0 •,6. i1 = 0=4%, i 2 = 5-9%, i3 = 10= 

14%.,14 = 1.5-19%, i5 = 20-24%, and i6 = 25% and greater. 

r 0 is the effect of the oth management system and o c:: 1 ,2 for 56 

day weighto r1 = pasture to weaning and r 2 = confinement to 

weaning. For average daily gain O = 1,2,3,4 and r 1 = pasture 

before and after weaning, r 2 = pasture befl(j)re weaning=~m1~. 

finement after weaning, r 3 = confinement before wearAing= 

pasture after weaning, and r4 = confinement before and after 

weaning. 

bp is the effect of the pth sex and p ·- 1,2,3. b1 -· gilt 9 bz -

boar, and b3 = barrowo 

/J1wq +/3zwq2 are linear and quadratic effects due to the qth litter 

size at weaning and q = i,2,3,• • 0 ,13. w1 = one pig, w2 ~ 

two pigs, w3 = three pigs,• 0 •, w13 ~ 13 pigs. 

eijklrnnopqr is a random error unique for each pig. 

The model for probed backfat was 

where: 

Yijkhnnop is probed backfat adjusted tQ a 200 pound ba.rrcolw equi= 

valent. 

eijklmnop is a random error unique for each pig. 

and all remaining terms are defined identically to the corresponding 

terms in the model for average daily gain. 

All models were constructed under the assumption that no inter= 

actions existed among the effects and that all error;s we:r13 normally 



and independently distributed about a mean of zero and had a common 

variance cr2 o 

The normal equations for the three traits, with probed backfat 

as an i11ustration, were 

with [x•xJ and ~·YJ being the coefficient matrix and the right hand 

side (RHS), respectively, in Table I, and [G] being the vector of 

variables included in the modelo The restriction imposed because of 

12 

dependency among the normal equations was that the sum of the constant 

estimates within each given class sum to zero. This was accomplished 

by setting the last equation in each class equal to zero, thus main-

taining a full rank matrixo No restrictions were imposed on the n~rmal 

equations for the linear and quadratic effects of litter size since 

these equations were not dependent. Estimates of the least squares 

constants were then computed by 

The standard errors of the est:unated constants were obta:ined by 

where cii is the corresponding diagonal inverse element for. that c~n= 

stant and "rie2 is the error mean squareo The formula for calculating 

the error mean square was 



u 

Si 

Yj 

°tic 

cl 

&m 

1n 
ro 

TABLE I 

THE COEFFICIENT MATRIX (X'X) AND THE RIGHT HAND SIDE (X1 Y)1,2 

Coefficient Matrix 
J1 Si Yj tk cl ~ 1n 

n ••••••• Di•••••• Doj••••o n. •k• • • • D•••l••o noooom•• llooooon• 

n1•••••0 n10 o ..... nij• • • • • ni•k•••• n1••l0 •• n1• • •m• • n1••••n• 

D•j••••• nij••••• n•j••Cil•• n•jk•••• n•j•l••• n•j••m•• lloj•••n• 

ll••k•••• ni•k•ooo ll·jk•••• n. •k• • • • n. •kl••• n. •k•m• • n. •k• •n• 

n. • •1• • • ni. •1• • • n•j•1••• n. 0 kl0 • • n •• • 1• •• n. • • 1.tn• • n. • •1•n• 

n. •• •m•• n1° • •m• • n. j• •m.• • n. •k•m• o n •• • ltn• o n ••• •mo. no •• ·mn· 

llo••••n• n1• •• •n• n. j• • •n• no •k• •n• llooo1ono n. • • •mn• lloooo•n• 

n••••••o n1• • • ••o n•j••••o n •• k•••o n-··1°•0 n••••m•o nooo••no 

1n -....... - total number of observations • 
n1•••••• 
tlij••••• y.- 0 0 e O O O 

Yi•••••• 

= total number of observations in the ith station. 
= total number of observations in the ith station and jth year. 
= to~l of all probed backfat measurements. 

station. 

ro 
RHS 

n .... • • • •o Y •••••• o 

n1•••••0 Yi•••••• 

n•j••••o Y. j• •••• 

n.·•k• 0 · 0 ·0· Y. •k• • • • 

n. • •1 • • o Y. • • 1• • • 

n •• • •m• o Y. • • •m• • 

n•••••no Yo••••n• 

n ...... • 0 y••••••o 

21 = 1,2; 
= total of all probed backfat measurements in the ith 
j = 1,2,ooo,10; k:;;;: 1,2; 1 a,;: 1,2000,6; m::: 1,2,ooo,7; n = 1,2, ••• ,6; o = 

« 
1,2,J,4. 

\.,.) 



where afi y2ijklmnop is the total sum of ~quares, and R(p.,si,Yj,tk, 

c1,B.m,in,r0 ) is the total reduction in the sum of squares due to fit

ting the mean and all constants. This reduction was calculated by 

multiplying the vector of constants,~. times the right hand side, 

[x1Y]. 
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The analysis of variance for probed backfat, which shows the par-

titioning of the total reduction in sum of squares, is given in Table 

II. The total sum of squares, reduction sum of squares, and error sum 

of squares were computed identically to the method used for obtaining 

the standard errors. The procedure for obtaining the sum of squares 

for each of the direct effects was 

where [x•J is the row vector of the constant estimates of a given set, 

[zx-1] is the inverse of the segment of the inverse corresponding by 

row and column to this giv~n set, and [x] is the column vector of this 

set of constants. 

Before obtaining phenotypic variances, sire components of variance 

and covariance, or genetic correlations among the three traits, ea©h 

observation in the original body of data was adjusted by adding or 

subtracting the appropriate least squares constants in each of the 

classes aharacterizing that observation. For example, an arbitrary 

backfat probe of 1 • .50 inches measured on a pig represented by the fol= 

lowing classes: station, Stillwater; year, 19.55; season, spring; line, 

8; age of dam, 1.0; inbreeding of litter, O; and pre- and postweaning 

management, pasture-pasture, would have an adjusted probe obtained in 

the following manner (Table V) 
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TABLE II 

THE ANALYSIS OF VARIANCE 

Source of Degrees of Sum of Mean Ex:pected 
Variation Freedom1 Squares2 Square Mean SquaresJ 

Direct effects 

Station I-1 SSs MS 2 2 
s ere +kscrs 

Year J-1 'SS y MSy er. 2+k~ 2 e Y 

Season K-1 SSt MSt 0e2+kt(1"t2 

Line L-1 SSC MSc 2 2 <Te +kcCTc 

Age of dam M-1 SS a MS a 2+k 2 <Te alCl"'a 

Inbreeding of pig N-1 ssi MSi er: 2+k· ~12 e l. 

Management 0-1 SSr MSr 2 k 2 0-e + rO-r 

Error (residual) N-fc1+I+~ ooO)-f\ SS-SStr MS er: 2 e 

1N:~= total number of observations, I= number of stations, J = 
number of seasons, L = number of lines, M = number of age of dam groups, 
N = number of inbreeding groups, 0 = number of management groups. 

2sS-SStr = total sum of squares minus total reduction in sum of 
squares due to fitting constants. 

Jks, ky, • • •, kr approximate the average number of observations 
in each subgroup, computed by 

k1 = 1 /d.f. (n •• - ~ni. 2/n •• ) 



adjusted backfat probe= 1.50 + 0.032 - 0.117 - 0.036 - 0.131 + 0.033 

- 0.028 + 0.000 

Following adjustment, each observation was now represented as 

where 

16 

Tijkl = the adjusted phenotypic observation of each of the three 

traits on the 1th individual in the kth litter in the jth 

line sired by the ith sire. 

p. = an effect common to all individuals. 

si = an effect common to all individuals by the ith sire. 

lij = an effect common to all individuals in the jth line by 

the i th sire. 

~jk = an effect common to all individuals in the kth litter in 

the jth line by the ith sire. 

eijkl = a random error unique for each pig. 

Tijkl was the observational unit employed in all subsequent analyses. 

The form of the analysis of variance for obtaining the within line 

sire component of variance for each of the three traits is given in 

Table III. 

The form of the analysis of variance (Method I of Henderson, 1953) 

for obtaining the sire component of covariance between purebred and 

crossbred observations for each of the three traits is given in Table 

IV. The sire component of variance taken from this analysis was con

sidered a valid estimate of the sire component of covariance between 

purebred and crossbred offspring, since it can be shown that the 



TABLE III 

ANALYSIS OF VARIANCE FOR OBTAINING WITHIN LINE SIRE COMPONENT OF VARIANCE 

Source dofo 1 Mean Square1, 2 Expected Mean Square3 

Among sires 
1 yi2 y2 · er • • . • • • ) 2 2 '• 2 sire d. f. i ni. - n:-:- crw +k2<Td +k;<rs 

Among litters/sires 

(n •• -1)- f (ni•=1) 

~(n1.~1)-~(n1J·-1) 
1J 

• 1 ( ~ ~j· 11 .• ). 2 2 
h.tter d.f. ~ n· . - L n:- crw +k1 crd 

iJ J.J i i• 

1 ( ~ _2 Yij• ) 2 
individual d.f. L. 11:jk - L <rw ijk ij nij 

Individuals f3Cn1j=1) 

1n •• = total number of individuals. 
ni• = total number of individuals by the ith sire. 
nij = total number of individuals in the jth litter by the ith sire. 

2Yijk = the kth individual in the jth litter bl. the ith sire. 

C "' r.n2 ) ( ? . 2 ~n2 ) 3k1 = ...L lloo = ~ J...::.!j k2 "" 1 L ~ = ij ij 
D-S :1.. n1• S=1 i n1• noo 

k3 = ...L. (n· . = f nio ) 
S-1 n. • 

where S ~ number of sires and D = number of litters. 

-'> 

-.J 



TABLE IV 

ANALYSIS OF VARIANCE FOR OBTAINING SIRE COMPONENT OF COVARIANCE 

Source1 d.f .. 2 Mean Square1 ,2,J Expected Mean Square4 

s 

L 

SxL 

D/L/S 

I 

(n.oo-1) - t(?lj_ .... ·-1) 

1 

(na O ,-1) - t<ni u-1) 

z'. L 
· · (ni · g - 1 ) - · ·k (ni ·k-1) 1J J 1J J 

ii(nijk-1) 

1 fr. Y!u" ~uo) 
s d~f. ~ ni"" - nooo 

1 (, Y? j'H Y?. u ) 

L d.,f a \t n: je - -n-.-.,-o 

_1 _ { 2., Y!j e ;, _ L Yi~ 0 ~ _ L ~ j" • -1-

SxL d" f. \:i. j n1 f i n1 • • j n ~ j • 

~·~·) 
nt) u. 

,,,,...._1 _( 2., Yijko _ 2., tljo ') 
D dofa ijk nijk ij ~j" 

1 f 2.. 'Yijkl _ L Yijk· ) 
I d.f~ \ijkl ijk nijk 

1s = siresj L = lines, D = litters~ I= individuals. 

? 2 2 ? 2 
0w+k100"d+k110"sl+k12°l+k130"s 

cr;+k6aa+k70"~1+ksaI+k9~ 

c,;+k2aa+k3~1+k4oy+k5~ 

~+k1~ 

~ 

2n ••• = total number of individuals 1 n1 .,.. = total number of individuals by the ith sirep n~ j'' = 
total number of individuals in the jth line, n1 j~ = total number cf individuals in the jth line 
by the ith siref nijk = total number of individuals in the kth litter in the jth line by the ith 
sire. 

Jyijkl = the lth individual in the kth litter in the jth line by the ith sire. 
(X) 



TABLE IV (CONTINUED) 

4 k = 1 (T11-L(f ~)] 
1 . L d.f. t ij nij 

k2 = 1 I LI~ nijk):..t (~n!jk)-2. (~nljk)+ 
SxL d.f. Lij\ nij• i J n1 ••. j n. j• 

k = 1 rN~L (? ~)-i(t ~)+(·24~)] 3 SxL d.f. L i J n1• o . j n. j• iJ N (,4~1J 
ijk N j . 

k = 1 · ri(~~)-t(~~)J 
4 S.xL d.f. ~J N i J ni•• k5 = 1 rrf ni00 ):.r.(t ~)] 

SxL d.f. ~ N j n•j• 

k6 = 1 _ '2:(~ nfjk)~(1~n~jk)J L d.f. lJ n•j• J N 

· "2 "2 
k7 = 1 -~(f ~):..(t:~)] td:r. tj n. j• J N 

ks = 1 fii-(~ ~)· J L d.f. L J N 
k = 1 [L(f ~)-(L n[ .. )] 
9 L d.f. j noj• i N 

k = 1 ~ (i~)-(? ~)] 10 S dofo 4, Jkn•oo iJk: N 
1. 

"°' 2 2 
k11 = 1 ~ (~::!.1:.)-(~~)J S d.f. t'.i' J n1•• iJ N 

k = 1 ~(?~)-(·~~)] 12 s dAf'ftli J ni .. ' J N ~ . 2 ~ - 1 . n1. • 
k13 - s d.f O N=(F-N-) 

_,_ 

'° 
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covariance between a randomly selected individual in the purebred line 

by a given sire and a randomly selected individual in the crossbred line 

by the same sire equals &8 2• Given that E(si,lij) = E(si,dijk) = E(s1, 

eijkl) = E(s1,lij') = E(lij•lij') = E(lij'•dijk) = E(lij',eijkl) ~ 

E(si,dij'k') = E(l1j,dij'k') = E(dijk,dij 1k') = E(dij 1k',eijkl) = E(s1, 

eij'k'l') = E(lij,eij 1k 11 1 ) = E(dijk,eij 1k 11 1 ) = E( 0 ijkl• 9ij 1k 11 1 ) ~ O, 

we have that 

Expressing the Tijkl values in forms of the model, 

E{(p+s1+lij+dijk+eijk1-E(J.1+si+lij+dijk+eijkl)) (p+si+lij •+dij 1k 1+e1j 1k '1 1 

-E(µ+si+lij•+dij 1k 1+eij 1k 11 1 ))] = E(p+si+l1j+dijk+eijkl~}l)(p+s1+l1j 1+ 

dij'kr+eij'k'l:'~}l) = E(si+lij+dijk+eijkl)(si+lij 1+dij 1k 1+0ij 1k 11 1 ) = c:r/ 

Data from only those sires having both purebred and crossbred 

observations for the trait considered were used in obtaining sire com= 

ponents of variance and covarianceo To obtain the sire component of 

covariance between 56 day weight and average daily gain, 56 day weight 

and probed backfat, and average daily gain and probed backfat, the mean 

.,.cross products were estimated from analyses of variance of the sums of 

the traits. Thus, since a2(.x+y) = rsx2 + <f'y2 + 2cT"xy, CTxy was obtained 

in the following manner: 

- ( _? 2 . 2)'/ crxy - O-(x+y) - ·<rx . - •Ciy 2. 

The. sire component of O"'xy was obtained by utilizing the expectation 

of the covariance. In obtaining the sums only those individuals having 
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both observations for the two traits involved were included. Genetic 

correlations between traits were then computed from the within line 

sire components by 

Standard errors of genetic correlation coefficients were obtained 

by methods given by Reeve (1955), and the standard errors of heritability 

estimates were obtained by methods described by A.S.A.P. (1960). 



RESULTS AND DISCUSSION 

Least Squares Estimates 

The least squares estimates of the effects of the factors influ= 

encing .56 day weight, average daily gain, and probed backfat are pre= 

sented in Table Vo 

For 56 day weight, all'variables included in the model contributed 

significantly to the total variation (Table VI). 

A 56 day weight difference existed among lines with the crossbred 

pigs (lines 8 x 9, 9 x 8, and 14 x 8.9) exc'eeding the purebreds (lines 

8, 9, and 14). The actual heterosis expressed in this trait by the 

three crossbred lines was 4 • .5 pounds. 

The advantage of spring farrowing over fall farrowing in this in= 

vestigation is similar to that reported by Godbey and Godley ( 1961) 

and Noland et al. (1964). 

Fifty-six day weight increased with increasing age of dam. Nordskog 

et!!• (1944) reported that pigs farrowed from sows were approximately 

four pounds heavier than pigs from gilts. Chambers and Whatley (1951) 

and Omtvedt and Whatley (1966) also reported weaning weights of pigs 

from sow litters to exceed those from gilt litters. 

With the exception of litters with inbreeding coeffic.fepts over 

25 percent, 56 day weight decreased with an.· increase in inbreeding. 

Dickerson tl al. (1954) reported a nonsignificant increase in weaning 

weights with increased inbreeding in the litter. This lack of reduced 

22 
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.. TABLE V 

LEAST SQUARES ESTIMATF.S OF THE EFFECTS OF STATION, YEAR, SEASON, SEX, 
LINE, AGE OF DAM, INBREEDING OF LITTER, MANAGEMEN';r, AND 

LITTER SIZE AT.· WEANING ON 56 DAY WEIGHT, POSTWEANING 

Mean 

Station 

Stillwater 

Ft. Reno 

Year 

1955 

1956 

1957 

1958 

1959 

1960 

1961 

1962 

1963 

1964 

Season 

Spring 

Fall 

AVERAGE DAILY GAIN, AND PROBED BACKFAT 

56'Day Weight Average Daily Probed Backfat 
(lbs.) Gain (lbs.) (inches) · 

41 o3 :!: o.4 

... 1 .. 5±0.3 

- .6 ± 0.2 

-3.0 ± 0.2 

- .8 ± 0.2 

- .7 ± 0.2 

1.5 ± 0.2 

1.1 t 0.1 

-2.0 ± 0.1 

-2.6 ± 0.2 

8.5 ± 101. 

1.2±0.1 

-1.2 ± 2.6 

0.078 ± 0.008 

-.078 ± 0.178 

-.076 ± 0.022 

0.008 t 0.015 

-.082 ± 0.014 

0.021 ± 0.012 

-.008 :f: 0.012 

-.017 ± 0.014 

-.013 ± 0.010 

-.058 ± 0.009 

0.075 ± 0.013 

0.152 ± 0.079 

0.000 ± 0.005 

0.000 ± 0.178 

=•OJ2 ± 0.006 

0.032 ± 0 .. 097 

0.117 ± 0.022 

0.129 ± 0.012 

-.045 ± 0.009 

0.028 :± 0.008 

-.007 ± 0.008 

0.013 ± 0.009 

-.053 ± 0.010 

-.084 ± 0.006 

·=0065 ± 0.011 

=0032 ± 0.043 

0.036 ± 0.004 

.... 036 ± 0.097 
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TABLE V (CONTINUED) 

56 Day Weight Average Daily Probed Backfat 
(lbs.) Gain (lbs.) (inches) 

... 
s.ex 

Gilt -1.2±001 -.083 ± 0.005 

Boar 3.6 ± 0.1 0.047 ± 0.010 

Barrow -2.4 ± 2. 1 0.035 ± 0.145 

Line 

8 -2.2 :t: 0.1 0.050 ± 0.010 0.131 ± 0.007 

·9 -3.0 ± 0.2 -0079 ± 0.014 -.022 ± 0.010 

14 -2.9 ± 0.1 -.112 ± 0.010 -.023 ± 0.007 

8x9 4.3 ± 0.1 0.065 ± 0.009 -.019 ± 0.007 

9x8 1.2 ± 0.1 0.057 ± 0.010 -.013 ± 0.008 

14x(8•9) 2.6 ± 1.5 0.020 ± 0.103 -.055 ± 0.056 

Age of dam (years) 

1.0 -4.7 ± 0.3 -.022 ± 0.025 .... 033 ± 0.016 

1 .5 - .9 ± o .. 4 -.012 ± 0.025 -.029 ± 0.016 

2.0 o.8 ± o.4 -.036 ± 0.026 ..,.017 ± 0.016 

2.5 o.4 ± o.4 0.014 :!: 0.027 -.011 ± 0.017 

3.0 0.2 ± o.4 -.044 ± 0.030 0.001 ± 0.019 

3 • .5 0.7 ± o.4 -.012 ± 0.033 0.018 ± 0.021 

4.o 3.6 ± 1.4 0.112 ± 0.095 0.071 ± 0.052 

Inbreeding of litter(~) 

0-4 0.2 ± 0.2 -.004 ± 0.012 0.028 ::t 0.008 

5.:.9 o.4 ± 0.2 0.014 ± 0.015 0.059 t 0.010 
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TABLE V (CONTINUEO) 

10-14 

15-19 

20-24 

25+ 

Preweaning management 

Pasture 

Confinement 

56 Day Weight 
(lbso) 

1o7 ± Oo2 

- .6 ± Oo2 

-3.0 ± 0.3 

1 .. 3 ± 1.5 

1 .. 0 ± 0.1 

-1.0 ± 2.6 

Pre- and postweaning management 

Pasture-pasture 

Pasture-confinement 

Confinement-pasture 

Confinement-confinement 

Litter size at weaning 

Litter size (linear) 

·Average Daily Probed Backfat 
Gain (lbso) (inches) 

0.015 ± 00014 =0001 ± 00009 

-0009 ± 0.015 -0008 ± 0.010 

-.029 ± 0.022 =0042 ± 00014 

0.013 ± 0.103 -0036 ± 0.056 

-.156 ± 0.013 0.000 ± 0.013 

0.096 ± 0.010 0.011 ± 0.008 

=0027 ± 0.030 - .. 048 ± 0.018 

0.087 ± 0.126 · 0.037 ± 0.069 

Litter size (quadratic) =o09 ± 0.01 -.0012 ± 0.0006 
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TABLE VI 

ANALYSIS OF VARIANCE FOR ADJUSTED .56 DAY WEANING WEIGHT . 

Source of ·Degrees of Sum of· Mean 
Var;iation Freedom Squares Squares 

Direct effects 

Station 1 2:3,64~ • .5 23,645.5• 

Year 9 .58~890.1 6,.543.3* 

Season 1 4,927.4 4,927.4* 

Line 5 7,312.5 1,462.5* 

Age of dam 6 22,.506 • .5 3,7.51.1* 

Inbreeding 5 3,166 • .5 633.3• 

Management 1,676. O 1,676.0* 

Sex 2 17,761.7 8,880.8* 

Litter size 2 10,238 .. 1 .5, 119. 0* 

Error 6717 47.5,820.7 7008 

*P < .00.5. 
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performance was credited to the effectiveness of selection against any· 

depression that may have existed in the more highly inbred litterso 

Godbey and Godley (1961) found the mean 56 day weight to decrease 

about three percent as inbreeding increased from an average of three 

to 60 percent .. Noland et alo ( 1964) reported inbreeding of the litter -- ·- . --

to have a significant influence on weaning weight, although no linear 

trend was evident in their datao 

Boars were the heaviest at 56 days, gilts the lightest, ·and bar= 

rows intermediateo Craig et alo (1956) and Noland et alo (1964) reported 

boars to be significantly heavier than gilts at 56 days of age but 

Godbey and Godley (1961) reported no sex difference. 

Individual 56 day weights increased as litter size at weaning in-

creased from one to five, but as litter size at weaning increased be= 

yond this, individual 56 day weights decreased .. This response is simi= 

lar to that reported by others (Menzies-Kitchin, 1937; Godbey and Godley 9 

1961; and Omtvedt and Whatley, 1966) .. 

Of the factors thought to influence average daily gain, the in= 

breeding of the litter and litter size at weaning were statistically 

non=significant sources of variation (Table VII)o Comstock and Winters 

(1944) reported a regression of average daily gain on percent inbreeding 

of -00017 poundso Winters et a.lo (1943) obtained a correlation of 

=o17 between inbreeding and average daily gain .. Whatley (1942) ©btained 

a correlation of =o17 between inbreeding and the 180 day weight of pigs 

born in the sam,e farrowing sea.so.no Smith and Donald ( 1939) o:tH,erved 

no significant influence o:f litter size at weaning on post weaning 

growth.. Likewise, Fredeen and Plank (1963) reported no effect of litter 

size at weaning on :p.ostwe,aning average daily gain .. 
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TABLE VII 

ANALYSIS OF VARIANCE FOR POSTWEAN;J:NG AVERAGE DAILY GAIN 

Source of Degrees of Sum. of Mean 
Variation Freedom Squares Squares 

Direct effects 

Station 00545 00545** 

Year 9 22.200 20467** 

Season 1 00388 0.388** 

Line 5 37.729 7.546*'* 

Age of dam 6 10 357 0.226'* 

Inbreeding 5 0.199 0.040 

Management 3 57.309 19.103*'* 

Sex 2 19.689 9.844** 

Litter size 2 0.150 0.075 

Error 5628 266.872 0.047 

*P(.05. 
*'*P < • 005 .. 
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The seasonal difference in growth rate noted in this study which 

favored spring farrowed pigs, thought statistically significant, was 

quite small. Whalley (1942) found a highly significant difference in 

180 day weights in favor of fall farrowed ·pigs, ·but Crampton and 

Ashton (1946) reported that in Canada pigs finished in cold pens during 

the winter grew more slowly than summer-fed pigs. 

Age of dam effects were significant in this study with pigs out 

of four year old dams gaining considerably more rapidly than those out 

of younger dams. However, other investigators (Whatley, 1942; Nordskog 

et al., 1944) have not found age of dam to influence postweaning growth 

rate. 

Boars were the most rapid gaining sex, followed by barrows, and 

then gilts •. Comstock et al. (1944), ~ennett and Coles (1946), and 

Omtvedt !!: al. (1965) have also reported differential growth rates in 

favor of the males. 

The constants obtained for type of manag~ment show a favorable 

effect of confinement rearing after weaning on postweanirig average 

daily gain. The beneficial effect of' confinemen:t rearing on postwea.ning 

growth rate at this station has been reported earlier (Whatley!.!, al., 

1959). 

Probed backfat was significantly influenc~d by station, seasion_, 
·, 

_. line, inbreeding, and management (Table VIII). A paucity o! puplished 

studies o~ factors influencing probed backfat prevents many comparisons 
. . .. 

of the results of this investigation with others. 

Crampton and Ashton (1946) found carcass backf'at to be less during 

the colder seasons of the year. A similar effect 0£ season was observed 

in this investigation. Also~· probed backfat decreased with incr~ased 
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TABLE VIII 

ANALYSIS or·· VARIANCE FOR PROBED BACKFAT 

Source of Degrees of SUm of Mean 
Variation. li'reedom Squares Squares 

Direct effects 

Station 1 Oo454 Oo454** 

Year 9 7~509 o.834** 

Season 1 3.249 30249** 

Line 5 18.931 3.786** 

Age of dam 6 Qo289 00048 

Inbreeding 5 00974 0.195•• 

Management 3 0.326 0.109* 

Error 3357 86.739 0.026 

*P <. 01. 
**P < .005. · 
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inbreeding which is in agreement with the effect of inbreeding on car= 

cass fatness noted by Gregory and Dickerson (1952)0 

Pigs reared in confinement after weaning had greater backfat probes 

than those raised on pasture. This difference in response to the two 

types of po.stweaning management at this station was reported earlier 

by Whatley~ al. (1959)0 

Heritabilities 

Estimates of the heritability of each of the traits studied were 

obtained by the formula 

with the quantity 4S/ eqµal to the sire component of variance for 

each of the traits divided by the genetic relationship of the individuals 

used in the analysis and ip2 equal to the total phenotypic varianc?o 

Estimates of the sire components of variance for 56 day weight, average 

daily gain, and probed backfat in each of the two populations are given 

in Appendix Tables XX, XXI, XXII, XXIII, XXIV, and XV. The correspond= 

ing heritability estimates are presented in Table IX. 

The estimates of heritability of 56 day weight obtained in this 

study were 0.03 ± 006 in the purebred line and 0.19 :t .09 in the cross= 

bred line. The larger heritability in the crossbreds indicates that a 

greater portion of the total .variation in this population arose from 

genetic causes.. These estimates plus thos.e reported by others indicate 

the variation in this trait to arise largely from nongenetic causes. 

Bywaters (1937) reported a heritability estimate of 0.04, Comstock~ al. 

(1942) obtained an estimate of zero, and Baker et alo (1943) reported 



TABLE IX 

A COMPARISON OF HERITABILITY ESTIMATES IN THE 
PUREBRED AND CROSSBRED POPULATIONS 

Trait 

32 

Population 56 Day Weight Avg. Daily Gain Probed Backfat 
I 

Purebred 0.03 :t .06 0.28 ± .06 0 .. 55 ±012 

Crossbred 0.19 t • 09 0.39 ± .10 o .. 47 ± .. 13 

it to be 0.15 .. Estimates reported by Craig et al. (1956) ranged from 

0.03 to 0.24. More recently, Ward~ al. (1964) obtained an estimate 

of o. 18. 

The heritable portion of the total variation in average daily gain 

in this study was estimated to be 0.28 ± .. 06 in the purebreds and 0.39 

± .10 in the crossbreds. Reviews of published estimates of the heri= 

tability of average daily gain have been presented by Craft (1953, 

1958) and Fredeen (1953). Craft (1958) reported the average estimate 

to be 0 .. 29, and Fredeen (1953) reported it to be 0.30. More recent 

estimates reported by EJ...Issawi and Rempel ( 1961) are based on :relatively 

more degrees of freedom than many of the previous studies. Their heri= 

tability estimate based on intra-sire regression of offspring on dam, 

with 451 degrees of freedom, was 0.14 t .. 10. Gross regression of off= 

spring on dam, with 1,419 degrees of freedom, gave an estimate of 0.28 

± .06. This latter estimate is identical with the estimate of 0.28 

± .06 obtained in the purebred population in this investigation. 

The heritability estimates for live probes within the two popu= 

lations in the present study were sii:rdlar: 0.55 ± .12 in the purebreds 

and 0.47 ± .13 in the crossbreds. Direct comparisons of these estimates 

r 
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with others are limited since more estimates of heritability of back-

fat thickness are available that have been made on carcasses than on 

live hogs. In the review by Craft (1958), the average estimate for 

carcass back:fat thickness was 0.49. Of seven studies cited by Fredeen 

(195'.3) the mean estimate was o.48. The average realized heritability 
I 

of probed baokfat in the two-way selection experiment reported by Hetzer 

and Zeller (1956) was 0.41. An analysis of the genetic variation in 

live probes made at a constant age by Cox (1,964) gave a heritability 

estimate of 0.25. The reason suggested for this relatively low estimate 

was that measuring at a constant age probably increased the environ-

mental component among pigs within a litter over what would be obtained 

by measuring at a nearly constant weight. Grey~ al. (1965) reported 

the realized heritability of backfat probe in two lines which they stud

ied to be 0.54 and 0.4J, respectively. Estimates for backfat probe ob

tained by Louca and Robison (1965) indicated moderate heritability 

(0.20 - 0.30). 

Genetic Correlations 

The ability to predict indirect response to selection requires 

estimates of the genetic correlation between the traits involved in 

addition to estimates of the heritability of the traits. The genetic 

correlations between 56 day weight and average daily gain. 56 day weight 

and probed backfat, and average daily gain and probed backfat obtained 

in this study are given in Table X. Unfortunately, few published es-

timates of genetic correlations are available for compari~on. 

The genetic correlation between weaning weight and average daily 

gain in the purebreds was 0.29 :t .50, and the corresponding correlatit())n 



TABLE X 

A COMPARISON OF GENETIC CORRELATIONS BETWEEN THREE TRAITS 
WITHIN PUREBRED AND CROSSBRED POPULATIONS 

Traits 
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Populaticm 56 Day Wei.ght -
Avg. Daily Gain 

56 Day Weight= 
Probed Backfat 

Avgo Daily Gain = 

Probed Backfat 

Purebred 

Crossbred 

Oo29 ± 050 

0.20 ;t .21 

=o0) ± o5J 

006·1 :t .16 

=o07 f o 18 

=• 39 ± • ·18 

:u1 the crossbreds: was O. 20 ± .21 e These est:imates are :smaller than 

others reported in the litera:tu:r.e. D.i.ckerson and Gr:l.mes ( '194'?) iobtai.:ned 

a genetic correlation of 0.6.5 between 72 day weight and average daily 

gain, and Vogt et al. (1963) and Ward et aL (1964) obtained genetic 

correlat:i©:ns ,of 0.47 and O .. 69, respectively, between 56 day weight and 

average daily gain. 

A potent:lal cause of part of the differences in genetic c©rrela.ti©ns 

between wean,ing weights a:nd pcstweaning growth :rate would be diffe:renees 

i:n the age of the pl.gs at weani.ng. Weaning weights taken at m©re a.d= 

vanced ages would be expected to be :mOJre highly correlated with ptN}t= 

weaning a:1rerage dally gaino Th:is would :r•esult fr©m the fact t:hat di.f = 

ferences in we:lghts l-1.t older ages would reflect more nearly actual dlf= 

ferences in daily gain than w©uld be true of wei.ghts at ifl'.ll'Unge:r ages. 

Craig .£:!;: al. ( 1956), for example, report.ed the genetic correlati©n be= 

tween bi:r.0 th weight arid 1.54 day weight t.o be zero, but trds i:rwreac:;ed 

to 0.78 between 56 day weight a.nd 15ll- day weight. While approximately 

78 percent of the pigs used in the present investigation were weaned 

at 56 days, the reraair1ing 22 percent were weaned at 42 days and their 



weights then adjusted to 56 days. However, pigs in these two groups 

were not studied separately and their respective contributions to the 

calculated correlation cannot be evaluated. 
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Differences in the milk production of the sows between investi

gations could be another cause of differences in the weaning weight

average daily gain correlations. Heavier weaning weights resulting 

from heavy milking sows could result in a lower genetic correlation 

with postweaning growth rate than weights from pigs that were not pro

vided with an optimum preweaning environment. Data taken from Allen 

~ al. (1959), for example, showed a significant difference among dif

ferent breeds and crosses in the amount of milk produced per pig during 

lactation. The importance of preweaning environment is further indi

cated by studies.reported by Hazel et al~ (1943) who showed that 50 

percent of the variation in growth rate to 56 days of age was caused 

by an environment common to all individuals within a. litter. 

The genetic correlations between 56 day weight and probed backfat 

in this study were -.05 ± .53 in the purebred line and 0.61 ± .16 in 

the crossbred line. No directly comparable estimates are available 

in the literature. Cummings and Winters (1951), using a composite 

population of three breeds and crosses of these breeds, reported a 

simple correlation of essentially zero between 56 day weight and an 

index of' fat cuts. This index was the total weight of the fatbacks, 

plates. leaf fat, and jowls divided by the cold carcass weight with 

the leaf fat removed. 

The high correlation in the crossbred population indicates that 

the genes responsible for heavier 56 day weights also contribute to 

more backfat at slaughter. Unfortunately, there is a large standard 
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error associated with the estimate in the purebreds. However, under 

the assumption that the true correlation is approximately zero in the 

purebreds, the difference between the two populations might be partially 

explained by differences in preweaning enviror.mient between the two 

populations .. The crossbreds could have had more nearly optimum condi= 

tions for expressing their genetic capacity to grow to 56 days than did 

the purebreds .. This difference may be the better mothering ability 11Jf 

the crossbred dam. It also may be that the crossbred pigs stimulated 

greater milk production by their dams .. Knowledge of the extent to which 

56 day weight differences are caused by actual differences in body fat 

at this age would be helpful in understs.nding the true cause of this 

correlation difference between the two populationse 

The lack of genetic variation in 56 day weight in the purebreds 

in comparison to the greater amount of genetic variati©n in the C!'I\JZS= 

breds could also cause the large difference in the correlati©ns between 

the two populationso That is, the sire component of variance in the 

purebreds was Oo38 (heritability·= 0.03) but in the crossbreds the sire 

component was 4o49 (heritabili.ty = 0.31 ). Additional estimates ©f the 

genetic c©rrelation between 56 day weight and probed backfat are Tilseded 

since the possibility of a chance correlation this large in the tl't'©f3·B= 

breds cannot be excluded. 

The genetic correla tfon between postweaning average daily gain a:1(1d 

probed backfat for the purebreds in this investigation was =o07 t o 18, 

the corresponding correlation in the crossbreds was -·39 + o18o Other 

estimates of the genetic correlation between postweaning growth rate and 

probed backfat a:re not available, but Blurm and Baker ( 1947) reported 

a genetic correlation of =o04 getween average da:ily gain and carcass 



backfat depth at the seventh ribo In contrast t© this, however, 

Dickerson (1947) reported a genetic correlation of 1o34 between 

growth rate and carcass backfato 
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The fact that average daily gain was mi0re highly correlated with 

probed backfat in the crossbreds than in the purebreds in this study 

could arise in pa.rt from the greater genetic variation in average daily 

gain in the criossbredso This is suggested by the fa.ct that the sire 

component ©J:f variance in the crossbreds was 000036 (heritability= 

Oo42), bu.tin the purebreds the sire component of variance was 000026 

(heritability~ Oo27)o 

Correlated Response to Selection 

The greatest value of the parameter @~timates obtained in this 

study is their usefulness in predicting trait response t© vari~us types 

of selecti©no Expected response of a given trait has characteristically 

been the product of the heritability of that trait and the selecti©n 

differentialc Methods of computing genetic correlations between traits, 

however, has permitted the extension of resp©nse predicti©no The exis= 

tence.©f a genetic correlation between two traits, f©r example, results 

in a co:rriela:i:.reid :r.•esponse in ©:ne when all selecti©n is ©n the othero · 

Ra.tics or correlated response to direct response can then be used as 

measures of the effectiveness ©f indirect selecti©no These rati©s are 

obtained by the following equation (Falconer, 1960): 

Correlated response in x (CRx) 
Direct :response in x C:DRx> == rg I' 



where 

x = the trait receiving indirect selection. 

y = the trait receiving direct selection. 

rg = the estimate of the genetic correlation between x and y. 

h = the square root of the heritability. 

J8 

i = the intensity of selection (which is considered the same for 

both traits in this discussion). 

These ratios, as calculated for 56 day weight, average daily gain, and 

probed backfat in this investigation, are presented in Table XI~ 

Within the purebred population, selection for average daily gain 

will give 86 percent of the improvement in 56 day weight that w©uld be 

obtained by direct selection for 56 day weight. Conversely, direct 

selection for 56 day weight will produce only nine percent of the effect 

in average daily gain that could be accomplished by selecting directly 

for growth ratee This 56 day weight response is quite similar to the 

91 percent reported by Ward ~ aL ( 1964). However, the nine perc: en t 

response in average daily gain when selection is applied to 56 day weight 

is lower than the 53 percent estimated by Ward et al. (1964). 

Applying indirect selection within the crossbreds through average 

daily gain to improve 56 day weight would not be as effective as wtthln 

the purebredso The lower efficiency of indirect selection fCOJr wean:iutlig 

weight within the crossbred population (CRx/DRx""' Oo28) is caused p:ri= 

marily by the greater increase in heritability of 56 day weight relat:i.ve 

to that for average daily gain. 

Improving postweaning growth·rate indirectly through selection 

pressure applied to probe? backfat would be approximately half as ef= 

fective within the purebreds (CRx/DRx = =•19) as it would be within 



TABLE XI 

RATIOS OF CORRELATED RF.SPONSE TO DIRECT RESPONSE FOR THE THREE TRAITS 1 

Population 

Purebred 

Crossbred 

56 Day Weight 
When Selection Is . ..f'vr 
Average .Pr~bed 

Daily Gain Backfat 

.0.86 

0.28 

-.20 

0.97 

Average Daily Gain 
When Selection Is .f~r 
56 Day Probed 
Weight Backfat 

0.09 

0.14 

-.19 

--43 

1Ratios computed by methods described by Falconer (1960) where 

and 

Correlated response in x ~ ~ 
·-· = r o • • Direct response in x g ix hx 

x = trait receiving indirect selection 
y = trait receiving direct selection 

rg = estimate of the genetic correlation between_x and y 
h = square root of the heritability 
i = intensity of selection~ · 

_ Probed Backfat 
When Selection Is for 

56 Day Average 
Weight Daily Gain 

-.01 -.OJ 

Oo39 -.J6 

~ 
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the crossbreds (CRx/DRx ~ =•43). The cause of this difference between 

the two populations,as well as that for the 56 day weight-average daily 

gain association, is much the same. That is, the trait receiving in= 

direct selectitYn has a higher heritability relative to the one receiving 

direct selection in the crossbreds than it has in the purebredsQ In ad= 

diti.on to this, the genetic correlation between average daily gain and 

probed backfat was larger in the crossbreds than in the purebreds (=o39 

vs. =•07). 

Increasing weaning weight in the purebreds by selecting a.gaim,t 

probed backfat would be 20 percent as effective as direct selecti©n f@r 

weaning weightQ In sharp contrast to this, however, was the fact that 

selection against probed backfat within the crossbreds would decrease 56 

day weight 97 percent as effectively as direct selection for decreased 

weaning weighto This indicates, as suggested in the discussi©n of genetic 

correlat.:i©ns, that differences in 56 day weight within the cr©ssbred popu= 

lation could be due largely to differences in body fat at that ageo 

There would be essentially no response within the purebreds in 

probed backfat from selection pressure applied to weaning weight (CRx/DRx 

= =o01) ©!' to average daily gain (CRx/DRx = =o03)o Moderate resp©nses 

could be expected in the crossbred line, however, since the corresponding 

ra ticos of correlated resp©Jli"ASe to direct :response in the crossbreds were 

Oo39 and =•36, respectivelyo The greater expected resp©nse of pr©bed 

backfat to indirect selection within that line is a consequence of the 

larger genetic correlation between that trait and the ones receiving 

direct selectionG 

Perhaps the most signif:i.cant point to be extracted from these com= 

pa:risons of correlated responses to selection is that within the purebred 
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population improvement in postweaning growth rate and probed backfat 

must come almost entirely from selection pressure applied directly to 

these traits. Any improvement in either of these traits obtained as 

an indirect response from selection applied to another trait will be 

quite smallo However, considerable progress can be made in improving 

56 day weight indirectly by selecting for average daily gaino Thus, 

in any selection program 56 day weight should receive very little at

tention. Improvement in this trait should come primarily as indirect 

improvement through selection for greater average daily gaino This 

is further justified by the fact that growth rate after weaning is of= 

ten considered to be of greater economic importance than weaning weight 

itself. 

Sire Components of Covariance 

The analyses of variance used to estimate the sire components of 

covariance (S0p) for each of the three traits are given in Tables XII, 

XIII, and XIV. These covariance estimates were 1.61, 0.0013, and 0.0023 

for 56 day weight (98 sire d.f.), average daily gain (98 sire d.f.), 

and probed backfat (88 sire d.f.), respectively. Corresponding sire 

component estimates reported by Enfield and Rempel (1962) were -2042, 

0.0040, and 0 .. 0005. 

Using the one locus=two allele case in theoretical purebred and 

crossbred populations, Willham (1965) has shown that each of the Sep 
terms was an expression of fpq~(o<+ 2md), where p = frequency of one 

allele, q = frequency of the other allele, o<._= average effect of a 

gene substitution in the purebred population, m = difference in gene 

frequency of either allele between the two populations cro-ssed, and 
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TABLE XII 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT 

Degrees or Mean Variance 
Source Freedom Square Component 

Sires 98 3:32071* 10 61 

Lines 1 8.63 =o08 

Sires x lines 98 205.99•* 1.24 

Litters/lines/sires 801 187.97 17.63 

Individuals 5687 43 .. 11 43.11 

*P< ~01. 
**P< .. 005. 

Table XIII 

ANALYSIS OF VARIANCE OF AVERAGE DAILY GAIN 

Degrees <J1f Mean Variance 
Source Freedom Square Comp@nent 

Sires 98 0.2185* 0.0013 

Lines 1 OoOOOJ OoOOOO 

Sires x lines 98 Ooi260** 0.0018 

Litters/lines/sires 778 000792 0.0076 

Individuals 4681 0.0362 0.0362 

*P < .01. 
**P < .005 .. 
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TABLE XIV 

ANALYSIS OF VARIANCE OF PROBED BACKFAT 

Degrees of Mean Variance 
Source Freedom Square Component. 

' Sires 88 o. 1367• 0.0023 

Lines 1 0.0087 0.0000 

Sires x lines 88 0.0482* 0.0009 

Litters/lines/sires 577 0.0358 0.0043 

Individuals 2330 o. 0187 O .0187 

*P < .00.5. 

d = genotypic value of the heterozygote. By using matings of males 

from a purebred population with a gene frequency of pA1 + qA2 on both 

females from the same population and on females from another purebred 

population with a gene frequency of (p-m)A1 + (q+m)A2, the values in 

Table XV were obtained. From these values the covariance between pater= 

nal half=sibs within the purebred population (Spp) was then evaluated 

as follows: 

Spp = p2(qo<)2 + 2pq[,t(q=P)°']2 + q2(=P°')2 

:::;: fPq0\ 2 

Similarly, the covariance between paternal half=sibs within the cross= 

bred population (500 ) was: 

S00 ~ p2(q(o<+2md)]2 + 2pq(t(q ... p)(o<+2md)]2 + q2(-p(<A+2md)]2 

;,= i-Pq (o< +2md) 2 



Sires 

A1A1 

A1A2 

A2A2 

TABLE X:f 

VALUES NECESSARY TO EVALUATE THE GENETIC COVARIANCES 
BETWEEN PUREBRED PATERNAL HALF-SIBS AND BETWEEN 

PUREBRED AND CROSSBRED PATERNAL HALF=SIBS 

Frequency 

p2 

2pq 

q 2 

Mean Genotypic Values of Offspring 
E..x.presi.,ed as Dev'ia ti,(ms frte)rn the 

Po,:e,ulation Mean : 
Purebred Crossbred 

qo<. 

=P°' 

q(Q' +2md) 

t(q=p) c~ +2md) 

=P(o<+2md) 
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Also, the covariance between purebred and crossbred paternal half-sib 

Sep ,:,; p2 (q~)q(« +2md) + 2pq({c }{q-PfA.%-(q-p)(c:(+2md) + q2 (=pct)-p(o(+2md) 

" = tpqo{(~+2md) 

From these quantities it can be shown that the ratio of S00 to Sep 

is equal t© (o<+2md)/~o Actual ratios of Sec to Sep obtained in this 

study for .56 day weight, ave:rage daily gain, and probed backfatwe:re 

2o1, 3a.5, and 1e3, respectively. Since (o<.+2md)/o<"" d./o< + (2md)/o< c,;: 

1 + (2md)/~ i.s greater than one 9 it foll@ws that o< and 2md are either 

both posit11re or bioth :negat:ive. Iini either case (o<+2md)2)o<2 and since 

p and q are positive, iPq0\2 < !pq(o<+2md)2o 

This pr©vides a tenable explanation of the cause of the differ= 

ence in the heritability estimates for both 56 day weight and postwea.n= 

ing average daily gain between the purebred and crossbred populations. 

The heritability estimate for each of these traits in the purebreds 
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was equal to Spp/t, or (fpqll(2) /i.. Within the crossbreds ea.ch heri ta.

bility estimate was equal to Scc/t, or [tpq(c(+2md)2] /t. Thus, for each 

of these two traits, differences in the heritability estimates between 

the two populations were caused by md, or the product of the gene fre-

quency differences and the degree of dominance. 

Comstock (1961) presented equations using the ratio of Sec to Sep 

for evaluating the effectiveness of reciprocal recurrent selection 

(RRS) programs relative to each of several types of intra-population 

selection (IPS) schemes. :Ea.ch of these equations is expressed in terms 

of R, k, k1, cr-p, <Tpi, Sec, and Sep where R = population mean change as 

the result of a specified type of IPS, k ~ selection differential in 

RRS in standard deviations of the selection criterion, ki = selection 

differential in IPS in standard deviations of the selection criterion, 

~p = phenotypic standard deviation of the selection criterion used in 

RRS, °i:>i = phenotypic standard deviation used in IPS, and Sec and Sep 

are the same as described above. These values necessary for the equa-

tions, which have been obtained for each of the three traits in this 

study, are outlined in Table XVI. 

For RRS compared to IPS within the purebred population, using mass 

selection with data available on both sexes, 

R -- .1. - .. 

The value oft must be used since, under mass selection, data are ob= 

tained directly from the individuals selected, but in RRS data are 

obtained from individuals that have a genetic correlation of i (half

sibs) with those selected. Comstock (1961) suggests that k/k1 may 



TABLE XVI 

VALUF.5 NECESSARY FOR COMPARING CROSSBRED RF.sPONSE FROM 
INTRA-POPULATION SELECTION AND FROM 

REX::IPROCAL RECURRENT SELECTION 

Traits 
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Values 1 
56 Day Average Prioibed 
Weight Daily Gain Backfat2 

Spp o.49 0.0034 0.0036 

8co 3.33 0.0046 0 .. 0030 

Sep 1. 61 0.0013 0.0023 

0-pi 7.98 0.218 0.163 

0-p 8.43 0.214 0.160 

1sPP = sire component of variance in the purebred population. 

500 = sire component of variance in the crossbred population. 

Sep= sire component of covariance between the purebred and cross= 
bred populations. ·· 

°f,i = phenotypic standard deviation in the purebred population. 

"p = phenotypic sta.ndard deviation in the crossbred population. 
2spp for all 99 sires in this study. Spp for the 88 sires having 

both purebred and crossbred probed backfat observations could not be 
obtained because of disruption of computer facilities. 
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range between 0.4 and 0.8 being larger when programs are largeo Thus, 

both k = 0.8 and k = 1.0 will be compared against ki = 1~ 

Table XVII gives the results of evaluating R for 56 day weight, 

average daily gain, and probed backfat. These results show that im-

provement in crossbred performance from IPS within the purebred popula-

tion would be greater than that obtained by RRS. It should be noted 

that Comstock ( 1961 ) states that the condition Sep < ..jSpp O Sec is in= 

evitable. This condition does exist in this study for average daily 

gain and probed backfat but not for 56 day weight. Unfortunately, the 

extent to which this influences the accuracy of the ratio Sec/Sep for 

56 day weight (Table XVIII) cannot be evaluated. 

Although half-sib family selection would be much less likely to 

be used on 56 day weight, average daily gain, and probed backfat than 

mass selection, this type of intra-population selection was also com-

pared against RRS. The ratio of the crossbred population response from 

RRS to the crossbred population response from half-sib family selection 

within the purebreds (Comstock, 1961) is 

k crEi • Sec 
R = - • 

ki O'"p Sep 

For this comparison, k/ki was set equal to 1.0. The variable quanti= 

ties and the computed Ra.re given;in Table XIX. The values obtained 

for R indicate RRS to be superior to half-sib family selection for 

improving crossbred performance in all three traits. 

Unfortunately, other estimates of the ratio of the crossbred re~ 

sponse from RRS to the crossbred response from either mass selection 

or half ... sib family selection £or the three traits used in this study 



o.8 
1.0 

Variable 

TABLE XVII 

RATIO OF THE CROSSBRED POPULATION MEAN CHANGE FROM 
RH:IPROCAL RE'CURRENT SELH:TION TO THE CROSSBRED 

POPULATION MEAN CHANGE FROM PUREBRED MASS 
SELH:TION IN BOTH SEXES 

Traits 
56 Day .· Average 
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Probed 
Weight Daily Gain Backfat 

0 • .39 0.72 

o.49 0.90 

TABLE XVIII 

COMP.AR.ISON AMONG 56 DAY WEIGHT, AVERAGE DAILY GAIN, AND 
PROBED BACKFAT OF THE VARIABLE QUANTITIES USED TO 

EVALUATE R IN THE COMPARISON OF RRS AGAINST 
INTRA-POPULATION MASS SELECTION 

Traits 

0.27 

o • .34 

56 Day Average Probed 
Quantity Weight Daily Gain Backfat 

"'pi/a-p 

scclscp 

0.95 1.02 
2.07 3.54 

TABLE XIX 

COMPARISON AMONG 56 DAY WEIGHT, AVERAGE DAILY GAIN, AND 
PROBED BACKFAT OF THE VARIABLE QUANTITIES AND THE 

COMPUTED R IN THE COMPARISON OF RRS AGAINST 
INTRA-POPULATION HALF-Sm FAMILY SELECTION 

Traits 
Quantity .. 56 Day Average 

1.02 
1.30 

Probed 
.• :· .. Wei~ht Daily Gain Backfat 

(f'p1/crp 0.95 · 1.02 1.02 

Sec/Sep 2.07 3.54 1.30 
R 1.97 .3. 61 1. 3.3 
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are not available in the literatureo Such estimates, if based on ade= 

quate numbers of sire groups, would be invaluable for fully evaluating 

the utility of reciprocal recurrent selection. 

The differences in the values of Sep and S00 for each of the traits 

in this investigation are reflected by the significant sire by line 

interactions. To examine the nature of this interaction the mean per= 

formance of each boar for each of the three performance traits was tabu= 

lated for both lineso Within each trait the boars were then ranked 

according to the performance of their purebred offspring and this was 

compared to the order obtained on the basis of their crossbred offspring. 

This comparison revealed no similarity in the rank of the sires between 

the two lines. Consequently, boars selected within purebred lines on 

the basis of their performance in reciprocal recurrent selection pro= 

grams would not necessarily be the same ones selected in intra=population 

selection programs. 



SUMMARY 

The data used in this investigation were obtained from the swine 

breeding herds maintained at Stillwater and Ft. Reno in the Oklahoma 

Regional Swine Breeding Laboratory Project. The data included the 

progeny records of all purebred boars that sired both purebred and 

crossbred litters during the 18 seasons from fall 1955 through spring 

1964. The performance traits studied were 56 day pig weight, post

weaning average daily gain, and probed backfat at 200 pounds live 

weight. Least squares constants were used to adjust each observation 

on the three performance traits for differences caused by station, 

year, season, breed, age of dam, inbreeding of litter, management system, 

sex, and litter size at weaning. Analyses of variance were then per

formed on the adjusted observations to obtain sire component estimates. 

The estimate of the heritability of ;6 day weight was 0.03 ± .06 

in the purebreds and 0.19 ± 009 in the crossbreds. For average daily 

gain the heritability estimates were 0.28 t .06 in the purebreds and 

Oo39 ± 010 in the crossbreds. Estimates of the heritability of probed 

backfat were similar in both populations, being 0.55 ± .12 in the pure= 

breds and 0.47 ± 013 in the crossbreds. 

The genetic correlations between 56 day weight and average daily 

gain, 56 day weight and probed backfat, and average daily gain and 

probed backfat were 0.29 ± ;o, -.05 ± .53, and -.07 ± .18, respectively, 

in the purebred populations. The corresponding genetic correlations 

in the crossbred population were 0.20 ± .21, o.61 ± .16, and -·39 ± .18. 

50 
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Ratios of correlated response to direct response were computed 

using the heritability estim?tes and genetic correlations. Comparisons 

of the correlated responses to selection showed that within the pure

bred population improvement in postweaning growth rate 8.lJ.d probed back= 

fat must come almost entirely from selection pressure applied directly 

to these traits. Any improvement obtained as an indirect response would 

be relatively small. In contrast to this, 56 day weight would show 

considerable indirect response from selection pressure applied to average 

daily gain. Within the crossbreds, selection against probed backfat 

would decrease 56 day weight almost as effectively as direct selection 

against 56 day weight. Also, average daily gain would be increased by 

selection against probed backfat. In addition, probed backfat would 

be increased by selection for 56 day weight but decreased by selection 

for average daily gain. 

The sire components of covariance between purebred and crossbred 

offspring were 1.61, 0.0013, and 0.0023 for 56 day weight, average daily 

gain, and probed backfat, respectively. Ratios of these sire components 

of covariance to the sire components of variance within the crossbreds 

were used to evaluate the effectiveness of reciprocal recurrent selec= 

tion relative to intra-population selection schemes for improving cross= 

bred performance. The results indicated t~at improvement in crossbred 

performance from intra-population mass selection on both sexes within 

the purebred population would be greater for all three traits than that 

obtained by reciprocal recurrent selection. However, reciprocal re= 

current selection was superior to half-sib family selection within the 

purebreds for improVing crossbred performance for the three traits. 
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Significant sire by line interactions existed for all three traits. 

The nature of this interaction suggests that boars selected on the basis 

of their performance in reciprocal recurrent selection programs would 

not necessarily be the same ones selected in intra=population selection 

programs. 



LITERATURE CITED 

Allen, A. D., Jo F. Lasley, and Lo Fo Tribble. 
and related performance factors in sows. 
Bule 712. 

1959. Mille production 
Mo .. Agr. Exp .. Sta. Res. 

A.S.A.P. 1960. Techniques and Procedures in Animal Production Researcho 
American Society of Animal Production. 

Baker, M. L., Lo N. Hazel, and Co Fo Reinmiller. 19430 The relative 
importance of heredity and environment in the growth rate of pigs 
at different ageso J. Animal Sci. 2:1. 

Bell, A. E. 1957. Genetic and phenotypic changes in Drosophila popu
lations under selection. Proc. Sixth Poultry Breeders Roundtable, 
April 27-28, 1957. Chicago, Illinois. 

Bell, A. Eo and Co H .. Moore. 19580 Further comparisons of reciprocal 
recurrent selection with conventional methods of selection for 
the improvement of quantitative characteristics. Proc. X Interna
tional Congress of Genetics. p. 20. 

Bell, Ao E., C.H. Moore, B. B. Bohren, and D. c. Warren. 19520 Sys= 
terns of breeding designed to utilize heterosis in the domestic 
fowl. Poult. Sci. 31:11. 

Bell, A. E., C. M. Moore, and D. C. Warreno 1955. The evaluation of 
new methods for the improvement of quantitative characteristics. 
Cold Spring Harbor Symposia on Quan ti ta ti ve Biology 20: 197 o 

Bennett, J. A. and J. H. Coles. 1946. A comparative study of certain 
performance and carcass characteristics of Yorkshire barrows and 
gilts. Sci. Agr. 26:265. 

Blunn, Cecil T. and Marvel L. Baker. 1947. The relation between aver~ 
age daily gain and some carcass measurements. J. Animal Sci. 6:424. 

Brown, W. P. and A. E. Bell. 1961. Genetic analysis of a "plateaued" 
population of Drosophila melanogastero Genetics 46:408. 

Bywaters, J. H. 1937. The heredity and environmental portions of the 
variance in weaning weights of Poland China pigs. Genetics 22:457· 

Chambers, Doyle and Jo A. Whatley, Jr. 1951. Heterosis in crosses of 
inbred lines of Duroc swine. J. Animal Sci. 10:505. 

53 



54 

Comstock, R. E. 1956. Genetic variance for eight week weight in strains 
and crosses. Poult. Sci. J5:1137• (Abstr .. ). 

Comstock, R. E. 1961. Reciprocal recurrent selection with reference 
to swine breeding. Twenty-fourth Annual Rept. Regional Swine Breed
ing Laboratory. Ames, Iowa. 

Comstock, R. E. and H.F. Robinson. 1956. Findings relative to reci= 
procal recurrent selection. Proc. of the International Genetics 
Symp., 1956. p. 461. 

Comstock, R. E., H.F. Robinson, and P.H. Harvey. 1949. A breeding 
procedure designed to make maximum use of both general and speci= 
fie combining ability. Agron. J. 41:360. 

Comstock, R. E. and L. M. Winters. 1944. A comparison of the effects 
of inbreeding and selection on performance in swlne. J. Animal 
Sci. 3:381. 

Comstock, R. E., L. M. Winters, and J. N. Cummings. 1944. The effec't 
of sex on the development of the pig. III. Differences in growth 
rate between gilts and barrows by lines of breeding. J. Animal Sci. 
J: 120. 

Comstock, R. E., L. M. Winters, P. s. Jordan, and o. M. Kiser. 1942. 
Measures of growth rate for use in swine selection. J. Agr. Res. 
6.5:379· 

Cox, D. F. 1964. Heritability of backfat thickness measured @n the 
live pig at a constant age. J. Animal Sci. 23:447. 

Craft. W. A. 1953. Results of swine breeding research. U.S.D.A. Circ. 
916. 

Craft, W. A. 1958. Fifty years of progress in swine breeding. J$ 
Animal Sci. 17:960. 

Craig, J. V., H. W. Norton, ands. w. Terrill. 
of weight at five ages in Hampshire swi.ne. 

19.56. A genetic study 
J. Animal Sci. 15:242. 

Crampton, E.W. and G. C. Asht©n. 1946. The effect of a vitamin B 
mixture, of protein, and of proportion of protein of animal origin 
in the supplements to barley and to wheat in the bacon hog ration. 
Sci. Agr. 26:43. 

Cummings, J. N. and L. M. Winters. 1951. A study of factors related 
to carcass yields in swine. Minn. Agr. Exp. Sta. Teche Bul. 195. 

Dickerson, G. E. 1947. Co~position of hog carcasses as influenced by 
heritable differences in rate and economy of gain. Iowa Agr. Exp. 
Sta. Res. Bul. 354. 



55 

Dickerson, G. E., C. T. Blunn, A. B. Chapman, R. M. Kottman, J. L. Kride~, 
E. J. Warw:i.ck, and J. A. Whatley, Jr. 1954. Evaluation of selection 
in developing inbred lines of swine. North Central Regional Publ. 
No .. 38. 

Dickerson, G. E. and J. C. Grimes. 1947. Effectiveness of selection 
for efficiency of gain in Duroc swine. J. Animal Sci. 6:265. 

Durham, R. M. 1958. Personal cormnunication. 

Durham, Ralph M. and John H .. Zeller. 1955. 
in selecting breeding swine on farms. 
(Abstr. ). 

Using the probing technique 
J. Animal Sci. 14: '1180. 

El-Issawi, H.F. and W. E. Rempel. 1961. Heritability of gr@wth rate 
in inb~ed swine based on a crossbred foundation. J. Animal Sci. 
20:593. 

Enfield, F. D. 1957. Heritability of carcass length, carcass backfat 
thickness, and loin lean area in swine. M. s. 'l'hesi.s, Oklahc1ma. 
State University. 

Enfield, F. D. 1960. Quantitative inheritance in poultry with special 
reference to genetic correlations between purebred and crossbred 
half-sib families. Ph. D. Thesi.s, University of Minnesota.. 

Enfield. F. D. and W. E. Rempel. 1962. Covariance of sire effects 
in purebred and crossbred populations of swlneo Jo Animal Scd.o 
21 :971 o (Abstr. ). 

Falconer, D.S .. 1960. Quantitative Genetics. The Ronald Press, New 
York. 

Fredeen, H. T. 1953. Genetic aspects of Canadian baccon produc:t:itJJliil. 
Canada Dept. of Agr., Ottawa, Publ. 8890 

Fredeen, Ho T. and R. N. Planko 1963. Litter size and pre= and post= 
weaning performance in swine. Cari.. J·. An:li,rn.al Scio 43,~ 135. 

Godbey, E. G. and W,. C. Godley. 1961. Eff@(:ts ©f :lLnb:reeding and @ther 
factors on weights, measurements, and m@rtality ,Qlf pigs. s. C:. 
Agr. Exp. Sta. Tech. Bul. 1004. 

Gray, R. Co, L. F. Tribble, B. N. Day, and J. F. Lasleyo 1965 .. Five 
generations of selection for thinner backfato J. Animal Scc:io 24: 
8480 

Gregory, K. E .. and G., E .. Dickerson. 1952. Influence of heterosis and 
plane of nutrition on rate and economy of gains, digestion and car= 
cass composition of pigs. Mo. Agr. Exp. Sta. Res. Bul. 493. 

Griesbach, L. 1962. A test of the reciprocal recurrent selection tech= 
nique with chicken broilers. Can. J. Animal Sci. 42:145. 



Harvey, Walter R. 1960. Least-squares analysis of data with unequal 
numbers. Agr. Res. Service. U.S.D.A., ARS-20-8. 

Hazel, L. N., M. L. Baker, and C. F. Reinmiller. 1943. Genetic and 
environmental correlations between the growth rates of pigs at dif
ferent ages. J. Animal Sci. 2:1180 

Henderson, C.R. 1953. Estimation of variance and covariance components. 
Biometrics 9:226. 

Hetzer, H. O. and J. H. Zeller. 1956. 
ness in Du.roe and Yorkshire swine. 

Selection for high and low fat= 
J. Animal Sci. 15:1215. (Abstr.). 

Kojima, K. and Therese M. Kellehero 1963. A comparison of purebred 
and crossbred selection schemes with two populations of Drosophila 
pseudoobscura. Genetics 48:57. 

Louca, A. and O. W. Robison. 1965. Heritability and genetic correlations 
in swine. J. Animal Sci. 24:850. (Abstr.). 

Menzies-Kitchin, A. W. 1937. Fertility, mortality, and growth rate in 
pigs. J. Agr. Res. 27:611. 

Noland, Po R., W. Gifford, and C. J. Brown. 1964. Effects of inbreeding 
in a Poland China line of swine on certain productivity traits. 
Ark. Agr. Exp. Sta. Bul. 681. 

Nordskog, A. W., R. E. Comstock, and L. M. Winters. 1944. Hereditary 
and environmental factors affecting growth rate in swine. J. Ani= 
mal Sci. 3:257· 

Omtvedt, I. R., C. M. Stanislaw, L. E. Walters, D.R. Rule, and P. J. 
Cunningham, 1965. The effect of sex on feedlot and carcass traits 
in swine. Okla. Agr. Exp. Sta. Misc. Pub. 76:20. 

Omtvedt, I. R., J. A. Whatley, Jr. , and R. L. W:Ulham. 1966. Some 
production factors associated with weaning records in swine. J. 
Animal Sci. (In Press). 

Rasmuson, Marrianne. 1956. Recurrent reciprocal selection. Results 
of three model experiments on Drosophila for improvement of qua:nti= 
tative characters. Hereditas 42:397. 

Reeve, Eo C.R. 1955. The variance of the genetic correlation coef= 
ficient. Biometrics 11:357. 

Robison, O. W., A. Louca, and J. E. Legates. 1964. Purebred and cross= 
bred performance of paternal half-sibs of swine. J. Animal Sci. 
23:853. (Abstr.). 

Smith, A. D. B. and H.P. Donald. 1939. Analysis of post=weaning growth 
in pigs. J. Agr. Sci. 29:274. 



57 

Taylor, J.C., R.H. Miller, and H. O. Hetzer. 1965. Genetic correla= 
tions between straightbred and crossbred swine. J. Animal Sci. 
24:852. (Abstr.). 

Vogt, D. W., R. E. Comstock and. w. E. Rempel. 1963. Genetic correla~ 
tions between some economically important traits in swine. J. 
Animal Sci. 22:214. 

Ward, H.K., W. Eo Rempel, and F. D. Enfield. 1964. Genetic relation
ship of weaning weight with post=weaning growth rate in swine. 
J. Animal Sci. 23:651. 

Whatley, J. A., Jr. 1942. Influence of heredity and other fa~tors on 
180-day weight in Poland China swine. J. Agr. Res. 65:249. 

Whatley, J. A., Jr., I. T. Omtvedt, J.B. Palmer, and D. F. Stephens. 
1959. A comparison of pasture and confinement systems for raising 
hogs. Okla. Agr. Exp. Sta. Misc. Pub. 55:8. 

Whatley, J. A., Jr. and E. L. Quaife. 1937. Adjusting weights of pigs 
to a standard age of 56 days. Proc. Am. So©. Animal Prod. 30:126. 

Willham, R. L. 1965. Animal Breeding. Mimeographed notes. 

Winters, L. M., R. E. Coms·tock, R. E. Hodgscn, o. M. Kiser, P. s. J©rdan, 
and D. L. Dailey. 1943. Experiments with inbreeding swine and 
sheep. Minn. Agr. Exp. Sta. Bul. 364. 



APPENDIX 

58 



Source 

Sires 

Litters 

Individuals 

TABLE XX 

ANALYSIS OF VARIANCE OF .56 DAY WEIGHT IN THE 
PUREBRED POPULATION 

Degrees of Mean Variance 
Freedom Square Component 

98 214.59* o.49 

456 180.02* 21.76 

3054 41.51 41 0 .51 

*P < .005. 

TABLE XXI 

ANALYSIS OF VARIANCE OF AVERAGE DAILY GAIN IN THE 
PUREBRED POPULATION 

Degrees of Mean Variance 
Source Freedom Square Cmn.p©nent 

Sires 98 0.1429* 6.00}4 

Litters 443 0.0848* 0 .. 0085 

Individuals , 2545 0.037.i.,. 0.0374 

*P < .005. 

59 

% ~f 
Variance 

o. 7'7 

34013 

65. 10 

~ 

% or 
Variance 

6.90 

17.86 

'78.57 



TABLE XXII 

ANALYSIS OF VARIANCE OF PROBED BACKFAT IN THE 
PUREBRED POPULATION 

Source 

Sires 

Litters 

Individuals 

*P < .005. 

Source 

Sires 

Litters 

Individuals 

*P < .005. 

Degrees of Mean Variance 
Freedom Square Component 

98 0 .. 1123* 0.0036 , 

416 0.0346* 0.0040 

1642 0.0184 0.0184 

TABLE XXIII 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT IN THE 
CROSSBRED POPULATION 

Degrees of Mean Variance 
Freedom Square Co:mpcment 

98 324.11* -:3.JJ 

345 198.49* 22.88 

2633 44.97 44 .. 97 

60 

% @f 
Variance 

13.85 

15.38 

70.77 

11, ©:f 
Vru:i<'tn(;:e 

4.68 

32. fl+ 

63.18 



TABLE XXIV 

ANALYSIS OF VARIANCE OF AVERAGE DAILY GAIN IN THE 
CROSSBRED POPULATION 

Degrees of Mean Variance 
Source Freedom Square Component 

Sires 98 o. 2016'* 0.0046 

Litters 3:3.5 0.0718* 0.0075 

Individuals 2136 0.0347 0.0347 

*P< .005. 

TABLE XXV 

ANALYSIS OF VARIANCE OF PROBED BACKFAT IN THE 
CROSSBRED POPULATION 

Degrees of Mean Varian~e 
Source Freedom Square Comp©nent 

Sires 88 00074?* 0.0030 

Litters 241 O.OJ19* 0.0036 

Individuals 900 0.,0190 0.0'190 

*P < .005. 

61 

fo (O)f 
Variance 

9a8J 

16.03 

74 .. 14 

% ©f 

Va.rianie:e 

11012 

-Jl,1,. 06 

71-1-.22 



TABLE XXVI 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT IN THE PUREBRED PIGS 
HAVING BOTH 56 DAY WEIGHT AND AVERAGE DAILY 

GAIN OBSERVATIONS 

Degrees of Mean Variance 

6? -· 

% of 
Source Freedom Square Component Variance 

Sires 98 178.25 0.29 

Litters 443 1.52.92 20.87 

Individuals · 2545 37.04 37.04 

TABLE XXVII 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT IN THE CROSSBRED PIGS 
HAVING BOTH 56 DAY WEIGHT AND AVERAGE DAILY 

GAIN OBSERVATIONS 

Degrees of Me.a.n Variance 
Source Freedom Square Component 

Sires 98 282.24 4.32 

Litters 335 155.27 20.30 

Individuals 2136 38 • .55 38.55 

TABLE XXVIII 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT IN THE PUREBRED PIGS 
HAVING BOTH 56 DAY WEIGHT AND PROBED 

BACKFAT OBSERVATIONS 

Degrees of Me.s.n Va:ida.nce 
Source Freedom Square Component 

Sires 98 127. 64 0.34 
Litters 416 106.63 17.94 

Individuals 1642 34.14 34.14 

0.50 

35.87 

63.66 

% ©f 
Variance 

6. 81} 

32.13 

6'1 .03 

f, or 
Variance 

o.64· 
34.23 

65.13 
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TABLE XXIX 

ANALYSIS OF VARIANC-E OF AVERAGE DAILY GAIN IN THE PUREBRED PIGS 
HAVING BOTH AVERAGE DAILY GAIN AND PROBED 

BACKFAT OBSERVATIONS 

D6gr,;;ies of Mean Variance % of 
Source Fr1eiedom Square Component Variance 

Sires 98 o. '1155 0.0026 

Litters 416 0.0553 0.0062 

Individuals 1642 0.0303 0.0303 

TABLE XXX 

ANALYSIS OF VARIANCE OF 56 DAY WEIGHT IN THE CROSSBRED PIGS 
.. _ -·""HAVING BOTH 56 DAY WEIGHT AND PROBED 

BACKFAT OBSERVATIONS 

Degrees of Mean Variance 
Source Freedom Square Component 

Sires 88 181.42 4.49 

Litters 241 109. 66 21.36 

Individuals 900 32.85 32.85 

TABLE XXXI 

6.65 

15.86 

77.49 

% of 
Variance 

7. 64 

36.39 

55.97 

ANALYSIS OF VARIANCE OF AVERAGE DAILY GAIN IN THE CROSSBRED PIGS 
HAVING BOTH AVERAGE DAILY GAIN AND PROBED 

BACKFAT OBSERVATIONS 

Degrees of Mean Variance % of 
Source Freedom Square Component Variance 

Sires 88 0.0991 0.0036 10 .. 47 

Litters 241 0.0468 ,0.0062 18.02 

Individuals 900 0.0246 0.0246 71.51 



Source 

Sires 

Litters 

Individuals 

TABLE XXXII 

ANALYSIS OF COVARIANCE BETWEEN 56 DAY WEIGHT AND 
AVERAGE DAILY GAIN WITHIN THE 

PUREBRED POPULATION 

Degrees of' Mean Cross 
Fraedmn Pr'01ductr:; 

98 1.8211} 

4lJJ 10 3981 

2545 0.3629 

TABLE XXXIII 
ANALYSIS OF COVARIANCE BETWEEN 56 DAY WEIGHT AND 

AVERAGE DAILY GAIN WITHIN THE 

Sires 

Litters 

l:ir1di vtduals 

CROSSBRED POPULATION 

Deglt"ees (lf 

Fre,,f.Hl:mn 

98 

335 

2136 

Mean Cross 
Products 

52 

2.0080 

0 • .5416 

TABLE XXXIV 

ANALYSIS OF COVARIANCE BETWEEN 56 DAY WEIGHT AND 
PROBED BACKFAT WI'I'HIN THE 

PUREBRED POPULA'I"!ON 

64 

C«:rrar:ianc e 
C11mp10Jnent 

e-n . ·+ ..... , r ' 

0$ 

o. 1861} 

0.3629 

(). 

o. 
o. 6 

~-~===~~=~=~=·. ·===-,=--=· =~~======--=· ·=····=---=----=---= 

Source 

Sires 

Litters 

Individuals 

Degrees ((.))f 

Freedom 

98 

416 

161-1--2 

Mean Cross 
P:r ,Ol d,u1. 10 ts 

=.07785 

~.0,4399 

=o Ql1,9'16 

'<"'Q 16··1 

7\\ 
~Ji O 28 

=• :OlJ.-916 



TABLE XXXV 

ANALYSIS OF COVARIANCE BETWEEN 56 DAY WEIGHT AND 
PROBED BACKFAT WITHIN THE 

CROSSBRED POPULATION 

65 

Degrees of Mean Cross Covariance 
Source 

Sires 

L;ttters 

· Individuals 

Source 

Sires 

Litters 

Individuals · 

Source 

Sires 

Litters 

Individuals 

Freedom Products 

88 0.52680 

241 -.40930 

900 ...,.11680 

TABLE XXXVI 

ANALYSIS OF COVARIANCE BETWEEN AVERAGE DAILY GAIN 
AND PROBED BACKFAT WITHIN THE 

PUREBRED POPULATION 

Component 

0 .. 07093 

=008133 

=o 11680 

Degrees of Mean Cross Covariance 
Freedom Products 

98. 0.00017 

416 0.00422 

1642 0.00009 

TABLE XXXVII 

ANALYSIS OF COVARIANCE BETWEEN AVERAGE DAILY GAIN 
AND PROBED BACK.FAT WITHIN THE 

CROSSBRED POPULATION 

Degrees of Mean Cross 
Freedom Products 

88 =001278 

241 0.00436 

900 0.00041 

Comp:l•nent 

=000022 

0.00102 · 

0.00009 

Covariance 
Component 

=e00129 

0.00110 

0.00041 
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